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dovuta, sebbene a me soltanto sono imputabili eventuali errori e imprecisioni
presenti nel testo.

Il mio primo pensiero va alla mia relatrice, la Prof.ssa Veronica Ambrogi,
e ai miei due correlatori il Dott. Gennaro Gentile e il Dott. Pierfrancesco
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Abstract

The research activities carried out during the doctoral program focused

on selective localization of nanoparticles in microstructured polymer systems.

Three distinct processes, very different from each other, were employed to

achieve similar results.

The first and main area of research, conducted at the Institute for Poly-

mers, Composites and Biomaterials (IPCB-CNR, Pozzuoli), has involved the

selective localization of the carbon nanotubes within a biphasic and bicon-

tinuous blend of polystyrene and polylactic acid, obtained by melt mixing

the two thermoplastic polymers. Nanoparticles were selectively dispersed in

the polystyrene phase achieving a lower percolation threshold than the initial

one.

In the second line of research, carried out in collaboration with the Soft

Matter Physics group of the Adolphe Merkle Institute (Fribourg, Switzer-

land), hybrid organometallic perovkite nanocrystals were produced by pre-

cipitation in liquid phase. These nanocrystals were then incorporated into

a thin film of polyethylene glycol diacrylate deposited by spin-coating on

a glass substrate. The polymer crosslinking, triggered by exposure to an

oxygen plasma, induced the formation of corrugations on the film surface

(wrinkles) allowing the microstructuring of the perovskite.

In the third line of research, carried out in collaboration with the National

Institute of Optics (INO-CNR), selective localization of quantum dots in

polydimethylsiloxane microlenses on a pyroelectric lithium niobate substrate

were achieved through electrohydrodynamic and dielectrophoretic mecha-

nisms. The lithium niobate substrate was periodically poled in an hexagonal

pattern using finite element simulations to predict the final position of par-

ticles.



Sommario

Durante il programma di dottorato sono state svolte tre diverse attività

di ricerca riguardanti la localizzazione selettiva di nanoparticelle in sistemi

polimerici microstrutturati.

La prima linea di ricerca ha riguardato la localizzazione selettiva di nano-

tubi di carbonio all’interno di una miscela polimerica bifasica e bicontinua,

ottenuta tramite miscelazione a caldo, di polistirene e acido polilattico. Le

nanoparicelle sono state disperse selettivamente nella fase polistirenica al fine

di ottenere una soglia di percolazione elettrica inferiore rispetto a quella del

sistema di partenza nanotubi/polistirene.

La seconda linea di ricerca è stata svolta in collaborazione con il gruppo

di Fisica della Materia Soffice dell’Istituto Adolphe Merkle (Friburgo, Sviz-

zera). In questo lavoro sono stati ottenuti nanocristalli di perovskite ibrida

metallorganica tramite precipitazione in fase liquida. La dispersione di questi

cristalli in una soluzione di polietilenglicole-diacrilato e toluene è stata usata

per depositare un film sottile su di un substrato in vetro. La reticolazione e

la microstrutturazione del polimero, e dunque dei nanocristalli in esso con-

tenuti, sono state simultaneamente indotte dall’esposizione del substrato ad

un plasma ad ossigeno.

Nella terza ed ultima linea di ricerca, svolta in collaborazione con l’Istituo

Nazionale di Ottica (INO-CNR), è stata ottenuta la localizzazione selettiva

di nanocristalli (quantum dots) in microlenti di polidimetilsilossano. Tale

risultato è stato raggiunto sfruttando le forze elettroidrodinamiche e dielet-

troforetiche indotte da un campo piroelettrico. Tale campo elettrico è stato

generato da un substrato di niobato di litio periodicamente polarizzato con

domini esagonali. Simulazioni agli elementi finiti sono state effettuate al fi-

ne di determinare, computazionalmente, l’effetto del campo elettrico sulle

particelle.



Chapter 1

Introduction

Nanoparticles and nanocomposites

Polymer composites have been used extensively for years in the fields of

electrical insulation, vibrations damping and as high performance materials

in automotive and aerospace. In all those fields used fillers were usually

in the form of powders (micro-metrical sized) or as fibres, both dispersed

or impregnated with thermosetting resins or melt mixed with thermoplastic

polymers. The production of these composites requires the adoption of tech-

nologies that guarantee a good homogeneity of the materials, avoiding strong

localised macroscopic variations of properties. Those localised heterogeneous

part of the material can cause failures, breakages or the loss of functionality

of the entire system. [1]

In recent years the introduction of a large variety of nano-metrical sized

particles has opened many windows of opportunities in the composite field. A

nanoparticles (NP) is defined as any material having at least one of the three

dimensions below 100 nm. When NPs are added to a polymer matrix the

system is defined polymer nanocomposite (NC). Three typology of NPs can

be defined, depending on the number of particles dimensions below 100 nm:

plate-like (one dimension, Figure 1.1a), fibrous (two dimensions, Figure 1.1b)

and spherical (three dimensions, Figure 1.1c). All NPs have in common an

exceptionally large surface area to volume ratio that maximize the interaction

between the filler and the matrix. This interaction leads to a very efficient

transfer of the particles properties to the final material. In Figure 1.1d the
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Table 1.1: Surface area, volume and surface area to volume ratios of disks,
cylinders and spheres.

Particles Volume (A) Area (V ) A/V

Disks π
4
d2s πd(d

2
+ s) 2

s
+ 4

d

Cylinders π
4
ls2 πs(l + s

2
) 4

s
+ 2

l

Spheres π
6
s3 πs2 6

s

surface area to unit volume ratios are reported for the three (ideal) typologies

of particles as function of the characteristic dimension (s): thickness for disks

(d = 1 µm), diameter for cylinders (l = 1 µm) and spheres. In Table 1.1

the relations used to calculate the ratios are listed. Some examples of the

three kind of NPs are: graphene and clay are plate-like particles; carbon

nanotubes and cellulose nanofibers are cylindrical; carbon black, silica and

oligomeric sislesquioxanes (POSS) are almost spherical. Another important

property arising from the small dimensions of NPs is related to the extension

of the interfacial region to the entire bulk of the system. The interfacial

region is defined as the part of the polymer matrix that is influenced by

the presence of the filler, as farther parts are not affected by its presence.

As this region usually extends only for few nanometers (2 ÷ 10 nm ) for

traditional composites, at low filler concentrations, only a reduced part of

the matrix is influenced. In Figure 1.1e the average interparticle distance is

reported for homogeneously dispersed spherical particles as function of the

particle volume fraction. It can be seen that for very small particles the

average interparticle distance is below 20 nm meaning that the whole matrix

is influenced by the filler also at very low content.

One of the key limitations of the adoption of NPs is processing. In order

to exploit the high surface area and the short average interparticle distance

it is fundamental to reach an almost perfect state of both distribution and

dispersion of the filler. The first is obtained when the system is homogeneous

and the filler is found with the same probability within the whole volume;

the second is reached when all agglomerates are broken and the particles

are found in an isolated state. The distribution state is mainly related to

2



Figure 1.1: Schematic of nanoscale fillers presenting one (a), two (b) or three
(c) dimensions below 100 nm. Surface area to volume ratio for particles as
function of the smallest dimension. (d) Average distance between spherical
NPs ideally dispersed in a matrix as function of the particles volume ratio.
(e)
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Figure 1.2: A schematic illustration of the difference between dispersion and
distribution and giving examples of good and poor of each.

processing conditions and, for example, a longer mixing time can greatly

improve it. The dispersion is otherwise related to the chemical interaction

between the filler and the matrix. As the dimension of particles decreases the

attractive forces arising from the Van der Waals interactions increase leading

to the growth of the agglomerates. A proper formulation of the chemistry

(e.g. through chemical modification of the particles) of the system can help

reaching a good dispersion improving the interactions between the particles

and the matrix. In Figure 1.2 a schematic illustration of the four possibility

of dispersion and distribution state is given: poor distribution and dispersion

(a), poor distribution and good dispersion (b), good distribution and poor

dispersion (c), good distribution and dispersion (d).
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Table 1.2: Characterization techniques sorted by typology.
Typology Examples

Morphology visible light microscopy
scanning electron microscopy (SEM)
transmission electron microscopy (TEM)
scanning probe microscopy (SPM)
scanning tunneling microscopy (STM)
atomic force microscopy (AFM)

Spectroscopy energy dispersive x-ray spectrometry (EDX or EDS)
fourier transformed infra-red spectroscopy (FTIR)
raman spectroscopy
nuclear magnetic resonance (NMR)

Thermo-mechanical differential scanning calorimetry (DSC)
thermogravimetric analysis (TGA)
thermomechanical analysis (TMA)
dynamic mechanical analysis (DMA)
rheometry

Structural wide-angle X-ray diffraction (WAXD)
small-angle X-ray scattering (SAXS)

Characterization techniques for nanocomposites

As remarkable progresses were made in the processing and commercialization

of NCs these systems have become a crucial research field[2] and these ma-

terials were elected as best candidates for next-generation materials. [3] NPs

possess unique properties, usually dependent on their size, from the point of

view of the chemical, electrical, mechanical and photonic, that can be trans-

ferred to polymer matrix. [4, 5, 6, 7] For this reason characterization tools are

crucial to analyse physical and chemical properties of NCs. [8] The most im-

portant characterization techniques can be categorised, as shown in Table 1.2,

as: morphological, spectroscopic, thermo-mechanical and structural. Visible

light microscopy is usually used to macroscopically analyse samples. It can

give general and fast information about the morphology and the presence of

macroscopic defect. Obviously it cannot be used to see anything that is be-

low diffraction limit of every optical system (around 400 nm). The scanning

electron microscopy (SEM) provides images of surface features associated

5



with a sample using the primary or the secondary electrons diffused by the

sample when hit by a focused electron beam. [9] In a transmission electron

microscope (TEM) the electron beam is transmitted through an ultra-thin

slice of the sample obtained using a microtome. [10] The scanning probe

microscope (SPM) gives images of the surface topology scanning the sample

with a very sharp tip while a sensor acquires its movement. [11] The scan-

ning tunneling microscope (STM) is very similar but the tip is conductive

and so close to the sample (typically about 0.5 nm) that tunnel currents can

flow across the gap. This method provides not only a topological informa-

tion about the surface but also an analysis of the electronic bands of the

system. [12] The limitation of an STM is that can work only with electrically

conductive samples. A way to overcome to this limitation is to use an atomic

force microscope (AFM) that measures the non-bonding forces between the

sharp tip and the sample to obtain a high-resolution map of the sample in

terms of the morphology or of the elastic modulus. [13]

For elemental analysis and the determination of the different phases in

a nanocomposite, when the filler is not organic, spectroscopic analysis can

be performed. Energy-dispersive X-ray spectroscopy is an analytical tech-

nique used to determine the elemental composition of a sample or of a part

of it. [14] Infrared and Raman spectroscopy are used to obtain absorption

and emission spectra of molecules activating their vibrational modes. The

obtained spectra can be used to determine the structure of the molecules

or to identify them due to the unique fingerprint represented in the spec-

trum. [15, 16] Another important characterization technique is the nuclear

magnetic resonance spectroscopy used to obtain physical, chemical and struc-

tural information of molecules. It is based on the absorption and emission of

electromagnetic radiation of materials in a strong magnetic field.[17]

For thermal characterization the most used characterization techniques

are: the differential scanning calorimeter (DSC) [18], the thermogravimet-

ric (TGA) [19], the thermomechanical (TMA) [20], the dynamic mechanical

(DMA) [21] and the rheologic analysis[22].

Wide-angle X-ray diffraction (WAXD) is commonly used to determine the

NC internal structure [23, 24] while small-angle X-ray scattering (SAXS) is

6



typically used to observe structures on the order of 10Å or more. [25]

Nanoparticles structuring

The amount of NPs available today is huge. In order to exploit the properties

of these particles usually they must be implemented within a device, and then

immobilised in the position in which they will perform their function. The

ability to locate and fix the particles in the desired positions plays a key role

in order to obtain new and performing devices. [26]

One of the main methods for particles immobilization is their additions

into polymer matrices. [2] The possibility of using almost any type of poly-

mer available today, thermoplastic or thermosetting, makes this area of vast

interest and in constant growth. The inclusion of particles into the polymer

can be achieved in different ways depending on the polymer type. For ther-

moplastic polymers with high molecular weight this is done by melt mixing

or using an appropriate solvent. [27] The low molecular weight thermosetting

polymer precursors are usually fluid at room temperature, and this allows to

easily mix the particles before the step of polymerization or crosslinking. [28]

A very interesting strategy to structure the NPs, at the micro or nano-

scale, is to structure the polymer containing them. In this way it is possible

to transfer the large amount of existing, and standardised methods, used for

polymer structuring to obtain the structuring of the particles. [29, 30]

The possibility of structuring on different length scales these materials

has the combination of benefits arising from the different pore sizes. [31, 32]

Meso and macroporous coexistence can provide a very high surface combined

with an increased mass transport due to the easy access through the material.

For such reasons these materials are very promising for sensor devices and

catalysis. [33]

Nanomaterials can be also be used as ultra sensitive detection exploiting

their unique chemical, physical and electronic properties that act as trans-

ducers when implemented into optical, electronic, chemical or mechanical

devices. [34] Many different materials have been used for such a scope as

metals, semiconductors, carbon and polymers to prepare nanomaterials such

7



as NPs [35, 36], nanotubes [37, 38] and nanowires [39, 40].

Many nano-structures have been, for example, studied for biosensing ap-

plications. [41, 42] Hierarchically structured NCs have been investigated as

chemosensory materials. [43]

In the memory devices field a nonvolatile plastic nonvolatile digital mem-

ory based on nanofibers of polyaniline decorated with gold NPs was reported.

The device was plastic composite film working between two electrodes using

an external field to control it. [44]

In another case CdSe/ZnS quantum dots (QDs) were used in combination

of electrospinning method in order to obtain nanocomposite fibers of PMMA

with improved properties of thermal stability. [45]

One possible approach consisted in the production of a three-dimensional

micro structured beam reinforced with single walled carbon nanotube (SWCNT)

polymer NC fabricated using a microfluidic approach. The final sample con-

sisted in a complex network of SCWNTs impregnated with a thermoset-

ting resin leading to better mechanical performances under flexural solicitia-

tions. [46]

Also in the research for new materials for batteries NCs have been adopted

to improve the electrochemical performances of the lithium-ion batteries.

The strategy relies on the production of a nanostructured electrode based on

a mesoporous conductive polymer filled with nanocrystals. The nanoscale

dimension of the crystals leads to the increase in the contact area between

electrode and electrolyte, while the mesopores facilitate the transport of the

electrolyte ions. [47]

The aim of this work is to explore three different methods for micro

and nano- structuring of NPs into polymers. Each of this researches ended

with the production of an article submitted or published on peer-reviewed

international journals:

Phase separation Double percolation of multiwalled carbon nanotubes in

PS/PLA blends, submitted to ACS Applied Materials and Interfaces

(Chapter 2)

Instability in thin films Patterning of perovskite-polymer films by wrin-
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kling instabilities, submitted to Soft Matter (Chapter 3)

Electrohydrodynamic Dielectrophoretic assembly of quantum dots into PDMS

microlenses, published on IEEE Journal of Selected Topics in Quantum

Electronics (Chapter 4)
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Chapter 2

Double percolation of
multiwalled carbon nanotubes
in PS/PLA blends

2.1 Introduction

Both theoretical models and experimental measurements have revealed that

carbon nanotubes (CNTs) possess outstanding mechanical and electrical

properties. CNTs have been already incorporated into commercial compos-

ites and many works about their processing can be found in literature. Nev-

ertheless many issues remain to be solved about dispersion, agglomeration

during bulk processing and purification. In particular clumps and agglomer-

ates formation of single walled and multi walled carbon nanotubes (SWCNT

and MWCNT) can affect dramatically the performances of the nanocompos-

ite (NC) because those represent defect sites that will trigger the breakage

acting due to the stress concentration phenomenon.[1] The quality of disper-

sion is also related to the quality and purity of the nanoparticles. MWCNTs

synthesised using the chemical vapour deposition (CVD) method, that pro-

duces much more pure particles, showed much better dispersion and increase

of modulus and strength [2] showed compared to composite of polystyrene

and arc-discharge-grown MWCNTs [3]. The most common method to achieve

a good dispersion of nanotubes is by means of sonication in solvents as N,N-

dimethylformamide (DMF), N-Methyl-2- pyrrolidone (NMP), cyclopentane,
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and e-caprolactone that are strong Lewis bases without hydrogen donors.

This approach is not always suitable therefore different strategies can be

adopted to improve the interaction between particles and the dispersing ma-

trix. Stable suspensions can be obtained with the aid of surfactants[4], alkyl

or carboxyl terminated groups [5], aliphatic amines [6] or fluorine[7]. Surface

functionalization should be used carefully because it can lead to mechanical

or functional loss of properties and can dramatically affect the properties of

the final composite.[8, 9]

In a NC obtained by a solvent assisted process the polymer should be

soluble in the solvent in which the CNTs are dispersed and then dried out.

This approach is not suitable for large-scale production so the aim of the

functionalization could be the improvement of the interaction of the filler

with the polymer in the liquid state, at high temperatures for thermoplastic

polymers or before the crosslinking for thermosetting polymer. [10, 11, 12,

13] For melt mixed NCs the dispersion is improved due to the great amount

of mechanical energy supplied by the rotating screws. This extra energy

is used to overcome the interactive Van der Waals forces holding the CNT

bundles togheter.[14] In some cases this extra energy is not enough to break

the agglomeration due to the very weak affinity of the filler and the polymer,

in those cases the CNTs functionalization is mandatory.

Melt mixing of two or more different polymers lead to different mor-

phologies depending on the rheological and thermodynamic properties of the

phases and on processing conditions. The morphology developed during the

mixing strongly influences the final properties of the system. Four basic

morphologies can be formed at the end of the process:

• Inclusion into the majority phase

• Fibers into the majority phase

• Planar alternating phases (lamellae)

• Bicontinuous phases (or co-continuous)

The first category is the most commonly found in commercial polymer blends

as this is the most commonly obtained in a very large range of compositions.
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The least common is the bicontinuous morphology that is attracting more

and more interests due to the peculiar properties that can offer. The elas-

tic moduli were found much higher in values for bicontinuous blends when

compared to the same blends in a inclusion/matrix dispersion.[15] Also elec-

trical conductive blends revealed very benefits arising from the bicontinuous

morphology, as the possibility of selectively localize the conductive filler can

lead to a sensible decrease of the electrical percolation threshold. [16]

The conditions that lead to the formation of bicontinuous morphologies

are still not well clear. Depending on the shape of the inclusion of the mi-

nority phase into the other, a continuous phase can be obtained also at low

concentration. However in this condition not all the minor phase participate

to the formation of the continuous network and some part of it is still in the

form of inclusion in the majority phase. The condition at which a full bicon-

tinuous morphology is obtained are not completely defined.[17] One possible

mechanism is the spinodal decomposition that lead to the formation of a bi-

continuous structure but this is an exception in melt mixed polymer blends

as the majority of polymer have not a miscibility a miscible region due to thei

high molecular weights. Another way of obtained co-continuous structures at

the level of the polymer chains is by the synthesis of interpenetrating newt-

works (IPN). [18, 19] Those systems fall under the first of the two possible

definition of co-continuous structures. The first is defined as the coexistence

of at least two continuous structures within the same volume. This definition

has no restrictions on the scale of mixing and on the structure formed. In

literature co-continuous structures, satisfying this definition are also called:

• thermoplastic IPNs

• IPNs of phases

• interpenetrating co-continuous phase structure

• interpenetrating phase structures (IPSs)

• interpenetrating polymer blends (IPBs)
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The second definition was proposed by Lyngaae-Jørgensen and Utracki

and states that a morphology is defined bicontinuous when at least a part

of each phase forms a continuous structure within the whole volume.[20] Ac-

cording to this definition before the transition point the system presents only

discrete domains of one phase dispersed in the other continuous phase. At the

transition point the first phase forms an infinite continuous phase but some

part of it can still maintain some discrete domains. This transition point is

called critical volume fraction (cr). When all the discrete domains join the

continuous network for all the phases a fully co-continuous morphology is

achieved. When the bicontinuity is reached in a binary blend the two phase

are topologically complement also defined as antitropic. The continuity in-

dex ΦI represents the portion of a component that is part of the percolating

structure. To measure the continuity index one of the phases is extracted

using an orthogonal solvent that can selectively dissolve one phase leaving

intact the other one. The difference in weight before and after the extraction

indicates the amount of the extracted phase that was part of the continuous

network. Discrete domains cannot be removed from the system because they

are screened by the non-soluble phase. If the bicontinuous index, of one of

the phases, is close to 1 it means that no discrete domains, of that phase, are

still present in the system. The two definition are not so different one from

the other and, when the bicontinuous index is equal to 1 for all the phases,

the two definitions coincide. For this reason the first definition can be seen

as a special case of the second one.

The most effective way of obtaining a full bicontinuous system is the in-

tensive melt mixing of two polymer in equivolume and equiviscous conditions

(same volume fraction and same viscosity). Because not always this condi-

tions are possible or desired a precise verification of the process condition

need to be performed. The phase with the lower viscosity tend to be con-

tinuous because this minimize the total energy dissipation of the system, for

this reason the viscosities of the two polymers should be compensate. [21]

Many researchers have reported that the addition of a nanofiller can af-

fect the interfacial energies of multiphase system. This phenomenon can

occur due to two different mechanisms. The first one is a mechanism of ther-
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modynamic compatibility when the nanoparticles are miscible or compatible

with both phases. The total free-energy of mixing (∆Gmix) becomes nega-

tive and the two components becomes compatible due a thermodynamically

driven compatibility. The second mechanism is the dynamic compatibility

and happens when the fille is mainly dispersed in the component with lower

viscosity or polarity. This localization changes the viscosity and prevents the

coalescence of the domains.[22]

The selective localization is for this reason a very interesting mechanism

to exploit to obtain materials with improved performances. At the base of a

selective dispersion of a filler in a multiphase system is the higher affinity of

the anisotropic particles with one of the phases during the melt mixing. The

interaction between the particles and each one of the two phases depends

on the surface energies of the three components. The filler located in the

component with the lower viscosity can reduce this viscoelastic difference

and contribute to the breakup of the droplets. For this reason a proper

choice of the filler is crucial to reach the desired dispersion. The equilibrium

localization of the particles at equilibrium condition can be estimated using

Young’s equation calculating the wetting coefficient:[23]

ω =
σNP−B − σNP−A

σA−B

(2.1)

where σi−j is the interfacial energy between the component i and j. If the

wetting coefficient is higher than +1 the filler is located in the phase A,

in the phase B if lower than −1 and localized at the interface of A− B if

comprised between −1 and +1. The wetting coefficient has been shown to

be successfully used in systems where the polar difference between the two

polymers is sufficiently high.[24] Thermodynamyc aspects are not the only

factors influencing the final dispersion and morphology of the nanocomposite.

For this reason also kinetic aspects such as the viscosities or the process

condition should be taken into account.

Many works has tried to exploit the advantages of selective localization of

fillers to improve the properties of the final material. In 2011 Wu et Al pre-

pared a poly lactic acid (PLA) and polycaprolactone (PCL) blend containing
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organoclay as filler and characterized the effect of selective localization on

different properties as the crysallization and the perfomances.[25] In 2004

Li et Al analysed the morphology of a poly(phenylene oxide) (PPO) and

polyamide 6 (PA6) blend with various amounts of organically modified clay.

They found that the selective localization of exfoliated clay in the PA6 phase

increased and also impeded the coalescence of the PPO phase.[26] Wode

et Al conducted preliminary experiment to check the affinity of function-

alized MWCNTs with polystyrene (PS) and poly(2-vinylpyridine) (P2VP)

and selectively sequestering them in each of the two phases of a PS-b-P4VP

block copolymer.[27] Another work on selective localization of MWCNTs

was conducted by Göldel et Al in 2008 either using a two step procedure

to incorporate the filler in one phase of a polycarbonate (PC)/poly(styrene-

acrylonitrile) (SAN) blend or mixing the three components together at the

same time.[28]
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2.2.2 Introduction

Blending different polymers is a common strategy in order to modulate or im-

prove the properties of a polymeric material or to introduce new properties.

[29] Due to the high molecular weight, achieving compatibility and miscibility

of polymers is not a trivial task. In most cases, the mixed polymers undergo

phase separation, since reducing interfacial area leads to minimization of the

system free energy. The morphologies of phase separated immiscible poly-

mer blends can be divided into four categories: 1) globular inclusions (of the

minor phase) in a continuous matrix, 2) fibers (of the minor phase) in a con-

tinuous matrix, 3) alternating superimposed lamellae of the two phases, and

4) bicontinuity. [30, 31, 21] Great interest has the bicontinuous morphology,

which is characterized by the formation of two connected and continuous

complementary phases within the whole volume of the material. In such a

morphology it is not possible to define a majority phase in which the minor-

ity phase is included. The main strategy used to determine the formation

of a bicontinuous morphology is selective extraction of a phase. With the

use of an orthogonal solvent is possible to selectively extract one of the two
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phase leaving intact the other one, and forming a porous self- standing struc-

ture. From the weight difference measured before and after extraction the

bicontinuity coefficient Φ can be calculated: [32]

Φ =
wi − wf
φwi

(2.2)

where wi and wf are the respectively the initial and final weight of the sample,

φ is the weight ratio of the extracted phase. If the sample after the extraction

maintains a self-standing structure, and the value of Φ is close to unity,

then the material is bicontinuous. Only internal regions of the extracted

phase connected to the surface are available to the solvent for the extraction.

After the extraction a macro-porous material is formed, with connected pores

usually in the dimension range of 1-100 µm

Another important technological aspect regarding polymer blends is the

addition of fillers, with the aim of reducing total cost or imparting properties

to the materials. Nanocomposites belong to this last category. Nanosized

particles with some specific property can be added in small amount to one

or more polymer during mixing in order to confer that property to the final

composite. For multiphasic immiscible blends, the addition of nanoparticles

can lead to very interesting results. These fillers can show an affinity with

one of the components of the blend, tending to concentrate selectively into

one of the phases or at the interface between two phases. [33, 34, 35, 36]

Among all the other particles carbon nanotubes (CNT) possess many

interesting properties (e.g. elastic modulus, tensile strength, electrical con-

ductivity). Under the right conditions, CNT dispersion in a polymer matrix

can lead to an improvement of elastic modulus or give new functional prop-

erties. When the amount of CNT filler in the polymer matrix is enough to

create a percolated network within the whole volume of the material, then

the polymer can show an increase in electrical conductivity of several or-

ders of magnitude. Nanocomposites based on single walled (SWCNT) and

multi walled (MWCNT) carbon nanotubes deserve great interest. CNTs are

characterized by high form factor (103 ÷ 105), high electrical conductivity

(106 S/m ), similar to copper, [37] theoretical Young modulus and tensile
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strength of 4 TPa and 220 GPa [38] The coincidence of all these astonish-

ing properties allows to obtain higher electrical and mechanical performance

improvements compared to those obtained using other particles (e.g. CB).

The dispersion state of the nanoparticles in the polymeric matrix is of

fundamental importance in order to impart these properties to the final ma-

terial. To this aim, it is necessary to counterbalance the attraction energy

between particles due to Van der Waals interaction. [39, 40, 41] For these

systems, a concentration percolation threshold is defined that is the critical

concentration of nanoparticles that leads to the formation of a continuous

network within the material. When this critical concentration is reached,

most or all the properties of the material show a step-like variation. The

percolation threshold is shown as being inversely related to the form fac-

tor of CNTs, and is strictly related to the dispersion state of the particles.

[42, 43, 44] It is possible to demonstrate that for a generic property of the

material σ (e.g. electrical conductivity) the following law is true: [45]

σ = σ0(p− pc)t (2.3)

where σ0 is a scale factor dependent on the nature of the nanoparticles, p

is the volume fraction of filler, pc is the percolation threshold and t is the

critical exponent. Theoretical calculations for cylindrical particles state that

the minimum value for percolation threshold should be around 0.05 vol%.

[14, 46]

Thresholds of 0.04 wt% have been reported for an epoxy resin/MWCNT

[47, 48] and 0.05 wt% for a polypropylene (PP)/MWCNT blend. [49] Ex-

cept for these examples, the typical percolation threshold values found in

literature are comprised between 1 and 5 wt%. [50] Thanks to computer

assisted calculations Kirkpatrick [51] and Balberg [52] valuated that the crit-

ical exponent should be equal to 1.3 for bi- dimensional systems and to 2 for

tri-dimensional systems. In spite of this, much more scattered values of the

critical exponent, between 1 and 10, are found in literature. [53]

The final properties of the nano-composites are strictly related to the dis-

persion state of the filler. When two or more polymers are mixed together,
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specific interactions between particles and polymer components could result

in particles to accumulate in one phase or to localize at the interface. This

behaviour depends on the system thermodynamics (i.e. relative wettability)

as well as on kinetic factors (i.e. mixing parameters). In equilibrium condi-

tions, the localization of the filler will be driven by the minimization of the

energy. To predict the final position of the particles, a wettability coefficient

can be calculated, defined as: [54]

ω =
γBC − γAC

γAB
(2.4)

where γ is the interfacial energy between components, A and B representing

the two polymers and C the filler. The value of ω determines which is the

equilibrium position of the nanoparticle. If ω > 1, particles will be localized

in the phase A; if ω < −1 in phase B; otherwise if −1 < ω < 1, the interface

will be the preferred region of dispersion. To calculate the γij interfacial

energy, two different approaches are possible. [55] For high surface energy

material the mean harmonic approximation is used:

γij = γi + γj − 4

(
γdi γ

d
j

γdi + γdj
+

γpi γ
p
j

γpi + γpj

)
(2.5)

while for low surface energy materials the geometric mean approximation

holds:

γij = γi + γj − 2
(√

(γdi γ
d
j ) +

√
(γpi γ

p
j )
)

(2.6)

In both equations, γd and γp are respectively the dispersive and polar com-

ponents of surface energy of the components.

In 1991, Sumita et al introduced for the first time the concept of double

percolation [23], for multiphasic nanocomposites for which the following con-

ditions are satisfied at the same time: 1) uneven distribution of the filler in

the phases; 2) achievement of the percolation threshold in one of the phases;

3) structural continuity of the percolated phase within the whole volume of

the material. If all these conditions are satisfied the material is defined dou-

ble percolated. The interest in double percolated systems lies on the need of
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much lower filler concentration, on the total volume, to reach high perfor-

mance (e.g. electrical conductivity). [56, 57, 58]

In this work we present the selective localization of MWCNT in PLA/PS

bicontinuous blends. We prepared a masterbatch of PS with 2 wt% content

of MWCNT, which was melt mixed with different amounts of PLA. Thanks

to this two-step process we obtained a double percolated morphology where

the MWCNT percolate the PS phase, forming a co-continuous network to-

gether with PLA. Scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) were used to verify respectively the formation

of a bicontinuous morphology and the selective dispersion of the filler. To

better analyse the morphology, the PS phase was selectively extracted by im-

mersion in hot cyclohexane. Double percolation led to a very low electrical

percolation threshold of about 0.45 vol% MWCNT on the total volume.

2.2.3 Experimental

Materials

PS (Edistir 2982) was purchased from Polimeri Europa (Italy), PLA was the

2002D grade from Na-tureworks (Minneapolis MN, USA). MWCNT grown

by chemical vapor deposition (nominal purity > 95%) were purchased from

Cheap Tubes Inc. (Brattleboro VT, USA). Their diameter was between 30

and 50 nm.

Sample preparation

PS/PLA blends at different composition (20/80, 30/70, 40/60, 50/50, 60/40

and 70/30 PS to PLA weight ratio) were prepared introducing proper amounts

of PS and PLA in the chamber (15 cm3) of a twin-screw microcompunder

(DSM Xplore MC15). Mixing was performed at 180 ◦C for 5 min, at the

speed of 150 rpm, under an inert nitrogen atmosphere in order to protect

polymer from degradation.

In order to obtain a double percolated system a two-step process was cho-

sen. In the first phase, three different masterbatches of polystyrene, charged

with 1, 2, or 6 wt% MWCNT were prepared in a 50 cm3 blending chamber of
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a two-roll Brabender Plastograph mixer at 180 ◦C for 10 min, under an inert

nitrogen atmosphere. Compression molded disks (1 mm thick) were obtained

from the different blends by compression molding at 180 ◦C for 10 min using

a P200E bench top press (Dr Collin GmbH, Ebersberg, Germany) progres-

sively increasing the pressure up to

The system containing 2 wt% of MWCNT (coded as PS2CNT) was chosen

as reference masterbatch since this was the minimum content of MWCNT

leading to electrical percolation (see 2.2.3 Electrical conductivity). Therefore,

PS2CNT was used to produce blends with PLA (20/80, 30/70, 40/60, 50/50

and 60/40 PS2CNT to PLA weight ratio). Mixing of PS2CNT with PLA

was performed at 180 ◦C for 5 min at 150 rpm under nitrogen using the DSM

Xplore MC15 twin-screw microcompounder.

Rheological measurements

Melt rheological properties of PLA, PS and PS2CNT were measured using a

Thermo Scientific Rhe-oStress 6000 rotational rheometer at 180 ◦C under ni-

trogen. Circular disks of 25 mm diameter obtained from granules were placed

between parallel plates setting a gap of 1 mm. Frequency sweep analysis was

performed in a 0.1 to 100 rad/s range (backward and forward) in the linear

viscoelastic regime, with a constant stress of 50 Pa.

Bicontinuity coefficient

The bicontinuity coefficient was evaluated selectively removing the PS phase

using hot cyclohexane. Samples of about 1 g were weighted and then im-

mersed in vials containing cyclohexane at 60 ◦C for 24 h. Afterwards, the

samples were put in an oven at 70 ◦C, under vacuum, for 24 h in order to

remove the residual solvent, and then weighed again. This procedure was

repeatedly performed until constant weight was reached (or until the loss of

structural resistance), and the bicontinuity coefficient was calculated as in

Equation 1. Measurements were performed in triplicate.
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Morphology and selective localization of MWCNTs

The formation of a bicontinuous morphology was verified performing SEM

analysis of extracted samples. Extruded strands of the melt mixed samples

were cryo-fractured and then subject to solvent extraction as above described.

SEM analysis was performed on a FEI Quanta 200 FEG SEM in high vac-

uum using a secondary electron detector and an acceleration voltage ranging

from 10 to 30 kV. Before analysis, samples were coated with a 15 nm thick

Au/Pd layer with a sputter coating system. Dynamic temperature-controlled

SEM experiments were carried out on the above mentioned SEM using a hot

stage and a gaseous secondary electron detector (GSED) at 30 kV accelera-

tion voltage and PH2O = 0.90 torr. During SEM observation, samples were

heated from room temperature to 140 ◦C (heating rate 50 ◦C/min). The se-

lective localization of MWCNT in the polymer blend was evaluated by TEM

analysis. Ultrathin sections of selected non-extracted samples were obtained

with a Leica UC7 ultramicrotome system operating at room temperature.

The sections were then placed on copper grids and observed in bright field

mode on a FEI Tecnai G12 Spirit Twin TEM operating at 120 kV accelera-

tion voltage.

Electrical conductivity

Volume conductivity measurements were performed using a Keithley Elec-

trometer/High resistance meter (Model 6517A) coupled with the Resistiv-

ity Test Fixture (Model 8009). In particular, circular disks (6 cm diameter

and 1 mm thickness) were obtained from the different blends by compres-

sion molding at 180 ◦C for 10 min using a P200E bench top press (Dr Collin

GmbH, Ebersberg, Germany). The disks were then placed between the test

fixture electrodes and the conductivity was measured using an alternating

voltage between −10 V and +10 V, switching from positive to negative po-

tential every 30 s. The conductivity was measured 8 times for each sample

discarding the highest and the lowest measures.
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2.2.4 Results and discussion

Rheology

The formation of bicontinuous domains during polymer melt mixing depends

on the ratio of viscosities at the adopted processing condition, for a given

volume ratio. As demonstrated by Pötschke and Paul [21], a bicontinuous

morphology is formed when the following equation is satisfied, under certain

assumptions:
φiηj
φjηi

≈ 1 (2.7)

where φ are the volume fractions of the polymers and η are the viscosities. In

general, to obtain a bicontinuous morphology at a low volumetric content of

one of the polymers, a high viscosity ratio is needed. For this reason, rheolog-

ical tests were performed on neat PS and PLA, as well as on the PS/2CNT

masterbatch. In Figure 2.1(a), the viscosities of PS, PLA and PS/2CNT are

reported. The complex viscosity of PLA showed a clear Newtonian plateau

at low shear rates. It is clearly visible that complex viscosity is increased

for the PS2CNT sample compared to neat PS. While PS almost reached the

Newtonian plateau, PS2CNT showed a mixed viscoelastic/solid-like behav-

ior suggesting that the MWCNTs network was not completely formed. In

Figure 2.1(b), the elastic and dissipative moduli are reported. The crossover

between elastic and dissipative moduli for PLA occurs at ∼25 s−1 with a

wide Newtonian plateau at low frequencies. A completely different behav-

ior is shown by PS with a very short plateau and a much lower crossover

frequency at ∼1 s−1 that shifts to ∼0.5 s−1 for the PS2CNT sample, due to

the starting transition to a less dissipative system at low frequencies. [59]

From these data we could estimate that phase inversion could occur at 60

wt% of PS. The prevision is made approximating the shear rate, expressed

in s−1 , experienced by the polymers during the mixing with the velocity of

twin screws, expressed in rpm (∼102 s−1), as proposed by Wu in 1987. [60]
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Figure 2.1: Complex viscosities (a), elastic and dissipative moduli (b) of
PLA, PS and PS2CNT as a function of frequency at 180 ◦C.
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Figure 2.2: Bicontinuity coefficient for PS/PLA and PS2CNT/PLA blends
after selective extraction of PS and PS2CNT phase in warm cyclohexane.

Bicontinuity coefficient

Extracting one of the phases is a peculiar characterization technique for bi-

continuous blends. As both polymers are continuously connected within the

whole volume of the material, a selective solvent can extract completely one

of the two phases. Through weight measurements performed before and after

extraction it is possible to determine if a bicontinuous morphology is formed.

In Figure 2.2 we notice that the bicontinuity coefficient of the PS/PLA (Fig-

ure 2.2, red line) system starts to change at 40-50 wt% of PS, going from

zero to 0.1, and then abruptly increases to 0.7 at 60 wt% of PS. It is worth

to be noted that for the 70 wt% sample, complete loss of structural integrity

was recorded after extraction, so that this point should not be taken into

account. The PS2CNT/PLA blends showed a linear increase of bicontinuity

from 30 wt% to 60 wt% (Figure 2.2, blue line).
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Morphology

Selective extraction allowed to determine the obtained morphology from SEM

imaging. In Figure 2.3, SEM images of PS/PLA blends at different weight

fractions, namely 40/60 (Figure 2.3(a, b)), 50/50 (Figure 2.3(c, d)), and

60/40 (Figure 2.3(e, f)) are reported. It is possible to notice that the average

size of PS cavities is almost constant (in the range 2− 5 µm), whereas the

PLA domain dimension decreases as the PS weight fraction increases.

Then we proceeded to verify the effective localization of MWCNT in

the blends prepared with the PS2CNT masterbatch. As stated above, it

should be possible to predict, through the evaluation of the wettability co-

efficient, which is the more favorable phase for the nanoparticles. For the

PS/PLA/MWCNT ternary system the wettability coefficient is calculated

using Equation 2.4, where A is PS, B is PLA and C are MWCNTs. In 2.1

different literature values of surface energies of the three phases are reported.

These values have been obtained at room temperature, except for PS2 and

PS3, measured at 180 ◦C. It is noticed that significantly different values for

polar and dispersive components of the surface energies are reported by dif-

ferent authors. Moreover, polar and dispersive components show a strong

variation with temperature and values for different temperatures are hardly

available, therefore it is difficult to choose a proper set of surface energies to

calculate the wettability coefficient. For this reasons, in Table 2 the wetta-

bility coefficient was calculated for any possible combinations of data from

Table 2.1, for both harmonic and geometric approximations (Equations 2.5

and 2.6). All the values smaller than −1 are reported in red, indicating

that MWCNTs should prefer the PLA phase; the only value between −1

and +1 is reported in black, suggesting that the particles should localize at

the PS/PLA interphase; all the values bigger than +1 are reported in green,

indicating PS as the favorite phase for the nanotubes. It is clear that this

calculation is strongly dependent on the set of values chosen.

In spite of the largely scattered values of wettability coefficients, TEM im-

ages in Figure 2.4(a, b) clearly show an asymmetrical distribution of MWC-

NTs. We can notice that MWCNT are present in PS (dark areas) and not in

30



Figure 2.3: SEM micrographs of the bicontinuous morphology of selectively
extracted PS/PLA blends at different weight fractions (PS/PLA: a, b =
40/60, c, d = 50/50, e, f = 60/40).

Table 2.1: Dispersive and polar surface energy coefficients for PS, PLA and
MWCNTs.

γd [mJ/m2 ] γd [mJ/m2 ] γd [mJ/m2 ] Ref.
PLA1 39.6 3.9 43.5 [61]
PLA2 36.6 0.0 36.6 [61]
PLA3 29.7 10.5 40.2 [62]
PS1 40.1 0.6 40.7 [61]
PS2 32.5 8.1 40.6 [63]
PS3 33.9 6.8 40.7 [63]
MWCNT 18.4 26.9 45.3 [64]
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Table 2.2: Harmonic and geometric approximation for wettability coefficient
of PS/PLA/MWCNT blends. Wettability values above +1 (green) are ob-
tained when PS is the energetically preferred phase for MWCNTs, values
below -1 (red) indicate PLA as the preferred phase for the nanotubes, and
the value between -1 and 1 accounts for nanoparticles which tend to segregate
at the interphase.

Harmonic Geometric
PLA1 PLA2 PLA3 PLA1 PLA2 PLA3

PS1 -3.42 -0.37 -2.25 -6.46 +9.35 -2.69
PS2 +5.03 +2.27 -9.54 +6.18 +2.74 -10.68
PS3 +6.79 +2.37 -6.30 +8.57 +3.06 -7.17

PLA (bright areas). Although the mixing time has a relatively long duration,

MWCNTs remain segregated in the PS phase, in which they were originally

incorporated, and PLA remains almost completely free of particles. In order

to get further insight on this finding, we prepared a PLA masterbatch con-

taining 2 wt% MWCNTs. We mixed this masterbatch with PS in a 50/50

weight ratio. As clearly visible in TEM images in Figure 2.4(c, d), a great

amount of particles moved during the melt mixing from the starting PLA

phase to PS, even if this process does not lead to the complete asymmetry

obtained using the PS2CNT masterbatch. These two experiments suggest

the presence of a strong affinity of MWCNTs with PS, responsible for a ther-

modynamic force driving the particles from PLA to PS, or keeping them into

PS. Moreover, another interesting behavior is the partial accumulation of

MWCNT at the PS/PLA interface for the PS2CNT/PLA system, as shown

in Figure 2.4(e, f) for PS2CNT/PLA. This can be due to a blocking effect

of the interface during the diffusion of the particles. The force arising from

the concentration gradient that should favor diffusion of the particles into

PLA is balanced by the opposite force due to the stronger affinity with PS.

In Figure 2.5 it is also shown that PS inclusions in PLA phase incorporate a

considerable number of nanotubes compared to the surrounding matrix. In

conclusion, all these data suggest a much stronger affinity of MWCNTs for

the PS phase.
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Figure 2.4: (a,b) TEM images of the 50/50 weight ratio PS2CNT/PLA blend,
showing the asymmetric dispersion of MWCNTs in the PS phase. The dark
phase (PS) contains almost all the MWCNTs while few isolat-ed particles
are visible in the clear phase (PLA). (c, d) TEM images of PLA2CNT mas-
terbatch melt mixed with PS in a 50/50 weight ratio. It is clearly shown that
a great amount of MWCNTs migrate from the starting PLA phase (bright
areas) to the PS (dark areas) during processing. (e, f) TEM images of the
50/50 PS2CNT/PLA blend, showing the accumulation of MWCNT stopped
at the PS/PLA inter-face during the migration from the PS phase to PLA.
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Figure 2.5: TEM images of the 50/50 weight ratio PS2CNT/PLA blend,
showing the extremely selective localiza-tion of MWCNTs in PS small inclu-
sions in the PLA phase.
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Figure 2.6: Electrical conductivity of PS/MWCNT composites as function
of the MWCNT content.

Electrical conductivity

The electrical conductivity of the different PS masterbatches were compared

in order to evaluate the minimum concentration of MWCNT needed to reach

the electrical percolation threshold. As it can be seen in Figure 2.6, the 1 wt%

MWCNT masterbatch does not show any electrical conductivity difference

compared to pure PS (i.e. 1017 S/cm ). For the sample containing 2 wt%

MWCNT the electrical con-ductivity was raised by 10 orders of magnitude

(10−7 S/cm ). The increase of MWCNT content to 6 wt% MWCNT further

increased the conductivity of only one order of magnitude, indicating that

the electrical percolation threshold was already reached at 2 wt%. For this

reason we selected the masterbatch PS2CNT for the preparation of the blends

with PLA at different PS2CNT/PLA weight ratios.

Figure 2.7(a) shows the electrical conductivity of the molded disks for

the PS2CNT/PLA blends at different compositions. The red line indicates

unchanged electrical conductivity values with respect to the unfilled PLA.

In 2007 Pötschke et al. [65] showed that one explanation for the loss of

electrical conductivity in a MWCNT/polymer blend can be related to the
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destruction of the percolative network when the system is subjected to a

transient shear. In this case a thermal annealing process can help to fully

recover the electrical conductivity giving to the system enough thermal en-

ergy to reconstruct the MWCNT network. Another possible explanation

is related to the morphological structure of the system. Zhang et al. [66]

have shown that compression molding of a bicontinuous PS/PLA blend can

result in the formation of a PLA insulating surface layer that can be reab-

sorbed in the bulk thanks to an annealing treatment. The formation of a

superficial insulating layer was also found in the work of Gigli et al. [67]

where a solvent cast film of MWCNT and polypropylene needed a plasma

etching treatment to expose the nanoparticles, as they were covered by an

insulating thin layer of polymer. On these bases, we performed a thermal

post-treatment on the molded PS2CNT/PLA samples at different tempera-

tures (120, 140, 160 and 180 ◦C ) for 1 h, repeating the electrical conductivity

tests after the annealing. The first sample, annealed at 120 ◦C showed no

macroscopic deformation, but at the same time no recovery in electrical con-

ductivity was noticed. The other three samples showed, conversely, a clear

increase in electrical conductivity of several orders of magnitudes (∼ 109

S/cm ) but different macroscopic appearances. The two samples annealed at

higher temperatures (160 and 180 ◦C ) were clearly deformed due to com-

plete melting of the polymers and the bicontinuous morphology was lost, as

proved by the samples breakdown after solvent extraction of PS. Only the

sample annealed at 140 ◦C for 1 h showed both the electrical conductivity

recover and a bicontinuous structural integrity. As both of the mechanisms

described above, i.e. the reconstruction of the nanoparticle network and the

reabsorption of an external insulating polymer layer, could be responsible

for the recover in the electrical conductivity, we analyzed through TEM and

SEM imaging both the nanotube dispersion state in the bulk and the sur-

face morphology of solvent extracted samples. TEM analysis (Figure 2.8)

showed no evidence of nanotube network reconstruction because the disper-

sion state of MWCNTs in the PS phase after annealing was comparable to

that evaluated on thermally untreated samples. Instead, by comparing the

surfaces of the PS2CNT/PLA 50/50 sample before and after annealing (Fig-
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ure 2.7(a,b)), it is evident that the thermal treatment can effectively cause the

partial re-absorption of the insulating PLA surface layer. This phenomenon

was confirmed by temperature-controlled SEM experiments, in which during

heating from room temperature to 140 ◦C, a progressive increase of contrast

was recorded due to the absorption of the PLA layer and the progressive

exposure of the PS phase (dark regions in Figure 2.7(d)) to the surface of

the PS2CNT/PLA 50/50 sample.

Once the annealing conditions were optimized, the electrical conductivity

was measured on samples with different PS2CNT/PLA weight ratios. As

shown by the blue line in Figure 2.7(e), after the annealing all the samples

above 40 wt% of PS2CNT showed an increase of the electrical conductivity

of more than 8 orders of magnitude (from 10−17 to 10−9 S/cm ). It is worth

to be noted that the total amount of MWCNT for the 40 wt% PS2CNT

sample is 0.8 wt%, leading to a MWCNT percent content of about 0.45 vol%

on total volume (using 2.1 g/cm3 density for MWCNT [68], 1.25 g/cm3 for

PLA and 1.05 g/cm3 for PS). The final electrical conductivity obtained for

PS2CNT/PLA blends is 2 orders of magnitude lower than the value showed

by the PS2CNT masterbatch. Similar results were obtained by Pötschke et

al. [34] and Fina et al. [69], and can be explained by considering the reduced

amount of electrically conductive material (in our case the PS2CNT phase),

as well as the longer electrically conductive path due to the bicontinuous

structure. According to this hypothesis, electrons are forced to follow a much

longer pathway to go from one side to the other side of the sample, because

they must follow the percolative MWCNT network within the tortuous PS

phase that percolates the complete volume of the sample.

2.2.5 Conclusions

In this work we reported the preparation of double percolated blends of

PS, PLA and MWCNT starting from a PS masterbatch containing 2 wt%

MWCNT. Melt mixing of the PS masterbatch and PLA, under proper process

conditions, led to a double percolated morphology. The blends showed bicon-

tinuity and, after a thermal annealing post-treatment, an exponential elec-
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Figure 2.7: False color SEM images of extracted PS2CNT/PLA 50/50 be-
fore (a) and after (b) annealing, showing both surface and bulk of the sam-
ples; temperature-controlled SEM analysis of PS2CNT/PLA 50/50 before (c,
20 ◦C) and after (d, 140 ◦C) heating (see also movie S2 in the supporting in-
formation); electrical conductivity of PS2CNT/PLA blends as a function of
the PS2CNT weight content before (blue line) and after (red line) annealing
(e).
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Figure 2.8: TEM images of MWCNTs dispersion state in PS2CNT/PLA
samples before (a,c) and after (b,d) annealing.
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trical conductivity increase of about 8 orders of magnitude. Therefore, the

possibility of obtaining electrically conductive polymers by using MWCNT

selectively dispersed in a multiphasic matrix was demonstrated. The blend

micro-structuring had a key role in significantly reduce the electrical perco-

lation threshold of the system, and in turn the total amount of nanoparticles

needed to improve the electrical performance of the samples.
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calization and Migration of Multiwalled Carbon Nanotubes in Blends
of Polycarbonate and Poly (styrene-acrylonitrile)”. In: Macromolecular
rapid communications 30.6 (2009), pp. 423–429.

[29] BD Favis. “Factors influencing the morphology of immiscible polymer
blends in melt processing”. In: Polymer blends 1 (2000), pp. 501–537.

[30] M Hara and JA Sauer. “Synergism in mechanical properties of poly-
mer/polymer blends”. In: (1998).

[31] Leszek A Utracki. Commercial polymer blends. Springer Science &
Business Media, 2013.

[32] Jørgen Lyngaae-Jørgensen et al. “Flow induced deformation of dual-
phase continuity in polymer blends and alloys. Part I”. In: Polymer
Engineering & Science 39.6 (1999), pp. 1060–1071.

[33] Frederic Gubbels et al. “Kinetic and thermodynamic control of the se-
lective localization of carbon black at the interface of immiscible poly-
mer blends”. In: Chemistry of materials 10.5 (1998), pp. 1227–1235.

43
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Chapter 3

Patterning of
perovskite-polymer films by
wrinkling instabilities

3.1 Introduction

Lead halide perovskite overview

The continuous rise of energy demand of the modern society has lead to

the intensive adoption of fossil fuels and induced the global warming that

is strongly influencing the economy and politic of the entire world.[1] A fast

transition to renewable energy source is becoming every day more urgent to

promote a cleaner atmosphere and stop the climate changing. The total solar

energy delivered by the Sun to the Earth each day could, in theory, satisfy

the entire world energy demand for more than 20 years. For this reason great

efforts have been made to find efficient and cheap materials that could collect

at least part these energy in photovoltaic devices. Silicon based technologies

represents the majority of the commercialized devices. Recently the thin

films solar cells have become an interesting field of research do to the lower

carbon footprint and the shorter energy payback.[2, 3]

One type of thin film solar cells that has attracted a lot of attention

is based on hybrid organo-metal halide perovskite. The outstanding perfor-

mances of such material as solar light harvester and ambipolar conductor has

lead in only few years to an astonishing 22.1% of efficiency[4], overcoming
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other kind of cells that have been studied for more than 20 years.[2] Per-

ovskite materials used in photovoltaic are based on methylammonium lead

halide and lead halide salts where the halides species can be iodide, bromide

or cloride adopting the ABX3 perovskite structure. This structure is formed

by BX6 octahedral sharing corners, where the B atom is the metal cation and

X is one of the halides. The A cation is the usually the methylammonium but

it can be any ion that will balance the charge and that can fit in cuboctahedral

cavities. Recent studies have indicated that mixed-halide organic–inorganic

hybrid perovskites can display electron–hole diffusion lengths of over 1 µm

Depending on the stoichiometry of the halide content the material can sig-

nificantly change its properties. In general the perovskite is used between a

mesoporous TiO2 or Al2O3 thin film and an organic polymer as hole conduc-

tors. Due to the high efficiency of such cells they have been considered for

a possible use in commercial devices. They have properties similar to bulk

inorganic semiconductors but can be processed at low temperatures using

inexpensive and abundant materials. The main problem remains to be both

the presence of lead in the perovskite (also if in a very small amount) and

the very high prices of the organic hole conductor layers. For example the

most adopted one is the (2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)

9,9’-spirobifluorene) with a current commercial cost over ten times that of

gold and platinum. For the first problem some researches have focused on the

possibility of substituting the lead with a much less polluting metal as the

Sn[5] while other studies have been conducting in the finding of a different

hole conducting layer[6].

Another very interesting application of hybrid organic-inorganic perovskite

materials is in organic-inorganic light-emitting device (OILED) devices where

it behave as the emitting layer. The efficiency values of these devices is

promising and some works are still trying to understand the role of the in-

organic component because in these devices the emission arises from the or-

ganic layer of the structure.[7] Moreover the possibility of change the organic

cation is another important parameter in order to improve the luminescence

efficiency and the emission color.

The outstanding performances of lead halide perovskites in photovoltaic
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are related to the long carrier lifetimes and the low non-radiative recombina-

tion rates. As these properties are important also for the materials used for

laser applications the perovskite has been adopted also in this field In 2015

Zhu et Al developed a wavelenght-tunable laser working at room-temperature

based on a single crystal of lead halide perovskite.[8] The lasing threshold was

found to be very low (220 nJ/c2m and an interesting quality factor (∼ 3600).

They performed a kinetic analysis based on time-resolved fluorescence re-

vealing a lasing quantum yield approaching the 100% thanks to a very lit-

tle charge carrier trapping in these single-crystal nanowires. Moreover the

emission colour could be easily tuned changing the halide stoichiometry of

the crystals. All these properties makes perovskites ideal materials also for

nanophotonics.

A very attractive idea for photovoltaic is the development of building in-

tegrated solar cells in order to maximize the surface area used for the harvest-

ing of the solar light. Actually the majority of the photovoltaic devices are

placed on the top of the roof of buildings. If the solar cells could be adopted

to cover the entire façade of a building much more electrical power would be

produced. This is obviously a trade-off between the necessity of harvest the

solar light and the necessity of transparency for design and aesthetic reasons.

Moreover they should have a neutral-color, with the possibility of change it

when needed, in order to permit their adoption without restrictions. Also

in this case the perovskite could be a solid choice. When silicon based solar

cells have been used to obtain building integrated devices the only possible

approach was to reduce its thickness. However due to the nature of the den-

sity of states of the crystalline semiconductor conduction and valence bands,

the color of the cell assume red or brown tint depending on its thickness. It

is worth to be noted that the same problem of a reddish/brownish colour

would arise also for perovskite solar cells if the same strategy of a mere re-

duction of thickness would be adopted. In 2013 Eperon et Al [9] controlling

the many parameters of the perovskite deposition managed to obtain a pre-

cise control of the final morphological microstructure. As perovskite films

are deposited from a precursor solution spin-coatined on flat substrate, it

typically contains many pores and microsctructures formed to minimize the
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surface energy. Controlling the initial film thickness, annealing temperature,

atmosphere, and solvent vapor pressure they could obtain the control of the

coverage of surface of the substrate. The incomplete, but controlled, cover-

age of the device permitted lead to the formation of micrometrical islands

of perovskite. Every single island absorbed the entire range of visible light

meanwhile the almost uncovered part let the light pass through. Thank to

this peculiar morphology the cell could still continue to produce electricity

but showing a neutral-colored semi-transparency.

Perovskite has also been used in combination with polymers also if the

production of nanocomposite containing it has been in very few cases. In

2015 Masi et Al demonstrated that a nanocoposite of Poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) and methyl ammonium

lead iodide can act as an active layer in optoelectronic devices fabricating a

bulk hetero junction solar cell with an efficiency of 3%. This work showed

the first successful replacement of fullerene species with MAPbI3 perovskite

in a polymeric solar cell.[10]

Wrinkles overview

In opto-electronic devices the introduction of periodic structures has become

a popular strategy to enhance the harvesting of the solar light. Many dif-

ferent kind of structures have been produced like strips, wires, pyramids or

arrays of lenses in order to improve the quantity of light absorbed by the de-

vices and increase the overall efficiency.[11, 12] On the other side wrinkles and

folds are self-organizing structures arising from linear and nonlinear elastic

instabilities, and can be easily formed over large areas.[13, 14, 15] Buckling

and wrinkling are generally watched as problem in polymer thin film pro-

cessing. On the other side researchers have always been fascinated by those

phenomena and tried to control them. The development of techniques for

the formation of controlled patterning has increased the interest in develop-

ing method to emulate and control the emerging patterns of wrinkles. Many

applications have been developed from these studies starting from building

cell templates, nanochannels for protein condensation, smart adhesives and
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optical grating devices. [16, 17, 18, 19]

The most common method to produce wrinkles is based on the sequential

deposition of thin films. The difference of the stiffness of the two films is the

cause of wrinkles formation when any kind of mechanical strain is induced in

the system, causing the instability and wrinkling. The wrinkle wavelength

is usually a function of the thickness of the system and the relative stiffness

of the substrate and the thin film.[15, 20] The amplitude of the wrinkles

depends on the applied stresses and the magnitude of the induced strain

mismatch.[20, 21, 22]

Many works have been conduct on the formation of wrinkles on different

kind of materials. In 1998 Bowden et Al deposited a metal thin film on the

surface of a thermally expanded polydimethylsiloxane (PDMS). [15] After

cooling down the different retraction of the two films produced wrinkles with

a wavelength of 20− 50 µm. They could control and orient the wrinkling

direction using relief structures on the top of the PDMS substrate. Similarly

in 2000 Huch et Al deposited a gold film on the surface of a photochemi-

cally patterned PDMS leading to different stiffness and thermal expansion

coefficient.[23] The gold thin film was deposited on the warm PDMS and the

compressive stress due to the cooling lead to the formation of wrinkles. A

way to control the width (wavelength) of wrinkles was showed by Watanabe

et Al in 2004 using a polypyrrole film and a polyurethane elastic sheet.[24]

To obtain the pattern they started drewing the polyurethane sheet, then

onto the sheet the polypyrrole film was formed while the substrate was kept

drawn. In this way after the release of the polyurethane sheet wrinkles were

obtained. This process allowed to control the thickness of the instabilities

ranging from 5 to 100 µm , with a depth in the range 1-15 µm controlling the

elongation ratio of the sheet. Self-assembled microstructures were realized

by Yoo et Al in 2002 using a periodic pattern on an elastomeric mold that

was placed on the surface of a bilayer metal-polymer film.[25] The instability

was induced by heating the system above the glass-transition temperature

of the polymer. Another interesting way of forming controllable nanowrin-

kles was showed by Fu et Al in 2009.[26] They deposited on a prestressed

shape memory polystyrene sheet a metal and then, after activating the shape
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memory effect, they obtained uniaxial aligned wrinkles.

Wrinkles have also been exploited in solar cell application by Kim et

Al in 2012. They found that when wrinkles are compressed beyond one

third of their wavelength form folds. They demonstrated that these folds

effectively localize and trap light. When those folds were formed on the

polymeric thin film of their organic solar cells a dramatical improvement

of light harvesting was measured. The deep folding of the polymer acted

as waveguides and showed plasmonic properties effectively redirecting the

near-infrared light. The combination of all these behaviours lead to the

increase of the cell photocurrent of 47%. Because the infrared light is usually

minimally absorbed in flat surfaces devices the external quantum efficiency

at the incident wavelenghts over 650 nm showed an astonishing increse of

600%.[27]
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3.2.2 Abstract

Organic-inorganic perovskites are semiconductors materials used for opto-

electronics and photovoltaics devices. Micron and submicron perovskite pat-

terns have been explored in semitransparent photovoltaic and lasing appli-

cations. In this work we show that a polymeric media can be used to create

perovskite patterning, in a novel and inexpensive method.
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3.2.3 Results and discussion

Organic-inorganic perovskites are crystalline materials with the general for-

mula ABX3, where A is an organic cation, B is a divalent metal and X is

a halide anion. The metal cations coordinate 6 halide ions in an octahedral

shape and the organic ions are located in cuboctahedral cavities coordinating

12 halide ions within the crystal lattice. [28] They have been employed as

crystalline semiconductors with high optical density, [29] excitonic behavior

[30] and long-range ambipolar charge transport [31]. Compared to tradi-

tional inorganic semiconductors, organic-inorganic perovskites are made of

abundant, low-cost starting compounds. They are solution processable and

thus compatible with fast and inexpensive production techniques. Since the

first pioneering studies of Mitzi in the 90s, [32] organic-inorganic perovskites

have been used in a number of optoelectronic applications such as photo-

voltaics, [33, 34] photodetectors, [35] light emitting diodes, [36] transistors

[37] and memory devices [38]. Their application in solar cells is most impres-

sive, allowing the creation of solution processed devices with power conver-

sion efficiencies that rival those of established inorganic technologies, only a

few years after a first demonstration by Miyasaka et al. in 2009. [39, 40]

Furthermore, Eperon, et al. [9] demonstrated the possibility of manufactur-

ing semitransparent perovskite solar cells, which are particularly desired for

building integration. Compared to other semi-transparent photovoltaic de-

vices, they are highly color- neutral. Transparency is achieved by means of

dewetting of the perovskite absorbing layer, resulting in the spontaneous for-

mation of discrete micron-sized perovskite domains during the sample prepa-

ration process. In contrast, uniform perovskite deposition was enhanced by

adding a small amount of Poly(2-ethyl-2-oxazoline) (PEOXA) to the pre-

cursor solution. [41] More recently, patterning of perovskites on submicron

length scales was explored for the preparation of optical cavities to enhance

the light amplification in light-emitting and laser diodes. [42] Cheng et al.

showed that luminescent patterned perovskite films can be obtained using

soft lithography. [43] Sutherland et al. also demonstrated the possibility of

achieving coherent light emission by deposition of a thin perovskite layer into
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a spherical optical cavity. [44] More recently, Alias et al. [45] reported a new

patterning procedure based on a focused-ion beam to pattern perovskites on

micron and submicron length scale for photonic devices. While these success-

ful applications demonstrated the enormous potential of patterned perovskite

films, most of these approaches involve several processing steps and, more

importantly, are not scalable.

In this work, we introduce a novel approach for patterning perovskite

crystals on a flat substrate. The novelty relies on the exploitation of a poly-

meric media as perovskite nanocrystals carrier. Many different methods of

polymers patterning available in literature could be used to obtain the de-

sired pattern. Here we use a long-range uniform patterning is then induced by

spontaneous wrinkling of the perovskite-polymer film in an oxygen plasma.

The perovskite nanocrystals concentrate within the wrinkles, transferring

the polymer pattern to a perovskite assembly. Atomic force microscopy and

dynamic light scattering were employed to show that the dimensions of the

wrinkles and the perovskite crystals can be tuned simply by controlling the

thickness of the polymer film and the perovskite precursors concentration.

Wrinkling of thin films via an instability under compressive stresses leads

to the micron and submicron patterning of polymers. [46, 47] A facile way

to obtain such a system is to fabricate films having two or more layers with

different elastic moduli. The relaxation of a compressive stress, uniaxially

(i.e. by releasing an external load) or isotropically (i.e. contraction after

thermal expansion or swelling), leads to spontaneous wrinkling of the stiffer

layer to lower the total energy of the system. Evensen et al. demonstrated

that it is possible to achieve controlled wrinkle patterns in argon plasma

treated thin films of polydimethylsiloxane (PDMS). Here, the Ar plasma

fulfilled two functions, 1) it crosslinked the PDMS film and 2) it formed a thin

silica surface layer with a higher elastic modulus than that of the remaining

polymer. [48] Recently, Lee et al. pointed out that controlled wrinkling of a

polystyrene (PS) thin film caused by consecutive plasma exposures created

three-dimensional hierarchical patterns. [49] A similar result can be achieved

by creating a crosslinking gradient across the thin polymer layer, as shown by

Guvendiren et al., who exploited the quenching of radicals from atmospheric
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O2 during UV curing of a thin poly(hydroxyethyl methacrylate) (PHEMA)

layer, employing ethylene glycol dimethacrylate, (EGDMA) as cross-linker

and a photoinitiator. [50]

Here, the formation of wrinkles in thin polyethylene glycol diacrylate

(PEGDA) films was induced by a crosslinking gradient that formed during

an O2 plasma treatment. Thin PEGDA films were prepared by spin coating

PEGDA/toluene solutions, with polymer concentrations ranging from 5% to

25% (v/v), onto glass substrates with or without a conductive layer of flu-

orine tin oxide (FTO). The film thickness was controlled by adjusting the

concentration of PEGDA in toluene and the spin coating speed in the range

of 2000 rpm to 8000 rpm. The as spun liquid PEGDA (Mn = 700 g/mol)

films were immediately exposed to an O2 plasma, which resulted in a change

of the film appearance from transparent to whitish, caused by the increased

light scattering from the wrinkles that have formed at the film surface. The

formation of wrinkles was confirmed by optical microscopy in transmission,

shown in Figure 3.1(a). The wrinkles were homogenously and isotropically

distributed on the surface. The half-cylindrical shape of the wrinkles gives

rise to a focusing of light onto the cylinder axis. The size and shape of the

wrinkles were determined by scanning electron microscopy (SEM), shown in

Figure 3.1(b). Note that the PEGDA film entirely covers the FTO substrate

as confirmed by the absence of FTO crystals in the SEM image, which other-

wise would be clearly visible (cf. Figure 3.2). The topography of the wrinkles

was characterized by atomic force microscopy (AFM). Figure 3.1(c) shows a

3D AFM image of a wrinkled PEGDA thin film that had an as spun thickness

of 1 µm before the O2 plasma treatment. Both the width and height of the

wrinkles are in the 1-3 µm range and confirms their nearly cylindrical shape.

As shown in Figure 3.1(d) (and Figures 3.4 and 3.2.5) the wrinkle dimensions

depend on the as-spun thickness of the PEGDA film and can be adjusted by

varying the polymer solution concentration and the spinning speed during

spin-coating. The variation of the wrinkle dimensions (Figure 3.1(d), blue

line) on the initial PEGDA film thickness (Figure 3.1(d), red line) agrees

with the Cerda and Mahadevan theory. [46]

Obtaining well-dispersed perovskite nanocrystals from PEGDA solutions
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Figure 3.1: Optical microscopy (a) and SEM (b) images of wrinkled PEGDA
layers deposited on FTO coated glass slides followed by an O2 plasma treat-
ment. (c) 3D AFM image of the wrinkle topography. (d) Variation of the
PEGDA film thickness (before plasma curing, measured by ellipsometry) and
wrinkle height (measured by AFM) with the solution concentration used to
spin-coat the film, for a constant spin speed.
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requires the precise control of the processing conditions. Pérez- Prieto et al.

[51, 52] showed that highly luminescent and stable perovskite nanocrystals

can be prepared from a dispersion in toluene stabilized by alkyl ammonium

chains at the crystal surface. It is well known that the material bandgap can

be tuned by changing the halide composition [53] or the temperature of the

precipitation solvent. [54] One of the first attempts to embed a perovskite

phase in a dielectric polymeric matrix can be found in the work by Li et al.

[55] who produced light emitting diodes (LEDs) with a remarkably improved

external quantum efficiency. In a similar way Masi et al. [10] embedded

perovskite nanocrystals into a semiconducting polymer and manufactured a

photovoltaic device with a power conversion efficiency (PCE) up to 3%.

Here, CH3NH3PbBr3 perovskite nanocrystals were functionalized with

octylammonium iodide (OAI) alkyl chains as a model perovskite material.

The perovskite crystals were prepared from a precursor solution of methylam-

monium bromide (MABr), octyl ammonium iodide (OAI) and lead bromide

(PbBr2) in N,N-dimethylformamide (DMF). Three different 1.0 M solutions

of MABr, OAI and PbBr2 in DMF were prepared. MABr and PbBr2 solu-

tions were mixed in 1:1 volume ratio for non-OAI-capped crystals leading to

a 0.5 M solution of (OAI)PbBr2. For capped crystals PbBr2, MABr and OAI

solutions were mixed with volume ratios of 10:9:1 resulting in a 0.5 M solution

of (MABr)x(OAI)1−xPbBr2 with x equal to 0.1. The 0.1 M and the 0.01 M

were derived by dilution of the 0.5 M solution adding proper amount of DMF.

Crystals were formed upon slow injection of one of the precursor solution in

2 mL of toluene under intense stirring. Each injection consisted in 5 µL of

precursor for a total volume injected of 50 µL. The total volume of precursor

solution was kept constant for the three cases (0.5 M, 0.1 M and 0.01 M) to

reduce the influence of any residual DMF on dissolution and recrystalliza-

tion during the spin coating process. The final volume ratio between DMF

and toluene was 2.5% v/v. The solution color turned from transparent to

orange immediately after the injection of the first drop, clearly indicating

the formation of perovskite crystals. The need of the presence of OAI was

evidenced by dispersion stability tests. Mixing MABr and PbBr2 also led to

the formation of an orange solution, but after a few minutes (less than 10
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minutes) a precipitate was found on the bottom of the vial. After 24 hours

the solution became clear, indicating that all the perovskite crystals precip-

itated to the bottom. In contrast, crystals formed in the presence of OAI

were very stable and only a small fraction of the crystals precipitated after

a week. The concentration of the precursor solution is another important

control parameter for the formation of perovskite crystals. Three different

concentrations were tested: 0.5 M, 0.1 M and 0.01 M. It was found that the

concentration of the precursor solution affects both the crystal size and the

dispersion stability, as demonstrated by dynamic light scattering (DLS).

SEM images of the perovskite crystals deposited by drop casting solu-

tions at different concentrations on the top of a FTO glass slide are shown in

Figure 3.2(a) (and 3.6). The substrate was quickly heated to 150 ◦C to avoid

recrystallization caused by residual DMF. The formed crystals were almost

perfectly cubic with sizes below 500 nm but with relatively high polydis-

persity. DLS measurements of the perovskite dispersions were performed to

study the effect of precursor concentration on the average size of the crystals.

As shown in Figure 3.2(b) a strong correlation between the average hydro-

dynamic size and the molarity of the precursor solution was found, ranging

from 800 nm for a 0.5 M solution to 130 nm for 0.01 M (average size dis-

tribution in Figure 3.7). The formation of CH3NH3PbBr3 crystals was also

investigated by X-ray diffraction (XRD). Figure 3.2(c) shows narrow peaks

that can be attributed to perovskite nanocrystals and FTO crystals on the

substrate. [52, 56] The absorption spectra in the ultra violet (UV) and vis-

ible (Vis) wavelength range were measured. In Figure 3.2(d), the crystals

obtained from the 0.5 M precursor solution give rise to an excitonic peak

at 535 nm , as previously reported in literature. [30] This peak is clearly

blue-shifted with decreasing average size of the particles. While this effect

has been observed previously by Di et al., its origin is still debated. [57]

For the preparation of perovskite-polymer films, a toluene dispersion of

perovskite crystals was mixed with PEGDA. It is important to emphasize

that the OAI functionalization of perovskite crystals had not only the role

of dispersion stabilization but also reduces the interaction between methy-

lammonium cations and acrylic groups of the polymer. When PEGDA was
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Figure 3.2: (a) SEM image of perovskite crystals that have formed on top of
an FTO covered glass slide. (b) DLS measurement showing a reduction of
average hydrodynamic crystal size with decreasing precursor solution concen-
tration. (c) XRD measurement confirming the lattice structure of perovskite
crystals. (d) UV-vis absorption spectra for crystals with different average
size; a blue shift of excitonic peak is clearly visible and can be related to
quantum confinement effects.
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mixed with a toluene suspension of OAI-free perovskite crystals, the solu-

tion turned from orange to transparent within a few seconds. With OAI

stabilized nanoparticles, no color change of the solution was observed. The

mixed solutions of perovskite crystals and PEGDA in toluene were processed

as described above for the case of pure PEGDA solutions to obtain wrinkle-

patterned films. Optical micrographs of perovskite-polymer hybrid films af-

ter O2 plasma treatment (Figure 3.3(a) and 3.8) confirm the presence of

perovskite crystals inside the ridge-structure formed by the PEGDA wrin-

kles. This is further confirmed by microscopy in fluorescence mode under

UV illumination, were the green emission of the perovskite crystals is only

observed from the wrinkles.

The localization of the perovskite crystals within the wrinkle morphol-

ogy follows the mechanism that has been reported by Yoo et al., [58] who

demonstrated that most of the material composing the film, and thus per-

ovskite crystals dispersed within the film, migrates to accumulate within

the wrinkles. In Figure 3.3(b), transmittance and photoluminescence (PL)

spectra of perovskite filled wrinkles film are shown. A step-like behavior in

transmittance and a sharp emission peak are clearly visible at 535 nm

3.2.4 Conclusions

We introduce a novel approach to achieve patterned perovskite-polymer films.

Perovskite nanocrystals dispersed in a polymer matrix were prepared by spin-

coating a perovskite-polymer solution onto flat substrates. Micrometer pat-

terning was induced by the spontaneous wrinkling of the perovskite-polymer

film under an oxygen plasma. Perovskite nanocrystals were predominantly

located inside the ridge-structure formed by the polymeric wrinkles which

introduce a characteristic lateral length scale into the film. This approach

is potentially compatible with many different polymeric matrices and pat-

terning techniques and can therefore potentially be exploited in a number of

optoelectronic and photovoltaic applications. In contrast to the commonly

used top-down patterning techniques, this approach enables solution process-

ing and thus is very fast and inexpensive.
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Figure 3.3: Light microscopy images of wrinkle patterns filled with perovskite
crystals. (a, top) White light illumination; (a, bottom) UV illumination.
The perovskite nanocrystals exhibit green fluorescence emission under UV
light. Magnified images (a, right) evidence the efficient filling of wrinkles
with nanoparticles. (b) Transmittance and emission spectra of perovskite
crystals in the polymer. Green emission is clearly visible at 535 nm (dashed
line) with the correspondent step-like absorbance transition (full line).
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3.2.5 Supplementary

Materials

Fluorine doped tin oxide coated glass slides and all other chemicals were

purchased from Sigma-Aldrich, excepted for methyl ammonium bromide pur-

chased from TCI Deutschland Gmbh. All chemicals were used as purchased

without further purification.

Methods

All experiments and measurements were performed at Adolphe Merkle Insti-

tute (AMI, Fribourg, Switzerland).

Thin films were prepared using a Laurell WS-400BZ spin coater.

Polymer crosslinking was performed in a Zepto Diener (40 kHz, 100 W

max power) plasma etcher. After vacuum was formed into the chamber, pure

oxygen was flushed into the chamber for 2 minutes in order to remove the

residual N2. The plasma generator was then turned on for 30 seconds at 50

W, providing the radical species needed to crosslink PEGDA.

Wrinkles formation was checked using a Zeiss Axio Scope.A1 optical mi-

croscope in transmission mode.

Fluorescence microscopy was performed using an Olympus BX51 micro-

scope equipped and an X-Cite (series 120Q) LED-light as UV source.

Scanning electron microscopy (SEM) images were obtained with a Tescan

MIRA3 LM device.

JPK Instruments Nano Wizard II atomic force microscope (AFM) was

used in intermittent contact mode (tapping) to topologically characterize

wrinkles.

X-ray diffraction (XRD) measurements were performed using a Powder

XRD Philips PW1800. The 2theta parameter was varied between 10◦ and

90◦ with a step size of 0.02◦.

Dynamic light scattering (DLS) measurements were performed at 21 ◦C,

with 90 ◦C detection, using a 3D LS Spectrometer (LS Instruments AG,

Switzerland).
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UV-vis spectra were acquired using a Specord 210 Plus (Analytik Jena)

spectrofluorimeter using 1 cm quartz cuvettes.

The thickness of PEGDA thin films were measured with an alpha-SE

Ellipsometer (J. A. Woollam Co., Inc., Lincoln, NE).

Photoluminescence measurements on perovskite filled films were performed

using a Horiba Fluorolog FL 3-22 device.

Dynamic light scattering

Standard dynamic light scattering (DLS) data were collected at constant

temperature (21 ◦C) at 90 deg., using a commercial goniometer instrument

(3D LS Spectrometer, LS Instruments AG, Switzerland). The primary beam

was formed by a linearly polarized and collimated laser beam (Cobolt 05-

01 diode pumped solid state laser, λ = 660 nm , P max. = 500 mW), and

the scattered light was collected by single-mode optical fibers equipped with

integrated collimation optics. The collected light was coupled into two high-

sensitivity APD detectors via laser- line filters (Perkin Elmer, Single Photon

Counting Module), and their outputs were fed into a two-channel multiple-

tau correlator. The signal-to-noise ratio was improved by cross-correlating

these two channels. The corresponding field auto-correlation functions were

obtained via the Siegert relation: g1(t) =
√
g2(t)− 1 where g2(t) is the in-

tensity auto-correlation function constructed from the temporal fluctuations

of the depolarized component of the scattered intensity.

For a dilute suspension of uniform spherical NPs of radius r, the correla-

tion function is written as:

g1(t) = e−Γ(q,r)t (3.1)

where

Γ(q, r) ≡ q2DT (3.2)

and

DT =
kBT

6πη

1

r
(3.3)

kB is the Boltzmann constant, T the temperature, η the viscosity of the
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Figure 3.4: Atomic force microscopy (AFM) images of wrinkles on PEGDA
films of different thickness after O2 treatment. It is clearly noticed the de-
pendence of wrinkles size in function of PEGDA/solvent volume ratio (i.e.
film thickness, S4), at constant spin coating deposition speed (8000 RPM).
For the lowest concentration (5%) no wrinkles formation was observed. From
10% to 25% wrinkles average height increases from 0.3 µm to 1.7 µm
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Figure 3.5: PEGDA thin films thickness measured through ellipsometry as
a function of polymer concentration in toluene and spin coating deposition
speed. It is clearly visible that is possible to control the polymer thickness
by adjusting these two parameters.

solvent, q the momentum transfer q = 4π
λ
n sin θ

2
, θ the scattering angle, λ the

wavelength of the scattered waves, and n the refractive index of the solvent.

The field correlation function from polydisperse samples is frequently

expressed as the Laplace transform of the probability density function de-

scribing the dispersion in the relaxation rate. Then the correlation function

(Equation 3.1) is written as

g1(t) =

∫ inf

0

P (Γ)e−ΓtdΓ (3.4)

where P (Γ) is the probability density function of the relaxation rates. P (Γ)

is modelled here by the (modified) Schulz–Zimm distribution:

P (Γ) =
1

Γ( 1
σ2 )

e
− Γ

〈Γ〉σ2

(
1

〈Γ〉σ2

) 1
σ2

Γ
1
σ2 −1 (3.5)
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Figure 3.6: Scanning electron microscopy micrographs of perovskite
nanocrystals synthesized starting from a 0.5M (top) and 0.01M (bottom)
precursor solution.
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where

〈Γ〉 =

∫ inf

0

ΓP (Γ)dΓ (3.6)

and

σ(Γ) ≡
√
varΓ

〈Γ〉
(3.7)

In case of a unimodal distribution 0 < σ ≤ 1. When σ is close to 1, the

Schulz–Zimm distribution approaches an exponential distribution, and when

σ is small, it approaches a Gaussian distribution. According to Equation 3.5,

the correlation function is now written as

g1(t) = (1 + 〈Γ〉σ2t)−
1
σ2 (3.8)

The correlation functions and their respective best fit (Figure 3.7, Equation

3.8) corresponding to the three different concentrations of the perovskite pre-

cursor solution are shown below. The estimated apparent intensity-weighted

average hydrodynamic were respectively 807 nm, 338 nm and 129 nm for

0.5M, 0.1M and 0.01M solutions. The intensity-weighted probability func-

tion of the hydrodynamic radius, Pr(r), is estimated via applying the rule of

transforming random variables. Let Φ represent the relationship between Γ

and r (Equation 3.2 and 3.3). Then the probability density function of the

intensity-weighted hydrodynamic radius is estimated via

Pr(r) = Pr(Φ(r)) · | d
dr

Φ(r)| (3.9)
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Figure 3.7: Correlation function and model fit (left) of the Equation 3.8 for
0.5M, 0.1M and 0.01M precursor solution concentrations (top left). Prob-
ability density function of the relaxation rates for the three samples (top
right). Intensity-weighted probability density function of the hydrodynamic
radius (bottom).
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Figure 3.8: Wrinkles filled with perovskite crystals under visible light micro-
scope (top) and under UV illumination (bottom). Perovskite nanocrystals
green fluorescence emission is revealed under UV light. Magnifications is
shown to prove the nice filling of the wrinkle with crystals.
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Chapter 4

Dielectrophoretic assembly of
quantum dots into PDMS
microlenses

4.1 Introduction

Lithium Niobate

Lithium niobate (LN) is a ferroelectric human made crystal, non existing

in nature, of general formula LiNbO3 characterized by large birefringent,

pyroelectric, piezoelectric, electro-optic, elastic, photoelastic, and bulk pho-

tovoltaic effects. The great amount of physical properties have made LN

crystals adopted in a large variety of applications in acoustic, optics, photo-

electronic, memory devices, holograms, and others. [1, 2, 3, 4]

The Curie temperature for LN is approximately 1210◦C Above this tem-

perature the crystal is paraelectric and non-polar consisting of planar sheets

of oxygen atoms in an hexagonal close-packed configuration. The octahe-

dral interstices are equally filled, one-third each, by lithium atoms, niobate

atoms and one-third vacant. The sequence, going in the +c direction, is: Li,

Nb, vacancy. [5, 6] Figure 4.1 shows the conventional hexagonal unit cell

for LiNbOa. Below the Curie temperature the elastic forces become stronger

and the lithium and niobate ions are forced in different positions. Those two

atoms are not anymore centered between oxygen layers resulting in a spon-

taneous polarization. For this reason the LN belongs to the displacement
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Figure 4.1: Crystal structure of lithium niobate. (Cre-
ated by Ahellwig with Povray 3.6, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=163749)

ferroelectrics class. [7] In order to determine the direction of the c axis two

methods are commonly used:

• upon compression of the crystal in c direction the positive direction is

coming out from the face that becomes electrically negative[8]

• upon cooling the +c direction comes out of the positive face[9]

In the first case the compression brings the ions move closer to the oxygen

layer leaving an excess of negative charge on the +c face; in the second case

the temperature contraction pulls the ions further from the oxygen layer

producing the excess of surface positive charge.

LN is a very strong pyroelectric material and changes its spontaneous po-

larization when it is subjected to a temperature variation. The linear relation

that bonds the spontaneous polarization ∆P and the change in temperature

∆T can be written as:

∆P = p∆T (4.1)

where p is pyroelectric tensor that, since the ions move only in the c direction,
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can be expressed as:

p =

 0

0

p3

 (4.2)

where p3 is the only component different from zero of the matrix and its

value is p3 = −4× 10−5 C/K2m and the sign minus is related to the positive

charging of the +c face upon cooling.[10]

Because of the ferroelectricity LN can be locally or periodically poled usu-

ally using an electric field poling (EFP) process where a sufficiently intense

external electric field is applied in order to exceed the coercive field of the

material. In this way crystalline structure of the material can be locally in-

verted obtaining structures with domain patterns usually in the range going

from tens of µm to hundreds of nm [11]

Dielectrophoresis

Electrokinetic forces have been extensively used to manipulate and isolate

particles in suspension or to structure liquids overcoming surface tensions us-

ing sufficiently strong electric field.[12] The dielectrophoresis permit the ma-

nipulation of biological, organic and inorganic particles down to sub-micron

dimension.[13, 14] The motion of particle is the balance between gravitation,

dielectrophoretic, Bronian and drag forces. Moreover the flux of the disper-

sant fluid caused by the electrohydrodynamic forces should also be taken into

account. For these reason all these forces are quantitatively analysed in the

following paragraphs based on the work of Castellanos et Al [15].

Stokes force: Consider a spherical particle of mass m and radius a, in a

fluid with viscosity µ, and subjected to a force F, its motion is governed by

m
du

dt
= −γ(u− v) + F (4.3)

where u is the particle velocity, v the fluid velocity and −γ(u − v) is the

drag force. The factor γ is the friction factor of the particle that for a

spherical particle is equal to γ = 6πηa. As the acceleration of sub micron
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particles is fast compared to characteristic time of observation (τa = m/γ →
τa = (2

9
)(ρpa2/η)), we can assume that they always move at their terminal

velocity, and that the velocity of the particles is the sum of the fluid velocity

plus the motion induced by the external force

u = v +
F

γ
(4.4)

Gravity: The influence of gravity on particles of density ρp suspended in

a fluid of density ρm is given by

Fg = v(ρp − ρm)g (4.5)

where g is the gravitational acceleration and v the volume of the particle, so

the velocity of a spherical particle in a gravitational field is

ug =
v|ρp − ρm|g

f
=

2

9

a2|ρp − ρm|g
η

(4.6)

Dielectrophoresis: The interaction between a non-uniform electric field

and a dielectric particle generates the dielectrophoretic force. The electric

field phasor induces a dipole phasor in the particle given by p(ω) = vα(ω)E,

where α is the effective polarizability of the particle and ω is the angular

frequency of the electric field. The time-averaged force acting on the particle

is given by

〈FDEP〉 =
1

2
R[(p · ∇)E∗ =

1

4
vR[α]∇|E|2− 1

2
vI[α](∇× (R[E×I[E)) (4.7)

where ∗ indicates complex conjugation,R[A] and I[A] the real and imaginary

parts of A and |E|2 = E ·E∗ that lead to a DEP-velocity for a spherical

particle equal to

uDEP =
vR[α]

4γ
∇|E|2 =

a2ε

6η
R
[
ε̃p − ε̃
ε̃p + 2ε̃

]
∇|E|2 (4.8)
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In this equation ε̃ is the complex permittivity defined as ε̃ = ε− iσ/ω, ε and

σ are respectively the permittivity and the conductivity. A very important

role is played by the expression in bracket also called the Clausius-Mossotti

(CM) factor. The direction of the DEP force depends on the sign of the CM

factor, that can vary between +1 and −1
2

so it can be either attractive or

repulsive.

Brownian motion: The Brownian motion is a very important phenomenon

when analysing the behaviour of colloidal particles. It is characterized by a

zero time average (for t sufficiently long) and is strongly influenced by the

temperature of the system. The Gaussian profile of the displacement has a

root-mean-square given by

∆x =
√

2Dt =

√
kBT

3πaη
t (4.9)

where kB is Boltzman’s constant, T is the absolute temperature and t is

the period of observation. If the motion externally induced by the DEP

force is smaller than the random Brownian motion the movement cannot

be precisely controlled in period of time shorter than t. For a collection of

particles the average movement of the assemble can be considered and the

Brownian motion are negligible.

Electrohydrodynamic

Electromagnetic equations Maxwell’s equations describe the electro-

magnetic field in the bulk of materials. The energy is stored both in the

magnetic and in the electric fields. Under the assumption that the first is

negligible with respect to second, that we can express with the condition

WM

WE

=
(1/2)µH2

(1/2)εE2
� 1 (4.10)
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where µ and ε are the magnetic and dielectric permeability of the medium,

Maxwell’s equations can be reduced to the quasi-electrostatic form:

∇ · (εE) = ρq (4.11)

∇× E = 0 (4.12)

∇ · j +
∂ρq
∂t

= 0 (4.13)

where ρq is the volume charge density. In the bulk electrolyte, the electric

current j is given by Ohm’s law, j = σE. A very important factor is the

electrical Reynolds number [16] defined as the combination of parameters

εv/lσ. It can be demonstrated that, since the electrical Reynolds number is

very low for common systems, the electrical and the mechanical responses are

usually decoupled. Now we can combine Equations 4.11 and 4.13 obtaining

that for the complex vector E it has to be

∇ · ((σ + iωε)E) = 0 (4.14)

where is now a complex vector. The electric field can be decomposed, in

many cases where the gradient in permittivities and conductivities are small,

into to terms as following

E = E0 + E1 with |E1| � |E0| (4.15)

and the following equations are satisfied

∇ ·E0 = 0 (4.16)

∇ ·E1 +

(
∇σ + iω∇ε
σ + iωε

)
·E0 = 0 (4.17)

Therefore the charge densities can be approximated to

ρ0 = ε∇ ·E0 = 0 (4.18)
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ρ1 = ε∇ ·E1 +∇ε ·E0 =

(
σ∇ε− ε∇σ
σ + iωε

)
cot E0 (4.19)

Mechanical equations In order to determine the effect of the electrohy-

drodynamic field on a fluid the Navier–Stokes equations, for incompressible

liquids, should be taken into account:

∇ ·v = 0 (4.20)

ρm

(
∂v

∂t
+ (v · ∇)v

)
= −∇p+ η∇2v + fE + ρmg (4.21)

where fE and ρmg are the electrical and gravitational forces. For micrometric

system the (usual) Reynolds number is very small so the convective term can

be neglected. If we combine this assumption with the time average of the

external electrical force we obtain the following expression for the average

fluid velocity

0 = −∇p+ η∇2b + 〈fE〉+ ∆ρmg (4.22)

where can be demonstrated that 〈fE〉 is equal to

〈fE〉 =
1

2
R(ρqE

∗)− 1

4
E ·E∗∇ε (4.23)

Now we can substitute in the previous equation the two expression derived

for the charge density from Equations 4.18 and 4.19:

〈fE〉 =
1

2
R
(((

σ∇εε∇σ
σ + iωε

)
·E0

)
E∗

0

)
− 1

4
E0 ·E∗

0∇ε (4.24)

The combination of Equations 4.22 and 4.24 describes the electrohydrody-

namic forces acting on a incompressible fluid under the action of an external

electric field.
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4.2.2 Introduction

Self-assembling processes are very powerful approaches that are gaining even

more credit in chemistry and materials industry for micro- and nanoscale

technology due to their intrinsic advantages of simplicity, versatility and ra-

pidity.[17, 18, 19] Polymers in liquid phase appear as very suitable candidates

to be processed by direct self-assembling methods thus avoiding lithography

or long-lasting moulding multi-steps processes.[20, 21, 22, 23, 24, 25] In fact,

the self-assembling strategy could allow the fabrication of components and

devices in a single step working directly onto polymer solutions. Nowadays,

polymers are multipurpose materials that are ubiquitous in all modern mi-

cro and biotechnologies. For instance, polymer three-dimensional (3-D) mi-

crostructures have become very promising components in optics, electronic,

photonics and biomaterials fields. Microlens arrays, which generally refer to

2-D arrays of small lenses with diameters in the range of ten to hundreds of

micrometers, represent important types of miniaturized optical components

used in a wide range of applications. [26, 27, 28, 29] In particular, mi-

crolenses from polymer solutions [30, 31] could offer interesting advantages

like easy fabrication approach and the use of sustainable/user-friendly ma-

terials. High definition displays, photovoltaic devices, semiconductor solar

cells, light emitting diodes [32, 33], sensor [34], biochemical assays [30] and

artificial compounds eyes [35] offer just an example of the considerable ex-

tension of interest for the micro-technologies industries. Only very recently

polymer-based nanocomposite materials have attracted considerable interest

because of their excellent properties compared to polymeric materials. [36,

37] In fact, the incorporation of nanofillers into the polymer matrix could

modulate the resulting properties of the nanocomposite produced and, at the

same time, allows one to use the existing fabrication methods. The growing

interest in arrays of polymer microstructures is due to the fact that it is rela-

tively easy for polymers to incorporate colloidal inorganic nanocrystals (NCs)

or quantum dots (QDs), thus transforming originally passive micro-optical

elements into active photonic components by combining the processability of

organic materials with efficient luminescence displayed by the nanofillers.[38]
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This has been proved to be of great interest for novel applications such as

the fabrication of photonic crystals [39] and, notably, of innovative solar cells

showing enhanced efficiency. [40, 41, 42] Here we demonstrate an innova-

tive formation process based on pyro-electrohydrodynamics (pyro-EHD) for

direct formation of self- assembled polymer microstructures. Colloidal inor-

ganic NCs embedded into a polymer matrix are dispensed onto a ferroelectric

substrate and self-assembled in a single step. Essentially a simultaneous two-

fold self-assembling process, involving either EHD instability acting on the

hosting liquid polymer in conjunction with dielectrophoretic (DEP) forces

operating on NCs, allows the realization of an active array of microstruc-

tures just in a single step. Pyro- EHD and pyro-DEP have been discov-

ered and applied separately as advanced processes for the self-assembling of

nanofillers [43, 44, 45], liquids and polymers, including Polydimethylsiloxane

(PDMS) [46, 47, 48, 49, 50] in a multiscale range (i.e., between 25 to 200

µm diameter) with high degree of uniformity. By controlling the polymer

instability driven by EHD, different micro-optical structures can be obtained

spontaneously, i.e., spherical or toroidal.[51] Here we show how the thermal

stimulus applied to a periodically poled lithium niobate crystal (PPLN) is

able to drive in a single step the self-assembling and subsequently the cross-

linking of the liquid PDMS matrix in form of a 2-D micro-optical polymer

array. Meanwhile the liquid polymer is shaped by the EHD instability into a

micro-structures array, the NCs are collected through DEP forces at bottom

of each optical element of the layer. We show that the formed nanocom-

posite layer behave indeed as effective active optical elements so that the

process does not change the NCs properties. The fabrication procedures of

NCs-incorporated and light-converting is illustrated and described. Full op-

tical characterization is also performed and reported. Such self-assembling of

nanocomposite polymer could inspire future fabrication techniques for pro-

ducing layers that could be mounted on top of OLED devices in order to

drive the light in a more efficient way, for improving photovoltaic efficiency

in energy applications or even for detecting and imaging fluorescent objects

in bio-technology.
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Figure 4.2: Microlenses arrays self-assembling is triggered by heating the
Lithium Niobate: (a) A polymer film with NCs embedded is spin coated onto
the upper surface of the PPLN. (b) The fabrication procedure induces both
PDMS microlenses formation by Pyro-EHD pressure and NCs positioning by
Pyro-DEP force. (c) PPLN hexagonal geometry array of Lithium Niobate
inverted domain.

4.2.3 Fabrication process

Figure 4.2(a) and (b) shows the schematic view of the self-assembling process.

The colloidal inorganic CdSe/CdS core/shell quantum nanorods [52] were

incorporated into a matrix of PDMS (Dow Corning Sylgard 184, 10:1 mixing

ratio, base to curing agent Midland; Formula cP, Formula from datasheet)

through the use of toluene as common blending solvent.

PDMS was firstly dissolved in toluene (8 wt%) by ultrasonication for 1

h and vigorously shaken overnight thereafter. Afterwards, different volumes

of TOP-capped CdSe/CdS NRs (10–8 M in toluene) were added to PDMS

solutions to obtain nanocomposite blends with different relative NRs/PDMS

concentrations ∼0.1 wt%. A PPLN crystal with a 200 µm squared lattice of

hexagonal domains was adopted to drive the process (see Figure 4.2(c)). The

PPLN substrate was fabricated by the reversion of the uniform spontaneous

polarization of commercially available congruent z-cut LN crystals by electric

field poling. The period resist pattern (Micro resist technology ma-P1210)

was generated by standard photolithography and is required to ensure the

inversion selectivity of the ferroelectric domains. [53] The electric field poling

process consists in a positive voltage pulse, lasting about 400 ms, slightly

exceeding the coercive field of LN (<21 kVm−1m), applied on the patterned

crystal face by using a liquid electrolyte (i.e., LiCl in deionized water) at

a room temperature. The liquid electrode configuration has two chambers
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which squeeze the sample between two O-ring rubber seals.

The resulting sample used in the experiments consists of a square array of

bulk reversed domains with a period ∼200 µm along both x- and y-directions.

The sign of the pyroelectric coefficient is reversed according to the inverted

ferroelectric domains.

After standard solvent cleaning (the sample was submerged in Acetone

ultrasonic cleaner for 5 min and then washed with ethanol) the PPLN crystal

was spin coated with 10 µL of the NCs mixture for 60 s and successively

heated at 170 ◦C for 30 s onto a conventional hotplate. The thermal stimulus

induced simultaneously the formation of PDMS microstructures array, the

DEP distribution of the NCs and the curing of the polymer. The fabrication

process of multiscale PDMS array based on the EHD self-assembling method,

was demonstrated as a straight-forward, fast and simple process suitable

to achieve structures with lens/donuts shapes having several size.[51] The

geometrical and the optical characteristics of the passive polymer microlenses

have been also demonstrated. The experiments reported in the following

describe the self-assembling of NCs into the active polymer layer. Figure

4.3(a) shows the polymer self-assembling in correspondence of four hexagonal

regions. The image acquired in bright filed displays the accumulation of

PDMS into four circular regions in correspondence of the hexagon profile.

Figure 4.3(b) represents the same field of view acquired in fluorescence mode

making visible and clear the NCs distribution.

The NCs are patterned in two distinctly concentric regions, the core of

the hexagon and the outer limiter of the polymer lens, conveyed by the

self- assembling process along the region of high pyro-electric field. As a

consequence of the pyro-DEP force, they are attracted to the center on the

back surface region of the hexagons, as clearly visible in the confocal image

of the horizontal side of Figure 4.3(c).

The spin speed allows one to tune the geometry of the microstructures

shaping the active polymer layer.[51] We identified the better condition in

term of the rounds per minute (RPM) for shaping the micro-elements at 4000

RPM. The microscope observation in Figure 4.4 was performed recording the

final frame at the end of the heating procedure in bright filed (top) or in
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Figure 4.3: Bright field (a) and fluorescence image emission of nanorods
(b) in correspondence of four hexagonal regions. (c) Confocal image of the
horizontal side view in the xz plane of two adjacent hexagons, the NCs are
attracted in the central region of the hexagon as a consequence of the pyro-
DEP force.

fluorescence condition (bottom). The profile of the micro-optical elements

revealed by the stylus profiler measurements (DektakXT, Bruker) show an

height of about 7 µm at spinning rate of 4000 RPM.

Increasing the spin speed, the micro-optical elements appear to be distant

one from the other with a quite low height while the inter-gap space of two

adjacent microstructures increases.[51] In the bottom image of Figure 4.4 the

fluorescence microscope pictures clearly reveal the NCs self-collection inside

the hexagons of the PPLN substrate. The results show that the presence

of NCs does not affect the global behavior of the liquid polymer under the

action of the pyro-EHD pressure, so that the physics remains the same as

described in the previous papers. [51, 54, 55] The LN is a ferroelectric solid

crystal and exhibits a change in electric polarization as a function of tem-

perature because of its pyroelectric properties. In fact, this crystal shows

pyroelectricity at room temperature and this phenomenon is related to the

relative movement of lithium and niobium ions through oxygen layers in the

crystal lattice.[49] The relation between the electric polarization vector, P ,
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Figure 4.4: Bright filed image (top) compared to that acquired in fluorescence
modality (bottom) evidencing the self-collecting of nanorods in the center and
on the border of the hexagonal cell (scale bar 100 µm).
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and the temperature variation, ∆T , can be written as P = P0 + p(T − T0),

where P0 is the equilibrium polarization at the temperature T0 and p is the

pyroelectric vector defined as pi = ∂Pi/∂T . As this movement only happens

in the c-axis direction the only non-zero component of the pyroelectric ten-

sor for LN is p = −4 × 10−5 C K−1 m−2 where the negative sign indicates

that the +c crystal face becomes more negative for a positive variation of

the temperature.[10] It is well known that at the equilibrium, all Ps in the

crystal are fully screened by the external screening charge and no electric

field exists.[11] The change of the polarization, occurring with the tempera-

ture variation, perturbs such equilibrium, causing a lack or excess of surface

screening charges.[56] Consequently, an electrostatic state appears and gen-

erates a high electric field at the crystal surface. Electrical neutral particles

dispersed in a fluid medium, such as the NCs into the PDMS matrix, exhibit

a dipole moment when subjected to the pyroelectric field. In particular, the

dipole moment and the electric field are parallel or antiparallel if the par-

ticles are more or less polarizable than the medium, respectively. Overall,

both the edges of polarized particles are subjected to a force directed to the

opposite charged electrode. If the electric field is spatially uniform, these

forces are equal in modulus and opposed in direction so no net force acts on

the particle. In case of a spatially non-uniform field the resultant is non-zero

and the particles are attracted or rejected towards the region of strongest

field intensity. This effect is called DEP [57] and the DEP force acting on

a particle subjected to a stationary electric field E is expressed in Equation

(4.25):

F = 4πr3< [K]E · ∇E = 2πr3<[K] · ∇E2 (4.25)

where r is the radius of the particle, K is the Clausius–Mossotti factor. The

DEP force direction is independent of the polarity of the electric field gradi-

ent and can be either attractive or repulsive. If the particle conductivity is

higher than the medium conductivity the Clausius–Mossotti factor is positive

and the force is directed toward the regions of higher intensity of the electric

field (positive DEP), otherwise they are driven toward regions of lower inten-

sity (negative DEP). We used the COMSOL finite element method software
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Figure 4.5: Numerical simulation of electric field (a), electric potential (b)
and DEP force (c) on top surface of LN generated pyroelectrically (∆T = 100
[K ]). (d) Superposition of the DEP-force intensity contour lines onto a
fluorescence image of a singular region, the white arrows indicate the areas
of attraction due to high values of the pyro-electric field.

package for simulating the forces generated onto the crystal. The pyroelectric

effect was implemented by the Remanent electric displacement constitutive

relation by using the following electric current module in stationary condi-

tion:

D = ε0εr ·E +Dr = ε0εr ·E + p∇T (4.26)

where D is the electric displacement field, p is the dipole momentum vector,

T the temperature applied, ε0 is vacuum dielectric constant, εr is relative

permittivity matrix. Figure 4.5 (a) shows the logarithm of electric field

modulus and the electric field vectors. It is worth noting that the maxima

of the electric field distribution are located on the edges of the hexagonal

inverted domain and that all the vectors point to the center of the cell.

Figure 4.5(b) shows the electric potential on the surface of the LN crystal

generated by a temperature variation of 100 K. The DEP force vectors and

the electric field contour lines for the case of negative Clausius–Mossotti

factor (R[K] < 0) are presented in Figure 4.5(c). The effect of this force field

is to push the NCs away from hexagonal edges and to crowd them into the

centre and on the border of the cell. This is in excellent agreement with the

experimental evidence as shown in Figure 4.5(d) where the superposition of

Formula contour lines and the fluorescence image of the particles is reported.

The optical properties of the active nano-composite layer were also ac-

curately characterized through an interferometry technique. The sample is
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put into the object arm of a Mach–Zehnder interferometer, provided with a

continuous laser source emitting at a wavelength of 532 nm. By appropriate

numerical manipulation of the interferograms recorded by the CCD it is pos-

sible to obtain the wavefront curvature transmitted by the sample at a given

distance. We report the interferometric analysis on a single microlens fabri-

cated at 6000 rpm. Microlens surface profile and geometrical properties have

been reconstructed by transmission plane-wave test. The lens surface profile

was reconstructed from the wavefront curvature at the image plane, the in-

terferometric technique used was based on digital holography in microscope

configuration set-up. [58, 59] We have recovered the geometrical parameters

by fitting the wavefront curvature as depicted in Figure 4.6, where the focal

length is calculated from the radius of curvature of the wavefront. It is impor-

tant to note that the shape of the lens is not perfectly spherical. In fact, the

shape deviates from a sphere having a slight concave surface at the center.

We believe this very little concave profile is due to the starting thickness of

the polymer layer and to the kinetic behavior of slowly solvent evaporation

process in the droplet, well known in the literature.[60] The shape of the

passive PDMS microlens arrays produced by EHD assembly in a multiscale

range (i.e., between 25 to 200 µm diameter) with high degree of uniformity

has been deeply investigated [35]. The same results are confirmed in case

of microlenes with an underlying NCs active layer. Nevertheless the lens

shape does not appear to be essential for improving the brightness and elec-

troluminescence efficiency of the micro-devices. In fact, we could insert an

appropriate diffusor and evaluate the total emission of the full lensed poly-

mer array, so that the parallel emission of multiple lenses could be used to

overcome some losses eventually related to the geometrical parameters.

When it comes to describe the embedded NCs fluorescence behavior, the-

oretical optical parameters are not totally reliable. For this reason we have

experimentally measured parameters such as NCs fluorescence focal length

and depth of focus by scanning the emerging light field along the optical axis.

Measurements were performed using a Zeiss Axio Imager M1 microscope in

epi- fluorescence mode. In this mode the NCs layer underlying the micro

optical array is excited by the light coming from the microscope illumina-
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Figure 4.6: Phase maps (left) of single microlens made at 6000 RPM. The
dashed lines correspond to reconstructed microlens profile shown on the right.

tor. At same time NCs fluorescence emission is collected by a 10× objective.

Three-dimensional intensity maps were obtained moving the objective by

5 µm steps above the sample plane so that images were recorded at different

heights in a z-ascending order using an AxioCam CCD camera.

Figure 4.7 depicted the principle of light conversion through the lensed

array in z- axis. In order to demonstrate the electroluminescence emission of

the micro- optical elements we reported the measure regarding the charac-

terization of the real spot of emission. In fact, the fluorescence spots of the

3× 4 microlenses array reported in Figure 4.7(a) were recorded through the

z-stack analysis at a focal distance of 85 mm. The fluorescence focal length

was taken as a function of the distance between the sample plane and the

point of maximum on-axis fluorescence intensity. The Figure 4.7(b) was con-

structed to better explain the fluorescence emission: the microlens is excited

by the light coming from the microscope and focused through a 10× objec-

tive, the green emission reported is the real measure of the NCs fluorescence

intensity behaviour evidencing in yellow the focal spots. Averaging the val-

ues recorded for a sample of 12 microlenses a mean fluorescence focal length

90 mm for the microlens arrays was calculated. The fluorescence depth of

focus was considered as the distance where the peak intensity has decreased

to 80% of the peak value, as reported in Figure 4.7(c).

Measurements of the fluorescence spectrum showed a 9 nm blue- shift in

nanorods emission spectrum from the nominal emission maximum. These

measurements were made using a self-built micro-photoluminescence setup:
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Figure 4.7: Microlenses arrays focus the fluorescence light emitted by NCs:
(a) Schematic view of NCs fluorescence acquisition and (b) overview of the
micro-photoluminescence setup. (c) Normalized fluorescence intensity along
the z-axis.

the main components are a 450 nm laser source, two microscope objectives, a

multimode fiber and an Ocean Optics QE65000 Spectrometer. The blue laser

light is focused by a 50× objective on a 100 nm-wide spot in order to excite

the nanorods under a single micro-lens while the nanorods emission light

is collected by a 20× objective and sent to the spectrometer by an 8 mm-

wide multimode fiber. Controlling the movement along the z-direction (i.e.,

axial direction) it was possible to measure the spectrum of light propagating

from a 400 nm-wide emitting spot of an individual micro-lens. It is very

interesting to note that even if the NCs distribution and self-collection is not

very regular, the final spot of fluorescence appears to be uniform.

4.2.4 Conclusions

In summary, a novel direct patterning process for the fabrication and the

functionalization of a nanocomposite polymer layer by DEP self-collection

has been presented. The challenging aspect is the single-step feature of the

process proposed in which the self-assembling of liquid polymer in a micro-
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optical array occurs at same time with the collection of the NCs in arrayed

sites. To the best of our knowledge this is the first time that a two-fold

self-assembling process allows the shaping of liquid in a micro-optical array

and simultaneously the collection of NCs in specific locations. Moreover,

the process is rapid and, although the uniformity of the dispersion is not

yet optimal, the fabrication process can be very promising in case of further

improvements in dispersing NCs or QDs into the polymer thus making the

microstructures more reliable. However the reported experimental charac-

terizations show that lenses work properly and the final spots of fluorescence

produced by lensed array appear to be uniform.
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