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Abstract 

Symmetric and asymmetric poly(styrene-b-methylmethacrylate) (PS-b-PMMA) diblock copolymers 

(BCPs) were used as template for the incorporation of inorganic nanoparticles and/or organic molecules. 

Innovative nanocomposites based on a nanostructured block copolymer matrix whose lamellar and 

cylindrical nanodomains are selectively loaded with inorganic nanoparticles and/or organic 

molecules, were prepared. This study was aimed to the preparation of neat BCP and nanocomposites 

thin films by spin-coating and/or drop casting. Techniques as application of external electric fields and 

solvent annealing were developed in order to improve the morphological order of the neat copolymer 

and of the nanocomposites. These materials were used as substrates for surface-enhanced Raman 

spectroscopy (SERS) and as active layers for solar cells. 
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CHAPTER I 

 

 

Nanostructure fabrication using Block Copolymers 

 

 

1.1 Introduction 

  

 

Nanotechnology has found an incredible resonance and a vast number of applications in many 

areas during the past two decades. The resulting deep paradigm shift has opened up new horizons in 

materials science, and has led to exciting new developments. Fundamentally, nanotechnology is 

dependent on the existence or the supply of new nanomaterials that form the prerequisite for any 

further progress in this new and interdisciplinary area of science and technology. Evidently, 

nanomaterials feature specific properties that are characteristic of this class of materials, and which 

are based on surface and quantum effects. Clearly, the control of composition, size, shape, and 

morphology of nanomaterials is an essential cornerstone for the development and application of 

nanomaterials and nanoscale devices. The complex functions of nanomaterials in devices and 

systems require further advancement in the preparation and modification of nanomaterials. Such 

advanced nanomaterials have attracted tremendous interest during recent years, and will form the 

basis for further progress in this area. 

At the present time, block-copolymer-based materials have attracted much attention in view 

of their potential applications, since the self-assembly capacity of this kind of materials with 

nanoscale periodicity allows creating of nanopatterned structures. Several studies have reported the 

use of block-copolymers (BCPs) as templates for the synthesis of nanostructured materials because 

of their ability to control both the size and the spatial organization by varying their composition and 

molecular weight.  

The present research activity fits in the field of organic electronics, a multidisciplinary sector 

of modern materials science that is focused on the study of new materials for electronics based on 

organic compounds or, more generally, based on carbon rather than on silicon as traditional 

electronics. The development of organic electronics in the last years has been basically entrusted to 

the study of conductive polymers or polymer based nanocomposites, in which metal or magnetic 

nanoparticles are dispersed in polymeric matrix constituted by amorphous homopolymers. Metal, 

semiconductive and magnetic nanoparticles have the potential to become the fundamental building 

blocks in microelectronic, optical and memory devices, due to their unique properties that bridge 
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between the molecular and the macroscopic worlds. However, utilization of nanoparticles is 

hindered by our currently limited ability to organize them in periodic arrays of predefined 

structures. An innovative and promising approach that we used in this project is the utilization of 

block copolymers, rather than homopolymers, as a matrix for the dispersion of nanoparticles, in 

which the nanostructured matrix act as directing media that guides the ordered organization of 

nanoparticles in a mutual self-assembly process, allowing for a long-range order in the positioning 

of nanofillers. BCPs form, indeed, spontaneously nanostructures, thanks to self-assembly 

phenomena generated by phase separation of incompatible polymeric blocks. 

The main research activity of this PhD thesis was addressed to develop innovative systems 

where a nanostructured block copolymer is selectively loaded with organic molecules and inorganic 

nanoparticles.  

 

1.2 Block copolymer architecture and general principles  
 

 

In the last decades block copolymers have generated a huge interest in the field of 

nanotechnologies
1-18

 thanks to their capability to form by self-assembly structures with periodicity 

at nanometric scale. In BCPs macromolecules of two or more different homopolymers are 

chemically linked to form complex macromolecules with linear architecture (di-, tri-, multiblock 

copolymers) or not linear (mixed arm, starblock, o graft copolymers) (Figure 1.1). 

 

Figure 1.1. Linear or not linear architectures of block copolymers. 

 

If different polymeric blocks are chemically incompatible, phase separation with spontaneous 

segregation of different macromolecules in diverse microdomains (Figure 1.2) occurs. The formed 

microdomains are arranged according to regular disposition giving rise to the formation of 

periodical structures.  
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The thermodynamics of polymer mixing plays a large role in the self - assembly of BCPs.
19 

In 

typical binary polymer mixtures, it is entropically unfavorable for two dissimilar homopolymers to 

mix homogeneously, as both components feel repulsive forces that result in the formation of large “ 

macrophases ” of each component in the mixture, akin to the mixing of oil and water. In diblock 

copolymers, however, the two component polymer “ blocks ” are chemically attached with a 

covalent bond. 

 

 

 

Figure 1.2. “Self-assembly” scheme in BCPs due to phase separation. 

 

Here, the covalent bond acts as an elastic restoring force that limits the phase separation to 

mesoscopic length scales, thus resulting in “ microphase ” separated structures. The size of these 

phases, which are also known as microdomains, scale directly as the two - thirds power of the 

copolymer molecular weight.
20

 The specific shape of the microdomains relies on a number of 

factors that control how each of the blocks interacts with each other. In the simplest argument, if 

there are equal amounts of each polymer, the microdomains will form into distinct layers with 

planar interfaces. However, if there is more of one block than the other, then curved interfaces will 

result. This curvature minimizes the repulsive interfacial contact between the A and B block, which 

also minimizes the free energy of the system. The bend that forms can be characterized by the 

curvature radius, R, as shown in Figure 1.3. Therefore, the equilibrium morphology of the BCP can 

usually be predicted based on differential geometry. Other, more complicated, „self-consistent mean 

field‟ theoretical treatments can be used to calculate the equilibrium morphology of the BCP. These 

theories sum the free energy contributions between (i) the repulsive polymer- polymer interactions 

versus (ii) the elastic restoring force energy for a particular microphase structure. The microphase 

structure with the lowest free energy sum will be the final equilibrium morphology.  
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Figure 1.3. (a) Equal volume fractions of A and B blocks form layered structures called lamellae with curvature radius 

approaching infinity. Unequal volume fractions of A and B cause a curvature at the intermaterial dividing surface 

(IMDS) to minimize interfacial contact between the blocks and cause decrease of the curvature radius; (b) Schematic 

representing the application of this model in a sphere forming (PS-b-PMMA) block copolymer system. 

 

 

 

 

 

 

 

 

Figure 1.4. Phase diagram for linear AB diblock copolymers, comparing theory and experiment. (a) Self - consistent 

mean field theory predicts four equilibrium morphologies: spherical (S), cylindrical (C), gyroid (G), and lamellar (L), 

depending on the composition f and combination parameter χ N . Here, χ is the Flory-Huggins interaction parameter 

(proportional to the heat of mixing A and B segments) and N is the degree of polymerization (number of monomers of 

all types per macromolecule); (b) Experimental phase portrait for poly(isoprene bloc -styrene) diblock copolymers. 

Note the resemblance to the theoretical diagram. One difference is the observed perforated lamellae (PL) phase, which 

is actually metastable; (c) A representation of the equilibrium microdomain structures as fA is increased for fixed χN.  
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These theoretical equilibrium morphologies can be mapped out on a phase diagram, as shown 

in Figure 1.4. A typical BCP phase diagram plots the product χ N on the ordinate versus the volume 

ratio, fA, on the independent axis. χ is known as the Flory-Huggins interaction parameter, which 

quantifies the relative incompatibility between the polymer blocks, and is inversely related to the 

temperature of the system. N is called the degree of polymerization, which is the total number of 

monomers per macromolecule. 

The volume fraction is represented by fA = NA/N , where NA is the number of A monomers per 

molecule. For very low concentrations of A monomer, no phase separation will occur and the two 

polymers will mix homogeneously. However, at slightly higher compositions, where fA<<fB , the A 

blocks form spherical microdomains in a matrix of B. The microdomains arrange on a body-

centered cubic (BCC) lattice. Increasing the volume fraction to fA<fB leads to an increase in the 

connectivity of the microdomains, triggering the spheres to coalesce into cylinders that arrange on a 

hexagonal lattice. A roughly equal amount of both A and B blocks (fA≈fB) will result in the 

formation of alternating layered sheets, or lamellae , of the A and B blocks. Any further increase in 

fA (fA>f B), will cause the phases to invert, which means that the B block forms the microdomains in 

the matrix of A.  A few of these morphologies, the ones most frequently used for nanofabrication, 

are illustrated schematically in figure 1.5. 

 

 

 

 

Figure 1.5. Sketches of equilibrium morphologies from BCP self-assembly, among the most frequently used for 

nanofabrication. For diblock copolymers in bulk: body-center cubic-packed spheres (1), hexagonally ordered cylinders 

(2), lamellae (3). For triblock copolymers: lamellae (4), hexagonally coaxial cylinders (5), Spheres between lamellae 

(6). For amphiphilic BCPs in solution: spherical micelles (7), and cylindrical micelles (8). Periodicities, or micellar 

dimension, are in the range 10-100 nm. 
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Thus, by tailoring the relative amount of A, the chemist can control the connectivity and 

dimensionality of the global BCP structure: spheres essentially represent zero-dimensional points in 

a matrix; cylinders represent one-dimensional lines; and lamellae represent two - dimensional 

sheets. Additionally, narrow regions of fA exist in between the cylindrical and lamellar phase space 

where the two morphologies interpenetrate each other to form three- dimensional (3-D) “gyroid 

”
21,22

 network structures. Some reports of these morphologies have been published, and efforts have 

been put forth to take advantage of the added dimensionality with new application.
23,24 From this 

point of view block copolymers represent a class of amorphous materials able to organize 

themselves in similar structures of those of crystalline materials, with the strong difference that the 

dimensions of the repetitive units and the periodicity are not of the order of angstrom, as in the 

crystals, but of nanometers. The dimensions of the microdomains where polymeric blocks are 

segregated (spheres, cylinders and lamellae) and also the periodicity of the microstructure depend 

from the length of the blocks and consequently form the molecular masses of the blocks. This fact 

permits tuning the dimensions of microdomains and the periodicity in a wide range, from tens to 

hundreds nanometers, adjusting the molecular masses of the blocks. The molecular architectures 

that could be developed by the classical anionic polymerization procedures vary from the linear di-

block
25

, to the linear tri- or multi-block
25

, to more complex geometries as the star nanostructure
26

. 

All these geometries permit to create patterns on the thin films surface hardly practicable with the 

traditional lithography techniques. 

 

1.3 Methodologies to align and orient on long-range scale the 

morphologies of block copolymers  
 

 

Except for some specific instances, such as direct use as photonic crystals or in the case of 

amphiphilic BC for drug and genetic delivery, applications of BCs require the preparation of thin 

films with thicknesses ranging from a few tens of nanometers (in some cases down to thicknesses of 

less than the corresponding equilibrium period of the BC) to several micrometers. Films with low 

surface roughness may be produced by spin coating or dip coating from relatively dilute solutions, 

that is, approximately 1-5% by weight, onto solid substrates with uniform flatness. The thickness 

and the uniformity of the film surface mainly depend on the concentration of the solution, the 

volatility of the solvent, and the specific instrumental speed – that is, the spin speed or withdrawal 

speed, respectively. During dip coating processes, and also for films prepared from direct casting, 

the solvent may evaporate slowly, thus allowing a stable organization of macromolecules close to 

thermodynamic equilibrium. In contrast, in the case of spun cast films the solvent is driven off so 
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quickly that non equilibrium structures could be observed. In thin films, the self assembled BC 

morphologies are influenced not only by molecular weights, polydispersity and composition, but 

also by other variables such as the selectivity of the solvent for one block, surface interfacial 

interactions, and the interplay between structure periodicity and film thickness, which can cause 

significant deviations from the predicted phases in the bulk state. Independently of the casting 

techniques, even for a film prepared taking all necessary precautions, it is not possible to obtain a 

perfectly ordered morphology over a large area. 

First, when a BCP thin film is created, the microdomains will often seem disordered, 

appearing in randomly oriented grains along the sample surface. Long range ordering of the BCP 

nanodomains is often necessary for a few of the possible applications of BCP, such as in the 

creation of addressable, high-density information storage media. Second, the nanodomains tend to 

arrange parallel to the sample surface due to preferred interfacial interactions between one of the 

blocks and the substrate. However, in order to be lithographically useful as etch masks that are able 

to transfer patterns into a wafer, nanodomains such as lamellae and cylinders must be arranged 

perpendicularly so that they are physically and continuously connected from the polymer/air 

interface through to the substrate, as shown in the plan-view and cross-sectional scanning electron 

microscopy (SEM) images shown in Figure 1.6.  

 

 

 

Figure 1.6. Field effect scanning electron microscopy images obtained from a thin film of PS-b-PMMA after removal 

of the PMMA block. (a) Top view of the film; (b) A cross  sectional view. 

 

 

Third, the thickness of the BCP must be carefully controlled. Many research groups have 

achieved success in controlling the orientation of the self-assembled structures through special 

processing strategies
27

; these include techniques such as thermal annealing
28

, electric fields
29,30

, 

mechanical shear
31-33

, exposure to solvent vapor,
34,35

 physical confinement,
36

 neutral surfaces
37,38

 

chemically nanopatterned surfaces
39-41 

or a combination of any of the above.
42

 As discussed below, 

the optimization process can be carried out using different strategies. 
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1.3.1 Thermal Annealing  
 

 

Thermal annealing is the simplest option and the most commonly used method. This consists 

of controlled heating at a temperature above the glass transition temperature (Tg) of the constituent 

blocks, preferably in an inert atmosphere or under vacuum, for a specific time. For polymers with 

high molecular weights and complex architectures, the high degree of chain entanglements and the 

difficult diffusion of one polymer block through the domains of the other blocks pose large kinetic 

barriers to equilibrium. In such cases, and for partially crystalline BCs with high melting 

temperatures, the annealing window for the relevant conditions of temperature and time that are 

theoretically necessary and those of the order disorder transition or polymer decomposition, may be 

insufficient to reach equilibrium. 

 

1.3.2  Use of template  
 

 

The combination of top-down strategies to fabricate patterns that direct the bottom-up 

organization of organic or inorganic building blocks is an approach often used in the micrometer 

and, to a minor extent, in the nanometer regime. Also, in the case of BCPs, the long-range order and 

orientation may be induced if self-assembly is forced to occur into/onto a guide, either 

topographically or chemically patterned, or in other 2D- or 3D-confinements. An innovative 

fabrication strategy that employs advanced lithographic techniques has been developed, by Nealey 

and coworkers, to produce perfect periodic domain ordering.
40,41

 As reported in Figure 1.7, in the 

first fundamental step of this procedure a self-assembled monolayer (SAM) is precisely patterned 

throughout the photoresist using extreme ultraviolet interferometric lithography.
43,44

  

 

 

 

 

 

Figure 1.7. Schematic representation of the fabrication process of chemically nanopatterned surfaces that template the 

self assembly of symmetric PS-b-PMMA. (a) A self assembled monolayer of phenylethyltrichlorosilane is deposited on 

a silicon wafer; (b) A photoresist is then spin coated and patterned with alternating lines and spaces by ultraviolet 

interferometric lithography (c); (d) The topographic pattern is converted into a chemical pattern by irradiation with soft 

X-rays in the presence of oxygen; (e) After the photoresist removal, a toluene solution of PS-b-PMMA is spin coated 

onto the patterned SAM (f). (g) Thermal annealing facilitates. 
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Following the conversion of the topographic pattern to a chemical pattern and the photoresist 

removal, a symmetric PS-b-PMMA is spin-coated onto the chemically patterned substrate and, as 

the modified regions present polar groups that preferentially wet the PMMA block, the self-

assembly results in lamellae oriented perpendicular to the substrate. 

 

 

1.3.3 Specific surface interactions 
 

  

The control of the orientation of the microdomains in the microstructure of the BCPs can be 

obtained through a bias field induced by surface interactions. Different types of interactions can be 

established depending on the nature of the surface and of the BCP.
27

  

 The simplest interaction of a BCP film deposited on a substrate is the preferential wetting 

of one block at an interface to minimize interfacial and surface energies. As a consequence, 

a parallel orientation of microdomains, lamellae and cylinders is often induced at the 

interface and this orientation tends to propagate throughout the entire film.
13,45-56

 The 

microstructure can be altered by variation of the film thickness on the substrate and 

preferential interactions of blocks with the substrate.
54,55

 Symmetric boundary conditions are 

established when one of the blocks preferentially interacts with both the substrate and the air 

surface,
50

 while asymmetric conditions pertain when one block is preferentially wetted by 

the substrate and the other block by the superstrate. The control of orientation of the 

microdomains can also be achieved by confining a BC between two surfaces; that is, adding 

a superstrate to a BC film supported on a substrate
57-60

. Strong or weak interactions of BCs 

with the surfaces can be created by coating the surface walls with a homopolymer or a 

random copolymer, respectively, containing the same chemical species as the confined 

BC.
59 

In the case of a neutral surface, for example, by using a random copolymer, the 

lamellar microdomains rearrange themselves so that the direction of periodicity is parallel to 

the substrate.
59,61-63

 Moreover, decreasing the confined film thickness – that is, creating a 

large incompatibility strain of the natural domain period of the BC and the film thickness – 

induces a heterogeneous in - plane structure where both parallel and perpendicular lamellae 

are located near the confining substrate.
60

 Various theoretical studies have predicted the 

structural behavior of BC thin films in a confined geometry
64-73

 and are basically consistent 

with experimental results. 

 Epitaxy is defined as the oriented growth of a crystal on the surface of a crystal of another 

substance (the substrate). The growth of the crystals occurs in one or more strictly defined 
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crystallographic orientations defined by the crystal lattice of the crystalline substrate.
74-76 

The resulting mutual orientation is due to a 2D or, less frequently, a 1D-structural analogy, 

with the lattice matching in the plane of contact of the two species.
74

 The term epitaxy, 

literally meaning “on surface arrangement”, was introduced in the early theory of organized 

crystal growth based on structural matching. Discrepancy between atomic or molecular 

spacings is measured by the quantity 100(d − d0)/d0, where d and d0 are the lattice 

periodicities of the adsorbed phase and the substrate, respectively. In general 10–15% 

discrepancies are considered as an upper limit for epitaxy to occur in polymers.
76

 Inorganic 

substrates were first used for the epitaxial crystallization of polymers.
77,78

 Successive studies 

have demonstrated the epitaxial crystallizations of polyethylene (PE) and linear polyesters 

onto crystals of organic substrates, such as condensed aromatic hydrocarbons (naphthalene, 

anthracene, phenanthrene, etc.), linear polyphenyls and aromatic carboxylic acids.
79,80

 In the 

case of PE, a unique orientation of the crystals grown on all the substrates is observed, with 

different contact planes depending on the substrate.
81

 An example of an epitaxial 

relationship between PE crystals and an organic substrate is shown in Figure 1.8, with the 

substrate constituted by a crystal of benzoic acid
82

 (monoclinic structure with a = 5.52 Å, b 

= 5.14 Å, c = 21.9 Å and β = 97°, with a melting temperature of 123 °C).  

 

 

 

Figure 1.8. PE lamella oriented edge-on on the (001) face of a BA crystal substrate after epitaxial crystallization. The 

(100) plane of PE is in contact with the (001) plane of BA, and b- and c-axes of PE are parallel to b and a-axes of BA, 

respectively. 
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A clear match between the PE interchain distance (the b-axis of PE equal to 4.95 Å) and the 

b-axis periodicity of benzoic acid crystal (5.14 Å), and between the c-axis periodicity of PE 

(2.5 Å) and the a-axis of benzoic acid crystal (5.52 Å), produces the crystallization of PE 

onto preformed crystals of benzoic acid with lamellae standing edge-on, that is, normal to 

the surface of benzoic acid crystal. The PE polymer chains lie flat on the substrate surface 

with their chain axis parallel to the substrate surface and parallel to the a-axis of benzoic 

acid crystal, and the b-axis of PE parallel to the b-axis of BA crystal.
82

 The (100) plane of 

PE is in contact with the (001) exposed face of benzoic acid. 

Epitaxy carries out an industrial relevance because works as basis of the nucleating activity 

for many nucleating and clarifying agents. It is also an ideal tool to design thin films with 

long-range order as for optoelectronic devices.
83

  

 Directional solidification. In many cases substrates can be melted and act as solvents for 

the polymer but only in their melt state. In this case, a small quantity of the substrate is melt 

together with the polymeric film between two glass slides (preferably two thin ones to 

minimize the thermal inertia during quenching). During the quenching, substrate crystallizes 

at first, then the polymer crystallizes on the substrate surface. This process is observed 

frequently when the polymer and the substrate have similar melting temperature, and form 

an eutectic.
84

 The possible epitaxial crystallization of the polymer brings a further specificity 

to the entire process.
83

  

 Graphoepitaxy is a process whereby an artificial surface topography of a crystalline or 

amorphous substrate influences and controls the orientation of the crystal growth in thin 

films.
85-88

 Graphoepitaxy has been used, often in combination with epitaxy, to obtain high 

orientation of polymeric crystals onto substrates constituted by films of other polymers
89-93

. 

 

 

1.3.4 Application of external fields 
 

 

Since the first macroscopic alignment of cylindrical domains of an industrial tri-block 

copolymer (a PS-b-PB-b-PS, Kraton 102, with PB = polybutadiene) by extrusion carried out by the 

Keller group in the early 1970s,
94,95

 several mechanical flow fields have been proposed to control 

BCP alignment even though the success of these attempts was limited. In the 1990s research 

interests returned massively toward alignment strategies of BCP nanostructures by identification of 

weak external fields due the increased availability of BCPs with different architectures and 

chemical compositions. Particularly in recent years, most investigations moved from bulk materials 
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to thin films, due to their nanotechnological potential, with a special focus on the use of electric 

fields. The principal techniques that have been employed to control the BCP long-range order are: 

 

 Mechanical flow fields as extrusion,
94,95

 compression,
96-99

 flows involving oscillatory 

shear
100-110

 and other steady shear techniques,
111-114

 up to techniques that combine different 

flow fields
115-119

 have been successfully applied to induce alignment in BCPs.  

 Magnetic Fields. A further alignment approach is available for materials that exhibit 

anisotropic susceptibility due to an anisotropic molecular structure. Magnetic field induced 

orientation has been achieved for liquid crystalline diblock copolymers with a dielectric 

diamagnetic isotropy, possibly through the magnetic alignment of LC mesogens
120,121

 and 

also for BCPs with a crystallizable block through an accurate control of the crystallization 

process.
122

 Magnetic fields also offer the ability to apply very high fields without the risks of 

electric fields, associated with the danger and limit of electric breakdown. 

 The observation of lamellar and cylindrical microdomains in thin films perpendicular to the 

surface as a result of solvent evaporation was first reported by Turturro and coworkers
123

 

and then investigated in more detail by Kim and Libera for a similar triblock 

copolymer.
124,125

 On the basis of these and other studies on either spun-cast or solution-cast 

films from solutions in a good solvent for all the blocks, a reasonable mechanism of 

orientation was proposed (Figure 1.9). At the beginning of film deposition the Tg of the 

swollen film is still well below room temperature, thus allowing free chain mobility. With 

the decrease in the solvent concentration, the BCP undergoes a transition from the 

disordered to the ordered state and, as the diffusion of the solvent produces a gradient of 

concentration along the thickness of the thin film, the ordering front rapidly propagates from 

the air surface to the substrate. The consequent decrease of Tg below room temperature, for 

at least one block, locks in the structures, which, due to the high directionality of the solvent 

gradient, are highly oriented normal to the surface. This behavior has been reported so far 

for films with thickness less than one-half micron, as for instance in the case of PS-PB 

systems,
123,42

 polystyrene-block-poly(ethylene oxide) (PS-b-PEO)
126,127

 polystyrene-b-

polyferrocenyldimethylsilane (PS-b-PFS).
128

 However this mechanism holds to any BCPs 

having the Tg of one block above room temperature. 
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Figure 1.9. Schematic of the solvent evaporation in a diblock copolymer thin film.
42

 The diffusion produces a gradient 

in the concentration of the solvent, [S], as a function of depth, d, which induces an ordering front from the film surface 

to the substrate. 

 

 

 Static electric fields have been widely used in copolymer melts to macroscopically orient 

lamellar or cylindrical morphologies.
129-136

 Microdomains parallel to the substrate can be 

obtained using an in-plane field. A uniaxial orientation along the field and perpendicular to 

the substrate is instead induced with the BCP sandwiched between the electrodes. The 

general statement that the orientation of BC microdomains is possible if the applied field is 

high enough for a given difference in the dielectric constant between blocks, can be 

expressed by Equation 1.1
137,138

: 

 

     
 

 ⁄
        

 
 ⁄

     
 
  

 ⁄  

 

where Ec is the critical electric field strength, εA and εB are the dielectric constants of blocks, 

and t is the film thickness, which also takes into account the surface interactions through the 

difference between the interfacial energies of each block with the substrate, Δγ. In the 

absence of preferential interactions with the substrate, that is Δ γ = 0, the domains do not 

need any external field to orient normal to the substrate. From a practical point of view, 

Equation 1.1 permits the evaluation of the critical parameter for a given set of the different 

parameters, eventually imposed by the same experimental design. The thickness of the 

region to be oriented is limited to a few millimeters by the electric field strengths, in the 

range of approximately 1 to 100 V μm
-1

, considered as the upper limit that prevents 

dielectric breakdown. 
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1.4 Applications of BCPs  
 

 

Self-assembly of block copolymers into highly regular morphologies has been investigated by 

chemists for several decades but it is only in the last twenty years that multidisciplinary groups have 

focused their research efforts on the use of BCPs as a tool for nanomaterial fabrication, following a 

wider scientific and technological trend towards miniaturization. It has been discussed above that 

relatively simple processing of self-assembled BCPs in bulk or in solution permits the creation of 

individual polymeric nano-objects with different shapes, such as spheres, hollow spheres, fibers, 

and tubes. A better tailoring of intrinsic properties and control of dimensions of such objects, as 

well as optimization of fabrication methods currently available do not appear too difficult 

challenges. However their use for practical applications, as chemical or biological sensors or for 

encapsulation purposes, e.g., as carriers, is possibly hindered by the limited efforts so far focused on 

the development of efficient and reliable fractionation techniques.
139,140

 Moreover, a tremendous, 

almost unexplored potential is likely to reside in the development of processes based on the 

controlled pyrolysis of polymeric nano-objects, as well as of self-assembled BCP film as whole,
141

 

to yield nanostructured carbons. Many polymer systems have been successfully employed as 

templates for nanofabrication. BCPs systems are polymeric materials that play a crucial role, 

because of the variety of tunable matrices at nanoscale level that they offer. Sophisticated 

procedures using 2D-ordered morphologies from di-block copolymer films have been employed to 

achieve at continuous arrays of metallic or semiconducting objects. These processes often imply the 

eventual removal of one of the blocks, and use the film as a mask for subsequent deposition steps, 

or etching through the film, to transfer the BCP motif pattern to a substrate. As shown by Park et 

al., it is possible to use thin film of a block copolymer (polystyrene-b-polybutadiene) as a mask to 

transfer patterns on a semiconductive substrate.
142,143

 In Figure 1.10 the step of this process are 

schematically reported.  

A nanostructured thin film of controlled thickness is deposited on a silicon nitride substrate 

that can be used as a positive mask removing the minority block of polybutadiene by selective 

ozonation. Otherwise using a not selective physical method (CF4) it is possible to realize a pattern 

constituted from holes embedded on the substrate of the semiconductor. A negative mask can be 

realized using the same block copolymer that generates ordered points rather than holes. In this case 

the minority block is treated with osmium tetroxide (OsO4) in order to slow down the etching rate 

changing the process selectivity. 

Block copolymer have been used recently to develop periodical structure in order to realize 

photonic band-gap materials.
24,144-153
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Figure 1.10. Fabrication process of silicon nitride dots (C) and holes (B) arrays via a nanolithography template 

consisting of a uniform monolayer of hexagonally ordered PB spheres in a PS matrix (cross-sectional view in A). PB 

wets the interfaces with the air and the silicon nitride substrate due to preferential interactions. 

 

In a photonic crystal a periodic series of dielectrics with different refraction indexes, or 

eventually of a medium alternated with the vacuum, produces the formation of a photonic energy-

gap: photons with energy values inner to the forbidden gap will be not able to pass through the 

crystal and will be reflected or confined over there. The effect is evident as much as the difference 

between the refraction indexes results substantial. Photonic crystals could have numerous 

application as: dichroic filters, laser diodes, high quality mirrors etc..  The first example of photonic 

crystal realized employing block copolymers was of one-dimensional type and has been realized 

using a thin film of block copolymer with a lamellar morphology (Figure 1.11a).
144-146

 The ordered 

lamellar structure was formed spontaneously thanks to the separation phase process and the optical 

properties reported in Figure 1.11b show a remarkable variation of the reflectance. Photonic crystals 
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realized using block copolymers generally present a small difference of dielectric contrast between 

the two phases. Realizing hybrid nanocomposites it is possible tuning the dielectric constant of one 

of the phases by selective inclusion of metallic nanoparticles in a targeted block.
148

 

 

 

Figure 1.11. (a) SEM micrograph of a lamellar morphology obtained from a poly(styrene-b-isoprene) block copolymer 

treated with OsO4.127 (b) Reflectance spectrum characterized by a 6 nm large peak indicating a low dielectric contrast 

between the two phases. 

 

Hashimoto et al.
154

 showed that it is possible to employ block copolymers as precursors for 

the fabrication of nanostructurated networks and membranes. The employed nanostructurated 

matrix has been realized from a blend constituted by a poly(styrene-b-isoprene) BCP and an 

homopolymer (polystyrene). The role of the homopolymer was of tuning the volume fraction of 

polystyrene, thus obtaining the desired microstructure. After the achievement of the nanostructure 

the domains of polyisoprene were removed by ozonolysis to reach a structure formed from 

nanochannels (Figure 1.12). Afterwards the surface of the nanochannels was covered by nickel 

enabling the employment of this material in the field of catalysis.  

Besides the applications in the field of catalysis block copolymers can be used as membranes. 

At the present time this typology of membranes is produced for track-etching of polymeric films
155

 

and is characterized by a low density of nanopores packed in irregular structures. Using a block 

copolymer cylindrical morphology ordered in a hexagonal lattice, it is possible to obtain membranes 

with an high density of nanopores through the selective removal of the minority block. The 

advantage of this approach derives from the ultrafiltration conducted at higher rates. For example 

membranes with nanochannels regularly distributed with diameters of 20-30 nm were prepared 

starting from poly(2-cinnamoyloxyethyl methacrylate)-b-poly(tert-butyl acrylate) (PCEMA-b-
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PtBA) for selective elimination of the minority component (PtBA) by hydrolysis
156,157

 (Figure 

1.13). 

 

 

Figure 1.12. SEM micrographs showing bicontinuous nanochannels of polyisoprene in a matrix of polystyrene in a 

polystyrene-b-isoprene at different magnification (a) and (b). In (c) and (d) are reported the three-dimensional 

reconstructions of the matrix. 

 

 

Figure 1.13. TEM image of a film of PCEMA-b-PtBA after the selective elimination of the cylindrical microdomains 

of PtBA by hydrolysis. 
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1.4.1 Nanocomposites  
 

 

Within the present PhD thesis special emphasis to BCP-based nanocomposites is devoted. 

Nanocomposites represent a class of composite materials constituted by a polymeric matrix and 

nanoparticles (called nanofillers). Nanoparticles are small objects that behave as a whole unit in 

terms of its transport and properties and they have at least one dimension on the scale of 

nanometers. The fabrication of systems having characteristic dimensions smaller then 100 nm 

requires the ability to obtain, control, manipulate and modify structures at the nanometer length 

scale, a step beyond microtechnology. It is established that microstructured materials may be 

industrially prepared, e.g., by photolotograpy, but as the demand for smaller and smaller feature 

sizes always impose to lower the current state-of-the-art limits, further steps towards 

miniaturization have been raised in the last decade, focusing on different and more suitable 

strategies, which are based on both top-down and bottom-up approaches. Many methods for the 

fabrication on nanomaterials have been proposed, mainly to meet the demand of microelectronic 

industries, ranging from milling techniques to non-traditional photolithographic and chemical 

methods, with a strong prevalence of methods based on template synthesis. However, their main 

weakness still remain in the difficult and poor control of the final morphology produced 

nanostructures. In such a sense polymer represent ideal nanoscale tools, not only due to their 

intrinsic dimension, ease of synthesis and processing, strict control of architecture and chemical 

functionality, but also because of their peculiar mesophase separation both in bulk and in solution, 

particularly in the case of BCP. A great potentiality of block copolymers is represented by the 

possibility to use ordered nanostructures formed through self-assembly as matrices (hosts) for the 

inclusion of guest molecules (guests) and the dispersion of different kind of nanoparticles, in order 

to obtain nanocomposites with unique physical properties. Different microdomains of the so 

generated nanostructures from block copolymers (lamellae, spheres or cylinders) act as hosts to 

sequester selectively the nanofillers (guests) of appropriate chemical and geometrical affinity.
158

 

The use of BCP offers the unique opportunity to control the spatial and orientation distribution of 

the nanofillers. In other terms the nanoparticles, able to induce specific properties, are not randomly 

distributed in the polymeric matrix but sequestered in the ordered microdomains and consequently 

in an ordered manner all over the matrix. This behavior permits a better control over the final 

physical properties of the nanocomposites. In Figure 1.14 it is shown a TEM image of a thin film of 

a nanocomposite based on a lamellar block copolymer where gold nanoparticles are included only 

in specific layers of the nanostructure.
158

 The possibility to control the final morphology of the 

block copolymers, designing precise molecular architecture makes these materials as ideal tools for 
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the development of novel nanocomposites where the guest molecules distribution is driven by the 

structuration of the matrix (structure-guiding host nanocomposites).
158

  

 

 

 

Figure 1.14. TEM bright-field image of a thin film of a polystyrene-poly(ethylene-co-propylene) block copolymer 

where opportunely passivated gold nanoparticles are included inside the domains of polystyrene. 

 

Nanocomposites are characterized by a large contact area between matrix and fillers; this 

allows to obtain a very extended interfacial zone called interphase with a thickness between 2 and 

50 nm. So, the material at the interface is the 50% of volume of all material. The interface controls  

interactions between matrix and fillers and final properties of nanocomposite.  

The possible outlooks linked to the development of such materials depend strictly on the 

improvement of the final physical properties of the materials, and from the kind of applications that 

could emerge from the presence of long-range order of the nanoparticles, taking advantage of both 

the physical properties of the polymeric matrix and the nano specific characteristics of the included 

component. In general, the nanocomposite fabrication followed a two level self-assembly process. 

First, the thin films were obtained by procedures as spin-coating, drop-casting, etc; then, the 

copolymer domains pattern can be considered as a given scaffold in which a small amount of 

nanoparticles can be included.
159,160

 The selective inclusion of functional nanoparticles can be 

achieved by in-situ synthesis of surface modified nanoparticles or ex-situ synthesis and co-assembly 

of nanoparticles and BCP.
158

 In these strategies the surface of the metal nanoparticles are generally 

modified to improve chemical affinity with the target microdomains of the BCP nanostructure, for 

instance by attaching oligomer chains to the particle surface that will favorably interact with the 

more affine target domains during the self-assembly process.
158 

So,
 
these materials potentially 

combine the advantages of the nanoparticles (rigidity and high stability) with those of organic 

polymers (chain flexibility, ductility and processability).
161-167

 The key of using the BCP 
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nanostructures as scaffolds for engineering of new nanocomposites is our ability to control the final 

morphology of BCP nanostructures and to achieve a selective infiltration of nanoparticles in the 

target microdomains. 
 
 

 

 

1.5 Description of the thesis work  

 
 

The research activity of the present thesis work was dedicated to the preparation of 

nanostructured organic/inorganic hybrid and inorganic materials, by novel synthetic strategies that 

combine the property of nanoparticles and organic molecules and the property of block copolymers 

to form ordered nanostructures by self-assembly.  

These nanocomposites were obtained as thin films and their morphological characterization 

were performed over large macroscopic surfaces. The achievement of a long range order at 

nanometer scale over macroscopic surfaces was fundamental not only from a point of view of the 

basic knowledge but also to enlarge the application field of these materials.  

Special attention was devoted toward the set-up of methods to achieve well reproducible 

nanostructured organic/inorganic materials characterized by ideal morphology in which BCP 

microdomains are perpendicular oriented to the substrate with long range order.   

Symmetric and asymmetric polystyrene-b-poly(methylmethacrylate) (PS-b-PMMA) with 

molecular masses 51 kDa and 180.8 KDa and the volume fractions (Φ) of PS block equal to 52% 

28% respectively, were employed as host matrix. These BCPs are characterized by  PS and PMMA 

lamellar nanostructures and PS microdomains disorderly dispersed in the PMMA matrix, 

respectively. 

Initially, thin films of the sole copolymer were prepared on different substrates through spin 

coating and drop casting techniques. In the second step highly stable organic/inorganic 

nanocomposites with a well-defined nanostructure were obtained, by selective inclusion of the 

metal nanoparticles and/or organic molecules in the PS and PMMA domains. In the third step  

nanocomposites characterized by long range order were obtained and utilized as SERS substrates 

and active layers within organic solar cells. 

In the present thesis, the description of the materials, methods and techniques used for 

preparation and characterization of organic/inorganic nanocomposites samples are reported in 

Chapter 2. In Chapter 3 the results obtained in the characterization of the thin films are reported 

along with the characterization of initial materials used for preparation of hybrid nanocomposites. 

The methods developed to achieve the long range order of nanostructurated thin films are also 
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described in details in Chapter 3. In Chapter 4, a possible application of the organic/inorganic 

nanocomposite thin films is described, namely related to the application as SERS substrate and 

active layers for photovoltaic devices. These results are critically reviewed in Chapter 4, whereas 

Chapter 5 is dedicated to the conclusions. 
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CHAPTER II 

 

Materials and methods 

 

2. Experimental part 

 

2.1 Analyzed samples 

 

In this PhD thesis polystyrene-b-poly(methylmethacrylate) PS-b-PMMA samples were 

employed as templating agent for the subsequent addition of the organic and inorganic material. In 

particular we used two type of block copolymers that are characterized by different morphology: 

PS-b-PMMA BCP with lamellar and cylindrical morphology. Both samples present amorphous 

blocks of polystyrene (PS) and polymethylmethacrylate (PMMA). These samples were purchased 

from the Polymer Source Inc. In table 2.1 the main characteristics of these samples are reported.  

 

Table 2.1. Number average molecular weight (Mn), polydispersity index of the molecular masses (PDI = Mw/Mn), 

volume fraction of the PS block (fPS) and polymerization degree (N). 

Sample Mn x 10
3 (a)

 (KDa) Mw/Mn
(a)

 fPS (%) N 

PS-b-PMMA_1 

Lamellar morphology 

25.0-b-26.0 1.06 52 500 

PS-b-PMMA _2 

Cylindrical morphology 

47.4/140.4 1.11 28 1860 

 

a) Obtained by SEC analysis. 
 

 

The sample of PS-b-PMMA presents the following chemical structure (Figure 2.1): 

 

 

Figure 2.1. Structure of the block copolymer PS-b-PMMA. 
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Poly(styrene-b-methylmethacrylate) is prepared by living anionic polymerization. Living 

anionic polymerization was early described and illustrated by Szwarc and co-workers in 1956.
1
 

Their initial work was based on the polymerization of styrene and dienes. The polymerization 

proceeds through the highly reactive carbanion chain end, usually created by an alkyl lithium 

initiator such as sec - BuLi or n - BuLi. Due to the high reactivity of the chain end with other 

compounds, extremely stringent conditions must be met in order to avoid unwanted side reactions. 

In some cases, such as thepolymerization of acrylates, the reactions must be carried out at very low 

temperatures (− 78 ° C) in order to avoid terminating side reactions such as intrachain cyclization or 

“ backbiting ”, caused by the reaction of the anionic center with a carbonyl group on the monomer. 

Living anionic polymerization, especially alkyllithium initiated polymerizations, provides 

convenient and reliable procedures for synthesis of well-defined block copolymers with controlled 

molecular weight, narrow molecular weight distribution and low degrees of compositional 

heterogeneity.   

Poly(styrene-b-methylmethacrylate) is generally synthesized in THF at –78 °C using sec. 

BuLi initiator in the presence of LiCl. Polystyrene macroanions were end capped with a unit of 

diphenyl ethylene (DPE) before adding methylmethacrylate (MMA) monomer. 

The molecular weight and polydispersity index (PDI) of the block copolymer were 

characterized by size exclusion chromatography (SEC). The polymer is soluble in THF, CHCl3, 

toluene, dioxane. The volume fraction of PS was calculated from the relation: 

 

   ( )  

  (  )
 (  )
⁄

  (  )
 (  )⁄  

  (    )
 (    )
⁄

     

 

where Mn(PS) e Mn(PMMA) are the number average molecular weights of PS and PMMA blocks, 

ρ(PS) and ρ(PMMA) are the density of the polymers (0.969g/cm
3
 for PS block and 1.13g/cm

3
 for 

PMMA block).
2
 The volume fractions of PS (fPS) are 52% and 28% for PS-b-PMMA_1 and PS-b-

PMMA_2, respectively and they were selected in order to obtain the lamellar morphology of PS and 

PMMA domains and PS cylinders in PMMA matrix respectively (Paragraph 1.2). 
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2.2 Thin film deposition technique: spin-coating  

 

Hybrid films and block copolymer films have been prepared by spin coating a solution of 

BCP in a volatile organic solvent deposited onto a substrate (Indium Tin Oxide, ITO or glass). The 

polymer film spreads by centrifugal forces, and the volatile solvent is rapidly driven off. With care, 

the method can give films with a low surface roughness over areas of square millimeters. The 

influence of solvent evaporation on roughness has been studied by Strawhecker et al.
3
 They studied 

the behavior of two hydrophobic polymers which are glassy under ambient conditions, polystyrene 

(PS) and poly(ethylmethacrylate) (PEMA). The polymers were spin cast from solution onto smooth 

silicon wafers employing good solvents to avoid complications associated with the phase separation 

in the drying film. The roughness, and its standard deviation, increase monotonically with vapor 

pressure of the solvent Pvp (see Table 2.2 for the values of Pvp for different solvents), especially 

when Pvp > 0.1 bar [104 N/m
2
] as shown in Figure 2.2. For any given solvent, the roughness Ra 

decreased with increasing spin speed, and was found that Ra scaled linearly with film thickness. 

 

Table 2.2. 
a
 γ is the surface tension, Pvp the vapor pressure and Ra the roughness of the resulting polymer films. 

 

 

 

Since the primary factor inhibiting film leveling is the rapid evaporation of solvent, it is 

possible to define the ratio λ of the fluid “leveling” time, τlevel, to the solvent evaporation time, τevap, 

as a measure of the competition between these processes (λ = τlevel/ τevap α E where E is the solvent 

evaporation rate). Since E at any spin speed tracks Pvp, it is clear that the film leveling tendency, as 

embodied in λ, decreases with increasing Pvp. Consequently, films created with more volatile 
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solvents will be rougher due to flow instabilities, coupled to the inability of the resulting film 

surface to level fast enough before it becomes “frozen” into a dried state having a very long 

viscoelastic relaxation time. These findings are consistent with the experimental results shown in 

Figure 2.2. 

Thin films of neat PS-b-PMMA and nanocomposites based on PS-b-PMMA with organic 

molecules and inorganic nanoparticles were obtained by Laurell spin-coater model WS 650 MZ 

available at Chemical Sciences department of University of Naples “Federico II”. All samples were 

spin coated on a substrate (normally ITO or glass) using a good solvent (toluene) for both the blocks of 

the PS-b-PMMA copolymer controlling the roughness and the thickness of the film tuning the spinning 

speed of the rotating plate. 

 

 

Figure 2.2. Average film roughness, Ra, as a function of solvent vapor pressure, Pvp for films spin cast at 200 rpm: 

triangles, PEMA; squares, PS-200; circles, PS-1000. 

 

 

2.3 Thermal and structural analysis  

 

2.3.1 Thermal analysis  

 

Thermal analysis of PS-b-PMMA was performed by differential scanning calorimetry (DSC), 

in order to detect the glass transition temperature. DSC Mettler-822 calorimeter was used with the 

intra cooler system. Few milligrams of the sample were thermally scanned, under nitrogen flow, in 

an appropriate temperature range. The sample was first heated to a temperature above its melting 

point, then quenched and finally heated once again until melting. From the DSC curves of the 
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thermal cycle, the temperature of first heating, crystallization and second heating were obtained. 

The sample was heated at a constant rate of 10°C/min. Thermogravimetric analysis (TGA) was 

performer by TGA Q5000IR thermo-balance, TA Instruments. This analysis permits to evaluate the 

weight loss of materials by heating on a thermobalance. The measures were carried out in 100 mL 

min
–1

 N2 flow with 10 °C min
–1

 heating rate. 

 

2.3.2 Wide angle X-ray scattering (WAXS)  

 

X-rays diffraction patterns of the analyzed samples were obtained by a Philips automatic 

powder diffractometer, using the Cu Kα (nickel-filtered) radiation. The diffraction patterns were 

registered scanning continuously the diffraction angle 2θ at a rate of 0.01°/s. 

 

2.4 Morphological analysis  

 

2.4.1 Transmission electron microscopy (TEM) 

 

For the transmission electronic microscope (TEM) is used a scheme similar to the optical 

microscope. The TEM is capable of displaying magnified images of a thin specimen, typically with 

a magnification in the range 103 to 106. In addition, the instrument can be used to produce electron-

diffraction patterns, useful for analyzing the properties of a crystalline specimen. This overall 

flexibility is achieved with an electron-optical system containing an electron gun (which produces 

the beam of electrons) and several magnetic lenses, stacked vertically to form a lens column. The 

incident beam is transmitted through the sample and project its image on a fluorescent screen, 

instead of an eyepiece. The electrons are generated by a tungsten filament and accelerated by a 

potential difference. The focusing of the beam is entrusted to a complex series of electromagnetic 

lens, generally from six to eight, constituted by electromagnetic windings symmetrically disposed 

around the incident beam. They adjust the path of the deflected electrons in direction of the main 

axis of the electron beam under high-vacuum. It is convenient to divide the instrument into three 

sections: 
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 the illumination system comprises the electron gun, together with two or more condenser 

lenses that focus the electrons onto the specimen. Its design and operation determine the 

diameter of the electron beam (often called the “illumination”) at the specimen and the 

intensity level in the final TEM image. The electron gun produces a beam of electrons 

whose kinetic energy is high enough to enable them to pass through thin areas of the TEM 

specimen. The gun consists of an electron source, also known as the cathode because it is at 

a high negative potential, and an electron-accelerating chamber. 

 The specimen stage allows specimens to either be held stationary or else intentionally 

moved, and also inserted or withdrawn from the TEM. The mechanical stability of the 

specimen stage is an important factor that determines the spatial resolution of the TEM 

image. 

 The imaging system contains at least three lenses that together produce a magnified image 

(or a diffraction pattern) of the specimen on a fluorescent screen, on photographic film, or 

on the monitor screen of an electronic camera system. How this imaging system is operated 

determines the magnification of the TEM image, while the design of the imaging lenses 

largely determines the spatial resolution that can be obtained from the microscope. 

 

The thickness of the sample must be ultra-thin (from 5 to 500 nm) because the electron are 

transmitted through the specimen and this fact explains the intrinsic difficulties to prepare TEM 

samples. Moreover, samples are fairly uniform in thickness so the overall contrast is very low and 

the specimen appears featureless in the TEM. So samples are immersed in a solution that contains a 

heavy (high-Z) metal (for example W). The solution is absorbed non-uniformly by the sample and 

some regions appear dark in the TEM image because atoms strongly scatter the incident electrons, 

and most of the scattered electrons are absorbed by the objective diaphragm; other regions appear 

bright in the TEM image. 

Thin films of our materials were backed with a carbon film, floated off on water with the help 

of a poly(acrylic acid) backing, mounted on copper grids and analyzed by TEM. Grids (200 mesh 

copper grips purchased from Aldrich) analyzed in this PhD activity underwent to a staining process 

with RuO4. This process consists in exposing the grids to vapors originated from an aqueous 

solution of RuO4. 

The preparation of the solution of RuO4 consists in dissolving in a flask at room temperature 

1g of sodium periodate (NaIO4) in 25 ml of distilled water. The solution changes from transparent 

to whitish and is placed in a water/ice bath to lower the solution temperature to 1-5 °C. Once that 

this temperature is reached 0.15 g of ruthenium oxide (RuO4) are added to the solution. Finally, the 
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flask containing the solution is removed from the water/ice bath and stirred avoiding light exposure 

for about 3-4 hours. 

TEM images have been obtained by a Philips EM 208S microscope operating at a voltage of 

100kV (point resolution of 0,3 nm) available at C.I.S.M.E. (Centro Interdipartimentale di Servizio 

per la Microscopia Elettronica) of the University of Naples “Federico II”. 

 

 

2.4.2 Atomic Force Microscopy (AFM)  
 

The AFM consists of a cantilever with a sharp tip (probe) at its end that is used to scan the 

specimen surface. The cantilever is typically silicon or silicon nitride with a tip radius of curvature 

on the order of nanometers. When the tip is brought into proximity of a sample surface, forces 

between the tip and the sample lead to a deflection of the cantilever according to Hooke's law. 

Depending on the situation, forces that are measured in AFM include mechanical contact force, van 

der Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic forces, Casimir 

forces, solvation forces, etc. Along with force, additional quantities may simultaneously be 

measured through the use of specialized types of probe. Typically, the deflection is measured using 

a laser spot reflected from the top surface of the cantilever into an array of photodiodes (see Figure 

2.3). 

 

 

Figure 2.3. Schematic illustration of an AFM. The tip is attached to a cantilever, and is raster-scanned over a surface. 

The cantilever deflection due to tip-surface interactions is monitored by a photodiode sensitive to laser light reflected at 

the tip backside. 
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Other methods that are used include optical interferometry, capacitive sensing or 

piezoresistive AFM cantilevers. These cantilevers are fabricated with piezoresistive elements that 

act as a strain gauge. Using a Wheatstone bridge, strain in the AFM cantilever due to deflection can 

be measured, but this method is not as sensitive as laser deflection or interferometry.   

If the tip was scanned at a constant height, a risk would exist that the tip collides with the 

surface, causing damage. Hence, in most cases a feedback mechanism is employed to adjust the tip-

to-sample distance to maintain a constant force between the tip and the sample. Traditionally, the 

sample is mounted on a piezoelectric tube, that can move the sample in the z direction for 

maintaining a constant force, and the x and y directions for scanning the sample. Alternatively a 

'tripod' configuration of three piezo crystals may be employed, with each responsible for scanning 

in the x,y and z directions. This eliminates some of the distortion effects seen with a tube scanner. 

In new designs, the tip is mounted on a vertical piezo scanner while the sample is being scanned in 

x and y using another piezo block. The resulting map of the area z = f (x, y) represents the 

topography of the sample. The AFM analysis can be operated in a number of modes, depending on 

the application. In general, possible imaging modes are divided into static (also called contact) 

modes and a variety of dynamic (non-contact or "tapping") modes where the cantilever is vibrated.  

The AFM images reported in this PhD thesis were obtained at room temperature by a Caliber, 

Veeco Instruments microscope and were performed in tapping mode. 

Silicon probes having a tip nominal radius of curvature of 8 nm, with a force constant of 42 

N/m were used. The resonance frequency was about 320 kHz with a scan rate of 1 Hz s-1. The 

sample line was 256 or 512 and the target amplitude was around 0.6 V. In tapping mode, the tip of 

the cantilever does not contact the sample surface. The cantilever is instead oscillated at a frequency 

slightly above its resonant frequency where the amplitude of oscillation is typically a few 

nanometers (<10 nm). The van der Waals forces, which are strongest from 1 nm to 10 nm above the 

surface, or any other long range force which extends above the surface acts to decrease the 

resonance frequency of the cantilever. This decrease in resonant frequency combined with the 

feedback loop system maintains a constant oscillation amplitude or frequency by adjusting the 

average tip-to-sample distance. Measuring the tip-to-sample distance at each (x, y) data point allows 

the scanning software to construct a topographic image of the sample surface. Non-contact mode 

AFM does not suffer from tip or sample degradation effects that are sometimes observed after 

taking numerous scans with contact AFM. This makes non-contact AFM preferable to contact AFM 

for measuring soft samples.   
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2.4.3 Scanning electron microscopy (SEM)  

 
A scanning electron microscope (SEM) is a type of electron microscope that produces images 

of a sample by scanning over it with a focused beam of electrons. The electrons interact with 

electrons in the sample, producing various signals that can be detected and that contain information 

about the topography and composition of the surface of the sample. The electron beam is generally 

scanned in a raster scan pattern, and the position of the beam is combined with the detected signal 

to produce an image. SEM can achieve resolution better than 1 nanometer; specimens can be 

observed in high vacuum, low vacuum and in wet condition. The types of signals produced by a 

SEM include secondary electrons, back-scattered electrons (BSE), characteristic X-rays, light 

(cathodoluminescence), specimen current and transmitted electrons. Secondary electron detectors 

are common in all SEMs, but it is rare that a single machine would have detectors for all possible 

signals. The signals result from interactions of the electron beam with atoms at or near the surface 

of the sample. In the most common or standard detection mode, secondary electron imaging (SEI), 

very high-resolution images of a sample surface can be obtained, revealing details less than 1 nm in 

size. Due to the very narrow electron beam, SEM micrographs have a large depth of field yielding a 

characteristic three-dimensional appearance useful for understanding the surface structure of a 

sample. A wide range of magnifications is possible, from about 10 times (about equivalent to that of 

a powerful hand-lens) to more than 500,000 times, about 250 times the magnification limit of the 

best light microscopes.  Back-scattered electrons (BSE) are beam electrons that are reflected from 

the sample by elastic scattering. BSE are often used in analytical SEM along with the spectra made 

from the characteristic X-rays, because the intensity of the BSE signal is strongly related to the 

atomic number (Z) of the specimen. BSE images can provide information about the distribution of 

different elements in the sample. Characteristic X-rays are emitted when the electron beam removes 

an inner shell electron from the sample, causing a higher-energy electron to fill the shell and release 

energy. These characteristic X-rays are used to identify the composition and measure the abundance 

of elements in the sample. In a typical SEM, an electron beam is thermionically emitted from an 

electron gun fitted with a tungsten filament cathode. Tungsten is normally used in thermionic 

electron guns because it has the highest melting point and lowest vapor pressure of all metals, 

thereby allowing it to be heated for electron emission, and because of its low cost. Other types of 

electron emitters include lanthanum hexaboride (LaB6) cathodes, which can be used in a standard 

tungsten filament. The electron beam, which typically has an energy ranging from 0.2 keV to 40 

keV, is focused by one or two condenser lenses to a spot about 0.4 nm to 5 nm in diameter. The 

beam passes through pairs of scanning coils or pairs of deflector plates in the electron column, 
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typically in the final lens, which deflect the beam in the x and y axes so that it scans in a raster 

fashion over a rectangular area of the sample surface. For conventional imaging in the SEM, 

specimens must be electrically conductive, at least at the surface, and electrically grounded to 

prevent the accumulation of electrostatic charge at the surface. 

SEM images were obtained by a Nova NanoSem 450 fabricated by FEI. 

 

 

2.5 Profilometry  

 

A diamond stylus is moved vertically in contact with a sample and then moved laterally 

across the sample for a specified distance and specified contact force. A profilometer can measure 

small surface variations in vertical stylus displacement as a function of position. A typical 

profilometer can measure small vertical features ranging in height from 10 nanometers to 1 

millimeter. The height position of the diamond stylus generates an analog signal which is converted 

into a digital signal stored, analyzed and displayed. The radius of diamond stylus normally ranges 

from 20 nanometers to 25 μm, and the horizontal resolution is controlled by the scan speed and data 

signal sampling rate. In order to measure the thickness of the thin films it was necessary to create a 

neat step between the investigated materials and the substrate as shown in Figure 2.4. Once that thin 

films were spin-coated homogeneously all over the surface of the Si wafer, one-half of the substrate 

covered by the neat or hybrid nanocomposite was cleaned out using acetone thus creating a well-

defined step.  

All the profilometric measurements were obtained using a “KLA Tencor P-10 model-Surface 

Profile Measuring System” available at ENEA, Italian National Agency for New Technologies, 

Energy and Sustainable Development, Portici research center. This instrument is a surface texture 

measuring system, which could analyze the vertical surface profile of the sample: its roughness, 

waviness and step height. Measurements were made electromechanically by moving the sample 

beneath a diamond-tipped stylus (12.5 μm standard radius). KLA Tencor provided accurate height 

measurements with vertical resolution of 5 Å in a long lateral scan range of 50 μm to 30 mm. The 

instrument combined a measurement accuracy of 10 Å, 1σ step height repeatability, enabling 

precise measurements of thin films thickness below 100 Å. The machine was supplied with a color 

video camera and provided both the real time viewing of the scan in progress and saving a video 

image of the analyzed surface for further reference.  
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The analysis of thin film surface with the profilometer allowed also evaluating the arithmetic 

average value of roughness Ra defined by equation: 

 

   
 

 
∑|  |

 

   

 

 

Where n is the number of the equally spaced points along the trace and yi is the vertical distance 

from the mean line to the i
th

 data point of the stylus trace. 

 

 

Figure 2.4. Schematic representation of the profilometric measurements performed over the neat block-copolymer or 

the hybrid materials thin films. 

 

2.6 UV-VIS Measurements 

 

Ultraviolet-Visible spectroscopy is characterized by research field that extends from 

ultraviolet to visible range. The composition of the light used in this analysis is limited to a narrow 

band of the electromagnetic spectrum, so it is very close to the ideal conditions of monochromatic 

light. The general scheme of spectrophotometers is composed of the following parts:  

i. the source of radiant energy: it provides a continuous spectrum of radiation; 

ii. monochromators, which allow to select the most appropriate wavelength for analysis; 

iii. photosensitive devices, designed to provide an objective measure of light received.  

The UV-visible spectrophotometer used in this research activity (Jasco V-560) is a double ray 

instrument and it is equipped with a deuterium discharge tube (190-350 nm) and a incandescent 

lamp, tungsten filament (330-900 nm) and a double monochromator. This instrument was utilized to 
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analyze absorption spectra of nanocomposites based on block copolymers and organic/inorganic 

nanoparticles. 

2.7 I-V Measurements 
 

 
I-V measurements were performed in order to analyze conductive properties of 

nanocomposites based on PS-b-PMMA and organic/inorganic semiconductor nanoparticles. We 

have used the electrometer Keithley 236 to measure the IV characteristics of nanocomposites by  

application of specific voltages on the device and measuring the current response. These 

measurements were carried out at ENEA, Portici research center. 

 

2.8 Raman Spectroscopy and Surface-Enhanced Raman Spectroscopy 

(SERS) 

 
 

During this thesis work we have realized nanocomposite based on PS-b-PMMA, with 

lamellar morphology, and gold nanoparticles and we have tested them as SERS substrates by 

Raman spectroscopy.  

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of 

monochromatic light, usually from a laser source. Inelastic scattering means that the frequency of 

photons in monochromatic light changes upon interaction with a sample. Photons of the laser light 

are absorbed by the sample and then reemitted. Frequency of the reemitted photons is shifted up or 

down in comparison with original monochromatic frequency, which is called the Raman effect. 

This shift provides information about vibrational, rotational and other low frequency transitions in 

molecules. Raman spectroscopy can be used to study solid, liquid and gaseous samples. The Raman 

effect is based on molecular deformations in electric field E determined by molecular polarizability  

α. The laser beam can be considered as an oscillating electromagnetic wave with electrical vector E. 

Upon interaction with the sample it induces electric dipole moment P = αE which deforms 

molecules. Because of periodical deformation, molecules start vibrating with characteristic 

frequency υm. Amplitude of vibration is called a  nuclear displacement. In other words, 

monochromatic laser light with frequency υ0 excites molecules and transforms them into oscillating 

dipoles. Such oscillating dipoles emit light of three different frequencies (Figure 2.5) when: 
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1. A molecule with no Raman-active modes absorbs a photon with the frequency υ0. The 

excited molecule returns back to the same basic vibrational state and emits light with the same 

frequency υ0 as an excitation source. This type if interaction is called an elastic Rayleigh 

scattering. 

2. A photon with frequency υ0 is absorbed by Raman-active molecule which at the time of 

interaction is in the basic vibrational state. Part of the photon’s energy is transferred to the 

Raman-active mode with frequency υm and the resulting frequency of scattered light is 

reduced to υ0 – υm. This Raman frequency is called Stokes frequency, or just “Stokes”. 

3. A photon with frequency υ0 is absorbed by a Raman-active molecule, which, at the time of 

interaction, is already in the excited vibrational state. Excessive energy of excited 

Ramanactive mode is released, molecule returns to the basic vibrational state and the resulting 

frequency of scattered light goes up to  υ0+ υm. This Raman frequency is called Anti- Stokes 

frequency, or just “Anti-Stokes”. 

 

 

Figure 2.5. Raman transitional schemes. 

 

About 99.999% of all incident photons in spontaneous Raman undergo elastic Rayleigh scattering. 

This type of signal is useless for practical purposes of molecular characterization. Only about 

0.001% of the incident light produces inelastic Raman signal with frequencies υ0 ± υm. Spontaneous 

Raman scattering is very weak and special measures should be taken to distinguish it from the 

predominant Rayleigh scattering. Instruments such as notch filters, tunable filters, laser stop 

apertures, double and triple spectrometric systems are used to reduce Rayleigh scattering and obtain 

high-quality Raman spectra. Raman signal is normally quite weak and people are constantly 

improving Raman spectroscopy techniques. Many different ways of sample preparation, sample 

illumination or scattered light detection were invented to enhance intensity of Raman signal. 
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Surface-Enhanced Raman Spectroscopy utilizes the following effect. Raman signal from 

molecules adsorbed on certain metal surfaces can be 5-6 orders of magnitude stronger then the 

Raman signal from the same molecules in bulk volume. The exact reason for such dramatic 

improvement is still under discussion. However, since intensity of Raman signal is proportional to 

the square of electric dipole moment P = αE, there are two possible reasons - the enhancement of 

polarizability α, and the enhancement of electrical field E. The first enhancement of polarizability a 

may occur because of a charge-transfer effect or chemical bond formation between metal surface 

and molecules under observation. This is a so-called chemical enhancement. The second one takes 

into account interaction of the laser beam with irregularities on the metal surface such as metal 

micro-particles or roughness profile. It is believed that laser light excites conduction electrons at the 

metal surface leading to a surface plasma resonance and strong enhancement of electric field E. It is 

also called electromagnetic enhancement. In all cases choice of appropriate surface substrate is 

very important. The most popular and universal substrates used for SERS are electrochemically 

etched silver electrodes as well as silver and gold colloids with average particle size below 20 nm. 

One disadvantage of SERS is the difficulty of spectra interpretation. The signal enhancement is so 

dramatic that Raman bands that are very weak and unnoticeable in spontaneous Raman spectra can 

appear in SERS. Some trace contaminants can also contribute additional peaks. On the other hand, 

because of chemical interactions with the metal surface, certain peaks which are strong in 

conventional Raman might not be present in SERS at all. Non-linear character of signal intensity as 

a function of concentration complicates things even further. Very careful consideration of all 

physical and chemical factors should be done while interpreting SERS spectra which makes it 

extremely difficult for practical use. 

SERS allows to overcome limits of Raman spectroscopy due to a limited capacity to 

recognize analytes when they present at low concentrations.  In fact SERS
4-6 

has been explored as a 

powerful high-throughput technique for trace analysis and in situ monitoring of molecular 

processes. SERS is based on the field enhancement related to surface plasmons at the surfaces of 

metal substrates with plasmon resonances lying in the visible spectral range. Probe molecules 

attached to substrates consisting of SERS-active metals, such as silver and gold, exhibit 

dramatically enhanced Raman scattering intensities and therefore can be detected with likewise 

dramatically enhanced sensitivity. Particularly attractive configurations for SERS-active systems 

are based on metal nanoparticles,
7-11

 the size and shape of which influence their SERS performance 

to a large extent.
12

 On the one hand, strong local electromagnetic field enhancement accompanied 

by significantly enhanced Raman scattering occurs at edges and corners of nanoparticles too small 

to allow for multipolar excitations.
13,14

 While polyhedral metal nanoparticles can be produced by a 
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variety of synthetic approaches,
15-17

 it is understood that only the presence of sharp protrusions and 

crevices leads to this effect.
18

 On the other hand, it was predicted
13,18,19 

and experimentally 

shown
20,21 

that highly localized plasmon modes created by strong electromagnetic coupling between 

almost or even slightly touching metallic objects result in the formation of small volumes 

characterized by strongly enhanced electromagnetic fields, which are referred to as “hot spots”. 

SERS intensities originating from analytes located at such hot spots may exceed those of identical 

analytes attached to isolated nanoparticles by several orders of magnitude. 

A schematic representation of the confocal micro-Raman setup used in this research activity, 

namely a Witec Alpha 300, is depicted in Figure 2.6.  

The micro-Raman system is endowed with a spectrometer equipped with two diffraction 

gratings (600 and 1800 g/mm). Backscattering collection and detection were, respectively, through 

a 60× dry objective and a CCD camera (1024 pixels) operating at -60 °C. In this setup, the confocal 

condition is imposed by the core (acting as a pin-hole) of the fiber delivering the signal to the 

spectrometer. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Schematic representation of confocal micro-Raman setup. 

 

The probed scattering area on the sample, constrained by confocal detection in backscattering 

collection, was accurately measured independently to be πr
2
 = 0.2 µm

2
 (r = 250 nm) with a knife-

edge technique as described below (see section 6). A three-axis piezo-nanopositioner allowed 
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precise control of the sampling translation and positioning on the copolymer/metal nanocomposites 

with nanometer accuracy over a maximum range of 100 × 100 µm
2
. For larger areas, a coarse 

translation was added by using the mechanical micrometer of the microscope stage. This permitted 

to sample multiple areas of 100 × 100 µm
2 

within a large window of centimeter scale. Positioning, 

area mapping and acquisition were controlled via computer. 
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CHAPTER III 

 

Ordering of nanostructured BCP based hybrid thin films over 

large areas 

 

3.1 Characterization of PS-b-PMMA block copolymer with lamellar 

morphology 

 

3.1.1 Thermal and structural analysis 

 

The X-ray powder diffraction profile, registered at room temperature, and the DSC cooling 

and heating curves, recorded at 10 °C/min of the sample PS-b-PMMA_1, are reported in Figure 3.1 

and 3.2, respectively. The BCP sample is amorphous with glass transition temperatures of the PS 

and PMMA blocks of 110°C and 130 °C, respectively. 
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Figure 3.1. X-ray powder diffraction profile of the sample PS-b-PMMA_1. 

 

Glass transition temperatures of polymeric materials, that are used as active layers within 

optoelectronic devices (solar cells, memory devices), must be greater than 80 °C in order to avoid a 
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leak of rigidity of material during its utilization. In fact this would result in a penetration of 

electrodes within film surface with consequent electrodes contact (up and down) and short circuit of 

device.   
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Figure 3.2. DSC heating and cooling curves of the sample PS-b-PMMA_1. 

 

 

3.1.2 Morphological analysis of the neat PS-b-PMMA 

 

In this research activity thin films of PS-b-PMMA were prepared by both spin coating and 

drop casting from a toluene solutions: a preliminary analysis was conducted in order to evaluated 

the influence of BCP/toluene concentration on film thickness. Spin coating was used for several 

decades for the application of thin lms. Final lm thickness and other properties will depend on 

the nature of the material (viscosity, drying rate, percent solids, surface tension) and the parameters 

chosen for the spin process (rotational speed (rpm), acceleration, fume exhaust). For example, the 

variation of thickness with respect to the concentration of BCP/toluene solutions (typically between 

1-5 wt% of BCP) is reported in Figure 3.3. The figure shows that thickness increases as 

BCP/toluene solution concentration.  

During this PhD thesis we have studied the influence of the substrate on the morphology of a 

PS-b-PMMA_1 BCP films.  
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When microphase separation occurs in thin films of the BCPs, for instance by solution casting 

or spin-coating, the resulting nanostructure strongly depends on the possible interactions between 

the polymer components and the substrate. In particular, the preferential interaction of one polymer 

block with the surface generally leads to orientation of lamellar or cylindrical microdomains with 

lamellar surface or cylinder axes aligned parallel to the substrate.
1,2

 Since more useful ordered 

nanostructures for application in nanotechnology are those characterized by cylinders or lamellae 

vertically aligned onto the film surface, the choice of suitable substrate is a key issue for exploiting 

the self-assembly of BCPs in the creation of regular patterns on the surface of thin films, which are 

important for many thin film technologies.
3-5 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Influence of BCP/toluene solution concentration on thin film thickness. 

 

It is well-known that bulk morphologies of symmetric diblock copolymers result from a 

balance between the energy associated with interactions between unlike segments at the 

microdomain interfaces and the entropy associated with chain stretching and the restriction of the 

junction points to the interfaces.
6,7

 In the case of thin films, however, both the interactions of the 

blocks with the film surfaces (wetting effects) and the relationship between the film thickness and 

the natural period of the bulk microphase-separated structure (commensurability effects), play a 

role. In the case of strong wetting of an interface by one block, the strong surface interactions force 

the lamellae to orient parallel to the plane of the film.
2,3,6,7

 However, for unconfined or free films, 

where there is at least one interface with a vacuum, the film thickness is quantized in terms of the 

bulk period L0 of the nanostructure. If the initial film thickness is not commensurate with this 
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constraint, then an incomplete top layer forms, composed of “islands” or “holes” of height L0,
2b,c,4b

 

and partial dewetting occurs. On a neutral surface, instead, the lamellae tend to be oriented normal 

to the substrate. Moreover, if the surface energy of the polymer is much greater than that of the 

substrate, dewetting easily occurs. 

The mechanism of dewetting has been extensively investigated and it was found that by using 

a thin layer of random copolymers placed at the block copolymer film interface provides a direct 

means to vary the interfacial energy and thus to tune the copolymer film microdomain 

orientation.
3,8,9

 On the other hand, the choice of a suitable substrate allows obtaining the desired 

vertical orientation of lamellae.  

A thin film of PS-b-PMMA_1 73 nm thick was obtained at room temperature by spin coating, 

after deposition of a slight excess of toluene BCP solutions on glass substrate. The bright field TEM 

image of this film is shown in Figure 3.4. The film was stained with RuO4 in order to achieve a 

good contrast between PS and PMMA domains. 

 

 

 

Figure 3.4. TEM bright-field image of a thin film of PS-b-PMMA_1 (73 nm) deposited on a glass substrate by spin 

coating (4000 rpm, 30s) from a 2wt% toluene solution and stained with RuO4. 

 

The absence of visible differences between stained PS domains and PMMA lamellae indicates 

that the lamellar microdomains are oriented with their surface parallel to the substrate. This 

orientation is probably induced by the non-neutral interactions of the substrate with the PS and 

PMMA domains. In order to obtain the desired vertical orientation of these microdomains, we have 
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performed preliminary tests in which thin films of block copolymer obtained by either spin coating 

and drop casting on glass substrate from BCP/toluene solution, were submitted to thermal annealing 

at temperature above the Tg of two blocks. These preliminary tests were conducted in air at 170 °C 

for 24 hours, but the resulting samples show a morphological deterioration as evaluated by AFM 

analysis (Figure 3.5). 

 

  

Figure 3.5. AFM image of a thin film of PS-b-PMMA_1 deposited on a glass substrate by spin coating (4000 rpm, 30s) 

from a 2wt% toluene solution (a) and submitted to thermal annealing in air at 170 °C for 24 hours (b).   

 

We have then carried out annealing treatments in vacuum (10
-3

 mbar) at 150 °C for 24 hours; 

corresponding TEM images of these samples were reported in figures 3.6 and 3.7.  TEM analysis 

shows that the samples keep their morphology in these conditions but the corresponding TEM 

images reveal regions not covered by BCP, indicating the occurrence of dewetting of the polymer 

film on the substrate.
2,3

 Dewetting and the parallel orientation of PS and PMMA lamellae on the 

glass substrate are the result of competition between the scarce interactions occurring at bottom 

(polymer/glass substrate) and top interface (polymer/air).  

We have investigated possible routes for controlling the orientation of lamellar microdomains 

of PS-b-PMMA_1, aimed at achieving a perpendicular orientation of lamellae on the film surface, 

by using special substrates, which produce ideal neutral surface. 

We used a glass substrate covered by a film of indium tin oxide (ITO, or Tin-doped Indium 

Oxide). ITO is a solid solution of indium (III) oxide (In2O3) and tin (IV) oxide (SnO2), typically 

90% In2O3, 10% SnO2 by weight. It is transparent and colorless in thin layers while in bulk form it 

is yellowish to grey. In the infrared region of the spectrum it acts as a metal-like mirror. Thin films 

of indium tin oxide are most commonly deposited on surfaces by physical vapor deposition. Often 

http://en.wikipedia.org/wiki/Solid_solution
http://en.wikipedia.org/wiki/Indium%28III%29_oxide
http://en.wikipedia.org/wiki/Tin%28IV%29_oxide
http://en.wikipedia.org/wiki/Thin_film
http://en.wikipedia.org/wiki/Physical_vapor_deposition
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used is electron beam evaporation, or a range of sputter deposition techniques. ITO is often used to 

make transparent conductive coatings for displays such as liquid crystal displays, flat panel 

displays, plasma displays, touch panels, and electronic ink applications. 

 

 

Figure 3.6. TEM bright-field image of a thin film of PS-b-PMMA_1 (150 nm) deposited on a glass substrate by spin 

coating (4000 rpm, 30s) from a 5wt% toluene solution, submitted to thermal annealing (vacuum, 150 °C, 24h), and 

stained with RuO4. 

 

 

Figure 3.7. TEM bright-field image of a thin film of PS-b-PMMA_1 deposited on a glass substrate by drop casting 

from a 0.5wt% toluene solution, submitted to thermal annealing (vacuum, 150 °C, 24h), and stained with RuO4. 

http://en.wikipedia.org/wiki/Electron_beam_evaporation
http://en.wikipedia.org/wiki/Sputter_deposition
http://en.wikipedia.org/wiki/Liquid_crystal_display
http://en.wikipedia.org/wiki/Flat_panel_display
http://en.wikipedia.org/wiki/Flat_panel_display
http://en.wikipedia.org/wiki/Plasma_display
http://en.wikipedia.org/wiki/Touchscreen
http://en.wikipedia.org/wiki/Electronic_paper
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Thin films of ITO are also used in organic light-emitting diodes, solar cells, antistatic coatings 

and optical coatings.
10-12

 In organic light-emitting diodes, ITO is used as the anode (hole injection 

layer). ITO is a heavily-doped n-type semiconductor with a large bandgap of around 4 eV.
13

 

Because of the bandgap, it is mostly transparent (>80%) in the visible part of the spectrum
14

. In the 

ultraviolet, it is opaque because of band-to-band absorption (a UV photon can excite an electron 

from the valence band to the conduction band). It is also opaque in the near infrared, because of free 

carrier absorption (an infrared photon can excite an electron from near the bottom of the conduction 

band to higher within the conduction band). 

The used glass/ITO substrates were purchased from Delta Technologies and they have a 

transparency greater than 85%, a thickness equal to 160 nm and a roughness equal to 3.38 nm, as 

determined by AFM measurement (Figure 3.8).  

The substrates were cleaned using a 20wt% solution of ethanolamine in deionized water at 

80°C in an ultrasonic bath. 

 

 

 

Figure 3.8. AFM tapping-mode image of a 160 nm thick ITO film. 

 

 

Thin films of PS-b-PMMA_1 were deposited on ITO substrate by both spin coating and drop 

casting from a BCP/toluene solution; a TEM image of a film obtained by spin coating and stained 

with RuO4, is reported in Figure 3.9. In order to improve lamellar morphology of these materials, 

we have decided to submitted these films to thermal annealing in vacuum at 150 °C for 24 hours. 

The corresponding TEM image is shown in figure 3.10.  

http://en.wikipedia.org/wiki/Organic_light-emitting_diode
http://en.wikipedia.org/wiki/Solar_cell
http://en.wikipedia.org/wiki/Antistatic_coating
http://en.wikipedia.org/wiki/Organic_light-emitting_diode
http://en.wikipedia.org/wiki/Anode
http://en.wikipedia.org/wiki/Bandgap
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/Infrared
http://en.wikipedia.org/wiki/Free_carrier_absorption
http://en.wikipedia.org/wiki/Free_carrier_absorption
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Figure 3.9. TEM bright-field image of a thin film of PS-b-PMMA_1 (73 nm) deposited on a ITO substrate by spin 

coating (4000 rpm, 30s) from a 2wt% toluene solution and strained with RuO4. 

 

 

Figure 3.10. TEM bright-field image of a thin film of PS-b-PMMA_1 (73 nm) deposited on a ITO substrate by spin 

coating (4000 rpm, 30s) from a 2wt% toluene solution, submitted to thermal annealing (vacuum, 150 °C, 24h), and 

stained with RuO4. 

 

The image clearly shown that annealing treatment allows obtaining desired morphology in 

which microdomains are perpendicularly oriented to the substrate surface. We have also evaluated 

that annealing treatment carries out at the same conditions reported above but for 6 hours allows 

obtaining similar morphology as reported in figures 3.11 and 3.12. In these TEM images the dark 
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regions correspond to the stained PS lamellar microdomains while the lighter regions are the 

PMMA domains. The images exhibit a striped surface structure that can be interpreted as the 

presence of PS and PMMA lamellae oriented with the lamellar surface perpendicular to the film 

substrate. In the case of the films obtained by spin coating, the average lamellar spacing are 12.3 nm 

for PS and 18.7 nm for PMMA layers (Figure 3.11), whereas for films obtained by drop-casting PS 

and PMMA spacing of 11.2 nm and 18.1 nm, respectively, were evaluated (Figure 3.12). The 

perpendicular orientation of lamellae is related to the use of the ITO substrate that shows a neutral 

surface with non-preferential interactions with the PS and PMMA domains. This affords a fine 

control of the surface behavior of the block copolymer and the relative surface affinity of two 

components, which is very useful for the design of a particular nanostructure that will be used as 

host for selectively sequestering active and functional organic molecules and metallic nanoparticles. 
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a) 

a) 

b) c) 

Figure 3.11. (a) TEM bright-field image of a thin film of PS-b-PMMA_1 deposited on a ITO substrate by spin coating 

(4000 rpm, 30s) from a 2wt% toluene solution, submitted to thermal annealing (10
-3

 mbar, 150 °C, 6h), and stained with 

RuO4. (c, d) bar diagrams and their fitting curves representing the size of PS and PMMA lamellar domains evaluated 

from the TEM image, respectively.  

 



64 
 

              

 

 

                                                                                                    

        

5 6 7 8 9 10 11 12 13 14 15 16 17
0

5

10

15

20

25

30

35

N
u
m

b
er

 o
f 

P
S

 l
am

el
la

e 
(%

)

Size of PS lamellae (nm)

                                     

10 15 20 25
0

5

10

15

20

25

30

N
u

m
b

er
 o

f 
P

M
M

A
 l

am
el

la
e 

(%
)

Size of PMMA lamellae (nm)

                                                                                    

 

Figure 3.12. (a) TEM bright-field image of a thin film of PS-b-PMMA_1 deposited on a ITO substrate by drop casting 

from a 0.5wt% toluene solution, submitted to thermal annealing (vacuum, 150 °C, 6h), and stained with RuO4. (c, d) bar 

diagrams and their fitting curves representing the size of PS and PMMA lamellar domains evaluated from the TEM 

image, respectively.  

 

 

 

 

 

 

 

 

 

 

 

b) c) 

a) 



65 
 

3.2 A novel approach to obtain ordered periodic structures based on 

PS-b-PMMA and gold nanoparticles 

 

3.2.1 External Electric Fields to induce long range order to PS-b-PMMA 

nanostructures  

 

The complete development of block copolymers in the field on nanotechnology needs of 

perfect orientation of BCP microdomains over macroscopically large area. In fact first requirement 

is the long-range order. Short-range ordering of microphase-separated BC films is generally 

excellent, but these films also typically exhibit the rich array of defects and grain structure seen in 

bulk systems. If BCP films are to be used as templates in addressable memory applications for 

example, one of two conditions must be met: either long-range order needs to be greatly improved 

(indeed, perfected!) or more robust addressing schemes must be engineered.   

As described in chapter I of this thesis, a number of investigations have shown that block 

copolymer microstructure can be aligned by surfaces or flow.
15-22

 In this research activity we have 

studied the alignment of block copolymer microstructure in an electric field.
23

 Alignment by an 

electric field offers the possibility of producing block copolymer materials with "tailored" 

anisotropic properties; e.g., spatially-specific anisotropic properties could be imposed by a localized 

electric field. In addition, the response of block copolymer microstructure to a body force, such as is 

provided by an electric field, should reveal large scale properties of block copolymer materials like 

defect mobility. 

The driving force for alignment is the anisotropic free energy of a block copolymer with a 

lamellar microstructure. The alignment of the microdomains arises from the energetic cost 

associated with the misalignment of the interface between two media with the applied field 

direction.
24-26

 In the case of diblock copolymers, comprised of two polymer chains with different 

dielectric constants, εA and εB, joined together at one end, the electrostatic contribution to the free 

energy is proportional to │ε
A
 - ε

B
│. While there has been numerous theoretical

24-30
 and 

experimental
31-36

 studies on the electric field alignment of the nanoscopic domains of copolymers, 

perfect alignment of the microdomains is not always achieved due to the preferential segregation of 

one of the blocks to the interfaces defining the film.
36

 Pereira
27

 and Tsori
25

 theoretically described 

the orientation of lamellar microdomains in symmetric BCP thin films taking account of the 

competition between the applied field, Eapp, and surface interactions. In the strong segregation 
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regime, there are two critical fields E1 and E2 when there are strong, preferential interfacial 

interactions. For Eapp < E1, the lamellar microdomains orient parallel to the interfaces due to 

preferential interactions and for Eapp > E2, the microdomains orient normal to the interfaces. When 

E1 < Eapp < E2, a mixed orientation of microdomains is predicted where the lamellar microdomains 

near the interfaces align with the planes of the interfaces and in the center of the film they orient in 

the direction of Eapp. Experimentally, dielectric breakdown occurs before the complete alignment is 

achieved in pure BCP films and only a mixed orientation is found.
36

 It remains a challenge to 

achieve the complete alignment of lamellar microdomains in BCP thin films using electric fields. 

In the present research activity we have developed a innovative approach to induce high 

degree order of lamellar PS and PMMA microdomains. Exploiting the different dielectric constants 

of two blocks (εPS = 2.4, εPMMA = 3.6) and the conductive properties of ITO substrate, we have 

realized a novel device in which thin films of PS-b-PMMA_1 between two electrodes, with an air 

gap separating the surface of the film and the upper electrode as shown in figure 3.13 a, were 

deposited.  

The electric field-assisted patterning was achieved with a vertical capacitor configuration,
25,37

 

as schematically depicted in Figure 3.13 b. The d.c. voltage was applied across the ITO electrode 

and an aluminum tape electrode (not altering the alignment) placed on top of the BCP film, for 6 

hours along with annealing at 150 °C. The sample was then cooled down to room temperature while 

maintaining the electric field on. 

 

 

 

 

Figure 3.13. (a) Schematic drawing of the experimental setup for electrically patterning diblock copolymer films. (b) 

Schematic representation of the vertical capacitor device for electric field-assisted thermal annealing inducing vertical 

stacks of phase-separated BCP. 

 

 

 

a) 
b) 
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By applying a static electric field during the thermal annealing, the BCP host shows a phase-

separated morphology leading to parallel vertically oriented lamellae manifesting large-range 

order.
38 

The results of this approach are reported in the following bright-field TEM micrographs of 

representative samples realized under different applied electrostatic field, namely E1 = 70 V/μm and 

E2 =110 V/μm (Figure 3.14 and 3.15, respectively). A different nanostructure with respect to the 

disordered structure of Figure 3.11, was induced at E1, that was characterized by a medium-range 

aligned lamellar phase consisting of intercalated stripes of PS and PMMA retaining the vertical 

interface orientation (Figure 3.14). At higher field E2, a further increase of the degree of order is 

observed and the resulting structure is characterized by the emerging of long-range parallel and 

periodic PS and PMMA stripes (Figure 3.15). We have also investigated the possibility to use ITO 

films as top electrode instead than aluminum; similar results were obtained by this alternative 

configuration as shown in Figure 3.16.  

 

   

Figure 3.14. Bright-field TEM micrograph of PS-b-PMMA_1 film deposited on ITO substrate and annealed at 150 °C 

under electric field of 70 V/µm. The inset is a close-up of image. 

 

 

These approaches allow achieving a complete alignment of symmetric diblock copolymer thin 

films where the interfacial energy was controller by to use of ITO as substrate.  

 

 

PS PMMA 
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Figure 3.15 (a-d). Bright-field TEM micrographs of PS-b-PMMA_1 film deposited on ITO substrate and annealed at 

150 °C under electric field of 110 V/µm applied across the ITO electrode and an aluminum tape electrode. 

 

 

 
Figure 3.16 (a-d). Bright-field TEM micrographs of PS-b-PMMA_1 film deposited on ITO substrate and annealed at 

150 °C under electric field of 110 V/µm applied across two bottom and top ITO electrodes. 
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These data can be explained considering that the preferential segregation of one block onto 

surface or interface originates from the difference in interfacial energies γ between the two blocks. 

The strength of the driving force for parallel orientation is, therefore, proportional to Δγ
A-B

=│γ
A 

- 

γ
B
│. The electric-field-induced alignment in block copolymers is a consequence of the difference in 

the dielectric constants between the two constituent blocks.
26 

Hence, this driving force is 

proportional to Δε
A-B 

= │ε
A
 - ε

B
│. 

Table 3.1 lists the dielectric constants and surface energies for the blocks of the copolymer 

employed in this study.  

 

Table 3.1. Dielectric constant ε and surface energy γ of PS and PMMA blocks in PS-b-PMMA. 
 

Polymer Dielectric constant,
a
 ε (Hz)  Surface energy,

b
 γ (mN/m) 

Polystyrene  2.4 40.7 

Polymethylmethacrylate  3.6 41.1 

 

a Ku, C. C.; Liepins, R. Electrical Properties of Polymers: Chemical Principles; Hanser Publisher: Munich, 1987.    b 

Brandrup, J., Immergut, E. H., Eds. Polymer Handbook, 3rd ed.; John Wiley & Sons: New York, 1989. 

 

 

When both the dielectric constant and the surface energy are very close in values, there are 

only weak forces in play and  disordered array microdomains oriented parallel to the surface of the 

electrodes are possible. When the difference in the interfacial energies is large the surface field 

dominates aligning the microdomains parallel to the interface, despite both the surface and electric 

fields are acting on the microdomain alignment in two orthogonal directions.  

In the case of PS-b-PMMA Δε between the two blocks is higher than the difference in the 

interfacial energies. So, this character of PS-b-PMMA copolymer enables a strong influence by the 

electric field, orienting the interface in the direction of the applied electric field.  

It is worth noting that the application of external electric fields produces an increase of 

lamellar spacing that characterized our BCP. In particular, PS-b-PMMA_1 is characterized by 

periodicity of 30 nm that is unchanged when the applied electric field is equal to 70 V/μm. Above 

this value, we obtain an  increase of periodicity up to 90 nm. This suggests the existence of an 

electric field threshold above which the periodicity increases.  
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3.2.2 Nanoparticles 

 

In the last few years, nanoparticles have been a common material for the development of new 

cutting-edge applications in communications, energy storage, sensing, data storage, optics, 

transmission, environmental protection, cosmetics, biology, and medicine due to their important 

optical, electrical, and magnetic properties. In particular, the unique properties and utility of 

nanoparticles also arise from a variety of attributes, including the similar size of nanoparticles and 

biomolecules such as proteins and polynucleic acids.
39

 Additionally, nanoparticles can be fashioned 

with a wide range of metals and semiconductor core materials that impart useful properties such as 

fluorescence and magnetic behavior.
40

 Nanoparticles of particular materials show unique material 

properties, hence, manipulation and control of the material properties via mechanistic means is 

needed. In addition, synthesis of nanoparticles having uniform shape and size via easy synthetic 

routes is the main issue in nanoparticle growth. For the past decade, scientists have been involved in 

the development of new synthetic routes enabling the precise control of the morphology and size of 

the nanoparticles. In addition, nanoparticle synthesis can be possible via liquid (chemical method), 

solid, and gaseous media,
41–53

 but due to several advantages over the other methods, chemical 

methods are the most popular methods due to their low cost, reliability, and environmentally 

friendly synthetic routes, and this method provides rigorous control of the size and shape of the 

nanoparticles. In general, nanoparticles with high surface-to-volume ratio are needed, but the 

agglomeration of small particles precipitated in the solution is the main concern in the absence of 

any stabilizer. In this regard, preparations of stable colloids are important for nanoparticle growth. 

In addition, nanoparticles are generally stabilized by steric repulsion between particles due to the 

presence of surfactant, polymer molecules, or any organic molecules bound to the surface of 

nanoparticles. Sometimes Van der Waals repulsion (electrostatic repulsion) also plays important 

role in nanoparticles stabilization. With all the issues related to nanoparticle synthesis, there are 

various types of nanoparticles reported in the literature, e.g., metal nanoparticles, metal oxide 

nanoparticles, and polymer nanoparticles. In this research activity we have realized gold 

nanoparticles by both evaporation/condensation process and chemical synthesis. We have also 

synthesized Zinc Oxide nanoparticles by chemical process.  
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3.2.3 Gold Nanoparticles  

 

Gold has the atomic number 79 (electron configuration, [Xe] 4f 14 , 5d 10 , 6s 1 ), and is one 

of the so - called “ noble ” metals, which are resistant to both corrosion and oxidation. Gold is the 

most malleable and ductile of the known elements, with characteristic properties of being dense, 

soft, and shiny. Gold nanoparticles (AuNPs), which are also known as “colloidal gold” or 

“nanogold ”, are a colloid of nanosized gold particles in a liquid (generally water). The first 

description of colloidal gold was reported by the philosopher and medical doctor Francisci Antonii 

in 1618.
54

 Subsequently, in 1676, the chemist Johann Kunckles
55

 described “ … drinkable gold that 

contains metallic gold in a neutral, slightly pink solution that exert curative properties for several 

diseases”.  Although colloidal gold has been known from ancient times, when it was used as for 

staining glass, the modern scientific development of colloidal gold did not begin until Michael 

Faraday’s pioneering studies in the nineteenth century. In 1857, Faraday prepared a red - colored 

solution of colloidal gold in a two - phase system by the reduction of an aqueous solution of 

chloroaurate ( AuCl4
−
) using phosphorus in carbon disulfide.

56,57
 The AuNPs are the most stable 

metal nanoparticles, and have been studied extensively during the past decade owing to their 

fascinating aspects in materials science, size - related electronics, and optical properties (quantum 

size effect), as well as their applications in catalysis and biology. This is clearly evident from a 

literature survey of published articles relating to AuNPs with respect to years.
58

 This analysis 

reveals that reports on AuNPs have increased significantly each year (Figure 3.17 a), and indicates 

that remarkable attention - from both fundamental and applied aspects – has been paid to the 

synthesis, characterization, and potential application of AuNPs.  

 

 

 

 

 

Figure 3.17. (a) Statistical survey of articles published on AuNPs, and contributions from the top ten countries in 

percentage for AuNPs (b). 

(b) 
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When reducing the first, second or third dimensions (1 - D, 2 - D or 3 - D) of bulk material to 

the nanometer scale, nanometer - thick 2 - D layers, 1 - D nanowires, or 0 - D nanoclusters, 

respectively, are produced. Nanoparticles have diameters of < 100 nm and demonstrate new or 

enhanced size - dependent properties when compared to larger particles, or to the bulk entity of the 

same material. Metal nanoparticles – and especially AuNPs – appeared as a new class of materials 

which were of interest not only in the fields of materials science and chemistry but also in 

nanotechnology, on the basis of their exceptional catalytic, electronic, and optical properties. 

Notably, these features related neither to the bulk metal nor to the molecular compounds, but 

depended heavily on the particle size, the nature of the protecting organic shell, and the shape of the 

nanoparticle.
59

 For example, gold nanocrystals of different shapes possess unique optical scattering 

responses. Whilst symmetric spherical particles display a single scattering peak, anisotropic shapes 

such as rods,
60

 triangular prisms,
61

 and cubes
62

 exhibit multiple scattering peaks in the visible 

wavelengths due to highly localized charge polarizations at their corners and edges. With regards to 

metallic gold, the nucleation and growth of nanoparticles have been most widely achieved using 

colloidal methods rather than a variety of other approaches.
57

 In these techniques, the general 

approach is to reduce a gold salt precursor in solution (mostly aqueous) in the presence of a 

stabilizing or protecting agent; this improves the chemical stability of the AuNPs formed by 

avoiding the aggregation among the particles. The advantages of these methods are: (i) large 

quantities of nanoparticles can be synthesized; (ii) solution - based processing and assembly can be 

readily implemented; (iii) no specialized equipment is necessary; (iv) the technique is 

comparatively low - cost in nature; and (v) the preparation is both facile and user - friendly. The 

aforesaid reasons are particularly important when considering the real applications of AuNPs; in 

order to utilize AuNPs as catalytic, electronic, or optical materials a large - scale synthesis and 

assembly process is required. 

It is well known that much attention has been paid to metal nanoparticles based on their 

pivotal applications as advanced materials in an ample diversity of areas such as catalysis, optical 

devices, nanotechnology, and the biological sciences.
63-65

 Today, many applications of metal 

nanoparticles are close to profi table implementation, with AuNPs in particular having attracted 

most attention based on their potential use in applications such as catalysis,
66,67 

chemical sensors,
68

 

biological and/or medical areas,
69,70

 and the miniaturization of electronic devices due to their unique 

optical and electrical properties.
57

 

The applications of thiol-stabilized AuNPs in catalysis comprise asymmetric dihydroxylation 

reactions,
71

 carboxylic ester cleavage,
72

 electrocatalytic reductions,
73

and particle - bound ring - 

(a) 
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opening metathesis polymerization,
74

 among others.
57

 These catalytic applications have in common 

an exploitation of the carefully designed chemical functionality of the ligand shell, rather than the 

potential catalytic activity of a nanostructured clean metal surface. From a biological aspect, a color 

change of AuNP aggregates, from ruby - red to blue, has been exploited in the development of a 

highly sensitive calorimetric technique for DNA analysis, capable of detecting trace amounts of 

oligonucleotide sequences. The same effect has also been used to distinguish between perfectly 

complementary DNA sequences and those exhibiting different degrees of base pair mismatches.
75

 

One of the most famous potential long - term applications of AuNPs is the fabrication of new 

(eventually small) electronic devices;
76,77

 for example, a single - electron transistor action has been 

demonstrated for systems that contain ideally only one particle in the gap between two contacts 

separated by only few nanometers. 

 

 

3.2.4 Nanocomposites from block copolymer ordered lamellar nanostructures 

and selective gold deposition. 

 

The idea of harnessing of BCP morphology as a means of creating ultra-fine ordered 

dispersions of inorganic particles is well established.
78

 Several research initiatives have recently 

demonstrated that BCPs can be used to create and/or distribute nanometer-sized, metallic,
79-80

 

magnetic,
78,81,82

 and ceramic
83-88

 structures. A plethora of devices, such as terabit-level memory 

storage media, become possible if the organization of the diblock domains that house these particles 

can be adequately controlled. Three general strategies for patterning nanoscopic particulates in BC 

thin films have been explored: Surface decoration techniques involve the preferential segregation of 

deposited material to favored domains on a pre-oriented BCP film surface
89,90

. In solution-blended 

composites, bare or surface-activated nanoparticles are combined with BCP in solution. During film 

processing, these particles sequester into preferred block domains.
91,92

 A theoretical treatment of 

this phenomenon was published by Balazs and coworkers.
93

 Finally, so-called nanoreactors use 

inorganic precursors, such as metal salts, engineered to preferentially associate with one component 

of a BCP. This can be accomplished by actually incorporating the precursor moieties as pendant 

groups on one of the block species in the system,
78,79

 but BCP/precursor blends have also been 

demonstrated to work.
94-96

 After films are cast and microphase separation occurs, the precursor 

molecules, now confined to one of the patterned domains, are reduced (or otherwise transformed) in 
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situ to form particles. Later, the polymer may be removed, leaving a nano patterned inorganic phase 

on the substrate.
83,95

 

In general, self-assembly is emerging as an elegant, `bottom-up' method for fabricating 

nanostructured materials
1,95,97-102

 and this approach becomes particularly powerful when the ease 

and control offered by the self-assembly of organic components is combined with the electronic, 

magnetic or photonic properties of inorganic components.
98,101,103

 

Two important, competing, issues for the assembly of inorganic materials on organic 

scaffolds are high density and selectivity. In the case of scaffolds formed by copolymer domains, 

preferential wetting of one of the copolymer blocks by metal will selectively aggregate the metal 

inside the corresponding domain.
90,104

 However, simple coalescence of dense metal nanoparticle 

aggregates into the overall shape given by the boundaries of the selected copolymer domain has not 

been achieved so far. This is because of the large surface energies of metals, exceeding those of 

copolymers by orders of magnitude. Consequently, metal-metal bonds will overwhelm metal-

polymer bonds and, except for very small metal concentrations, the final configuration will be a 

large, spherical metal aggregate that completely ignores the polymer scaffold and mitigates 

selectivity. Thus, under equilibrium conditions even highly elongated, anisotropic polymer 

scaffolds may not be able to guide self-assembling metal particles into wire-like nanostructures. So, 

during the research activity we have demonstrated how non-equilibrium processes can induce, and 

stabilize, recognition of complex patterns provided by a nanoscale scaffold. In fact, we have 

investigated the possibility to use lamellar nanolayers of our block copolymer as matrix of hybrid 

nanocomposites through selective inclusions of metal nanoparticles in specific layers. 

Fabrication of samples followed a four-step process as sketched in Figure 3.18. The process 

starts by spin coating a thin film of PS-b-PMMA_1 copolymer from a toluene solution onto a ITO 

substrate (Figure 3.18 a). During the first annealing step, the diblock phase separates. This produces 

a striped surface pattern in which both blocks alternate along the film surface
90

 and form a template 

for the further self-assembly of metal
105

 (Figures 3.18b and 3.18 e). Decoration of the film is 

achieved by evaporating a small amount of gold and successive condensation onto the surface of the 

diblock film (Figure 3.18c). This deposition was realized by a simple procedure based on 

evaporation and condensation under high vacuum (about 9×10
-5

 mbar) of metal nanoparticles, using 

an Quorum Technologies K950X Turbo Evaporator. The copolymer film was positioned at a 

distance of 15 cm from a gold wire, which was wrapped around a tungsten filament. A voltage 

value slightly above the minimum needed to bring the tungsten filament to incandescence was 

applied for 2-3 s, to avoid melting of the polymer sample. One completes creating the samples by 

annealing the sample for a second time in vacuum (10
-3

 mbar) (Figure 3.18 d).   
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The TEM bright-field image of thin films 70 nm thick of PS-b-PMMA_1 deposited on the 

ITO substrate by spin coating at room temperature, stained with RuO4 and decorated with gold 

nanoparticles is shown in Figure 3.19 a. The presence of dark spots clearly indicate the formation of 

gold nanoparticles, having a diameter of 4 nm (Figure 3.19, b), and their deposition onto the surface 

of the lamellar structure of the BCP. 

A full selective gold decoration (with selectivity of almost 100%) has been achieved by 

annealing the film in vacuum at temperatures above the glass transition temperature (150 °C) and 

below the temperature of disintegration of the templating pattern. The TEM bright field image of 

the thin film of Figure 3.19 annealed at 150 °C is shown in Figure 3.20. It is apparent that after 

annealing the gold nanoparticles are exclusively included into the darker stained PS microdomains. 

Therefore, in these conditions the deposited metal atoms diffuse onto the preferred vertically 

aligned PS lamellae, resulting in the formation special nanocomposite characterized by a 

nanostructured polymer matrix and high dispersion of gold nanoparticles which are selectively 

included into one of the two different lamellar microdomains of the BCP, in particular into PS 

microdomains. 

 

Figure 3.18. Sketch of fabrication process. Spin coat ITO substrate with 2wt% solution of diblock in toluene (a). First 

annealing, microphase separate diblock film in 150 °C oven in vacuum (b). Deposition of metal by evaporation and 

condensation onto diblock template (c). Second annealing, improve metal selectivity and diffuse metal onto diblock film 

by annealing in vacuum at 150°C (d). TEM image of a thin film of PS-b-PMMA_1 (e) corresponding to step b stained 

with RuO4 without gold. 
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Moreover, a disordered but regular close-packed clustering of Au-NPs over a large area is 

observed thanks to the host homogeneous phase-separation into randomly oriented, but regularly 

sized, PS and PMMA nanodomains. This is also well shown in SEM micrograph reported in Figure 

3.21. 
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Figure 3.19. (a) TEM bright-field image of a thin film 70 nm thick of PS-b-PMMA_1 deposited on ITO substrate by 

spin coating at room temperature, stained with RuO4 and decorated with gold nanoparticles by thermal vacuum 

evaporation and condensation. (b) Typical size distribution of Au-NPs obtained by measuring the diameter of at least 

100 nanoparticles in TEM micrograph. 
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Figure 3.21. SEM image of a thin film 70 nm thick of PS-b-PMMA_1 deposited on ITO substrate by spin coating at 

room temperature, decorated with gold nanoparticles by thermal vacuum evaporation and condensation, after annealing 

at 150°C for 6h under vacuum. 

 

 

Figure 3.20. TEM bright-field image of a thin film 70 nm thick of PS-b-PMMA_1 deposited on ITO substrate by spin 

coating at room temperature, stained with RuO4, decorated with gold nanoparticles by thermal vacuum evaporation and 

condensation, after annealing at 150°C for 6h under vacuum. The inset shows the image with higher magnification. 
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The selective inclusion of gold nanoparticles into the PS microdomains is in agreement with 

the results of ref. 106 in the case of PS-b-PMMA diblock copolymer with cylindrical morphology. 

As argued in ref. 106b, before annealing gold nanoparticles are on the top of the diblock film and 

their average distance are quite large (see Figure 3.20). Upon annealing the nanoparticles most 

likely diffuse into the film and find a place within the block that is energetically most favorable. As 

shown in Figure 3.20, the most favorable position is clearly within the PS-rich regions of the film. 

It is worth noting that a slight modification of the lamellar morphology of Figures 3.11 and 

3.12 occurs after infiltration of gold nanoparticles (Figure 3.20). The images of Figure 3.11 and 

3.12 display clear short-range ordering and measurable lamellar spacing, whereas domains of figure 

3.20 are larger and rather random. This indicates that the morphology is slightly modified after 

inclusion of gold nanoparticles that diffuse into PS domains producing their enlargement. 

The results of Figures 3.11, 3.12, 3.20 and 3.21 clearly indicate that the rational choice of 

neutral substrates complemented with the technique of gold decoration is a simple route for 

controlling the surface behavior of the BCP and the nanodomains orientation and for preparing 

special nanocomposites characterized by selective inclusion of nanoparticles in target microdomains 

of the nanostructure. 

We have than evaluated the possibility to induce long range order to these hybrid 

nanostructures by technique of external electric fields mentioned in paragraph 3.2.1. Following the 

same procedures for application of external electric fields coupled with thermal annealing and 

selective inclusion of NPs described before, gold nanoparticles were this time guided by the BCP 

under electric field-assisted annealing. So, thin films of PS-b-PMMA film were deposited on ITO 

substrate, decorated with Au-NPs and annealed at 150 °C under electric field of 110 V/µm. The host 

guiding effect allowed clustering the metal atoms preferentially along the parallel PS stripes 

producing periodic alternating Au-NPs-enriched PS stripes and Au-NPs-depleted PMMA stripes, 

i.e. vertical stacks, or nano-walls, of gold nanoparticles. This is clearly evident in the TEM image of 

Figure 3.22 and the related inset, which shows that Au-NPs mainly fill the darker stained PS layers 

(with selectively higher that 70 %). The average spacing of PS lamellae is estimated to be 27 nm 

after inclusion of the gold atoms as shown in the following bar diagram (Figure 3.23) evaluated 

from the Figure 3.22. 
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Figure 3.22. Bright-field TEM micrograph of PS-b-PMMA_1 film deposited on ITO substrate, stained with RuO4, 

decorated with Au-NPs and annealed at 150 °C under electric field of 110 V/µm (d). The inset is a close-up of image.  
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Clearly these procedures allow obtaining nanocomposites characterized  by a structure-

guiding host-patterning based on selective inclusion of gold nanoparticles in target nanodomains of 

Figure 3.23. Bar diagram and its fitting curve representing the size of PS lamellar domains after inclusion of AuNPs 

evaluated from the TEM image. 
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a block copolymer matrix, with no need of ligand-coated nanoparticles. The formation of ordered 

gold nanostructures is guided by the self-assembly of the block copolymer. The PS and PMMA 

phase-separated lamellae of the self-assembling PS-b-PMMA block copolymer have vertical 

interfaces that align with long-range parallel fringes by applying a static electric field during 

thermal annealing. Gold nanoparticles are simply produced by vacuum evaporation of gold and 

successive deposition onto the film surface of the phase-separated block copolymer, and, after 

thermal annealing, result selectively included only into the PS layers. Monodisperse Au-NPs are 

guided to cluster into PS domains following the BCP host morphology. These materials were used 

as SERS substrates; corresponding characterizations are reported in successive chapter IV.  

 

 

 

3.3 Characterization of nanocomposites based on PS-b-PMMA block 

copolymer with cylindrical morphology and gold nanoparticles 

obtained by chemical synthesis 

 

3.3.1 Thermal analysis of neat PS-b-PMMA 

 

The DSC cooling and heating curves, recorded at 10 °C/min of the sample of PS-b-PMMA_2, 

are reported in Figure 3.24. The BCP sample presents glass transition temperatures of the PS and 

PMMA blocks of 107°C and 132 °C, respectively.  
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Figure 3.24. DSC heating and cooling curves of the sample of PS-b-PMMA_2. 
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3.3.2 Morphological analysis of the neat PS-b-PMMA 

 

As reported in Chapter II, we have also studied morphological properties of PS-b-PMMA_2 

(Mn(PS)=47.4 Kg/mol, Mn (PMMA) = 140.4 Kg/mol, molecular mass distribution Mw/Mn = 1.11, 

and volume fraction of PS block equal to 0.28) able to give by self-assembly a cylindrical 

microphase-separated morphology with the PS blocks forming a hexagonal array of cylinders in the 

PMMA matrix. Thin films of PS-b-PMMA_2 65 nm thick were obtained by spin-coating at room 

temperature, after deposition of a slight excess toluene BCP solutions on glass substrate. Also in 

this case, these films were stained with RuO4 for TEM analysis in order to achieve a good contrast 

between PS and PMMA domains. The TEM bright field image of the stained film is shown in 

Figure 3.25 a. The dark regions correspond to the stained PS cylindrical microdomains that are 

disorderly dispersed in the PMMA matrix (lighter regions in Figure 3.25 a). The PS cylinders are 

mainly oriented with the axes parallel to the film surface, as schematically shown in Figure 3.25 b. 

 

 

 

Figure 1 . (a) TEM bright-field image of a thin films 65 nm thick of PS- b -PMMA (stained with RuO4)  

b) 

a) 

Figure 3.25. (a) TEM bright-field image of a thin films 65 nm thick of PS-b-PMMA_2 (stained with RuO4) obtained at 

room temperature on a glass substrate by spin coating at 4000 rpm for 30 s a slight excess of a 2wt% BCP/toluene 

solution. In (a) the PS cylinders are oriented with their axes almost parallel to the glass substrate, as shown in the 

schematic model (b). 
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The thickness of PS domains is 20 nm, as reported in the following Figure 3.26. 
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3.3.3 Synthesis of Thiol-derivatised Gold Nanoparticles  

 

As widely cited in previous paragraphs, the different microdomains of BCP nanostructures 

(spheres, cylinders or lamellae) can act as hosts for sequestering metal nanoparticles of appropriate 

chemical affinity and geometry. In this approach the nanostructured block-copolymer matrix act as 

a structure-guiding matrix, where the nanoparticles are sequestered into target microdomains of the 

BCP structure, resulting in an ordered spatial positioning of the guest particles guided by the 

ordering of the host matrix and a hierarchical assembly of organic-inorganic (polymer-metal) 

nanostructures, in which one level of self-assembly guides the next. This ability makes BCPs ideal 

as scaffolds for the engineering of new materials characterized by patterned surfaces, and controlled 

and ordered assembly of metal nanoparticles. 

Various strategies were described in the literature for achieving the selective infiltration of 

nanoparticles in specific microdomains of the ordered nanostructure, as, for instance, the in-situ 

synthesis of nanoparticles during phase separation of BCPs, or ex-situ synthesis and successive co-

assembly of BCP and nanoparticles.
107

 In these strategies the surface of the metal nanoparticles are 

generally modified to improve chemical affinity with the target microdomains of the BCP 

nanostructure, and to prevent their self-aggregation, for instance by attaching oligomer chains to the 

Figure 3.23. Bar diagram and its fitting curve representing the size of PS cylinders domains. 



83 
 

particle surface that will favorably interact with the more affine target domains during the self-

assembly process.
107 

We have synthesized gold nanoparticles bearing on the surface 2-naphthylthiolate (NT) units 

(NT-AuNPs) (Figure 3.27) using the method of Brust et. al.
108

  

The strategy followed consisted in growing the metallic clusters with the simultaneous 

attachment of self-assembled thiol monolayers on the growing nuclei. In order to allow the surface 

reaction to take place during metal nucleation and growth, the particles were grown in a two-phase 

system. Two-phase redox reactions can be carried out by an appropriate choice of redox reagents 

present in the adjoining phases. In the present case, AuC14
-
 was transferred from aqueous solution 

to toluene using tetraoctylammonium bromide as the phase-transfer reagent and reduced with 

aqueous sodium borohydride in the presence of naphthalenethiol (C10H7SH). On addition of the 

reducing agent, the organic phase changes colour from orange to deep brown within a few seconds. 

The overall reaction is summarized by following equations, where the  source of electrons is BH4
-
. 

The conditions of the reaction determine the ratio of thiol to gold, i.e. the ratio n/m.  

 

AuC14
-
(aq) + N(C8H17)4+ (C6H5Me)                N(C8H17)4

+
AuCl4

-
(C6H5Me)    

  

mAuC14
-(C6H5Me) + nC10H7SH(C6H5Me) + 3me-

            4mCl
 
(aq)+(Aum)(C10H7SH)n(C6H5Me) 

 

S

S

S

S

AuNP

 

Figure 3.27. Structure of Au nanoparticle bearing on the surface 2-naphthylthiolate (NT) units. 
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The preparation technique was as follows. An aqueous solution of hydrogen tetrachloroaurate 

(HAuCl4) (10 ml, 30 mmol dm
-3

) was mixed with a solution of tetraoctylammonium bromide 

(N(C8H17)4
+
Br

-
) in toluene (30 ml, 50 mmol dm

-3
). The two-phase mixture was vigorously stirred 

until all the tetrachloroaurate was transferred into the organic layer and naphthalenethiol (48 mg) 

was then added to the organic phase. A freshly prepared aqueous solution of sodium borohydride 

(NaBH4) (8 ml, 0.4 mol dm
-3

) was slowly added with vigorous stirring. After further stirring for 3 h 

the organic phase was separated, evaporated in a rotary evaporator and mixed with 30 ml ethanol to 

remove excess thiol. The dark brown precipitate was filtered off and washed with dichloromethane. 

The liquid phase is removed by compressed air.  

We have valuated the obtainment of NT-AuNPs by thermogravimetric, spectrophotometric 

and TEM analysis as follows.  

 

3.3.4 Thermogravimetric analysis of nanoparticles (NT-AuNPs) 

 

Thermogravimetric profil of NT-AuNPs is reported in figure 3.28. The analysis reveals a  

weigh loss equal to 17% between 180°C and 295 °C. The final residual is equal to 77%. This 

weight loss is due to degradation of organic phase constituted by  naphthalenethiol (NT), while the 

residual corresponds to AuNPs.  
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Figure 3.28. Thermogravimetric curve of NT-AuNPs. 

 

javascript:void(0)
javascript:void(0)


85 
 

3.3.5 UV-Vis spectra measurements of nanoparticles (NT-AuNPs) 

 

UV-Vis spectrum of NT-AuNPs in toluene solution is reported in Figure 3.29. Comparison 

between this spectrum and literature data
108

 allows to evaluate the effective formation of 

nanoparticles. This spectrum of gold nanoparticles shows a maximum a with a broad band around  

506 nm. This value is in agreement with literature data, that suggests the formation of NT-AuNPs. 

 

400 500 600 700 800

0,2

0,3

0,4

0,5

0,6

0,7

0,8

A
b

s

Wavelength (nm)

506 nm

 

Figure 3.29. UV-Vis spectrum of NT-AuNPs in toluene solution. 

 

 

3.3.6 TEM analysis of nanoparticles (NT-AuNPs) 

 

We have prepared NT-AuNPs nanoparticles for TEM analysis by dipping of copper grid with 

Formvar support (300 mesh) into a dilute toluene solution of these nanoparticles (0.5 mg/ml) for 

few seconds. TEM bright-field image of nanoparticles is reported in Figure 3.30 a. NT-AuNPs 

show a average diameter of 3 nm evaluated from TEM analysis (Figure 3.30 b). This value was 

calculate by  measuring the diameter of at least 100 nanoparticles in TEM micrograph. 
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3.3.7 Nanocomposites based on PS-b-PMMA and NT-AuNPs with long range 

order 

 

The obtainment of gold nanoparticles bearing on the surface 2-naphthylthiolate (NT) units, 

allows obtaining selective inclusion of these nanoparticles in specific domains. In particular, the 

presence of NT units favors the chemical affinity of the nanoparticles with the PS domains of PS-b- 

PMMA and affords opportunity for having an electric-field-induced charge transfer mechanism in 

the same nanoparticle to be exploited for building electronic devices with memory functions.
109

 

As reported in Chapter I, paragraph 1.3, the ideal ordered nanostructure that will act as host 

matrix for the selective inclusion of  gold nanoparticles should be characterized by PS cylinders 

aligned with their axes normal to the film surface.  

Solvent evaporation under controlled conditions can provide a strong directional field to 

orient block copolymer film nanostructures.
110

 A high degree of lateral order with few defects can 

be achieved. This results from the propagation of ordering from the surface into the film. It may 

also enable ordered structures to develop more rapidly, although equilibrium morphologies may not 

be accessed without further annealing. Krausch and co-workers showed that the solvent (THF) 

evaporation rate could be used to change the orientation of lamellae formed by a PS–P2VP–PtBMA 

Figure 3.30. TEM bright-field image of Au nanoparticles covered with NT units (a). Typical size distribution of NT-

AuNPs obtained by measuring the diameter of at least 100 nanoparticles in TEM micrograph (b). 
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[(P2VP = poly (2-vinylpyridine and PtBMA= poly (tert-butyl methacrylate)] triblock copolymer.
111

 

It was further shown that macroscopic sample geometries (confinement within channels) could be 

used to enhance alignment due to the anisotropic lateral contraction induced. Parallel lamellae were 

observed for low evaporation rates, and perpendicular lamellae for high evaporation rates.  

Russell and co-workers have applied the solvent annealing technique very successfully to PS–

PEO films annealed in benzene vapor.
112

 GISAXS has been used to probe the development of 

ordering and the perfection of the hexagonal structure has been quantified via triangulation 

algorithms. For PS–PEO diblocks, environment-controlled spin-coating in a mixed solvent 

atmosphere of toluene and water leads to well-developed perpendicular PEO cylinder orientation.
113

 

Toluene is a selective solvent for PS, whereas water is selective for PEO. Perpendicular orientation 

was favored in the presence of a mixture of solvents selective for each block. 

In contrast, Xuan et al. suggest that well-ordered cylinders form in thin films in the presence 

of a PMMA-selective solvent (chloroform or acetone) only. Following extended solvent vapor 

treatment, the parallel cylinder morphology is recovered with PMMA at the surface instead of PS. It 

has been mentioned that solvent annealed structures can be subjected to aging, in particular 

interfacial flattening, due to interfacial tension.
114

  

Addition of salt has been shown to improve the ordering of perpendicular PEO cylinders in a 

PS–PEO diblock film during solvent annealing.
115

 Complexation of the alkali halide or metal salts 

with PEO leads to greater incompatibility between blocks and enhanced mobility of the polymer 

chains, both contributing to the improvement in ordering.  

Annealing in selective solvents can lead to non-equilibrium structures in PS-b-PMMA 

diblocks.
116

 Annealing of either a symmetric or an asymmetric sample in a selective solvent for 

PMMA (acetone) created initial hexagonal-packed sphere structures, which upon further exposure 

to solvent developed into the expected stripe patterns resulting from lamellar or cylinder structures. 

The non-equilibrium hexagonal structures can be trapped by vitrification at room temperature. 

Annealing in different solvents can be used to switch from parallel to perpendicular cylindrical 

P4VP + HABA (HABA = (2-(4′-hydroxybenzeneazo)benzoic acid) domain orientation and vice 

versa in thin films of PS–P4VP complexed with HABA.
117

 The HABA forms a hydrogen bonding 

complex with the P4VP. Swelling in dioxane even led to a transition to a spherical morphology. 

The polymer-solvent interaction parameter χ was taken into account to evaluate the 

miscibility between a polymer and a solvent and in our case χ was calculated in order to quantify 

the affinity between the blocks constituting the PS-b-PMMA copolymer and the vapors of different 

solvents. This parameter is modeled as the sum of entropic and enthalpic components: 
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              (eq. 1) 

 

where χH is the enthalpic component and χS is the entropic component. χS is usually taken to be a 

constant between 0.3 and 0.4 for nonpolar systems: χS = 0.34 is often used.
118

 The enthalpic 

component can be related to the Hildebrand parameters: 

 

   [  (     )
 ]        (eq. 2) 

 

with Vi the molar volume of species, δ1 and δ2 the Hildebrand parameters of the interacting polymer 

and solvent, R the ideal gas constant at temperature T. Substituting eq. (2) in eq. (1): 

 

  
[  (     )

 ]

  
          (eq. 3) 

 

Equation (3) permits only positive values of the interaction parameter. Since the Flory-

Huggins criterion for complete solvent-polymer miscibility is χ < 0.5, the enthalpic contribution 

must be small and the solubility parameters of the solvent and polymer must be similar. The molar 

volume of the solvent also affects miscibility and phase equilibria: a Hildebrand parameter needed 

for phase separation or miscibility cannot be specified without specifying Vi. Equation (3) works 

well for nonpolar systems for which Eq. (2) is a good description of the enthalpic component of the 

interaction parameter. The geometric mean assumption of regular solution theory is not appropriate 

for polar systems, and better models include an extra term describing the interchange energy density 

for the solvent-polymer pair. For example: 

 

     (     )         (eq. 4) 

 

with: 

 

      
    

                 (eq. 5) 

 

 

where l12 characterizes the intermolecular forces between molecules (rather than using the 

geometric mean assumption). Equation (5) allows the modeling of specific interactions between 

components 1 and 2. Mixed solvents can be treated as a single solvent by determining the solubility 

parameter of the solvent mixture, and then using this value in Eq. (3). If both the solvents and the 
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polymers interact, the description is more complicated. An alternative definition of A12 uses the 

two-component solubility parameter: 

 

    (       )
  (       )

 
     (eq. 6) 

 

with δd is the dispersion solubility parameter, and δp is the polar solubility parameter.
116,119,120

 The 

Hansen parameters may also be used to model A12. 

From these considerations the χ values for different considered polymer-solvent pair were 

calculated as reported in Table 3.2. 

 

Table 3.2. Polymer-solvent interaction parameter for the PS block [χp-s(PS)] and for PMMA block [χp-s(PMMA)]. 

 

Solvent p-s(PS) p-s(PMMA) 

dichloromethane 0.41 0.49 

1,2-dichloroethane 0.37 0.64 

acetone 0.37 0.60 

n-hexane 1.06 3.54 

ethanol 1.70 0.63 

isopropanol 0.94 0.34 

Methylethylketone 0.36 0.76 

 

 

 

Previous study have demonstrated that dichloromethane is theta solvent for PS and good 

solvent for PMMA.
121

 The following parameters were calculated for this solvent (table 3.3): 

 

Table 3.3. Molar volume (Vs) and Hildebrand parameter (δ) for solvent and polymers.  

 

Solvent/Polymer Vs (cm
3
/mol) δ (J/cm

3
) δ (J/cm

3
) 

dichloromethane 63.9 20.3  

PS   18.6 

PMMA   22.69 

 

 

 

Thin films of hybrid nanocomposites consisting of PS-b-PMMA_2 and NT-AuNPs were 

prepared by spin coating a toluene solution containing 2 wt% PS-b-PMMA_2 and different 
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concentration of NT-AuNPs (0.1wt%, 0.2wt%, 0.3wt%) and successive exposition at room 

temperature to dicholoromethane vapors at different times (20 minutes and 60 minutes), to induce a 

high degree of perpendicular orientation of PS cylinders over large areas. 

TEM bright field images of the so obtained thin films (Figures 3.31 a, b, c), at different 

concentration of NT-AuNPs without RuO4 staining, typically show a high contrast of dark PS 

cylinder with respect to PMMA matrix. The result that the PS cylinders appears dark without RuO4 

staining is a clear indication that gold nanoparticles are not dispersed in the whole BCP, but were 

selectively included in the PS cylinders. The uniform inclusion of AuNPs in the PS domains is 

achieved thanks to the designed chemical modification of the nanoparticles surface with 

naphthalene-thiolate (NT) units. The coating agent was specifically identified in order to achieve a 

high affinity for PS cylinders and less affinity for the PMMA matrix. The selective and uniform 

inclusion of NT-AuNPs in the target PS cylinders is clearly demonstrated by the TEM images of 

Figure 3.31 (a, b, c) of BCP films containing nanoparticles taken over various areas and on 

independently prepared films. TEM images clearly shown that a good degree of perpendicular 

orientation of PS cylinders was achieved by exposing films of PS-b-PMMA_2 for 60 min at room 

temperature to vapors of dichloromethane, which has a good affinity for both blocks. This is 

schematically represented in Figure 3.31 d.  
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These images clearly indicate that practically all PS cylinders are filled with Au nanoparticles 

(Figure 3.31 e). 

Nanocomposites based on PS-b-PMMA_2 and NT-AuNPs can be used as active layers within 

opotoelectronic devices, such as memory devices.    

 

 

  

3.4 Nanocomposites from block copolymer cylindrical nanostructures 

and selective gold deposition 

 

Following the same procedure described in paragraph 3.2.3, we have realized nanocomposites 

based on PS-b-PMMA_2 block copolymers with cylindrical morphology and gold nanoparticles 

obtained by the evaporation/condensation process. Again this approach affords dispersion of gold 

guest nanoparticles in an already nanostructured polymeric matrix, composed of preordered 

nanostructures formed by BCPs. The gold nanoparticles were selectively included and dispersed in 

the PS microdomains by using a vacuum deposition method followed by annealing in vacuum. Also 

in this case, this selective gold deposition results in the formation of nanocomposites characterized 

by high dispersion and ordered positioning of gold nanograins. 

The method relies on three key features: (a) the use of PS-b-PMMA_2 BCP characterized by 

PS cylinders dispersed in PMMA matrix; (b) obtainment of thin films on ITO substrate; (c) the 

Figure 3.31. (a, b, c) TEM bright field images of thin films 65 nm thick of PS-b-PMMA_2 based nanocomposite 

obtained on a glass substrate by spin coating at 4000 rpm for 30s a slight excess of a toluene solution containing 2wt% 

BCP and 0.1wt% (a), 0.2wt% (b) and 0.3wt% (c) NT-AuNPs respectively, drying at room temperature and successive 

exposition at room temperature to dicholoromethane vapors for 20 and 60 min.  (d) After exposure to dichloromethane 

vapors the PS cylinders orient with their axes perpendicular to the substrate. (e) A cartoon showing how NT-AuNPs are 

selectively included in PS domains. 

 

e) 
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selective inclusion of gold nanoparticles in the PS microdomains by vacuum deposition and 

successive annealing, onto the film surface of the phase separated BCP. 

Thin films of PS-b-PMMA_2 were obtained by spin-coating at room temperature, after 

deposition of a slight excess toluene BCP solutions on ITO substrate. These films were stained with 

RuO4 for TEM analysis in order to achieve a good contrast between PS and PMMA domains. The 

TEM bright field image of the stained film is shown in Figure 3.32. The dark regions correspond to 

the stained PS cylindrical microdomains that are disorderly dispersed in the PMMA matrix (lighter 

regions in Figure 3.32). The PS cylinders are mainly oriented with the axes parallel to the film 

surface. 

 

 

Figure 3.32. TEM bright-field image of a thin films of PS-b-PMMA_2 (stained with RuO4) obtained at room 

temperature on a ITO substrate by spin coating at 4000 rpm for 30 s a slight excess of a 2wt% BCP/toluene solution. 

 

 

These films were decorated with gold nanoparticles by a vacuum deposition method. The 

deposition of gold particles on the surface of the copolymer film was realized by thermal 

evaporation of gold and condensation under high vacuum. Decoration of copolymer is already 

apparent immediately after metal deposition (Figure 3.33, a). Selectivity of 100% is achieved by 

warming the system in vacuum to a temperature that is above the copolymer glass transition 

temperature, but below the point at which the template pattern disintegrates (Figure 3.33, b). So, the 

preferred domain becomes the scaffold.  
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Figure 3.33. (a) TEM bright-field image of a thin film of PS-b-PMMA_2 with cylindrical morphology deposited on 

ITO substrate by spin coating at room temperature, stained with RuO4 and decorated with gold nanoparticles by thermal 

vacuum evaporation and condensation, and  of a thin film prepared as in (a)  after annealing at 150°C for 6h under 

vacuum (b). The inset shows the image with higher magnification. 

 

TEM images clearly shown that gold nanoparticles diffuse into preferred domains, that are 

darked PS domains in Figure 3.33 b. Inside the preferred domain, this leads to a coarsening that 

increases both the size and the separation of the nanoparticles while the metal also diffuses into the 

domains. 

 

a) 

b) 
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This approach is a simple method for the preparation of structure-guiding host 

nanocomposites in which the distribution of the guest particles is guided by host nanostructured 

block copolymer matrix, resulting in selective inclusion of metal nanoparticles in target 

microdomains without the synthesis of ligand-coated nanoparticles. 

 

 

 

3.5 Characterization of nanocomposites based on PS-b-PMMA block 

copolymer with lamellar morphology and zinc oxide nanoparticles 

obtained by chemical synthesis 

 

3.5.1 ZnO NPs: crystal structure 

  

Metal oxide nanoparticles stand out as one of the most versatile materials, due to their diverse 

properties and functionalities. Most preferentially, among different metal oxide nanoparticles, zinc 

oxide (ZnO) nanoparticles have their own importance due to their vast area of applications, e.g., gas 

sensor, chemical sensor, bio-sensor, cosmetics, storage, optical and electrical devices, window 

materials for displays, solar cells, and drug-delivery.
122–126

 ZnO is an attractive material for short-

wavelength optoelectronic applications owing to its wide band gap 3.37 eV, large bond strength, 

and large exciton binding energy (60 meV) at room temperature. As a wide band gap material, ZnO 

is used in solid state blue to ultraviolet (UV) optoelectronics, including laser developments. In 

addition, due to its non-centrosymmetric crystallographic phase, ZnO shows the piezoelectric 

property, which is highly useful for the fabrication of devices, such as electromagnetic coupled 

sensors and actuators.
127

 

Crystalline ZnO has a wurtzite (B4) crystal structure at ambient conditions. The ZnO wurtzite 

structure has a hexagonal unit cell and belongs to the space group of P63mc. Figure 3.34 clearly 

shows that the structure is composed of two interpenetrating hexagonal closed packed (hcp) 

sublattices, in which each consist of one type of atom (Zn or O) displaced with respect to each other 

along the threefold c-axis. It can be simply explained schematically as a number of alternating 

planes stacked layer-by-layer along the c-axis direction and composed of tetrahedrally coordinated 

Zn
2+

 and O
2−

. The tetrahedral coordination of ZnO gives rise to the noncentrosymmetric structure. 

In wurtzite hexagonal ZnO, each anion is surrounded by four cations at the corners of the 
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tetrahedron, which shows the tetrahedral coordination and hence exhibits the sp
3
 covalent-bonding. 

The detailed properties of ZnO are presented in Table 3.4. 

 

 

 

 

 

Table 3.4. Physical properties of ZnO. 
 

Properties ZnO 

Lattice parameters at 300 K  

—a0 (nm) 0.32495 

—c0 (nm) 0.52069 

—c0/a0 1.602(1.633∗) 
Density (g/cm

3
) 5.606 

Stable phase at 300 K Wurtzite 

Melting point (°C) 1975 

Thermal conductivity (Wcm
−1

 °C
−1

) 0.6, 1-1.2 

Linear expansion coefficient (°C) a0: 6.5 cm3 × 10−6 

 c0: 3.0 cm3 × 10−6 

Static dielectric constant 8.656 

Refractive index 2.008 

Band gap (RT) 3.370 eV 

Band gap (4 K) 3.437 eV 

Exciton binding energy (meV) 60 

Electron effective mass 0.24 

Electron Hall mobility at 300 K (cm
2
/Vs) 200 

Hole effective mass 0.59 

Hole Hall mobility at 300 K (cm
2
/Vs) 5-50 

 

 

 
 
 
 
 
 
 
 

Figure 3.34. The hexagonal wurtzite structure model of ZnO. The tetrahedral coordination of Zn-O is shown. O atoms 

are shown as larger white spheres while the Zn atoms are smaller brown spheres. 
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3.5.2 Applications of ZnO NPs 

 

Regarding ZnO nanoparticle application in solar cells, Suliman et al.
128

 reported the synthesis 

of ZnO nanoparticles with average diameter of 30 nm by using zinc chloride as a precursor and 

NaOH as a base in a PVP solution of water at 160 °C for 8 h via the hydrothermal method. To make 

a ZnO film over transparent conducting glass (TCO), ZnO nanoparticles were dissolved in ethanol 

and then applied over the TCO surface using the doctor blade technique, which resulted in a 6 μm 

thick film of ZnO nanoparticles over the TCO, and finally it was annealed for 30 min at 450 °C. To 

make dye-sensitized ZnO thin films, the film was soaked in 0.5 mM ethanol solution of ruthenium 

complex, cis bis(isothiocyanato)–bis(2,2’-bipyridyl-4,4’-dicarboxylato)–ruthenium (II) (N3 dye). 

The TCO acted as a counter electrode on which 340 nm thick layer of Pt was deposited by 

sputtering. Recently, Zhang et al.
129

 reported the synthesis of polydisperse aggregated ZnO 

nanocrystals and their application in dye-sensitized solar cells. In a typical synthetic process, ZnO 

aggregates were synthesized via polyol-mediated precipitation by using zinc acetate in diethylene 

glycol at 160 °C with refluxing. It was reported that with adjustment in zinc acetate concentration, 

rate of heating, and the amount of stock solution that is added, one can readily control the size of 

individual ZnO aggregates. To make a photoelectrode films, ZnO aggregates were deposited by 

drop-cast method on a fluorinedoped tin oxide (FTO) glass substrate, and thickness of films 

depended on the number of drops. Finally, the ZnO films were heated at 350 °C in air for 1 h to 

remove residual organic chemicals. 

Regarding the application of ZnO nanoparticles in photocatalytic activity, Houskova et al.
130

 

reported the synthesis of zinc sulfide (ZnS) nanoparticles by homogenous hydrolysis of zinc sulfate 

and thioacetadmide (TAA) at 80 °C and then its conversion to ZnO nanoparticles with annealing at 

temperature above 400 °C in an oxygen atmosphere. Xu et al.
131

 reported the synthesis of 

hierarchically assembled porous ZnO nanoparticles through a self-assembled pathway using 

surface-modified colloidal ZnO nanocrystals as building blocks and P-123 copolymers as the 

template in aqueous solution. Functionalized ZnO nanoparticles that show liquid-like behavior were 

synthesized and their PL properties were reported by Bourlinos et al.
132

 First, ZnO nanocrystals (3–

7 nm) were prepared by alkaline hydrolysis of zinc acetate in the presence of LiOH · H2O in 

absolute ethanol for 4–5 days. As-prepared ZnO colloid was precipitated by adding excess of 

heptane, followed by centrifugation and drying at room temperature. Surface modification of ZnO 

nanoparticles with charged organosilane [(CH3O)3Si(CH2)3N
+
(CH3)(C10H21)Cl

−
] was carried out in 

an alkaline environment. The Cl
−
 counter anions in the nanosalts could be readily exchanged by 

C9H19-C6H4-(OCH2CH2)20O(CH2)3SO3
-
 ions, yielding the corresponding sulfonate nanosalt as a 
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waxy solid that melts at 30 °C, resulting in a fluid with considerably higher viscosity than the 

corresponding potassium sulfonate salt. 

Regarding the use of ZnO nanoparticles for sensor applications, Baruwati et al.
133

 reported the 

hydrothermal synthesis of high-crystalline ZnO nanoparticles by using zinc nitrate as a precursor 

and ammonium hydroxide as a base at 120 °C for 6–24 h, which were further used in sensing 

liquefied petroleum gas (LPG) and ethanol (EtOH). Recently, Cao et al.
134

 reported methanal and 

xylene sensors at relatively low working temperatures. ZnO nanoparticles were prepared by a solid-

state chemical reaction between zinc chloride and NaOH under ambient conditions. 

ZnO nanoparticles were synthesized using various routes. The various applications of ZnO 

nanoparticles depend upon the control of both physical and chemical properties such as size, size 

dispersity, shape, surface state, crystal structure, organization onto a support, and dispensability. In 

addition, these factors mainly depend upon the synthetic method. Therefore, shape, size, and 

dispersity can be controlled by tuning different parameters during the synthesis process, e.g., the 

precursor type and concentration, types of capping molecule, types of solvent, reaction time, and 

reaction temperature. Although there are various reports regarding ZnO nanoparticles with various 

shapes and sizes, there is still a lack of quality synthesis in terms of crystallinity, size, and sphericity 

of the particles and the non-use of organic solvents (which may hinder its possible application in 

biomedical sciences). ZnO nanoparticles used in cosmetic applications also require 

nonphotocatalytic activity, which can be hindered by the uniform surface coating of ZnO 

nanoparticles by silica or other molecules, and toxicity to the human skin is also a main concern. 

Application of ZnO nanoparticles in the biological realm requires high quality ZnO nanoparticles in 

aqueous solution at neutral pH and physiological temperature, because biomolecules are very 

sensitive to changes in temperature and pH. In addition, relatively small size, ease of transport 

within tissues/organs, ability to cross plasma membranes,  and potential targeting of biologically 

active molecules will facilitate biomedical applications of nanoparticles in the field of medicine. At 

a conceptual level, we need a better understanding of the relationship between size, shape, and 

structure of zinc oxide nanoparticles, and how one can tune its capability for electronic and 

chemical interaction with biological molecules and its sensing (biological and chemical) properties. 

 

 

3.5.3 ZnO Nanocrystals by a Non-hydrolytic Route 

 

Developments in the synthesis of II-VI semiconductor nanoparticles have recently 

demonstrated the potential of the thermal decomposition of organometallic precursors in 
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coordinating solvents
135

 to prepare high-quality metal oxide nanocrystals.
136,137

 A high-temperature 

synthesis of trioctylphosphine oxide (TOPO) and amine capped ZnO nanocrystals, using diethylzinc 

as metal precursor, has also been reported.
138

 However, the use of less toxic and more easily handy 

precursors would be of valuable technological interest to allow a scale-up of nanocrystal synthesis. 

In collaboration with CNR (National Research Centre) of Bari (Italy) we have adopted an 

alternative preparation of organic-capped ZnO nanocrystals by the thermal decomposition of zinc 

acetate (ZnAc2) in a high-temperature coordinating mixture of a long-chain alkylamine and tert-

butylphosphonic acid (TBPA). The variation of the TBPA/ZnAc2 molar ratio allows the tuning of 

the nanocrystal size in the range 2-9 nm. In this method, the addition of the phosphonic acid is 

important in relation to its effectiveness in directing ZnO crystal growth in the quantum 

confinement regime. The role of the surface in the emission properties of the nanoparticles and the 

stability of amine/TBPA-coated ZnO nanocrystals are also important. 

ZnO nanocrystals were directly grown in alkylamines by slowly heating the reaction mixture 

to high temperatures according to the following procedure: 0.5-2 mmol of ZnAc2 was dissolved in 

5-10 g of an alkylamine-TBPA mixture at 80 °C, and then degassed under vacuum for 1 h under 

vigorous stirring. The reaction vessel was then slowly heated under nitrogen at a rate of 10 °C/min 

to induce the decomposition of ZnAc2; the temperature at which the first ZnO absorption features 

were detected was fixed as the temperature for further growth (Tgr). Tgr generally lay in the range 

of 220-300 °C, depending on TBPA/ZnAc2 molar ratio (R). The extraction procedures were 

subsequently performed in air: ZnO nanocrystals were readily precipitated upon addition of ethanol 

to the reaction mixture at 50 °C before solidification took place. The resulting precipitate was 

isolated by centrifugation and was washed twice with ethanol to remove residual surfactants. The 

surfactant-coated ZnO nanoparticles were then easily re-dispersed in solvents such as CHCl3 or 

hexane, without any further growth or irreversible aggregation, and used for spectroscopic 

measurements and TEM investigations.  

ZnO particles were grown in n-hexadecylamine (HDA) by using the slow heating method 

described above. The presence of tert-butylphosphonicb acid (TBPA) could guarantee the 

controlled growth of ZnO crystals in the nanoscopic regime. When TBPA was used as stabilizer, 

the growth kinetics of ZnO nanocrystals exhibited some unique characteristics. After an induction 

period (of a few minutes), depending on TBPA/ZnAc2 molar ratio (R), the optical features of ZnO 

were detected, after which growth was seen to proceed rapidly (generally within 5-6 min), and it 

finally slowed considerably. Precipitation of ZnO nanocrystals in the reaction vessel was observed 

only after long reaction times (>2 h) and only at R < 0.40. 
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3.5.4 Optical end morphological characterization of ZnO NPs 

 

By UV-Vis measurements is possible to estimate the diameter of ZnO nanoparticles that 

depends to absorption position peak in the spectrum.
139

  

 Figure 3.35 shown the UV-vis absorption spectrum of ZnO NPs obtained at TBPA/ZnAc2 

ratio equal to 0.5. We can assume an average diameter of 2 nm about from absorption position peak.  

The morphology of nanoparticles was evaluated by TEM analysis. Nanoparticles prepared at 

TBPA/ZnAc2 ratio of 0.5 (Figure 3.36) exhibit a nearly spherical shape and a narrow size 

distribution (Figure 3.36 b). Moreover the diameter of this nanoparticles is equal to 2.1 nm that is in 

agreement with previous UV-Vis datum. 
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Figure 3.35. Absorption spectra of fully grown ZnO nanoparticles prepared with TBPA/ZnAc2 ratio of 0.5. 
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Figure 3.36. (a) TEM bright-field image of ZnO nanoparticles covered with HDA. (b) Typical size distribution of ZnO 

NPs obtained by measuring the diameter of at least 100 nanoparticles in TEM micrograph. 

 

 

 

3.5.5 Nanocomposites based on lamellar PS-b-PMMA and ZnO NPs 

 

 

The obtainment of zinc oxide nanoparticles covered with hexadecylamine, allows to realize 

nanocomposites in which these nanoparticles are selectively included in specific domains of 

lamellar diblock copolymer used in this thesis work. In particular, the presence of HDA favors the 

chemical affinity of the nanoparticles with the PS domains of PS-b- PMMA. 

Thin films of hybrid nanocomposites consisting of PS-b-PMMA_1 and ZnO NPs were 

prepared by spin coating on ITO substrate from a toluene solution containing 2 wt% PS-b-

PMMA_1 and different concentration of ZnO NPs (0.1wt%, 0.2wt%).  

TEM bright field images of these thin films are reports in Figures 3.37 and 3.38. These 

images show a high contrast of dark PS cylinder with respect to PMMA matrix without staining 

process with RuO4. This result is a clear indication that ZnO nanoparticles are selectively included 

in the PS lamellae thanks to the designed chemical modification of the nanoparticles surface with 

hexadecylammine. Moreover, these images clearly indicate that practically all PS lamellae are filled 

with ZnO nanoparticles.  

This nanoparticles coupled with other nanoparticles as CdSe can form a type II heterojunction  

that can be used as active layers within photovoltaic cells. Photovoltaic effect are discussed in 

successive chapter IV. 
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Figure 3.37. TEM bright field image of a thin film of PS-b-PMMA_1 based nanocomposite obtained on a ITO 

substrate by spin coating at 3000 rpm for 30s a slight excess of a toluene solution containing 2wt% BCP and 0.1wt% 

ZnO NPs and subsequently exposed at thermal annealing in vacuum at 150 °C for 6 h.   

 

 

Figure 3.38. TEM bright field image of a thin film of PS-b-PMMA_1 based nanocomposite obtained on a ITO 

substrate by spin coating at 3000 rpm for 30s a slight excess of a toluene solution containing 2wt% BCP and 0.2wt% 

ZnO NPs and subsequently exposed at thermal annealing in vacuum at 150 °C for 6 h.   
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CHAPTER IV 

 

BCP/AuNPs hybrid and BCP/organic molecules 

nanocomposites for optoelectronic applications 

 

4.1 Nanocomposites based on PS-b-PMMA lamellar nanostructures 

and AuNPs as SERS substrates 

 

In previous Chapter III, paragraph 3.2.4, we have described the methods for the realization of 

nanocomposites with long range order based on PS-b-PMMA_1 lamellar nanostructures and gold 

nanoparticles obtained by thermal evaporation and condensation. During the research activity we 

have evaluated the possibility to use these materials as SERS substrates.  

SERS is an ultra-high sensitive spectroscopic technique that exploits the scattering 

enhancement achieved when probe molecules are adsorbed on nanostructured metal surfaces 

(typically Ag, Au or Cu).
1-5

 On sub-wavelength nanostructures, the enhancement of the local optical 

field investing the adsorbed molecules results into an effective amplification of the Raman yield up 

to 8 - 12 orders of magnitude.
6
 One of the most challenging task is to match the SERS substrate 

architecture that best fits the experimental needs.
7,8

 Aiming at reliable analytical applications, 

engineering of SERS-active substrates, by tailoring the plasmonic response of the nanostructured 

surfaces, is crucial in order to achieve highly uniform, large and reproducible substrate 

enhancement factors (SEFs). Films of metallic nanoparticles (NPs) deposited from colloidal 

suspensions represent low-cost SERS substrates
9
 that can give rise to very large enhancements, yet 

with a low reproducibility and spatial uniformity because of their intrinsic disordered morphology. 

Greater performances are instead obtained by nano-textured substrates consisting of periodically 

aligned nanoparticles
10-12

 or lithography-patterned templates.
13

 However, their production is time-

consuming and costly, besides the limitation of small patterned areas achievable (typically  100 

µm
2
). 

Recently, a promising alternative technique based on block copolymer nanocomposite self-

assembly was demonstrated to provide highly efficient and reproducible SERS substrates.
12,14 
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Starting from these concepts, we have investigated the possibility to use nanocomposites 

based on PS-b-PMMA lamellar nanostructures and AuNPs as SERS substrates. Our experiments 

allowedto demonstrate that these metal/copolymer nanocomposite structures, show ultra-high 

uniform, reproducible and efficient SERS enhancements over centimeter scale, which can be, 

therefore, used for actual SERS experiments on cell-scale, statistical sampling of cell-types in a 

simultaneous experiment and monitoring multi-cellular organisms exposed to drug treatments. 

Raman characterizations and SERS activity were studied for the following samples: (A) the 

pristine PS-b-PMMA_1 film (see TEM micrograph of Figure 3.11); (B) the PS-b-PMMA_1 film 

including close-packed clusters of Au-NPs into disordered PS domains (see Figure 3.20); (C) a film 

of atactic polystyrene (aPS) homopolymer decorated with Au-NPs; (D) and finally the long-range 

ordered PS-b-PMMA_1 film including parallel nano-walls of Au-NPs (see Figure 3.22). Let us 

indicate hereafter these films as A, B, C and D, respectively.  

Thin films of BCP/Au nanocomposites of Figures 3.20 and 3.22(substrate B and D, 

respectively) were first characterized by UV/Vis measurements to analyze eventual differences of 

the plasmonic resonances from Au-NPs due to their disordered or ordered positioning guided by the 

BCP host.  

The UV/Vis extinction spectra of the substrate B (Au-NPs clusters into randomly oriented PS 

nanodomains), and of the substrate D (periodic vertical stacks of Au-NPs into PS slices, separated 

by PMMA slices) are shown in Figure 4.1,in comparison with the theoretical calculations from Mie 

scattering model. 

The Raman excitation wavelength at 532 nm was found to match quite well the extinction 

coefficient peak of both gold nanocomposite structures A and B (Figure 4.1). Remarkably, the 

plasmon-polariton response of B, centered at 578 nm, was found to blue-shift with respect to the 

close-packed random structure A having an extinction peak at 595 nm. It is evident that coupling 

effects due to clustering must be taken into account to explain such resonances from 4 nm-sized Au-

NPs, as also numerically confirmed from Mie calculations that envisage an equivalentcluster 

diameter of 90 and 70 nm for B and D, respectively. The theoretical curves of Figure 4.1 are, 

indeed, evaluated considering a mono disperse collection of non-interacting gold spheres of 

diameters equal to 70 and 90 nm immersed into a medium of refractive index n = 1.55. 

The good agreement with experimental results of the extinction peaks suggested the 

introduction of an effectiveequivalent spherical nanoparticle to represent the electromagnetic 

response of the experimental collection of Au-NPs clusters, i.e. coupled close-packed nanoparticles 

of 4 nm.Not only for substrate A, but even in the case of aligned nano-walls of Au-NPs as achieved 

in substrate B,it is possible to define in principle such equivalent response by supposing that the 
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plasmonic coupling might be effective over a typical, short-range correlation length of the system 

disregarding any long-range alignment. 
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Therefore, we base this position on the hypothesis that a coupled-plasmon resonance 

mechanism may be effective, upon clustering of the NPs, on a correlation length equivalent, by 

definition, to the response of a spheroid into an isotropic space of diameter deq. This allows us to 

define an equivalent elementary in-plane cell (equal to the sphere size deq) on the SERS substrates. 

By this simple qualitative picture, it turns out that an inherent average process over many equivalent 

clusters (from  30 to  50) is actually achieved during the SERS measurement because the 

scattering area of collection (0.2 µm
2
) is much larger than the elementary cell (πdeq

2
/4). 

The actual polydispersity of the Au-NPs diameters (20%, see Figure 3.19), as well as the 

cluster sizes, are supposed to be responsible of the broadening of the experimental plasmonic 

response.  

The Raman spectra and SERS activity were studied with and without a SERS analyte. The 

SERS activity of the BCP/metal nanocomposites and Raman signature of the pristine BCP host 

were studied with a confocal micro-Raman analysis. The probed scattering area on the sample, 

constrained by confocal detection in backscattering collection, was accurately measured 

independently to be πr
2
 = 0.2 µm

2
 (r = 250 nm). 

Figure 4.1. Normalized extinction coefficients of substrates B and D and comparison with theoretical extinction 

coefficients numerically evaluated from Mie model (dashed curves). 
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A preliminary characterization was carried out on the host copolymer film containing Au-

NPs, without any SERS analyte, to determine the blank reference spectrum of the BCP/metal 

nanocomposite and the consequent limitation in SERS detection imposed by the BCP presence. For 

the SERS-active nanocomposites, the substrate enhancement factor
6
 (SEF) was then estimated by 

using a monolayer of a triarylmethane dye molecule, tris(4-(dimethylamino)phenyl) methylium 

chloride (Crystal Violet (CV)), as analyte molecule, added over the films. 

The Raman spectra of the substrates A (film of Figure 3.11), B (film of Figure 3.20), and C (film of 

aPS/Au-NPs) are reported in Figure 4.2. Due to the reduced film thickness (70 nm) and related 

intrinsic low sensitivity of spontaneous Raman scattering, the employed laser power was 27 mW for 

film A, whereas it was only few tens of μW for the polymer/gold nanocomposite films B, and C. 
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Figure 4.2. Raman spectra of (a) the PS-b-PMMA_1 film A (thickness 70 nm); (b) blank PS-b-PMMA_1/Au substrate 
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The Raman reference spectrum of the pristine PS-b-PMMA_1 film A (Figure 3.11) is shown 

in Figure 4.2 a. The main bands of PS are located at 1000 cm
-1

 (C-C ring breathing mode), 1602cm
-

1
 (tangential ring stretching mode), 2904 cm

-1
(C-H asymmetric stretching) and 3054 cm

-1
(C-H 

symmetric stretching), whereas the PMMA-related more intense peaks are at 812 cm
-1

 (C-O-C 

symmetric stretch), 1450 cm
-1

 (CH2 symmetric bend vibration), 1734 cm
-1

(C=O stretching mode) 

and 2930 cm
-1

(C-H symmetric stretching).
15,16

 

The PS-b-PMMA_1/Au-NPs film B (Figure 3.20) gave a weak blank signal of the copolymer 

PS-b-PMMA mainly ascribable to the PS in which gold nanoclusters are embedded (see Figure 4.2 

b). The SERS signature of the aPS homopolymer decorated with Au-NPs, represented in Figure 4.2 

c, was measured on the film C obtained under the same conditions of preparation and annealing of 

B. By comparison of the spectra of B and C it is evident that PS mainly contributes to SERS signal 

with a peculiar fingerprint characterized by enhanced bands at 1155, 1200 and 1450 cm
-1

 and the 

emerging of a pronounced band at 1545 cm
-1

. This last is interpreted as due to the orientation of the 

phenyl rings of PS normally to the Au-NPs surfaces that results in an enhanced contribution of the 

C-H deformation,in agreement with similar observations reported in ref. 17.Such orientation might 

be favored by the particular annealing process. 

The SERS-analyte molecules of Tris(4-(dimethylamino)phenyl)methylium chloride (crystal 

violet (CV)) were then uniformly distributed over the films B and D (24 × 24 mm
2
) by means of the 

following procedure.  

CV (from Sigma Aldrich) was diluted into a milli-Q water solution to different 

concentrations, namely 0.3, 3.1, 34.6, 43.8, 150 and 380 nM. Then, the employed solution was 

infiltrated into a cell constituted by two parallel substrates (24 × 24 mm
2
), both B or D, distanced by 

silica beads spacers of variable diameter depending on the desired thickness of the cell, from 4.8 

µm (± 4%) to 15.0 µm (± 4%). For larger thicknesses, PET spacers (Mylar) were also employed. 

The planar cell was sealed at two of the external borders with UV glue. With this approach, the 

liquid is infiltrated into a precisely controlled volume (see Figure 4.3). The entrance and flow 

windows retain the liquid to leak out by the surface tension of water (another solvent requires a 

different procedure). Under this condition, the water evaporates towards the center of the cell. No 

inhomogeneity effect (coffee-ring) is visible at an optical microscopy inspection when high 

concentrated solutions are infiltrated ( 5 mM). In other words, the evaporation leaves a nearly 

perfect uniform layer of molecules.  

 Coffee-ring effect probably is still happening but, in this case, at the borders of the 

evaporating water surface, which is represented by the water meniscus along vertical sections of the 

planar cell.  
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Figure 4.3. A cartoon representing the monolayer of CV molecules deposited onto the inner surfaces of the sandwiched 

SERS substrates distanced by suitable spacers. 

 

 

The water meniscus then move towards the center of the cell as the liquid evaporates and 

leaves adsorbed molecules on the top and bottom surfaces. The lateral surface of the parallelepiped 

is negligible because of the small thickness ( 10 - 200 µm) of the cell with respect to the width ( 

24 mm). Being top and bottom substrates identical, an equal deposition of the molecules is 

envisaged on the two surfaces. Hence, the spatial density of molecules on each substrate can be 

straightforwardly estimated. The uniformity of the molecular distribution can be verified a 

posteriori by uniformity of the SERS enhancement factor as actually demonstrated for very low 

concentrated solution (nanomolar range) in the main paper.  

As for instance, a volume of 100 µl of 380 nM solution of CV distributed over an area of 24 × 

24 mm
2
 = 576 mm

2
 from a cell of thickness t = 174 µm produces a monolayer of molecules of 

number Nsurf = 3880 ≈ 4 × 10
3
 within the scattering area of 0.2 µm

2
. Given the effective diameter 

DCV 1 nm of the CV molecule covering an approximate area of 0.785 nm
2
, and the number of 

molecules Nsurf estimated in the scattering area, the filling fraction of the probed area is only  1.53 

%. Thereby, the monolayer condition is well satisfied. The enhancement factors of substrate B and 

D were estimated under identical condition of molecular deposition just as described. The lower 

limit of CV molecules experimentally tested in these experiments was of ~ 500 molecules in the 

scattering area. 



115 
 

 We can say that our SERS substrates, capable of detecting such limited number of 

molecules, can be considered good candidates towards the single-molecule sensitivity.  

The average SERS spectrum of CV provided by substrate B, obtained from an estimated 

number of detected molecules equal to  4 × 10
3
, is shown in Figure 4.4 a (laser power was 50 μW 

while integration time was 10 s). Multiple sampling positions (from 100 to 400) were probed within 

large areas, namely 40 × 40 μm
2 

and 100 × 100 μm
2
, under same excitation conditions, by 

translating the sample with a piezo-scanning nano-positioner. The fluctuation of the Raman signal 

acquired over the scansion area, i.e. in hyperspectral projection, was found to follow the normal 

distribution (typical of high-density coverage and uniform substrates) with a standard deviation of 

the total intensity σT = 3.9%, and a standard deviation of the Raman amplitude σR = 2.4%. These 

measurements were obtained from a statistical sampling of 100 detection areas (each of 0.2 μm
2
) 

uniformly spaced along a total area of 100 × 100 µm
2
. This is shown in Figure 4.4 b in which the 

normal probability plot, i.e. Gaussian fidelity, of both ensembles of total intensity and Raman peak 

amplitude are reported. A wider range was also probed by averaging, in 400 positions, 5 areas of 40 

× 40 μm
2
 each, within an overall window of 0.5 × 0.5 cm

2
. This analysis revealed a Gaussian 

fluctuation characterized by a standard deviation σ = 10%, as reported in Figure 4.4 c, despite the 

centimeter scale translation. It is our opinion that such ultra-high uniformity of the SEF shown by 

substrate B, estimated to be on average equal to 1.16 × 10
6
, is due to the spatially regular phase-

separation of PS and PMMA domains and consequent close-packed segregation of clusters of Au-

NPs into PS-domains. In fact, although these nanodomains are randomly aligned, they are 

consistently self-repeating on large area and composed by nearly monodisperse Au-NPs. The 

probed scattering area at each position averages the response of  30 equivalent clusters, each of  

90 nm, and both these conditions lead to an enhanced signal largely uniform and reproducible. This 

outstanding result implies a new concept of disordered but reproducible plasmonicnano-structuring 

for SERS substrates fabrication trough immediate large area BCP host-guidance that could find 

practical application for bioassays. 

As for B, a similar spatial characterization was carried out for the ordered substrate D. 

Comparison of SERS spectra of CV measured on substrates B and D under equal experimental 

conditions of molecular probe distribution and Raman excitation/collection, is provided in Figure 

4.4 d. A significant further amplification of the Raman yield, namely  18-fold more than substrate 

B, was measured on the electric field-induced ordered PS-b-PMMA_1/Au film D (Figure 3.22). 

Therefore, a SEF of  2.1 × 10
7
 is straightforwardly estimated on this substrate D. This 

enhancement can be explained by introducing a coupled-plasmon resonance mechanism between 

parallel vertical stacks of clustered Au-NPs, characterized by the dominant contribution of PMMA 
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molecules distributed preferentially in the cavity-gap between parallel PS/Au nano-walls (see inset 

of Figure 3.22). 

 

 

 

Figure 4.4. (a) SERS average spectrum of Crystal Violet (CV) on substrate B (black curve) with related hyperspectral 

fluctuations (red and blue curve) over 10
4
 µm

2
. (b) Normal probability plot of the SERS total (blue) and Raman 

amplitude (red) integral intensities as acquired in (a) averaged on the six more intense bands of CV at 808, 914, 1175, 

1370, 1585 and 1620 cm
-1

. (c) Statistical distribution of large area (0.25 cm
2
) fluctuation of SERS integral intensity of 

CV on substrate B. (d) Comparison between SERS spectra of CV from substrate B (black) and substrate D (red) under 

identical experimental conditions for comparison of morphology dependent-enhancement. 
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In Table 4.11, assignment of Raman bands of Crystal Violet are also reported. 

 

Table 4.1. Raman bands of Crystal Violet typically measured in SERS and single molecule (SM-SERS) (from ref. 18). 

υ: stretching (s: symmetric; as: antisymmetric); δ: bending; ρ: rocking; γ: out-of-plane deformation; τ: torsion. 
 

Description of vibrations contributing to the 

normal mode in Crystal Violet 
SERS SM-SERS 

sC-C
1620 

1587 

1622 

1584 

CringNsC 1535  

asC 1474  

asC 1448  

CsCCCC)ring 1391  

as(CCcenterC)/CCC)ring/C 1377  

(CCC)ringas(CCcenterC)/C 1336  

as(CCcenterC)/CCC)ring/C 1298  

as(CCcenterC)/CCC)breathing/C 1220  

as(CCcenterC) 1175 1176 

CCcenterC)/CN) 1123  

CCC) 996  

CH3) /CN) 941  

CCcenterC) 916 914 

 826  

 806 804 

s(CCcenterC)/CN) 761  

CN) 726  

 623  

(CCC)/CNC)/sCCcenterC) 607  

(CCC)/CNC)/CCcenterC) 561  

CNC) 526  

CNC) 442  

CNC)/CCcenterC) 425  

(CNC)/CH3) 339  

CH3) 209  
 

 

 

Raman enhancements were evaluated by using the definition of the SERS substrate 

enhancement factor (SEF) of ref. 6, namely as: 

 

  

 

/
,

/

SERS surf

RS vol

I N
SEF

I N

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whereISERS and IRS are the enhanced and normal amplitudes of one Raman peak, respectively, and 

Nsurf and Nvol are the numbers of molecules estimated in scattering area and volume, respectively. In 

particular, we have estimated the SEF of our substrates by averaging the values ISERS / IRS of six 

main bands of the CV, namely at 808, 914, 1175, 1370, 1585 and 1620 cm
-1

. The scattering area 

collected with our setup in confocal backscattering configuration was measured by a knife-edge-like 

technique on a uniform SERS substrate of calibration having a sharp edge truncation on which the 

same collected Raman intensity was used as probe signal. The deposition was in this case realized 

from 100µl of 100 nM water solution of CV uniformly distributed over the substrate of 24 × 24 

mm
2
. The truncation profile achieved by means of stripping part of the nanocomposite was 

inspected with both optical and atomic force microscope (AFM). The technique of knife-edge was 

employed under the assumption that only the fraction of molecules on the active surface gives rise 

to any detectable intensity, as experimentally verified. Three-dimensional (3D) nano-positioning of 

the sample thanks to a piezo-scanner with an in-plane resolution of 3 nm and out-plane resolution of 

0.2 nm allowed the 3D characterization of the scattering volume. The best fit of Gaussian beam 

waist profiling gave a collection area equal to Ascat = 0.2 µm
2
, in agreement with the expected value 

(given the microscope configuration). Similarly to Rayleigh length estimation for the depth of field 

of Gaussian beams, we estimated a ‘Raman’ depth of 0.8 µm. We chose to define the scattering 

volume as a double truncated cone around the center defined by the beam waist, each having height 

h = 1.5 µm. At this distance, in fact, we measured a drop of the Raman signal of about 50 %. 

Therefore, the total volume is = 1.25 µm
3
, where r = 250 nm is 

the radius of the beam waist and R = 470 nm is the radius of the waist at the distance h (to which we 

measured half of the Raman intensity).  

 Hence, for the SEF evaluation, the Raman reference signal IRS of CV was estimated 

following the procedure described in ref. 12 by measuring the average scattering from a layer of CV 

powder. It must be pointed out that such normalization is poorly representative of the actual 

amplification of the Raman yield because it does not take into account the onset of complex 

phenomena of multiple scattering and absorption occurring in the bulk powder and that will be 

discussed elsewhere. Therefore, the normalization to the Raman intensity of the bulk powder must 

be seen only as an operational characterization of the SERS enhancement of our substrates that can 

be used for comparison with analogue evaluations reported in the scientific literature.  

We have also evaluated the morphology of our materials after deposition of CV. TEM image 

of Figure 4.5 shows that CV does not alter structure and long range order of microdomains. 

 

2 22 2 ( )
3

sca coneV V h R rR r


   
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Figure 4.5. TEM bright-field image of a thin film of PS-b-PMMA_1 based nanocomposite obtained at room 

temperature on ITO substrate by spin coating and decorated with gold nanoparticles, after deposition of CV and 

application of external electric fields.  

 

 

Experimental results demonstrate that our nanocomposites are robust, reproducible and ultra-

high uniform SERS substrates on very large area (σR = 2.4 % on area of 10
4
 µm

2
; σ = 10% on 0.25 

cm
2
). Moreover, the substrates exhibit a strong average enhancement factor of 10

7
. 

 

 

 

4.2 Nanocomposites based on PS-b-PMMA lamellar nanostructures 

and organic molecules as active layers in photovoltaic cells 

 

 

The drive to remove mankind’s dependenceon fossil fuels, while maintaining stable energy 

supplies, is ofvital importance in the coming decades due to the degradative effects of CO2 

production on the Earth’s atmosphere.
19 

Solar energy is seen as a major contributor to solving 

theseproblems; harnessing even a small percentage of the incidentsolar flux would meet more than 



120 
 

total global energydemands.
20

 Interest in organic photovoltaics (OPVs), especially those based on 

polymers, has increased exponentiallyover the last decade because of the use of inexpensive 

rawmaterials, the associated ease of processing lightweight, flexibledevices, and their inherent 

installation efficacy.
21

 The lifetimeand power efficiency of inorganic solar cells, on theother hand, 

far exceeds those of the OPVs. Typically, inorganicdevices operate at around 14–19% efficiency,
22

 

whereasthe current state-of-the-art organic counterparts havereached a maximum of 8.3% on a 

laboratory scale.
23,24

 Evengiven the exceptional rapidity of research developments inthis field,
25,26

 it 

is still expected that considerable gains inboth efficiencies and OPV lifetimes must be made to 

permitfull commercial exploitation and overcome the initial investmentcosts of high-throughput 

machinery
27

 and the economicand political inertia of prior investment into competing 

technologiessuch as nuclear energy.
27,28

 It is generally thoughtthat once OPVs have reached 

efficiencies of the order of10%, coupled with lifetimes of around 10 years, there willbe an opening-

up of new large-scale markets that can bequickly exploited.
29,30

It is relatively easy to see that the 

processing steps requiredto manufacture inorganic solar cells are more energy intensivethan those 

for OPVs, as silicon requires extensive purificationand treatment, either through sputtering or 

crystalgrowing.
31

 Moreover, the silicon must be housed withinheavy-duty paneling and, therefore, 

the inorganic cells aresomewhat more troublesome to install over large areas.Thus, it is intuitive 

that the future of solar cell technologyrelies on significantly reducing the cost of inorganic solarcells 

and/or increasing the lifetime, processability, and efficiency of OPVs.
32

 Currently, the latter 

approach appears tobe the most feasible due to the wide variety of synthetic,
33

architectural,
34

 and 

processing
35,36

options available to optimizethese systems. 

Optoelectronic devices such as photovoltaic cells, are used in avariety of advanced 

technologies. Traditional optoelectronic devices are based uponp–n junctions made from inorganic 

semiconductorssuch as silicon and gallium arsenide.
37

Conversely,organic photovoltaic devices are 

typicallymade from electrically conducting π-conjugated polymers
38–40

nonconjugated polymers 

containing dispersed chromophores and charge transport molecules,
41,42

 or non conjugated polymers 

functionalized with covalently attached chromophores and charge transport groups.
43,44

 The 

potential advantages ofsuch organic devices include low cost, relative ease offabrication, light 

weight, and mechanical flexibility. 

The principal difference between inorganic and organic photovoltaic devices is the exciton 

binding energy, where an exciton is a Coulombically bound electron-hole pair.
45,46

Inorganic 

materials have low exciton binding energies such that photo excitation spontaneously creates a 

separate freeelectron and a free hole (a hole being a positive chargelocated within the material’s 

highest occupied molecular orbital,HOMO), which can both travel directly to their 
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respectiveelectrodes. OPVs, on the other hand, have higher exciton binding energies and, therefore, 

excitons must reach a material interface with a lowest unoccupied molecular orbital(LUMO) offset 

to produce separated electrons andholes.
47

 

The photovoltaic mechanism in organic devices has been discussedat length in the 

literature,
45,48–55

 therefore, here, weonly briefly outline the process for readers new to the 

field.Figure 4.6 shows the individual steps involved in the dominantprocess that converts light into 

an electrical current: (i) theincoming photon excites an electron from the HOMO to the LUMO of 

the donor material to (ii) create an exciton, (iii)which traverses the donor material to a donor–

acceptorinterface where (iv) the excited electron separates from itsbound hole onto the LUMO of 

the acceptor. Subsequently, (v)the free electron and hole travel through the acceptor anddonor 

materials (vi) to reach the cathode and anode, respectively.It is the continuous percolation of 

electrons and holesacross the device that generates the electric current. The process depicted in 

Figure 4.6 describes how incident photons generate electricity in OPV devices, neglecting 

unsuccessfulpathways. Major ways in which OPVs fail include photon loss (poor absorption of the 

solar spectrum), exciton loss(recombination before charge separation), and charge carrierloss 

(recombination before arrival at the electrode) as well as the formation of non radiative excitons 

(energy lost as phonons). Current research focuses on minimizing these lossesto maximize power 

output of the devices. A general scheme of a solar cell is shown in Figure 4.7. 

Block copolymers offer interesting possibilities forexamining the role of device architecture 

on optoelectronicperformance.
56,57 

A suitablydesigned block copolymer with chromophores and/or hole transport and electron 

transport groupswould therefore be suitable for constructing, from the same starting materials, 

devices containing either homogeneously mixed or spatially segregated components. For example, 

Figure 4.8 shows a schematic of a ordered block copolymer structure inwhich two distinct zones, 

arranged perpendicular tothe device electrodes, are formed owing to the selforganizationof the 

block copolymer, and ideally, contain selectively electron transport groups and hole transport 

groups or molecules. 

One of the key challenges in the advancement of OPV technology is the development of 

donorand acceptor materials that efficiently capture radiation acrossthe full solar 

spectrum.Significant research has been placed intoOPV systems based on bulk-heterojunction 

blends of the conjugated polymer region-regular poly(3-hexylthiophene)(P3HT) with the electron 

acceptor [6,6]-phenyl-C61-butyricacid methyl ester (PCBM). To date, this remains one of themost 

efficient single junction polymer:PCBM OPV systems on record, with reported power conversion 

efficiencies approaching5%.
58,59
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Figure 4.6. The photovoltaic mechanism involved in organic solar cells: (i) a photon is absorbed by the donor material, 

(ii) to excitean electron from the HOMO to the LUMO, creating an exciton. (iii) The exciton travels through the donor 

material to the donor/acceptor (D/A) interface, where (iv) the electron passes to the LUMO of the acceptor material, 

breaking up the exciton into a free electron and hole. (v) The electron travels through the acceptor material, whereas the 

hole is passed through the donor material.(vi) Finally, the disparate charges arrive at their corresponding electrodes to 

create a potential gradient across the device. 

 

 

 

 

 

Figure 4.7. General scheme of a solar cell. 
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Figure 4.8. Schematic representation of a ordered block copolymer with electron/hole carriers operating as a 

photovoltaic device. 

 

It is, however, noteworthy that the P3HT:PCBM system has negligible absorption in the NIR 

spectral region, where the Sun’s photon flux is at a maximum. OPV blends of low band gap 

polymers with C70 derivative [6,6]-phenyl-C71- butyric acid, in which the absorption is more 

intense than C60 PCBM, have been used to enhance solar photon capture in OPV devices, with 

reported power conversion efficiencies in excess of 7%.
58,60

 Another successful approach to 

extending solar capture has been the use of phthalocyanine (PC) small molecules, for example 

copper phthalocyanine (CuPc),which display intense absorption in the NIR region.
61

 

Starting from these considerations we have realized an OPV system in which the active layer 

is constituted by lamellar PS-b-PMMA_1 BCP, whose PS and PMMA layers are selectively loaded 

with PCBM and CuPc molecules, respectively, in order to obtain a bilayer heterojunction subcell. In 

fact, because of the energy differences between CuPc and PCBM HOMO and LUMO (about 0.2 eV 

in LUMO offset and 1.0 eV in HOMO offset), excitons can be dissociated at the donor/acceptor 

CuPc/PCBM interface and collected by the electrodes. Figure 4.9 shows the structure and the 

energy diagram of the proposed tandem PV cell with HOMOand LUMO orbital parameters of the 

materials extractedfrom the literature.
62,63
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Figure 4.9. Schematic structure of the proposed tandem PV cell. In this structure, PCBM and CuPc are used to form the 

CuPc/PCBM bilayer heterojunction subcell.  

 

Realization of OPV devices was divided into three different steps:  

1) obtainment of nanocomposites based on PS-b-PMMA_1 lamellar nanostructures and 

PCBM molecules within PS domains and relative characterizations;  

2) obtainment of nanocomposites based on PS-b-PMMA_1 lamellar nanostructures with 

CuPc molecules within PMMA domains and relative characterizations; 

3) obtainment of nanocomposites based on PS-b-PMMA_1 lamellar nanostructures with 

PCBM and CuPc molecules and realization of devices. 

 

Regarding to realization of first type of nanocomposite, we have prepared solutions of the PS-

b-PMMA:PCBM mixtures in toluene. BCP was mixed with PCBM and all dissolved in toluene 

using sonication. PCBM dissolves readily in toluene, whichleads to a brown solution. Thin films of 

these nanocomposites were deposited on ITO substrates following same procedures described in 

chapter III. The spin-coated films were dried in vacuum (10
-3

 mbar) and annealed at 150°C for 6 h.  

Firstly, these films were characterized by TEM analysis. The dispersion of fullerene 

derivatives in the microphase-separated morphologies is controlled by the physical interactions after 

mixing. Figure 4.10 a, b shows the morphology of nanocomposites with 5% and 10% of PCBM 

respectively. When PCBM is added into polymer film, lamellar nanostructures clearly transform 

into a more anomalous lamellar shape and this is more evident for sample of Figure 4.9 b with high 

content of these molecules.This composite system served as an excellent archetype; the self-
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assembly of BCP generated the nanotemplate to selectively control the spatial locations of the 

PCBM molecules in PS block, in which the apolar properties of PS block provided the physical 

stabilization for preventing the self-aggregation of PCBM molecules. It is important to emphasize 

that in order to enhance the contrast between PS and PMMA blocks, the films were submitted to 

staining process with RuO4. 

Chen et. al.
64

 have reported the fabrication of memory devices based on PS-b-P4VP and 

PCBM in which the selective distribution of PCBM within the P4VP domains enhances the contrast 

between blocks due to the high electron density of PCBM. Unfortunately, this does not occur in our 

case. So, we have performed different indirect tests to further prove the presence of PCBM 

molecules in PS domains.   

We have measured the optical absorption spectra of different films by UV-Vis measurements; 

Figure 4.11 shows the optical absorption spectra of these samples. As the PCBM content is 

increased from 0% to 5% and finally to 10%, the absorption intensity increases in the range of  300-

400 nm. Moreover, the peak around λ=330 nm is attributed to PCBM absorption.
65 

 

 

 
 

Figure 4.10. (a)TEM bright-field image of PS-b-PMMA:PCBM composite thin film with 5wt% of PCBM obtained at 

room temperature on a ITO substrate by spin coating stained with RuO4and submitted to thermal annealing at 150°C for 

6 h. (b) TEM bright-field image of PS-b-PMMA:PCBM composite obtained as in a with 10wt% of PCBM. 

 

We have also prepared thin films of nanocomposites based on PMMA homopolymer and 

PCBM for TEM analysis. As reported in previous chapters, RuO4 is a selective reagent for double 

aromatic bonds of PS; starting from this point, we have supposed that this reagent is also selective 

for double aromatic bonds of PCBM, especially for bonds of phenyl ring. 
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Figure 4.11. Optical absorption spectra of spin-coated thin films of pure PS-b-PMMA, PS-b-PMMA:PCBMwith 5wt% 

of PCBM and PS-b-PMMA:PCBM with 10wt% of PCBM. 

 

 

Figure 4.12 shows the morphology of this nanocomposite before (a) and after (b) staining 

process with RuO4. The visible presence of dark spots only after staining process, clearly 

demonstrates that RuO4 is a selective reagent for double aromatic bonds of PCBM.  

 

 

 

Figure 4.12.  (a) TEM bright-field image of a PMMA:PCBM composite thin film with 5wt% of PCBM, obtained 

without staining process. (b)TEM bright-field image of the same composite obtained with staining process. 
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Finally, we have carried out electrical measurements on these nanocomposites. The electrical 

behaviours were tested by current-voltage (I-V) characteristics on ITO/polymer composite/Al 

sandwiched architecture (Figure 4,13a). Aluminium top electrode was evaporated under high 

vacuum (10
-7

 mbar) on polymer composite surface. The electrical properties are reported in figure 

4.13b.  

The I-V measurements show the current density increase as the content of PCBM increases up 

to 5wt% with respect to the BCP weight, while decreases when the content of PCBM is equal to 

10wt% with respect to the BCP weight. The decrease of conductivity with the increase of PCBM 

content is probably due to the partial breaking of the phase-separated morphology (Figure 4.10 b) 

associated with tendency of PCBM to self-aggregate.  
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Figure 4.13. Scheme of the device (a) and I-V characteristics of ITO/PMMA:PCBM nanocomposite/Al devices with 0, 

5 and 10wt% of PCBM(b). 

 

 

Regarding to realization of second type of nanocomposite based on PS-b-PMMA_1 and CuPc 

molecules, we have realized nanoporous materials by selective removal of PMMA blocks in order 

to obtain selective inclusion of CuPc molecules into PMMA nanochannels. We have decided to 

adopt this strategy due to poor solubility of CuPc in toluene, and to poor selectivity of these 

molecules for PMMA blocks. So, we have prepared thin films of PS-b-PMMA_1 on ITO substrates 

following same procedures described in chapter III. The spin-coated films were dried in vacuum 
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(10
-3

 mbar) at 150°C for 6 h. Selective inclusion of CuPc molecules in PMMA nanochannels was 

realized as the following strategy: 

 

1. selective removal of PMMA block by UV radiation and washing in acetic acid; 

2. dipping of this template into dilute chlorobenzene solutions of CuPc molecules and its 

successive withdrawal normal to the solution surface (see figure 4.14).  

 

The exposition to UV radiations followed by rinsing with acetic acid allows obtaining 

nonochannels of PMMA. In fact, the PMMA chain breaks up into oligomersthrough a chain 

scission mechanism (Figure 4.15), and can then be removed fromthe matrix through dissolution in 

acetic acid. 

 

 

Figure 4.14. Process of deposition of CuPc molecules into nanoporous template by withdrawal of the template from a 

solution. 

 

 

 

Figure 4.15. Chain scission mechanism of PMMA. 
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The immersion of this template into a dilute chlorobenzene solution of CuPc molecules and 

its successive withdrawal normalto the solution surface, allows obtaining selective inclusion of 

CuPc molecules into nanochannels of PMMA thanks to capillary forces that act on the solution and 

sequester molecules.  

In order to obtain a full removal of PMMA blocks we have carried out different tests; all 

samples were analyzed by TEM and Raman measurements to evaluate the morphology and the 

absence of PMMA peaks of these samples. The experimental results have shown that the exposition 

to UV radiation for 15 minutes followed to dipping in acetic acid  for 30 min, are good parameters 

to obtain selective removal of PMMA blocks. TEM and Raman analysis performed on thin films 

submitted to mentioned process are reported in Figure 4.16 and 4.17. In particular, TEM image 

shows  the contrast between PS and PMMA domains without staining process, that is a clear 

indication of effective removal of PMMA blocks. This is also confirmed by Raman analysis.  

 

 

 

Figure 4.16. TEM bright-field image of a thin film of PS-b-PMMA_1 submitted to selective removal of PMMA block 

by exposition to UV radiations (15 min) and dipping acetic acid (30 min). 
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The presence of CuPc molecules into PMMA nanochannels was demonstrated by UV-Vis 

spectrophotometric measurements, RX diffraction analysis and I-V measurements.  

Figure 4.18 shows optical absorption spectra of thin films nanocomposites with different 

content of CuPc molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18. Optical absorption spectra of spin-coated thin films of PS-b-PMMA:CuPc with 5 and 10wt% CuPc. 

Figure 4.17. Raman spectra of  a thin film of PS-b-PMMA_1 after selective removal of PMMA blocks. 
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Two absorption bands were observed in the 300–450 nm and in the 600–750 nm regions. The 

intense band at 300–450 nm is related to direct electronic transition from d-p* orbitals and is called 

the Soret band (B-band)
66,67

. The Soret band is a characteristic of the metal phthalocyanines 

absorption spectrum
68

. On the other hand, strong absorption band in the red region of the spectrum 

(600–750 nm) is also common in metal phthalocyanine films, and accounts for the blue colour of 

these materials. This absorption band, called the Q band, yields two trapping levels around 690 and 

615 nm.  

Figure 4.19 shows the XRD spectra of thin films deposited ITO substrate with different 

content of CuPc. The spectrareveal the existence of a diffraction peak at 7°, which correspondsto 

the (100) diffraction of the -form crystal. Other peaks present in RXD spectra correspond to 

crystal forms of ITO substrate. 

 

20 40 60 80

In
te

n
si

ty
 

2 Theta (deg)

ITO

ITO/PS-b-PMMA

ITO/PS-b-PMMA/CuPc (2wt%)

ITO/PS-b-PMMA/CuPc (5wt%)

 

Figure 4.19. XRD spectra of PS-b-PMMA:CuPc films with 0, 2 and 5 wt% of CuPc deposited on ITO substrates. 
 

 

Finally, Figure 4.20 shows the electrical behaviours of ITO/polymer composite/Al 

sandwiched architecture that is characterized by charge trapping. 
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Figure 4.20. I-V characteristic of ITO/PS-b-PMMA:CuPc/Al device with 2 wt% of CuPc. 

 

Following all procedures previously described, we have then realized OPV devices 

characterized by active layers based on PS-b-PMMA_1 lamellar nanostructures selectively loaded 

with PCBM and CuPc molecules. In particular we have prepared thin films of nanocomposites 

based on PS-b-PMMA_1 and PCBM molecules subsequently submitted to UV treatment and 

dipping into chlorobenzene solution of CuPc molecules following the strategy previously described. 

Thin films of these active layers were prepared by variation of weight percentage and ratio between 

PCBM and CuPc molecules. We have then performed preliminary electrical measurements on these 

devices. Figure 4.21 shows a typical I-V measurement carried out on OPV devices in which the 

weight percentage of organic molecules varies from 1 to 5%, while the ratio between PCBM and 

CuPc is equal to 1:1. Electrical behavior of these devices shows that as the PCBM/CuPc content is 

increased from 1% to 5% the current increases. A similar behavior also characterized OPV devices 

in which the ratio between PCBM and CuPc is equal to 2:1, as reported in Figure 4.22. However, it 

is worth noting that the corresponding values of current density are low probably due to low content 

or ratio of organic molecules. Moreover, by application of external electric fields we can obtain 

active layers characterized by long range orderin the positioning of functional molecules, that is 

guided by the order of the nanostructured matrix. We suppose that these shrewdness should provide 

an improvement of electrical properties. Anyhow,these preliminary results clearly indicate that the 

rational choice to use block copolymers complemented with techniques of selective inclusion of 

organic molecules, is a innovative and  simple route for realize active layers of organic solar cells 

characterized by continuous path of charge carriers that results in high performance of final devices. 
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Figure 4.21. I-V characteristics of ITO/PS-b-PMMA:PCBM:CuPc/Al devices with ratio PCBM:CuPc equal to 1:1. 
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Figure 4.22. I-V characteristics of ITO/PS-b-PMMA:PCBM:CuPc/Al devices with ratio PCBM:CuPc equal to 2:1. 
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4.3. Zinc Oxide Nanoparticles as p layers within inorganic solar cells 

 

In previous paragraph 4.2 we have focused our attention on solar energy that is one of the 

most important scientific and technological challenges of this century in order to avoid the most 

serious consequences of global climate change and to ensure adequate global energy supply that 

will avoid economic chaos in the next future.
69 

Conventional solar cells basically operate on the 

principle of p-n junction formed by joining p- and n-type semiconductors. An analysis based on the 

Shockley-Queisser detailed balance theory shows that the semiconductor with band gap of about 

1.45 eV is preferable for this kind of single-junction solar cell.
70

 As a result,the narrow-band gap 

semiconductor materials, such as Si (1.12 eV)
71

, GaAs (1.43 eV)
72,73

, CuInS2 (1.53 eV),
74

 and CdTe 

(1.45 eV),
75-78

 are widely used and studied in solar cells. To date, the maximal efficiencies for Si 

and GaAs solar cell have reached up to 24.7%
79

and 28.3%,
80

 respectively, which are almost close 

totheir theoretical limitations. To further improve conversion efficiency, a conceptually 

straightforward way isto use a stack of cascaded multiple p-n junctions withbandgaps better 

matching to solar spectrum, such as GaAs-based multi-junction solar cell.
81

 Record conversion 

efficiencies above 40% have been reported formulti-junction cells using concentrated sunligh.
82-

84
Although substantial advances have been made in efficiency, the cost of power generation for 

solar cell is stillhigher than that for the conventional resource, such ascoal, gas or oil. 

In general, twotypes of structures, namely, p-n junction
85,86

 andtype-II heterojunction
87

, are 

commonly employed. Type-II heterojunction can substantially reduce band gap indirectly in spatial 

to efficiently absorb the sun light, although both materials constituting heterostructure have wider 

bandgaps.
87,88

 Such heterojunctions have been intensively investigated forphotovoltaic applications, 

including dye-sensitized solarcell (DSSC),
89,90

 quantum dot-sensitized solar 

cell(QDSSC),
91,92

core/shell nanowire solar cells,
93,94

and so on.
95-101

 

Heterostructures are generally formed by bringingtwo different semiconductors into physical 

contact,which can be typically classified as type-I (straddlinggap), type-II (staggered gap) and type-

III (broken gap)depending on the alignment of energy bands. The former two types are more 

commonly used in practical heterostructure devices. For type-I heterostructure, both the conduction 

and valence band edges of the semiconductor (sem1) with the narrower bandgap are locatedwithin 

the band of another semiconductor (sem2), which is advantageous for electronsand holes to 

simultaneously accumulate in the sem1,and thus enhance the carrier recombination. This 

bandstructure is often used to fabricate lasers, light emittingdiodes, etc. As for type-II 

heterostructure, a staggered band offset is formed at interface, and the lowest energypositions for 
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electrons and holes are located in differentmaterials, respectively (Figure 4.23). This means that 

type-II heterostructures can carry out charge separation, and ispotential for photovoltaic 

applications.
102

 

There have been numerous attempts and modelsto predict and calculate the electronic 

structures andproperties of type-II heterostructures.
87,88,103-105

 Todate, the reported type-II 

heterostructures are mainly based on II-VI and III-V binary semiconductors, such as 

ZnO/ZnS,
106

ZnO/ZnSe,
107

ZnO/ZnTe,
88

CdSe/CdTe,
108

 and GaN/GaP,
87

 as shown in Table1. Among 

them, ZnO-based heterostructures attracted more attentions due to its abundant resources and 

facilitating growth.
109

 For instance, J. Schrier et al. havetheoretically analyzed the electronic 

structures and optical properties of ZnO/ZnS and ZnO/ZnTe,
88

 and revealed low absorption 

limitation of 2.07 eV and 1.17eV, respectively. The simulation results for other type-II 

heterostructures are also listed in Table 4.2. It can beseen that there are some deviation between the 

effective band gap and the optimal band gap of 1.45 eV for solar cell. 

 

 
 

Figure 4.23. Schematic energy band diagram for type-II heterostructures. 

 

 

So, to realize  highly efficient solar cells we have exploited self-assembly of block 

copolymers (BCPs) to make active layers consisting of arrays of nano elements connecting the two 

electrodes hosting semiconducting nanoparticles of n- and p-type semiconductors in different 

domains. Type II-heterojunction is formed by ZnO/CdSe nanoparticles. It has been postulated that 

ZnO/CdSe can form a typeII heterojunction which will accelerate the separation of photo excited 

electron–hole pairs and improve the efficiencyof solar cells. 
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Table 4.2.Type-II heterostructure materials and effective bandgap. 
 

 

 

However, as reported in previous chapter III, we have only realized n-type semiconductor in 

which ZnO NPs are selectively dispersed into PS domains of our PS-b-PMMA BCP.  

We have prepared thin films of ZnO/BCP nanocomposites at different concentration of NPs 

and we have characterized them by I-V measurements. The electrical behaviours were tested on 

ITO/polymer composite/Al sandwiched architecture. Aluminium top electrode was evaporated 

under high vacuum (10
-7

 mbar) on polymer composite surface. These electrical properties are 

reported in figure 4.24. 

I-V characteristics show that current density increases as the content of ZnO NPs; this confirms 

the obtainment of continuous path of charge carriers that is in agreement with TEM images 3.37 

and 3.38 about morphology of these nanocomposites.   

P-type semiconductors could be represented by CdSe nanoparticles bearing on the surface 2-

aminoethylmethacrylate units in order to obtain selective inclusion of these NPs in PMMA 

domains. 
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Figure 4.24. I-V characteristics of ITO/PS-b-PMMA:ZnO/Al devices. 
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CHAPTER V 

 

 

Conclusions 

 

 

The research activity of the present thesis work was dedicated to the preparation of 

nanostructured organic/inorganic hybrid and inorganic materials, by novel synthetic strategies that 

combine the property of nanoparticles and organic molecules and the property of block copolymers to 

form ordered nanostructures by self-assembly.  

These nanocomposites were obtained as thin films and their morphological characterization were 

performed over large macroscopic surfaces. The achievement of a long range order at nanometer scale 

over macroscopic surfaces was fundamental not only from a point of view of the basic knowledge but 

also to enlarge the application field of these materials.  

Special attention was devoted toward the set-up of methods to achieve well reproducible 

nanostructured organic/inorganic materials characterized by ideal morphology in which BCP 

microdomains are perpendicular oriented to the substrate with long range order.   

Symmetric polystyrene-b-poly(methylmethacrylate) (PS-b-PMMA) with molecular mass 51 kDa 

and the volume fraction (Φ) of PS block equal to 52% was employed as host matrix. This ensured the 

formation of PS and PMMA lamellar nanostructures.  

The spin-coating technique was employed in order to control the roughness and the thickness of 

the film tuning the spinning speed of the rotating plate. Thin films of PS-b-PMMA were also deposited 

by drop casting. 

Firstly, we have studied the influence of the substrate on the morphology of a PS-b-PMMA BCP 

films. We have found that the use of indium thin oxide (ITO) glass substrate strongly affect the 

alignment of microdomains of the BCP and allows obtaining the desired vertical orientation of 

lamellae. ITO substrate showed a neutral surface with non-preferential interactions with the PS and 

PMMA domains. The use of a simple glass substrate has induced, instead, a morphology with lamellar 

microdomains oriented with their surface parallel to the substrate. 

The obtainment of microdomains characterized by long range order was obtained by application 

of external electric fields. In particular, we have developed an innovative approach to induce high 

degree order of lamellar PS and PMMA microdomains. Exploiting the different dielectric constants of 
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two blocks and the conductive properties of ITO substrate, we have realized a novel device in which 

thin films of PS-b-PMMA between two electrodes, with an air gap separating the surface of the film 

and the upper electrode were deposited. The electric field-assisted patterning was achieved with a 

vertical capacitor configuration; the d.c. voltage was applied, during thermal annealing, across the ITO 

electrode and an aluminum tape electrode (or ITO) placed on top of the BCP film. Different 

nanostructures were induced at different applied electrostatic fields. Intermediate electric field values 

have induced morphologies characterized by a medium-range aligned lamellar phase consisting of 

intercalated stripes of PS and PMMA retaining the vertical interface orientation. At higher field, a 

further increase of the degree of order was observed and the resulting structure is characterized by the 

emerging of long-range parallel and periodic PS and PMMA stripes.  

The obtainment of nanocomposites in which BCPs are used as host matrix was realized following 

two different strategies: surface decoration technique and ex-situ synthesis and co-assembly of 

nanoparticles and BCP. 

Starting from the nanostructure characterized by vertically aligned lamellae of PS and PMMA, 

we have prepared hybrid nanocomposites by selective incorporation of gold nanoparticles into the PS 

lamellar domain by using a simple method based on the selective deposition of thermally evaporated 

gold nanoparticles (AuNPs). Annealing at temperatures higher than the glass transition temperature of 

the BCP allows for the deposited metal atoms diffusing onto the preferred vertically aligned PS 

lamellae, resulting in the formation of a special nanocomposite characterized by a nanostructured 

polymer matrix and high dispersion of gold nanoparticles, which are selectively included into one of 

the two different lamellar microdomains of the BCP. By application of external electric fields, we have 

also obtained nanocomposites based on BCP and AuNPs with long range order.  

These materials were tested as SERS substrates. Nanocomposites have exhibited a strong average 

enhancement factor 10
7
 and ultra-high uniform on very large area (R = 2.4 % on area of 10

4
 µm

2
;  = 

10% on 0.25 cm
2
). 

 PS and PMMA lamellar nanostructures were also utilized as host matrix for sequestering 

functional organic molecules in order to obtain active layers of organic photovoltaic devices (OPV). 

We have realized a bilayer heterojunction subcell in which PS and PMMA domains are selectively 

loaded with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and copper phthalocyanine (CuPc) 

molecules as electron ecceptor/donor, respectively.  
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We have also evaluated the possibility to use these nanostructures in order to realize hybrid 

nanocomposites in which PS lamellar microdomains are selectively loaded with zinc oxide 

nanoparticles (ZnO NPs). These NPs are prepared by an alternative precedure of organic-capped ZnO 

nanocrystals by the thermal decomposition of zinc acetate (ZnAc2) in a high-temperature coordinating 

mixture of a long-chain alkylamine and tert-butylphosphonic acid (TBPA).  The presence of HDA 

favors the chemical affinity of the nanoparticles with the PS domains of PS-b- PMMA.  

During the research activity we have also used asymmetric PS-b-PMMA BCP with molecular 

mass 180.8 KDa and the volume fraction (Φ) of PS block equal to 28%. This ensured the formation of 

PS cylindrical nanostructures inside PMMA matrix. Thin films of this BCP were deposited on glass 

and ITO substrates by spin coating; their morphology is characterized by PS microdomains disorderly 

dispersed in the PMMA matrix with the axes parallel to the film surface.  

We have realized nanocomposites based on PS-b-PMMA block copolymer with cylindrical 

morphology and gold nanoparticles obtained by evaporation/condensation process. We have also 

synthesized gold nanoparticles bearing on the surface 2-naphthylthiolate (NT) units (NT-AuNPs) in 

order to obtain selective inclusion of these NPs in PS domains. Thin films of these hybrid 

nanocomposites were submitted to solvent annealing treatments at room temperature to 

dicholoromethane vapors to induce a high degree of perpendicular orientation of PS cylinders over 

large areas.  

The results obtained in this PhD thesis opens new perspectives to produce ideally tailored 

nanocomposites for desired applications, which depends on the physical properties of the 

nanostructured host materials and the nanospecific characteristics of the sequestered components. In 

fact these materials potentially combine the advantages of the nanoparticles (rigidity and high stability) 

with those of organic polymers (chain flexibility, ductility and processability). 
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