
Chapter 2
Background

This work is based on the combination of two distinct subjects: the self-assembly of
block copolymers in thin films and optical metamaterials.

In this chapter I will give a brief introduction of these two fields and of their recent
research progress.

2.1 Block Copolymers

Polymers are a class of macromolecules composed of many repeating subunits,
defined as monomers, linked by covalent bonds. Polymers can be classified into two
types: homopolymers composed of only one repeating monomer unit, and copoly-
mers derived from two or more types of monomer units. In turn, copolymers can
be classified based on how these units are arranged along the chain. The arrange-
ment can generate: alternating copolymers with regular alternating A and B units
(e.g. A-B-A-B-· · · ), periodic copolymers with A and B units arranged in a repeat-
ing sequence (e.g. (A-B-B-A-B)n), statistical copolymers in which the sequence of
monomer residues follows a statistical rule, and block copolymers [1]. In the block
copolymer subclass, two ormore homopolymers are covalently arranged into distinct
blocks [2]. The simplest example is an A-B block copolymer with two covalently
tethered homopolymers. Block copolymers with two or three distinct blocks are
called diblock copolymers and triblock polymers, respectively (Fig. 2.1).

Block copolymer can be synthesized by living polymerization [3], a technique
that enables the sequential addition of monomers and the synthesis of functional-
ended polymers by selective termination allowing the additive synthesis of additional
blocks.

An important property of block copolymers is their ability to self-assemble into
periodic nanostructures. To understand the block copolymer self-assembly let us first
consider a mixture of two separate immiscible homopolymers A and B. The mini-
mization of unfavourable interfaces drives the homopolymers to blend tomacrophase
separation into coexisting bulk phases, similarly to water and oil mixtures.When two
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Homopolymers Diblock copolymer Triblock copolymer

Fig. 2.1 Homopolymers and block copolymers architectures. Polymers are a class of macromole-
cules that are composed of many repeating subunits. Homopolymers consist of a single type of
monomer, while linear block copolymers are chains containing sequences of different homopoly-
mers

immiscible homopolymers are covalently bonded to form an A-B block copolymer,
the length scale of the phase separation is limited by the polymer chain length, leading
to microphase separation.

In the block copolymer melt, the enthalpic forces, driving the interface minimiza-
tion, are counterbalanced be entropic forces that encourage the reduction of chain
stretching [4]. The affinity between two polymers is defined by the Flory-Huggins
interaction parameterχ. In addition to the Flory-Huggins parameter, the phase behav-
iour of block copolymers is controlled by the degree of polymerization N and the
volume fraction of each block ( fa and fb in a diblock copolymer).

For volume fractions fa � fb, the interface minimization drives the phase sepa-
ration to lamellae containing alternating the A and B blocks. For volume fractions
fa � fb the best geometrical solution to minimize the polymer interface leads to
the formation of spheres containing the polymer with the lower volume fraction,
embedded in a major phase of the other polymer.

The equilibrium phases can therefore be mapped as a function of the volume
fraction fa and the χN parameter in a phase diagram, shown in Fig. 2.2.

2.1.1 Triblock Copolymer Morphologies

The addition of a third block to a linear block copolymer gives rise to several new
potential architectures, some of which are shown in Fig. 2.3, with many others still
under investigation [6–8].

In the gyroid morphology, the blocks forming the two interwoven networks are
composed of distinct polymers, denoted as minority phases, each forming a so-called
single gyroid. The largest part of the work presented in this dissertation focuses on
gyroid formed by triblock copolymers, where one of the minority phases was selec-
tively etched and backfilled by electrodeposition, producing a metal single gyroid.

The single gyroid has strong chirality in certain directions, with helices visible
in the [111] and [100] orientations as shown in Fig. 2.4. In these directions we can
distinguish two helices with opposite chirality and different radii.

Thephasemapof a triblock copolymer composedof polyisoprene (PI), polystyrene
(PS) and polyethylene oxide (PEO), commonly named ISO block copolymer, is
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Fig. 2.2 Phase diagram for linear AB diblock copolymers with the regions of stability for cylinders
(C), spheres (S), lamellae (L), gyroid (G), close packed spheres (CPS), and disordered phase.
Adapted from [5]

displayed in Fig. 2.5. As it will be discussed in the next chapter, the metal single
gyroid will be fabricated from the ISO triblock copolymer with the alternating gyroid
morphology. This morphology is generated in a narrow area of the phase diagram as
displayed in Fig. 2.5.

2.1.2 Gyroid Morphology

The gyroid phase observed in diblock copolymers is a structure consisting of two
interwoven continuous networks, containing the polymerwith lower volume fraction,
embedded in amatrix formed by themajority block. Since bothminority andmajority
phases are continuous in all three dimensions the structure is termed bicontinuous.

The term “gyroid” was coined in 1970 by Alan Schoen [12], a mathematician
who discovered the family of triply periodic minimal surfaces (i.e. with zero mean
curvature everywhere), which are now named after him. The “Schoen G” or “gyroid
surface” is a triply periodic minimal surface that divides the space into two separate
twisting volumes as shown in Fig. 2.6a.

The majority phase of the gyroid block copolymer is equivalent to the gyroid
surfacewith a given finite thickness, by simultaneously expanding of the two surfaces
on both sides. Space is consequently divided into three non-intersecting volumes. The
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Fig. 2.3 Morphologies for linear ABC triblock copolymers. The phases are coloured as shown by
the copolymer blocks at the top, with block types A, B and C confined to regions colored blue, red
and green, respectively. Adapted from [9]

Fig. 2.4 a Perspective view of the gyroid structure with 10% filling fraction. b View of the chiral
[100] direction with the two opposite helices indicated by the black and red arrows. c View of the
chiral [111] direction. Adapted from [10]

“central volume” forms the majority phase, embedding two distinct non-intersecting
gyroid networks. The two gyroid networkmorphologywill be hereafter called double
gyroid.
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Fig. 2.5 Experimental phase map of the triblock copolymer systems composed of polyisoprene
(I), polystyrene (S) and polyethylene oxide (O) at a set value of χN [11]. The axes identify volume
fractions of each block. The phase morphologies are identified by colours and labeled below the
diagram with abbreviations defined as: LAM (lamellar), HEX (hexagonal), BCC (body-centered
cubic), HPL (hexagonally perforated layers). The schematic representations of these morphologies
are described in [11]

Why polymers select this non trivial morphology is an interesting issue that can
be addressed by examining the concept of minimal surface. A minimal surface is a
surface that minimizes the total surface area under some constraint. For example,

Fig. 2.6 a “SchoenG” or “gyroid surface”.bAschematic of the the double gyroid unit cell showing
the majority phase equivalent of the gyroid surface (green) and the two gyroid networks (blue and
red). c Four cubic unit cells of the double gyroid network with a volume fraction of 12%. Adapted
from [13]
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Fig. 2.7 a Catenoid minimal surface derived by minimizing the connecting surface of two parallel
rings. b Schwartz P periodic minimal surface produced by connecting a cubic array of rings

under the constraint of connecting two parallel rings, the geometry thatminimizes the
surface area corresponds to the catenoid minimal surface. Similarly, the Schwartz P
triply periodic minimal surface connects a cubic array of rings, as shown in Fig. 2.7.
The gyroid surface can be seen as a tessellation of gyrating catenoids associated with
the P-surface [14].

In the gyroid block copolymer system, the unfavourable interaction between poly-
mers leads to the segregation of majority block in the the central matrix volume that,
as a minimal surface, represents an optimized geometry which minimizes interface
interactions.

Interestingly, the gyroid geometry is also found in nature in several systems in
addition to block copolymers. In 1983 it was found in some surfactants, where lipid
appeared to form a single bilayer continuous in three dimensions, separating two
networks of water with a Schwartz G geometry [15].

Gyroids have been observed in biological structural coloration in butterfly wing
scales [16, 17]. In these systems the gyroid structure has lattice size one order of
magnitude higher than in the block copolymers, giving rise to photonic crystals.
Gyroid structures are also occasionally found inside cells [18].

The gyroid surface can be trigonometrically approximated by the equation:
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where L is the cubic unit cell and t is equal to 0.
For increasing t with 0 < |t | ≤ 1.413 the gyroid surface is monotonically reduced

with an increase of volume of one of the two space regions divided by the gyroid
surface, on the expense of the other. For 1.413 ≤ t the gyroid surface is no longer
connected and will be neglected in the following discussion.

Let us consider one of the two gyroid networks formed by the minority phase. Its
surface can be described by Eq.2.1. For t = 0, the single gyroid network occupies
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Fig. 2.8 Specific surface area to bulk volume ratio in units of the cubic unit cell dimension L of
the double gyroid plotted versus the filling fraction. Adapted from [19]

exactly one half of the total volume, i.e. it has filling fraction f = 50%. For t > 0
(t < 0) the filling fraction decreases (increases) monotonically and the surface of
the gyroid network has no longer zero but an increasing (decreasing) constant mean
curvature.

The surface area of the gyroid is related to its filling fraction. For the double
gyroids the surface area per unit volume is plotted in Fig. 2.8. In the single gyroid
the relation of surface area and filling fraction is analogous, with a maximum for
f = 50% and a symmetric decaying for f > 50%.

2.1.3 Block Copolymer Applications

Block copolymers have received much attention in the past two decades with
increasing applications in nanotechnology. Nonetheless, their commercial interest
has started over 50 years ago. Block copolymers can be found in products as shoe
soles, tire treads, adhesive tape and asphalt additives that combine high-temperature
resilience and low-temperature flexibility. The importance of block copolymers can
be seen in their wide array of combined properties made possible by different con-
juncted polymers.

The applications in nanotechnology are related to the scale of the microphase
separation and to the tunability of themicrophases, regulated simply by themolecular
weight and composition, and to the wide range of chemical and physical properties
of the constituent polymer blocks.

Block copolymer films have been used principally in nanolithographic etching
processes, where the polymer phases function as a mask with high density of features
[20]. They have also been utilized to develop periodic photonic band gap materials.
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The first example was a simple 1D photonic crystal made with highmolecular weight
lamellae [21].

Other block copolymer applications in nanotechnology include porous mem-
branes based on the large surface/volume ratio, low density and pore size monodis-
persity [22].

The replication of one or more phases to use a block copolymer as sacrificial
template has beenwidely demonstrated.Metals are typically deposited by electroless
deposition,while oxides andother dielectrics are producedby atomic layer deposition
(ALD) or sol-gel chemistry [23].

The replication of the gyroid morphology into metals was also achieved by elec-
troless deposition of nickel for catalytic applications [24] and by sol-gel chemistry
to create a highly porous SiO2 structure with a reduced refractive index.

Gyroid block copolymers have found applications in supercapacitors [25], solar
cells [26] and nanoporous membranes [27], and represent to date a versatile structure
for an increasing number of applications.

However, the main limitation of the block copolymers applications in nanotech-
nology lieswith the fact that,while the self assembled structure is locally very precise,
it is difficult to control its order on larger scales. The domain size of the periodic
ordering are typically of several tens of the lattice constants, limiting the long-range
order to 2–3µm.

In the next chapter I will discuss a fabrication process that enables the ordering of
the gyroid block copolymer into domains of several hundreds ofmicrons, an essential
requirement for engineering applications and optical characterizations.

2.2 Metamaterials

Metamaterials are artificially structured materials which are engineered to gain their
properties not only from their composition, but from their design. Their geometry,
size and arrangement can affect the waves of light or sound in a unconventional
manner, giving rise to properties which are not available in any other bulk material
(the word ‘meta’ means ‘beyond’ in Greek, and in this sense the name metamaterial
refers to ‘beyond conventional materials’). The structural units have dimensions
much smaller than the wavelengths of interest, so that the metamaterial is perceived
homogeneous by the incident waves and their electromagnetic response is expressed
in terms of homogenized material parameters.

Sought-after properties in metamaterials are the simultaneous negative electric
permittivity ε and magnetic permeability μ. This leads to a negative refraction as
demonstrated byVeselago in 1968 [28].Negative indexmetamaterials have the poten-
tial to form superlenses, overcoming the diffraction limit, or to enable novel optical
effects, including cloaking [29, 30].

Although negative permittivity is quite common in metals at optical wavelengths,
it is very unusual to find naturalmaterials that exhibit amagnetic response at terahertz
or higher frequencies [31].
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Fig. 2.9 Split-ring structure proposed by Pendry et al. [32]

However, ametamaterialmadeof a conductive but not-magneticmaterial designed
as a split-ring resonator (SRR) can display a magnetic response and negative per-
meability at the resonance frequencies of this oscillator, as first predicted by John
Pendry in 1999 [32]. A single cell SRR consist of a pair of enclosed loops with
splits in opposite sides as shown in Fig. 2.9. They represent a paradigm example
of a metamaterial system. A magnetic wave penetrating the metal rings produces
an oscillating current flow that induces local magnetic dipole moments giving an
effective magnetic response and thereby an engineered permeability.

When a SRR array is combined with an array of conducting wires it can create a
medium with simultaneous negative permeability a permittivity.

Smith and coworkers showed evidence of negative index refraction with ring
resonators in 2001 [33]. The first metamaterials were demonstrated at microwave
frequencies and then scaled to the mid-infrared [34]. However, further down-scaling
requires a different approach as a consequence of the strong deviation of metals
from ideal conductors at high frequencies [35]. Moreover, to extend metamaterials
to optical frequencies requires scaling the constituting features from the millimetre
size down to the nanometre scale.

Severalmetamaterial architectures have been proposed in the past decade, some of
which are summarized in Fig. 2.10. The operating frequency of optical metamaterials
have already reached visible wavelengths, and negative refraction has been proved
for light wavelengths between 720 and 760nm [36].

However, some critical problems still remain unsolved. The main drawback for
most potential applications of metamaterials are the high losses originated from the
metal in the structure. These are a critical problem mainly at the infrared and optical
frequencies where the metals differs from a perfect conductor. This results in high
absorption and strong reduction of light transmission through the metamaterials.

Another problem in the fabrication of metamaterials is the development of truly
3D structures. The current metamaterials are generally limited to light coming from
a narrow range of directions.

The proposed block copolymer basedmetamaterial is truly three dimensional and,
as we will see in the following chapters, it displays strongly enhanced transmission,
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Fig. 2.10 Principal metamaterial designs proposed in the past decade. a Fishnet structure [37]. b
Stereo metamaterial [38]. c Hyperbolic metamaterial [39]. d Metal-dielectric layered metamaterial
[40]. e Three dimensionally oriented SRRs [41]. f Coaxial metamaterial [42]. g Connected cubic-
symmetry metamaterial [43]. h Metal cluster-of-clusters array [44]. Adapted from [45]

i.e. it has low losses. Moreover, it is produced by self-assembly in contrast to the
largely used top-down techniques of current metamaterials.

2.2.1 Chiral Metamaterial

It was recently proposed [46] that a chiral structure can offer a unique route to
a negative refractive index for one circular polarization. A structure is defined as
chiral if it lacks any planes of mirror symmetry.

The existence of chirality breaks the degeneracy of two oppositely circularly
polarized waves. The two polarized beams experience different propagation speeds
in a chiralmedia, i.e. the refractive index is increased for one circular polarization and
reduced for the other. Therefore, if the chirality is strong enough, negative refraction
may occur for one circularly polarizedwave evenwhen permittivity and permeability
are both positive.

The first chiral metamaterial was proposed by Pendry in his pioneering work [46]
as a “Swiss Roll” structure. Other theoretical works have also demonstrated negative
refraction in the Thz and microwave regimes [47]. The principal experimentally
obtained chiral metamaterials are summarized in Fig. 2.11.

The complex structure of chiral metamaterials has been a significant challenge in
the miniaturization to the nanometric scale. Standard top-down approaches such as
lithography techniques are not ideal to fabricate complex three dimensional chiral
structures whereas the self-assembly of gyroid block copolymer is an ideal candidate
to produce a chiral metamaterial.
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Fig. 2.11 Chiral metamaterial structures proposed in the past years. a Rosette chiral metamaterial
with negative refraction at gigahertz frequencies [48]. b Cross-wire chiral metamaterials with neg-
ative refraction at GHz frequencies [49]. c Chiral structure composed of right-handed twisted gold
crosses [50]. d–f Tunable chiral metamaterial [51]. g Twisted U-shaped split ring resonators [52].
Adapted from [45]

2.2.2 Surface Plasmons

Metamaterials with features on the nanometre scale derive their optical properties
from surface plasmonwaves. These are collective oscillations of free electrons on the
surface of metallic interfaces with dielectrics. The free electrons dominate the inter-
action of light with metals. The optical electromagnetic field produces a force that
displaces these weakly bound electrons. Since the electrons are negatively charged
particles in a background of positive charges, the electron movement produces a
restoring force. The free electrons can be considered as optically driven oscillators
with with a natural frequency of oscillation known as the plasma frequency. This is
given by:

ωp =
√

nee2

ε0m∗ (2.2)
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Fig. 2.12 a Electromagnetic wave and surface charges of surface plasmons at the interface between
a metal and a dielectric material. b The field component perpendicular to the surface is enhanced
near the surface and decays exponentially with distance. Adapted from [54]

where ε0 is the dielectric constant of free space, e is the charge of the electrons, ne
is their number density, and m∗ is their effective mass.

The interaction of the electromagnetic field and the surface free electrons produces
surface plasmons that can propagate along the surface. In contrast to the propagating
nature of the surface plasmons, the field perpendicular to the surface decays exponen-
tially with distance from the surface. The field in this perpendicular direction is said
to be evanescent. In the dielectric medium above the metal, typically air, the decay
length of the field is on the order of one-half of the wavelength of light, whereas
the decay length into the metal is determined by the skin depth, as represented in
Fig. 2.12.

The skin depth of noble metals in the visible spectrum is on the order of 20nm
[53]. As the strut thickness of the gold gyroid is only 10nm, the entire gyroid network
acts effectively as a ‘surface’ and all the material is permeated by surface plasmons.

As we will see in the next chapters the effect of surface plasmons in the gyroid
metamaterial enables enhanced transmission through gold gyroid films of several
hundred nanometers.

2.2.3 Gyroid Theoretical Models

The gyroid morphology has received increasing attention as metamaterial structure,
leading to theoretical predictions of its optical properties. However, these results are
still debated.

Hur et al. [55] have calculated the photonic band structures of single and double
gyroids made of gold and silver. The double gyroid morphology was predicted to
form a capacitor, leading to a different light propagation mechanism than in the
single gyroid morphology. The light propagation was suggested to originate from
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the coupled surface plasmons resonance on the closed loops formed in the double
gyroid, supporting the surface plasmon propagation.

Negative refraction was predicted in silver and aluminium double gyroids, with
n inversely proportional to the unit cell size and the frequency range controlled
by the filling fraction. According to this study, the strong absorption deriving from
the inter-band transitions impede the negative refraction in gold gyroids. Moreover,
in the single gyroid, the lack of a counter electrode was predicted to inhibit light
propagation through the metallic gyroid network.

Oh et al. [10] simulated the gyroid metamaterials by approximating the gyroid
with three orthogonal helices. They identified one longitudinal and two degenerate
transverse modes in the gold single gyroid. Their results suggest that the chirality
may be smaller than expected as a direct consequence of the mixture of right- and
left-handed helices shown in Fig. 2.4.

The only experimental work on gold gyroid metamaterials was presented by
Vignolini et al. in 2011 [56]. It showed a strong reduction of the gold plasma fre-
quency and circular dichroism. These results will be discussed more in detail in the
next chapters.
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