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Abstract

This thesis explores the fabrication processes and the optical charac-

terization of a metamaterials made by block copolymer self-assembly.

Optical metamaterials are artificial systems designed to produce opti-
cal properties that may not be found in nature. They gain their prop-
erties not from their chemical composition but rather from their de-
sig structure that affects the interaction with electromagnetic waves,
producing an optical response different from the constituent material.
The structural features have sub-wavelength size so that the metama-
terial is perceived homogeneous by the incident waves and the elec-
tromagnetic response is expressed in terms of homogenized material

parameters.

In this work such structural features will be fabricated well below
optical wavelengths by metal replica of a gyroid morphology generated

by block copolymer self-assembly.

Block copolymers consist of two or more chemically different polymers
that are covalently tethered. Self-assembly in such systems is driven
by enthalpy reduction through microphase separation that minimizes
unfavourable interfaces, leading to a range of potential morphologies.
The gyroid morphology consists of a continuous three dimensional

structure with constant mean curvature and chiral directions.

The gold gyroid effectively behaves as a metamaterial with its own
distinct optical characteristics: a reduced plasma frequency and highly
enhanced transmission, an hall mark of optical metamaterials. The
optical characterization discussed in this dissertation showed good
agreement with finite difference time domain (FDTD) calculations

and analytical models.



The optical properties of the fabricated metamaterials were success-
fully tuned by modifying the structural dimensions and the surround-
ing mediums. The transmission efficiency was, then, further enhanced
by fabricating an hollow gyroid structure with increased surface area.
The hollow gyroid enabled also the fabrication of composite metama-
terial employing the combination of different metals in the 3D contin-

uous structure.

Next, flexible and stretchable metamaterial were fabricated by infil-
trating an elastomer around the gyroid network, paving the way for

practical applications.

Finally, the gyroid metamaterial was used as vapour sensor, exploiting
the regular pore size and the variation of the optical response with

surrounding media.
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Chapter 1
Introduction

" Either a body absorbs light or it reflects or refracts it or does all these things. If
it neither reflects nor refracts nor absorbs light, it can not itself be visible”
(The Invisible Man, George H. Wells, 1897).

In G. Wells’ famous novel, a scientist invented a way to change the refractive
index of his body to that of air so that it adsorbed and reflected no light, becoming
invisible. Besides its science fiction, it is interesting to consider how the optical
properties of matter can be controlled and engineered. The optical properties of
any material result from the electric and magnetic responses of its constituent
atoms to the electromagnetic waves of light. Such response can be tailored only
to some extend by adjusting the chemical composition.

However, recently it has been realized that the internal microstructure of a
material can be just as important as the chemistry in determining its optical
properties. In fact, by exploiting both chemistry and microstructure, materials
can be produced with properties never found in nature, and can, in principle, alter
light propagation leading to a cloaking device. This new class of materials, called
metamaterials, achieve this effect through a structure that is much smaller than
the wavelength of radiation in the region of interest, so that the electromagnetic
radiation interacts with the metamaterial as if it was a continuous material.

In this way, the overall properties are driven by the electric and magnetic field
induced by the engineered structure, producing a response that may be different

from the constituent material.



Several structures have been proposed in the last few years and a wide range of
outstanding properties have been successfully produced in the microwave region.
Nonetheless, a metamaterial active at optical wavelengths (from about 400 to
700nm) is radically more difficult to produce, due to the required scale of the
structural features.

In this work a gold metamaterial is fabricated with feature sizes below 10 nm
and, remarkably, it is created by self-assembly. The fascinating architecture of

this metamaterial, called gyroid, is obtained by block copolymer self-assembly.

The first chapter of this dissertation will focus on the theoretical background
of the block copolymer self-assembly and on the metamaterial theory. I will also
dedicate a large section to the gyroid architecture and to its peculiar geometrical
properties.

I will begin the discussion of my experimental results in Chapter 2 describing
the fabrication process. This Chapter highlights the largest amount of work that
went into the fabrication of the gyroid metamaterials and to the development of
a solid and reproducible fabrication process.

The optical characterization will then be discussed in Chapter 3. The gy-
roid metamaterial has raised in the past few years increasing attention in the
metamaterial research community. Although there are no other research groups
experimentally producing gyroid metamaterials, there have been several theoret-
ical studies predicting interesting properties of this structure. These theoretical
results will often be mentioned through out this dissertation to support my ex-
perimental results and help the understanding of the gyroid optical properties.

As already mentioned, the properties of optical metamaterials are strictly
connected to their structure. In Chapter 4 I will show the tuning mechanisms to
tailor the optical properties of the gyroid metamaterial by altering the structural
parameters and the surrounding medium.

A further development in the gyroid fabrication has led to the so-called hollow
gyroid, presented in Chapter 5. The gyroid morphology was produced with an ad-
ditional internal interface, giving rise to an improvement of the optical properties
and to an extra degree of freedom in designing an optical metamaterial.

In Chapter 6 I will show the fabrication and the optical properties of a flex-



ible and stretchable metamaterial produced by infiltrating an elastomer into the
gold gyroid network. Although the optical properties varied only marginally, the
importance to produce a metamaterial not confined to flat films is significantly
relevant for any practical use.

An application of the gyroid metamaterial will then presented in Chapter 7.
The gold gyroid was used as vapour sensor, exploiting the high monodispersity of
the pore size and the strong optical variation with respect to different surrounding
media.

Finally, the conclusions of this work will be summarized and an outlook will
be given in the final chapter with the hope to get closer to the vision of George

Wells and his novel.



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
copolymers derived from two or more types of monomer units. In turn, copoly-
mers can be classified based on how these units are arranged along the chain. The
arrangement 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 repeating 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
?. In the block copolymer subclass, two or more homopolymers are covalently
arranged into distinct blocks ?. 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
(Figure 2.1).



Homopolymers Diblock copolymer Triblock copolymer

Figure 2.1: Homopolymers and block copolymers architectures. Polymers are
a class of macromolecules that are composed of many repeating subunits. Ho-
mopolymers consist of a single type of monomer, while linear block copolymers
are chains containing sequences of different homopolymers.

Block copolymer can be synthesized by living polymerization 7, a technique
that enables the sequential addition of monomers and the synthesis of functional-
ended polymers by selective termination allowing the additive synthesis of addi-
tional 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 minimization of unfavourable interfaces drives the homopolymers to blend
to macrophase separation into coexisting bulk phases, similarly to water and oil
mixtures. When two 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 mini-
mization, are counterbalanced be entropic forces that encourage the reduction of
chain stretching ?. The affinity between two polymers is defined by the Flory-
Huggins interaction parameter y. In addition to the Flory-Huggins parameter,
the phase behaviour of block copolymers is controlled by the degree of polymeriza-
tion N and the volume fraction of each block (f, and f;, in a diblock copolymer).

For volume fractions f, ~ f;,, the interface minimization drives the phase
separation to lamellae containing alternating the A and B blocks. For volume

fractions f, > fi, 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 f, and the y/N parameter in a phase diagram, shown in Figure 2.2.
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Figure 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 ?.

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 Figure 2.3, with others still
under investigation 777.

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



Figure 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 ?.

was selectively 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 Figure 2.4. In these directions we

can distinguish two helices with opposite chirality and different radii.

2.1.2 Gyroid morphology

The gyroid phase observed in diblock copolymers is a structure consisting of
two interwoven continuous networks, containing the polymer with lower volume
fraction, embedded in a matrix formed by the majority block. Since both minority

and majority phases are continuous in all three dimensions the structure is termed



[100]

Figure 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 ?.

bicontinuous.

The term ”gyroid” was coined in 1970 by Alan Schoen ?, a mathematician
who discovered the family of triply periodic minimal surfaces (i.ewith 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 Figure 2.5a.

[001]

00] [010]

Figure 2.5: (a) "Schoen G” or "gyroid surface”.(b) A schematic of the the dou-
ble gyroid unit cell showing the majority phase equivalent of the gyroid surface
(green) and the two gyroid networks (blue and red). (¢) Four cubic unit cells of
the double gyroid network with a volume fraction of 12%. Adapted from ?.

The majority phase of the gyroid block copolymer is equivalent to the gyroid



surface with a given finite thickness, by simultaneously expanding of the two
surfaces on both sides. Space is consequently divided into three non-intersecting
volumes. The ”central volume” forms the majority phase, embedding two distinct
non-intersecting gyroid networks. The two gyroid network morphology will be

hereafter called double gyroid.

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, under the constraint of connecting two parallel rings, the geometry
that minimizes 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 Figure 2.6. The gyroid surface can be seen as a tessellation
of gyrating catenoids associated with the P-surface 7.

In the gyroid block copolymer system, the unfavourable interaction between
polymers leads to the segregation of majority block in the the central matrix
volume that, as a minimal surface, represents an optimized geometry which min-

imizes interface interactions.

Figure 2.6: (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.

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 7.

Gyroids have been observed in biological structural coloration in butterfly
wing scales 77. 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 ?.

The gyroid surface can be trigonometrically approximated by the equation:

. (27 2T L 2T 2p1 L 27 27 _
sin 7 x | cos 7 Y sin 7 y | cos 7 z sin 7 z | cos 7 x| =t,
(2.1)

where L is the cubic unit cell and ¢ 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 ¢ = 0, the single gyroid network
occupies exactly one half of the total volume, i.eit 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 Figure 2.7. In the single gy-
roid 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
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Figure 2.7: 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 ?.

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 conjuncted polymers.

The applications in nanotechnology are related to the scale of the microphase
separation and to the tunability of the microphases, regulated simply by the
molecular 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 7. They have also been utilized to develop periodic photonic band gap
materials. The first example was a simple 1D photonic crystal made with high
molecular weight lamellae ?.

Other block copolymer applications in nanotechnology include porous mem-
branes based on the large surface/volume ratio, low density and pore size monodis-
persity 7.

The replication of one or more phases to use a block copolymer as sacrificial

template has been widely demonstrated. Metals are typically deposited by elec-
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troless deposition, while oxides and other dielectrics are produced by atomic layer
deposition (ALD) or sol-gel chemistry ?.

The replication of the gyroid morphology into metals was also achieved by
electroless deposition of nickel for catalytic applications ? and by sol-gel chem-
istry to create a highly porous SiO, structure with a reduced refractive index.

Gyroid block copolymers have found applications in supercapacitors ?, solar
cells 7 and nanoporous membranes 7, and represent to date a versatile structure
for an increasing number of applications.

However, the main limitation of the block copolymers applications in nan-
otechnology lies with 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 typially of several tens of the lattice constants, limiting
the long-range order to 2-3 pm.

In the next Chapter I will discuss a fabrication process that enables the order-
ing of the gyroid block copolymer into domains of several hundreds of microns, an

essential requirement for engineering applications and optical characterizations.

12



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 uncon-
ventional 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 electro-
magnetic response is expressed in terms of homogenized material parameters.

Sought-after properties in metamaterials are the simultaneous negative elec-
tric permittivity € and magnetic permeability p. This leads to a negative refrac-
tion as demonstrated by Veselago in 1968 7. Negative index metamaterials have
the potential to form superlenses, overcoming the diffraction limit, or to enable
novel optical effects, including cloaking ?7.

Although negative permittivity is quite common in metals at optical wave-
lengths, it is very unusual to find natural materials that exhibit a magnetic re-
sponse at terahertz or higher frequencies ?.

However, a metamaterial made of a conductive but not-magnetic material de-
signed as a split-ring resonator (SRR) can display a magnetic response and nega-
tive permeability at the resonance frequencies of this oscillator, as first predicted
by John Pendry in 1999 7. A single cell SRR consist of a pair of enclosed loops
with splits in opposite sides as shown in Figure 2.8. 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 ?. The first metamaterials were demonstrated at microwave
frequencies and then scaled to the mid-infrared ?. However, further down-scaling

requires a different approach as a consequence of the strong deviation of metals

13



Figure 2.8: Split-ring structure proposed by Pendry et al. ?

from ideal conductors at high frequencies 7. Moreover, to extend metamaterials to
optical frequencies requires scaling the constituting features from the millimetre
size down to the nanometre scale.

Several metamaterial architectures have been proposed in the past decade,
some of which are summarized in Figure 2.9. The operating frequency of optical
metamaterials have already reached visible wavelengths, and negative refraction
has been proved for light wavelengths between 720 and 760 nm?.

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 based metamaterial is truly three dimensional
and, as we will see in the following chapters, it displays strongly enhanced trans-
mission, i.eit has low losees. Moreover, it is produced by self-assembly in contrast

to the largely used top-down techniques of current metamaterials.
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Figure 2.9: Principal metamaterial designs proposed in the past decade. (a)
Fishnet structure ?; (b) Stereo metamaterial ?; (c¢) Hyperbolic metamaterial
?; (d) Metal-dielectric layered metamaterial ?; (e) Three dimensionally oriented
SRRs 7; (f) Coaxial metamaterial ?; (g) Connected cubic-symmetry metamaterial
?; (h) Metal cluster-of-clusters array ?. Adapted from ?

2.2.1 Chiral metamaterial

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

The existence of chirality breaks the degeneracy of two oppositely circu-
larly polarized waves. The two polarized beams experience different propagation
speeds in a chiral media, i.e. the refractive index is increased for one circular po-
larization and reduced for the other. Therefore, if the chirality is strong enough,
negative refraction may occur for one circularly polarized wave even when per-
mittivity and permeability are both positive.

The first chiral metamaterial was proposed by Pendry in his pioneering work
? as a "Swiss Roll” structure. Other theoretical works have also demonstrated
negative refraction in the Thz and microwave regimes ?. The principal experi-
mentally obtained chiral metamaterials are summarized in Figure 2.10.

The complex structure of chiral metamaterials has been a significant challenge

15



Figure 2.10: Chiral metamaterial structures proposed in the past years. (a)
Rosette chiral metamaterial with negative refraction at gigahertz frequencies ?.
(b) Cross-wire chiral metamaterials with negative refraction at GHz frequencies
?. (c) Chiral structure composed of right-handed twisted gold crosses ?. (d-f)
Tunable chiral metamaterial ?. (g) Twisted U-shaped split ring resonators ?.
Adapted from ?

in the miniaturization to the nanometric scale. Standard top-down approaches
such as lithography techniques are not ideal to fabricate complex three dimen-
sional chiral structures whereas the self-assembly of gyroid block copolymer is an

ideal candidate to produce a chiral metamaterial.

2.2.2 Surface plasmons

Metamaterials with features on the nanometre scale derive their optical properties
from surface plasmon waves. These are collective oscillations of free electrons on

the surface of metallic interfaces. The free electrons dominate the interaction

16



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 produce 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:

Nee€2

Wwp = (2.2)

Eom*

where ¢ is the dielectric constant of free space, e is the charge of the electrons,
ne 18 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 exponentially 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 Figure 4.9.

The skin depth of noble metals in the visible spectrum is on the order of
20nm 7. As the strut thickness of the gold gyroid is only 10 nm, 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 struc-
ture, leading to theoretical predictions of its optical properties. However, these
results are still debated.

Hur et al. 7 have calculated the the photonic band structures of single and

17



Metal f

Figure 2.11: (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 ?.

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 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. 7 simulated the gyroid metamaterials by approximating the gyroid
with three orthogonal helices. They identified one longitudinal and two degen-
erate 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 Figure 2.4.

The only experimental work on gold gyroid metamaterials was presented by
Vignolini et al. in 2011 ?. It showed a strong reduction of the gold plasma

frequency and circular dichroism. These results will be discussed more in detail
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in the next chapters.
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Chapter 3

Gyroid metamaterial fabrication

3.1 Introduction

The basic steps to produce an optical metamaterial from block copolymer self-
assembly can be summarized in the following: (a) self-assembly of gyroid block
copolymer in thin films; (b) selective degradation and removal of one of the
minor phases; (c¢) back filling of the so created nanoporous template via elec-
trodeposition; (d) removal of the remaining polymer template. Figure 3.1 shows
a schematic representation of the gold gyroid fabrication in the case of single
gyroid from a triblock copolymer.

The self-assembly of the gyroid triblock copolymer in thin films and the repli-
cation of one of the minor phases into gold was accomplished by Nataliya Yufa
in 2009. Although this proof of principle enabled the first characterization of the
gyroid gold metamaterial?, the fabrication method was lacking in reproducibility
and required a better understanding of the annealing procedure and substrate
preparation.

In this chapter I will describe different annealing procedures that I have es-

tablished and further developments in the fabrication process.
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Figure 3.1: Schematic representation of gold single gyroid fabrication. (a) The
three differen colours (red, blue, and green) correspond to the different blocks of
the copolymer. The isoprene block (blue) is removed (b) and is then back-filled
with gold (¢). The final 3D continuous gold network is revealed by removal of
the two remaining polymer blocks by plasma etching (d).

3.2 Swubstrate preparation

The samples were prepared on 2.2 mm thick glass substrates, coated on one side
with a 300 nm transparent conductive layer of fluorine tin oxide (FTO). The
substrates were purchased from Solaronix SA (Catalogue No. TCO22-15 43273).

A crucial requirement for the metal replication is the continuity of the gyroid
morphology at the bottom and top interfaces. In thin films, the continuity can be
affected by asymmetric interaction energies with free or confining interfaces that
can lead to surface reconstruction morphologies ??7. Depending on the affinity
between the substrate and each of the blocks, one the polymers might be favoured
to contact the substrate, resulting in the formation of a thin continuous layer

underneath. To prevent such a reconstruction, the substrate was functionalized
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to increase the hydrophobicity by a procedure optimized for each substrate-block
copolymer combination.

The FTO glass was initially cleaned for 20 minutes at 80° C in a piranha
solution formed by three parts in volume of sulfuric acid and one part of hydrogen
peroxide. The substrates were then rinsed and sonicated for 10 minutes with
deionised water to remove any residual piranha solution. They were then dried
with a nitrogen gun and placed on a hotplate at 60° C for 10 minutes to let
the water evaporate. The substrates were then functionalized with silane to
create a hydrophobic surface. In the case of ISO triblock copolymers, the silane
functionalization was optimized at 20 seconds immersion in a solution of 0.2%vol

of octyltrichlorosilane in cyclohexane, followed by nitrogen flow drying.

3.3 I-S-0O triblock copolymer

The triblock copolymers used in this project were synthesized and supplied by
Wiesners group from Cornell University. They are terpolymers composed of poly-
isoprene (PI), polystyrene (PS) and polyethylene oxide (PEO), commonly named
ISO block copolymer. The volume fraction of the three blocks was, respectively,
31%, 53% and 16%s adopting the double gyroid morphology at equilibrium, with
PI and PEO as the two minor single-gyroid phases embedded in the majority PS
phase.

Two different batches were supplied with total molecular weights of 33 and
53 kg-mol~! corresponding to measured unit cell sizes of 35 and 50 nm, respec-
tively. The block copolymer were supplied as a powder in an amorphous state.

After the annealing and the self-assembly the PI phase was selectively removed
by UV radiation (at 254 nm for 2 hours) to break the carbon-carbon double bonds
of the polyisoprene. The film was then immersed in ethanol to dissolve the cleaved
polymer. While breaking the PI bonds the UV light induced also the cross-linking
of the PS. After the metal electrodeposition the PS and PEO were removed by

plasma etching.
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3.3.1 Thermal annealing

A solution of 10 wt% of ISO block copolymer in anisole was spin coated onto a
FTO glass substrate to produce a film of about 1 pm thickness. During the spin-
coating, the solvent was rapidly removed by centrifugal expulsion, viscous outflow
and evaporation, leaving the block copolymer in a meta-stable amorphous state
with no ordered phase separation.

Despite of the low affinity of the different polymers their mobility was not
high enough to lead to the self-assembly at room temperature. To promote the
self-assembly to the more energetically favourable gyroid phase the mobility of
the polymer chains could be increased thermally.

The glass transitions of the polyisoprene and polyethylene oxide homopoly-
mers are —70° C and —54° C respectively, whereas that of the polystyrene ho-
mopolymer is around 100° C?. Therefore, above this temperature the block
copolymer started behaving as a melt. The most effective thermal annealing re-
sulted to be in vacuum at 180 °C for 30 minutes with heating rate of 150 °C/h fol-
lowed by slow cooling in vacuum. The heating rate did not influence the process
significantly whereas the cooling rate influenced the top surface reconstruction
and the presence of the polyisoprene block at the top interface.

The thermal annealing produced very uniform samples with high reproducibil-
ity, but the size of the gyroid domains was limited to few a microns which repre-
sented a drawback for some optical characterization methods. The origin of the
domain size can be identified considering the self-assembly mechanism. As the
chain mobility is increased thermally, the amorphous film starts to self-assemble
into the gyroid phase by a mechanism resembling nucleation and growth ?. This
process starts simultaneously across the entire film at distances on the same order
of magnitude of the final size of the domains and terminates when the domain
boundaries of the gyroid phases reach each other. A typical scale of the domains
formed by thermal annealing are shown if Figure 3.2. The increase of the domain
size has been attempted by slowing down the heating rate in order to promote the
growth process respect to the nucleations. No sensible domain increase was found
and below 20° C/min the long times at high temperature caused the degradation

of the polymers.
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Figure 3.2: Domain morphology of gyroids obtained by thermal annealing. The
image is obtained after the metal replication by optical microscopy and under
linear polarized light. As discussed in the next chapter, the metal gyroids show a
strong linear dichroism that enables the inspection of the domain size by optical
microscopy.

For the optical properties discussed in the next chapters it is important to
highlight that all ISO gyroid domains in thin films had a [110] out of plane orien-
tation and random in-plane orientations (Figure 3.3). This uniaxial orientation
stems from the interaction of the block with the upper air surface of the film
where nucleation starts in preferred orientation. Whether gyroid nucleation in
thin films starts at the top or the bottom interface has been object of interest for a
long time, because of the aim to induce domain ordering by substrate patterning
?.

To investigate the nucleation mechanism, the thin film was quenched during
thermal annealing at an initial stage of the self-assembly process. The cross
section of the film displayed in Figure 3.4 clearly shows that the block copolymer
had self-assembled only in the top part of the film, demonstrating that the self-

assembly of the ISO block copolymer was nucleated at the top surface.

3.3.2 Drying-annealing

The first gold gyroid metamaterials were produced in 2009 by Nataliys Yufa by

drying annealing. A solution of 10 wt% of ISO block copolymer in anisole was
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Figure 3.3: (a) Schematic of the gyroid structure as seen from the indicated
crystal directions. The [110] direction in the ISO triblock copolymer is always
perpendicular to the surface of the gyroid samples as shown in (b), while the in
plane orientation is completely random (c).

Figure 3.4: Scanning electron microscope (SEM) image of the gyroid block copoly-
mer cross section at the half-stage of the thermal annealing. The ordered structure
at the top portion of the film suggest that the annealing process is initiated at
the top interface.
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blade coated onto the FTO glass and covered with a glass dome to slow down the
solvent evaporation. The glass substrates were not functionalized and cleaned
by acetone and isopropanol rinsing. Although this method produced some good
samples for the first characterization, it lacked reproducibility.

The procedure I developed allowed controlled dry annealing on a function-
alized substrate. Normally, the drying annealing procedure is not suitable for
hydrophobic substrate as the blade coated solution dewets, preventing thin film
formation. On the other hand, a very concentrated and viscous solution cannot be
used in blade coating. Nonetheless, a concentrated and viscous solution could be
deposited onto the functionalized substrate by spin coating for very short times,
forming a film. During the spin-coating most of the solution is rapidly removed
by an initial centrifugal expulsion, followed by viscous outflow and finally by sol-
vent evaporation. By spin coating the solution of 10 wt% ISO block copolymer
in anisole at 1200rpm for only 8-10 seconds the centrifugal expulsion and viscous
outflow are completed while only partial evaporation takes place, giving rise to a
stable viscous thin film stable on the hydrophobic substrate.

During the drying annealing the polymers are initially dispersed in the solvent
with high mobility and a reduced chain interaction. As the solvent slowly evapo-
rates, the concentration of the solution increases. At a certain concentration the
the polymers, while still having some chain mobility, start microphase-separate
into the gyroid morphology. As the solvent initially evaporates faster at the
edges, leading to a drying front that propagates towards the centre of the film,
this mechanism induces the self-assembly by a slow continuous process, which is
different from nucleation and growth during thermal annealing. For this reason,
by drying-annealing it was possible obtain very large domains, on the order of

hundreds microns as shown in Figure 3.5.

3.3.3 Solvent vapour annealing

A more conventional solvent vapour annealing procedure was also investigated.
The ISO block copolymer thin film was placed into a chamber with a solvent
vapour control. The thin film interference of the block copolymers was monitored

by a double fibre setup that allowed precise measurement of the film thickness
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domain border

Figure 3.5: Domain morphology of gyroids obtained by drying-annealing. The
image was obtained by optical microscopy under linear polarized light after metal
replication. As discussed in the next chapter, the metal gyroids show a strong
linear dichroism that enables the inspection of the domain size by optical mi-
CrOSCOpY.

related to the partial vapour pressure of the solvent. The anisole vapour pressure
was increased to saturation and then slowly reduced to promote the gyroid self-
assembly in a similar way as drying-annealing. Some successful gyroid formation
was obtained for a decrease in solvent concentration below 4% /h. However, the
dimension of the domains of the gyroid obtained by solvent annealing were on
the order of 5 to 10 microns, significantly smaller than those obtained by drying-

annealing.

3.4 PFS-b-PLA diblock copolymer

Double gyroids were produced from a Poly(4-fluorostyrene)-block-poly(D,L-lac-
tide) diblock copolymer (PFS-b-PLA, M, = 24 kg-mol™! with 38 vol% PLA
fraction) synthesized by Maik Scherer by atom transfer radical polymerization ?,
followed by the addition of lactide via organocatalytic ring-opening polymeriza-
tion 7.

In the PFS-b-PLA diblock copolymer the polylactide (PLA) formed two dis-
tinct gyroid networks embedded in the polyfluorostyrene (PFS) major phase. The

thermal annealing procedure was developed by Maik Scherer. The polymer films
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were prepared by spin coating a 10 wt% toluene solution onto silanized FTO-glass
substrates. The films were heated at 175°C under a nitrogen atmosphere for 20
minutes at a ramping rate of 150°C/hour. After quenching to room tempera-
ture, the films were soaked in 0.3 M NaOH solution containing 1:1 (wt) mixture
of water and methanol for one hour to cleave the PLA phase ?7. After electrode-
position the remaining polystyrene (PFS) majority phase was finally dissolved in
toluene.

Unlike the ISO triblock copolymer the PFS-b-PLA diblock copolymer pro-
duces a double gyroid with random orientation both in the plane and out of
plane directions. The size of the gyroid domains was only 1-2 microns after
thermal annealing. In order to produce larger domains, drying-annealing was
attempted using a similar procedure as for the ISO block copolymer. Unfortu-
nately film dewetting occurred even at high solution concentrations, preventing

the formation of large domains of the double gyroid.

Figure 3.6: SEM image of the gold double gyroid produced from the PS-PLA
diblock copolymer.

3.5 Metal deposition

After gyroid minor phase removal, the block copolymer templates were backfilled
by metal electroplating. In an electroplating process the electric current reduces

the metal cations dissolved in the electrolyte to metal, therby creating a deposit
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on the working electrode (i.e. the FTO layer). The electrochemical setup was
composed of an FTO layer acting as working electrode, a saturated calomel elec-
trode as reference electrode, and a platinum mesh as counter electrode. The
electrodes were immersed in a liquid electrolyte containing the metal ions to be
deposited. The three-electrode cell was controlled by a PGSTAT302N potentio-
stat and used in potentiostatic mode, holding the voltage between the working
and the counter electrode at a defined value.

Metal electroplating follows a mechanism of nucleation and growth from the
working electrode. To form continuous gyroid films within the block copolymer
templates it was crucial to promote nucleation over the growth process. This
was accomplished by cyclic voltammetry, sweeping the voltage from 0 to an over-
potential that induced nucleation, and back to 0 again. The voltage was then set
to a constant value for a time varied by the desired final thickness.

For gold deposition, 0.5 vol% brightener was added to the plating solution
(Technic Inc., ECF60) to achieve a smoother deposition. The initial cyclic voltam-
metry ranged from OV to -1.2V to 0V at 50mV /sec. The steady potential was
set at -0.8V.

For the nickel deposition, the plating solution was purchased from Alfa Aeser,
the cyclic voltammetry voltage range was -1.4V at 70mV/sec and the steady
potential was -1.1V

The silver plating solution was purchased from Metalor (Metsil 500 CNF),
the cyclic voltammetry swept down to -1V and the steady potential was held at
-0.7V.

3.6 Film morphology control

The thickness of the metal gyroid films produced by electrodeposition varied
across the film due to the roughness of the FTO layer and to the fluctuations
of the deposition rate. The resulting roughness was on the order of 50 nm
both at the top and bottom interfaces as shown in Figure 3.7(a~e). As discussed
in the next chapter, some optical characterizations required gyroid films with
very precise film thickness control, which stimulated the development of a new

fabrication procedure.

29



The roughness of the bottom interface was reduced using glass coated with In-
dium Tin Oxide (ITO) as transparent conducting substrate. The FTO substrates
are commonly preferred to ITO as the roughness is known to reduce the planar
interface reconstruction of block copolymer self-assembly?. Gold was deposited
into the voided self-assembeld ISO gyroid channels from the flat ITO glass (Fig-
ure 3.7(c)) by unctionalizing the substate by immersion in a solution of 0.5vol%
octyltrichlorosilane in cyclohexane for 30 seconds.

The roughness control at the top surface was achieved by developing a fab-
rication method termed overgrowth-removal. The metal was electrodeposited
through the entire voided block copolymer template to form a thick overgrowth
layer of bulk metal on top of the film. The continuous layer of bulk metal was
then peeled off from the block copolymer template or cleaved by sonication, creat-
ing a smooth, planar surfaces of the metal electrodeposited, replicating the exact
surface smoothness of the block copolymer film produced by spin coating (Figure
3.7(b-d-f)).

Those fabrication methods could also be extended to produce gyroid films with
design topography patterns, adding an extra degree of freedom to the design of
the metamaterial structure. The proof of concept was realized by replicating a
grating pattern into the gyroid film via nanoimprinting ?. An optical grating was
used as master and replicated in a polytetrafluoroethylene (PTFE) film at 230°C
and 40 bar. The patterned PTFE film was then used as master to imprint into
the block copolymer film during the thermal annealing by applying a pressure
of 20 bar. Finally, the metal replication of the block copolymer template suc-
cessfully replicated both the gyroid morphology within the films and the surface
topography of the grating as shown in Figure 3.8.

3.7 Conclusions

The good reproducibility achieved with the fabrication of gyroid metamaterial is
an essential requirement for a consistent study of their optical properties. More-
over, it underlines the potential of the bottom-up approach by block copolymer
self-assembly in producing a truly three dimensional optical metamaterial. In the

following chapters I present the optical properties of this gyroid metamaterials
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Block copolymer Bulk Au overgrowth
Au gyroid Au gyroid
FTO substrate 300nm  FVO substrate 300 nm

Figure 3.7: (a) SEM image of the film cross-section revealing the roughness of the
FTO substrate and of the gold gyroid electrodeposited into the block copolymer
template. (b) SEM cross-sectional image of the metal gyroid produced by over-
growth removal. The thick layer of overgrowth gold can be detached from the
film producing a flat surface of the metal gyroid. (c¢) SEM cross-sectional image
of the gyroid produced on flat ITO substrate. (d) SEM image at 45° of gyroid
produced on flat ITO substrate and by overgrowth removal. (e-f) SEM images
in top view of the metal gyroid films produced without and with morphology
control.
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Figure 3.8: SEM images of the metal gyroid with grating patterned topography
produced by the overgrowth-removal process.
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and some further developments in the fabrication process.

33



Chapter 4

Gyroid metamaterial

characterization

4.1 Introduction

In this chapter I will present full characterization of gyroid metamaterials.

The atomic structure of the gold gyroid was investigated using high resolution
by transmission electron microscopy (TEM), revealing the small size of the metal
grains and a very smooth surface of the gyroid struts.

The electrical characterization will then be discussed comparing the resistivity
of the gyroid gold with the bulk gold.

Subsequently, an extensive section will be dedicated to the optical properties,
studied by reflection and transmission analysis. A thin wire array model will
be discussed to understand the origin of the optical response. Simulation spectra
were produced in collaborations with two theoretical groups and will be presented
together with my experimental results.

The larger part of the gyroid metamaterial investigation was conducted on a
single gold gyroid, referred to simply as ”gold gyroid”, with a unit cell size of
35nm and domains with the [110] orientation out of plane.

Finally, in the last part of the chapter I will discuss the optical properties of

silver and double gyroids.
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4. Gyroid metamaterial characterization

4.2 Transmission electron microscopy

The atomic structure of the gold gyroid was investigated by high resolution by
transmission electron microscopy (TEM) [?] in collaboration with Dr. Caterina
Ducatil. As depicted in Figure 4.1 the gold atoms show crystalline structure
with no lattice vacancies and the size of the grains is on the order of a few tens of
nanometres. The dimension of the grains was influenced by the electrodeposition
through the nanosized network template that produces the formation of new
grains at each struts intersection. The surface roughness of the gyroid struts is
remarkably small, with imperfections only at the atomic scale.

Energy dispersive X ray diffraction did not reveal any other element in addi-

tion to gold, excluding contributions of impurities in the optical effects.

I T i A
| -"&‘ v "

Figure 4.1: Transmission electron microscopy (TEM) images of the gold gyroid.
Different shades of gray in (a) represent the gold grains. (b) High resolution
detail of a gyroid strut showing the metal crystallinity and very smooth surface.

!Electron Microscopy Group, Department of Materials Science and Metallurgy, University
of Cambridge
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4. Gyroid metamaterial characterization

4.3 Electric characterization

The nanoscale cross-section of the gyroid struts and the small dimension of the
gold grains produced a significant increase of the electric resistivity as revealed
by four probe measurements.

In the four probes setup, the probes were placed in one line, in contact with
the gyroid film and a current was supplied to the two outer probes. The resistance
of the gyroid film was extracted by the voltage drop between the two inner probes
taking into account the geometrical factors of the probes. The resistivity of the
supporting FTO layer from the product specifications was taken into account as
a parallel resistor.

The four probe measurements yields the sheet resistance R, commonly de-
fined as the resistance per aspect ratio. The intrinsic material resistivity p was
then extracted by multiplying the R, by the film thickness and the gold filling
fraction. The measurement was performed on films with different thicknesses to
verify the consistency of the measured values. The results are presented in Fig-
ure 4.2 and revealed an increase of resistivity to pgy, ~ 52p)-cm, about 20 times
higher than of bulk gold ppux ~ 2.44nQ-cm 7.

Two contributions are responsible for the increase in the electric resistivity
of gold in the gyroid architecture, the grain boundaries and surface scattering.
From thin wire studies [?] it is know that for wires widths below approximately
0,5 times the mean grain size, surface scattering becomes important, approaching
the same order of magnitude of grain-boundary scattering as the width decreases.
Surface scattering and grain boundary imposes restrictions on the electron mean
free path, which is 40 nm in gold [?].

As revealed by the TEM analysis, the grain size in the gold gyroid was 20 — 30
nm and the strut widthv was ~ 10 nm. It is therefore reasonable to conclude that
both grain boundary scattering and surface scattering have similar contributions
to the resistivity.

Silver gyroids were also characterized electrically, resulting in a pgy, ~ 40p 2-cm.
They had resistivities which were about 25 times higher than the bulk silver
Pbuk = 1.591Q2-cm.
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4. Gyroid metamaterial characterization
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Figure 4.2: Resistivity measurements for gold gyroid. The sheet resistance R,
of the gyroid film was measured by a four probe setup and multiplied by the
film thickness and the filling fraction to extract the resistivity of gold in the
nanostructured gyroid architecture. The values measured for different thicknesses
reveal an average resistivity of ~ 521Q2-cm, about 20 times higher than the value
of 2.44 uQ2-cm for bulk gold. The red lines illustrate the variations of the resistivity
in function of film thickness and sheet resistance.

4.4 Optical properties

4.4.1 Single gyroid

The optical response of the gold gyroid differs significantly from normal gold,
exhibiting a red hue in reflection and a finite transmission (Figure 4.3(a-b)).
The samples were characterized spectroscopically using an optical microscope
with white light illumination and fiber detection in a confocal configuration. Con-
focal optical microscopy was performed using a 50 m core optical fiber that served
as pinhole in the conjugate to the focal plane of a x20 microscope objective.
A broad-band halogen lamp acted as illumination source. Linear polarization
measurements were obtained using achromatic polarizers (Thorlabs Inc.) and
for circular polarization measurements the polarizers were combined with su-
perachromatic quarter wave quartz plates (B. Halle Nachfl. GmbH). Reflection
measurements were normalized to a silver mirror reference, whereas transmission

measurements were normalized to the FTO-glass substrate.
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4. Gyroid metamaterial characterization

The experimental results for both reflection and transmission configurations
are compared in Figure 4.3(c) with the reflection of bulk gold produced by elec-
trodeposition. The reflectivity of the gold gyroid is characterized by a dip at
around 520 nm and a steady increase towards longer wavelengths.

A remarkable transmission of 20% was found for a 300 nm thick layer with
the smaller gyroid unit cell. This high transmission across a several-hundred-
nanometer-thick layer with Au volume fractions of 30% is evidence for the trans-
port of the optical energy flux through the strut network by plasmon resonances

which is the hallmark of an optical metamaterial.
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Figure 4.3: (a-b) Appearance of the gold gyroid in reflection and transmission.
(c¢) Transmission and reflection spectra for unpolarised incident light compared
to bulk gold. Film thickness ~ 300 nm.

Thin wires model The optical properties of the gold gyroid can be understood
considering in first approximation the gyroid in a simplified wire array model. In
1998 J. Pendry [?] showed that light interacting with an extended 3D network of
thin wires (Figure 4.4) induces a magnetic field that impedes the free electronic

motion, producing an increase in the electron effective mass:

poe2mr?n

5 In(a/r), (4.1)

Megr =
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4. Gyroid metamaterial characterization

Figure 4.4: Periodic structure model composed of infinite wires arranged in a
cubic lattice. Adapted from [?].

where i is the permeability of free space, e the electron charge, n is the density
of electrons in the wires, r the radius and a the cell side of the square lattice of
the wires.

The response of a material to electromagnetic radiation can be described by its
dielectric function that relates the applied electric field to the local field created
inside the material. In the Drude model, the dielectric function is derived only
in terms of the response of the free electrons. These can be considered as classic
oscillators with a characteristic oscillation frequency called the plasma frequency.
The increase of the electron effective mass in the thin wire network modifies the

plasma frequency and the damping of the electron motion by the relations:

2
Nefr€
wlef - Eom H (42)
€oWe/
Feff - T, (43)

where n.r = fn is the effective concentration of the metal free electrons modified
by the filling fraction f, €y is the vacuum permittivity, and p the resistivity of
gold.

Therefore, the gyroid structure modifies the plasma frequency and the di-
electric function of gold, effectively creating a new metal with its own optical

properties.
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4. Gyroid metamaterial characterization

The reflectivity of the gold gyroid arising from the effective dielectric function
was simulated by Petros Farah! in transfer-matrix method simulations, modifying
the Drude model to take into account the gold interband transitions, including
the experimental value of the gold resistivity in the gyroid. The plasma fre-
quency reduction was estimated from the bulk value of 7.5 eV to 3.5 eV, in good

agreement to the experimental results.

FDTD calculations Although the thin wire model was able to predict the
reflection response of the gold gyroid in terms of the reduced plasma frequency
and increased damping, it was unable to describe the propagation of the plasmonic
modes in the gyroid. As a consequence, the transmission properties were not
correctly described.

The simulation of the field enhancement and its propagation in the gold gy-
roid was developed by Sang Soon Oh? [?] by finite different time domain (FDTD)
calculations [?], shown in Figure 4.5. Both the electric and magnetic fields are less
attenuated around 550 nm, in good agreement with the experimental transmis-
sion peak. The predicted magnetic field has a modest spacial variation around the
network. In contrast, the electric field distribution is enhanced in the proximity
of the gold struts. The absence of narrow peaks in the reflection and transmis-
sion spectra was an indication for the absence of localized modes. Nonetheless
the FDTD calculations display the excitation of some weak localized surface plas-

mons.

Linear and circular dichroism When illuminated under linearly polarized
light the gold gyroid show strong birefringence. This effect is shown in Figure
5.6 where two gyroid domains have in-plane orientation orthogonal to each other.
Under unpolarized light illumination (Figure 5.6(a)) the different domains are not
distinguishable, whereas when the polarization of the incident light is parallel to
the [110] in-plane direction of one of the areas and nearly perpendicular to the
[110] in-plane direction of the neighbour, they show different optical responses.

This birefringence arises from the relative gyroid orientation and the polariza-

! Nanophotonics group, University of Cambridge
20rtwin Hess’ group, Department of Physics, Imperial College London
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4. Gyroid metamaterial characterization
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Figure 4.5: FDTD calculation of the electric and magnetic field distributions
in the metal gyroid for continuous wave excitation linearly polarized in the x
direction. The magnetic field has a modest spacial variation around the gyroid,
whereas the electric field distrubution is enhanced in proximity of the gyroid
struts. Courtesy of Sang Soon Oh.

tion direction, where light is coupled differently to localized plasmon resonances.
In Figure 5.6(d) the variation of reflectivity is plotted as a function of the angle
between the in-plane [110] gyroid direction and the incident light polarization.
Stronger reflectivity was found for linear polarization perpendicular to the [110]
in-plane orientation.

The gyrotropic behavior of the gyroid metamaterial was probed in a previ-
ous study by Silvia Vignolini [?] by transmission measurements with left- and
right-hand circularly polarized light. Figure 4.7 plots the gyrotropic tranmission

as difference between the two circular polarizations, averaged over frequency re-
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Figure 4.6: (a) Optical reflection images for unpolarized light. (b-c) Optical
reflection images obtained with linearly polarized illumination. The relative ori-
entation of the gyroid domains (red inserts) and the light polarization (the white
arrows) produces a strong birefringence effect. (d) Variation of the reflection
spectra as a function of the angle between the in-plane [110] gyroid direction and
the incident light polarization.

gion between 600 and 750 nm, for different gyroid orientations. As expected, the
strongest gyrotropic effect was observed along the chiral [111] direction. As dis-
cussed in the previous chapter, the samples produced by the triblock copolymer
gyroid exhibit constant [110] orientation in the out-of-plane direction. To access
the [111] direction the sample was tilted by 35° and rotated around the [110]

surface normal.
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Figure 4.7: Gyrotropic behaviour of the gold gyroid with a 50 nm unit cell across
different directions. The sample with the [110] out-of-plane orientation was in-
clined by 35° and rotated around the [110] surface normal to access the chiral [111]
direction. The gyrotropic transmission was calculated as the difference between
the left and right circular polarizations averaged over frequency region between
600 and 750 nm. The line is a guide for the eye. Courtesy of Silvia Vignolini [?]

4.4.2 Film thickness effects

The film thickness effect was investigated by producing samples with thickness
variation from 220 nm to 450 nm. The layer thickness was measured by cleav-
ing the samples and examining the cross-sectioned edge by Scanning Electron
Microscope (SEM).

Small fluctuations in the reflectivity response were observed from 300 nm to
450 nm as displayed in Figure 4.8. The thinner film, of 220 nm, showed instead
a very different response suggesting that a minimum number of unit cell was
required to produce sufficient light absorption and self-inductance.

As expected the transmission decayed exponentially with thickness. The de-
caying rates of the exponential fittings were then calculated for different wave-
lengths and plotted in Figure 4.9. Interestingly the decay length were longer for

wavelengths close to the strongest propagating modes at around 550 nm.
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Figure 4.8: (a-b) A gyroid film with increasing thickness photographed in trans-
(c) Reflection and transmission spectra for increasing
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Figure 4.9: Transmission decay length extracted from the exponential decays
with thickness for different wavelengths.
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4.4.3 Disorder effects

The contribution of the periodicity of the gyroid structure was investigated by
inducing a structural distortion via atomic diffusion ? at high temperatures.
Atomic diffusion in nanostructures often leads to surface area minimization. The
constant mean curvature of the gyroid surface suggests high stability of the gold
gyroid against atomic diffusion, but nonetheless, atomic diffusion is favoured to
happen towards the grains with more favourable crystal planes on the surface [?].

The result was a distortion of the gyroid structure by the assembly of the
gyroid strut into thicker clusters. This process was activated heating the sample
at 100 °C and was followed for 12 hours during which reflection and transmission
spectra were taken at constant time intervals (Figure 4.10). While small deforma-
tions of the gyroid structure did not significantly affect the effective electron mass
and the reflectivity, they did modify the propagation modes. Interestingly, the
transmission spectrum was not only reduced in intensity but drastically modified
in its shape, suggesting the contribution of different modes of light propagation
through the gyroid network.

More drastic distortions were produced at 200 °C (Figure 4.11). At this tem-
perature the gold gyroid struts were modified into thicker clusters that responded

optically very similarly to bulk gold.

Experimental variations The structural deformation activated by atomic dif-
fusion can also explain the small variations of the reflectivity found for different
samples. During the removal of the polymer template via plasma etching, the
samples were exposed to high temperatures (between 50 and 100 °C) for 10 min-
utes, inducing small structural distortions.

Experimental variations were also found in transmission. This was strongly
affected by the formation of a continuous thin layer between the substrate and the
gyroid. Local detachments from the block copolymer film to the FTO substrate
were filled with gold during the electrodeposition, producing a continuous thin
layer that reduced the transmission (Figure 4.12). The formation of this layer
was partially reduced by the substrate functionalization discussed in the previous

chapter.
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Figure 4.10: (a) SEM image of the gold gyroid before and after heating to 100 °C
for 12 hours. The atomic diffusion activated at high temperature produced a
structural distortion that was investigated in reflection (c¢) and transmission (d).
Scan intervals: 20 minutes.

4.4.4 Double and Silver gyroids

Due to the lower optical losses, silver is often considered the most promising
metal for a metamaterial acting at optical frequencies 7. Nonetheless, its practical
application in nanostructures is severely limited by the strong tendency to oxidize.
Silver gyroid indeed oxidized soon after the removal of the polymer template,
producing a change in coloration that varied with the time and across the samples
(Figure 4.13).

The oxidation is enhanced by the high surface area and promoted by the
high number of structural and electronic defects in nanostructured silver 7. The

polymer template could act as an oxidation barrier but the thin unfilled part
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Figure 4.11: a) SEM image of the gold gyroid after heating to 200 °C for 12 hours.
(b) Reflection spectra for scan intervals of 20 minutes.

Figure 4.12: SEM image showing a free standing gold gyroid film viewed from the
bottom. The continuous thin layer of gold is formed during the electrodeposition
at locations where the block copolymer film had detached from the FTO sub-
strate. The morphology of this film resulted from the substrate FTO roughness.

of the template produced strong thin film interference that impeded the optical
characterization.

The fabrication method by overgrowth removal, discussed in the previous
chapter, enabled the creation of silver gyroid films with flat surfaces that were
perfectly filled by the block copolymer template. The polymer, therefore, acted

as an oxidation barrier without producing the contribution of additional optical
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4. Gyroid metamaterial characterization

Figure 4.13: Oxidation effects to the silver gyroid after 6 hours (left) and 1 hour
(right) after polymer template removal. The color change is a combination of the
plasmonic properties of the silver gyroid and the dielectric silver oxide. The right
sample was patterned producing a square array.

layers.

Silver and gold gyroids were compared for similar conditions, i.e. with the
polymer template still in place and perfectly filled by the metal. As discussed in
the next chapter, the presence of the polymer as surrounding medium produces a
further reduction of the plasma frequency and a red shift of the reflection spectra.
It is reasonable to assume that the effect of the polymer produces similar optical
effects in gold and silver gyroids.

Both the reflection and transmission of silver gyroids were characterized by
a shift to shorter wavelengths of about 100 nm with respect to the gold gyroid
(Figure 4.14), in agreement with the lower plasma frequency of bulk silver. It is
important to stress that these silver and gold gyroid films were produced from
similar polymer samples, with a very precise control of the layer thickness.

The effect of the second gyroid network in the double gyroid morphology was
also investigated for both gold and silver. As previously described, the double
gyroids were produced using diblock copolymer and consisted of a non-chiral
structure of two interwoven separate networks.

The second gyroid network was predicted [?] to produce a capacitive effect and
act as metal/insulator /metal waveguide, leading to a different light propagation

mechanism that stems from coupled surface plasmon resonances of closed loops
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Figure 4.14: (a) Reflection and (b) transmission spectra of gold and silver single
gyroids. The samples were characterized with the block copolymer template in
place to prevent silver oxidation. As discussed in the next chapter, the surround-
ing medium with a refractive index of n = 1.6 (e.gfor polystyrene) produces a
red-shift of the reflection spectra. The reflection spectra were for a measured on
film sample 1pm thick sample, while the transmission spectra were taken for a
450 nm thick sample.

of the gyroid interwoven networks.

The optical response of the single versus double gold gyroids were extremely
similar, despite of the random orientation of the double gyroid domains and
slightly different filling fractions (f = 38% in the double gyroid and f = 30%
in the single gyroid). However, the difference between single and double gyroids

was more evident in the silver gyroids (Figure 4.15).

4.5 Conclusions

These gyroid-based structures effectively behaved like metamaterials at visible
wavelengths. The two main characteristics were a reduced plasma frequency and
enhanced light transmission. The effects of the film thickness and structural or-
dering were discussed, showing the existence of plasmonic propagating modes
in the gyroid structure. This metamaterial exhibited orientation-dependent re-
sponse under linearly polarized incident light and optical chirality. Silver and

double gyroid were also discussed. However, the comparison of single and double
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Figure 4.15: (a) Reflection spectra of single gyroid made in gold and silver. (b)
Reflection spectra of double gyroid made in gold ans silver.

gyroids was difficult due the different out-of-plane orientation.
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Chapter 5

Tuning methods

5.1 Introduction

The optical response of the gold gyroid metamaterial was tuned using three differ-
ent methods as summarized in Figure 5.1. In the first, the structural dimensions
of the mesoscopic unit cell were controlled by varying the molecular weight of
the structure-forming block copolymer. In the two other strategies using post-
processing, the tuning was achieved by controlling the metal filling fraction of the
plasmonic structure and by filling different refractive index media into the metal
scaffold?.

The experimental results showed good agreement with finite difference time
domain (FDTD)? calculations of the the full 3D structured and also matched an
approach based on a three-helix model (THM)?. The FDTD calculations and
THM model were provided by Sang Soon Oh and Angela Demetriadou®.

The THM described the gyroid architecture more accurately than the wire
array model discussed in the previous chapter and assumed that the gyroid’s in-
ternal structure derives from a network of interconnected metallic helical wires.
In particular, there are two types of helices, visible in the [100] direction, with
different radii?. The THM showed that the optical properties close to the cut-
off wavelength are determined by the smaller helices. This cut-off wavelength

originates from the continuous nature of the metallic helices and is related to

LOrtwin Hess’ group, Department of Physics, Imperial College London
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Figure 5.1: Schematic representation of the tuning mechanisms described in this
chapter: the optical properties were tuned by structural and environmental vari-
ations controlling the lattice constant, the filling fraction and the refractive index
of the surrounding medium.

the plasma wavelength. No wave can propagate in the gyroid for wavelengths
larger than the plasma wavelength leading to high reflection at these wavelengths.
Conversely, three propagating modes were identified just below the plasma wave-
length, highly confined within the smaller helices.

As a result the THM model allowed to calculate the plasma wavelength from
the following equation which makes use of the geometric parameters of the smaller

helices:
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where f and a are the filling fraction and unit cell of the gyroid, ¢, is the
dielectric constant of the medium (with refractive index n) the gyroid is immersed
in, €y is the dispersive permittivity of gold, and ¢;_7 are geometrical coefficients?.

The optical properties can therefore be tailored by varying the geometrical
parameters of the metallic gyroid and the dielectric material it is filled with.

The results presented in this chapter were reviewed and published on Ad-

vanced Materials?.

5.2 Unit cell control

The influence of the lattice constant on the optical properties was studied by
comparing two gyroid morphologies obtained from ISO block copolymer with
two different molecular weights but identical block volume fractions. The used
ISO molecular weights of 33 and 53 kg-mol-1 correspond to measured unit cell
sizes of 35 and 50 nm, respectively, while maintaining the same filling fraction of
30%. The scanning electron microscopy (SEM) images in Figure 5.2(a-b) show
the gold gyroid fabricated from the two ISO triblock copolymers, Figure 5.2(c)
compares their reflection and transmission spectra.

As expected, for both lattice sizes the highest reflection values were observed
on the long wavelength side of the spectrum and a dip in the spectrum was
found when wave propagation in the gyroid slab is permitted (i.e., for A < ).
Furthermore, as predicted by the THM model, the a = 50nm unit cell has a
lower plasma frequency compared to the gyroid with ¢ = 35 nm.

The reflectivity of the smaller gyroid had a minimum at a wavelength of
~ 550nm, which shifted to ~ 620nm for the larger gyroid. For larger unit
cells and identical filling fractions f (i.e., identical effective electron densities)
the gyroid struts were thicker and, as a result, the induced self-inductance was
stronger, corresponding to higher effective electron mass per unit cell. Since the
effective electron mass is linearly proportional to the plasma wavelength, larger
lattice constants led to an increase in the plasma wavelength, as observed in
Figure 5.2(c). This property is also clearly evident in Eq.5.1, where for constant f,
Ap is linearly dependent on a. A bigger value of a however significantly increased

absorption, resulting in a significantly lower transmission for the larger gyroids.
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Figure 5.2: (a,b) SEM images of gold gyroid metamaterials obtained from ISO
terpolymers of two different molecular weights, yielding lattice constants of 35
and 50 nm, respectively. (c) Corresponding transmission and reflection spectra
for unpolarized incident light. Film thickness ~ 300 nm.

5.3 Filling fraction variation

The manufactured gyroids could be post-processed by further gold electrodepo-
sition. In the absence of the surrounding polymer matrix, the entire network
structure acted as a cathode and gold growth occurred homogeneously to thicken
the gyroid struts without affecting the symmetry of the network. This process
continuously increased the filling fraction by thickening the struts, leaving all
other parameters unchanged.

Figure 5.3 shows the effect of the filling fraction increase from 30 to 90%,
resulting in a reduction in the plasma wavelength and thereby causing a blue shift
of the reflectivity edge to shorter wavelengths. As the filling fraction approached
100% (i.e. solid gold) the reflection spectra indeed approached that of the gold
and the reflection minimum disappeared (Figure 5.3(d)).

As the plasma wavelength defined in Eq. 5.1 could not easily be extracted from
reflection and transmission spectra, it was convenient to introduce the plasma
edge wavelength Ap., which is the wavelength at the point of inflection of the
reflectivity (i.e. the wavelength where the first derivative of the spectrum has a
maximum, which was easily identified in experimental and calculated spectra,
Figure 5.3(e-f)). Although the plasma edge Ape and plasma wavelength X, are
not identical, they have the same behaviour and differ only by small shift as the

gyroid metamaterial is tuned.
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Figure 5.3: (a-c) SEM images of gold gyroids with a = 35 nm and filling fractions
of 30%, 60%, and 75%, respectively. (d-e) Reflection spectra for filling fractions
varying from 30% to 90% in ~ 8% increments, in logarithmic and linear scales. (f)
First derivative of the reflection spectra highlighting the inflection points (dashed
vertical lines). The point of inflection in the reflection spectra was measured
calculating the maximum value of the first derivative.

A quantitative analysis of the results in Figure 5.3(d) is shown in Figire 5.4,
where the plasma edge wavelength is plotted versus the filling fraction. This
analysis reveals a continuous shift in A, of more than 100 nm between solid gold
and a gold gyroid with filling fraction of 30%. These results were in excellent
agreement with the results of FDTD calculations, as well as with the analytical
THM model for the plasma wavelength.

For f — 100% the plasma wavelength calculated from the THM does not
asymptotically lead to the plasma wavelength of bulk gold at 165 nm. Although
the THM is unable to predict the behaviour of the gold gyroid at very high filling
fractions it is also realistic to expect a drastic change in the plasma frequency

from bulk gold to gyroid with f — 100% due to the continuous porous network
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Figure 5.4: (Variation of the plasma edge wavelength A,. with filling fraction.
Experimental data (circles) compared to the THM analytical model (line) and a
FDTD calculation (diamonds).

still present at very high filling fractions. Therefore it is sensible to assume the
model valid up to 90% of filling fraction.

Interestingly, despite of the increase of metal content, the filling fraction in-
crement generates a reduction in the optical absorption, as shown in Figure 5.5.
While the transmission slowly decays with f, the reflection is rapidly enhanced,

producing higher absorption for lower filling fraction gyroids than from bulk gold.

The change of filling fraction also affected the linear dichroism in the [110]
direction that has been discussed in the previous chapter. Figure 5.6 shows the
reflection spectra for different filling fractions and with incident polarizations
perpendicular and parallel to the in-plane [100] direction of the gyroid lattice.
For ~ 50% filling fraction, the linear dichroism is lost. This can be explained
considering the origin of the linear dichroism, that arises from a variation of the
coupling of polarized light with the differing gyroid lattice symmetries: as the
anisotropy of the gyroid was reduced with increasing filling fraction, the dichroism

disappeared.
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Figure 5.5: (a~d) Transmission and absorption spectra from experimental mea-
surements and FDTD calculations.

5.4 Surrounding medium effects

A further way to reversibly tune the optical response of the gyroid metamaterial
involved changing the dielectric medium infiltrated into the gyroid. Figure 5.7
shows reflection spectra of the 35nm unit cell gyroid with a fill fraction of 30%
immersed in media with increasing refractive index. The plasma wavelength
increased linearly with n as illustrated by the variation of the reflectivity curves in
Fig. 5.7b. This variation agreed quantitatively with the numerical and analytical

results.
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Figure 5.6: Linear dichroism of the gold gyroid in the [110] direction as a function
of the filling fraction. (a) Reflection spectra with incident polarization perpendic-
ular (red) and parallel (black) to the in plane [100] direction of the gyroid lattice.
(b) Experimental data for the linear dichroism as function of the filling fraction.
The dichroism measure was calculated as the difference of the plasma edge wave-
lengths of perpendicular and parallel polarizations to the [100] direction. The
dotted line is a guide to the eye.
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Figure 5.7: (a) Reflection spectra for unpolarized light incident on the a = 35 nm
gyroid filled with dielectric media: air (n = 1), water (n = 1.33), toluene (n =
1.5), and Cargille Refractive Index Liquid Series B (n = 1.7). (b) Variation of
the plasma edge wavelength A, for different refractive index media compared to
the THM analytical model and FDTD calculations.
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5.5 Conclusions

In conclusion, three successful approaches were demonstrated to tune the optical
behavior of gyroid self-assembled optical metamaterials. These methods can also
be applied to other 3D metamaterials.

Optimised structural parameters led to a transmission through 300 nm thick
layers of gyroid-structured gold of up to 30%. Increasing the lattice dimensions
in the gyroid metamaterial reduced the plasma frequency and the transmittivity,
which was higher for the small unit cell with lower filling fraction. Increasing the
gold strut thickness (i.e. the filling fraction) caused a continuous deformation in
the shape of the reflectivity curves and increased the plasma frequency towards
solid gold. Finally, the optical characteristics could be reversibly tuned by ad-
justing the refractive index of the medium that is infiltrated into the gyroid pore

structure, revealing a linear variation of the plasma edge with n.
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Chapter 6

Hollow gyroid

6.1 Introduction

The gyroid geometry topology discussed above was used as a starting point to
create a further complex architecture, the hollow-gyroid with an increased surface
area and strongly enhanced optical transmission.

The chapter will commence describing the fabrication technique and the op-
tical properties of the gold hollow gyroid, compared to the gold gyroid discussed
in the previous chapters, referred to ‘normal gyroid‘. I will then discuss the prop-
erties of ‘composite’ metamaterials employing different metals and dielectrics in
the gyroidal structure.

A similar fabrication methodology was also pursued to fabricate amorphous
carbon hollow gyroids which are relevant in high performance battery applica-
tions.

Finally, I will show a similar fabrication methodology to fabricate the inverse
gyroid structure mimicking the majority phase of the self-assembled double gyroid
block copolymers.

To allow the comparison with the previous results, the characterizations pre-

sented in this chapter were all done using 300 nm thick samples.
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6.2 Hollow gyroid fabrication

The ISO triblock copolymer was spin coated onto a FTO-glass substrate, ther-
mally annealed and exposed to UV light to remove the minor polyisoprene phase,
as described in Chapter 3. The polymer template was then back-filled with nickel
and removed by plasma etching.

The nickel gyroid then acted as working electrode to homogeneously grow
gold around the nickel struts. Finally, the inner nickel core was etched away
by immersion in iron chloride (FeCls) for 30 minutes, followed by rinsing with
deionised water. The fabrication steps, the respective SEM images and the energy
dispersive x-ray spectroscopy (EDX) are shown in Figure 6.1.

Interestingly, despite of the gold coating, the nickel core was readily removed
by FeCls. It is reasonable to assume that local defects in the gold coating served
as FeClz access channels to the Ni-core. Moreover, the thin layer of gold coating
was less than 5 nm thick and consisted of grains with similar dimensions. Intersti-
tial diffusion at the grain boundaries might have also contributed to the etching
process.

The electrodeposition of gold onto the nickel gyroid struts was obtained by
applying a low steady potential of (-0.7 V) for times ranging from 10 to 40 seconds,
depending on the desired final gold filling fraction.

The gold filling fraction was measured by energy dispersive x-ray spectroscopy
(EDX) ? before the nickel core removal. EDX is an analytical technique used for
the elemental analysis that allows a quantitative measurement of the elemental
composition. As the nickel fill fraction was known from the the initial volume
fraction of the polyisoprene phase (~ 30%), the elemental ratio between gold and
nickel determines the gold filling fraction. Figure 6.1 shows the 1:1 ratio that
was used to compare the optical properties of the hollow gyroid with the normal
gyroid. The complete removal of the nickel core was also examined by EDX, as

shown in shown in Figure 6.1.

6.2.1 Optical properties

Comparison of hollow and normal gyroids Reflection and transmission

spectra of a normal gyroid were compared with a hollow gyroid with equal filling
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Figure 6.1: (a) Schematic representation of the hollow gyroid fabrication process.
A nickel gyroid is coated with a thin layer of gold by electrodeposition and the
nickel core is selectively etched away by FeCls. (b) SEM images of the of the
three fabrication steps: after the gold coating the gyroid struts appear thicker
and after the nickel etching the hollow cavities are clearly visible along a strut
cross-section. (c¢) Energy dispersive x-ray spectroscopy (EDX) measurements for
the three fabrication steps. The ratio between nickel and gold masses at the
second steps allows to identify the filling fraction of gold. The complete nickel
removal is confirmed by the EDX analysis after FeCls etching.

fraction and are shown in Figure 6.2. Despite incorporating the same amount
of gold, the reflection and transmission intensities were considerably higher in
the hollow gyroid. The reflection edge of the hollow gyroid is shifted to smaller

wavelengths with respect to the normal gyroid. This shift is similar to that pro-
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duced by increasing the filling fraction of the normal gyroid, seen in the previous
chapter. This behaviour is reasonable considering that in both the hollow gyroid

and the high- f normal gyroid have increased outer strut radii.
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Figure 6.2: Reflection and transmission spectra of the gold hollow gyroid com-
pared with the normal gyroid discussed in the previous chapter. Film thickness
300 nm.

Remarkably, the transmission of the hollow gyroid was enhanced by a factor
of 2 with respect to the normal gyroid. As previously discussed, the high trans-
mission through the gold gyroid was caused by the propagating modes through
the gyroid architecture. In the hollow gyroid, the surface propagating modes can
propagate along both the inner and outer interfaces of the hollow struts, increas-
ing the transmission. Moreover, the pipe-like morphology have thinner walls
compared to the strut-width of a normal gyroid with an equal filling fraction.
Consequently, the evanescent modes which decay exponentially in the metal, ex-
perience lower losses in the hollow structure, as seen in Figure 6.2 where the sum
of transmission and reflection is substantially increased compared to the normal

gyroid.

Thin hollow gyroid Hollow gyroid with thinner strut wall widths were pro-
duced by electrodepositing gold for shorter times. The gold filling fraction was
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again measured by EDX, comparing the amount of gold to the known fraction of
nickel. Reducing the gold fill fraction from 30% to 20% and 10% increased the
transmission to ~ 48% and ~ 58%, which are remarkable values for 300 nm thick

gold films (Figure 6.3).
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Figure 6.3: Reflection and transmission spectra of gold hollow gyroids for filling
fractions of 30%, 20% and 10%. The filling fraction was measured by EDX
analysis before nickel core removal.

To compare the transmission of different filling fractions the transmission
peaks T' can be normalized to the air fraction. The so-normalized transmittance
increases from Tyorm = 57% for f = 30% to Thorm = 60% and Tyorm = 64% for
f=20% and f = 10% respectively. Where T, was calculated multiplying the

transmission peak by the filling fraction.

Composite hollow gyroid The gold coated nickel gyroid is a metal-composite
optical metamaterial. Although the nickel does not have plasmonic properties at
visible wavelengths, there has been an increasing interest in nanoantennas made
of a ferromagnetic material due to their ability to combine an optical plasmon
resonance with strong magnetic properties 77.

Optical antennas are devices designed to convert optical radiation into local-

ized energy, enhancing the interaction between light and matter?. However, the
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plasmonic behaviour in ferromagnetic materials such as nickel is strongly reduced
by losses compared to noble metals such as gold. A common strategy to overcome
this strong damping is the development of hybrid structures consisting of noble
and ferromagnetic materials to increase the plasmon response ??. Therefore, the

study of the combined optical properties of composite Ni-Au gyroids is of interest.

0.4F —— Au hollow gyroid
Au hollow gyroid with Ni core
—— Ni gyroid
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Figure 6.4: Reflection spectra of the gold hollow gyroid compared to the gyroid
with a nickel core and to the nickel-only gyroid. The transmittance of the nickel-
containing structures was negligible and are not shown.

As expected, the nickel gyroids had strong optical losses and high light ab-
sorbtion in the entire visible spectra as shown in Figure 6.4. Interestingly, the
gold gyroid with nickel core displayed an optical response similar to that of the
gold hollow gyroid, suggesting the importance of plasmonic modes on the outer

gold shell despite of the high losses in the nickel core.

Insulator-metal-insulator metamaterial Hollow gyroids with dielectric cores
were fabricated by electrodepositing gold on nickel oxide (NiO) cores. Nickel gy-
roids were heated at 500°C in air for 12 hours to promote complete oxidation.
The thin layer of gold was then deposited using a pulsed voltage of -1.1 V for 10
cycles of 0.5 seconds. The higher deposition voltage was required because of the

low NiO conductivity.
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The NiO effectively acted as a dielectric with a refractive index n = 2.18,
forming an asymmetric insulator-metal-insulator metamaterial. When two metal-
dielectric interfaces are placed close together, the surface plasmons of each inter-
face overlap, giving rise to coupled modes. Cylindrical waveguides with high re-
fractive index core and metal cladding have recently been investigated ?, showing
that the coupled modes of asymmetric interfaces (metal-dielectric; and metal-
dielectricy) support slow-light propagation, producing degenerate forward and
backward waves.

In the hollow gyroid with asymmetric dielectrics, the reflection spectra had
two distinctive edges as shown in Figure 6.5. In the previous chapter the effect of
an increased refractive index of the medium surrounding the gyroid struts reduced
the plasma frequency and produced a red-shift of the reflection spectrum. The
two reflection edges in the asymmetric hollow gyroid can therefore be explained
as a result of the two interfaces, the metal-NiO interface producing the shift at
~ 700 nm and the metal-air interface producing the edge at shorter wavelengths.
In Figure 6.5 the hollow gyroid with asymmetric dielectrics is shown together with
the reflection spectum of a NiO-only gyroid, showing the characteristic fringes of

dielectric thin film interference.

0.25

—— Au hollow gyroid with NiO core
0.20+ — NiO gyroid

0.15f

0.10f

Reflection

0.05f

000 | | |
400 500 600 700 800

Wavelength [nm]

Figure 6.5: Reflection spectra of the gold gyroid with a nickel oxide (NiO) core.
The refractive index of NiO is n = 2.18
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6.3 Carbon hollow gyroid

Similarly to the fabrication process of the gold hollow gyroid, the nickel gyroid
structure was employed as sacrificial frame to fabricate amorphous carbon hollow
gyroids. Nickel gyroid samples were heated to 500 °C for times varying from 5 to
30 minutes in a custom-build cold wall reactor and exposed to CoHy to initiate
graphitic carbon growth by chemical vapour deposition (CVD). This process was
carried out by Piran Kidanmbi® ?. The nickel core was then removed by FeCls
and the samples were characterised by SEM (Figure 6.6).

The hollow carbon gyroid structure is interesting as high surface are anode
in lithium ion batteries. Carbon materials are used in battery systems be-
cause of to their unique combination of chemical, electrical, mechanical, and
thermal properties 7. The performance of lithium ion batteries, such as the
charge/discharge capacity and voltage profile, depend strongly on the microstruc-
ture of both electrodes 7. The high surface-to-volume ratio of the carbon hollow
gyroid makes this structure ideal to design of carbon/lithium ion batteries with

high charge/discharge capacity.

Figure 6.6: (a) SEM image of the nickel gyroid coated with amorphous carbon
by CVD. (b) SEM image of the hollow carbon gyroid after nickel etching.

!The Hofman group, Department of Engineering, University of Cambridge

67



6.4 Inverse gyroid

The fabrication of a structure similar to the hollow gyroid was attempted with the
aim to reproduce the majority phase of the gyroid diblock copolymer. Similarly
to the hollow gyroid, this geometry divides the space into two separate parts and
has two interfaces. Unfortunately the majority phase of the diblock copolymer
is composed of polyfluorostyrene and can not be selectively etched, impeding
its replication via the standard methodology. Nonetheless, its replication was
attempted starting from the nickel double gyroid with a process shown in Figure
6.7.

Gold was slowly electrodeposited onto the nickel strut netwrok until it com-
pletely filled the void netwrokk, followed by overgrowth for several microns above
the gyroid film. The overgrowth was removed in a similar fashion as described
above. The overgrowth layer was removed by sonication and the nickel part was
then selectively etched by FeCl; giving rise to the gold inverse structure of the
double gyroid.

It is important to note that the sonication process cleaved the gold at the
film-overgrowht boundary. This is presumably a consequence of the small grains
and the high number of intergrain dislocations of the gold produced by electrod-
position. Such a cleavage did not affect the nickel gyroid, which therefore acted as
protective medium for the gold within the gyroid structure. It is also important
to remark that several structural imperfections can be expected from this fabrica-
tion process, deriving from diffusion problems during electrodeposition preventing
the complete filling of the gyroid void structure. The SEM image of the resulting
structure is displayed in Figure 6.8 together with the optical characterization.

Despite the presence of two interface in the inverse hollow gyroid, the trans-
mission is significantly lower. This is a consequence of the high filling fraction
of this structure of f = 62%, the inverse of the double gyroid with f = 38%.
This value is however still higher than the transmission measured for the normal

gyroid with f = 60%, shown in Figure 5.5(a) of the previous chapter.
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Figure 6.7: Schematic representation of the inverse gyroid fabrication. Gold was
electrodeposited onto the nickel double gyroid until complete filling followed by
overgrowth of several microns above the film. Subsequently, the top overgrowth
layer was removed by sonication. The nickel was then removed by FeCl; etching.
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Figure 6.8: Schematic representation of the inverse gyroid fabrication. Gold was
electrodeposited onto the nickel double gyroid until complete filling and over-
growth for several microns occurred. Subsequently, the overgrowth was removed
by sonication. The nickel was then removed by FeCl;s etching.
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6.5 Conclusions

The complexity of the gyroid geometry was further increased by adding an inter-
nal interface through the manufacture of a hollow gyroid, producing a significant
increase of reflection and transmission.

The hollow gyroid demonstrates that block copolymers can be used not only
as a template to replicate their equilibrium phases but also as starting point to
create more complex geometries.

Moreover, the combination of different metals in the continuous structure
opens new possibilities and gives an additional degree of freedom in the metama-

terial design.
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Chapter 7

Flexible and stretchable gyroid

metamaterials

7.1 Introduction

For versatile and practical applications, metamaterials are required to be robust
and readily integrated to other systems, adapting their conformation to various
geometries. For this reason stretchable and flexible metamaterials can be advan-
tageous in many applications. Flexible metamaterials have been demonstrated
at terahertz 7 and visible ? frequencies with bidimensional structures.

However, state-of-art tridimensional optical metamaterials are still confined
on rigid flat substrates and their nanostructure is easily exposed to structural
damage.

In this chapter I will present the fabrication of stretchable and flexible gyroid
metamaterials. The change of optical properties upon axial and plane strain

deformations will also be discussed.

7.2 Stretchable metamaterial

Stretchable metamaterials were fabricated by infiltrating an elastomer into the
gold gyroid network and etching the sacrificial layer on which they were grown as

depicted in Figure 7.1. The glass substrate was initially coated with a 10 pm thick
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layer of nickel and functionalized with silane as described in Chapter 3 for I'TO
substrates. Gyroid block copolymers were then produced by thermal annealing
and replicated into gold using the standard procedure.

A PS-b-PI-b-PS elastomer was dissolved in anisole (10 wt%, M,, = 8 kg-mol ™)
and infiltrated into the gyroid network by drop casting. The solvent was slowly
evaporated at room temperature, leaving the gyroid metamaterial embedded in
a thick transparent rubber matrix.

The infiltration process was strongly affected by the molecular weight of
the elastomer. Long polymer chains, such as commercial polydimethylsiloxane
(PDMS) could not diffuse into the gyroid network due to the fact that the pore

size of the gyroid network was smaller than the elastomer chain lengths.

GYROID / *

RUBBER

e

"

Figure 7.1: Schematic of stretchable metamaterial fabrication. A gold gyroid
was fabricated on a nickel-glass substrate and an elastomer was infiltrated into
the gyroid network by drop casting. Finally, the nickel layer was etched way by
iron chloride, leaving the gyroid metamaterial embedded in a transparent rubber
matrix.

The etching of the nickel layer allowed to obtain an optical metamaterial that

was fully supported and embedded in an elastic and transparent matrix.
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Figure 7.2: Photos of the stretchable metamaterial in reflection and transmission.
The width of the sample is approximately 4 cm.

To investigate the optical response of the elongated gyroid, the rubber film was
extended using a mechanical stretcher, enabling the strain in one axial direction
(and the compression in the orthogonal directions). As shown in Figure 7.3,
increasing stretching caused the reflection decrease at long wavelengths and the

larger transmission band was slightly reduced.

a o14f — no stretching b 0.10F —— no stretching
0.12f e~ 3% €= 3%
— &= 6% S oogp —_ %%
S 010F —e~o% o — e~ 9%
] — e=12% a — e=12%
G 0.08 -2 0.06
g :
;qc_’ 0.06 € 0.04
0.04 =
0.02 0.02}
0 1 1 1 1 1 1 1 000 1 1 1 1 1 1 1
450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800
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Figure 7.3: Reflection and transmission spectra for unpolarized incident light on
stretchable gyroid metamaterial for increasing strains.

The gyroid film embedded in the rubber matrix, however, exhibited some
discontinuities and fractures as a result of residual stresses in the elastomer.
These were clearly visible in the transmission images shown in Figure 7.4(a). The
dimensions of these discontinuous blocks (measured as distance from opposite

edges) were monitored during film stretching and were effectively elongated in
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the strain direction (Figure 7.4(b-e)) and compressed in the orthogonal direction,
confirming the deformation of the gyroid structure (Figure 7.4).

Large elongations induced additional fractures in the gyroid film, as shown in
Figure 7.4(f) that limited the study of the optical response at large deformations.

However, in this analysis, the optical measurements were averaged over differ-
ent small gyroid domains. These have random in plane orientations, as discussed
in the Chapter 3, and were therefore deformed along different axis during the
film stretching. The study of the optical response of elongated single domains
was conducted on gyroid films fabricated by drying-annealing on flexible sub-

strates.

-] no stretching

Figure 7.4: Tranmsission images of a gyroid structure under axial stretching.
(a) Initial state with no stretching, some discontinuities in the gyroid film were
produced by residual rubber stress. (b-e) Stretching of the gyroid film and con-
sequent elongation of the discontinuous blocks. (f) Cracks formation at a high
strain.

7.3 Flexible metamaterial

Gold gyroids were fabricated by drying annealing on a 500 pm thick ethylene
tetrafluoroethylene (ETFE) foil coated with nickel.
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The gyroid metamaterial was elongated or compressed by bending the ETFE
substrate as shown in Figure 7.5. The strain could be extracted by the radius of

curvature using the relation (see Appendix)

=22y, (71)
where p represents the radius of curvature, x is the neutral axis, and y is the
distance from the neutral axis. In the elastic range, the tensile and compressive
stress-strain curves of ETFE are identical and the neutral axis can therefore be

approximated to be at one-half foil thickness.

stretched

gyroid

flexible /

substrate

,L contracted

Figure 7.5: Schematic of gyroid stretching by substrate bending.

The reflection spectra were measured on single gyroid domains for unpolar-
ized and linearly polarized incident light. The domains were chosen with the in
plane [110] orientation parallel and orthogonal to the elongation axis. As shown
in Figure 7.7, only minor variations were observed in the optical response for de-
formations of € = 9%. The linear dichroism did not present significant variations

in any of the elongated gyroid structures.
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For deformations larger than ¢ = 9%, the gyroid film was fractured in the
direction orthogonal to the strain axis. I note that these fractures occurred for
smaller elongations than the gyroid stretched in the rubber matrix system. The
reason may arise from the different strain states. In the rubber system the gyroid
was elongated by axial strain (Figure 7.6(a)), with consequent compression in the
z and y directions, while on the curved substrate, the gyroid was elongated by
plane strain (Figure 7.6(b)), with no variations in the y direction and a larger
compression in the z direction. In structural failure analysis the latter represents a

more critical strain state due to the higher compression in the orthogonal direction
o

a Z b T

; ) X )
Axial strain Plane strain

Figure 7.6: Schematic of gyroid elongations. (a) Axial strain is induced in the
rubber system stretching; (b) plane strain is a result of substrate bending.

Interestingly, larger optical variations were found in compressed gyroid as
shown in Figure 7.8. Reflection of polarized and unpolarized incident light re-
sulted in a decrease of intensity with compression. However, the linear dichroism
did again not show a significant change with deformation.

Simulation spectra from FDTD calculations were computed by Sang Soon
Oh! for axial deformations and are presented in Figure 7.9. These calculations
suggested a significant variation of the optical response only for large deforma-

tions, which were experimentally unattainable because of fracture. However, the

LOrtwin Hess’ group, Department of Physics, Imperial College London
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Figure 7.7: Reflection spectra under plane strain for unpolarized and linearly
polarized incident light. (a) Gyroid elongated along the in-plane [110] orientation.
(b) Gyroid elongated along the in-plane [100] direction.
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Figure 7.8: Reflection spectra under plane strain for unpolarized and linearly
polarized incident light. Gyroid compressed along the in-plane [110] orientation.

optical variations were predicted to be larger in the compressed gyroid, as shown

experimentally.
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Figure 7.9: FDTD calculations of a stretched and compressed gyroid structure
under plane strain along the in-plane [110] orientation. Courtesy of Sang Soon

Oh.

7.4 Conclusions

The fabrication of stretchable and flexible metamaterials was demonstrated. This

represents an important achievement for practical applications. This fabrication

method can be easily implemented in other three-dimensional metamaterials.

However, the strain was limited to few percents before inducing structural

fractures. The morphology of the elongated gyroid structure will also need to

be studied by structural analysis (e.g. x-ray scattering) to investigate how the

gyroid unit cell is modified under strain.
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Chapter 8

Metamaterial sensors

8.1 Introduction

Gas sensing is an important process in a wide range of applications. In petro-
chemical industries sensors are used to ensure safety and monitor products ?.
Other applications include atmospheric science and breath diagnostics ??. The
quantitative detections of gases is dominated by laboratory analytical equipment
such as gas chromatographs, but these measurements preclude real time data
acquisition. Semiconductor sensors can also be highly sensitive, but, they are
specific to individual gases and have a limited lifetime.

Metamaterial have been proposed to improve the sensor performances by lo-
calized field enhancement ??. For example, resonant modes of a 2D subwave-
length resonator have been used for biosensing 77, and split ring resonator have
been applied to monitor materials that respond resonantly at THz frequencies as
explosives and DNA 77.

In this chapter I present the application of optical metamaterials as vapour
sensors. This analysis offers a fast optical response at specific vapour concentra-
tions and can be made in-situ without disturbing the sample environment.

It represents the first application of metamaterials for vapour sensing with
immediate response at optical wavelengths, exploiting the high sensitivity of the
metamaterial optical properties to the surrounding environment. This sensing

system may fill an important gap between low cost sensors with inferior perfor-
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mance and highly sensitive laboratory equipment.

8.2 Capillary condensation

The gyroid metamaterial sensor is based on the capillary condensation of liquid
vapours into gyroid structures and on the resulting variation of their optical
response. In capillary condensation, the vapour phase is adsorbed into a porous
medium to the point at which the pore space are filled with condensed liquid from
the vapour. The condensation occurs well below the saturation vapour pressure
of the liquid. This is due to an increased number of van der Waals interactions
between vapour phase molecules inside the confined space of the capillary ?.
Capillary condensation is an important factor in porous structures. It can be
used to determine pore size distribution and surface area ? and can be described

by the Kelvin equation:

P, 2HYW
P..  RT

where P, is the equilibrium vapour pressure, Pj,; the saturation vapour pressure,

(8.1)

In

H the mean pore curvature, vy the liquid/vapour surface tension, V] the liquid
molar volume, R the ideal gas constant, and 7" the temperature. Different pore
geometries result in different types of curvature. The equations for the mean
pore curvature H are available at numerous sources ?. For a cylindrical capillary
H = 1/2r, with r the radius of the cylinder.

The key aspect of gyroid structures in capillary condensation is the high
monodispersity of their nanometric pores. The capillary condensation can there-
fore be induced at very specific vapour pressures (i.e. vapour concentrations).
Moreover, the gyroid unit cells and pore sizes can be easily varied with the block
copolymer molecular weight.

The liquid condensation in gyroid metamaterials produces a shift in reflection
towards longer wavelengths. As discussed in Chapter 5, this shift has a linear
dependance to the liquid refractive index. This optical change enables the detec-
tion of vapour concentrations above a specific limit, set by the gyroid unit cell

size.
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8.3 Solvent vapour sensing

Gold gyroids with 35 and 50 nm unit cell sizes were first tested as sensors for
water vapour.

The gold gyroids were loaded into a small chamber with a transparent window
that allowed the optical characterization of the gyroid exposed to a solvent vapour
(Figure 8.1). The concentration of the solvent vapour was controlled by using two
streams of nitrogen gas, one of which was passed through a washbottle filled with
water, inducing the saturation of this stream before the two streams were mixed
and introduced into the gyroid chamber. The flow rates of both streams were
controlled by two electronic mass flow controllers, so that the precise adjustment
of the relative flow rates controlled the relative solvent vapour pressure P, /Py

from 0 to 1, corresponding to water vapour saturation from 0 to 100%.

spectrometer
—_—
N2
— —_— | —_—
controller sample
solvent
L— .

bubbler

Figure 8.1: Schematic of the solvent vapour chamber setup. Courtesy of Sven
Hiittner.

The vapour pressure was increased in 1% increments at intervals of 5 minutes
to allow equilibration in the chamber. At P,/P.; = 80% the water vapour
condensed in the smaller gyroid producing a red shift in reflection and change
in coloration (Figure 8.2), whereas the bigger gyroid were triggered at P,/ Piyy =

85%. The corresponding reflection spectra are shown in Figure 8.3.
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Figure 8.2: Optical microscope images of the 35nm unit cell gyroid before (a)
and after (b) water vapour condensation.

A small hysteresis was found when decreasing the vapour pressure with water
desorption occurring at vapour pressure 2% lower than for adsorption. This
deviation is characteristic for non-uniform pore geometries 7 where the adsorption
takes place when the equilibrium pressure satisfies the larger pore section and the
desorption is controlled by the smaller radius. It is reasonable to assume that the
the variation of pore cross-section across the gyroid unit cell lies at the origin of
the small experimental hysteresis.

The sensing response could not be directly measured because of the dimension
of the chamber and the small flow rates. However, the desorption process was
immediate (less than 1 second) upon the opening of the chamber, proving the
very fast response of this sensing system.

Similar tests were performed with toluene vapour. In this case the smaller
gyroid detected a vapour pressure of P,/ Py = 60% and the bigger gyroid of 75%
(Figure 8.4).

These results can be compared with the values from Eq. 8.1. The surface
tensions of water and toluene were 72.8 and 28.4mN/m ?, respectively. The
mean pore curvature was approximated as one-half the difference of gyroid unit
cell and strut thickness. As shown in Table 8.1 the capillary condensation was
expected to occur at higher vapour pressures. This can be addressed by modifying

the radius of curvature approximation. The gyroid pores were approximated as
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Figure 8.3: Reflection spectra of the gyroid metamaterial with increasing water
vapour pressure. The capillary condensation and consequent reflection shift occur
at different vapour pressures in the smaller and bigger gyroid.
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Figure 8.4: Reflection spectra of the gyroid metamaterial with increasing toluene
vapour pressure. The capillary condensation and consequent reflection shift occur
at different vapour pressures in the smaller and bigger gyroid.

cylinders, whereas Kelvin equation should be modified to take into account the
gyroid pore geometry.

However, as found experimentally, lower surface tension decreases the vapour
pressure of capillary condensation and increases its variation with pore size. In

industrial applications a number of monitored vapours have low surface tensions,
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such as ammonia, benzene, formaldehyde, sulfur dioxide, supporting the appeal

of this gyroid metamaterial sensor.

PV/Psat
Vapour Unit cell size Experimental Kelvin eq.
35nm 80% 86%
Water  onm 85% 91%
Toluene 35nm 60% 1%
50 nm 75% 81%

Table 8.1: Comparison of experimental and predicted values of vapour pressures
sensed by gyroids with different unit cell sizes.

8.4 Conclusions

The application of an optical metamaterial as vapour sensor was successfully
proven. Environmental parameters strongly affect the optical response of the
optical metamaterial and it was here exploited to monitor the concentration of
water and toluene vapours. This sensor system may be applied to a number
of other solvents, tuning the sensing response by the initial block copolymer

molecular weight.
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Appendix

An incremental element of a beam is shown in Figure 5 for undeformed and
deformed conditions. By definition the normal strain along As is detemined as:
As' — As

= lim ———— 2

T AS0T As )

The strain can be represented in terms of distance y from the neutral axis

and radius of curvature p. Since Af defines the angle between the cross sectional

sides of the incremental elements, As = Ax = pA#. The deformed length of As
becomes As’ = (p — y)Af. Introducing these relations into Eq. 2 gives:

(P —y)A0 —pAl  —y

€= tm, pAf FE 3)
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Figure 5: Undeformed and deformed elements in a beam. The longitudinal axis
is set with respect to the neutral axis.
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