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Supervisor’s Foreword

The concept of a “left-handed” or negative-index material was first proposed by
Victor Veselago in 1968 through his theoretical predictions of the electrodynamic
behaviour of materials that simultaneously exhibit negative values of dielectric
permittivity and magnetic permeability. Thirty years later, John B. Pendry
demonstrated that artificial electromagnetic materials—“metamaterials”—consist-
ing, in this case, of interpenetrated ordered arrays of wires and split-ring resonators
could also exhibit similar phenomena. Initially demonstrated for microwave radi-
ation, metamaterials have borne out Pendry’s predictions, and the quest since then
has been their implementation in the visible range of the electromagnetic spectrum.
Whilst the physical principles are scale-invariant, practical realisation of the
sub-wavelength structural elements that constitute an optical metamaterial is far
from trivial, as it requires periodic arrays of well-defined structural features in three
dimensions on the 10–50 nm length scale. Nearly all approaches so far employ
some type of lithographic method, which is not well suited for the manufacture of
3D architectures on such small length scales.

James Dolan’s thesis makes an important contribution to the quest for optical
metamaterials. As opposed to “top-down” lithographic methods, his thesis explores
“bottom-up” polymer self-assembly methods for the manufacture of 3D metama-
terials in the visible range of the spectrum. This methodology, however, presents
the researcher with a new set of challenges. First, macromolecular self-assembly
must be controlled with a hitherto unprecedented level of precision. This is difficult
not only from a thermodynamic point of view, but also because the outcome of
self-assembly is “invisible”. Since molecular self-assembly takes place on the
sub-100 nm length scale, the morphologies attained cannot be probed by optical
microscopy. Whilst X-ray scattering and electron and atomic force microscopy are
all possible, the lack of optical methods is cumbersome for the experimenter. The
first part of the thesis addresses these two challenges: the control of polymer
self-assembly in thin films and the optical visualisation of its structural perfection.
Chapter 4 explores in detail the structural evolution of block copolymer films that
are exposed to a solvent atmosphere in the so-called solvent vapour annealing
experiment. The results of this chapter provide the thermodynamic basis for the
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control over polymer self-assembly that is required to fabricate optical metamate-
rials. The following chapter, Chap. 5, tackles the “invisibility” issue. By exploiting
the crystallisation of one of the copolymer blocks, the lateral organisation of the
self-assembled morphology gives rise to birefringence. This chapter carefully
investigates this effect and develops a model that directly links the birefringence to
the structural organisation, thereby offering a valuable new tool to optimise polymer
self-assembly for the manufacture of optical metamaterials. This chapter also, for
the first time, demonstrates 100 lm large domains of the self-assembled gyroid
morphology, from which some of the most interesting metamaterial properties are
predicted to arise.

The second part of the thesis focuses on the optical properties of metamaterials
created by polymer self-assembly. To this end, the copolymer morphologies were
partially voided and then replicated into a plasmonic metal (gold). Chapter 6
explores the question of whether long-range order in this optical metamaterial is
required. By combining experimental studies, simulations, and analytical calcula-
tions, this chapter explores the optical response of locally-ordered gyroid mor-
phologies that are disordered on the micrometre-length scale. The finding that the
optical spectra of these disordered gyroids are well described by an effective
medium model illustrates, on the one hand, that order is required to access the most
interesting aspects of optical metamaterials, but also, on the other hand, that these
materials have interesting properties in their own right (e.g. a change of sign in the
permittivity as a function of wavelength). The final experimental chapter, Chap. 7,
solves a long-standing puzzle in the field of self-assembled optical metamaterials,
thereby providing an important stepping stone in metamaterial research. The puzzle
in question is the strong linear dichroism of gyroid metamaterials, which is unex-
pected given the cubic nature of the gyroid unit cell. By combining experimental
observations with numerical simulations, this chapter demonstrates that gyroid
samples can be considered as a bulk metamaterial terminated by a distinct meta-
surface—the 2D equivalent of a metamaterial. It is the symmetry-breaking of the
metasurface that induces the strong, experimentally observed linear dichroism.
Importantly, this chapter uncovers that the in-coupling and out-coupling of light to
and from the metamaterial depend extremely sensitively on the specific surface
termination of the metamaterial. The control of such terminations will require a
manufacturing precision of around 1 nm, thereby setting a high bar for the reliable
manufacture of optical metamaterials for visible wavelengths.

The scalable manufacture of optical metamaterials with a negative refractive
index has the potential for transformative changes in the application of optical
materials, utilising, for example, their super-focusing and “cloaking” properties.
This thesis demonstrates, on the one hand, that the manufacture of these materials
by self-assembly is a promising way forward. On the other hand, the results of the
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four main thesis chapters elucidate the significant challenges in mastering this
approach, thereby setting future researchers a set of challenging tasks that they will
have to overcome on the path to the demonstration and use of optical metamaterial
effects visible to the naked eye.

Fribourg, Switzerland
October 2018

Prof. Ullrich Steiner
Soft Matter Physics Group
Adolphe Merkle Institute

University of Fribourg
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Abstract

The optical properties of matter are intrinsically linked to morphology. It is the vast
range of possible forms, structures, and arrangements of matter, across various
different length scales, which give rise to the great wealth of optical phenomena we
observe. In this thesis, the interplay between optics and morphology in
gyroid-structured optical metamaterials, and the triblock terpolymers from which
they are fabricated, is explored.

Optical metamaterials are artificially engineered materials which, by virtue
of their sub-wavelength structure and not only their chemical composition, may
exhibit various electromagnetic properties not otherwise encountered in nature
(e.g. negative refraction). Triblock terpolymers are a class of polymer consisting of
three chemically distinct monomer types grouped together into “blocks”. Their
self-assembly is a particularly promising means to fabricate intricate one-, two-, and
three-dimensional morphologies on the nanometre length scale, from which optical
metamaterials may be fabricated. The gyroid is one such morphology, a three-
dimensional, cubic, and chiral triply periodic network possessing a constant mean
curvature surface. These unique geometrical properties impart to gyroid optical
metamaterials a range of interesting optical properties (e.g. linear and circular
dichroism). However, these anisotropic optical properties are only evident when the
long-range order of the self-assembled triblock terpolymer template is sufficient.

As demonstrated in this thesis, the long-range order of a gyroid-forming triblock
terpolymer is significantly improved by solvent vapour annealing. An in situ
grazing-incidence small-angle X-ray scattering study revealed that the gyroid phase
is remarkably robust during annealing and that the unit cell size and long-range
order can be controlled by swelling and quenching the terpolymer appropriately.
Additionally, unique confined crystallisation behaviour of the semicrystalline block
of the terpolymer is observed in templates fabricated via solvent vapour annealing.
The gyroid network, to which the semicrystalline block is confined, preferentially
aligns the polymer crystallites along directions of fastest growth, resulting in a
striking and unexpected uniform birefringence.
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Whereas gyroid optical metamaterials which exhibit only short-range order are
shown to be optically equivalent to amorphous nanoporous gold, those fabricated
from templates with good long-range order exhibit a strong linear dichroism.
Although previously observed, the linear dichroism is unexpected for an optical
metamaterial with cubic symmetry. Characterisation of the dichroism and com-
parison with simulations allows its underlying physical mechanism to be revealed.
It is the termination surface of the gyroid optical metamaterial which breaks the
symmetry of the bulk morphology and results in a strongly anisotropic optical
response.

These results highlight the crucial importance of fabricating triblock terpolymer
templates with good long-range order for optical metamaterial applications. Solvent
vapour annealing is demonstrated to be one way of achieving such order. The
resulting terpolymer templates and gyroid optical metamaterials both reveal the
potential for deep sub-wavelength features, molecular anisotropy and surface ter-
mination, respectively, to have a striking effect upon the bulk optics of the materials.
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Chapter 1
Preamble

The optical properties of matter are intrinsically linked to morphology. It is the vast
range of possible forms, structures, and arrangements ofmatter, and their characteris-
tic length scales, which give rise to the greatwealth of optical phenomenawe observe.
At the atomic length scale, the amorphous or crystalline arrangement of atoms and
their associated electronic interactions give rise to the refractive indices of a material
and determine the existence and nature of the electronic band gap and the associated
optical transitions [1]. Significantly larger than the atomic length scale but still below
the length scale of visible light, one can define and arrange synthetic “meta-atoms”
or “meta-molecules”. From these it is possible to construct a “metamaterial”, an
artificially engineered material designed to possess chosen electromagnetic proper-
ties not otherwise found in nature [2–4]. Alternatively, at the length scale of visible
light, constructive and destructive interference resulting from cumulative interfacial
reflections within a material can give rise to photonic crystal effects and the asso-
ciated photonic band gaps [5–8]. A fascinating morphology may therefore lead to
fascinating optics, the underlying mechanism of which will depend sensitively on
the length scale of that morphology. In this thesis, the interplay between optics and
morphology in gyroid-structured optical metamaterials, and the triblock terpolymers
from which they are fabricated, is explored.

Discovered in 1970 by Alan Schoen, the “Schoen G” or “gyroid” surface is a
triply periodic minimal surface of genus three [9, 10]. It possesses a constant mean
curvature of zero and is periodic in all three principal spatial directions [11]. It also
possesses no reflection symmetries and exhibits an array of continuous channels
along different principal crystallographic axes [12]. Its name derives from the obser-
vation that each continuous channel in the structure has connections to additional
channels which “gyrate” along their length. These channels join as triads throughout
the overall structure [13–15]. Closely related to, and derived from, the gyroid surface,
are the single and double gyroid morphologies. The unique geometrical properties
exhibited by the gyroid surface and its relatedmorphologies ensure gyroid-structured
materials are a particularly fascinating case studyof the complex relationshipbetween
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2 1 Preamble

morphology and optical properties. Indeed, it is therefore unsurprising that such a
rich variety of optical phenomena, from linear and circular dichroism to the recent
prediction and observation of Weyl points and line nodes, should be observed in
gyroid-structured materials [16–18].

Gyroid optical metamaterials are fabricated via the self-assembly of triblock ter-
polymers. The study of the optical properties of gyroid optical metamaterials is
therefore impossible without the ability to successfully and reliably control the self-
assembly of this particular class of macromolecule. However, although the aim may
be simply to engineer the desired morphology on a particular length scale, much
fascinating polymer physics may be gleaned in the process. In this thesis, the physics
and engineering associated with both the fabrication (Part I) and characterisation
(Part II) of gyroid optical metamaterials are therefore investigated.

The theory and literature relevant to block copolymer self-assembly, the confined
crystallisation behaviour of amorphous-semicrystalline block copolymers (the class
of copolymer used here), and a particularly promising means by which to encour-
age long-range order during their self-assembly, solvent vapour annealing, are first
briefly reviewed (Chap. 2). So too are the existing theory and literature relevant to
the optical properties of the resulting gyroid optical metamaterials (Chap. 2). The
experimental methods used to fabricate, characterise, and simulate gyroid-forming
triblock terpolymer thin films and gyroid optical metamaterials are also introduced
(Chap.3). Thereafter, experimental results contributing to our understanding of the
polymer physics and optics of gyroid-structured materials are presented: in Part I, an
in situ study of the thermodynamics and kinetics of a triblock terpolymer under the
action of solvent vapour annealing, and an ex situ study of the confined crystallisation
mechanism in the resulting solvent-annealed terpolymer thin films (Chaps. 4 and 5);
and in Part II, a study of the isotropic and anisotropic optical properties of gyroid opti-
cal metamaterials possessing both short- and long-range order, respectively (Chaps. 6
and 7).
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Chapter 2
Introduction

The gyroid optical metamaterials presented in this thesis were all fabricated via
self-assembly of a triblock terpolymer. However, only single-domain gyroid optical
metamaterials (i.e. those for which the terpolymer template exhibits sufficient long-
range order) exhibit the most interesting optical properties. It is therefore important
to review the theory and literature relevant to both block copolymer self-assembly
(Sect. 2.2) and, in particular, solvent vapour annealing (Sect. 2.3), a promising means
of fabricating triblock terpolymer templates with the necessary long-range order.
However, the triblock terpolymers used here are not amorphous but amorphous-
semicrystalline, and it is additionally important to therefore understand any poten-
tial effects resulting from the crystallisation of the semicrystalline block during, or
after, solvent vapour annealing (Sect. 2.4). Thereafter, the concept of a metamaterial
(Sect. 2.5) and the existing theory and literature relevant to gyroid optical meta-
materials (Sect. 2.6) are also reviewed.1

2.1 Gyroids

Before continuing, it is first prudent to define more carefully the various gyroid
morphologies, elucidate their relationships to the gyroid surface and, indeed, one
another, and present their most convenient mathematical representation.

1This chapter is based on portions of: Dolan, J. A., Wilts, B. D., Vignolini, S., Baumberg, J. J.,
Steiner, U., & Wilkinson, T. D. (2015). Optical properties of gyroid structured materials: From
photonic crystals to metamaterials. Advanced Optical Materials, 3, 12–32.
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6 2 Introduction

2.1.1 Level Surfaces

Although a precise analytical expression for the gyroid surface exists, it is convenient
for purposes of clarity and efficient modelling to approximate its form through a
level surface [1, 2]. These are defined by functions of the form F : R3 → R and are
expressed as

F(x, y, z) = t, (2.1)

where F(x, y, z) determines the form of the surface via a space-dividing function
and t is a constant which determines the volume fractions of the divided space.

2.1.2 Gyroid Surface

Substitution of the lowest allowed Miller indices for the structure with space group
I4132 into the appropriate form of function F(x, y, z), and setting the parameter t
to zero, results in the level surface approximation of the gyroid surface

sin(x̃) cos(ỹ) + sin(ỹ) cos(z̃) + sin(z̃) cos(x̃) = 0, (2.2)

where x̃ , ỹ, and z̃ are scaled spatial ordinates such that x̃ = 2πx/a, ỹ = 2πy/a,
and z̃ = 2π z/a (Fig. 2.1). The variable a is the cubic unit cell edge length (referred
to hereafter simply as the unit cell size). For a more detailed derivation see e.g.
[1]. Although both the true gyroid surface and its level surface approximation are
constant mean curvature surfaces, the former possesses zero mean curvature and the
latter a small non-zero curvature. This approximate surface divides space into two
sub-volumes of equal volume fraction and opposite handedness. The sub-volume on
either side of the level surface has a morphology referred to as the “single gyroid”.

(a) (b) (c)

Fig. 2.1 The gyroid surface. Level surface approximation of the zero mean curvature gyroid
surface (one unit cell) as defined by Eq. (2.2). The surfaces are viewed along the following crys-
tallographic directions: a [211], b [100], and c [111]. The gyroid surface divides space into two
sub-volumes of equal volume fraction and opposite handedness. Reprinted from [3]with permission
from John Wiley and Sons
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2.1.3 Single Gyroid

Setting the parameter t to 0 < |t | ≤ 1.413 results in a more general level surface
approximation of the single gyroid

sin(x̃) cos(ỹ) + sin(ỹ) cos(z̃) + sin(z̃) cos(x̃) = t. (2.3)

This level surface exhibits increased absolute mean curvature and now divides space
into two sub-volumes (single gyroids) of unequal volume fraction (Fig. 2.2a).2 The
coupled increase and decrease of the two sub-volumes, the increase in absolute mean
curvature of the dividing surface, and the offset of the new level surface from the
t = 0 surface are all monotonic with increasing |t | [4]. At |t | = 1.413, one of the two
sub-volumes is no longer continuous, referred to as “pinch-off” of the level surface.
Discontinuity of one of the sub-volumes persists in the range 1.413 < |t | ≤ 1.5, the
morphology then having a body-centred cubic symmetry. For values of |t | > 1.5, the
single gyroid level surface is no longer mathematically defined.

(a) (b)

(c)

(d)

Fig. 2.2 The single gyroid morphology. a Level surface approximation of the single gyroid
(eight unit cells arranged 2 × 2 × 2) as defined by Eq. (2.3) with t = 0.9 (i.e. roughly 20% volume
fill fraction). Projections along the crystallographic directions (high-symmetry directions) b [100]
(H), c [111] (P), and d [110] (N) of the single gyroid level morphology and its srs-net (orange),
highlighting the screw axes and their cross-sections. The high symmetry directions are useful for
later interpretation of gyroid metamaterial band diagrams (Fig. 2.11). A left-handed local helical
element is indicated by a blue arrow; a right-handed helical element by a red arrow. a reprinted
from [3] with permission from John Wiley and Sons. b–d reprinted from [5] with permission from
Elsevier

2As mentioned, the gyroid surface already divides space into two single gyroids of equal volume
fraction. However, the distinction between the dividing surface (i.e. the gyroid surface) and the
resulting three-dimensional morphology (i.e. the single gyroid) is useful.
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The single gyroid is unique amongst similarmorphologies based on cubicminimal
surfaces in that it is inherently chiral (i.e. its mirror image cannot be transformed to
coincide with itself by translation and rotation) [5, 6]. Indeed, by joining the centre-
lines of the gyroid to create a periodic graph (srs-net), one can readily identify local
helices along the various screw axes of the gyroid [5]. For each of the [100], [111], and
[110] directions, two screw axes can be identified and the associated helices exhibit
opposing handedness and different average radii (Fig. 2.2b–d). For example, note
that the [100] direction possesses local right-handed (left-handed) helical elements
with a large (small) average radius, whereas the [110] direction possess local right-
and left-handed helical elements with similar average radii. Although chirality is a
symmetry property of the overall structure, it will be seen in Sect. 2.6 that the above
considerations (i.e. the existence and handedness of local helical elements) impart a
strong anisotropy to the chiro-optic properties of any gyroid-structured material.

2.1.4 Double Gyroid

Whereas the single gyroid level surfaces divide space into only two sub-volumes, a
further simple alteration to the level surface equation allows the space to be divided
into three continuous sub-volumes. By defining simultaneously both a positive and
negative value of t , the level surfaces

sin(x̃) cos(ỹ) + sin(ỹ) cos(z̃) + sin(z̃) cos(x̃) = ±t (2.4)

result in two interpenetrating single gyroid networks (0 < |t | ≤ 1.413) of equal
volume fraction but opposite handedness, together forming the so-called “double
gyroid” with space group I a3̄d (Fig. 2.3).3 The double gyroidmay be conceptualised
as the sub-volumes either side of a t = 0 (gyroid) surface with finite thickness.
Borrowing language from the block copolymer community, this thickened gyroid
surface may then be referred to as the “matrix” which separates the two single gyroid
networks. As |t | increases so does the volume fraction of the matrix phase.

2.2 Block Copolymer Self-assembly

Self-assembly is the process bywhich amolecular system lowers its free energy by
arranging itself into various energetically favourable configurations. The single and
double gyroid morphologies may be found in a variety of natural and synthetic sys-
tems which undergo self-assembly. Block copolymers, a class of polymer consisting

3Note that the term “double gyroid” may also refer to the block copolymer microphase-separated
morphology inwhich two chemically equivalent single gyroids are separated by a chemically distinct
matrix (Sect. 2.2).
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Fig. 2.3 Thedouble gyroidmorphology. The level surface approximation (one unit cell) is defined
by Eq. (2.4) with t = ±1.3 (i.e. each single gyroid network is roughly 10% volume fill fraction).
a The single gyroid morphology (t = 1.3) without either the matrix or the second interpenetrating
single gyroid phase. b The double gyroid morphology (t = ±1.3) without the matrix. The two
interprenetrating and enantiomorphic single gyroid networks are shown differently coloured but
possess equal volume fill fractions. c The double gyroid morphology (t = ±1.3) and the gyroid
surface (t = 0) which defines the centre of the matrix. Usually the matrix would entirely fill the
void between the two single gyroid networks. Reprinted from [3] with permission from JohnWiley
and Sons

of two or more chemically distinct monomer types grouped together into “blocks”,
are one such system [7, 8]. The simplest block copolymer is the amorphous lin-
ear diblock copolymer, and its phase behaviour captures the essential elements of
the behaviour of the more complex block copolymers used throughout this thesis.4

Linear diblock copolymers have two monomer types (A and B; Fig. 2.4a) grouped
together into a pair of covalently bonded homopolymers (i.e. AB; Fig. 2.4b, c). By
comparison, linear triblock terpolymers have three monomer types (A, B, and C)
arranged similarly (i.e. ABC; Fig. 2.4d). The chemical dissimilarity between blocks
can lead to microphase-separation, a particular form of self-assembly. Although still
used, the terms “microphase-separation” and “microdomain” are historic and in fact
refer to phase separation and the resulting structures on the nanoscale, respectively. A
particularly fascinating use of block copolymers is therefore to create one-, two- and
three-dimensional inorganic materials structured on that length scale, including the
subject of this thesis, optical metamaterials [9–11]. The basics of block copolymer
self-assembly are therefore briefly reviewed, although this short introduction cannot
hope to be comprehensive. Indeed, a number of excellent reviews on the topic already
exist [12, 12–19].

4Amorphous block copolymers contain no semicrystalline etc. homopolymer block and is in contrast
to amorphous-semicrystalline block copolymers introduced in Sect. 2.4.
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Fig. 2.4 Diblock copolymers and their self-assembled equilibrium morphologies. a Three
chemically distinct monomers. b Homopolymers composed of two chemically distinct monomers.
c Linear diblock copolymer in which the two homopolymers are covalently tethered. d Linear tri-
block terpolymer in which three homopolymers are covalently tethered. e Equilibrium morphology
and characteristic periodicity for a microphase-separated diblock copolymer. Variation in volume
fraction of the copolymer blocks determines the equilibriummorphology adopted by the copolymer;
variation in the overall molecular weight determines the periodicity of the resulting morphology.
Adapted from [20] with permission from Springer Nature

2.2.1 Diblock Copolymers

The bulk thermodynamic equilibrium morphology of an amorphous diblock copoly-
mer depends on three parameters: N , the total degree of polymerisation; fA or fB,
the volume fractions of homopolymer A or B, respectively ( fA + fB = 1); and χAB,
the Flory-Huggins interaction parameter specific to the chemical properties of the
two homopolymers (a measure of the repulsion of the monomers). The interac-
tion parameter χAB is the effective AB interaction energy, in units of kBT , and is
generally small and positive for incompatible monomers. For copolymers without
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Fig. 2.5 Theoretical phase diagram for a linear diblock copolymer. The product χABN deter-
mines the equilibrium microphase-separated morphology for a particular composition of copoly-
mer, where χAB is the Flory-Huggins interaction parameter between the two blocks and is N the
total degree of polymerisation of the copolymer. The parameter f is the fill fraction of one or
other of the two blocks (i.e. fA or fB). The various equilibrium morphologies which minimise
the thermodynamic free energy of the segregated system are: lamellae (L), the double gyroid (G),
hexagonally-packed cylinders (H), body-centred cubic spheres (S), and close-packed spheres (CPS).
Otherwise the system is disordered (DIS) (e.g. for χABN ≤ 10.5 at f = 0.5). Reprinted (adapted)
with permission from [21]. Copyright 2006 American Chemical Society

strong specific interactions (e.g. hydrogen bonds), χAB varies inversely with temper-
ature. It is the product χABN , the overall “incompatibility” of the copolymer, which
determines the existence and type of microphase-separated morphology at a partic-
ular composition and temperature. The schematic (Fig. 2.4e) and theoretical phase
diagram (Fig. 2.5) for such a copolymer highlight the expected equilibrium mor-
phologies (e.g. spheres, cylinders, the double gyroid, or lamellae). The equilibrium
microphase-separated morphology minimises the overall free energy of the system
by balancing the enthalpic (interfacial) and entropic (chain stretching) energy con-
tributions. However, an intuition may be gained by considering only the necessity to
minimise the interaction area between the two blocks (i.e. the enthalpic portion of the
overall free energy). As long as the enthalpic interaction between the blocks (χAB) or
the total molecular weight of the copolymer (N ) are sufficiently large (i.e. the total
enthalpic interaction between the blocks is sufficiently unfavourable), the copolymer
will microphase-separate (e.g. for χABN > 10.5 for symmetric diblock copolymers;
cf. Fig. 2.5). Note that the double gyroid phase, consisting of two interpenetrating
single gyroid networks of one block separated by a matrix of the second, exists for
a narrow value of block volume fractions between cylinders and lamellae.5

5Take care that the double gyroid morphology previously shown highlighted the two constituent
single gyroid networks in different colours (Fig. 2.4). However, these gyroid networks are composed
of the same block of the copolymer in the double gyroid phase.
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Although a particular microphase-separated morphology may well be a thermo-
dynamic minimum of the free energy of the bulk system, there are additional effects
which may prevent the formation of this morphology. First are interfacial and com-
mensurability effects which can dominate the behaviour of polymer thin films. For
example, any difference in surface energy of the various blocks of the copolymer
at either the substrate-polymer or polymer-air interfaces (which might also depend
on the nature and concentration of any solvent present) may lead to the preferential
wetting of one the blocks at the interfaces. Any morphology thus imposed by the
interfaces will persist for a finite distance into the copolymer film which, if the film
is particularly thin, may be a significant proportion of its thickness. Alternatively,
should the total thickness of the copolymer film be incommensurate with the charac-
teristic periodicity of the equilibrium morphology, then either the morphology or its
orientation may alter to accommodate imposed boundary conditions. In thin films,
the effect of surface energies of the blocks may therefore be substantial, and hence
the microphase-separated morphology in a thin film may differ markedly from that
of the bulk.

Kinetic effects may also prevent the self-assembly of a block copolymer, bulk or
thin film, into its thermodynamic equilibrium morphology. For example, the copoly-
mer may become trapped in a metastable state due to finite kinetic barriers (e.g. the
hexagonally-perforated lamellae phase) or the self-assembly processmay simply take
place over a prohibitively long period of time [22, 23]. Indeed, whereas the period-
icity of the block copolymer phase increases with increasing N , the rate of diffusion
of polymer chains within the system, and therefore the time over which the equi-
librium morphology is achieved, decreases with increasing N . Similarly, the kinetic
penalties of reorienting variously oriented microdomains to create a minimum free
energy structure with long-range order (i.e. fewer energetically unfavourable grain
boundaries) may be prohibitively large given the low rate of diffusion of the polymer
chains. Note that the thermodynamic equilibrium morphology nucleates randomly
and in multiple locations from either a disordered copolymer melt or neighbouring
ordered microphase-separated morphologies, thereby generally resulting in numer-
ous variously oriented microdomains (though by no mean always).

2.2.2 Triblock Terpolymers

The phase behaviour of a diblock copolymer is completely described by the three
aforementioned parameters: fA, χAB, and N [25, 26]. However, to describe the phase
behaviour of a triblock terpolymer for which the block order is known, twice as many
parameters are required: fA, fB, χAB, χBC, χAC, and N [27]. The phase behaviour
of triblock terpolymers is therefore significantly more rich and complicated than
that of diblock copolymers. Despite this additional complexity, non-frustrated linear
ABC triblock terpolymers are a class of triblock terpolymers which are particularly
amenable to both experimental and theoretical study. A non-frustrated triblock ter-
polymer is one for which the block sequence and the thermodynamically preferred
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Fig. 2.6 Phase map of polyisoprene-b-polystyrene-b-poly(ethylene oxide) (ISO) triblock ter-
polymers. Six stable ordered phases are shown and coloured as follows: lamellae (LAM; grey);
alternating gyroid (Q214; pink); orthorhombic (O70; yellow); hexagonal (HEX; green); core-shell
double gyroid (Q230; red); and body-centred cubic (BCC; black). Ametastable phase, hexagonally-
perforated lamellae (HPL; blue), and the disordered phase (Dis.; white) are also shown. Order-order
transitions are shown with multicoloured symbols: top and bottom halves represent high and low
temperature states, respectively. The dashed line is the fPI = fPEO isopleth. The axes correspond
to the volume fractions of the polyisoprene (PI), polystyrene (PS), and poly(ethylene oxide) (PEO)
blocks of the terpolymer. The block volume fractions of the ISO terpolymers used in this thesis
are fPI ≈ 0.30, fPS ≈ 0.52, and fPEO ≈ 0.17, placing them in the alternating gyroid region of the
phase map (Chap.3). Reprinted (adapted) with permission from [24]. Copyright 2007 American
Chemical Society

placement of the blocks are mutually reinforcing [24]. Such terpolymers are charac-
terised by Flory-Huggins interactions parameters whereby χAC � χAB ≈ χBC [28].
These interaction parameters ensure that interfaces between the two end blocks are
highly unfavourable (i.e. that only two interfaces are formed between each of the
end blocks and the middle block) and that the resulting morphologies are likely
either core-shell versions of diblock copolymer microphase-separated morpholo-
gies or “alternating” morphologies.6 Tyler et al. in 2005 noted a number of systems
which satisfy the conditions of a non-frustrated triblock terpolymer: polybutadiene-
b-polystyrene-b-poly(vinyl pyridine) (PB-b-PS-b-PVP); poly(methylmethacrylate)-
b-polystyrene-b-polybutadiene (PMMA-b-PS-b-PB); polyisoprene-b-polystyrene-
b-poly(vinyl pyridine) (PI-b-PS-b-PVP); and, of most direct relevance to this thesis,
polyisoprene-b-polystyrene-b-poly(ethylene oxide) (ISO) [28].

6A example of such a morphology, the core-shell double gyroid, may be seen in Fig. 2.7a.
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Fig. 2.7 Polyisoprene-b-polystyrene-b-poly(ethylene oxide) (ISO) triblock terpolymer net-
work morphologies. Polyisoprene (PI; red), polystyrene (PS; green), and poly(ethylene oxide)
(PEO; blue) phases are shown both individually and combined. a The core-shell double gyroid
phase (Q230). This may be considered as a PEO double gyroid surrounded by a core-shell matrix
of PS and PI. b The orthorhombic phase (O70). This phase is similar to the alternating gyroid but,
unlike many other network phases, does not possess a cubic unit cell. c The alternating gyroid
(Q214). During gyroid optical metamaterial fabrication, the PI phase is removed to create a sin-
gle gyroid template (Sect. 2.6). Reprinted (adapted) with permission from [29]. Copyright 2007
American Chemical Society

ISO triblock terpolymers have been studied extensively as a model non-frustrated
ABC linear triblock terpolymer and, in particular, one likely to exhibit various
multicontinuous network morphologies. By 2007, Chatterjee et al. were able to
present the comprehensive phasemap of ISO triblock terpolymers atweak to interme-
diate segregation strengths (Fig. 2.6) [24]. In doing so, they built upon prior work by
Bailey et al. on the phase behaviour of ISO along the fPI = fPS isopleth (0 ≤ fPEO ≤
0.33), which first identified the existence of a non-cubic triply periodic network mor-
phology in the region 0.12 ≤ fPEO ≤ 0.24 [30]. Similarly, work by Epps et al. in the
region 0.2 ≤ fPI ≤ 0.58, 0.25 ≤ fPS ≤ 0.69, and 0 ≤ fPEO ≤ 0.37, which classi-
fied this new network morphology as the orthorhombic (O70) phase, was also used
[29, 31]. Epps et al. additionally identified the existence of the core-shell dou-
ble gyroid (Q230) and alternating gyroid (Q214) morphologies either side of the
orthorhombic phase (Fig. 2.7) [29, 31]. It is the alternating gyroid morphology, con-
sisting of two interpenetrating polyisoprene (PI) and poly(ethylene oxide) (PEO)
single gyroids separated by a polystyrene (PS) matrix, from which gyroid optical
metamaterials have so far been fabricated (Sect. 2.6). The triblock terpolymer alter-
nating gyroid phase differs from the diblock copolymer double gyroid phase as the
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two single gyroid networks are chemically distinct andneednot have the samevolume
fractions.7 In total, six stable microphase-separated morphologies were identified:
two- and three-domain lamellae; the “hexagonal phase” (assumed to be cylindri-
cal); the “body-centred cubic (BCC) phase” (assumed to be spherical); and the three
aforementioned network phases, the orthorhombic, the core-shell double gyroid, and
the alternating gyroid [24]. These morphologies were confirmed as true equilibrium
morphologies of both idealised (non-frustrated) ABC triblock copolymers and ISO
by self-consistent field theory [28].

All of the ISO terpolymers studied above were synthesised such that their order-
disorder transition (ODT) temperatures lay in the experimentally accessible window
0–90 ◦C (i.e. molecular weights ≈ 15–25kgmol−1) [24, 29–31]. Experiments on
higher molecular weight ISO terpolymers, such as those used in this thesis, deter-
mined that whereas the slowed kineticsmight inhibit the establishment of the equilib-
riummicrophase-separatedmorphologies ofFig. 2.7, theydonot necessarily preclude
their existence [32]. Of course, in all cases the microphase-separated morphologies
were explored as a function of temperature rather than, say, solvent concentration
(i.e. the ISO terpolymers were not solvent-annealed).

2.3 Solvent Vapour Annealing

Block copolymers are most readily equilibrated (i.e. encouraged to relax into their
thermodynamic equilibriummorphology) by heating [7, 8]. Many block copolymers
used to template inorganic materials possess a glassy block, for mechanical stability
during subsequent processing steps. It is therefore necessary to thermally anneal
the copolymer to above the highest glass transition temperature Tg of any glassy
block present, to allow reorganisation and self-assembly to take place.8 However,
in the temperature window above the highest Tg but below the thermal degradation
temperature of the film, the mobility of high molecular weight copolymer chains is
relatively low. Indeed, the kinetics of reorganisation of the copolymer microdomains
during annealing slow with increasing viscosity of the melt and molecular weight
of the copolymer. It is therefore advantageous to lower the Tg of the copolymer
to below ambient temperature such that it may anneal without the application of
heat. This may be achieved by the introduction of controlled amounts of solvent into
the copolymer in a process termed solvent vapour annealing (SVA).9 In addition to
avoiding potential degradation of the film, the mobility of the copolymer chains is
greatly increased in the presence of a solvent, reducing the time scale over which the

7It is only the alternating gyroid phase, through selective etching of a single block, which allows
ready access to the single gyroid morphology.
8Thermal annealing will be used to create the multi-domain gyroid optical metamaterials charac-
terised in Chap.6.
9Solvent vapour annealing will be used to create the single-domain gyroid optical metamaterials
characterised in Chap.7.
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copolymer relaxes into its thermodynamic equilibrium morphology and increasing
the resulting domain size substantially [33–35]. However, the solvent often reduces
the value of any interaction parameters (e.g. χAB).

2.3.1 Diblock Copolymers

The effect of SVA on linear diblock copolymers has been studied extensively [36,
37]. A neutral solvent will swell both blocks of the copolymer equally, leaving the
effective volume fractions fA and fB unaltered, but screening the interaction between
the two blocks (i.e. lowering χAB). A sufficiently high solvent concentration will
lower χAB to such an extent that the microphase-separated morphology is no longer
thermodynamically favourable and the copolymer disorders. A selective solvent will
preferentially swell only one of the blocks, altering the effective volume fractions and,
therefore, the equilibrium morphology of the copolymer [38, 39]. It is thus possible
to explore the entire phase space of diblock copolymers (i.e. spheres, cylinders, the
double gyroid, and lamellae) with only a single copolymer, by varying the solvent
concentration and selectivity [39].

2.3.2 Triblock Copolymers and Terpolymers

In contrast, the effect of SVA on linear triblock copolymers (ABA) and terpoly-
mers (ABC), the subject of this thesis, has received substantially less attention. Early
studies on polystryene-b-polybutadiene-b-polystyrene (PS-b-PB-b-PS) triblock
copolymers focused on the morphological transitions resulting from the exposure
to selective and neutral solvents [40], the improvement in symmetry and long-range
order of the cylindrical and lamellar microphase-separated morphologies [40], and
the effect of solvent evaporation rate on the orientation of cylindrical microdomains
[41]. More recent studies focused further on the effect of solvent removal rate
upon the orientation of cylindrical microdomains in poly(deuterated styrene)-b-
polyisoprene-b-poly(deuterated styrene) (PdS-b-PI-b-PdS) [42] and polystyrene-
b-polyisoprene-b-polystyrene (PS-b-PI-b-PS) [43]. Most recently, a poly(2-vinyl
pyridine)-b-polystryene-b-poly(2-vinyl pyridine) (P2VP-b-PS-b-P2VP) triblock
copolymer treated by SVA has been demonstrated to achieve the desired perpen-
dicular orientation and long-range order of lamellae for the fabrication of sub-10nm
lithographic templates [44].

Similarly, early studies on polystyrene-b-poly(2-vinyl pyridine)-b-poly(tert-butyl
methacrylate) (PS-b-P2VP-b-PtBMA) triblock terpolymers investigated the effect
of solvent [45], solvent removal rate [45, 46], and annealing time [47] upon
the microphase-separated morphology and microdomain orientation. The morpho-
logical transitions observed during SVA of polystyrene-b-polybutadiene-b-poly
(2-vinyl pyridine) (PS-b-PB-b-P2VP) [48], which included the sequence of core-
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shell cylinders, spheres in “diblock gyroid”, spheres in lamellae, and spheres, in
both neat terpolymer [49] and homopolymer blends [50], were also investigated
in detail. Although most of the above studies have concentrated on triblock ter-
polymers which form hexagonal and lamellar microphase-separated morphologies,
SVA and controlled solvent evaporation may also be used to control the orien-
tation of double-helical microdomains in films of polystyrene-b-polybutadiene-
b-poly(methyl methacrylate) (PS-b-PB-b-PMMA) [51]. Finally, the gyroid phase
could be accessed during solvent annealing of a poly(ethylene oxdide)-b-poly(ethyl
acrylate)-b-polystyrene (PEO-b-PEA-b-PS) triblock terpolymer blended with phe-
nolic resin oligomers (resol) to create bicontinuous mesoporous carbon films [52].
However, it was only through an order-order transition (OOT) from the cylinder to the
gyroid phase during thermopolymerisation of the resol that the gyroid morphology
could be accessed in the carbonised films.

2.3.3 Gyroid-Forming Block Copolymers

Apart from the study above, where the gyroid morphology was ultimately accessed
through the cylinder phase, there are only a handful of efforts to apply SVA
directly to gyroid-forming block copolymers. It is precisely this, the application
of SVA to a gyroid-forming triblock terpolymer, which is of concern here. She et al.
demonstrated controlled ordering of the double gyroid morphology in polystyrene-
b-poly(L-lactide) (PS-b-PLLA) diblock copolymers (block molecular weights 34
and 27kgmol−1, respectively; fPLLA = 0.39) upon annealing in a neutral solvent
(1,2-dichloroethane) and employing a functionalised silicon dioxide substrate [53].
The resulting double gyroid microphase-separated morphology presented the (211)
plane parallel to the substrate. If annealed in a partly selective solvent for the PS
(chloroform), a morphological transition from the gyroid to cylinder morphology,
via a reorientation of the gyroid morphology to present the (110) plane parallel to
the substrate, was identified. The transition was determined to be driven by pref-
erential segregation of the PS block to the surface of the film. Of course, for the
transition to be observed, the film had to remain microphase-separated throughout
the annealing protocol. Continuing to work with PS-b-PLLA, Wu et al. explored
the effect of swollen thickness and solvent removal rate on the resulting morphol-
ogy of the solvent-annealed diblock copolymer [54]. However, on this occasion, the
authors made sure to swell the films to such an extent that the copolymer was no
longer microphase-separated before removal of the solvent. The authors identified
three regimes of morphological evolution as a function of swollen film thickness: the
“anisotropic structure” regime (in which cylinders are formed with varying orienta-
tions depending on the solvent removal rate); the “phase transition” regime (in which
the cylinder and gyroid morphologies coexist and the plane of the gyroid parallel
to the surface is closely related to the orientation of the cylindrical microdomains
in the first region); and the “isotropic structure” regime (in which various planes of
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the gyroid may be parallel to the surface but the driving force is thermodynamic
and therefore independent of solvent removal rate). None of these few studies were
performed in situ (e.g. using X-ray scattering techniques) or on a triblock terpolymer.
Such a study is presented in Chap.4.

2.4 Block Copolymer Crystallisation

Whereas the above primarily concerns the behaviour of purely amorphous block
copolymers, the ISO triblock terpolymers used in this thesis are not amorphous
but, rather, amorphous-semicrystalline.10 This class of block copolymers (i.e. those
possessing both amorphous and semicrystalline homopolymer blocks) introduces
additional complexity due to the delicate interplay between the driving forces of
crystallisation and microphase-separation [55]. Indeed, a rich variety of behaviour
is observed in even simple linear diblock amorphous-semicrystalline copolymers,
for which the taxonomy of crystallisation is based on three key parameters: the
order-disorder transition temperature of the copolymer TODT; the glass transition
temperature of the amorphous block Tg; and the crystallisation temperature of the
semicrystalline block Tc [56]. Respectively, these parameters characterise the relative
strength of the driving forces of microphase-separation, vitrification, and crystalli-
sation.

If the crystallisation temperature is lower than the order-disorder transition
temperature (Tc < TODT), then the copolymer will crystallise from an ordered
microphase-separated melt. Crystallisation from a disordered melt (Tc > TODT) will
almost inevitably result in a crystalline lamellar structure (i.e. a structure consisting
of alternating semicrystalline and amorphous lamellae). Instead, crystallisation from
an ordered melt will depend sensitively on the volume fraction of the semicrystalline
block, the state of the amorphous block (e.g. rubbery or glassy), the segregation
strength of the copolymer, and the kinetics of crystallisation. If the crystallisation
temperature is well below the glass transition temperature of the amorphous block
(Tc � Tg), then the semicrystalline blockundergoes confined crystallisation.11 As the
crystallisation temperature approaches the glass transition temperature of the amor-
phous block, the semicrystalline block may first begin to distort (Tc ≈ Tg) and finally
“break out” (Tc � Tg) of the increasingly rubbery amorphous block [57]. However,
if the segregation strength (i.e. χABN ) of a rubbery-semicrystalline copolymer at
the crystallisation temperature is sufficiently high relative to the segregation strength
at the order-disorder transition temperature, the semicrystalline block may again
undergo confined crystallisation, depending also on the kinetics of crystallisation

10Poly(ethylene oxide) (PEO) is a semicrystalline polymer; polyisoprene (PI) and polystyrene (PS)
are both amorphous. At room temperature, PS is glassy and PI is rubbery [31].
11In our ISO triblock copolymers, the glassy PS is the majority phase ( fPS ≈ 52%) and the one
surrounding the semicrystalline PEO.
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[58, 59]. Should the segregation strength of the rubbery-semicrystalline copolymer
be weak, then breakout crystallisation and a destruction of the initial melt morphol-
ogy is almost inevitable.

2.4.1 Spherulites

When breakout crystallisation occurs, the resulting crystalline superstructure is usu-
ally spherulitic, indicating radial crystallisation of the semicrystalline block of the
copolymer [8]. The optical birefringence of semicrystalline polymers and the spher-
ically symmetrical growth pattern together result in the classic “Maltese cross”
birefringent texture under crossed polarisers. The formation of spherulites often
accompanies the large scale rearrangement of the copolymer into alternating lamel-
lae of the amorphous and semicrystalline blocks, and the associated destruction
of any previous microphase-separated morphology.12 Within the semicrystalline
lamellae, the stretched polymer chains are oriented perpendicular to the radial crys-
tallisation growth direction (i.e. tangentially). The ability with which a particular
copolymer forms spherulites is a function of the semicrystalline block fraction, seg-
regation strength, and sample thickness (e.g. bulk or thin film) [60, 61]. Although
spherulites are most often associated with breakout crystallisation, it is not the case
that a spherulitic superstructure necessarily implies breakout crystallisation [62–
65]. Indeed, spherulites have been observed to coexist with lamellae [59, 65–69]
and other [61, 71] microphase-separated morphologies in both rubbery- and glassy-
semicrystalline block copolymers. Crucially, the crystalline morphology and result-
ing superstructure of any copolymer are often a sensitive function of crystallisation
conditions, especially in the case of confined crystallisation [60, 68, 71].

2.4.2 Crystallisation Temperature

One such condition, which has a profound effect upon the crystallisation behaviour
of the semicrystalline block, is the crystallisation temperature. In the case of
polystyrene-b-poly(ethylene oxide) (PS-b-PEO) diblock copolymers, there is a clear
relationship between the crystallisation temperature and the orientation of the PEO
crystallites relative to the interface with the amorphous block, which is near identi-
cal irrespective of whether the PEO is confined to lamellae [72], cylinders [73, 74],
hexagonally-perforated lamellae [75, 76], or inverse cylinders [77]. As the crystalli-
sation temperature is increased (i.e. the degree of supercooling is reduced), the PEO
crystallite c-axis (the long axis of the polymer chains) transitions from a random ori-
entation to parallel, tilted, and then perpendicular with respect to interface between

12Semicrystalline homopolymers readily form spherulites, whereby the amorphous and semicrys-
talline lamellae are both formed from the same polymer.
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the PEO block and the surrounding glassy PS block. Additionally, for confinement
within hexagonally-perforated lamellae and inverse cylinders at high crystallisation
temperatures (i.e. low degrees of supercooling), the PEO crystallites are oriented
in two dimensions and are aligned to grow along the {101̄0} planes of the hexago-
nally arranged PS perforations and cylinders. A further condition, which may alter
the delicate balance between the driving forces of crystallisation and microphase-
separation, and therefore also the resulting crystalline morphology, is the presence
and selectivity of solvents [66, 71, 78–80]. It is likely that some effects of a solvent
(e.g. the reorientation of crystalline lamellae upon solvent evaporation) are qualita-
tively similar to those of crystallisation temperature andmay therefore be understood
by a judicious comparison [81]. However, the presence of a solvent will also have
a substantial effect upon both the thermodynamics and kinetics of self-assembly of
any block copolymer through the alteration of the relevant segregation strengths,
changes in volume fractions due to selective swelling, and the rate of diffusion of
the copolymer chains. The introduction of solvent into a amorphous-semicrystalline
block copolymer is therefore anticipated to greatly increase the already substantial
complexity of the observed behaviour.

2.4.3 Gyroid-Forming Block Copolymers

Notable by its absence from the above studies on crystallite alignment in diblock
copolymer equilibrium morphologies is the double gyroid morphology, in which
one block of the copolymer forms two interpenetrating single gyroid networks sepa-
rated by a continuous matrix of the second block. Although confined crystallisation
has been observed for gyroid-forming amorphous-semicrystalline block copolymers,
no preferential orientation or alignment of the confined crystallites has been reported
[82–84]. Instead, a templating effect is observedwhen breakout crystallisation occurs
from an aligned double gyroid melt. Preferential orientation of the resulting crys-
talline lamellar morphology has been found to be templated by both the {211} and
{220} planes of the double gyroid in rubbery-semicrystalline diblock copolymers [63,
85]. Notwithstanding the potential effect of the curved interfaces, confined crystalli-
sation within a gyroid network can result in a reduced crystallinity and slowed crys-
tallisation kinetics in a manner entirely analogous to confined crystallisation within
other microphase-separated morphologies of varying dimensionality, connectivity,
and cooperativity [69, 86]. As a continuous three-dimensional morphology with
high cooperativity between adjacent grains, the gyroid can allow crystallisation on
a macroscopic length scale from a number of heterogenous nuclei far fewer than the
number of microdomains [82–84]. A study of confined crystallisation within a single
gyroid network is presented in Chap.5.



2.5 Metamaterials 21

2.5 Metamaterials

In this thesis, block copolymer self-assembly and solvent vapour annealing, both
introduced above, are used to fabricate optical metamaterials. Metamaterials are
artificially engineered materials which, by virtue of their structure and not only their
chemical composition, may exhibit various electromagnetic properties not otherwise
encountered in nature [87]. Unlike photonic crystals, the structural units of meta-
materials, termed “meta-atoms” or “meta-molecules”, are deeply sub-wavelength.
The response of the material may therefore be described in terms of bulk (homoge-
neous) effective parameters, i.e. the permittivity εeff(ω), the permeability μeff(ω),
and the electromagnetic coupling parameter γeff(ω). These effective parameters may
be anisotropic and will almost certainly be temporally (and perhaps also spatially)
dispersive.13 It is the nature and morphology of these structural units which impart
to a metamaterial its unique electromagnetic properties.

One such property not generally found in nature, but which has generated intense
interest, is negative refraction. Veselago in 1968 first theoretically demonstrated that
amaterial with simultaneously negative (real) values of permittivity and permeability
(a “doubly negative” medium) would exhibit negative refraction [89, 90]. However,
without access to any natural doubly negative materials, it was over thirty years
until the phenomenon was first experimentally demonstrated, by Smith et al. in
2000, using split-ring resonator metamaterials [91]. That same year, Pendry made
the first of a number of predictions regarding the potential applications of negatively
refracting materials, namely that they could be used to create a cloaking device or
“super lens” capable of resolving sub-wavelength features [92, 93]. Thus the history
of metamaterials since the turn of the century has been near synonymous with the
pursuit of negatively refracting materials.

An alternative route to negative refraction, other than the fabrication of a doubly
negative medium, is to create a material with a strong chiral response [94]. If the
chiro-optic effect is sufficient, such a material will exhibit negative refraction for one
handedness of circularly polarised light [95, 96]. It is for this reason, amongst others,
that chiral metamaterials, including single gyroid optical metamaterials, have also
received intense interest [97, 98].14

Negative refraction is, however, only one electromagnetic property of potential
interest. Of perhaps more immediate technological relevance is access to particularly
large and small, or strongly anisotropic (e.g. hyperbolic), material parameters and
their associated science and engineering [99]. Indeed, the great attraction of meta-
materials is that one may theoretically design any arbitrary electromagnetic response
as desired. Metamaterials therefore offer huge flexibility to exploit exotic situations,
combinations, or spatial arrangements of effective material parameters in electro-
magnetic material design, thereby greatly expanding the range of electromagnetic
responses otherwise found in natural and synthetic bulk materials.

13Spatial dispersion is where the material response is dependent on wave vector k (i.e. the medium
is non-local). A temporally and spatially dispersive permittivity would be denoted ε(ω,k) [88].
14Recall that the single gyroid is chiral; the double gyroid is achiral (Sect. 2.1).



22 2 Introduction

Somematerialswhichwould today be classified asmetamaterials have in fact been
studied for many decades [87]. Those early metamaterials (e.g. artificial dielectrics)
were designed to operate in the microwave regime and were therefore macroscopic
in their unit cell structure and periodicity [100]. In contrast, an optical metamaterial
requires structural units tens of nanometres across in order to satisfy the condition
of sub-wavelength feature sizes. Achievements in the field of optical metamaterials
have therefore gone hand in hand with advances in nanofabrication technologies,
without which the ability to pattern materials on the required length scale would be
near impossible [101]. However, many early top-down lithographic techniques were
either intrinsically two-dimensional (e.g. a single material layer) or ventured into the
third dimension only by tedious and non-scalable stacking of individual layers. These
techniques are arguably still incapable of fabricating three-dimensional nanostruc-
tures over macroscopically large areas with sufficient speed and cost-effectiveness
to allow optical metamaterials to attain true technological relevance. Therefore, until
recently, three-dimensional opticalmetamaterials presented a considerable challenge
[102].

2.6 Gyroid Optical Metamaterials

Block copolymer self-assembly presents an alternative means by which to fabricate
intricate one-, two-, and three-dimensionalmorphologies on nanometre length scales,
which may act as templates for optical metamaterial fabrication [103]. In linear tri-
block terpolymers, one such morphology is the alternating gyroid: two single gyroid
networks, each composed of one block, separated by a matrix of the third. As the two
single gyroid networks in the alternating gyroid are chemically distinct, it is possible
to selectively remove just one such network and use the remaining voided terpolymer
as a sacrificial template for metal deposition [11, 54]. The resulting structure is fully
three-dimensional and intrinsically chiral, thus possibly also negatively refracting.
Such three-dimensional (chiral) optical metamaterials simply cannot otherwise be
fabricated over large areas with comparable rapidity using existing top-down fabri-
cation techniques [101]. Gyroid optical metamaterials are therefore a rich source of
interesting physics inaccessible by other means.

2.6.1 Fabrication

Gyroid optical metamaterials were first fabricated and demonstrated by Vignolini
et al. in 2012 [104]. Working with a 53kgmol−1 polyisoprene-b-polystyrene-b-
poly(ethylene oxide) (ISO) triblock terpolymer, the authors used a crude solvent
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(a)

(e) (f)

(b) (c) (d)

Fig. 2.8 Fabrication of gyroid optical metamaterials from a triblock terpolymer. a Alter-
nating gyroid equilibrium morphology formed from a triblock terpolymer (red, blue, and green).
b Selective etching of a single gyroid network (i.e. one terpolymer block; green) resulting in a single
gyroid template. c Back-filling of the gyroid template with metal (e.g. gold) by electrodeposition.
d Removal of the remaining terpolymer (red and blue) resulting in a single gyroid optical metama-
terial. Scanning electron micrographs of e 35 and f 50nm unit cell gold gyroids with fill fractions of
around 30% fabricated from a 35kgmol−1 and 80kgmol−1 ISO triblock terpolymer, respectively.
These samples were thermally annealed and therefore exhibit only relatively short-range order

vapour annealing technique to achieve domains between 10–100µm in size.15 The
polyisoprene (PI) phase was selectively removed from the self-assembled gyroid
structure by ozonolysis to leave behind a single gyroid template. This template was
then back-filledwith gold by electrodeposition to create, upon removal of the remain-
ing organic material, a gold single gyroid thin film of roughly 200nm in thickness
(Fig. 2.8). The gold gyroid structure possessed a unit cell size of ≈50nm and a fill
fraction of 30% [104, 105]. Note that gold was chosen because of its plasmonic
properties and chemical stability.

2.6.2 Optical Properties

Reflectance and transmittance spectra of the gold gyroid thin film fabricated by Vig-
nolini et al. were obtained using unpolarised light, highlighting the characteristic

15Note that, hereafter, “domain” may refer both to regions of the optical metamaterial and the
triblock terpolymer template from which they are fabricated.
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gyroid extinction peak at around 600nm, associated with the striking red colour of
the sample [104]. Investigation of individual domains with linearly and circularly
polarised light allowed identification of both linear and circular dichroism, respec-
tively. The linear dichroism manifested as a shift in the extinction peak as a function
of relative orientation between the direction of polarisation and the single gyroidmor-
phology. The extinction peakwasmaximally blue- and red-shiftedwhen the direction
of polarisation was parallel and perpendicular, respectively, to the [100] direction of
the gyroid (Fig. 2.9a, b; cf. Fig. 2.2).16 Like all single domain gyroid samples consid-
ered here, the sample investigated by Vignolini et al. exhibited the [110] orientation
out-of-plane (cf. Chaps. 5 and 7). Circular dichroism was not observed along the
[110] direction but instead occurred when the incident light coincided with the [111]
chiral axis of the gyroid structure, which could only be accessed by tilting the sample
by 35◦ and rotating it about its normal (Fig. 2.9c).

Salvatore et al. further investigated the potential to tune the optical properties of
gold gyroid optical metamaterials by three distinct mechanisms: varying the unit cell
size, the volume fill fraction, and the refractive index of the surroundingmedia [106].
Using two ISO triblock terpolymers with different molecular weights but identical
block volume fractions, the authors first demonstrated the shift in extinction peak
caused by variation in unit cell size. The two terpolymers formed gyroids with 35 and
50nm unit cell sizes and exhibited extinction peaks at 550 and 620nm, respectively
(i.e. the extinction peakwas red-shiftedwith increasing unit cell size). The volumefill
fraction of either gyroid could be increased by electrodepositing additional gold onto
the gyroid optical metamaterial, from 30% up to 90%. As the fill fraction increased,
the extinction peak and the “plasma edge” both blue-shifted due to themodification of
the mobility of electrons in the larger struts.17 Also noticeable with the increase in fill
fraction was the reduction in linear dichroism of the structure. The linear dichroism,
measured as the shift in plasma edge for incident light polarised perpendicular and
parallel to the [100] direction of the gyroid, reduced from its maximum at a fill
fraction of 30% to zero for fill fractions �50%. Finally, the extinction peak was
further varied by infiltration of the structure with media of various refractive indices,
thereby changing the dielectric contrast between the gold and its surrounding. As the
refractive index of the surrounding medium was successively increased from that of
air to that of an oil with refractive index n = 1.7, the extinction peak and plasma edge
red-shifted by around 200nm. The effects of these three parameters on the response
of the gyroid optical metamaterials are summarised in Table 2.1.

16The physical mechanism underlying this linear dichroism is revealed in Chap.7.
17The plasma edge is a usefulmetric for characterisation of gyroid opticalmetamaterials (and indeed
other highly interconnected metallic structures) and is the wavelength at the point of inflection of
the reflectance spectrum.



2.6 Gyroid Optical Metamaterials 25

(a) (b)

(c)

Fig. 2.9 Linear and circular dichroism of gold gyroid optical metamaterials. a Optical micro-
graph of a 50nm unit cell and 30% fill fraction gold gyroid metamaterial under linearly polarised
light (as indicated by the white arrow); regions labelled “1” and “2” are two domains for which
the orientation of the gyroid is roughly parallel to and perpendicular to the [100] axis, respectively.
b Reflection spectra of the two domains visible in the optical micrograph. c Difference between
the transmission (averaged over the wavelengths 600–750nm) for right- and left-handed circularly
polarised light for the same gyroid when rotated around the [110] axis at an angle of 35◦ to the
plane of the substrate. The solid line is a guide for the eye. Reprinted (adapted) from [104] with
permission from John Wiley and Sons

Table 2.1 Effect of increase in various structural parameters on the effective plasma wavelength λp
and linear and circular dichroism of gyroid metamaterials. “↑” indicates a proportional relationship,
“↓” an inverse relationship, and “–” that the relationship is as yet unexplored

λp Linear and circular dichroism

Unit cell size (a) ↑ ↓
Fill fraction ( f ) ↓ ↓
Host refractive Index (nfill) ↑ –

2.6.3 Simulations and Theoretical Description

Whereas all of the above experiments were performed on single gyroids, the research
to first highlight (theoretically) the potential for metallic gyroids to act as metama-
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terials, by Hur et al. in 2011, investigated also double and “hollow” double gyroids
[103]. The authors notably predicted negative refraction for low-loss (e.g. silver or
aluminium) double gyroids in the visible and near-infrared.According to simulations,
lossless gold double gyroids with a 100nm unit cell size and a 34% fill fraction did
not exhibit a metallic band gap but instead showed low frequency bands, not other-
wise expected considering the high volume fraction of metal. Closer investigation
of these low frequency propagation bands revealed that some exhibited all-angle
negative refraction. The introduction of damping losses had little effect on these
negative refraction bands. However, utilisation of an experimentally derived dielec-
tric constant for gold highlighted the prevention of negative refraction by the strong
absorption resulting from interband transitions [103]. It was hypothesised that the
two enantiomorphic single gyroid networks which comprise the double gyroid form
a capacitor structure via the coupled surface plasmon resonances of the two individ-
ual networks. This capacitor may act as a metal-insulator-metal waveguide, which
supports surface plasmon polariton propagation, and the resulting waveguide bands
were found to be responsible for the negative refraction. Note that according to this
hypothesis, the negative refraction predicted in double gyroids is clearly not a product
of the chirality of the structure, which is overall achiral. Though given less attention,
single gyroids (termed alternating gyroids after the associated triblock terpolymer
microphase-separated morphology) were also investigated. Lacking a “counter elec-
trode”, the low frequency propagation of light from coupled surface plasmon reso-
nances was forbidden and single gyroids therefore demonstrated a metallic band gap
(i.e. a plasma frequency) at low frequencies.

Taking a somewhat different approach, the optical response of the gold gyroid
optical metamaterials fabricated by Vignolini et al. and described above were first
explained intuitively with respect to the classic sparse cubic wire array investigated
by Pendry et al. in 1996 [107]. This prototypical metamaterial exhibited a greatly
reduced plasma frequency from that of the constituent metal. As part of their study,
Vignolini et al. noted that an amorphous composite of gold and air with the same
volume fill fraction should exhibit near-perfect reflection in the red and infrared,
contrary to the experimental results [104].18 It was therefore hypothesised that the
gyroid optical metamaterial acted as a dilute metal, similar to Pendry’s cubic wire
array, with an effective plasma frequency substantially reduced from that of gold.
According to the model, such a decrease in plasma frequency comes about from both
a reduction in average electron density due to the porosity of the structure, and the
increased self-inductance of the highly interconnected and ordered network of metal.
It was with respect to this simple model that many of the initial experimental results
were interpreted.

Although the intuitive model introduced above describes well some aspects of the
gyroidmetamaterial electromagnetic response, it fails tomodel its anisotropic optical
properties. Developed by Demetriadou et al. in 2013 and further elucidated by Oh et
al. the same year, the tri-helical metamaterial (THM) model was proposed as an ana-

18This assertion is tested in Chap.6, in which an effective medium model for multi-domain gyroid
optical metamaterials is found.



2.6 Gyroid Optical Metamaterials 27

Fig. 2.10 The tri-helical metamaterial (THM)model of gyroid optical metamaterials. a THM
approximation of the gyroid, consisting of unconnected helices oriented along the three cubic axes,
where a is the unit cell size. Reprinted (adapted) from [108] with permission from the Institute
of Physics and Deutsche Physikalische Gesellschaft. bMagnetic field distribution within a perfect
electrical conductor (PEC) gyroid demonstrating the dominance of the small helices. Magnetic field
vectors (arrows) at a point in time during propagation of the longitudinal mode travelling in the x
direction (into the page). c The line integral along the x direction of the square of the magnetic field
strength; dark and light represent areas of maxima and minima of the field strength, respectively.
Reprinted (adapted) from [109] with permission from John Wiley and Sons

lytical model to investigate the (chiral) electromagnetic response of gyroid metama-
terials and their underlying physics [106, 108, 109]. The THMmodel approximates
the single gyroid structure as a network of unconnected helices oriented along the
three cubic axes (Fig. 2.10a). The model allows the identification of two transverse
and one longitudinal propagating mode and their dispersion relations, which were
found to agree well with finite-difference time-domain (FDTD) band calculations
of a perfect electrical conductor (PEC) THM.19 As expected, due to the chirality
of the structure, the two transverse modes were non-degenerate, leading to nega-
tive refraction for one handedness of circularly polarised light. However, a FDTD
band calculation of a PEC gyroid along the [100] and [111] directions highlighted
no such degeneracy of the transverse modes for k values away from the Brillouin
zone boundaries, implying that the gyroid possesses significantly weaker chiro-optic
properties than the THM. Further investigation of the magnetic fields associated with
the propagating longitudinal and transverse modes in the gyroid determined that the
induced currents are highly localised along the smaller helices present in the struc-
ture (Fig. 2.10b, c). These smaller helices therefore dominate and alone determine
the electromagnetic response of the metamaterial. It is this dominance, the intercon-
nectivity of the structure, and the mixture of right- and left-handed helices present
along any orientation of the gyroid which appear to be responsible for the significant
weakening of any chiro-optic effect and the associated absence of negative refraction
[108, 109].

Although it incorrectly predicts negative refraction, the THM model may still be
applied to the PEC gyroid, using the geometrical parameters of the small helices,

19Although not considered in detail here, the existence of a longitudinal mode implies that spatial
dispersion may well be non-negligible in gyroid optical metamaterials [88].
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(a) (b) (c)

Fig. 2.11 Gyroid optical metamaterial band diagrams and transmittance and reflectance
spectra. a Band diagram for a perfect electrical conductor (PEC) gyroid with 40nm unit cell size
and 10% volume fill fraction. b Band diagram of an equivalent gold gyroid, where the gold is
modelled as a Drude metal. High-symmetry directions (N, P, and H) labelled according to Fig. 2.2.
Reduced frequency (c/a), where c is the speed of light in free space and a is the unit cell size.
cTransmittance (T) and reflectance (R) spectra of the samegold gyroid along the [100] direction. The
subscripts “++” and “−−” refer to right and left circularly polarised light, respectively. Reprinted
(adapted) from [109] with permission from John Wiley and Sons

to predict with reasonable accuracy the plasma frequency of the metamaterial. Con-
firming the qualitative explanation offered previously, the plasma frequency is indeed
significantly red-shifted due to the self-inductance of the structure. Notwithstanding
the effect of afinite cross-couplingbetween circular polarisations upon the reflectance
and transmittance spectra for light incident on a finite slab of PEC gyroid, the spectra
also differ significantly for right- and left-handed circularly polarised light, confirm-
ing theoretically the circular dichroism of the metamaterial, particularly along the
[111] and [100] directions [109].

Whereas comparison between the PEC THM and PEC gyroid highlights struc-
tural contributions to the electromagnetic response of the gyroid opticalmetamaterial,
comparison between a PEC gyroid and gold gyroid highlights the material contri-
bution. A gyroid composed of gold (modelled as a Drude metal) was calculated
to exhibit bands which were red-shifted ten-fold compared to the PEC gyroid due
to the penetration of the electromagnetic field into the wires (Fig. 2.11). Account-
ing for the induced current resulting from complete penetration of the metal by the
surrounding electromagnetic fields allows the analytical derivation of the plasma
frequency of a gold THM. Using this improved THM model allows quantitative
prediction of the effect of unit cell size, volume fill fraction, and host dielectric
constant on the optical properties of the metamaterial.20 Differences between the
analytical and numerically calculated plasma wavelengths were attributed to high
density localised plasmon modes not accounted for in the model. These localised

20These predictions are revisited in Chap.6, in which an effective medium model of multi-domain
gyroid optical metamaterials is similarly used to predict the effect of volume fill fraction and host
dielectric constant.
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plasmon modes, resulting from the three-dimensional structure of the gyroid, appear
relatively fixed in frequency as the fill fraction of the gyroid increases, unlike the
propagating modes. When the fill fraction is around 30%, that of the experimen-
tally fabricated gold gyroid, the propagating modes are immersed in the frequency
range of the localised plasmon modes which, due to their absorptive character, affect
the transmittance and reflectance spectra. Again, circular dichroism is identified in
the gold gyroid, but the magnitude of the dichroism is much smaller than for the
PEC gyroid. This is attributed to improved impedance matching between the gyroid
and its surroundings, the penetration of the electromagnetic field into the gyroid, and
increased losses. Material properties therefore appear to affect the circular dichroism
of the metamaterial gyroid more significantly than its structural properties.

Recently amore succinct set of approximate analytical expressions for the permit-
tivity and extinction peak of the gold gyroid optical metamaterial have been derived
[110]. Building on the above THMwork, Farah et al. demonstrated that the effective
permittivity of the gold gyroid εgyr can be approximated as

εgyr = l
√
2

a

[
1 −

(
4rg
λg

)2 (
π

√−εm

2
√
2nfill

− 1

)2
]

, (2.5)

where l is the normalised helix length, a is the unit cell size, rg ≈ 0.29a
√

f is the
smallest radius of the gyroid strut, f is the volume fill fraction, nfill is the refractive
index of the surrounding medium, and λg is the effective plasma wavelength of
a PEC gyroid. Finally, εm is the permittivity of gold when fashioned into 10nm
diameter struts (e.g. taking into account the polycrystalline nature of the metal).
Furthermore, the wavelength of the extinction peak was also derived based on a
number of further assumptions and the condition that minimum reflection occurs
when � {

εgyr
} = εair = 1. The wavelength of the dip in reflectivity λdip (i.e. the

extinction peak) is therefore given as

λ2
dip

λ2
p

= ε∞ + 8n2fill
π2

(
1 + ηλg

4rg

)2

, (2.6)

where, say, for gold modelled as a Drude metal, λp = 146nm, ε∞ = 7, and η2 =
1 − a/ l

√
2. Despite the inability of themodel to account for the anisotropic response

of the gold gyroid optical metamaterials, the above equation was shown to predict
remarkably well the extinction peaks in the reflection spectra for a 35nm gold gyroid
with different refractive indices of the surrounding medium.

Although much is understood about the optical properties of gyroid optical meta-
materials, including the behaviour of the plasma edge and the origin of the circular
dichroism, the nature of the linear dichroism remains a mystery [109]. Similarly,
suitable estimates of the effective material parameters remain elusive, thereby hin-
dering a true appraisal of the metamaterial’s potential utility. For example, the THM
model and its derivative above, otherwise successful at modelling various optical
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properties of the metamaterial, do not describe the linear dichroism of gyroid optical
metamaterial. Indeed, the linear dichroism is thoroughly unexpected given the cubic
symmetry of the single gyroid. Similarly, the model is unsuitable to average over
an ensemble of small multi-domains of random orientation and handedness, such as
may be obtained through thermal annealing of the triblock terpolymer. It is there-
fore also of interest to correctly identify the effective material parameters of gyroid
metamaterials and to understand to what extent the ordered sub-wavelength struc-
ture continues to affect the optical response when the macroscopic order is relatively
poor.
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Chapter 3
Methods

In this chapter, the experimental methods used to fabricate and characterise the
triblock terpolymer thin films, and the resulting gyroid optical metamaterials, are
introduced.

3.1 Terpolymer Thin Films

Polyisoprene-b-polysytrene-b-poly(ethylene oxide) (ISO) triblock terpolymers with
molecular weights of 33kgmol−1 (Chap. 4) and 80kgmol−1 (Chaps. 5–7) were pre-
pared by anionic polymerisation following synthesis procedures reported elsewhere
[1, 2].1 The block volume fractions of the 33kgmol−1 terpolymer are fPI = 0.308,
fPS = 0.523, and fPEO = 0.169, respectively; the block volume fractions of the
80kgmol−1 terpolymer are fPI = 0.30, fPS = 0.532, and fPEO = 0.168, respec-
tively. Thin films of the ISO terpolymer were prepared atop either silicon (for scatter-
ing measurements described below) or fluorine-doped tin oxide (FTO)-coated glass
substrates (for optical metamaterial fabrication). The FTO-coated glass substrates
were cleaned using a Piranha etch and subsequently functionalised by immersion for
15 s in a 0.2% solution (v/v) of octyltrichlorosilane (Sigma-Aldrich) in anhydrous
cyclohexane (Sigma-Aldrich). The silicon substrates were cleaned by exposure to an
oxygen plasma (DienerMRC100 at 100%power for 2min)without subsequent func-
tionalisation. The thin films were spun from a 10% (w/w) solution of ISO terpolymer
in anhydrous anisole (Sigma-Aldrich) for 60 s at 1200 rpm with an acceleration of

1The33 and80kgmol−1 ISO triblock terpolymerswere synthesised byDrs.MorganStefik andYibei
Gu, respectively, whilst students under the supervision of Prof. Ulrich Wiesner, Cornell University,
USA.
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500 rpms−1. The resulting film thicknesses were ≈ 650nm and ≈ 770nm for the 33
and 80kgmol−1 terpolymers, respectively, as determined by thin film interferometry
(see below).

3.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) of the 80kgmol−1 ISO triblock terpolymer
was carried out using a Mettler Toledo DSC 2 (Chap. 5).2 Bulk samples were loaded
into aluminum DSC pans and then sealed with aluminum lids. The samples were
initially heated to 125◦C, then cooled to −80◦C, and finally heated again to 125◦C,
all at 10◦Cmin−1. The first heating scan was ignored when determining the glass
transitions temperatures of the PS and PI blocks and the melting temperature of the
PEO block. The DSC measurement was repeated twice.

3.3 Annealing

The majority of the ISO triblock terpolymer thin films studied in this thesis were
solvent-annealed (Chaps. 4, 5, and 7). However, when fabricating terpolymer tem-
plates with only short-range order, thermal annealing was also employed (Chap. 6).

3.3.1 Thermal Annealing

Samples were thermally annealed under vacuum at 180◦C for 30min (ramp rate
150◦Ch−1) then allowed to cool over approximately 12h (Chap.6).

3.3.2 In Situ Solvent Vapour Annealing

Samples were exposed to controlled amounts of solvent vapour using a custom
annealing chamber and associated experimental set-up (Chap.4). The polyetherether-
ketone (PEEK) annealing chamber possessed sealed Kapton windows on two sides
(for transmission of the incident and scattered X-ray beams) and a sealed quartz glass
window in the lid (for measurement of the film thickness during annealing). Up to
three gas lines could be mixed to control the solvent atmosphere in the chamber:
one flowing only dry nitrogen and the other two flowing nitrogen bubbled through a
solvent. By varying the mass flow rate of gas in each line with three independently

2DSC was performed by Dr. Ilja Gunkel, Adolphe Merkle Institute, Switzerland.
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controlled mass flow controllers (MKS Type MF1, flow range 100 sccm, MKS Type
647 multichannel gas flow controller unit), the ratio of saturated to dry nitrogen (i.e.
the “concentration” of the solvent or mixed solvent vapours in the chamber) was con-
trolled. Custom-built software determined and controlled the requiredmass flow rates
given a desired solvent vapour concentration, solvent vapour mixture ratio, and total
mass flow rate, allowing automated implementation of desired solvent annealing pro-
tocols. Chloroform, tetrahydrofuran, and methanol (Sigma-Aldrich) were employed
as solvents. Unless otherwise noted, the total mass flow rate of nitrogen in all lines
was maintained at 20 sccm throughout. Upon exiting the chamber, the gas mixture
flowed to an exhaust line through a manual mass flow controller which could be
adjusted to ensure a sufficient solvent vapour pressure in the annealing chamber.
The temperature of the sample within the annealing chamber was controlled using
a Peltier element and copper plate, and the temperature of the solvent reservoirs
using a water bath. Unless otherwise noted, the temperature of the solvent remained
≈ 23.0◦C throughout, whereas the temperature of the sample was varied between
≈ 21.3–24.4◦C, depending on the swelling ratio required (a lower sample tempera-
ture resulting in greater swelling). The temperature of the solvent was chosen to be
close to room temperature (≈ 23.7◦C) to avoid condensation of the solvent vapour
in the gas lines. The ambient relative humidity remained constant at ≈ 33%.

3.3.3 Ex Situ Solvent Vapour Annealing

Samples were exposed to controlled solvent vapour atmospheres using a custom-
built experimental set-up, different from, although similar to, that described above
(Chaps. 5 and 7). Dry nitrogen gas was bubbled through a chloroform (Sigma-
Aldrich) reservoir and mixed with dry nitrogen before entering a sealed Teflon
annealing chamber. The ratio of saturated to dry nitrogen was controlled by indepen-
dently varying the mass flow rate of both lines with twoMKS Type 1179Amass flow
controllers (100 sccm flow range; MKS PR4000B digital power supply). The total
mass flow rate of nitrogen in the two lines was maintained at 20 sccm. The mass flow
rate of the nitrogen bubbled through the chloroform reservoir (i.e. the proportion of
saturated carrier gas) typically varied between 70–80% of the total mass flow rate,
depending on the particular annealing protocol employed. The temperature of the
solvent reservoir and sample were controlled using a water bath and Peltier element,
respectively. The temperature of the water bath was held at ≈ 26◦C and the Peltier
element at ≈ 21◦C (i.e. just below ambient room temperature). Although possible
under some annealing conditions, condensation of the solvent vapour on the sample
substrate was avoided in this work. The gas lines and solvent reservoir were kept at
the temperature of the bath to prevent condensation of the solvent vapour.
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3.4 Film Thickness Measurements

The thickness of the terpolymer thin film during in situ solvent vapour annealing
was measured interferometrically using an Avantes AvaLight-DH-S-BAL deuterium
halogen light source (only the halogen source was used here; 500–2500nm wave-
length range) and Avantes AvaSpec 2048L spectrometer (Chap. 4). Light was cou-
pled through a bifurcated optical fibre (FCR-12UV200/600-2-ME) and focussed onto
the sample via a collimator (FCR-COL UV/VIS). The thickness was estimated by
assuming a refractive index n = 1.5 of the terpolymer film. The swelling ratio is a
dimensionless measure of relative film thickness and is defined as

ϕ = t

t0
, (3.1)

where t is the current (swollen) thickness and t0 is the initial thickness of the as-spun
film (i.e. before application of any solvent). Assuming no in-plane motion of the film
during annealing, the swelling ratio is simply the reciprocal of the volume fraction
of polymer in the swollen film.

3.5 Grazing-Incidence Small- and Wide-Angle X-Ray
Scattering

Grazing-incidence small-angle X-ray scattering (GISAXS) measurements were per-
formed at both the Paul Scherrer Institute, Swizterland (Chap. 4), and the Cornell
High Energy Synchrotron Source, USA (Chap.5). Grazing-incidence wide-angle X-
ray scattering (GIWAXS) measurements were performed at the Cornell High Energy
Synchrotron Source, USA (Chap.5).

3.5.1 Paul Scherrer Institute

GISAXS measurements were performed in situ during solvent vapour annealing at
the cSAXS beamline of the Swiss Light Source, Paul Scherrer Institute, Villigen,
Switzerland (Chap. 4).3 The X-ray energy was 11.2keV and the sample-to-detector
distance was determined to be 7230mm by calibration with a silver behenate stan-
dard. Scattering patterns were recorded on a PILATUS 2M detector with a 1 s expo-
sure time at angles of incidence ranging from αi = 0.14 to 0.18◦. To avoid damaging
the terpolymer film by overexposure to the X-rays, the film was translated laterally
by 250µm prior to each measurement (e.g. after the previous measurement and any
alignment protocols).

3Scattering experiments were performed by the author, Karolina Korzeb, and Dr. Ilja Gunkel.
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3.5.2 Cornell High Energy Synchrotron Source

GISAXS and GIWAXSmeasurements were performed ex situ at the D1 beamline of
the Cornell High Energy Synchrotron Source, Cornell University, New York, USA,
at a constant X-ray energy of 10.67keV (Chap.5).4 A Medoptics CCD detector
was used to record the scattering images at a typical exposure time of 1–2 s for a
single image. The sample to detector distances were calibrated with a silver behenate
standard and were 1820mm (GISAXS) and 102mm (GIWAXS), respectively.

3.5.3 Data Analysis

GISAXS scattering patterns were reduced using Nika, a software package for IGOR
Pro 6 (WaveMetrics), and the in-plane line integrations were subsequently analysed
using custom software to automatically determine peak locations and widths as a
function of swelling ratio (Chap.4) [3].5 Peaks were analysed by fitting to the com-
posite function

I (qy) = I0 + I1q
−d
y +

N∑

n=1

I Peak(n)

1 +
(
qy − qPeak

y(n)

qWidth
y(n)

)2 , (3.2)

where I0, I1, d, I Peak(n) , and qWidth
y(n) were free parameters, and qPeak

y(n) was fixed, during
the fitting procedure. Peak positions qPeak

y(n) were therefore found prior to fitting by
a peak-finding algorithm; peak widths qWidth

y(n) resulted from the fit. Either zero, one
(N = 1), or two (N = 2) Lorentzian peaks were identified during fitting.

3.6 Electrodeposition of Gold

To create gyroid optical metamaterials from triblock terpolymer thin films, the poly-
isoprene (PI) block of the microphase-separated ISO was degraded by exposure
to UV light (VWT International, 254nm, ≈ 50mWcm−2 for 2h) and subsequently
removed by immersion of the film in ethanol for 10–15min (Chaps. 5–7). The voided
terpolymer networkwas replicated into gold by electrodeposition using a potentiostat
(Autolab PGSTAT302N) and a commercial plating solution (Metalor ECF60 with
0.5% (v/v) E3 brightener). A three electrode cell was employed with the FTO-coated
glass substrate as the working electrode, gold-coated glass as the counter electrode,

4Scattering experiments were performed by the author, Xiaoyuan Sheng, and Dr. Alessandro Sepe.
5Data reduction was undertaken by Karolina Korzeb and Dr. Ilja Gunkel.
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and a saturated calomel reference electrode. A nucleation step (a cyclic voltammetry
scan from 0 to −1.2V and back to 0V at a rate of 0.05Vs−1) was followed by depo-
sition at a constant potential (−0.8V) to fill the terpolymer template with gold. After
deposition, the remaining PS and PEO blocks were removed by exposure of the thin
film to an oxygen plasma (Diener MRC 100 at 100% power for around 10min). For
the thermally-annealed samples used in Chap.6 only, there is an additional process-
ing step. During electrodeposition, gold is grown both within and atop the polymer
template, and the layer of excess bulk gold is cleaved at the interface between the
nanostructured and bulk gold using Kapton tape, to ensure a smooth top surface (i.e.
low surface roughness). The remaining PS and PEO is then removed as above.

3.7 Optical Characterisation

Terpolymer thin filmswere characterised by optical microscopy (Chap. 5) and gyroid
optical metamaterials by reflection and transmission goniometry (Chaps. 6 and 7).

3.7.1 Optical Microscopy

Birefringence and linear dichroismwere observed in both reflection and transmission
with a Olympus BX-60 polarising optical microscope (Chap. 5). A programmable
hot-stage (Linkam HFS91 with TMS93) was used for crystal melting experiments
(Chap. 5).

3.7.2 Reflection Goniometry

Optical characterisation was performed using one of two automated reflection
goniometers with fixed illumination optics and moveable detection optics. The sam-
ple and detection arm on both goniometers were arranged to measure the specular
reflection of the gyroid optical metamaterial (i.e whenever the sample was tilted by
a polar angle θ , the detection arm was tilted by an angle 2θ ). The first goniome-
ter, used to characterise the multi-domain gyroid optical metamaterials (Chap.6),
employed a QP600-2-SR-BX 600µm core fibre in the illumination arm, a QP230-2-
XSR 230µm core fibre in the detection arm, and a HPX-2000 Ocean Optics xenon
light source. Spectra were recorded at angles of incidence between 15 and 65◦ in
steps of 1◦. The second goniometer, which could additionally be rotated around the
azimuthal axis and was used to characterise the single-domain gyroid optical meta-
materials (Chap. 7), employed a QP50-2-VIS-BX 50µm core in the illumination
arm, a QP600-2-UV-BX 600µm core fibre in the detection arm, and the same light
source. The illumination optics focused the light to a spot approximately 100µm in
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diameter situated within a single domain of the gyroid optical metamaterial, about
which the sample was rotated. Specular reflections were recorded at 2◦ intervals for
azimuthal angles between 0 and 180◦. Linear polarisers were placed at the output of
the illumination optics and at the input of the detection optics of both goniometers,
fixed to the illumination and detection arms, respectively. For the first goniometer,
these were aligned to produce transverse electric (TE) or transverse magnetic (TM)
polarisations of light with respect to the sample. Reflectance spectra were normalised
with respect to the reflectance of a silver mirror at each polar angle.

3.7.3 Transmission Goniometry

Further characterisation of the single-domain gyroid optical metamaterials was also
performedusing a custom-built automated transmissiongoniometer attached to aBX-
51 Olympus optical microscope (Chap.7).6 The microscope’s built-in transmission
light source (infrared filter removed) was used to illuminate an area of the sample
encompassing multiple domains of the gyroid optical metamaterial. Light from a
spot approximately 100µm in diameter situated within only a single domain was
coupled through a long working distance objective (Olympus LMPLFLN5×) and
microscope beam splitter into an optical fibre (QP400-2-SR 400µm core) connected
to a spectrometer (Ocean Optics QE6500). The transmission goniometer allowed the
sample to be rotated about the azimuthal axis whilst continuing to collect light from
within the same domain. Transmission spectra were normalised with respect to the
transmission of the FTO-coated glass substrate without the presence of the gyroid
optical metamaterial. Again, linear polarisers were placed both before and after the
sample.

3.8 Optical Simulations

Simulations of the gyroid optical metamaterial were performed using Lumeri-
cal (Lumerical Solution, Inc.), a commercial-grade simulator based on the finite-
difference time-domain (FDTD) method.7 The single gyroid morphology was
approximated by the level set equation

sin(x̃) cos(ỹ) + sin(ỹ) cos(z̃) + sin(z̃) cos(x̃) ≤ t, (3.3)

where x̃ , ỹ, and z̃ are scaled spatial coordinates such that x̃ = 2πx/a, ỹ = 2πy/a,
and z̃ = 2π z/a, where a is the lattice constant of the cubic unit cell (the unit cell
size). The threshold parameter t determines the volume fill fraction of the gyroid φ

6The transmission goniometer was built by Steve Drewitt, University of Cambridge, UK.
7Simulations were performed by Dr. Matthias Saba, Imperial College, UK.
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described by the above equation, and was set to t = 3(1/2 − φ) = −0.6 to model a
30% fill fraction single gyroid. The unit cell size was set to 65nm. The gyroid optical
metamaterial wasmodelled as being comprised of gold with a bulk permittivity equal
to that measured by Johnson and Christy [4]. Its thickness was set equal to 6

√
2a

(i.e. ≈ 551nm). To take into account the surface roughness of the fabricated gyroid
optical metamaterial, the reflectance spectra were modulated [5]

R = R0
(
exp

[−(4πσ)2/λ2] + 25π4(σ/λ)4α2) , (3.4)

where R0 is the simulated reflectance, σ is the root mean square surface roughness
(90nm), λ is wavelength, and α (0.1) is the ratio of m, the root mean square slope of
the surface, and 	θ , the instrumental acceptance angle (i.e. α = 	θ/m).
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Part I
Solvent Vapour Annealing of a

Gyroid-Forming Triblock Terpolymer

Block copolymer self-assembly is a particularly promising route to fabricate nanos-
tructured materials over macroscopically large areas, such as optical metamateri-
als. Gyroid optical metamaterials may therefore be fabricated using gyroid-forming
polyisoprene-b-polystyrene-b-poly(ethylene oxide) (ISO) triblock terpolymers by
replication of the self-assembled three-dimensional morphology into gold. However,
the resulting gyroid metamaterials only exhibit their most striking optical properties
when the regions of long-range order are sufficiently large, typically on the order
of several tens to several hundreds of micrometres. Such long-range order is most
readily achieved by solvent vapour annealing (SVA), a process whereby a controlled
quantity of solvent vapour is introduced to the terpolymer, lowering its glass transi-
tion temperature to below ambient temperature and drastically increasing its mobil-
ity. However, whereas both the kinetics and thermodynamics of solvent-annealed
sphere-, cylinder-, and lamellae-forming linear diblock copolymers are now well
understood, this is not the case for the next most complicated family of linear block
copolymers, triblock terpolymers, or indeed network-forming diblocks or triblocks.
In this part, we therefore present the results of in situ grazing-incidence small-angle
X-ray scattering (GISAXS) on a 35 kg mol−1 gyroid-forming ISO triblock terpoly-
mer, revealing the kinetics and thermodynamics of the self-assembly of the gyroid
morphology during SVA (Chap. 4).

The triblock terpolymer used to fabricate gyroid opticalmetamaterials is not amor-
phous but rather amorphous–semicrystalline, and the behaviour of such copolymers
is a delicate balance between the driving forces of crystallisation and microphase
separation. In this part, we therefore also demonstrate the preferential alignment of
poly(ethylene oxide) (PEO) crystallites confined within a single gyroid of a solvent-
annealed 80 kg mol−1 ISO triblock terpolymer thin film (Chap. 5). The resulting
crystalline superstructure is a hitherto unreported and unexpected birefringent texture
consisting of domains of uniform birefringence.Moreover, the constituent PEO crys-
tallites exhibit a preferred azimuthal alignment as determined by grazing-incidence
wide-angle X-ray scattering (GIWAXS). We hypothesise that the PEO crystallites
are preferentially aligned (on average) along the 〈111〉 and 〈100〉 directions of the
gyroid morphology, which are at 35 and 45◦ to the substrate normal, respectively.
These directionswere identified previously as those of fastest growthwithin a gyroid-
structured template and here provide the “straightest paths” for PEO crystallisation
confined by the continuous glassy PS matrix.

http://dx.doi.org/10.1007/978-3-030-03011-7_4
http://dx.doi.org/10.1007/978-3-030-03011-7_5


Chapter 4
In Situ GISAXS During Solvent Vapour
Annealing of a Gyroid-Forming ISO
Triblock Terpolymer

In this chapter, we study the kinetics and thermodynamics of a 35kgmol−1 gyroid-
forming polystyrene-b-polyisoprene-b-poly(ethylene oxide) (ISO) linear triblock
terpolymer during solvent vapour annealing (SVA) using grazing-incidence small-
angle X-ray scattering (GISAXS). GISAXS is the most direct means by which to
study the microphase-separated morphology of a block copolymer in situ during
SVA, allowing simultaneous characterisation of both in- and out-of-plane electron
density correlations in the film over a macroscopically large area in real time [1–8].
We anneal the terpolymer films in various solvent vapours (chloroform, tetrahydro-
furan, and methanol) and their mixed vapours (tetrahydrofuran and methanol) and
identify the resultingmicrophase-separatedmorphologies and long-range order upon
varying the maximum solvent concentration and removal rate. The results provide
crucial information regarding the behaviour of gyroid-forming triblock terpolymer
thin filmswhen exposed to solvent vapour, and therefore constitute a first step towards
rational design of SVA protocols to successfully and reliably achieve large domains
of the alternating gyroid morphology for optical metamaterial applications.1

4.1 Methods

Details of the methods used may be found in Chap.3. Briefly, thin films of a
35kgmol−1 ISO triblock terpolymer were spun atop silicon substrates from a 10%
(w/w) solution of the terpolymer in anhydrous anisole. Samples were exposed to
controlled amounts of solvent vapour using a custom annealing chamber and exper-
imental set-up, which allowed for both simultaneous GISAXS and film thickness

1This chapter is based closely on the experimental section of: Dolan, J. A., Korzeb, K., Dehmel,
R., Gödel, K. C., Stefik, M., Wiesner, U., Wilkinson, T. D., Baumberg, J. J., Wilts, B. D., Steiner,
U., & Gunkel, I. Controlling self-assembly in gyroid terpolymer films by solvent vapor annealing
(in press).

© Springer Nature Switzerland AG 2018
J. A. Dolan, Gyroid Optical Metamaterials, Springer Theses,
https://doi.org/10.1007/978-3-030-03011-7_4
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measurements through side and top windows, respectively. Up to three gas lines
could be mixed to control the ratio of saturated to dry gas (i.e. the “concentration” of
the solvent vapour in the chamber): one flowing only nitrogen and the other two flow-
ing nitrogen bubbled through a solvent. The terpolymer film thickness was measured
interferometrically using a light source and spectrometer. GISAXS measurements
were performed in situ at the cSAXS beamline of the Swiss Light Source, Paul Scher-
rer Institute, Villigen, Switzerland. The resulting scattering patterns were reduced
and the in-plane line integrations were analysed to determine peak locations and
widths as a function of swelling ratio.2

4.2 Results

To study the kinetics and thermodynamics of the ISO triblock terpolymer duringSVA,
thin films of the terpolymer were exposed to controlled amounts of solvent vapours
and the resulting film thickness andGISAXS scattering patternswere recorded at reg-
ular intervals. An approach was undertaken whereby the constituent regimes within
SVAwere first studied by tracking the GISAXS scattering patterns and the associated
peak statistics (e.g. positions and widths) as a function of swelling ratio (Sect. 4.2.1).
The presence and behaviour of the peaks reveal the effect of the solvent on the
microphase-separated morphology during SVA. The insights gained were then used
to investigate both the effect of quench regime (i.e. maximum swelling ratio) and
quench rate on the microphase-separated morphology and long-range order of the
resulting dried films (Sect. 4.2.2). Finally, the effect of different solvent and mixed
solvent vapours is similarly studied, whereby the varying selectivity of the solvents
to the individual blocks of the terpolymer is investigated (Sect. 4.2.3).

4.2.1 Solvent Vapour Annealing (SVA) Regimes

To gain a first insight into the behaviour of ISO thin films subjected to SVA, and to
provide a basis for further exploration of the SVA parameter space, different SVA
“regimes” were identified (i.e. swelling ratios between which clear morphological
transitions were observed). Figure 4.1 shows the eight such regimes identified during
the swelling and deswelling of an ISO thin film in mixed vapours of tetrahydrofuran
(THF) and methanol (80:20). As may readily be determined by simple homopoly-
mer dissolution experiments, THF is a good solvent for PS, PI, and PEO, whereas
methanol is a good solvent only for PEO (better than THF) and a bad solvent for PS
and PI. A mixture of THF and methanol is therefore anticipated to be a good solvent

2Scattering experiments were performed by the author, Karolina Korzeb, and Dr. Ilja Gunkel. Data
reduction and indexing was undertaken by Karolina Korzeb and Dr. Ilja Gunkel, respectively. Data
analysis was undertaken by the author.
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(a)

(b) (c)

(d) (e)

Fig. 4.1 Solvent vapour annealing (SVA) regimes during swelling and deswelling of an ISO
thin film. Eight SVA regimes were identified during the swelling and deswelling of an ISO thin
film in the mixed vapours of tetrahydrofuran (THF) and methanol (80:20). a GISAXS patterns at a
fixed angle of incidence (αi = 0.18◦) representative of the different SVA regimes. The regimes and
corresponding onset swelling ratios (ϕ) were identified as: i As-Spun (1.00); ii Plasticisation (1.10);
iii Ordering (1.29); ivOrder (1.39); vDisordering (1.57); vi Disorder (1.74); vii Re-Ordering (1.57);
and viii Vitrification (1.10). Logarithmic colour scales whereby the colour scale of each patterned is
normalised to the maximum and minimum intensities of that pattern. b Film thickness and swelling
ratio as a function of time during the experiment. c Swelling and deswelling line integral surfaces.
The line integral through the GISAXS pattern at qz = 0.03Å−1 is plotted as a function of swelling
ratio. The “peak” due to the diffuse Debye-Scherrer ring (DDSR) of the refracted beam is labelled
q0 and the true first and second order peaks are labelled q1 and q2, respectively. Logarithmic
colours scales whereby the colour scale is normalised to the maximum and minimum intensities
of the complete set of line integrals. d Peak positions qPeaky and e widths qWidth

y (i.e. full widths at

half maximum) of the three peaks at qy � 0.020Å−1 (q0; upward triangles), qy ≈ 0.023Å−1 (q1;
circles) and qy ≈ 0.026Å−1 (q2; downward triangles) during swelling (red) and deswelling (blue)
of the ISO thin films. Peak statistics are calculated from theGISAXS line integrals at qz = 0.03Å−1.
Solid lines are guides to the eye
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for all blocks of the ISO, an assumption which will be further explored in Sect. 4.2.3.
Associated GISAXS patterns (Fig. 4.1a), film thickness (i.e. swelling ratio ϕ) mea-
surements (Fig. 4.1b), line integral surfaces (Fig. 4.1c), and peak statistics (Fig. 4.1d,
e) are presented. The line integral surfaces plot the evolution of a line integral through
the GISAXS pattern at the out-of-plane wave vector qz = 0.03Å−1 as a function of
swelling ratio. Peak statistics plot the variation in peak positions and widths during
swelling and deswelling in the ordered (i.e. microphase-separated) regimes, calcu-
lated from the GISAXS line integrals. The peak positions of the two (positive qy
value) peaks at the in-plane wave vectors qy ≈ 0.023Å−1 and ≈0.026Å−1, labelled
q1 and q2, respectively, are plotted in Fig. 4.1d. Also plotted is the position of the
“peak” at qy � 0.020Å−1, labelled q0, which is associated with the “diffuse Debye-
Scherrer ring” (DDSR) of the refracted beam [4]. The corresponding peakwidths (i.e.
full widths at half maximum) are plotted in Fig. 4.1e. The eight SVA regimes (and
their corresponding onset swelling ratios) are identified and interpreted as follows:

i. as- spun: After spin-coating and before application of the solvent vapour
(ϕ = 1.00), the GISAXS scattering pattern exhibits significant intensity along the
entirety of the DDSR, starting at qy ≈ ±0.025Å−1 and ending at qz ≈ 0.04Å−1

(Fig. 4.1a). This high intensity DDSR is attributed to the refracted beam, enhanced
by the Yoneda band; the same DDSR from the transmitted and diffracted beams
is also visible at lower and higher qz values, respectively. The DDSR from the
refracted (q0) and diffracted (q1) beams together appear as two broad peaks in the
swelling line integral surface (Fig. 4.1c) and peak statistics (Fig. 4.1d, e).
The as-spun thin film possesses a kinetically-trapped and isotropic microphase-
separated morphology with only short-range order.

ii. plasticisation: As the solvent concentration in the film increases (ϕ ≈ 1.10),
theGISAXSpattern begins to change (Fig. 4.1a). TheDDSRof the refracted beam
shifts to lower qz values, now ending at qz ≈ 0.0325Å−1. This appears as a shift
to lower qy values and a broadening of the first “peak” (q0) in the swelling line
integral surface (Fig. 4.1c) and peak statistics (Fig. 4.1d, e).
The changing GISAXS pattern and swelling line integral surface indicates plas-
ticisation of the film (i.e. a lowering of the glass transition temperature Tg
below ambient temperature) and relaxation of the kinetically trapped as-spun
morphology.

iii. ordering: As the solvent concentration in the film is further increased (ϕ ≈
1.29), the GISAXS pattern changes more dramatically (Fig. 4.1a). The DDSR of
the refracted beam reduces in intensity and distinct “Bragg reflections” begin to
appear in place of the DDSR of the diffracted beam [4]. Similarly, the swelling
line integral surface (Fig. 4.1c) and peak statistics (Fig. 4.1d, e) now exhibit only
a single peak (q1) corresponding to the Bragg reflections within the Yoneda band
at qy ≈ ±0.0225Å−1. This peak shifts to a slightly lower qy value (Fig. 4.1d) and
narrows substantially (Fig. 4.1e).
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The mobility of the triblock terpolymer has increased to the extent that the film is
able to self-assemble towards an ordered microphase-separated morphology.3

iv. order: With an increase in solvent concentration (ϕ ≈ 1.39), theDDSRsof the
diffracted and refracted beams completely disappear (Fig. 4.1a). They are replaced
by high intensity Bragg reflections at qy ≈ ±0.0225Å−1 and
≈ ±0.0275Å−1. The swelling line integral surface (Fig. 4.1c) and peak statis-
tics (Fig. 4.1d, e) now exhibit both a high (q1) and low (q2) intensity peak cor-
responding to the Bragg reflections at qy ≈ ±0.0225Å−1 and ≈ ±0.0275Å−1,
respectively. Both peaks increase in qy value (Fig. 4.1d) and continue to reduce
in width (Fig. 4.1e).
The mobility imparted to the triblock terpolymer by the solvent has allowed it to
self-assemble into its equilibrium ordered microphase-separated morphology in
the presence of the solvent vapour.

v. disordering: As the solvent concentration is increased further (ϕ ≈ 1.57),
the intensity of the Bragg reflections greatly diminishes and only weak “diffuse
Bragg rods” are evident at near identical qy values (Fig. 4.1a) [4]. The peaks in
the swelling line integral surface begin to diminish relative to their intensity at
lower swelling ratios (Fig. 4.1c). Both peaks continue to increase further in qy
value (Fig. 4.1d) and reduce in width (Fig. 4.1e).
The terpolymer is approaching its order-disorder transition (ODT) and is begin-
ning to disorder.

vi. disorder: As the maximum solvent concentration used in the experiment is
approached (ϕ ≈ 1.74), the diffuse Bragg rods disappear and only a very faint
DDSR is visible in the GISAXS patterns (Fig. 4.1a). No peak is evident in the
swelling line integral surface (Fig. 4.1c) and no peak statistics are therefore gen-
erated.
Having crossed its ODT, the terpolymer film is disordered.

vii. re- ordering: As the solvent concentration is decreased (ϕ ≈ 1.57), the dif-
fuse Bragg rods at qy ≈ ±0.0225Å−1 and ≈ ±0.0275Å−1 begin to reappear
in both the GISAXS pattern (Fig. 4.1a) and the deswelling line integral sur-
face (Fig. 4.1c). The associated peaks reduce in qy value (Fig. 4.1d) and broaden
(Fig. 4.1e).
Once again the film has crossed its ODT and is therefore re-ordering into its
equilibrium microphase-separated morphology.

viii. vitrification: As the solvent concentration is decreased further (ϕ ≈ 1.10),
the diffuse Bragg rods increase in intensity (Fig. 4.1a). The second peak at higher
qy value (q2) in the deswelling line integral surface therefore increases in promi-
nence (Fig. 4.1c). Both peaks continue to shift to lower and then slightly higher qy
values (Fig. 4.1d), and widen by a relatively small amount compared to the initial
peak width in the as-spun film (Fig. 4.1e). The GISAXS pattern, deswelling line

3Note that, depending on context, the term “order” is used to describe both the state of microphase-
separation and the degree of order of that microphase-separated morphology. Clearly, a copolymer
cannot be ordered if not microphase-separated, but it may be both “disordered” and microphase-
separated if it possesses only short-range order.
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integral surface, and peak statistics do not change any further as remaining solvent
is removed.
The glass transition temperature Tg has therefore once again been raised above
ambient temperature as the solvent concentration in the film diminishes, and the
terpolymer has vitrified.

Although the behaviour of ISO during annealing with different solvent vapours is
explored in Sect. 4.2.3, it should be noted that entirely equivalent SVA regimes can
be found when ISO films are swollen in other solvents (e.g. chloroform; not shown).

The GISAXS scattering patterns shown in Fig. 4.1a may be indexed to confirm the
microphase-separated morphology present in the swollen and dried films. The two
prominent peaks (q1 and q2) may be indexed as q1 = √

6q�
y and q2 = √

8q�
y , where

q�
y is the fundamental wave vector. The relative peak positions correspond to those

expected for the first two peaks of the Q230 core-shell double gyroid morphology
with space group I a3̄d, and the second and third peaks of the Q214 alternating gyroid
morphology with space group I4132 (cf. Fig. 2.7) [9]. However, an additional peak at
qy = √

2q�
y would be expected for the Q

214 alternating gyroid morphology, which is
absent from the scattering patterns presented here. Despite this unexplained discrep-
ancy, we confidently assign the microphase-separated morphology of the swollen
and dried ISO terpolymer films as the alternating gyroid (Q214). Scanning electron
microscopy of gold replicas of this and other molecular weight ISO thin films have
on no occasion, irrespective of fabrication protocol, exhibited the double gyroid
morphology corresponding to the core-shell double gyroid (Q230), yet the GISAXS
scattering patterns similar can similarly lack the expected

√
2q�

y peak.

4.2.2 Effect of Maximum Swelling Ratio and Solvent
Removal Rate

Having identified the various regimes observed during SVA of ISO thin films, the
SVA parameter space may now be explored with the goal of capturing the ordered
swollen microphase-separated morphology in the dried film. The coupled effect of
quenching the film from either the disordered or ordered regimes (i.e. the maximum
swelling ratio), and the rate of solvent removal, is therefore explored in Fig. 4.2.
Shown in Fig. 4.2 are the film thickness (swelling ratio) profiles and corresponding
GISAXS scattering patterns for four terpolymer thin films subjected to various SVA
protocols. The solvent vapours used to swell the terpolymer were again a mixture of
THF and methanol (80:20).

the maximum swelling ratio of two films (red solid and dotted lines;
ϕmax ≈ 1.3) ensured that they remained ordered throughout the entirety of the pro-
tocol. The maximum swelling ratios of the other two films (blue solid and dotted
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(a)

(b) (c)

(d) (e)

Fig. 4.2 Effect of maximum swelling ratio and solvent removal rate upon the dried film
morphology. Film thickness profiles and GISAXS patterns of swollen and dried films subjected
to two solvent removal (quench) rates whilst in the disordered and ordered regimes. Films were
annealed in mixed vapours of THF and methanol (80:20). a Film thickness (swelling ratio) profiles
of four films subjected to SVA. Two films were quenched whilst in the disordered (blue solid
line) and disordering (blue dotted line) regimes with a maximum solvent removal (quench) rate
of 4.59 and 1.07nms−1, respectively. The other two films were quenched whilst in the ordered
(red solid and dotted lines) regime with a maximum solvent removal rate of 1.69 and 0.21nms−1,
respectively. GISAXS patterns (αi = 0.18◦) of the swollen (top row) and dried (bottom row) films
during and after quench from disordered regimes with b 4.59nms−1 and c 1.07nms−1 solvent
removal rates, and from ordered regimes with d 1.69nms−1 and e 0.21nms−1 solvent removal
rates. Logarithmic colour scales whereby the colour scale of each patterned is normalised to the
maximum and minimum intensities of that pattern
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lines; ϕmax ≈ 2.0 and 1.6,4 respectively) ensured that the films were disordered (i.e.
disordered or in the process of disordering) upon quench. This behaviour can be
seen in Fig. 4.3, which presents the swelling and deswelling line integral surfaces
for the films quenched from the disordered (Fig. 4.3a, b) and ordered (Fig. 4.3c, d)
regimes. Whereas the ordered peaks (q1 and q2; cf. Figure 4.1c) in the swelling
line integral surface disappear for the film swollen to ϕmax ≈ 2.0 (Fig. 4.3a), they
remain throughout in the swelling line integral surfaces for both the film swollen to
ϕmax ≈ 1.6 (Fig. 4.3b) and the two films swollen to ϕmax ≈ 1.3 (Fig. 4.3c, d). The
resulting GISAXS patterns of the swollen and dried films can be seen in Fig. 4.2b–
e. It is clear that the two patterns corresponding to the dried films quenched from
the disordered regimes (Fig. 4.2b, c) are qualitatively different from the two pat-
terns corresponding to the dried films quenched from the ordered regimes (Fig. 4.2d,
e). Whereas the former exhibit only diffuse Bragg rods at qy ≈ ±0.023Å−1 and
≈ ±0.026Å−1, the latter exhibit highly distinct Bragg reflections at the same qy
values. Furthermore, when the peak statistics are analysed quantitatively (Table 4.1
and Fig. 4.4), it becomes apparent that the peaks in the films which were quenched
from the disordered regimes (Fig. 4.4a, b, top row) are positioned at slightly higher
qy values than those in the films quenched from the ordered regimes (Fig. 4.4c, d,
top row). Similarly, the peaks for those films quenched from the disordered regimes
(Fig. 4.4a, b, bottom row) are generally narrower than those for films quenched from
the ordered regimes (Fig. 4.4c, d, bottom row).

The solvent removal rate during quench is also a key parameter in SVA,
and each of the films presented in Fig. 4.2was subjected to a different solvent removal
(quench) rate. Notwithstanding the differentmaximum swelling ratio of the two films
quenched from the disordered regimes, the resulting GISAXS patterns (Fig. 4.2b, c)
and deswelling line integral surfaces (Fig. 4.3a, b) look qualitatively similar irre-
spective of quench rate. Indeed, the peak locations (Table 4.1 and Fig. 4.4a, b, top
row) are also quantitatively similar. However, when the peak widths are analysed,
it becomes clear that those associated with the 4.59nms−1 maximum quench rate
(Fig. 4.4a, bottom row) are slightly smaller than those associatedwith the 1.07nms−1

maximum quench rate (Fig. 4.4b, bottom row). The GISAXS patterns (Fig. 4.2d, e)
and deswelling line integral surfaces (Fig. 4.3c, d) corresponding to the two films
quenched from the ordered regimes, which were both swollen to the same maximum
swelling ratio, are also qualitatively similar irrespective of quench rate, and their
peak positions quantitatively similar (Table 4.1 and Fig. 4.3c, d, top row). However,
we this time find from an analysis of the peak widths that those associated with
the 1.69nms−1 maximum quench rate (Fig. 4.4c, bottom row) are broadly similar
to those associated with the 0.21nms−1 maximum quench rate (Fig. 4.4d, bottom
row), with the width of one peak seemingly increasing and the other decreasing.
Note that the significant variation in the calculated peak widths for the 0.21nms−1

maximum quench rate (Fig. 4.4d, bottom row) complicates this analysis somewhat.
Finally, the similarity between the GISAXS patterns in the swollen and dried states

4Note that this swelling ratio is slightly lower than it appears in Fig. 4.2(a) due to the larger initial
thickness of the corresponding film.
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(a) (b)

(c) (d)

Fig. 4.3 Line integral surfaces of ISO thin films quenched from disordered and ordered
regimes at different quench rates. Swelling and deswelling line integral surfaces for ISO thin
filmswhich were in a and b disordered, and c and d ordered, regimes prior to quenching. Filmswere
annealed in mixed vapours of THF and methanol (80:20). The films quenched from the disordered
regimes exhibited a maximum solvent removal (quench) rate of a 4.59nms−1 and b 1.07nms−1.
The films quenched from the order regimes exhibited a maximum quench rate of c 0.21nms−1

and d 1.69nms−1. The line integral through the GISAXS pattern at qz = 0.03Å−1 is plotted as a
function of swelling ratio. Logarithmic colour scales are normalised to the maximum and minimum
intensities of the complete set of line integrals
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(a) (b)

(c) (d)

Fig. 4.4 Peak positions andwidths during swelling and deswelling of ISO thin films quenched
fromdisorderedandordered regimes at differentquench rates. Peak positions andwidths during
swelling and deswelling in mixed vapours of THF and methanol (80:20) of four ISO thin films.
Peak statistics are calculated from the GISAXS line integrals at qz = 0.03Å−1. Peak positions
and widths (i.e. full widths at half maximum) of the three peaks at qy � 0.020Å−1 (q0; downward
triangles), qy ≈ 0.023Å−1 (q1; circles), and qy ≈ 0.026Å−1 (q2; upward triangles) during swelling
(red) and deswelling (blue) for films which are quenched from a and b disordered, and c and
d ordered, regimes. The films quenched from the disordered regimes exhibited a maximum solvent
removal (quench) rate of a 4.59nms−1 and b 1.07nms−1. The films quenched from the order
regimes exhibited a maximum quench rate of c 0.21nms−1 and d 1.69nms−1. Peak widths during
deswelling (blue) are plotted an order of magnitude larger than calculated. Solid lines are guides to
the eye
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Table 4.1 Resulting peak statistics (i.e. postions and full widths at halfmaximum) corresponding to
the dried film morphologies for ISO thin films annealed in the mixed vapours of THF and methanol
(80:20) and quenched from the disordered and ordered regimes

Quench from: Disorder Order

Quench rate (nms−1): 4.59 1.07 1.69 0.21

qPeaky(1) (Å
−1) 0.0225 0.0230 0.0219 0.0217

qPeaky(2) (Å
−1) 0.0261 0.0265 0.0254 0.0256

qWidth
y(1) (×10−3 Å−1) 0.67 1.0 0.92 1.0

qWidth
y(2) (×10−3 Å−1) 0.48 0.56 0.74 0.64

after quenching from the ordered regimes, apart from a pronounced shift to lower qz
values of the Bragg reflections at qy ≈ ±0.023Å−1, should also be noted.

4.2.3 Effect of Different Solvent and Mixed Solvent Vapours

As well as maximum swelling ratio and quench rate, another crucial SVA parameter
which may affect both the microphase-separated morphology and its long-range
order is the selectivity of the solvent vapours. The SVA experiments presented in
Sects. 4.2.1 and 4.2.2were all performed using themixed solvent vapours of THF and
methanol (80:20). However, different solvents are anticipated to exhibit a different
selectivity to each of the three blocks of the ISO triblock terpolymer, which may
lead to a morphological transition in the terpolymer film. The effect of annealing in
different solvent and mixed solvent vapours on the swollen and dried microphase-
separated morphologies is therefore investigated in Fig. 4.5.

Figure4.5a–f show the GISAXS patterns for swollen (top row) and dried (bottom
row) ISO thin films annealed in a range of solvent and mixed solvent vapours; the
corresponding swelling (top row) and deswelling (bottom row) line integral surfaces
are shown in Fig. 4.6. As can be seen in Table 4.2 and Fig. 4.6b–e, each of the
GISAXS patterns are the result of an annealing protocol which was quenched from
the ordered regime (maximumswelling ratioϕmax ≈ 1.24–1.37). The only exception
is the film which was annealed in THF (Fig. 4.6a), which was quenched from the
disordering regime (ϕmax ≈ 1.53). Note that the angle of incidence for the GISAXS
measurements was αi = 0.18◦ for all films other than that annealed in chloroform
(Fig. 4.5f), for which the angle of incidence was 0.14◦. Notwithstanding the quench
from disorder and the differing angle of incidence for the films annealed in THF and
chloroform, respectively, the dried GISAXS patterns for all films look qualitatively
similar, with the notable exception of the film annealed in methanol (Fig. 4.5e). This
film did not swell sufficiently to plasticise and both the “swollen” and dried GISAXS
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(a)

(e) (f)

(g) (h)

(b) (c) (d)

Fig. 4.5 Effect of different solvents on the morphology of swollen and dried ISO thin films.
GISAXS patterns investigating the effect of different solvent and mixed solvent vapours on the
swollen and dried microphase-separated morphologies of ISO thin films quenched from the a dis-
ordering and b–d and f ordered regimes (cf. Fig. 4.1); the film annealed in e methanol did not
plasticise. Solvent and mixed solvent vapours used to anneal the films were a THF, b a mixture of
THFandmethanol (THF:MeOH) (90:10), cTHF:MeOH(80:20),dTHF:MeOH(50:50), emethanol
(MeOH), and f chloroform (CHCl3). Angles of incidence a–e αi = 0.18◦ and f 0.14◦. Logarith-
mic colour scales whereby the colour scale of each patterned is normalised to the maximum and
minimum intensities of that pattern. Peak positions qPeaky during g swelling and h deswelling of the

two peaks at qy ≈ 0.023Å−1 (q1; circles) and qy ≈ 0.026Å−1 (q2; downward triangles) of the ISO
thin films annealed in THF and the three THF and methanol mixtures. Peak statistics are calculated
from the GISAXS line integrals at qz = 0.03Å−1
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(a) (b)

(d) (e)

(c)

Fig. 4.6 Line integral surfaces of ISO thin films annealed in different solvent and mixed sol-
vent vapours. Swelling and deswelling line integral surfaces for ISO thin filmswhichwere annealed
in the vapours of a THF, b a mixture of THF and methanol (THF:MeOH) (90:10), c THF:MeOH
(80:20), d THF:MeOH (50:50), and e chloroform (CHCl3). The line integral through the GISAXS
pattern at qz = 0.03Å−1 is plotted as a function of swelling ratio. Logarithmic colour scales are
normalised to the maximum and minimum intensities of the complete set of line integrals
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Table 4.2 Maximum swelling ratio (ϕmax), approximate swelling ratio of the ordering regime
(ϕi i i ), maximum swell rate, and maximum quench rate for the films annealed in THF, three THF
and methanol mixtures (THF:MeOH), and chloroform (CHCl3)

Solvent ϕmax ϕi i i Swell rate
(nms−1)

Quench rate
(nms−1)

THF 1.53 1.28 1.11 0.99

THF:MeOH
(90:10)

1.37 1.28 0.75 0.45

THF:MeOH
(80:20)

1.28 1.27 0.63 0.69

THF:MeOH
(50:50)

1.24 1.22 0.77 1.32

CHCl3 1.32 1.28 0.73 1.71

(a) (b)

Fig. 4.7 Effect of solvent on the GISAXS peak widths of ISO thin films during swelling and
deswelling. Peak widths qWidth

y during a swelling and b deswelling of the two peaks at qy ≈
0.023Å−1 (q1; circles) and qy ≈ 0.026Å−1 (q2; downward triangles) of ISO thin films annealed
in THF and the three THF and methanol mixtures: THF and methanol (THF:MeOH) (90:10),
THF:MeOH (80:20), and THF:MeOH (50:50). Peak statistics are calculated from the GISAXS line
integrals at qz = 0.03Å−1

patterns are reminiscent of the as-spun regime (cf. Fig. 4.1a). The corresponding line
integral surfaces and peak statistics are therefore not shown. Otherwise, all films
exhibit the usual Bragg reflections at qy ≈ ±0.0225Å−1 and ≈ ±0.0275Å−1 in
both the swollen and dried states, although these have broadened into Bragg rods
at the same qy values for the film annealed in THF. Clearly the vapours of THF
and chloroform, and the mixed vapours of THF and methanol, unlike the vapours
of methanol, are all capable of lowering sufficiently the glass transition temperature
Tg of the films to allow them to self-assemble (i.e. order) into their equilibrium
microphase-separated morphology.
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The lowest swelling ratio (ϕi i i ) at which the peak at qy � 0.020Å−1 (q0; cf.
Fig. 4.1c) disappears for each of the swelling line integral surfaces in Fig. 4.6 is
given in Table 4.2. Based on this approximate metric for the swelling ratio of the
ordering regime, it does not appear as if any of the solvent or mixed solvent vapours
investigated have a strong effect upon the relationship between swelling ratio and
SVA regime.However, a quantitative analysis of the peak positions andwidths during
swelling and deswelling for the films which ordered does suggest a possible trend
(Figs. 4.5g, h and 4.7).

Considering the series THF, THF:MeOH (90:10), THF:MeOH (80:20), and
THF:MeOH (50:50), it appears as if the peak positions of both the swollen and
dried peaks at qy ≈ 0.023Å−1 (q1) and ≈ 0.026Å−1 (q2) decrease in qy value as
the proportion of THF in the mixture of solvent vapours is reduced (Fig. 4.5h). Of
course, the maximum swelling ratio of each film in this series also decreases as the
proportion of THF in the mixture is reduced, which may contribute to the observed
trend (cf. Sect. 4.2.2). However, the potential effect of sample history isminimised by
considering the peak positions during swelling from the as-spun regime (Fig. 4.5g).
The peak positions now exhibit a clear trend whereby the initial gradient of peak
position qPeak

y(1) with respect to swelling ratio (i.e. dqPeak
y(1) /dϕ) decreases as the pro-

portion of THF in the mixture of solvent vapours is reduced. Indeed, this gradient
is positive for the film annealed in THF (i.e. the peak position increases in qy value
with increasing swelling ratio) and is negative for those annealed films in the mixed
vapours of THF and methanol (i.e. the peak position decreases in qy value). The
position of the peak at qy ≈ 0.026Å−1 (q2) is not investigated during swelling as it
is not present at low swelling ratios (cf. Fig. 4.1).

A similar trend is also evident in the associated peak widths, whereby the peak
at qy ≈ 0.023Å−1 (q1) narrows more rapidly as the swelling ratio is increased for
films annealed in mixed solvent vapours with a lower THF content (Fig. 4.7a). Upon
deswelling, this trend is no longer clearly evident (Fig. 4.7b, top row). However, it
would appear that the peak at qy ≈ 0.026Å−1 (q2) is now wider for films annealed
in mixed solvent vapours with a lower THF content. Note that unlike the maximum
swelling ratio, the maximum swell rate and quench rate of each of the films do not
vary monotonically with the proportion of THF in the mixture of solvent vapours
(Table 4.2).

4.3 Discussion

The thermodynamics and kinetics of solvent-annealed 35kgmol−1 ISO thin films
were studied under a variety of conditions.5 Eight SVA regimes were identified
when an ISO thin film was annealed in the mixed vapours of THF and methanol

5Note that an 80kgmol−1 ISO terpolymer with near identical block volume fractions is used in
Chaps. 5–7. The lower molecule weight terpolymer was studied here as it provides more distinct
GISAXS scattering patterns.
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(80:20) (Fig. 4.1). As the solvent concentration increased, the film plasticised and
self-assembled towards its equilibrium microphase-separated morphology. During
swelling, the peaks in the GISAXS patterns shifted first to lower and then higher qy
values, and narrowed significantly. The ordered morphology was largely maintained
upon deswelling. However, the dried peak positions, peak widths, and out-of-plane
(qz) order were significantly affected by the regime (i.e. the maximum swelling ratio)
fromwhich the filmwas quenched and, to a lesser extent, the rate at which the solvent
was removed (Fig. 4.2). Finally, the composition of themixed solvent vapours used to
anneal the filmwas seen to have a pronounced effect on the variation of peak positions
andwidths as a function of swelling ratio during swelling, although not on the swollen
and dried microphase-separated morphologies (Fig. 4.5). Similar variations during
deswelling may at least partly be accounted for by differing maximum swelling
ratios.

4.3.1 Alternating Gyroid Morphology

Identification of the microphase-separated morphology of the swollen and dried ISO
thin films as the alternating gyroid (Q214) allows reinterpretation of the changes
undergone by the film during the various SVA regimes in this context (Fig. 4.1). The
as-spun film initially exhibits a kinetically-trapped isotropic microphase-separated
morphology with only short-range order [10]. Upon plasticisation, the film is able to
self-assemble towards the alternating gyroidmorphology. Due to the relative strength
of the three Flory–Huggins interaction parameters, whereby χIO > χIS ≈ χSO, ISO
forms an alternating gyroid in which the PI and PEO form the two interpenetrating
single gyroid networks and the PS forms the continuous matrix separating the PI and
PEO (cf. Chap. 2 and Fig. 2.7) [11]. It is therefore the glassy PS matrix which plasti-
cises to allow self-assembly; the PI and PEO are rubbery and semicrystalline at room
temperature, respectively [11]. As the solvent concentration in the film increases, the
long-range order of the alternating gyroid morphology improves (i.e. the peak widths
decrease), both in- and out-of-plane. At the same time, the gyroid unit cell size first
increases and subsequently decreases (i.e. the peak positions shift to lower and higher
qy values) as the swelling ratio is increased. This eventual decrease points to an over-
all reduction in the three Flory-Huggins interaction parameters, χIS, χSO, and χIO, at
high swelling ratios, and therefore a reduction in the net segregation strength of the
terpolymer.6 As the solvent concentration is increased further, the order of the alter-
nating gyroid morphology begins to deteriorate in the out-of-plane (qz) direction; the
in-plane order appears to remain. It is unclear whether this apparent disordering in
the out-of-plane direction before the loss of in-plane order is perhaps indicative of a
potential morphological transition or merely the progress of the disordering solvent
front in the film. Upon deswelling, the alternating gyroid morphology reappears and

6Of course, we can only speak of the overall reduction in the three Flory-Huggins interaction
parameters and cannot identify which of the three individually increase or decrease.
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the unit cell size once again increases, and then decreases slightly, until vitrifica-
tion of the film. Although significantly improved compared to the as-spun film, the
long-range order of the dried film is worse than that of the swollen film, both in- and
out-of-plane.

The alternating gyroidmorphology of the swollen film can be better captured upon
solvent removal if quenched from the ordered regime, whereby both the in- and out-
of-plane order can be very well preserved (Fig. 4.2). The relatively poor out-of-plane
order of the films quenched from the disordered regimes cannot be attributed to the
solvent removal (quench) rate: the effect persists irrespective of quench rate (4.59
and 1.07nms−1) and is not replicated for films quenched from the ordered regimes
at an intermediate rate (1.69nms−1). Although the unit cell size of the alternating
gyroid morphology is smaller for those films quenched from the disordered than the
ordered regime, the unit cell size seems similarly insensitive to quench rate when
quenching from each of those regimes. Instead, the quench ratewould appear to affect
the in-plane order of films quenched from the disordered regime, whereby the films
quenched more quickly exhibit improved order. However, the differing maximum
swelling ratios of the two films quenched from the disordered regimes (ϕmax ≈ 2.0
and 1.6 for the films quenched at 4.59 and 1.07nms−1, respectively) could similarly
explain this result. Indeed, that this effect was not also found in the films quenched
from the ordered regime, albeit with only relatively modest quench rates (1.69 and
0.21nms−1), corroborates this conclusion. It is therefore likely, within the range of
quench rates explored, that it is the maximum swelling ratio and not the quench rate
which primarily determines the degree of in- and out-of-plane order (and indeed unit
cell size) of the annealed films.

Asmentioned, the improved in-plane order for films quenched from the disordered
regimes can be attributed to the monotonic decrease in peak width with increasing
solvent concentration in the film. The deterioration in out-of-plane order upon quench
for those samefilms canbe attributed to the significant volumechange and contraction
of the film upon solvent removal. There therefore exists a clear compromise when
designing SVA protocols to achieve the desired long-range order: the high swelling
ratios required for optimal in-plane order are also those most likely to lead to a
deterioration of the out-of-plane order upon quench. Of course, the results presented
here cover only a limited range of potential quench rates. An extremely rapid quench
maymore successfully “lock in” the swollenmorphology.Alternatively, an extremely
slow quench may allow the film to remain in equilibrium throughout removal of the
solvent and therefore provide sufficient time for reorganisation of the film to better
accommodate the necessary volume change.

4.3.2 Robust Morphology and Flexible Unit Cell Size

Thin films of ISO were annealed in the vapours of chloroform, THF, methanol, and
three mixtures of THF and methanol of varying composition. Whereas the film read-
ily plasticised when annealed in chloroform, THF, and the three THF and methanol
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mixtures, it did not plasticise when annealed in methanol alone. As it is the glass
transition temperature Tg of the glassy PS matrix which must be lowered to below
ambient temperature for the film to plasticise, this observation corroborates the asser-
tion that methanol is not a good solvent for PS. Assuming that sufficient quantity of
a good solvent for PS is present in any mixed solvent vapours, it may therefore be
possible that a morphological transition is induced by the preferential swelling of one
or more blocks of the terpolymer [6]. However, this does not appear to be the case
here. Instead, the morphology of both the swollen and dried films can confidently be
identified as the alternating gyroid (Q214) irrespective of the solvent or mixed solvent
vapours used to successfully anneal the film. It is hypothesised that this is due to the
large region of phase space occupied by the alternating gyroid morphology in ABC
triblock terpolymers, in sharp contrast to the small and narrow region of phase space
occupied by the double gyroid morphology in AB diblock copolymers (cf. Figs. 2.5
and 2.6) [12, 13].

If there is a correlation between the solvent or mixed solvent vapours used and the
SVA regimes previously identified, then this is subtle. The lowest swelling ratio at
which the peak atqy � 0.020Å−1 disappears is similar for each of thefilms swollen in
the various solvent andmixed solvent vapours. This is perhaps unsurprising as thefilm
cannot swell appreciably until the majority PS is plasticised and, upon plasticisation,
the degree to which the minority PEO is additionally swollen is likely to make only a
small contribution to the overall swelling ratio. However, the slightly largerminimum
swelling ratio at which the peak at qy � 0.020Å−1 disappears for films annealed in
THF and chloroform (ϕ ≈ 1.28) compared to films annealed in THF:MeOH (50:50)
(ϕ ≈ 1.22) perhaps also points to the need to sufficiently solvate all blocks of the
terpolymer for successful plasticisation.

A more prominent effect of the solvent or mixed solvent vapours used to anneal
the ISO triblock terpolymer thin films is the variation in unit cell size and in-plane
order (Fig. 4.2). Previously, it was noted that the unit cell size of the alternating
gyroid morphology first increased slightly, and then decreased, during swelling in
the mixed vapours of THF and methanol (80:20). However, the existence and rate
of the initial increase in unit cell size during swelling appears sensitive to solvent
selectivity. Unlike those films annealed in the mixed vapours of THF and methanol,
the film annealed in THF did not exhibit this initial increase in unit cell size. As
the THF content in the mixed vapours of THF and methanol was reduced, there
was an increasingly rapid decrease in unit cell size with swelling ratio. This effect
cannot be attributed to the swelling rate of the film as, unlike the maximum swelling
ratio, these do not vary monotonically with the THF content in the mixed solvent
vapours (Table 4.2). Considering also the peak widths during swelling, it appears
as if those films annealed in mixed solvent vapours with a lower THF content order
more rapidly as a function of swelling ratio. Again, this effect cannot directly be
attributed to the swelling rate of the film, although the significant change in peak
width at very similar swelling ratios, especially for the film annealed in THF:MeOH
(80:20), may indicate some other kinetic factor. It should be noted that there is some
spread in peak positions of the films even before swelling (ϕ = 1.00) which, given
the reproducibility of the spin-coating process, is somewhat unexpected. However,
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this spread may be at least partly explained by the occasional unintentional exposure
of the films to the solvent vapours in advance of the start of the experiment, despite
the author’s best efforts to the contrary.

There is a similarly pronounced effect of the solvent or mixed solvent vapours on
the peak positions (i.e. unit cell size) during deswelling. As the THF content in the
mixed vapours of THF and methanol reduces, the peak positions shift to lower qy
values. This cannot be attributed to quench rate, which does not vary monotonically
with the THF content in the mixed vapours. However, the maximum swelling ratio
of each of the films does decrease monotonically with the THF content in the mixed
vapours, and the unit cell size of the dried film has already been shown to be sensitive
to the the maximum swelling ratio. It is therefore likely that the maximum swelling
ratio of the swollen film at least partly contributes to the observed change in unit cell
size as a function of solvent selectivity during deswelling. Certainly the observed
variation in peak widths (i.e. in-plane order) during deswelling is entirely consistent
withwhatmight be expected fromfilms swollen to differentmaximumswelling ratios
and cannot readily be decoupled from any potential effect of solvent selectivity.

Collectively, the results point to the simultaneous robustness of the alternating
gyroid morphology and the flexibility of its unit cell size during SVA. Irrespective
of the type of solvent or mixed solvent vapours used to anneal the films, the mor-
phology remained as the alternating gyroid. Instead, the selectivity of the solvent and
maximum swelling ratio could be used to either increase or decrease the unit cell
size of the alternating gyroid, and improve the degree of in- and out-of-plane order
observed in the resulting dried films.

4.4 Conclusion

In this chapter, we have demonstrated the solvent annealing of a 35kgmol−1 gyroid-
forming triblock terpolymer. The SVA regimes of a film annealed in the mixed
vapours of THF and methanol (80:20) were identified and the results extended to all
solvents and mixed solvent vapours investigated, with the exception of methanol,
which did not plasticise the films. The effect of quench regime (i.e. maximum
swelling ratio), quench rate, and solvent selectivity were investigated. Whereas the
maximum swelling ratio of the swollen film and the solvent selectivity were seen to
have a substantial effect on the unit cell size and order (both in- and out-of-plane) of
the film, the quench rate was generally observed to have a limited effect, if any, over
the range explored.

These results constitute the first step towards rational design of SVA protocols
for the successful fabrication of large domains of the alternating gyroid morphology
in triblock terpolymers for optical metamaterial applications. The robustness of the
alternating gyroidmorphology during SVA is of great benefit as it ensures the desired
morphology is accessed irrespective of SVA protocol (within the region of parameter
space explored above). The selection of the maximum swelling ratio and mixture
of solvent vapours also allows fine control over the unit cell size and, therefore,
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the optical properties of the resulting optical metamaterials, without the need to
synthesise multiple terpolymers of differing molecular weight (cf. Table 2.1). Of
course, it remains to be seen whether an appropriate combination of SVA parameters
can be found to enable self-assembly of alternating gyroid domains with the required
long-range order (i.e. hundreds of micrometres). The results presented in this chapter
imply that the desired SVA protocol would have to swell the film to a large maximum
swelling ratio and then quench the film extremely slowly to avoid the deterioration of
out-of-plane order otherwise associatedwith quenching from the disordered regimes.
However, the forthcoming results on a 80kgmol−1 ISO triblock terpolymer, annealed
using a different and less controlled experimental set-up, without the prior benefit of
the above knowledge, will indeed show that such protocols are possible, if not yet
highly reproducible.
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Chapter 5
Preferentially Aligned Crystallisation
Within a Single Gyroid Network
of an ISO Triblock Terpolymer

In this chapter, we investigate the preferential alignment of poly(ethylene oxide) PEO
crystallites in the alternating gyroid morphology of an amorphous-semicrystalline
triblock terpolymer for which the semicrystalline block comprises one of the two
interpenetrating single gyroid networks. Thin films of 80kgmol−1 polyisoprene-
b-polystyrene-b-poly(ethylene oxide) (ISO) were annealed in chloroform vapour
to create grains of the alternating gyroid morphology exhibiting exceptional long-
range order.1 The resulting crystalline superstructure and microphase-separated
morphology were examined by optical and scanning electron microscopy, and
grazing-incidence small- and wide-angle X-ray scattering (GISAXS and GIWAXS).
Under crossed polarisers, large areas of uniform birefringence were observed and
were identified to be the result of preferentially alignedPEOcrystallites. The domains
of uniform birefringencewere found to coincide and coexist withwell-ordered grains
of the alternating gyroid morphology, suggesting that the PEO crystallite align-
ment is strongly coupled to the orientation of the surrounding microphase-separated
structure.2

1Note that whereas a 35kgmol−1 ISO terpolymer was used for the in situ GISAXS study of
Chap.4, here an 80kgmol−1 ISO terpolymer is used. The reason is that the resulting templates
are intended for optical metamaterial fabrication and the larger unit cell size should lead to more
striking dichroism (cf. Table 2.1).
2This chapter is based closely on the experimental section of: Dehmel, R.,∗ Dolan, J. A.,∗ Gu,
Y., Wiesner, U., Wilkinson, T. D., Baumberg, J. J., Steiner, U., Wilts, B. D. & Gunkel, I. (2017).
Optical imaging of large gyroid grains in block copolymer templates by confined crystallization.
Macromolecules, 50, 6255–6262. ∗Equal contribution.
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5.1 Methods

Details of the methods used may be found in Chap.3. Briefly, differential scanning
calorimetry (DSC) of an 80kgmol−1 ISO triblock terpolymer was carried out on
bulk samples. Thin films of the terpolymer were spun atop silicon and fluorine-doped
tin oxide (FTO)-coated substrates from a 10% (w/w) solution of the terpolymer in
anhydrous anisole. Samples were exposed to controlled solvent vapour atmospheres
using a custom annealing chamber and experimental set-up. Dry nitrogen gas was
bubbled through a chloroform reservoir and mixed with dry nitrogen before entering
the annealing chamber. The solvent concentration in the chamber was controlled by
varying themass flow rate of the two lines. To create gold replicas of the polyisoprene
(PI) block of the solvent-annealed ISO thin films, the PI block was degraded by
exposure to UV light and removed by immersion of the film in ethanol. The voided
terpolymer network was replicated into gold by electrodeposition; this could only be
performed for samples on FTO-coated substrates. Birefringence and linear dichroism
were observed in both reflection and transmission with a standard polarising optical
microscope. A programmable hot-stage was used for crystal melting experiments.
GISAXS and GIWAXSmeasurements were performed ex situ at the D1 beamline of
the Cornell High Energy Synchrotron Source, Cornell University, New York, USA.
The resulting scattering patterns were reduced and the in-plane and azimuthal line
integrations were analysed to determine peak locations and widths.3

5.2 Results

As the crystallisation behaviour of ISO depends on the glass transition temperature
of the amorphous PS block (T PS

g ), and the melting and crystallisation temperatures
of the semicrystalline PEO block (T PEO

m and T PEO
c , respectively), differential scan-

ning calorimetry (DSC) was performed to determine these key parameters for the
80kgmol−1 ISO used here (Fig. 5.1). The peaks at 55 ◦C during heating and 30 ◦C
during cooling are consistent with values previously reported for the melting and
crystallisation temperatures of PEO, respectively (Fig. 5.1a) [2]. A shallow T PS

g can
be seen at ≈ 87 ◦C (Fig. 5.1b), determined by the 50% heat capacity change dur-
ing vitrification. The corresponding T PS

g during heating is ≈ 90 ◦C and thus slightly
higher than during cooling.4 Although T PS

g > T PEO
c , suggesting that crystallisation is

3Differential scanning calorimetry was performed and analysed by Dr. Ilja Gunkel. Sample fabri-
cation and characterisation were undertaken jointly by Raphael Dehmel and the author. Scattering
experiments were performed by the author, Xiaoyuan Sheng, and Dr. Alessandro Sepe. Data reduc-
tion and indexing was performed by Dr. Ilja Gunkel.
4The higher T PS

g during heating is probably related to its proximity to the PEO melting peak in
the heating curves. The “true” liquid base line is expected to be less steep and any error in its
identification shifts both the onset and half-step temperatures to higher values (i.e. away from the
T PS
g measured during cooling).
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(a) (b)

Fig. 5.1 Differential scanning calorimetry (DSC) of 80 kg mol -1 ISO triblock terpolymer.
a The melting and crystallisation peaks are clearly visible at 55 and 30 ◦C, respectively. b A mag-
nification of the region between 40 and 120 ◦C shows the glass transition of polystyrene at ≈ 87 ◦C
and≈ 90 ◦C (half-step temperatures) during cooling and heating, respectively. Reprinted (adapted)
from [1] with permission from the American Chemical Society

confined, the glass transition is spread across a wide temperature range (extrapolated
onset 71 ◦C and endpoint 100 ◦C during cooling). It is therefore possible that the
material is not fully vitrified upon crystallisation. The presence and concentration of
a solventwill have a strong influence on both crystallisation and vitrification (i.e. both
T PS
g and T PEO

c vary with solvent concentration) and these modulated characteristic
temperatures ultimately determine the behaviour of the terpolymer during solvent
annealing.

5.2.1 Crystalline Superstructure

Thin films of ISO were exposed to controlled amounts of nitrogen gas rich in
chloroform and the solvent annealing protocol was optimised to achieve a highly
distinct birefringent texture in the dried films. The textures observed in the as-spun
and solvent-annealed films, small spherulites and extended domains of uniform bire-
fringence, respectively, are shown in Fig. 5.2. Whereas the former (Fig. 5.2a) were
robust, the latter (Fig. 5.2b) were highly sensitive to small variations in annealing
parameters (e.g. temperature of the annealing chamber and concentration of the sol-
vent) and the relevant protocols therefore required considerable optimisation. To the
author’s best knowledge, neither spherulites nor birefringent domains have previ-
ously been reported for ISO films, and the extended domains of uniform birefrin-
gence, especially over such length scales, have never previously been observed for
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(a)

(c)

(e) (f)

(d)

(b)

Fig. 5.2 Birefringent textures of as-spun and solvent-annealed ISO thin films and their vari-
ation with temperature. Solvent vapour annealing of ISO thin films on silicon substrates yields
a distinct birefringent texture in the dried film. Optical micrographs were recorded under crossed
polarisers, showing a small spherulites in as-spun samples and b extended domains of uniform
birefringence in solvent-annealed samples. Reprinted (adapted) from [1] with permission from the
American Chemical Society. c At room temperature, after solvent vapour annealing and before
heating, extended domains of uniform birefringence are visible. dAt 55 ◦C, the birefringent texture
disappears. The residual non-uniformity in the image is caused by the surface roughness of the
terpolymer film. e The birefringence gradually reappears upon cooling at ≈ 40 ◦C. Birefringent
features are visible and increase in density upon further cooling to 36 ◦C. f The initial birefringent
texture reappears by 26 ◦C with a nearly identical pattern to c. The domains exhibit an increased
defect density, which is likely due to incomplete crystallisation. The crossed arrows indicate the
orientation of the polarisers. Scale bars: 500µm. Optical micrographs courtesy of Raphael Dehmel

pure semicrystalline triblock or diblock copolymer melts.
To confirm the crystalline nature of the extended domains of uniformbirefringence

(i.e. that the birefringence is the result of the semicrystalline PEO and not any under-
lying form anisotropy), melting experiments were carried out.5 A heating chamber

5Form anisotropy results from the anisotropic arrangement of isotropic constituents (e.g. grains of
aligned cylinders in solutions of amorphous diblock copolymers) [3].
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with transparent windows allowed the in situ observation of the birefringent textures
by polarising optical microscopy. Samples exhibiting extended domains of uniform
birefringence (Fig. 5.2c) were heated at a rate of 15 ◦Cmin−1 and the birefringent tex-
ture disappeared at 55 ◦C (Fig. 5.2d). This temperature is consistent with the melting
temperature of PEO as determined by DSC (T PEO

m ≈ 55 ◦C). The samples were kept
at 55 ◦C for 1min, after which the samples were allowed to cool. At a temperature
of ≈ 40 ◦C, the birefringence began to reappear, becoming increasingly clear as the
temperature decreased (Fig. 5.2e). Below ≈ 26 ◦C, no further changes were apparent
(Fig. 5.2f). Figure5.2c, f show nearly identical birefringent textures and patterns.
The melting and crystallisation of the birefringent textures shown in Fig. 5.2 there-
fore clearly corroborate that the birefringence is a result of the semicrystalline nature
of the PEO block. Any form anisotropy from an underlying microphase-separated
morphology should disappear only upon heating the sample above T PS

g ≈ 90 ◦C.
The crystalline nature of the birefringence and the impressive uniformity of the bire-
fringent domains must arise from the alignment of the semicrystalline PEO within
the domains.

The presence and alignment of semicrystalline PEO in the ISO thin films was
studied by grazing-incidence wide-angle X-ray scattering (GIWAXS). Recorded
scattering patterns for as-spun samples exhibiting small spherulites (Fig. 5.3a) and
solvent-annealed samples exhibiting extended domains of uniform birefringence
(Fig. 5.3b) both exhibit strong peaks corresponding to the (120) and (032) reflec-
tions of PEO (Fig. 5.3c). Note that the q values of the (120) reflections of the as-
spun and solvent-annealed films in Fig. 5.3c are are 3–5% smaller than the values
reported for uniaxially-oriented homopolymer PEO after stretching andmelt quench-
ing [18]. The slightly larger PEO unit cell sizes are likely due to the complexation
of PEO with residual solvent molecules [5]. Indeed, a closer inspection of the (120)
reflections reveals a bimodal crystal structure, indicating the coexistence of neat and
solvent-complexed PEO crystallites (not shown). The azimuthal distributions of the
(120) reflections, measured from the substrate normal, show significant anisotropy
(Fig. 5.3d). For the as-spun sample, a peak at 0◦ is clearly visible, implying that
the polymer chains in the semicrystalline PEO (i.e. the crystallite c-axes) are pre-
dominantly oriented parallel to the substrate [4]. For the sample exhibiting extended
domains of uniform birefringence, the peak at≈ 40◦ (40.3 ± 0.1◦; FWHM = 14.6◦)
indicates a different preferential alignment of the semicrystalline PEO with respect
to the substrate. The alignment of semicrystalline PEO was observed in all samples
exhibiting extended domains of uniform birefringence. The GIWAXS results further
corroborate the hypothesis that solvent-annealed samples exhibit macroscopically
aligned semicrystalline PEO.

5.2.2 Microphase-Separated Morphology

If the PI phase of the microphase-separated morphology is continuous and makes
contact with the conductive substrate, it may be selectively removed and replicated
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(a) (b)

(c) (d)

Fig. 5.3 Grazing-incidence wide-angle X-ray scattering (GIWAXS) of as-spun and solvent-
annealed ISO thin films. Scattering patterns for a an as-spun film exhibiting small spherulites and
b a solvent-annealedfilmexhibiting extended domains of uniformbirefringence. cThe characteristic
(120) and (032) PEO reflection peaks are clearly visible in the azimuthally-averaged data for both
as-spun (black) and solvent-annealed (red) samples. d The intensity distribution of the (120) signal
as a function of azimuthal angle implies an anisotropic alignment of the semicrystalline PEO [4]

into metal by electrodeposition [6, 7, 19]. This allows the identification of the
microphase-separated morphology by scanning electron microscopy (SEM). The
microphase-separated morphologies of both as-spun and solvent-annealed samples
on FTO-coated glass substrates were investigated by SEM after replication of the
PI phase into gold and removal of the remaining PS and PEO (Fig. 5.4). For the
as-spun sample exhibiting small spherulites, a disordered continuous structure is
visible (Fig. 5.4a). For the solvent-annealed sample exhibiting extended domains of
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(a) (b)

Fig. 5.4 Scanning electron microscope (SEM) micrographs of the replicated PI networks
of as-spun and solvent-annealed samples. a The replicated gold network of an as-spun sample
exhibits a disordered continuous structure. b Imaged under an angle of ≈ 45◦, the gold network of
a solvent-annealed sample exhibits a regular and highly uniform array of pore sizes. Two domains
with different appearances are visible. The six-fold and four-fold pore symmetries observed in the
top right and the bottom left are consistent with the 〈111〉 and 〈100〉 directions of a single gyroid,
respectively. The flakes on the film surface are residues from the electrodeposition procedure. Scale
bar: 500nm. Reprinted (adapted) from [1] with permission from the American Chemical Society.
Electron micrograph b courtesy of Raphael Dehmel

uniform birefringence, two differently oriented continuous domains are visible when
the sample is viewed under an inclination of 45◦ (Fig. 5.4b). In a previous study it
was shown that a 53kgmol−1 ISO with similar block volume fractions formed an
oriented alternating gyroid phase with the 〈110〉 direction perpendicular to the sub-
strate [8]. The 〈111〉 and 〈100〉 directions were therefore inclined by 35 and 45◦
with respect to the substrate normal, respectively. The highly uniform six-fold (top
right) and four-fold (bottom left) pore symmetries in Fig. 5.4b are consistent with a
single gyroid network, similarly oriented with the 〈110〉 direction perpendicular to
the substrate, viewed along the 〈111〉 and 〈100〉 directions, respectively (cf. Fig. 2.2).

The microphase-separated morphologies were also characterised using grazing-
incidence small-angle X-ray scattering (GISAXS) for a range of angles of incidence
(Fig. 5.5). The scattering patterns for as-spun samples exhibiting small spherulites
and solvent-annealed samples exhibiting extended domains of uniform birefringence
are shown in Fig. 5.5a–h, respectively. As the angle of incidence is increased from
αi = 0.10◦, below the critical angle of the terpolymer film (Fig. 5.5a), to 0.19◦, above
the critical angle of the film (Fig. 5.5d), themeasuredGISAXSpatterns of the as-spun
sample change significantly. At lowαi, the pattern exhibits diffuse Bragg rods at qy ≈
0.012Å−1 with relatively little intensity along the remainder of the diffuse Debye-
Scherrer ring (DDSR) towards qy = 0Å−1 (Fig. 5.5a). Close to the critical angle of
the terpolymer but below that of the substrate (evidenced by the enhanced intensity
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(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 5.5 Grazing-incidence small-angle X-ray scattering (GISAXS) of as-spun and solvent-
annealed samples at four angles of incidence. GISAXS scattering patterns for a–d an as-spun
sample exhibiting small spherulites and e–h a solvent-annealed sample exhibiting extended domains
of uniform birefringence. The depth of the film probed by the incident X-rays increases with
increasing αi

around the Yoneda band at qz ≈ 0.023Å−1), the scattering patterns show significant
intensity along the entirety of the DDSR (Fig. 5.5b, c). At angles of incidence above
the critical angle of the terpolymer film, the scattering pattern again exhibits diffuse
and significantly curved Bragg rods with less intensity along the DDSR (Fig. 5.5d).
As the depth of the filmprobed by the incidentX-rays increaseswith increasingαi, the
observed variation in the GISAXS scattering patterns with angle of incidence implies
a variation in microphase-separated morphology across the thickness of the sample.
Whereas the as-spun films exhibit anisotropic short-range order at both interfaces,
the microphase-separared morphology is nearly isotropic inside the film.

In contrast, the GISAXS scattering patterns for solvent-annealed films exhibit
diffuse Bragg rods at qy ≈ 0.012Å−1 for all values of αi probed (Fig. 5.5e–h). The
solvent-annealed samples therefore exhibit amicrophase-separatedmorphologywith
long-range order across the entire thickness of the film. Noting that the SEM micro-
graphs for solvent-annealed samples are consistent with a single gyroid morphology,
the observed peaks in the line integrations of the scattering patterns (Fig. 5.6) may
tentatively be assigned to the I4132 (i.e. the alternating gyroid) symmetry.
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Fig. 5.6 Grazing-incidence small-angleX-ray scattering (GISAXS) of a solvent-annealedfilm.
Line integral at qz = 0.026 ± 0.001Å−1 of the GISAXS scattering pattern of a solvent-annealed
film indexed with the I4132 single gyroid symmetry

5.2.3 Correlation of Crystalline Superstructure with
Microphase-Separated Morphology

The replication of single-domain alternating gyroid morphologies into gold gives
rise to a linear dichroism of the sample (cf. Chap.2 Sect. 2.6 and Chap.7) [6, 7]. The
comparison of optical micrographs taken before and after gold replication of solvent-
annealed samples reveals nearly identical domain patterns (Fig. 5.7). While similar
in appearance, the birefringence (terpolymer) and linear dichroism (gold replica) of
the domains of the two samples have very different physical origins. In the case of
the terpolymer (Fig. 5.7a), the birefringence arises from the preferential alignment
of the semicrystalline PEO; in the gold replica (Fig. 5.7b), the linear dichroism arises
from a shift of the material’s effective plasma frequency with relative orientation of
the polarisation axis of light and the replicated gyroid domain [6].6 To confirm that
the dichroism of the gold samples is indeed a plasmonic effect and not the result
of residual semicrystalline PEO, the heating experiments of Fig. 5.2 were repeated,
and no change in dichroism was detected at elevated temperatures up to 120 ◦C.
Gold replicas were also examined with GIWAXS and no features associated with
semicrystalline PEO were observed, confirming the lack of semicrystalline PEO in
the gold samples. The optical microscopy results before and after gold replication of
solvent-annealed samples imply that the extended domains of uniform birefringence
coincide precisely with individual grains of the alternating gyroid morphology.

6The physical original of the linear dichroism of single-domain gyroid optical metamaterials is
revisited in Chap.7.



76 5 Preferentially Aligned Crystallisation Within…

(a)

(b)

Fig. 5.7 Birefringence and linear dichroism in a solvent-annealed ISO thin film and its gold
replica. Optical micrographs of a a solvent-annealed ISO film with extended domains of uniform
birefringence and b the gold replica of the PI network of this film, both under crossed polarisers.
Nearly identical domain patterns are observed in the two samples, indicating a correlation between
the crystalline superstructure and the microphase-separated terpolymer morphology. Scale bar:
200µm. Reprinted (adapted) from [1] with permission from the American Chemical Society.
Optical micrographs courtesy of Raphael Dehmel

5.3 Discussion

The width of the reflections in the scattering patterns does not enable the unique
identification of the microphase-separated morphologies based on GISAXS alone.
Using all observations combined, however, the microphase-separated morphologies
of the as-spun and solvent-annealed samples can be confidently determined. Solvent-
annealed ISO filmswith extended domains of uniform birefringence possess an alter-
nating gyroid microphase-separated structure, whereas as-spun ISO films exhibiting
small spherulites possess a disordered continuous microphase-separated structure.
Together with the optical microscopy results, these observations point to a strik-
ing correlation between the crystalline superstructure (extended domains of uniform
birefringence formed by preferentially aligned semicrystalline PEO) and the under-
lying microphase-separated morphology (the alternating gyroid) in solvent-annealed
samples.
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5.3.1 Confined Crystallisation

The elucidation of PEO crystallite alignment in extended domains of uniform bire-
fringence requires the identification of the likely crystallisation mechanism within
the solvent-annealed ISO (e.g. breakout, templated, or confined). Although the DSC
data imply that the PEO should undergo confined crystallisation (T PS

g > T PEO
c ), the

width of the glass transition and presence of significant chloroform content during
annealing complicates this analysis. Despite this, there is significant evidence to sup-
port the conclusion that the PEO indeed undergoes confined crystallisation during the
solvent annealing protocols used here. SEM (Fig. 5.4b) provides strong evidence for
the single gyroid morphology of the replicated PI network, and the GISAXS results
(Figs. 5.5e–h and 5.6) are also consistent with the gyroid morphology. In contrast,
templated or breakout crystallisation are expected to favour a lamellar morphology.

5.3.2 Multiple Individually Aligned Crystallites

Semicrystalline polymers are typically positively birefringent with the extraordinary
optic axis parallel to the stretched chains (i.e. parallel to the crystallite c-axes). They
are therefore only visible under crossed polarisers when the crystallite c-axes have a
non-zero projection onto the image plane (e.g. when the polymer chains are parallel
or tilted with respect to the substrate). A birefringent texture consisting of extended
domains of uniform birefringence implies such an alignment of the PEO crystallites
within the large microphase-separated grains (tens to hundreds of micrometres).
In an amorphous-semicrystalline block copolymer, the crystallite dimensions are,
however, limited by the neighbouring amorphous phase of the microphase-separated
morphology (tens to hundreds of nanometres). Extendeddomains of uniformbirefrin-
gence must therefore consist of large numbers of similarly aligned PEO crystallites
rather than a single macroscopic crystal.

Figure 5.2e provides evidence for this crystal structure. Upon cooling from the
melt, individual extended crystalline assemblies are discernible, which have the same
alignment within each extended domain. Progressive crystallisation causes these
crystallites to coalesce and form the homogeneous birefringent texture (Fig. 5.2f).
Since the initial (Fig. 5.2c) and final (Fig. 5.2f) textures are nearly identical, and
since the boundaries of the extended domains of uniform birefringence coincide
with the grain boundaries, this indicates that the crystallisation process is influenced
(or indeed templated) by the microphase-separated morphology.
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5.3.3 Crystallite Orientation Perpendicular to the Long Axis
of the Gyroid Channels

In an amorphous-semicrystalline block copolymer, any crystallite alignment mecha-
nism within a self-assembled morphology must take into account the likely orienta-
tion of the PEO crystallites with respect to the interface between the semicrystalline
and amorphous blocks. Despite the remarkable long-range order of the gyroid grains
presented here, they are still not sufficiently large to accurately probe a single grain by
GISAXS and GIWAXS, and therefore directly and uniquely correlate the orientation
of the microphase-separated morphology with that of the PEO crystallites.

Instead, comparisonsmay bemade to the crystallite orientations for PEO confined
to other microphase-separated morphologies and how these change with crystalli-
sation conditions. The variation of PEO crystallite orientation with crystallisation
temperature is qualitatively similar for lamellae [4], cylinders [9, 10], and hexag-
onally perforated lamellae [11, 12] of minority PEO surrounded by a majority PS
matrix. It is thus reasonable to assume that this variation is similar for a minority
PEO single gyroid surrounded by a majority PS matrix. Consider therefore minor-
ity PEO cylindrical microdomains of a PS-b-PEO diblock copolymer (8.8kgmol−1

PEO and 24.5kgmol−1 PS; fPEO = 26%). For this copolymer and morphology, the
PEO c-axes orient perpendicular to the long axis of the cylindrical PS inclusions for
a crystallisation temperature T PEO

C > 0 ◦C (i.e. a large crystallisation temperature or
small degree of supercooling) [10]. This crystallisation temperature is significantly
less than that imposed here (T PEO

C ≈ 21 ◦C). It is therefore expected that the PEO
crystallites within a single gyroid network orient with their c-axes perpendicular to
the “long axis” of the gyroid channels, the direction of which varies periodically in
three dimensions.

TheGIWAXSscattering pattern resulting froman as-spun sample exhibiting small
spherulites possesses a peak at 0◦ azimuthal angle (Fig. 5.2a, d). This is consistent
with the substrate-parallel c-axis orientation reported for spherulites in thin (100nm–
1µm) films of semicrystalline homopolymers [13, 14]. In this case of “edge-on”
lamellar crystals, it has been shown using a simple thermodynamic model that the
confinement perpendicular to the substrate results in a significantly lower critical
nucleation energy for substrate-parallel crystallite nuclei (so long as the surface
energy of the interface between the crystallite and substrate is smaller than that of
the interface between the melt and substrate). These lamellar crystals then grow
in such a way as to avoid creating additional interfaces [15]. We do not speculate
further on the crystallisation mechanism within the as-spun samples as they do not
possess a recognisable equilibriummicrophase-separated morphology around which
a plausible mechanism may be derived.
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5.3.4 Preferentially Aligned Crystallisation Along the 〈111〉
and 〈100〉 Directions

Figure 5.8 outlines the mechanism by which we suggest PEO crystallites are pref-
erentially aligned within a single gyroid microphase-separated morphology. It is
anticipated that the PEO crystallites grow preferentially along the 〈111〉 and 〈100〉
directions of the gyroid (Fig. 5.8a). These directions correspond to the two “straight-
est paths” across a gyroid network previously identified for isotropic electrochemical
growth of platinum within a double gyroid block copolymer template [16]. In that
work, themesoscopicmorphology of platinumdeposits grownwithin the gyroid tem-
plate was analysed by a labyrinth theory and linked to the variation in path-length
along different lattice directions within the gyroid. The shape of the electrodeposited
platinum clusters was determined by the “straightest”(i.e. least convoluted) path-
ways across the gyroid network: the 〈111〉 and 〈100〉 directions. Projections along
these two directions, which contain the eponymous gyroidal spirals, can be seen in
the electron micrograph in Fig. 5.4b, and the spirals are depicted schematically in
Fig. 5.8b, c. The straightness of the gyroidal pathways along these directions depends
on the volume fill fraction of the gyroid: the larger the fill fraction the straighter the
pathway. For gyroids with a fill fraction of ≈ 17%, the volume fill fraction of the
PEO block here, the 〈111〉 direction contains the straightest paths (Fig. 5.8b); the
paths along the 〈100〉 directions are 7.5% longer (Fig. 5.8c).

Since PEO crystallisation involves the stacking of extended polymer chains, indi-
vidual crystallites within semicrystalline PEO are arranged linearly and any change
in the crystallisation direction involves the energetically unfavourable incorporation
of a defect into the crystallite. In a gyroid network, PEO crystallisation is there-
fore energetically favoured along the straightest, least convoluted pathways across
the lattice, i.e. the 〈111〉 and 〈100〉 directions. Note that the chemical potential dif-
ferences driving crystallisation are large. They lie, for example, at the origin of
breakout crystallisation, whereby fast crystal growth along particular “lamellae-like”
directions destroys and reorganises the existing microphase-separated morphology
[20, 21]. In the present case, the availability of nearly straight pathways across the
gyroid microphase-separated morphology allows for PEO crystallisation without
the destruction of that morphology, resulting in a confined crystallisation that also
imposes a distinct preferential alignment for the PEO crystallite growth.

5.3.5 Distribution of Local Crystallite Orientations About the
〈111〉 and 〈100〉 Directions

However, the path traversed through a gyroid network by the PEO crystallisation
growth front is still convoluted: both the 〈111〉 and 〈100〉 directions form helical
paths which spiral or “gyrate” at a constant radius, intersecting with neighbouring
paths every 120 and 90◦, respectively (Fig. 5.8b, c). The gyroid morphology will
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(a)

(b) (c)

Fig. 5.8 Proposed alignment mechanism of PEO crystallites in a single gyroid network. a It is
hypothesised that PEO crystallites (top left) are preferentially aligned along the 〈111〉 (red arrow)
and 〈100〉 (blue arrow) directions of the single gyroid. The solvent-annealed ISO gyroids exhibit an
orientation whereby the 〈110〉 (green arrow) direction is perpendicular to the substrate; the grains
are randomly oriented in-plane. Measured GIWAXS and GISAXS scattering patterns therefore
correspond to a rotational average about the 〈110〉 direction due to measurement over multiple
grains. b and c Details of the gyroid channels in the 〈111〉 and 〈100〉 directions (large red and blue
arrows), respectively. The small red and blue arrows, which indicate the orientation perpendicular to
the local PEO crystallite c-axes, follow the “long axis” (i.e. the helical path) of the gyroid channels.
It is assumed that there is no preferred orientation of the a- and b-axes relative to the long axis of
the gyroid channel and the PEO crystallites depicted are therefore randomly rotated about the small
red and blue arrows. The insets indicate the projection of the complete gyroid network from which
the details are taken. Reprinted (adapted) from [1] with permission from the American Chemical
Society
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therefore subject the PEO crystallites, which are anticipated to orient with their c-
axes perpendicular to the long axis (i.e. the helical path) of the gyroid channels, to
continuously varying boundary conditions. This leads to competition between the
energetically favourable linear stacking of the PEO crystallites and the requirement
that the crystallites follow the path of the gyroid channels to which they are confined.
This competition is resolved by the introduction of stacking faults to ensure the local
linear arrangement of the PEO crystallites within the gyroid channels. It is therefore
necessary for there to be significant deviation of the local PEO crystallite c-axis about
the plane perpendicular to the 〈111〉 and 〈100〉 directions. Note that in the case of
PEO cylinders there was no preferred orientation of the a- and b-axes, and we here
therefore also assume no preferred orientation of these axes relative to the long axis
of the gyroid channel.

As the ISO gyroid grains with long-range order exhibit an orientation whereby the
〈110〉 direction is perpendicular to the substrate, the 〈100〉 and 〈111〉 directions are
either in the plane of the substrate or angled 45 and 35◦ with respect to the substrate
normal (Fig. 5.8a) [8].Given that the growth rates along the 〈111〉 and 〈100〉directions
are approximately equal, equal populations of PEO crystallites preferentially aligned
(on average) at 35 and 45◦ azimuthal angles would be expected, along with two
associated peaks in the corresponding GIWAXS scattering pattern. Instead, only
a single peak at ≈ 40◦ (40.3 ± 0.1◦) is observed (Fig. 5.3d). However, as already
mentioned, the distribution of local PEO crystallite orientations about these two
directions (the small red and blue arrows in Fig. 5.8b, c, respectively) is anticipated
to be broad. The two peaks at 35 and 45◦ would therefore likely appear as a single
broad peak at their arithmetic mean, 40◦, as observed. The preferential growth of
PEO crystallites along the 〈111〉 and 〈100〉 directions is therefore consistent with the
measured GIWAXS data.

Individual PEO crystallites are positively birefringent and posses an extraordinary
optic axes oriented along the crystallite c-axes (i.e. perpendicular to the small red
and blue arrows in Fig. 5.8b, c, respectively). The random orientation of positively
birefringent crystallite c-axes within planes perpendicular to the local helical path
of the gyroid channel is optically equivalent to negatively birefringent crystallites
with their c-axes aligned along the same helical path. The local orientation of these
optically equivalent crystallite c-axes will vary about the 〈111〉 and 〈100〉 directions.
However, when averaged over a period of the gyroidal spirals, any radial components
of the oscillating optic axes will sum to zero. The resulting (effective) optic axis
of the crystalline superstructure will therefore be aligned along the net tangential
orientation of the optically equivalent crystallite c-axes, i.e. along the 〈111〉 and
〈100〉 directions. Such samples, with a negatively birefringent effective optic axes
aligned along either the 〈111〉 or 〈100〉 directions,would indeed exhibit large domains
of uniform birefringence consistent with the optical microscopy results (Fig. 5.2b).
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5.4 Conclusion

We have demonstrated the preferential alignment of PEO crystallites confined within
a single gyroid network. It is hypothesised that large grains of the alternating gyroid
morphology (within which the PEO block of an amorphous-semicrystalline ISO tri-
block terpolymer forms a single gyroid network) preferentially align the PEO crys-
tallites along the 〈111〉 and 〈100〉 directions. These directions are those which allow
fastest growth of the PEO crystallites (i.e. those in which the path length required to
traverse the gyroid network is minimised). The resulting crystalline superstructure
appears as extended domains of uniform birefringence under crossed polarisers. This
birefringence is purely crystalline in nature (i.e. is not the result of any underlying
form anisotropy from the microphase-separated morphology) and may therefore be
extinguished upon heating the sample to a temperaturewhich coincideswith themelt-
ing temperature of the PEO. This temperature is significantly lower than the glass
transition temperature of the glassy PS. The associated GIWAXS scattering pattern
exhibits significant anisotropy with a peak at an azimuthal angle corresponding to
that expected fromPEO crystallites aligned along the 〈111〉 and 〈100〉 directions. The
alternating gyroid microphase-separated morphology of the terpolymer films may
be confirmed using a combination of techniques including GISAXS, and electron
and optical microscopy. In particular, the observed dichroism of gold single gyroids
templated by the terpolymer films highlights the strong correlation of the crystalline
superstructure with the microphase-separated grains.

Although not the focus of the above study, the exceptional long-range order of
the ISO triblock terpolymer templates should be noted. It is from these templates
that the single-domain gyroid optical metamaterials, characterised in Chap.7, are
fabricated. However, the ISO terpolymer used here has a greater molecular weight
(80kgmol−1) than that used for the in situ GISAXS study (35kgmol−1) of Chap.4.
Furthermore, although presented latterly, the ex situ solvent vapour annealing exper-
iments presented here were performed prior to the equivalent in situ studies and
could therefore not be informed by their results. Together, the results of both studies
corroborate that it is indeed possible to fabricate ISO triblock terpolymer templates
with exceptional long-range order which may be used for subsequent gyroid optical
metamaterial fabrication (Part II).
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Part II
Optical Anisotropy in Gyroid Optical

Metamaterials

Gold gyroid optical metamaterials are known to possess a reduced plasma frequency
and linear dichroism imparted by their intricate sub-wavelength single gyroid mor-
phology. The anisotropic optical properties are, however, only evident when a large
individual gyroid domain is investigated. Multi-domain gyroid metamaterials, fab-
ricated by thermal annealing from a polyisoprene-b-polystyrene-b-poly(ethylene
oxide) (ISO) triblock terpolymer and consisting of multiple small gyroid domains
with random orientation and handedness, instead exhibit isotropic optical properties
(Chap. 6). Comparing three effective medium models, we show in this part that the
specular reflectance spectra of such multi-domain gyroid optical metamaterials can
be accurately modelled over a broad range of incident angles by a Bruggeman effec-
tive medium consisting of a random wire array. That a Bruggeman effective medium
can accurately model the experimental reflectance spectra implies that multi-domain
gold gyroid optical metamaterials behave both qualitatively and quantitatively as
an amorphous composite of gold and air (i.e. nanoporous gold), and that coherent
electromagnetic contributions arising from the sub-wavelength gyroid symmetry are
not dominant.

Single-domain gyroidmetamaterials, fabricated by solvent vapour annealing from
the same ISO triblock terpolymer, exhibit the previously observed linear dichroism.
However, this dichroism is thoroughly unexpected (and indeed unexplained) given
the cubic symmetryof the gyroidmorphology.Bycomparingmeasured and simulated
reflectance and transmittance spectra as a function of azimuthal angle and termination
of the single gyroid morphology, we additionally show that it is the anisotropic
protrusions resulting from the terminations of themetamaterialwhich are the physical
mechanism underlying the observed linear dichroism (Chap. 7). These protrusions
may be modelled by the introduction of a thin anisotropic effective medium layer
atop the bulk gyroid optical metamaterial. The significant and unexpected effects of
the terminations, which break the effective symmetry of the otherwise isotropic cubic
metamaterial, have far-reaching consequences for the use of optical metamaterials
fabricated via self-assembly.

http://dx.doi.org/10.1007/978-3-030-03011-7_6
http://dx.doi.org/10.1007/978-3-030-03011-7_7


Chapter 6
Multi-Domain Gyroid Optical
Metamaterials

In this chapter, we investigate the optical properties of multi-domain gold gyroid
optical metamaterials fabricated from the alternating gyroid phase of a 80kgmol−1

polyisoprene-b-polystyrene-b-poly(ethylene oxide) (ISO) triblock terpolymer.1 The
specular reflection of the isotropic metamaterial is measured under a range of angles
of incidence of light and the resulting reflectance spectra are compared to those
predicted by three of the simplest (and therefore most common) analytical effec-
tive medium theories applicable to amorphous composites of spherical or ellipsoidal
inclusions of one material in a host matrix of another. We show that a Bruggeman
model with ellipsoidal inclusions is the only model considered which can repro-
duce the features present in the measured reflectance spectra of the investigated
multi-domain gold gyroid optical metamaterials, and that such optical metamaterials
therefore behave similarly to nanoporous gold.2

6.1 Methods

Details of the methods used may be found in Chap.3. Briefly, thin films of an
80kgmol−1 ISO triblock terpolymer were spun atop fluorine-doped tin oxide (FTO)-
coated substrates from a 10% (w/w) solution of the terpolymer in anhydrous anisole.
Samples were thermally annealed under vacuum at 180 ◦C for 30min then allowed

1Unlike those samples previously considered, the triblock terpolymer templates used to fabricate
multi-domain gyroid optical metamaterials were thermally, rather than solvent, annealed.
2This chapter is based closely on: Dolan, J. A., Saba, M., Dehmel, R., Gunkel, I., Gu, Y., Wiesner,
U., Hess, O., Wilkinson, T. D., Baumberg, J. J., Steiner, U. & Wilts, B. D. (2016). Gyroid optical
metamaterials: calculating the effective permittivity of multidomain samples. ACS Photonics 3,
1888–1896.

© Springer Nature Switzerland AG 2018
J. A. Dolan, Gyroid Optical Metamaterials, Springer Theses,
https://doi.org/10.1007/978-3-030-03011-7_6
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to cool over approximately 12h. Gyroid optical metamaterials were created from the
terpolymer thin films by degradation of the polyisoprene (PI) block by exposure to
UV light and its subsequent removal by immersion of the film in ethanol. The voided
terpolymer networkwas replicated into gold by electrodeposition.Gold is grownboth
within and atop the polymer template, and the layer of excess bulk gold is cleaved
at the interface between the nanostructured and bulk gold, to ensure a smooth top
surface, before removal of the remaining terpolymer by exposure to oxygen plasma.
Optical characterisation was performed using an automated reflection goniometer
with fixed illumination optics and moveable detection optics. The sample and detec-
tion arm were arranged to measure the specular reflection. Spectra were recorded at
angles of incidence between 15 and 65◦ in steps of 1◦. Linear polarisers were placed
at the output of the illumination optics and at the input of the detection optics, aligned
to produce transverse electric (TE) or transversemagnetic (TM) polarisations of light
with respect to the sample. Reflectance spectra were normalised with respect to the
reflectance of a silver mirror at each polar angle.

6.2 Effective Medium Theories

For a material which is homogenous at a particular length scale, its physical prop-
erties may be described by a reduced set of effective material parameters [1]. Effec-
tive medium theories are approximate analytical means to ascribe a homogeneous
(although potentially anisotropic) material parameter, in this case εeff(ω), to a het-
erogeneous mixture of two or more components [2]. Such theories are anticipated
to hold when the inhomogeneity length scale of the material and the local variation
in the electric field are both significantly smaller than the wavelength of interest
[3]. Although numerous approaches of varying complexity exist, the two consid-
ered in this chapter are arguably the most prevalent: the Maxwell-Garnett theory for
spherical inclusions and the Bruggeman theory [2, 3].

6.2.1 Maxwell-Garnett Theory: Spherical Inclusions

The simplest form of the Maxwell-Garnett effective medium theory considers spher-
ical inclusions of one material in a host matrix of another (Fig. 6.1a). The effective
permittivity is found by solving the implicit equation [2]

(ε1(ω) − ε2(ω)) f1
ε2(ω) + (ε1(ω) − ε2(ω))A

+ ε2(ω) − εeff(ω)

ε2(ω) + (εeff(ω) − ε2(ω))A
= 0, (6.1)

where εeff(ω) is the (isotropic) effective permittivity of the composite, ε1(ω) is the
permittivity of the first component (the inclusion), ε2(ω) is the permittivity of the
second component (the host), f1 is the volume fraction of the first component, A
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(a) (b)

(c) (d)

Fig. 6.1 Sketches of the mathematical representations of various effective medium theories.
a Maxwell-Garnett, Eq. (6.1), where the effective permittivity (εeff (ω)) is derived by considering
spherical inclusions (A = 1/3) of one material (ε1(ω)) in a host matrix of another (ε2(ω)). b
Bruggeman (A = 1/3), Eq. (6.2), where the effective permittivity (εeff (ω)) is derived by averaging
over single inclusions (ε1(ω) and ε2(ω)) individually embedded in an effectivemediumconsisting of
all other inclusions (εeff (ω)). cBruggeman (Ak ), Eq. (6.4), where the effective permittivity (εeff (ω))
is derived analogously to the case where A = 1/3 except that all individual spherical inclusions are
replaced by randomly oriented ellipsoids. d The single gyroid morphology for which an effective
medium theory is sought. Note that a single domain is shown but the samples considered here consist
of numerous randomly oriented multi-domains. Reprinted (adapted) from [4] with permission from
the American Chemical Society

is the depolarisation factor (1/3 for spherical inclusions), and ω is the frequency.3

The above theory is strictly valid only when the volume fill fraction of the inclusions
is small. As a result, the above equation is not invariant under the transformation
ε1(ω) ↔ ε2(ω) and f1 → f2. Asymmetric formulations such as this are only valid

3The depolarisation factor relates the dipole moment of a dielectric ellipsoid to the applied external
electric field and varies from 0 (disks) to 1 (wires).
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for low volume fractions of the polar phase [5]. Nonetheless, the Maxwell-Garnett
effectivemedium theory should be considered due to its widespread usage and having
previously been employed to justify the differing behaviour of gold gyroid optical
metamaterials from an amorphous composite (cf. Chap. 2 Sect. 2.6) [6].

6.2.2 Bruggeman Theory: Spherical Inclusions

We adopt here a version of the Bruggeman effective medium theory in which all
constituents of the composite are treated symmetrically. If the inclusions are again
assumed to be spherical (Fig. 6.1b), the effective permittivity is found by solving the
implicit equation [5]

(ε1(ω) − εeff(ω)) f1
εeff(ω) + (ε1(ω) − εeff(ω)) A

+ (ε2(ω) − εeff(ω)) f2
εeff(ω) + (ε2(ω) − εeff(ω)) A

= 0, (6.2)

where εeff(ω), ε1(ω), ε2(ω), f1, A, and ω are defined as above, and f2 = 1 − f1
is the volume fill fraction of the second component. Note that the above equation
is now invariant under the transformation ε1 ↔ ε2 and f1 ↔ f2, indicating that the
Bruggeman effective medium theory is applicable for any given volume fill fraction.
It is therefore anticipated that this simplest form of the Bruggeman theory may more
accurately model the behaviour of 30% fill fraction gyroid optical metamaterials,
such as those considered here.

6.2.3 Bruggeman Theory: Ellipsoidal Inclusions

Although the Bruggeman effective medium theory is insensitive to the absolute size
of the sub-wavelength inclusions of a composite, it is possible to extend the theory
to take anisotropy of the inclusions into account. This is done by modelling such
inclusions as aligned ellipsoids with semi-axes ak . In such a case the depolarisation
factor A in Eq. (6.2) is replaced by [5]

Ak = a1a2a3
2

∞∫

0

du

(a2k + u)

√
(a21 + u)(a22 + u)(a23 + u)

, (6.3)

where Ak is the depolarisation factor for light linearly polarised along the k th axis of
an aligned ellipsoidal inclusion. Note that the derived effective permittivity is hence
only valid for that same relative orientation of linearly polarised light and the effec-
tive permittivity of the material is anisotropic (i.e. when all ellipsoidal inclusions
are assumed to be aligned). However, it is also possible to define a macroscopically
isotropic effective permittivitywhilst allowing formicroscopic anisotropy if the ellip-
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soidal inclusions are assumed to be randomly oriented in the composite (Fig. 6.1c).
In such a case, the effective permittivity is derived by solving the implicit equation
[5]

3∑
k=1

(ε1(ω) − εeff(ω)) f1
εeff(ω) + (ε1(ω) − εeff(ω)) Ak

+ (ε2(ω) − εeff(ω)) f2
εeff(ω) + (ε2(ω) − εeff(ω)) Ak

= 0, (6.4)

where εeff(ω), ε1(ω), ε2(ω), f1, f2, and ω are as defined above, and Ak are the three
depolarisation factors corresponding to the geometry of the ellipsoidal inclusions
(A1 + A2 + A3 = 1). Note that this equation is identical for both a polycrystalline
sample consisting of numerous randomly oriented anisotropic domains, and a com-
posite sample consisting of equal amounts of three isotropic constituents of differing
permittivities or depolarisation factors [1]. Note also that theMaxwell-Garnett theory
may similarly be extended to take into account microscopic anisotropy (discussed
below).

6.2.4 Model Fitting

Where an effective medium model requires fitting, the MATLAB optimisation tool-
box was used to minimise the cost function

f (A) = 1

N × M

N∑
i=1

M∑
j=1

(
log10 Rexp(λi , θ

in
j ) − log10 Rmodel(λi , θ

in
j ,A)

)2
, (6.5)

such that
A1 + A2 + A3 = 1, (6.6)

where A = [A1, A2, A3], Ak is the k th depolarisation factor, λi is the i th wavelength,
θ in
j is the j th angle of incidence, N is the total number of wavelengths, M is the total

number of angles of incidence, and Rexp(λi , θ
in
j ) and Rmodel(λi , θ

in
j ,A) are the exper-

imental and modelled reflectance spectra, respectively. The modelled reflectance
spectra are in turn calculated from the Fresnel equations for reflection from a semi-
infinite non-magnetic homogeneous medium for TE

RTE
model(λi , θ

in
j ,A) =

∣∣∣∣∣
nair cos(θ in

j ) − neff(λi ,A) cos(θ tr
j )

nair cos(θ in
j ) + neff(λi ,A) cos(θ tr

j )

∣∣∣∣∣
2

, (6.7)

and TM

RTM
model(λi , θ

in
j ,A) =

∣∣∣∣∣
neff(λi ,A) cos(θ in

j ) − nair cos(θ tr
j )

neff(λi ,A) cos(θ in
j ) + nair cos(θ tr

j )

∣∣∣∣∣
2

, (6.8)
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polarised light, where nair and neff(λi ,A) are the refractive indices of air and the
effective medium, respectively, and θ tr

j is the j th (complex) transmitted angle calcu-
lated by Snell’s law, i.e.

nair sin(θ
in
j ) = neff(λi ,A) sin(θ tr

j ). (6.9)

The assumption that the gold gyroid optical metamaterial appears semi-infinite (and
that the derived effective permittivity is insensitive to film thickness) is based upon
the thickness of the film (≈ 1µm), the unit cell size (≈ 60nm), and previous studies
of film thickness effects in gold gyroid optical metamaterials which indicate that
the reflectance spectra do not change beyond a threshold sample thickness [7]. The
effective medium models from which neff(λi ,A) is derived require as an input the
permittivity of bulk gold εAu(ω), which is here taken as that measured by Olmon et
al. [8] Optimised depolarisation factors are calculated for each polarisation state of
light.

6.3 Results

The most appropriate analytical effective medium theory to describe the optical
response of multi-domain gold gyroid optical metamaterials is determined by com-
paring experimental and predicted reflectance spectra over a range of angles of inci-
dence.

6.3.1 Multi-Domain Gyroid Optical Metamaterials

An optical and electronmicrograph of themulti-domain gyroid optical metamaterial,
the geometry of the experiment, and the resulting reflectance spectra for transverse
magnetic (TM) and transverse electric (TE) polarisations of incident light are shown
in Fig. 6.2. The optical micrograph captured under linearly polarised light (Fig. 6.2a)
highlights the light orange colour of themetamaterial and the the electronmicrograph
of an individual domain (Fig. 6.2b) is consistent with the gyroid nanostructure previ-
ously observed for this terpolymer [6, 7, 9]. Both TM (Fig. 6.2d) and TE (Fig. 6.2e)
reflectance spectra are qualitatively similar to those of bulk gold (Fig. 6.3a, b), insofar
as they exhibit low reflectance at shorter wavelengths and increased reflectance at
longer wavelengths, across all angles of incidence. In bulk gold, these features are
attributable to interband transitions and the plasma frequency, respectively.4 How-
ever, the measured spectra differ quantitatively from those of bulk gold due both to

4Recall that the permittivity of a metal may be given by ε(ω) = εib(ω) + 1 − ω2
p/(ω

2 + i�ω),
where εib(ω) represents the contribution from the interband transitions, ωp is the plasma frequency,
and � is the damping constant [2].
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(a)

(c)

(e)

(d)

(b)

Fig. 6.2 Multi-domaingyroidopticalmetamaterials: optical andelectronmicrographs, exper-
iment geometry, and measured reflectance spectra. a Optical micrograph of multi-domain gold
gyroid optical metamaterial under linearly polarised light. Scale bar: 100µm. b Electron micro-
graph of an individual domain of the sample. Scale bar: 200nm. c Specular reflectance spectra of
the gyroid optical metamaterial are measured as a function of angle of incidence between 15–65◦,
and 450–800nm. Although a single gyroid domain is shown for clarity, the measurement spot size
in fact encompasses a large number of randomly oriented multi-domains. d The reflectance spectra
as a function of angle of incidence for transverse magnetic (TM) polarised light. Logarithmic colour
scale extends from −1.8 to −0.1. e The same for transverse electric (TE) polarised light. Logarith-
mic colour scale extends from −1.4 to −0.1. Reprinted (adapted) from [4] with permission from
the American Chemical Society

a lowered effective plasma frequency and their variation with angle of incidence.
Otherwise, the spectra exhibit the general decrease (increase) in reflectance for TM
(TE) polarised light with increasing angle of incidence, with an effective Brewster’s
angle of ≈ 50◦.5

6.3.2 Effective Medium Models

A comparison between the measured and modelled reflectance spectra across all
wavelengths and angles of incidence for TM polarised light is shown in Fig. 6.4; the

5For a pure dielectric, Brewster’s angle is the angle at which the TM specular reflection reduces to
zero.
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(a) (b)

Fig. 6.3 Reflectance spectra of pure gold. a The reflectance spectra of pure gold as a function of
angle of incidence calculated from εAu(ω) for transversemagnetic (TM)polarised light. Logarithmic
colour scale extends from −0.7 to 0. b The same for transverse electric (TE) polarised light.
Logarithmic colour scale extends from −0.4 to 0. Tabulated data for the permittivity of bulk gold
is that found in Olmon et al. [8] Reprinted (adapted) from [4] with permission from the American
Chemical Society

same for TE polarised light is shown in Fig. 6.5. The effective permittivity εeff(ω)

used to generate the modelled spectra in Fig. 6.4b was calculated using the Maxwell-
Garnett theory by setting ε1(ω) = εAu(ω), ε2(ω) = 1, f1 = 0.3, and A = 1/3 (i.e.
spherical inclusions) in Eq. (6.1). Clearly theMaxwell-Garnett effectivemedium the-
ory is a poor model for the effective permittivity of the gyroid optical metamaterial
as it predicts a striking dip in reflectance at an effective Brewster’s angle of ≈ 60◦,
which is entirely absent in the measured data. Despite also assuming spherical inclu-
sions, the effective permittivity calculated using the Bruggeman theory, by again
setting ε1(ω), ε2(ω), f1, and A as above in Eq. (6.2), results in a far better qualita-
tive match between the measured and modelled reflectance spectra (Fig. 6.4c). The
global reflectance minimum at ≈ 50◦ between 450 and 500nm is reproduced well.
However, the spectra still exhibit a decrease in reflectance at long wavelengths and
high angles of incidence which is not present in the experimental data. This decrease
in reflectance is absent in the reflectance spectra of Fig. 6.4d, which uses our micro-
scopically anisotropic Bruggeman theory. These spectra were modelled by setting
ε1(ω), ε2(ω), and f1 as above, and A1 = 0.66, A2 = 0.34, and A3 = 0 in Eq. (6.4).
These depolarisation factors were found by performing a constrained optimisation
to fit the TM reflectance spectra generated by the model to the measured data.

A quantitative comparison of the goodness of fit of each model is presented in
Table 6.1. Cost functions f (A) are tabulated not only for TM but also TE polar-
isation using the depolarisation factors derived from the TM measurements. Note
that the cost function evaluated for TE polarisation using the depolarisation factors
derived from the TM measurements (A1 = 0.66, A2 = 0.34, and A3 = 0) is only
0.66% larger than the same cost function evaluated for TE polarisation using the
depolarisation factors derived from the TE measurements (A1 = 0.70, A2 = 0.30,
and A3 = 0). This would not in general be the case (e.g. for an anisotropic sample).
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(a) (b)

(c) (d)

Fig. 6.4 Comparison of measured andmodelled TM reflectance spectra as a function of angle
of incidence using three effective medium theories. a The measured reflectance spectra of multi-
domain gyroid optical metamaterials for transverse magnetic (TM) polarised light repeated from
Fig. 6.2d. Logarithmic colour scale extends from −1.8 to 0. b The reflectance spectra generated
using the Maxwell-Garnett theory. Logarithmic colour scale extends from −6.0 to −1.0. c The
same generated using the Bruggeman theory and A = 1/3, i.e. spherical inclusions. Logarithmic
colour scale extends from −2.0 to −0.8. d The same generated using the Bruggeman theory and
A1 = 0.66, A2 = 0.34, and A3 = 0, i.e. ellipsoidal inclusions. Logarithmic colour scales extends
from −1.9 to −0.6. Reprinted (adapted) from [4] with permission from the American Chemical
Society

Table 6.1 Table of cost functions f (A) associated with the various effective medium theories,
equations, polarisations, and vector of depolarisation factors (A). A lower value of cost function
indicates a better fit

Model (Equation) Polarisation A f (A)

Maxwell-Garnett (6.1) TM 1/3 2.02

Bruggeman (6.2) 1/3 0.28

Bruggeman (6.4) [0.66, 0.34, 0] 0.12

Maxwell-Garnett (6.1) TE 1/3 0.34

Bruggeman (6.2) 1/3 0.08

Bruggeman (6.4) [0.66, 0.34, 0] 0.04
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(a) (b)

(c) (d)

Fig. 6.5 Comparison of measured and modelled TE reflectance spectra as a function of angle
of incidence using three effective medium theories. a The measured reflectance spectra of multi-
domain gyroid optical metamaterials for transverse electric (TE) polarised light. Logarithmic colour
scale extends from−1.4 to 0. bThe reflectance spectra generated using theMaxwell-Garnett theory.
Logarithmic colour scale extends from −1.3 to −0.45. c The same generated using the Bruggeman
theory and A = 1/3, i.e. spherical inclusions. Logarithmic colour scale extends from−1.3 to−0.3.
d The same generated using the Bruggeman theory and A1 = 0.66, A2 = 0.34, and A3 = 0, i.e.
ellipsoidal inclusions. Logarithmic colour scale extends from −1.3 to −0.2. Reprinted (adapted)
from [4] with permission from the American Chemical Society

Both fits yield A3 = 0, which thus selects a wire (i.e. a uniaxially infinitely extended
ellipsoid) with, as A1 �= A2, an elliptical cross-section. It is therefore clear that the
microscopically anisotropic Bruggemanmodel consisting of randomly oriented wire
inclusions is the best of the three effectivemediummodels considered, and that only a
single set of depolarisation factors, A1 = 0.66, A2 = 0.34, and A3 = 0, is necessary
to model both TM and TE measurements.

6.3.3 Host Refractive Index and Volume Fill Fraction

A goodmodel for the effective permittivity of the gyroid optical metamaterial should
be capable not only of reproducing the measured reflectance spectra presented in this
chapter, but also the previously reported behaviours as a function of refractive indexof



6.3 Results 97

thehost andvolumefill fractionof gold (cf.Chap. 2Sect. 2.6 andTable 2.1). Figure 6.6
compares measurements performed by Salvatore et al. on 30% fill fraction gold
gyroids infiltratedwith various refractive indexmediawith the optimisedBruggeman
model [9]. Following the convention in that work, each normal incidence spectrum
is characterised by its plasma edge, the wavelength of the point of inflection of the
reflectance spectrum. In the simplest Drude model of the permittivity of metals, the
plasma wavelength is the wavelength at which the permittivity changes from positive
to negative, and is characteristic of the density and effectivemass of the free electrons
in the metal.6 The plasma edge is not the plasma wavelength but behaves similarly
and may be more readily and systematically identified from experimental data [9].
Figure6.6a reproduces the reflectance spectra measured by Salvatore et al. upon
infiltration of the gyroid optical metamaterial with media of refractive indices nfill =
1.0, 1.33, 1.5, and 1.7, and indicates the plasma edge in each case (the labelled vertical
lines). Note how the plasma edge is red-shifted with increasing host refractive index.
Figure 6.6b plots equivalent normal incidence reflectance spectra derived using the
optimisedBruggemanmodelwith ε2(ω)ofEq. (6.4) set ton2fill, respectively.Again the
plasma edge is red-shifted with increasing host permittivity. Although the measured
and modelled plasma edges do not perfectly coincide, it is clear from Fig. 6.6c that
the modelled plasma edges are within experimental error for each refractive index.
Therefore, despite the dissimilarity between the measured and modelled normal
incidence reflectance spectra, the model successfully predicts the plasma edge of
the gold gyroid optical metamaterial. Furthermore, the optimised Bruggeman model
performs better in this respect than the tri-helical metamaterial (THM) analytical
model, also reproduced from Salvatore et al. and shown in Fig. 6.6c [9].

The results of the optimised Bruggeman model may also be compared to previ-
ously measured data where the volume fill fraction of gold is varied. Figure 6.7a
shows normal incidence reflectance spectra from Salvatore et al. as the volume fill
fraction of the gold gyroid is increased from 30 to 90%. Only four of the five plasma
edges are shown, since those for the 75 and90%fill fraction gyroids arewithin 2nmof
one another. Whereas the plasma edge is red-shifted with increasing refractive index
of the host, it is blue-shifted as the fill fraction increases and the reflectance of the
gyroid optical metamaterial tends towards that of bulk gold. Figure 6.7b plots equiv-
alent normal incidence reflectance spectra calculated from the optimised Bruggeman
model. Here only two of the five plasma edges are shown as all of those correspond-
ing to fill fractions above 30% are extremely close (within 2nm). Again the plasma
edge is blue-shifted with increased fill fraction, as it was in the measured spectra.
However, as can be seen in Fig. 6.7c, there is significant deviation between the mea-
sured and predicted plasma edges for intermediate fill fractions between about 40
and 70%. Outside of this region (i.e. at low and high fill fractions) the optimised
Bruggeman model performs well and is comparable to the THM model.

6The simplest Drude model describes the (lossless) permittivity of a metal as ε(ω) = 1 − ω2
p/ω

2,
where ωp is the plasma frequency. The plasma wavelength is given by λp = 2πc/ωp, where c is
the speed of light in free space [2].
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(a)

(b)

(c)

Fig. 6.6 Variation in normal incidence reflectance spectra and plasma edge as a function of
host refractive index. aMeasured reflectance spectra at normal incidence for 30% fill fraction gold
gyroid optical metamaterials infiltrated with media of refractive indices nfill = 1.0 (solid line), 1.33
(dashed line), 1.5 (dotted-dashed line), and 1.7 (dotted line). Data reproduced from Salvatore et al.
[9] bModelled normal incidence reflectance spectra using the optimised Bruggeman model where
ε2(ω) of Eq. (6.4) is set to nfill = 1.02 (solid line), 1.332 (dashed line), 1.52 (dotted-dashed line),
and 1.72 (dotted line). The associated plasma edge of each spectrum in nanometres is shown by a
labelled vertical line of the same style. c Plasma edge against refractive index of host for measured
(Expt.) and modelled (Brugg.) spectra, and the relationship predicted by the tri-helical metamaterial
(THM) model, reproduced from Salvatore et al. [9] Reprinted (adapted) from [4] with permission
from the American Chemical Society

6.4 Discussion

Three effective medium models have been compared for their ability to accurately
reproduce the specular reflectance spectra of multi-domain gyroid optical metama-
terials across a broad range of incident angles. The optimal model was determined
to be a Bruggeman effective medium consisting of a random wire array. This model
additionally reproduced previously published results tracking the variation in normal
incidence reflectance spectra of gold gyroid optical metamaterials as a function of
host refractive index and volume fill fraction.
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(a)

(b)

(c)

Fig. 6.7 Variation in normal incidence reflectance spectra and plasma edge as a function of
gold volume fill fraction. a Measured normal incidence reflectance spectra of gold gyroid optical
metamaterials with volume fill fractions of 30% (solid line), 45% (dashed line), 60% (dotted-dashed
line), 75% (dotted line), and 90% (solid line with circles). Data reproduced from Salvatore et al.
[9] bModelled normal incidence reflectance spectra using the optimised Bruggeman model where
f1 of Eq. (6.4) is set to 0.30 (solid line), 0.45 (dashed line), 0.60 (dotted-dashed line), 0.75 (dotted
line), and 0.90 (solid line with circles). The associated plasma edge of each spectrum in nanometres
is shown by a labelled vertical line of the same style. c Plasma edge against volume fill fraction
of gold for measured (Expt.) and modelled (Brugg.) spectra, and the relationship predicted by the
tri-helical metamaterial (THM) model, reproduced from Salvatore et al. [9] Reprinted (adapted)
from [4] with permission from the American Chemical Society

6.4.1 Bruggeman Random Wire Array

The failure of the Maxwell-Garnett theory to describe multi-domain gyroid samples
is perhaps not surprising, since its validity is limited to low volume fractions of
spherical inclusions that are spatially separated. The gyroid samples considered here
consist of an interconnected, percolating network of gold struts. The better descrip-
tion of the experimental system by the Bruggeman model with spherical inclusions
arises primarily from the fact that this model retains it validity for a high density of
scatterers, expressed in the model by the fill fraction. The results of Fig. 6.4 indi-
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(a)

(b)

(c)

Fig. 6.8 Effective permittivity of multi-domain gyroid optical metamaterials derived from
the Bruggeman effective medium theory. a Real (solid line) and imaginary (dashed line) parts of
the effective permittivity εeff (ω) calculated using the Bruggeman theory by setting ε1(ω) = εAu(ω),
ε2(ω) = 1, f1 = 0.3, A1 = 0.66, A2 = 0.34, and A3 = 0 in Eq. (6.4). The insets are a sketch of the
equivalent structure corresponding to the optimised Bruggemanmodel (top), and the real (solid line)
and imaginary (dashed lines) part of the permittivity of bulk gold εAu(ω) (bottom). bVariation of the
real part of the effective permittivity�{εeff (ω)}with refractive index of the hostmedium. cVariation
of the same with volume fill fraction of gold. Reprinted (adapted) from [4] with permission from
the American Chemical Society
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cate that a model based on an effective medium approach is able to approximate the
random multi-domain gyroid network, despite the morphological dissimilarity.

While a model with a larger number of free parameters (i.e. the three depolar-
isation factors) is expected to improve the level of agreement with the data, it is
revealing that fits of both reflected TE and TM polarised light result always in zero
values for one of the depolarisation factors Ak . Since Ak < 1/3 corresponds to a pro-
late ellipse, with a divergence for Ak → 0, the optimisation of the Bruggemanmodel
with free Ak values results in an effective medium consisting of randomly oriented
wires of elliptical cross section (see Fig. 6.8, top inset). While a random wire assem-
bly is a better description than isolated individual scatterers for an interconnected
gyroid network, the good agreement between fit and data is nevertheless surprising
given that the Bruggeman theory does not model well percolating networks [10].
Although allowing for microscopic anisotropy within the Maxwell-Garnett model
(i.e. ellipsoidal inclusions) might similarly improve upon the results of the equivalent
model with spherical inclusions, this variant of the Maxwell-Garnett model would
still suffer from a limited validity because of the high volume fill fractions of our
samples and was therefore not considered.

6.4.2 Effective Permittivity and Nanoporous Gold

Like the classical wire-grid metamaterial, the gold gyroid optical metamaterial is
shown to exhibit a strongly red-shifted plasma edge [11]. The effective permittivity
εeff(ω) derived from the Bruggeman theory with optimised depolarisation factors,
shown in Fig. 6.8a, has a crossover of the real part of the permittivity just below
650nm (arrow). In contrast, the real part of the permittivity of the constituent gold
does not cross the zero axis at any wavelength in the visible (bottom inset). Notwith-
standing the effect of losses associated with the imaginary part of the permittivity, the
gold gyroid optical metamaterial therefore behaves as both a dielectric (λ � 650nm)
and metal (λ � 650nm) in the visible. In the simple Drude model of the permittivity
of a metal, this crossover is associated with the plasma frequency (plasma wave-
length), an association which is hard to isolate in more complicated models (e.g.
Drude–Lorentz) or experimentally measured permittivities. The previously intro-
duced plasma edge is thus useful to characterise the optical response of the gyroid
optical metamaterial, despite the lack of a direct correlation with prominent features
in the permittivity plots. The variation of the predicted real part of the permittivity
with refractive index of the host and fill fraction of gold is shown in Fig. 6.8b, c,
respectively. Although quantitatively distinct, it is clear that the general behaviour of
both the plasma edge (Figs. 6.6c, 6.7c) and the crossover wavelength (Fig. 6.8b, c) are
broadly similar. Based on this and the good fit of the Bruggeman model to the specu-
lar reflectance spectra, we conclude that gyroid optical metamaterials averaged over
many randomly oriented domains behave similarly to amorphous composites of air
and gold (i.e. dilute metals), and therefore possess a similar response to nanoporous
gold fabricated, for example, by dealloying [12–19].
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6.4.3 Gyroid Surface and Morphology Effects

Although the optimised Bruggeman model is successful in predicting the optical
properties of multi-domain gold gyroid optical metamaterials, it is by no means
perfect and various dissimilarities exist between the measured and predicted spec-
tra. Surprisingly, the measured reflectance spectra are generally higher than those
predicted. This is most likely caused by the details of the gyroid surface.7 For exam-
ple, surface reconstruction (i.e. local reorientation) of the triblock terpolymer during
thermal annealing can alter the in-coupling of light into the replicated gold gyroid
network. Alternatively, the details of the gyroid fabrication process might affect the
surface roughness and the volume fill fraction of gold near the top surface, accounting
for the differences in the reflectivity.8

The relative decrease in the longwavelength reflectance at high angles of incidence
predicted by the Bruggeman model, more prominent when spherical inclusions are
assumed and not present in the data, may similarly be a result of the gyroid optical
metamaterial having a somewhat larger volume fill fraction of gold at its surface
compared to a planar cut across the gyroid morphology. An incorrect assumption
of the fill fraction during optimisation of the depolarisation factors may also help to
explain the relative inaccuracy of themodel at intermediate fill fractions (i.e. between
about 40 and 70%) compared to the relative accuracy of the same model with respect
to increasing refractive index of the host. However, it is worthy of mention that
the fabrication of gyroid optical metamaterials with increased fill fraction, and the
accurate measurement of the fill fraction, are difficult compared to infiltration of
the metamaterial with varying refractive index media [9]. Results of the former
experiments should therefore be treated with some caution.

Finally, whereas all of the effective medium models considered are insensitive
to the absolute size of the sub-wavelength inclusions, it is known that the optical
properties of gold gyroid optical metamaterials vary with unit cell size (cf. Chap. 2
Sect. 2.6 and Table 2.1) [9]. The results presented here are therefore limited to gold
gyroids with a similar unit cell size (i.e. ≈ 60nm), although the methodology can
of course easily be extended to gold gyroids of other unit cell sizes. Despite the
potential shortcomings of the relatively simple analytical models employed here,
the application of more complicated analytical models would not alter the current
conclusion: thatmulti-domain gold gyroid opticalmetamaterials behave substantially
as if they were nanoporous gold.

7Although distinct, this argument anticipates some of the results presented in Chap.7, which high-
light the striking effect of the surface of the gyroid morphology on its optics.
8The surface roughness of the gyroid optical metamaterial is not taken into account here, unlike in
Chap.7, although the fabrication method reduces it greatly (Chap.3).
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6.5 Conclusion

In this chapter, the effective permittivity of multi-domain gold gyroid optical meta-
materials was estimated by comparing the results of three effective medium theories
to measured specular reflectance spectra over a range of angles of incidence. We
show that a microscopically anisotropic Bruggeman theory with wire inclusions
provides the best fit to the data, and that the optimised depolarisation factors imply
a composite of randomly oriented gold wires of elliptical cross-section. That the
averaged optical properties of multi-domain gyroid optical metamaterials are well
described by an effective medium theory, including their variation with refractive
index of the host and volume fill fraction of gold, contradicts previous assertions
that the sub-wavelength structure alone necessarily distinguishes gold gyroid optical
metamaterials from amorphous nanoporous gold [6].

This result is surprisinggiven the experimental results obtained for large individual
gyroid domains, which are revisited in Chap.7 [6]. In particular, the gyrotropic
transmission along one of the chiral gyroid axes that was attributed to the self-
inductance of plasmonic modes is not captured by the effective medium model. If
symmetry-related effects of the intricate gyroid structure do indeed contribute to the
optical properties of amacroscopic sample consisting of numerous randomlyoriented
domains, it seems that this contribution is averaged out through the randomalignment
of the multi-domain gyroid assembly, as also appears to be the case for gyroid
photonic crystals [20, 21]. This result therefore highlights the absolute necessity
of using techniques such as solvent vapour annealing to create triblock terpolymer
templates with sufficient long-range order if any effects unique to the particular
sub-wavelength structure are to be observed.
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Chapter 7
Single-Domain Gyroid Optical
Metamaterials

In this chapter, we demonstrate that the observed linear dichroism in single-
domain gyroid optical metamaterials fabricated using an 80kgmol−1 polyisoprene-
b-polystyrene-b-poly(ethylene oxide) (ISO) triblock terpolymer is a result of the
termination of the single gyroid morphology at the surface of the metamaterial.1

The surface termination breaks the cubic symmetry of the bulk gyroid geometry,
and the effect of a particular termination may be modelled by the introduction of an
anisotropic effective medium layer atop the isotropic bulk metamaterial. The results
have far-reaching consequences for the use of optical metamaterials fabricated via
self-assembly as the surface termination, unlike the bulkmorphology, is exceptionally
hard to control. Its striking effect upon the resulting optical properties is, however,
interesting, enabling a wider range of metamaterial parameters than afforded by the
bulk morphology alone.2

7.1 Methods

Details of the methods used may be found in Chap.3. Briefly, thin films of an
80kgmol−1 ISO triblock terpolymer were spun atop fluorine-doped tin oxide (FTO)-
coated substrates from a 10% (w/w) solution of the terpolymer in anhydrous anisole.
Samples were exposed to controlled solvent vapour atmospheres using a custom
annealing chamber and experimental set-up. Dry nitrogen gas was bubbled through
a chloroform reservoir and mixed with dry nitrogen before entering the annealing

1The single-domain gyroid optical metamaterial samples used here are replicated from the triblock
terpolymer templates presented in Chap.5.
2This chapter is based closely on the experimental section of: Dolan, J. A.,∗ Dehmel, R.,∗ Saba,
M., Demetriadou, A., Gunkel, I., Gu, Y., Wiesner, U., Wilkinson, T. D., Hess, O., Baumberg, J. J.,
Steiner, U. & Wilts, B. D. Metasurfaces atop metamaterials: surface morphology induces linear
dichroism in gyroid optical metamaterials (in press). ∗Equal contribution.
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chamber. The solvent concentration in the chamber was controlled by varying the
mass flow rate of the two lines. Gyroid optical metamaterials were created from the
terpolymer thin films by degradation of the polyisoprene (PI) block by exposure to
UV light and its subsequent removal by immersion of the film in ethanol. The voided
terpolymer network was replicated into gold by electrodeposition and the remaining
terpolymer removed by exposure to oxygen plasma. Optical characterisation was
performed using an automated reflection goniometer with fixed illumination optics
and moveable detection optics. The illumination optics focused the light to a spot
approximately 100µm in diameter situated within a single domain of the gyroid
optical metamaterial, about which the sample was rotated. Specular reflections were
recorded at 2◦ intervals for azimuthal angles between 0 and 180◦. Linear polarisers
were placed at the output of the illumination optics and at the input of the detection
optics. Reflectance spectra were normalised with respect to the reflectance of a silver
mirror. Further characterisation was also performed using a custom-built automated
transmission goniometer attached to an optical microscope. This allowed the sample
to be rotated about the azimuthal axis whilst continuing to collect light from within
the same domain. Transmission spectra were normalised with respect to the trans-
mission of the FTO-coated glass substrate without the presence of the gyroid optical
metamaterial. Linear polarisers were placed both before and after the sample. Simu-
lations of the gyroid optical metamaterial were performed using a commercial-grade
simulator based on the finite-difference time-domain (FDTD) method.3

7.2 Results

The physical mechanism underlying the observation of linear dichroism in cubic
gyroid optical metamaterials is determined by measurement of the reflectance and
transmittance spectra and comparison to both full 3Doptical simulations and a simple
analytical model.

7.2.1 Fabricated Morphology and Terminations

To confirm the successful fabrication of the gyroid optical metamaterial and to
investigate the resulting surface morphology, we employ optical and scanning elec-
tron microscopy (Fig. 7.1). The scanning electron micrograph of a single domain
(Fig. 7.1a) confirms the gyroid morphology and highlights the long range order of
the solvent-annealed triblock terpolymer template used to fabricate the metamaterial
(cf. Chap. 5). The arrangement and symmetry of the pores in Fig. 7.1a is consis-
tent with a 〈110〉 inclination (direction) of the gyroid being oriented normal to the

3Sample fabrication was performed by the author and Raphael Dehmel. Optical simulations and
analytical modelling were performed by Dr. Matthias Saba.
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(a) (b) (d) (e)

(c)

Fig. 7.1 Single-domain gyroid optical metamaterials and example terminations. a Scanning
electronmicrographs of a single domain of the gold gyroid opticalmetamaterial. Scale bars: 200nm.
b Optical micrograph of multiple domains (randomly oriented in-plane) of the gold gyroid opti-
cal metamaterial seen in reflection. The arrow shows the parallel orientation of the polariser and
analyser. Scale bar: 50µm. c Schematic of the single gyroid morphology, highlighting the [110]
direction oriented normal to the substrate, and the definition of azimuthal angle (ϕ) used throughout.
d Details of four example terminations of the single gyroid morphology, τ = 0.08, 0.16, 0.24, and
0.40, where τ is the fractional distance of the terminating plane from the crystallographic origin in
units of repeat distance in the negative [110] direction (i.e.

√
2a). e Surfaces of the single gyroid

morphology viewed along the [110] direction for the same four possible terminations of the single
gyroid morphology

plane of the substrate (cf. Fig. 2.2). This orientation has been observed previously in
gyroid-forming ISO triblock terpolymers on occasions when the long-range order of
the domains has been sufficiently large [1, 3–5]. The domain visible in Fig. 7.1a is
very much larger than the field of view of the scanning electron microscope. Indeed,
the full extent of these exceptionally large domains can only be observed using
optical microscopy under linearly polarised light (Fig. 7.1b). As previously deter-
mined by Vignolini et al., the differently coloured regions in the optical micrograph
correspond to different domains of the gyroid optical metamaterial [1]. These are
randomly oriented in-plane, and the observed dichroism manifests as a shift in the
effective plasma frequency (and reflectance) as a function of the relative orientation
between the gyroid morphology in each domain and the polarisation of the light
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Fig. 7.2 Possible terminations of the single gyroid morphology. Possible terminations of the
single gyroid morphology parameterised by τ , the fractional distance from the crystallographic
origin to the terminating surface in units of repeat distance in the negative [110] direction. Ter-
mination planes separated by �τ = 0.5 are equivalent apart from a shift of the two-dimensional
cross-section of the gyroidmorphology in the [001] direction. Terminationswith a strong (solid box;
τ = 0.16 and 0.24) and weak (dashed box; τ = 0.12–0.14, 0.18–0.22, and 0.26) linear dichroism
are highlighted (cf. Fig. 7.4e)

(Chap. 2 Sect. 2.6). Lighter and darker domains exhibit blue- and red-shifted plasma
edges, respectively.

Unlike the single gyroid depicted in Fig. 7.1c, the fabricated gyroid optical meta-
material is not uniformly terminated (i.e. the top surface of the metamaterial is not
a uniform cut through the single gyroid morphology). This is particularly clear in
the inset of Fig. 7.1a, where the surface roughness and non-uniform termination of
the metamaterial are evident. Example terminations of the single gyroid morphology
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and their appearance when viewed along the [110] direction can be seen in Fig. 7.1d
and e, respectively. The full range of possible terminations can be seen in Fig. 7.2.
Terminations are characterised by the parameter τ , which describes the fractional
distance of the terminating plane from the crystallographic origin in units of repeat
distance in the negative [110] direction (i.e.

√
2a, where a is the unit cell size).4 This

origin is the same as that in Eq. (3.3) and that of the I4132 space group (No. 214) [6].
Termination planes separated by �τ = 0.5 are equivalent apart from a shift of the
two-dimensional cross-section of the gyroid morphology in the [001] direction. Of
course, Fig. 7.1d and e depict uniform (although different) terminations, whereas the
scanning electron micrograph in Fig. 7.1a reveals a highly non-uniform termination
varying substantially between adjacent unit cells. Despite this, the termination visi-
ble in 7.1(a) may indeed be understood with reference to the uniform terminations
in Fig. 7.1d and e, as will be explored below.

The physical origin of the surface roughness is the non-uniformity of the electrode-
position growth front during fabrication (Chap.3 Sect. 3.6). The electrodeposited
gold is anticipated to grow spherically outward from nuclei on the FTO-coated glass
substrate before merging with similar growth fronts from neighbouring nuclei. Until
this point, and for some time thereafter, the overall electrodeposition growth front
is not at all uniform. This is therefore reflected in the non-uniformity of the termi-
nation at the point in time when the electrodeposition is stopped and the remaining
terpolymer template is removed.

7.2.2 Experimental Dichroism

Linear dichroism is observed in the gyroid optical metamaterial through measure-
ment of the reflectance and transmittance spectra at normal incidence under linearly
polarised light (Fig. 7.3). The reflectance spectra of the gyroid optical metamaterial
at four azimuthal angles, ϕ = 0◦, 45◦, 90◦, and 135◦, clearly demonstrate the linear
dichroism previously visible in the optical micrographs (Fig. 7.3b).5 The azimuthal
angles are defined relative to the dichroism axis (i.e. the direction of maximum
reflection). For the simulated spectra, the dichroism axis (ϕ = 0◦) lies along the[
1̄10

]
direction of the single gyroid morphology (see below; cf. Fig. 7.1e); for the

measured spectra, it lies along the [001] direction (Fig. 7.3). The dichroism axes of
the simulated and measured spectra are therefore misaligned by 90◦, a discrepancy
which will be discussed later. Unless otherwise stated, all figures show the azimuthal
angle relative to the dichroism axis of the simulated gyroid.

As the azimuthal angle is increased from 0◦, the reflectance of the metamaterial
first decreases and then increases, reaching a minimum at 90◦ and a maximum (the

4Note that the termination parameter τ is only well defined for a specific 〈110〉 direction due to the
non-symmorphic nature of the I4132 (single gyroid) space group.
5It must be stressed that the linear dichroism observed here is entirely different to the birefringence
observed in the associated triblock terpolymer templates in Chap.5.
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(a) (b)

(c) (d)

Fig. 7.3 Experimental reflectance and transmittance spectra. Normal incidence a reflectance
and b transmittance spectra of the gold gyroid optical metamaterial under linearly polarised light at
four selected azimuthal angles, ϕ = 0◦ (black), 45◦ (red), 90◦ (green), and 135◦ (blue). Equivalent
c reflectance and d transmittance spectra as a function of azimuthal angle. As shown in the inset,
the azimuthal angles are defined with respect to the single gyroid morphology such that ϕ = 0◦ lies
along the measured dichroism axis, the [001] direction of the gyroid (cf. Fig. 7.1). The line plots are
smoothed using a moving average filter with a span of 25 data points. Logarithmic colour scales

dichroism axis) at 180◦ (Fig. 7.3). By symmetry this is, of course, also 0◦. The
behaviour of the reflectance spectra at intermediate azimuthal angles can be seen
in Fig. 7.3c. The general decrease and subsequent increase of the reflectance of the
metamaterial, qualitatively symmetric about ϕ = 90◦ andmore pronounced at longer
wavelengths, is evident. So too is the pronounced extinction peak at≈ 525nm, which
becomes increasingly prominent at azimuthal angles between about 45 and 135◦.
This extinction peak is also seen to shift in wavelength, from ≈ 500nm (ϕ = 0◦) to
≈ 525nm (ϕ = 90◦).

Equivalent transmittance data at the same four azimuthal angles highlights a com-
plementary trend: the transmittancefirst increases and then decreases as the azimuthal
angle is increased from ϕ = 0◦ (Fig. 7.3b and d). However, whereas the reflectance
spectra exhibit only a single turning point, the transmittance data exhibit two clear
peaks, one at low wavelength (≈ 475nm) and the other at intermediate wavelength
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(≈ 625nm). Unlike the extinction peak in the reflectance spectra, the peaks in the
transmittance data appear not to shift substantially. The narrow vertical feature which
can be seen at ≈ 540nm in Fig. 7.3d, which persists across all azimuthal angles, is a
measurement artefact related to the ambient lighting conditions and the referencing
procedure (Chap.3 Sect. 3.7.3).

7.2.3 Uniform Terminations

Simulations were performed to corroborate the existence of the observed linear
dichroism and to investigate the underlying mechanism. Simulated normal incidence
reflectance spectra for the gold gyroid optical metamaterial under linearly polarised
light are shown in Fig. 7.4. For each of the selected azimuthal angles, ϕ = 0◦, 45◦,
90◦, and 135◦, the reflectance spectra is simulated across the full range of possible ter-
minations (cf. Fig. 7.2). It is apparent that for an azimuthal angle ϕ = 0◦ (Fig. 7.4a),
the simulated reflectance spectra are relatively insensitive to possible termination.
This is not the case at higher azimuthal angles, for which the reflectance spectra
are seen to vary considerably with termination (Fig. 7.4b–d). However, this effect
appears confined to terminations τ � 0.3. Given that the variation in reflectance
spectra as a function of termination differs for each azimuthal angle, the simulations
confirm theoretically the existence of a linear dichroism for uniformly terminated
gyroid optical metamaterials.

The relationship between the termination of the simulated gyroid optical metama-
terial and the observed dichroism becomes clearer when the reflectance at a single
wavelength (650nm) is plotted as a function of termination (Fig. 7.4e). The shift in
reflectance with azimuthal angle (i.e. polarisation state of light) is one possible mea-
sure of the dichroism of the simulated gyroid metamaterial. The principal axis of the
dichroism (the dichroism axis) is defined along the direction of greatest reflectance.
The azimuthal angle associated with the simulated spectra exhibiting the greatest
reflectance (i.e. ϕ = 0◦, 45◦, 90◦ or 135◦) therefore corresponds very approximately
to the true principal axis of the dichroism (discussed in greater detail below).

There is very little dichroism for terminations τ � 0.3. This behaviour can be
understood as follows: the terminations in the range τ ≈ 0.3–0.4 are characterised by
isolated protrusions approximately perpendicular to the surface of the metamaterial
and approximately circular in cross-section (cf. Figs. 7.1d and 7.2). These termina-
tions therefore behave as an effective medium layer atop the bulk which, as a result
of the geometry and fill fraction of the protrusions, introduces no additional plas-
monic resonance. The opposite is the case for the terminations τ ≈ 0.22–0.26: while
still isolated, the protrusions are clearly anisotropic in cross-section, behaving there-
fore as an effective medium layer possessing an anisotropic plasmonic response (cf.
Figs. 7.1d and 7.2). The reflectance spectra associated with the polarisations of light
which strongly excite the longitudinal resonance of the protrusions (i.e. ϕ = 0◦, 45◦,
and 90◦) are thus depressed due to enhanced absorption. It is apparent that the prin-
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(a) (b)

(e)

(c) (d)

Fig. 7.4 Simulated reflectance spectra and linear dichroism as a function of termination.
Simulated normal incidence reflectance spectra as a function of termination τ at azimuthal angles
ϕ = a 0◦, b 45◦, c 90◦, and d 135◦. Logarithmic colour scales. e Reflectance at 650nm as a function
of termination τ for the above four azimuthal angles, ϕ = 0◦ (black), 45◦ (red), 90◦ (green), and
135◦ (blue). The azimuthal angles are defined with respect to the single gyroid morphology such
that ϕ = 0◦ lies along the simulated dichroism axis, which is the

[
1̄10

]
direction of the gyroid (cf.

Fig. 7.1)

cipal axis of the dichroism for terminations τ ≈ 0.22–0.26 is thus close to azimuthal
angle ϕ = 135◦ (Fig. 7.4e).

For terminations τ � 0.2 and �0.4, the protrusions are no longer fully isolated
but form continuous current pathways (Figs. 7.1d and 7.2). These current pathways
are either oriented along azimuthal angles ϕ ≈ 0◦ and ≈ 55◦ (τ = 0.16) or ≈ 0◦
and ≈ 145◦ (τ = 0.08). Despite their apparent similarity when viewed along the
[110] direction, only one of these terminations, τ = 0.16, results in a strong linear
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(a) (b)

(e)

(c) (d)

Fig. 7.5 Simulated transmittance spectra and linear dichroism as a function of termination.
Simulated normal incidence transmittance spectra as a function of termination τ at azimuthal angles
ϕ = a 0◦, b 45◦, c 90◦, and d 135◦. Logarithmic colour scales. e Transmittance at 650nm as
a function of termination τ for the above four azimuthal angles, ϕ = 0◦ (black), 45◦ (red), 90◦
(green), and 135◦ (blue)

dichroism, with a principal axis close to azimuthal angle ϕ = 0◦ (Fig. 7.4e).Whereas
the current pathways for the termination τ = 0.16 are isolated in the orthogonal
directions (i.e. along ϕ ≈ 0◦ and ≈ 145◦), this is not the case for the termination
τ = 0.08, which possesses additional current pathways in the orthogonal directions
just below the surface. The nature of the linear dichroism (or absence thereof) for
terminations τ � 0.2 and �0.4 is discussed below.

The linear dichroism of simulated gyroid optical metamaterials is also evident in
transmission (Fig. 7.5). However, whereas the simulated reflectance spectra exhib-
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ited pronounced variations with termination, the same is not true of the simulated
transmittance spectra (Fig. 7.5a–d). Instead, their more subtle variation with ter-
mination may be seen by investigating the transmittance at a single wavelength
(650nm; Fig. 7.5e). Unlike the equivalent metric in reflection (Fig. 7.4e), there is no
termination which exhibits a noticeably stronger dichroism, although the termination
τ = 0.24 does exhibit a marked change of principal axis of the dichroism similar
to that observed in reflection. It is unclear why there is an absence of a clear lin-
ear dichroism signal in the simulated transmittance spectra. Unlike the reflectance
spectra, the transmittance spectra are affected by the termination at both the top and
bottom interfaces of the simulatedmetamaterial slab. These two terminations are cou-
pled by the fixed thickness of the slab, which may act to “cancel out” the observed
dichroism. Irrespective, due to this result, only reflectance spectra are considered
further.

7.2.4 Anisotropic Effective Medium Layer

The hypothesis that the surface of the gyroid optical metamaterial may behave as
an effective medium for particular terminations may be explored using a simple
analytical model. A subset of the simulated reflectance spectra corresponding to a
particular termination for which the linear dichroism is especially strong (τ = 0.24),
and the results of the corresponding analytical model, are plotted in Fig. 7.6a. The
analytical model is informed by the observation that at this particular termination, the
gyroid optical metamaterial presents isolated anisotropic protrusions to the incident
light (Fig. 7.1d and e). The analytical model therefore consists of a thin anisotropic
Maxwell-Garnett effective medium layer atop an isotropic semi-infinite homoge-
neous medium.6 The anisotropic effective medium layer is considered to consist of
isolated ellipsoidal scatterers, whereby the orientation and ratio of the axes of the
ellipsoids are based on the geometry of the protrusions of the gyroid. The effective
permittivity along each of the principal axes of the ellipsoidal inclusions is given
by [7]7

εieff(ω) = ε2(ω)
ε2(ω)(1 − f1)(1 − Ai ) + ε1(ω)( f1 + Ai (1 − f1))

ε2(ω) + Ai (1 − f1)(ε1(ω) − ε2(ω))
, (7.1)

where εieff(ω) is the effective permittivity of the i th principal axis of the effective
medium, ε1(ω) is the permittivity of the inclusion, ε2(ω) is the permittivity of the
host, f1 is the volume fraction of the inclusion, Ai is the depolarisation factor cor-
responding to the i th principal axis of the composite, and ω is the frequency. The
depolarisation factors Ai are given by [7]

6Previously, amulti-domain gyroid optical metamaterial wasmodelled using a Bruggeman effective
medium model (Chap.6). However, a Maxwell-Garnett model is used here as it better describes the
dissimilarity between the morphology of the inclusions and the matrix in the thin anisotropic layer.
7This is the explicit (and anisotropic) form of Eq.6.1.
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(a)

(b)

(c)

Fig. 7.6 Simulated and analytical reflectance spectra and the calculated permittivities of the
Maxwell-Garnett effective medium layer and bulk srs-net gyroid. a Simulated (solid lines)
and analytical (dashed lines) reflectance spectra at azimuthal angles ϕ = 0◦ (black), 45◦ (red), 90◦
(green), and 135◦ (blue). bReal (solid lines) and imaginary (dashed lines) parts of the permittivities
of theMaxwell-Garnett effective medium layer parallel (ϕ = 55◦; red) or perpendicular (ϕ = 145◦;
blue) to the long axes of the effectivemedium ellipsoidal inclusions. cReal (sold line) and imaginary
(dashed line) parts of the bulk permittivity of the srs-net gyroid
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Ai =
∏3

k=1 ak
2

∞∫

0

dx
(
a2i + x

) √∏3
k=1

(
a2k + x

) , (7.2)

where ak are the principal axes of the ellipsoid. When the short axes of the ellipsoid
are equal (i.e. a1 = a2), the integrals evaluate to the closed form expressions

A1 = A2 = 1

2

(
r2

r2 − 1
− r cosh−1(r)

(
r2 − 1

)3/2

)

(7.3)

and

A3 = 1 − 2A1 = − 1

r2 − 1
+ r cosh−1(r)

(
r2 − 1

)3/2 , (7.4)

where r = a3/a1 is the aspect ratio of the ellipsoids. The permittivity of the inclusion
in the effectivemediummodel is set equal to that of bulk gold asmeasured by Johnson
and Christy [8]. The Maxwell-Garnett effective medium anisotropic layer is 0.12a
(i.e. ≈ 8nm) thick with an effective fill fraction of gold f1 = 0.2, calculated by
numerically integrating the level set gyroid from τ = 0.24 to 0.32. The constituent
ellipsoids (spheroids) have an aspect ratio r = 3.2. The effective refractive index of
the isotropic bulkwas derived via homogenisation from an srs-netmodel of the single
gyroid (cf. Fig. 2.2). Although a different approach to the tri-helical metamaterial
(THM) model, which approximated the single gyroid as three disconnected helices,
the effective refractive indices derived from both the srs-net and THMmodels are in
this case very similar [3, 9, 10].

The permittivities of the anisotropic effective medium layer and isotropic srs-net
bulk gyroid are shown in Fig. 7.6b and c, respectively. Parallel to the long axis of
the anisotropic protrusions (ϕ = 55◦), the effective medium exhibits a resonance at
≈ 630nm, which suppresses reflectance close to, and particularly above, that wave-
length (Fig. 7.6b). In contrast, perpendicular to the long axis of the anisotropic pro-
trusions (ϕ = 145◦), the effective medium layer behaves as a low refractive index
dielectric and is therefore almost transparent at normal incidence. The permittivity of
the isotropic homogeneous medium, which models the bulk response of the gyroid
optical metamaterial, can be seen in Fig. 7.6c.8

The analytical reflectance spectra predict a lower extinction peak (≈ 500nm)
and lower reflectance at low wavelength (�525nm) than the simulated reflectance
spectra. Also, whereas the low wavelength analytical spectra exhibit a dichroism
principal axis close to ϕ = 45◦, the principal axis of the simulated spectra appears
close to 135◦. This is the result of a reversal in relative magnitudes of the real
part of the parallel and perpendicular permittivities at ≈ 550nm (Fig. 7.6b). Despite
these issues, the analytical model successfully captures the appearance of a second

8Note the broad similarity between the permittivity of the srs-net bulk gyroid optical metamaterial
and that derived for multi-domain samples, most particularly in the behaviour of the real part (cf.
Fig. 6.8a).
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extinction peak at higher wavelength (≈ 650nm) and the linear dichroism otherwise
absent from the bulk analytical model of the gyroid metamaterial. The success of
such a simple analytical model based upon the geometry of the protrusions of the
gyroid metamaterial at this termination (τ = 0.24) corroborates the hypothesis that
the surface of the gyroid optical metamaterial may indeed be considered an effective
medium and that the linear dichroism does therefore result from the termination of
the gyroid morphology.

7.2.5 Accounting for Non-uniform Terminations

Due to the necessary treatment of the simulated gyroid optical metamaterials as uni-
formly terminated, obvious dissimilarities exist between the measured and simulated
reflectance spectra presented thus far (cf. Fig. 7.3a). Firstly, whereas the experimen-
tal spectra exhibit at most a single extinction peak irrespective of azimuthal angle,
the simulated spectra can exhibit up to two such peaks. Secondly, the simulated
reflectances are far higher than those measured experimentally.

The simulated spectra are therefore averaged over a range of uniform termina-
tions to take into account the non-uniformity of the termination of the fabricated
gyroid optical metamaterials (Fig. 7.7). The surface roughness of the metamaterial
is also accounted for (Eq. (3.4)). However, the agreement between the simulated and
measured spectra is sensitive to the range of terminations over which the spectra
are averaged. In particular, of the two terminations which exhibit the strongest linear
dichroism (τ = 0.16 and 0.24), one exhibits a principal axis oriented 90◦ (τ = 0.14–
0.18; Fig. 7.7a) and the other 45◦ (τ = 0.22–0.26; Fig. 7.7b) from that observed
experimentally. Averaging over a broader range of terminations (τ = 0.02–0.50;
Fig. 7.7c) may reorient the principal axis or diminish the resulting dichroism.

Using an appropriate range of terminations, both sets of spectra now exhibit only
a single extinction peak at ≈ 525nm, a sizeable linear dichroism, and a similar mag-
nitude of reflectance over the entire wavelength range (Fig. 7.7a). However, whereas
the dichroism of the measured reflectance spectra is strong at all wavelengths, the
dichroism of the simulated spectra weakens as thewavelength increases and becomes
negligible at wavelengths �650nm. Also, there is an apparent reorientation of the
dichroism axis at lowwavelengths (�550nm) for the simulated spectra.Despite these
discrepancies between the two sets of spectra, it is clear that by taking into account
the surface morphology of the gyroid optical metamaterial (i.e. by averaging over
an appropriate range of possible terminations of the single gyroid morphology) the
measured reflectance spectra can be adequately modelled.
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Fig. 7.7 Simulated
reflectance spectra
averaged over a range of
terminations. Simulated
(solid lines) and
experimental (dash lines)
normal incidence reflection
spectra averaged over
terminations τ =
a 0.14–0.18, b 0.22–0.26,
and c 0.02–0.50, and taking
into account the surface
roughness of the gyroid
optical metamaterial, at four
azimuthal angles, ϕ = 0◦
(black), 45◦ (red), 90◦
(green), and 135◦ (blue). The
inset shows the definition of
azimuthal angle with respect
to the dichroism axis of the
simulated spectra, the

[
1̄10

]

direction of the single gyroid
morphology, which differs
from that of the measured
spectra, the [001] direction

(a)

(b)

(c)

7.3 Discussion

The linear dichroism of gyroid optical metamaterials has been investigated both
experimentally and theoretically. Despite the cubic symmetry of the single gyroid
morphology, these metamaterials exhibit a clearly measurable linear dichroism in
both reflection and transmission. Simulations based upon uniformly terminated
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gyroid optical metamaterials imply a striking variation in reflectance with termi-
nation of the gyroid. It is therefore hypothesised that the observed linear dichroism
arises from anisotropic plasmonic resonances at the surface of themetamaterial asso-
ciated with a subset of these terminations. The reflectance spectra resulting from the
termination exhibiting the strongest dichroism (τ = 0.24) can be adequately repro-
duced using a model consisting of a thin anisotropic effective medium layer atop
the isotropic bulk metamaterial. The parameters of this effective medium layer are
based on the geometry of the protrusions at the termination of the gyroid morphol-
ogy, thereby mimicking the plasmonic resonance and corroborating this hypothesis.
Finally, accounting for both the non-uniformity of the termination and the surface
roughness of the fabricated gyroid optical metamaterial, the simulated reflectance
spectra reproduce the measured spectra. This corroborates the hypothesis that the
observed linear dichroism is indeed the result of the surface termination or, more
broadly, the surface morphology, of the fabricated gyroid optical metamaterial.

7.3.1 Deep Sub-wavelength Sensitivity

The terminations of the gyroid morphology have been parameterised by τ , the frac-
tional distance from the crystallographic origin to the terminating surface in units
of repeat distance in the negative [110] direction (i.e.

√
2a). This disguises the

length scale over which striking differences in the simulated reflectance spectra are
observed: terminations which exhibit a strong dichroism are separated from those
which exhibit almost no dichroism by as little as �τ ≈ 0.06 ≈ 5nm (Fig. 7.4e). Not
only is this length scale deeply sub-wavelength (i.e. �τ ≈ λ/100) but it is also sub-
stantially smaller than the unit cell size (≈ 65nm). The bulk optics of the gyroid
optical metamaterial therefore appear sensitive to the existence and morphology of
features on the length scale of only a few nanometres. Furthermore, these features,
associated with the various terminations of the gyroid morphology, break the cubic
symmetry of the gyroid and result in an apparent and unexpected linear dichroism
for an otherwise isotropic bulk metamaterial.

7.3.2 Nature of the Linear Dichroism

Only some terminations appear to contribute substantially to the linear dichroism
of the metamaterial (e.g. τ = 0.16 and 0.24). The nature of the linear dichroism
for the termination τ = 0.24 seems clear: the associated protrusions are isolated and
anisotropic in cross-section (Fig. 7.1d; τ = 0.24) and therefore exhibit an anisotropic
plasmonic response. We use the term “isolated” despite the fact that all protrusions
clearly form part of the continuous gyroid morphology and are therefore electrically
connected. Our justification is that such protrusions are only connected to the con-
tinuous gyroid morphology perpendicular to the polarisation vector of the incoming
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light, and that no currentsmay therefore be excitedwithin the plane of the protrusions
(at least at normal incidence). They are thus similar (if not identical) to truly isolated
plasmonic scatterers, evidenced by the success of the analytical effective medium
model (Fig. 7.6a).

Further evidence that only terminations which are isolated (i.e. separated verti-
cally from the remainder of the bulk gyroidmorphology) support localised plasmonic
resonances can be found in the behaviour of the terminations τ = 0.0–0.1, 0.4–0.5,
and 0.16. For the termination τ = 0.16, which exhibits a strong linear dichroism,
there exist current pathways along azimuthal angles ϕ ≈ 0 and ≈ 55◦. These cur-
rent pathways allow current flow excited by light polarised along those same direc-
tions and hinder current flow excited by light polarised along the orthogonal direc-
tions, in which the pathways are well isolated from one another (i.e. ϕ ≈ 90 and
≈ 145◦; Figs. 7.1d and 7.2). It is therefore only the latter polarisation states of light
which appear to support a localised plasmonic resonance and the associated enhanced
absorption (Fig. 7.4e).

For the terminations τ = 0.0–0.1 and 0.4–0.5, despite the existence of similar
current pathways along azimuthal angles ϕ ≈ 0 and ≈ 145◦, the dichroism is almost
negligible. This may be explained by noting that the current pathways for these
terminations are not well isolated from one another in the orthogonal directions due
to additional pathways just below the surface (Figs. 7.1d and 7.2). Together these two
sets of current pathways allow current to flow in all directions within the surface.
This is a characteristic of the bulk gyroid optical metamaterial and the response of
the associated terminations is therefore highly reminiscent of the response of the
bulk alone. Put differently, without the isolation between the current pathways and
the remainder of the gyroid morphology, the localised plasmonic resonances which
lead to a linear dichroism cannot be supported.

It should be stressed that the results presented here are applicable only to gyroid
optical metamaterials with a volume fill fraction �30%. As the volume fill fraction
increases, previously isolated protrusions form increasingly larger “bridges” between
neighbours, and the resulting connectivity diminishes the associated linear dichro-
ism. Although not explored in detail here, this changing morphology of the isolated
protrusions with volume fill fraction is a compelling mechanism likely underlying
the results of Salvatore et al., who demonstrated experimentally the reduction in
linear dichroism with increasing fill fraction (cf. Chap. 6) [3].

7.3.3 Distribution of Terminations

The fabricated gyroid optical metamaterial possesses non-uniform terminations.
These were taken into account by averaging the simulated reflectance spectra over
a small range of terminations (e.g. τ = 0.14–0.18; Fig. 7.7). The resulting linear
dichroism of a non-uniformly terminated gyroid optical metamaterial is therefore a
function of the distribution of terminations present. That the measured reflectance
spectra can only be well modelled by a relatively narrow distribution of terminations
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Fig. 7.8 Principal axis of the simulated linear dichroism. Direction of the principal axis as a
function of wavelength and termination. Positive values (i.e. 0 → 45◦) red; negative values (i.e.
−45 → 0◦) blue

in the range τ = 0.14–0.18, rather than, say, a distribution encompassing all possible
terminations, implies that not all terminations (and the associated surface morpholo-
gies) are equally likely. The mismatch between the length scale of the assumed
surface roughness of the metamaterial (90nm) and the range of terminations implied
to be present in the sample (�τ = 0.04 ≈ 4nm) might appear a cause for concern.
However, the two length scales are not directly comparable: whereas the former
indeed describes the relevant surface roughness of the fabricated metamaterial, the
latter characterises the morphology of terminations most prevalent in the sample.

The two terminations which exhibit the strongest linear dichroism (τ = 0.16 and
0.24) exhibit different orientations of the principle axis. However, the dichroism axes
of the measured and simulated spectra already differ with respect to the underlying
single gyroid morphology.Whereas the measured dichroism axis lies along the [001]
direction, the simulated dichroism axis lies close to the

[
1̄10

]
direction (cf. Fig. 7.1e).

The precise direction of the principal axis of the simulated gyroid optical metama-
terial, relative to the

[
1̄10

]
direction, may be seen in Fig. 7.8. The dichroism axis is

calculated from the reflectance value at four azimuthal angles as9

ϕ0 = −1

2
tan−1

(
R90◦ − R0◦

R45◦ − R135◦

)
, (7.5)

where Rϕ is the reflectance at azimuthal angle ϕ. For terminations τ ≈ 0.0–0.2, the
principal axis is between ≈ 0 and ≈ 45◦; for terminations τ ≈ 0.2–0.5, it is between
≈ −45 (i.e. 135) and ≈ 0◦. For no terminations does the simulated principal axis
of the dichroism approach the [001] direction (i.e. 90 or −90◦). Although the most

9Note that tan−1 is implemented such that the quadrant of the computed angle is correctly returned
depending on the signs of, in this case, the numerator and denominator of the argument.



122 7 Single-Domain Gyroid Optical Metamaterials

likely cause of this discrepancy is a systematic error in the labelling of either the
simulated or measured spectra, no such error has yet to be found. Interestingly,
it appears as if there is also an inevitable reorientation of the principal axis as a
function of wavelength for all terminations τ ≈ 0.0–0.2 and 0.3–0.5. The choice of
terminations over which to average the simulated reflectance spectra can therefore
only satisfy the required principal axis condition (and even then only approximately)
for a portion of the spectrum (�525nm), notwithstanding the greater discrepancy
above. Averaging over a different or broader range of terminations would diminish
the resulting dichroism or reorient the principal axis at longer wavelengths.

Although a possibility, it is not anticipated that the distribution of terminations
observed here would necessarily be observed for other similarly fabricated gyroid
optical metamaterials. Indeed, the strength of the dichroism observed by Vignolini
et al. (a shift of the extinction peak by ≈ 100nm) [1], Salvatore et al. (a shift of the
plasma edge by ≈ 15nm) [3], and here (a shift of the extinction peak by ≈ 25nm)
are all significantly different despite only subtle variations in fabrication and sample
conditions. So too are the principal axes,which are at 45◦ [1], 90◦ [3], and0◦ relative to
the [100] direction, respectively.10 It therefore appears as if there is substantial and
unexplained variation between the linear dichroism of similarly fabricated gyroid
optical metamaterials, most likely caused by the precise termination and surface
roughness of each sample. Indeed, this variation points further towards the sensitivity
of the bulk optics of the sample to the precise and deeply sub-wavelengthmorphology
of the surface termination.

7.3.4 Termination-Induced Anisotropy

That the linear dichroism of the gyroid optical metamaterial is a result of the termi-
nation of the gyroid morphology has a number of implications. Firstly, as the termi-
nations presented by different orientations of the gyroid differ greatly, so too may
the strength (or indeed the existence) of the linear dichroism. The results presented
above are therefore only applicable to a single chirality of gyroid optical metama-
terials for which the [110] direction is oriented perpendicular to the substrate. An
enantiomorphic gyroid optical metamaterial, such as may spontaneously be formed
during the self-assembly of the triblock terpolymer, would exhibit the same termina-
tions (and therefore the same dichroism) with a reorientation of the principal axes of
the dichroism.11 Gyroid optical metamaterials with the directions 〈100〉 and 〈111〉
perpendicular to the substrate are highly desirable due to the possible existence of a

10It is assumed that the dichroism axis corresponds to the direction of the minimally red-shifted
extinction peak identified by Vignolini et al. [1], and that Salvatore et al. [3] present data for the
maximum and minimum reflectance spectra as a function of polarisation. However, neither point is
explicit.
11The chirality of the single gyroid morphology adopted by the polyisoprene block of the triblock
terpolymer is assumed to be entirely random in the absence of any molecular chirality.



7.3 Discussion 123

strong circular dichroism in those directions [1, 2]. It remains to be seen whether a
linear dichroism will also exist for those orientations of the gyroid morphology.

Secondly, these results demand a reassessment of the existing literature concern-
ing the linear and circular dichroism of gyroid optical metamaterials. It is now clear
that the assertion by Vignolini et al. that the linear dichroism of the gyroid optical
metamaterial is a function of the orientation of the gyroid morphology is only par-
tially correct: this is indeed the effect but it is the terminations which provide the
underlying physical mechanism [1]. Similarly, it would be interesting to ascertain
what effect differing terminations of the gyroid morphology may have on the pre-
viously simulated circular dichroism of the gyroid optical metamaterial along the
〈100〉 and 〈111〉 directions (Chap. 2 Sect. 2.6) [1, 2].

7.4 Conclusion

In this chapter, we have demonstrated that the observed linear dichroism of gyroid
optical metamaterials is a result of the termination of the single gyroid morphology
present at the surface of the metamaterial. Indeed, the anisotropic optical response
of isolated protrusions associated with a subset of the possible terminations of the
single gyroid morphology are the underlying physical mechanism for this otherwise
anomalous observation in a cubic, and therefore isotropic, bulk metamaterial. The
effect of these terminations may be understood (and modelled) as the presence of a
thin anisotropic effective medium layer atop the remainder of the bulk metamaterial,
whereby the parameters of the effective medium layer are informed by the geometry
of the terminations.

This finding has significant consequences for the possible use of optical metama-
terials fabricated via self-assembly. Previously, it was anticipated that only the bulk
morphology of the self-assembled system would determine the optical properties of
the resulting metamaterial, especially as the length scale of any surface morphology
was necessarily deeply sub-wavelength. It is now clear that this is not the case and
that the effect of the surface morphology may be both highly sensitive and striking
(e.g. it may break the underlying symmetry of the bulk morphology). This poses new
and particular challenges if attempting to use self-assembly as a means of reliably
fabricating optical metamaterials with a desired set of optical properties. However,
it also opens the possibility of further exploring interesting physics associated with
surface states in three-dimensional optical metamaterials. By comparison, symmetry
breaking by the judicious introduction of defects within the bulk of a double gyroid
photonic crystal structure has led to the prediction and, latterly, observation of Weyl
points and line nodes [11, 12]. There is therefore the tantalising possibility that the
effect of terminations or similar “defects” in gyroid-structured optical metamaterials
may yet yield similarly fascinating physics.
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Chapter 8
Conclusion and Outlook

In this thesis, the fabrication and characterisation of gyroid optical metamaterials has
been investigated with the aims of successfully and reliably producing single-domain
samples and better understanding their unique optical properties.

8.1 Solvent Vapour Annealing of a Gyroid-Forming
Triblock Terpolymer

In Part I, we presented results associated with the fabrication of triblock terpolymer
templates by solvent vapour annealing (SVA). We showed in Chap. 4 that, unlike
diblock copolymers, gyroid-forming triblock terpolymers were remarkably robust
under SVA [9, 20]. Although it is only through the current study that this may be
confirmed, it was a result anticipated by Epps et al. in 2006, who wrote, “we can
conclude that processing methods leading to materials with triply periodic and mul-
ticontinuous network morphologies […] will be remarkably stable” [17]. However,
an understanding of the thermodynamics and kinetics of the SVA of gyroid-forming
triblock terpolymers is only the first step in the rational design of fabrication proto-
cols for single-domain terpolymer templates for optical metamaterial applications.
Indeed, although presented here latterly, the exceptional long-range order of the alter-
nating gyroid domains presented inChap.5 (i.e. those exhibiting confined crystallisa-
tion) was first achieved through a somewhat tortuous ex situ optimisation procedure
without the benefit of the crucial insights later offered by the in situ study. Further
work on this and other polymer systems may now proceed with far greater rapidity,
thereby minimising the efforts required to achieve single-domain samples of various
self-assembled morphologies.

We also demonstrated in Chap.5 that poly(ethylene oxide) (PEO) crystallites
were both confined by, and aligned within, the single gyroid network of the solvent-
annealed triblock terpolymer thin films. The result of such a crystallisation mecha-
nism was an anisotropic optical response, highly reminiscent of the linear dichroism
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of gyroid optical metamaterials but resulting from a completely different physical
mechanism. However, in both cases the anomalous optical anisotropy results from
order on a length scale far smaller than the unit cell: the molecular anisotropy of
aligned PEO crystallites and the form anisotropy of gyroid surface terminations. This
therefore opens up the tantalising possibility of utilising complex hierarchical order
within network-forming block copolymers to further design or enhance the result-
ing optical properties. Indeed, beyond amorphous-semicrystalline block copolymers,
there are also amorphous-liquid crystalline block copolymers, which may similarly
exhibit preferential alignment within accessible multicontinuous network phases.
Unlike a semicrystalline block however, a liquid crystalline block would potentially
allow for dynamic (e.g. electrically induced) reorientation or reorganisation of the
block’s constituent molecules and, therefore, any resulting optical properties.

8.2 Optical Anisotropy in Gyroid Optical Metamaterials

In Part II, the optical properties of gyroid optical metamaterials exhibiting both
short- and long-range order were investigated. We showed in Chap.6 that long-range
order is indeed crucial for the metamaterial to exhibit anisotropic optical properties.
However, thoroughly unexpected was the associated result that the single gyroid
morphology appeared not to distinguish multi-domain gyroid optical metamaterials
from amorphous nanoporous gold, contrary to previous assertions [14]. Indeed, it
appears that unless procedures such as SVA are undertaken to fabricate triblock
terpolymer templates with good long-range order, one could readily create optically
equivalent materials by more conventional means.

Finally, in Chap.7, the nature of the linear dichroismof single-domain gyroid opti-
cal metamaterials was revealed. Previously it had been assumed that the dichroism
was entirely a result of the relative orientation between the polarisation of light and
the single gyroid morphology (i.e. that the morphology was intrinsically optically
anisotropic). Although phenomenologically correct, this is at odds with the cubic
symmetry of the gyroid morphology, which dictates an isotropic optical response.
Instead, we show that it is isolated protrusions at the surface termination of the
metamaterial which break the effective symmetry of the single gyroid morphology
and introduce an anisotropic plasmonic resonance. As anticipated, the bulk remains
essentially isotropic. It may therefore be that the gyroid optical metamaterial is better
conceived of not as a bulk homogenous metamaterial, but as a “metasurface atop a
metamaterial”, drawing upon the rich and extensive literature on metasurfaces whilst
doing so [19].
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Whereas an analogy with metasurfaces may help one to conceptualise the optical
properties of gyroid optical metamaterials, one may also think of employing block
copolymer self-assembly directly to the efficient fabrication of large area metasur-
faces. Indeed, the work presented in this thesis is relatively unusual in that good
long-range order is desired in three-dimensional networkmorphologies. Other appli-
cations of network-forming block copolymers tend not to require equivalent long-
range order, their efficacy instead deriving from their self-supporting and continuous
nature, and their large specific surface area. Significant research has instead been
undertaken to achieve excellent long-range order in the one- and two-dimensional
morphologies most often required for planar nanolithographic applications. It may
therefore be interesting to capitalise on such research and explicitly consider the
fabrication of thin (i.e. one or two unit cell) block copolymer films of reduced
dimensionality as templates for bottom-up metasurface fabrication. Certainly this
would avoid issues associated with the high optical losses upon propagation of light
through bulk plasmonic metamaterials, and would exploit the striking (indeed domi-
nant) effect of surface morphology identified here. Such work could draw upon new
opportunities to create block copolymer “meshes” (i.e. thin interconnected layered
structures) through a mixture of SVA and “directed self-assembly”, the combination
of top-down and bottom-up fabrication techniques [8]. Indeed, these mesh struc-
tures are remarkably similar to classic fishnet metamaterials, which are well known
to exhibit a negative refractive index in the near infrared if appropriately designed
[4, 18]. There is therefore ample scope to reconsider many existing planar block
copolymer systems as potential optical metamaterial templates.

Considering once again the gyroid, directed self-assembly methods may similarly
help to realise the fabrication of a single-domain gyroid optical metamaterial of truly
macroscopic proportions (e.g. spanning the entire substrate), with chosen in- and
out-of-plane orientations. Various techniques to direct the self-assembly of block
copolymers have been attempted (e.g. the application of shear and electric fields,
or temperature gradients) and have been reviewed previously [13]. Control of the
orientation of the gyroid phase has been attempted via the orientation of another
phase, from which the gyroid forms through an order-order transition upon removal
of the field [1, 2, 6]. Of course, the observed robustness of the alternating gyroid
morphology under SVAmaymake this particular approach a challenge if the effect of
anyfield is similarly insufficient to cause amorphological transition in the terpolymer.

Instead, two related and particularly promising techniques, which have led to the
demonstration of both excellent long-range order and orientational control of other
block copolymer equilibriummorphologies, should perhaps be considered. These are
are grapho- and chemoepitaxy. Both of these directed self-assembly methods seek
to combine the accuracy and flexibility of standard top-down lithographic processes
(e.g. electron beam lithography) with the small feature sizes and macroscopic cover-
age achievable through bottom-up self-assembly. Graphoepitaxy is the topographic
patterning of a substrate surface with features that are commensurate with the over-



128 8 Conclusion and Outlook

lying copolymer film, to induce order and orientation in the copolymer equilibrium
morphology. For example, Bita et al. in 2008 used lithographically defined posts as
a template for the spherical minority block of a polysytrene-b-polydimethylsiloxane
(PS-b-PDMS) diblock copolymer [3]. The patterned features need not even neces-
sarily be on the same length scale as the block copolymer equilibrium morphology,
which increases the efficiency of the lithographic portion of the overall fabrication
procedure [12]. Chemoepitaxy is the chemical patterning of a substrate surface,
whereby the ordering and orientation is not induced by physical boundaries but
rather by preferential thermodynamic interactions between patterned areas and the
overlying block copolymer. For example, Kim et al. in 2003 demonstrated the epi-
taxial self-assembly and perfect registration of diblock copolymer lamellae on a
surface chemically patterned with a self-assembled monolayer [15]. It remains to be
seen whether either grapho- or chemoepitaxy can be successfully applied to gyroid-
forming block copolymers. However, if so, it would allow for complete access to the
full range of optical properties of gyroid optical metamaterials, including the linear
and circular dichroism associated with alternative orientations of the morphology
not considered here.

Despite the results presented in this thesis, much is still not fully understood about
the optical response of gyroid optical metamaterials. Simulations do not yet excel-
lently capture the experimentally measured reflectance and transmittance spectra, a
situation which is complicated by the highly non-uniform surface morphology of the
fabricatedmetamaterials. Indeed, although the data exist for the reflectance and trans-
mittance spectra of single-domain gyroid optical metamaterials at oblique angles of
incidence, corresponding simulations have proven particularly challenging. There
may therefore still be much which can be learnt from this data, especially regarding
the behaviour and effect of the anticipated longitudinal mode, which is not excited at
normal incidence [16]. Similarly, the effect of surface termination on the previously
identified circular dichroism could be fully explored in light of the findings made
here. Every effort should thus be made to improve our ability to model these more
complicated optical scenarios, and to guide these efforts with an increasing number
of high quality measurements across numerous samples.

Experiment and theory may better agree if the surface termination of the fabri-
cated gyroid optical metamaterials could be controlled. Although a potential method
was used to create a (relatively) flat top surface for the multi-domain sample, this
method arguably controls only the surface roughness and not the termination of the
metamaterial. Given that the optical response of the metamaterial seems to vary
strikingly for small variations in termination, it is likely that some form of top-down
method will be required to control the termination to the tolerance required (i.e. a
few nanometres). This may involve some form of chemical-mechanical planarisation
similar to that practised in the semiconductor industry, or a more controlled means
of back-filling the terpolymer template with metal. However, it is unclear whether
the block copolymer itself would exhibit the required order. There is not yet any data
on the local fluctuations of the alternating gyroid phase, and such fluctuations may
affect our ability to accurately select a particular termination over a macroscopic
area. Should we wish to exploit the surface termination of gyroid optical metama-
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terials as an additional design parameter, then each of the above potential solutions
will require further exploration.

Even if all existing fabrication challenges were overcome, it remains unclear
whether a gyroid optical metamaterial would exhibit negative refraction, not least
due to the losses associated with the gold from which it is fabricated [16]. Cer-
tainly the theoretical predictions do not appear favourable. However, as has already
been discussed, the successful simulation of gyroid optical metamaterials remains
a challenge and it would therefore perhaps be premature to discount the possibil-
ity of negative refraction entirely. Indeed, although the losses associated with plas-
monic systems, including optical metamaterials, are a significant hurdle to their more
widespread adoption, various research has demonstrated the potential to successfully
mitigate such losses using gainmedia [5, 10, 11]. Although undoubtedly a challenge,
the observation of negative refraction in gyroid optical metamaterials through their
combination with gain media remains an exciting prospect.

Finally, it must be noted that, so far, only the single gyroid has received particular
attention as a “self-assembled” optical metamaterial. Although there are excellent
reasons for having chosen the single gyroid as an initial target morphology, it should
be recognised that there exists a vast library of self-assembled morphologies which
have yet to be explored as candidate optical metamaterials. Two obvious potential
candidates for further study are the double gyroid morphology (achiral but nonethe-
less predicted to be negatively refracting if losses can be minimised) and the helical
morphology found in some block copolymers possessing molecular chirality (which
would undoubtedly exhibit a strong chiro-optic effect if correctly oriented) [7, 21].
It is only with ready and frequent exploration of this library, and the associated opti-
cal properties therein, that self-assembled optical metamaterials will find increas-
ing application and that the true benefits of the bottom-up approach will finally be
realised.
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