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and purposes. Structural colouration is a visible consequence of the particular patterning of a
reflecting surface with regular structures at submicron length scales. Structural colours usually

appear bright, shiny, iridescent or with a metallic look, as the result of physical processes such
as diffraction, interference, or scattering with typically small dissipative loss. These features have
recently attracted much research efforts in materials science, chemistry, engineering and physics,
in order to understand and produce structural colours. In these early stages of photonics, re-
searchers facing an infinite array of possible colour-producing structures are heavily inspired by
the elaborated architectures they find in nature. We here review the recent technological strate-
gies employed to artificially mimic the structural colours found in nature, as well as some of their
current and potential applications.

1 Introduction

Colours play an essential role in the evolution and survival of
plants and animals. To the best of our current knowledge, the
colours of living creatures are produced either through pigments,
bioluminescence, or spatial structures.™ Pigmentary colours orig-
inate from the selective absorption of light by the electrons of
molecules embedded in the materials. Bioluminescence is emitted
by chemical reactions in the photophores of some organisms.m
The third type of colouration is the result of the discrimination
of wavelengths by the interaction of the incident light with struc-
tures on the reflective biomaterial. In the visible range of wave-
lengths, diffracting structures must be in the submicron scale in
order to interact with light, and such patterns are indeed quite
common in biological assemblies.?

These so-called “structural colours” usually have a distinctive
appearance (shiny, metallic aspect with often an angle-dependent
apparent colour) that contrasts with the dull and diffuse aspect of
more common pigmentary colours. Physically, structural colours
are the result of the fundamental optical processes of diffraction,
interference or scattering. They generally suffer little dissipative
loss,# and do not fade like pigments, which are sensitive to chem-
ical alterations and have relatively low environmental resistance.
In nature, these structures have been optimised, after millions of
years of evolutionary trials and errors, to display the colouration
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most adapted to the various needs and purposes of living crea-
tures, thus fulfilling important roles such as signalling (selection,
advertising, etc.) or camouflage, for example.

Structural colours in nature have fascinated scientists for cen-
turies, but their accurate assessment was only permitted by
the introduction the scanning electron microscope (SEM) in the
1940’s.5 This discovery has triggered an extraordinary new per-
spective on the description and understanding of the natural
nanostructures found in living matter, and indeed those respon-
sible for colouration. As of today, a prodigious array of colour-
producing architectures has been described by scientists in ani-
mals, plants and minerals, and new ones are still frequently dis-
covered.

The engineering potentials of structural colours, for systematic
usage in photonics (and possibly elsewhere), were first recog-
nised about 30 years ago with the inception of the so-called “pho-
tonic crystals.” These materials can “mold the flow of light,””
in the manner that atomic crystals control the transport of elec-
trons. Since then, intense research efforts have been carried out
to overcome the two main and concomitant problems when build-
ing efficient photonic materials. First, how to best design the
light-interfering structure for a given motive. Second, how to ac-
tually build these nanostructured materials. As with many other
examples of recent technological advances, biomimicry is an ele-
gant shortcut towards the optimisation of design.® For the second
challenge, scientists already benefit from a strong footing to es-
tablish micromanufacturing methods for photonic materials.

Until about two decades ago, progress in microfabrication
technologies were mainly driven by the microelectronic indus-
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try, which started in the 1950’s with the invention of the inte-
grated circuit. Microfabrication techniques are now employed to
manufacture a plethora of miniaturized devices, with scopes well
beyond pure electronics. In fact, the implementation of microde-
vices established entirely new disciplines, depending on the func-
tion sought (sensor, actuator, imaging, communication, mechan-
ics, etc.), the materials used (silicon, metals, polymer, ceramics,
etc.), and the fabrication processes employed (patterning, etch-
ing, moulding, deposition, etc.). Micro-electro-mechanical sys-
tems (MEMS), in particular, are recent applications of microfabri-
cation that have been booming in recent years. They have driven
many innovations in micro-machining, and are, today, found in
mundane consumer products.2

As a result of these advances, submicron features can currently
be fabricated with, generally, high throughput, and with a high
degree of reproducibility. Although, building large assemblies,
with the regular and periodic arrangements of microstructures
required for photonic crystals, still remains a manufacturing chal-
lenge, particularly in three dimensions. The development of pho-
tonic nanomaterials, bio-inspired or custom-designed, may have
now become the main driving force behind contemporary endeav-
ours to push progress in microfabrication. These current efforts
attract the interest of a large body of scientists, across many fields:
chemistry, engineering, physics, materials science, biology, etc.

There already exists a vast literature on structural colouration
and photonic materials, their incidence in nature, and their phys-
ical origins and underlying optical mechanisms. Consequently,
recent years have seen the publication of many excellent review
articles1SiI81L0°24 and books22>727 on these subjects. However,
reviews covering the fabrication of bio-inspired photonic struc-
tures2822| are more rare, and do not specifically focus on the ac-
tual manufacturing techniques. We believe that the recent, and
often remarkably ingenious, methods to reproduce natural struc-
tural colours deserve to be highlighted, and indeed have the po-
tential to serve a wide spectrum of scientists.

This review thus puts a strong emphasis on microfabrication
techniques. It is organised with a “what/how/why” outline, as
follows: we first give a brief overview of the physical principles
behind the structural colourations of some natural systems. In
particular, we highlight four typical structures found in nature,
representing the canonical systems, which, from our review of the
latest literature, have attracted most studies in structural colour
biomimicry. We next focus our attention on the recent techniques
and attempts to mimicking the structural colours found in nature.
We distinguish two main strategies, “top-down” and “bottom-up,”
as this splitting of technologies is quite general when presenting
the routes for fabricating complex materials. The last part of our
article is devoted to the most recent and promising applications
of structural colours inspired by nature.

2 Natural Structural Colors

2.1 Physical origins of natural structural colours

The physical origins of structural colours have been summarised
in several reviews.2-410IISIIN 1 general terms, structural
colours are produced by the microscopic patterns of a reflective

2| Journal Name, [year], [voI.],1

material. Features with sizes comparable to the wavelength of the
incident illumination diffract the light selectively to cause inter-
ference effects that can be constructive or destructive.2% These in-
terferences thus only allow ranges of wavelengths to be reflected
and produce, when visible, a particular colouration of the mate-
rial.? The range of reflected wavelength usually varies with the
polarisation of the incident light. But more strikingly, it often
depends strongly on the refracting angle, meaning that appar-
ent colours change when varying the viewing orientation. Hence,
structural colours often appear “iridescent.”

To help understand in more details the design criteria under-
lying the production of structural colours, we first review the
physical principles behind the processes generating these phe-
3125 The relevant quantity to study is the reflectance of
the medium at its interface with the exterior and for visible wave-
lengths between 400 — 700nm. The calculation of reflectance is
performed using physical optics principles, 243031 which can be
categorised as diffraction gratings, films interference, photonic
crystals and scattering.

nomena.

A diffraction grating is a common occurrence of structural
colouration (e.g. the reflection from a compact disc). It typically
involves a single reflecting material, which displays on its sur-
face a sub-wavelength pattern that is periodically repeated with
a typical spacing d (Fig. [IB). The reflected spectrum will exhibit
peaks located at a discrete set of wavelengths {A,, },,cz, satisfying
mAy, = d(sin 6; — sin 6;) when observed at a reflective angle 6; and
for an incident light at an angle 6; (both 6; and 6; are directions
from the normal of the reflective plane, as shown in Fig. [TA).
Contrary to the other structural colors, there is no separation of
colours under specular reflection 6, = 6;. Examples of structural
colours obtained from diffraction grating in nature include the
floral iridescence, 22 butterfly scales, >3 or mollusc shells.24

Another simple structure that generates colour is a layered me-
dia, where thin films are stacked parallel to the reflecting inter-
face (Fig.[1[C and[ID). Layered media are very common in natural
structural colours, and their fabrication based on thin-film depo-
sition is routinely performed to produce optical components such
as Bragg mirrors.2132 The reflected spectrum resulting from in-
terference within the periodically stacked films (with period d)
will again exhibit a set of resolved peaks at wavelengths A, that,
approximately, follow the Bragg-Snell law:

My & 2d /7% —n?sin® 6;, withm € N, ¢h)

in an incident medium of refractive index »; (typically n; = 1 for
air or n; = 1.33 for water), and under specular reflection 6, = 6;
on the structured material with average, effective refractive in-
dex 7 (7 may be calculated using the Maxwell-Garnett relation,
for example). This equation can also be used for the important
case of helicoidal stacked polarising layers, similar to chiral ne-
matic (or cholesteric) liquid crystals (see Fig. , which are com-
mon in nature. In that case, the chiral nematic half-pitch substi-
tutes the periodicity of the stack.2® In nature, thin film structural
colours can be found, for example, in insect wingsZ or bird feath-
ers. 3839 Multilayer interference is very common in natural struc-
tural colours. They have been found and characterised in many
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Fig. 1 (A) The reflectance of a colour-producing structure, in contact with the incident medium and supported by a substrate, must be assessed for
given incidence and refraction angles, 6; and 6;, respectively; specular reflection is for 6; = 6;. (B) A reflective diffraction grating is obtained when
a reflecting surface displays periodic patterns: here, parallel grooves are etched at regular intervals; the inset gives a typical spectrum of reflected
intensity, showing angle-dependent wavelength discrimination. (C) Colouration can be obtained when a thin film of material is deposited on a substrate;
the inset shows a corresponding example of reflectance spectrum at different angles of specular reflection. (D) One-, two- and three-dimensional (1D,
2D and 3D) photonic crystals have a structural periodicity in one, two, or three directions, respectively; in principle, photonic crystals are considered
infinite, but in practice, they are bounded by a substrate and the exterior. 1D photonic crystals are multi-layers stacks, and the inset gives a typical
spectrum of their reflectance. (E) Light scattered by a slab of a turbid material is also a kind of structural colour; for sufficently small scatterers, the

reflected spectrum favors lower wavelengths (blue) as illustrated by the spectra shown in inset for various scatterers’ sizes.

organisms, including insects, birds,@ ﬁsh,@ mollusks4445
and fruits.46

Photonic crystals are materials having a spatially periodic re-
fractive index, with the period near the wavelength of the inci-
dent light (Fig. [ID). In general, photonic crystals have dimen-
sions much larger than their periodicity, so that they can be con-
sidered as infinite structures in calculations.#Z42 The periodicity
can be only in one dimension, in which case the crystal is the
periodic multilayer. The Bragg-Snell law, Eq. (I, can be used to
evaluate the approximate set of reflectance peak wavelengths in
a given direction of the crystalline lattice. In most cases, how-
ever, there are no simple calculations to evaluate the width of
these peaks, or even their existence. The spectrum must gener-
ally be obtained via computational modelling relying on finite el-
ements, plane-wave expansion, or finite-difference time-domain
methods, to name a few. The focus of the calculations is to ob-
tain the “photonic band-gaps” in their optical modes, that is the

This journal is © The Royal Society of Chemistry [year]

frequency ranges in which propagation of light is prohibited by
the crystal. Band-gaps depend on the orientation of the prop-
agation in the crystal, often quantified in the lattice reciprocal
space, and correspond to iridescent reflectance peaks.5% Natural
two-dimensional photonic crystals provide the colouration of sev-
eral marine animals®? and birds.52/53 Opals are archetypical of

3D photonic crystals,># which are also common in insects.>>"8

Tunable structural colours from photonic crystals are used by
some organisms for camouflage, predation, communication, etc.?
These rely on varying the various parameters setting the peak’s
wavelength of reflectance in Eq. . Fudouzi?L, Zhao et al.22
and Xu and Guo? recently proposed reviews of these mecha-
nisms in nature and recent efforts in their biomimicry.

Light scattering is a fundamental process that describes the in-
teractions of light with elementary particles of matter (scatter-
ers). If the scatterers are spherical particles, it is often called Mie
scattering, while the limit for small particle sizes, well below the
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wavelength, is the Rayleigh scattering.2? Light scattering is dif-
ferent from the processes previously described, although the laws
of refraction are the results of the multiple light scattering events
occurring in a bulk material. In this regard, a classification for the
production of structural colour qualifies the mechanism as either
coherent or incoherent. In coherent scattering, there is a phase re-
lationship between the scattered waves by ordered scatterers and
usually yields iridescence. Incoherent scattering is the result of
disordered dispersion of scatterers, as shown in Fig. , and has a
diffuse appearance in reflection, with the spectrum independent
of the observation or illumination angle (except in amplitude).
Incoherent light scattering is at the origin of the white colour of
milk, or the blue colour of the sky. An intermediate state of co-
herent, but non-iridescent scattering, has been observed where
the scatterers are in fact quasi-ordered (or “weakly localised”). 60
Light scattering produces the apparent colours of bird feathers,®L
Beetle scales,©263 or fishes, % for example.

Another way of producing colours via structure can be obtained
with nano-patterned metallic films via their surface-plasmon reso-
nance.® Since this mechanism is not observed in natural systems,
it will not be specifically considered in this review.

Natural colour-producing assemblies often rely on a combina-
tions of these canonical processes. For example, irregularity in the
structure may also play a role in producing an additional diffusive
appearance for the reflected light. And in some cases the optical
processes are accompanied by large-scale structures to generate
macroscopic effects on the colouration.”! Moreover, natural mate-
rials’ dispersion, adsorption or even birefringence can also con-
volute further the reflective response of color-producing struc-
tures (for example, by altering the polarisation of the reflected
light). Intricate effects are also obtained via colour mixing, which
is found in some living species. Hence, a structural colour may be
associated with pigmentary colours (e.g., the Margaritaria nobilis
fruit®®67) fluorescence (e.g., the Troides magellanus butterfly©8),
or another structural colour (e.g., Entimus imperialis weevil®? or
the Papilio butterfly 7071} 72

Living organisms are the result of precise, multiscale and mul-
tifunctional arrangements of materials, from their molecular el-
ements to their macroscopic shape, and structural colours epito-
mize this hierarchy.

2.2 Natural systems relevant for biomimicry

One of the most studied species, in terms of structural colour pro-
duction and biomimetics, is the Morpho butterfly, whose wing-
scales exhibit a unique metallic-blue colour. Morpho is an excel-
lent example of the combined diversity of physical mechanisms in
colour production (see Fig.[2A), hence all the more challenging to
mimic. The iridescent blue colour with high reflectivity is a result
of coherent scattering in the periodic arrays of scales. 2128 peri-
odic structures, such as gratings or multilayers, produce colours
with high dependency on the angle of reflection. However, for
the Morpho species, the reflected blue colour has a low angle-
dependency due to the presence of multilayer surfaces that ex-
hibit a distribution of tilts with respect to the scales’ substrate.
The strong diffraction is further caused by a second layer of pe-
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riodic ridges above the layer of highly iridescent ground.ZZ As a
result, Morpho butterfly wings exhibit a complex optical response
by combining multilayer interference, diffraction, scattering, and
even pigment-induced absorption, to produce its singular, angle-
independent brilliant blue colour. From the material design point
of view, there are many elements to bring together to attain such
complex optical effects: the reflecting elements must be on a
subwavelength scale, need to be produced on a large scale, and
must be sufficiently ordered to produce the desired colour and
reflectivity. But it must also bear some disorder, on the subwave-
length scale, in order to eliminate the directionality and sharp
reflectance peaks associated with multilayered interference.

The colours in bird feathers are produced in two different ways,
either from pigments or from light refraction caused by the struc-
ture of the feathers. In some cases, the combination of both
effects may create more complex colour arrangements.”8 While
structurally coloured barbules are normally composed of well-
ordered melanin granules and rods,”? the spongy keratin struc-
tures of weakly localised particles is responsible for structural
colours in non-iridescent feathers®? (see Fig.[2B and section.

Another intriguing phenomenon developed in nature is circular
dichroism. The metallic-green colour of the beetles Cetonia au-
rata and Chrysina gloriosa is due to the chitin layers assembling
into a highly uniform, helicoidal stack, which is optically anal-
ogous to a cholesteric liquid crystal. These circularly polarising
multilayers reflect polarised light with a left-handed (anticlock-
wise) rotation. Some plants, such as in Pollia Condensata4® and
Margaritaria nobilis,® also use this strategy to produce iridescent
colours. Analogous to beetles, their cellulose microfibrils form he-
licoidal stacks in the cell walls, which selectively reflect circularly
polarised light of a specific wavelength (see Fig. [2C).

The iridescent colour of nacre, on the other hand, is the re-
sult of the biomineralisation process during which amorphous
calcium carbonate (CaCOj3) and chitin sheets are sequentially de-
posited in the isolated space between the shell and the epithe-
lium mantle cells. The crystallization of the CaCOj3 layers lead to
lamellar stacks of calcium carbonate tablets separated by organic
layers. The resulting ordered multilayer structure of crystalline
CaCOj platelets causes the multilayer interference, displaying
the characteristic pale green to pink iridescent colouration (see

Fig. ). sl

Natural mineralisation processes also engineer one of the most
studied structurally-coloured systems in biomimicry. Precious
opal is an amorphous form of silica (SiO,.nH,O) that contains
water and that can be found in almost any kind of rock. Under
suitable conditions, water percolates through the earth and drags
silicates encountered in the soil. When this silicate-rich solution
enters a cavity and the water evaporates, the silicates deposit as
small spheres (with diametres ranging from 150nm to 400nm, in
the case of rainbow-coloured opals). When the precipitated sil-
ica spheres are monodispersed in size, and stack in an ordered,
close-packed fashion, they produce a play of colours by hugely
coherent scattering in the visible light range (see Fig. [2D).54182

This journal is © The Royal Society of Chemistry [year]



Stripe of Ridge
Structure

Fig. 2 Structural colours in nature that have attracted significant biomimicry efforts. (A) Typical Morpho butterfly (Marpho didius) and SEM images of
the scale, each covered with ridges whose lateral profile has the typical “Christmas tree” shape (adapted with permission from Ref. © 2006 Society
of Photo Optical Instrumentation Engineers); the ridges are supported by a gyroid crystal structure that also produces structural colours. (B) Structural
colours of the plumage in Eastern Bluebird (Sialia sialis, left) originate from quasi-order B-keratin tubular nanostructures, while in Plum-throated
Cotinga (Cotinga maynana, centre), the structures are spheres (reproduced with permission from Ref. [74, © 2009 Royal Society of Chemistry); the
peacock feathers (right) show 2D photonic crystals of melanin rods embedded in keratin (image of blue peacock Pavo cristatus: wikimedia commons;
micrographs reproduced with permission from Ref. © 2003 National Academy of Sciences, USA). (C) The Jeweled Beetles (Chrysina gloriosa)
and the Pollia condensata fruit display circularly-polarized iridescence thanks to a structure of chitin (left micrograph) and cellulose (right micrograph)
fibrils, respectively, similar to assemblies found in cholesteric liquid crystal shown in Fig. [7] (adapted with permission from Ref. 4], © 2009 American
Association for the Advancement of Science, and from Ref. © 2012 National Academy of Sciences, USA). (D) Natural opals display iridescent
colours because of the crystal arrangement of silica spheres (image: wikimedia commons; electron micrograph reproduced with permission from
Ref.[54] © 1964 Nature Publishing Group)

3 Biomimicry of natural structural colours tools to print computer-generated patterns using lithogra-
phy techniques or multilayer deposition onto a larger piece

of substrate. Although it is possible to produce a wide range
of high quality photonic nanostructures with these technolo-
gies, the cost, efficiency and technical limitations (i.e. struc-
tures must be larger than 100 nm) of top-down approaches
prevent their use in many applications with high throughput

These unique characteristics of the structural colours developed
in nature, such as iridescence or metallic appearance, cannot be
obtained by mere chemical dyes or pigments. Therefore, in order
to mimic the biological species, one needs to strategically design
material composites with controlled variable nanostructures that
can reproduce the biological structure itself.®3 Recent advances

in controlling, and fine-tuning, the production and organisation needs.
of sub-wavelength structures have led to a burst of activities in * On the other hand, the bottom-up approaches use the physic-
the nano-photonics field. The fabrication methods can generally ochemical interactions for the hierarchical organisation of
be classified into two groups: nanostructures via the self-assembly of basic building blocks;
these approaches are more cost- and time-effective, and
* The top-down strategies involve using micro-fabrication widen the range of applications towards smaller accessible
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length-scales.

3.1 Top-down strategies
3.1.1 Lithography.

In the last five decades, micro- and nano-lithography techniques
have been developed to optimise the manufacturing of integrated
circuits and microchips. Lithographic patterning can directly con-
trol the sub-micrometre structure on the reflecting surface of a
dielectric material, and can thus be used to generate structural
colours. Lithography techniques may be divided into two types,
whether they use masks and templates, or not. 84

The masked lithography transfers patterns from a mould or
a mask template over a large substrate area simultaneously,
thus enabling high-throughput fabrications. These lithography
techniques include photolithography, holographic lithography;©>
nanoimprinting lithography, €% and soft lithography.€Z

The second type of technique is maskless and fabricates arbi-
trary patterns by serial writing or etching. Examples of mask-
less lithography include electron beam lithography, €8 focused ion
beam lithography, and scanning probe lithography. These tech-
niques allow ultrahigh-resolution patterning of arbitrary shapes
with a minimum feature size as small as a few nanometres. They
are also often used to create the masks and templates employed
by masked lithography.

We show in Fig. [3| the processes behind the lithographic tech-
niques discussed here, and give below a few examples of their
recent applications for the production of bio-inspired structural
colours.

3.1.1.1 Photolithography. In photolithography, a photomask
with a geometric pattern is transferred onto a light-sensitive
chemical substrate (photoresist) by using visible or UV curing
light (Fig. [B]A). Lateral periodicities required to produce struc-
tural colours in the visible range are usually large enough to be
patterned with photolithography.8? Yet in many cases, the pho-
tolithography is coupled with self-assembled colloidal systems
(see section to further guide and control the shape and
surface structure of the assembly.

Lee et al.87, for example, successfully demonstrated the use
of such coupled techniques to develop a 3D photonic crystal for
reflection-mode display.€Z They first fabricated colloidal crystals
that were embedded in a photoresist matrix on the surface of a
substrate. The further photolithographic patterning of the em-
bedded crystal enabled the creation of hybrid, micro-patterned
structures. Selective removal of the colloids subsequently left a
regular array of cavities, thus forming an inverse opal structure
(see also Fig. Ep, described later) with a high index contrast be-
tween the air and the polymerised photoresist. Such structure
produced a high reflectivity at the wavelengths falling within the
photonic band-gap of the resulting crystal.

3.1.1.2 Interference & holographic lithography. Interfer-
ence and holographic lithography is a versatile technique to fab-
ricate both 2D and 3D periodic photonic structures in a scalable
manner. In laser interference lithography, for example, the inho-
mogeneous distribution of energy, generated by the superposition
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of electromagnetic plane waves from two beams, is registered in
a photoresist material coating a substrate (Fig.[3D).8% There, 3D
periodic patterns can be printed by adjusting the intensity, geom-
etry, polarisation, and phase of the applied laser beams. 20
Elaborating on this technique, Siddique et al.?Y were recently
able to fabricate the complex, hierarchical “Christmas tree”-like
morphology of the Morpho butterfly shown in Fig. 2A. They no-
tably used a reflective coating between the glass and the photore-
sist to create an additional interference patterning perpendicular
to the one obtained from straight dual-beam laser interference.2l
While the plain triangular morphology without lateral lamellae
exhibited the usual grating effect at high angles, their Morpho-like
structure reflected a blue colour by about 30%, over an extended
range of reflection angle, between 0° and 40° (see Fig. [4A).

3.1.1.3 Nanoimprint lithography. The nanoimprint lithog-
raphy (NIL) process creates patterned, 3D structures with feature
sizes as small as 50nm, by imprinting a stamp into a low viscos-
ity resist via moulding (see Fig.[3[c).2 Since the process is based
on direct mechanical deformation, the resolution constraints are
only due to the structuring of the mould, as opposed to the usual
limitations from light diffraction or beam scattering observed in
conventional nanolithography methods. As long as the cast is
stable, it is possible to produce many replicas from a single, pre-
fabricated mould using this method.8®

In an attempt to mimic the photonic nanostructures found on
butterfly wings, Kustandi et al. 2 used NIL to produce tall and
dense polycarbonate (PC) nanopillars. The surface adhesive force
between those pillars and the intrinsically low modulus of the im-
printed structures may cause an irregular collapse of the nanopil-
lars in various directions. Therefore, in order to form an ordered
structure, the researchers simultaneously applied a horizontal,
shear-patterning force to the polymer during the mould release.
This step allowed them to control the lateral collapse on the im-
printed structures (see Fig.[dB). The periodic, unidirectional ridge
arrangement made the structure work like a diffraction grating,
while the multilayer seen from the top, due to the inclination of
the pillars, gave the effects of interference and scattering. Conse-
quently, their synthetic butterfly wings had angle-dependent op-
tical properties, and showed both rainbow-type colour patterns
and single colour patterns ranging from purple, blue, yellow, and
red.?2

NIL provides a simple, fast and cheap approach for the fabrica-
tion of nanofeatures with a high precision. Furthermore, it is pos-
sible to develop a high-throughput manufacturing process to im-
print the patterns in a continuous manner, via roll-to-roll NIL.2>
While NIL exhibits a very promising future, it still has some is-
sues in processing conditions, due notably to the mould’s limited
durability and the formation of defective structures when air is
trapped in the gaps between the resist and mould cavities.

Based on NIL and soft lithography, other nanofabrication
techniques, such as nano-casting lithography (NCL), have been
developed with similar attributes, yet with some additional
advantages. In their work, Saito et al.”? produced a Morpho-type
substrate by using NCL to produce a specific surface pattern. The
created pattern was then coated with titanium oxide TiO, and

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Some top-down, micro- and nano-fabrication techniques used for the production of structurally coloured biomimetic materials. (A) In photolithog-
raphy, a pattern is transferred from a mask to a photo-resist by a curing light; further chemical treatment develops the profiled layer. (B) Electron beam
lithography serially registers a resist with a narrow, highly focussed e-beam. (C) Nanoimprint Lithography press-stamps a mould on a soft resin, which
is then processed for its subsequent use. (D) Interference lithography does not use a mask, but exploits interference patterns to print a photoresist.

silicon oxide SiO, using successive electron-beam depositions,
to form a multilayer with sufficient refractive index contrast.
The optical properties of the resulting patterned multilayer
showed many attributes similar to the Morpho-blue: hot and
brilliant colouration over a wide angular range, high reflectance,
slight change of the colour tone at a shallow observation angle,
speckling, and one-dimensional anisotropy of the brilliance
(Fig. Elp). Using such fabrication methods, one can further tune
the colour by patterning the ridges, choosing the combination of
inorganic materials, and controlling the multilayer thicknesses.”Z3

3.1.1.4 Electron-beam lithography. Electron-beam lithogra-
phy (EBL) is one of the most important techniques of mask-
less nanofabrication. It uses a highly focused electron-beam (“e-
beam”) to modify the solubility of an electron-sensitive resist ma-
terial, thus allowing selective removal of either the exposed or

This journal is © The Royal Society of Chemistry [year]

non-exposed regions upon dissolution in a liquid developer (see
Fig.[3B). 88

In an another effort to reproduce the properties of butterfly
wings colouration, Wong et al.28 used EBL to design groove-
based multi-grating structures that generate a specific blue struc-
tural colour observable over a wide range of reflection angles
(16° to 90°). Exploiting the accuracy of EBL, they could change
the geometry of the grooves on multiple hexagonal cells pattern-
ing the resist (poly(methyl-methacrylate), PMMA, in that case),
each endorsing the effect of the grating size, orientation, density,
and depth, on the colour formation and on the efficiency of light
diffraction.

In a more recent study, Zhang and Chen®3 also mimicked
the colouration of the Morpho butterfly wing scales by creating
well-aligned and alternating lamellae structures of PMMA and
lift-off-resist (LOR) using a novel process based on EBL. To create
the air layers of the “Christmas tree”-like gratings in Morpho
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Fig. 4 Lithographic techniques employed to replicate Morpho-blue. (A) Laser interference lithography to produce a 3D surface patterning similar to
Morpho butterflies’ scales; the top is a blue-reflecting grating where each feature is laterally lamellar, the bottom is a simple grating with the same
periodicity, but lacking colouration (reproduced with permission from Ref. © 2015 Optical Society). (B) Nanoimprint lithography, combined with
shear patterning, to fabricate uniformly collapsed pillars (adapted with permission from Ref. © 2009 John Wiley & Sons). (C) Electron beam
lithography can precisely sculpt lamellae structures similar to the ones found on the Morpho wing-scales (adapted from Ref.[93). (D) Nanoimprint or
e-beam lithography is combined with layer-by-layer deposition to fabricate a multilayer-coated random grating (adapted with permission from Ref. [73]

© 2006 Society of Photo Optical Instrumentation Engineers).

butterflies, the researchers selectively dissolved the LOR layers
with a diluted alkali. Using this method, the colour reflection
can be controlled by fine-tuning the layer thicknesses of both the
PMMA and the LOR. Various colours, other than the Morpho-blue,
can then be obtained (Fig. Eh).

3.1.2 Layer-by-layer Deposition Techniques

Typically, multilayer photonic nanostructure films are fabri-
cated using inorganic dielectric materials or inorganic nanopar-
ticle/polymer composites. To obtain larger, variable stopband
gaps, the layers may be designed with porous structures, and/or
composed of stimuli-responsive polymer materials. Layer-by-
layer (LbL) deposition methods, such as atomic layer deposition,
electro-deposition, the Langmuir-Blodgett technique, and sput-
tering, lead to the formation of multilayers that are composed
of periodic stacks with alternating high and low refractive in-
dices. Although these methods usually result in well-controlled
film growth, they often acquire high cost and suffer from scale
limitations. Sol-gel-based depositions and spin-coating can of-
fer more cost-effective routes to produce structural colours, but a
high uniformity of deposition on curved substrates is then hard to
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achieve using these methods.

3.1.2.1 Liquid-based deposition. Silicon oxide (SiO,, or sil-
ica) and titanium oxide (TiO,, or titania) are widely used to fab-
ricate biomimetic multilayered structures. They indeed have very
different refractive indices (nrio, = 2.44 and ngjo, = 1.45) and can
easily be deposited from a liquid phase by spin- or dip-coating.
Choi et al.®7 demonstrated the production of Bragg stacks out of
porous layers by sequentially spin-casting meso-TiO, and meso-
SiO, into a multilayer whose reflecting wavelengths’ bandwidth
exceeded 200nm. In another work, Calvo et al.®8 demonstrated
all-TiO, Bragg mirror production by changing the particle size
in the sequential layers.”8 Fuertes et al.®? assembled the same
silica/titania nanoparticle pairs using a dipping process followed
by humidity (24hours) and thermal (> 48hours) curing. They
were able to achieve refractive index values of 1.35 and 1.82 for
the resultant porous SiO, and TiO, nanoparticle stacks, respec-
tively. Scharf et al. 199 constructed an optical system that com-
bined Bragg reflectors and microlenses from poly(vinyl alcohol)
(PVA) and poly(N-vinyl carbazole) (PVK). To do so, they used
spin-coating of organic interference layers and soft replication of
microlenses. Although their refractive index contrast between al-
ternating layers was low, they nevertheless achieved a reflection

This journal is © The Royal Society of Chemistry [year]



band centred at A = 570nm.100

Kolle et al.®” took the LbL technique one step further by com-
bining spin-coating with multilayer-rolling in order to mimic the
concentric layers found in the plant Margaritaria nobilis.°”Z They
fabricated a thin glass fibre, on which they rolled bilayers of
two elastomeric polymers with sufficient refractive index con-
trast: polydimethylsiloxane (PDMS) with nppys = 1.41+£0.02 and
polystyrene-polyisoprene triblock copolymer (PS-PI) with npg_p; =
1.54 £0.02. Since the thickness of the layers controls the colour,
the team could alter the appearance of these elastic rubber fibres
upon the application of a thinning tensile stress. This example
shows how structural colours can add functionalities to materi-
als (see section[d), and such colour-morphing fibres could indeed
create textile fibres for responsive athletic-wear, for example.

Mimicking the multi-layered structure of Margaritaria nobilis
could be achieved using a simple spin coating of synthetic poly-
mers. However in some cases, it is necessary to follow the steps
taken in biogenic material synthesis in order to achieve the mul-
tifunctionality and optimised effects of optical and mechanical
properties. This may indeed shed light on the fabrication of novel
or low-cost materials. For this reason, Ullrich Steiner’s group
at the University of Cambridge (now at the Adolphe Merkle In-
stitute) proposed a simple and robust approach to replicate the
natural LbL process of nacre formation. The researchers created
the multilayer by immersing a glass slide into poly(acrylic acid)
(PAA) and poly(4-vinyl pyridine) (PVP) solutions sequentially. To
introduce porosity into the PAA layers, they immersed the film
in a basic solution which dissolved PAA, but also introduced sur-
face functionalization to the substrate and the PVP layers, then
stabilised by UV cross-linking. Mineral films were formed by am-
monium carbonate diffusion technique, with a PAA solution that
contained Ca** and Mg?* ions to induce the formation of a mod-
ified calcite (calorg) film. The film was further crystallised by ex-
posure to high humidity. They repeated this procedure to create
the organic/inorganic lamellar composite of the nacre structure.
Through fine control over the layer periodicity, the researchers
were finally able to reproduce the iridescence of the nacre.®1

3.1.2.2 Vapour-based deposition. Chemical vapour deposi-
tion (CVD), on the other hand, allows high growth rates, as well
as a profitable uniformity over large areas.0l It is possible to de-
posit a great variety of inorganic structures through CVD, but the
incorporation of organic materials instigates the creation of de-
formable and tunable photonic structures. Hence in their work,
1.192 reported a Bragg reflector which consists of
titania TiO;, and of an organic material, poly(2-hydroxyethyl
methacrylate) (pHEMA). This hybrid material can shift colour
very rapidly and reversibly upon exposure to saturated water
vapour, via the rapid swelling of the pHEMA layers. 102

Karaman et a

Another gas phase deposition technique, the atomic layer depo-
sition (ALD), is used to produce thin films with a variety of materi-
als. Based on sequential, self-limiting reactions, ALD offers excep-
tional conformality on high-aspect ratio structures, thickness con-
trol at the angstrom level, and tunable film composition. 103 Kolle
et al.194 for example, used a combination of techniques, includ-
ing ALD, colloidal self-assembly, and sputtering, to fabricate pho-
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tonic structures that mimic the colour-mixing effect found on the
wings of the Indonesian butterfly Papilio blumei (see Fig.[5).10%

3.1.2.3 Further examples of LbL-based biomimicry. The
Chrysochroa genus of the metallic woodboring beetles exhibit
glossy iridescent colours. The beetle cuticles are an example of
a one-dimensional Bragg mirrors with a polarisation- and angle-
dependent reflectance spectrum, typical for multilayer structure
(see section[2.1)). Furthermore, slight variations in layer thickness
and/or refractive index cause variations in the colouration.19>
Inspired by the iridescent colour formation of Chrysochroa ra-
jah beetle, Tzeng et al.19% applied LbL deposition technique
to polyethylenimine (PEI) and anionic vermiculite clay bilayers
(high refractive index layer component), combined with cationic
colloidal silica SiO, and anionic cellulose nanocrystals (CNCs, low
refractive index layer) presented in section [3.2.1} The films pro-
duced had an even green color, resulting from the high consis-
tency in layer thicknesses at the origin of the relatively narrow
reflection band. The iridescence of the films was notably charac-
terised by a blue shift of the reflected wavelength with increasing
incidence angle.10°

As explained in section Morpho butterfly wings exhibit a
complex optical response by combining several phenomena to
produce a unique angle-independent brilliant blue colour. Mor-
pho butterflies create these complex structures spontaneously,
through self-assembly, without any directed construction. In or-
der to address all the challenges of its biomimicry at the same
time, Chung et al. 197 first produced a semi-ordered monolayer of
silica nanospheres (200 —400nm in diameter) on a silicon wafer
by spin-coating, and then further deposited blocks of TiO, and
Si0, atop via sputtering.19% By controlling the TiO, and SiO,
layer thicknesses, they tuned the colour ranging from deep blue,
through green, to coppery red. Notably, their deep-blue films
are comparable to the Morpho rhetenor, with a peak reflectance
of 55%, and its colour and brightness do not show significant
changes across all viewing angles. 107

3.1.3 Iterative size reduction

Iterative size reduction (ISR) is an alternative top-down tech-
nique to produce a flexible polymer fibre that consists of arrays of
millions of ordered, indefinitely long, nanowires and nanotubes
that can exhibit structural colours. Inspired by the composite-
fibre drawing process from polymer reels, Mehmet Bayindir’s
group at Bilkent University demonstrated the fabrication of or-
dered arrays of nanowires by thermal ISR.1081109

The process comprises of a multi-step drawing of a fibre, start-
ing with a macroscopic polymer rod. Each step starts with
structures obtained from the previous one, resulting in geomet-
rical size reduction and increment in wire number and length.
At the end of the first thermal size reduction cycle, the cross-
section of the fibres reduces from few millimetres to few mi-
crometres. These fibres are then cut and arranged into a hexag-
onal lattice inside a protective jacket, that is vacuum consoli-
dated and further redrawn for the second and third time. The
authors showed the possibility of producing a variety of multi-
material nanowire and nanotube structures, including nonlinear
glass As,Se; and ordered core-shell nanowires of As,Se;-PVDF
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Fig. 5 Papilio blumei butterfly, biomimetic sample fabrication and optical mimicry. (A) The bright green wing of the Papilio blumei butterfly is shown
at various magnification: a photograph of the wing; a zoom on the wing scales; further magnified optical micrographs of the wing scales observed
without (left) and with (right) cross-porilazers; the rightmost image is an SEM of the Papilio blumei wing scale surface showing the concavities. (B) The
deposition of polystyrene colloids on a substrate is followed by gold electro-deposition on the interstitial sites, removal of the PS monolayer and ALD
deposition of Al,O3 and TiO, layers, to obtain concavities covered by a conformal multilayer stack of Al,O3-TiO, alternating layers, as shown on the
SEM micrograph inset; the rightmost pair of images are light microscopy of the film that shows that the concavity edges are green, and the centres
and interstitial regions are yellow (left), while only the green concavity edges are visible under crossed polarizers (right). Adapted with permission from

Ref. © 2010 Nature Publishing Group.

(polyvinylidene fluoride) in polyethersulfone (PES), which dis-
played structural colours. The colour formation, in this case, is
explained by a combination of thin film interference from the
core-shell nanowire structure, and Mie scattering from the core
region (see section2.1)). The refractive index of each layer, as well
as the core diametre, determine the scattered resonant modes in
the vicinity of the nanowire, although thin film interference may
dominate for appropriate shell thicknesses.

A more recent study from Bayindir’s group reported the imi-
tation of the peculiar 2D photonic structure in the neck feathers
of mallard drakes. Using ISR technique, they produced a poly-
mer composite fibre system, based on polycarbonate (PC) and
PVDF which have low refractive index contrast (npc = 1.58 and
npypr = 1.41), but are thermally compatible for a successful pro-
cessing with ISR.110

3.1.4 Combining top-down strategies

The control over features’ shape and spacing, when patterning
using these sophisticated lithography techniques, is particularly
needed for the production of defect-free photonic structures with
a well-defined and complete band-gap. By combining multiple
lithography techniques together, or with other top-down fabri-
cation processes such as deposition or chemical etching, a high-
resolution 3D topography may be ultimately produced. And when
further cycles of microfabrication steps are repeated successively
several times, even more complex structures may be formed.
Hence, elaborating on their previous work”3! (described above
in section [3:T.1.3) to replicate the delicate structural effects and
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optical response of Moprho-blue, Saito et al. 110 subsequently
employed EBL and dry-etching to first fabricate a quasi-one-
dimensional, patterned quartz structure, whose random discrete
step-profiles have optimised widths and gaps sequence. They next
used LbL to deposit a multilayer composed of alternating layers of
TiO; and SiO, the patterned quartz substrate. The fabricated film
shows the Morpho-blue, with some of its fundamental character-
istics, such as hot brilliant blue in a wide angular range, and high
reflectance. However, they were not able to reproduce the an-
gular dispersion and wavelength dependence of the natural Mor-
pho-blue. 111!

Nevertheless, and in spite of the advantage of fabricating
nanostructures with precise morphology, a cost-effective man-
ufacturing scheme to generate multicoloured structures over a
large area is a challenge with top-down strategies, because of
their usual requirement for a vacuum process.

3.2 Bottom-up strategies
3.2.1 Self-assembly

Self-assembly is the process by which a structural order at dif-
ferent scales is achieved without any direct external action.112
One way to fabricate materials with structural colours is to cre-
ate periodic nanostructures through self-assembly, using various
building blocks, such as block copolymers, liquid crystals, and
colloids. Nature, of course, uses this phenomenon in numerous
cases to produce optimal colours and multifunctional materials.

Therefore, it is important to understand the self-organised sys-
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Fig. 6 (A) Self-assembly of multi-layer colloidal arrays through the verti-
cal deposition technique. (B) Colloidal crystal in the opal structure. (C)
The Inverse opal structure produced through infiltration of the opals, and
subsequent selective removal of the colloidal spheres.

tems and processes found in nature, in order to replicate them
“efficiently,” from a technological point of view, with the goal to
create defect-free, structurally coloured materials at large scales.

3.2.1.1 Colloidal self-assembly. Dielectric structures of col-
loidal systems, in the submicrometre length scale, can interact
strongly with light. With specific designs, these can produce var-
ious and remarkable optical responses, which can be tuned fur-
ther by altering the types and organisation of these structures.
Self-assembled colloidal systems include colloidal crystals, com-
posite and inverse opals, and photonic glasses. Owing to their
unique optical properties and their applications as photonic crys-
tals, they have now long been studied.8Z Colloidal self-assembly
has significant advantages, and it notably offers the most facile
and economical way to create 2D and 3D photonic crystals over
large areas, and with a wide variety of possible shapes.’13 The
optical properties of self-assembled, 3D colloidal beads (artificial
opals) were first demonstrated by Astratov et al. 114 Since then, a
great variety of materials, for both organic and inorganic micro-
spheres, are used to produce biomimetic structural colouration
through colloidal self-assembly. Among these, self-assembly of
polymer opals, mainly consisting of polystyrene (PS) and PMMA
monodisperse microspheres (Fig. @3) in a face-centred cubic (fec)
arrangement, have been studied extensively,112115A119

Several methods have been used to achieve long-range 3D ar-
rangements through colloidal self-assembly. These include nat-
ural sedimentation of SiO, spheres followed by sintering, 12V
electrophoresis of SiO, monodisperse nanospheres or SiO,/TiO,
core/shell particles,22! or injection of PS beads into a confined
environment.122' Currently, the most commonly used method is
the vertical, or convective, deposition method. This technique re-
lies on capillary forces to organise colloid bases during the evapo-
ration of the liquid (ethanol or water), which fabricates colloidal
crystal multilayers (see Fig. [6). 123124

In order to tailor the photonic band-gap to a specific struc-
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tural colour response, with added functionalities such as chemical
sensing through a colour change, core-shell particles with various
compositions were explored over the years. Hence, to control the
position and the width of the wavelength band-gap, the core to
shell compositions can be varied. Alternatively, it is possible to
incorporate particles of different sizes into the interstices of core-
shell particles crystals, in order to modify the final colour of the
surface.122 Moreover, one can also target the effect of refractive
index contrast in the interparticle medium, as well as composi-
tion of the chemical core-interlayer-shell precursor particles, to
effectively tune the colour.126-128

Natural materials are also often produced by self-assembly pro-
cesses, and bear optimised structural order over multiple length
scales to sustain maximum performance and multifunctionality.
Most photonic crystals produced via colloidal self-assembly show
brilliant structural colouring, due to the Bragg diffraction effect,
which depends on the angle of observation (section . There-
fore, a number of colloidal photonic crystals were recently de-
veloped with a macroscopic, spherical bead appearance.122 Due
to the spherical symmetry, the reflection spectra are unchanged
upon rotating these photonic structure constructions, under il-
lumination of the surface at a fixed incident angle of the light.
This packaging may broaden the range of applications for pho-
tonic crystals. Tailoring the colloidal particles into a spheri-
cal shape that exhibits structural colour can be achieved with
different arrangements within the macroscopic sphere: close-
packed colloidal assembly,13%%132] non-close-packed colloidal as-
sembly, 1331134 or inverse opals,13% for example. Joanna Aizen-
berg’s group at Harvard University also demonstrated colloidal
crystallisation in an emulsion droplet producing micron-sized su-
perstructures, which they called “photonic balls.”13® While the
layered morphology of the colloidal spheres in the photonic balls
gave rise to structural colouration, via Bragg diffraction, the nat-
ural curvature of the ball created a uniform, angle-independent
colour formation. Such systems can have promising applications
in optical devices such as diffraction gratings, colorimetric sensors
or dispersible structural colour pigments.

Melanins are natural pigments found in several organisms,
especially in the feathers, hair or skin of animals. They are
thought to absorb UV radiation to protect the living organisms. 137
Birds use melanosomes to form organised structures for produc-
ing colours. Although such structures have already inspired the
fabrication of photonic crystals, the use of melanins, or melanin-
like materials, in structural colour biomimicry is a novel approach
that was recently demonstrated by Xiao et al.'138 They prepared
nanoparticles with an average diametre of 146+ 15nm and made
of polydopamine (PDA), a type of synthetic melanin with refrac-
tive index nppsy = 1.7. This particle size is within the diametre
range of the rod-like melanosomes found in duck and peacock
feathers, and thus replicates their structural features. They used a
vertical evaporation-based self-assembly system to produce struc-
turally coloured thin films. By tuning the thickness and/or con-
centration of the assembled nanoparticles, they were able to pro-
duce different colours, which all showed a good agreement with
their theoretical model based on thin-film interference. 138

The promise of colloidal self-assembly for the high-throughput
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production of structural colours is indeed remarkable. How-
ever, the presence of unavoidable point -or extended- defects
and cracks, accompanied by incomplete photonic band-gaps, still
leaves colloidal self-assembly far from routine usage in photon-
ics devices.’39 To overcome this barrier, many new strategies
are being developed. For example, the use of selective chemi-
cal “glue”, such as DNA or peptides, on particle surfaces has been
proposed.149 Further developments might enable the fabrication
of better photonic devices based on colloidal particles. More-
over, recent progress in the synthesis of non-spherical particles
is accelerating research into the colloidal assembly of new crys-
tal phases.™1 One promising strategy, with a strong potential for
producing new photonic properties, is to use directional interpar-
ticle interaction via chemical patterns on the colloids’ surface, to
create and design new types of colloidal lattices.

Colloidal self-assembly is a powerful platform for producing
3D patterned structures, with feature sizes ranging from a few
nanometres to several microns. However, the variety of patterns
that can be made through these bottom-up techniques is very
limited, in comparison to top-down techniques. Therefore, re-
cent years have seen several attempts to combine the top-down
and bottom-up strategies for producing patterned colloidal pho-
tonic crystals. Hence, the production of uniform and crack-free
structures, with high colour definition, has been demonstrated by
using lithography techniques (section [3.1.1) on various inverse
opal structures. 1421144 Byt the processes used in the fabrication
of such structures are generally complex, time consuming and ex-
pensive.

Jeremy Baumberg’s group at the University of Cambridge, on
the other hand, developed a method to directly pattern colloidal
crystals by using microimprint lithography, a facile and cost-
effective technique. They notably assessed the effect of annealing
the colloidal particles prior to the imprinting step, which affected
the optical behaviour of the films. If the colloids are pre-annealed,
microimprinting causes a compression of the imprinted region
and changes the lattice separation normal to the surface. This
effect results in dual-colour patterns. If the colloid crystals are
not pre-annealed, microimprinting selectively peels the contacted
region off the substrate, thus forming negative crystal patterns
on the substrate. Such spatial control of colloidal assemblies and
complex patterning may enable more advanced applications in,
for example, sensing devices, pixelated arrays of structural colour
units, or antifouling materials. 145

3.2.1.2 Anisotropic particle self-assembly. Self-assembly of
nanomaterials is a function of interparticle interactions (i.e. ionic
charges, capillary forces, etc.), particle sizes, their distribution,
and particle shapes. Various liquid-crystalline order structures,
such as nematic, columnar, and smectic phases are observed for
rod-like and plate-like particles at high volume fractions146 (see
Fig. . According to Onsager’s theory, hard slender rods inter-
acting with repulsive forces can exhibit orientational ordering at
densities far below the closest packing. The thermodynamic sta-
bility of these ordered structures arises from a gain in transla-
tional entropy, which overrules the loss of orientational entropy
associated with particle alignments. T4 A combination of a wide
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Fig. 7 Schematic illustration of a variety of liquid crystal mesophases,
the nematic phase with only orientational order of the long axis of elon-
gated molecules, the smectic phases (smectic A and smectic C) which
exhibit additional one-dimensional positional order and chiral nematic
(cholesteric) phase where the individual nematic layers stack together
with a twist leading to helicoidal order with a pitch p, which refers to the
distance over a full 360° twist.

range of material properties, coupled by the self-assembly, could
lead to numerous liquid crystalline phases and new materials with
a wide variety of new applications.

As mentioned in section nature also uses this strategy
to produce iridescent colouration in plants. The helicoidal-
ordered stacks of cellulose are responsible for the bright colours
in fruits and leaves of very different species of plants. Similar pho-
tonic structures can be artificially produced using the same con-
stituent material, that is, cellulose nanocrystals (CNCs). Hence,
the slow evaporation of a CNC suspension gives rise to their spon-
taneous assembly into a chiral nematic liquid crystalline phase
that can be preserved in the dry state148 (see Fig. .

Optically, chiral nematic phases have a number of interesting
properties. First of all, they cause a significant optical rotation of
the light, that is much stronger than that of the individual chiral
components. Second, they strongly reflect light of a wavelength
that is comparable to the length scale on which the nematic direc-
tor makes one full turn, that is, the chiral nematic pitch p (Fig.[7).
Interestingly, only circularly polarised light of the same chirality
as the substrate is reflected, and the reflected light has the same
polarisation (normal reflection on a metallic mirror, on the other
hand, would cause the circular polarisation to invert). de Vries36l
explained these phenomena theoretically, and the reflected peak
wavelength, is given by@ the Bragg-Snell law, Eq. , where the
half-pitch p/2 supplants the thickness d, and 7 is the average re-
fractive index of the film (7 = 1.55 for CNCsm).

Several methods have been proposed to tune the chiral ne-
matic pitch, and consequently the final colour formation in these
cholesteric cellulose films. 259152 Fyrther investigations notably
revealed that, within a single batch of cellulose crystallites, there
are distinct domain formations of different periodicities, with dif-
ferent colour transitions, that can be correlated with the chiral
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Fig. 8 (A) Photograph (left) of the Pollia condensata fruit and optical mi-
croscopy image (right) of its surface in cross polarisation configuration.
(B) Photograph (left) of the chiral nematic cellulose nanocrystal (CNC)
film and optical microscopy image (right) of the CNC film in cross polari-
sation configuration (reproduced from Ref.[154).

nematic pitch and layering (see Fig. . Dumanli et al.154
also demonstrated ways to control the CNCs self-assembly pro-
cess, in order to produce a range of different colours selectively,
yet starting from the same suspension.’>% In this work, they also
developed an optical microscope setup to observe the film forma-
tion dynamics, while controlling the temperature and relative hu-
midity, during self-assembly, in an environmental chamber. Their
findings revealed that the CNCs self-assembly starts from a com-
pletely random organisation and, with gel formation, the small
domains of chiral nematic stacks progressively appear. Just be-
fore the complete drying, they observed that the films formed
display colours in the red, and subsequently shifts colour due to
evaporation of water.

Chitin nanocrystals are also found to form chiral nematic
phases in concentrated suspensions, in which the chiral nematic
phase can be preserved upon drying of the film. However the
film does not show structural colour formation in the visible
range, and the optical activity for such chiral nematic systems
was indeed observed in the infrared region. 1>

3.2.1.3 Block copolymer self-assembly. Nanostructures
based on block copolymer (BCP) self-assembly have been
employed in the fabrication of a large number of photonic
crystal structures, from one to three dimensions. BCPs are
macromolecules that consist of different monomer sequences
organised into continuous blocks. Typical BCPs are linear and
contain two or three major monomer blocks, say A, B and C,
organised such as AB, ABA or ABC.156

Chemical incompatibility between the constituent blocks re-
sults in phase separation between the two blocks, whilst the
covalent linkage between the blocks restricts the phase separa-
tion to the length scale of the polymer molecules (typically, a
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few tens of nanometres). The spontaneous aggregation of the
individual blocks towards an equilibrium condition yields well-
defined structures, based on non-covalent interactions. There
are four classes of morphologies arising from such phase sep-
aration: lamellae (L), hexagonally packed cylinders (H), body-
centred spheres (Q?2%)and the double-gyroid phase (Q*?),157 as
shown in Fig.[9] The main parameters that determine the phase
morphology of an AB diblock copolymer are the volume fractions
of the blocks f, and the degree of segregation, yN (see Fig. ).

It is evident that multi-directional photonic band-gaps exist
in these structures, and the reflected wavelength A, is propor-
tional to the material periodicity d, and can be again approx-
imately expressed using the Bragg-Snell law, Eq. (), for each
order of diffraction m. As before, 7 is the average refractive in-
dex of the reflecting elements. Most polymers have a refractive
index around 1.5. Thus, to obtain a photonic band-gap of visi-
ble wavelengths, the periodic spatial modulation of the refractive
index has to be on the order of 120nm or larger. The typical
unit cell dimensions for self-assembled BCP morphologies are on
the order of 5 — 100nm, which makes them unsuitable for visible
photonic band-gaps.1>? Therefore, the main challenge with BCP-
based photonic structures is to produce larger structures with pe-
riodicity comparable to the wavelength of visible light. Increasing
the unit cell size in two and three dimensionally continuous mor-
phologies is arduous. Nevertheless, the use of the gyroid phase for
optical illusions can actually be seen in nature; for example Cal-
lophrys rubi butterfly wing scales exhibit a highly ordered, porous,
three-dimensional single gyroid structure which extends through-
out the scale, beneath the ribs and the cross-ribs. Due to the chiral
orientation of the gyroid phase, the butterfly indeed displays cir-
cular dichroism. 160

There are numerous efforts put into the development of BCP-
based photonic crystals that reflect light, as well as change colour
in the visible region. A photonic response in the visible range re-
quires reliable phase separation, and a high degree of long-range
order in, usually, very high molecular weight BCPs. 161 How-
ever, high molecular weight (that is, greater than lMgmolfl)
materials are extremely viscous in the melt, and do not easily
self-assemble into well-ordered structures due to their strongly-
entangled configurations. Yet, self-assembled BCP photonic crys-
tals are highly responsive to different kinds of external stimuli
such as solvent, temperature, or compressive mechanical strain.

One interesting example of solvent stimuli was recently demon-
strated by Chiang et al. 162, They fabricated a responsive
BCP photonic crystal system based on high molecular weight
polystyrene-polyisoprene (PS-PI) block copolymers, with a lamel-
lar morphology in toluene. When the polymers were in a rel-
atively low-concentration regime, that is, at a concentration ¢,
only slightly higher than the order-disorder transition concen-
tration, ¢opc S ¢p, a red-shift reflectivity band could be seen.
This was due to the thermodynamically controlled swelling of
BCP’s long period by the intensified BCP’s segregation strength.
By contrast, in the high-concentration regime ¢opc < ¢p < 1, a
blue-shift reflectivity band was seen, and attributed to the ki-
netically controlled deswelling of the BCP’s long period by the
collapse of the block chains. 262 The mixtures of selective and
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neutral solvents for diblock BCPs are quite successful in fabricat-
ing structures with finely-tuned photonic properties. Matsushita
and Okamoto163 demonstrated an example of the effect of the
solvent, which can selectively swell one or both of the blocks
of a symmetric polystyrene-block-polyisoprene (PS-b-PI) diblock
copolymer system.

Alternatively, by blending the BCP system with nonvolatile
solvents or homopolymers, the periodicity of the structures
can be tuned over length scales that enable them to inter-
act with visible light. For example, Urbas et al. 165 demon-
strated a mix of diblock PS-b-PI copolymer with its constitu-
tive homopolymers, which formed lamellar structures with re-
flection peaks in the 330 — 620nm range, depending on the
blend composition. A reversible switching of an optical band-
gap is also possible, as demonstrated by Valkama et al. 166 ys-
ing polystyrene-block-poly(4-vinylpyridinium methanesulfonate)
and 3-n-pentadecylphenol supramolecular diblock systems (PS-b-
P4VP(MSA) oPDP; 5). The prepared films had long-ordered peri-
odicity, around 160nm, and reflected green colour. As the system
was heated above 125°C, the film lost its colour, due to the dis-
ruption of hydrogen bonding. This indeed induced a very strong
decrease in the long period of the lamellar structure, within a nar-
row temperature range, because of more compact polymer coil-
ing.

The interaction of the polymer blocks with its own chemical en-
vironment and applied fields can also alter the total volume frac-
tions of the lamellae. An example of a pronounced manifestation
of this effect was shown by Hwang et al.17 in an electrochemi-
cal cell which consists of a BCP system of alternating polystyrene
(PS) and swellable poly(2-vinylpyridine) (P2VP) gel layers, with
pH-dependent photonic band-gaps. The optical response of these
photonic gels was tuned, and further optimised, by controlling the
ion-pairing affinity between the protonated pyridine groups and
their counter anions.167 The photonic band-gap of the PS-b-P2VP
can be tuned by different strategies, such as UV-exposure or
by adding reactive monomers to the film. 182 1t is also possible
to process the PS-b-P2VP in poly-vinyl alcohol to form ellipsoidal
nanoparticles. This eliminates the angle-dependent view arising
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from one dimensional construction in the films.T?% More recently,
Park et al. 171 reported an electrically switchable, free stand-
ing film from a self-assembled poly(styrene-block-quaternized 2-
vinylpyridine) (PS-b-QP2VP) copolymer as well. 171

Two recent reviews on photonic structures using BCP’s self-
assembly rationalise the prospect of these: while it is still a very
promising approach for the scalable production of photonic crys-
tals and structurally coloured, functional materials inspired by
nature, the working examples are still mostly limited to one-
dimensional structures. 159172/ On the other hand, the produc-
tion of BCP’s 3D-nanostructured photonic materials for the visible
range remains an important challenge.

3.2.2 Biomimetic templates

Templating is a common technique in materials science that per-
mits control of the morphology of materials at different scales.
By using the template strategy, it is even possible to achieve ma-
terial properties that are different than the host (template) mate-
rial itself. The infiltration of the secondary components is usually
done via the deposition of the other compounds (guests) onto the
template, by means of different techniques such as sol-gel pro-
cesses, ALDI7Z and cvDIZ8 (see section . Repli-
cas are created after the sacrificial scaffold is removed from the
system without disrupting the morphology, via heat treatment,
chemical treatment or subsequent growth.

While transparent polymers are quite successful at mimicking
the natural structural colour formation phenomenon through self-
assembly, added functionalities often rely on high refractive index
contrast or surface plasmon effects that are not yet accessible with
these soft materials. A great advantage of the templating method
is that it is very general with regard to the types of materials
that can be prepared. Hence, it is possible to extend the mate-
rial properties of soft materials with added compositions, such
as conductive polymers, metals, semiconductors or graphitizable
carbons. 172

One can usually reproduce the exact intricate nanostructures
seen in nature, by using the actual biological structures as tem-
plates, through gas- and solution-based deposition techniques
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(see also section [3:1.2)). Direct replica, or inverse of the struc-
tures, can be generated after the removal of templates. For exam-
ple, Huang et al. 177 directly deposited Alumina (Al,O3) onto the
scales of Morpho Peleides using ALD.177 When the biological tem-
plate was removed, they obtained an inverted Al,O3 shell struc-
ture, which replicated the morphology of the wing-scale struc-
ture, as seen in Fig. Furthermore, some of the optical prop-
erties, such as the photonic band-gap, were also inherited by the
alumina replica. The reflection spectral analysis of the replicas
indicated a shift in the reflection peak to longer wavelength than
the typical purple-blue reflection of the Morpho, because of the
change of periodicity and refraction index. The researchers were
also able to tune the shift in the reflection wavelength by chang-
ing the thickness of the AlO3 layer (10 —50nm, see Fig. [LOA).

Instead of removing the biological template, it is also possible
to deposit the inorganic material and leave the biological tem-
plate as the organic scaffold, in order to retain the mechanical
properties. Hence, Liu et al. 189 produced such organic-inorganic
hybrid material by coating the Morpho menelaus wing scales with
Al;O3 in an ALD chamber. Their work on optical properties of
both natural and organic-inorganic hybrids reveals that the iri-
descence and diffraction characters of the fabricated hybrid struc-
tures are homologous to the untreated specimen. Besides, both
the uncoated and coated wing-scales showed hydrophobic char-
acters with similar wetting contact angles of 114° and 119.5°, re-
spectively. 180181 1 a similar study, Gaillot et al. 182 tried to work
with amorphous TiO, deposited onto (route I: deposition on the
outer surfaces) and into (route II: deposition on both outer sur-
faces and inner surface through pores and cracks) the scales of
Papilio blumei butterfly (see Fig. [5A), by using low temperature
ALD.1821n this work, the researchers demonstrated that the TiO,
layers form a unique, hybrid organic-inorganic Fabry-Pérot res-
onator. It was also possible to control the spectral intensity and
colouration, by controlling the deposited TiO, thickness.

The solution-based deposition methods involve the chemical
treatment of the wing scales to remove the pigments, dipping
the wing scales in the sol-gel precursor, the heat treatment pro-
cess for crystallisation of the metal oxide, and finally the removal
of the biological template. Although the possible wet chemistry
treatment on Morpho butterflies was demonstrated for ZnO and
TiO, in rutile form, 174183 these replicas did not display the op-
tical properties of the template itself. This was due to disrup-
tions of the order and periodicity in the metal oxide structure.
Chen et al.’% on the other hand, managed to deposit ZrO,
onto Euploea mulciber wing scales using a modified sequential
dip-coating sol-gel method. They started with bleached wing
scales, to remove all organic species. Upon removal of the bio-
logical template, the inorganic replicas showed angle-dependent
iridescent colouration due to the high refractive index of ZrO,
(nzr0, = 2.16). Their work indicated that the ZrO, precursor was
able to deposit onto the intricate structure of the butterfly wing
scales, without disrupting its morphology.184

Biological templates are important to both study and under-
stand the hierarchy and the evolutionary pathways employed to
create colour through material structure. But the biomimetic
structures themselves can also be used as templates in a more
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Fig. 10 Images of the Al,O3 replicas of the Morpho peleides butterfly
wing scales. (A) The optical microscope images of the alumina coated
butterfly wing scales, with different thicknesses of Al,O; deposition. (B)
SEM image of the alumina replicas of the butterfly wing scales after the
butterfly template was completely removed (left); a higher magnification
SEM image of an alumina replicated scale shows that the replica exhibits
the same fine structures (right). Adapted with permission from Ref. 177,
© 2006 American Chemical Society.

scalable manner. By using the self-assembled systems as a tem-
plate, for example, the ability to control the periodicity and struc-
ture at nanoscales has a tremendous potential to develop many
novel functional materials. The self-assembled systems can be
used as direct templates, by infiltrating the second material once
the self-assembly process is finished, or they can be used as
structure-directing agents that allow the insertion of the second
material to follow the specific morphology.

3.2.2.1 Direct Templating and Inverse Opals. The develop-
ment of synthetic opals as 3D photonic crystals naturally pushed
the researchers to fabricated these systems with material com-
posites in order to boost their potential. This was done by either
increasing their dielectric contrast, or most notably, by incorpo-
rating active elements (chiefly emitters) to modify their spon-
taneous emission for low-threshold laser sources. This pursuit
has favoured the enormous development observed in the last
few years, regarding experimental realisations of opal-composites
with a large variety of materials. These efforts have undoubtly
pushed and enriched the state of the art in materials science. 85

The general concept for producing inverse opals is simple.
First, one has to form the opal itself, then fill the interstitial spaces
with a liquid precursor material (polymer solution, sol-gel precur-
sor or a homogeneous dispersion of nanoparticles), and finally,
once the precursor has solidified within the template, the opal
structure is removed through chemical dissolving, radiation or
heat treatment. Inverse opals offer a great palette for the pro-
duction of tunable structural colour, and have been the subject of
several review papers. Many examples of chemical infiltra-
tion in the opal structure, via inorganic sol-gel precursors, includ-
ing TiO,, SiO; and Al, O3, were successfully demonstrated.187H190
The inverse opals not only show promising applications in thin-
film configuration, but can also be processed in a powder form
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to produce additive structural colour pigments (see Fig. [TT]), as
demonstrated by Josephson et al. 121! Gas phase infiltration meth-
ods, such as CVDI92I193 or ALDIOIIS! (see section[3.1.2.2), have
also extended the possibility of production of inorganic inverse
opal materials in various configurations. These techniques indeed
allow very conformal deposition around the spherical units, with
controllable thickness, which is essential to control both the ho-
mogeneity and the optical properties.

Silica opals, on the other hand, are very useful for the fabrica-
tion of inverse opal structures, where the guest materials require
further thermal and chemical treatment. Silica is indeed ther-
mally stable at elevated temperatures (circ. 700°C), and chemi-
cally inert in the presence of most solvents. It is also possible to
infiltrate the silica opal structure with polymers to form struc-
turally coloured, free-standing films with long-range order.19¢
Even more intriguing systems, where the biological materials are
themselves constructed in a photonic organisation by the tem-
plate infiltration method, may also be explored. Hence, in a re-
cent communication, Kim et al.12Z reported the use of silk in an
inverse opal structure. Starting from PMMA opal templates, they
infiltrated fibroin solutions extracted from Bombyx mori silkworm
cocoons, and allowed the silk to solidify into an amorphous, free-
standing silk-PMMA film. The PMMA templates were then re-
moved by dissolution in acetone, which led to the formation of
iridescent silk films.127

The combination of templates, materials composition and en-
gineered photonic nanostructures are endless, thus offering vast
possibilities for various applications (see section[4). The further
incorporation of functional dopants, photoactive or photochemi-
cal compounds, or nonlinear optical elements, are also routes for
even more sophisticated properties.

3.2.2.2 Co-assembly. As mentioned in section the
use of self-assembly processes to form large-area colloidal crys-
tal films typically results in the formation of cracks, domain
boundaries, colloid vacancies, and other defects. The subse-
quent solution-based infiltration of such templates causes addi-
tional cracking of these mechanically fragile templates. In or-
der to avoid further deformations in the opal (or inverse opal)
structures, and increase the strength of self-assembled templates,
partial sintering,128 deposition onto topologically patterned sub-
strates, or changing the evaporative deposition conditions were
suggested.12? However, excessive infiltration and deposition may
still result in overlayer formation, whereas incomplete, or non-
conformal, deposition often leads to structural collapses during
the removal of the template. Therefore Aizenberg’s group re-
cently made significant efforts to produce crack-free and uniform
large area inverse opal films. In their work, they discovered that
letting the colloids and a silicate sol-gel precursor co-assemble in
a single step, rather than the classical sequential replication, ac-
tually generates highly ordered, crack-free, multilayered inverse
opal films on the scale of centimetres. They also reveal the mecha-
nism to achieve such long-range order. Co-assembly indeed elim-
inates cracking and inhomogeneity, which are associated with
liquid infiltration into a preassembled opal. Furthermore, this
method takes advantage of the interplay between the template
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and the matrix’s assembly, leading to the further correction of in-
cipient defects.200

At the other end of the scope, chiral nematic self-assembled
systems can also be used as structure-directing agents for self-
assembly. Interestingly, for such systems, infiltration with a sol-
gel precursor leads to the production of mesoporous metal ox-
ides, without replicating the chiral nematic CNC structure. 2011202
Once the CNC self-assembly takes place, the strong interaction
between nanocrystals leads to the formations of a compact struc-
ture, which does not allow the guest molecules (or particles) to
infiltrate. Therefore, Mark MacLachlan’s group at the University
of British Columbia developed a method where the CNCs self-
assemble in the presence of a silicate sol-gel precursor, tetram-
ethylene orthosilicate (TMOS). The researchers were able to
demonstrate the first example of using CNCs as a structure direct-
ing agent for the production of free standing SiO, chiral nematic
films with structural colour.122 The helical pitch of the silica films
could be tuned across the entire visible spectrum, and into the
near-infrared, by adjusting the proportion of the silica precursor
TMOS to CNCs. The same approach was extended to other sol-
gel precursors, such as organosilicates, (RO)3Si-R’-Si(OR)3; where
R’ = aliphatic/aryl, to produce periodic mesoporous organosili-
cas.293 The same team was also able to transfer the chiral ne-
matic structure to water soluble resins.2%4 Per further function-
alisation of the surface charges of the CNC, they were further
able to disperse the CNCs in different solvent systems to fabricate
chiral nematic composite films of CNCs with PMMA and PS.20>
These systems all had chiral nematic pitch in the visible region.

Chemical infiltration into the structurally coloured media en-
tails the transport of chemicals to the reaction site, which takes
place in pores of only few hundreds of nanometres (sometimes,
even less). Therefore, access to the reaction sites is often lim-
ited. Furthermore, when the chemical precursors initiate mate-
rial growth on the walls of the pores, access to these sites dimin-
ishes as the reaction simultaneously proceeds. This effect puts
a limit on what thicknesses can be grown. Hence, co-assembly,
potentially solving these problems, seems to be a very promising
method for the template approach, and more generally, for the
synthesis of diverse new porous materials with attractive optical
properties.

4 Applications

As already explained, colours play a vital role, both in the plant
and the animal kingdoms, by providing ways to communicate, to
entice or to camouflage.2%Z The interaction of light with micro-
and nano-structures can produce various optical phenomena,
some of which result in structural colouration without using pig-
ments. The pigments rely on the absorption of certain wave-
lengths of light. As a result, other wavelengths are reflected or
scattered, which causes the observer to see the corresponding
colours. When chemical pigments absorb light, they trigger a
series of chemical interactions within the material, which may
cause them to fade over time. Structural colours, on the other
hand, potentially endure for much longer time scales. Further-
more, from an environmental standpoint, biomimetic structural
colouration has an ecological merit since they are not produced
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Fig. 11 Examples of recent applications of bio-inspired structural colours (A) SEM images of inverse opal SiO, powders at two magnifications (top), and
photography of the mixed primary colour pigments (adapted with permission from Ref. 197 © 2014 John Wiley & Sons). (B) Optical microscope and
SEM images of PS colloids immobilised in polyacrylamide hydrogel (top), forming the photonic supraballs; reversible colour changes of the supraballs
with varying relative humidity (adapted with permission from Ref.[131] © 2013 Royal Society of Chemistry). (C) lllustration of SU-8 photoresist inverse
opal fabrication, and optical microscopy images (corresponding SEM in insets) of the pixelated inverse opals prepared to reflect a single colour: red,
green or blue (adapted with permission from Ref. [142, © 2014 John Wiley & Sons). (D) lllustration of the patterning of the “magnetic ink” made
of superparamagnetic colloidal nanocrystal clusters embedded in photocurable resin; the diffraction wavelength (d; and d,) is tuned by varying the
strength of the magnetic field. The spatially patterned UV-light polymerises the resin and fixes the position of ordered colloidal clusters; the bottom
image are optical micrographs of the multicoloured structural colour generated by gradually increasing magnetic fields in reflection mode (adapted with
permission from Ref.[206] © 2009 Nature Publishing Group).

through chemical processes. Understanding the mechanism be- 4.1 Responsive and tunable structural colours
hind structurally coloured systems in nature is therefore of high
importance. Not only may it shed some light on evolutionary
processes, but it could also offer a route to yet unknown techno-
logical prowess. Nature uses cost effective materials, and simple,
finely selected processes, in order to develop multifunctional ma-
terials. Therefore, mastering nature’s concepts for material design
opens new doors for today’s advanced technologies.

One of the most studied areas for structurally-coloured materi-
als is their response to surrounding environmental stimuli pro-
ducing a change in colour. The colour of such stimuli-responsive
photonic band-gap materials are changeable by varying either the
distance of two neighbouring lattice planes, or the refractive in-
dex contrast between two media. Therefore various responsive
structural coloured materials have a great potential for the devel-
opment of materials in many different industries, from advanced
textiles to optical sensing devices and actuation systems.
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Mechanochromic solid sheets, or structural colours in hydrogel
form, have been widely explored as the basis of smart and func-
tional fabrics. Various methods have been proposed for the fab-
rication of solid mechanochromic sheets, including crosslinking
of mono-dispersed core-shell microspheres consisting of a rigid
core and a soft, elastomeric shell. These offer rapid, reversible
and repeatable colour transitions upon the application of a stress
and its removal. Further methods include the infiltration of an
elastomer into assembled hard microspheres, to form non-close-
packed colloidal, inverse opal structures.2087213/t is also possible
to produce photonic hydrogels by fixing monodispersed magnetic
nanoparticles i.e. Fe304 within the hydrogels, under a magnetic
field, and by further in situ photopolymerization in a cross-linked
acrylamide (AM) matrix. 214

It is also possible to process similar biomimetic photonic struc-
tures in a fibre form, in order to produce flexible and “smart”
photonic textiles with colors that are tunable over the entire visi-
ble spectrum. These can then also act as optical sensors for both
strain and pressure. Hence, as mentioned in section[3.1.2.1} Kolle
et al.®Z produced a multilayered fibre that is spun around a glass
filament, and that essentially forms a planar Bragg stack. Upon
removal of the glass core, the resulting flexible fibre showed sen-
sitive colour changes against an applied strain. Such biomimetic
fibres could potentially find applications in mechanically tunable
light guides or optical strain sensing.”

Similarly, Sun et al.2!® demonstrated the fabrication of
mechanochromic fibres based on aligned carbon-nanotube (CNT)
sheets. These were bound to an elastic PDMS fiber, with poly-
mer microspheres deposited on the CNT layer electrophoretically,
and followed by further embedding in PDMS to fix the micro-
spheres.215 An alternative method for the production of struc-
turally coloured strain-responsive fibres was suggested by Shang
et al.218 again based on fixing magnetic nanoparticles (Fe304)
in a polyacrylamide glycol gel matrix. Upon the application of an
external magnetic field, the randomly dispersed spherical parti-
cles are embedded in the matrix as 1D chain-like structure. The
distance between each sphere in the matrix can be reversibly
changed by elastic deformations of the matrix, which produce a
visible colour change.”218 Zhang et al. 217 recently developed a dif-
ferent strategy to prepare mechanochromic fibres. They coated,
continuously, commercially available black spandex fibres with
microspheres made with a hard, PS/PMMA core and a soft PEA
(poly(ethyl acrylate)) shell. They demonstrated that the micro-
spheres self-assemble into a photonic crystal structure with bril-
liant structural colours that cover the visible light region. They
could also control the colours of these fibres by varying the diam-
eters of the core-shell microspheres.217

Novel materials, made via the rapid formation of ordered ar-
rays through a change in magnetic or electric fields, and with
widely, rapidly, and reversibly tunable structural colours are de-
sirable for various chromatic applications: colour display, secu-
rity, camouflage, or information storage, for example. The key
to tune the self-assembly, and hence the colour variations of such
systems in response to a magnetic field, lies with the formation
of a dynamic balance between magnetic dipole-dipole interac-
tion and long-range electrostatic repulsive interactions. This pro-
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cess, however, requires the use of specialised magnetic colloidal
particles. Different magnetic colloidal systems, based on super-
paramagnetic Fe;04 nanoparticles or nanoellipsoids made of a
metallic Fe core inside a SiO, shell, were shown to align under
magnetic fields spontaneously. These systems are very promising
to produce magnetically responsive photonic systems as a new
platform for chromatic applications.’2187220 Electric fields, on the
other hand, can also assemble colloidal particles into ordered
structures that dissipate into a disordered phase on removal of
the electric field.22!' It is indeed common to examine the reor-
ganisation of colloidal crystals under an electric field in a lig-
uid medium.222223 Fyrther to these, Baumberg’s team devised
a method to fix the electrically-induced particle chains in a poly-
mer matrix permanently, which can potentially be the basis of a
new scanning printing process. Since it is difficult to replicate
the patterning process and the structural colours, such systems
can find a market value where iridescent, non-fading structural
colours are favourable, such as printing on banknotes, passports,
and certificates.224

The colorimetric response of structurally coloured systems
to temperature changes, 2227227l a5 well as the colour changes
against chemical interactions in the gas phase or through
liquid solvent interactions (such as solvent vapour infiltra-
tion, 13112281229 jonic media and pH changes, 239231 and interac-
tion with special molecules?3%) can be used in various sensing
applications (see Fig.[11B, for example). 27145173 Designing such
bio-inspired sensors to achieve a sensory response within the vis-
ible region relies on the relationship between the material prop-
erties, their intrinsic nanostructures and the reflected light. Bio-
inspired colour sensors within the visible region provide a simple,
yet powerful, detection mechanism, which holds great potential
for various applications in different industries, including diagnos-
tics, 2331234 environmental monitoring, workplace hazard identifi-
cation, and threat detection.’324237 Gonsequently, there are sev-
eral review articles focusing on the development of bio-inspired
colorimetric sensors, their fabrication methods, their operation
mechanisms and the possible industries involved. 822387241

Another system that can also exhibit changes in colour under
a wide range of stimuli is the chiral nematic photonic structures.
Their use in various sensing applications were also discussed in
a recent review.242 One of he most studied chiral nematic pho-
tonic structures is produced through the self-assembly of cellulose
nanocrystals and their organic/inorganic composite structures
(see section 3.2.1.2). Cellulose is a highly hydrophilic material,
and upon exposure to water (in liquid or vapour), the helicoidal
pitch of its CNC assembly (hence the colour) shifts reversibly
along with the film swelling.203243 When the porosity of such
compact chiral nematic films is increased through supramolecu-
lar methods (using urea formaldehyde, for example), the final
mesoporous chiral cellulose material displays dynamic photonic
properties, which may make them ideal for optical filters and/or
chemical sensors.244
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4.2 Surface engineering with structurally-coloured systems

The production of photonic arrays, using either top-down or
bottom-up strategies, not only produces tunable colours, but also
offers a great variety of applications, notably due to the use of
advanced surface engineering involved in such processes. It is
possible to use a great variety of materials to combine different
effects, such as hydrophobicity or electric field-driven colour tun-
ability.

The iridescent and metallic appearances of the structurally
coloured species are notably used to attract the attention of po-
tential mates, or to startle predators. An obvious application
for these visually attractive, and optically sophisticated, construc-
tions is to create security encoding and anti-counterfeiting fea-
tures. As we have seen in section 3] replicating these features
is indeed highly challenging. Therefore, significant efforts are
made to develop security features and encryption applications,
by using both top-down and bottom-up strategies. The use of
self-assembled dielectric materials offers an accessible way to
produce security features.87243 Additional optical illusions can
be achieved by using different material properties: for example,
employing a superparamagnetic iron oxide core (Fe304) inside
Si0, colloidal spheres, Kim et al. 22 demonstrated the patterning
of multiple structural colours with a magnetic field (Fig. [L1D).
Such systems are also lithographically fixable, which could allow
the industrial production of these high-resolution multicoloured
patterns.2%% In a similar work, Hu et al.24¢ used superparamag-
netic colloidal particles to produce dual photonic band-gap het-
erostructures, which showed switchable colour changes upon an
applied magnetic field. This process adds another security ele-
ment for anti-counterfeiting applications.24® Plasmonic materi-
als, on the other hand, exhibit extraordinary enhancements in
confining optical fields with well-controlled intensity, phase and
polarisation of light, beyond the diffraction limit.4Z Therefore,
these structural colours also hold a great potential in the devel-
opment of materials for forgery protection. 021248

Interestingly, apart from their structural colour, Morpho but-
terflies also attracted much interest due to the excellent water
repellency of their wings. This effect is caused by the multiple
superhydrophobic ridges, giving them a self-cleaning ability.24%
Replication of structural colouration, together with the “lotus ef-
fect” (that is, the self-cleaning effect due to the very high water
repellence caused by both the nanostructures and the materials
chemistry) was studied by Gu et al.'l87 in inverse opal systems.
In their work, they demonstrate the long-order range organisa-
tion, through a bi-component nanoparticles (that is, monodis-
persed polystyrene spheres, in the range of 300 — 500nm along
with silica nanoparticles of size 6nm) using the vertical convec-
tive self-assembly (see section [3.2.1.1). Upon the removal of
the polystyrene opal frame, and after the surface modification
of the silica inverse opal substrates with a fluoroalkylsilane, they
achieved superhydrophobicity with a 155° contact angle. 187 In
another study, the same silica inverse opal structure was pre-
pared similarly, but the substrates was covered with azobenzene
by electrostatic layer-by-layer self-assembly. Such films showed a
reversible change in the wettability of the surface, depending on

This journal is © The Royal Society of Chemistry [year]

the applied irradiation, which caused a change in the azobenzene
isomeric conformations.22% The extensive research on production
of bio-inspired photonic crystals, with structural colour and tun-
able wettability has been summarized in a review.2>L' On the side
of top-down production, Wang et al.>2 fabricated periodic grat-
ing structures on a graphene oxide (GO) film using two-beam
laser interference. The process seemed to simultaneously remove
the oxygen groups on GO. With increasing laser power, the con-
tact angle of the surfaces was increased to value of 156.7°.222/ The
pillar structures on the surface is usually responsible of the col-
oration and the hydrophobicity. For the glasswing butterfly Greta
oto, the small nanopillars covering the transparent regions of its
wings actually cause anti-reflection behaviour, which inspires ap-
plications for omnidirectional anti-reflective coatings.223 Moth
eyes are also famous examples of anti-reflective structures, and
have been subject of extensive biomimetics studies, with promis-
ing applications in display technologies, solar panels, and light
emitting diodes.2312241255

Patterning the colloidal crystals, or dynamically tuning their pe-
riodicity, could potentially be used as a basis for colour displays in
reflection mode (Fig.). 11611421145122112561257) pyrthermore, the
deliberate insertion of organised defects into colloidal crystals, or
doping such crystals with light emitters, enables the creation of
optical waveguides2282>9 and Jasers. 200

Three-dimensional photonic crystals, based on colloidal self-
assembly and inverse opal structures, possess a photonic band-
gap based on their intrinsic periodic structure, which can se-
lectively modify the propagation of light with a specific wave-
length. Ideally, it may be desired to maximise the coupling of
light into a structure, while minimising the amount of light that
escapes. Having such control on the propagation of light, and
localization of photons, is, without doubt, very beneficial for
photocatalytic and photovoltaic applications. Researchers have
studied various inverse opal systems that implicate metal oxides
such as TiO,, ZnO, BiVO4 or WO3, for both dye-sensitised so-
lar cell devices (DSSCs), and as photoanodes in photoelectro-
chemical cells. 1942611264 Ope of the most studied metal oxides
in such systems is TiO,, which is usually applied as a bulk film
in DSSCs. The bulk TiO, layer scatters and reflects the light ran-
domly, whereas the reflectance of TiO, in the inverse opal ge-
ometry is highly wavelength-selective. In that case, the incident
light could be managed effectively to enhance light harvesting, by
matching the electronic band-gap of the metal oxide to its pho-
tonic band-gap124261 or by matching the photonic band-gap to
the absorption of the sensitising dye.22> Organic-inorganic halide
perovskites-based solar cells is yet another class of photovoltaic
systems with a photon-to-electron conversion mechanism which
is quite different from that of the classical metal oxide solar cells.
Henry Snaith’s team at the University of Oxford produced per-
ovskite solar cells on a biomimetic scaffold of alternating layers
of TiO, and porous SiO;, and demonstrated that it is possible to
tune the hue of the perovskite device. Structural coloration in
perovskite solar cells is proven to bring many advantages, such
as tunability of the colours for specific panchromatic photovoltaic
absorbers, and the fact that colouration will not bleach or fade
with time offers great stability for such systems.’202
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Nature offers an extended array of nanostructures, with smart
selection of cost effective materials to sustain numerous physi-
cal functions. In addition to mechanical integrity, colouration
and hydrophobicity (section [4.2), the nanostructures originally
designed to attain structural colours can also help us to produce
highly light-absorbent biomimetic materials. For example, in or-
der to maintain a constant body temperature, the Troides magel-
lanus butterfly also exhibits an unusual absorption of visible light
(98%), while emitting radiation in the infrared region, due to the
special organization of chitin.267 Possibly, this added functional-
ity is used to dissipate heat for temperature regulation, and is also
found in the Morpho species.268l Mimicking the dissipative prop-
erty of chitin may also be beneficial for photovoltaic applications.

4.3 Structural colours in art, cosmetics, paints and textiles
The list of potential applications for structurally-coloured mate-
rials is indeed quite large. Yet, the most obvious way to use
these materials is by exploiting the aesthetic aspect of their vivid
colouration. Hence, relevant industries, such as art, cosmetics,
textiles and decorations, have adopted structural colours to cre-
ate non-traditional pigments and dyes long ago.

Structurally-coloured species, such as opals, nacre and pearls,
have been used in jewelry and the fabrication of decorative
items (such as pots, boxes etc.) for centuries.2%? Some re-
cent modern art pieces use the brilliant Morpho, and other but-
terflies, as coloured entities by incorporating entire specimens
as themselves (for example, Damien Hirst’s “Psalm 6: Domine,
ne in furore.”, 2008). Artists can take advantage of structural
colours to create specific colouration and aesthetic expressions.
Some artistic paints’ suppliers, such as Golden Artist Colors®
or Liquitex®ﬂ are producing a large variety of acrylic-based,
structurally coloured paints, which impart shimmering irides-
cent or interference reflective qualities. These usually arise from
nanoflakes of mica, coated with a thin layer of titanium dioxide,
metal or iron oxide pigments.

But some artists go beyond what is available on the market, in
terms of mimicking iridescence effects, and actually create their
own structural colours to achieve unique displays.272%27L Such
artists, like Kate Nichols Paul EvansE] and Franziska Schenk
usually hold laboratories’ artist-in-residence positions, or closely
collaborate with scientists, to synthesize their own nanoparticles
that mimic various optical effects seen in Morpho butterflies, bee-
tles and bird feathers (see Figs. and [I2B). This way, they
also construct non-reproducible pieces by making their own base
materials.

As we have seen in section a way to fabricate structural
colours is to produce nanoparticles that self-organise. Yet, col-
loidal self-assembly has several limitations, due to the sensitive
nature of the process: the crystal orientation in large scales is not
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fully controllable, the process is time-consuming, and the success
of the self-assembly is heavily dependent on the substrates, where
an even colouration can only be achieved on perfectly flat and
uniform surfaces. The best way to use the structurally-coloured
colloidal crystals as pigments is to process them into a pow-
der form (Fig. ).191 Hence, in order to overcome the short-
comings of solvent-based self-assembly processes, Park et al. 272
introduced paintings that produce structural colours by rubbing
a nanoparticle powder on an elastomer surface. Their technique
is a quick, highly reproducible mean to fabricate a single crystal
monolayer assembly of particles over an unlimited area. 272273

Pearlescent pigments, on the other hand, can be produced by
coating mica particles with thin layers of metal oxides (TiO,, ZrO,
or SiO;) to create lustrous, iridescent and other angle-dependent
optical effects. Such pigments are indeed used extensively in a va-
riety of industrial products.27#275 Similar pearlescent pigments
have notably captured the interest of cosmetics’ industries. Again
inspired by the structural colours of butterfly wings, researchers
at L’Oréal®, for example, developed multilayers of mica, silica,
and networks of polymers or silica beads with remarkable opti-
cal effects. By varying the number of layers, they could achieve
different optical effects: with a simple thin layer, they obtained
the classical iridescence effect (see section [2.I)); but by multiply-
ing the layers of particles or metallic oxides (up to 200 layers),
they could produced a mirror effect, where the colour of the light
transmitted is complementary to the light reﬂectedm Colour-
shift, colour-flip or holographic effects on curved surfaces (such
as cars) can also be achieved using microflakes and chameleon
pearl-based pigments. These can be readily applied onto a car’s
body, by mixing them with different paint matrices for coat-
ing [

Further to these new generations of powderous forms of
structurally-colouring paints, pre-defined and tuned colloidal sus-
pensions can also be directly used as paints.276277 Alternatively,
to fabricate a paint composition, photo-curable pre-assembled
colloidal photonic crystal films can be ground to microscopic
photonic crystal flakes and redispersed into a solvent.278 Simi-
larly, the aforementioned “photonic balls” (section may
be used directly in paint formulations.272/280' Additionally, it is
possible to enhance the colour effect of these opalescent photonic
structures, by adding small amounts of highly light-absorbing ma-
terial, such as carbon, which incorporates in the interstitial space
surrounding the high-refractive-index spheres,281-283

In textile-related applications, bio-inspired opalescent films can
also be produced at industrial scales, by using an edge-shearing
method. In this process, colloidal particles are sandwiched as
a thin film between two removable polymer sheets, which are
then drawn over a sharp edge. This way, the particles rearrange
themselves to form a highly periodic structure, greatly strength-
ening their response to light, and making their colour particularly
intense.284 The edge-shearing process notable permits the rapid

|| http://www.loreal.com
== http://www.pearlsandpigments.com
T http://www.sfxc.co.uk
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Fig. 12 (A) Franziska Schenk’s “Erebus obscura”, 2008 uses structurally-coloured paints over a black pigmentary base (reproduced with permission,
© 2008 Franziska Schenk). (B) Kate Nichols’ “Through the Looking Glass”, 2011 employs silver nanoparticles (image courtesy of Kate Nichols). (C)
Holographic patterns made from chocolate (bottom), via direct casting with pre-fabricated polycarbonate moulds (top); images courtesy of Morphotonix.

production of large scale films. Along the same lines, researchers
at the Nissan Motor Company® demonstrated that it is possi-
ble to produce structurally-coloured fibres, and a fabric woven,
through a conjugated melt spinning method.285 In this process,
the non-circular and structurally-coloured fibres are notably pre-
fabricated, prior to their melt-spinning, by stacking alternating
polymer layers with large refractive index contrast. Their colour
can be tuned by changing the thicknesses of the constituent poly-
mer layers.

Finally, it is possible to produce colouration on food without us-
ing any artificial colouring agents, directly by using the top-down
methods. For example, the Swiss nanotechnology company Mor-
photoni developed a way to create holographic patterns on
the surface of chocolates, without using any chemical additives,
by directly casting the chocolate into diffractive holograms (see
Fig. ). For this purpose, the company developed a technology
to micro-pattern bulk, free-form metallic templates employed in
the fabrication of the polycarbonate moulds that are subsequently
used in chocolate production. The diffractive patterns from the
metal are thus replicated into the chocolate during its casting
process. Even though the process and design are not directly in-
spired by nature, the use of an edible substance ostensibly shows
the variety of potential materials that could be manufactured into
structural colours.

5 Conclusions

The structural colours of living creatures are designed for vari-
ous types of biological function. They originate from basic opti-
cal phenomena, such as diffraction, interference and scattering,
which are often finely combined and balanced to optimise the
colouration effects for the particular function sought. From an
engineering point of view, natural structural colours exhibit at-
tractive features, such as iridescence, polarisation-dependent re-
sponse, or long-life and high environmental resistance. They also
tend to be particularly energy-efficient. For these reasons, the

£ http://www.morphotonix.com
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structural colours found in nature have attracted intense research
and biomimicry efforts in the recent years.

In this review, we have briefly recalled the physical principles
behind structural colours in nature, before focussing on the recent
achievements in manufacturing these bio-inspired structures. We
also reported the current or potential applications of structural
colours in industry, arts and sciences. Currently, the most suc-
cessful approaches for fabricating structural colours usually asso-
ciate several top-down and bottom-up processes. Still, these tech-
niques are often limited in terms of consistency, object dimensions
and throughput.

We presented strategies using self-assembly in great details in
this review (section. Aside from being the fabrication pro-
cess for most materials found in living species, self-assembly also
appears to be the best method for building structured materials
that exhibit colouration: firstly, it is both economical (because it
typically uses few materials) and environmental-friendly (since
the process generally requires little external intervention or addi-
tional sources of energy); secondly, it allows for industrial scales
production with a high degree of accuracy, in terms of structure
conservation and periodicity over large objects.

Controlling self-assembly, however, is an arduous task, which
demands further research in chemistry and physics. Additionally,
it may be appealing to also mimic the material properties of the
natural self-assembling building blocks, such as chitin, cellulose,
melanin, etc. Often, in addition to colouration, the nanostruc-
tures that are formed from these constituents serve multiple other
functions (self-cleaning, heat dissipation, etc.), which are inher-
ited from the building material itself. We have tackled some of
these aspects in section[4.2] and showed how multi-functionalities
are also an attractive feature for the engineers, over an even wider
range of applications (e.g., solar panels, packaging, etc.).

Most strikingly, living creatures employ a very narrow range of
materials, when compared with the variety of materials compos-
ing synthetic functional objects. The optimisation in the materi-
als selection found in nature should also be a good of inspiration
for future manufacturing strategies. Natural substances used for
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structural colours in living species, in particular, are abundant,
sustainable and safe for the environment. They may as well be
used as the basis for bio-inspired structured materials. But they
may also form the basis for future custom-designed structures
that go beyond what is found in nature.

Hence, not only the structural arrangements, but also the fab-
ricating processes and materials may be biologically inspired. A
concerted effort, across many disciplines, is needed to master the
reproduction of the highly efficient designs and processes found
in nature. But this is an essential step to undertake in order to
further invent our own structured materials. Much is left to in-
vestigate, and this field of research is indeed rapidly growing, as
nature’s evolutionary engineering is progressively elucidated.
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