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Abstract

In this paper, the key topics of tunable structural color in biology and material science are
overviewed. Color in biology is considered for selected groups of tropical fish, octopus, squid
and beetle. It is caused by nanoplates in iridophores and varies with their spacing, tilting angle
and refractive index. These examples may provide valuable hints for the bioinspired design of
photonic materials. 1D multilayer films and 3D colloidal crystals with tunable structural color
are overviewed from the viewpoint of advanced materials. The tunability of structural color by
swelling and strain is demonstrated on an example of opal composites.

Keywords: structural color, Bragg’s diffraction, multi-layer films, colloidal crystals, tunable

interspace

1. Introduction

Iridescence is a structural color formed without using
pigments, dye or luminescence [1, 2]. It originates from
spectrally selective reflection of visible light from a periodic
modulation of refractive index. We can observe the structural
color in natural life forms, for example, in peacock feathers,
outer shells of jewel beetles, wings of Morpho butterflies
and many other insects. A previous review summarized
the multilayer interference of light in aquatic organisms,
particularly in fish scales [3]. Multilayer interference is also
the major topic of this paper. Structural color in nature
is used in camouflage, intimidation (warning), display and
communication, and there have been recent discoveries in this
area from the viewpoint of photonic crystals [4, 5]. However,
the structural color of life forms cannot be expressed using
a simple interference model, and its origin, particularly in
butterflies, remains an active research topic in biology and
physics [6-9].

The scales of some fishes and epidermises of insects
can change their structural color [10, 11]. The blue color
of Morpho butterfly wings is caused by their periodic
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nanostructure. It can be changed by varying the refractive
index n, for example, from blue to green by soaking in
acetone (n = 1.362) [12]. After the wings are dried, their color
returns to original. This is an example of passive color change,
and in this review, we focus on active structural color in
organisms, that is, voluntary color changes in some groups of
tropical fish, octopus, squid and beetle in response to external
stimuli. Revealing their mechanisms may provide hints for the
fabrication of new photonic materials with tunable structural
color. Such bioinspired or biomimetic materials are a new
trend and an emerging technology [13-20]. This review is
organized as follows. We first consider 1D photonic crystals
consisting of multilayer films and block copolymers as well as
3D photonic crystals based on colloids. The tunable structural
color of opal photonic crystals is described next [21], followed
by an outlook of future developments.

2. Tunable structural color in nature

Various species of damselfish are known for their attractive
bright-blue coloration as shown in figure 1(A), and this color

© 2011 National Institute for Materials Science Printed in the UK
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Figure 1. (A) Photo of a blue damselfish taken at an aquarium at
Fukushima, Japan; this fish can reversibly change its color.

(B) Illustration of the mechanism behind the reversible color change
by motile iridophore [23]. Guanine crystal nanoplates are stacked
on the nucleus (i) in the iridophore cell and their spacing is varied.

can change to green depending on the environment. Kasukawa
et al proposed a model for this color change [22]. Figure 1(B)
shows a schematic of an iridophore and the mechanism of
color tuning by a stack of guanine nanoplates. The refractive
index of guanine crystals is 1.83 and it is 1.37 for the
surrounding cytoplasm [23]. The color is reversibly changed
by the movement of reflecting guanine plates, from blue at d;
to green at d,. Mithger et al reported a rapid color change
in multilayer reflection from paradise whiptail [24]. The color
switched from blue to red within approximately 0.25s, and
the corresponding reflection peak shifted between 465 and
650 nm. The mechanism behind this phenomenon should be
useful for designing color-tunable materials.

Figure 2 shows three mechanisms of tuning structural
color in nature wherein the key factors are refractive index,
periodic nanostructure and incident light angle. Tao et al
reported a mechanism of rainbow color of squid iridophores
as shown in figure 2(A) [25]. In the iridophore cell,
membrane-enclosed protein nanoplatelets form a multilayer
structure. The iridophore is chemically tuned by exposure to
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Figure 2. Color tuning mechanisms in living creatures:

(A) expansion and compression of extracellular space between
protein platelets in cephalopods, (B) tilting protein platelet in the
iridophore of neon tetra fish, (C) changing refractive index of a
porous layer by absorbing liquid onto the beetle shell.

acetylcholine. The color is reversibly tuned by the thickness
change of the protein platelets between d; and d,. This
mechanism is slightly different from that of the cobalt blue
shown in figure 1(B). According to a recent review [26], squid,
octopus and cuttlefish use this mechanism for camouflage and
communication.

The South American tropical fish neon tetra changes its
color from green in daytime to violet-blue at night [27].
Figure 2(B) shows a schematic of the iridophore of neon
tetra, which is attributed to the venetian blind type [23]. The
structural color changes occur by tilting the platelets in the
iridophore [28, 29]. A similar color tuning mechanism is
observed in jellyfish. The comb jellyfish has a deformable
and transparent body that iridesces across the whole visible
spectrum as a result of the combs beating. This phenomenon
originates from the angle-dependent reflection from a
two-dimensional photonic crystal formed in the combs [30].

Some beetles can change color by varying the refractive
index of epidermis. For example, shield bugs change their
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Figure 3. One-dimensional photonic crystals using interference in a multilayer structure: (A) a stack of polymer composite layers having
refractive indices of n; and n, and thicknesses d; and d,, (B) stacking procedure, (C) self-assembly by casting copolymer solution.

color using moisture [31]. Figure 2(C) shows the associated
color tuning mechanism described in Berthier’s book [12]. At
rest, the cuticle shell of a porous laminate layer is dry. When
stressed, the porous layer absorbs water and its refractive
index increases from n; to n,. The Hoplia coerulea beetle
changes its color from bright blue to emerald green [32].
Other beetles can combine structural color and pigment color.
The tortoise beetle can reversibly change its shell color from
metallic yellow to a more diffusive red within 90s when
disturbed [33]. Its shell contains a double layer bearing the
structural color in the outer part and red pigment in the
inner part. Discoloration of the outer layer reveals the red
pigmentation. The Hercules beetle changes its color from
khaki-green when dry to black at high humidity levels. When
the 3D nanoporous structure of the cuticle absorbs water, it
becomes less reflective and reveals the black color of the
underlying melanin layer.

3. Bioinspired materials for tunable structural
materials

Scientists have been working on realizing the color-tuning
mechanism found in nature in synthetic materials [34]. For
example, one commercially available bioinspired product is
a structurally colored lamellar ridge fiber made of polyester
(n = 1.63) and polyamide (n = 1.53) [35]. Here, we consider
two representative architectures: 1D multilayer films and 3D
colloidal crystals.

3.1. Multilayer interference

Figure 3(A) shows a model of 1D multilayer interference.
Land mentioned that the multilayer interference plays an
important role in the structural color of animals [3]. Guanine,

chitin or protein acts as a high-refractive-index material in
nature. Considering a stack of nonabsorbing layers with the
thicknesses and refractive indices of (d;, ny) and (d», n,) in
air (refractive index ng), the peak reflectance wavelength X at
an angle 6 can be expressed as

m.x=2(d,,/n%—ngsin29+d2 n%—n%sin29>, ¢))

where m is a positive integer.

Multilayer interference structures include dielectric
mirrors, Bragg mirrors, dichroic filters and distributed Bragg
reflectors, and are widely used in optical devices. These
devices are usually made from rigid inorganic materials such
as magnesium fluoride, silicon oxide, tantalum oxide, zinc
sulfide and titanium oxide. The multilayer films are fabricated
by physical vapor deposition, chemical vapor deposition, ion
beam deposition, molecular beam epitaxy or sputtering. Here,
we focus on multilayer interference structures made of soft
materials using a solution process. The hybrid and flexible
composite films are 1D photonic crystals with a tunable
photonic stop band.

Multilayer interference structures with tunable structural
color are mainly fabricated via two approaches. Figure 3(B)
shows the cyclic coating of two materials having different
refractive indices and the same layer thickness. The layers
are usually deposited by spin coating, dip coating or
layer-by-layer deposition, and Hammond reviewed a new
technique of layer-by-layer electrostatic assembly [36]. The
resulting polymer-based Bragg mirror films can be used to
detect acetone vapors [37, 38]. Calvo et al demonstrated
that multilayer films of high- and low-refractive-index soft
materials can exhibit a tunable structural color [39]. Wang
et al produced water—vapor-responsive organic/inorganic
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multilayer films by alternated spin coatings of a titania
precursor sol and a polymer solution [40]. The color tunability
is achieved by changing the interlayer distance, as in the
mechanism shown in figure 2(A). The color can also be tuned
through the refractive index, as in the beetle example shown
in figure 2(C). Inorganic porous films using this principle
can be used in a color-tunable sensor. Their mesoporous
SiO, and TiO, multilayers can be fabricated by depositing
precursor solutions by spin coating [41], dip coating [42] and
layer-by-layer assembly [43].

In a different approach, a multilayer film can be
fabricated by casting solution blends of the block copolymer.
The deposited thin liquid films are then annealed in
chloroform vapor to stabilize them thermally. At an
appropriate volume fraction of the block copolymer, a
stable lamellar structure is formed by micro-phase separation
[44, 45]. Figure 3(C) shows a well-ordered lamellar
structure deposited on a solid substrate via self-assembly.
Using this approach, Kang et al have grown chemically
tunable block-copolymer multilayer films with a reflectivity
range from 364 to 1627nm [46], where the reflectivity
from an ordered lamellar structure is reversibly tuned
by swelling and deswelling. They also reported a block
copolymer, polystyrene-polyvinyl pyridine, whose color is
electrochemically tunable between red and green by applying
a voltage of 10V [18]. Valkama et al achieved a color
change in block-copolymer solid films from green at room
temperature (peak position, 530 nm) to colorless (UV region,
370 nm) at 134 °C due to the shrinking of a lamellar periodic
structure [47]. Lu er al reversibly changed the color of a
swollen lamellar block-copolymer film from violet to red
by applying a voltage of 2.5V [48]. Haque et al used a
different approach, namely, unidirectional alignment of a
lamellar bilayer in a polyacrylamide hydrogel [49]. The
membrane like lamellar bilayer structure changed the color
of the hydrogel between red and blue upon swelling or
application of stress/strain.

3.2. Crystalline diffraction

Opal is a colloidal crystal and a typical 3D photonic crystal.
The crystalline diffraction from opal has been studied for
photonic applications [50, 51], and one of the milestone
achievements was the design of an inverse silicone opal
structure with a full band gap by the North American NEC
group [52]. In addition to 3D photonic crystals, the structural
color of colloidal crystals has been attracting increasing
attention. From the viewpoint of bottom-up nanotechnology,
nanostructured colloidal crystals can be fabricated using a
simple and low cost process. A large number of research
papers on opal photonic crystals were published in the past
decade, as reviewed in references [53-60].

Natural and synthetic opals show a rainbow color due
to Bragg diffraction at random orientation of the plane of
the colloidal particle arrays [61]. Figure 4 shows a natural
opal stone containing water inside (A) [62] and a synthetic
opal plate consisting of sedimentation silica colloids (B) [63].
These opal materials show iridescent rainbow color from
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Figure 4. Diffraction of light from 3D structures: (A) natural opal
gemstone displayed at the Ibaraki Nature Museum, Japan,

(B) synthetic opal made by Kyocera—the iridescence originates
from the random orientation of particle arrays, (C) SEM image of
the opal film surface shows closely packed PS spheres.

colorless silica colloids. On the other hand, crystal planes
oriented on the substrate induce monochromatic structural
color in colloidal crystal films. Simple preparation techniques
based on convective self-assembly have been developed and
are widely used in this research field [64—-66]. Figure 4(C)
shows a scanning electron microscopy (SEM) image of
close-packed polystyrene (PS) colloids on a silicon wafer.
Here, monodispersed 0.2 um PS particles form a periodic 3D
nanostructure with cubic close packing (ccp). The ccp (111)
planes are parallel to the substrate and these (111)-oriented
colloidal crystals are formed. The vertical stacking of ccp
(111) planes on the substrate resulted in the monochromatic
structural color of the opal thin film. This color depends on
the refractive index, tilting angle and distance between the ccp
(111) planes. The reflected wavelength A is expressed by the
combining of the Bragg equation with the Snell law [67]:

m -k =2dy11,/ (n%; — sin” 6). (2)
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Figure 5. Three structure types of colloid-based soft materials,
which exhibit tunable structural color by diffracting visible light:
(A) opal composite made of 3D close-packed colloidal spheres
bonded by an elastomer, (B) inverse opal made of a soft-material
frame structure—here opal acts as a template for the soft material,
(C) non close-packed colloidal crystal embedded in a soft material,
typically a hydrogel.

Here, m is a positive integer, d;;; is the distance between the
ccp (111) planes, ng is the average refractive index and 6 is
the angle of incidence.

Figures 1 and 2 provide inspiration for designing
colloidal crystals with tunable structural color. Figure 5 shows
a classification of colloidal crystals into three types: opal
composite (A), 3D close-packed (B) and non close-packed
(C) inverse opal. The elastomer in the opal composite plays
an important role in the reversible tuning of the colloidal
crystal lattice as shown in figure 5(A). From equation (2),
the structural color can be changed by controlling three
parameters: dijj, ner and 6. Some research groups have
developed opal composites focusing on tuning d;;; [68-72],
and an example of color tuning in the elastic opal composite
is discussed in the next section. Using opal as a template,
an inverse opal structure can be produced, which exhibits
porous morphology and tunable color as shown in figure 5(B).
Inverse opal hydrogels have potential applications in chemical
sensors [73, 74], and elastomer inverse opal films can be used
for mechanical fingerprinting [75]. Tunable structural color in
inverse opal photonic crystals was overviewed in [53, 56, 57].

Non close-packed colloidal crystals are formed in
deionized water and exhibit iridescence, i.e. structural
color. Diffraction of light by ordered suspensions is
well known [76]. However, this type of colloidal crystal
is unstable and can be destroyed even by a weak
disturbance. Weissman ef al have proposed a new soft

OOOOT

Colloidal particle ‘ PDMS
elastomer
000 '

Swollen

Figure 6. Reversible color tuning by swelling. A glass substrate
coated with a soft opal film was dipped in a hydrophobic liquid,
octane. In the photograph (right), the dry area has the initial blue
color and the wet area is red. The color is reverted from red to blue
by evaporating the octane. The model (left) shows how the spacing
between colloidal particles is changed by the swollen PDMS
elastomer from d; to d,.

material shown in figure 5(C), which is a colloidal crystal
embedded in a poly(N-isopropylacrylamide) hydrogel [77].
The lattice spacing in this colloidal crystal is tuned by the
temperature-induced phase transition in the hydrogel. As a
result, the diffracted wavelength from the colloidal crystal is
thermally tunable across the entire visible spectrum. The color
of the hydrogel colloidal crystals is also sensitive to pH and
ion concentration [78, 79], and colloidal crystals embedded
in hydrogels can serve as mechanical sensors for measuring
strains due to uniaxial stretching or compression [80]. Xia
et al reported electrically tunable structural color [81], tunable
laser emission [82] and structural color printing [83] using
hydrogel colloidal crystals. A recently discovered topic is
tuning the color of hydrogels by a magnetic field [84, 85].

4. Tunable structural color in opal composites

As illustrated in figure 1, damselfish can reversibly change its
color by changing the spacing between guanine nanoplates.
This mechanism of motile iridophores inspired the design of
opal composites [21]. These soft materials consist of closely
packed PS, colloids and a polydimethylsiloxane (PDMS)
elastomer (see figure 5(A)). Expansion or compression, e.g.
due to swelling or mechanical strain, reversibly tunes the
spacing between the ccp (111) planes, d1, in opal composite
films. Figure 6 shows how an opal composite film changes
its color after dipping in a hydrophobic liquid, octane [86].
The dry film has the lattice spacing d; and violet-blue
color. In the liquid, PDMS swells without dissolving and
the lattice spacing expands to d,. According to equation (2),
this expansion shifts the Bragg diffraction peak to longer
wavelengths, which explains the red color of the wet part
of the film. Evaporating the octane recovers the initial
violet-blue color. This wavelength shift depends on the
swelling liquid, and can be changed continuously, e.g. by
using silicone oils. The shift amount decreases with the
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Figure 7. Tuning structural color by mechanical stretching. The
model (left) shows the reduction of the spacing between the ccp
(111) planes from d; to d,. The photographs (right) show a soft opal
film on a PDMS rubber sheet changing color from red to green upon
stretching. The color is restored by releasing the strain.

molecular weight of silicone that can be used in a new type
of colorimetric detection.

Figure 7 shows that the structural color can be changed by
stretching an array of colloidal particles deposited on a rubber
sheet [87]. The color was reversed by releasing the stress.
Reflectance measurements revealed that the Bragg diffraction
peak shifted from 630 (red light) to 580 nm (green) upon
stretching. The stress in the horizontal direction is expressed
as o, = Ee, = E(AL/Ly), where E is the Young’s modulus,
Lo is initial length and AL =L — L, is elongation. The
horizontal stretching induces strain in the vertical direction,
which can be expressed using Poisson’s ratio v as g, =
—v(oy/E) = —v(AL/Ly). Lattice spacing d is proportional
to ,; therefore, the Bragg diffraction peak shifts with the
elongation of the rubber sheet. Such opal composite films can
be used in practical devices such as a color indicator, tension
meter or elongation strain sensor.

5. Outlook

As outlined in this review, bioinspired approaches are useful
for the design of photonic materials. A humidity sensor based
on 3D opal photonic crystals was fabricated on the basis of the
nanoporous structure of the Hercules beetle [88]. This sensor
changes its color from blue to red at high humidity; however, it
is yet unselective to the carrier gas. Potyrailo ef al discovered
that the nanostructure of Morpho butterfly wings indicates a
high-performance optical gas sensor with a highly selective
response [89]. The biomimetic approach is difficult, yet rather
interesting for industrial applications, and the nanostructured
organization of living creatures such as butterflies and beetles
may open new approaches to the design of complex photonic
functions [16, 90].

Another aspect of bio-inspired materials design is
the discovery of new, more complex nanostructures in
organisms. For example, gyroid and related phases have
been reported recently [91, 92]. Galusha et al have grown

diamond-structured 3D photonic crystals by replicating the
beetle shell using the sol-gel technique [93]. Hajduk et al
discovered the gyroid phase in a block copolymer [94]
and synthesized 3D ceramic nanostructured films from a
self-assembling double gyroid copolymer [95]. The group
of Thomas has recently proposed a bioinspired material
design from a self-assembled block copolymer, lamella,
for an electrically tunable full color device [18]. These
self-assembled nanostructures made of block copolymers are
expected to bring a new design approach to photonic crystals
with tunable color.
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