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Abstract 

Fabrication of Amorphous Microstructure for Distortion 

Free Structural Color 

Mohammad Harun-ur-Rashid, Department of Molecular Design & Engineering, 

Graduate School of Engineering, Nagoya University ,Nagoya,  Japan 

 

It has been demonstrated for the first time that three-dimensional colloidal 

amorphous arrays, prepared from two different submicron-sized silica particles, are 

able to exhibit a specific structural color that remains unchanged during the 

alternation of viewing angle. The morphology and the optical nature of the arrays 

were analyzed by scanning electron microscopy (SEM) combined with image 

processing techniques, optical microscopy, and spectroscopy. Transmittance spectra 

and digital optical microscopic images obtained from different viewing angles show 

that the structural color is angle independent, whereas an SEM image processed by a 

custom image analysis strategy depicts the presence of an amorphous structure along 

with a pseudo-gap in the arrays. The refractive index in amorphous photonic material 

changes identically in all directions. This isotropic feature of the dielectric distribution 

leads to wavelength-selective light scattering. As a result, the structural color of the 

colloidal amorphous arrays is independent of the direction of incident light. 
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1. General Introduction 

Functional materials possessing structural color have a potential for next-

generation multimedia such as a full-color paperlike display,
[1–8]

 because they can be 

very energy-efficient, less subject to light fading, and good viewable in both bright 

sunlight and dimly lit environments. Photonic crystals, consisting of dielectric 

microstructures with periodicity of roughly half the visible light wavelength, can be 

strong candidates, because they reveal brilliant structural colors based on a pseudo- or 

complete photonic band gap (PBG) by Bragg reflection of light. Colloidal crystals 

composed of submicron sized spherical monodispersed particles
[9–12]

 and microphase-

separated block copolymers
[13–14]

 by self-assembly approaches have been under 

intense study for the preparation of photonic crystals as full color pixels. The 

structural color from these photonic crystals can be varied using external stimuli such 

as electric field and optical irradiation, due to the change in the periodicity or 

refraction index, without the need for color filters or optical elements.
[4–8]

 However, 

the change in hue with angle of observation or illumination, observed from these 

photonic crystals, can be major development issue for full-color displays with a wide 

viewing angle.
[1–3]  

Here a facile method which is very simple in operation, relatively cheap, less 

time consuming, to obtain structural colored materials without angle dependence, has 

been discussed in this thesis. In general, the requirement for materials to exhibit PBG 

must be alternating regions with high dielectric contrast. The dielectric lattices with 

periodicity on the order of light wavelength can manipulate light on the basis of Bragg 

reflection. In Bragg reflection, the wavelength of reflected light is governed by the 

lattice spacing, refractive index, and angle of incidence. Judging from the 
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conventional idea of PBG, the structural color variation with observable and incident 

angles seems to be an unavoidable matter.  

In natural world, however, there exists many types of structural colored 

materials without angle dependence, arise from the interaction between light and 

various microstructures. The wings of morpho butterflies are well-known example 

exhibiting brilliant blue structural colors without angle dependence.
[15]

 The structural 

color originates mainly from light interference within separated lamella structure on 

each scale on a wing. The ridge height of the separated lamella is irregular: the 

irregularity destroys the interference among neighboring lamellae, which results in the 

diffuse and uniformly distributed reflectance in angle. The morpho butterflies 

acquired angle independent structural color of their wings due to the structural 

irregularity coexistent with the structural regularity in microscopic region on each 

scale. The microstructure of the scale on a morpho butterfly wing can be artificially 

manufactured by focused ion-beam chemical-vapor-deposition.
[16] 

The fabricated 

structure has nearly the same shape and size as morpho butterfly scales, and shows a 

reflection spectrum with peak intensity near 440 nm and the intensity curves are very 

similar shape for various incidence angles of light. However, even the fabrication of a 

tiny chip of the artificial morpho butterfly scale would be extremely expensive using 

this technique. 

In other examples, the microphase-separated structures in avian feather barbs 

also possess angle independent structural colors. One of the simplest structure is the 

amorphous array of β-keratin particles, phase separated from cytoplasm within 

medullary cells.
[17]

 The intensity and position of the peak of the reflectance spectra 

from the amorphous array are relatively constant over incident angles from normal to 

65°. Each photon has a high probability of being scattered by the amorphous array, 



17 

 

resulting in a significant contribution of multiply scattered photons to the 

backscattering signal. 

The amorphous particle arrays consisting of two different submicron-sized 

monodispersed spherical silica particles has been fabricated in order to obtain 

structural colored materials without angle dependence, which is the artificially-

imitated amorphous array of β-keratin particles in avian feather barbs. The amorphous 

arrays obtained reveal angle independent matte structural colors depending on the 

weight ratio of the two different sized silica particles. The pseudo-gap can be 

observed from the measurement of transmission spectra of these samples and the peak 

positions of the pseudo-gap are virtually constant over incident angle from 0° to 40°. 

To have a clear idea of the total work some key words should be described 

elaborately such as structural color, amorphous microstructure, angle dependence or 

the distortion of structural color. Discussions on those important terms have been 

mentioned in this chapter. 

 

1.1. Color 

The world is full of light. Visible light is made of seven wavelength groups. 

Color is the visual perceptual property corresponding in humans to the categories 

called red, yellow, blue and others. Color derives from the spectrum of light 

(distribution of light energy versus wavelength) interacting in the eye with the spectral 

sensitivities of the light receptors. Color categories and physical specifications of 

color are also associated with objects, materials, light sources, etc., based on their 

physical properties such as light absorption, reflection, or emission spectra. By 

defining a color space, colors can be identified numerically by their coordinates. 
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Because perception of color stems from the varying sensitivity of different types of 

cone cells in the retina to different parts of the spectrum, colors may be defined and 

quantified by the degree to which they stimulate these cells. These physical or 

physiological quantifications of color, however, do not fully explain the 

psychophysical perception of color appearance.
[18-23]

 

When a matter is illuminated with white light, we see a specific color if the 

reflected light of a particular wavelength range is visible to our eyes. There are two 

ways to eliminate the other wavelengths of light: one is the case where the light is 

absorbed in a material, which is usually the case for ordinary coloration mechanism in 

colored materials such as pigments, dyes, and metals. In these materials, the 

illuminating light interacts with electrons within the material and excites them to 

higher excited states by the virtue of energy consumption of light. 

The other is the case where the light is reflected, scattered, and deflected not to 

reach the eyes under the presence of a specific structure. The coloration in this case is 

based on a purely physical operation of light that interacts with various types of 

spatial inhomogeneity. So there are two types of color, one is pigmentary color and 

the other is structural color. 

1.1.1. Pigmentary Color 

A pigment is a material that changes the color of reflected or transmitted light 

as the result of wavelength-selective absorption. This physical process differs from 

fluorescence, phosphorescence, and other forms of luminescence, in which a material 

emits light. Many materials selectively absorb certain wavelengths of light. Materials 

that humans have chosen and developed for use as pigments usually have special 
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properties that make them ideal for coloring other materials. A pigment must have a 

high tinting strength relative to the materials it colors. It must be stable in solid form 

at ambient temperatures. 

Pigments appear the colors they are because they selectively reflect and absorb 

certain wavelengths of light. White light is a roughly equal mixture of the entire 

visible spectrum of light. When this light encounters a pigment, some wavelengths are 

absorbed by the chemical bonds and substituents of the pigment and others are 

reflected. This new reflected light spectrum creates the appearance of a color. 

Ultramarine reflects blue light, and absorbs other colors. Pigments, unlike fluorescent 

or phosphorescent substances, can only subtract wavelengths from the source light, 

never add new ones. The appearance of pigmentary color is intimately connected to 

the color of the source light. Sunlight has a high color temperature, and a fairly 

uniform spectrum, and is considered a standard for white light. Artificial light sources 

tend to have great peaks in some parts of their spectrum, and deep valleys in others. 

Viewed under these conditions, pigments will appear different colors. 

1.1.2. Structural Color 

The scientific definition of structural color has not yet been settled and its 

characteristics are often referred to in contrast to pigmentary color.
[24-30]

 When a 

substance is illuminated with white light, we see a specific color if the reflected light 

of only a particular wavelength range is visible to our eyes. There are two ways to 

eliminate the other wavelengths of light: one is the case where the light is absorbed in 

a material, which is usually the case for ordinary coloration mechanisms in colored 

materials such as in pigments, dyes and metals. In these materials, the illuminating 

light interacts with electrons and excites them to higher excited states by virtue of the 
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energy consumption of light. The color in this case is anyway caused by the exchange 

of energies between light and the electrons. The other is the case where light is 

reflected and/or deflected from reaching the eyes owing to the presence of structure. 

The coloration in this case is based on a purely physical operation of light that 

interacts with various types of spatial inhomogeneity. Thus, it does not essentially 

involve loss of light energy. In this sense, fundamental optical processes such as 

reflection, refraction, interference, diffraction and scattering can become sources of 

structural colors. In fact, even a simple prism should be categorized into this type of 

structural color, because the light waves with different wavelengths are deflected 

differently by virtue of its wavelength-dependent refractive index. In general, the 

mechanisms of structural colors are categorized into several optical phenomena such 

as thin-film interference, multilayer interference, diffraction grating and photonic 

crystals. However, most of the structural colors appearing in nature somehow utilize 

special mechanisms to enhance the colorations by combining these optical phenomena. 

Structural color and iridescence are two major keywords for these phenomena and 

seem to be used widely in an equivalent sense.
 [31-36]

 However, the term iridescence 

should be used somewhat in a restricted sense when the color apparently changes with 

the viewing angle. For example, thin-film interference is generally iridescent, while 

light scattering is usually non-iridescent but of a structural origin.  

 

1.1.3. Typical Optical Processes Producing Structural Colors  

 

1.1.3.1. Thin-film Interference 

If two waves are in the same place at the same time, they combine with each 

other to produce a resultant wave in accordance with the principle of superposition. 
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This effect is called interference.  Let a plane wave of light be incident on a thin film 

of thickness d and refractive index nb with the angles of incidence and refraction as θa 

and θb. The light reflected at the two surfaces interferes with each other. In general, 

the interference condition differs according to whether the thin film is attached to a 

material having a higher refractive index or not. The former is the case for the anti-

reflective coating on glasses, while a typical example of the latter is a soap bubble. 

The reason for the difference is that the reflection at a surface changes its phase by 

180
o
, when the light is incident from a material with a smaller refractive index to that 

with a higher one, while it does not in the inverse case. In the soap-bubble case, the 

condition for constructive interference becomes 

2nbd cos θb = (m − 1/2) λ,      (1) 

where λ is the wavelength giving the maximum reflectivity and m is an integer. On the 

other hand, absolutely the same condition is applied to the anti-reflective coating 

where destructive interference occurs. The constructive interference in the latter case 

is obtained simply as 

2nbd cos θb = mλ.       (2) 

In this treatment, we usually consider only one-time reflection at each surface. 

However, when the material shows higher reflectance at the interface, multiple 

reflections considerably affect the interference. An exact calculation considering such 

multiple reflections gives the amplitude reflectivity and transmittance as 

r = rab + tabrbctbae
iφ

 + · · · = rab + tabrbctbae
iφ
κ,    (3) 

t = tabtbce
iφ/2

 + tabrbcrbatbce
3iφ/2 

+ · · · = tabtbce
iφ/2
κ,   (4) 

where κ = 1/(1 − rbcrba exp[iφ]) and φ = 4πnbd cos θb/λ. rab and tab are the amplitude 

reflectivity and transmittance at an interface incident from a to b, respectively, and are 

obtained from Fresnel’s law. Then, the power reflectivity and transmittance are given 
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as R = |r|
2
 and T = (nc/na)|t |

2
 with R + T = 1 as long as the refractive indices are real. It 

is easily shown that κ = 1 with tabtba = 1 and |rab| = |rbc| corresponds to one-time 

reflection at each surface. It is clear that the reflectivity is rather low in each case and 

smoothly changes with the wavelength. Thus simple thin-film interference gives only 

weak dependence on the wavelength with low reflectance.  

If the thickness of the film becomes larger, regular multiple peaks appear in the 

reflection spectrum as a consequence of the higher-order interference with m > 1. 

These peaks in a visible region cause a special effect called non-spectral color to 

human vision in contrast to an ordinary spectral color, i.e. a single wavelength of light 

is perceived in the eye. The non-spectral color is deeply connected with the spectral 

sensitivities of vision and is explained in terms that more than two color-receptors 

among three are sensed simultaneously. Violet is a spectral color, but purple and 

magenta are non-spectral colors. White is also a non-spectral color, where all three 

color-receptors are sensed. The multiple peak in thin-film interference can become an 

origin of non-spectral color. A typical example has been recently found in the neck 

feather of the rock dove
[37,38]

, which specifically shows green/purple two-color 

iridescence. It is expected that the angular dependence is more pronounced for the 

higher order interference of m > 1 than that of m = 1, which makes the iridescent 

effect more vivid. 

 In figure 1.1(a) the interference of light through thin layer and (b) the 

iridescent structural color displayed by the soap bubble due to the interference of light 

have been shown.  
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1.1.3.2. Multilayer Interference 

Multilayer interference is qualitatively understood in terms of a pair of thin 

layers piling periodically. Consider two layers designated as A and B with thicknesses 

dA and dB, and refractive indices nA and nB, respectively. It is assumed that nA > nB 

for the present. If it is considered a certain pair of AB layers, the phases of the 

reflected light both at the upper and lower B–A interfaces change by 180
o
. Thus a 

relation similar to the anti-reflective coating of equation (2) is applicable as 

2(nAdA cos θA + nBdB cos θB) = mλ,     (5)  

for constructive interference with the angles of refraction in the A and B layers as θA 

and θB. On the other hand, if we consider only the A layer within the AB layer, the 

phase of the reflected light does not change at an A–B interface. Thus if a soap-bubble 

relation, 2nAdA cos θA = (m' − 1/2)λ, is further satisfied for the same wavelength, the 

reflected light from the A–B interface adds to that from the B–A interfaces and the 

multilayer gives the maximum reflectivity. In particular, the relations with m = 1 and 

m' = 1 correspond to the lowest-order case, where the optical path lengths, defined as 

the length multiplied by the refractive index, for A and B layers are equal to each 

other. Land called this case the ideal multilayer 
[39]

. On the other hand, if the thickness 

of the A layer does not satisfy the soap-bubble relation, while the sum of the A and B 

layers satisfies equation (5), the reflection at the A–B interface works destructively 

and the peak reflectivity decreases. This case is the non-ideal multilayer. 

Nowadays, the reflectivity and transmittance of a multilayer with arbitrary 

refractive indices and thicknesses without any periodicity are easily calculated 

through a transfer matrix method 
[40-42]

, in addition to the well-known iterative and 

Huxley’s methods 
[43]

. Since the details of these methods have been fully described 

before, here we describe only the results calculated by the above methods.  
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1.1.3.3. Diffraction of Light and Diffraction Grating 

Diffraction is normally taken to refer to various phenomena which occur when 

a wave encounters an obstacle. It is described as the apparent bending of waves 

around small obstacles and the spreading out of waves past small openings. Similar 

effects are observed when light waves travel through a medium with a varying 

refractive index or a sound wave through one with varying acoustic impedance. 

Diffraction occurs with all waves, including sound waves, water waves, and 

electromagnetic waves such as visible light, x-rays and radio waves. As physical 

objects have wave-like properties (at the atomic level), diffraction also occurs with 

matter and can be studied according to the principles of quantum mechanics. 

While diffraction occurs whenever propagating waves encounter such changes, 

its effects are generally most pronounced for waves where the wavelength is on the 

order of the size of the diffracting objects. If the obstructing object provides multiple, 

closely-spaced openings, a complex pattern of varying intensity can result. This is due 

to the superposition, or interference, of different parts of a wave that traveled to the 

observer by different paths. 

The formalism of diffraction can also describe the way in which waves of finite extent 

propagate in free space. For example, the expanding profile of a laser beam, the beam 

shape of a radar antenna and the field of view of an ultrasonic transducer are all 

explained by diffraction theory. 

The effects of diffraction can be regularly seen in everyday life. The most 

colorful examples of diffraction are those involving light; for example, the closely 

spaced tracks on a CD or DVD act as a diffraction grating to form the familiar 
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rainbow pattern we see when looking at a disk. This principle can be extended to 

engineer a grating with a structure such that it will produce any diffraction pattern 

desired; the hologram on a credit card is an example. Diffraction in the atmosphere by 

small particles can cause a bright ring to be visible around a bright light source like 

the sun or the moon. A shadow of a solid object, using light from a compact source, 

shows small fringes near its edges. The speckle pattern which is observed when laser 

light falls on an optically rough surface is also a diffraction phenomenon. All these 

effects are a consequence of the fact that light propagates as a wave. 

Diffraction can occur with any kind of wave. Ocean waves diffract around 

jetties and other obstacles. Sound waves can diffract around objects, which is why one 

can still hear someone calling even when hiding behind a tree. Diffraction can also be 

a concern in some technical applications; it sets a fundamental limit to the resolution 

of a camera, telescope, or microscope. 

In figure 1.2(a) the diffraction of light through pin-hole and (b) The diffraction 

of light due to the patterned surface and (c) iridescent structural color displayed by the 

compact disk due to the diffraction of light. 

1.1.3.4. Light interactions by Microstructures 

1.1.3.4.1. Crystalline Structures 

If small identical particles are regularly arranged like a crystal, light scattered 

from each particle interferes and radiates secondary emission in regular directions. 

The theoretical treatment of this type of scattering was first developed in the field of 

x-ray diffraction, in which the theory considering only one-time scattering from each 

particle is called ‘kinematic theory’, whereas that considering multiple scattering is 

called ‘dynamical theory’. These approaches have been extended to a system 
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consisting of much larger particles with various crystal structures and a new research 

field called photonics or photonic crystals has opened. The interaction of 

electromagnetic waves with periodic microstructures has been extensively studied in 

conjunction with coming new photon technology, which prevails over electronics 

based on semiconductor technology. However, the theoretical treatments have not 

been changed basically from the dynamical theory of x-ray diffraction except that 

accurate results are obtained through computer calculation.  

In figure 1.4, (a) crystalline microstructure and (b) iridescent structural color 

of colloidal crystal have been shown.  

1.1.3.4.2. Quasi-crystalline Structures 

Quasicrystals are structural forms that are both ordered and nonperiodic. They 

form patterns that fill all the space but lack translational symmetry. Classical theory of 

crystals allows only 2, 3, 4, and 6-fold rotational symmetries, but quasicrystals display 

symmetry of other orders (folds). They can be said to be in a state intermediate 

between crystal and glass. Just like crystals, quasicrystals produce modified Bragg 

diffraction, but where crystals have a simple repeating structure, quasicrystals are 

more complex. 

Aperiodic tilings were discovered by mathematicians in the early 1960s, but 

some twenty years later they were found to apply to the study of quasicrystals. The 

discovery of these aperiodic forms in nature has produced a paradigm shift in the 

fields of crystallography and solid state physics. Quasicrystals had been investigated 

and observed earlier
 
but until the 80s they were disregarded in favor of the prevailing 

views about the atomic structure of matter. 
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Roughly, an ordering is non-periodic if it lacks translational symmetry, which 

means that a shifted copy will never match exactly with its original. The more precise 

mathematical definition is that there is never translational symmetry in more than 

n − 1 linearly independent directions, where n is the dimension of the space filled; i.e. 

the three-dimensional tiling displayed in a quasicrystal may have translational 

symmetry in two dimensions. The ability to diffract comes from the existence of an 

indefinitely large number of elements with a regular spacing, a property loosely 

described as long-range order. Experimentally the aperiodicity is revealed in the 

unusual symmetry of the diffraction pattern, that is, symmetry of orders other than 2, 

3, 4, or 6. The first officially reported case of what came to be known as quasicrystals 

was made by Dan Shechtman and coworkers in 1984. The distinction between 

quasicrystals and their corresponding mathematical models (e.g. the three-

dimensional version of the Penrose tiling) need not be emphasized. 

Each class of nanostructure is isotropic and has a pronounced characteristic 

length scale of variation in composition. These local structural correlations lead to 

strong backscattering over a narrow range of optical frequencies and a variation with 

angle of incidence. 

 

1.1.3.4.3. Amorphous Micro-structures 

An "amorphous solid" is a solid in which there is no long-range order of the 

positions of the atoms. (Solids in which there is long-range atomic order are called 

crystalline solids or morphous). Most classes of solid materials can be found or 

prepared in an amorphous form. For instance, common window glass is an amorphous 
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solid, many polymers (such as polystyrene) are amorphous, and even foods such as 

cotton candy are amorphous solids. 

In principle, given a sufficiently high cooling rate, any liquid can be made into 

an amorphous solid. Cooling reduces molecular mobility. If the cooling rate is faster 

than the rate at which molecules can organize into a more thermodynamically 

favorable crystalline state, then an amorphous solid will be formed. Because of 

entropy considerations, many polymers can be made amorphous solids by cooling 

even at slow rates. In contrast, if molecules have sufficient time to organize into a 

structure with two- or three-dimensional order, then a crystalline (or semi-crystalline) 

solid will be formed. Water is one example. Because of its small molecular size and 

ability to quickly rearrange, it cannot be made amorphous without resorting to 

specialized hyperquenching techniques. 

Amorphous materials can also be produced by additives which interfere with 

the ability of the primary constituent to crystallize. For example, addition of soda to 

silicon dioxide results in window glass, and the addition of glycols to water results in 

a vitrified solid. 

Some materials, such as metals, are difficult to prepare in an amorphous state. Unless 

a material has a high melting temperature (as ceramics do) or a low crystallization 

energy (as polymers tend to), cooling must be done extremely rapidly. As the cooling 

is performed, the material changes from a supercooled liquid, with properties one 

would expect from a liquid state material, to a solid. The temperature at which this 

transition occurs is called the glass transition temperature or Tg. 
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It is difficult to make a distinction between truly amorphous solids and 

crystalline solids if the size of the crystals is very small. Even amorphous materials 

have some short-range order at the atomic length scale due the nature of chemical 

bonding. Furthermore, in very small crystals a large fraction of the atoms are located 

at or near the surface of the crystal; relaxation of the surface and interfacial effects 

distort the atomic positions, decreasing the structural order. Even the most advanced 

structural characterization techniques, such as x-ray diffraction and transmission 

electron microscopy, have difficulty in distinguishing between amorphous and 

crystalline structures on these length scales. 

The transition from the liquid state to the glass, at a temperature below the 

equilibrium melting point of the material, is called the glass transition. The glass 

transition temperature is approximately the temperature at which the viscosity of the 

liquid exceeds a certain value. The transition temperature depends on cooling rate, 

with the glass transition occurring at higher temperatures for faster cooling rates. The 

precise nature of the glass transition is the subject of ongoing research. While it is 

clear that the glass transition is not a first-order thermodynamic transition (such as 

melting), there is debate as to whether it is a higher-order transition, or merely a 

kinetic effect. This class of nanostructure is isotropic and has a pronounced 

characteristic length scale of variation in composition. These local structural 

correlations lead to strong backscattering over a narrow range of optical frequencies 

and little variation with angle of incidence. 

In figure 1.4, (c) amorphous microstructure and (d) non-iridescent structural 

color of amorphous microstructure have been shown. 
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1.1.3.5. Light Scattering 

Light scattering is another important source of structural colors. Scattering is a 

general physical process where some forms of radiation, such as light, sound, or 

moving particles, are forced to deviate from a straight trajectory by one or more 

localized non-uniformities in the medium through which they pass. In conventional 

use, this also includes deviation of reflected radiation from the angle predicted by the 

law of reflection. Reflections that undergo scattering are often called diffuse 

reflections and unscattered reflections are called specular (mirror-like) reflections. 

The types of non-uniformities which can cause scattering, sometimes known 

as scatterers or scattering centers, are too numerous to list, but a small sample 

includes particles, bubbles, droplets, density fluctuations in fluids, defects in 

crystalline solids, surface roughness, cells in organisms, and textile fibers in clothing. 

The effects of such features on the path of almost any type of propagating wave or 

moving particle can be described in the framework of scattering theory. 

The light scattering by a particle much smaller than the wavelength of light is 

called Rayleigh scattering. The color of the blue sky is one of the examples of 

Rayleigh scattering of light. When the size of the particle becomes comparable or 

larger than the wavelength of light, then it is Mie scattering of light. In this case, a 

plane wave of light illuminates a dielectric sphere, by which light is scattered after 

reflection, refraction and diffraction.  

In figure 1.3(a) Rayleigh scattering of light, (b) blue color of sky due to 

Rayleigh scattering, (c) Mie scattering and (d) red color of sky due to Mie scattering 

have been shown. 
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1.2. Distortion of Structural Color 

A distortion is the alteration of the original shape (or other characteristic) of an 

object, image, sound, waveform or other form of information or representation. Here 

distortion of structural color means the change in the hue of the color due the change 

of the angle of illumination or the viewing angle or the both. Distortion of color is a 

great issue where a specific color carries a specific signal. Especially in the case of 

display purpose distortion free color is required to devise display with a wide viewing 

angle. In liquid crystal display (LCD) technology, the more oblique the viewing angle 

the larger the changes in the physical image. But to retain the image quality better 

distortion free structural color has a great significance. To get a clear idea about the 

distortion of structural color two major key words could be discussed elaborately. One 

is iridescent color and another one is non-iridescent color. 

 

1.2.1. Iridescent Color 

Iridescence (also known as goniochromism) is generally known as the 

property of certain surfaces which appear to change color as the angle of view 

changes. So the iridescent color means the color which apparently changes with 

viewing angles. Iridescence may be seen commonly in soap bubbles, butterfly wings 

and sea shells. Iridescence is an optical phenomenon of surfaces in which hue changes 

in correspondence with the angle from which a surface is viewed. 

Iridescence is caused by multiple reflections from multi-layered, semi-

transparent surfaces in which phase shift and interference of the reflections modulates 

the incident light (by amplifying or attenuating some frequencies more than others). 
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This process is the functional analog of selective wavelength attenuation as seen with 

the Fabry-Pérot interferometer. 

1.2.2. Non-iridescent Color 

Non-iridescent color is that color which remains unchanged at different 

viewing angle. Color produced by the scattering of light is a type of non-iridescent 

color. 
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2.1. Materials 

 

2.1.1. Silica Colloidal Particle  

To construct an amorphous structured 3D solid system, silica colloidal 

particles were used as the basic component, and a doping technique was used. The 

introduction of two different sized silica colloids at the same time defaces the 

crystalline arrangement and mutates the long-range order into short-range order. SiO2 

colloidal particles with a diameter of 310 nm were used as the host, and particles with 

a diameter of 220 nm were used as the guest constituents for this experiment. An 

aqueous suspension of sub-micrometer-sized silica particles (silica particles with a 

narrow particle size distribution, dispersed in water, Nippon Shokubai) was obtained 

and used to prepare close-packed colloidal crystals and colloidal amorphous arrays. 

 

2.2. Methods 

 

2.2.1. Sample Preparation 

To construct an amorphous structured 3D solid system, silica colloidal 

particles (310 nm and 220 nm, Nippon Shokubai) were used as the basic component, 

and a doping technique was used.
[1]

 The introduction of two different sized silica 

colloids at the same time defaces the crystalline arrangement and mutates the long-

range order into short-range order.
[2-18] 

 SiO2 colloidal particles with a diameter of 310 

nm were used as the host, and particles with a diameter of 220 nm were used as the 

guest constituents for our experiment. Aqueous suspensions of two different sized 

SiO2 colloids were mixed by sonication at various mixing ratios and poured onto 

hydrophilic glass substrates, which were placed in a thermostatic chamber at 60
o
C for 
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6 hr and evaporated to dryness. Several samples of colloidal amorphous arrays were 

prepared by varying the mixing ratio of the two differently sized colloidal suspensions. 

The compositions of the mentioned samples are summarized in Table 1.  

There are many approaches to prepare colloidal crystal.
[19-30]

  The colloidal 

array, prepared by simple evaporation method consists of only 310 nm silica colloidal 

particles, is organized into a close-packed arrangement with a long-range order 

(hereinafter called “colloidal crystal”). While on the contrary the samples prepared by 

mixing two different sized silica colloidal particles having the diameter of 310 nm and 

220 nm with the same method consist of roughly packed silica spheres (hereinafter 

called “colloidal amorphous”). Figure 2.1 shows the basic procedure for the 

preparation of colloidal crystal and colloidal amorphous. 

The total wt% of colloidal SiO2 particles depends on the ration of samples as 

follows: 

Total solid content per glass substrate: 1.4 g of sample 

Area of glass substrate: 38 x 26 mm 

Dried thickness of the samples: approximately 0.5 mm 

Suspension 1: 220-nm sized SiO2 particle in aqueous suspension (28 wt%)→1 mL 

contains 0.28 g of solid 

Suspension 2: 310-nm sized SiO2 particle in aqueous suspension (36 wt %)→1 mL 

contains 0.36 g of solid 

Colloidal amorphous array M1 (10% 220-nm particles and 90% 310-nm particles): 

 Suspension 1, 0.5 mL= 0.14 g of 220-nm particles 

 Suspension 2, 3.5 mL = 1.26 g of 310-nm particles 

   The total wt% of the colloidal SiO2 particles is 35. 
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Colloidal amorphous array M2 (20% 220-nm particles and 80% 310-nm particle s): 

 Suspension 1, 1.0 mL = 0.28 g of 220-nm particles 

 Suspension 2, 3.0 mL = 1.12 g of 310-nm particles 

   The total wt% of the colloidal SiO2 particles is 35. 

 

Colloidal amorphous array M3 (30% 220-nm particles and 70% 310-nm particle s): 

 Suspension 1, 1.5 mL = 0.42 g of 220-nm particles 

 Suspension 2, 2.7 mL = 0.98 g of 310-nm particles 

   The total wt% of colloidal SiO2 particles is 33.3. 

 

Colloidal amorphous array M4 (40% 220-nm particles and 60% 310-nm particle s): 

 Suspension 1, 2.0 mL = 0.56 g of 220-nm particles 

 Suspension 2, 2.3 mL = 0.84 g of 310-nm particles 

   The total wt% of the colloidal SiO2 particles is 32.6. 

 

Colloidal amorphous array M5 (50% 220-nm particles and 50% 310-nm particle s): 

 Suspension 1, 2.5 mL = 0.70 g of 220-nm particles 

 Suspension 2, 2.0 mL = 0.70 g of 310-nm particles 

   The total wt% of colloidal SiO2 particles is 31.1. 

 

Colloidal crystal of 310-nm SiO2 

 Suspension 2, 3.9 mL = 1.4 g of 310-nm particles 

   The total wt% of colloidal SiO2 particles is 35.9. 
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2.2.2. Scanning Electron Microscopy (SEM) 

The scanning electron microscope (SEM) is a type of electron microscope that 

images the sample surface by scanning it with a high-energy beam of electrons in a 

raster scan pattern. The electrons interact with the atoms that make up the sample 

producing signals that contain information about the sample's surface topography, 

composition and other properties such as electrical conductivity. 

The types of signals produced by an SEM include secondary electrons, back-

scattered electrons (BSE), characteristic X-rays, light (cathodoluminescence), 

specimen current and transmitted electrons. Secondary electron detectors are common 

in all SEMs, but it is rare that a single machine would have detectors for all possible 

signals. The signals result from interactions of the electron beam with atoms at or near 

the surface of the sample. In the most common or standard detection mode, secondary 

electron imaging or SEI, the SEM can produce very high-resolution images of a 

sample surface, revealing details about less than 1 to 5 nm in size. Due to the very 

narrow electron beam, SEM micrographs have a large depth of field yielding a 

characteristic three-dimensional appearance useful for understanding the surface 

structure of a sample. This is exemplified by the micrograph of pollen shown to the 

right. A wide range of magnifications is possible, from about 10 times (about 

equivalent to that of a powerful hand-lens) to more than 500,000 times, about 250 

times the magnification limit of the best light microscopes. Back-scattered electrons 

(BSE) are beam electrons that are reflected from the sample by elastic scattering. BSE 

are often used in analytical SEM along with the spectra made from the characteristic 

X-rays. Because the intensity of the BSE signal is strongly related to the atomic 

number (Z) of the specimen, BSE images can provide information about the 
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distribution of different elements in the sample. For the same reason, BSE imaging 

can image colloidal gold immuno-labels of 5 or 10 nm diameter which would 

otherwise be difficult or impossible to detect in secondary electron images in 

biological specimens. 

Several mixed samples were prepared by varying the doping concentration 

from 10-50 wt.% and observed their surface structures by scanning electron 

microscopy (SEM). Using SEM combined with image processing techniques, such as 

two-dimensional (2D) fast Fourier transform (FFT), we established an independent 

measure of the ordering of our samples.
[31]

 Because the spatial information in the 

SEM image can be obtained from a 2D FFT.
[32] 

Figure 2.2 shows the SEM images of 

colloidal crystal, colloidal amorphous and their corresponding 2D FFT. 

 

2.2.1.1. Sample Preparation for SEM 

In this research the arrangement of the colloidal spheres in a crystal structure 

and amorphous structure was investigated with a scanning electron microscope made 

by JEOL (JSM 5600). The samples were coated with a 10-nm gold layer, and the 

SEM was operated at 20 kV. 

 

 

2.2.3. Two Dimensional (2D) Fast Fourier Transform (FFT) 

The 2D FFT function converts spatial information in an optical data image 

into a mathematically defined frequency domain. This frequency domain maps the 

rate at which pixel intensities change in the spatial domain. The Fourier transform is 

also used to transform a continuous time signal into the frequency domain. It 

describes the continuous spectrum of a nonperiodic time signal. The Discrete Fourier 
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Transform is used in the case where both the time and the frequency variables are 

discrete (which they are if digital computers are being used to perform the analysis). 

Let x(nT) represent the discrete time signal, and let X(mF) represent the discrete 

frequency transform function. The fast Fourier transform (FFT) is simply a class of 

special algorithms which implement the discrete Fourier transform with considerable 

savings in computational time. It must be pointed out that the FFT is not a different 

transform from the DFT, but rather just a means of computing the DFT with a 

considerable reduction in the number of calculations required. 

Now the question why the 2D FFT was used in this study and the answer is, 

we established an independent measure of the ordering of our samples by using SEM 

combined with image processing techniques, such as two-dimensional (2D) fast 

Fourier transform (FFT),.
[31]

 Because the spatial information in the SEM image can be 

obtained from a 2D FFT.
[32] 

In this study we describe how to use a two-dimensional 

fast Fourier transform (2D FFT) approach to measure particle alignment in samples. 

This image processing function can be coupled with a variety of imaging modalities to 

assign an objective numerical value of ordering of the particles. A data image of an 

electron micrograph is composed of pixels that depict the spatial organization of the 

constituent fibers. The 2D FFT function converts this spatial information into a 

mathematically defined frequency domain that maps the rate at which pixel intensities 

change across the original data image. This output image also contains quantitative 

information concerning the orientation of objects in a data image. We discuss the 

theory and practice of using the frequency plot of the 2D FFT function to measure 

samples’ anisotropy and identify the principal axis of particle orientation. 
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For analysis, grayscale brightfield microscopic images were captured and 

converted to an integer power of 2 pixel dimensions (256×256, 512×512, 1024×1024, 

etc.). If images have been captured in color they must be converted to grayscale for 

2D FFT analysis. Care should be taken at the time of image capture to optimize 

sample illumination; uneven illumination can complicate and introduce error into the 

alignment analysis. Processing a brightfield data image by 2D FFT produces a 

frequency plot, or power spectrum. This plot is composed of grayscale pixels that are 

distributed into a pattern that can be used to measure the degree of fiber alignment 

present in an original data image. Low-frequency signals correspond to domains 

within the original microscopy image that contain pixels of similar values, adjacent 

pixels do not vary to a great extent in intensity. The bulk of this information originates 

with the background and the overall shape of the image. High-frequency pixels are 

placed away from the origin and toward the periphery of the frequency plot. This 

information corresponds to spatial domains that exhibit abrupt changes in pixel 

intensity. Edges, details and noise in the data image all contribute to the generation of 

high-frequency pixels. When an image of random fibers is processed by 2D FFT, the 

resulting frequency plot contains a cluster of white pixels that are concentrated in a 

symmetrical, circular pattern around the origin.  

2.2.4. Autocorrelation Function 

The autocorrelation function represents the interrelationship of the contrast 

function and thereby provides a measure of the translational symmetry in the system. 

If the particles are organized with a regular distance between first neighbors, the 

autocorrelation function presents a maximum at the corresponding distance.  
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To obtain an independent measure of the ordering of our system, the 

autocorrelation function from scanning electron microscopy (SEM) images was used. 

The autocorrelation function describes the correlation of the contrast function and 

gives a measurement of the translational symmetry existing in the system. Generally, 

SEM images contain repetitive features. For instance, crystal lattices or periodic 

arrays of microstructures yield multiple occurrences of similar features in one image.  

    The autocorrelation function is an approach to enhance the interpretation of 

such data based on the combination of linear correlations of the same feature in one 

SEM image. First, we obtained an SEM image (Figure 2.3(a)) of our sample. Then, 

the image was resized to a power of 2 (such as 512 x 512 pixels), and the 

autocorrelation function (Figure 2.3(b)) was obtained from the SEM image. For 

measuring the degree of order, we plotted the radial profile of a circular area. Figure 

2.3(c) shows the circular area (with center “C” and radius “d”) that was considered for 

plotting the radial profile. 
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2.2.5. Digital Optical Microscopy 

In order to check the viewing angle dependence of the structural colors of the 

prepared samples, photograph were taken on a digital microscope (KEYENCE VHX-

500). The dried samples were kept on the stage under the microscopic lens and were 

illuminated by halogen light source (OLYMPUS LG-PS2). The objective lens was 

kept fixed at perpendicular to the surface plane of the sample whereas the incident 

angle of light was altered from 0
o
 to 40

o
. The shutter speed of the lens was 1/15 sec 

and the numerical aperture (NA) was 0.82, during the capturing of images at each 

incident angle. 

 

2.2.6. Spectroscopic Observation 

 The transmittance spectra of samples were measured using Ocean Optics 

USB2000 fiber optic spectrometer in methanol by altering the angle of incidence from 

0
o
 to 40

o
. The diffraction of light from colloidal aggregations of high refractive index 

contrast (i.e., the difference of the refractive index of the sphere portion relative to the 

gap portion), such as the air-filled SiO2 colloidal array, is very strong, and the 

amplitude of the radiation attenuates rapidly as the propagation distance into the 

aggregations increases.
[33]

 As a result, most of the incident light interacts only with 

about a dozen layers near the surface. Thus, experimentally obtained reflection spectra 

for the air-filled SiO2 colloidal aggregations are reflected in the interactions in the 

vicinity of the surface, and are not reflected in the internal structure. One can control 

the dielectric contrast by filling the intersphere voids with dielectric fluids in order to 

identify the internal structure of the aggregations.
[4]

 In this experiment, the intersphere 

voids of the colloidal crystal and the colloidal amorphous are impregnated with 

methanol that has refractive index (1.3292 at 20 °C for 589.3 nm) higher than that of 
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air (1.0003 at 15 °C for 589.3 nm). The experimentally obtained refractive index of 

the SiO2 particles is about 1.39.
[4]

 The smoothly varying background was subtracted 

from the spectra prior to further analysis because the characteristic spectrum domain 

corresponding to the appearance of color exhibited a shoulder shape in the 

unprocessed spectrum.  
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CHAPTER 3 

RESULTS AND DISCUSSIONS 
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3.1. General 

The purpose of this study is to prepare the source, which will exhibit structural 

color and the displayed color will be uniform at different viewing angle. On the basis 

of the hypothesis it was aimed to prepare some microstructure which will be different 

in nature from the view point of crystalline structure and will possess required optical 

properties. Here both types of microstructures such as crystalline microstructure 

(colloidal crystal) and amorphous microstructures were prepared in different methods. 

Then the morphology and the optical properties of all types of samples were 

characterized with the help of SEM, digital optical microscopy, optical spectroscopy 

and image processing techniques. Pictographic evidences along with spectrometric 

measurements validate that the structural color displayed by the amorphous system is 

independent of viewing angle and direction of incident light while the customized 

image analysis of scanning electron micrographs with valid theoretical explanation 

clarify the authentication of angle independence.  

 

3.2. Crystalline Micro-structure 

 Throughout this study, colloidal crystal (CC) has been taken as a 

representative of crystalline micro-structure. The colloidal array, prepared by simple 

evaporation method consists of only 310 nm silica colloidal particles, is organized 

into a close-packed arrangement with a long-range order (hereinafter called “colloidal 

crystal”). The morphology and the optical properties of CC have been studied in order 

to compare with those of the amorphous micro-structures (AM). 
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3.2.1. Morphology Study 

CC was prepared through the above described procedure and obtained their 

surface structures through Scanning Electron Microscopy (SEM). Highly ordered 

three-dimensional structure is visible in SEM image. Hexagonal close packed with a 

long-range ordered structure can be confirmed from the SEM image.  

Scanning Electron Microscopy is one of the most practicable methods to 

elucidate the particle arrangement of colloidal array samples. Using SEM combined 

with image processing technique such as two-dimensional (2D) Fast Fourier 

Transform (FFT) operation, we established an independent measure of the ordering of 

our samples. The conversion of spatial information in the SEM image into a 

mathematically defined frequency domain or power spectrum pattern can be obtained 

from 2D FFT operation. This characteristic power spectrum pattern or frequency 

domain called streak, depicts the rate at which pixel intensities change in the spatial 

domain. For 2D FFT analysis the SEM images were converted into power of 2 (such 

as 256X256, 512X512 etc). In 2D FFT operation, the pattern of the distribution of 

grayscale pixels is used to estimate the arrangement of particles in crystal structure 

and amorphous structure. When a data image containing a long-range order of 

arranged particles is processed by 2D FFT, the resulting frequency plot contains 

pixels that are aligned along specific axis.  

Therefore, a resulting frequency plot containing pixels aligned along an axis 

was obtained in the case of colloidal crystal. The hexagonal sharp peaks in the 2D 

FFT (Figure 3.1(b)) of the SEM image confirm the presence of long-range crystalline 

order.  

The autocorrelation function represents the interrelationship of the contrast 

function, and thereby providing a measure of the translational symmetry in the system.  
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If the particles are organized with a regular distance between first neighbors, the 

autocorrelation function presents a maximum at the corresponding distance. 

Accordingly, the autocorrelation function for the system, which does not have any 

particular oriented structure, is a delta or decaying function. The array images taken 

by SEM were subjected to some image processing techniques that were designed to 

check the presence of long-range or short-range order in samples. The radial profile 

plot (Figure 3.1(c)) corresponding to the colloidal crystal contains a periodic 

distribution of maxima along an extended distance. Such distribution of maxima 

depict that the particles in the colloidal crystal are arranged in a periodic order and the 

repetition of such periodic order prevail all over the colloidal crystal’s structure.  
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3.2.2. Digital Optical Microscopic Observation 

The structural color (Figure 3.2 (a)) displayed by colloidal crystal is angle 

dependent:
[1]

 the colloidal crystal's structural color shifts when the angle of view or 

the angle of illumination or both is altered. Figure evidences the angle dependence 

optical images of the structural color of the colloidal crystal obtained. The observable 

structural color in viewing angle direction is considerably different from at 0 
o
: the 

structural color changed from red to green when the angle of illumination was altered 

from 0 
o
 to 40 

o
. The blue shift of the reflection can be observed due to the Bragg 

diffraction of visible light from the ordered spheres. The structural color changes from 

red to green. 

 

3.2.3. Optical Spectroscopic Measurement 

 Figure 3.2 (b) shows representative optical transmission spectra measured 

for the colloidal crystal, which were immersed in methanol. The diffraction of light 

from colloidal aggregations of high refractive index contrast (i.e., the difference of the 

refractive index of the sphere portion relative to the gap portion), such as the air-filled 

SiO2 colloidal array, is very strong, and the amplitude of the radiation attenuates 

rapidly as the propagation distance into the aggregations increases.
[2]

 As a result, most 

of the incident light interacts only with about a dozen layers near the surface. Thus, 

experimentally obtained reflection spectra for the air-filled SiO2 colloidal 

aggregations are reflected in the interactions in the vicinity of the surface, and are not 

reflected in the internal structure. One can control the dielectric contrast by filling the 

intersphere voids with dielectric fluids in order to identify the internal structure of the 

aggregations.
[3]

 In this experiment, the intersphere voids of the colloidal crystal and 

the colloidal amorphous are impregnated with methanol that has refractive index 
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(1.3292 at 20 °C for 589.3 nm) higher than that of air (1.0003 at 15 °C for 589.3 nm). 

The experimentally obtained refractive index of the SiO2 particles is about 1.39.
[3]

  

 The smoothly varying background was subtracted from the spectra prior to 

further analysis because the characteristic spectrum domain corresponding to the 

appearance of color exhibited a shoulder shape in the unprocessed spectrum. In the 

case of the colloidal amorphous comparatively broad peaks were observed in 

transmittance spectra whereas sharp and clear peaks which, however, is not complete 

photonic band gap were observed for the colloidal crystal: these are so-called pseudo-

gaps with prominent depletions of the photonic densities of states. Wavelength of the 

reflected color from the colloidal crystal becomes shorter as viewing angle becomes 

greater. Such shift observed from the colloidal crystal is explained by Bragg scattering 

of photons due to the periodical dielectric structure.  

 For CC the peak position shifts from 690 nm to 650 nm wavelength. 
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3.3. Amorphous Micro-structures 

Five samples were prepared by mixing two different sized silica colloidal 

particles having the diameter of 310 nm and 220 nm with the same method consist of 

roughly packed silica spheres (hereinafter called “amorphous microstructure”). Silica 

colloidal particles having the diameter of 310 nm were used as host and 220 nm sized 

silica colloidal particles were taken as guest. So here the addition of the smaller 

particles to the larger particles is termed as doping. Thus by changing the doping 

concentration five samples of amorphous microstructure were prepared. Doping 

concentration was varied from 10 wt. % to 50 wt. %. Fabricated samples were tagged 

as M1 (310 nm- 90 wt. % and 220 nm- 10 wt. %), M2 (310 nm- 80 wt. % and 220 

nm- 20 wt. %), M3 (310 nm- 70 wt. % and 220 nm- 30 wt. %), M4 (310 nm- 60 wt. % 

and 220 nm- 40 wt. %) and M5 (310 nm- 50 wt. % and 220 nm- 50 wt. %).  

 

3.3.1. Amorphous Micro-structures M1 

 

3.3.1.1. Morphology Study 

In amorphous microstructure M1 contains 90 wt. % of silica colloidal particle 

of 310 nm diameter and 10 wt. % of silica colloidal particle of 220 nm diameter. 

Surface structure was obtained through Scanning Electron Microscopy (SEM). SEM 

images of the colloidal amorphous have been shown in Figure 3.3 (a) as examples of 

the part of the exposed surfaces of the colloidal amorphous samples. The presence of 

size variation in the colloidal suspension influences the colloidal particles to be 

arranged in a disordered state.
[4]

 Particle orientation varies from fragment to fragment. 

The different structural arrangements seem to be related to variations of the weight 

proportions of the two sizes of sphere in different places. Some places contained 
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disordered mixtures of the two sizes, and in some places there are boundaries across 

which small spheres appeared to have penetrated into an array of larger ones. The 

possibilities for the occurrence of long-range order in the arrangement of particle 

decrease as the proportion of the smaller colloidal particles increases.  

The SEM images of the samples consisting of two particles with different size 

were subjected to 2D FFT operation in order to track and map these particle 

distributions over the surfaces. Frequency plots (figure 3.3 (b)) containing clusters of 

white pixels, which are intensified in symmetrical and circular patterns around the 

origin, were found. The discrete rings in 2D FFT of the images indicate that the 

periodicity of spatial variation in refractive index is equivalent in all directions in 

these planes within the samples: these SiO2 colloidal particles form amorphous arrays 

with local and spatially isotropic structural correlation. In the case of M1, radial 

profile plot (figure 3.3 (c)) shows distinct features that vary from CC. The repetition 

of the periodic distribution of maxima for M1 appears several times but less than that 

of the colloidal crystal. The lacking of crystalline periodicity becomes larger when the 

amount of 220 nm SiO2 particle increases.  
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3.3.1.2. Digital Optical Microscopic Observation 

The colloidal amorphous, M1, exhibits somewhat pink structural color that 

remains constant during the change of the angle of illumination. Color shift from 0
o
 

up to 40
o
 in viewing angle is unambiguously quite lower or almost negligible, 

compared to the case of the colloidal crystal. 

 

3.3.1.3. Optical Spectroscopic Measurement 

 In the case of M1comparatively broad peaks were observed in transmittance 

spectra. The occurrence of the broadening of the width of the peak for the colloidal 

amorphous must be influenced by disorder. However, the peak positions in the 

transmittance spectra of the colloidal amorphous arrays are virtually angle 

independent. We plotted the peak positions of the transmittance spectra for the 

colloidal crystal and the colloidal amorphous arrays against the corresponding angle 

of illumination in Figure. They show an adequately good verification for the influence 

of viewing angle on the structural color exhibited by the colloidal amorphous, M1. 

When the angle of illumination was altered the positions of peaks shifted accordingly 

for the colloidal crystal but the positions of peaks for the colloidal amorphous were 

almost unchanged. For M1 the peak position changes at the very vicinity of 660 nm 

wavelength. 
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3.3.2. Amorphous Micro-structures M2 

 

3.3.2.1. Morphology Study 

In amorphous microstructure M2 contains 80 wt. % of silica colloidal particle 

of 310 nm diameter and 20 wt. % of silica colloidal particle of 220 nm diameter. The 

presence of size variation in the colloidal suspension influences the colloidal particles 

to be arranged in a disordered state.
[4]

 Particle orientation varies from fragment to 

fragment. The different structural arrangements seem to be related to variations of the 

weight proportions of the two sizes of sphere in different places. The possibilities for 

the occurrence of long-range order in the arrangement of particle decrease as the 

proportion of the smaller colloidal particles increases. As a result the occurrences of 

long-range order in M2 are fewer than that of M1. 

In the case of M2, radial profile plots show distinct features that vary from CC 

as well as M1. The repetition of the periodic distribution of maxima for M2 appears 

several times but less than that of the colloidal crystal and M1. The lacking of 

crystalline periodicity becomes larger when the amount of 220 nm SiO2 particle 

increases.  

In figure 3.5, the morphology of M2 has been shown. 
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3.3.2.2. Digital Optical Microscopic Observation 

M2 exhibits red-orange structural color (figure 3.6 (a)) that remains constant 

during the change of the angle of illumination. Color shift from 0
o
 up to 40

o
 in 

viewing angle is unambiguously quite lower or almost negligible, compared to the 

case of the colloidal crystal. 

 

3.3.2.3. Optical Spectroscopic Measurement 

 In the case of M2 comparatively broad peaks were observed in transmittance 

spectra. When the angle of illumination was altered the positions of peaks shifted 

accordingly for the colloidal crystal but the positions of peaks for M2 were almost 

unchanged (figure 3.6 (b)). For M2 the peak position changes at the very vicinity of 

640 nm wavelength. 
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3.3.3. Amorphous Micro-structures M3 

 

3.3.3.1. Morphology Study 

In amorphous microstructure M3 contains 70 wt. % of silica colloidal particle 

of 310 nm diameter and 30 wt. % of silica colloidal particle of 220 nm diameter. The 

presence of size variation in the colloidal suspension influences the colloidal particles 

to be arranged in a disordered state.
[4]

 Particle orientation varies from fragment to 

fragment. The different structural arrangements seem to be related to variations of the 

weight proportions of the two sizes of sphere in different places. The possibilities for 

the occurrence of long-range order in the arrangement of particle decrease as the 

proportion of the smaller colloidal particles increases. As a result the occurrences of 

long-range order in M3 are fewer than that of M1 and M2. 

In the case of M3, radial profile plots show distinct features that vary from M1 

as well as M2. The repetition of the periodic distribution of maxima for M3 appears 

several times but less than that of M2 and M1. The lacking of crystalline periodicity 

becomes larger when the amount of 220 nm SiO2 particle increases.  
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3.3.3.2. Digital Optical Microscopic Observation 

M3 exhibits orange structural color that remains constant during the change of 

the angle of illumination. Color shift from 0
o
 up to 40

o
 in viewing angle is 

unambiguously quite lower or almost negligible, compared to the case of the colloidal 

crystal. 

 

3.3.3.3. Optical Spectroscopic Measurement 

 In the case of M3 comparatively broad peaks were observed in transmittance 

spectra. When the angle of illumination was altered the positions of peaks shifted 

accordingly for the colloidal crystal but the positions of peaks for M3 were almost 

unchanged. For M3 the peak position changes at the very vicinity of 625 nm 

wavelength. 
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3.3.4. Amorphous Micro-structures M4 

 

3.3.4.1. Morphology Study 

In amorphous microstructure M4 contains 60 wt. % of silica colloidal particle 

of 310 nm diameter and 40 wt. % of silica colloidal particle of 220 nm diameter. The 

presence of size variation in the colloidal suspension influences the colloidal particles 

to be arranged in a disordered state.
[4]

 Particle orientation varies from fragment to 

fragment. The different structural arrangements seem to be related to variations of the 

weight proportions of the two sizes of sphere in different places. The possibilities for 

the occurrence of long-range order in the arrangement of particle decrease as the 

proportion of the smaller colloidal particles increases. As a result the occurrences of 

long-range order in M4 are fewer than that of M1, M2 and M3. 

In the case of M4, radial profile plots show distinct features that vary from M1, 

M2 and M3. The repetition of the periodic distribution of maxima for M4 appears 

several times but less than that of M1, M2 and M3. The lacking of crystalline 

periodicity becomes larger when the amount of 220 nm SiO2 particle increases.  
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3.3.4.2. Digital Optical Microscopic Observation 

M4 exhibits yellow structural color that remains constant during the change of 

the angle of illumination. Color shift from 0
o
 up to 40

o
 in viewing angle is 

unambiguously quite lower or almost negligible, compared to the case of the colloidal 

crystal. 

 

3.3.4.3. Optical Spectroscopic Measurement 

 In the case of M4 comparatively broad peaks were observed in transmittance 

spectra. When the angle of illumination was altered the positions of peaks shifted 

accordingly for the colloidal crystal but the positions of peaks for M4 were almost 

unchanged. For M4 the peak position changes at the very vicinity of 590 nm 

wavelength. 
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3.3.5. Amorphous Micro-structures M5 

 

3.3.5.1. Morphology Study 

In amorphous microstructure M5 contains 50 wt. % of silica colloidal particle 

of 310 nm diameter and 50 wt. % of silica colloidal particle of 220 nm diameter. The 

presence of size variation in the colloidal suspension influences the colloidal particles 

to be arranged in a disordered state.
[4]

 Particle orientation varies from fragment to 

fragment. The different structural arrangements seem to be related to variations of the 

weight proportions of the two sizes of sphere in different places. The possibilities for 

the occurrence of long-range order in the arrangement of particle decrease as the 

proportion of the smaller colloidal particles increases. As a result the occurrences of 

long-range order in M5 are fewer than that of M1, M2 and M3. 

In the case of M5, radial profile plots show distinct features that vary from M1, 

M2 and M3. The repetition of the periodic distribution of maxima for M5 appears 

several times but less than that of M1, M2 and M3. The lacking of crystalline 

periodicity becomes larger when the amount of 220 nm SiO2 particle increases.  
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3.3.5.2. Digital Optical Microscopic Observation 

M5 exhibits greenish structural color that remains constant during the change 

of the angle of illumination. Color shift from 0
o
 up to 40

o
 in viewing angle is 

unambiguously quite lower or almost negligible, compared to the case of the colloidal 

crystal. 

 

3.3.5.3. Optical Spectroscopic Measurement 

 In the case of M5 comparatively broad peaks were observed in transmittance 

spectra. When the angle of illumination was altered the positions of peaks shifted 

accordingly for the colloidal crystal but the positions of peaks for M5 were almost 

unchanged. For M5 the peak position changes at the very vicinity of 565 nm 

wavelength. 
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3.4. Results and Discussions 

In this study, we employ amorphous particle arrays consisting of two 

different submicron-sized monodispersed spherical silica particles to obtain structural 

colored materials without angle dependence, which is similar to an amorphous array 

of β-keratin particles in avian feather barbs. The amorphous arrays obtained reveal 

angle-independent matte structural colors depending on the weight ratio of the two 

differently sized silica particles. A pseudo-gap can be observed from the measurement 

of the transmission spectra of these samples. The peak positions of the pseudo-gap are 

virtually constant over incident angles between 0° and 40°. 

The presence of size variation in the colloidal suspension causes the 

colloidal particles to be arranged in a disordered state.
 
Particle orientation varies from 

fragment to fragment. The different structural arrangements seem to be related to 

variations in the weight proportions of the two sizes of spheres located in different 

places. 

Using SEM combined with image processing techniques, such as two-

dimensional (2D) fast Fourier transform (FFT), we established an independent 

measure of the ordering of our samples. In the case of the colloidal crystal, the 

resulting frequency plot contains pixels that are concentrated along a specific axis. 

The hexagonal sharp peaks in the 2D FFT of the SEM image confirm the presence of 

long-range crystalline order. On the other hand, frequency plots or power spectra 

contain clusters of white pixels that are concentrated in symmetrical, circular patterns 

around the origin, were found for SEM images of amorphous arrays. The discrete 

rings in the 2D FFTs of the images indicate that the periodicity of the spatial variation 

in the refractive index is equivalent in all directions in these planes within the samples; 

these SiO2 colloidal particles form amorphous arrays with local and spatially isotropic 
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structural correlation. The array images taken by SEM were subjected to some image 

processing techniques that were designed to verify the presence of long-range or 

short-range order in the samples. The radial profile plot corresponding to the colloidal 

crystal contains a periodic distribution of maxima along an extended distance. Such 

distribution of the maxima indicates that the particles in the colloidal crystal are 

arranged in a periodic order and that the repetition of such periodic order is found 

throughout the colloidal crystal’s structure. In the case of the mixed particle arrays, 

radial profile plots show distinct features that vary from one sample to another. The 

repetition of the periodic distribution of maxima for M1 appears several times but less 

often than that of the colloidal crystal. The lack of crystalline periodicity becomes 

more apparent when the amount of 220-nm SiO2 particles increases. This is why the 

maxima appear less frequently in the radial profile plot for M3 than in that of M1. As 

described above, we succeeded in making amorphous particle arrays with short-range 

spatial order without having long-range order and periodicity, simply by mixing 

smaller-sized particles. This class of nanostructure is spatially isotropic and the 

composition varies identically in all direction with respect to the size of the 

wavelength. 

The structural color displayed by the colloidal crystal is angle dependent;
 

the colloidal crystal's structural color shifts when the angle of view, the angle of 

illumination, or both is altered. By contrast, the colloidal amorphous array displayed 

the same matte structural color although the angle of illumination was altered. The 

colloidal amorphous array M1 exhibited a somewhat pink structural color that 

remained constant with changes in the angle of illumination. The color shift from a 0
o
 

to 40
o
 viewing angle was unambiguously lower or almost negligible compared with 

that of the colloidal crystal. Additionally, we found that simply varying the mixing 
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ratio of the two different particles controlled the hue of the angle-independent 

structural color.  

The smoothly varying background was subtracted from the spectra prior to 

further analysis because the characteristic spectrum domain corresponding to the 

appearance of color exhibited a shoulder shape in the unprocessed spectrum. In the 

case of the colloidal amorphous array, comparatively broad peaks were observed in 

the transmittance spectra, whereas sharp and clear peaks, not corresponding to a 

complete photonic band gap, were observed for the colloidal crystal. These are so-

called pseudo-gaps with prominent depletions of the photonic densities of states. The 

broadening of the width of the peak for the colloidal amorphous array must be 

influenced by disorder. The wavelength of the reflected color from the colloidal 

crystal becomes shorter as the viewing angle becomes greater. Such a shift was 

observed from the colloidal crystal and is explained by Bragg scattering of photons 

due to the periodical dielectric structure. However, the peak positions in the 

transmittance spectra of the colloidal amorphous arrays were virtually angle 

independent. We plotted the peak positions of the transmittance spectra for the 

colloidal crystal and the colloidal amorphous arrays against the corresponding angles 

of illumination. These plots (figure 3.13 (a)) provide verification of the influence of 

viewing angle on the structural color exhibited by the colloidal crystal and the 

colloidal amorphous array. Furthermore, we discovered that the peak wavelength 

became shorter as the content of smaller particles increased (figure 3.13 (b)). The 

systematic change in color seen in the optical images and transmission spectra of the 

colloidal amorphous arrays must be due to the change in the local correlation distance 

with varying particle composition.
[5]
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 Due to the presence of periodic arrays with long-range and short-range order, 

colloidal crystals composed of submicron-sized particles are able to exhibit structural 

color originating from a PBG. It is believed that either periodic or quasi-periodic 

photonic crystals possess PBGs because these crystals have both long-range and 

short-range order.
[6–7]

 The theories behind the phenomenon of the electronic band gap 

created in a semiconductor are commonly applied to explain the PBG in a photonic 

crystal.
 [8–9]

 There are some approximative models explaining the electronic band gaps 

in semiconductors (e.g., a free electron model and a tight bonding model). The free 

electron model can be applied to explain PBGs in periodic structured materials, while 

the tight bonding model may sometimes be applied to PBGs in amorphous systems. 

Based on the tight binding model, we can assume that PBG can be formed in photonic 

amorphous materials by bonding and antibonding states of Mie resonances within 

each particle because they have short-range order in their structures. According to this 

understanding, neither lattice regularity nor long-range order is essential for the 

presence of a PBG in a material.
 
It can be assumed that an amorphous structure is 

capable of exhibiting PBGs and thereby possessing structural color. Indeed, some 

theoretical results have been reported stating that PBGs can be formed in amorphous 

structures in spite of the complete lack of lattice periodicity.
[8–10]

 The localization of 

light may be also important phenomenon to explain our results. 
[11]

 A local and 

spatially isotropic structural correlation, but little long-range correlation leads to 

strong backscattering over a relatively narrow range of optical frequencies and little 

variation with angle of incidence. Thus, localization of light can be generated from 

coherent scattering and interference. Randomness in the positions of dielectric 

scatterers leads to a mixing of all nearly degenerate photon branches; the complete or 

large photonic bad gap observed in periodic materials can be replaced by a broad 
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pseudo-gap consisting of localized states.
 [12–13]

 As a result, the colloidal amorphous 

arrays can display angle-independent structural colors due to the wavelength-selective 

scattering of light from the amorphous structure. 
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4.1. Introduction 

Recently, there has been an intensive effort to develop soft materials such as 

hydrogels having a periodic variation in refractive index to make way for new 

applications in optical devices.
[1-27]

 Specially, the development of the stimuli-

responsive chromic materials
[28-31]

 has attracted the scientists for application in smart 

windows, displays and switches. Photonic crystals that are three-dimensionally 

periodic on a length scale comparable to the wavelength of light must be considered 

promising candidates for stimuli-responsive, full-color chromic materials. The color 

of the crystals is caused by a photonic bandgap (PBG) that forbids the propagation of 

electromagnetic waves in a certain frequency range.
[32,33] 

It is technically possible to 

control the energy levels in the PBG by changing the periodicity and the average 

dielectric constant of the photonic crystals. Indeed, a close-packed colloidal crystal 

(CCC), which is selfassembled from monodisperse colloidal particles, offers a simple 

route to the fabrication of photonic crystals and can produce many desired colors.
 [34-

37]
 The CCC appears to be a powerful tool for preparing stimuli-responsive chromic 

materials.
[ 38-42] 

For the fabrication of smart materials several kinds of methods are 

being applied, template synthesis or the imprinting technique is one of the methods 

among those applied methods
[43]

. Structural colored gels with specific functional 

activity have been prepared by applying template synthesis approach
 [44-51]

. The main 

parts of structural colored gels are the covalently cross-linked polymer networks and 

the periodically ordered structures. As a result the gel inherits physical and chemical 

characteristics imposed by the templates and able to recall the spatial position and 

three dimensional shapes of the templates due to the presence of crosslinker which is 

used during polymerization. But the smart materials prepared from crystalline 

structured template display angle dependent structural color. That means the structural 
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color displayed by the stimuli responsive gel changes as the direction of view 

(viewing angle) as well as angle of incident light (angle of illumination) change.  

To devise a non-fading full color wide-angle reflective display without using 

color filters, the angle dependence of structural color has become a vital issue. So 

exhibition of angle independent or low angle dependent structural color by smart 

materials holds a great demand in material research. As the stimuli-responsive 

structural colored gel prepared from crystalline micro-structure, exhibits viewing-

angle dependent structural color, so our hypothesis was to prepare stimuli-responsive 

porous gel which will be able to display viewing angle independent structural color by 

using amorphous microstructure as template. The application of the amorphous 

microstructure as template to fabricate stimuli-responsive angle-independent 

structural colored gel has been described in this chapter.  

 

4.2. Stimuli-responsive Gel 

A well-known thermo-sensitive monomer, N-isopropylacrylamide 

(NIPA)[2M], N,N'-Methylene bisacrylamide (BIS) [20mM], Azobisisobutyronitrile 

(AIBN) [6mM] and 1-4 Dioxane were used as the main monomer, cross-linker, 

initiator and solvent, respectively, to obtain stimuli-responsive gel. First, 4.5264 g of 

NIPA and 61.68 g of BIS were dissolved in a 20 mL of 1, 4-dioxane. The solution 

was degassed by bubbling nitrogen gas for 30 min before the gelation. The stable 

dried 3D colloidal amorphous structure was obtained by previously described method. 

In this case the doping concentration was 10 wt. % and the thickness was 0.6 mm. 

This silica−air amorphous microstructure is able to serve as mesoscopic templates for 

the formation of mesoporous polymer gel. The infiltrated monomer solution in the 

template was polymerized with AIBN as a free-radical initiator at 60 °C so as to trap 
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their amorphous periodical order. The obtained gels were soaked in 5% hydrofluoric 

acid solution for a few hours to remove the silica colloids. The resulting gels were 

carefully washed with pure water and allowed to reach an equilibrium swelling state 

in water at 25 °C. Figure 4.1 shows the fabrication of temperature sensitive porous 

NIPA gel, which displays viewing angle independent structural colors at different 

temperatures.   

 

4.3. Structural Color Observation  

 The porous NIPA gel is very sensitive to the temperature change of its 

surroundings.
[52] 

Depending on the change in temperature this porous gel exhibits 

different structural color. But the specialty of this structural color (figure 4.2) is that it 

is almost uniform from any viewing angle between 0
o
 to 40

o
. Previously fabricated 

stimuli responsive structural colored gels
 [21-27, 40-52]

, which were prepared from 

colloidal crystal display viewing angle dependent structural color. So in the case 

where the iridescent structural color is not required, our non-iridescent structural color 

will be a good solution, especially in devising the smart display with a wide viewing 

angle. 
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CHAPTER 5 

CONCLUSIONS 
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5.1. Conclusions 

In conclusion, we have demonstrated for the first time that solid amorphous 

materials prepared from silica colloidal spheres are capable of displaying angle 

independent structural color. Pictographic evidences along with spectrometric 

measurements validate that the structural color displayed by the amorphous system is 

independent of viewing angle and direction of incident light while the customized 

image analysis of scanning electron micrographs with valid theoretical explanation 

clarify the authentication of angle independence. More optical research for the 

amorphous material is needed to elucidate the exact predominant mechanism for this 

angle-independent structural color from the colloidal amorphous.  

It is worthy to note, however, that the reported material with such optical 

phenomenon will be a fascinating mean to overcome technological barrier where 

angle dependent structural color becomes major issue for example full-color displays 

with wide viewing angle. Moreover this material can be used as a template to 

fabricate stimuli responsive structural colored soft materials and as a medium for 

comparative studies of optical properties with respect to colloidal crystal,
 

to 

investigate light propagation in resonant amorphous system, random laser and 

Anderson localization.  
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