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ABSTRACT OF THE DISSERTATION 

 

 

In recent years, structural color materials have garnered significant attention due to their high 

fade resistance and low toxicity compared to traditional pigments. Structural color materials 

exploit the physical phenomenon of selective reflection of specific wavelengths of light caused 

by periodic structures at the scale of the wavelength of light. However, these materials often 

exhibit angle-dependent reflection, making it challenging to achieve angle-independent 

coloration. Particle-based structural color materials composed of colloidal particles with sizes 

comparable to the wavelength of light can reduce angle dependence by forming quasi-amorphous 

structures with diminished crystallinity of the colloidal crystals. Nevertheless, this approach 

often results in reduced color contrast due to incoherent scattering. 

 

To address this problem, this study aimed to develop structural color materials with tunable 

reflective properties by introducing metal nitride (MN) nanoparticles into the periodic particle-

based structures. These materials combine structural color arising from the periodic structures 

with localized surface plasmon resonance (LSPR) of the MN nanoparticles, which selectively 

absorb specific wavelength regions through plasmonic absorption. In this work, the phenomenon 

where photonic effects from periodic structures and plasmonic absorption from MN 

nanoparticles coexist is defined as "photonic-plasmonic coupling." 

 

Silica (SiO₂) was employed as the structural framework, and MN nanoparticles such as titanium 

nitride (TiN), zirconium nitride (ZrN), and hafnium nitride (HfN) were used as components for 

plasmonic absorption at specific wavelength regions. Two types of core-shell particles were 



xii 

synthesized: (1) MN-SiO₂ core-shell particles with MN nanoparticles as cores and SiO₂ as shells, 

and (2) SiO₂-MN core-shell particles with monodispersed SiO₂ particles as cores and MN 

nanoparticles adhered to their surfaces. Quasi-amorphous structures were constructed using these 

core-shell particles, resulting in materials with reduced angle dependence and expression of 

photonic effects from the periodic SiO₂ structures and plasmonic absorption from MN 

nanoparticles. This work successfully developed photonic-plasmonic coupling structural color 

materials with enhanced tunability and functionality. 

 

 

Keywords: Structural color, Localized surface plasmon resonance, Metal nitride, Monodisperse 

particles, Core-shell particles, Quasi-amorphous.  
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Chapter 1 General Introduction 

 

1.1 Colorants and their types 

In this section, the history of colorant utilization is discussed, followed by descriptions of the 

colorants currently in use and the methods employed to evaluate them. 

 

1.1.1 History of colorants 

Since ancient times, humans have been captivated by the allure of color, incorporating naturally 

occurring hues into their artistic and daily practices. The use of color traces back to the 

Paleolithic period, evidenced by the employment of natural pigments in cave paintings and body 

modifications.1 These early pigments, sourced from soil, plants, and minerals, have been integral 

to human expression for tens of thousands of years. 

In ancient Egypt, artisans crushed colored natural ores into powder to serve as pigments. It is 

believed that blue pigments were produced from azurite (copper ores) and green from malachite, 

while red pigments were derived from iron oxide.2 As civilizations evolved, the extraction of 

pigments became more sophisticated, extending beyond the use of naturally occurring materials. 

For instance, in ancient India, the dye indigo was extracted from plants, marking a significant 

technological advancement in the utilization of natural substances for dyeing.3 

Further technological innovations occurred around 2000 BC when the Egyptians began adding 

blue and green hues to glass by incorporating copper and iron oxides.4 This practice was 

expanded by the Romans around the 1st century BC, who advanced glass manufacturing 

techniques, integrating colored glass into building materials and everyday objects.5 

The Middle Ages saw further refinement in the use of pigments. In Europe, a plethora of 

coloring techniques were developed, each workshop inventing unique methods. Pigments such as 
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red lead and lapis lazuli, still prominent in modern inorganic pigment applications, were 

developed during this period.6 The technology of glass coloring also proliferated throughout 

Europe, significantly influencing the art of medieval stained glass.7 

The modern era ushered in the synthesis of synthetic dyes. The earliest synthetic dyes were 

derived from substances such as coal tar by Friedlieb Ferdinand Runge8 and aniline, synthesized 

by August Wilhelm von Hoffmann,9 the mentor of William Henry Perkin. In 1856, the synthesis 

of mauveine by British chemist William Perkin catalyzed a revolution in dye technology, 

enabling more vibrant and cost-effective coloring of materials.10 

Despite the widespread adoption of synthetic dyes in the 20th century, concerns over their 

environmental and health impacts have emerged in recent decades. This has reignited interest in 

natural dyes and pigments. Concurrently, research has expanded into the development of 

functional pigments, including those capable of reflecting sunlight11 and biodegradable pigments 

derived from sustainable resources,12 reflecting ongoing efforts to harmonize technological 

advances with environmental stewardship.  

Thus, the history of colorants has changed with the development of culture and technology and 

has evolved in response to human aesthetic pursuits and practical needs. In other words, the 

history of colorants is a mirror that reflects the history of humanity. 

 

1.1.2 Organic colorants 

Organic colorants, which are dyes and pigments based on organic compounds, exhibit a diverse 

array of colors and chemical properties. These colorants can be either synthetic or derived from 

natural sources, finding utility across a broad spectrum of industries. 
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Synthetic organic dyes such as azo dyes and phthalocyanine dyes are extensively used. Azo dyes, 

characterized by the presence of the azo group (-N=N-), are among the most prevalent synthetic 

organic dyes, producing vibrant red, yellow, and orange hues.13 These dyes are predominantly 

utilized in the food, textile, and ink industries. Phthalocyanine dyes, noted for their blue and 

green shades, demonstrate exceptional resistance to light and chemicals, making them ideal for 

use in automotive paints and inks.14 

Conversely, natural pigments like carmine, curcumin, and chlorophyll are derived from 

biological sources. Carmine, or cochineal pigment, is a red pigment extracted from the cochineal 

scale insect used in foods and cosmetics.15 When extracted with warm or hot water, it is obtained 

as carminic acid and is insoluble as an aluminum salt. Curcumin, a yellow polyphenolic 

compound extracted from the turmeric root, is employed in food coloring and medicinal 

products.16 Chlorophyll, sourced from green leaves, colors foods and beverages. 

The classification of dyes and pigments hinges on their solubility and binding properties: dyes 

like carminic acid dissolve in solvents and chemically bond to substrates, imparting color, 

whereas pigments such as carmine are insoluble and adhere physically to surfaces. Due to their 

vivid colors and processing ease, organic colorants are vital in various fields including industrial 

products, art, cosmetics, and the food industry. However, carbon-based molecules are prone to 

"fading," a loss of color due to structural changes from decomposition by ultraviolet light or 

oxidation.17 Efforts to mitigate fading and deterioration include improving molecular structures, 

polymer bonding, using stabilizers, and, for pigments, adjusting their shape and size. Despite 

these efforts, current technology cannot entirely prevent the decomposition and deterioration of 

organic colorants. 
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1.1.3 Inorganic colorants 

Inorganic colorants, which include metal oxides, sulfides, and silicates, are pigments 

fundamentally rooted in inorganic compounds. These colorants are renowned for their 

exceptional stability and resistance to heat, light, and chemicals, making them indispensable in 

industries such as building materials, ceramics, and paints. Key examples of inorganic colorants 

include iron oxide, titanium dioxide, cadmium pigments, chromium pigments, and ultramarine 

pigments. 

Iron oxide pigments offer a range of colors such as red, yellow, brown, and black, determined by 

the iron's valence state.18 These pigments are highly stable and widely used in coloring outdoor 

paints, cement, and plastic products. Titanium dioxide, used primarily as a white pigment due to 

its high refractive index, enhances the whiteness of outdoor paints, plastics, and paper.19 It also 

acts as a photocatalyst for the decomposition of water and organic materials under ultraviolet 

light.20 Cadmium pigments, known for their vivid yellow hues, are made from cadmium-based 

compounds but are regulated due to toxicity.21 Similarly, chromium pigments, derived from 

compounds containing chromium, are characterized by bright greens or yellows but also face 

usage restrictions due to health concerns.22 Ultramarine pigments, composed of complex silicates 

containing sodium, aluminum, and sulfur, achieve their distinctive blue hue because the radical 

anion S3
−, which is included in the silicate, absorbs red to yellow wavelengths of light while 

reflecting blue.23 This is because some oxide ions in the silicate are replaced by sulfide ions, 

thereby shifting the band gap. These pigments are highly valued for their excellent lightfastness, 

making them ideal for use in art paints and cosmetics. 

Inorganic colorants are favored in a broad spectrum of industries because of their chemical 

stability. They are particularly valued for their superior lightfastness, heat resistance, and 

chemical inertness compared to organic colorants. These pigments are less affected by sunlight 
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and weather, thus are more suited for outdoor applications. They maintain their color stability in 

high-temperature environments and are less reactive to chemicals and solvents, making them 

ideal for industrial applications. Consequently, inorganic pigments are commonly employed to 

color products that demand longevity, such as building materials, automotive paints, and 

ceramics. However, the use of pigments containing hazardous elements is increasingly regulated, 

prompting the development of safer and more sustainable alternatives.24 

 

1.1.4 Other colorants 

In addition to organic colorants and inorganic pigments, structural color represents a distinct 

category of coloration. Structural color arises not from the chemical composition of materials but 

from the interaction of light with the microstructure of an object. This type of coloration is the 

result of the surface or internal structure of an object forming specific patterns that cause 

interference, diffraction, and reflection of incident light, producing distinctive colors. These 

colors often vary depending on the angle of light incidence and observation, and they change 

with the lighting conditions.25 

Structural color is generated through mechanisms such as interference, diffraction, and scattering 

of light. In phenomena like soap bubbles and an oil film on water, a thin film causes interference 

of light waves, selectively reinforcing certain colors.25 Furthermore, objects like compact discs, 

some butterfly wings,26 and certain bird feathers27 possess fine lattices and patterns that diffract 

light, creating visible colors. In the case of scattering, structures of specific sizes scatter light 

where the color observed is influenced by Rayleigh scattering,28 which colors the sky blue, and 

Mie scattering,29 which makes clouds appear white. 

Structural colors are prevalent in nature, observable in butterfly wings, bird feathers, and the 

shells of crustaceans. Technologically, structural colors find applications across a diverse range, 
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including security, art, decorative materials, and high-performance optical devices.30 They are 

employed in banknotes and passports to enhance anti-counterfeiting measures. Displays 

leveraging structural colors are anticipated to offer vivid colors along with energy efficiency. 

Research is actively pursuing the development of new materials that replicate the principles of 

structural color observed in nature through biomimicry. Structural colors are particularly 

advantageous due to their sustainability and minimal environmental impact. Unlike chemical 

dyes, they are long-lasting and resistant to fading. Additionally, they can be produced using safe, 

commonly available raw materials, circumventing the issues associated with inorganic pigments. 

These characteristics render structural colors highly valuable for specific applications. The 

classification and properties of structural color materials is discussed in the following section. 

 

1.1.5 Color evaluation 

Various scientific techniques are employed to accurately measure and express colors. The 

principal methods include spectrum measurement, evaluation using a multi-angle 

spectrophotometer, and evaluation with a color difference meter. Spectrum measurement 

methods encompass both reflection and transmission spectrum measurements. Reflection 

spectrum measurement assesses the color of an object by analyzing the spectrum of light 

reflected from its surface. This method determines how light of different wavelengths is 

reflected, identifying the color based on this data. It is particularly suited for measuring the color 

of non-translucent materials like solids and powders and can analyze surface color characteristics 

in detail, facilitating easy color reproduction and comparison. 

On the other hand, transmission spectrum measurement evaluates color by analyzing how light is 

absorbed as it passes through a material. This method is ideal for measuring the color of 

transparent materials, such as liquids and transparent solids. 
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Multi-angle spectrophotometers measure the reflection of light from different angles, making 

them capable of evaluating colors of materials with unique surface effects, such as gloss, 

metallic, and pearlescent finishes.31 These instruments are beneficial for materials whose color 

appearance changes with the viewing angle, such as automotive paints and cosmetic products, 

enabling the accurate capture of complex visual color effects. This feature is crucial for product 

management and quality control. 

Color difference meters quantify the difference between two colors as a numerical value based 

on a specified color space.32 These devices are instrumental in industries that demand high color 

reproducibility, including printing, painting, and textiles, ensuring color consistency across 

productions. 

Additionally, plotting the obtained spectrum as coordinates in a chromaticity diagram and a color 

space is possible. A chromaticity diagram, which illustrates hue and saturation (color purity), 

places colors on a two-dimensional plane.33 This diagram helps visually understand the 

relationship between hue and saturation. The most widely used chromaticity diagram is the CIE 

xy chromaticity diagram, established by the Commission Internationale de l'Éclairage 

(International Commission on Illumination).34 The CIE xy chromaticity diagram is a horseshoe-

shaped diagram encompassing all colors perceptible to the human eye. The primary feature of 

the CIE xy chromaticity diagram is that the diagram represents only hue and saturation based on 

the tristimulus values of color and does not include brightness. 

In contrast to the chromaticity diagram, a color space is a three-dimensional coordinate system 

that numerically expresses colors.35 To fully describe a color, color spaces include three 

dimensions: hue, saturation, and brightness (or lightness). Among the various types of color 

spaces, RGB, CMYK, HSV, HSL, CIE XYZ, and CIE Lab are commonly used. 
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RGB color space, representing Red, Green, and Blue, is prevalent in evaluating digital displays 

such as televisions, computers, and smartphone screens.36 The RGB color space creates colors by 

blending these three primary colors, based on the principle of additive color mixing where 

combining colors increases brightness and approaches white. This system allows for simple and 

intuitive color manipulation. 

CMYK color space, standing for Cyan, Magenta, Yellow, and Key (Black), is essential in the 

printing industry. The CMYK color space utilizes four ink colors and operates on the principle of 

subtractive color mixing, where colors become darker upon mixing.37 This system is ideal for 

accurate color reproduction in print. 

HSV color space, or Hue, Saturation, and Value, breaks down color into three components: hue 

indicates the type of color, saturation denotes the vividness, and value reflects the brightness.38 

This model facilitates intuitive adjustments that align with human color perception. 

HSL color space, which stands for Hue, Saturation, and Lightness, is frequently employed in 

web design. The HSL color space represents color with hue, saturation, and lightness, similar to 

HSV color space but differs in how brightness is handled, trending towards a middle gray, thus 

allowing for straightforward color balance adjustments and intuitive brightness control.39  

CIE XYZ color space is a standard developed from scientific analysis of color reproducibility, 

designed to reflect colors as perceived by the human eye with three components: X, Y, and Z. 

The X component predominantly relates to red hues, Y represents luminance or brightness as 

perceived by the human eye, and Z is primarily associated with blue hues.34 This space is 

excellent for color comparison and covers a wide color gamut. 

CIE Lab color space aims to accurately represent color differences, where L* indicates lightness, 

a* the red-to-green spectrum, and b* the yellow-to-blue spectrum.40 It employs nonlinear 
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conversions to approximate human visual perception and is advantageous for maintaining 

consistency across different media. 

These color spaces are tailored for specific applications such as printing, digital display, and 

scientific analysis. Each color space is selected based on its strengths and the requirements of the 

usage environment. For example, RGB color space is the standard for digital imaging, CMYK 

color space is preferred for printing, and CIE Lab color space is widely utilized for precise color 

analysis and management. Unlike two-dimensional chromaticity diagrams, which show only hue 

and saturation without brightness, these color spaces provide a comprehensive quantification of 

color, including dimensions for hue, saturation, and brightness, tailored to their respective 

applications. Color spaces offer precise numerical representations and are utilized in digital 

imaging, printing, and other color management processes. Chromaticity diagrams are apt for the 

visual analysis of colors, whereas color spaces are crucial for the technical analysis and 

management of colors. 

 

The method for calculating the colorimetric system is described below, using the XYZ 

colorimetric system as an example.41 

1) Correction of Spectral Data 

The spectral data 𝑅(𝜆) (reflectance) is multiplied by the light source spectrum 𝑆(𝜆) to calculate 

the corrected spectral data 𝑃(𝜆). The calculation is as follows: 

𝑃(𝜆) = 𝑆(𝜆)𝑅(𝜆) (1) 

Where:  

𝑅(𝜆) : Reflective spectrum of the sample 

𝑆(𝜆) : Reflective distribution of light source 
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2) Calculation of XYZ Values 

the corrected spectral data 𝑃(𝜆) is used to calculate the XYZ values using the following 

equations: 

𝑋 = 𝑘 ∑ 𝑃(𝜆)𝑥̅(𝜆)Δ𝜆

780

𝜆=380

(2) 

𝑌 = 𝑘 ∑ 𝑃(𝜆)𝑦̅(𝜆)Δ𝜆

780

𝜆=380

(3) 

𝑍 = 𝑘 ∑ 𝑃(𝜆)𝑧̅(𝜆)Δ𝜆

780

𝜆=380

(4) 

Where:  

𝑥̅(𝜆), 𝑦̅(𝜆), 𝑧̅(𝜆) : Standard observer functions 

Δ𝜆 : Wavelength interval 

𝑘 : Normalization factor 

 

3) Calculation of the Normalization Factor 

The normalization factor 𝑘 is calculated using the following equation: 

𝑘 =
100

∑ 𝑆(𝜆)𝑦̅(𝜆)Δ𝜆780
𝜆=380

(5) 

This factor is used to normalize the Y value to 100. 

 

Furthermore, the X and Y values in the CIE XY chromaticity diagram are derived from the X, Y, 

and Z components of the CIE XYZ color space and are intrinsically related. The XY 

chromaticity diagram displays color in two dimensions, representing the chromaticity 
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coordinates of the CIE color space, which can indicate the hue and saturation of a color. 

However, as noted, it lacks information about the brightness of the color. 

The 𝑥 and 𝑦 values in the XY chromaticity diagram are computed from the X, Y, and Z 

components of the CIE XYZ color space as follows: 

𝑥 =
𝑋

𝑋 + 𝑌 + 𝑍
(6) 

𝑦 =
𝑌

𝑋 + 𝑌 + 𝑍
(7) 

Here, 𝑥 and 𝑦 denote the chromaticity of a color, representing the "chromaticity coordinates" 

within the color space. These values specify the hue and saturation of the color and express the 

relative proportions of the three primary colors. However, the brightness of the color is 

represented by the Y value, which is the luminance component of the XYZ color space. This 

value is not determined by the color’s position on the xy chromaticity diagram but is a crucial 

index that defines the color's brightness. Therefore, the x and y values of the xy chromaticity 

diagram, derived from the X, Y, and Z components of the XYZ color space, are specifically 

calculated to embody the perceived hue and saturation of the color. 

 

1.2 Structural color 

As discussed in the previous section, coloration mechanisms include organic colorants, inorganic 

colorants, and structural color materials, which show colors derived from the structure itself. 

This section explores structural colors, focusing on single-layer interference, multi-layer 

interference, and colloidal particle systems. 
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1.2.1 Monolayer-film interference system 

Thin film interference occurs when light of a specific wavelength interacts with the thickness of 

a film, causing certain wavelengths to be strongly reflected. This interference depends on several 

factors, including the thickness of the film, the wavelength of the incident light, and the film's 

refractive index. The extent of reflection or transmission due to interference is determined by the 

path difference created by light reflecting and transmitting within the film relative to the light's 

wavelength. 

The fundamental equation for calculating thin film interference is as follows:42 if the film's 

thickness is 𝑑, the wavelength of light is 𝜆, the refractive index of the film is 𝑛, and the angle of 

incidence is 𝜃 (with 𝜃′ being the angle inside the film), the path difference Δ traveled by the light 

through the film is given by: 

∆= 2𝑛𝑑cos(𝜃′) (8) 

Here, 𝜃′ is the angle within the film, determined by Snell's law, calculated as: 

sin(𝜃′) =
sin(𝜃)

𝑛
(9) 

The resulting phase difference, due to the path difference, is: 

𝛿 =
2𝜋

𝜆
Δ (10) 

For light reflection, constructive interference occurs when the phase difference is an integer 

multiple of 2π, and destructive interference when it is an odd multiple of π\piπ. Thus, the 

condition for maximum reflection is: 

𝛿 = 2𝑚𝜋 (𝑚: integer) (11) 

Modifying this equation yields the condition for enhanced interference: 

2𝑛𝑑cos(𝜃′) = 𝑚𝜆 (12) 
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where 𝑚 represents the order of interference (an integer). Under these conditions, specific 

wavelengths are strongly reflected, producing visible colors, or act as an anti-reflection function 

depending on the context. 

This optical phenomenon has practical applications, such as the development of color-producing 

anti-corrosion coatings on magnesium alloys,43 and the creation of colorful, mechanically robust 

surface treatments for magnesium alloys.44 Refractory metals like Ru, Ta, and W can form 

surface oxides when heated, which can be colored through thin film interference.45 Additionally, 

thin films have been designed to achieve perfect light absorption in systems using a single lossy 

dielectric layer much thinner than the incident wavelength;46 new types of optical coatings have 

been developed to selectively absorb different frequency ranges of incident light using highly 

absorptive ultrathin films with thicknesses ranging from a few to tens of nanometers;47 and 

reports have detailed the control of absorption and reflection contrast with ultrathin film 

coatings.48,49 Asymmetric structural color reflective materials have also been developed by 

integrating gold nanoparticles into titania thin films, enhancing the effects of thin-film 

interference.50,51 

 

1.2.2 Multilayer films interference system 

When multiple thin films are stacked, they exhibit colors resulting from the interference of light 

that penetrates through the films. Each layer possesses a different refractive index, and 

interference occurs when light of certain wavelengths is reflected or transmitted at each interface, 

causing some wavelengths to be amplified while others are diminished. The refractive index and 

thickness of each layer determine which wavelengths are emphasized or attenuated. 

Alternating layers of materials with high and low refractive indices alter the pattern of light 

reflection and transmission, enhancing specific wavelengths through interference. Since the 
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response of the multilayer film structure varies with the angle of incidence of light, the observed 

color changes with variations in observation angle and light source. 

Coloring due to multilayer interference is observable in natural structures, such as shellfish, and 

is utilized in numerous technological applications and products. It is employed in the production 

of filters that selectively transmit certain wavelengths of light, as well as in anti-reflective 

coatings that minimize unwanted reflections on lenses and screens. Additionally, this technology 

is implemented in currency and identification cards, serving as a security feature to prevent 

counterfeiting. 

The theoretical calculation of structural color due to multilayer interference includes the 

calculation of interference conditions that take into account the refractive index and thickness of 

each layer, the wavelength of light, etc. Basically, it can be considered an extension of the 

calculation of interference for a single layer to multiple layers, but when considering the 

interference of a multilayer film, more complex calculations of phase addition and reflection and 

transmission coefficients are required. In the case of monolayer film, as described in the previous 

section, the path difference ∆ is calculated as follows: 

∆= 2𝑛𝑑cos(𝜃′) (13) 

Here, 𝑛 is the refractive index, 𝑑 is the thickness of the film, and 𝜃′ is the angle of incidence of 

light within the film. Furthermore, the phase difference 𝛿 is calculated using the following 

formula, and the reflection intensity is determined by the interference conditions.  

𝛿 =
2𝜋

𝜆
Δ (14) 

In the case of a multilayer film, the above travel path difference and phase difference are 

calculated for each layer to determine the total travel path difference and phase difference for the 

light that passes through all layers. The transfer matrix method is used to calculate the overall 
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reflectance and transmittance, considering the interference of reflection and transmission at each 

interface.52 With this method, matrices are constructed based on the refractive index and 

thickness of each layer, and the overall reflectance and transmittance can be obtained by 

calculating the product of these matrices. The following transfer matrix is defined for each layer: 

𝑀𝑖 = [
cos(𝛿𝑖)

−𝑖 sin(𝛿𝑖)

𝑝𝑖

−𝑖𝑝𝑖 sin(𝛿𝑖) cos(𝛿𝑖)

] (15) 

Here, 𝑝𝑖 =  𝑛𝑖 cos (𝜃𝑖), and 𝛿𝑖 is the phase difference of layer 𝑖. The total matrix 𝑀 through all 

layers is calculated as the product of the matrix of each layer, and the overall reflectance 𝑅 and 

transmittance 𝑇 are calculated from the total matrix 𝑀 using the elements of the total matrix. 

The total matrix is expressed in the following form: 

𝑀 = [
𝑀11 𝑀12

𝑀21 𝑀22
] (16) 

This matrix represents the overall optical properties from the incident medium of the first layer 

to the incident medium of the last layer. If the refractive indices of the incident medium and the 

exit medium are 𝑛0 and 𝑛𝑠,the transmittance 𝑇 and reflectance 𝑅 are calculated as follows. Since 

the transmittance indicates how much light remains after passing through all layers, the 

transmittance 𝑇 also depends on the refractive indices of the incident medium and the exit 

medium and is expressed in the following form.  

𝑇 = |
1

𝑀22
|

2 𝑛𝑠

𝑛0

(17) 

Reflectance 𝑅 indicates how much of the incident light is reflected and can be expressed by the 

following formula: 

𝑅 = |
𝑀21

𝑀22
|

2

(18) 



16 

Using this calculation, it is possible to predict the behavior of light at specific wavelengths and 

design materials with specific optical properties, which makes it possible to design anti-reflective 

coatings or bandpass filters that enhance or cancel the light of specific colors. Recent reports of 

structural color materials using multilayer interference include anodized aluminum photonic 

crystal films with adjustable structural color53 and magnesium-based reflective filters prepared 

by magnetron sputtering.54 In addition, multilayer films that control not only reflection but also 

reflection and transmission have been developed.55,56 In addition, multi-layer film materials are 

applied to an electrochromic device that exhibits the Janus effect, characterized by materials that 

display different optical properties depending on whether they are viewed from the front or the 

back57  and a multilayer structure that created an optical Janus effect was reported.58 

Structural color materials utilize multilayer interference made of inorganic compounds and 

structural color materials utilize multilayer interference made of organic compounds. Photonic 

crystals made of polymers was reported using block copolymers, and in this study, 1D photonic 

structures were created by self-assembling the polymers through coating and crosslinking.59 

Photonic hydrogels have also been made by self-assembly of amphiphilic polymers and a 

structure in which lamellar amphiphilic bilayers of poly(dodecyl glyceryl itaconate) (PDGI) are 

alternately embedded in the matrix using hydrophilic polyacrylamide (PAAm) hydrogels, in 

which the bilayer domains function as "reflectors" and the hydrogel exhibits structural color.60 

 

1.2.3 Colloidal particle system 

Similar to the interference of light in a monolayer film and the interference of light in a 

multilayer film, when the refractive index changes periodically in a structure composed of 

particles, a reflection of a specific wavelength occurs, and it can be used as a structural color 

material. The mechanism can be explained by light interference, diffraction, and Bragg 
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reflection. In light interference, the gaps formed between particles and the position of the 

particles themselves interfere with the light wave, emphasizing a specific color. In light 

diffraction, if the arrangement of particles is equal to or smaller than the wavelength of light, the 

light is diffracted by the particles and scattered in multiple directions, causing a change in color. 

In Bragg reflection, if the particles are regularly arranged, light incident at a specific angle is 

reflected according to Bragg's law, resulting in a vivid color. 

When modeling particle-based structural colors, they can be understood by the interference of 

scattered light and the diffraction theory.61 When particles scatter light, the scattered light from 

adjacent particles causes interference, emphasizing a specific color. This interference can be 

modeled using the following scattering matrix theory. 

𝐼 = ∑ 𝑎𝑖𝑎𝑗
∗𝑒𝑖𝑘(𝑟𝑖−𝑟𝑗)

𝑖,𝑗
(19) 

Here, 𝐼 is the intensity of the light obtained, 𝑎𝑖 is the amplitude of scattering by the 𝑖 -th particle, 

𝑘 is the wave vector (𝑘 = 2𝜋/𝜆, 𝜆 is the wavelength of light), and 𝑟𝑖 and 𝑟𝑗 are the positions of 

the particles. This sum is calculated across all particle pairs to generate an interference pattern. 

Diffraction theory can explain color development when particles have a periodic arrangement. In 

a model that applies Bragg's law, the conditions for light to be diffracted by the particle 

arrangement and for strong reflection to occur at a specific angle are shown as follows: 

𝑛𝜆 = 2𝑑sin𝜃 (20) 

Here, 𝑛 is an integer (diffraction order), 𝑑 is the distance between particles, and 𝜃 is the angle of 

incidence of light. 

In addition, the particle material (refractive index and absorptivity), shape (sphere, rod, etc.), and 

arrangement regularity greatly affect the appearance of color. When Mie scattering theory is used 
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for the particle's refractive index 𝑛 and diameter 𝑎, the scattering efficiency 𝑄scat can be 

expressed by the following formula. 

𝑄scat =
2𝜋

𝑘2
∑ (2𝑛 + 1)

∞

𝑛=1
(|𝑎𝑛|2 + |𝑏𝑛|2) (21) 

Here, 𝑎𝑛 is the size parameter 𝑥 =
2𝜋𝑎

𝜆
, and 𝑏𝑛 is the Mie coefficient which depends on the 

refractive index ratio 𝑚 = 𝑛particle/𝑛medium. 

Color occurs as a result of the interaction of the optical properties given by these theories. 

 

Particle-based structural color materials are mainly composed of monodisperse colloidal 

particles. 62,63 For organic compounds, polymers such as polystyrene,64 PMMA,65 PDA 

PNIPAM,66,67, polysulfide (PSF)68 have been synthesized as monodisperse particles, but this 

dissertation describes the inorganic compound particles and their layering method, which are the 

subject of this dissertation. Amorphous colloidal particles include SiO2 particles prepared by the 

sol-gel method,69–72 TiO2 particles,73,74 and Se particles prepared using the polyol method.75,76 

Single crystal particles include Cu2O particles obtained by reducing a precursor77–80 and 

monodisperse particles of bismuth produced by pyrolysis of the precursor and by melting and 

emulsifying metal powders to produce monodisperse metal particles.81 This technique has also 

been extended to low-melting point metals such as Pd, In, Sn, and Cd.82 Polycrystalline 

monodisperse particles include ZnO particles formed by the sol-gel process,83,84 Ce2O which can 

be prepared by the polyol process,85 and Cu2O particles prepared by reducing Cu(II) salts with 

various reducing agents at room temperature or high temperature.86–89 Iron oxides such as 

hematite (α-Fe2O3)
90 and magnetite (Fe3O4)

91,92 have been synthesized as monodisperse particles. 

In addition to oxides, monodispersed particles of cadmium sulfide have been prepared.93 
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These particles are packed through self-assembly driven by evaporation of the dispersion 

medium, gravity-induced sedimentation, external fields, and supersaturation-induced 

sedimentation, as well as other techniques such as spray coating, inkjet printing, and spin 

coating. Evaporation-induced self-self-assembly is one of the most widely used methods for 

fabricating photonic crystal films from monodisperse particles, in which the evaporation of the 

solvent generates capillary forces that transport the monodisperse spheres to the air-solvent-

substrate interface, where self-assembly occurs.94,95 Gravity-induced sedimentation is a method 

in which the sedimentation of particles is induced by centrifugation, etc., and the particles self-

assembled by sedimentation to make colloidal crystals.96 External field-induced self-assembly is 

a method in which particles self-assembly uses external fields such as electric and magnetic 

fields instead of gravitational ones. In this process, the particle surface is modified to give it 

magnetic or electric field responsiveness, resulting in particles that self-assemble in response to 

an external field.97–99 In the supersaturation-induced precipitation self-assembly method, 

monodispersed particles are dispersed in an effective volatile solvent with a low boiling point 

and then mixed with a target solvent with a high boiling point to form a uniform dispersion. 

When most of the effective solvent evaporates and the resulting solution is further cooled to 

room temperature, metastable photonic crystal pieces wrapped around the residual solvent 

spontaneously precipitate from the saturated solution of the target solvent.100 In spray coating, air 

or inert gas is used as the working gas, and the suspension is sprayed from a nozzle to evaporate 

the solvent in the droplets and deposit the powder uniformly on the substrate. Vivid structural 

color patterns have been obtained by spray coating inks in which monodispersed ZnS particles, 

or Cu2O particles are dispersed in a dispersion medium such as ethanol.101,102 Inkjet printing is 

accomplished by facilitating the self-assembly of highly ordered structures through components 
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that strongly interact with specially pretreated substrates featuring low surface tension.103–105 In 

spin-coating, droplets of a dispersion containing colloidal spheres are deposited onto a firmly 

fixed substrate. The substrate is then accelerated to a constant rotation speed, causing the 

droplets to spread due to centrifugal force. Meanwhile, due to the rapid evaporation of the 

solvent, capillary and shear forces drive the particles toward an aggregate, forming a dry 

photonic crystal film of controllable thickness.106–108 

 

As described above, particle-based structural color materials have been produced using various 

constituent materials and particle packing methods. However, as theory shows, the optical 

properties of both film-based and particle-based structural color materials depend on the angle of 

incidence of light, so some ingenuity is required to produce structural color materials that exhibit 

angle-independent coloring. In particle-based structural color materials, structural colors with 

low angle dependence can be obtained through amorphous arrangements that lack long-range 

order and possess local periodic structures.109–112 This colloidal structure is called quasi-

amorphous and has been studied as an approach to structural color materials with low-angle 

dependency.113 However, in exchange for the low angle-dependence, these materials usually 

have a pale color and no luster because of occurring incoherent scattering.114–117 For this reason, 

black materials are introduced to the structure as a means of overcoming the angle dependence 

and low contrast to suppress incoherent scattering. Examples of black materials that were 

introduced into the structures include carbon black,118–120 polydopamine,121,122 polypyrrole,123 or 

Fe3O4.
124,125 By this approach, structural color materials with low angle dependence and high 

contrast were reported. 
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However, by introducing a component that absorbs specific wavelength range rather than 

absorbing the entire visible light range through black materials, it is possible to prepare a color 

material that combines the effects of structural color due to photonic properties based on periodic 

structures and specific wavelength range absorption. The effect is called the color mixing effect. 

Using metal nitride plasmonic properties, I tried to realize the materials with a color mixing 

effect. 

 

1.2.4 Application of structural color 

Structural color materials are applied to take advantage of the advantages. For example, they 

have been used as stimuli-responsive materials, such as thermally responsive photonic 

stickers,126 electrically responsive photonic crystals, anti-counterfeiting tags using electrically 

responsive photonic crystals,127 and electrically and thermally responsive photonic films.128 They 

have also been researched as energy materials,129 such as solar cells130 and smart windows.131 In 

addition, structural color materials have been applied as anti-counterfeiting films,129,132 materials 

that can encrypt pre-engraved information when immersed in a specific solvent,133 and materials 

that quantitatively show wettability through changes in structural color,134 as well as uses in 

photonic catalysts.135–140, etc. 

 

 

1.3 Structural color materials with color mixing effect 

Incorporating components that absorb specific wavelength range into structures that exhibit 

structural colors allows for exhibiting the color mixing effect. These materials demonstrate 

optical characteristics that combine the effects of specific wavelength reflection inherent to the 

structure and specific wavelength range absorption. This section focuses on materials that 
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include inorganic compounds leveraging the band gap for specific wavelength range absorption, 

as well as those utilizing localized surface plasmon resonance (LSPR) by noble metal 

nanoparticles. This section describes examples from each area of study. Lastly, the potential for 

using LSPR by metal nitride nanoparticles is explored. 

 

1.3.1 Structural color materials using optical band gaps of inorganic compounds 

𝛼-Fe2O3/SiO2 core-shell nanoparticles were reported as structural color materials that incorporate 

inorganic compounds into particle-based structural color materials and combine visible light 

absorption based on the band gap of inorganic compounds with diffraction due to the periodic 

structure of particles.141 In addition, colloidal photonic crystals with high transparency were 

reported by adjusting the refractive index by using ZnS@SiO2 core-shell particles.142 Some 

research on particle-based structural color that combines specific wavelength diffraction and 

light absorption based on the band gap of inorganic compounds was reported. However, more 

research has been reported on structural color materials utilizing specific wavelength range 

absorption by LSPR, and this was further explained in the following section. 

 

1.3.2 Structural color materials using noble metal nanoparticles as specific wavelength range 

absorbers 

Color control is also achieved by introducing particles exhibiting LSPR. In this phenomenon, the 

collective oscillation of electrons on the particle surface occurs in response to an electric field, 

absorbing specific energies. This is known to occur in nanoparticles of noble metals such as 

gold,143,144 silver,145,146 and palladium.147,148  

This phenomenon can be described as quantized plasma oscillations, yet it can also be accurately 

explained using classical physics. Plasmon oscillations can be considered as the mechanical 
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motion of the electron gas in metals, specifically, the displacement of the electron gas relative to 

the fixed ion cores in the presence of an external field. In the case of bulk plasmons, these 

oscillations occur at the plasma frequency and possess energy characterized by the following 

equation. 

𝐸𝑝 = ℏ√
𝑛𝑒2

𝑚𝜀0

(22) 

where 𝜀0 represents the permittivity of free space, 𝑛 denotes the electron density, and 𝑚 is the 

electron mass. At the surface of metals, plasmons take the form of surface plasmon polaritons 

(SPPs), also commonly referred to simply as surface plasmons. These surface plasmons can be 

optically excited and couple to either localized or propagating surface plasmon modes through 

the metal surface's lattice or defects. The excitation of surface plasmons is driven by the 

oscillating electric field of the incident plane wave; therefore, light with a larger angle of 

incidence (i.e., light whose wave vector 𝑘 is nearly parallel to the surface) couples most 

efficiently. 

When surface plasmons are confined within particles of a size comparable to the wavelength of 

light, namely nanoparticles, the collective oscillations of the free electrons within the particles 

give rise to what is known as localized surface plasmons (LSPs). There are two significant 

effects associated with LSPs. First, the electric field near the surface of the particle is 

significantly enhanced, with the maximum enhancement occurring at the surface and rapidly 

decreasing with distance. Secondly, the optical extinction of the particles peaks at the plasmon 

resonance frequency, which occurs within the visible wavelength range for noble metal 

nanoparticles. This extinction peak is dependent on the refractive index of the surrounding 
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medium, making it useful for applications such as sensing.149 To gain a deeper understanding of 

how localized surface plasmon resonance occurs, it is necessary to examine scattering theory. 

The Maxwell equations, as analyzed by Gustav Mie in 1908, describe the scattering and 

absorption of light by spherical particles.29 When considering a homogeneous conductive sphere 

irradiated by a plane wave, the resulting scattered field allows for the calculation of the total 

scattering 𝜎sca, extinction 𝜎ext, and absorption cross-sections 𝜎abs.150 

𝜎sca =
2𝜋

|𝑘|2
∑(2𝐿 + 1)

∞

𝐿=1

(|𝑎𝐿|2 + |𝑏𝐿|2) (23) 

𝜎ext =
2𝜋

|𝑘|2
∑(2𝐿 + 1)

∞

𝐿=1

[𝑅𝑒(𝑎𝐿 + 𝑏𝐿)] (24) 

𝜎abs = 𝜎ext − 𝜎sca (25) 

where 𝑘 represents the wave vector of the incident wave, and 𝐿 are integers representing the 

dipole, quadrupole, and higher multipoles of the scattering. In the equations mentioned, 𝑎𝐿 and 

are 𝑏𝐿 parameters composed of Riccati–Bessel functions 𝜓𝐿 and 𝜒𝐿. 

𝑎𝐿 =
𝑚𝜓𝐿(𝑚𝑥)𝜓′

𝐿
(𝑥) − 𝜓′

𝐿
(𝑚𝑥)𝜓𝐿(𝑥)

𝑚𝜓𝐿(𝑚𝑥)𝜒′
𝐿

(𝑥) − 𝜒′
𝐿

(𝑚𝑥)𝜒𝐿(𝑥)
(26) 

𝑏𝐿 =
𝜓𝐿(𝑚𝑥)𝜓′

𝐿
(𝑥) − 𝑚𝜓′

𝐿
(𝑚𝑥)𝜓𝐿(𝑥)

𝜓𝐿(𝑚𝑥)𝜒′
𝐿

(𝑥) − 𝑚𝜒′
𝐿

(𝑚𝑥)𝜒𝐿(𝑥)
(27) 

Here, 𝑚 = 𝑛̃/𝑛𝑚, where 𝑛̃ = 𝑛𝑅 + 𝑖𝑛𝑙 represents the complex refractive index of the metal, and 

𝑛𝑚 is the real refractive index of the surrounding medium. Additionally, 𝑥 = 𝑘𝑚𝑟, where 𝑟 

denotes the radius of the particle. The wave number 𝑘𝑚 = 2𝜋/𝜆𝑚 is defined not as the wave 

number in vacuum but rather as the wave number within the medium. 

Assuming that the nanoparticles are much smaller than the wavelength of light, 𝑥 ≪ 1. Under 

this condition, the Riccati–Bessel functions can be approximated by power series. Following 
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Bohren and Huffman (Bohren, CF; Huffman),150 if only the terms up to 𝑥3 are retained, 

equations 26 and 27 can be simplified as follows: 

𝑎1 ≈ −
𝑖2𝑥3

3

𝑚2 − 1

𝑚2 + 1
(28) 

𝑏1 ≈ 0 (29) 

Furthermore, higher order terms for 𝑎𝐿 and 𝑏𝐿 become zero. To calculate the real part of 𝑎1 as 

required by Equation 25, substitute 𝑚 = (𝑛𝑅 + 𝑖𝑛𝐼)/𝑛𝑚 into Equation 28. 

𝑎1 = −𝑖
2𝑥3

3

𝑛𝑅
2 − 𝑛1

2 + 𝑖2𝑛𝑅𝑛𝐼 − 𝑛𝑚
2

𝑛𝑅
2 − 𝑛1

2 + 𝑖2𝑛𝑅𝑛𝐼 + 𝑛𝑚
2

(30) 

Next, switch to the complex metal dielectric function represented as 𝜀̃ = 𝜀1 + 𝑖𝜀2, which 

captures the following relationship: 

𝜀1 = 𝑛𝑅
2 − 𝑛1

2 (31) 

𝜀2 = 2𝑛𝑅𝑛𝐼 (32) 

Upon transitioning to the dielectric function of the medium, 𝜀𝑚 = 𝑛𝑚
2 . With these substitutions, 

the relationship can be expressed as follows: 

𝑎1 =
2𝑥3

3

−𝑖𝜀1
2 − 𝑖𝜀1𝜀𝑚 + 3𝜀2𝜀𝑚 − 𝑖𝜀2

2 + 𝑖2𝜀𝑚
2

(𝜀1 + 2𝜀𝑚)2 + (𝜀2)2
(33) 

By substituting Equation 33 into Equation 24 and considering only the dipole terms, an 

expression for nanoparticle plasmon resonance is obtained. 

𝜎ext =
18𝜋𝜀𝑚

3/2
𝑉

𝜆

𝜀2(𝜆)

[𝜀1(𝜆) + 2𝜀𝑚]2 + 𝜀2(𝜆)2
(34) 

Here, 𝑉 represents the volume of the particle. Following a similar process, the subsequent 

scattering cross-section 𝜎sca can be derived. 

𝜎sca =
32𝜋4𝜀𝑚

2 𝑉2

𝜆4

(𝜀1 − 𝜀𝑚)2 + (𝜀2)2

(𝜀1 + 2𝜀𝑚)2 + (𝜀2)2 
(35) 
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These small-particle approximations are strictly applicable only to particles with diameters less 

than 10 nm. However, it has been found that predictions of dielectric sensitivity remain accurate 

for larger particles as well.151  

When the denominator of Equation 34 reaches its minimum, the extinction cross-section is 

maximized. This condition is satisfied when 𝜀1 = −2𝜀𝑚. This indicates that the localized surface 

plasmon resonance (LSPR) extinction peak is dependent on the dielectric constant of the 

surrounding medium. 

 

To find the dependence of the LSPR peak wavelength on the dielectric function of the medium, 

the analytical, frequency-dependent form for ε1 from the Drude model of the electronic structure 

of metals can be used.152 This classical model of electron transport within conductors describes 

the collisions between freely moving electrons and the stationary lattice of heavy ion cores, 

providing an approximation very close to the actual conductivity of noble metals.: 

𝜀1 = 1 −
𝜔𝑝

2

𝜔2 + 𝛾2
(36) 

Here, 𝜔𝑝 represents the plasma frequency, and 𝛾 is the damping parameter of the bulk metal. In 

the case of visible and near-infrared frequencies, where 𝛾 ≪ 𝜔𝑝, the above expression can be 

simplified as follows: 

𝜀1 = 1 −
𝜔𝑝

2

𝜔2
(37) 

By applying this equation to 𝜀1 and setting 𝜀1 = −2𝜀𝑚 to satisfy the resonance condition, the 

following expression can be derived:  

𝜔max =
𝜔𝑝

√2𝜀𝑚 + 1
(38) 
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Here, 𝜔max represents the peak frequency of the LSPR. By converting the frequency to 

wavelength using 𝜆 = 2𝜋𝑐/𝜔 , and converting the dielectric constant to the refractive index 

using 𝜀𝑚 = 𝑛2, the above equation can be reformulated as follows:  

𝜆max = 𝜆𝑝√2𝑛𝑚
2 + 1 (39) 

where 𝜆max is the LSPR peak wavelength, and 𝜆𝑝 corresponding to the wavelength for bulk 

metal. Consequently, the dependency of the LSPR peak wavelength on the refractive index is 

approximately linear at optical frequencies. 

Consequently, in localized surface plasmon resonance, wavelengths with specific energies are 

absorbed, determined by the material's dielectric constant, particle size, and the dielectric 

environment of the medium. 

 

The introduction of these nanoparticles into particle-based structural color materials allows for 

tuned coloration. 153 Similar approaches were reported for SiO2–Au and SiO2–Ag composite 

particles,154,155 which utilize localized surface plasmon resonance for specific wavelength range 

absorption in conjunction with periodic structure-based reflection, thereby providing an 

alternative to bandgap absorption. In addition, reconfigurable protein-based plasmonic-photonic 

crystal hybrid nanostructures were reported.156 However, these noble metals are costly due to 

their rarity and compete with uses in jewelry and electronic components. In this study, I 

developed structural color materials incorporating plasmonic properties without the use of 

precious metals by integrating metal nitride nanoparticles, which exhibit plasmonic 

characteristics, into a periodic structure. 
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1.3.3 Metal nitride nanoparticles as alternative specific wavelength range absorbers to precious 

metal nanoparticles 

As described in the previous section, noble metal nanoparticles such as Au and Ag are the most 

extensively studied plasmonic nanomaterials due to their strong extinction in the visible and 

near-infrared regions. However, the high cost of noble metals like Au and Ag poses a limitation 

for large-scale commercial applications. Additionally, the low melting points of nanoscale metals 

render them unsuitable for high-temperature applications.157,158 

Cost-effective alternative plasmonic materials that exhibit not only effective plasmonic responses 

but also high chemical and thermal stability have been researched. In this regard, metal nitrides 

have emerged as promising candidates to replace noble metals.159–161 Computational analyses 

have demonstrated that transition metal nitride nanoparticles such as TiN, ZrN, and HfN, possess 

metallic electronic structures and exhibit absorption and scattering in the visible and near-

infrared regions for nanoparticles with a radius of 50 nm. Due to differences in the dielectric 

constants of TiN, ZrN, and HfN, the oscillation frequency of the electrons varies, leading to 

changes in the wavelength at which the nanoparticles exhibit the strongest light absorption LSPR 

peak.162 These properties have been experimentally confirmed, with synthesized transition metal 

nitride nanoparticles displaying plasmonic characteristics.163 

Various processes have been developed to synthesize plasmonic metal nitride nanoparticles, 

including laser ablation,164,165 non-thermal plasma,166 arc plasma,167 solid–gas-phase synthesis,168 

and solid-state synthesis.163 Among these, solid-state synthesis is one of the simplest approaches, 

enabling the fabrication of metal nitride nanoparticles through the solid-phase reaction of oxide 

precursors with magnesium nitride. The resulting metal nitride nanoparticles were reported to 

exhibit plasmonic properties.163 
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However, the use of plasmonic properties of metal nitride nanoparticles for specific wavelength 

range absorption in structural color materials has remained unexplored. This dissertation focused 

on the development of structural color materials that incorporate metal nitride nanoparticles as 

specific wavelength range absorption components to address the cost and mining-related issues 

associated with noble metals. In this dissertation, the phenomenon exhibiting both photonic 

properties from periodic structures and specific wavelength range absorption by the LSPR in 

metal nitride nanoparticles was defined as photonic–plasmonic coupling. By combining oxides to 

form periodic structures and utilizing the LSPR in metal nitride nanoparticles, this study aimed 

to develop photonic–plasmonic coupling color materials that integrated photonic and plasmonic 

effects. 

 

 

1.4 Aim and strategies of this work 

This dissertation focuses on developing particle-based structural color materials with photonic–

plasmonic coupling properties, integrating reflective properties from periodic structures and 

specific wavelength-absorbing properties by the components. Components that absorb specific 

wavelength range were embedded into the structure to achieve this integration. Silica was used 

as a structural material, while metal nitride nanoparticles showing localized surface plasmon 

resonance were employed as specific wavelength range absorbing components. The size of SiO2 

particles used as structural materials was on the order of several hundred nanometers, whereas 

the metal nitride nanoparticles used as specific wavelength range absorbing components were 

just a few tens of nanometers in size. 
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The primary objective is to develop materials that eliminate the need for precious metals, show 

low angular dependence, and allow for controlled reflection through adjustments to the periodic 

structure and controlled absorption by selecting and varying the concentration of metal nitride 

nanoparticles. Core-shell structures combining metal nitride and silica were synthesized for this 

purpose. The aim is to utilize these structural color materials by preparing metal nitride-silica 

core-shell particles, with metal nitride nanoparticles as the core, and silica-metal nitride core-

shell particles, with silica as the core and metal nitride nanoparticles as shell particles. In the case 

of the silica-metal nitride core-shell particles, the prepared particles used smaller shell particles 

than core particles, and since the shell particles did not completely cover the core, they qualified 

as “core-satellite particles.” Core-satellite particles comprise a primary central core surrounded 

by smaller, discrete satellite particles that are not connected to form a continuous shell.169 

However, core-satellite particles are also included in the broader definition of core-shell 

particles;170 therefore, for consistency in terminology, the prepared particles containing SiO2 and 

metal nitride nanoparticles were referred to as core-shell particles. The silica-metal nitride core-

shell particles were prepared by attaching an amount of metal nitride nanoparticles around 

monodisperse SiO2 core particles that did not significantly affect the monodispersity of the 

whole particles. As a result, although the diameter of the core-shell particles was slightly larger 

than that of the SiO2 particles alone, the overall monodispersity was maintained. 

To reduce angular dependence, colloidal particles were formed into quasi-amorphous structures, 

principally by producing particle-stacked films. The optical properties of these materials were 

assessed by measuring their reflection spectra and analyzing the angular dependence of the 

reflected light. 
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Through these strategies, I aimed to develop photonic-plasmonic coupling color materials that 

combine the photonic properties derived from the periodic structure of the composition with the 

plasmonic characteristics of the embedded metal nitride nanoparticles. 

 

 

1.5 Contents of this dissertation 

This dissertation begins with an introduction chapter that explores the background of structural 

color materials. It emphasizes the significance of developing structural color materials that 

control absorption and reflection without the use of noble metals, which is the central aim of this 

research. The second chapter introduces zirconium nitride (ZrN) as a specific wavelength range 

absorber, capable of absorbing around 700 nm due to LSPR, and discusses the synthesis and 

evaluation of ZrN-SiO2 core-shell particles. The third chapter expands this investigation to 

include titanium nitride (TiN) and hafnium nitride (HfN) as specific wavelength range absorbing 

species, detailing the preparation and evaluation of TiN-SiO2 and HfN-SiO2 core-shell particles. 

The fourth chapter describes the synthesis process for SiO2-ZrN core-shell particles used in 

structural color materials, focusing on the reversed roles of metal nitride nanoparticles and silica, 

and their optical properties. The fifth chapter investigates materials that manage reflection by 

adjusting the size of silica particles and control absorption through the species and distribution 

density of metal nitride nanoparticles, including further developments with TiN and HfN. The 

sixth and final chapter concludes the findings and discusses their implications for the field of 

structural color materials.  
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Chapter 2 Synthesis of ZrN-SiO2 Core-shell Particles by a Sol-gel Process and Use as 

Particle-based Structured Coloring Material 

 

2.1 Introduction 

Core-shell particles feature a central core containing a distinct component enveloped by an outer 

shell composed of another compound. Core-shell particles present a method for preparing 

materials with novel properties and applications ranging from catalysis51,171–175 to 

electronic,176,177 magnetic,178,179 or optical devices.180–182 In inorganic compounds, a conspicuous 

emphasis is on the functionality of core-shell particles comprising metal nitrides. Core-shell 

particles containing metal nitrides have unique characteristics that hold the potential for a diverse 

range of applications, including catalysis,183,184 optical sensing,185 and energy conversion.186 In 

recent years, several core-shell nanostructures composed of metal nitrides and metal oxides were 

prepared, and their functions were reported.187–190 In the combination of metal nitrides and 

oxides, the preparation of core-shell particles requires a component encompassing the selection 

of materials, choice of the synthesis process, and envisaging of desired properties. The core-shell 

architecture confers upon these particles an amalgamation arising from the unique traits of metal 

nitrides and oxides. By careful selection of the core and shell constituents and designing 

structures from the chemical and physical perspectives, such as catalytic activity, magnetism, 

stability, and surface area, a variety of properties that surpass those of homogeneous materials or 

simple mixtures can be achieved. For example, cobalt-based nitride core oxide shells,187 Fe2N 

stabilized by core-shell formation with iridium oxide,184 and Fe4N-IrO2 core-shell 

particles188 have successfully acted as catalysts while enhancing both the catalytic activity and 

stability. The advantages arising from the combination of metal oxides and nitrides were reported 

in the field of energy materials.189 Core-shell nanostructures of metal nitrides and metal oxides 
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have also been explored in magnetic nanodevices and biomedical applications.190 Thus, the core-

shell formation of metal oxides and metal nitrides has the potential to adjust the interactions 

between metal oxide and metal nitride, increase stability, and rise new materials. However, metal 

nitride/metal oxide core-shell materials have not been employed in applications to exploit both 

the optical properties of the metal nitride core and the morphology of the entire core-shell 

particle. 

This study considers ZrN as a core material because it exhibits LSPR. Moreover, LSPR is a 

phenomenon characterized by the resonance of electrons on the surface of a particle, induced by 

collective vibrations. The selective absorption of particular light wavelengths by materials is 

attributed to electron resonance upon light absorption, resulting in collective vibrations. LSPR 

occurs in noble metal nanoparticles, such as gold, silver, and platinum. Recently, metal nitride 

nanoparticles were reported to exhibit LSPRs. Karaballi et al. reported that TiN, ZrN, and HfN 

nanoparticles, which are nitrides of group four elements, exhibited LSPR.163 Exarhos et al. 

synthesized core-shell zirconium nitride–silicon oxynitride nanoparticles using chemical vapor 

deposition (CVD) and confirmed that the formed nanoparticles exhibited LSPR.191 The 

absorption wavelength was controlled by coating the ZrN nanoparticles with silicon oxynitride. 

Moreover, ZrN-SiO2 core-shell particles were theoretically suggested to boost the efficiency of 

Pb-free perovskite solar cells to reach up to 20%.192 From an optical perspective, ZrN and core-

shell nanoparticles containing ZrN are expected to gain attention in the future. However, a 

process for preparing ZrN-SiO2, which is ZrN coated with SiO2, has not yet been reported. The 

formation of ZrN-SiO2 core-shell particles at ambient temperature and pressure is more valuable 

than the formation of these particles using processes such as plasma CVD or nitridation with 

NH3 gas. Some studies discussed the synthesis of metal nitrides without the use of 
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NH3 gas.193,194 In particular, the liquid-phase process is appropriate as a low-energy process for 

preparing ZrN-SiO2 core-shell particles in mass production. 

I utilized the Stöber process,72 as a liquid-phase process, to prepare core-shell particles. The 

Stöber process is a typical method for synthesizing monodisperse silica particles.195 The Stöber 

process involves hydrolysis and polycondensation of silicon alkoxides under basic conditions to 

obtain uniformly sized particles. Thus, the Stöber process has been used for the core-shelling of 

Au,154,196–200 Ag,201 Fe2O3,
141 Fe3O4,

202 CsPbBr3,
203 CdSe/CdxZn1−xS,204 and nanoscale 

diamond205 with silica. 

In this study, ZrN nanoparticles exhibiting LSPR were synthesized, and ZrN-SiO2 core-shell 

particles were prepared by coating silica around the obtained ZrN nanoparticles using the sol-gel 

process. By employing these particles as a material that constitutes the structural color, I 

evaluated the possibility of achieving a material that reflects specific wavelengths from a highly 

uniform particle size. 

 

 

2.2 Results and Discussion 

The mixture of ZrO2 nanopowder (Figure 2.1) and Mg3N2 powder was heated at 1000°C to 

obtain dark green products. The products obtained after the reaction contained ZrN, MgO, and 

Mg3N2 (Figure 2.2). ZrN and MgO were formed through the reaction of ZrO2 with Mg3N2, while 

the residual Mg3N2 was due to an excess of 3 molar equivalents of Mg3N2 added to ZrO2, 

resulting in unreacted Mg3N2 remaining. The reaction of ZrO2 and Mg3N2 forming ZrN is as 

follows.163 

6ZrO2 + 4 Mg3N2 → 6ZrN + MgO + N2 
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The obtained dispersion, which was washed in the HCl solution, was blue in color, as shown in 

Figure 2.3.a. The products were observed by transmission electron microscopy (TEM) to 

confirm their morphology. Figure 2.3.b-d shows the TEM image of the products. The products 

consisted of particles, each size 10–20 nm. From Figure 2.3.d, it can be observed that the 

interplanar spacing in the particles is 0.28 nm. This spacing corresponds to the (100) plane of 

ZrN. Figure 2.3.e shows the X-ray diffraction (XRD) profile of the dried particles. The XRD 

profile of the products exhibits peaks originating from the ZrN phase. The result indicates that 

the washing process dissolved and removed the unreacted Mg3N2 and the formed MgO, while 

the insoluble ZrN remained. Peaks observed at 33° and 45° in the XRD pattern are considered to 

be attributable to impurities that formed during the washing process. The particle size 

distribution was derived by analyzing the small-angle X-ray scattering (SAXS) intensity 

(Figure 2.4). The particle size distribution shows a mode at approximately 3 nm, which 

decreases as the particle size increases, as shown in Figure 2.3.f. The average particle size is 

approximately 12 nm. The average crystal size of the obtained ZrN, derived from the XRD 

profile using the Debye–Scherrer equation, is 11 nm. This result satisfactorily agrees with the 

average particle size of ZrN determined from SAXS measurements (12 nm), suggesting the 

validity of the particle size distribution calculated using the SAXS. These particles were 

sufficiently small to exhibit LSPRs.163 The absorption spectrum of the ZrN nanoparticle 

dispersion exhibits a peak at approximately 700 nm, as shown in Figure 2.1.g. The dispersion of 

ZrN nanoparticles exhibited increased absorbance at wavelengths below 400 nm. This 

phenomenon is attributed to Rayleigh scattering by ZrN particles. Rayleigh scattering is 

applicable when particle size d is considerably smaller than the wavelength of light λ, typically 

represented as d << λ. This implies significant Rayleigh scattering occurs when the particle 
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diameter is less than one-tenth of the wavelength, that is, d < λ/10.28 Given the average particle 

size of ZrN nanoparticles was 12 nm, it was posited that light with wavelengths shorter than 

400 nm is strongly scattered, resulting in reduced transmitted light intensity. 

 

 

Figure 2. 1 STEM image of the starting material ZrO2 nanoparticles (ITEC, Zirconeo-Cp). 

 

 

 

Figure 2. 2 XRD profiles of the products before washing. The products were obtained by heating 

a mixture of ZrO2 and Mg3N2 at 800 °C, 900 °C, and 1000 °C under a flow of N2 gas. 
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Figure 2. 3 Photograph, TEM images, XRD profile, particle size distribution, and absorption 

specrum of the sample. (a) Photograph of the diluted particle dispersion. Transmission electron 

microscopy (TEM) images of the product from ZrO2 and Mg3N2. (b) Low magnification image. 

(c) Medium magnification image. (d) High magnification image. (e) X-ray diffraction (XRD) 

profile of the dried particles obtained. (f) Particle size distribution derived by analyzing the 

small-angle X-ray scattering (SAXS) intensity (Figure 2.4). (g) Absorption spectrum of the 

diluted particle dispersion. 
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Figure 2. 4 SAXS profile of the obtained ZrN particle dispersion. 

 

 

The ZrN-SiO2 core-shell particles were synthesized using the obtained ZrN dispersions. The dark 

blue solution transformed to a white hue as the reaction proceeded (Figure 2.5). During this 

process, the solution did not undergo gelation and precipitation. After each reaction, the particles 

were collected by centrifugation. Figure 2.6 shows the photographs of the particles obtained at 

each reaction time. The color of particles changed from dark purple to gray white as the amount 

of silica produced increased with the reaction time. Subsequently, the morphology of the 

synthesized particles was examined using scanning transmission electron microscopy (STEM). 

Figure 2.7 shows the high-angle annular dark-field (HAADF) STEM images of the particles 

obtained at various reaction times (40, 180, 300, and 1440 min). Spherical particles with internal 

cores are observed at all reaction times. The morphology of the core particles reflects the 
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agglomeration state of the ZrN nanoparticles. Since ZrN particles are not present in a completely 

separated state of crystallites, as shown in Figure 2.3.b, there are instances where agglomerated 

ZrN particles are coated with SiO2. The particle sizes obtained at reaction times ranging from 40 

to 1440 min are approximately 250–700 nm. As shown in Figure 2.8, the particle size 

distribution was obtained using the HAADF STEM images (Figure 2.9). The averages of the 

particle sizes are 289, 497, 628, and 715 nm at reaction times of 40, 180, 300, and 1440 min, 

respectively. Therefore, particles can be prepared by tuning the particle size and adjusting the 

shell thickness by varying the reaction time. Moreover, the HAADF STEM images are obtained 

by detecting forward-scattered electrons, and the intensity of these images is directly 

proportional to the atomic number of elements. Therefore, heavy atoms appear brighter, whereas 

light atoms appear darker. Interestingly, the HAADF STEM images showed that the core area of 

the particle was brighter than the shell area, indicating a different composition between the core 

and shell. 

 

 

 

Figure 2. 5 Photographs of the sol at the reaction times of 0 min, 40 min, 180 min, 300 min, and 

1440 min. 
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Figure 2. 6 Photographs of particles synthesized at reaction times of (a) 40 min, (b) 180 min, (c) 

300 min, and (d) 1440 min. 

 

 

 

Figure 2. 7 HAADF STEM images of the particles produced at the reaction times of (a) 40 min, 

(b) 180 min, (c) 300 min, and (d) 1440 min. 
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Figure 2. 8 Size of the particles produced at the reaction times of (a) 40 min, (b) 180 min, (c) 

300 min, and (d) 1440 min. 
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Figure 2. 9 HAADF STEM images and target areas for analysis of the particles produced at the 

reaction times of (a) 40 min, (b) 180 min, (c) 300 min, and (d) 1440 min. 

 

 

To investigate the shell formation Fourier transform infrared (FTIR) and Raman spectra of the 

products at designated reaction times were measured (Figures 2.10). The FTIR spectra at 

reaction times of 0 min, 40 min, 180 min, 300 min, and 1440 min with the 4000–

1500 cm−1 range are displayed in Figure 2.10.a and with the 1500–500 cm−1 range in 

Figure 2.10.b. Figure 2.10.c presents the Raman spectra of the products. From FTIR and Raman 

spectra, the formation of SiO2 was confirmed after 40 min, and the intensity of bands based on 
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Si-O gradually increased with an increase in the reaction time. The intensity of the bands based 

on O-H groups decreased with an increase in the reaction time. These behaviors indicate that the 

SiO2 network was formed with an increase in reaction time, and consistent with the trends 

observed in Figures 2.7 and 2.8. In addition, only very weak C-H bands based on unreacted 

ethoxy groups (around 3000 cm−1) were observed. Because the intensity of the bands based on 

O-H groups and C-H groups in core-shell particles is very weak, we believe that the effect of the 

unreacted ethoxy group or O-H groups on the fabrication of particle assemblies is negligible. 

 

 

Figure 2. 10 FTIR spectra of the particles produced at the reaction times of 0 min, 40 min, 

180 min, 300 min, and 1440 min: (a) the 4000–1500 cm−1 range and (b) the 1500–

500 cm−1 range. Absorption at approximately 2300 cm−1, attributed to atmospheric CO2, was 

detected in all samples. (c) Raman spectra of the produced particles. FTIR bands: 3500 to 3200 

cm⁻¹ for O-H stretching, 2950 cm⁻¹ for C-H stretching of the methyl group (-CH3), 2850 cm⁻¹ for 

C-H stretching of the methylene group (-CH2-), and 1600 cm⁻¹ for H-O-H bending of water. 

FTIR bands at 1200 cm⁻¹, 1070 cm⁻¹, 930 cm⁻¹, and 800 cm⁻¹ correspond to the Si-O or Si-OH 

bonds. Raman bands at 160 cm⁻¹, 220 cm⁻¹, and 520 cm⁻¹ corresponding to the Zr-N206 are 

observed in all products. The band at 140 cm⁻¹ corresponds to the acoustic modes of ZrN.207 The 

420 cm⁻¹ band observed in products with reaction times of 180 min, 300 min, and 1440 min is 

assigned to the Si-O bond.208 The formation of SiO2 around the ZrN particles leads to a decrease 

in the scattering intensity of the acoustic modes of ZrN. 
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Energy-dispersive X-ray spectroscopy (EDS) was employed to determine the elemental 

composition more precisely across different areas of the particles. From Figure 2.11.a,b, the 

EDS line scan demonstrates a concentration of Zr predominantly in the core area and a 

concentration of Si in the shell region. This distinct elemental distribution suggested a core-shell 

structure, a conclusion further supported by TEM imaging, as displayed in Figure 2.11.c. The 

TEM images showed specific features consistent with a core-shell morphology. The electron 

diffraction patterns in Figure 2.11.d displayed distinct spots, indicating crystallinity within the 

particles. To further validate these findings and explore the specific phases present, XRD was 

conducted on the synthesized particles. XRD measurements, as illustrated in Figure 2.11.e, 

showed the presence of the ZrN phase in particles synthesized after a reaction time of 1440 min. 

Collating the data from STEM-EDS and XRD, it can be concluded that the particles synthesized 

possess a ZrN core and an SiO2 shell, designating them as ZrN-SiO2 core-shell particles. The 

resonance wavelength of particles exhibiting LSPR is known to shift to longer wavelengths as 

the particle size increases. However, in the process of preparing core-shell particles in the present 

study, the change in the size of the ZrN particles themselves that exhibit LSPR was not observed. 

Therefore, I believe that there is no need to consider changes in the absorption wavelength due to 

changes in ZrN particle size. The absorption wavelength of ZrN nanoparticles due to LSPR is 

presumed to shift toward longer wavelengths when surrounded by SiO2, compared to when 

dispersed in water. This shift is attributed to the dependence of the LSPR resonance wavelength 

on the dielectric constant of the surrounding medium. The relative permittivity of water is 

approximately 1.33, while that of SiO2 is approximately 3.9. A higher dielectric constant tends to 

elongate the LSPR resonance wavelength of nanoparticles, as it more strongly suppresses the 

oscillations of electrons around the particle, resulting in resonance at lower energy (longer 
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wavelength).209 Analyzing the LSPR effects in the submicron-sized core-shell particles 

fabricated in this study is challenging due to the dominant influence of overall particle scattering 

over absorption by the core's LSPR. However, as observed in the obtained images (Figure 2.6), 

specific wavelength range absorption leading to a purple coloration of the particles is confirmed 

for shell thicknesses up to 250 nm. 

 

 

Figure 2. 11 STEM images and XRD profile of the products. (a) High-angle annular dark-field 

(HAADF) scanning transmission electron microscopy (STEM) image of products with 

highlighted energy-dispersive X-ray spectroscopy (EDS) analysis line. (b) Composition amount 

of the line across the particle. (c) Transmission electron microscopy (TEM) image of products. 

(d) Electron diffraction image of products. (e) X-ray diffraction (XRD) profile of the products. 
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The obtained ZrN-SiO2 core-shell particles were stacked on a glass substrate by the layer-by-

layer method using a poly(diallyl dimethylammonium chloride) (PDDA) solution. The layers of 

particles were formed on the surface of the substrate. Particle-stacked films comprising ZrN-

SiO2 core-shell particles were obtained (Figure 2.12). The thickness of the particle-stacked film 

was approximately 2 µm (Figure 2.13). The optical characteristics of the particle-stacked films 

of the obtained particles were assessed using reflection spectra. 

Figure 2.14 shows the reflection spectra of the particle-stacked films. In the case of the particle-

stacked films containing ZrN-SiO2 core-shell particles with diameters of 497, 628, and 715 nm, 

peaks appear at 542, 605, and 673 nm in the reflection spectra, respectively, as shown in 

Figures 2.14.a,b. The particle-stacked film composed of ZrN-SiO2 core-shell particles with 

particle size 289 nm did not exhibit a clear peak. In every instance, a peak was observed at 

approximately 330 nm. A similar peak at this wavelength was also evident in the SiO2 substrate 

alone. This consistent occurrence suggests that the origin of the peak can be attributed to the 

intrinsic properties of the SiO2 substrate. Table 2.1 shows the summary of particle size, 

coefficient of variation (CV) which means monodispersity, and peak positions of particle-staked 

film. The CV serves as a statistical metric to assess the homogeneity of particle size 

distributions. This is the standard deviation of the particle size distribution divided by the 

average particle diameter, and the lower the CV, the more uniform the particle size distribution. 

Conversely, a high CV indicates a large variation in particle size. In the reflection spectra 

derived from films stacked with particles, the observed maxima shift based on particle size. This 

shift suggests that these maxima indicate structural colors, arising from the strong reflection of 

specific wavelengths by periodic structures (i.e., Brag diffraction). However, the intensity is less 

than 10%, and the peaks are broad with large half-widths. The reason why the peaks with large 
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half-widths in the case of 497, 628, and 715 nm, and no obvious peak in the case of 289 nm 

appear is due to the low monodispersity of the particles. The CV is in the range of 8%–18% in 

the case of the particle obtained by this method. This result means that some kinds of the 

obtained particles have sufficient monodispersity to exhibit a structural color but are insufficient 

to develop a clear color as a structural color material. However, it is of significance that I was 

able to demonstrate ZrN-SiO2 core-shell particle show structural color. The ZrN-SiO2 core-shell 

particles have the potential to be materials tuning the absorption and reflection spectra by the 

combination of LSPR and the periodic structure of components. Controlling absorption and 

reflection in narrower wavelength ranges requires more precise reaction control and improved 

particle monodispersity. More understanding of the reaction mechanism and adding ingredients 

such as surfactants to control the reaction should help achieve the ideal properties to tune the 

optical properties. I believe that ZrN-SiO2 core-shell particles obtained by coating with SiO2 via 

a liquid-phase process can be a significant material for optical applications. 

 

 

 

Figure 2. 12 Photographs of the particle-stacked film consisting of ZrN-SiO2 core-shell particles 

synthesized at reaction times of (a) 40 min, (b) 180 min, (c) 300 min, and (d) 1440 min. 
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Figure 2. 13 (a) Surface SEM image and (b) cross-sectional SEM image of the prepared 

particle-stacked film. 

 

 

 

Figure 2. 14 Reflection spectra of the particle-stacked films composed of ZrN-SiO2 core-shell 

particles (a) with diameters of 289, 497, 628, and 715 nm, and (b) its enlarged view. 
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Table 2. 1 Summary of particle sizes (average ± standard deviation), coefficient of variation 

(CV), and peak positions of particle-stacked films. 

Reaction time / min Particle size / nm CV/% Peak position / nm 

40 289±49 17 – 

180 497±91 18 542 

300 628±84 13 605 

1440 715±60 8 673 

 

 

2.3 Conclusions 

I successfully coated a SiO2 layer through a sol-gel process on the ZrN nanoparticles to form 

ZrN-SiO2 core-shell particles. An increase in the SiO2 shell thickness was achieved by increasing 

the reaction time, enabling a shift in the structural color reflection toward a long wavelength in 

the range of 500–700 nm. I believe that the liquid-phase process is applicable to coatings with 

other nitrides exhibiting plasmon resonance, and offers color tuning by LSPR and controllable 

periodic structures. ZrN-SiO2 core-shell particles whose SiO2 shell thickness is controllable can 

be a significant material for optical application. However, the intensity at the maxima of the 

reflection spectrum is relatively weak, making it challenging to verify the plasmonic-photonic 

coupling effect. It was found that constructing a system with higher monodispersity is necessary 

for application as a structural color material. 
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2.4 Method 

2.4.1 Materials 

Zirconium dioxide (ZrO2, 10 nm) was purchased from ITEC Co., Ltd. Magnesium nitride 

(Mg3N2) was purchased from Sigma-Aldrich. Tetraethoxysilane (TEOS) was purchased from 

Fluorochem Ltd. Ammonia solution (30 wt%) was purchased from KANTO CHEMICAL CO., 

INC. A PDDA solution (20 wt% in H2O) was purchased from Sigma-Aldrich. Hydrochloric acid 

(1 M) was purchased from KANTO CHEMICAL Co., Inc. 

 

2.4.2 Sample preparation 

2.4.2.1 ZrN nanoparticle dispersion 

ZrN nanoparticles were synthesized using a modified version of the process described by 

Karaballi et al.163 A mixture of 1 g of zirconium dioxide nanopowder and a 3 molar excess of 

Mg3N2 powder was mixed using an agate mortar for 5 min in an Ar glove box. The resulting 

mixture was transferred to an alumina combustion boat and hermetically sealed in a plastic bag 

with a zip. The powder confined in the plastic bag was immediately inserted into a quartz tube 

and heated at 1000°C for 12 h under nitrogen gas flow in a tubular furnace. After natural cooling 

to room temperature, 0.2 g of the final product was transferred to a beaker and mixed with 25 mL 

of 1.0 M HCl solution. The mixture was sonicated for 20 min and 20 mL of water was added. 

After stirring for 1 h, the supernatant was separated by centrifugation for 1 h at 11 000 rpm. The 

residual precipitate was then redispersed in 5 mL of water by sonication and centrifuged for 

15 min at 3300 rpm. The blue-colored supernatant was collected, and the precipitates were 

suspended in 5 mL of water by sonication. Finally, supernatants were collected. The ZrN 

concentration in the obtained dispersion was 0.03 wt%. 
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2.4.2.2 ZrN-SiO2 core-shell nanoparticles 

The ZrN nanoparticles were surface coated with amorphous silica shells using a sol-gel process. 

A dispersion of ZrN nanoparticles (0.03 wt%, 2 mL) was mixed with 10 mL of ethanol. Under 

continuous stirring, 0.3 mL of ammonia solution was added dropwise to the mixture. 

Subsequently, TEOS (0.1 mL) was added to the reaction mixture every 20 min until the final 

volume reached 1 mL. The reaction was allowed to proceed for 40–1440 min at room 

temperature with continuous stirring. The resulting particles were separated from the reaction 

medium by centrifugation at 3000 rpm for 15 min and resuspended in water. 

 

2.4.2.3 Particle-stacked films 

The obtained ZrN-SiO2 core-shell particles were arrayed on a glass substrate using a layer-by-

layer technique. The glass slides were submerged in a 1 wt% PDDA solution for 10 min, washed 

thoroughly by immersing them in water for 10 min, and dried using N2 gas. The dried glass 

plates were then dipped into a 1 wt% suspension of ZrN-SiO2 core-shell particles for 10 min. 

The plates were washed by immersing them in water again for 10 min and dried using N2 gas. 

The immersion and emersion of the plates in the solution, dispersion, or water were conducted 

manually, without the use of any specialized equipment. This process was repeated five times to 

produce films comprising five layers of ZrN-SiO2 core-shell particles. 

 

2.4.3 Material characterization 

2.4.3.1 X-ray diffraction 

The crystalline phase was analyzed using an XRD diffractometer (Cu Kα, Mini-Flex 600, 

Rigaku). The diffraction angle 2θ was scanned in the range of 30–60° at a rate of 5° min−1. XRD 
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profiles of the core-shell nanoparticles were acquired at a scanning rate of 1° min−1 to mitigate 

the impact of noise. 

 

2.4.3.2 Transmission electron microscopy 

The morphologies of the ZrN nanoparticles and core-shell nanoparticles were evaluated using 

TEM (JEM-2010, JEOL). The dispersions of ZrN nanoparticles and core-shell nanoparticles 

were drop-cast onto copper-mesh TEM grids. The acceleration voltage of the electron gun used 

for the observation was 200 kV. 

 

2.4.3.3 Scanning transmission electron microscopy 

The morphology of the core-shell particles was examined using STEM with an HD-2000 

instrument (HITACHI). The sample was prepared following the same procedure as for the TEM 

observation, and the electron gun acceleration voltage was set at 200 kV. EDS was performed 

using the same equipment to investigate elemental distributions of the particles. 

 

2.4.3.4 Small angle X-ray scattering 

The particle size distribution of the ZrN nanoparticles in the dispersion was analyzed by SAXS 

using high-intensity X-ray-generating equipment (SmartLab; Rigaku). The incident X-rays had a 

wavelength of 1.54 Å. The ZrN dispersion was loaded into capillaries with diameter of 2.0 mm 

and exposed to X-rays. The scattered X-rays within the range of 0–2° were detected, and the 

SAXS profiles were obtained to determine the particle size distribution. 
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2.4.3.5 UV-vis absorption spectra measurement 

The ultraviolet-visible (UV-VIS) absorption spectra of the ZrN nanoparticle dispersions were 

recorded using a V-700 spectrometer (JASCO). For these measurements, the obtained ZrN 

nanoparticle dispersion was diluted tenfold with water. The diluted dispersion was then placed in 

a 1 cm square quartz cell and mounted on a holder for measurement. Water was used as the 

background for absorbance measurements. The scanning rate was set at 200 nm min−1 and the 

bandwidth was 2 nm, with a range of wavelengths scanned from 300 to 800 nm. The reflection 

spectra of the particle-stacked films were measured using the same instrument, equipped with an 

integrating spherical unit. The particle-stacked films were placed on a holder for measurement, 

and the scanning rate was set at 200 nm min−1, with a bandwidth of 5 nm and a range of 

wavelengths scanned from 300 to 800 nm. The incident light is illuminated at an angle of 5° 

from the vertical plane of the sample. 

 

2.4.3.6 FTIR absorption spectra measurement 

The FTIR absorption spectra of the ZrN nanoparticle and ZrN-SiO2 core-shell particles were 

measured using an FT/IR-4700 (JASCO) equipped with an Attenuated Total Reflectance (ATR) 

accessory. Spectra were collected in the range of 4000–500 cm−1 with a resolution of 4 cm−1, and 

each spectrum was obtained by averaging 32 scans to improve the signal-to-noise ratio. The 

samples were applied directly to the ATR crystal and gently pressed to ensure good contact. A 

background spectrum was recorded using a clean ATR crystal and was automatically subtracted 

from the sample spectra. 
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2.4.3.7 Raman spectra measurement 

The Raman spectra of the samples were recorded using a Horiba XploRA Raman microscope 

(Horiba) equipped with a 532 nm laser. An attenuator filter was used to reduce the laser power to 

0.1% at the sample to avoid sample damage. The spectra were collected in the range of 100–

2600 cm−1 with a spectral resolution of 1 cm−1. Each spectrum was obtained by accumulating 10 

scans with an exposure time of 150 s per scan. The samples were placed on a glass slide and 

examined under a 100× objective lens. 
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Chapter 3 Synthesis of MN-SiO2 Core-shell Particles (M=Ti, Hf) by a Sol-gel Process and 

Their Optical Property 

 

3.1 Introduction 

Core-shell particles are characterized by a distinct core material enclosed by a shell composed of 

another substance, allowing novel properties. Core-shell particles are extensively applicable in 

various fields, including catalysis,51,174,183,187,210 and optical applications.142,181,211–213 Inorganic 

core-shell particles, especially those containing metal nitrides, exhibit a range of functionalities 

due to their unique characteristics. For example, structures with ZrN or TiN as the core and 

graphene or silica as the shell were theoretically predicted to enable the tuning of the plasmonic 

resonance wavelength by adjusting the shell thickness, adjusting enhanced the sensitivity and the 

figure of merit for plasmonic sensing.185 Additionally, cobalt-based nitride core oxide shell 

structures reported to exhibit high ORR activity.187 The conductive nitride core contributed to 

conductivity, and the oxide shell provided active sites for the oxygen reduction reaction. 

Furthermore, incorporating ZrN-TiO₂ core-shell structures into dye-sensitized solar cells 

improved photoelectric conversion performance.213 In the study, the LSPR properties of the ZrN 

core were utilized. Meanwhile, the TiO₂ shell served as a dye adsorption site, a charge separation 

interface, and a suppressor of ZrN particle aggregation, leading to enhanced photoelectric 

conversion efficiency.  

Building on previous studies preparing ZrN-SiO2 core-shell particles containing ZrN 

nanoparticles exhibiting LSPR,214 this study explores the optical properties of core-shell particles 

using titanium nitride (TiN) and hafnium nitride (HfN) as the core materials. These materials 

were chosen due to their similar LSPR properties, as demonstrated by recent reports.163 Due to 

differences in the dielectric constants of TiN, ZrN, and HfN, the oscillation frequency of the 
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electrons varies, leading to changes in the wavelength at which the nanoparticles exhibit the 

strongest light absorption LSPR peak. This research aimed to investigate the effect of these 

nitrides in combination with silica shells, assessing the implications for optical applications. 

The methodology involves the synthesis of TiN and HfN nanoparticles exhibiting LSPRs, 

followed by preparing TiN-SiO2 and HfN-SiO2 core-shell particles using a sol-gel process,72 the 

same technique used for ZrN-SiO2. This approach aims to adjust the optical properties by 

strategically layering metal nitride cores with silica shells. By adjusting the thickness of the silica 

shell and the type of metal nitride core, I aim to tune the absorption wavelengths and use the 

particles as structural color materials. 

The synthesis and optical evaluation of these core-shell particles aim to provide insights into 

their potential applications, particularly in enhancing the efficiency and functionality of optical 

devices and sensors. This study broadens the understanding of metal nitride-based core-shell 

particles. 

 

 

3.2 Results and Discussion 

The mixture of oxide precursor (TiO2 or HfO2) nanopowder and Mg3N2 powder was heated at 

1000°C under nitrogen flow to obtain black products. Figure 3.1 shows the X-ray diffraction 

(XRD) profiles of the products obtained from the reaction between MO2 and Mg3N2. The 

products obtained after the reaction contained MN (M=Ti or Hf), MgO, and Mg3N2. MN and 

MgO were formed through the reaction of MO2 with Mg3N2, while the residual Mg3N2 was due 

to an excess of 3 molar equivalents of Mg3N2 added to the oxide precursor, resulting in unreacted 

Mg3N2 remaining. The reaction of MO2 and Mg3N2 forming metal nitride is as follows.163 
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6MO2 + 4 Mg3N2 → 6MN + MgO + N2, (M=Ti or Hf) 

The obtained dispersion of the products, which was washed in the HCl solution, was dark green 

in the case of using TiO2 and dark blue in the case of using HfO2, as shown in Figure 3.2.a,e. 

Figure 3.3.a and Figure 3.3.b show the XRD profiles of the washed products using TiO2 and 

HfO2 as oxide precursor (indicated as “before reaction”) and the products by reaction with TEOS 

at reaction times of 1 h, 2 h, and 3 h. XRD profile of the products before reaction with TEOS 

exhibits peaks originating from the TiN or HfN phase. The result indicates that the washing 

process dissolved and removed the unreacted Mg3N2 and the formed MgO, while the insoluble 

TiN or HfN remained.  

The MN-SiO2 core-shell particles (M=Ti or Hf) were synthesized using the obtained TiN 

dispersions and HfN dispersions. The dark green or blue solution transformed to a white hue as 

the reaction proceeded (Figure 3.2.b-d,f-h). During this process, the solution did not undergo 

gelation and precipitation. After each reaction time, the particles were collected by 

centrifugation. Figure 3.4 shows the photograph of dried powder of TiN nanoparticles and HfN 

nanoparticles and the dried powder from particles obtained by synthesis at each reaction time. 

The color of particles changed from black to light green in the case of using TiO2 (Figure 3.4.a-

d) or from black to light blue in the case of using HfO2 (Figure 3.4.e-h). XRD measurements 

showed the presence of the TiN or HfN phase in particles synthesized at reaction time of 1 h, 2 h, 

and 3h. XRD profiles of particles synthesized at reaction time of 1 h, 2 h, and 3h showed halo 

patterns at 24°. 
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Figure 3. 1 XRD profiles of the products obtained from the reactions between MO2 and Mg3N2, 

where M=Ti (top) and M=Hf (bottom). 

 

 

 

Figure 3. 2 Photograph of (a) the dispersion of the TiN nanoparticles, and the sols of the 

reaction times of (b) 1 h, (c) 2 h, and (d) 3 h. Photograph of (e) the dispersion of the HfN 

nanoparticles, and the sols of the reaction times of (f) 1 h, (g) 2 h, and (h) 3 h. 
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Figure 3. 3 (a) XRD profiles of the washed products using TiO2 as oxide precursor (indicated as 

“before reaction”) and the products at reaction times of 1 h, 2 h, and 3 h. (b) XRD profiles of the 

washed products using HfO2 as oxide precursor (indicated as “before reaction”) and the products 

at reaction times of 1 h, 2 h, and 3 h. 

 

 

Figure 3. 4 (a) Photograph of dried powder of TiN nanoparticles and the dried powder from 

particles obtained by synthesis at reaction times of 1 h, 2 h, and 3 h. (b) Photograph of dried 

powder of HfN nanoparticles and the dried powder from particles obtained by synthesis at 

reaction times of 1 h, 2 h, and 3 h. 
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Subsequently, the morphology of the synthesized particles was examined using transmission 

electron microscopy (TEM) and scanning transmission electron microscopy (STEM). Figure 3.5 

shows the TEM images of prepared metal nitride nanoparticles and bright-field (BF) STEM 

images of the particles obtained at various reaction times (1 h, 2 h, and 3 h). TEM images 

showed that the particle size of synthesized TiN and HfN nanoparticles was 10-30 nm. Spherical 

particles with internal cores were observed at reaction times 1, 2, and 3 hours. However, there 

were also some particles without a core. The morphology of the core particles reflects the 

agglomeration state of the metal nitride nanoparticles. There were agglomerated metal nitride 

nanoparticles inside the shell. 

The shell thickness was changed by varying the reaction time. Moreover, BF STEM images are 

obtained by detecting electrons that have passed through the sample. The BF STEM image 

contrast is primarily influenced by the amount of electron scattering, dependent on the element's 

atomic number. In these images, heavy atoms scatter more electrons and thus appear darker, 

while light atoms scatter fewer electrons and appear brighter. The BF STEM images in Figure 

3.5 show that the particle's core area appears darker than its shell area, suggesting a different 

atomic composition between the core and shell. These results confirmed that core-shell particles 

containing metal nitride core formed. However, particles that did not contain a metal nitride core 

were also produced, and some particles became distorted from a spherical shape due to the 

agglomeration of the core metal nitride nanoparticles. For particles to be used as components of 

structural color materials, they need to be spherical and have uniform sizes. Therefore, it was 

difficult to use the particles obtained as components of structural color materials. 
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Figure 3. 5 (a) TEM micrographs of TiN nanoparticles and BF STEM micrographs of obtained 

particles at reaction times of 1 h, 2 h, and 3 h. (b) TEM micrographs of HfN nanoparticles and 

BF-STEM micrographs of obtained particles at reaction times of 1 h, 2 h, and 3 h. 

 

 

To investigate the shell formation, Fourier transform infrared (FTIR) and Raman spectra of the 

products at designated reaction times were measured (Figures 3.6 and 3.7). The FTIR spectra at 

reaction times of 0 h, 1 h, 2h, and 3 h with the 1500–500 cm−1 range are displayed in Figure 3.6. 

Figure 3.7 presents the Raman spectra of the products. FTIR spectra confirmed the formation of 

SiO2 after 1 h, and the intensity of bands based on Si-O gradually increased with increased 

reaction time. These behaviors indicate that the SiO2 network was formed with an increase in 

reaction time and consistent with the trends observed in Figure 3.5. These results suggested halo 

patterns observed at 24° in the XRD pattern (Figure 3.3) of the products after reaction time 1 h, 

2 h, and 3 hours are attributable to amorphous SiO2 that formed during the reaction. In the TiN 

system, the Raman spectra exhibited bands at 150 cm-1, 180–220 cm-1, 510–540 cm-1, and 610–

640 cm-1, while in the HfN system, bands were observed at 130–160 cm-1, 520–530 cm-1, and 
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640–660 cm-1. The sample before forming SiO2 in the TiN system exhibited a sharp band at 150 

cm-1 and a weak band at 610–640 cm-1. After forming SiO2, the Raman band at 150 cm-1 became 

broad and the band at 610–640 cm-1 was not observed. On the other hand, the relative strength of 

the band at 180–220 cm-1 and 510-540 cm-1 were higher. The Raman bands at 150 cm⁻¹ and the 

bands at 610–640 cm⁻¹ corresponded to Ti-O bonds,215 the bands at 180-220 cm⁻¹ and the bands 

at 510–540 cm⁻¹ were assigned to the band of Ti-N.216 However, the XRD profile of the sample 

before forming SiO2 did not exhibit the peak corresponding to the TiO2. From these results, it 

was possible that the surface of TiN was oxidized during Raman spectroscopy measurements, 

leading to the formation of Ti-O bonds. In this Raman scattering experiment, a 532 nm laser was 

used, and an attenuator filter was applied to reduce the laser power to 0.1% at the sample to 

avoid sample damage, with a scan time of 150 seconds. Although the laser intensity was reduced 

to 0.1% with the filter to minimize sample damage, the oxidation reaction could still have been 

accelerated during laser irradiation. As a result, TiN may have been oxidized to TiO₂, forming 

Ti-O bonds. In the sample after the formation of the SiO₂ shell, a peak corresponding to Ti-O 

bonds at 150 cm⁻¹ was still observed, but the relative intensities of the peaks corresponding to Ti-

N bonds at 180–220 cm⁻¹ and 510–540 cm⁻¹ were higher. This indicated that while the TiN core 

nanoparticles still underwent oxidation even after the formation of SiO₂, the TiN remained 

present. These results suggested that the formation of the SiO₂ shell inhibited the oxidation of the 

TiN core particles. In the HfN system, the major changes in the Raman spectra of the sample 

before forming the SiO2 shell and after the reaction forming SiO2 shell were not observed. The 

Raman spectra of the sample in HfN system exhibited the bands at 130–160 cm⁻¹, 520–540 cm⁻¹, 

and 640–660 cm⁻¹. These bands were assigned to the bonds of Hf-N.217 This means the sample 

contained HfN at each reaction phase. 
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Figure 3. 6 FTIR spectra of the particles produced at the reaction times of 0 h, 1 h, 2 h, and 3 h. 

FTIR bands at 1200 cm⁻¹, 1070 cm⁻¹, 930 cm⁻¹, and 800 cm⁻¹ correspond to the Si-O or Si-OH 

bonds.  

 

 

Figure 3. 7 Raman spectra of the produced particles at reaction times of 0 h, 1 h, 2 h, and 3 h. 

Raman bands at 150 cm⁻¹ and bands at 610–640 cm⁻¹ corresponded to Ti-O bonds.215 Raman 

bands at 180–220 cm⁻¹ are assigned to the transverse acoustic phonon of Ti-N bonds, and bands 

at 510–540 cm⁻¹ are assigned to the optical band of Ti-N.216 The 130–160 cm⁻¹ band observed in 

products using HfN is assigned to the acoustic bond of Hf-N, and 520–540 cm⁻¹ and 640–660 

cm⁻¹ are assigned to the optical bond of Hf-N.217  
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Energy-dispersive X-ray spectroscopy (EDS) was employed to determine the elemental 

composition more precisely across different areas of the particles as shown in Figure 3.8.a,d. 

The EDS line scan showed a concentration of Ti or Hf predominantly in the core area. This 

distinct elemental distribution suggests a core-shell structure, a conclusion further supported by 

TEM imaging, as displayed in Figure 3.8.b,e. The TEM images showed specific features 

consistent with a core-shell morphology. The electron diffraction patterns in 

Figure 3.8.c,f showed distinct spots, indicating crystallinity within the particles. Collating the 

data from STEM-EDS and XRD, it can be concluded that the particles synthesized possess an 

MN core (M=Ti or Hf) and a SiO2 shell, designating them as MN-SiO2 core-shell particles 

(M=Ti or Hf).  
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Figure 3. 8 (a) HAADF STEM image of the products using TiN nanoparticles with highlighted 

energy-dispersive X-ray spectroscopy (EDS) analysis line. (b) Transmission electron microscopy 

(TEM) image of the products using TiN nanoparticles. (c) Electron diffraction image of the 

products using TiN nanoparticles. (d) HAADF STEM image and EDS line scan of the products 

using HfN nanoparticle. (e) TEM image of the products using HfN nanoparticles. (f) Electron 

diffraction image of the products using HfN nanoparticles. 

 

 

The absorption spectrum of the TiN nanoparticle dispersion and HfN nanoparticle dispersion 

respectively exhibits a peak at approximately 880 nm and 630 nm, as shown in Figure 3.9. For 

both TiN and HfN, the peak wavelength shifted to the shorter wavelength side after one hour of 

reaction time, and after that, the peak disappeared. The absorption wavelength of TiN and HfN 

nanoparticles due to LSPR is presumed to shift toward longer wavelengths when surrounded by 

SiO2, compared to when dispersed in water for the same reasons as with the ZrN system. Indeed, 



66 

analyzing the LSPR effects in the submicron-sized core-shell particles fabricated in this study is 

challenging due to the dominant influence of overall particle scattering over absorption by the 

core's LSPR. However, as observed in the obtained images (Figure 3.4), specific wavelength 

range absorption leading to dark green and dark blue coloration of the particles is confirmed for 

TiN-SiO2 core-shell particles and HfN-SiO2 core-shell particles, respectively. 

 

 

Figure 3. 9 Absorption spectra of the obtained particle dispersion at reaction times of 0 h, 1 h, 2 

h, and 3 h. 

 

 

The above results indicated that MN-SiO2 core-shell particles were synthesized by liquid-phase 

synthesis of SiO2 around MN nanoparticles (M=Ti or Hf), using TEOS as the raw material. 

Adjusting the reaction time controlled the thickness of the SiO2 shell. Additionally, the formation 

of the SiO2 shell was suggested to prevent the oxidation of the metal nitride nanoparticles. 
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3.3 Conclusion 

TiN-SiO2 and HfN-SiO2 core-shell particles were fabricated by forming SiO2 around TiN and 

HfN nanoparticles using the sol-gel method. The thickness of the SiO2 shell tended to increase 

with reaction time; however, the morphology of the core-shell particles depended on the shape of 

the metal nitride core. However, it was not possible to synthesize only spherical metal nitride-

SiO2 core-shell particles suitable for use as structural color materials. Therefore, the strategy was 

altered in the next chapter by using SiO2 particles as the core and adhering metal nitride 

nanoparticles, which absorb specific wavelengths range due to LSPR, around SiO2 particles. 

Using highly monodisperse SiO2 particles, the SiO2-metal nitride core-shell particles exhibited 

both photonic effects due to the periodic structure and plasmonic effects from the surrounding 

metal nitride nanoparticles, aiming to evaluate these effects. 

 

 

3.4 Method 

3.4.1 Materials 

Titanium dioxide (TiO2, 5 nm) and Hafnium dioxide (61–81 nm) were purchased from US 

research Nanomaterials, Inc. Magnesium nitride (Mg3N2) was purchased from Sigma-Aldrich. 

Tetraethoxysilane (TEOS) was purchased from Fluorochem Ltd. Ammonia solution (30 wt%) 

was purchased from KANTO CHEMICAL CO., INC. A PDDA solution (20 wt% in H2O) was 

purchased from Sigma-Aldrich. Hydrochloric acid (1 M) was purchased from KANTO 

CHEMICAL Co., Inc. 

 



68 

3.4.2 Sample preparation 

3.4.2.1 MN nanoparticle dispersion (M=Ti or Hf) 

MN nanoparticles were synthesized using a modified version of the process described by 

Karaballi et al.163 A mixture of 1 g of metal oxide nanopowder and a 3 molar excess of Mg3N2 

powder was mixed using an agate mortar for 5 min in an Ar glove box. The resulting mixture 

was transferred to an alumina combustion boat and hermetically sealed in a plastic bag with a 

zip. The powder confined in the plastic bag was immediately inserted into a quartz tube and 

heated at 1000°C for 12 h under nitrogen gas flow in a tubular furnace. After natural cooling to 

room temperature, 0.2 g of the final product was transferred to a beaker and mixed with 25 mL 

of 1.0 M HCl solution. The mixture was sonicated for 20 min and 20 mL of water was added. 

After stirring for 1 h, the supernatant was separated by centrifugation for 1 h at 11 000 rpm. The 

residual precipitate was then redispersed in 5 mL of water by sonication and centrifuged for 

15 min at 3300 rpm. The colored supernatant was collected, and the precipitates were suspended 

in 5 mL of water by sonication. Finally, supernatants were collected.  

 

3.4.2.2 MN-SiO2 core-shell nanoparticles (M=Ti or Hf) 

The metal nitride nanoparticles were surface coated with amorphous silica shells using a sol-gel 

process. A dispersion of metal nitride nanoparticles (2 mL) was mixed with 10 mL of ethanol. 

Under continuous stirring, 0.3 mL of ammonia solution was added dropwise to the mixture. 

Subsequently, TEOS (0.1 mL) was added to the reaction mixture every 20 min until the final 

volume reached 1 mL. The reaction was allowed to proceed for 0–3 h at room temperature with 

continuous stirring. The resulting particles were separated from the reaction medium by 

centrifugation at 3000 rpm for 15 min and resuspended in water. 
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3.4.3 Material characterization 

3.4.3.1 X-ray diffraction 

The crystalline phase was analyzed using an XRD diffractometer (Cu Kα, Mini-Flex 600, 

Rigaku). The diffraction angle 2θ was scanned in the range of 30–60° at a rate of 5° min−1. XRD 

profiles of the core-shell nanoparticles were acquired at a scanning rate of 1° min−1 to mitigate 

the impact of noise. 

 

3.4.3.2 Transmission electron microscopy 

The morphologies of the metal nitride nanoparticles and core-shell nanoparticles were evaluated 

using TEM (JEM-2010, JEOL). The dispersions of metal nitride nanoparticles and core-shell 

nanoparticles were drop-cast onto copper-mesh TEM grids. The acceleration voltage of the 

electron gun used for the observation was 200 kV. 

 

3.4.3.3 Scanning transmission electron microscopy 

The morphology of the core-shell particles was examined using STEM with an HD-2000 

instrument (HITACHI). The sample was prepared following the same procedure as for the TEM 

observation, and the electron gun acceleration voltage was set at 200 kV. EDS was performed 

using the same equipment to investigate elemental distributions of the particles. 

 

3.4.3.4 FTIR absorption spectra measurement 

The FTIR absorption spectra of the metal nitride nanoparticle and metal nitride-SiO2 core-shell 

particles were measured using an FT/IR-4700 (JASCO) equipped with an Attenuated Total 

Reflectance (ATR) accessory. Spectra were collected in the range of 1500–500 cm−1 with a 

resolution of 4 cm−1, and each spectrum was obtained by averaging 32 scans to improve the 
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signal-to-noise ratio. The samples were applied directly to the ATR crystal and gently pressed to 

ensure good contact. A background spectrum was recorded using a clean ATR crystal and was 

automatically subtracted from the sample spectra. 

 

3.4.3.5 Raman spectra measurement 

The Raman spectra of the samples were recorded using a Horiba XploRA Raman microscope 

(Horiba) equipped with a 532 nm laser. An attenuator filter was used to reduce the laser power to 

0.1% at the sample to avoid sample damage. The spectra were collected in the range of 100–

800 cm−1 with a spectral resolution of 1 cm−1. Each spectrum was obtained by accumulating 10 

scans with an exposure time of 150 s per scan. The samples were placed on a glass slide and 

examined under a 100× objective lens. 

 

3.4.3.6 UV-vis absorption spectra measurement 

The ultraviolet-visible (UV-VIS) absorption spectra of the metal nitride nanoparticle dispersions 

were recorded using a V-700 spectrometer (JASCO). For these measurements, the obtained 

metal nitride nanoparticle dispersion was diluted tenfold with water. The diluted dispersion was 

then placed in a 1 cm square quartz cell and mounted on a holder for measurement. Water was 

used as the background for absorbance measurements. The scanning rate was set at 

200 nm min−1 and the bandwidth was 2 nm, with a range of wavelengths scanned from 300 to 

900 nm. 
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Chapter 4 Structural Color Materials with Photonic-Plasmonic Coupling Effect Using 

Noble Metal-Free Plasmonic Particles in SiO2-ZrN System 

 

4.1 Introduction 

Nanoparticles present a fascinating field of study, as they exist in a transitional range wherein 

materials exhibit both quantum and bulk properties. As particle size decreases, the bulk 

properties deteriorate owing to the emergence of discrete electronic states (quantum size effect) 

and increasing proportion of surface atoms. The characteristics exhibited by nanosizing are 

particularly evident in metal nanoparticles, in which unique electronic and magnetic properties 

have emerged, leading to novel applications in nonlinear optical switching,218,219 catalysis,220 and 

high-density information storage.221 Similarly, semiconductor nanoparticles—commonly known 

as quantum dots222—display remarkable optical223 and electrical224,225 properties, attributed to the 

quantum confinement of electrons in a 3D space. 

Recently, metal nitride nanoparticles have been investigated as alternatives for optical226,227 and 

catalytic228 functions—traditionally performed using precious metals such as Au, Ag, and Pt 

nanoparticles. Notably, group-four-element nitrides such as TiN, ZrN, and HfN was reported to 

exhibit LSPR163—a property harnessed to enhance applications in various fields. For instance, 

Exarhos et al. have demonstrated that the absorption wavelength of ZrN nanoparticles was tuned 

by coating them with silicon oxynitride.191 ZrN-TiO2 core-shell particles have been explored for 

performance enhancement in dye-sensitized solar cells.213 ZrN-SiO2 core-shell particles have 

been researched to improve the efficiency of lead-free perovskite solar cells.192 In addition, the 

catalytic performances of metal nitrides were reported. In particular, ZrN nanocrystals have 

shown the potential to surpass the electrocatalytic efficiency of Pt in oxygen reduction 

reactions.229 ZrN nanoparticles have also been examined as catalysts for methanol 
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oxidation230 and water-splitting reactions.231 Thus, metal nitride nanoparticles have emerged as 

viable substitutes for noble metal nanoparticles, offering comparable or enhanced chemical and 

physical functionalities. 

I focused on integrating the LSPR properties of zirconium nitride into structurally colored 

materials. Structurally colored materials do not change color unless their microstructure is 

destroyed. Thus, the interest in the use of structural color materials for coloring, in which dyes or 

pigments are not used, is increasing. Structural coloration of materials is achieved through 

multilayer film interference,60,232–234 interference from fine grooves and protrusions,235 and 

scattering interference caused by microscopic particles.236,237 Research on particle-based 

structural color has predominantly focused on synthesizable monodisperse particles, such as 

polystyrene238,239 and SiO2.
240–242 The mechanisms for expressing structural color based on 

particles can mainly be divided into colloidal photonic crystals and amorphous arrays. Colloidal 

photonic crystals are structures in which colloidal particles are periodically arranged. Because 

colloidal photonic crystals possess a complete periodic structure, they exhibit angle-dependent 

specific wavelength reflection due to Bragg diffraction. In contrast, amorphous arrays are 

structures with local periodic structures and exhibit noniridescent structural colors without angle 

dependence.243 Enhancements in contrast and scattering suppression have been achieved by 

incorporating black particles, such as carbon black,118,119 polydopamine,121 or 

polypyrrole.123 Additionally, Fe2O3-SiO2 core-shell particles have been developed to combine the 

bandgap absorption of Fe2O3 with reflection at specific wavelengths owing to their periodic 

structures.141 Similar approaches were reported for SiO2-Au and SiO2-Ag composite 

particles,154,155 which utilize LSPR for specific wavelength range absorption in conjunction with 

periodic structure-based reflection, thereby providing an alternative to bandgap absorption. 
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However, the use of LSPR for specific wavelength range absorption in structurally colored 

materials remains relatively unexplored, particularly without the use of precious metals. In this 

study, I synthesized SiO2-ZrN core-shell particles, where the ZrN nanoparticles exhibited 

LSPRs. ZrN nanoparticles were attached to SiO2 cores using polyvinylpyrrolidone (PVP) 

modification, resulting in monodisperse SiO2-ZrN core-shell particles capable of Bragg-

diffracting light for structural coloration. SiO2-ZrN core-shell particles produced a “photonic–

plasmonic coupling effect,” combining specific wavelength range absorption through LSPR by 

ZrN nanoparticles and diffraction owing to periodic structures without needing precious metals. 

 

 

4.2 Results and Discussion 

4.2.1 Preparation and Evaluation of SiO2-ZrN Core-Shell particles 

ZrN nanoparticles were synthesized via a solid-state metathesis reaction.163 SiO2 particles (150, 

180, 210, 240, 270, and 300 nm) modified with polyvinylpyrrolidone-90 were mixed with the 

ZrN nanoparticle dispersion to obtain core–shell particles, as depicted in Figure 4.1.a. 

Figure 4.1.b shows a secondary electron (SE) scanning transmission electron microscopy 

(STEM) image of the obtained particles. The SE-STEM image shows that the nanoparticles were 

attached 3D around the large core particles. The attached nanoparticles appeared to exist as 

individual nanoparticles of ≈10 nm or as aggregates with a maximum size of ≈30 nm. The high-

angle annular dark-field (HAADF)-STEM micrograph confirmed that nanoparticles were present 

only on the surface of the spherical particles (Figure 4.2.a). Indeed, the contrast of the HAADF-

STEM image reflects the atomic weight in brighter areas containing heavier elements, meaning 

that large spherical particles are surrounded by compounds containing heavier atoms than those 

of the core particles. The bright-field (BF)-STEM micrograph (Figure 4.2.b) shows that the 
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nanoparticles were attached at the front of the spherical particles as well as at the back. 

Figure 4.1.c shows the absorption spectra of the ZrN particle aqueous dispersion and the 

aqueous dispersions of the obtained core-shell particles containing 150, 180, 210, 240, 270, and 

300 nm SiO2 particles as cores. The aqueous dispersion of the ZrN particles exhibited maximum 

absorption at 705 nm, while the aqueous dispersions of the obtained particles containing 150, 

180, and 210 nm SiO2 particles showed maximum absorption at 680, 668, and 661 nm, 

respectively. The X-ray diffraction (XRD) profile (Figure 4.1.d), the BF-STEM images of the 

obtained particles, energy-dispersive X-ray spectroscopy (EDS) mapping of the image 

(Figure 4.1.e), and transmission electron microscopy (TEM) and electron diffraction images 

(Figure 4.1.f) showed that the obtained particles contained ZrN as the shell. Since the ZrN 

nanoparticles remained adhered to the SiO2 particles even after sample preparation for TEM, 

including ultrasonic dispersion in water, this demonstrated strong adhesion between the ZrN 

nanoparticles and SiO2 particles. The absorption of the obtained aqueous particle dispersions 

containing 150, 180, and 210 nm (Figure 4.1.c) was attributed to ZrN nanoparticles; the obtained 

particles absorbed light in the 660–680 nm wavelength range through the attached ZrN 

nanoparticles. However, the obtained core-shell particles containing 240, 270, and 300 nm 

SiO2 core particles and ZrN nanoparticles did not exhibit peaks in the absorption spectra because 

the influence of Mie scattering by SiO2 core particles was greater than that of the absorption of 

ZrN particles attached to SiO2 particles in the dispersion. The increase in particle size extends 

Mie scattering.29 This results in a more significant influence of light loss due to scattering by Mie 

scattering than absorption by LSPR to exhibit no peak in the absorption spectra using 240, 270, 

and 300 nm SiO2 core particles. 
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Figure 4. 1 (a) Schematic illustration of the preparation process of SiO2-ZrN core-shell particles. 

(b) SE-STEM image of the obtained particle. (c) Absorption spectra of an aqueous dispersion of 

ZrN particles and the obtained core-shell particles containing 150, 180, 210, 240, 270, and 

300 nm SiO2 core particles. d) XRD pattern of the obtained particles. (e) BF-STEM image of the 

obtained particle and EDS mapping images highlighted by elements Zr and Si. (f) TEM images 

of the obtained particle and electron diffraction image: low magnification image, intermediate 

magnification image, and high magnification image of the area enclosed by the red square. 
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Figure 4. 2 (a) HAADF STEM micrograph and (b) BF STEM micrograph of one SiO2-ZrN 

core-shell particle. 

 

 

4.2.2 Optical Properties of Core-Shell Powders and Particle-Stacked Films 

Figure 4.3 displays a photograph of the dried powder and BF-STEM images of the obtained 

SiO2-ZrN core-shell particles. The BF-STEM images (Figure 4.4) showed that the ZrN 

nanoparticles were attached to the surface of the SiO2 core particles of all sizes used, forming 

SiO2-ZrN core-shell particles containing 150-300 nm of SiO2 core. The obtained particle's size 

distribution (Figure 4.5) shows the high monodispersion of SiO2-ZrN core-shell particle size 

enough to exhibit structural color since the ZrN nanoparticles were smaller compared to the core 

SiO2 particles and did not significantly affect the overall diameter of the core-shell particles 

when attached to the surface of SiO2. The powder of the obtained SiO2-ZrN core-shell particles 

exhibited a color that depended on the particle size after drying at room temperature. The change 

in color depending on particle size indicated that the color originated from the aggregate 

structure of the particles. 
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Figure 4. 3 Photographs of the obtained powder and BF-STEM images of the SiO2-ZrN core-

shell particles containing SiO2 core particles of 150, 180, 210, 240, 270, and 300 nm. 

 

 

 

Figure 4. 4 BF STEM images of the SiO2-ZrN core-shell particles containing SiO2 core particles 

of 150, 180, 210, 240, 270, and 300 nm. 
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Figure 4. 5 The particle size distribution diagram of produced SiO2-ZrN core-shell particles 

containing 150–300 nm SiO2 particle as the core. The particle size distribution is derived from 

STEM images of produced SiO2-ZrN core-shell particles. The Coefficient of Variation (CV) 

values, which indicate the monodispersity of the particles, for core particles with sizes of 150, 

180, 210, 240, 270, and 300 nm are respectively 7.2, 5.7, 5.3, 5.3, 4.1, 5.5 %. The Coefficient of 

Variation (CV) values are derived by dividing the standard deviation of the particle size by the 

mean value. 

 

 

Particle-stacked films with SiO2-ZrN core-shell and SiO2 particles were fabricated by a casting 

method using molds to compare the effects of ZrN nanoparticles. Figure 4.6.a shows 

photographs of the particle-stacked films with SiO2-ZrN core-shell particles containing 150, 180, 

210, 240, 270, and 300 nm core particles. To examine the angular dependence of the color of the 

particle-stacked film, images taken with the light source directed at 10° to the particle-stacked 

films and the camera rotated in 10° increments from 35° to 65° to the particle-stacked films are 
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also shown. Figure 4.7.a shows the results when SiO2 particles were only used for particle-

stacked film fabrication. Regardless of whether SiO2-ZrN core-shell particles or SiO2 particles 

were used as constituent substances, the color of the particle-stacked film changed depending on 

the size of the constituent particles, indicating that the color of the particle-stacked films was 

caused by the differences in particle size. 
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Figure 4. 6 (a) Photographs of the particle-stacked films comprising SiO2-ZrN core-shell 

particles with SiO2 core particles of 150, 180, 210, 240, 270, and 300 nm. These films were 

photographed on 5 mm graph paper; the cross lines in the images are grid lines of the 

background paper. The images show an area of 10 mm in length and 10 mm in width of the 

particle-stacked films. (b) Reflection spectra of the particle-stacked films composed of SiO2-ZrN 

core-shell particles with core particles of 150–300 nm. The light was incident at 5° from the 
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vertical plane of the particle laminated film, with the reflected light detected with an integrating 

sphere unit. (c) Angular dependence of reflection spectra of particle-stacked films comprising 

SiO2-ZrN core-shell particles with core particles of 270 nm. The reflectance intensity was 

measured to analyze angular dependence: the incident angle of the light source to the particle-

stacked film was 10°, and the reflection angle to the detector was in 10° increments from 35° to 

65°. (d) Surface FE-SEM images of particle-stacked films comprising SiO2-ZrN core-shell 

particles with core particles of 270 nm and Fourier transform the image. (e) Cross-sectional FE-

SEM images of particle-stacked films comprising SiO2-ZrN core-shell particles with core 

particles of 270 nm. 

 

 



82 

 

Figure 4. 7 (a) Photographs of the particle-stacked film comprising SiO2 particles with diameters 

of 150, 180, 210, 240, 270, and 300 nm. These films were photographed on 5 mm graph paper; 

the cross lines in the images are grid lines of the background paper. The images show an area of 

10 mm in length and 10 mm in width of the particle-stacked films. (b) Reflection spectra of the 

particle-stacked films composed of SiO2 particles with diameters of 150–300 nm. The light was 

incident at 5° from the vertical plane of the particle laminated film, with the reflected light 

detected with an integrating sphere unit. (c) Angular dependence of reflection spectra of the 

particle-stacked films of SiO2 particles with diameters of 270 nm. The reflectance intensity was 

measured to analyze angular dependence: the incident angle of the light source to the particle-

stacked film was 10°, and the reflection angle to the detector was in 10° increments from 35° to 

65°. 
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The optical characteristics of the particle-stacked films of the obtained particles were assessed 

using reflection spectra. Figure 4.6.b shows the reflection spectra of the stacked particles. In the 

case of the particle-stacked films containing SiO2-ZrN core-shell particles with diameters of 150, 

180, 210, 240, 270, and 300 nm, peaks were observed at 339, 385, 448, 506, 579, and 652 nm, 

respectively, in the reflection spectra. For the SiO2-ZrN core-shell particles with diameters of 

240, 270, and 300 nm, peaks at 314, 350, and 389 nm were observed on the short-wavelength 

side. The reflection of light within a photonic crystal follows Bragg's condition as follows:243  

𝑛𝜆 = 2𝑑sin𝜃 (40) 

where n, λ, d, and θ represent the diffraction order (an integer), the wavelength of light, the 

lattice constant of the photonic crystal (the distance between adjacent layers), and the angle 

between the incident light and the normal to the layers of the photonic crystal, respectively. In 

amorphous arrays, the relatively broad reflection of specific wavelengths also occurs due to 

Bragg diffraction in the local periodic structure regions. Since the distance between layers (d) 

where Bragg diffraction occurs depends on the size of the particles, the wavelength (λ) of the 

reflected light is determined by the particle size. Therefore, the shift in the reflection peak toward 

longer wavelengths corresponds to an increase in the distance of the pitch in the periodic 

structure of the film. Figure 4.7.b shows the reflection spectra of particle films only from SiO2. 

The particle-stacked films of SiO2 particles with diameters of 150, 180, 210, 240, 270, and 

300 nm exhibited peaks at 311, 356, 427, 492, 558, and 621 nm, respectively, in the reflection 

spectra. Similar to the SiO2-ZrN core-shell particles, reflection peaks appeared on the short-

wavelength side at 308, 337, and 369 nm when the particle sizes of the SiO2 particle-stacked 
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films were 240, 270, and 300 nm, respectively. In the reflection spectra of the particle-stacked 

films, the appearance of maxima, which shifted depending on the particle size, signified that 

these maxima originated from structural colors, where periodic structures strongly reflected 

specific wavelengths. Although comparing the absolute value of the reflection intensity was 

impossible because the stacking state between the SiO2-ZrN core-shell particles and 

SiO2 particles was not the same, a difference in the reflection spectra was observed at ≈600 nm, 

corresponding to the ZrN nanoparticle absorption depending on the presence or absence of the 

ZrN nanoparticle shell. The reflection intensities of the particle-stacked films composed of SiO2-

ZrN core-shell particles were lower than those of the substrate films. In contrast, the reflection 

intensities of the particle-stacked films composed only of SiO2 particles were higher than that of 

the substrate (Figure 4.7.b). This decrease in the reflection intensity was caused by absorption 

by the ZrN particles in the core. 

When a structurally colored material is used as a colorant, a lower angular dependence of the 

visible color is desirable. Thus, the angular dependence of the reflection spectra of the particle-

stacked films was evaluated. The angular dependence of the reflection spectra of the particle-

stacked films composed of SiO2-ZrN core-shell particles with core particles of 270 nm are shown 

in Figure 4.6.c, and those of only SiO2 core particles of 270 nm are shown in Figure 4.7.c. 

Comparing the reflection spectra when changing the angle, the intensity of the SiO2 particle-

stacked film (Figure 4.7.c) was less than half that of the SiO2-ZrN core-shell, although the 

reflection intensities of the SiO2 particles were the same or higher than those of the SiO2-ZrN 

core-shell when measured with an integrating sphere unit. Furthermore, when the angle changed 

from 35° to 65°, the maximum peak wavelength changed by 14 nm for the particle-stacked films 

composed of SiO2-ZrN core-shell particles and 28 nm for the particle-stacked films consisting of 
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only SiO2 particles. Even in the case of particle-stacked films with 240 and 300 nm particles, the 

shift was smaller for SiO2-ZrN core-shell particles (Figure 4.8 and Figure 4.9). These results 

suggested that the SiO2-ZrN core-shell particles were stacked more randomly than the 

SiO2 particles. The difference in the peak wavelength shift of the reflection spectrum between 

the SiO2-ZrN core-shell particle-stacked film and SiO2 particle-stacked film when the angle was 

altered by 30° was 14 nm, imperceptible to the naked eye. However, this result quantitatively 

demonstrated that the core-shell particle-stacked film exhibited less angular dependence than the 

silica particle-stacked film. 
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Figure 4. 8 Angular dependence of reflection spectra of particle-stacked films comprising SiO2-

ZrN core-shell particles with core particles of 150, 180, 210, 240, 270, and 300 nm. 
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Figure 4. 9 Angular dependence of reflection spectra of particle-stacked films comprising SiO2 

particles with particle size of 150, 180, 210, 240, 270, and 300 nm. 
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The stacked particle films were observed using field-emission scanning electron microscopy 

(FE-SEM) to investigate the stacking state of the particles. Figure 4.6.d,e shows surface and 

cross-sectional FE-SEM images of the particle-stacked films. The surfaces of the particle-stacked 

films composed of SiO2-ZrN core-shell particles were smoother than those of the SiO2 particle-

stacked films (Figure 4.10) because the particle-stacked films composed of SiO2-ZrN core-shell 

particles had fewer irregularities made up of particle agglomerates than SiO2, thus reflecting the 

differences in the state of particle film formation. Although no noticeable difference was 

observed in the surface images of the particle-stacked films at medium magnification, 

differences between the particle-stacked films composed of SiO2-ZrN core-shell particles and 

SiO2 particles were visible in the surface FE-SEM images at high magnification. Only spherical 

particles were observed in the SiO2 particle stack (Figure 4.11), whereas protrusions on the 

particle surface were observed in the SiO2-ZrN core-shell particles. These protrusions correspond 

to ZrN nanoparticles attached to SiO2 core particles. The Fourier transform image of the surface 

of the SiO2 particle-stacked film clearly exhibited rings derived from the periodic structure 

compared to the image of the surface of the particle-stacked film of SiO2-ZrN core-shell 

particles. More distinct rings indicate higher periodicity of the constituent particles. Thus, the 

periodicity of the SiO2-ZrN core-shell particles in the particle-stacked films was lower than that 

of the SiO2 particle-stacked films, implying that the particle-stacked films of the SiO2-ZrN core-

shell particles had less angular dependence on reflection, consistent with the reflection spectrum 

results (Figure 4.6.c). From the cross-sectional FE-SEM images (Figure 4.6.e), no significant 

periodicity was observed in the height direction for both the particle-stacked films of the SiO2-

ZrN core-shell particles and SiO2 particles (Figure 4.12). It was considered that there was no 
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significant difference in the monodispersity of the particle size distribution (Figure 4.5) and no 

major differences were observed in the stacked state for each particle size. In this study, quasi-

amorphous structures were obtained. If a regularly arranged 3D SiO2-ZrN core-shell microsphere 

photonic crystal is obtained, the peak in the reflection spectrum becomes narrower and the 

reflectance increases due to the regular arrangement, resulting in a relatively lower effect of 

specific wavelength range absorption by the ZrN shell particles’ LSPR. Consequently, the 

influence of color based on reflection from the photonic crystals becomes more significant. The 

angle dependence of a photonic crystal is expected to be greater than that of the amorphous array 

obtained in this study. 

 

 

 

Figure 4. 10 The low magnification FE-SEM images of particle-stacked film surface. (a) The 

particle-stacked films are composed of SiO2-ZrN core-shell particles with core particles of 270 

nm, and (b) 270 nm SiO2 particles. 

 

 



90 

 

Figure 4. 11 The surface FE-SEM images of particle-stacked films composed of 270 nm SiO2 

particles and Fourier transform image. 

 

 

 

Figure 4. 12 Cross-sectional FE-SEM images of particle-stacked films composed of 270 nm 

SiO2 particles. 

 

 

Table 4.1 lists the maximum peaks, reflectance, and reflection intensity ratio (Rl Rs
–1) of the 

long-wavelength side (Rl) to the reflection intensity on the short-wavelength (Rs) side in the 

reflection spectra of particle-stacked films using SiO2-ZrN core-shell particles and SiO2 particles. 
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When comparing identical SiO2 core particle sizes, the wavelength of the peak in the reflection 

spectrum of the SiO2-ZrN core-shell particles shifted to longer wavelengths than that of the 

SiO2 particles because the attachment of the ZrN particles increased the total particle size and 

widened the periodic interval. The reflection intensity ratio (Rl Rs
–1) of the particle-stacked films 

using SiO2 particles is almost constant at 0.57–0.59 when the particle size was between 240 and 

300 nm, while the ratio of SiO2-ZrN core-shell particles decreased from 0.47 to 0.37. The 

prepared ZrN nanoparticles absorbed across the entire reflection band with a peak at 700 nm 

because the prepared ZrN nanoparticles were not completely uniform in size. As shown in 

Figure 4.1.c, the ZrN nanoparticles used in the shell exhibited a broad absorption spectrum with 

a peak at 700 nm. Therefore, it was considered that the fabricated SiO2-ZrN core-shell particles 

also absorbed across the entire reflection band with a peak at 700 nm. The reflection intensity of 

the particle-stacked films using SiO2-ZrN core-shell particles decreased as the reflection 

wavelength on the long-wavelength side approached 660–680 nm, corresponding to the 

absorption of ZrN, thus indicating that the reflection of particle-stacked films using SiO2-ZrN 

core-shell particles was suppressed by the LSPR absorption of ZrN owing to the presence of ZrN 

particles around SiO2. Thus, Particle-stacked films of SiO2-ZrN core-shell particles exhibited 

photonic-plasmonic coupling effect. Particle-stacked films of SiO2-ZrN core-shell particles with 

a high distribution density of ZrN nanoparticles (Figure 4.13), prepared by attaching ZrN 

nanoparticles to PVP-modified SiO2 particles without washing, exhibited a more pronounced 

photonic-plasmonic coupling effect (Figure 4.14, Table 4.2). This suggested that the photonic-

plasmonic coupling effect was tuned by the distribution density of ZrN nanoparticles in the shell. 

In addition, similar to how the peak of the reflection spectrum shifted with changes in the size of 

the core particles, a change in the shell thickness of core-shell particles is expected to change the 
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pitch of the periodic structure within the particle-stacked films, which may result in a shift in the 

peak wavelength of the reflectance spectrum. 

 

Table 4. 1 Particle size (φ), wavelength of maximum peaks (λ), reflectance (R), and reflection 

intensity ratio (Rl Rs
–1) of the long wavelength side (Rl) to the reflection intensity on the short 

wavelength (Rs) side in the reflection spectrum of the particle-stacked films using SiO2-ZrN 

core-shell particles and SiO2 particles. 

Type Φ / nm (core size) λ / nm R / % Rl Rs
−1 / − 

SiO2-ZrN core-shell  150 339 13.84 – 

 
180 385 13.05 – 

 
210 448 10.67 – 

 
240 314, 509 24.77, 11.63 0.47 

 
270 350, 579 23.55, 9.32 0.40 

 
300 389, 652 21.21, 7.88 0.37 

SiO2 particles 150 311 40.09 – 

 
180 356 28.74 – 

 
210 427 27.37 – 

 
240 306, 485 31.31, 18.07 0.58 

 
270 337, 558 22. 74, 13.05 0.57 

 
300 369, 621 28.98, 17.10 0.59 
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Figure 4. 13 BF-STEM images, photographs of the obtained powder, and photographs of the 

particle-stacked films are presented for the following samples: 240 nm SiO2 particles, SiO2-ZrN 

core-shell particles containing 240 nm SiO2 particles as the core, and SiO2-ZrN core-shell 

particles with a dense ZrN as shell and 240 nm SiO2 particles as the core. 

 

 

Figure 4. 14 Reflection spectra of the particle-stacked films composed of 240 nm SiO2 particles, 

SiO2-ZrN core-shell particles with core particles of 240 nm, and SiO2-ZrN core-shell particles 

with a dense ZrN as shell and 240 nm SiO2 particles as the core. The light was incident at 5° 

from the vertical plane of the film, with the reflected light detected with an integrating sphere 

unit. 
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Table 4. 2 Wavelength of maximum peaks of the short wavelength side (λs), wavelength of 

maximum peaks of the long wavelength side (λl), reflectance of the short wavelength side (Rs), 

reflectance of the short wavelength side (Rl), and reflection intensity ratio (Rl Rs
–1) of the long 

wavelength side (Rl) to the reflection intensity on the short wavelength (Rs) side in the reflection 

spectrum of the particle-stacked films using 240 nm SiO2 particles, SiO2-ZrN core-shell particles 

with core particles of 240 nm, and SiO2-ZrN core-shell particles with a dense ZrN as shell and 

240 nm SiO2 particles as the core. 

Type λs / nm λl / nm Rs / % Rl / % Rl Rs
–1 / – 

SiO2 only 306 485 31.31 18.07 0.58 

SiO2-ZrN core-shell 314 509 24.77 11.63 0.47 

SiO2– dense ZrN 301 530 12.92 4.20 0.33 

 

 

I concluded that the synthesized core-shell particle stacked film exhibits the photonic–plasmonic 

coupling effect that combines photonic properties derived from the periodic structure and 

specific wavelength range absorption owing to LSPR. Hence, SiO2-ZrN core-shell particles offer 

the potential to be effective optical materials for tuning reflection and absorption spectra owing 

to the combination of LSPR and the periodic structure of composites without precious metals. 

 

 

4.3 Conclusion 

I prepared SiO2-ZrN core-shell particles. Color-controllable structural color materials were 

obtained by combining the LSPR of ZrN nanoparticles around SiO2 core particles and the 

diffraction properties of periodic structures. The ZrN nanoparticles attached to the SiO2 core 

absorbed the light approximately 700 nm, and SiO2-ZrN core-shell particle-stacked films 
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exhibited reflection spectra with low angular dependence and a photonic–plasmonic coupling 

effect that combined specific wavelength range absorption through plasmon resonance and 

specific wavelength diffraction owing to the periodic structure. The change in the particle size 

enabled a shift in the structural color reflection, with the intensity of the reflection controlled by 

the particles as shell components. I believe that the SiO2-ZrN core-shell particles offer the 

potential to be effective optical materials for tuning the reflection and absorption spectra, owing 

to the combination of LSPR and the periodic structure of the composites without precious 

metals. 

 

 

4.4 Experimental Section 

4.4.1 Materials 

Zirconium dioxide (ZrO2, 10 nm) was purchased from ITEC Co., Ltd. Magnesium nitride 

(Mg3N2) was purchased from Sigma Aldrich. SiO2 particles were purchased from FUJI 

CHEMICAL Co., Ltd. Polyvinylpyrrolidone (PVP, K 90 Average Molecular weight. 360000) 

was purchased from TOKYO CHEMICAL INDUSTRY Co., Ltd. Hydrochloric acid (1 M) was 

purchased from KANTO CHEMICAL Co., Inc. 

 

4.4.2 Sample Preparation 

4.4.2.1 ZrN Nanoparticle Dispersion 

ZrN nanoparticles were synthesized using a modified version of the process described in Chapter 

2. A mixture of 1 g of zirconium dioxide nanopowder and a three-molar excess Mg3N2 powder 

was mixed for 5 min in an Ar glove box using an agate mortar. The resulting mixture was 

transferred to an alumina combustion boat and hermetically sealed in a plastic bag using a zip. 
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The powder confined in the plastic bag was immediately inserted into a quartz tube and heated at 

1000 °C for 12 h under nitrogen gas flow in a tubular furnace. After natural cooling to room 

temperature, 0.2 g of the final product was transferred to a beaker and mixed with 25 mL of 

1.0 m HCl solution. The mixture was sonicated for 20 min, and water (20 mL) was added. After 

stirring for 1 h, the supernatant was separated by centrifugation for 1 h at 11 000 rpm. The 

residual precipitate was redispersed in 5 mL of water by sonication and centrifuged for 15 min at 

3300 rpm. The blue supernatant was collected to obtain a dispersion of the ZrN nanoparticles. 

 

4.4.2.2 SiO2-ZrN core-shell Particles 

PVP 90 (0.1 g) was added to a water dispersion (50 mL) of SiO2 particles (0.05 g) while stirring 

at 400 rpm. The mixture was continuously stirred for one night. Subsequently, the liquids were 

centrifuged at 3300 rpm for 15 min, with the supernatant discarded to remove the solution 

containing unattached PVP 90. The precipitate was resuspended in water (50 mL) and sonicated. 

The suspended liquid was centrifuged again at 3300 rpm for 15 min, with the supernatant 

discarded again. The residue was suspended in water (5 mL) to obtain SiO2 particles modified 

with PVP 90. The ZrN dispersion (0.4 mL) was added to a 1 mL dispersion of modified 

SiO2 particles. The mixture was then shaken and sonicated. The obtained dispersion was 

centrifuged at 3300 rpm for 15 min, with the supernatant discarded to remove the ZrN 

nanoparticles not attached to the SiO2 particles. The residual precipitate was dried to obtain the 

SiO2-ZrN core-shell particles. 

 

4.4.2.3 Particle-Stacked Films 

The obtained SiO2-ZrN core-shell and SiO2 particles were arrayed onto glass substrates by drop-

casting using silicone molds. Silicone molds, with a thickness of 3 mm and a 1 cm square hole, 
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were pressed onto glass substrates and pasted. Nanoparticles' dispersion (0.1 wt.%, 0.3 mL) was 

cast into the hole of the silicon mold. After natural drying for one day, water as a dispersion 

medium evaporated, and the particles self-assembled to form a particle-stacked film. 

 

4.4.3 Material Characterization 

4.4.3.1 X-Ray Diffraction (XRD) 

The crystalline phase was analyzed using an X-ray diffraction (XRD) diffractometer (Cu Ka, 

Mini-Flex 600, Rigaku, Japan). The diffraction angle 2θ was scanned in the range of 30–60° at a 

rate of 5°min−1. 

 

4.4.3.2 Transmission Electron Microscopy (TEM) 

The morphologies of the core-shell particles were evaluated using TEM (JEM-2010, JEOL, 

Japan), with the dispersion of the core-shell particles drop-cast onto copper-mesh TEM grids. 

The acceleration voltage of the electron gun used for the observation was 200 kV. 

 

4.4.3.3 Scanning Transmission Electron Microscopy (STEM) 

The morphology of the core-shell particles was examined using scanning transmission electron 

microscopy (STEM) with an HD-2000 instrument (HITACHI, Japan). The sample was prepared 

following the same procedure as that for the TEM observation, with the electron gun acceleration 

voltage set to 200 kV. Energy-dispersive X-ray spectroscopy (EDS) was performed using the 

same equipment to investigate the elemental distributions of the particles. 
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4.4.3.4 Field Emission Scanning Electron Microscope (FE-SEM) 

The surface and cross-sectional morphologies of the particle-stacked films were observed using 

field-emission scanning electron microscopy (FE-SEM) with a JIB–4601F instrument (JEOL, 

Japan). The particle-stacked films were observed at an electron gun acceleration voltage of 

200 kV after the films were coated with platinum. The observed cross-section was formed by the 

radiation of a focused ion beam onto the surface of the tungsten-coated particle-stacked film. 

 

4.4.3.4 Spectrum Measurement 

The UV–vis absorption spectra of the SiO2-ZrN core-shell particle dispersions were recorded 

using a V-700 spectrometer (JASCO, Japan). The dispersion was then placed in a 1 cm square 

quartz cell and mounted on a holder for measurement. Water was used as the background for the 

absorbance measurements. The scanning rate was 200 nm min−1 and the bandwidth was 2 nm, 

with a range of wavelengths scanned from 300 to 800 nm. The reflection spectra of the particle-

stacked films were measured using the same instrument equipped with an integrating spherical 

unit. The particle-stacked films were placed on a holder for measurement; the scanning rate was 

200 nm min−1, with a bandwidth of 5 nm and a range of wavelengths scanned from 300 to 

800 nm. The reflectance intensity was measured to analyze the angular dependence. Variable-

angle reflection measurement optics, C10027A10687 (Hamamatsu Photonics, Japan) were used 

to expose the particle-stacked films to white light and detect the reflected light. A xenon lamp 

was used as the light source to measure the reflection spectra. A photonic multichannel analyzer 

C10027 (Hamamatsu Photonics, Japan) was used to analyze the detected signals. The incident 

angle of the light source to the particle-stacked film was 10°, with the reflection angle to the 

detector varied in 10° increments from 35° to 65°.  
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Chapter 5 Photonic-Plasmonic Coupling Color Materials Using SiO2-MN Core-shell 

Particles (M=Ti, Hf) 

 

5.1 Introduction 

Nature abounds with a vast array of colors, and throughout history, humanity has developed and 

utilized various techniques for coloring objects. Dyes and pigments are representative examples 

of such colorants. These technologies typically involve dissolving or dispersing chemical 

compounds that determine color through the absorption of light, either according to the 

structure’s conjugated system or due to the energy absorption related to the compound’s 

bandgap. However, organic dyes and pigments face challenges related to color longevity due to 

photodegradation under ultraviolet light. Inorganic pigments, while stable, sometimes contain 

metals that are harmful to human health, and the mining and refining of certain metals can lead 

to environmental and social issues. In response, recent research has focused on alternative 

techniques that generate colors through physical phenomena. Structural color materials, which 

utilize interference phenomena derived from periodic structures, show significant potential for 

enhancing color stability and reducing environmental impact. Structural colors arise from the 

interference of light by fine surface structures, are not reliant on specific chemicals, thus 

mitigating issues of fading associated with chemical colorants, and are environmentally benign. 

Moreover, structural color is widely observed in nature, such as in bird feathers and insect wings, 

and efforts are underway to mimic these natural structures to reproduce colors artificially.244 

Several types of structural color materials exist, ranging from those that utilize thin film 

interference to those with periodic microstructures and to those composed of periodically 

arranged particles. In the case of film-based structural colors, there were reports of structures 

consisting of stacked organic or inorganic thin films,50,234 as well as lamellar 
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hydrogels.60,232,233,245 For particle-based systems, structures filled with polymer particles like 

polystyrene,238,239 hydrogel,246 or inorganic particles such as silica240–242 are used. However, 

these materials utilizing interference to those with periodic microstructures suffer from angle-

dependent reflection spectra, making it difficult to achieve coloration independent of viewing 

angle. Introducing black materials such as carbon black,118–120 polydopamine121 polypyrrole,123 or 

Fe3O4
124,125 into the matrix to suppress incoherent scattering and disrupt particle arrangement has 

developed particle-based structural color materials with reduced angle dependency.247,248 

Furthermore, photonic balls have been prepared by incorporating photonic structures into particle 

systems to reduce angle dependency.249,250 Research in structural color materials has primarily 

focused on suppressing incoherent scattering by incorporating materials that absorb across the 

visible spectrum. More recently, advancements have been made in developing structural color 

materials that achieve selective control over reflection suppression by incorporating components 

that absorb specific wavelengths. In Fe2O3-SiO2 core-shell particles, coloration is utilized that 

combines absorption derived from the Fe2O3 bandgap with reflection from the periodic 

structure.141 Color control is also achieved by introducing particles exhibiting LSPR, a 

phenomenon where the collective oscillation of electrons on the particle surface occurs in 

response to an electric field, absorbing specific energies. LSPR is known to occur in 

nanoparticles of noble metals such as gold,143,144 silver,145,146 and palladium.147,148 The 

introduction of these nanoparticles into particle-based structural color materials allows for tuned 

coloration,153 and there are examples of using these photonic and plasmonic properties in 

catalytic materials.135–140 However, these noble metals are costly due to their rarity and compete 

with uses in jewelry and electronic components. Therefore, to utilize plasmonic properties 
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without the use of precious metals, the materials incorporating ZrN nanoparticles as a plasmonic 

source into structural color materials were previously reported in the Chapter 4.251 

While noble metals have traditionally dominated specific wavelength range absorption through 

LSPR in visible light, Reem A. Karaballi, Mita Dasog, and colleagues reported plasmonic 

properties in Group-4 metal nitride nanoparticles, prepared by solid-state metathesis reaction.163 

Previously, the metal nitrides were predominantly prepared by nitriding oxides under high-

temperature conditions in an ammonia flow252–255 or by plasma reactions in the gas phase256–258. 

However, the selection of reactive starting materials has enabled the synthesis of several metal 

nitrides through solid-state metathesis reactions without the need for ammonia gas or plasma 

reactors.193,259 Metal nitrides have been highlighted as a new source of plasmons and as catalysts 

without the use of precious metals.226,260–264 For instance, TiN has been researched as light-

trapping plasmonic material in solar cells. 265,266 Meanwhile, ZrN-oxide core-shell particles have 

been researched to enhance the efficiency of solar cells.192,213 Additionally, the synthesis process 

of ZrN-SiO2 core-shell particles was reported.214 It was proven that the absorption wavelength of 

ZrN nanoparticles can be tuned by coating them with silicon nitride, offering a process to control 

optical properties.191 HfN-based nanoparticles have been researched as a novel multifunctional 

agent for photothermal therapy using plasmonic properties.217 As catalysts, TiN was reported to 

be an efficient catalyst for hydrogen evolution reactions.267 ZrN nanocrystals have shown the 

potential to surpass the electrocatalytic efficiency of Pt in oxygen reduction reactions.229 ZrN 

nanoparticles have been considered as catalysts for methanol oxidation230 and water-splitting 

reactions.231 HfN nanoparticles were reported to be potential catalysts for electrocatalytic oxygen 

evolution reactions.268 Thus, metal nitride nanoparticles have emerged as practical alternatives to 

noble metal nanoparticles, providing enhanced chemical and physical functionalities. 
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In the previous chapter, I showed SiO2-ZrN core-shell particles demonstrating LSPR were 

synthesized, and SiO2-ZrN core-shell particles produced a “photonic–plasmonic coupling effect” 

by combining specific wavelength range absorption through plasmon resonance with diffraction 

from periodic structures without the need for precious metals.251 In this chapter, I have extended 

the range of metal nitride species to include TiN and HfN, preparing SiO2-metal nitride core-

shell particles that exhibit both photonic and plasmonic properties through a particle-stacked 

structure. This chapter aimed to confirm that by using metal nitride materials with different 

absorption wavelength regions, the color of SiO₂-MN core-shell particle-stacked films were 

controlled by varying the type of metal nitride. The TiN, ZrN, and HfN nanoparticles differ in 

their absorption wavelength ranges of LSPR, allowing the reflective spectrum to be tuned 

according to the metal nitride species incorporated. Additionally, the periodic structure changes 

with the size of the SiO2 particles, altering the reflective spectrum according to particle size. I 

have developed materials that display a broad color spectrum by controlling the core particle size 

(photonic effect) and the type of metal nitride species adhered to (plasmonic effect). This 

material serves as a colorant showing diverse hues without relying on precious or hazardous 

heavy metals. 

 

 

5.2 Results and Discussion 

5.2.1 Preparation and Evaluation of SiO2-TiN Core-shell Particles and SiO2-HfN Core-shell 

Particles 

TiN nanoparticles and HfN nanoparticles were synthesized via a solid-state metathesis reaction. 

XRD diffraction measurements confirmed the products TiN and HfN (Figure 5.1). The particle 

size of obtained TiN nanoparticles and HfN nanoparticles were approximately 10–20 nm and 



103 

10–40 nm, respectively (Figure 5.2).  The dispersion of obtained TiN nanoparticles exhibited 

absorption at 830 nm, and that of HfN nanoparticles exhibited absorption at 610 nm (Figure 

5.3). The absorption of metal nitride nanoparticles at specific wavelength ranges indicated that 

the obtained TiN nanoparticle and HfN nanoparticle showed plasmonic properties. SiO2 particles 

(150, 180, 210, 240, 270, and 300 nm) modified with polyvinylpyrrolidone K90 (average 

molecular weight 360,000) were mixed with the TiN nanoparticle dispersion and HfN 

nanoparticle dispersion to obtain core-shell particles, as depicted in Figure 5.4.a. Figure 5.4.b,c 

show a secondary electron (SE) scanning transmission electron microscopy (STEM) image of the 

obtained particles using TiN nanoparticle dispersion and HfN nanoparticle dispersion. The SE-

STEM image shows that the nanoparticles are three-dimensionally attached around the large 

sphere particles corresponding to SiO2 particles. In the case of particles prepared using TiN 

nanoparticle dispersion, the attached nanoparticles either existed individually at approximately 

10 nm or formed aggregates up to 30 nm in size. The SiO2-HfN core-shell particles contained 

HfN nanoparticles, either individually approximately 10 nm in size or as aggregates up to 40 nm. 

High-angle annular dark-field (HAADF) STEM images and bright-field (BF)-STEM 

micrographs emphasize the contrast of the core-shell particles, clearly showing nanoparticles' 

presence around the spherical particles (Figure 5.5). Figure 5.4.d shows the absorption spectra 

of the TiN particle aqueous dispersion and the aqueous dispersions of the obtained core-shell 

particles containing 150, 180, 210, 240, 270, and 300 nm SiO2 particles as cores. The aqueous 

dispersion of the TiN particles exhibited maximum absorption at 830 nm, while the aqueous 

dispersions of the obtained particles containing SiO2 particles did not show maximum 

absorption. In the case of SiO2-HfN system, dispersion containing only HfN nanoparticles 

exhibited absorption at 610 nm, the dispersion containing core-shell particles did not show the 
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maximum absorption. However, the dispersions of core-shell particles containing 150 nm and 

180 nm showed an increasing trend of absorbance at the wavelength corresponding to the 

absorption of HfN. The X-ray diffraction (XRD) profile (Figure 5.1d) shows the obtained core-

shell particles contained TiN or HfN.  

 

 

Figure 5. 1 XRD profiles of washed products from Mg3N2 and MO2 (M=Ti and Hf). 

 

 

Figure 5. 2 (a) TEM micrograph of obtained TiN particles and (b) high-magnification image of 

TiN particles. (c) TEM image of obtained HfN particles and (d) high-magnification image. 
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Figure 5. 3 Absorbance spectra of obtained TiN nanoparticle dispersion and HfN nanoparticle 

dispersion. 
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Figure 5. 4 (a) Schematic illustration of the preparation process of SiO2-MN core-shell particles. 

SE-STEM images of the obtained particle using (b) TiN nanoparticle dispersion and (c) HfN 

nanoparticle dispersion. (d) Absorption spectra of aqueous dispersions of TiN nanoparticles and 

the obtained core-shell particles containing 150, 180, 210, 240, 270, and 300 nm SiO2 core 

particles, and (e) HfN nanoparticles and obtained particles using them. (f) XRD pattern of the 

obtained particles. 
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Figure 5. 5 (a) SE-STEM images, (b) HAADF STEM image, and (c) BF STEM image of the 

SiO2-TiN core-shell particles. (d) SE STEM images, (e) HAADF STEM image, and (f) BF 

STEM image of the SiO2-HfN core-shell particles. 

 

 

The BF-STEM images of the obtained particles and energy-dispersive X-ray spectroscopy (EDS) 

mapping of the image (Figure 5.6.a,b) showed nanoparticles adhered to sphere particle 

containing Ti and Hf. The high magnification HAADF STEM images (Figure 5.6.c,d) of 

nanoparticles give crystal face {011} of TiN and {100} of HfN, respectively. These results 

confirmed the obtained particles were SiO2-TiN core-shell particles and SiO2-HfN core-shell 

particles. The metal nitride nanoparticles were strongly attached to SiO2 particles, as the metal 

nitride nanoparticles remained adhered to SiO2 particles even after ultrasonic dispersion in water 

during sample preparation for electron micrograph observation. The absorption at approximately 

650 nm of the obtained aqueous SiO2-HfN particle dispersions containing 150 nm and 180 nm 

SiO2 core particles (Figure 5.4.e) was attributed to HfN nanoparticles; the obtained particles 

absorbed light in the 600–700 nm wavelength range through the attached HfN nanoparticles. For 
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the SiO2-TiN dispersion diluted four times, an increasing trend at 800–900 nm in absorbance was 

observed (Figure 5.7). The absorption was from the LSPR of TiN nanoparticles adhered to SiO2 

particles. However, the obtained SiO2-TiN core-shell particles and SiO2-HfN core-shell particles 

containing 210 nm, 240 nm, 270 nm, and 300 nm SiO2 core particles did not exhibit peaks in the 

absorption spectra because the influence of Mie scattering29 by SiO2 core particles was greater 

than that of the absorption of TiN nanoparticles and HfN nanoparticles attached to SiO2 particles 

in the dispersion. The increase in particle size and concentration of particles extends Mie 

scattering. This resulted in a more significant influence of light loss due to Mie scattering than 

absorption by LSPR of metal nitride nanoparticles to exhibit no peak in the absorption spectra 

using 210 nm, 240 nm, 270 nm, and 300 nm SiO2 core particles. 
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Figure 5. 6 (a) BF-STEM image of the obtained particle containing TiN nanoparticles and EDS 

mapping images highlighted by elements Ti and Si, and (b) BF-STEM image of the obtained 

particle containing HfN nanoparticles and EDS mapping images highlighted by elements Hf and 

Si. (f) HAADF-STEM images of the obtained particle containing (c) TiN nanoparticles and (d) 

HfN nanoparticles: overall view of particle, low magnification image, intermediate magnification 

image, and high magnification image of the area enclosed by the red square. 
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Figure 5. 7 Absorption spectra of aqueous dispersions of SiO2-TiN shell particles containing 

150, 180, 210, 240, 270, and 300 nm SiO2 core particles (0.125 wt.%). 

 

 

5.2.2 Optical Properties of Powders and Particle-stacked Films of SiO2-TiN Core-shell Particles 

and SiO2-HfN Core-shell Particles 

Figure 5.8.a,c shows photographs of the dried powder, and Figure 5.8.b,d shows BF-STEM 

images of the obtained SiO2-TiN core-shell particles and SiO2-HfN core-shell particles 

containing 150, 180, 210, 240, 270, and 300 nm SiO2 core particles. In the case of SiO2 particles 

alone with nothing attached to them, the powder was white (Figure 5.9), whereas the powder of 

SiO2-metal nitride core-shell particles, which had metal nitride nanoparticles attached around the 

SiO2 particles, was colored. It was found that a sufficient distribution density of metal nitride 

nanoparticles was attached around the SiO2 particles to observe the coloring behavior of the 
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SiO2-metal nitride core-shell particle powder. The BF-STEM images (Figure 5.8.b,d, Figure 

5.10, and Figure 5.11) prove that the TiN nanoparticles and HfN nanoparticles were attached to 

the surface of SiO2 core particles of all sizes used, forming SiO2-TiN core-shell particles and 

SiO2-HfN core-shell particles containing 150-300 nm of SiO2 core. The obtained particle's size 

distribution (Figure 5.12, Figure 5.13) confirmed that the metal nitride particles adhered to the 

SiO2 core particles to an extent that did not compromise monodispersity of the SiO2 particles. 

The powder of the obtained SiO2-TiN core-shell particles and SiO2-HfN core-shell particles 

exhibited a color that depended on the particle size after drying at room temperature. The change 

in color depending on particle size indicated that the color originated from the aggregate 

structure of the particles. In addition, when the amount of metal nitride nanoparticles attached to 

the SiO2-metal nitride core-shell particles was small, the color of the SiO2-metal nitride core-

shell particle powder became lighter and closer to white (Figure 5.9). These results indicate that 

the color of SiO2-metal nitride core-shell particle powder can be adjusted by changing the 

amount of metal nitride nanoparticles attached around the SiO2 particles. 

 



112 

 

Figure 5. 8 (a) Photographs of the obtained powder and (b) BF-STEM images of the SiO2-TiN 

core-shell particles, which contain SiO2 core particles of 150, 180, 210, 240, 270, and 300 nm. 

(c) shows photographs of the obtained powder and (d) presents BF-STEM images of the SiO2-

HfN core-shell particles with SiO2 core particles of the same sizes. 
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Figure 5. 9 Photographs and BF-STEM images of the obtained powder for the following 

samples: 240 nm SiO2 particles, SiO2-few HfN core-shell particles and SiO2-HfN core–shell 

particles containing 240 nm SiO2 particles as the core. 

 

 

 

Figure 5. 10 BF-STEM images of the SiO2-TiN core-shell particles containing SiO2 core 

particles of (a) 150, (b) 180, (c) 210, (d) 240, (e) 270, and (f) 300 nm. 
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Figure 5. 11 BF-STEM images of the SiO2-HfN core-shell particles containing SiO2 core 

particles of (a) 150, (b) 180, (c) 210, (d) 240, (e) 270, and (f) 300 nm. 

 

 

 

Figure 5. 12 The particle size distribution diagram of produced SiO2-TiN core-shell particles 

containing 150–300 nm SiO2 particle as the core. The particle size distribution is derived from 

STEM images of produced SiO2-TiN core-shell particles. 
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Figure 5. 13 The particle size distribution diagram of produced SiO2-HfN core-shell particles 

containing 150–300 nm SiO2 particle as the core. The particle size distribution is derived from 

STEM images of produced SiO2-HfN core-shell particles. 

 

 

Particle-stacked films with SiO2-TiN core-shell particles and SiO2-HfN core-shell particles were 

fabricated by a casting method using molds to compare the effects of TiN nanoparticles and HfN 

nanoparticles. Figure 5.14 shows photographs of the particle-stacked films with SiO2-metal 

nitride core-shell particles containing 150, 180, 210, 240, 270, and 300 nm core particles. To 

examine the angular dependence of the color of the particle-stacked film, images taken with the 

light source directed at 10° to the particle-stacked films and the camera rotated in 10° increments 

from 35° to 65° to the particle-stacked films are also shown. Figure 5.14.a shows the results 

when SiO2-TiN core-shell particles were used for particle-stacked film fabrication, and Figure 
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5.14.b shows the photographs in the case of using SiO2-HfN core-shell particles. Regardless of 

whether SiO2-TiN core-shell particles or SiO2-HfN core-shell particles were used as constituent 

substances, the particle-stacked films were colored and did not show a white area caused by 

localized aggregation of particles observed in SiO2 particle-stacked films (Figure 4.7). The color 

of both films containing SiO2-TiN core-shell particles and SiO2-HfN core-shell particles changed 

depending on the size of the constituent particles, indicating that the differences in particle size 

caused the color of the particle-stacked films. 
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Figure 5. 14 (a) Photographs of the particle-stacked films comprising SiO2-TiN core-shell 

particles with SiO2 core particles of 150, 180, 210, 240, 270, and 300 nm. (b) Photographs of the 

particle-stacked film comprising SiO2-HfN core-shell particles with SiO2 diameters of 150, 180, 

210, 240, 270, and 300 nm. For panels (a) and (b), the topmost photographs were taken with the 

camera positioned perpendicular to the particle-stacked films, and the light source inclined at 30° 

from the front of the film. The photographs in the subsequent rows were captured with the light 

source tilted at 10° from the front of the film, and the camera angled at 35°, 45°, 55°, and 65° 

from the front of the particle-stacked film, respectively. 
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The optical characteristics of the particle-stacked films of the obtained particles were assessed 

using reflection spectra. Figure 5.15.a shows the reflection spectra of the SiO2-TiN core-shell 

particles stacked particles. In the case of the particle-stacked films containing SiO2-TiN core-

shell particles with diameters of 150, 180, 210, 240, 270, and 300 nm, peaks were observed at 

334, 376, 442, 503, 564, and 621 nm, respectively, in the reflection spectra. For the SiO2-TiN 

core-shell particles with diameters of 240, 270, and 300 nm, peaks at 316, 340, and 378 nm were 

observed on the short-wavelength side. As discussed in Chapter 4, the reflection of light within a 

photonic crystal follows Bragg's condition (Equation 40).243 This relationship, expressed as 

𝑛𝜆 = 2𝑑sin𝜃 (40) 

where n, λ, d, and θ represent the diffraction order, the wavelength of light, the lattice constant, 

and the angle between the incident light and the normal to the layers, respectively. In the case of 

amorphous arrays, the relatively broad reflection of specific wavelengths occurs due to Bragg 

diffraction in the local periodic structure regions, as explained in Chapter 4. The particle size 

determines the wavelength of the reflected light because the distance between layers where 

Bragg diffraction occurs depends on the size of the particles. Therefore, the shift of the 

wavelength in the reflection peak towards longer wavelengths corresponds to an increase in the 

distance of the pitch in the periodic structure of the particle-stacked films. Figure 5.15.b shows 

the reflection spectra of particle films from SiO2-HfN core-shell particles. The particle-stacked 

films of SiO2-HfN core-shell particles with SiO2’s diameters of 150, 180, 210, 240, 270, and 300 

nm exhibited peaks at 322, 372, 436, 497, 566, and 634 nm, respectively, in the reflection 

spectra. Similar to the SiO2-TiN core-shell particles, reflection peaks appeared on the short-

wavelength side at 306, 344, and 380 nm when the particle sizes of the SiO2 particle-stacked 

films were 240, 270, and 300 nm, respectively. In the reflection spectra of the particle-stacked 

films, the appearance of maxima, which shifted depending on the particle size, signified that 
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these maxima originated from structural colors, where periodic structures strongly reflected 

specific wavelengths. 

 

 

 

Figure 5. 15 Reflection spectra of the (a) SiO2-TiN core-shell particle-stacked films and (b) 

SiO2-HfN core-shell particle-stacked films composed of SiO2 particles with diameter of 150–300 

nm. The light was incident at 5° from the vertical plane of the particle laminated film, with the 

reflected light detected with an integrating sphere unit. Angular dependence of reflection spectra 

of the (c) SiO2-TiN core-shell particle-stacked film and (d) SiO2-HfN core-shell particle-stacked 

film of SiO2 particles with diameters of 270 nm. The reflectance intensity was measured to 

analyze angular dependence: the incident angle of the light source to the particle-stacked film 

was 10°, and the reflection angle to the detector was in 10° increments from 35° to 65°. 
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Table 5.1 lists the maximum peaks, reflectance, and reflection intensity ratio (Rl Rs
–1) of the 

long-wavelength side (Rl) to the reflection intensity on the short-wavelength (Rs) side in the 

reflection spectra of particle-stacked films using SiO2-TiN core-shell particles and SiO2-HfN 

core-shell particles. The reflection intensity ratio (Rl Rs
–1) of the particle-stacked films using 

SiO2-TiN core-shell particles decreased from 0.79 to 0.68 when the particle size was between 

240 and 300 nm, unlike the case of using only SiO2, whose values were constant at 

approximately 0.58 (Table 4.1). The ratio of SiO2-HfN core-shell particles decreased from 0.42 

to 0.37 when the particle size was between 240 and 300 nm, and the value was almost constant 

from particle size 270 nm to 300 nm. The prepared TiN nanoparticles absorbed across the entire 

reflection band with a peak at 830 nm because of LSPR. Therefore, the fabricated SiO2-TiN 

core-shell particles also absorbed across reflection as the whole band with a peak at 830 nm. The 

reflection intensity of the particle-stacked films using SiO2-TiN core-shell particles decreased as 

the reflection wavelength on the long-wavelength side approached long-wavelength (830 nm 

corresponding to the absorption of TiN), thus indicating that the reflection of particle-stacked 

films using SiO2-TiN core-shell particles was suppressed by the LSPR absorption of TiN owing 

to the presence of TiN particles around SiO2. In the case of HfN, the prepared HfN nanoparticles 

absorbed across the entire reflection band with a peak at 610 nm. As shown in Figure 5.15.e, the 

HfN nanoparticles used as shell particles exhibit a broad absorption around 610 nm. Thus, the 

fabricated SiO2-HfN core-shell particles absorbed around 600 nm across the reflection. The 

reflection intensity of the particle-stacked films using SiO2-HfN core-shell decreased as the 

reflection wavelength approached 610 nm, corresponding to the absorption of HfN, indicating 

that the reflection of particle-stacked films using SiO2-HfN core-shell particles was suppressed 
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by the LSPR absorption of HfN owing to the presence of HfN particles around SiO2, in a manner 

similar to the SiO2-TiN core-shell particle system. The color of the SiO2-metal nitride core-shell 

particle powder depended on the distribution density of metal nitride nanoparticles attached 

around the SiO2 particles (Figure 5.9), and previous chapter showed that particle-stacked films 

of SiO2-ZrN core-shell particles with a higher distribution density of ZrN nanoparticles exhibited 

a more pronounced photonic-plasmonic coupling effect. 251 Therefore, the photonic-plasmonic 

coupling effect of the SiO2-metal nitride particle-stacked films was tuned by the distribution 

density of metal nitride nanoparticles as shell particles. 

 

 

Table 5. 1 Particle size (φ), wavelength of maximum peaks (λ), reflectance (R), and reflection 

intensity ratio (Rl Rs
–1) of the long wavelength side (Rl) to the reflection intensity on the short 

wavelength (Rs) side in the reflection spectrum of the particle-stacked films using SiO2-TiN core-

shell particles and SiO2-HfN core-shell particles. 

Type φ / nm (core size) λ / nm R / % Rl Rs
–1 / – 

SiO2-TiN core-
shell particles 

150 334 14.87 – 

180 376 25.43 – 

210 442 23.95 – 

240 316, 503 35.23, 27.84 0.79 

270 340, 564 28.63, 20.41 0.71 

300 378, 621 35.16, 24.00 0.68 

SiO2-HfN core-
shell particles 

150 322 17.13 – 

180 372 15.02 – 

210 432 15.41 – 

240 306, 497 29.97, 12.62 0.42 

270 344, 566 30.19, 11.19 0.37 

300 380, 634 27.00, 9.75 0.36 
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When a structurally colored material is used as a colorant, a lower angular dependence of the 

visible color is desirable. Thus, the angular dependence of the reflection spectra of the particle-

stacked films was evaluated. The angular dependence of the reflection spectra of the particle-

stacked films composed of SiO2-TiN core-shell particles with core particles of 270 nm are shown 

in Figure 5.15.c, and those of SiO2-HfN core-shell particles core particles of 270 nm are shown 

in Figure 5.15.d. When the angle changed from 35° to 65°, the maximum peak wavelength 

changed by 18 nm for the particle-stacked films composed of SiO2-TiN core-shell particles and 

13 nm for the particle-stacked films consisting of SiO2-HfN core-shell particles. In both cases, 

the shift was smaller than the value of the films composed of only SiO2 (Figure 4.7).251 Even in 

particle-stacked films with 240 and 300 nm particles, the shift was smaller for SiO2-TiN core-

shell particles and SiO2-HfN core-shell particles (Figure 5.16, Figure 5.17). These results 

suggest that the SiO2-TiN core-shell particles and SiO2-HfN core-shell particles were stacked 

more randomly than the SiO2 particles, similar to the results with 270 particles. Thus, the core-

shell particle-stacked film exhibited less angular dependence than the silica particle-layered film. 
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Figure 5. 16 Angular dependence of reflection spectra of particle-stacked films comprising 

SiO2-TiN core-shell particles with core particles of 150, 180, 210, 240, 270, and 300 nm. 
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Figure 5. 17 Angular dependence of reflection spectra of particle-stacked films comprising 

SiO2-HfN core-shell particles with core particles of 150, 180, 210, 240, 270, and 300 nm. 
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The stacked particle films were observed using field-emission scanning electron microscopy 

(FE-SEM) to investigate the stacking state of the particles. Figure 5.18 shows surface and cross-

sectional FE-SEM images of the particle-stacked films. For both the SiO2-TiN and SiO2-HfN 

particle-stacked films, the lack of a periodic arrangement of particles was evident from the 

surface images (Figure 5.18.a,d), and the fact that the Fourier transform images did not show 

distinct spots further confirmed that the particles were distributed randomly. Protrusions on the 

particle surface were observed in both SiO2-TiN and SiO2-HfN particle-stacked films from high-

magnification images (Figure 5.18.b,e). These protrusions correspond to TiN nanoparticles and 

HfN nanoparticles attached to SiO2 core particles. From the cross-sectional FE-SEM images 

(Figure 5.18.c,f), no significant periodicity was observed in the height direction for both the 

particle-stacked films of the SiO2-TiN core-shell particles and SiO2-HfN core-shell particles. 

Thus, quasi-amorphous structures were obtained in both cases using the SiO2-TiN core-shell 

particles and SiO2-HfN core-shell particles. The periodicity of the SiO2-TiN particles and SiO2-

HfN particles in the particle-stacked films was low, implying that the particle-stacked films of 

the SiO2-TiN particles and SiO2-HfN particles had little angular dependence on reflection, 

consistent with the reflection spectrum results (Figure 5.18.c,d). 
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Figure 5. 18 Surface FE-SEM images of particle-stacked films comprising (a) SiO2-TiN core-

shell particles and (d) SiO2-HfN core-shell particles with core particles of 270 nm and Fourier 

transform image. (b) and (e) show the high-magnification FE-SEM images of particle-stacked 

films consisting of SiO2-TiN core-shell particles and SiO2-HfN core-shell particles, respectively. 

Cross-sectional FE-SEM images of particle-stacked films comprising (c) SiO2-TiN core-shell 

particles and (f) SiO2-HfN core-shell particles with core particles of 270 nm. 

 

 

To evaluate the hue of particle-stacked films, the chromaticity of the colors exhibited by each 

particle-stacked film was compared. Figure 5.19.a,b show the chromaticity diagrams of SiO2-

TiN core-shell particle-stacked films and SiO2-HfN core-shell particle-stacked films composed 

of SiO2 particles with diameters of 150–300 nm. Compared to particle-stacked films of SiO2 only 

(Figure 5.19.d), the SiO2-TiN core-shell particle-stacked films tended to show (x, y) coordinates 

positioned further outward, relative to the central point (0.33, 0.33) corresponding to the light 
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source. When comparing SiO2-HfN core-shell particle-stacked films with particle-stacked films 

of only SiO2, the x and y values tended to be lower than those in particle-stacked films of SiO2 

only for cores with SiO2 particles. The SiO2-ZrN core-shell particle-stacked films described in 

Chapter 4 were found to be positioned at lower x values and y values on the chromaticity 

diagram (Figure 5.19.c) compared to the SiO2 particle-stacked films.  

When incoherent scattering is suppressed across the entire visible spectrum, the chromaticity 

coordinates (x, y) position further outward than SiO2 particle-stacked films relative to the central 

point (0.33, 0.33) corresponding to the light source. This is because suppression of incoherent 

scattering decreases the effects other than coherent scattering in the reflection spectrum. For the 

samples prepared in this study, the phenomenon of (x, y) positioning more outward applied to 

SiO2-TiN core-shell particle-stacked films, likely because of the absorption of TiN nanoparticles 

at peak in the near-infrared, which did not significantly alter the intensity of visible light 

absorption. Differing from SiO2-TiN core-shell particle-stacked films, SiO2-ZrN and SiO2-HfN 

core-shell particle-stacked films tended not to position further outward but to show lower x and y 

values than SiO2 particle-stacked films. This was because the metal nitride nanoparticles 

attached to the core's surface exhibited absorption with a peak in the visible spectrum. The 

attached metal nitride nanoparticles enhanced the contrast of the particle-stacked films ((x, y) 

was positioned more outward relative to the central point (0.33, 0.33) corresponding to the light 

source) when the particle-stacked films exhibiting reflection peaks at wavelengths far from the 

absorption peaks of metal nitride nanoparticles were used. In SiO2-ZrN core-shell particle-

stacked films and SiO2-HfN core-shell particle-stacked films with particle sizes of 240–300 nm, 

differing trends were noted because of the different absorption wavelengths of ZrN and HfN 

nanoparticles. SiO2-HfN particle-stacked films with 240 nm SiO2 core particles showed 



128 

decreased x values without significant change in y values. SiO2-ZrN particle-stacked films with 

240 nm SiO2 core particles showed decreased x and y values. In the case of the particle-stacked 

films with 270 nm SiO2 core particles, SiO2-HfN particle-stacked films showed slightly a 

decreased x value and decreased y value, and SiO2-ZrN particle-stacked films showed a 

decreased x value and a slightly decreased y value. In the particle-stacked films with 300 nm 

SiO2 core particles, both x and y values decreased in SiO2-HfN particle-stacked films, and SiO2-

ZrN core-shell particle-stacked films showed a slight decrease in x value but a significant 

reduction in y value. As shown in Figure 5.15, Particle-stacked films containing SiO2 particles 

ranging from 240–300 nm exhibited two peaks in the reflection spectrum between 300-800 nm. 

The intensity ratio of these peaks varied depending on the type of metal nitride nanoparticles 

attached to SiO2 core particles, and this ratio affected the position of the chromaticity 

coordinates. Consequently, films with 240–300 nm SiO2 particles showed different trends of 

chromaticity coordinates specific to each type of metal nitride nanoparticles. 

 

As the results indicate, the chromaticity of particle-stacked films greatly depended on the size of 

the SiO2 core particles used, and further changed due to the type of metal nitride species attached 

around the SiO2 core particles. The dependency on the size of the SiO2 core particles was 

because the size of the particles altered the periodic pitch in the particle-stacked films, which in 

turn changed the reflected wavelength. The variation in chromaticity due to the attached metal 

nitride species occurred because the attachment of metal nitride nanoparticles suppressed 

reflection in the absorption wavelength region through LSPR of the metal nitride nanoparticles. 

Since different metal nitride species absorbed at different wavelengths, the chromaticity changed 

depending on the kind of metal nitrides when SiO2 core particles of the same size were used. 
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Figure 5. 19 Chromaticity diagrams of (a) SiO2-TiN core-shell particle-stacked films, (b) SiO2-

HfN core-shell particle-stacked films, (c) SiO2-ZrN core-shell particle-stacked films, and (d) 

SiO2 particle-stacked films composed of SiO2 particles with diameters of 150–300 nm. 
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To investigate the effect of metal nitride species on the coloration of core-shell particle-stacked 

films, the chromaticity of the SO2 particle-stacked film, SiO2-TiN core-shell particle-stacked 

film, SiO2-ZrN core-shell particle-stacked film, and SiO2-HfN core-shell particle-stacked film 

was compared. Figure 5.20 shows the coloration of these films on a chromaticity diagram, 

which includes SiO2 particles ranging from 150–300 nm. In the range of particle sizes used for 

the films, a film consisting only of SiO2 particles exhibited colors in the x range of 0.26–0.31 and 

y range of 0.25–0.33 on the x-y chromaticity diagram. However, by adhering metal nitride 

nanoparticles around the particles, the particle-stacked films expressed colors within an x range 

of 0.23–0.32 and a y range of 0.21–0.34. That was, the attachment of metal nitride nanoparticles 

exhibiting LSPR to SiO2 particles expanded the area of color that the particle-stacked films 

exhibited by coupling photonic properties and plasmonic properties. Therefore, the reflection of 

SiO2-metal nitride core-shell particle-stacked films was controlled by not only choosing the 

particle size but also suppressing reflection due to specific wavelength absorption of LSPR by 

adding metal nitride species. Reflection control was possible by changing the type of metal 

nitride species used and by changing the amount of metal nitrides adhered to SiO2 particles. 

SiO2-metal nitride core-shell particles are materials capable of controlling color based on the 

three kinds of parameters of the SiO2 particle size, the type of metal nitride species adhered to 

the SiO2 particle, and the amount of metal nitride nanoparticles adhered. 
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Figure 5. 20 Chromaticity diagram of SiO2 particle-stacked films, SiO2-TiN core-shell particle-

stacked films, SiO2-ZrN core-shell particle-stacked films, and SiO2-HfN core-shell particle-

stacked films composed of SiO2 particles with diameters of 150–300 nm. 

 

 

5.3 Conclusion 

SiO2-TiN core-shell particles and SiO2-HfN core-shell particles were prepared. Color-

controllable structural color materials were obtained by combining the specific wavelength range 

absorption through LSPR of the metal nitride nanoparticles around SiO2 core particles and the 

photonic properties of periodic structures. The SiO2-metal nitride core-shell particle-stacked 

films showed low angular dependence and photonic-plasmonic coupling effect capable of 

controlling color based on the three kinds of parameters of the SiO2 particle size, the type of 

metal nitride species adhered to the SiO2 particle, and the distribution density of metal nitride 

nanoparticles adhered. That was, the SiO2-metal nitride core-shell particles were able to tune the 

reflection and absorption spectra by these parameters. The ability to tune the optical properties 
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through the coupling of plasmonic effects and photonic properties without precious metal not 

only enhances the aesthetic value of these materials but also opens possibilities for applications 

where the control of light-matter interactions can be crucial as the low cost and the social and 

environmental problem free materials. 

 

 

5.4 Experimental Section 

5.4.1 Materials 

Titanium dioxide (TiO2, 5 nm) and Hafnium dioxide (61-81 nm) were purchased from US 

research Nanomaterials, Inc. Magnesium nitride (Mg3N2) was purchased from Sigma Aldrich. 

SiO2 particles were purchased from FUJI CHEMICAL Co., Ltd. Polyvinylpyrrolidone K 90 

(PVP, Average Molecular Wt. 360000) was purchased from TOKYO CHEMICAL INDUSTRY 

Co., Ltd. Hydrochloric acid (1 M) was purchased from KANTO CHEMICAL Co., Inc. 

 

5.4.2 Sample preparation 

5.4.2.1 MN particle dispersion (M=Ti, Hf) 

MN nanoparticles were synthesized using a modified version of the process described in our 

previous report. A mixture of 0.1 g of metal dioxide (TiO2 or HfO2) nano powder and a three-

molar excess Mg3N2 powder was mixed for 5 min in an Ar glove box using an agate mortar. The 

resulting mixture was transferred to an alumina combustion boat and hermetically sealed in a 

plastic bag using a zip. The powder confined in the plastic bag was immediately inserted into a 

quartz tube and heated at 1000 °C for 12 h under nitrogen gas flow in a tubular furnace. After 

natural cooling to room temperature, the final product was transferred to a beaker and mixed 

with 25 mL of 1.0 M HCl solution. The mixture was sonicated for 20 min, and water (20 mL) 
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was added. After stirring for 1 h, the supernatant was separated by centrifugation for 1 h at 

11000 rpm. The residual precipitate was redispersed in 5 mL of water by sonication and 

centrifuged for 15 min at 3300 rpm. The supernatant was collected in different colors to obtain 

nanoparticle dispersions: green for TiN using TiO2 as the precursor, and purple for HfN using 

HfO2 as the precursor. 

 

5.4.2.2 SiO2-TiN core-shell particles and SiO2-HfN core-shell particles 

PVP 90 (0.1 g) was added to a water dispersion (50 mL) of SiO2 particles (0.05 g) while stirring 

at 400 rpm. The mixture was continuously stirred for one night. Subsequently, the liquids were 

centrifuged at 3300 rpm for 15 min, with the supernatant discarded to remove the solution 

containing unattached PVP 90. The precipitate was resuspended in water (50 mL) and sonicated. 

The suspended liquid was centrifuged again at 3300 rpm for 15 min, with the supernatant 

discarded again. The residue was suspended in water (5 mL) to obtain SiO2 particles modified 

with PVP 90. The TiN dispersion (0.7 mL) or HfN dispersion (0.7 mL) was added to a 1 mL 

dispersion of modified SiO2 particles. The mixture was then shaken and sonicated. The obtained 

dispersion was centrifuged at 3300 rpm for 15 min, with the supernatant discarded to remove the 

metal nitride nanoparticles not attached to the SiO2 particles. The residual precipitate was dried 

to obtain the SiO2-TiN core-shell particles or SiO2-HfN core-shell particles. 

 

5.4.2.3 Particle-stacked films 

The obtained SiO2-TiN core-shell particles and SiO2-HfN core-shell particles were arrayed onto 

glass substrates by drop-casting using silicone molds. Silicone molds, with a thickness of 3 mm 

and a 1 cm square hole, were pressed onto glass substrates and pasted. The particles' dispersion 

(0.5 wt.%, 0.3 mL) was cast into the hole of the silicon mold. After natural drying for one day, 
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water used as a dispersion medium evaporated, and the particles self-assembled to form a 

particle-stacked film. 

 

5.4.3 Material Characterization 

5.4.3.1 X-ray Diffraction (XRD) 

The crystalline phase was analyzed using an X-ray diffraction (XRD) diffractometer (Cu Ka, 

Mini-Flex 600, Rigaku, Japan). The diffraction angle 2θ was scanned in the range of 30–60° at a 

rate of 5° min-1. 

 

5.4.3.2 Transmission Electron Microscopy (TEM) 

The morphologies of the core-shell particles were evaluated using TEM (JEM-2010, JEOL, 

Japan), with the dispersion of the core-shell particles drop-cast onto copper-mesh TEM grids. 

The acceleration voltage of the electron gun used for the observation was 200 kV. 

 

5.4.3.3 Scanning Transmission Electron Microscopy (STEM) 

The morphology of the core-shell particles was examined using scanning transmission electron 

microscopy (STEM) with an HD-2000 instrument (HITACHI, Japan). The sample was prepared 

following the same procedure as that for the TEM observation, with the electron gun acceleration 

voltage set to 200 kV. Energy-dispersive X-ray spectroscopy (EDS) was performed using the 

same equipment to investigate the elemental distributions of the particles. 

 

5.4.3.4 Field Emission Scanning Electron Microscope (FE-SEM) 

The surface and cross-sectional morphologies of the particle-stacked films were observed using 

field-emission scanning electron microscopy (FE-SEM) with a JIB–4601F instrument (JEOL, 
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Japan). The particle-stacked films were observed at an electron gun acceleration voltage of 200 

kV after the films were coated with platinum. The observed cross-section was formed by the 

radiation of a focused ion beam onto the surface of the tungsten-coated particle-stacked film. 

 

5.4.3.5 Spectrum measurement 

The UV-Vis/NIR absorption spectra of the TiN particle dispersions, the HfN particle dispersions, 

the SiO2-TiN core-shell particle dispersions, and the SiO2-HfN core-shell particle dispersions 

were recorded using a V-770 spectrometer (JASCO, Japan). The dispersion was then placed in a 

1 cm square quartz cell and mounted on a holder for measurement. Water was used as the 

background for the absorbance measurements. The scanning rate was 200 nm min−1 and the 

bandwidth was 2 nm, with a range of wavelengths scanned from 400 nm to 1300 nm. The 

reflection spectra of the particle-stacked films were measured using a V-700 spectrometer 

(JASCO, Japan) with an integrating spherical unit. The particle-stacked films were placed on a 

holder for measurement; the scanning rate was 200 nm min-1, with a bandwidth of 5 nm and a 

range of wavelengths scanned from 300 nm to 900 nm. The plotting on the chromaticity diagram 

was performed using JASCO's color evaluation software (V-750/A011961799), based on the 

calculated values derived from the measured reflectance spectrum. The following conditions 

were applied: the color system used was XYZ, the light source was C (standard: CIE 15:2004), 

the standard observer function followed ASTM (American Society for Testing and Materials) 

E308:2008, the field of view was set to 2 degrees, the calculation range was 380–780 nm, and 

the data interval was 5 nm. The reflectance intensity was measured to analyze the angular 

dependence. Variable-angle reflection measurement optics, C10027A10687 (Hamamatsu 

Photonics, Japan) were used to expose the particle-stacked films to white light and detect the 

reflected light. A xenon lamp was used as the light source to measure the reflection spectra. A 
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photonic multichannel analyzer C10027 (Hamamatsu Photonics, Japan) was used to analyze the 

detected signals. The incident angle of the light source to the particle-stacked film was 10°, with 

the reflection angle to the detector varied in 10° increments from 35° to 65°. 
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Chapter 6 General Conclusion 

 

This dissertation described the construction of particle-based structural color materials that 

combined reflective properties from periodic structures with specific wavelength range 

absorption through LSPR by metal nitride nanoparticles. The phenomenon exhibiting both 

photonic properties from periodic structures and specific wavelength range absorption of LSPR 

was defined as photonic–plasmonic coupling in this dissertation, and materials demonstrating 

this property were prepared using silica and metal nitride nanoparticles as structure and 

plasmonic sources, respectively. By developing these materials, this study aimed to achieve 

tunable optical properties through the combined adjustment of photonic and plasmonic 

characteristics without relying on noble or heavy metals. 

Chapter 1 provides an overview of coloring materials, discussing the research background and 

positioning the present study within the context of existing work. 

In Chapter 2, ZrN nanoparticles exhibiting LSPR were synthesized as cores, and SiO₂ formed 

around ZrN nanoparticles as shells to prepare monodisperse ZrN-SiO2 core-shell particles for 

potential application as structural color materials. However, the monodispersity of the ZrN-SiO2 

core-shell particles was insufficient for structural color applications, making it difficult to 

evaluate the photonic effects arising from periodic structures in combination with specific 

wavelength range absorption through the LSPR by the ZrN nanoparticles. 

Chapter 3 expands on the metal nitride-SiO2 core-shell particle system discussed in the previous 

chapter by extending the investigation to other metal nitrides, specifically titanium nitride (TiN) 

and hafnium nitride (HfN). Similar to ZrN-based systems, achieving TiN-SiO2 core-shell 

particles or HfN-SiO2 core-shell particles with uniform size was difficult, and verifying the 

combined effects of plasmonic and photonic interactions remained impossible. 
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In Chapter 4, the SiO2 and metal nitride relations were reversed, and SiO₂-ZrN core-shell 

particles were fabricated. The size of SiO2 particles used as structural materials was on the order 

of several hundred nanometers, whereas the metal nitride nanoparticles used as wavelength-

absorbing components were just a few tens of nanometers in size. The structural colors of the 

resulting particle-assembled films were evaluated. Compared to the reflection spectra of particle-

packed films composed of SiO₂ particles only, the reflection spectra of SiO₂-ZrN core-shell 

particle-stacked films exhibited lower angular dependence. The optical properties of SiO₂-ZrN 

core-shell particle-stacked films demonstrated the combined effects of the LSPR by the ZrN 

nanoparticles used as shells and the photonic effects arising from the uniformity of SiO₂ particle 

sizes. 

Chapter 5 further extended the study to include TiN and HfN as metal nitride species, evaluating 

the optical properties of the core-shell particles. The prepared structural color materials exhibited 

low angular dependence and plasmonic-photonic coupling effects, with tunable coloration 

controlled by three parameters: the type of metal nitride, the distribution density of metal nitride 

nanoparticles, and the particle size of SiO₂. 

 

As mentioned above, this dissertation has explored the synthesis and characterization of core-

shell particles containing metal nitride nanoparticles and SiO₂ for use in structural color 

materials. The chapters addressed the preparation of particles that exhibited LSPR by metal 

nitride nanoparticles and maintained a uniform particle size, which is crucial for exhibiting 

photonic properties. 

Preparing core-shell particles using ZrN nanoparticles as core highlighted difficulties in the 

uniformity of ZrN-SiO2 core-shell particles, and subsequent chapters expanded the scope to 
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include TiN and HfN nanoparticles as the core, providing a broader understanding of the 

preparation and characterization of metal nitride-SiO2 core-shell particles. TiN-SiO2 core-shell 

particles, ZrN-SiO2 core-shell particles, and HfN-SiO2 core-shell particles were prepared, and 

opportunities for tuning the plasmonic properties of metal nitride-SiO2 core-shell particles 

through control of reaction time were indicated.  

By adhering metal nitride to the surroundings of monodisperse SiO₂, the production of SiO₂-

metal nitride core-shell particles was achieved. The SiO₂-metal nitride core-shell particles were 

prepared by attaching an amount of metal nitride nanoparticles around monodisperse SiO2 core 

particles that did not significantly affect the monodispersity of the whole particles. As a result, 

although the diameter of the core-shell particles was slightly larger than that of the SiO2 particles 

alone, the overall monodispersity was maintained. These SiO₂-metal nitride core-shell particles 

demonstrated specific wavelength range absorption attributable to LSPR of the metal nitride 

nanoparticles. The reflection spectra of SiO₂-metal nitride core-shell particle-stacked films 

exhibited low angular dependence. The reflection spectra of the particle-stacked films showed 

that the specific wavelength reflections caused by the periodic structures were tuned by the 

LSPR in metal nitride nanoparticles. This indicated that the fabricated SiO₂-metal nitride core-

shell particle-stacked films exhibited photonic-plasmonic coupling properties. The photonic 

properties were controlled by the size of the core particles, while the plasmonic properties were 

adjusted based on the metal types of metal nitrides and the distribution density of metal nitride 

present. A photonic–plasmonic coupling color material was constructed, which combined the 

structural colors of a particle system with specific wavelength range absorption by the LSPR in 

metal nitride nanoparticles. This material featured tunable optical properties, controlled by three 
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elements: the size of the core particles, the types of metal nitrides, and the distribution density of 

metal nitride particles. 

 

Future research will need to control the wider range of chromaticity and assess these materials' 

mechanical strength and chemical durability for use as colorants. Additionally, the potential uses 

of these materials extend beyond mere colorants to include applications such as photocatalytic 

materials that combine photonic and plasmonic properties. 

This study on the construction of particle-based structural color materials integrating photonic 

and plasmonic properties contributes to the field of materials science by demonstrating the 

feasibility of using metal nitride nanoparticles in structural color applications, opening new 

pathways for developing colorants with tunable optical properties. Furthermore, materials with 

photonic-plasmonic coupling properties set the stage for the development of further functional 

materials leveraging these optical properties.  
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