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ABSTRACT: 
The development of nonbleachable colorants made of safe and inexpensive materials is a 
scientifically important task in view of future environmental and biological impacts. In this study, 
the conditions under which spherical colloidal crystals (photonic balls) formed mainly of 
submicron-sized monodispersed silica fine particles and carbon black exhibit vivid structural 
coloring were systematically investigated. The (111) plane of the face-centered cubic colloidal 
crystal formed by the silica particles is mainly oriented on the surface of the photonic balls formed 
from monodispersed silica particles. As a result, light in a specific wavelength region is reflected 
from the photonic balls according to the Bragg condition. When silica particles with diameters of 
221 nm, 249 nm, and 291 nm are used, the peaks of the Bragg reflections generated from the 
photonic balls occur at 495 nm, 562 nm, and 647 nm, respectively: each photonic ball exhibits the 
ability to produce blue, green, and red colors. In particular, when a black background is used, a 
vivid structural color is observed from each photonic ball, and it is possible to reproduce all colors 
using the three primary colors of light by changing the mixture ratio of these photonic balls. The 
introduction of a small amount of carbon black into the photonic balls makes it possible to 
reproduce the additive color mixture by the three primary colors of light even when the background 
color is white. We report that safe and nonbleachable coloring materials with controlled nanosized 
periodic structures and micrometer-sized geometric structures can be developed by using three 
types of photonic balls consisting of safe and inexpensive silica fine particles with/without carbon 
black.  
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Various colors can be expressed by the three primary colors of light by the structural colored 
photonic balls that exhibit three different colors.  



Introduction 
Structural colors are used by all living organisms, such as birds, fish, insects, mammals, reptiles and 
plants and are also found in minerals.1 We humans also use gemstones and shells that exhibit 
structural colors as jewelry, but we rarely use structural coloring materials as pigments. Materials 
displaying structural colors can be prepared from only safe raw materials and can be nonfading,2 so 
they will be useful coloring materials in the future. Such a structural colored material could be used 
not only as a substitute for conventional coloring materials but also for new solar cells and optical 
devices that are expected to be developed in the future,3, 4 and research on new structural colored 
materials utilizing nanotechnology is being actively conducted.  

Conventionally, it has been considered that materials exhibiting structural colors have 
different refractive indexes and have a periodic ordered structure at the wavelength of visible light. 
As a result, visible light of a specific wavelength mainly reflected by the Bragg condition interferes, 
a shining color with a high reflectance is obtained, and the hue of the color changes largely 
depending on the angle. We reported that a short-range ordered structure can change the refractive 
index, causing light of a specific wavelength to scatter and interfere. This results in a structural 
color and a hue with less angular dependence.5-8 In addition, we found that black material was 
needed to improve the saturation of the structural color resulting from this short-range ordered 
structure.9-11 Based on these results, we worked to make color materials with little angle 
dependence using only white and black materials made of safe substances that can be used in 
cosmetics and foods.2 According to the conventional idea of a color material, when a white material 
and a black material are mixed, the color becomes gray, and a chromatic color is never obtained. On 
the other hand, using a white material to construct a fine ordered structure that selectively scatters 
light of a specific wavelength in all directions and suppresses the scattering of light in other 
wavelength regions with a black material results in a material that displays a structural color with 
low angle dependence. However, the structural color generated from a system with a short-range 
ordered structure has not been able to reproduce the vivid color of conventional dyes.  
 Recently, we reported that even a colloidal crystal with a periodic change in the refractive 
index can be made to exhibit a structural color with little angle dependence by controlling its 
geometric shape.12-14 It has been found that when a spherical colloidal crystal composed of 
submicron-sized spherical colloidal particles is formed, unlike a flat plate-like colloidal crystal, the 
spherical colloidal crystal exhibits a vivid color with little angle dependence. Such a spherical 
colloidal crystal has a sharper light scattering peak originating in the photonic band gap and a 
higher scattering intensity than the colloidal amorphous array and thus exhibits a brighter color. 
Spherical colloidal crystals, also called photonic balls, have been studied by several research 
groups.15-27 In particular, application to a sensor utilizing the detection of the type and concentration 
of a certain solute in a solution and changing the structural color of the sensor has been reported.16, 

18, 26, 28-30 In the solution, the liquid penetrates into the gaps between the fine particles constituting 
the photonic balls, so that multiple scattering by the fine particles is reduced: an optically 
transparent structural color is exhibited.31 However, in air, due to a large difference between the 



refractive indexes of the fine particles and the air existing in the gap, if the effect of the multiple 
scattering generated from the photonic ball is large, the photonic ball is entirely white.  
 In this study, the conditions under which a photonic ball formed from monodispersed silica 
fine particles exhibits a vivid structural color even in air by changing the particle size of the 
photonic ball, the background color, and the amount of black substance added are systematically 
examined. In addition, the conditions for forming a structural coloring material using the three 
primary colors of light so that various colors can be realized by combinations of coloring materials 
like a conventional coloring material are studied.  
 
Results and discussion 
Microstructure of photonic ball 
In this study, photonic balls were prepared using spherical silica particles (Scheme 1 & Figure S1) 
with average diameters of 221 nm, 249 nm, and 291 nm. The coefficients of variation (CV) of the 
respective silica fine particles are 3.2%, 2.9%, and 3.1%, and the particles are monodispersed. In 
preparing the photonic balls used in this study, only three types of monodispersed silica fine 
particles with different average particle diameters, as described above, and carbon black (CB) were 
used. That is, the photonic ball was prepared using only a very inexpensive and safe material. The 
method of preparing the photonic ball (Figure S2) is described later in the experimental section. In 
this study, relatively monodisperse photonic balls with various average particle sizes and CV values 
of approximately 10% were used.  
 Figure 1 shows electron micrographs of the photonic balls formed from monodisperse 
silica particles of different sizes. From the electron micrograph, it can be confirmed that the fine 
silica particles are regularly arranged on the surface of the photonic ball. Previous studies have 
shown that the (111) plane of the most thermodynamically stable face-centered cubic (FCC) lattice 
formed by fine silica particles faces the photonic ball surface.14, 18, 22 However, due to its spherical 
structure, the part with the (111) plane of the FCC lattice exists as large and small grains, and there 
are line defects and point defects at the boundaries (Figure 1A). As the size of the photonic ball 
decreases, the size of the grains tends to decrease (Figure 1B). Furthermore, the smaller the 
photonic ball is, the more different crystal faces are exposed on the surface of the ball (Figure 1C). 
As a result, it is found that the size of the photonic ball also affects the optical properties observed 
for the photonic ball (described later). This tendency is observed regardless of the average diameter 
of the silica fine particles used (Figure S8-S10).  
 
  



 
 
 
  

	

Figure 1 Electron micrographs of photonic balls composed of silica particles of various sizes: (A) a 
photonic ball formed from silica particles with an average diameter of 221 nm, (B) a photonic ball 
formed from silica particles with an average diameter of 249 nm, and (C) a photonic ball formed 
from silica particles with an average diameter of 291 nm.	

Scheme 1 Preparation procedure of Photonic ball	

	



Effect of Photonic Ball Particle Size and Background Color on Structural Color Generated 
from Photonic Ball 
When placed in a sample bottle, a photonic ball made of only silica fine particles is slightly colored 
but looks like a white powder (Figure S11). In using a photonic ball as a pigment, it is necessary to 
know under what conditions a vivid color is developed. In this study, we first evaluated the color 
development ability of the photonic balls coated on white and black surfaces. Photonic balls 
separated by sieves of various mesh sizes were fixed on a transparent plastic plate (perforated 
cardboard with a diameter of approximately 8mm was mounted on a transparent plastic plate) 
(approximately 90% transmittance in the visible region) (Figure S12) to which adhesive was 
applied. For the photonic ball, the plastic plate was filled with a single layer. White or black paper 
(Figure S12) with different reflectances in the visible region was placed in the background (Figure 
2A), and the photographs taken with a digital camera are shown in Figures 2B to 2D. Figures 2B, 
2C, and 2D are optical photographs of photonic balls composed of silica particles with diameters of 
221 nm, 249 nm, and 291 nm, respectively, with a white background on the top and a black 
background on the bottom. For the six samples in each row, the photonic ball size becomes larger 
toward the right. The average particle size of each sample is shown below each optical photograph. 
When the background color is white, no characteristic structural colors are observed for any of the 
photonic balls regardless of the particle size of the silica fine particles or the particle size of the 
photonic ball. When a photonic ball is irradiated with white light, the light transmitted through the 
photonic ball is reflected by a white background, even if the photonic ball selectively reflects or 
diffracts light in a specific area.11, 13 Therefore, it is difficult to observe the structural color with the 
naked eye. On the other hand, when the background is black, the photonic balls composed of silica 
fine particles with diameters of 221 nm, 249 nm, and 291 nm exhibit blue, green, and red colors, 
respectively. Additionally, it can be seen that the larger the particle size of the photonic ball 
displaying each color is, the more the photonic ball appears white.  
 To investigate the effect of particle size on color development from photonic balls, 
reflection spectra were measured using a black background. Figures 3A, 3C, and 3E show the 
reflection spectra of photonic balls of various sizes composed of silica fine particles with diameters 
of 221 nm, 249 nm, and 291 nm, respectively. The photonic ball arranged as shown in Figure 2 was 
irradiated with light from a direction perpendicular to the surface of the fixed plate, and a detector 
was placed at a position 10° from the light irradiation direction and used for observations (Figure 
S13). Reflection peaks generated by Bragg reflection are observed at 495 nm, 562 nm, and 647 nm 
from the photonic balls composed of each silica fine particle. The position λ of this reflection peak 
is described by the following equation by Bragg diffraction caused by stacking of the (111) plane in 
the face-centered cubic (FCC) lattice.32  
 

λ =1.633naD      (1) 

 



In this equation, na is the average refractive index of the photonic ball and is obtained by the 
following equation using the refractive index, ni, and the volume fraction, φi, of the constituent 
component i.  
 

      (2) 

 
where D is the particle diameter of the fine particles. The values of D calculated from the results of 
the reflection spectrum and expression (1) are 224 nm, 254 nm, and 292 nm, respectively, which is 
in good agreement with the diameter of the silica fine particles used. As expected from the Bragg 
condition, as the size of the silica fine particles increases, the reflection wavelength moves toward 
longer wavelength, but the position of the peak is almost the same even when the size of the 
photonic ball changes. However, the larger the photonic ball is, the greater the light scattering 
intensity over the entire visible light. As a result, the larger the photonic ball is, the whiter it appears. 
Figures 3B, 3D, and 3F show digital microscope photographs of photonic balls composed of each 
silica fine particle separated by stainless sieves with mesh sizes of 20 µm to 25 µm and 63 µm to 75 
µm. For these observations, ring illumination was used. In each system, strong blue, green, and red 
reflections are present near the center of the photonic ball. This reflection is the color produced by 
the Bragg reflection observed in the reflection spectrum. The photographs show that the smaller the 
particle size of the photonic ball is, the more intense the color, which indicates Bragg reflection, in 
all the systems (Figure S14-S16). In the case of a plate-shaped colloidal crystal formed from silica 
fine particles and air, the observed Bragg reflection peak is generated by approximately 25 layers of 
the surface layer of the colloidal crystal (Figure S17b).33 Deeper layers have been shown to 
contribute to multiple scattering and make the structural color whiter (Figure S17c). Judging from 
this, for the photonic balls made of silica particles of 221 nm, 249 nm, and 291 nm used this time, 
assuming that the FCC structure is formed on the inside, the peak intensity derived from Bragg 
reflection does not increase, and only the contribution of multiple scattering increases when the size 
of each photonic ball is larger than 4.4 µm, 5.0 µm, and 5.8 µm. However, due to the structure of 
the sphere, the arrangement of fine particles in the interior is more disturbed than that on the surface, 
so even if smaller than approximately 5.0 µm, multiple scattering occurs. Since the photonic ball 
used this time has a size of 20 µm or larger, the size of the photonic ball has almost no effect on the 
intensity of the peak of the reflection spectrum as the size increases, and an increase in multiple 
scattering mainly occurs. As a result, the larger the size is, the whiter the ball. As described above, 
when a photonic ball composed of silica fine particles is colored by a structural color generated by 
Bragg reflection, the background color is black, and if the size is approximately 5 µm, a brighter 
color is exhibited.  
 For the photonic ball composed of silica particles with a diameter of 291 nm, blue can be 
seen in addition to the red color observed at 647 nm caused by Bragg reflection (Figure 3F). From 
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the reflection spectrum in Figure 3E, it can be seen that there is a region where the scattering 
intensity is large with some scattering peaks overlapping in the visible light region from 380 nm to 
approximately 500 nm. This is the scattering of light caused by Bragg reflection by different planes 
of the diffraction grating and the FCC structure, which occurs at a location away from the center of 
the photonic ball. In particular, Bragg reflection from the (220) plane is strongly observed.14 In 
systems where the sizes of the silica fine particles are 221 nm and 249 nm, the peak of the Bragg 
reflection generated from the (220) plane is in the ultraviolet region, whereas in the 291 nm system, 
the reflection peak occurs in the visible region. A method in which observation by a digital 
microscope is based on measurement of a reflection spectrum is used. Therefore, from the photonic 
ball composed of silica fine particles sized 291 nm, in addition to the red color generated from the 
center of the photonic ball, the blue color generated at a position distant from the center of the 
photonic ball became visible.  
 Figure 3G shows the relationship between the value of S*uv, which represents the 
saturation with respect to lightness, and the size of the photonic ball from the results of the 
scattering spectrum of the photonic ball. It can be seen that the smaller the particle size of the 
photonic ball is, the brighter the color of the photonic ball made of silica fine particles of each size. 
This is because, as described above, the contribution of multiple scattering increases with increasing 
photonic ball size, resulting in cloudiness.  
 Figure 3H shows the result of plotting the half-width (Δλ) of the Bragg reflection peak 
observed in the reflection spectrum by the peak value (λmax) (Δλ/λmax) against the size of the 
photonic ball. When the colloidal crystal formed from silica fine particles and air has a 
face-centered cubic lattice, the theoretical value of Δλ/λmax is known to be 0.049 at the Bragg 
reflection peak observed from the (111) plane.34 However, this value applies when the number of 
crystal layers is 25 or more (Figure S17d). Judging from its size, the photonic ball used in this study 
satisfies this condition. It can be seen that the Δλ/λmax of the Bragg peak observed from a photonic 
ball composed of silica fine particles of each size is larger than the theoretical value but increases as 
the size of the photonic ball decreases. It is considered that a photonic ball with a small size has 
many different crystal planes, as shown in Fig. 1C, or that the crystal structure is often disordered, 
judging from the large curvature.  
 
 
  



 
  

	

Figure 2 Observation of the influences of the size of the silica particles, the size of the photonic ball, 
and the background color on the color generated from the photonic ball: (A) A single layer of the 
photonic balls spread over a transparent plastic plate. The background was changed to white and 
black, and the color resulting from the photonic balls was observed. (B) Photonic balls of various 
sizes composed of silica fine particles with an average diameter of 221 nm, (C) photonic balls of 
various sizes composed of silica fine particles with an average diameter of 249 nm, (D) photonic 
balls of various sizes composed of silica fine particles with an average diameter of 291 nm	



 
  

	



  
Figure 3 Optical properties of photonic balls: (A) Reflection spectra of photonic balls of various sizes 
consisting of silica particles with an average diameter of 221 nm, background is black, (B) Digital 
microscope observation image of a photonic ball composed of silica fine particles with an average 
diameter of 221 nm, scale bar is 100 µm, (C) Reflection spectra of photonic balls of various sizes 
consisting of silica particles with an average diameter of 249 nm, background is black, (D) Digital 
microscope observation image of a photonic ball composed of silica fine particles with an average 
diameter of 249 nm, scale bar is 100 µm, (E) Reflection spectra of photonic balls of various sizes 
consisting of silica particles with an average diameter of 291 nm, background is black, (F) Digital 
microscope observation image of a photonic ball composed of silica fine particles with an average 
diameter of 291 nm, scale bar is 100 µm, (G) From the reflection spectra of photonic balls of various 
sizes prepared from silica particles with different average diameters, the size of the silica fine particles 
was determined. Result of S*uv plot against photonic ball size, (H) result of plotting Δλ/λmax, which is 
the value obtained by dividing the half-value width (Δλ) of the Bragg reflection peak observed in the 
reflection spectrum by the peak value (λmax), against the size of the photonic ball.	



Effect of Light Irradiation Method on Color Development of Photonic Ball 
The coloring of the photonic ball differs depending on the method of light irradiation. By using a 
half mirror, the optical axis of illumination for irradiating the target object and the optical axis of 
the lens can be made to coincide with each other so that observation can be performed while 
increasing the amount of specularly reflected light. When the photonic balls are observed using this 
coaxial epi-illumination method, colors due to specular reflection depending on the size of the silica 
fine particles used are observed in the central portion and peripheral portion of each photonic ball. 
Red is observed from the center of the photonic ball composed of silica particles sized 291 nm, and 
green and blue are observed from the periphery by reflection at shorter wavelengths, as described in 
the reflection spectrum of Figure 3E (Figure 4A, Figure S18). However, under natural light in daily 
life, light comes from all directions, so when viewing a photonic ball under natural light, the color 
development state is different from that under coaxial epi-illumination. In the method using ring 
illumination, as shown in Figure 3 and Figure 4B, light is scattered obliquely in the direction 
connecting the observation lens and the photonic ball, so light scattering other than specular 
reflection is also observed. This state seems to indicate color development reflecting the results 
observed in the reflection spectrum of Figure 3. Under natural light, light from various directions is 
considered to be illuminated, so a photograph observed by diffuse illumination is shown in Figure 
4C. The state becomes whiter overall than the state observed in Figure 4B. From the measurement 
of the diffusion spectrum obtained using the integrating sphere (Figure 4D), a spectrum reflecting 
the observation state of Figure 4C can be obtained. Figure 4E shows the diffusion spectrum 
obtained using the integrating sphere of each photonic ball. Compared to the reflection spectrum 
shown in Figure 3, the intensity of the multiple scattering with respect to the peak intensity is higher. 
This spectrum reflects the condition observed in Figure 4C. When the photonic ball is irradiated 
with light from various directions, the photonic ball becomes whitish as a whole, and the color 
generated by Bragg reflection is observed at the center.  
 
 
  



 
  

	

Figure 4 (A) Microscopic observation of a photonic ball with coaxial epi-illumination, scale bar size 
100 µm, (B) Microscopic observation of a photonic ball with ring illumination, scale bar size 100 
µm, (C) Microscopic observation of a photonic ball with diffuse illumination, scale bar size 100 µm, 
(D) a method for observing the diffusion spectrum of a photonic ball obtained using an integrating 
sphere, and (E) Diffusion spectrum results of photonic balls obtained using an integrating sphere.	



Reproduction of various colors by photonic balls using three primary colors of light 
In preparing a photonic ball, various colors from purple to red can be reproduced by changing the 
size of the silica fine particles as the primary particles. However, in using a photonic ball as a 
pigment, it is not efficient to use a method in which the size of the silica fine particles must be 
changed according to the desired color. In practice, it is desirable to make a system that can 
reproduce all the colors by mixing three colors of cyan, magenta, and yellow, as for a conventional 
dye.35, 36 
 The photonic balls prepared this time exhibit red, green, and blue color under natural light 
according to the size of the silica fine particle when the background is black. The structural coloring 
material is similar to the color of light because it is a color that appears when the background is 
black. Considering that, the material must show additive color mixing like the three primary colors 
of light.  
 Figure 5 shows the results of observing the colors obtained by mixing equal amounts of 
three colors of photonic balls through a sieve with a mesh of 38 µm to 45 µm. Unlike the colors 
obtained by the three primary colors, as in conventional dyes, the photonic balls obtained in this 
study are colors that reproduce the three primary colors of light used in liquid crystal displays. In 
other words, it becomes clear that all colors can be reproduced equally well with the three primary 
colors of light by changing the mixing composition of the photonic balls of three different colors. 
Since this system is a new pigment using the three primary colors of light, it is called a "photonic 
pigment". However, as shown in Figure 2, when the background is white, the color from the 
photonic ball becomes invisible due to the reflection of light from the back. Therefore, when a 
background that reflects light is used, further contrivance is required for the use of photonic balls as 
pigment.  
 
 
  



 
  

	

Figure 5 (A) Through the mixing of photonic balls composed of silica fine particles with different 
average particle diameters, various colors are reproduced by the three primary colors of light. As the 
spheres are sized using a sieve with a mesh size between 38 µm and 45 µm, the average particle size 
of these photonic balls is approximately 40 µm. The background color is black. The scale bar is 100 
µm. (B) This photo was taken when the background color of the sample in (A) was white.	



Reduction of background color effect by adding black substance to photonic balls 
The effect of suppressing the reflection of light from a white background and the multiple scattering 
from inside the photonic ball was investigated by mixing in a small amount of CB when preparing 
the photonic ball.9, 37 The amounts of CB were 0.12 wt%, 0.24 wt%, and 0.36 wt% with respect to 
the silica fine particles. Figures 6A to 6C show optical photographs of photonic balls of various 
particle sizes formed from three types of silica fine particles with different sizes, observed on a 
black background (upper) and a white background (lower). It can be seen that the amount of CB 
and the size of the photonic ball have greater effects on the color generated from the photonic ball 
when the background is white than when the background is black. Even if the background is white, 
within the range of the amount of CB tested in this study, the larger the amount of CB and the larger 
the size of the photonic ball are, the more vividly the color derived from Bragg reflection can be 
observed from the photonic ball with the naked eye. Measurements of the reflection spectra of 
photonic balls with the same CB content and different particle diameters on a white background 
show that the larger the particle diameter is, the smaller the contribution of light reflection from the 
background (Figure S30-S32). In the case of photonic balls of the same size on a white background, 
within the range of the amount of CB tested in this study, it is clear from the reflection spectrum 
that the larger the amount of CB is, the less the effect of reflection from the background is reduced 
(Figure S37-S39). That is, if CB is added to the photonic ball, the reflection of light from a white 
background and suppression of multiple scattering from the inside of the photonic ball are 
effectively produced. As a result, it is found that the photonic ball exhibits a structural color even 
when a white background is used.38, 39 From the above, it is revealed that using a photonic ball with 
a small amount of CB added makes it possible to produce a photonic pigment that can reproduce 
various colors depending on the three primary colors of light on white and black backgrounds 
(Figure 6D). However, it cannot be denied that the addition of CB to the photonic ball reduces the 
lightness of the color generated from the photonic ball. If a material with a higher refractive index 
than silica is used, brighter colors may be possible. Then the mixture of the three color photonic 
balls shown in Figure 6D will also appear whiter. 
 
  



 
  

	

Figure 6 Observation of how the color generated from a photonic ball prepared by mixing different 
amounts of CB varies depending on the size of the photonic ball, the amount of CB, and the 
background color: (A) Photonic balls of various sizes consisting of fine silica particles sized 221 nm 
and different amounts of CB, (B) Photonic balls of various sizes consisting of fine silica particles 
sized 249 nm and different amounts of CB, (C) Photonic balls of various sizes consisting of fine 
silica particles sized 291 nm and different amounts of CB, (D) Through the mixing of three colors of 
photonic balls containing 0.24 wt% CB, various colors are reproduced by the three primary colors of 
light. The difference between the case where the background color is white and the case where the 
background color is black is shown. 



Conclusion 
 
When a photonic ball composed of silica fine particles is colored by a structural color generated by 
Bragg reflection, a brighter color is exhibited if the background color is black and the size is 
approximately 5 µm. If photonic balls displaying red, green and blue colors are prepared by 
changing the size of the silica fine particles, any color can be reproduced by the three primary 
colors in light with a black background. However, in a photonic ball made of only silica fine 
particles, when the background is white, the influence of the light reflection from the background 
becomes more remarkable as the size of the photonic ball decreases, and a vivid structural color 
cannot be observed from the photonic ball. When the background is white, the photonic ball to 
which black CB is added exhibits a structural color. The added CB effectively suppresses the 
reflection of light from a white background and multiple scattering from inside the photonic ball, so 
the photonic ball exhibits a structural color. As a result, it is clarified that the use of photonic balls 
with a small amount of CB makes it possible to reproduce various colors depending on the three 
primary colors of light, whether the background is white or black. The inclusion of CB in the 
photonic ball reduces the vividness, but using colloidal particles with a higher refractive index will 
solve this problem. The photonic ball created in this study is made of silica or silica and CB only 
and is found to be a photonic pigment that can reproduce various colors from safe and inexpensive 
white and black materials.  
 
 
  



EXPERIMENTAL SECTION 
Materials 
Monodispersed silica fine particles were purchased from Fuji Chemical. The average diameter and 
CV value of the silica fine particles used in this study were measured using a disk centrifugal 
particle size distribution analyzer (CPS Disc Centrifuge DC24000 UHR) (Figure S1). As carbon 
black, "Aqua-Black" dispersible in water provided by Tokai Carbon was used. The average particle 
size of the carbon black was 110 nm. Hexane, hexadecane, and Span 80 were purchased from 
Tokyo Kasei and were used without purification. Water was purified and deionized with a 
resistivity of 18.2 mΩ from tap water with a MILLI-Q Labo (MILLIPORE).  
 
Preparation of Photonic Balls 
The preparation method used by the authors in this study (Figure S2) is described below. First, 100 
µL of an aqueous solution in which spherical silica fine particles (25 wt%) with a uniform particle 
size and 900 µL of a hexadecane solution containing 2 wt% of a nonionic surfactant Span80 as a 
stabilizer were mixed in a microtube. This sample was stirred by a vortex mixer for approximately 5 
to 15 seconds to prepare a W/O-type emulsion. The obtained W/O-type emulsion was dried for 5 
hours using a hot plate in a petri dish made of Teflon. Thereafter, the resultant material was washed 
with hexane and dried again to obtain aggregates of spherical colloidal particles of various sizes. 
For example, a spherical colloidal particle aggregate prepared using silica particles with an average 
diameter of 221 nm under the above conditions has an average particle size of approximately 26 µm 
and a variation coefficient of 60% in a polydispersed state. (Figure S3). An electron micrograph of 
the spherical colloid particle aggregate is shown in Figure S4.  

The polydispersed photonic balls were separated using stainless steel mesh sieves to obtain 
monodisperse photonic balls of different sizes. A slight mechanical vibration is applied to the 
photonic balls when they are separated using the stainless steel mesh sieves. If the spherical 
aggregate is mechanically stable, particles of this size can be classified with stainless steel mesh 
sieves. By combining stainless steel sieves with various mesh sizes, photonic balls with various 
average particle sizes and relatively high monodispersity with CV values of approximately 10% 
were obtained (Figure S5-S7).  
 
 
Measurements 
 
Electron Microscopy 
The arrangements of the SiO2 colloidal particles in the arrays were investigated using a scanning 
electron microscope (SEM, Hitachi, Miniscope TM3000). These samples were coated with a 10-nm 
Au-Pd layer using a magnetron sputtering apparatus (MSP-1S), and images were obtained using an 
SEM operated at 15 kV.  
 



Digital microscope and optical photography 
Photographs showing the structural colors of the samples were collected using a digital camera and 
a digital microscope (KEYENCE VHX-500).  
 
Absolute reflection spectrum, relative reflection spectrum, diffusion spectrum 
To examine the optical properties of the spherical colloidal crystal, the scattering spectrum (Figure 
S13a) and the reflection spectrum (Figure S13b) were measured by fixing the spherical colloidal 
crystal on a transparent plastic plate. In addition, white and black papers were placed in the 
background. For the measurement of the spectrum, absolute reflection spectrum measurement, 
relative reflection spectrum measurement, and diffusion spectrum measurement were used. We 
performed angle-resolved scattering spectrometry to characterize the colors under directional 
illumination of white light using a UV-vis spectrometer (Nippon Bunko Company, V-670) with an 
absolute reflectance measurement unit (ARMN-735). In the absolute reflection spectrum 
measurement, light was incident from a direction perpendicular to the plastic surface, and a 
scattering spectrum was measured with a detector placed at a position θ with respect to the incident 
direction (Figure S13a). We perform reflection spectrometry to characterize the colors of the 
photonic balls using an optical fiber spectrometer (QE65000, Ocean Optics), light source 
(DH-2000-BAL, Ocean Optics), optical fibers (P400-1-SR, Ocean Optics), a 
reflection/backscattering probe (R400-7-UV-VIS, Ocean Optics), and spectrometer operating 
software (SpectraSuite, Ocean Optics) (Figure S13b). Diffusion spectrum measurement was 
performed in a state where a detector (Ocean Optics USB4000) was connected via an optical fiber 
to an integrating sphere (Ocean Optics ISP-REF) with a built-in halogen light source.  
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