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Abstract: Nanostructure-based coloration has been investigated extensively to overcome the limitations of conven-
tional pigments and dyes. In this study, we focused on the dynamic coloration of plasmonic structures via the photo-
thermal deformation of a metal semi-shell. However, identifying the optimal structure using this method typically 
requires considerable computational time. To address this challenge, we proposed an approach for estimating the 
optimal structure that reduced computational demands. The color-gamut area is influenced by both the density of the 
nanospheres and the thickness of the semi-shell. The deformation of the shell due to laser-induced local heating was 
simulated at various irradiation intensities. The results indicated that the semi-shell thickness that maximized the 
gamut area for a given nanosphere diameter and density was strongly correlated with both the diameter and density. 
The estimation of the optimal nanostructure is expected to facilitate the efficient fabrication of dynamic plasmonic 
color materials. 
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1. Introduction 
Ultraviolet light, toxicity concerns, and the challenge of coloring submicron areas pose significant obstacles in the 

field of coloration. Although photonic crystals and dielectric multilayers have been explored to address these problems, 
they face limitations, such as low reflectance and a restricted range of color variation. Metallic nanostructures are con-
sidered to be promising solutions to these challenges. For example, periodic nanodiscs and nanoholes can produce 
stable colors with a high spatial resolution over extended periods; however, these colors cannot be modified after fab-
rication. Various methods can dynamically change structural color, including polarizing [1,2], electrifying [3,4], heating 
[5,6], triggering chemical reactions [7], and applying mechanical techniques [8]. Each approach has distinct advantages 
over the conventional coloration methods. However, they face several limitations, including the requirement for elec-
tron beam lithography, which is complicated and limited to small areas [1,7], reliance on electricity [3,4], requirement 
of stress and deformation [8], and restricted color range [5,6]. 

Previous studies have demonstrated that dynamic plasmonic coloring utilizing a metal semi-shell structure facili-
tates the efficient and cost-effective processing of large areas and exhibits the potential to achieve a broad color gamut 
[9]. In this study, the reflection spectra were computed using the discrete dipole approximation (DDA) for various 
diameters and densities of the nanospheres, thicknesses of the metal semi-shells, and shapes of the capping angles of 
the metal semi-shells. The color-gamut area was defined as the polygonal region on the chromaticity diagram delineated 
by multiple coordinates derived from the reflection spectra. The color-gamut area is influenced by both the density of 
the nanospheres and the thickness of the semi-shell. Before depositing the semi-shell, the thickness that maximizes the 
color-gamut area, which depends on the density of the nanospheres, must be estimated. The chromaticity coordinates 
were determined via time-consuming DDA calculations performed for each combination of the nanosphere diameter, 
density, semi-shell thickness, and capping angle of the semi-shell. For example, calculations for a nanosphere with di-
ameters, densities, semi-shell thicknesses, and capping angles of 100 nm, 19.8 µm⁻², 20 nm, and 90°, respectively, 
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required 23 h and 25 min when using DDSCAT7.3.3 [10] software on an Intel Core i7-8700 3.2 GHz processor. To reduce 
the computational time, estimating the semi-shell thickness that optimizes the color-gamut area for specific values of 
nanosphere diameter and density is advantageous. 

This study demonstrates that the semi-shell thickness that maximizes the gamut area for a given nanosphere di-
ameter and density is strongly correlated with both the diameter and density. 

2. Materials and Methods 
The calculations included the incident angle, polarization, wavelength, nanostructure material and shape, chroma-

ticity coordinates, and the evaluation index by area on a chromaticity diagram. The metal semi-shell structures consid-
ered in this study are typically fabricated by immersing a substrate in a liquid containing dispersed nanospheres, which 
allows the nanospheres to adhere to the substrate and then deposit metal onto the nanospheres. 

2.1. Materials and Structure  

The core material was fused silica, which was chosen because of its heat resistance and widespread availability. 
Aluminum was selected as the substrate material because of its cost-effectiveness and widespread availability. Silver 
was used as the deposition material to achieve the broadest color gamut, as demonstrated in previous studies [9]. The 
refractive indices of fused silica, aluminum, and silver were obtained from literature [11–13]. The diameters of the nan-
ospheres were 50, 75, and 100 nm, and the substrate thickness was 40 nm. The deposition thicknesses and densities are 
listed in Table 1. The capping angles of the semi-shells varied by 30°, 40°, 45°, 50°, 55°, 60°, 65°, 70°, 80°, and 90°. 

Table 1. Dimensions of the nanostructures used for calculations. 

Diameter of nanosphere [nm] Density  
[µm-2] 

Deposition thickness  
[nm] 

50 44.4–177.8 17.5, 20 
75 19.8–59.2 15, 20, 25 
100 11.1–32.7 15, 20, 25 

2.2. Reflectance Spectrum  

Figure 1(a) illustrates the reflection of incident light from a nanostructure composed of a substrate, nanospheres, 
and a metal semi-shell. The deformation of the shell owing to laser-induced local heating was simulated at various 
irradiation intensities. Upon laser irradiation, the metal semi-shell underwent local heating, leading to melting and 
deformation driven by surface tension [14]. The capping angle varied from 90° to 30° (Figure 1(b)). The reflectance 
spectra were calculated using the DDA method with DDSCAT 7.3.3 software [10]. The wavelength varied from 380 to 
780 nm in increments of 10 nm. The refractive index of the surrounding medium was set as 1.0, and two orthogonal 
incident polarizations, each at an incidence angle of 0°, were applied to the nanostructures. The resulting reflection 
spectra are shown in Figure 1(c). 

 

 

(a) (c) 
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Figure 1. (a) Schematic of reflection of incident light from the structure. (b) Capping angles and unit structures. (c) Reflectance spectra 
corresponding to a diameter of 75 nm, semi-shell thickness of 20 nm, and a center-to-center distance of 165 nm. (d) CIE1931 color 
matching functions of a 2° observer. (e) Change in the color gamut of Ag shells of 20-nm thickness on silica cores of 75 nm on Al 
substrate at a density of 36.7 µm–2 as the capping angle decreases from 90° to 30° in the CIE Luv chromaticity diagram. 

2.3. Calculation Condition  

For the DDA calculations, the dipole spacing was set to 2 nm. The densities of the nanostructures are listed in Table 
1. Because the nanoparticles were placed closer to the substrate than to their neighboring nanoparticles, the plasmon 
coupling between the nanoparticles and the substrate was stronger than that between the nanoparticles themselves [15]. 
Consequently, the absorption characteristics of the periodic structure closely resembled those of a random structure. 

2.4. Gamut Area in Commission Internationale de l’Éclairage (CIE) Luv Color Space  

The tristimulus values, XYZ, of the light were calculated from the reflectance spectrum R(λ) at each capping angle, 
CIE standard light source D65 spectrum I(λ), and isochromatic function of the CIE 1931, 2° colorimetric standard ob-
server [16,17], which represents the average human color perception over a 2° visual field, as expressed by Equation (1): 
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൥𝑋𝑌𝑍൩ ൌ 1𝑘 න ቎𝑥̅ሺ𝜆ሻ𝑦തሺ𝜆ሻ𝑥̅ሗ ሺ𝜆ሻ቏ఒ 𝐼ሺ𝜆ሻ𝑅ሺ𝜆ሻ𝑑𝜆
𝑘 ൌ න𝑦തఒ ሺ𝜆ሻ𝐼ሺ𝜆ሻ𝑑𝜆 . (1) 

Here, 𝑥̅ሺ𝜆ሻ, 𝑦തሺ𝜆ሻ, and 𝑧̅ሺ𝜆ሻ are the CIE 1931 color-matching functions of a 2° observer (Figure 1(d)) [18]. The values 
in the CIE XYZ color space were then converted to the CIE Luv color space (Figure 1(e)), as follows [19]: 𝑢′ ൌ 4𝑋𝑋 ൅ 15𝑌 ൅ 3𝑍𝑣′ ൌ 9𝑌𝑋 ൅ 15𝑌 ൅ 3𝑍. (2) 

The area S enclosed by the coordinate points derived from the reflectance spectra of all capping angles in the CIE 
Luv color space, calculated using Equation (3), was adopted as the evaluation criterion [20]. 𝑆 ൌ 12 ቚ෍൫𝑢′௝ െ 𝑢′௝ାଵ൯ ⋅ ൫𝑣′௝ ൅ 𝑣′௝ାଵ൯ቚ (3) 

3. Results 
3.1. Gamut Areas in the CIE Luv Chromaticity Diagram 

Figures 2 (a)–(c) show the gamut areas in the CIE Luv chromaticity diagrams. The x-axis represents the density, 
whereas the y-axis depicts the color-gamut area within the CIE Luv color space. The values following the capital letter 
“D” in the legend correspond to the nanosphere diameter in nanometers (nm), whereas those following the lowercase 
letter “d” indicate the shell thickness in nanometers (nm). For each nanosphere diameter and shell thickness, the color-
gamut area was maximized at a specific density. 

(a) (b) 
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(c) (d) 

Figure 2. Gamut areas in CIE Luv color space for (a) core diameter of 50 nm and shell thicknesses of 17.5 nm and 20 nm; (b) core 
diameter of 75 nm and shell thicknesses of 15, 20, and 25 nm; and (c) core diameter of 100 nm and shell thicknesses of 15, 20, and 25 
nm. (d) Core diameter, period, and shell thickness for the maximum gamut area. x-axis: core diameter [nm], y-axis: period [nm], and 
z-axis: shell thickness [nm]. 

3.2. Density of the Maximum Gamut Area for Each Core Diameter and Shell Thickness 

The color-gamut area corresponding to each nanosphere and shell thickness was fitted using a Gaussian function. 
The central values of the resulting Gaussian functions are listed in Table 2. This central value was identified as the point 
at which the color-gamut area reached its maximum value. These data points were approximated using the equation 
for a plane (4): 𝑧 ൌ 𝑎𝑥 ൅ 𝑏𝑦 ൅ 𝑐. (4) 

The following coefficients and determination coefficient were obtained:  a ൌ െ0.6058, b ൌ 0.2283, c ൌ 28.91, Rଶ ൌ 0.9997. (5) 

The data were sufficiently approximated by a plane, as illustrated in Figure 2(d). 

Table 2. Best density for each nanostructure. 

Core diameter  
[nm] 

Shell thickness  
[nm] 

     Density 
       [µm-2] 

Center-to-center distance [nm] 

50 17.5 163.325 ±2.064 78.2 
50 20 101.986 ±0.663 99.0 
75 15 48.396 ±0.173 143.7 
75 20 39.089 ±0.048 159.9 
75 25 32.759 ±0.160 174.7 
100 15 24.141 ±0.053 203.5 
100 20 19.734 ±0.198 225.1 
100 25 15.838 ±0.052 251.3 

4. Discussion 
4.1. Validation of the Approximation Formula 

In the case of a core diameter of 75 nm and density of 45.0 µm-2, which corresponds to a center-to-center distance 
of 149.0 nm, the maximum gamut area obtained using the approximate formula (4) was 17.5 nm in semi-shell thickness. 
Figure 3(a) illustrates the calculated gamut area for a core diameter of 75 nm and a semi-shell thickness of 17.5 nm. 
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Additionally, the figure demonstrates that the densities at which the gamut area reached its peak are almost identical. 
Moreover, as summarized in Table 3 and illustrated in Figure 3(b), point (75, 149.0, 17.5) lies closer to the fitted plane 
than the data points used to construct the plane. This proximity confirms the validity of the estimation.  

 

 
(a) (b) 

  
(c) (d) 

Figure 3. (a) Gamut area in the CIE Luv color space for a core diameter of 75 nm and a shell thickness of 17.5 nm. (b) Predicted data 
obtained from new simulation of estimated plane. (c) Reflectance spectra at core diameter of 75 nm, shell thickness of 20 nm, and 
center-to-center distance of 140 nm. The trough of the reflectance spectrum at a wavelength of 0.58 µm at a capping angle of 70° has 
a reflectance of approximately 0.1. (d) Absorption efficiency at a wavelength of 0.58 µm for a core diameter of 75 nm and shell 
thickness of 20 nm at a capping angle of 70°. 

Table 3. Best density for each nanostructure. 

 
Core diameter  

[nm] 

Shell thickness 
[nm]  

(a) 

Center-to-center 
distance [nm] 

Approximated 
thickness [nm]  

(b) 

Difference between shell thickness 
and the approximated thickness [nm] 

(a)-(b) 

A 

50 17.5 78.2 16.473 1.027 
50 20 99.0 21.222 −1.222 
75 15 143.7 16.282 −1.282 
75 20 159.9 19.980 0.020 
75 25 174.7 23.359 1.641 

100 15 203.5 14.789 0.211 
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 Core diameter  
[nm] 

Shell thickness 
[nm]  

(a) 

Center-to-center 
distance [nm] 

Approximated 
thickness [nm]  

(b) 

Difference between shell thickness 
and the approximated thickness [nm] 

(a)-(b) 
100 20 225.1 19.720 0.280 
100 25 251.3 25.702 −0.702 

B 75 17.5 149.0 17.492 0.008 
Note: A was used to calculate the plane and B was used for validation. 

4.2. Structure that Maximizes the Gamut Area 

To expand the gamut area, the reflectance trough values appearing at each capping angle must be as close as pos-
sible to zero. For example, Figure 3(b) shows the reflectance spectra at each capping angle for a core diameter of 75 nm, 
semi-shell thickness of 20 nm, and center-to-center distance of 140 nm. At a capping angle of 70°, a reflectance trough 
appears at a wavelength of 0.58 µm. Figure 3(c) shows the relationship between the center-to-center distance and the 
absorption efficiency Qabs for a core diameter of 75 nm, shell thickness of 20 nm, and capping angle of 70°. The decrease 
in Qabs with increasing distance can be explained by the decrease in the absorption efficiency per unit area owing to a 
decrease in the nanostructure density. However, the decrease in Qabs with increasing distance can be explained by the 
fact that when the nanostructures are too close together, the absorption due to plasmon resonance broadens [21], and 
the reflectivity does not decrease to zero. At this distance, which is significantly smaller than the wavelength of light, 
the red and blue shifts in the light absorption peak resulting from the plasmon coupling between the nanoparticles 
become more prominent, depending on the polarization direction of the incident light. Because the present calculations 
were based on unpolarized light, both red and blue shifts were obtained. The extent of broadening of the absorption 
peak increased with decreasing distance. As the absorption peak broadened, the reflectance trough became shallower 
and the chromaticity coordinates approached white, thereby reducing the area occupied in the chromaticity diagram. 

5. Conclusions 
In this study, we propose a method for estimating the optimum thickness of the metal deposited in advance to 

widen the color gamut of plasmonic colors produced by nanostructures. These nanostructures are fabricated by dipping 
a substrate in a liquid containing dispersed nanospheres, which causes them to adhere to the substrate and then depos-
iting the metal on top of them. The color-gamut area is influenced by both the density of the nanospheres and the 
thickness of the semi-shell. The deformation of the shell owing to laser-induced local heating was simulated at various 
irradiation intensities. The results showed that the semi-shell thickness that maximized the gamut area for a given nan-
osphere diameter and density was strongly correlated with both the diameter and density. To reduce computational 
time, it is advantageous to estimate the semi-shell thickness that optimizes the color-gamut area for specific values of 
nanosphere diameter and density. The proposed estimation of the optimal nanostructure should enable efficient fabri-
cation of dynamic plasmonic color materials. Further research is required to validate the proposed approach. 
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