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Abstract 

Structural coloration of a monolayer of Mie-resonant silicon (Si) nanospheres (NSs) produced by 

a solution-based process is studied. It is shown by simulation that a monolayer of hexagonal close-

packed Si NSs exhibits size-dependent structural color with the peak reflectance of ~50 %. The 

peak reflectance can be increased to over 90 % by introducing spaces between Si NSs. The high 

reflectance despite the small coverage is due to the very high scattering efficiency of Mie-resonant 

Si NSs. Monolayers of densely-packed Si NSs are produced from Si NS suspensions by the 

Langmuir-Blodgett (LB) method. The monolayers exhibit size-dependent structural color with the 



 2 

peak reflectance of 30-50 %. The color is very insensitive to the viewing angle, and the angle 

dependence of the reflectance spectra is very small. The peak reflectance is increased by increasing 

the distance between NSs by partially oxidizing the layers. The results demonstrate that 

iridescence-free structural coloration of a substance is possible by a layer of Si NSs much thinner 

than the monolayer, i.e., by sparsely scattered Si NSs.   

 

1. Introduction 

Crystalline silicon (Si) has a very high refractive index (n ≈ 4) and a small extinction coefficient 

in the visible range, and thus the nanoparticle (NP) exhibits sharp Mie resonances in the visible 

range when the diameter is in 100-200 nm range.1–6 The scattering efficiency at the resonance 

wavelength is very high (~10) and thus the scattering is much brighter than that of plasmonic NPs 

such as gold and silver NPs with comparable sizes.2,7–9 Different from plasmonic NPs in which the 

resonance wavelength, i.e., scattering color, is predominantly determined by the shape, that of 

Mie-resonant Si NPs is very sensitive to the size, and thus the color can be easily tuned by the 

size.2 Because of these properties, Si NPs have been considered as a promising component for 

structural coloration.10–16 Since Mie scattering of individual NPs is the origin of the color, very 

high resolution painting (~100,000 dpi) is in principle possible.12,13 Furthermore, because of the 

large tunability of the resonance wavelength, wide color gamut can be achieved. It is often wider 

than that achieved in plasmonic NPs.17–21 Coloration by Si NPs has been discussed not only for 

the regularly-aligned structures,22,23 but also for randomly-distributed structures.22,24,25 

To realize structural coloration by Si NPs, both the top-down and bottom-up approaches have 

been developed. The former one is using nano-fabrication technology such as electron beam 
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lithography (EBL) and reactive ion etching to produce Si NPs with desired size and shape at 

desired positions on a substrate.12–16,26–28 The latter approach uses Si NPs as a color pigment (color 

ink) that can be painted on a base material. This approach is more versatile than the former one 

and has applications in wider fields. The crucial issue of this approach is the production of high 

quality inks in which Si NPs with uniform size and shape are dispersed without agglomeration. Si 

NP inks satisfying these requirements had been hard to be produced by conventional processes 

such as plasma synthesis,29–31 chemical vapor deposition,32,33 laser ablation,2,7,34–39 and mechanical 

milling.40,41 In previous work,10,11,42–44 we developed a process to produce suspensions of almost 

perfectly spherical Si NPs (Si nanospheres (Si NSs)) with very narrow size distributions. The 

suspension exhibited size-dependent vivid structural color due to the Mie resonance.10,42,43 By 

mixing the suspension with an optically transparent binder such as polyvinylpyrrolidone (PVP), 

we produced the structural color inks and demonstrated coloration of a base material such as a 

PET film by painting.10 

Considering the very high scattering efficiency of Mie-resonant Si NSs, a very small amount is 

required for coloration of a substance. For example, a monolayer of Si NSs is expected to have 

reflectance high enough for coloration. In this work, we study theoretically and experimentally the 

light reflection property of Si NS monolayers. First, we study reflection properties of hexagonal 

close-packed Si NS monolayers formed on a silica substrate by numerical simulation. We show 

that coloration of silica substrates is possible by a Si NS monolayer and the peak reflectance can 

be around 50 %. We also show that the reflectance increases by introducing space between Si NSs 

in an array, and the maximum reflectance can be over 90 %.  
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We then produce Si NS monolayers on silica substrates by Langmuir-Blodgett (LB) method 

from the suspensions of size-separated Si NSs. Scheme 1 shows the outline of the procedure. First, 

we produce NSs of crystalline Si by disproportionation reaction of silicon monoxide (SiO) and 

disperse them in methanol. The NSs are then separated in size and Si NS structural color inks are 

produced. Finally, Si NS monolayers are produced on a silica substrate by the LB method. We 

show that the Si NS monolayers exhibit size-dependent vivid structural color with the peak 

reflectance of 30-50 %. The color is very insensitive to the viewing angle. We also experimentally 

study the effect of NS-to-NS distance on the reflection property by partially oxidizing the densely-

packed Si NS monolayers. Throughout this work, we demonstrate that iridescence-free structural 

coloration of a substance by a layer of Si NSs much thinner than the monolayer, i.e., by sparsely 

scattered Si NSs, is possible by a solution-based process.   

 

Scheme 1 

Procedure for the preparation of a monolayer of size-separated Si NSs. 
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2. Results and Discussion 

2.1. Reflection property of Si NS monolayers (simulation) 

Figure 1a shows the scattering cross-section spectrum of a single Si NS 150 nm in diameter in 

vacuum. The spectrum is composed of the magnetic dipole (MD) and electric dipole (ED) Mie 

resonances. Figure 1b shows calculated reflectance spectra of hexagonal close-packed Si NS 

monolayers on silica substrates. Incident light is normal to the surface, and light reflected to the 

upper hemisphere is monitored, i.e., both the specular and diffuse reflectance are involved in the 

spectra. The diameter (d) of Si NSs is changed from 100 nm to 200 nm. If we compare the 

scattering spectrum of a 150 nm-diameter Si NS in Figure 1a with the reflectance spectrum of a 

monolayer of the same size Si NSs (green solid curve in Figure 1b), they are very much different. 

The reflectance spectrum oscillates like an interference fringe, although a broad reflectance peak 

appears around the MD and ED Mie resonance wavelengths. On the reflectance spectrum, a 

spectrum calculated by assuming a uniform thin film with an effective refractive index obtained 

from the effective medium theory (Si : air = 0.605 : 0.395) is overlapped (red dashed curve) (see 

Supporting Information for more details). The spectrum calculated by assuming the uniform 

effective medium has some similarities with the simulated spectrum. This suggests that the overall 

response of a hexagonal close-packed Si NS monolayer to a plane wave is close to that of a uniform 

effective medium, although the signature of the Mie resonance remains as a reflection peak around 

the MD and ED resonance wavelengths. 

In Figure 1b, the reflectance peak shifts to longer wavelength with increasing the Si NS diameter, 

and in all the sizes, the peak reflectance reaches ~50 %. This large reflectance value indicates that 

the Si NS monolayers can be used for structural coloration despite the very thin thickness. The 
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chromaticity diagram in Figure 1c shows that the color can be controlled by Si NS diameter, 

although the color saturation is low because of the interference-like multiple peaks in the 

reflectance spectra.  

Figure 1d shows the reflectance spectra of Si NS hexagonal arrays with space between NSs. The 

diameter of Si NSs is fixed to 150 nm. In each graph, a corresponding volume filling factor (f) is 

shown together with the surface-to-surface distance (g). The spectrum with g = 0 nm is the same 

as that in Figure 1b (d = 150 nm). Introduction of a small gap modifies the spectral shape 

significantly. The interference-like oscillation almost completely disappears already when g = 50 

nm, and only a broad reflection band remains around the MD and ED Mie resonance wavelengths. 

Further increase of the gap results in the appearance of the distinctive MD and ED peaks in the 

reflectance spectra. Interestingly, introduction of spaces between NSs results in the increase of the 

peak reflectance despite the decrease of the volume filling factor of Si NSs. The green squares in 

Figure 1e show the peak reflectance value as a function of f. It increases significantly and reaches 

93 % for f = 34 % (g = 50 nm). Although further increase of the gap results in the decline of the 

peak reflectance, it is over 70 % even for f = ~10 % (g = 210 nm). This high reflectance despite 

small coverage of the surface by Si NSs is due to the very large scattering efficiency.2,5,7,10,11,22 

Similar data are obtained when Si NSs are embedded in different medium, e.g., in SiO2 (see Figure 

S2 in Supporting Information). The requirement of very small amount of Si NSs for coloration is 

an advantage in the application as a color pigment.  

In actual Si NS monolayer samples we will discuss later, Si NSs are not perfectly aligned. 

Therefore, we also calculated the reflectance spectra of 2D random arrays of Si NSs (Figure S3 in 

Supporting Information). The blue circles in Figure 1e show the data obtained for the random array. 

The peak reflectance of the random array is lower than the hexagonal array. However, the 



 7 

reflectance of over 50 % is possible when f is larger than 20 %. In the case of uniform thin films 

with the effective refractive indices (red triangles in Figure 1e), the reflectance decreases 

monotonously with decreasing the filling factor. Therefore, Si NS hexagonal arrays with space 

between the NSs cannot be treated as uniform thin films with effective refractive indices. 

 

 

Figure 1. (a) Calculated scattering cross-section spectrum of a single Si NS with 150 nm in 

diameter in vacuum. The components of the magnetic dipole (MD) and electric dipole (ED) modes 

are shown by blue and red broken curves, respectively. (b) Calculated reflectance spectra of 

hexagonal close-packed Si NS monolayers on silica substrates. Incident light is normal to the 

surface, and light reflected to the upper hemisphere is monitored, i.e., both the specular and diffuse 

reflectance are involved in the spectra. The diameter (d) of Si NSs is changed from 100 nm to 200 

nm. On the spectrum of a Si NS monolayer composed of 150 nm-diameter Si NSs, the spectrum 
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calculated by assuming a uniform thin film with an effective refractive index obtained from the 

effective medium theory (Si : air = 0.605 : 0.395) is shown with a dashed curve. (c) Chromaticity 

diagram (CIE 1931) of hexagonal close-packed Si NS monolayers on silica substrates. The 

diameter is changed from 100 nm to 200 nm. (d) Reflectance spectra of Si NS hexagonal array 

monolayers. The diameter of Si NSs is fixed to 150 nm and the surface-to-surface distance (g) is 

changed from 0 to 250 nm. The volume filling factor (f) is shown in the graphs. Both the specular 

and diffuse reflectance are involved in the spectra. (e) Peak reflectance values as a function of f. 

The data obtained for hexagonal array (green squares) and random array (blue circles) monolayers 

of Si NSs and those obtained for uniform thin films with effective refractive indices (red triangles) 

are shown. Corresponding surface-to-surface distance (g) in the case of hexagonal array is shown 

in the upper axis. 

 

2.2. Structural coloration by Si NS monolayers 

(a) Monolayers of Si NSs with broad size distribution 

We prepare Si NS monolayers from Si NS suspensions. The preparation procedure of the 

suspension is briefly described in the Experimental Section, and the details are found in our 

previous papers.10,11,42 Figure 2a shows a methanol suspension of Si NSs before size purification. 

The NS concentration (C) is 736 µg/mL. The color is brownish and the extinction spectrum (Figure 

2b) is very broad due to the broad size distribution.  Figure 2c shows the TEM image. The NSs are 

almost perfectly spherical. The average diameter estimated from the TEM image is about 150 nm. 

 Si NS monolayers are produced by LB method as schematically shown in Figure 2d (see 

Experimental Section). The size of a silica substrate is 2 cm×1 cm and a Si NS monolayer is formed 

in a 1.5 cm×1 cm area. Figure 2e shows a photograph of a Si NS monolayer on a silica substrate 
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under white LED illumination. The background of the area surrounded by broken lines is a contrast 

ratio test paper. The color difference between the white and black background is very small 

indicating that the Si NS monolayer hides the background color effectively. We compare the 

transmittance and reflectance spectra of the Si NS monolayer with that of a TiO2 NP monolayer, 

which are known to have high hiding power45 and used as sunscreen and for cosmetics. Figure 2f 

shows the photo of a TiO2 NP (200 nm in diameter) (Ishihara Sangyo Kaisha) monolayer produced 

by the same procedure as the Si NS monolayer. By comparing two photos, we can see that Si NSs 

more effectively hides the background, although the brownish color may limit the application. This 

can be qualitatively evaluated by the regular transmittance spectra (Figure 2g). The regular 

transmittance of the Si NS monolayer is smaller than that of the TiO2 NP monolayer in a wide 

wavelength range and is smaller than 10 % in the whole visible range. Figure 2h, 2i and 2j shows 

the specular, diffuse and total reflectance spectra of the Si NS and TiO2 NP monolayers. The 

specular reflectance is very small in both samples, and thus the reflectance is almost solely the 

diffuse reflectance. The reflectance of the Si NS monolayer in 400-700 nm range is smaller than 

that of the TiO2 NP monolayer due to the absorption loss, while that above 700 nm is larger due 

to the higher refractive index and the existence of the MD and ED Mie resonance peaks in the 

wavelength range (see scattering cross-section spectra of a TiO2 NP and a Si NS in Figure S4 in 

Supporting Information).   
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Figure 2. (a) Photograph of methanol suspension of Si NSs with broad size distribution. (b) 

Extinction spectrum of the suspension in (a). (c) Typical TEM image of Si NSs. (d) Schematic 

illustration of the procedure to produce a Si NS monolayer. The photograph is a water-filled petri 

dish with a Si NS monolayer at the air/water interface. (e, f) Photographs of a Si NS monolayer 

(e) and a TiO2 NP monolayer (f) on a silica substrate under white LED illumination. The 
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background area surrounded by broken lines is a contrast ratio test paper. (g) Regular transmittance 

spectra of the Si NS and TiO2 NP monolayers. (h-j) Specular reflectance (h), diffuse reflectance 

(i), and total reflectance (j) of the Si NS and TiO2 NP monolayers. The total reflectance spectra 

are the sum of the specular and diffuse reflectance spectra. 

 

(b) Monolayers of Si NSs with narrow size distribution 

The brownish suspension of Si NSs in Figure 2a can be separated into those containing Si NSs 

with specific sizes.10,11,42,43 Figure 3a shows the photos of methanol suspensions of size-purified 

Si NSs, and Figure 3b shows the extinction spectra. Below the photos in Figure 3a, the average 

diameter (dave) and the coefficient of variation of the size distribution (Cv) defined by the standard 

deviation (σ) divided by dave estimated from the extinction spectra are shown (see Supporting 

Information for details) together with the NS concentration (C). Because of the small Cv, vivid 

structure color can be seen in the suspensions. The color of the suspension of the smallest size Si 

NSs is pink (not blue). This is due to the multiple scattering, i.e., blue light subsides during 

consecutive scattering by absorption, while red light survives.11 In diluted suspensions of Si NSs, 

the scattering color changes progressively from blue to orange with increasing the size.42,43  

Figure 3c shows the photos of Si NS monolayers produced from the suspensions in Figure 3a by 

the procedure shown in Figure 2d under white LED illumination. The background is a black paper. 

Structural coloration of silica substrates from violet to yellow can be seen. Figure 3d shows the 

photos of the same samples taken from a 45° direction. The color does not change. This can be 

seen in the angle-dependence of the reflectance spectra in Supporting Information (Figure S7). 

The viewing angle insensitiveness is due to the fact that the color originates from Mie resonances 

of individual Si NSs. This is an advantage of this method for structural coloration compared to 
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those using periodic structures. Figure 3e shows a typical SEM image (dave = 151 nm). A Si NS 

monolayer is formed except for small regions of voids and agglomerates. We can see domains of 

hexagonal closed pack structures, although the domain size is small. The domain size may be 

increased by further reducing the size distribution. Figure 3f, 3g and 3h shows the specular 

reflectance, diffuse reflectance and total reflectance, respectively, spectra of the Si NS monolayers. 

In contrast to the Si NS monolayer with a broad size distribution (Figure 2h-j), both the specular 

and diffuse reflectance spectra have distinctive peaks. The specular reflectance spectra have 

interference-like oscillation and are similar to the simulated spectra in Figure 1b. The total 

reflectance spectra have single broad peaks and the peak shifts from 448 nm to 741 nm when dave 

is changed from 111 nm to 228 nm. The reflectance exceeds 30 % in all the samples and it reaches 

48 % in the largest size one. Figure 3i shows the chromatic diagram obtained from the total 

reflectance spectra in Figure 3h. We can see the change of the color, although the saturation is 

lower than the simulation data in Figure 1c. This may be due to the finite size distributions of Si 

NSs and the disorder in the alignment. 
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Figure 3. (a) Photographs of methanol suspensions of size-purified Si NSs. The average diameter 

(dave), the coefficient of variation (Cv) of the size distribution, and the concentration (C) are shown 

below the photographs. (b) Extinction spectra of Si NS suspensions in (a). (c, d) Photographs of 

Si NS monolayers on silica substrates taken from the normal to the surface (c) and from a 45° 

direction (d). (e) Typical SEM image of a Si NS monolayer (dave = 151 nm). (f-h) Specular 

reflectance (f), diffuse reflectance (g) and total reflectance (h) spectra of Si NS monolayers in (c). 
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The total reflectance spectra are the sum of the specular and diffuse reflectance spectra. (i) 

Chromaticity diagram (CIE 1931) of Si NS monolayers. The average diameter is changed from 

111 nm to 228 nm. 

 

(c) Oxidation of monolayers of Si NSs with narrow size distribution 

In Figure 1d, we showed by simulation that introducing space between Si NSs in a close-packed 

monolayer improves the coloration performance, especially the peak reflectance. In order to 

imitate that, we partially oxidized the Si NS monolayers. The oxidation temperature is fixed to 

1100 ℃, and the oxide thickness is controlled by the oxidation duration (Figure S8 in Supporting 

Information). Figure 4a shows a TEM image of a Si NS (dave = 150 nm) oxidized for 16 min. SiO2 

layers of about 34 nm in thickness are grown by oxidation. In Supporting Information (Figure S9), 

we show calculated scattering cross-section spectra of a Si NS with a SiO2 shell. The ED mode is 

affected more by the shell than the MD mode and is broadened.  

Figure 4b shows photos of Si NS monolayers after oxidation for different durations (0-74 min). 

The background is a black paper. We can clearly see the change of the color by oxidation. In small 

Si NSs, the color disappears after 74 min oxidation due to full conversion of Si NSs to silica NSs. 

On the other hand, in large Si NSs, structural color appears after oxidation due to the shift of the 

Mie resonances from the near-infrared range to the visible range.  

In Figure 4c, the reflectance spectra of a Si NS monolayer with the initial diameter of 211 nm 

after oxidation for different durations are shown. After 3 min oxidation, the peak shifts from 703 

nm to 652 nm. This is due to the reduction of the size of a Si NS core by oxidation. In general, size 

reduction decreases the scattering cross-section at the resonance. However, despite the decrease of 

the scattering cross-section, the reflectance increases by oxidation for 3 min. This is due to opening 
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the space between Si NSs by oxidation, and is consistent with the simulation data in Figure 1e. In 

Figure 4c, the spectral shape does not change significantly even if the space between Si NSs 

increases by oxidation. This is not the same in Figure 1e, where distinctive Mie resonances appear 

after opening the gap between NSs. The almost featureless reflectance spectra after oxidation in 

Figure 4c may be due to size distribution of Si NSs and randomness of the alignment. In Figure 

4d, the relation between the peak reflectance and the peak wavelength is shown for Si NSs with 

different initial diameters and for different oxidation durations (corresponding reflectance spectra 

in Supporting Information (Figure S10)). Similar behavior, i.e., the initial increase of the 

reflectance by oxidation, is observed for all the samples.  

The partially-oxidized Si NS monolayers are modeled as hexagonal close-packed structure of Si 

NS core/silica shell NSs. In Supporting Information (Figure S11), calculated reflectance spectra 

of the monolayer core/shell NSs are shown. The simulation suggests that color saturation larger 

than that of Figure 1c is expected if the hexagonal alignment of the core/shell NSs is realized, 

although the actual samples in Figure 4 cannot fully enjoy the benefit because of the remaining 

size distribution and the randomness of the NS alignment. 
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Figure 4. (a) TEM image of a Si NS oxidized at 1100 ℃ for 16 min in air. (b) Photographs of Si 

NS monolayers before and after oxidation. The horizontal axis is the oxidation duration, and the 

vertical axis is the average diameter of Si NSs before oxidation (dave). (c) Reflectance spectra of a 

Si NS monolayer (dave = 211 nm) before and after oxidation. The oxidation duration is changed 

from 0 to 74 min. (d) Peak reflectance value of Si NS monolayers as a function of the peak 

wavelength. The average diameter of Si NSs (dave) is changed from 147 nm to 307 nm. The 

oxidation duration is changed from 0 to 74 min.  

 

3. Conclusion 

We study the capability of Si NS monolayers for structural coloration of a substance. Numerical 

simulation reveals that hexagonal close-packed Si NS monolayers exhibit size-dependent 

structural color and the peak reflectance reaches 50 %. The peak reflectance increases to over 90 % 

by introducing space between Si NSs in an array. Even when the volume filling factor of Si NSs 



 17 

on substrate surface is 10 %, peak reflectance can be over 70 %. The high reflectance despite the 

small coverage is due to the very high scattering efficiency of Mie-resonant Si NSs. This allows 

us to reduce the amount of materials necessary for coloration and is an advantage in the practical 

applications as a color pigment.  

We then produce monolayers of densely-packed Si NSs from the suspensions by LB method. Si 

NS monolayers produced from size-purified suspensions exhibit size-dependent structural color 

with the peak reflectance of 30-50 %. Although these values are slightly smaller than the values 

calculated for hexagonal close-packed structure, the results demonstrate that structural coloration 

is possible by Si NS monolayers by a solution-based process. The color is very insensitive to the 

viewing angle. Finally, we study the effect of space between Si NSs in an array on the reflection 

property by partially-oxidizing densely-packed Si NS monolayers, and show that introduction of 

space between NSs increases the peak reflectance. The experimental demonstration of iridescence-

free structural coloration of a substance by a layer of Si NSs much thinner than the monolayer, i.e., 

by sparsely scattered Si NSs, is an important progress in the development of Si NS-based color 

pigments.  

 

4. Experimental Section 

Preparation of Si NS suspensions: Si NSs were prepared by thermal disproportionation of 

silicon monoxide (SiO) lumps.10,11 SiO lumps (several mm in size) (FUJIFILM Wako, 99 %) were 

annealed at 1500-1550 ℃ in a N2 gas atmosphere for 30 min to grow crystalline Si NSs in silica 

(SiO2) matrices. Si NSs were liberated from SiO2 matrices by etching in HF solution (46 wt.%) for 

1 h. Liberated Si NSs were transferred to methanol by the following process. Methanol was added 

to HF solution of Si NSs, and the mixture solution was subjected to centrifugation for 1 min to 
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precipitate Si NSs. After removing the supernatant liquid, methanol was added to the tube and Si 

NSs were redispersed. The centrifugation and the solution exchange were repeated several times 

until the pH of the solution became 4-6. Finally, Si NSs were subject to sonication in methanol 

with an ultrasonic homogenizer (Violamo SONICSTAR 85).  

Size Separation of Si NSs: Sucrose density gradient centrifugation process was employed for 

size separation of Si NSs.5,11 Sucrose density gradient solution was prepared by carefully adding 

2.2 ml sucrose solution at six different concentrations (55-42.5 wt.%, 2.5 wt.% increments) to a 

15 ml centrifugal tube in order. Methanol suspension of Si NSs (1.8 ml) was added to the top of 

the tube, and the tube was the subject of centrifugation at 5500 rpm for 55-60 min to form layers 

of size-separated Si NSs. The layers were retrieved 1 ml at a time from the top and transferred to 

different tubes. The suspensions of size-separated Si NSs were washed with water several times to 

remove sucrose and transfer to methanol. 

Fabrication of Si NSs monolayer: Si NS monolayers were fabricated by LB method (Figure 

2d). First, the surface of Si NSs was etched in HF solution (5 wt.%) for 2 min to make the surface 

hydrophobic, and then they were transferred to butanol. The butanol suspension of Si NSs was 

slowly dropped onto the surface of water in a petri dish to form the monolayer at the air/water 

interface (Figure S6 in Supporting Information). Finally, the monolayer was transferred to a SiO2 

substrate (1.5 cm×1 cm). 

Optical characterization: Specular reflectance spectra were measured by a double-beam 

spectrophotometer (UV-3101PC, Shimadzu) with the incident and detection angle of 5°. The 

diffuse reflectance spectra were measured by a double-beam spectrophotometer equipped with an 

integrating sphere (Spectrapro3700, Shimadzu). The size of incident light at the sample point was 

6×10 mm2. Incident light was randomly polarized in both measurements.  
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Numerical Simulation: The FDTD simulations of 2D hexagonal and random arrays of Si NSs 

were carried out using a commercial software (Lumerical, Ansys). The periodic boundary 

conditions were used for the x- and y-directions and the perfectly matched layer (PML) boundary 

was used for the z-direction. For the generation of a random array, a uniform random particle 

distribution object in the package was used.  The mesh size was 5 nm and the thickness of PML 

was about 250 nm. The structure was illuminated by a plane wave polarized along the x-axis in 

Figure 1a from the normal to the surface.  Reflection spectra were obtained by 2D power monitor. 

The complex dielectric permittivity of Si and SiO2 was taken from Palik’s book.46 The thickness 

of a SiO2 substrate was assumed to be infinite.  

Calculation of Scattering Spectrum of single Si NS: A scattering cross-section spectrum of a 

Si NS in air was calculated using the analytical equations of the Mie theory.47,48 The complex 

permittivity of Si crystal taken from Palik’s book46 was used. 

 

Supporting Information 

The Supporting Information is available free of charge at https://pubs.acs.org/doi/ 

1. Calculation of the reflectance spectrum of a Si NS monolayer under the assumption that the 

layer is a uniform thin film with the refractive index obtained from the effective medium theory, 

2. Calculated reflectance spectra of 2D hexagonal array of Si NSs in SiO2, 3. Calculated 

reflectance spectra of 2D random array of Si NSs on a silica substrate, 4. Calculated scattering 

cross section spectra of single Si NS and TiO2 NP, 5. Estimation of Si NS size distribution from 

the extinction spectrum, 6. Photographs of Si NSs monolayers on water, 7. Angle dependence of 

specular reflectance spectra of Si NSs monolayers, 8. Relation between SiO2 thickness and 

oxidation duration in Si wafer, 9. Calculated scattering cross section spectra of single Si NS 

https://pubs.acs.org/doi/
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core/silica shell NS, 10. Total reflectance spectra of Si NSs monolayers before and after 

oxidation, and 11. Calculated reflectance spectra of hexagonal close-packed structure of Si NS 

core/silica shell NSs (PDF). 
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