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Abstract: Natural structural colors inspire people to obtain the technology of spectral characteristics 

by designing and preparing micro-nano structures on the material’s surface. In this paper, the finite 

difference time domain (FDTD) method is used to simulate the spectral selectivity of micro-nano 

grating on an Au surface, and the spectral response characteristics of different physical parameters 

to the incident light are obtained. The results show that, when the grating depth is shallow, the 

absorption peaks of TM polarized incident light on the material surface take on redshifts with the 

increase in the grating period. Meanwhile, when the depth-width ratio of the grating structure is 

high, the absorption peak appears in the reflection spectrum and presents a linear red shift with the 

increase in the grating period after the linearly polarized light TE wave incident on the surface of 

the micro-nano structure. At the same time, the wavelength of the absorption peak of the reflection 

spectrum and the grating period take on one-to-one correspondence relations, and when the TM 

polarized light is incident, the reflection spectrum exhibits obvious selective absorption character-

istic peaks at certain grating periods (for example, when the period is 0.4 μm, there are three ab-

sorption peaks at the wavelengths of 0.7, 0.95, and 1.55 μm). These simulation results can provide a 

good theoretical basis for the preparation of micro-nano structures with spectral regulation function 

in the practical application.  
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1. Introduction 

Inspired by the structural colors of nature, it is found that, when the wavelength of 

the incident light wave is close to or smaller than the geometric size of the solid surface 

structure, peculiar optical phenomena often occur [1–3]. However, with the increasing 

demand for various special materials in many fields, the performance of natural materials 

has been unable to fully meet the needs of various special functions, and so scientific and 

technological workers have turned their attention to artificial processing methods. People 

have tried to achieve special performances for material surfaces by designing and fabri-

cating periodic micro-nano structures on solid material surfaces [4–8]. 

In principle, when a light beam is incident on the surface of a material, due to the 

different performance parameters of the material surface, it is often accompanied by dif-

ferent degrees of absorption, refraction, and scattering, which leads to the redistribution 

of the surface light field. However, for the materials with periodic micro-nano structures 

on the surface, the incident light acting on the microstructure surface will cause the cou-

pling of light wave energy, thus determining the final transmission direction and energy 

value of light wave. Therefore, the coupling effect can be controlled by adjusting the sur-

face microstructure, and finally the effect of adjusting the photoelectric field can be 
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achieved. The micro-nano structure generates colors by forming different geometric struc-

tures [9–15] and involves the tuning of resonance light in the visible wavelength range by 

manipulating the structural parameters [16–19]. Many subwavelength structural colors 

have been shown to have resolutions exceeding the diffraction limit [20–23]. In addition, 

through the preparation of micro-nano structures on the surface of the material, the ab-

sorption efficiency of light can be greatly improved, the reflection spectrum and absorp-

tion spectrum can be adjusted, and the spectral reflection or absorption at a specific optical 

frequency can be effectively controlled [24–32]. This method has been widely used in mi-

croelectronic systems [33,34], solar photovoltaic devices, military stealth, and other re-

search fields [35–38].  

A topological characteristic structure refers to a structure with three-dimensional 

spatial geometric symmetry in a semi-infinite space. The supernormal optical (electro-

magnetic) properties of the surface with subwave-length topological characteristic struc-

ture are essential to realize the special surface performance. As a topological characteristic 

structure, the micro-nano grating structure is also a typical representative of a periodic 

micro-nano structure. Under certain conditions, there will be surface phonon resonance, 

surface plasmon resonance enhancement, a dielectric confinement effect, etc. These effects 

will enhance the absorption of light. Therefore, this study is mainly based on the finite 

difference time domain method (FDTD) to perform spectral simulation calculations on the 

micro-nano grating structure on the surface of metallic gold, and simulate the influence 

of various physical characteristic parameters of the structure on the surface spectrum, to 

explore more periodic topological characteristic structures with spectral characteristics 

and provide a forerunner for practical engineering applications.  

2. Simulation Method and Model Design 

FDTD is currently one of the most commonly used numerical calculation methods 

for studying the interaction process of light and complex structures. In contrast to the tra-

ditional analytical solution with more analytic approximation, the FDTD method has high 

computational accuracy with a simple algorithm and the limited applicability of analytical 

approximation models can be avoided, so it has a wide range of applications in the field 

of computational electromagnetism. The FDTD Solutions used in here is based on FDTD 

to solve Maxwell’s equations. It can be used in the design, analysis, and optimization of 

micro-nano photonics such as micro-nano photonic devices and micro-nano optical mate-

rials. In terms of material selection, compared with other metallic materials such as Fe, Al, 

Ag, etc., gold (Au), a precious metal, has unique properties related to light, electricity, and 

catalysis, and has application potential in the fields of new energy, optoelectronics, and 

biomedicine. Among these applications, more attention has been paid to the research and 

application exploration of its optical properties, such as spectroscopy, photovoltaic effect, 

photodetection, and biosensing. Therefore, in the simulation experiment in this article, 

metallic gold is selected as the material to study the selective absorption or reflection in-

fluence of its surface micro-nano characteristic structure on the reflection spectrum.  

The micro-nano grating structure modeling used for simulation is shown in Figure 

1. The grating structure characteristics are the grating period, grating width, and the grat-

ing depth, and the incident light source is a plane wave with wavelength λ. Since the 

grating structure is a periodic structure, the FDTD simulation process is carried out in a 

two-dimensional plane. The simulation range is a single period. The x-axis and y-axis di-

rections are set to periodic boundary conditions and perfectly match layer (PML) ideal 

boundary conditions, respectively, and the simulation accuracy is λ/12. For the interface 

between the metallic material and the air, a mesh grid is added for local refinement anal-

ysis, the grid accuracy is set to 10 nm, and a suitable field power monitor is selected to 

monitor and analyze the reflection spectrum of the sample surface. In the simulation pro-

cess, optical simulation was performed with different microstructure parameters, such as 

grating period (P), width (W), depth (D), duty ratio (W/P), light source wavelength (λ) 

and light source polarization angle (A). 
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Figure 1. The model of the Au grating structure. 

As it is known that the surface state and bulk state of the material have different 

optical properties, according to the point group theory, the symmetry breaking of surface 

states will result in a significant nonlinear optical effect of the material surface, meaning 

that the interaction between light and the material surface will become more complex. 

However, the existence of surface residual bonds and the asymmetry of atomic structure 

cause the tension of the linear chain to change, and cause a change in lattice vibration 

(oscillator) frequency. There are abundant free electrons on the metal’s surface, under ex-

ternal disturbances (light and thermal effects, etc.). Figure 2 shows a schematic diagram 

of the interaction between light and surface micro-nano grating; on the one hand, these 

free electrons can easily cause density fluctuations on the surface, and the charge density 

fluctuations in the longitudinal direction (� direction) are shielded in the Thomas–Fermi 

length of about 1 Å, which is called surface plasmon oscillation. On the other hand, this 

charge density fluctuation outside the surface (|�| > 0) will be accompanied by a trans-

verse electromagnetic field [39,40]. In this paper, the micro-nano grating on the surface of 

metallic gold can be equivalent to the plasma with uneven distribution on the surface; that 

is, the density gradient (∇��⃗ ��) is generated. The grating period is the characteristic scale P 

of the plasma. If the incident light excites the electron oscillation, the light wave electric 

field is needed to generate a component in the direction of the electron density gradient, 

and a component of the electric vector can cause the electrons to oscillate in the direction 

of the density gradient—that is, ��⃗ ∙ ∇��⃗ �� ≠ 0. This oscillation generates the charge density 

fluctuation, which can be strengthened by the plasma resonance and generate resonant 

absorption. When the transverse electric (TE) wave (electric field perpendicular to the 

plane of incidence) is incident we find that the reflected light wave corresponds to the 

grating period when the grating depth is shallow, which indicates that resonance occurs 

between the incident light wave and the lattice vibration of the surface with the same 

frequency at this time. Therefore, the wavelength of the reflected wave is the same as the 

equivalent characteristic length of the surface plasma. When the incident light source is a 

transverse magnetic (TM) wave, the existence of the grating structure will introduce an 

additional wave vector to meet the wave vector matching conditions, and then realize the 

selective absorption and reflection of light waves at different wavelengths (Appendix A).  

 

Figure 2. Schematic diagram of interaction between light (electromagnetic wave) and surface micro-

nano grating. 

 



Nanomaterials 2021, 11, 2622 4 of 13 
 

 

3. Results and Discussion 

The refractive index parameters of the precious metal gold used in the simulation are 

obtained from the database CRC of the software. Figure 3 shows the simulation results of 

the reflection spectrum of the smooth Au surface without a structure, from which we can 

see that there is hardly any absorption.  

 

Figure 3. Reflection spectrum simulation result of the smooth Au surface. 

3.1. The Influence of Grating Depth–Width Ratio on Reflection Spectra 

First, the periods of the grating structure are set to 0.1–2 μm, the grating depth to 0.5 

μm, the wavelength of the light source to 0.4–2 μm, the duty ratio of the grating structure 

is kept at 0.5, and the reflection spectrum is simulated and analyzed. As shown in Figure 

4a, compared with the smooth Au surface (Figure 3), when the polarization direction of 

the incident light source is TE polarization, in the wavelength range of 0.4–2 μm, the re-

flection spectrum hardly changes. However, when the polarization direction of the inci-

dent light source is TM polarization, it can be seen from Figure 4b that a strong absorption 

peak appears when the grating period is 0.5 μm. With the gradual increase in the grating 

period, the absorption peak of the reflection spectrum exhibits a linear red shift, and the 

linewidth of the absorption peak gradually narrows and the absorption intensity gradu-

ally increases. When the grating period reaches about 1.3 μm, a second-order absorption 

peak appears. The intensity of the absorption peak is relatively weak and a linear red shift 

also appears with the increase in the grating period.  

 

Figure 4. Reflection spectra of gratings with different periods when the grating depths are 0.5 μm, 

the grating duty ratios are 0.5, and TE (a) and TM (b) polarized light are incident. 
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Select the grating with a period of 1 μm and a width of 0.5 μm to study the variation 

influence of the grating depth for its spectral characteristic. At this time, the grating duty 

ratio is 0.5, the wavelength of the light source is the same as above. The grating depth is 

set to continuously change within the range of 0.05–1 μm. The simulation results of the 

reflection spectra are shown in Figure 5. Figure 5a shows the variation of the reflection 

spectrum with the grating depth when the TE polarized light is incident. It can be seen 

that the reflection spectrum does not change when the grating depth is less than 0.6 μm. 

When the grating depth is greater than 0.7 μm, with the increase in grating depth, the 

reflection spectrum appears an absorption peak at 0.7 μm, and the absorption peak grad-

ually increases with the increase in grating depth. Figure 5b shows the variation of the 

reflection spectrum with the grating depth when the TM polarized light is incident. It can 

be seen from the figure that when the grating depths are 0.05, 0.5, and 0.9 μm, respectively, 

there are reflection spectrum absorption peaks, which are called the first-order, second-

order, and third-order absorption peaks, respectively. At the same time, in a certain range 

of grating depth, the absorption peak of the reflection spectrum gradually redshifts with 

the increase in grating depth, and the peak intensity of the absorption peak decreases, 

while the FWHM (full width at half maximum) of the absorption peak increases.  

 

Figure 5. Reflection spectra of gratings with different depths when the grating periods are 1 μm, the 

grating duty ratios are 0.5, and TE (a) and TM (b) polarized light are incident. 

An absorption peak appears in the reflection spectrum with the increase in grating 

depth when TE polarized light is incident and the grating depth is greater than 0.7 μm. 

Therefore, further optical simulation of the phenomenon in the situation with the deeper 

grating was performed. The grating depth is set to 1 μm, the grating duty ratio is kept at 

0.5, the grating period is set to 0.1–2 μm, and the incident light is still set to TE polarization 

light and TM polarization light. The simulation results are shown in Figure 6. 

 

Figure 6. Reflection spectra of gratings with different periods when the grating depths are 1 μm, the 

grating duty ratios are 0.5, and TE (a) and TM (b) polarized light are incident. 
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It can be seen from Figure 6a that, when the incident light is TE polarization, a strong 

absorption peak appears at the grating period of 0.7 μm. In the 0.5–2 μm wave band, the 

absorption peak begins to move toward the long band with the gradual increase in the 

grating period, the linewidth of the absorption peak increases gradually, and the intensity 

decreases gradually. When the grating period reaches 1.4 μm, the absorption peak is very 

weak, until it disappears. When the TM polarized light is incident, as shown in Figure 6b, 

strong absorption peaks appear at the grating periods of 0.7, 0.95, and 1.7 μm, correspond-

ing to the light wavelengths of 0.7, 0.95, and 1.75 μm, respectively. By comparing these 

with the incident situation of TE polarized light, it can be clearly seen that with the in-

crease in grating period, the peak points of the absorption peaks of the reflected light are 

discretely distributed in the same linear relationship as the results obtained when TE po-

larized light is incident. In order to more clearly see the change in absorption peak inten-

sity, some of the data in Figure 6 are extracted and plotted in the graph shown in Figure 

7. 

 

Figure 7. Reflection spectra of gratings with different periods when the grating depths are 1 μm, the 

grating duty ratios are 0.5, and TE (a) and TM (b) polarized light are incident. 

Six reflection spectra with grating periods of 0.7, 0.8, 0.9, 1, 1.1, and 1.2 μm are se-

lected, as shown in Figure 7a, at wavelengths of 0.75, 0.85, 0.95, 1, 1.1, and 1.2 μm corre-

sponding to the absorption peaks, respectively. As shown in Figure 7b, three reflection 

spectra with grating periods of 0.4, 0.8, and 1.2 μm are selected in the graph. It can be seen 

that there are three typical absorption peaks near the wavelengths of 0.7, 0.95, and 1.55 

μm. When the grating period is 0.4 μm, the absorption peaks with grating periods of 0.8 

and 1.2 μm are included. Similarly, when the grating period is 0.8 μm, only the absorption 

peak with a grating period of 1.2 μm is included. In other words, at discrete wavelengths, 

the small-period grating structure can contain the absorption mode of the large-period 

grating structure—that is, when the wavelength is the same, at the linear coupling point 

between the grating period and the wavelength, the absorption peak of the reflected light 

remains basically unchanged with the decrease in the grating period. In addition, accord-

ing to the simulation characteristics of FDTD, in the simulation process, both the TE po-

larized incident light source and the TM polarized incident light source are applied at the 

same time, and the data obtained are the data after the two simulation results in Figure 6 

are superimposed. That is, the chart of the reflection spectrum changing with the period 

when natural light is incident is obtained, as shown in Figure 8; it can be seen that the 

absorption peak of the reflection spectrum has a linear red shift with the increase in pe-

riod, and the wavelength of the absorption peak has obvious selectivity for the grating 

period. For example, when the grating period increases to 0.8 μm, the absorption peak at 

0.7 μm wavelength disappears. 
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Figure 8. Reflection spectra of gratings with different periods when the grating depths are 1 μm, the 

grating duty ratios are 0.5, and natural light is incident. 

Based on the results of Figures 5 and 6, the influence of grating depth changes was 

further explored. The grating period is set to 0.9 μm, the grating duty ratio remains 0.5, 

and the grating depth is set to 0.05 μm–2 μm, changing continuously, and the simulation 

result is shown in Figure 9. When the TE polarized light is incident and the grating depth 

is less than 0.8 μm, the reflection spectrum of the grating structure is almost unchanged 

with the change in the grating depth. When the grating depth is above 0.8 μm, as shown 

in Figure 9a,c, it is found that an absorption peak appears at the wavelength of 0.9 μm, 

and the absorption peak becomes narrower and stronger with the increase in the grating 

depth. When the TM polarized light is incident, as shown in Figure 9b,d, as the grating 

depth increases, high-order discrete absorption peaks such as of the second and third or-

der appear in sequence, and the discrete absorption peaks redshift as the grating depth 

increases. At the same time, the intensity of the absorption peak decreases gradually and 

the linewidth increases gradually. 

 

Figure 9. When the grating periods are 0.9 μm, the grating duty ratios are 0.5, and the reflection 

spectra of gratings with different depths when TE (a) and TM (b) polarized light are incident; ab-

sorption spectra of gratings with different depths when TE (c) and TM (d) polarized light are inci-

dent. 
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3.2. The Influence of Grating Duty Ratio on Reflection Spectra 

First, when the depth–width ratio of the grating is relatively high, the influence of 

different grating periods—that is, the duty ratio—on the reflection spectra is explored. 

The grating width remains 0.45 μm, the grating depth is 1 μm, and the grating period 

changes from 0.6 to 1.8 μm—that is, the duty ratio changes from 0.75 to 0.25. According 

to the simulation results shown in Figure 10a, when the incident light is TE polarization, 

there will be an absorption peak of reflected light at the wavelength corresponding to the 

grating period. With the increase in the grating period, the absorption peak of the reflec-

tion spectrum also shows a linear red shift. At the same time, the peak intensity of the 

grating absorption peak gradually decreases, and the FWHM gradually increases. When 

the incident light is TM polarization, as shown in Figure 10b, the linear red shift of some 

absorption peaks can still be found, but the other part of the absorption peak does not 

change with the increase in grating period, and the central wavelength of the absorption 

peak of the reflected light is discretely distributed with the same linear relationship as the 

result obtained when the TE polarized light is incident.  

 

Figure 10. Reflection spectra of high depth–width ratio gratings with different periods when the 

grating depths are 1 μm, the grating widths are 0.45 μm, and TE (a) and TM (b) polarized light are 

incident. 

3.3. The Influence of Light Source Polarization Angle on Reflection Spectra 

Next, still maintaining a high depth–width ratio, the reflection spectra of a grating 

structure with a grating width of 0.3 μm, a period of 0.6 μm, a depth of 1 μm, and a duty 

ratio of 0.5 under different polarized light incidence conditions were simulated. The light 

source is set as linearly polarized light, and the polarization angle is set to 0–90° (i.e., from 

the TM polarization direction to the TE polarization direction) with 5° as the interval for 

simulation. The results are shown in Figure 11. It can be seen from the figure that there 

are two strongest absorption peaks at the polarization angles of 0° and 90°. With the 

change in the polarization direction of the electrical field, the absorption peak of TM po-

larized light at 0° gradually weakens until the polarization angle is around 45°. At this 

time, the absorption peak of TE polarized light appears and continuously increases to the 

maximum when the polarization angle is 90°. 
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Figure 11. Reflection spectrum (a) and absorption spectrum (c) of high depth–width ratio gratings 

when the grating depths are 1 μm, the grating widths are 0.3 μm, the grating periods are 0.6 μm, 

the grating duty ratios are 0.5, and plane waves with different polarization angles are incident; (b) 

is the partial image of (a); (d) is the two-dimensional image of (c). 

As the central wavelength of TE polarization absorption peak is close to that of TM 

polarization absorption peak when the grating width is 0.3 μm and the grating period is 

0.6 μm, we tried the microstructures when the grating periods are 0.7, 0.8, and 0.9 μm, 

respectively. Set the grating width to 0.35, 0.4, and 0.45 μm to keep the duty ratios con-

sistent; both are 0.5, and the grating depths are 1 μm. The light source is set as linearly 

polarized light, and the polarization angle is set to 0–90° with 5° as the interval for simu-

lation. The results are shown in Figure 12. In these three cases, there are two strong ab-

sorption peaks at the two polarization angles of 0° and 90°. As the polarization direction 

of the electric field changes, the absorption peak of TM polarized light at 0° gradually 

weakens until the polarization angle is around 45°. At this time, the TE polarized light 

absorption peak appears and continues to increase, reaching the maximum when the po-

larization angle is 90°. The conclusion obtained here is consistent with the conclusion 

when the grating period is 0.6 μm.  
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Figure 12. Reflection spectra of high depth–width ratio gratings with different periods when the grating depths are 1 μm, 

the grating duty ratios are 0.5, and plane waves with different polarization angles are incident. (a) Grating width is 0.35 

μm, period is 0.7 μm; (b) grating width is 0.4 μm, period is 0.8 μm; (c) grating width is 0.45 μm, period is 0.9 μm; (d–f) are 

the partial images of (a–c), respectively. 

4. Conclusions 

The FDTD is an important method foundation for engineering application to design 

and fabricate the characteristic structure on a material’s surface required by the expected 

optical properties (such as negative dielectric constant or negative permeability, etc.). In 

this paper, the FDTD method is used to simulate the change in the reflection spectrum 

characteristics and the selective spectrum length caused by different geometric character-

istic parameters when the micro-grating structure is directly constructed on the metallic 

Au surface. The results show that when the grating depth is shallow and the incident light 

source is TE polarized light, the reflection spectrum does not change with the increase in 

the grating period. When the incident light source is TM polarized light, the absorption 

peak redshifts with the increase in the grating period with the same proportion. However, 

when the depth–width ratio of the grating structure is high, the abnormal absorption peak 

appears in the reflection spectrum after the linearly polarized light TE is incident on the 

structured surface, and with the increase in grating period, the absorption peak linearly 

shifts to red, the wavelength of the absorption peak of the reflection spectrum has a close 

and one-to-one correspondence with the grating period; when the TM polarized light is 

incident, the reflection spectrum exhibits obvious selective absorption characteristic peaks 

at certain grating periods (for example, when the period is 0.4 μm, there are three absorp-

tion peaks at the wavelengths of 0.7, 0.95, and 1.55 μm). In particular, the wavelength of 

the absorption peak has obvious selectivity for the grating period. For example, when the 

grating period is increased to 0.8 μm, the absorption peak at the wavelength of 0.7 μm 

disappears. These simulation results can provide a good theoretical basis for us to directly 

prepare the surface micro-nano structure of the material in the later stage. 
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Appendix A 

Here we use Maxwell’s equations to further analyze the interaction process between 

light waves and surface plasma and the dispersion relationship [38,39]. The differential 

form of Maxwell’s equations is: 

⎩
⎪
⎨

⎪
⎧∇ × ���⃗ = ���⃗ + ���

���⃗

��

∇ × ��⃗ = −��
����⃗

��

∇ ∙ ���⃗ = 0

∇ ∙ ��⃗ = �

, (A1)

 

where H is the magnetic field intensity, E is the electric field intensity, σ is the conductivity 

of the medium, ε is the dielectric constant of the medium, and � is the bulk charge density 

of the medium. Take the curl of the first two terms in Maxwell's equations, we can get the 

following equation: 

�
∇���⃗ − �����

����⃗

��� = 0

∇����⃗ − �����
�����⃗

��� = 0
, (A2)

 

Let the electric field be ��⃗ = ��� + �� + ��������  and the magnetic field be ���⃗ =

��� + �� + ��������. Two sets of independent solutions of Equations (A3) and (A4) can 

be obtained by simplifying the equation. The solution of TM wave is expressed by ��, ��, 

��, and the solution of TE wave is expressed by ��, ��, ��: 

⎩
⎪
⎨

⎪
⎧ �� = −�

�

����

���

��

�� = −�
�

����
��

����

��� + (��
�� − ��)�� = 0

, (A3) 

⎩
⎪
⎨

⎪
⎧ �� = �

�

��

���

��

�� =
�

��
��

����

��� + (��
�� − ��)�� = 0

, (A4) 

For the TM wave solution equation, substitute reasonable boundary conditions: ���
=

���
, ���

= ���
. When  � > 0, set the wave vector of the electric field is ��, and the dielec-

tric constant is ��. When � < 0, set the wave vector of the electric field is �� and the die-

lectric constant is ��. 

Therefore, the boundary conditions are: 

��

��
= −

��

��
, (A5) 

By substituting the boundary conditions into the Equation (A3), the dispersion relation of 

plasma wave when TM wave is incident can be obtained as follows: 

���� = � = ���
����

�����
, (A6) 
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Similarly, the dispersion relation of plasma wave when TE wave is incident can be ob-

tained: 

������
+ ���

� = 0, (A7) 

Assuming that TE wave exists in the form of surface wave, ���
 and ���

 are both 

positive numbers. At this time, only when ���
= ���

= 0 satisfies the assumption condi-

tions, the surface plasma cannot be excited when the perpendicular incident light source 

is TE wave. Therefore, the surface electrons or plasmas are more easily excited by TM 

wave. 

References 

1. Hooke, R. Micrographia: Or Some Physiological Descriptions of Minute Bodies Made by Magnifying Glasses with Observations and 

Inquiries Thereupon; Lond. R. Soc.: London, UK, 1665, pp. 1635–1703. 

2. Newton, I. Opticks: Or, A treatise of the reflections, refractions, inflections and colours of light. Based on the 4th ed. London, 

1730. Am. J. Ophthalmol. 1952, 15, 66. 

3. Tayeb, G.; Gralak, B.; Enoch, S. Structural colors in nature and butterflywing modelling. Opt. Photonics News 2003, 14, 38–43. 

4. Lussange, J.; Guérout, R.; Rosa, F.S.; Greffet, J.-J.; Lambrecht, A.; Reynaud, S. Radiative heat transfer between two dielectric 

nanogratings in the scattering approach. Phys. Rev. B 2012, 86, 085432. 

5. Chung, K.; Yu, S.; Heo, C.-J.; Shim, J.W.; Yang, S.-M.; Han, M.G.; Lee, H.-S.; Jin, Y.; Lee, S.Y.; Park, N.; Shin, J.H. Flexible, angle-

independent, structural color reflectors inspired by morpho butterfly wings. Adv. Mater. 2012, 24, 2366–2366. 

6. Biehs, S.-A.; Tschikin, M.; Ben-Abdallah, P. Hyperbolic metamaterials as an analog of a blackbody in the near field. Phys. Rev. 

Lett. 2012, 109, 104301. 

7. Rinnerbauer, V.; Lenert, A.; Bierman, D.M.; Yeng, Y.X.; Chan, W.R.; Geil, R.D.; Senkevich, J.J.; Joannopoulos, J.D.; Wang, E.N.; 

Soljačić, M. Metallic photonic crystal absorber-emitter for efficient spectral control in high-temperature solar thermophotovol-

taics. Adv. Energy Mater. 2014, 4, 1400334. 

8. Li, P.; Liu, B.; Ni, Y.; Liew, K.K.; Sze, J.; Chen, S.; Shen, S. Large-Scale Nanophotonic Solar Selective Absorbers for High-Effi-

ciency Solar Thermal Energy Conversion. Adv. Mater. 2015, 27, 4585–4591. 

9. Fudouzi, H.; Xia, Y. Photonic papers and inks: Color writing with colorless materials. Adv. Mater. 2003, 15, 892–896. 

10. Arsenault, A.C.; Puzzo, D.P.; Manners, I.; Ozin, G.A. Photonic-crystal full-colour displays. Nat. Photonics 2007, 1, 468–472. 

11. Diest, K.; Dionne, J.A.; Spain, M.; Atwater, H.A. Tunable color filters based on metal-insulator-metal resonators. Nano Lett. 2009, 

9, 2579–2583. 

12. Kaplan, A.F.; Xu, T.; Guo, L.J. High efficiency resonance-based spectrum filters with tunable transmission bandwidth fabricated 

using nanoimprint lithography. Appl. Phys. Lett. 2011, 99, 824. 

13. Yokogawa, S.; Burgos, S.P.; Atwater, H.A. Plasmonic color filters for CMOS image sensor applications. Nano Lett. 2012, 12, 4349–

4354. 

14. Jiang, X.; Gu, Q.; Wang, F.; Lv, J.; Ma, Z.; Si, G. Fabrication of coaxial plasmonic crystals by focused ion beam milling and 

electron-beam lithography. Mater. Lett. 2013, 100, 192–194. 

15. Si, G.; Zhao, Y.; Lv, J.; Lu, M.; Wang, F.; Liu, H.; Xiang, N.; Huang, T.J.; Danner, A.J.; Teng, J.; Liu, Y. Reflective plasmonic color 

filters based on lithographically patterned silver nanorod arrays. Nanoscale 2013, 5, 6243–6248. 

16. Si, G.; Zhao, Y.; Hong, L.; Teo, S.; Zhang, M.; Huang, T.J.; Danner, A.J.; Teng, J. Annular aperture array based color filter. Appl. 

Phys. Lett. 2011, 99, 033105. 

17. Perchec, J.L.; Desieres, Y.; Rochat, N.; Lamaestre, R.E.D. Subwavelength optical absorber with an integrated photon sorter. Appl. 

Phys. Lett. 2012, 100, 73. 

18. Burgos, S.P.; Yokogawa, S.; Atwater, H.A. Color imaging via nearest neighbor hole coupling in plasmonic color filters integrated 

onto a complementary metal-oxide semiconductor image sensor. ACS Nano 2013, 7, 10038–10047. 

19. Roberts, A.S.; Pors, A.; Albrektsen, O.; Bozhevolnyi, S.I. Subwavelength plasmonic color printing protected for ambient use. 

Nano Lett. 2014, 14, 783–787. 

20. Kumar, K.; Duan, H.; Hegde, R.S.; Koh, S.; Wei, J.N.; Yang, J.K.W. Printing colour at the optical diffraction limit. Nat. Nanotech-

nol. 2012, 7, 557–561. 

21. Wu, Y.-K.R.; Hollowell, A.E.; Zhang, C.; Guo, L.J. Angle-insensitive structural colours based on metallic nanocavities and col-

oured pixels beyond the diffraction limit. Sci. Rep. 2013, 3, 1194. 

22. Tan, S.J.; Zhang, L.; Zhu, D.; Goh, X.M.; Wang, Y.; Kumar, K.; Qiu, C.-W.; Yang, J.K.W. Plasmonic color palettes for photorealistic 

printing with aluminum nanostructures. Nano Lett. 2014, 14, 4023–4029. 

23. Zhao, J.; Yu, X.; Zhou, K.; Yang, X.; Yu, Y. Wide-gamut and polarization-independent structural color at optical sub-diffraction-

limit spatial resolution based on uncoupled lspps. Nanoscale Res. Lett. 2019, 14, 214. 

24. Younkin R.; Carey J. E.; Mazur E. Infrared absorption by conical silicon mic restructures made in a variety of background gases 

using femtosecond-laser pulses. J. Appl. Phys. 2002, 93, 2626–2629. 

25. Vorobyev A.Y.; Guo C. Metal pumps liquid uphill. Appl. Phys. Lett. 2009, 94, 224102. 



Nanomaterials 2021, 11, 2622 13 of 13 
 

 

26. Vorobyev A.Y.; Makin, V.S.; Guo, C. Brighter light sources from black metal: Significant increase in emission efficiency of in-

candescent light sources. Phys. Rev. Lett. 2009, 102, 234301. 

27. Ellenbogen, T.; Seo, K.; Crozier, K.B. Chromatic plasmonic polarizers for active visible color filtering and polarimetry. Nano Lett. 

2012, 12, 1026–1031. 

28. Meng, J.; Song, H.; Li, X.; Liu, S. Femtosecond laser fabricating black silicon in alkaline solution. Appl. Phys. A 2015, 118, 1197–

1203. 

29. Liu, S.; Liu, S. Spectral enhancement of thermal radiation by laser fabricating grating structure on nickel surface. Chin. Phys. B 

2015, 24, 054401. 

30. Meng, J.; Song, H.; Li, X.; Liu, S. Influence of femtosecond laser pulse energy on the surface reflection of black silicon in alkaline 

solution. J. Laser Appl. 2016, 28, 012005. 

31. Li, Z.; Feng, S.; Liu, Y.; Hu, J.; Wang, C.; Wei, B. Enhanced Tunable Light Absorption in Nanostructured Si Arrays Based on 

Double-Quarter-Wavelength Resonance. Adv. Opt. Mater. 2019, 7, 1900845. 

32. Mao, P.; Liu, C.; Song, F.; Han, M.; Maier, S.A.; Zhang, S. Manipulating disordered plasmonic systems by external cavity with 

transition from broadband absorption to reconfigurable reflection. Nat. Commun. 2020, 11, 1–7. 

33. Honda, H.; Wei, J. Enhanced boiling heat transfer from electronic components by use of surface microstructures. Exp. Therm. 

Fluid Sci. 2004, 28, 159–169. 

34. Liu, T.; Luo, R.; Qiao, W.; Yoon, S.-H.; Mochida, I. Microstructure of carbon derived from mangrove charcoal and its application 

in Li-ion batteries. Electrochim. Acta 2010, 55, 1696–1700. 

35. Narayanaswamy, A.; Chen, G. Surface modes for near field thermophotovoltaics. Appl. Phys. Lett. 2003, 82, 3544–3546. 

36. Ilic, O.; Jablan, M.; Joannopoulos, J.D.; Celanovic, I.; Soljačić, M. Overcoming the black body limit in plasmonic and graphene 

near-field thermophotovoltaic systems. Opt. Express 2012, 20, A366–A384. 

37. Wu, C.; Neuner, B., III; John, J.; Milder, A.; Zollars, B.; Savoy, S.; Shvets, G. Metamaterial-based integrated plasmonic ab-

sorber/emitter for solar thermo-photovoltaic systems. J. Opt. 2012, 14, 024005. 

38. Tong Y.; Wang B.; Ge C.; Song H.; Liu S. Study on spectral properties of local graphene-assisted micro-nanostructures. Results 

Phys. 2021, 25, 104207. 

39. Maier, S.A. Plasmonics: Fundamentals and Applications; Springer: New York, NY, USA, 2007. 

40. Alexei, A.M. Structured Surfaces as Optical Metamaterials; Cambridge University Press: Cambridge, UK, 2011. 


