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Abstract: The polarization-controllable structure color has been theoretically designed by
utilizing metamaterial resonators with polarization-dependent multiband absorption peaks.
Our designed nanostructure, consisting of the periodic circle and ellipse resonators, shows
above 80% reflectivity from 502 to 553 nm (the green structure color) for TE-polarized inci-
dent white light, but above 80% reflectivity from 610 to 750 nm (the red structure color) for TM-
polarized incident white light. Therefore, the structure colors gradually change from green
to red when the polarization angles increasing from 0° (TE) to 90° (TM). The polarization-
controllable structure colors come from the polarization-dependent multiband absorption
peaks. When the polarization changes from TE to TM, the absorption peaks shift from 454,
624, and 714 nm to 454, 498, and 550 nm. The physical mechanism is explained by the elec-
tromagnetic fields distribution and the equivalent LC circuit model. It can keep the structure
color for a wide incident angle.

Index Terms: Subwavelength structure, plasmonics, metamaterial, nanostructures

1. Introduction

Coloris one of the main information sources for mankind, which depending on the wavelength of light
reaching our eyes. The traditional method of changing the color of an object is to cover it with dyes
or pigments, which are capable of absorbing some wavelengths of light. The object then displays
the unabsorbed color. However, the color can also be manipulated by changing the nanostructure
of objects such as birds, marine life, butterflies, and insects in nature [1]-[10]. This phenomenon
is often called structure color, which has some distinct advantages such as high stability, easy
recycling, high spatial resolution, and small dimension. Inspired by natural structure color, artificial
structure color from photonic crystals [11]-[16] have been extensively studied by many scientists.
Photonic crystals with the photonic band gap (PGB) can nearly 100% reflect particular wavelengths
of light owing to the periodic arrangement of various refractive index dielectric materials [17]-[20].
The interference effect of reflective light determines the visible color.

Unlike the selective reflection in photonic crystals, the selective absorption properties of some
nanostructures can also be used to form different structure colors. It has been reported that optical
dielectric coating with high absorption on a metallic substrate generates structure color by selectively
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absorbing portion of the incident light based on the Fabry-Perot (F-P) effects [21]-[23]. Another
promising way to achieve artificial structure color is to take advantage of the Ohmic loss of metals in
the plasmonic metamaterial [24]. The metamaterial perfect absorbers (MMPA) [25]-[30] are one kind
of plasmonic metamaterials with nearly 100% absorption at the certain wavelength based on the
excitation surface plasmon resonances (SPR) and localized surface plasmon resonances (LSPR).
It's found that the selective absorption of MMPA can manipulate the reflection spectrum to generate
different colors by changing the nanostructure [31]-[33]. Due to the single-band characteristic of
most MMPA, the reflective artificial structure colors are usually not the red, green and blue (RGB)
but their complementary colors: cyan, magenta, and yellow (CMR).

Compared with the use of dyes and pigments, the structure color possesses the special ability to
be manipulated by external stimuli such as solvents [34]-[36], temperature [37]-[39], mechanical
force [40]-[42], and incident angle [43]. Polarization is one of the inherent characteristics of light
and may provide another degree of freedom to control the structure color through the polarization-
controllable MMPA. The 1D polarization-controllable MMPA (such as 1D grating) behaves like a
‘switch’ because it excites only the resonant modes for TE-polarized light [44]-[48]. Cui et al. have
reported the polarization-controllable structure color based on 1D grating MMPA, which demon-
strates some color for TE-polarized incident white light, while white for TM- polarized incident white
light [33]. In order to gradually changing the structural color from one color to another (not white),
the absorption peak wavelength must be shifted with polarization. For 2D polarization-controllable
MMPA, the absorption peak wavelength will shift when the polarization state changes from TE to
TM. And this polarization dependent absorption peak wavelength shift (PIAPWS) has been reported
in infrared range with the single band [49]-[53]. However, there are few studies on the PIAPWS
in the visible region with the multiple bands and their application to the polarization-controllable
structure color.

In this paper, we have designed a nanostructure consisting of four layers: a substrate layer on
the bottom, a metal layer and a dielectric layer followed, and then a top metal layer with periodic
circles and ellipses resonators. The structure is a multiband metamaterial perfect absorber in the
visible region with the polarization dependent absorption peak wavelength shift (PIAPWS). So the
structure color can be designed into red, green, and blue (RGB) instead of the cyan, magenta,
and yellow (CMR). And the structure colors can be actively controlled by the polarization state of
the incident light. The physical mechanism of the polarization-controllable multiband absorption
is investigated through the electric and magnetic fields distribution and the equivalent LC circuit
model. The dependence of the structure color on the incident angles is also studied.

2. Structure and Method

The selective reflection of our designed nanostructure comes from the selective absorption of the
incident light. Polarization is an inherent characteristic of light and can be used to tune the absorption
properties of metamaterial perfect absorbers. So the polarization can actively tune the reflectivity
spectrum. The polarization-controllable structure color may be achieved, which is important and
have potential applications in many fields like encryption, information storage, decoration, displays,
sensors, and camouflage. Our designed periodic nanostructure consists of four layers: a substrate
layer on the bottom, a metal layer, and a dielectric layer followed, and then a top metal layer with
patterned circles and ellipses, as shown in Fig. 1. The top view of a unit cell is shown in the lower left
of Fig. 1. Diameters of the two circles are Dy and D,, respectively. Major axises and minor axises
of the two ellipses are Ay, Ao, and B4, By, respectively. The periods in the x and y directions are
Px and Py, respectively. The nanostructure is theoretical analyzed by finite difference time domain
(FDTD) method. Silver is chosen as the metal material in the simulation with optical constants taken
from the experimental data [54]. Silica is chosen as the dielectric layer with constant permittivity
2.14 in the simulation. Because of the periodicity of the nanostructure, only a unit cell need to be
simulated. The periodic boundary condition is used in the x- and y-direction. And the perfect match
layer (PML) boundary condition is applied in the z-direction. The absorptivity can be obtained by
A =1 — R when the bottom silver layer is thick enough to prevent the transmission of incident light.
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Fig. 1. Three-dimensional sketch of our designed periodic nanostructure and the corresponding reflec-
tivity/absorptivity spectrum for TE and TM incident white light.

Table 1
The Colors of the Visible Light Spectrum

Colors Wavelength Frequency
Violet 380-450 nm 668-789 THz
Blue 450-475 nm 631-668 THz
Cyan 475-495 nm 606-630 THz
Green 495- 570 nm 526-606 THz
Yellow 570-590 nm 508-526 THz
Orange 590-620 nm 484-508 THz
Red 620-750 nm 400-484 THz

3. Results and Discussions

The right side of Fig. 1 shows the reflectivity and absorptivity spectrum for TE-polarized and TM-
polarized electromagnetic waves when the x-z plane is the incident plane. The optimized geome-
try parameters are as follows: Py = 0.32 um, Py = 0.224 uym, Dy = D, = 0.06 um, Ay = 0.118 um,
B1 =0.076 um, Ao, = 0.12 um, and B, = 0.08 um. For TE-polarized light, our designed nanostruc-
ture shows above 80% reflectivity from 502 to 553 nm, which is right in the green light range
(495-570 nm) as shown in Table 1. And the absorptivity spectrum shows three absorption peaks
at the wavelength of 454 nm, 624 nm, and 714 nm with absorptivity 98.1%, 97.3%, and 99.9%,
respectively. For TM-polarized light, our designed nanostructure shows above 80% reflectivity from
610 to 750 nm, which is right in the red light range (620—750 nm) as shown in Table 1. And the
absorptivity spectrum shows three absorption peaks at the wavelength of 454 nm, 498 nm, and
550 nm with absorptivity 75.4%, 88.4%, and 98.4%, respectively. The reflectivity spectrum of Ag
film is also calculated and shown in Fig. 1, which displays very high reflectivity for both TE and TM
incident light in the whole visible range.

Fig. 2(a) shows the absorptivity spectrum of our designed nanostructure for different polarization
angles. It’s clear to see that the absorption peak at 454 nm doesn’t shift but the absorptivity decrease
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Fig. 2. The (a) absorptivity spectrum and (b) reflectivity spectrum for polarization angles changing from
0° (TE) to 90° (TM) with interval 10°. (c) Spectral power distribution of the CIE normalized illuminant
D65. (d) The CIE standard observer color matching functions; (e) The calculated RGB values and

(f) corresponding displayed colors for polarization angles changing from 0° (TE) to 90° (TM).

from 98.1% to 75.4%, the absorption peak at 624 nm and 714 nm shift to 498 nm and 550 nm
when the polarization angles changing from 0° (TE) to 90° (TM). Due to the polarization dependent
absorption peak wavelength shift (PIAPWS), the high reflectivity range also shifts from the green
zone to the red zone as shown in Fig. 2(b). To specifically display the color, the RGB values for the
spectral reflectivity can be calculated by using the following equations in [55]. We first calculate the

XYZ tristimulus values.

1 _
X=1 f SGYROX(
1 }
V=1 f SOIRGY(
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Fig. 3. The spectral absorptivity of four metamaterial perfect absorbers with different nanostructure for
(a) TE-polarized and (b) TM-polarized incident light.

Where the R(}) is the spectral reflectivity; the S(1) is the spectral power distribution of the CIE
normalized illuminant D65 as shown in Fig. 2(c); the X, y, and z are the CIE standard observer color
matching functions as shown in Fig. 2(d). Then, the RGB values can be calculated by:

R 3.240479—-1.537105 —0.498535 | | X
G| = | —0.9692561.875992 0.041556 Y @)
B 0.055648—-0.204043 1.057311 4

Fig. 2(e) shows the effect of polarization on the RGB values. When the polarization angles
increase from 0 to 90, It’s clear to see that the B values hardy change because the absorption peak
at 454 nm doesn’t shift. And the R values increase sharply while the G values drastically decrease
because the absorption peak at 624 nm and 714 nm shift to 498 nm and 550 nm. So as shown
in Fig. 2(f), the polarization-controllable structure color gradually changes from green to red as the
polarization angles from 0° (TE) to 90° (TM). And the polarization-controllable structure color is
achieved.

It's already known that the polarization-controllable structure color comes from the polarization-
controllable multiband metamaterial perfect absorber (MMPA). And the polarization-controllable
MMPA shows some features: the absorption peak at 454 nm doesn’t shift while the absorption
peaks at 624 nm and 714 nm shift to 478 nm and 550 nm when the polarization angles change from
0° (TE) to 90° (TM). To understand these absorption behaviors, another three MMPAs are theoretical
analyzed and the spectral absorptivity is shown in Fig. 3(a) and (b). The MMPA only consisting of
two identical circle resonators shows the polarization-insensitive property and the absorption peak
keeps at 451 nm for both TE and TM waves. So the absorption peak at 452 nm comes from the
circle resonators in our designed nanostructure, which doesn’t shift for different polarization angles.
The MMPA only consisting of the ellipse; resonators shows the polarization-sensitive property. The
absorption peak is at 623 nm for TE-polarized wave while at 484 nm for TM-polarized wave. So the
absorption peak wavelength shift phenomenon from 624 nm to 498 nm comes from the ellipse4
resonators in our designed nanostructure. The MMPA only consisting of the ellipse, also shows
the polarization-sensitive property. The absorption peak is at 714 nm for TE-polarized wave while
at 550 nm for TM-polarized wave. So the absorption peak wavelength shift phenomenon from 714
nm to 550 nm comes from the ellipse, resonators in our designed nanostructure.

The electric and magnetic field distribution is also investigated to understand the physical mech-
anism of the polarization-controllable multiband MMPA. Fig. 4(a) shows the electric and magnetic
field distribution of absorption peak at 454 nm for TE-polarized incident light. The electric field is
mainly localized on the left and right sides of the circle; and circles. The y-component of magnetic
field is mainly localized between the two circle resonators and the bottom metal, which indicates
the excitation of localized surface plasmon polariton (LSPP) mode [25], [26]. Fig. 4(b) shows the
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Fig. 4. The electric and magnetic field distribution (a) at 454 nm for TE, (b) at 454 nm for TM, (c) at 624
nm for TE, (d) at 498 nm for TM, (e) at 714 nm for TE, and (f) at 550 nm for TM.

electric and magnetic field distribution of absorption peak at 454 nm for TM-polarized incident
light. The electric field intensity is mainly localized on the up and down sides of the circles. The
x-component of magnetic field is mainly localized between the circle, resonators and the bottom
metal, which indicates the excitation of localized surface plasmon polariton (LSPP) mode. So the
absorption peak at 452 nm for both TE and TM waves comes from the circle resonators in our
designed nanostructure.
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L m

Fig. 5. Schematic of the equivalent LC circuit model. The red arrows represent the direction of electric
current.

Fig. 4(c) shows the electric and magnetic field distribution of absorption peak at 624 nm for
TE-polarized incident light. The electric field is mainly localized on the left and right sides of the
ellipses. The y-component of magnetic field is mainly localized between the ellipse; resonators
and the bottom metal, which indicates the excitation of localized surface plasmon polariton (LSPP)
mode. Fig. 4(d) shows the electric and magnetic field distribution of absorption peak at 498 nm for
TM-polarized incident light. The electric field intensity is mainly localized on the up and down sides of
the ellipsey. The x-component of magnetic field is mainly localized between the ellipse resonators
and the bottom metal, which indicates the excitation of localized surface plasmon polariton (LSPP)
mode. So the absorption peak wavelength shift phenomenon from 624 nm to 498 nm comes from
the ellipse; resonators. And the LSPP modes at 624 nm and 498 nm correspond to the major axis
A and the minor axis B the ellipse1, respectively.

Fig. 4(e) shows the electric and magnetic field distribution of absorption peak at 714 nm for
TE-polarized incident light. The electric field is mainly localized on the left and right sides of the
ellipse,. The y-component of magnetic field is mainly localized between the ellipse, resonators
and the bottom metal, which indicates the excitation of localized surface plasmon polariton (LSPP)
mode. Fig. 4(f) shows the electric and magnetic field distribution of absorption peak at 550 nm for
TM-polarized incident light. The electric field intensity is mainly localized on the up and down sides of
the ellipses. The x-component of magnetic field is mainly localized between the ellipse, resonators
and the bottom metal, which indicates the excitation of localized surface plasmon polariton (LSPP)
mode. So the absorption peak wavelength shift phenomenon from 714 nm to 550 nm comes from
the ellipse, resonators. And the LSPP modes at 714 nm and 550 nm correspond to the major axis
A, and the minor axis B, the ellipse,, respectively.

Additionally, the LC equivalent circuit model [51]-[53] can be used to explain the performance
of the polarization-controllable multiband MMPA. Now we consider a simple nanostructure only
including the circle resonators with radius r, thickness t. And the period is p, the thickness of the
dielectric layer is d. The equivalent LC circuit model is shown in Fig. 5. The gap capacitance C,
between the neighboring circle resonators is estimated by C, = gomrt/(p — 2r) where the ¢ is the
free-space permittivity. The capacitance Cy, between the circle resonators and the bottom metal is
estimated by C,, = cye4507r?/d, where the g4 is the relative permittivity of the middle dielectric layer
and ¢4 is a numerical factor. The mutual inductance L ,, of the top and bottom metal is estimated
by L, = 0.5u07d, where the ug is the vacuum permeability. The total impedance of the LC circuit
model is given by

iwL

z= -
1 —szmCe Cl)Cm

+iwl (3)
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Fig. 6. (a) The spectral reflectivity, (b) calculated RGB values and displayed colors for TE as functions
of the incident angles. (c) The spectral reflectivity, (d) calculated RGB values and displayed colors for
TM as functions of the incident angles.

Therefore, the magnetic resonance condition can be satisfied when Z = 0. The resonant fre-
quency can be expressed as

1/2

(4)

. _\/cm+ce—(cm2+ce2)
T LnCnCo

Since the influence of C (Ce ~ 0.1C) in the LC circuit model is small, the resonant frequency is
approximated as w, ~ 1/J/L nCp. And the resonant wavelength can be expressed as

2nc
A= ™ ~one /L nCm ~ 272\/0.5C164r o I (5)
r

w

where c is the speed of light. So the resonant wavelength for the circle resonators is approximately
proportional to the diameter. As shown in Fig. 4, the electric field distribution of ellipse resonators
is mainly localized along the major axis for the TE-polarized incident light, which indicates that the
ellipse resonator for TE can be approximately seen as a circle resonator with effective diameter
A. Similarly, the ellipse resonator for TM can be approximately seen as a circle resonator with
effective diameter B. Then the MMPA consisting of the ellipse resonators can be controlled by
the polarization. So the absorption peaks at 454 nm, 498 nm, 550 nm, 624 nm, 714 nm can be
approximately seen as the results of circle resonators with effective diameters Dy (0.06 um), B4
(0.076), B> (0.08 pum), Ay (0.118 um), A, (0.12 m), respectively.

The dependence of polarization-controllable structure color on the incident angle is further stud-
ied. With increasing the incident angle from 0° to 40° for TE-polarized light, the high reflectivity
range maintains in the green light zone but with a little bit fluctuation as shown in Fig. 6(a). The
calculated RGB values shown in Fig. 6(b) hardly changes. So the displayed color keeps green for
TE light. Fig. 6(c) and (d) present the reflectivity spectrum and corresponding RGB values and
displayed colors for TM-polarized light as functions of incident angles. It’s clear to see that the high
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reflectivity range keeps in the red light zone but the reflectivity of the left spectral range has a little
increase. Although the RGB values have a little fluctuation, the displayed color can still maintain
the red for wide angles. So our designed polarization-controllable structure colors can maintain for
wide incident angles.

4. Conclusion

In summary, we have designed the polarization-controllable structure color by utilizing metamaterial
resonators with polarization dependent multiband absorption peaks. Our designed nanostructure
consists of periodic circle and ellipse resonators. The structure can show the three primary colors of
red, green, and blue (RGB). And the structure colors can be actively controlled by the polarization
state of the incident light. The nanostructure shows above 80% reflectivity from 502 to 553 nm
(green) for TE but from 610 to 750 nm (red) for TM, which comes from the polarization dependent
multiband absorption peaks shifting from 454 nm, 624 nm, and 714 nm to 454 nm, 498 nm, and
550 nm. So the structure colors gradually change from green to red when the polarization angles
increasing from 0° (TE) to 90° (TM). The high absorptivity in our nanostructure comes from the
excitation of localized surface plasmon polariton (LSPP) mode. Furthermore, the structure colors
hardly change for both TE and TM when the incident angle is less than 30 degrees.
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