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Abstract: The subwavelength structure based on metamaterial has been widely used in the application
of structure color due to its unique characteristics. Here, a composite structure consisting of a circular
hole and different number of metal strips is proposed. By changing the polarization direction of the
incident light, the resonance peak in the visible light range shifts, and the material presents different
colors. At the same time, take advantage of the shift of the resonance peak, a plasmonic optical switch,
of which on/off states can be indicated by the structural color, is constructed, and the maximum
contrast ratio is more than 20 dB. In addition, by means of changing the geometric parameters
and materials of the metal strip, the colors presented basically cover the whole visible light range.
This method theoretically proves the feasibility of using subwavelength structure to construct visual
plasmonic optical switch using structural color in the visible light range, which provides a broad
prospect for the application of multiple physical mechanism in nanostructure design.
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1. Introduction

Surface plasmons (SPs), as the carrier of optical information, has become a pivotal bridge
between the micro-nano circuits and optical devices. SPs include surface plasmon polaritons (SPPs)
and local surface plasmon polaritons (LSPs), which are surface electromagnetic waves formed by
collective oscillation of free electrons interacting with incident light field in metal [1–4]. In recent
years, the enhanced optical transmission (EOT) effect brought by metal-based surface plasmons has
been applied in different wavelengths, including visible light, near-infrared, and infrared ranges.
In particular, when the response range of electromagnetic wave is in the visible light band, the diffraction,
scattering and absorption of plasmonic structures can provide us extremely vivid information, especially
in color. In general, when the geometric parameters of the micro-nano structure and the types of
material change, the peaks of surface plasmon resonances will change (including the position, intensity,
and splitting), making the materials present different colors, namely, structural colors.

Based on the SPs, a large number of optical devices have been constructed, and its optical
response can be designed by controlling the size, pattern and composition of the subwavelength units.
For example, it is numerically found that the polarization state is a sensitive parameter in plasmonic
EOT only when the gap size between triangular nanoapertures is less than 20 nm [5]. Through
the construction of bullseye [6] and hoof-shaped [7] structures, the subwavelength metal structure
has high transmittance and application prospect in enhancing optical transmission effect. Besides,
these characteristics of the SPs have major applications [8–10] in ultra-high resolution imaging [11–13],
inverse design [14], complementary metal oxide semiconducto (CMOS) digital integrated circuit [15–17],
light emitting diode [18], steganography [19], and many other fields. Among of them, plasmonic optical
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switch (POS) plays a vital role in the construction of nanophotoniccircuits [7,10]. In particular, as a
basic logic element in photoelectric data processing, the advantages of small size and fast response
of the POS can make it play an important role. For example, a multi-band multi-functional photonic
device, in our previous work [7], has been proposed. By changing the polarization direction of the
incident light, the plasmonic splitter and switch were both constructed at different wavelengths in
the near infrared range. On the other hand, due to the local field enhancement effect of the SP
excited by the oscillation between the photon and electron, it can break through the diffraction limit
and greatly improve the color resolution [20]. At the same time, the EOT effect brought by surface
plasmon can make the structure obtain higher transmittance, leading to the stronger color display.
Up to now, plasmonic structural color has drawn more attention and various applications have been
proposed [21–23]. For example, a structure combining silicon material and refractive index matching
layer is proposed to improve the color richness and brightness [24]. However, the combination of
surface plasmon devices and structural colors has not been studied in depth. Based on our previous
work [7], when the working state of the optical switch can be directly represented by different colors,
the device can be more operable and visual.

In this paper, we present a composite structure based on filling different number of metal strips
in the hollow circular holes. By rotating the polarization direction of the electric field of the incident
light, the transmission peak within the visible light range shifts, and the material shows different
colors. In addition, a plasmonic visual optical switch is constructed in the visible light range to
directly characterize its working state by color, taking advantage of the phenomenon of displacement
of transmission peak. Simultaneously, the contrast ratio of the device is more than 20 dB. Compared
with the general optical switch, it can play a good role in photoelectric data processing due to its
advantages of sub wavelength size and fast response. At the same time, compared with our previous
work [7], the switch ratio is increased by nearly 6 dB. Finally, we change the geometric parameters
(including length and width) and material types of the metal strip, so that the device has more colors
and can achieve productive performance in different scenes.

2. Design and Modeling

Figure 1 is a unit cross-sectional diagram, where the gray part is SiO2 and the blue part is
aluminum (Al). Px and Py present the array periods along X- and Y-axes, respectively. The Al film
thickness is 50 nm, which is placed on a quartz substrate with a thickness of 100 nm. Among them,
a hollow circular hole is arranged on the metal Al film through the entire thickness of the Al film.
In the hollow circular hole, we place metal strips symmetrically along the center, with the number of 1,
2, and 3, respectively. The incident light incidents vertically from one side of the quartz substrate to the
surface of the metallic film in the Z direction with the electric field in the X direction. By changing the
polarization direction of the electric field, the metal strip plays a different role in the surface plasmon
resonance mode. The propagation process of light in periodic subwavelength metallic holes have been
simulated by using the finite difference time domain (FDTD). The EOT effect of subwavelength hole
arrays in metal film can be characterized by the transmittance T as following [25]: T = Pout(λ)/Pin(λ),
where Pin(out) is power flux through the metal film.
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Figure 1. Structural cross-sectional diagram of the unit structure in the X-Y plane. R represents the 
circular structure radius; H is the thickness of the Al; L and W are the length and width of the metal 
strip; W(1–5) are the distance between metal strips; Px and Py are the periods; As follows: H = 50 nm; 
L = 100 nm; W = 10 nm; Px = Py = 200 nm; W1 = 75 nm; W2 = 30 nm; W3 = 80 nm; W4 = 30 nm; W5 = 35 nm; 
(a) Hollow circular hole; (b) one metal strip; (c) two metal strips; (d) three metal strips; the metal strips 
are symmetrically distributed along the center of the circular hole. 
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Here, we discuss the influences of the number of metal strips, geometric parameters, and the 
material of strips on the EOT and the device performance. 

3.1. The Influence of the Number of Metal Strips on the Enhanced Optical Transmission 

Considering the special function of the metal strip in the polarization direction of the incident 
light, a composite structure of the metal strip and the hollow circular hole is constructed. As shown 
in Figure 2a, the polarization direction of the electric field of the incident light is changed when there 
is no metal strip in the hollow circular hole, and the transmittance remain stable. Generally speaking, 
the resonance mode in the circular hole is mainly the SPPs resonance mode, and the primary factor 
affecting the transmission peak shift is the period P of the structure [26]. In addition, due to the special 
symmetry of the circular hole, the polarization direction of the incident light has no effect on the 
structure. As shown in Figure 2b–d, different number of metal strips are added to the hollow circular 
hole. When the polarization direction of the incident light changes from parallel to perpendicular to 
the X-axis, the results show that the transmission peak shifts obviously. So far, in order to unrestricted 
display the color rendering effect of materials, we invert the transmission spectrum of FDTD 
simulation into CIE1931 color coordinate map, and calculate the color coordinate points on an 
excellent space map [27]: 

Figure 1. Structural cross-sectional diagram of the unit structure in the X-Y plane. R represents the
circular structure radius; H is the thickness of the Al; L and W are the length and width of the metal
strip; W(1–5) are the distance between metal strips; Px and Py are the periods; As follows: H = 50 nm;
L = 100 nm; W = 10 nm; Px = Py = 200 nm; W1 = 75 nm; W2 = 30 nm; W3 = 80 nm; W4 = 30 nm;
W5 = 35 nm; (a) Hollow circular hole; (b) one metal strip; (c) two metal strips; (d) three metal strips;
the metal strips are symmetrically distributed along the center of the circular hole.

3. Results and Discussions

Here, we discuss the influences of the number of metal strips, geometric parameters, and the
material of strips on the EOT and the device performance.

3.1. The Influence of the Number of Metal Strips on the Enhanced Optical Transmission

Considering the special function of the metal strip in the polarization direction of the incident
light, a composite structure of the metal strip and the hollow circular hole is constructed. As shown in
Figure 2a, the polarization direction of the electric field of the incident light is changed when there is
no metal strip in the hollow circular hole, and the transmittance remain stable. Generally speaking,
the resonance mode in the circular hole is mainly the SPPs resonance mode, and the primary factor
affecting the transmission peak shift is the period P of the structure [26]. In addition, due to the special
symmetry of the circular hole, the polarization direction of the incident light has no effect on the
structure. As shown in Figure 2b–d, different number of metal strips are added to the hollow circular
hole. When the polarization direction of the incident light changes from parallel to perpendicular to
the X-axis, the results show that the transmission peak shifts obviously. So far, in order to unrestricted
display the color rendering effect of materials, we invert the transmission spectrum of FDTD simulation
into CIE1931 color coordinate map, and calculate the color coordinate points on an excellent space
map [27]:

X = k
∑
λ

T(λ)I(λ)x′(λ) (1)

Y = k
∑
λ

T(λ)I(λ)y′(λ) (2)

Z = k
∑
λ

T(λ)I(λ)z′(λ) (3)

k = 100/
∑
λ

I(λ)z′(λ) (4)

x = X/(X + Y + Z) (5)



Appl. Sci. 2020, 10, 5246 4 of 10

y = Y/(X + Y + Z) (6)

where the T(λ) is the transmission spectrum we detected; I(λ) is the spectrum of the incident light
source (D65); And x′(λ), y′(λ), z′(λ) represent the tristimulus value. The wavelength ranges are 400 nm
to 700 nm, which basically covers the visible light ranges. And (x, y) obtained from Equations (5)
and (6) is the chromaticity coordinates of the transmission spectrum. As shown in the illustration in
Figure 2b–d, materials under different conditions present different colors. As shown in the figure,
by changing the number of metal strips in the hollow circular hole, the different colors in the visible
light range can be obtained. In addition, it is found that when the polarization direction of the incident
electric field is 0◦ and 90◦, there is a huge difference in the transmittance at a specific wavelength.
This is exactly how the POS works. In other words, by rotating the polarization direction of the electric
field of the incident light, the metal strip can be controlled to participate in resonance mode, thus
the incident light can be turned on and off. Furthermore, when the resonance mode changes in the
structure, the transmission peak of the visible light band shifts, which leads to the color change of
the material surface. Take advantage of this point, we can construct a visual POS, that is to use the
color change to directly characterize the different working states of the switch. Moreover, we consider
that the center wavelength of the transmission peak is the working wavelength of the POS, and the
performance index of the contrast ratio is used to quantitatively describe the control effect of the POS
on the lamp [28]:

η = 10 log10

(
Ton

To f f

)
(7)

where Ton/off is the transmission peak at the working wavelength of the switch when the switch is
on/off. As shown in Figure 2b–d, when the number of metal strips is 1, 2, and 3, the contrast ratio is
8 dB, 13.8 dB, and 20.3 dB, respectively. This is 6 dB higher than our previous work. More obviously,
the different working states of the switch are directly represented by the color presentation [7]. It should
be noted that when the number of metal strips is changed, the working wavelength of POS also shifts.
This means that once the device is made, its working wavelength will be determined. However,
in practical application, we combine the background color of the environment to select the geometric
parameters of the device, so that the color produced by POS is not affected by the background color.Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 11 
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Figure 2. Transmittances of different polarization directions (Parallel to X-axis is 0◦; Perpendicular to
X-axis is 90◦) under the different number of metal strips. (a) Hollow circular hole; (b) one metal strip;
(c) two metal strips; (d) three metal strips. The inset is CIE1931 color space inversion map distribution.

Here, we give the relative electric field intensity distribution diagrams under the case of different
number of metal strips. As shown in Figure 3a–c, when the polarization direction of the relative
electric field is parallel to the X-axis, the charge is mainly concentrated at the sharp angle of the metal
strip. This is due to the fact that the spine of the structure is dominated by the LSP resonance mode.
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When the polarization direction of the relative electric field is perpendicular to the X-axis, the results
show that in addition to a large number of charges accumulated at the sharp corner of the metal strip,
there are also a large number of charges between the metal strip and the metal strip in Figure 3d–f.
It can be seen from the relative electric field distribution diagrams that when the polarization direction
is perpendicular to the metal strip, the space between different metal strips is equivalent to a Fabry
Perot (FP) cavity. Therefore, when the polarization direction is rotated from parallel to perpendicular
to the X-axis, due to the existence of the FP cavity, the resonance modes excited by the metal strip
interact with each other, resulting in the shift of the transmission peak. In other words, the change of
polarization direction change the coupling degree between the metal strips in the FP cavity, resulting
in the shift of transmission peak [7].
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Figure 3. The electric field distribution diagrams in the cases of different number of metal
strips. (a–c) The polarization direction (0◦) of the relative electric field is parallel to the X-axis;
(d–f) The polarization direction (90◦) of the relative electric field is perpendicular to the X-axis.

3.2. The Influence of the Changing between the Different Geometric Parts of the Structure on the Enhanced
Optical Transmission

In order to further explore the influence of the interaction between different geometric parts of the
structure on the EOT, we firstly study the structure of hollow circular hole. As shown in Figure 4(a1),
we change the radius R of a hollow circular hole. It is found that the amplitude of the transmission peak
decreases slightly with the decrease of the area of the hollow circular hole. Obviously, the decrease of
the area of the circular hole leads to the decrease of the incident light participating in the resonant
mode. In addition, we also studied the angle between the incident light and the normal direction of
the material surface. As shown in Figure 4(a2), the results are more obvious when the included angles
is 0, 5, 10, 15, 20, 25, and 30 degrees respectively. The only change is the transmittance, which has no
effect on the position of the transmission peak. In a single circular hole structure, the SPPs resonant
mode plays a major role in EOT effect [26]. In this model, the period P of the structure is the main
geometric parameter to be adjusted. In Figure 4a, the period P does not change, so the transmission
peak of visible light band does not move significantly. In short, the radius of the hollow circle hole and
the angle between the incident light and the normal direction of the material surface only affect the
transmittance, but not the position of the transmission peak. In other words, it only affects the color
saturation of the material surface, and has no obvious influence on the color types.

On the other hand, the length L and width W of the metal strip are changed when the number
of the metal strip is three in Figure 4b. As shown in Figure 4(b1), when the polarization direction is
parallel to or perpendicular to the X-axis, the transmission peak shows a slight red-shift as L increases
from 60 nm to 100 nm. In general, when the length of the metal strip increases, the coupling degree
between the metal strip and the edge of the hollow circular hole increases; at the same time, the length
of the FP cavity increases, resulting in the red-shift of the transmission peak. The difference is that



Appl. Sci. 2020, 10, 5246 6 of 10

when the width increases, the space in the hollow circular hole decreases, which makes the effective
refractive index neff in the hollow hole increase, leading to the red-shift of the transmission peak,
especially when the polarization direction is 90◦. Similarly, when W increases from 10 nm to 30 nm,
the red-shift occurs whatever the polarization direction is 0◦ or 90◦ in Figure 4(b2).
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Figure 4. Transmittance diagram in different situations. (a1) When there is no metal strip in the hollow
hole, the radius R of the hollow hole is changed; (a2) when there is no metal strip in the hollow hole,
angle between incident light and normal direction of material surface; (b1) when the number of the
metal strips is three, the L changes; (b2) when the number of the metal strips is three, the W changes.

3.3. The Influence of the Changing of Metal Strip Material on the Enhanced Optical Transmission

Considering the replaceable of the metal strip, the material types of the strip are changed, including
nickel (Ni) and silicon (Si). It is known from the literature that as a broadband absorption layer,
ultra-thin nickel film can obtain rich structural colors with high saturation and brightness in the visible
light band [29]. Silicon, as a semiconductor material, has high carrier mobility and can promote the
excitation of surface plasmons [30]. Note that the geometric parameters of the structure are consistent
with that of the Al material, only the material of the metal strip is changed. As shown in Figure 5a–c,
the number of Ni metal strips are 1, 2, and 3, respectively. It can be seen from the figure that when
the polarization direction of incident light are 0◦and 90◦, the colors of the material are different from
that of the Al. In addition, through the calculation of Equation (7), it is found that the contrast
ratio of the optical switch is relatively small. It is worth noting that when the strip material is Si in
Figure 5d–f, the brightness of the color presented by the material is relatively high. It is generally
known that the carrier concentration of silicon material is higher than that of the Al and Ni, resulting
in higher transmittance.

In order to study its physical mechanism radically, the distributions of relative electric field
intensity in X-Y plane when the strips material are Ni and Si are given. As shown in Figure 6a–f,
the distributions of relative electric field intensity when the polarization direction of incident light
are 0◦. Obviously, the charges are basically distributed at the sharp corner of the material strip.
In Figure 6(a1–f1), a large amount of electric charge are also accumulated between the material strips.
There is not difference between this material strips and Al material. To date, the number of material
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strips, material and geometric parameters have been studied. In order to understand more intuitively
the influence of these conditions on the representation of color and the size of contrast ratio, all color
modules (in Figure 7a–c), as well as CIE1931 color space inversion map distribution (in Figure 7d) are
given. At the same time, in Tables 1 and 2, the contrast ratio and the working wavelength under each
parameter are given.
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Table 1. The contrast ratio and the working wavelength of different material strips.

Al Ni Si

Number of metal strips 1 2 3 1 2 3 1 2 3

The working wavelength (nm) 411 442 450 413 420 438 404 416 424

The contrast ratio (dB) 8 13.8 20.3 2.6 4.3 6.5 1.5 2.3 2.6

Table 2. The contrast ratio and the working wavelength of different geometric parameter when the
metal strip number is 3.

L W

Size (nm) 60 70 80 90 100 10 15 20 25 30

The working wavelength (nm) 426 428 437 446 453 453 479 502 577 698

The contrast ratio (dB) 9 11.6 15.5 18.3 21.2 21.2 14.3 12.8 8.2 2.7

4. Conclusions

In brief, based on a kind of composite structure with different number of metal strips in the
hollow circular hole, we can adjust the position of the transmission peak within the visible range and
display the corresponding color by rotating the polarization direction of the incident light. At the same
time, an optical switch characterized by color, making use of the shift of transmission peak position,
is constructed, and the contrast ratio of the switch is more than 20 dB. In addition, the geometric
parameters (including length and width) and material strip are studied. The results show that the
contrast is higher when the material strip is Al, and the color brightness is stronger when the material
is Si.

Plasmonic nanostructures with resonant excitations allow the extreme confinement of incident light
within nanoscale space to form an enhanced electromagnetic (EM) field. At the same time, the working
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state of the device can be more intuitively described by the color of the material. The combination of
structure color and device provides a new method for the design of visual plasmonic device, which
enriches the application of metal structure in the field of optical imaging and micro-nano devices.
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