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Abstract: Extraordinary Optical Transmission Plasmonic Color Filters (EOT-PCFs) with nanostruc-
tures have the advantages of consistent color, small size, and excellent color reproduction, making
them a suitable replacement for colorant-based filters. Currently, the color gamut created by plas-
monic filters is limited to the standard red, green, blue (sRGB) color space, which limits their use
in the future. To address this limitation, we propose a surface plasmon resonance (SPR) color filter
scheme, which may provide a RGB-wide color gamut while exceeding the sRGB color space. On the
surface of the aluminum film, a unique nanopattern structure is etched. The nanohole functions as a
coupled grating that matches photon momentum to plasma when exposed to natural light. Metals
and surfaces create surface plasmon resonances as light passes through the metal film. The plasmon
resonance wavelength can be modified by modifying the structural parameters of the nanopattern
to obtain varied transmission spectra. The International Commission on Illumination (CIE 1931)
chromaticity diagram can convert the transmission spectrum into color coordinates and convert the
spectrum into various colors. The color range and saturation can outperform existing color filters.

Keywords: extraordinary optical transmission; plasmonic color filters; red, green, blue color gamut

1. Introduction

A color filter is a common optical device that is used to transmit or reflect light
at a given wavelength in order to show the desired color in the desired manner. Anti-
counterfeiting devices and techniques as well as display and imaging sensor manufacturers
routinely employ color filters in their products [1,2]. When using conventional filters, the
absorption of light with particular wavelengths and the display of particular colors is
accomplished by the use of conventional pigments. Color filters made with traditional
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chemical pigments will lose their effectiveness over time since they cannot tolerate high
temperatures or UV light. Structural color filters have emerged in recent years as an al-
ternative to classic color filters. To produce structural color, natural light interacts with
micro-nanostructures and produces optical phenomena such as diffraction and scatter-
ing [3]. In contrast to chemical pigment, structural color has the advantages of non-fading,
stable color, and environmental protection. These benefits of structural colors make re-
searchers focus on the research of filters based on guided mode resonance [4], surface
plasmon resonance [5,6], Mie resonance [7], or Fabry–Perot resonance. Plasmonic color
filters are capable of achieving high resolutions and color adjustment, which is due to
the smaller pixel sizes and changes in optical appearance of the plasmonic color filters
used in specific applications. Some color filters, based on Fano resonance or Fabry–Perot
cavity resonance, are highly scalable and easy to manufacture. However, their pixel size
is undeniably smaller than a plasmonic color filter, and they have fewer opportunities
to control the optical appearance. Despite this, plasmonic color filters have advantages
in high-resolution applications [4]. In recent years, plasmonic color filters (PCFs) have
received a lot of attention because of the extraordinary optical transmission (EOT) effect
in metallic nanostructures. Plasmon oscillations are generated due to the interaction of
electromagnetic fields and the conduction electrons in metals, and propagate along the
metal surface. Surface plasmon polaritons (SPPs) are propagating surface plasmons that
can bypass the usual diffraction limit and control light propagation at the subwavelength
scale [5]. These SPPs improve light transmission when they are introduced into metal
structures as periodic holes [2]. Localized surface plasmon resonances (LSPRs) can also
play a role in the Extraordinary Optical Transmission (EOT) phenomena [8,9]. An EOT-like
phenomenon is produced by the interaction of SPPs and LSPRs. A variety of factors influ-
ence the behavior of EOT [10,11], such as the form, size, hole arrangement, and dielectric
used. This allows us to create new types of plasmonic nanostructures for controlling light
at the nanoscale.

Experimental studies of the EOT effect in perforated metallic nanostructures have
been conducted by many researchers. For example, Ranjith et al. suggested a plasma
color filter that uses coaxial apertures and shows a single camera with a multispectral
sensor using SPR and other effects [12]. The literature has previously reported the design
of plasmonic color filters with a range of topologies. Ellenbogen et al., for example,
created symmetric two connected slot nanoantennas with high transmission filters over the
visible light spectrum [13]. Still, they could only filter out two types of light. A periodic
subwavelength silver plasmonic color filter was proposed by Duempelmann et al. [14],
but a good transmission was not achieved. Due to the insensitivity to polarization and
incidence angles, a hexagonal array of coaxial aluminum holes was created as a viable
filter [15,16]. Lin et al. [16] reported a high-transmission filter based on a multilayer thin-
film Tamm plasma structure that can maintain the same perceived hue in the visible light
spectrum throughout a wide variety of incidence angles.

Franklin et al. made a plasmonic system with modes that mixed in different directions
between particles next to each other and their mirror counterparts using a large-area,
repeatable, self-assembly method. In general, angle insensitivity is absent in hybridized
modes [17]. Due to the polarization and incidence angle insensitivity, a metal–insulator–
metal (MIM) plasma filter was developed by Liu et al. as a practical filter [18]. Su et al.
produced a tapered aperture annular array made of metallic gold film perforated with
silicon dioxide substrate, which promises an ideal filtering effect when tilted.

Structured colors and the broad color spectrum of RGB provide a great variety of pure
spectral primary colors for practical applications [19]. It can store a more comprehensive
range of color values than either the sRGB or Adobe RGB color spaces. Wide gamut RGB
color spaces, on the other hand, cover 77.6% of the visible colors given by the CIE lab color
spaces, whereas Adobe RGB color spaces only cover 52.1%, and sRGB color spaces just
35.9% [20]. The more intense the color displayed, the greater the saturation value in display
or image, and as the color gamut is more comprehensive, the wider the variety of colors
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represented. This is ideal, since the color filters have high color repetition, saturation, and
purity as well as high contrast in a color filter. Peak intensity, spectral bandwidth, and
full-width half-maximum (FWHM) are usually associated with these properties. Colors will
appear brighter when the transmission intensity is higher. Light transmitted or reflected
through existing plasmonic color filters, on the other hand, has a minimal color spectrum
and saturation. Due to this problem, image quality suffers and restricts the future usage of
plasmonic color filters.

We propose a structure for achieving EOT PCFs by introducing an asymmetric design
in this paper. To the best of our knowledge, an asymmetric structure for broad mode
EOT has never been thoroughly examined. Despite achieving significant transmission
intensities, no attention has been paid to structure size. To put it simply, in order to
obtain high transmission, the designer must increase the size of the hole or cavity, hence
increasing the structure dimensions. In this paper, we provide concepts for achieving EOT
by introducing an asymmetric framework. According to our understanding, asymmetric
structures for broad mode EOT has not been completely explored earlier. This insight can
also help to minimize the device’s size. This discovery can also assist us in achieving a color
RGB gamut that is super wide. Theoretically, we investigated a thin metallic aluminum
(Al) film embedded with an X-shaped structure both symmetrically and asymmetrically
based on the titanium dioxide (TiO2) substrate to obtain these observations. The optical
properties and intensity distribution of the electric field of our proposed structure were
analyzed using three-dimensional finite element methods. An ultra-wide color RGB gamut
is produced via nearfield coupling and excitation of LSPRs, SPPs supported by holes. As
a result of their effect on the charge distribution on metallic surfaces, the positioning and
the intensity of an EOT peak can be customized by changing its structural properties. Our
proposed structure’s highly controllable EOT phenomena can produce an ultra-wide color
RGB gamut in color filtering.

2. Structure and Computational Method

Figure 1 depicts the proposed perforated X-shaped nanostructure design, and the
structure comprises an upper aluminum layer and a titanium dioxide substrate at the
bottom. Both layers are held to a constant thickness of 50 nm. As shown in Figure 1b,
a single unit cell structure consists of an X-shaped nanostructure hole embedded in the
metal thin film with dimensions of L1 and L2 = 190 nm and W1 and W2 = 55 nm, where L1
and L2 represent the length of both cross arms of the X-shaped structure and W1 and W2
represent the width of both cross arms of the X-shaped design. The inclined angle of the
X-shaped nanostructure is fixed at θ = 45◦. Due to periodic boundary conditions, the unit
cell has Px = Py = 350 nm and is repeated along the x- and y-axes. An incident plane wave
is perpendicular to the z-axis in the negative direction. Electric fields are polarized along
the x-axis. The dielectric constant of aluminum is based on the data model of Johnson and
Christy [21]. The medium around the structure is air, and all simulations are done using
the finite element method in COMSOL Multiphysics Software (FEM). The mesh control
method in the simulation is superb, and the mesh chooses free tetrahedral. The maximum
and minimum cell sizes are 20 and 4 nanometers, respectively. Each aperture edge serves as
a diffraction point where p-polarized light is coupled to SPPs whenever the light is incident
onto a periodic aperture array. In the x- and y-directions, the lattice creates roughly the
same amount of momentum as the array’s periodicity. Due to the increased in-plane rate,
light traveling freely along the metal–dielectric barrier is related to the SPP modes. As a
result, the wave vector of the SPP can be expressed as follows [21]:

Kspp =
2π

λ
Sinθ + mGx + nGy (1)
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Figure 1. (a) EOT PCFs X-shaped nanostructure array; (b) a schematic illustration of the X-shaped
structure of a single pixel. The filter’s substrate is TiO2, and an aluminum film is deposited on top
of it.

The incident radiation’s wavelength is λ, the array’s angle of incidence is θ, while m
and n are integers determining the lattice vectors in the x- and y-directions, respectively
with Gx = Gy = 2π

L for a square array. The center peak position in a square lattice of square
nanohole arrays can be calculated as follows [22]:

λmax =
P√

i2 + j2

√
εdεm

εd + εm
(2)

Here, P is the array pitch, while εd, and εm are the dielectric constants of the dielectric
and metal layers, respectively. The integers i and j signify the grating order, respectively.
The position of the formant and the effect of splitting on it can be fine-tuned by changing
the array of square nanoholes.

In order to evaluate the chromaticity of the transmissive spectrum in the 1931 Com-
mission Internationale de L’Eclairage (CIE), the coordinate system values are calculated
from the following expressions:

X = K
∫

R(λ)X(λ)dλ (3)

Y = K
∫

R(λ)Y(λ)dλ (4)

Z = K
∫

R(λ)Z(λ)dλ (5)

where R(λ) is the calculated spectrum and K is the correction factor. Here X, Y, and Z
denote the optical efficiency functions. The following is a formula for calculating the
coordinate, and Figure 2 depicts the RGB, Adobe RGB, and sRGB chromatic gamut:

x =
X

X + Y + Z
(6)

y =
Y

X + Y + Z
(7)
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3. Results and Discussion
3.1. Initial Extraordinary Optical Filter Transmission Plasmonic Color

We studied the transmission spectra for initial EOT PCF, as shown in Figure 3a.
We calculated the transmission spectra of the proposed structure using an X-shaped Al
nanohole structure with W1 and W2 = 55 nm, L1 and L2 = 190 nm, D = 50 nm, and Px and
Py = 350 nm as the initial PCF. At wavelength 518 nm, an enhanced broad transmission
T = 40% was noted. At the air–aluminum interface and the aluminum–titanium dioxide
interface, respectively, transmission mode occurred. When surface plasmon resonance
occurred, there was clear light confinement in the X-shaped nanostructure, as shown in
Figure 3b, and transmission occurred in the visible light region, showing that the proposed
structure is acceptable for the transmittive color filter. SPPs and LSPRs both contributed
to the EOT phenomenon; in the case of similar energy levels, they became transmission
conductive. As a result, LSPRs on metal surfaces [23] and SPPs on the metal surface [24]
can be attributed to EOT occurrences.

The electric field intensity distributions are shown in Figure 3b to understand better
the underlying physical principles. A significant portion of the field intensity was restricted
to the Al structure’s edges and side surfaces, suggesting that LSPRs and SPPs were excited
and linked to the Al film [25,26].

3.2. Influence of the Film Thickness on Extraordinary Optical Transmission Plasmonic Color Filter

To better understand the proposed structure, we investigated the effects of thickness
of the Al film D on transmission response. Figure 4 depicts the suggested structure’s
transmission spectrum with varied D = 50 nm, 75 nm, and 100 nm with fixed W1 and
W2 = 55 nm, L1 and L2 = 190 nm, and P = 350 nm. Metal thickness could thus be employed
to adjust the X-shaped structure’s stability. With increasing D, the transmission peak red
shifted slightly, as shown here when we increased the thickness from 50 nm to 100 nm; a
modest reduction in transmission peak was also observed. When D was increased from
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50 to 100 nm, the transmission peak centered at 518 nm (T = 34%) shifted to 532 nm
(T = 15%). The resonance wavelength ranged between 518 nm and 532 nm. As a result,
SPP resonance and LSPR excitation within the nanoholes may have been responsible for
these resonant peaks. The deep cavity length was increased as D increased, and as a result,
wavelengths were redshifted. The resonant characteristics can be determined from the
equation kh = π(m + 1/2), where k denotes the plasmon wavevector along the z axis,
h denotes the hole height, and the resonance order is m = 0, 1, 2, . . . , . The plasmon
states that satisfy the resonance criterion in the preceding equation strongly couple to
the incident light and have a higher transmission coefficient, resulting in maxima in the
transmission spectrum.
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Furthermore, the resonant cavity is well known to rely on waveguides to facilitate
the propagation of gap plasmon modes [27]. However, the desired application may re-
quire a compromise between stability and transmission. Compared to filters with high
information but poor stability made from thinner metallic layers, thicker ones have bet-
ter communication but lower instability. The thickness of the Al was fixed at 50 nm to
achieve acceptable transmission of the following investigations when examining the other
geometrical parameters.

Regarding the thickness indicated, it is noted that inappropriate experimental settings
and a thinner metallic structure may result in fabrication problems. Regarding topologies
that are easy to lift during fabrication, all recommended topologies were considered to
have a minimum thickness of 50 nm. This is typical for fabricated plasmonic devices,
with thicknesses ranging from 50 nm to 20 nm [28,29]. Plasmonic filters were created
using two linked resonators with a coupling space of 5 nm. Similarly, the guides and
resonators were separated by 5 nm [30]. A plasmonic-based sensor was developed using
metallic structures with shorter distances [31]. Compared to the proposed layouts in this
paper, such designs necessitate a higher level of fabrication precision. According to the
previous study, the recommended structure may have feasible and suitable thicknesses for
the manufacturing process.

3.3. Influence of Width and Length (Symmetric Structure) on Extraordinary Optical Transmission
Plasmonic Color Filter

As shown in Figure 5, we investigated the influence of the widths W1 and W2 and
lengths L1 and L2 of both cross arms of the X-shaped nanostructure on transmission spectra.
In Figure 5, we designed seven EOT PCFs, and we named them F1, F2, F3, F4, F5, F6, and
F7, in which the widths W1 and W2 changed from 55 to 95 nm in 5 nm intervals, and the
lengths L1 and L2 changed from 190 to 250 nm with 10 nm intervals. We increased widths
and lengths symmetrically while the other parameters remained constant (D = 50 nm and
Px and Py = 350 nm). F1 (red curve), F2 (brown curve), F3 (blue curve), F4 (green curve), F5
(cyan curve), F6 (magenta curve), and F7 (black curve) signified these seven EOT PCFs, as
seen in Figure 5a. When W1, W2, and L1, L2 increased from 55 to 95 nm and 190 to 250 nm,
respectively, these seven EOT PCF transmission peaks exhibited a noticeable redshift from
518 nm (F1) to 552 nm (F2), 581 nm (F3), 598 nm (F4), 621 nm (F5), 654 nm (F6), and finally
703 nm (F7) in almost the same intervals of 30 nm. Furthermore, the intensity grew from
T = 34% to T = 65%, while the bandwidth of the transmission peak became broader. The
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resonant interaction of LSPRs and SPPs is strongly connected to these occurrences in our
proposed structure.
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chromaticity diagram of CIE 1931 showing color change when length and width of the X-shaped
nanostructure changed symmetrically.

The X-shaped structure’s width and length were adjusted to provide a wide range
of color gamuts. Then, as illustrated in Figure 5b, the chromaticity diagram coordinates
were calculated from the obtained transmission spectrum, and then the color change on the
chromaticity diagram CIE 1931 were observed.

Figure 6 shows the electric field intensity distributions of seven EOT PCFs with varied
W1, W2, and L1, L2 at the corresponding center wavelengths. In addition, the near-field
interaction between the LSPR and SPPs on the Al film side surfaces may be related to the X-
shaped nanostructure on its left and right edges. LSP and SPPs in the up and down hollow
holes also exhibited weak interactions because of the weak electric field. The field intensity
was restricted at two sides of the structure when W1, W2, and L1, L2 increased, as shown in
Figure 6, implying that the transmission peak in Figure 6 was redshifted due to more robust
LSPRs in more robust localized waveguide resonances seen in Figure 5a. Exciting EOT in
our proposed structure would be aided by LSPRs and SPPs: Excitation and Interaction.
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Exciting waveguide resonances have also influenced EOT in hollow cavities [32]. LSPR
resonances cause the hole shift and localized waveguide resonances as length and width
vary, consistent with our transmission calculation results.
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Figure 6. Electric field distribution for 7 EOT PCFs at wavelengths 518 nm (a), 552 nm (b), 581 nm (c),
598 nm (d), 621 nm (e), 654 nm (f), and 703 nm (g) by changing the width W1, W2 from 55 to 95 nm
and length L1, L2 from 190 to 250 symmetrically.

3.4. Influence of Asymmetric Structure on Extraordinary Optical Transmission Plasmonic
Color Filter

We looked into a defect in the X-shaped nanostructure. We increased the W1 of
all seven EOT PCFs (F1, F2, F3, F4, F5, F6, and F7), as seen in Figure 5, and we added
defects and named it the asymmetric X-shaped nanostructure. Schematic illustration and
calculated transmission spectra of the defective structure are shown in Figures 7 and 8.
In F1, we increased W1 from 55 to 85 nm with a 10 nm interval, and d1 represented the
defect. W1 rose from 60 to 90 nm in F2, which d2 represented. W1 increased from 65 to
95 nm in F3, 70 to 100 nm in F4, 85 to 105 nm in F5, 90 to 110 nm in F6, and 95 to 115 nm
in F7. We compared d1 to F1, d2 to F2, d3 to F3, d4 to F4, d5 to F5, d6 to F6, and d7
to F7 in Figure 8a–g. With increasing W1, the transmission peak blue shifted noticeably,
accompanied by a modest rise in the transmission peak’s strength. Table 1 shows the
wavelength and transmission intensities of all the heights achieved in Figure 8a–g. LSPRs
explain the proposed shaped nanoholes and SPPs in Al films. Furthermore, increasing W1
reduced the confinement of LSPRs in nanoholes, and the SPP wavelength was lowered in a
single wavelength of excitation.
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Table 1. Asymmetric structure.

Seven Extraordinary Optical
Transmission Plasmonic Color Filter

Wavelength Shifts in Defects
(d1–d7) Transmission

F1 = 518 nm, T = 34%
d1 = 502 nm
d1 = 488 nm
d1 = 474 nm

36%
38%
40%

F2 = 552 nm, T = 38%
d2 = 525 nm
d2 = 519 nm
d2 = 503 nm

41%
44%
46%

F3 = 581 nm, T = 44%
d3 = 555 nm
d3 = 547 nm
d3 = 543 nm

48%
50%
52%

F4 = 598 nm, T = 50%
d4 = 571 nm
d4 = 560 nm
d4 = 542 nm

55%
58%
60%

F5 = 621 nm, T = 56%
d5 = 599 nm
d5 = 587 nm
d5 = 575 nm

61%
63%
65%

F6 = 654 nm, T = 62%
d6 = 635 nm
d6 = 625 nm
d6 = 616 nm

64%
66%
68%

F7 = 703 nm, T = 66%
d7 = 686 nm
d7 = 670 nm
d7 = 657 nm

66%
67%
69%

The predicted electric field distribution defective (asymmetric) structure that we
achieved in Figure 8a–g is depicted in Figures 9–15. In Figures 9–15, the Al nanostructure
is characterized by a strong electric field around its edges, centered around a relatively
low electric field. Therefore, the length of the hole has a significant impact on EOT. In
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certain phases of the hole, dispersion of SPPs is required. Increased W1 reduces the
confinement of LSPRs in nanoholes, lowering the wavelength of SPPs in one particular
excitation wavelength. Excited waveguide resonances have also influenced EOT in hollow
cavities. When the width of the X-shaped nanostructure is changed, a localized waveguide
resonance and the resonant frequency of LSPRs are excited in the hole, correlating with our
transmission calculation results to produce higher transmission.
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Figure 8. Calculated transmission spectra defective (asymmetric) structure by changing the width
W1 of 7 EOT PCFs and representing the defect by d1, d2, d3, d4, d5, d6, and d7. (a) F1 compared with
d1, (b) F2 compared with d2, (c) F3 compared with d3, (d) F4 compared with d4, (e) F5 compared
with d5, (f) F6 compared with d6, and (g) F7 compared with d7.
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Figure 15. Electric field distribution at wavelengths 703 nm (a), 686 nm (b), 670 nm (c), and 657 nm (d)
for defective structure for d7.

A color gamut that covers a broad spectrum was obtained by changing the width W1
of the X-shaped nanostructure. The resulting transmission spectrum was computed to
obtain the chromaticity diagram coordinates, as shown in Figure 16a–g.

Table 2 compares the results of our proposed structure to recently proposed similar
structures in the literature. Our results show the broad spectrum RGB, which provides
a great variety of pure spectral primary colors. To determine the RGB color from our
proposed structure, we used the best scenarios for RGB colors, specifically 474 nm, T = 40%
from d1, and the structural parameters for blue were W1 = 85 nm, W2 = 55 nm, L1 = 190 nm,
L2 = 190 nm, 525 nm, and T = 41% from d2; for pure green the parameter is W1 = 70 nm,
W2 = 60 nm, L1 and L2 = 210 nm, and 684 nm T = 66% from d7; for deep red, structural
parameters are as follows: W1 = 115 nm, W2 = 95 nm, L1 and L2 = 250 nm, as shown in
Figure 17a. The CIE 1931 chromaticity diagram depicts the spectrum data generated via
simulation, and is shown in Figure 17b, to visualize the filter-induced changes to colors.
The illustration demonstrates that the system we developed can provide red, green, and
blue filtration. The black triangle represents the primary red, green, and blue color scheme
(RGB). The RGB color space is the most extensively used color system in the world.

Table 2. Comparison with other recently reported plasmonic color filters.

References Structure Type Material Color Gamut

[32] Square array Aluminum sRGB

[33] Circular array Multilayer zinc sulphide and silver sRGB

[34] Square array Silicon nitride sRGB

[35] Circular array Aluminum and indium tin oxide sRGB

[36] Cross shaped with four
rectangular edges Silver and silicon dioxide sRGB

[37] Bowtie structure Silver and silicon dioxide sRGB

This study X-shaped nanostructure Aluminum and titanium dioxide RGB
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Figure 17. (a) Transmission spectrum of the structures that correspond to W1 = 85 nm, W2 = 55 nm,
L1 = 190 nm, and L2 = 190 nm; the green-related structural parameters W1 = 70 nm, W2 = 60 nm, L1
and L2 = 210 nm; structures with red spectral lines in their structural characteristics W1 = 115 nm,
W2 = 95 nm, L1 and L2 = 250 nm. (b) The CIE 1931 chromaticity diagram shows the color coordinates.

4. Conclusions

This work proposed and investigated an Extraordinary Optical Transmission Plas-
monic Color Filter using an X-shaped etched structure on an aluminum film based on
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surface plasmon resonance. According to the experimental results, the design of the
nanopattern and the aluminum layer’s thickness can modify the metal’s plasmon res-
onance. The experimental results reveal that changing the structural properties of the
nanopattern and the aluminum film thickness can affect the resonance of plasmons on
metal surfaces. The proposed color filter is designed to go beyond sRGB color spaces and
can produce a wider RGB color gamut than existing surface plasmon filters. The proposed
filter can deliver rich color filters with surface plasmon resonance and better picture quality
than current color filters. The color range is more comprehensive, and the saturation levels
are higher than current color filters. Therefore, the proposed filter may have applications in
optical imaging, CMOS sensors, and photodetection.
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