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We designed and analyzed an ingenious Si—SiO,-Si dielectric metasurface to obtain structural coloriza-
tion harnessing the contrast between the refractive indices of dielectrics. Though a few Si-based dielec-
tric metasurfaces were reported, the performances of these metasurfaces were poor. We analyzed the
optical properties of the dielectric metasurface employing the finite-difference time-domain (FDTD)
technique. Electric field distributions revealed our proposed dielectric metasurface reflected light for a
particular polarized light due to the strong light—matter interactions and the asymmetric nature of the
structure. We adopted structural parameters by utilizing a parametric sweep method. Our proposed
structure can tune a high color difference by varying polarization angles. We achieved a high color
difference of ~68 for the TE-polarized plane wave with negligible optical loss. Amazingly, our proposed
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dielectric metasurface structure exhibited a color difference of ~20 for a high angular tolerance of 60°.
Our proposed dielectric metasurface structure can benefit diverse applications such as hyperspectral
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1 Introduction

Photonic devices comprising plasmonic materials and dielec-
trics are the key components and building blocks of color
filters,"™ antennas,” waveguides,”” modulators,® polarizers,’
absorbers'® and detectors’ for diverse applications, from
producing sustainable energy to hyperspectral imaging.'%*>
The interaction between abundant plasmons in plasmonic
materials and the electric field of light causes the excitation
of surface plasmon resonances, leading to strong optical
responses in the visible and near-infrared wavelength
regimes.'> However, these materials have several limitations,
such as optical losses, high cost, complementary metal-oxide
semiconductor incompatibility, and a lack of adaptivity post-
fabrication. On the other hand, dielectric materials can play a
vital role in assuaging these limitations and exhibit strong
optical responses in the visible wavelength regime. Addition-
ally, devices using dielectric materials provide unique optical
properties, which are conducive to the design of structural
colorization. Color filters are indispensable elements in diverse
photonic applications, such as displays,'® image sensors,""
decorative solar panels,'” and light-emitting diodes.'® Conven-
tional color filters utilize colorant pigments, which rely on light
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imaging, color filtering, and anti-counterfeiting applications.

absorption to generate a desired color.'® Such light-absorbing
characteristics of conventional color filters cause the resulting
colors to have low efficiency. A novel color filter can be
designed by harnessing the dielectric material’s reflectance
and plasmonic properties.

Recently, structural coloration has attracted researchers’
interest. High-index dielectrics to obtain vivid coloration were
adopted.” Meanwhile, the the scattering of nanostructures
relies on the refractive index of the structure. Various dielec-
trics, such as silicon (Si)," silicon nitride (SiN),*° silicon nitride
(SizNy), lithium titanate (LTO),>' and hafnium oxide (HfO,),**
were reported to harness their high refractive index for design-
ing structural color filters. Amidst them, Si is the most abun-
dant and fabrication-friendly material to employ as a dielectric
resonator for structural colorization. Previously, researchers
studied several Si-based nanostructures, such as grating struc-
tures, ring structures,”® nanoparticles,>* nanopillars,> spherical
structures,”® nanodisks,?” and cross-structures,® experimentally
and numerically for structural colorization applications. Gao et al.
studied a 1D grating structure of Si on a SiO, substrate layer;'
however, the color difference was poor for the proposed structure.
Lee et al.”® and Park et al*® reported rectangular and nanodisk-
shaped hydrogenated amorphous silicon metasurface structures to
generate vivid colorization. However, the metasurface structure
covered a small wavelength region of the visible range. Li et al.
proposed a Si-based nanopillar structure where the operating
wavelength was a limiting factor.”® Therefore, a huge scope exists
for designing Si-based fabrication-friendly nanostructures with
enhanced performance parameters for coloration. Our study will
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open the way for designing Si-based dielectric metasurfaces, which
will benefit imaging,'* filtering,’ and anti-counterfeiting®*
applications.

In this study, we proposed an ingenious Si-SiO,-Si grating
metasurface and studied the optical characteristics of the
dielectric metasurface employing the FDTD method. We adopted
the structural parameters of the dielectric metasurface by utilizing
the parametric sweep. The electric field profile revealed our
proposed metasurface reflected light for a particular polarized
light due to the strong light-matter interactions. We studied the
impact of structural parameters of Si and SiO, on color palettes for
our proposed dielectric metasurface. In addition, we analyzed the
chromaticity diagram of the metasurface and examined the vivid
colorization of different images. Furthermore, the performance
parameters, such as color difference and optical loss, were calcu-
lated for our proposed dielectric metasurface. We investigated the
impact of polarization and incident angles on the reflectance
spectra and color difference for our proposed dielectric metasur-
face structure. An extensive comparative performance analysis was
conducted between our proposed dielectric metasurface and pre-
viously reported metasurfaces.

2 Structure design and methodology

Si optoelectronics has the advantages of advanced fabrication
techniques, facilities, and abundance; however, the optical
performance of the planar Si structure is poor. Hence, various
Si nanostructures comprising different materials were utilized
for increased optical performance.'® Here, we designed an
ingenious Si incorporated dielectric metasurface to harness
the high refractive index and build a filtering mechanism of
light in the visible wavelength. The interference between Si-air
and Si-SiO, provided a significant contrast in refractive index.

(@) E

M Si
SiO:

Fig. 1
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Fig. 1(a) delineates the schematic illustration of our proposed
Si-SiO, dielectric metasurface. We used SiO, as a spacer and
substrate layer for our study to obtain low lattice mismatch and
high efficiency. We adopted the complex refractive indices of Si
and SiO, from Palik®® (see Section S1 of the ESIt for details).
The grating structure was prepared using vertically arranged
subwavelength Si-SiO,-Si triple layers, where we considered air
(1, = 1) as the surrounding media in our study. This triple-layer
grating structure offered improved results compared to the Si
grating structure (see Section S2 of the ESIt for details). We
discussed the suggested fabrication process in a later section.
We define the duty cycle, f, of our proposed structure as

=2 o)

Here, W and P denote the width and period of the grating.
The W and P of the grating were set to be 100 and 260 nm.
We adopted the thicknesses of Si, fs; and SiO,, tsi0, to be 50 and
95 nm, respectively. All parameters were selected by conducting
a parametric sweep in the Lumerical FDTD module (see Section S3
of the ESIt for details).

We performed the optical performance analysis of our pro-
posed dielectric metasurface employing the two-dimensional
(2D) FDTD technique (Ansys Lumerical). Our proposed grating
dielectric metasurface structure was periodic in the x-direction
and infinitely long in the y-direction; thus, we adopted a 2D
FDTD numerical study to minimize the computational space
and time. Moreover, we employed the periodic boundary con-
dition in the x-direction with 12 perfectly matched layer (PML)
boundary conditions in the z-direction so that the reflectance
and transmittance lights from the simulation region were
absorbed efficiently. The auto-shutoff level was set to be 107°.
A continuous wave (CW) plane wave with a wavelength of
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(@) Schematic illustration of the proposed dielectric metasurface color filter structure comprising Si-SiO,—-Si grating. Here, the structural

parameters are P = 260 nm, W = 100 nm, t5; = 50 nm and tsio, = 95 nm. A CW-normalized plane wave was employed on the metasurface along the
z-direction. ¢ and 0 denote the incident light's polarization and incidence angles, respectively. The inset shows the zoomed side view of the Si—SiO,-Si
grating structure. (b) Illustration of the proposed dielectric metasurface structure’s simulation setup.
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380-780 nm was incident on the structure along the z-direction.
We utilized transverse magnetic (TM) (¢ = 0°) and transverse
electric (TE) (¢ = 90°)-polarized plane waves. Here, ¢ is the
polarization angle.

Two frequency-domain fields and power monitors were
positioned at the top of the light source and beneath the
proposed structure to enumerate the reflectance, R(1), and
transmittance, 7(1). The simulation setup is illustrated in
Fig. 1(b). R(4) and T(4) were calculate as follows:

mm:ﬁ&} 2)
and
T() = I; T((j)) : 3)

We calculated the absorptance, A(Z), of our proposed
structure by

A(A) =1 — R(2) — T(A). @)

Here, Pi(4), Pr(4), and Pi(4) are the reflected, transmitted,
and incident power, respectively. The temperature of the simu-
lation environment was set to be 300 K. We created a bench-

View Article Online

Paper

diagram to estimate the reflected color from our proposed
dielectric metasurface structure. Here, we employed the
CIE DE2000 color difference formulas to evaluate the color
difference.

3 Results and discussion

Our proposed dielectric metasurface structure, which worked
as a color filter in reflection geometry, had polarization tun-
ability, as shown in Fig. 2. Fig. 2(a)—(c) illustrate the reflectance,
transmittance, and absorbance spectra of the proposed color
filter within the visible wavelengths (380-780 nm) of light. To
determine the polarization angle dependency of the filter, these
parameters were computed using a light source with polariza-
tion angles (¢) ranging from 0° to 90°, where a difference of 10°
was considered between any two successive polarization angles.

The reflectance or transmittance of any linearly polarized
light can be characterized as the combination of the reflectance
of transmittance for two polarizations that are perpendicular to
each other. Therefore, the reflectance and transmittance for
any polarization angle for this device can be expressed as
follows:'>*

— 2 e 2
mark of our simulation compared with the previously reported Ry(%) = Ro(2)eos g + Roo:(4)sin"e (5)
experimental and numerical works (see Section S4 of the ESIT and
for details). Additionally, we investigated the chromaticity chart . 2 s
using the CIE (Commission Internationale de I'Eclairage) 1931 Tol4) = Tor(A)eos™e + Too:(Asin"p. ©)
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(a) Reflectance, (b) transmittance, and (c) absorbance spectra of the dielectric metasurface color filter for different polarization angles. (d) CIE

1931 chromaticity diagram of the reflectance spectra for different polarization angles. The asterisk denotes the reflected colors of our proposed dielectric
metasurface. We observed a wide range of colors from blue to yellow by changing the polarization angle. (e) The logo of Bangladesh University of
Engineering and Technology (BUET) under the reflected light of the dielectric metasurface at various polarization angles.
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Ry and Ty represent the reflectance and transmittance at
@ = 0°. Rgp- and Tyo- depict the reflectance and transmittance
for the light with ¢ = 90°. We theoretically calculated the
reflectance spectrum by utilizing eqn (5) for ¢ = 40°, exhibiting
the same result, obtained from numerical analysis (see Section
S5 of the ESIt). We considered the reflectance of incident light
at various polarization angles to create a wide range of colors.
Fig. 2(a) illustrates that there was a shift towards longer
wavelengths (redshift) in the peak of the reflectance spectra
when the ¢ was changed from 0° to 90°. Moreover, a broader
effect of the reflectance spectra was noted. These characteris-
tics of the reflectance spectra can be easily understood by the
electric field distribution and will be addressed in subsequent
discussions. A wide bandwidth peak in the reflectance spectra
was obtained due to the addition of multiple electric modes,
as our proposed metasurface structure exhibited domination
for the electric fields, as shown in Fig. 3. The chromaticity
coordinates were determined using these reflectance spectra
corresponding to various ¢. Subsequently, the chromaticity
coordinates were plotted on the CIE 1931 chromaticity dia-
gram, which provides quantitative relationships between wave-
length distributions in the electromagnetic visible spectrum
and physiologically experienced colors in human color vision,
as depicted in Fig. 2(d). This chromaticity diagram displays a
smooth gradient of colors ranging from blue to yellow, corres-
ponding to ¢ from 0° to 90°. These generated reflected colors
are illustrated in Fig. 2(e) as the logo color of Bangladesh
University of Engineering and Technology (BUET). The spectra
can be transformed into three standard tristimulus values X, Y,
and Z by adopting the standard color-matching functions ¥, y,
and Z of the standard observers. The tristimulus values X, Y,

@ A=421 nm

@), ®),

@A=512nm
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and Z can be calculated by using the following equations:

700

X =" EQ)R(A)%(2)AL, )
400
700

Y =" E(Q)R(A)F(A)AL, (8)
400

and

700

Z =" E()R(AZ(A)AL (9)
400

Here, E and R represent the radiation of the light source and
reflection coefficient, respectively. The chromaticity coordi-
nates of the CIE diagram can be determined from the tristimu-
lus values using the following equations:

X

x=— 10
TXrr+z (10)
Y
= 11
T TXrr+z (11)
and
z
=— 12
TXyvr+z (12)

For the 2D CIE 1931 chromaticity diagram, the x and y
are relatively red and green coordinates whereas the z is
unnecessary.

(C)“ @ A =606 nm
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-130  -65 0 65
x (nm)

Fig. 3 The xz-view of the spatial electric field (|E|?) distributions at the wavelengths of 421, 512, and 606 nm for (a)—(c) ¢ = 0° and (d)—(f) ¢ = 90°. The
white dotted lines denote the proposed dielectric metasurface structure.
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The electric field (|E|*) distributions of our proposed struc-
ture in the xz plane are illustrated in Fig. 3(a)—(c) for ¢ = 0° and
in Fig. 3(d)-(f) for ¢ = 90°, where we considered the wavelengths
of 421 nm, 512 nm, and 606 nm. At the wavelength of 421 nm, it
is obvious that a significant amount of incident light was
reflected, and a smaller amount was absorbed by the Si and
SiO, layer for ¢ = 0°. Meanwhile, a significant absorption was
observed at the first interface of Si and SiO, when ¢ was set to
90°. In contrast, the second interface absorbed a minimal
amount of light due to the lack of transmitted light from the
first interface (see Section S6 of the ESIT for details). For the
wavelengths of 512 nm and 606 nm, enormous amounts of
transmission and reflection were observed for ¢ = 0° and ¢ =
90° respectively. The aforementioned characteristics of reflec-
tance, transmittance, and absorbance of Fig. 2(a)-(c) can be
easily comprehended from the electric field (|E|?) distributions.

3.1 Effect of the thickness of the Si layer

The characteristics of our proposed polarization tunable color
filter were analyzed by changing the thickness of the Si layer.
The tg; was varied from 10 to 100 nm with a difference of 10 nm
between two successive thicknesses, while the thickness of
the SiO, layer, ts5i0, = 95 nm, was kept constant. Moreover, to
maintain a uniform duty cycle, the width of the grating layer, W,
was also kept constant. The reflectance spectra for both polar-
ization ¢ = 0° and ¢ = 90° are illustrated in Fig. 4. A redshift of
resonance wavelength of the reflectance spectra was observed
with the change of t5; for both polarization angles. This
characteristic can be more rigorously understandable from
Fig. 5(a)-(d) where the reflectance spectra are illustrated
for four different ¢ of 0° 30° 60°, and 90°. A redshift and
the broadening phenomena of the reflectance spectra were
observed with the change of tg5;.. The combination of these
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Fig. 4 Reflectance spectra of the dielectric metasurface structure for
different ts; values at (a) ¢ = 0° and (b) ¢ = 90°. Other structural parameters
were kept constant.
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two phenomena generated an extensive spectrum of color
variations, as illustrated in Fig. 5(e)-(h).

These CIE chromaticity diagrams corresponding to different
polarization angles were determined from the reflectance spec-
tra. The asterisk sign denotes the chromaticity coordinates for
different ¢s; values. To analyze the chromaticity coordinates for
various ¢ values, we divided the reflectance spectra into two
separate regions: I and II. According to the findings shown in
Fig. 5(a)-(d), it is obvious that the intensity of region I reduced
when the ¢ was rotated from 0° to 90°. In contrast, an increase
in the intensity of region II was noted. Moreover, the red shift
and broadening effect phenomena were observed for regions I
and II. Consequently, some of the chromaticity coordinates
experienced a shift from the bluish to reddish and yellowish
region when the polarization angle was rotated. Fig. 5(i) depicts
a 2D array of colors that demonstrates how the color changes
with variations in the ¢s; as well as the ¢. The colors were picked
from the CIE chromaticity diagram based on their appropriate
¢@. When the ¢ was rotated, a pronounced color shift was seen
throughout the Si layer thickness range of 20 nm to 90 nm. The
variation in color with the ¢ was somewhat lower for Si layers
with thicknesses, tg;, of 10 nm and 100 nm compared to the
others. To evaluate the color differences due to the change in
the ¢, we considered the CIE DE2000 formula.>® The color
difference between two sets Lj,a},bj, and L3, a3,b5 in the
CIELAB space can be determined using the following equations
(see Section S7 of the ESIf for details):*>

12 Kk Lk Pk ok Lk
AEy :AEOO( 14y 17L27a27b2)

AL'N? [ AC'\? [ AH'\? AC'\? [ AH'\?
- R .
(kLSL) +(kCSC) +(kHSH) * T(kCSC) +(kHSH)

(13)

The color difference corresponds to the 2D array of Fig. 5(i)
listed in Table 1. We have found a color difference of 68.04 for
our proposed dielectric metasurface when the ¢ was rotated
from 0° to 90°. A maximum color difference of 88.92 was found
for the Si layer thickness of 80 nm. As we mentioned the color
variation for tg; of 10 and 100 nm was lower which can
be rigorously observed from this table. Color differences of
15.06 and 15.27 were found for the tg5; of 10 and 100 nm,
respectively.

A reference maple leaf and a 2D array of maple leaves are
illustrated in Fig. 6(a) and (b), respectively.

The color of each leaf was determined by multiplying the
reflected color from the structure with the color of the reference
maple leaf. The reflected colors were taken from the two-
dimensional color array depicted in Fig. 5(i). A wide range of
color variations, including shades of green, red, yellow, black,
and brown, were observed in maple leaves in terms of the
reference color of the leaf.

3.2 Effect of the grating width

The proposed reflective color filter was a one-dimensional
periodic dielectric grating structure that was composed of a

Mater. Adv,, 2024, 5, 7455-7466 | 7459
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Fig. 5 Reflectance spectra of the dielectric metasurface structure for changing ts; at ¢ values of (a) 0°, (b) 30°, (c) 60°, and (d) 90°. Other structural
parameters were kept constant. The CIE 1931 chromaticity diagram of the dielectric metasurface structure for varying ts; values at ¢ values of (e) 0°,
(f) 30°, (g) 60°, and (h) 90°. The asterisks denote the color of the reflected light from the proposed dielectric metasurface structure for different ts; values.
(i) The color palette of the dielectric metasurface for varying ¢ and ts; values.

Table1l Calculated color difference of the dielectric metasurface structure for different ¢ and ts; values. We calculated the color difference using the CIE
DE2000 formula

tsi (nm)

10 20 30 40 50 60 70 80 90 100
@ =0° 0 0 0 0 0 0 0 0 0 0
» =30° 7.07 21.70 25.37 24.20 25.11 24.90 18.97 11.82 5.11 2.93
@ = 60° 12.91 45.49 46.95 43.24 59.74 71.50 49.98 77.44 21.27 10.34
» =90° 15.06 50.91 52.70 48.52 68.04 85.50 62.72 88.92 42.08 15.27

stack of Si-SiO,-Si layers. We investigated the performance of
our proposed dielectric grating-based metasurface by changing
the width of the grating layers, W, as well as the polarization
angle, ¢. We considered a wide range of W from 20 nm to
200 nm in this regard. However, the length of the period, P, was
kept constant at 260 nm. The ¢ was incrementally rotated from
0° to 90° with a step of 10° for each width of the grating layers.
Fig. 7(a) illustrates a two-dimensional array of colors, with the
horizontal axis representing the width of the grating layers and

7460

| Mater. Adv., 2024, 5, 7455-7466

the vertical axis representing the polarization angle. The colors
were picked from the corresponding CIE chromaticity diagram.
The polarization angle tunability characteristic was observed
for W ranging from 80 nm to 160 nm, resulting in a continuous
color palette ranging from blue to yellow. In contrast, this
polarization angle tunability characteristic was not found for
the other grating widths. Our proposed structure with 100 nm
provided a continuous color palette, though a little change
(~=+10 nm) in grating width would not significantly impact its

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) The colorization of a maple leaf during the fall season, which was taken as a reference. (b) Maple leaf under the reflected light of the dielectric

metasurface structure for varying ¢ and ts; values. Here, we generated the color palette by multiplying the reflected light of the dielectric metasurface

structure with the maple leaf color during the fall season.
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Fig. 7 (a) A color palette of our proposed structure for varying W and ¢.
We adopted a range of W from 20 to 200 nm. Here, we rotated the ¢ from
0° to 90°. (b) A color palette of our proposed dielectric metasurface
structure for varying P and ¢. We adopted a range of P from 100 to
300 nm. Here, we rotated the ¢ from 0° to 90°.

performance, implying the fabrication of the proposed color
filter is feasible (see Section S8 of the ESIY).

3.3 Effect of periodicity

As our proposed color filter was periodic in one dimension (x-
direction), the periodicity of this structure was an important
factor to consider in achieving the required performance.
A study was conducted to explore the color filtering performance

© 2024 The Author(s). Published by the Royal Society of Chemistry

by varying the periodicity of our dielectric grating structure, P, as
well as the polarization angle, ¢. In this regard, we have con-
sidered a constant width of the grating layers, W. Since the W was
100 nm, we varied the P from 100 to 300 nm with an increment of
20 nm. We explored the characteristics of the polarization angle
tunability for each period length by systematically varying the ¢
from 0° to 90° with a step size of 10°. Fig. 7(b) depicts a 2D array of
colors, where the horizontal axis represents P and the vertical axis
represents ¢. The colors were selected from the corresponding
CIE chromaticity diagram. The absence of polarization tunability
was observed at P values of 100 nm and 120 nm when the ¢ was
rotated. The polarization tunability characteristic was exhibited by
the structure from the P of 140 nm. However, the range of color
was found to be lower for P values of 140 nm and 160 nm. Within
the periodicity range of 180 nm to 300 nm, a continuous palette of
color ranging from blue to yellow was observed with the change of
the ¢.

3.4 Effect of the incidence angle

The property of incidence angle tolerability of our proposed
dielectric metasurface can be explained by the relative reso-
nance wavelength shifting of reflectance spectra. Let 1, be the
resonance wavelength under normal incidence and A/ repre-
sent the shift in resonance wavelength caused by oblique
incidence. In this case, we can define the relative shift in
resonance wavelength as follows:

AL

/Irel = /10 .

(14)

Here, we investigated the impact of the incidence angle, 0,
ranging from 0° to 60° with an increment of 15° for different
thicknesses of the Si layer, ¢s;, of our proposed dielectric grating
metasurface. We conducted this investigation for ¢ values of 0°
and 90°. Fig. 8(a) and (b) illustrate the reflectance spectra for
different t5; with varying 6 for the ¢ values of 0° and 90°,
respectively. In this case, we considered the s ranging from
25 nm to 100 nm with an increment of 25 nm. For the ¢ of 0°,
we found the maximum relative resonance wavelength shifting
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Fig. 8 Reflectance spectra of our proposed dielectric metasurface struct

Incidence angle, 6

ure for different ts; and 6 at ¢ values of (a) 0° and (b) 90°. Here, we varied ts;

from 25 to 100 nm and 0 from 0° to 60°. The CIE chromaticity diagram of our proposed structure at ¢ values of (c) 0° and (d) 90°, respectively, where the

chromaticity coordinates are denoted by asterisks sign and determined by

the reflectance spectra of (a) and (b). The arrow sign indicates the shift of the

chromaticity coordinates with the 0 for different ts;. (€) A 2D array of maple leaves where the maple leaves are divided into two halves. The maple leaf's left

of 10% for the 75 nm of Si layer thickness at the 6 of 60°.
However, the reflectance spectra exhibited a high degree of
similarity when the incidence angles were varied for a specific
thickness of the Si layer. As a result, we found that the colors
produced by these reflections of the proposed color filter were
quite similar. The corresponding chromaticity coordinates were
calculated by these reflectance spectra and plotted in the CIE
diagram, illustrated in Fig. 8(c). The chromaticity coordinates
are denoted by the asterisk sign, whereas the arrow sign
indicates the shift of the chromaticity coordinates with the 6
for different ts;. From this CIE diagram, it is obvious that the
variation of the color with the change of 6 is negligible for all
the dielectric grating structures based on different ¢5. An
obvious understanding regarding this can be obtained from
Table 2, where the color differences were calculated using the
CIE DE2000 formula. When the ¢ was 0°, the maximum color
difference was 26.33 at a 0 of 60° for 75 nm of ¢g;.

For the ¢ of 90° and the ¢s; of 25 nm, the reflectance spectra
exhibited a fluctuation when the angle of the incidence was
varied. In this case, we found the relative resonance wavelength

7462 | Mater. Adv, 2024, 5, 7455-7466

and right halves represent the color for ¢ values of 0° and 90°, respectively, with varying 0 and ts;. The x-axis and y-axis indicate the incidence angle, 0,

and the thickness of the Si layer, ts;, respectively.

shifting of 18.24% and 19.19% for the 6 of 45° and 60°,
respectively. Moreover, the shape of the reflectance spectra
was not similar for these angles of incidence. Moreover, the
electric field distribution corroborated this phenomenon (see
Section S9 of the ESIt for details). As a result, for the grating
structure with 25 nm of tg;, a notable fluctuation of color was
observed in the CIE chromaticity diagram, illustrated in
Fig. 8(d). Moreover, this phenomenon can be observed in
Table 2 where significant color differences were observed for
25 nm of tg; at the incidence angle, 0, of 45° and 60° which were
27.42 and 42.49, respectively. However, for other grating struc-
tures with tg values of 50 nm, 75 nm, and 100 nm, the
reflectance spectra exhibited the same patterns when 6 was
varied. As a result, negligible variations of the color with
different incidence angles were observed, which are presented
in Fig. 8(d) and Table 2. Fig. 8(e) illustrates a 2D array of maple
leaves where the maple leaves are divided into two halves. The
left and right half of the maple leaf represent the color for ¢
values of 0° and 90°, respectively, with varying 0 and tg;. The
x- and y-axes indicate the incidence angle and the thickness of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Calculated color difference with respect to 0 = 0° for different ts;
and 0 at ¢ values of 0° and 90°

@ =0° » =90°
tsi (nm) 25 50 75 100 25 50 75 100
0=0° 0 0 0 0 0 0 0 0
0 =15° 2.69 2.27 1.59 1.58 2.14 2.04 0.61 0.73
0 = 30° 9.57 8.13 6.21 5.94 9.03 771 1.95 2.46
0 = 45° 17.42 14.87 13.71 11.96 27.42 15.15 2.53 3.99
0 = 60° 20.48 17.83 26.33 18.22 42.49 21.65 2.04 5.66

the Si layer, respectively. The colors of these maple leaves were
picked from the CIE chromaticity diagram of Fig. 8(c) and (d).
This 2D array also clearly interprets the phenomenon we
mentioned earlier. All grating structures have shown remark-
able performance for oblique incidence of light source except
for the grating structure with a ¢s; of 25 nm for a ¢ of 90° and a
tsi of 75 nm for a ¢ of 0°.

The reflectance spectra for different incidence angles men-
tioned earlier can be more understandable from Fig. 9. Here,
Fig. 9(a)-(d) and (e)-(h) illustrate the reflectance spectra with
varying 0 as well as ¢s; values of our proposed grating structure
for ¢ values of 0° and 90°, respectively. In this case, ¢s; increases
from 25 to 100 nm, and the 0 increases from 0° to 60°. It is
obvious that, with the change in the 6, the valleys of the
reflectance were similar. However, the intensity of these reflec-
tance spectra exhibited decreasing phenomena when the 0 was
increased above 45°. Moreover, the slight shifting of the reso-
nance wavelength was also observed from these reflectance
spectra. Hence, a fluctuation of color was observed when the 6
was varied.

View Article Online
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3.5 Optical loss

We considered the reflectance of our proposed dielectric grating
structure for producing a color palette with changing polarization
angles. In contrast, we adopted the transmittance and absorp-
tance to be optical loss. We calculated the optical loss as

Loss = —10 logyo(Pr(4))- (15)

Here, Pg(4) denotes the reflected power. Fig. 10(a) illustrates
the optical loss of our proposed dielectric metasurface structure
when we varied the ¢ from 0° to 90°. The FWHM and resonance
wavelength broadened and redshifted, respectively, when we
increased the ¢ from 0° to 90°, as shown in Fig. 2(a). Thus, we
observed the optical loss at the shorter wavelength when the ¢
was around 90°. We found the optical loss at the higher
wavelength of incidence light for the ¢ around 0°. This char-
acteristic exhibited the opposite pattern of the reflectance
spectrum. Here, we have found the maximum optical loss of
25.68 dB at the wavelength of 733 nm for the ¢ of 0°. Fig. 10(b)
depicts the optical loss at 421 and 586 nm resonance wave-
lengths for varying ¢. The resonance wavelength was redshifted
while we varied the ¢ from 0° to 90°. Hence, the optical loss at
421 nm became higher, whereas the optical loss was lower at
the wavelength of 586 nm with rotating the ¢ from 0° to 90°. We
measured the maximum optical loss of 12.95 and 12.32 dB for
421 and 586 nm wavelengths, respectively.

4 Comparative analysis

Table 3 demonstrates an extensive comparative study of per-
formance parameters between our proposed dielectric grating

@), (), ©), (), | .
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Fig. 9 Reflectance spectra for different thicknesses of Si layer of our proposed grating dielectric metasurface with varying 6 values for the ¢ of (a)—(d) 0°
and (e)—(h) 90°. In this case, ts; increases from 25 to 100 nm, and the 0 increases from 0° to 60°.
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(a) Loss profile due to change of ¢ from 0° to 90° at operating wavelengths from 380 nm to 780 nm of our proposed dielectric grating

metasurface. (b) Loss at the wavelengths of 421 and 586 nm for varying ¢. Here, we considered the resonance wavelengths at ¢ values of 0° and 90°.

metasurface and previously reported structures. Gao et al.
reported a reflective color filter with an operating wavelength
range of 380 nm to 780 nm wherein the proposed structure was
designed to harness a 1D Si grating." The structure exhibited
a maximum color difference of 55.32, operating an oblique
incidence range from 0° to 60°. Moreover, they reported a
transmissive type 1D dielectric-metal-dielectric grating filter
with an operating wavelength range of 400 to 700 nm.*®
Ellenbogen et al. introduced a transmissive color filter designed
with an asymmetrical metal-cross structure.®” Their structure
operated in a wavelength range from 460 to 620 nm. Yang et al.
introduced a reflective MIM square grating structure, operated
at the wavelength range of 380 to 780 nm.*® Koirala et al.,* Park
et al.,*" and Yang et al.*"*° reported all-dielectric color filters by
utilizing TiO,, Si-rich SiN, and Si nanopillars, respectively. The
tunability of these structures was achieved by varying the
structural parameters, especially the diameter of nanopillars,
in a limited wavelength region. Thus, multiple structures are
required to tune the color. On the other hand, our proposed 1D
Si-Si0, dielectric grating reflective metasurface was operated in
the visible wavelength region with a range of 380 to 780 nm;
thus, the colorization can be tuned by varying the polarization
angle. Our proposed structure exhibited remarkable perfor-
mance when we operated it at an oblique incidence angle of

the light range of 0° to 60°. The maximum color difference was
calculated to be 42.49 at the incidence angle of 60° when the
thickness of the Si layer and the polarization angle were set to
be 25 nm and 90°, respectively.

5 Suggested fabrication technique

Previously, researchers created Si-SiO, grating structures by
employing electron beam lithography (EBL).*°"*> The suggested
fabrication process can be adopted to achieve our Si-SiO,-Si
grating dielectric metasurface. The suggested fabrication pro-
cess is shown in Fig. 11. There was negligible lattice mismatch
due to the good adhesiveness of Si and SiO,. We adopted SiO,
as a substrate layer for our structure, and Si can be grown on
the substrate layer by using the deposition technique. Then, the
EBL writing and development provided a photoresist mask on
the structure where light would not penetrate. The laser etched
the Si layer except for the photoresist mask region. After that,
the photoresist layer was removed by a solvent. In general,
acetone and NMP (1-methyl-2-pyrrolidone) are used as suitable
solvents for removing photoresist layers; however, academi-
cians avoid acetone due to its high vapor pressure. The Si
grating on the SiO, substrate was produced after removing the

Table 3 Comparative analysis between our proposed grating and previously reported structures

Wavelength Operating incidence Color differences for

Structure type Filter type range (nm) angle range (°) oblique incidence (max) Ref.
1D silicon grating Reflective 380-780 0-60 55.32 1
1D dielectric-metal-dielectric grating Transmissive 400-700 — — 36
Asymmetrical metal-cross structure Transmissive 460-620 — — 37
MIM square grating Reflective 380-780 — — 38
Cylindrical TiO, nanopillars Transmissive 400-800 0-25 — 4
with different diameters
Si-rich SiN nanodisk Transmissive 400-800 — — 31

and reflective
Si nanopillars with an RI matching layer Reflective 375-700 — — 39
1D Si-SiO, dielectric grating Reflective 380-780 0-60 42.49 This work
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Fig. 11 Suggested fabrication procedure of our proposed dielectric
metasurface.

photoresist layer. The Si-SiO,-Si grating dielectric metasurface
may be produced after repeating the EBL technique twice.

6 Conclusions

We proposed a polarization-tunable ingenious one-dimensional
Si-SiO,-Si dielectric metasurface and analyzed its optical proper-
ties employing the FDTD method. Specifically, we utilized the
high refractive index contrast between Si and SiO, dielectrics to
obtain vivid structural colorization. Our proposed dielectric meta-
surface structure not only exhibited continuous color palettes by
altering the polarization angles but also produced vivid structural
colorization by adjusting structural parameters. A high color
difference from 0 to ~68 was obtained by changing ¢ from
0° to 90° for tg; = 50 nm. The color difference can be increased
by increasing the ¢5;. In contrast, our proposed dielectric meta-
surface structure exhibited a color difference of ~20 for a high
angular tolerance of 60° for both TM and TE polarization plane
waves. Additionally, our proposed structure showed a minuscule
loss of ~0 dB at 421 and 586 nm wavelengths for TM- and TE-
polarized lights, respectively, which ensured high-grade vivid
colors through the reflection mechanism. According to our exten-
sive comparative study, our proposed dielectric structure out-
performed previously reported Si-based metasurface structures.
Furthermore, a suggested fabrication technique demonstrated the
dielectric grating metasurface is feasible to fabricate. Our study
will pave the way to designing Si-based dielectric metasurface
structures, which will be beneficial for imaging, filtering, and anti-
counterfeiting applications.
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