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A single metamaterial (MM) is generally designed to operate in only one band, and the MMs with different
dimensions of meta-atoms are required to be integrated to achieve multi-spectral responses
simultaneously. In this study, an all-dielectric synthetic multi-spectral metamaterial (SMM) that can
efficiently operate in the visible and terahertz (THz) ranges by incorporating nanoscale features into
microscale unit cells is demonstrated and investigated numerically. The resonant frequency of the
proposed SMM in both regimes can be tuned independently by changing the geometric parameters such
as diameter, gap, width and height of unit cells functional in two different regions, whilst maintaining
high reflectance efficiency. Results show that a variety of colors can be produced from red to purple in

) 200 the visible range with maximal reflectance as high as 83% while the peak frequency of the SMM can be
Received 12th May . ) . . o .
Accepted 9th July 2022 adjusted from 8.12 to 2.13 THz in the THz range with maximum reflectance up to 94%. The reflection

characteristics of the SMM mainly originate from the electric dipole (ED) and magnetic dipole (MD)

DOI: 10.1039/d2ra03014d resonances via Mie scattering in both regions. The strategy of this research offers the possibility of
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1. Introduction

Metamaterials (MMs) are artificially constructed materials
composed of subwavelength periodic meta-atoms which exhibit
unusual electromagnetic properties impossible to achieve with
natural materials, such as negative refractive index," electro-
magnetic induced transparency®* and invisibility.>® Owing to
their unique properties and the rapid blossoming of fabrication
techniques, MMs operating from RF to optics have been ach-
ieved by adjusting the structural units appropriately and
employed to realize diverse applications, including filters,”®
absorbers,>'® polarization converters'* and modulators.'>*
However, most of the reported MMs can only interact with
electromagnetic waves in one band, imposing undesirable
restrictions on their application in certain areas such as multi-
spectral imaging, which requires collecting discrete informa-
tion distributed over multiple spectral ranges so as to acquire
more features from the object of interest.>'® For another
example, benefiting from the abundant electromagnetic
modalities and the strong enhancement of local fields, MM is
very sensitive to surrounding dielectric environment changes,
making it suitable for bio/chemical sensing applications.**"
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applications in bio/chemical sensing, multi-spectral imaging, filtering, detection, modulation and so on.

Researchers have proposed various approaches to achieve MM
based sensors,'*>" however, these sensors can typically detect
molecules within only one specific frequency region. MMs with
multi-band adaptability are required for simultaneous moni-
toring of diverse targeted analytes that possess spectral signa-
tures located in different frequency bands.

Accordingly, it would be meaningful to achieve multi-
spectral MMs capable of supporting resonant responses at
two or more totally different spectral ranges of the electro-
magnetic spectrum. Traditionally, most of the MMs are con-
structed with metallic unit cells because they can exhibit many
unique properties such as surface plasmon resonance,*** thus
achieving effective regulation of the amplitude, phase and
polarization of electromagnetic waves. Despite undisputed
advantages, as the application of MM moves toward high
frequencies, the performances of MMs based on metallic
components are limited due to the large ohmic loss and fabri-
cation difficulties, especially in the optical frequencies.**** For
example, Grant et al.>® has presented a synthetic multi-spectral
metamaterial (SMM) by hybridising optical plasmonic filtering
with mid infrared (MIR) and terahertz (THz) MM absorption,
thereby manipulating radiation in multiple regions at the same
time. Nevertheless, the use of metallic components in this
device leads to a decrease in visible and near infrared (NIR)
transmission magnitude, which is further degraded by the MIR
and THz electric ring resonators deposited above the nanohole
array. To tackle the obstacles, MMs composed of all-dielectric
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building blocks have attracted rapidly growing research atten-
tion because of the better feasibility of fabrication and low
dielectric loss in contrast to their metallic counterparts and
various devices with specific functions are developed.>** On
the other hand, the spectral tunability is an important factor
affecting the performance of the MM. A single dual-region MM
based on meander line resonators has been reported by Man-
junath et al.** The MM produced in this work can be functional
in both THz and NIR frequencies simultaneously. Although the
THz resonant frequency can be adjusted by increasing the gap
between meta-atoms while having a negligible impact on the
NIR transmission spectrum, the NIR resonant frequency cannot
be tuned independently without affecting the THz response. To
the best of our knowledge, all-dielectric multi-spectral MM
operating over totally different wavebands with independently
adjustable resonant response and high efficiency has not been
presented previously.

In this paper, an all-dielectric SMM is proposed with the
capability of efficiently operating in two completely different
regimes simultaneously, that is the visible and THz ranges. As is
well-known, the construction of MMs, instead of the composi-
tion, dictates their electromagnetic characteristics. With the
size of the meta-atom varying from millimeter to nanometer
scales, the response region of the MM transfers accordingly
from microwaves to the visible frequencies. In consequence, we
incorporate arrays of Si nanodisk resonators into microscale
unit cells to combine multi-spectral capabilities into a single
SMM. Once they are combined, the obtained SMM exhibits
a similar Mie resonant response in aforementioned two
regimes. The resonant mechanism of the designed SMM is
interpreted by providing the electromagnetic field distributions
at reflection peaks. It should also be noted that wide adjustment
of the resonant frequency of the SMM in both regions can be
achieved independently by varying geometric parameters of Si
nanodisk arrays and microscale unit cells, whilst still main-
taining high reflectance efficiency. A variety of colors can be
produced covering almost the entire visible spectrum in the
optical frequency band with maximal reflectance of 83% while
the peak frequency of the SMM can be adjusted from 8.12 to
2.13 THz in the THz region with maximum reflectance of 94%.
As a result, the proposed design is expected to pave the way for
applications ranging from bio/chemical sensing, multi-spectral
imaging, filtering, detection to modulation and can also achieve
flexible manipulation of the object color appearance to satisfy
people’s aesthetic or functional requirements.***

2. Structural design and numerical
simulation

The SMM is designed and optimized by performing simulations
using the finite difference time domain (FDTD) solutions. Fig. 1
shows the schematic of the proposed SMM built on a quartz
substrate and its geometrical parameters. In microscale THz
unit cell, there are plenty of subunit cells functional in visible
wavelength to generate various required colors. The cross-
sectional view of a single unit cell used in the SMM is
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Fig.1 Schematic diagram of the proposed SMM on a quartz substrate
under normal illumination. Each unit cell comprises a Si nanodisk array
of 100 nm height (h), a 360 nm thick (tsi02) SiO, spacer layer, and a 15.9
um thick (ts;) Si layer from top to bottom. The nanodisk diameter,
period and gap, the width, period and gap of the unit cell are denoted
as d, pl, g1, w, p2 and g2, respectively.

illustrated in the right panel, where a SiO, dielectric spacer is
sandwiched between an array of Si nanodisk and a Si layer
below. The height (%) of the nanodisk, the thickness of the SiO,
spacer (Zsi02) and the Si layer (ts;) are set to 100 nm, 360 nm and
15.9 pm respectively. The nanodisk diameter (d), period (p1)
and gap (g1), the width (w), period (p2) and gap (g2) of the unit
cell are also marked in the diagram.

In order to investigate the behaviour of the SMM, extensive
numerical simulations are carried out using 3D simulation
models with the assistance of FDTD. Simulations on one unit
cell in the visible and THz ranges are performed independently
under the perpendicular illumination of a plane wave source. In
both regions, the periodic boundary conditions (PBC) are used
in the x and y directions to mimic the periodic structures, and
perfectly matched layers (PML) are applied in the z boundaries
to absorb the propagating waves. The electric and magnetic
field distributions as well as the reflectance of the SMM are
recorded by frequency-domain field and power monitors as
a function of the wavelength. A semi-infinite silicon dioxide
substrate is used throughout the simulation. The Palik silicon
and silicon dioxide refractive index models available in
Lumerical's default material database are used to define the
composition of our SMM.

Moreover, the calculated colors are obtained by using MAT-
LAB program based on color theory.** The simulated reflection
spectra from the FDTD method are converted to the XYZ
tristimulus values and then normalize to xy coordinates in the
CIE 1931 chromaticity diagram. The light source condition used
in the calculation is D65 and the observation angle is 2°, while
the wavelength selected in this article is 380-780 nm, which
basically covers the visible light range.

3. Results and discussion
3.1. Resonant performance in the visible range

The numerically calculated reflection spectra in the visible
range with varying diameters (d)/periods (p1) of Si nanodisks

© 2022 The Author(s). Published by the Royal Society of Chemistry
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are shown in Fig. 2(a). With the reduction of d and p1, the
reflection peak exhibits a blue-shifted resonance continuously,
basically covering the entire visible region. This is due to the
electric dipole (ED) and magnetic dipole (MD) modes of Mie
resonance excited inside the nanodisks, which is discussed
further in the next section. Upon changing the geometric
parameters of nanostructures, the Mie resonance wavelengths
shift, resulting in the shift of the reflection peak. The produced
colors of the nanodisk arrays also change accordingly, as shown
in the insets of panels a-i, including orange, green, blue, etc.
The maximal reflectance can reach as high as 83% for the
sample with d = 200 nm and p1 = 370 nm. While the reflectance
tends to decrease in the blue and violet bands which is attrib-
uted to the relatively higher loss of Si that will produce a strong
absorption effect in these wavebands,* it remains larger than
54%.

To get a better understanding of the mechanism of the
resonance for the nanodisk arrays, electric and magnetic field
distributions at resonance wavelengths of 564 nm and 589 nm
are analyzed for one selected sample with d = 180 nm and p1 =
320 nm in the x-z cross section. As shown in Fig. 2(b), the
electric field profile in the left panel depicts the excitation of an
electric dipole (ED) resonance, corresponding to opposite
charges accumulating at the sides of nanodisk on the Si/SiO,
interface. There is no circulation with the electric field which is
oriented along the polarization of the incident electric field to
a large extent. At the same time, the magnetic field distribution
shown in the right panel clearly indicates a magnetic dipole
(MD) resonance with an enhanced magnetic field concentrated
within the nanodisk. The plotted white arrows depict the
circular electric field around the nanodisk, which indicates that
the MD resonance is caused by the displacement current
loop.***” In other words, the Si nanodisks act as the Mie reso-
nators, leading to strong optical reflection for incident light at
certain wavelengths via the excitation of ED and MD modes, and
they are responsible for giving rise to the colors of the SMM.
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The effects of varying geometrical parameters for the disk
arrays on the produced visible colors are further investigated.
The simulated color palette is presented in Fig. 3(a), where the
nanodisk diameters (d) vary from 80 to 240 nm from bottom to
top, and the gaps (g1) between the adjacent nanodisks are
changed from 60 to 180 nm from left to right, both in incre-
ments of 10 nm. Each area presents an individual color, corre-
sponding to an array of nanodisks with a specific d and g1. As
a result, a variety of vivid colors are realized including purple,
blue, cyan, green, yellow, orange and red as well, covering
almost the entire visible spectrum. It is observed that the
increase in diameter results in a color change from purple to red
in contrast to the slight color shift with the gaps increasing.
This indicates that the optical response mainly depends on the
radius of the nanodisk, while the internanodisk spacing hardly
affects the frequency of resonances owing to the negligible
effect of near-field couplings on the structural colors.*® On the
basis of the calculated reflectance spectra of Si nanodisk arrays,
the corresponding CIE 1931 chromaticity diagram is shown in
Fig. 3(b) with discrete points extracted from the color palette.
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Fig. 3 (a) Calculated color palette with varying diameters d from

80 nm to 240 nm and gaps gl from 60 nm to 180 nm, both in 10 nm
increments. (b) The corresponding CIE 1931 chromaticity diagrams for
four groups of samples in the color palette.

(b)

Min

A=564 nm

(a) Simulated reflection spectra of the proposed SMMs upon changing diameter d/period pl of Si nanodisk arrays. The insets in panels a—i

show the corresponding colors. (b) Cross section of the electromagnetic field distributions for a selected nanodisk array with the dimensions of
d = 180 nm, pl = 320 nm at resonant wavelengths as observed in the x—z plane. The plotted white arrows denote the electric field vector

distribution.
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The black crosses represent the quasi-full-visible color achieved
by increasing the diameter of Si nanodisks with constant gap
size. Besides, royal blue stars, orange diamonds and magenta
circles show three primary colors belonging to the Red-Green-
Blue (RGB) color model and their small changes with the
varying gap between neighboring nanodisks, which is in
agreement with our analysis above.

3.2. Resonant performance in the THz range

After confirming the reflection characteristics of the proposed
SMM in the visible range, its THz resonance properties are
investigated in detail. The THz reflection spectra at 3-5.5 THz
are shown in Fig. 4(a), in which the legends denote the widths
(w) and the periods (p2) of the unit cells. The trend is a mono-
lithic red-shift of the resonance frequency with increasing w
and p2, whilst still retaining high reflectance greater than 86%.
For the red solid line plotted in panel ¢ of Fig. 4(a) with d = 24
pm and p2 = 32 pm, the magnetic and electric field profiles at
4.14 and 4.49 THz are presented in Fig. 4(b). It can be seen that
the reflection responses in the THz region originate from the
similar Mie resonances with that of the optical band and
simultaneously support ED and MD resonances. The MD reso-
nance results from the displacement current loop which is
characterized by the electric field circulating around the unit
cell, as marked by the white arrows. In the right panel of
Fig. 4(b), the displacement current is oriented almost in the
direction of the incident electric field, resulting in the excitation
of the ED resonance.*

Furthermore, in order to investigate the frequency tunability
of the designed SMM in the THz region, simulations with
various unit cell widths (w) and intercell gaps (g2) are per-
formed. It can be seen from Fig. 5(a) that the peak frequency
gets red-shifted from 4.76 to 3.68 THz as w is increased from
17.92 to 28.16 pm. Similarly, when the gap g2 varies from 5.6 to
16 pm, the resonant peak shifts toward lower frequencies from
4.47 to 3.85 THz. One more message is contained in Fig. 5(a)
that the frequency shift caused by the variation of d is
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approximately doubled compared to that associated with g2,
indicating that the contribution of d is more significant than g2
to the THz resonant response, which is consistent with the
result of the visible region. More importantly, by varying the
thickness of the Si layer (¢s;), which is equivalent to changing the
height of the unit cell, as well as adjusting w and g2 accordingly,
the THz resonant frequency can be tuned to a much greater
extent. In Fig. 5(b), the reflection peak frequency could be
modulated widely from 8.12 to 2.13 THz by increasing ts; from
8.4 to 28.4 um with high reflectance efficiency larger than 78%
and the maximum reflectance can reach 94%.

3.3. Independence of resonant frequency tuning in both
ranges

When adjusting the resonant frequencies of the SMM in the
visible and THz ranges via varying geometrical parameters, it is
also necessary to determine how the changes affect the spectral
responses of each other. To do so a series of simulations in the
THz regime are first performed on microscale unit cells with
different top layers, which include the cases of the Si nanodisk
array and the complete Si film, where the width (w) and period
(p2) are set to 22.4 pm and 32 pum respectively. For the case of
the Si nanodisk array, three samples with different d and g1 are
selected and the calculated reflection spectra are shown as the
dashed lines in Fig. 6(a). It is observed that the resonant
frequency response for the three samples closely resembles
each other, indicating that the reflection properties in THz
region are not dependent on d and g1 of Si nanodisks. This is
further supported through the simulation repeated by replacing
the Si nanodisk array with a complete Si film of the same
thickness. As depicted by the solid line in Fig. 6(a), the obtained
reflection spectrum almost coincides with that of nanodisk
arrays. It is therefore reasonable to describe the Si nanodisk
array at terahertz frequency as a complete Si film of the same
thickness without patterns,* which means that the reflection
spectra in the visible range and corresponding colors can be
tuned easily by varying the diameter d and the gap g1, while this

(b)

f=4.14 THz

f=4.49 THz

(a) Simulated reflection spectra in THz region of the proposed SMMs with varying widths w and periods p2. (b) Cross section of the

electromagnetic field profiles for a selected SMM with the dimensions of w = 22.4 um, p2 = 32 pm at resonant frequencies as observed in the x-z
plane. The presented white arrows indicate the electric field vector distribution.
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Fig. 6 (a) Comparison of THz reflection spectra of SMMs for different
top layers of unit cells: the dashed lines for the Si nanodisk arrays with
varied d and g1 and the solid line for the complete Si film at constant w
= 224 uym and p2 = 32 um. (b) Visible reflection spectra for four
different tg; in the case of fixed d = 180 nm and pl = 320 nm.

variation does not affect the THz resonance. This allows the
color to be specifically arranged in each microscale unit cell,
achieving flexible control over the surface color of the SMM.
Then, another aspect is analyzed regarding how the regula-
tion of resonant frequency in the THz region influences the
visible performances of SMM. As illustrated in Fig. 6(b), the
effect of different thicknesses of Si layer ¢5; on the resonance
behaviour in the visible range is explored through simulations
on Si nanodisk arrays with various tg; of 10.9, 15.9, 20.9 and 25.9
um, exploiting the nanodisk parameters of d = 180 nm and p1 =
320 nm. The resulted reflection spectra exhibit identical char-
acteristics with a negligible difference regardless of the thick-
ness of Si layer as desired, confirming that the proposed design
has a large degree of freedom to control the resonant frequency

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) The resonant peak frequency as a function of unit cell width w and gap g2 between adjacent unit cells. (b) Correlation of the reflection

in THz regions while keeping the reflection spectra and dis-
played colors of Si nanodisk arrays almost constant.

4. Conclusions

In summary, an all-dielectric SMM that operates simultaneously
in both the visible and terahertz frequencies is theoretically
demonstrated by incorporating Si nanodisk arrays into THz unit
cells on the microscale. The presented electromagnetic field
distributions at reflection peaks reveal a similar Mie resonance
in both regions with the excitation of ED and MD modes. In
addition, it is confirmed that the independent tuning of the
resonant response in both regimes can be realized with high
reflectance efficiency. The simulation results indicate that the
resonant wavelength in the visible regime of the SMM can be
altered by varying the diameters and gaps of nanodisks,
producing various colors from red to purple with maximal
reflectance up to 83%, while its peak frequency in the terahertz
regime can be widely modulated from 8.12 to 2.13 THz with
maximum reflectance as high as 94% by changing the widths
and gaps of unit cells as well as the thickness of Si layer. Since
the resonances in the visible and THz bands are determined by
different geometrical parameters, the variation in both regions
has a negligible effect on the reflection characteristic with
respect to each other. Our design opens up the prospect for
a variety of applications including bio/chemical sensing, multi-
spectral imaging, filtering, detection and modulation and can
also satisfy people's aesthetic or functional requirements for
object surface colors.
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