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Editorial on the Research Topic:
Advanced Photonics Metasurfaces: Design, Fabrication, and Applications

Metasurface refers to an artificial layered material with a thickness than the wavelength, which
can be considered as a two-dimensional metamaterial [1-10]. Due to the novel properties that
natural materials do not have, metasurfaces have shown great application potential in many fields
such as optical integration, optical communication, micro-nano optics, stealth, super-resolution
imaging and sensing, etc., [11-20] and are a hot research field [21-30]. The metasurface was first
proposed in the field of optics, it has been rapidly expanded to many fields, such as acoustic wave,
elastic wave, thermal field, etc. [31-33]. Metasurface can realize flexible and effective regulation
of electromagnetic wave characteristics such as polarization, amplitude, phase, polarization
mode, and propagation mode [34-40]. According to the types of regulated electromagnetic
waves, metasurfaces can be divided into optical, acoustic, and mechanical metasurfaces. Optical
metasurface is the most common type, which can regulate the characteristics of polarization, phase,
amplitude, and frequency of electromagnetic wave through the subwavelength microstructure. It is
an emerging technology that combines optics and nanotechnology.

In terms of polarization regulation, the metasurface can realize polarization conversion, optical
rotation, vector beam generation, and other functions [41-43]. In terms of the amplitude regulation
of the metasurface, the metasurface can realize asymmetric transmission of light, anti-reflection,
increased transmission, magnetic mirror, EIT-like effect, etc. In terms of frequency regulation
of the metasurface, researchers can realize free regulation of the color of the metasurface by
changing geometric parameters such as the size and shape of its structural units, which can be
used in high pixel imaging, visual biosensors, and other fields [44-46]. Phase is a core property of
electromagnetic wave. The phase plane determines the propagation direction of the electromagnetic
wave, and the phase of an image contains its three-dimensional information. By controlling the
phase of electromagnetic waves, functions such as beam deflection, meta-lens, hyperholography,
vortex generation, coding, cloaking, and phantom can be realized [47-50]. In addition, metasurface
can control the phase, amplitude, and polarization of electromagnetic waves simultaneously. For
example, by adjusting the phase and amplitude of electromagnetic waves, stereo super holography
can be realized. By adjusting the phase and polarization of electromagnetic waves, vector vorticity
can be realized. By adjusting the phase and frequency of electromagnetic waves, some functions
such as non-linear superlens can be realized.

Through this Research Topic, our purpose is to show the progress of metasurface in the design,
fabrication, and applications of metasurfaces. With the continuous development of semiconductor
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technology, metasurface technology has found some important
applications which are expected to transform the research into
practical products. In turn, metasurfaces will also become a
new opportunity for the semiconductor industry, thus changing
the design flexibility of some important devices. It is our
hope that the contributed papers to this Research Topic
will contribute to international cooperation in the field of
metasurfaces and accelerate progress in their design, preparation,
and application.

One of the sub-topical areas of this topic covers a review on
metasurfaces from principle to smart metadevices. The paper
by Hu et al. follows current trends on advanced photonics
metasurface, and they demonstrate the concepts of anomalous
reflection and refraction, applications of metasurfaces with
the Pancharatanm-Berry Phase, and Huygens metasurface. The
progress of soft metasurface has also been discussed in this
review. Zhang et al. show that a systematic scheme for fabricating
spiral-structure metasurface is proposed by employing the
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Xiaofeng Wang, Yajuan Han, Mingde Feng, Lin Zheng and Shaobo Qu

Department of Basic Sciences, Air Force Engineering University, Xi’an, China

Plasmonic structures that support the spoof surface plasmon polariton (SSPP) mode can
be tailored to achieve strong absorption of electromagnetic (EM) waves. In particular, the
profile of an absorbing plasmonic structure (APS) plays an important role in realizing its
wideband absorption performance. In this paper, we propose a method of optimizing the
longitudinal profile of APS based on Genetic Algorithm (GA), with the aim of obtaining
high-efficiency wideband absorption of EM waves. The APS unit cell is composed of
a longitudinal array of metallic strips, the length profile of which can be optimized to
improve k-matching between free-space waves and SSPPs and meanwhile to customize
absorption at each frequency within a wide band. Our investigation shows that non-linear
variation of the strip lengths will make better k-matching and wideband absorption. As
an example, a wideband APS is demonstrated using this method. The simulated and
measured results show that the absorbance is higher than 90% in 10-30 GHz, which
convincingly verifies the effectiveness of this method. This method provides an efficient
approach to the design of radar absorbing structures and can also be extended to
optimized design of other metamaterials.

Keywords: metamaterial, absorbing plasmonic structure, spoof surface plasmon polariton, wideband absorption,
genetic algorithm

INTRODUCTION

The electromagnetic wave transmission can be effectively suppressed by electromagnetic absorbers,
which is why they can be widely applied in radar stealth techniques [1-3], electromagnetic
protection [4, 5], and wireless transmission [6]. Metamaterials composed of artificially engineered
subwavelength inclusions exhibit novel properties that cannot be found in nature or difficult
to achieve [7, 8]. A significant breakthrough has been made for wave absorption thanks to the
rapid development of electromagnetic metamaterials [9, 10]. Originated from optics, Surface
Plasmon Polariton (SPP) is a transmission mode that is generated by the tight coupling
between the electromagnetic (EM) wave and surface electron [11, 12]. On this basis, Pendry
first proposed Spoof Surface Plasmon Polariton (SSPP) in earlier researches [13]. Exhibiting
similar properties to Surface Plasmon Polariton (SPP) in optics, SSPP is an electromagnetic
mode excited by artificial electromagnetic medium or structure in the microwave band [14, 15].
Subsequently, the SSPP of Transverse Magnetic(TM) and Transverse Electric(TE) were obtained
by metamaterial [16, 17]. With the development of researches, the properties in the local field
enhancement, strong dispersion and deep subwavelength characteristics of SSPP are widely
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applied in microwave absorbing, stealth and dispersion
engineering [18-20]. Additionally, SSPP as absorbing
metamaterial has also been applied in terahertz and infrared
stealth [21, 22]. Therefore, SSPP has been extensively used as
absorbing metamaterials by a lot of researchers.

It is worth noting that a longitudinal array of metallic strips
overlapping with periodic arrangement can be combined with
adjacent absorption peaks into a continuous adsorption peak
[23,24]. As metal strips increase, absorption bandwidth increases
and metamaterials get thicker. Hence, a number of methods
for reducing thickness of metamaterials were proposed such
as introducing meandered strip structure, increasing high duty
ratio of metal strips and loading other absorbing materials [25-
28]. The SSPP performance can be affected by adjusting and
controlling the length of horizontal metallic strip affects the
impedance matching of electromagnetic wave, so its adjustment
and control will also affect the SSPP performance, which,
therefore can be improved by optimizing the longitudinal profile
of strips. The conventional optimization algorithm includes
heuristic algorithms such as Genetic Algorithm (GA) and
Particle Swarm Optimization (PSO) [29-31], all of which has
been widely applied in designing metamaterial and especially
metasurface. The topology optimization in metasurface is
currently restricted to the horizontal two-dimensional (2D)
surface [32, 33]. However, optimization algorithm can also
be expanded in vertical space. Therefore, we discuss the
longitudinal profile of the Absorbing Plasmonic Structure (APS)

and propose an optimization scheme adapted to the longitudinal
profile’s structure.

In this paper, we proposed the method that using GA to
optimize the longitudinal profile of APS. This process is shown in
Figure 1. The length of the horizontal metal strips in a specified
thickness is simplified to a cubic function in the longitudinal
direction. The coefficient matrix of polynomials was then
regarded as the parameters to be optimized. The corresponding
structural model can be built according to different curve
functions. And then the mapping between the coefficient matrix
and structure is established. Thus, the digital analysis of APS is
realized. A large number of random samples were cross-iterated
and selected according to the rules of GA. After optimization, the
optimal coefficient matrix is obtained, the optimal structure is
established, and the wideband absorber is realized. And finally,
the wideband absorption with an efficiency of more than 90% in
the frequency range of 10-30 GHz at the specified thickness was
optimized. More importantly, when the objective function of GA
is modified, the algorithm can also be applied to phase gradient
design, dispersion engineering and other fields.

ABSORBER DESIGN AND OPTIMIZATION
STRATEGY

Design of Absorber
The APS with straight strips is designed as shown in Figure 2A,
in which structural parameters are listed as follows: the height of
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FIGURE 1 | Schematic diagram of this work.
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FIGURE 2 | Schematic of straight-strip-shaped APS. (A) The design of
absorber unit and (B) the complete absorber is consisted of absorber units.

vertical substrate & = 25.0 mm and the thickness d, = 1.0 mm;
the periodic distance of parallel straight strips s =0.4 mm and the
width of strips w = 0.2 mm; the thickness of horizontal substrate
dy = 2.0 mm, the metal is copper with an electric conductivity of
5.8 x 107 S/m and a thickness of t = 0.017 mm; the periodical
length of absorber unit u = 10.0 mm. These parameters can
be obtained in previous work [14, 34, 35]. The parallel straight
copper strips with gradually varied length are bent, assembled
and attached to the junction of dielectric substrates. The parallel
straight strips lead electromagnetic(EM) waves from free space
into absorber and form a standing wave between strips. In order
to increase the loss of EM wave, a commercial dielectric substrate
FR4 with a dielectric constant ¢, = 4.2 and a loss tangent tand
= 0.025 is used as carrier of copper. The bottom of the absorber
is consisted by a FR4 dielectric substrate backed with a copper
reflector. The complete structure of the absorber is composed of
design units, as shown in Figure 2B.

Profile Optimization and Analysis

According to some researches, the longer length of the strip, the
better it matches the low-frequency EM wave, and vice versa
[13, 34, 36]. Based on the theory of APS, the impedance matching

between the wave vector and absorber can be affected by the
length of strip. Therefore, APS profile can be optimized for better
wave absorption. The gradually varying external edges of these
parallel straight strips can be regarded as some discrete points in
a continuous curve. Because the structure is highly symmetrical,
only one eighth of the structure needs to be designed. The value
range of external edges of these parallel straight strips can be
expressed as: x-axis in [0.5], y-axis in [0.25]. Within this range,
a cubic function can fit arbitrary gradually changed curve. Thus,
the optimization of parallel straight strips is transformed to the
profile curve optimization of strip’s external edge which is set as
a cubic function as follows:

f(x) =a’ +bx> +cex+d (1)
Where [a, b, ¢, d] is the coefficient matrix of the function f(x),
and f(x) represents the curve of the longitudinal profile of APS.
The curvilinear function f(x) affects the length of strip, as shown
in Figure 3.

As shown in Figure 3, a variety of curves are generated by
the cubic function f{x) with different coefficients. The curves are
normalized to a specified region of the dielectric substrate, and
the external edges of parallel straight strips vary gradually based
on the function line f(x). The profile of APSs was then modeled
by the curves in Figure 3A and the corresponding structure in
Figure 3B. Therefore, the absorption effect of the parallel straight
strips will be affected if the coefficient matrix [a, b, ¢, d] is
adjusted. Hence, the optimization objective can be illustrated as
Equation (2):

> AF;
min FX) = — 72— )
St {X: {a,b,c,d} e[—1,1]
o fmax >fmin

Where AF; is the continuous bandwidth in the desired frequency
range [fmin fmax], which is 10-30 GHz in this paper. If
the absorbance is >90%, the current frequency satisfies the
requirements. The optimization objective is to achieve the
absorbance that is >90% under normal incidence.

Equation (2) reveals that the wider the absorbing bandwidth,
the less the fitness function value is. The optimization process
is based on MATLAB-CST co-simulation and MATLAB
optimization toolbox is applied as GA optimizer. The
optimization process and result are shown in Figure 4.

The results of the absorber optimized by GA were obtained by
comprehensive simulation after 15 iterative evolutions, as shown
in Figure 4. According to Equation (2), we can calculate the
ratio of the current absorbing bandwidth in the total bandwidth.
Figure 4A shows the process of GA optimization, the red line
represents the variation of best fitness and the blue line represents
the variation of mean fitness. The fitness is the value of function
calculated by Equation (2). The best fitness is the optimal
individual in the current generation. The mean fitness is the
mean of all individuals in the current generation. According to
the mean fitness, it can be seen intuitively that the population
generated by GA is in a downward trend. Meanwhile, the best

Frontiers in Physics | www.frontiersin.org

10

June 2020 | Volume 8 | Article 231


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Zhu et al.

Wideband Absorbing Plasmonic Profile Optimization

A Curve line of f(x) B Shape of wires
1.00
line 1
R ~ — -line 2
-++-line3
> 0.50+
0.25+ .
i =K,Z
0.003 05 0.0 05 1.0
X Hax IL‘..I'

Line 1
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fitness also keeps a downward trend and gradually approaches
the optimal value. The optimized wideband absorber is illustrated
in Figure 4A, in which the best fitness value is —1, indicating
that the best individual has been obtained. The coefficient matrix
[a, b, ¢, d] of the current best individual is shown in Figure 4B.
According to the optimization and simulation result, the best
fitness is —1, implying that the absorber can achieve more
than 90% of the absorbance in the frequency range of 10-
30 GHz. The current best individual is [0.01464, —0.81144,
—0.42811, 0.76803], therefore, the best curve function is f(x)
= 0.01464*x>—0.81144*x?—0.42811*x + 0.76803. The parallel
straight strips vary gradually based on above curve function and
achieve better absorbing performance.

The parallel straight strips can be modified by the best line
function, and the APS can be then modeled, as shown in
Figure 5A. In order to verify the performance of the optimized
APS, full-wave EM simulations were carried out using the time-
domain solver in CST Microwave Studio. The simulation setups
are as follows. The APS lies on XOY plane and the X-polarized
waves are normally incident from the -Z direction. Remarkably,
the structural unit is completely symmetric in the X and Y
directions. In order to simulate an infinite continuous array
while improving computing speed, the boundary conditions are

introduced as follows: The X boundary condition is set to electric
(Et = 0), the Y boundary condition is set to magnetic (Ht = 0).
The Z boundary condition is set to open (add space). According
to the simulation result in Figure 5B, the S;; is >10 dB in 10-30
GHz, implying that the absorbance is >90% in the work band.
To understand the physical principle better, the distributions of
surface current and power loss of the optimized model under
different absorption frequencies are depicted in Figures 5C,D. It
can be concluded that the different lengths of parallel straight
strips produce resonance of different frequencies. Hence, the
distribution of power loss is similar to that of surface current.
The SSPPs transform EM waves in free space into surface waves
and form standing waves, and the energy of EM wave is absorbed
through a loss dielectric substrate. The resonance frequency is
highly correlated to the length of parallel straight strips. Hence,
the superposition of multiple resonant frequencies is achieved
through the gradually varying strips, and then the wideband
absorbing is achieved.

The optimized absorber is theoretically analyzed to explore
the causes of this model. In fact, the parallel straight strips can
be equivalent to dipole [34]. The straight strips produce Lorentz
resonance under the effect of the electromagnetic field. The upper
boundary of the linear region is the cut-off frequency of the
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parallel straight strips in 10, 15, 20, 25, and 30 GHz, and (D) power loss distributions of the parallel straight strips in 10, 15, 20, 25, and 30 GHz.

metal bar. With the increased frequency, the dispersion curves
will gradually drift away from the light line and then get cut-off at
certain frequencies. When the frequency is infinitely close to the
cut-off, the maximum value of k-vector will produce the strongly
localized surface wave, and the strongly localized surface wave
always equipped with electric field enhancement, which makes
the highly effective absorption close to the cutoff frequency [25].
CST Microwave Studio eigenmode solver is used to solve the
dispersion relations for the electric dipole model with all the
boundaries being set to period. Figure 6A illustrates the different
lengths of strips corresponding to dispersion curves in the first

Brillouin region. In order to further obtain the relations between
strip length and cut-oft frequency, their relations diagram shown
in Figure 6B indicates that the length of strip / and frequency is
non-linear. Long strip has a better match with high frequency,
while short strip has a better match with low frequency.
Therefore, if strip of corresponding length is matched with it in
the appropriate frequency interval, the wideband matching effect
can be obtained. When multiple electric dipoles are cascaded,
the gradient structure of the parallel straight strips can facilitate
the matching of the wave vector of SSPP and wave in free space
and improve the coupling efficiency. As shown in Figure 6, the

12 June 2020 | Volume 8 | Article 231
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FIGURE 7 | Measurement and results. (A) The photograph of the fabricated APS prototype, (B) the experiment measuring systems, and (C) the measured and

variation between strip length and cut-off frequency is non-
linear. The APS can achieve a better absorbing performance
because the profiles of parallel straight strips are also non-linear.

EXPERIMENT AND VERIFICATION

In order to further verify the model, we fabricated a prototype
of the optimized APS using conventional Printed Circuit Board
(PCB) techniques. The photograph of the fabricated APS

prototype is shown in Figure 7A. The size of APS array is 300
x 300mm including 900 absorber units. Figure 7B illustrates
the experiment measuring systems. The measurements were
carried out in a microwave anechoic chamber based on a
network analyzer (Agilent E8363B) with three pairs of broadband
antenna horns with the frequency bands of 10-12 GHz, 12-
18 GHz and 18-30 GHz. The measured results and simulated
absorption spectra are shown in Figure 7C. It can be concluded
from the measured results that all the test results are <-10 dB.
However, some test results are not consistent, especially in the
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low frequency range. And the positions of the peaks and dips
do not coincident at all, which is due to the error of machining
and testing. As shown in Figure 7A, the APS is consisted by
some components and the splicing of the modules results in
poor electrical connectivity of the parallel straight strips at
some intermediate junctions. However, the measured results are
basically consistent with the simulation results. Additionally, the
experience results demonstrate a better absorbing performance
in the work band, thus proving that our method is effective.

CONCLUSION AND PERSPECTIVES

In summary, we proposed a wideband absorber based on GA to
achieve a better absorbing performance in the work band. The
profile of parallel straight strips is regarded as a cubic function
and the curve function is optimized by GA. Subsequently, the
APS is optimized by GA with 15 generations, and then a best
absorber is simulated, fabricated and measured. All the tested
results are <-10 dB in the work band, thus proving that this
method is effective. What's more, by analyzing the relation
between the cut-off frequency and the length of parallel straight
strip, we concluded that the non-linearly varying parallel straight
strips can be better matched with wave vector. More importantly,
this paper provides an idea for optimizing non-planar structure
and a method to improve the performance in the specified
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We propose a broadband adjustable graphene absorber in terahertz regime. A prototype
is designed to verify the terahertz absorption characteristics by a periodic array layer
of series asymmetric oval-shaped graphene patterns on polyimide and bottom layer of
metal plate. The absorber with 92% absorption and the bandwidth ranging from 3.39
to 5.96 THz is achieved. By changing the Fermi level of graphene, the bandwidth and
absorption can be flexibly adjusted. The absorption is more than 92% in the range
of 0~40° incident angle. Using these characteristics, the simple absorber has broad
application prospects in the fields of filter and switch in terahertz region.

Keywords: terahertz absorption, asymmetric oval-shaped graphene, wide-incident-angle, graphene, broadband

INTRODUCTION

With the rapid development of terahertz technology in the potential application prospects fields
of imaging, security inspection, wireless communication, and sensing [1, 2], high efficient and
convenient terahertz devices becomes more urgent to meet these demands. As one of the key
devices of terahertz system, terahertz absorber attracts the attention of many researchers [3-
9]. However, the narrow bandwidth of terahertz wave absorber seriously limits its practicality.
Different schemes have been proposed to achieve the broadband response such as complex metallic
shape [10] or a multilayer structure [11, 12]. These cases face constraints such as complex structure,
difficult fabrication, angle dependence, and so on [13-15]. So, a broadband tunable terahertz
absorber with actively control bandwidth is the goal pursued by many researchers and is practically
useful. Fortunately, we know that a structure width gradient change is conducive to broadening
the absorption band. In this work, a terahertz wave absorber consisting of a series asymmetric
oval-shaped graphene patterns array layer, polymer layer and metal bottom plate is proposed. The
structure parameters and graphene Fermi level Ef having influence on the absorption performance
such as working bandwidth and absorbance, was numerically investigated. The magnetic dipole
oscillation in the graphene pattern array enhances the absorbance of the proposed structure.
The absorption performance was optimized by adjusting the size of the asymmetric oval-shaped
graphene pattern and the Fermi level of graphene. The simulation results show the absorber
provides above 92% absorption with broadband absorption bandwidth from 3.39 to 5.96 THz.
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FIGURE 1 | (A) Three-dimensional schematic diagram of the proposed absorber, (B) Top view and geometry of the unit-cell.
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FIGURE 2 | (A) Absorption (A), transmittance (T), and reflectance (R) of the proposed terahertz absorber, (B) real and imaginary parts of the normalized input
impedance.
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FIGURE 3 | Absorption performance of the absorber with different Fermi levels. (A) Absorption performance of the absorber with different Fermi levels. (B) Absorption
spectrum with various Fermi levels.
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DEVICE STRUCTURE

The schematic of the designed broadband adjustable terahertz
absorber is shown in Figurel. The proposed absorber is
composed of series asymmetric oval-shaped graphene structure
and metal plate substrate, separated by a polyimide layer. The
graphene pattern is formed by the series two asymmetric oval-
shaped graphene patterns, and the dielectric layer is polyimide
with a dielectric constant € = 3.5. Gold is used as the bottom
metal plate with a conductivity of o'goq = 4.56 x 107 S/m. The

geometrical parameters of the proposed absorber are designed
as a = 52pm, b = 3.5um in the x-y plane and the thickness
of the graphene sheet is set to 1nm for easy simulation. The
graphene can be fabricated by large-scale transfer techniques, and
then the electron beam lithography can be employed to produce
oval-shaped graphene patterns. To investigate the performance
of the designed terahertz wave absorber, CST software is used
to calculate the absorption responses. Floquet periodic boundary
conditions are used in x-y plane and TE-polarization mode
normal incident is from the top.
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FIGURE 5 | Electric field distribution at (a) f = 4 THz (b) f = 6 THz.
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FIGURE 6 | x-z plane and 4 THz, (a,b) are magnetic induction lines and magnetic field diagrams at y = 0 um, (c,d) are magnetic induction lines and magnetic field
diagrams at y = 10.4 um, (e,f) are magnetic induction lines and magnetic fields at y = 14.6 um, (g,h) are magnetic induction lines and magnetic fields at y = 25 um,
respectively.

NUMERICAL CALCULATION AND Absorptance can be calculated according to the equation of A =
ANALYSIS 1-T-R, where T is transmittance T = |S,1|* and R is reflectance

R = |S11|%, which can be obtained from simulated S-parameters.
Figure 2A shows the absorption, transmittance, reflectance  From the figure, one can see that the over 90% absorption is from
spectra in TE-polarized mode under normal incidence.  3.39to 5.96 THz. Figure 3B displays the real and imaginary parts
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of the normalized input impedance of the proposed absorber.
When the imaginary part of the normalized input impedance of
the proposed absorber is zero, the maximum absorption of the
absorber can be obtained. At this time, the effective impedance
of the absorber matches with the free space impedance (That is
to say, the absorber is under impedance matching condition).
The effective impedance Z (The impedance is normalized to
free space impedance) of the absorber is obtained through the
reflection and transmission coefficients and their corresponding
phase relationships. The black solid and red solid lines represent
the real part and imaginary part of the normalized impedance,
respectively. From Figure 2B, one can observed that the real part
of the normalized impedance Re(Z) is near 1 and the imaginary
part of the normalized impedance Im(Z) is near 0 from 3.39
to 5.96 THz. It indicates that the effective impedance Z of the
absorber basically matches the impedance of free space within

the bandwidth. The proposed absorber reaches above 92%
absorption between 3.39 and 5.96 THz.

Figure 3 shows the absorption spectra under different
graphene Fermi level E. When Fermi level E; is lower than
0.5eV, the maximum absorption of the proposed structure is
<85%. The average absorption gradually increases when the
Fermi level increases to 0.7eV because of the change of the
conductivity. The average absorption performance increases until
Ef = 0.7eV, and it reaches the maximum value of above
95.0%. When Fermi level Ef exceeds 0.7 eV, the absorption effect
begins to weaken and average absorption moves downwards.
In addition, the bandwidth of the proposed absorber can be
tunable by the chemical potentials correspondingly. To study
the influence of the structural parameters changes on absorption
performance, we systematically change structural parameters
(including a, b, and h) to calculate the absorption spectra of the
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TABLE 1 | Performance comparison of the proposed absorber with some reported absorber.
References Bandwidth >90% Graphene type Polarization
Biabanifard et al. [8] 2.2THz Multilayer graphene disks and ribbons Sensitive
Deng et al. [16] 8.7 THz Graphene pattern and gold pattern Insensitive
Our results 2.57 THz Oval-shaped graphene Sensitive

proposed absorber shown in Figure 4. As shown in Figure 4A,
with the increase of the semi-major axis a, the absorption peak at
5.0 THz gradually decreases to 88%. When the semi-major axis a
equals 5.2 pm, the absorption is above 92% at the frequency range
from 3.39 to 5.96 THz. As can be seen from Figure 4B, when the
parameter b varies from 2.5 to 4.5 um, the average absorption
has a significant weakening trend. In order to obtain a perfect
absorber with above 92% absorption and broad bandwidth from
3.39 to 5.96 THz, we chose the parameter of the semi-minor
axis b = 3.5um. As depicted in Figure 4C, it is found that as
the dielectric layer thickness (/) increases from 8.8 to 9.2 um,
the absorption bandwidth exhibits slightly redshift and average
absorption has a slightly weakening trend. When 4 = 9.0 um, the
absorptance is infinitely close to 100% at f = 6 THz.

Figures 5a,b illustrate the electric field distribution of the
absorber under normal incidence of TE-polarization mode
terahertz wave at the resonance frequencies of f = 4 THz and
f = 6 THz, respectively. It can be observed that the electric
field energy is concentrated on both ends of the long axis of
the oval-shaped graphene pattern, which means surface plasmon
resonances are strongly bounded to both ends of the long axis
of the patterned graphene. Figures 6a-h show the magnetic
induction lines and magnetic fields of the proposed absorber
at f = 4 THz in x-z plane at y = Opm, y = 10.4pum, y =
14.6 wm, and y = 25 um, respectively. From Figures 6a,g, y =
Opm and y = 25 um, one can find that the magnetic induction
lines of the graphene layer are symmetrical. Corresponding

magnetic field strength diagrams of y = 0 and y = 25pum
are shown in Figures 6b,h. It indicates that the oval-shaped
graphene layer generates magnetic resonance and forms two
magnetic dipoles, which promotes the terahertz wave absorption.
Figures 6¢,e depicts the magnetic induction lines of y = 10.4
and y = 14.6 um, respectively. The corresponding magnetic field
diagrams are illustrated in Figures 6d,f, respectively. At y = 10.4
and y = 14.6 um, the oval-shaped graphene layer forms a single
magnetic dipole and promotes the terahertz wave absorption.
The magnetic resonance occurs at the long axis of the oval-shaped
graphene pattern, and the energy is basically concentrated on the
long axis of the oval-shaped graphene pattern.

The magnetic induction lines and magnetic field diagrams
of the absorber in x-z plane at y = 0, y = 104, y = 14.6,
and y = 25um at a frequency of f = 6 THz are shown in
Figure 7. It can be observed that, compared with the Figure 6
(f = 4 THz), the magnetic field strength and magnetic loop
position are different. At f = 6 THz, the top graphene pattern
has a magnetic resonance but a corresponding magnetic loop is
formed in the dielectric layer. Furthermore, the magnetic field
strength is weaker than that of f = 4 THz. The absorption spectra
of TE polarization mode, operating frequency and incidence
angle are plotted in Figures 8A,B. One can see that the absorber
has a relatively stable absorptivity (above 92%) with absorption
bandwidth from 3.39 to 5.96 THz in the incident angle range of
0-40°. Table 1 shows the performances of our absorber and some
reported absorber.
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CONCLUSION

To sum up, we have numerically studied a broadband tunable
absorber based on series asymmetric oval-shaped graphene
array. The simulated results indicate that the proposed
structure provides a broadband absorption (3.39~5.96 THz) with
absorbance higher than 92%. Furthermore, one sees that both
the absorption bandwidth and the absorbance of the proposed
absorber can be dynamically controlled by changing the Fermi
level of the series asymmetric oval-shaped graphene array. The
proposed absorber may have potential applications such as filter
and switch in terahertz range.
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We numerically and experimentally demonstrated double Fano resonances in a simple
S-shaped plasmonic metasurface in the terahertz frequency range. Apart from the
electric-LC resonance and electric dipole (ED) resonance, two trapped modes are
excited in two different types of asymmetric S-shaped structures in the frequency
range 0.2-1.4 THz, which are mainly attributed to a magnetic dipole (MD) and an
electric quadrupole (EQ). Thereafter, double Fano resonances [one Fano and one
electromagnetically induced transparency (EIT) resonance] are achieved via the coupling
of the two dark trapped modes and a broad bright ED at normal incidence of the
metasurfaces. Furthermore, under oblique incidence, strong Fano responses can be
observed; they are considerably enhanced in asymmetric structures, and even in a
symmetric structure. The proposed S-shaped plasmonic metasurfaces are easy to
fabricate and have potential applications in multi-wavelength optical switches, filters,
and sensors.

Keywords: Fano resonance, metasurface, plasmonic, trapped mode, terahertz

INTRODUCTION

In the last decade, metamaterials (MMs) have been extensively studied because of their peculiar
electromagnetic properties, such as negative index media, cloaking, and subwavelength resolution
imaging [1-5], which cannot be obtained from naturally occurring materials. The fundamental
characteristic of an MM is its electromagnetic resonance responses, one of which is the interesting
trapped mode, which results from the anti-phased dipole resonance in an asymmetric plasmonic
MM [6-10]. The trapped mode has a high Q factor because of its small radiation loss, so it can
be used in sensor and modulator [11-15]. Researchers have focused on MMs containing a single
trapped mode observed in simple one-meta-atom MMs for a long time, and in recent years,
multiple trapped modes, usually excited in a complicated multi-meta-atom called metamolecule
MMs, have attracted extensive attention due to their superior performance in terms of modifying
resonant waveforms at multiple spectral locations simultaneously [16-20]. For example, two or
more trapped modes are demonstrated in MMs with a double-chain meander wire array or
two different lattices of metamolecules [19, 20]. On the other hand, trapped mode, as a dark
resonance, can be coupled with alow-Q bright mode to generate Fano resonance or an EIT response
[21-28]. Furthermore, multiple Fano resonances can be excited via multiple trapped modes in
multi-meta-atom MMs [29-33], which could be useful in multi-wavelength optical switches, filters,
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and sensors. For example, only one Fano resonance is observed
in a Z-shaped one-meta-atom plasmonic metasurface [26], but
three Fano resonances have been observed in two different-sized
asymmetric double-bar structures, where two Fano resonances
are attributed to two individual meta-atoms, and one to
their combinations or metamolecule MM [33]. However, the
metamolecule structure will increase the size of the devices,
which may not be conducive to practical applications.

In this work, we propose and experimentally demonstrate a
metasurface with double trapped modes consisting of only one S-
shaped plasmonic structure in the terahertz region. Furthermore,
double Fano resonances were also observed in this type of one-
meta-atom metasurface. This planar plasmonic metasurface is
easy to fabricate and has potential applications in biochemical
sensing, optical switching, and slow-light devices.

DESIGN AND SIMULATION RESULTS

S-shaped Symmetric and Asymmetric

Plasmonic Metasurfaces

The unit cell of the symmetric S-shaped plasmonic metasurface
is similar to Refs. [34-36] and shown in Figure 1A, where the
S-shaped aluminum structure (electric conductivity o = 3.56
x 107 S/m) with a thickness of 200 nm is deposited on a 12-
pwm-thickness polyethylene terephthalate film (PET, permittivity
& = 3.2). The atom S exhibits inversion symmetry, and its
geometrical dimensions are [ 100 wm, [, = 80wm, and
w = 10um. The unit cells are periodically arranged in the
x and y planes with identical lattice constants Px = Py =
200 wm. In addition, two different types of asymmetric S-
shaped structures are considered, as shown in Figures 1B,C,
respectively. In Case I, the symmetry of the S is broken by
changing the lengths of the horizontal metal arms, and the
degree of asymmetry is determined by d. In Case II, the
lengths of the vertical arms are changed, and the degree of
asymmetry is determined by g. To investigate the resonant
properties of the metasurface, numerical simulations are carried
out with commercial CST software. In our simulations, we utilize
periodic boundary conditions in both x and y directions, and
open boundary conditions are applied in the wave propagating
direction z. In the simulation, a lossless substrate is assumed
for PET.

Double Trapped Modes in Asymmetric

Metasurfaces

At first, the metasurfaces are illuminated by a normally incident
plane wave with the electric field along the y-axis. Figure 2 shows
the simulated transmissions of three symmetric and asymmetric
S-shaped plasmonic metasurfaces in the frequency range 0.2-
1.4 THz. It is evident in Figure 2A that two strong resonances
are located around 0.3 and 1.3 THz in the centrally symmetric
S-shaped metasurface. From the surface current distributions
(not shown here) at these two frequencies, we know that they
are typical electric-LC and electrical dipole (ED) resonances,
respectively. For an asymmetric S-shaped metasurface as in Case
I, however, in addition to the two resonances at 0.3 and 1.3 THz,

two new weak and narrow resonances can be clearly seen at 0.6
and 1.0 THz in Figure 2B, which are dependent on the related
asymmetric value of d. As theoretical analysis has shown, the
origin of the narrow spectral response in an asymmetry structure
can be attributed to the so-called “trapped mode,” which is weakly
coupled to free space [6, 23], and a larger asymmetric value of
the structure corresponds to a stronger trapped resonance with
a wider bandwidth [25-29, 33]. Similarly, two strong trapped
modes at the same frequencies of 0.6 and 1.0 THz in Figure 2C
can be observed in another asymmetric structure in Case II. The
same dependence of the trapped modes on the asymmetry value
g is also shown in Figure 2C. As g decreases from 30 to 10 um,
the Q-values of the trapped modes at 0.6 and 1.0 THz increase
from 78 to 149, and from 72 to 203, respectively. And the Q factor
of the trapped mode at 1.0 THz will reach up to 270 when g =
5 wm, but very sensitive to the loss of the substrate. Compared to
Case I, the trapped modes in Case II are much stronger, which
is related to their different excitation nature and discussed in
the following.

To explain the excitation nature of these two trapped modes,
the structure S can be regarded as the splicing of double U-
shaped sub-structures. Because of the anti-phase symmetry,
the dipolar moments in them are in opposite directions, and
perfectly canceled in the symmetric S-shaped metasurface,
indicating that the modes are not excited and remain dark at
0.6 and 1.0 THz. However, the trapped modes can be excited
when the symmetry of S is broken. The instantaneous current
distributions at 0.6 and 1.0 THz are plotted in Figures 3A-D.
Figures 3A,B show the surface current distributions at 0.6 THz
in Case I and Case II, respectively. Due to the different size
of the double U-shaped structures, the dipole momentums
can’t be completely canceled, meaning the balance of the
anti-phase currents is destroyed, and thus the two clockwise
circulating currents enhance the magnetic dipole (MD) and
suppress the toroidal dipole (TD), which means this resonance
is an MD resonance. On the other hand, the surface current
distributions at 1.0 THz in Case I and Case II are given in
Figures 3C,D, respectively. Strong currents can be observed in
the top and bottom arms, as well as in the arms on both
sides. Obviously, this is reminiscent of the electric quadrupole
form (EQ).

To further understand the nature of these two resonances,
decomposed scattered powers for multipole moments are
calculated based on the density of the induced current inside
the metamolecules by using a Cartesian coordinate system [37-
40]. Figures 3E,F plot the five strongest scattering powers of
multipoles around the resonant frequencies of Case I and Case
11, which include the ED P, MD M, TD T, EQ Qe, and magnetic
quadrupole (MQ) Qm. For multipole moments of Case I around
the resonant frequency of 0.6 THz, the magnetic dipole M
increases greatly and dominates the other multipoles in far-field
scattering power, which confirms that the resonant mode is an
MD. The TD T appears weaker than the other multipoles, as
previously analyzed from surface currents. At the frequency of
1.0 THz, it is evident that the electric quadrupole Qe occupies
the dominant position, while the ED P is in the second position,
which means this resonance is an EQ. Similar to Case I, the MD
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FIGURE 1 | Unit cells of three S-shaped plasmonic metasurfaces and the corresponding fabricated samples. (A) Inversion symmetry, (B) Case I: Broken symmetry
produced by changing the length of the horizontal arms, (C) Case II: Broken symmetry produced by changing the length of the vertical arms, (D-F) Microscopic
images of the corresponding three fabricated metasurfaces, where d = 20 um in (E) and g= 20 um in (F).
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FIGURE 2 | Simulated transmission spectra for (A) symmetric metasurface; (B) Case | with different values of d; (C) Case Il with different values of g. The E-field of

M and EQ Qe for Case II occupy the dominant positions at 0.6
and 1.0 THz, respectively, which indicates that the two trapped
modes in Case I and Case II are identical.

Double Fano Resonances in Asymmetric

Metasurfaces

For an incident wave polarized along the x-axis instead of the
y-axis, the transmission spectra of three S-shaped metasurfaces
are calculated and shown in Figure4. The transmission of
symmetric metasurface shown in Figure 4A displays a clear,

broad resonance dip around 1.0 THz, which is a typical ED
resonance from the surface current distribution (not shown
here). However, once the symmetry of the S structure is
broken as in Case I, we interestingly observe a distinct EIT-
like resonance (shown in Figure 4B) in the vicinity of 1.0 THz.
The EIT-like transparency peak coincidentally appears at the
dip of the broad ED resonance shown in Figure4A, and is
consistent with the trapped EQ given in Figure 2B as well.
Consequently, this EIT-like resonance can be interpreted as a
destructive interference between the bright ED and the trapped
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FIGURE 3 | Simulated current distributions at resonant frequencies of (A) 0.6 THz in Case |, (B) 0.6 THz in Case II, (C) 1.0 THz in Case |, (D) 1.0 THz in Case II.
Multipole decomposition results of the scattering spectrum by using the Cartesian coordinate system for (E) Case | when d = 20 wm and (F) Case Il when g = 20 pm,
where P, M, T, Qe, and Qm represent the ED, MD, TD, EQ, and magnetic quadrupole (MQ), respectively.
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EQ. Moreover, besides the EIT-like transparency window, a
sharp Fano resonance appears at 0.6 THz that lies in the range
of the broad ED resonance (Figure4A) and coincides with
the trapped MD resonance given in Figure 2B as well, which
indicates that this Fano resonance is excited by optical coupling
between the dark trapped MD and the bright ED mode. It is
noteworthy that the large detuning between the bright ED (1.0
THz) and the trapped MD (0.6 THz) results in a Fano response
rather than an EIT resonance; here, EIT is a special form of
Fano resonance when the detuning between the two coupling
bright and dark trapped modes is very small [20]. Furthermore,
considering that Fano responses are related to the asymmetry of
the structures, the transmission curves of the metasurface with
different values of d are also calculated and shown in Figure 4B.
As d decreases from 30 to 10 wm, the Q-values of the Fano
resonance at 0.6 THz and EIT at 1.0 THz increase from 22 to
95, and from 12 to 54, respectively, but their central frequencies
remain unchanged.

However, the results for the other asymmetric metasurface
of Case II shown in Figure 4C are quite different from those
for Case I. The broad ED resonance with its dip at 1.0 THz
is clearly observed, but two much weaker Fano resonances
respectively appeared at 0.6 and 1.0 THz for the large asymmetric
value ¢ = 30 um, and they can almost be neglected when g
= 10 pm. Considering that two much stronger trapped modes
are excited in Case II compared to Case I (shown in Figure 2),

we can conclude that the coupling path between the bright
and dark trapped modes, which is related to the asymmetric
structure, plays an important role in the excitation of the
Fano resonances.

Moreover, the frequencies of the two Fano resonances of
the proposed metasurface can be easily designed and tuned
by enlarging or reducing the size of the S-shaped structure.
For example, when doubling the size of the structure, the two
resonance frequencies will reduce to be half of the original.

Fano Resonances Under Oblique Incidence
We also explore the characteristics of the two trapped modes
and two Fano resonances under off-normal incidence in the
symmetric and asymmetric Case I (d = 20 wm) and Case II (g
= 20 pm) S-shaped metasurfaces. Two different types of incident
field polarizations are considered as shown in Figures 5A,B, and
for each case, there are two oblique incidences in both the E-
plane (the plane containing vectors E and k) and the H-plane
(the plane containing vectors H and k); here, E, H, and k stand
for the electric field, magnetic field, and wave vector, respectively.
The calculated transmissions of three different metasurfaces
under the field polarization of Figure 5A at 15° incidence are
presented in Figures 5C,E. We can see that two trapped modes
are excited around 0.6 and 1.0 THz in all three metasurfaces
in both E-plane and H-plane oblique incidences. Unlike the
normal incidence, the excitation of the two dark trapped modes
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in the symmetric structure becomes possible under off-normal
incidence, which can be simply explained by the structure being
geometrically symmetric but optically asymmetric under oblique
incidence. When the field polarization of Figure 5B is used, we
find that the responses under E-plane oblique incidence shown in
Figure 5D are close to transmissions at normal incidence (shown
in Figure 4) (i.e., two strong Fano resonances appear at 0.6 and
1.0 THz, respectively, in Case I, but much weakened in Case II,
and disappear in the symmetric structure).

However, under H-plane oblique incidence, Figure 5F shows
that both strong Fano and EIT resonances can be excited in
all three symmetric and asymmetric S-shaped metasurfaces, and
the strengths of the resonances in Case I are the largest, the
symmetric structure being second, and Case II third. Therefore,
oblique incidence can not only make the excitation of the
trapped mode possible even in symmetric metasurfaces, but can
also enhance the coupling of the bright and trapped modes
significantly as well.

EXPERIMENTAL RESULTS

In the fabrication of our metasurface, we used the purchased
composite of a PET-aluminum film as the raw material. This type
of commercial aluminum foil is very cheap and often used in
common food packaging. Positive photoresist was spin-coated
on the film and baked on a hot plate. After cooling to room
temperature, the samples were exposed by laser direct writing
with a spatial light modulator (DMD, Digital Micromirror
Device). Finally, wet etching was carried out in a mixed acidic
solution. Figures 1D-F are the microscope images of the three
fabricated symmetric and asymmetric Case I (d = 20 wm) and
Case II (g = 20um) S-shaped metasurfaces. The size of the
samples is 1 x 1cm. The transmission spectra of the samples
at normal incidence were measured using a terahertz time-
domain spectroscopy (THz-TDS) system under both x- and y-
polarized incidences, a Gaussian focused beam was used as the
THz source, and the spectral resolution is 10 GHz. The measured
transmissions for the three samples are shown as black curves in
Figure 6, and simulations are also shown as red curves for lossy
PET (loss tangent = 0.05). From Figures 6A-C, the measured

electric-LC resonance at ~0.3 THz and ED resonance at ~1.3
THz at the y-polarized incidence are clearly seen for all three
samples and are in good agreement with the simulations. The
measured two trapped modes are located at 0.6 and 1.0 THz
for asymmetric samples (Case I and Case II) as the simulations
predicted, the Q factor of the trapped mode at 0.6 THz (shown
in Figure 6C) reaches up to over 50, but they are much weaker
than those for lossless substrates as shown in Figure 2. Other
reason for the differences between measured and simulated
results is the limited sample size or effective unit cells of the
structure in the measurements, in contrast to the infinite unit
cells in the simulations, which impacts the high-Q resonance
more than the low-Q resonance. In addition, the imperfect
fabrication geometry will produce a small difference as well.
As the metasurfaces are illuminated by the x-polarized wave,
the measured transmissions in Figure 6E show a clear Fano
resonance at 0.6 THz and an EIT at 1.0 THz in the asymmetric
sample in Case I, but Case II (Figure 6F) shows a very weak
Fano and no EIT, which are basically consistent with the
simulation results. Thus, the two trapped modes and two Fano
resonances in the asymmetric S-shaped metasurfaces have been
verified experimentally.

CONCLUSION

In summary, we numerically and experimentally demonstrated
double Fano resonances in simple S-shaped plasmonic
metasurfaces in the terahertz spectral region. Transmissions of
two types of asymmetric S-shaped structures were investigated
under both normal and oblique incidences in the frequency
range 0.2-1.4 THz. At normal incidence, apart from the electric-
LC resonance at 0.3 THz and ED at 1.3 THz, two trapped
modes at 0.6 and 1.0 THz are simultaneously excited in both
the asymmetric structures, which are mainly attributed to the
MD and the EQ, respectively. Furthermore, strong Fano and
EIT resonances are achieved by coupling the two dark trapped
modes with a broad ED in one asymmetric structure, but
very weak resonances are observed for the other asymmetric
structure. This indicates that the asymmetric structure plays an
important role in the excitation of Fano resonances. Moreover,
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at oblique incidence, strong Fano responses can be observed
and greatly enhanced in both the asymmetric metasurfaces,
and even for inversion symmetry, which is impossible at
normal incidence. The results measured by THz-TDS for the
fabricated symmetric and asymmetric structures are in good
agreement with calculations. The proposed S-shaped plasmonic
metasurfaces have wide applications in biochemical sensing,
optical switching, and slow-light devices.
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A tunable graphene terahertz metamaterial absorber is designed by treating a monolayer
continuous dumbbell-shaped structure graphene layer, which can simultaneously
realize the narrow bandwidth and dual-band absorption with transverse magnetic
(TM) polarization and wide incident angle operation. Two pronounced absorption
peaks are caused by the novel toroidal dipole phenomenon and magnetic plasmon
polariton. By optimizing the geometry parameters, the relative narrow bandwidths of
the two absorption peaks are 26.4 and 23.5 GHz at frequencies of 0.2242 THz and
0.5302 THz, respectively, with the absorption rate above 99.6%. Since the continuous
dumbbell-shaped graphene structure is treated in the absorber, a more convenient way
to realize the tuning ability by treating a bias voltage compared to the absorbers with
discrete graphene structures. The designed device can work at a wide incident angles
(up to 80°) under TM polarization with the absorption above 88% at low frequency. The
simulation results are basically in good agreement with the results of the equivalent circuit
model. This work offers huge potential applications in terahertz imaging, detecting and
sensing, especially in the 6G communication systems.

Keywords: terahertz absorber, narrow bandwidth, toroidal dipole, graphene, terahertz communication

INTRODUCTION

The standardization of fifth generation (5G) communications has been finished, and the 5G
network will be built into commercial applications in 2020. Based on the above fact, the outlook
and development plan of 6G communications has been put on the agenda, laying a foundation for
the new generation of communication systems for future needs of the 2030s [1]. The terahertz band
ranged from 0.1 to 10 THz is referred to as a gap region located between the microwave and optical
spectra. Because of its huge application potential in communication, biomedical imaging, security,
and so on, terahertz technology has caught increasing attention in recent years.

The pivotal problem influencing the actual application in hybrid terahertz/free-space-optical
systems expected to be implemented in 6G frequency band is the shortage of functional devices with
outstanding characteristics. This is mainly caused by the shortage of the materials in nature that can
directly interact with terahertz waves. To overcome this problem, an artificial composite material
containing periodically arranged structural units named metamaterial is proposed and investigated.
Different from nature materials, by designing the resonant unit structure, the metamaterial can
provide some abnormal electromagnetic characteristics, including negative refractive index [2],
invisibility [3], perfect absorption [4] and electromagnetic induced transparency [5]. Based on
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their unique electromagnetic characteristics, metamaterial has
been applied in terahertz function devices, including sensors
[6, 7], modulators [8], filters [9], and switches [10].

Metamaterial absorbers showcase huge application value in
communication, security, detection and other fields, and have
increasingly become one of the study hotspots in terahertz
region [11-20]. Landy et al. reported a metamaterial absorber
with perfect absorption characteristics for the first time [21].
Since then, various metamaterial absorbers operating in various
frequency regions were achieved, from microwave to infrared
range [22-24]. In terahertz region, Tao et al. demonstrated the
first narrowband absorber [25]. Therefore, dual-band and multi-
band terahertz absorbers were put forward continuously. For the
proposed absorbers, the characteristics have been realized on the
basis of the geometry structures, which restrict their practical
applications. There is an urgent need to actively modulate and
control the metamaterial absorbers by applying heat, electric
field, magnetic field and optical field.

In recent years, researchers have treated some functional
material to design tunable terahertz metamaterial absorbers.
Yin et al. showed a terahertz tunable dual-band metamaterial
absorber by employing the liquid crystal material [26]. Liu et al.
proposed a thermally tunable broadband terahertz metamaterial
absorber on the basis of the mixed VO, [27]. Caused by
the excellent transition characteristics of VO, material, the
maximum tuning range of the designed device can be changed
from 5 to 100% by treating an external thermal field. Zhang et al.
designed a tunable metamaterial terahertz absorber treating 3D
Dirac semimetal films (DSF) [28]. The operating characteristics
of the DSF absorber can be dynamically tuned by changing the
Fermi level instead of structure geometry parameters. Recently,
they also reported a tunable broadband metamaterial sandwich-
structured terahertz absorber containing black phosphorous
and vanadium dioxide [29]. The dynamical tuning operation
of the broadband absorption is resulted from the variation of
the electron doping of black phosphorous and conductivity of

FIGURE 1 | (A) Structure of the dumbbell-shaped graphene layer; (B) Schematic of the designed terahertz perfect absorber, including a top layer of continuous
graphene metasurface, a middle layer of the silicon dielectric layer, and a metal gold plate. Geometry parameters here: Px = 200 um, Py = 450 um, r = 55um, d =

95 um, dx = 35um, h_m =50um, and t = 0.2 um.
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VO,. Huang et al. designed a metamaterial absorber based on
temperature variation that contains a periodic array of metal
circle resonators with strontium titanate [30]. Gu et al. designed
and fabricated a new kind of Salisbury screen absorber formed
by DAST crystalline films [31]. The terahertz response of the
absorber can be adjusted by changing the thickness of the
DAST film and the spacer. On the other hand, graphene-assisted
switchable liquid crystal terahertz metamaterial absorber was
reported by Wang et al. [32]. However, the limitation of the
tuning range of the material constitutive parameters will restrict
the realization of the narrow band absorption performance.

How to obtain tunable narrow-bandwidth dual-band
absorption is a hot research topic in graphene-based
metamaterial absorber. One way to realize the multiband
absorbers is to use multi-resonator structures in one unit
cell [33, 34]. Another way is to superimpose the multi-layered
graphene structures with different geometric sizes [35]. Although
the characteristics of the tunable dual-band absorption are ideal,
however, the bandwidths of the absorption peaks are wide and
cannot satisfy the narrow-bandwidth requirements in 6G or
terahertz communication systems. It is a very difficult task to
combine the two properties of dual-band and narrow bandwidth
with simple manufacturing process.

Motivated by the previous studies, in this work, a dual-band
tunable metamaterial absorber with narrow bandwidth in the
terahertz region is designed by using a simple sandwich structure.
The absorber is formed by a dumbbell-shaped monolayer
graphene metasurface layer and a gold ground plane, and the
two layers are separated by a silicon layer. The theoretical
and numerical investigation on the internal mechanism of
narrow-bandwidth dual-band tunable absorber are performed
based on CST Microwave Studio and equivalent circuit model.
The absorption characteristics of the designed metamaterial
absorber are analyzed by optimizing different parameters of
graphene geometry, substrate thickness, and incident angle of

terahertz wave. The results demonstrate that the absorption
can reach 99.62 and 99.76% at 0.2242 and 0.5302 THz with
the extreme narrow bandwidths as low as 26.4 and 23.5 GHz,
respectively. The designed absorber offers dual-band absorption,
high absorptivity, polarization-sensitivity and wide incident
angles. In addition, the tenability of the terahertz absorptivity and
the absorption peaks can be achieved conveniently by changing
the bias voltages.

STRUCTURAL DESIGN AND RESEARCH
TECHNIQUES

The unit cell of the dumbbell-shaped graphene structure
metamaterial absorber is depicted in Figure 1. The metamaterial
structure used in this paper is formed by a planar array
of continuous graphene structure suspended in a rectangular
dielectric silicon layer and a metal ground plane. The structure
of the graphene layer is a dumbbell shape and aligned with
y-axis (see Figure1). The detailed geometric parameters are
defined in the caption of Figure 1A. As shown in Figure 1B,
the graphical graphene periodic array is fabricated on top of
silicon layer. The voltage V between the gold plate and the
metal electrode is used to change the chemical potential of
graphene. The excitation signal is a linear polarized plane
wave with transverse magnetic (TM) polarization transmitting
along the z direction. At resonance, the normal incident plane
wave radiation, polarized along x-axis, will cause dipole effects
along x-axis, as depicted in Figure 1. These excitations will
couple with the free-space radiation and result in the absorption
characteristics of the metamaterial structure [36]. The dielectric
material used in this paper is lossless silicon with relative
permittivity e, = 11.9 [37, 38]. Gold is treated as the ground plane
with conductivity o514 = 4.561x107 S/m [38]. The thickness of
the graphene layer can be set as h_g = 1 nm. Other parameters
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FIGURE 3 | Induced electric field distributions of the dumbbell-shaped graphene absorber for different modes: (A) TM for 0.5302 THz; (B) TM for 0.2242 THz; (C) TE
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are listed as follow: ¥ = 55 um, d = 95 uwm, dx = 35um, h_m =
50 pm, t = 0.2 wm, Px = 200 wm and Py = 450 pm.
The permittivity of the graphene can be expressed as [39]:

o H_jrf(cu)

@

Eowty

where @ defines the terahertz frequency, tg represents the
thickness of the graphene layer, £y denotes the permittivity of
vacuum. Surface conductivity of graphene o(®) = Tiptra(®) +
Ointer(®) can be obtained on the basis of the Kubo formula [5],
containing the interband and intraband transition contributions.
In terahertz frequencies, the interband transitions can be
neglected caused by the Paili Exclusion Principle, and at room

temperature (T = 300 K), the Kubo formula can be expressed by
a Drude-like expression [40, 41]:

Sue J
nh? wo+jrl

2)

o(w) =

where e is the electron charge, and /i represents the reduced
Planck constant. j. denotes the chemical potential. The carrier
relaxation time 7 = uuc/(ev2f) [42], where v¢ denotes the
Fermi velocity (the value is 10° m/s here). u represents
the carrier mobility., which relies mainly on the fabrication
method. Higher carrier mobility higher than 10,000 cm?/(Vs)
was achieved for graphene grown by chemical vapor deposition
(CVD) [43]. Also, the mobility in excess of 200,000 cm?/(Vs)
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FIGURE 4 | Induced surface current distributions of the dumbbell-shaped graphene absorber for different modes: (A) TM for 0.5302 THz; (B) TM for 0.2242 THz; (C)

was obtained experimentally based on suspended monolayer
graphene [44]. In view of the feasibility of practical applications,
an appropriate mobility of 10,000 cm?/(Vs) could be assumed
in our design. Recently, by fabricating the graphene layer on
hexagonal Boron nitride (h-BN) substrate, the high mobility
of 50,000 cm?/(Vs) was realized at room temperature based
on CVD method, and the carrier mobility increased to
300,000 cm?/(Vs) at ultralow temperature [45]. h-BN has no
dangling bonds and its atomic structure is flat. Also, h-BN
can provide a much less amount of charge traps than silicon
dioxide [46]. In addition, it shows a minor lattice mismatch
with graphene. Thus, a monolayer graphene manufactured
on h-BN demonstrates the tendency to provide a much
higher mobility.

Numerical simulations are investigated based on the
commercial software CST Microwave Studio [47]. The frequency
domain solver is treated in simulation to calculate the reflection
coefficient |S;;| and the transmission coefficient |Sz;|. Open
boundary condition is set in the z direction and unit cell
boundary conditions are used in the x and y directions.
Adaptive tetrahedral mesh refinement is adopted to improve
the simulation accuracy. The absorption of the metamaterial
structure can be calculated by the expression A = 1-|S,;1|>-|S11|%
where the transmission |S;]> can be neglected since the gold
plate prevents the terahertz wave from going through the
absorber. In the simulation, the electric field of terahertz wave
paralleled to the x axis is defined the TM polarization while the
electric field paralleled to the y axis is TE polarization.
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FIGURE 5 | Absorption spectra under (A) different dielectric layer thickness h_m when d = 95 um, dx = 35 um, r = 55 um; (B) different distance d when h_m =
50 wm, dx = 35 um, r = 55 um; (C) different width dx when h_m = 50 um, d = 95 um, r = 55 um; (D) different radius r when h_m = 50 um, d = 95 um, dx = 35 um.

RESULTS AND DISCUSSION

The absorption characteristics of the designed dumbbell-shaped
dual-band metamaterial absorber at normal incidence for TM
polarization illustrate in Figure 2A. The red and black curves
indicate the absorption and reflection of the TM polarization,
respectively. Because the continuous gold plate is placed on the
bottom of the absorber, the transmittance of the absorber is
zero. The blue line denotes the absorption of TE polarization.
For the two absorption peaks of TM polarization, the maximum
absorptions are 99.62 and 99.76% at frequencies of 0.2242 and
0.5302 THz with the excellent narrow bandwidths as low as 26.4
and 23.5 GHz, respectively. The color map shown in Figure 2B
reveals the relationship between the absorption and the terahertz
frequency with different polarization angles ¢ changing from 0°
to 90° with a step of 5°. The characteristic of the two absorption
peaks is changed over the interested frequency as the polarization

angle ¢ changing. This result reveals the polarization-dependent
characteristic of the absorption at normal incidence.

In order to furtherly figure out the physical origin of dual-
band absorption characteristic, the electric field at absorption
peaks of 0.2242 THz and 0.5302 THz with TM- and TE-
polarizations are given in Figure 3. The physical mechanism
of the dual-band perfect absorber designed in this paper has
relation to the electric dipole resonance in dumbbell-shaped
structure array, which is attributed to the local surface plasmon
resonance and magnetic dipolar resonance between the graphene
microstructure and the gold plate [34]. For TM polarization,
as depicted in Figures 3A,B, the physical mechanism of the
two absorption peaks is different. In Figure 3A, when the
resonant frequency is 0.5302 THz, the induced electric fields
concentrate mostly around the edges of the graphene dumbbell-
shaped metasurfaces. In this case, charges with opposite polarity
will store up at the left and right halves of each graphene
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FIGURE 7 | Relationship between the absorptivity and frequency with different
chemical potentials from 0.2 to 1.6eV.

microstructure along the x direction, resulting in the capacitive
properties [38]. The surface current distributions of the absorber
at the resonant frequencies are also given in Figure 4 to explain
the resonance type. At the resonant frequency of 0.5302 THz
(given in Figure 4A), the direction of surface currents of the
dumbbell-shaped graphene layer is opposite to the surface
currents direction of the gold ground plane. The resonance
type at absorption peak of 0.5302 THz can be deemed to the
magnetic plasmon excitation. When the frequency is 0.2242
THz, as depicted in Figure 3B, the excited electric fields mainly
concentrate at the edges of the middle part of the dumbbell-
shaped graphene layer. As depicted in Figure 4B, when the

Absorption (%)

Frequency (THz)

0 10

20 30 40 S0 60 70 80
Incident Angle (degree)

FIGURE 8 | Absorption spectra for the designed perfect absorber with
different frequencies and incident angles for TM polarization.

resonant frequency is 0.2242 THz for TM polarization, the
opposite circular displacement currents surround the two ends
of the dumbbell-shaped structure simultaneously. Two magnetic
fields with different directions along the z direction will be excited
by the two ring currents. The excited magnetic fields show low
radiation characteristics and will generate a circular magnetic
moment perpendicular to the graphene layer. Thus, the head-to-
tail connection magnetic moment results in the toroidal dipole
moment in the x direction [36, 48]. With the above discussion,
the absorption peak at the resonant frequency of 0.2242 THz
is caused by the toroidal dipole phenomenon in the dumbbell-
shaped graphene layer. The detail investigation about the toroidal
dipole will be reported in our future work. For the terahertz wave
with TE polarization, since no resonant mode is excited at the
frequency around 0.2 THz, there is no absorption peak appears
around 0.2 THz in the absorption spectrum shown in Figure 2.
The impact of various geometry parameters of the absorber
on the absorption performances are investigated. The absorption
spectra of the designed dumbbell-shaped narrow bandwidth
metamaterial absorber with different silicon substrate thickness
h_m, distance d, width dx and radius r in frequency band of
0.1-0.6 THz, are shown in Figure 5. Figure 5A demonstrates
that the thickness variation of the silicon layer will slightly
influence the absorption rate and the shift of the resonant peak
simultaneously. When the thickness of the silicon layer (h_m)
increases from 45 to 60 wm, the two absorption peaks depicts
red-shift. Also, the absorption around peak frequency of 0.22
THz increases gradually and the absorption around peak of 0.53
THz increases first and then decreases. As given in Figure 5B, the
change of the distance d between the two circles demonstrates
a slight impact on the absorption rete and shift of the two
absorption peaks. When d increases from 85 to 105 pm, the
two absorption peaks exhibit red-shift. However, the absorption
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TABLE 1 | Comparisons between the designed absorber and the reported results.

References Operation frequency Absorption Bandwidth (Fraction) Graphene structure

Tao et al. [25] 4.95&9.2 THz 99 &99% - Graphene sheet separated by SiO» layers and graphene ribbon
Wang et al. [28] 0.512 & 1.467 THz 98 & 98% >100 GHz (19.5%) Graphene metasurface

Wang et al. [29] 0.94 & 2.69 THz 80 & 80% 934 & 839 GHz (99.4 & 31.2%) Nonstructural graphene

Qietal. [39] 0.69 & 2.21 THz 90 & 90% 300 & 160 GHz (43.5 & 7.2%) A cross-elliptical graphene pattern

Wang et al. [50] 7.1 &10.4 THz 99 & 99% >100 GHz (1.4%) Five separated graphene circles

Zhang et al. [51] 1.128&1.24 THz 95 & 90% 100 GHz (8.9%) Graphene patch array

He et al. [52] 1.5612 & 1.537 THz 99 & 99% 60 GHz (4%) Two graphene circle elements

Deng et al. [53] 6.42 & 8.37 THz 98.5 & 99.1% Gold resonator-Graphene-SiO-Gold

Here 0.2242 & 0.5302 THz ~ 99.62 & 99.76% 26.4 & 23.5 GHz (11.8 & 4.4%) Dumbbell-shaped continuous structure

|
—|, {550}
C, L, R,
|
—|| {550
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z

FIGURE 9 | Equivalent circuit model of designed dumbbell-shaped dual-band
graphene absorber.

peak around 0.53 THz with d = 100 wm doesn’t satisfy the red-
shift rule. Figure5C depicts that as the width dx increasing
from 25 to 50 wm, the resonant peak around 0.22 THz shows
blue-shift, while the resonant peak around 0.53 THz is almost
unchanged. As depicted in Figure 5D, when the radius r of the
circles changes, the two absorption peaks are almost unchanged.
Based on the above parameters analysis, the optimal geometrical
parameters are concluded as follows: d = 95 um, dx = 35pum, r
=55pumand h_m =50 pm.

The influence of carrier mobility u of graphene on the
operation performance of the designed dual-band metamaterial
absorber is demonstrated. Based on the discussion given in
section Methods, when the chemical potential is fixed at g
= leV, the absorption spectra of the absorber with different
values of i changing from 1,000 cm?/(Vs) to 50,000 cm?/(Vs)are
discussed and given in Figure 6. The change of © doesn’t affect
the location of the absorption peak. When the carrier mobility
is higher, the absorption decreases caused by the higher loss. On
the contrary, the absorption peaks become more non-significant
with the increase of 1, and the absorption of the two absorption
peaks decreases.

For the graphene-based terahertz devices, one of the major
merits is the dynamic tenability that the traditional devices
cannot provide. The optical characteristics of the designed
graphene absorber can be manipulated by changing the
chemical potential p. of graphene instead of reconstructing
the physical structure. In this paper, the electric tuning can
be obtained by applying a bias voltage since the dumbbell-
shaped graphene structure of the design absorber is continuous.
The continuous graphene structure has the advantage of being
easy to manufacture. The variation of the graphene chemical
potential can be realized based on the adjustment of the voltage
between the electrode and the ground plane. Figure 7 depicts
the absorption spectra of the dual-band absorber with different
e from 1.6 to 0.2eV. When pu. = 1.6€eV, the two resonant
peaks locate at 0.2296 and 0.5419 THz with the absorption of
89.17 and 94.05%, respectively. And the corresponding narrow
bandwidths are 27.87 and 24.82 GHz, respectively. When the
chemical potential p. decreases from 1.6 to 0.2eV, the two
absorption peaks slightly red shifted. Meanwhile, the spectral
bandwidth of the two absorption peaks become smaller first and
then become larger. When the chemical potential is e = 1eV,
the absorption of the two peaks of 0.2242 THz and 0.5302 THz
are 99.62 and 99.76% with the bandwidth of 26.4 and 23.5 GHz,
respectively. When the chemical potential furtherly decreases,
the absorption peaks disappeared, and only a wide absorption
band with the absorption above 91% in the interested frequency
range is achieved. Here, the excited absorption peaks realize a
maximum absorption change from 99.62 to 73.40% around 0.2
THz and 99.76 to 80.56% around 0.5 THz, which located in the
6G-communication frequency band.

The performance of the designed absorber under arbitrary
incidence with TM polarization is investigated and illustrated
in Figure 8. Figure 8 shows that the frequency of the lower
absorption peak slightly increases with the increase of the
incident angle of TM polarization, resulting in the absorption
peak being divided into two. This phenomenon may be caused
by the parasitic resonances in the structure at a large incident
angle [49]. Meanwhile, the higher absorption peak moves to high
frequencies. This result can be explained that the variation of the
electrical length will influence the magnetic resonance frequency.
However, the absorption of the lower frequency absorption peak
can still keep above 88% under 80° incidence.
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TABLE 2 | Optimum circuit parameters based on the equivalent circuit model.

Components R1(®) L1(pH) C4(fH) R2(R) L2(pH) Ca(fH) La(pH) Ca(pF)
Values-TM 0.78 10.98 116.99 1.79 5.04 38.58 5.45 11.78
Values-TE 0.71 17.83 8.00 0.83 4.65 12.07 5.43 918.79
100 point can be used to approximate the lumped parameter values
) of R, L, and C in the equivalent circuit [54-56].
—— Circuit Model TM Zg is the surface impedance of microstructure which can be
80 — — CSTTM expressed as:
- === Circuit Model TE
Q ----CSTTE [+ $1)° = 83, 3)
~~— R =
S 60 (1—81)° -8,
2
& The value R can be obtained by:
0 40
2
< R = Re(Zr(w)) (4)
20 By taking two points w; and w; near the low-frequency resonant
s w5 peak around 0.2 THz, the values of the capacitor C; and inductor
0 . L; in the equivalent circuit can be obtained by:
- bar=r=" | N 1 " 1
0.1 0.2 0.3 0.4 0.5
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FIGURE 10 | Comparison of simulation results and equivalent circuit
calculated results of the tunable dual-band absorber with TE and TM
polarizations.

In order to prove the superiority of the designed absorber,
result comparison with reported terahertz graphene absorbers is
listed in Table 1. The results illustrate that the dual-band absorber
designed here can provide the excellent narrow absorbing
bandwidths with two tunable absorption peaks, which can be
widely used in the 6G-communication systems. Furthermore,
since only one monolayer continuous graphene layer is treated
in the design, the metamaterial absorber is easy to fabricate
and tune.

RLC CIRCUIT MODEL

The equivalent circuit model can be used to qualitatively forecast
the behavior of the structures and the characteristics of the
designed absorber. Furthermore, the impact of the geometry
and periodic structure on the performance of absorber can also
be estimated. Thus, the equivalent circuit model is beneficial
for designing the new applications and providing physical
mechanism of absorbers.

Based on the equivalent circuit model, the dual-band
metamaterial absorber can be equivalently modeled as an
equivalent circuit containing parallel-connected two series RLC
circuits illustrated in Figure 9. Hence, the interaction between
the terahertz wave and the absorbers can be investigated based
on the transmission line theory.

By investigating the numerical simulation results, the value
of the reflection coefficient S;; corresponding to the resonance

wy /w1 — w1/w

©)

' Im(Zr(w2)) x w1 — Im(Zg(w1)) X @,
_ Im(Zr(@2)) + 1/(w2 x Cy)
1= 0

(6)

Similarly, by taking two points w3 and w4 near the high-
frequency resonant peak around 0.53 THz, the values of the
capacitor C, and the inductor L, in the equivalent circuit can
be achieved.

The silicon layer and gold ground plane can be regarded as
a shot-circuited transmission line with the length of d, and the
impedance can be expressed as:

Za(w) = jZ1 ™ tan(Bd) )
where B=2\/g,;11, — (sinf)?, ¢ represents the wave speed in
vacuum, 6 defines the angle of incidence terahertz wave.
Z,EM B/(werep) is the intrinsic impedance with TM
polarization, Z};lE = (wprto)/PB is the intrinsic impedance with
TE polarization.

Z4 can be equivalent by the series connection of inductor Ly
and capacitor C4. The Cyq and Ly can be calculated by using two
frequency points ws and wg around the high-resonant frequency:

B s /w5 — w5 /we

 Im(Zg(we)) X ws — Im(Zg(ws)) X ws
_ Im(Z4(ws)) + 1/(ws x Cq)

d= o

®)

Cq

)

Table 2 summarizes the parameters of the equivalent circuit
calculated by optimizing the RLC parameters based on the
above equations.

Figure 10 illustrates the absorption of the absorber based
on the calculation from equivalent circuit model and full wave
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simulation, respectively. The results obtained from equivalent
circuit agree well with the full-wave simulation results.

Finally, the working speed of the designed absorber depends
on the RC value, where the capacitor C is mainly caused by the
stray capacitance between the graphene layer and the dielectric
substratum [40]. The capacitance can be expressed as C =
£0&4Sg/d, where g¢ represents the permittivity of vacuum, &g
represents the relative permittivity of silicon, d = 55 pwm defines
the thickness of silicon, and S is the total effective area of
graphene. In this work, the absorber is assumed to be a 100 x 100
array, and the S, is about 6.7 mm?. Thus, the capacitance of the
absorber is about ~12.83 pF. Considering that the resistance of
the silicon substratum is relative low, the resistance R is mainly
caused by the graphene layer. According to previously reported
work, the resistance of graphene is usually several hundred ohms
[57, 58]. When the highly doped graphene material is treated,
the resistance of the absorber can be extremely decreased [40].
Therefore, when the resistance is set to ~200 €2, the working
speed is up to ~67.3 MHz calculated from 1/2nRC.

CONCLUSIONS

A tunable dumbbell-shaped narrow-bandwidth dual-band
terahertz perfect absorber based on a monolayer continuous
graphene meta-surface is designed and investigated in this
paper. By optimizing the geometry structure parameters of
the absorber, the absorption of the two peaks are 99.62% at
0.2242 THz and 99.76% at 0.5302 THz. The corresponding
excellent narrow bandwidths of the absorption peaks are 26.4
and 23.5 GHz, respectively. The electric field and surface
current distributions are discussed to interpret the physical
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Multiple-band metamaterial absorbers have been widely reported using the co-planar or
layered design methods. However, these obtained absorption devices are of complex
structure, large unit size, heavy weight, and time-consuming construction steps. Herein,
an alternative design strategy is suggested to realize the multiple-band absorption at
terahertz frequency. By introducing air gaps into the rectangular metallic patch, the
original rectangular resonator can be divided into multiple sub-structures (or separated
sections), and the combined effect of the localized resonance response of these
sub-structures (or separated sections) gives rise to the multiple-band absorption. More
importantly, the size, position and number of air gaps play the important roles in
controlling the resonance performance of the absorption peaks and even in regulating the
amount of the absorption peaks. Compared with the existing multiple-band absorption
design strategies, the proposed approach does not increase the unit size, nor need to
stack multiple layers, which provides important guidance for the design of multiple-band
terahertz metamaterial absorbers with simple, compact, and easy to fabricate for
full details.

Keywords: metamaterial, terahertz, perfect absorber, multiple-band absorption, rectangular patch resonator

INTRODUCTION

Metamaterial absorbers, as an important branch of metamaterial-based resonant devices, have
attracted wide attention because of their near-perfect absorption to the incident beam, ultra-thin
dielectric layer thickness, and adjustable operating performance [1-3]. In view of these excellent
properties, metamaterial absorbers can be extensively used in selective thermal emitter, solar
energy harvesting, surface enhanced Raman scattering, refractive index sensing, and so on [2, 3].
Metamaterial absorbers are usually consisted of three functional layers that are, respectively, the
top patterned metallic structure and the bottom metallic mirror separated by the middle insulating
dielectric layer. The three functional layers have different roles in realizing the perfect absorption.
Please refer to Review works in [2] and [3] for details. Under their guidance, various of top
metallic structures for the perfect absorption has been wide-ranging investigated [4-8], such as
metallic cross, electric-ring resonator, loop frames, rectangular patch, etc. However, metamaterial
absorbers designed by these structures have similar disadvantages of single absorption band or
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single-band absorption. It is foreseeable that the single-band
absorption device will inevitably have some limitations in
applications. In order to avoid these potential limitations, the
design of the multiple-band metamaterial absorbers is urgently
needed [2, 3].

Multiple-band metamaterial absorbers mean that they enable
perfect absorption at several discrete frequency points. According
to the number of frequency points [9-28], the multiple-band
absorption devices can be divided into dual-band absorption,
triple-band absorption, quad-band absorption, and even more.
In terms of design ideas, the principles of these multiple-band
metamaterial absorbers are similar that they are resulted from the
combined effect of the single resonance response of each metallic
resonator. As a result, the multiple-band metamaterial absorbers
require metallic resonators with not less than the number of their
own absorption peaks. In terms of implementation modes, the
realization of the multiple-band metamaterial absorbers usually
has two methods. One of which is the co-planar design method
for placing multiple sub-resonators [9-21]. However, this type of
design is at the expense of increasing the interaction of the sub-
arrays (resulting in weak absorption strength) and expanding the
unit size (resulting in large and non-compact structure size). The
another strategy is the layered design method formed by several
metallic sub-resonators with different sizes [22-28]. However,
the layered design has the complex structure and thick structure
size, which leads to the heavy weight of the device and the time-
consuming construction processes. Either the co-planar design or
the layered design is not an ideal way to realize the multiple-band
perfect absorption. The fascinating method should be combined
with the advantages of being as small size or compact as possible,
ultra-thin, light weight, and easy to fabricate. However, such
multiple-band metamaterial absorbers are rarely reported at
this stage.

In this paper, an alternative design method for multiple-
band perfect absorption is proposed. By introducing air gaps
into the rectangular metallic patch, the introduction of the air
gaps can split the original rectangular patch resonator into
several separated parts or sections. The superposition effect
of the localized resonance responses of the several separated
sections exhibits the ability to gain the multiple-band absorption
at terahertz frequency. The performance of the multiple-band
absorption shows a significant dependence on the gap sizes,
number, as well as the gap position in the rectangular patch.
Compared with the existing design technologies of realizing
multiple-band absorption [9-28], the multiple-band absorption
device has some superior features, especially it does not increase
the transverse and longitudinal dimensions of the basic cell, so it
can effectively avoid the coupling effect of the sub-structures in
the large-sized co-planar design method and can avoid the time-
consuming fabrication steps and complex structure faced in the
layered design approach. Therefore, the multiple-band terahertz
metamaterial absorber should have a wide range of application
prospects in the terahertz technology related fields, including
terahertz imaging, terahertz detection, terahertz sensing, etc.

The framework of this manuscript is as follows: In “Design of
single-band absorption” section, we first use a rectangular patch
to obtain the single-band absorption at terahertz frequency. The

physical origin of the single-band absorption is investigated. Its
mechanism is mainly derived from the three-order resonance
response of rectangular patch. We also evaluate the influence
of the rectangular patch sizes on the single-band absorption.
In “Design of dual-band absorption” section, an air gap is
introduced into the rectangular patch, and its introduction can
divide the rectangular patch into two separated sections. The
combination effect of the localized resonance response of the
two separated sections can gain the dual-band absorption. The
near-field patterns of the dual-band absorption as well as the
dependence of the dual-band absorption on the changes in the
gap position and sizes are also demonstrated to further explain
its formation mechanism. In “Design of triple-band absorption”
section, a more air gap is introduced into the rectangular patch,
three separated sections are obtained due to the introduction of
the two air gaps. Results show that each separated section has the
single localized resonance mode, and the combination of these
resonance modes in the three separated sections leads to the
triple-band absorption. The relevant dimensions of air gaps have
a considerable influence on the resonance performance of the
triple-band absorption. In “Conclusion” section, we summarize
the results of each section and conclude the whole manuscript.

DESIGN OF SINGLE-BAND ABSORPTION

Side-view and top-view of the basic cell of the single-band
metamaterial absorber are, respectively, shown in Figures 1A,B.
Three layers of top metallic resonator, ultra-thin middle
insulating medium layer having thickness of + = 4.1 pum and
dielectric constant of 3(14+:0.06), and bottom metallic board with
thickness larger than the skin depth of incident beam are utilized
to realize the single-band absorption. The top metallic resonator
is actually a rectangular patch, it has the length of | = 94 pm and
width of w = 44 pum. The basic cell of the single-band absorption
has periodic dimensions of a = 100 pwm along the x-axis and b =
70 wm along the y-axis.

We use commercial simulation software FDTD Solutions,
which is based on the finite difference time domain method,
to analyze and study the resonance performance, and near-
field patterns of the designed absorption devices, including the
single-band absorption, dual-band, and triple-band absorption
in the following sections. During the analysis, periodic boundary
conditions along the x and y directions are applied to reveal the
periodic arrangement of absorption device, while the perfectly
matched layers are employed in the z direction to absorb
the unnecessary scattering. A plane light source with x-axis
polarization propagating along the z direction radiates into the
absorption device from top metallic resonator to bottom metallic
board. The absorption AA is obtained from the AA = 1—TT—
RR, of which the TT and RR are, respectively, the transmission
and reflection of the metamaterial. Since the thickness of the
bottom metallic board is greater than the skin depth of the
incident beam, the TT = 0. Then the AA could be expressed by
AA =1—RR.

But the need to pay attention to is that the sizes of
rectangular patch, the thickness and dielectric constant of middle
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FIGURE 1 | (A) Side view of the metamaterial absorber having the single-band, dual-band, and triple-band absorption; (B) Top view of the single-band metamaterial
absorber; (C) Top view of the dual-band metamaterial absorber; (D) Top view of the triple-band metamaterial absorber.
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FIGURE 2 | (A) Absorption response of the single-band metamaterial absorber, of which the insets (I) and (Il) are, respectively, the electric and magnetic field patterns
of the maximum absorption peak at 2.57 THz; (B) Dependence of the absorption response on the length (/) change of the rectangular patch resonator.
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insulating medium layer, the periodic dimensions of basic cell,
the calculation model and its boundary conditions are unchanged
in the whole manuscript unless otherwise specified. In other
words, except for the introduction of air gaps into the rectangular
patch, there is no other parameter changes for the dual-band
and triple-band absorption in the following sections. Therefore,
the advantage of this method (by introducing air gaps into the
rectangular patch) in this manuscript is that the multiple-band
absorption can be obtained without increasing the cell sizes
horizontally and vertically, which is totally different from the

previous design strategies.

Under the preset parameters and appropriate calculation
model, the absorption response of the metallic rectangular
patch resonator is shown in Figure 2A. Single resonance
absorption peak with the frequency of 2.57 THz is obtained.
To insight into the physical mechanism of the single-band
absorption, near-field distributions of this absorption peak
at 2.57 THz are given in Insets (I) and (II) of Figure 1A.
It is observed that its electric field in Inset (II) is mostly
concentrated on the edges of the rectangular resonator, and its
magnetic field in Inset (I) presents strong aggregation effect
in the middle insulating medium layer under the rectangular
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patch resonator. These near-field patterns reveal that this
absorption peak is mainly caused by the localized resonance
response of the rectangular patch resonator. We further
observed that the magnetic-field patterns of the absorption
peak have three obvious aggregation areas (or nodes), which
is confirmed that this absorption peak at 2.57 THz is due
to the third-order localized resonance of the rectangular
patch [29, 30].

Because the absorption peak originates from the third-order
(localized) resonance response of the rectangular patch resonator,
the change in rectangular patch sizes should strongly affect the
frequency of the absorption peak. As revealed in Figure 2B,
the single-band absorption peak frequency exhibits blue-shift
with the increase of the rectangular patch length ([). This
resonance feature gives us the opportunity to design multiple-
band metamaterial absorber by introducing air gaps into the
rectangular patch so that the rectangular patch resonator can
be divided into several separated sections with different lengths.
The combined effect of the localized resonance response of each
separated section should provide the possibility of realizing the
multiple-band absorption. This advantage of this method is that
it does not increase the structure size of the absorption device
and or need to stack multiple metallic resonators, so this strategy
has a lot of merits over traditional design methods of co-planar or
layered, such as small size or compact structure design, ultra-thin,
light weight and easy to fabricate. The following two sections will
discuss in details how to use this method of introducing air gaps
into the basis of the original rectangular patch resonator to design
multiple-band absorption.

DESIGN OF DUAL-BAND ABSORPTION

In this section, we mainly investigate and study the realization
of the dual-band absorption. In the process of realization, an
(or single) air gap needs to be introduced into the original
rectangular patch resonator. The top-view of the dual-band
absorption is demonstrated in Figure 3A or Figure 1C. The
introduced air gap has the gap (g) of g = 6 um, and width (w)
of w = 44 pm. The distance between the introduced air gap and
the rectangular patch center is represented by 8, here we set § =
10 pm. Because § is not equal to 0, the introduced air gap can
split the original rectangular patch into two separated metallic
sections having different lengths. As observed in Figure 3A,
the length of the left separated metallic section is larger than
that of the right separated metallic section. As observed in
Figure 3B, two discrete resonance absorption peaks with near
100% absorbance are gained, in which the absorption peak with
the lower frequency at 1.50 THz is labeled as mode A, while the
absorption peak with the higher frequency at 2.25 THz is labeled
as mode B. In fact, the below Figure 5B shows that the value of
8 (i.e., the position of air gap into the rectangular patch) plays
an important role in regulating the resonance performance of
dual-band absorption.

In order to analyze and investigate the formation mechanism
of the two absorption peaks A and B, the near-field patterns
of them are given, as demonstrated in Figure 4, of which the

Figures 4A,C are, respectively, the electric field patterns of the
absorption peaks A and B in the center plane of the top metallic
array, while the magnetic field patterns of the absorption peaks A
and B in the middle insulating dielectric layer under the metallic
array are presented in Figures 4B,D, respectively. We first study
the physical mechanism of absorption peak A, it is found that
its electric field in Figure 4A is mainly localized at both edges
(or sides) of the left separated metallic section. In the meantime,
its magnetic field in Figure 4C is mostly concentrated on the
middle insulating dielectric layer under the left separated metallic
section. The electric and magnetic field patterns of the absorption
peak A indicate that the localized resonance response of the left
separated metallic section is the operating mechanism of the
absorption mode. We further found in Figure 4C that there is
only one strong magnetic field aggregation area (or node) for
absorption peak A, which shows that this absorption is caused by
the first-order localized resonance response of the left separated
metallic section [29, 30]. Unlike the case of the absorption
peak A that its electric and magnetic fields are mainly related
to the left separated metallic section, the near-field patterns of
the absorption peak B are primarily associated with the right
separated metallic section. In detail, the electric field of the
absorption peak B in Figure 4B shows the strong enhancement
effect at both sides of the right separated metallic section, and
its magnetic field with one strong aggregation area (or node) is
mostly distributed at the middle insulating dielectric layer under
the right separated metallic section, see Figure 4D. These near-
field distributions reveal that the formation of the absorption
peak B is chiefly due to the first-order localized resonance
response of the right separated metallic section [29, 30]. From
these analyses, it can be seen that the superposition effect of the
first-order localized resonance response of the two (or left and
right) separated sections leads to the dual-band absorption.

Because the absorption peaks A and B are associated with
the left and right separated metallic sections, respectively, the
size changes in the specific section will affect its corresponding
resonance performance. As shown in Figure 5A, the gap (g) of
the air gap into the rectangular patch play an important role in
controlling the resonance frequencies of the absorption peaks
A and B. The frequencies of them exhibit the similar moving
trend, that is, with the increase of the gap (g), they are both
gradually increasing. This is a known fact that the resonance
(or absorption) frequency of the localized resonance response
is inversely proportional to the metallic resonator length. The
larger the metallic resonator length, the smaller the absorption
frequency. As the rectangular patch length (I) remains unchanged
in whole manuscript, the larger the gap (g), the smaller the
separated metallic section length, corresponding to the larger
absorption frequency.

The resonance frequencies of the absorption peaks A and B
can also be adjusted by varying the position (§) of the air gap into
the rectangular patch as well as the length of the rectangular patch
itself. As revealed in Figure 5B, the resonance frequency of the
absorption peak A gradually decrease with the increase of the air
gap position (§), while the frequency of the absorption peak B is
increasing gradually. With the increase of the air gap position (§),
the length of the left separated metallic section becomes larger,
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FIGURE 3 | (A) Top view of the dual-band metamaterial absorber; (B) Absorption response of the dual-band metamaterial absorber.
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while the length of the right separated metallic section decreases,
resulting in the opposite movement trend of their respective
absorption frequencies. Obviously, when the air gap position (§)
is equal to zero, the left separated metallic section length is the
same as that of the right, thus only one absorption peak should
be realized. As given in the black curve of the Figure 5B, it is
true that only one absorption peak labeled as mode C. According
to the near-field patterns of the mode C in Figures 5D,E, the
formation mechanism of this mode is mainly derived from the
first-order localized resonance response of the two (or left and
right) separated metallic sections with identical sizes. In addition,
when the length (I) of the rectangular patch itself is increasing, it
will increase the lengths of the left and right separated metallic

sections at the same time, resulting in the simultaneous decrease
of the absorption peaks A and B, as shown in Figure 5C.

DESIGN OF TRIPLE-BAND ABSORPTION

The introduction of more air gaps into the rectangular patch has
the ability to achieve the perfect absorption at more frequency
bands. As a typical example, this section presents the realization
of the triple-band metamaterial absorber using two air gaps with
the identical sizes into the rectangular patch. The top-view of
the triple-band absorption device is illustrated in Figure 6A (or
Figure 1D). The two air gaps have the same gap (g) of g =6 um
and width (w) of w = 44 pum. The center of the left (or first)
air gap coincides with the rectangular patch center, while the
distance between the right (or second) air gap and the rectangular
patch center is § = 20 um. Because of the different positions
of the two air gaps into the rectangular patch, the original
rectangular patch resonator can be divided into three separated
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FIGURE 6 | (A) Top view of triple-band metamaterial absorber; (B) Absorption response of the triple-band metamaterial absorber.

metallic sections, of which the left section has the longest length,  of 1.82 THz is labeled as the mode D, and the last two absorption
the right section is the second, and the middle section is the  peaks localized at the frequencies of 2.83 THz and 2.93 THz are,
smallest. As shown in the absorption spectral of Figure 6B,  respectively, marked as modes E and F.

three distinct absorption peaks with near perfect absorbance are To insight into the physical origin of the triple-band
realized. The first absorption peak with the resonance frequency  absorption, near-field patterns of the three absorption peaks
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FIGURE 7 | Panels (A,B) are respectively the electric and magnetic field patterns of the absorption peak D at 1.82 THz; (C,D) are respectively the electric and
magnetic field patterns of the absorption peak E at 2.83 THz; (E,F) are respectively the electric and magnetic field patterns of the absorption peak F at 2.93 THz.
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D, E, and F are presented, as given in Figure 7, of which the
Figures 7A,B are, respectively, the electric and magnetic field
patterns of the absorption peak D in the center plane of the top
metallic array and the middle insulating dielectric layer under
the top metallic array, the electric and magnetic field patterns
of the absorption peak E (or F) in the center plane of the top
metallic array and the middle dielectric layer under the top
metallic array are, respectively, demonstrated in Figures 7C,D
(or Figures 7E,F). In detail, for absorption peak D, its electric
field in Figure 7A is chiefly focused on both edges (or sides)
of the left separated metallic section along the electric field
direction of the incident beam, and the magnetic field of the
absorption peak with one strong aggregation area (or node)
is mostly concentrated on the insulating dielectric layer under
the left separated metallic section, see Figure 7B. These field
patterns prove that the absorption peak D is resulted from the
first-order localized resonance response of the left separated
metallic section. Considering the distribution characteristics of
the electric and magnetic fields in Figures 7C,D, the physical
mechanism of the absorption peak E should be come from the
first-order localized resonance response of the right separated
metallic section.

Different from the resonance mechanism of the absorption
peaks D and E, the formation of the absorption peak F is not
due to the localized resonance response of the single separated
metallic section (or a specific separated section), but to the
superposition effect of the separated metallic sections. The
enhanced electric field patterns are not only distributed on both
edges of the middle separated metallic section, but also on
the edges of the left and right separated metallic sections, see
Figure 7E. The enhanced magnetic fields also have the similar
distribution characteristics that they are not only focused on the
insulating dielectric layer under the middle separated metallic
section, but also on the insulating dielectric layer under the left
and right separated metallic sections, see Figure 7F. It should
be noted that the proportion of electric field distributions in
the left separated metallic section is significantly lower than
that of the other separated metallic sections, and the magnetic
field patterns in the insulating dielectric layer under the top
separated metallic sections have also the similar features that
the proportion of the magnetic fields in the left insulating
dielectric layer is obviously smaller than that of the other
two parts. It is revealed that the formation of the absorption
peak F is mostly attributed to the hybrid effect of the first-
order resonance response of the middle and right separated
metallic sections.

The geometric parameters of the introduced air gaps,
including the gap (g) and the position (8), play the rather
important role in controlling the performance of the triple-band
absorption device. It can be seen from Figure 8A that resonance
frequency of the absorption peak D is strongly affected by the
position shift of the left (or first) air gap, while the last two
absorption peaks E and F show the slight frequency movements.
The resonance frequency of the absorption peak D can also be
controlled by varying the gap (g) of the left (or first) air gap,

see Figure 8B. Different from the case of the parameter changes
of the left (or first) air gap that mainly regulate the resonance
frequency of the absorption peak D, the size changes of the right
(or second) air gap chiefly affect the absorption peaks E and
E while the frequency movement of the absorption peak D is
nearly unchanged, see Figures 8C,D. These results indicate that
triple-band absorption with specific resonance frequencies (or
application demands) can be realized by independently adjusting
the parameters of the air gap.

CONCLUSION

In conclusion, this manuscript presents the design of multiple-
band terahertz metamaterial absorber by introducing air gaps
into the rectangular patch resonator. The introduction of
the air gaps can split the original rectangular patch into
several separated metallic sections having different lengths.
The superposition effect of the first-order localized resonance
response of each separated metallic section results in the
multiple-band absorption. The near-field patterns of each
absorption frequency point are given to investigate the physical
origin of the multiple-band absorption. Results further prove
that the parameters of the air gaps, including their gap and
position into the rectangular patch, possess large ability in tuning
the absorption frequencies of the multiple-band metamaterial
absorber. The strategy proposed here, which is different
from the existing one, could provide important guidance
for the design of the next generation of the multiple-band
metamaterial absorbers.
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Spiral-structure metamaterial (SSM) is of great importance, however, there are fewer
methods to fabricate SSM due to limitations of material particularity and working
accuracy. In this paper, a systematic scheme for fabricating SSM is proposed by
employing the metal mold making with diamond-based ultra-precision turning technique
and then molding replication method. By studying the path planning algorithm of the
turning, molding error law, and a technique of how to compensate for the error, a
solution for SSM is consequently formed. Our experimental results show a satisfying
SSM with a surface roughness under 5nm and a surface shape error under 0.63%
of the designed wavelength (30 um). Moreover, this SMM element is processed within
10min, with low cost materials and processes. Based on these advantages, our SSM
processing scheme shows a remarkable potential in precise fabricating phase plates and
industrialized application of terahertz metamaterial in the future.

Keywords: micron/nano-fabrication, spiral-structure matamaterial, optics, terahertz optics elements, microoptics,
ultra-precision fabrication

INTRODUCTION

Spiral-structure metamaterial (SSM) can modulate the beam of an electromagnetic plane wave into
a spiral wave by controlling the spiral state of the electromagnetic wave. In this paper, we propose
a method to fabricate the SSM in a wavelength range in 30 um ~1 mm, which has an important
application in many fields, such as quantum optics, communication, and sensing detection [1-
4]. The relevant characteristic parameters require the fabrication between micro-machining and
traditional machining. It is therefore difficult to use an existing fabrication technique to make the
SSM with high precision and efficiency.

It was expected that the fabrication of SSM would need to involve the microlithography method
and ultra-precision machining technique. For the microlithography technique, the available
materials in the terahertz region mainly include quartz and silicon [5-9]. This technique has high
machining precision with a quartz-based etching depth under 10 um and a silicon-based etching
depth under 50 um. However, at such etching depths, the application requirement of the terahertz
waveband is difficult to meet. Additionally, there are some other shortcomings when using the
etching technique, such as tedious processing steps, long processing period, and a high cost. As for
the ultra-precision machining technique, by employing the diamond cutter equipment which can
be controlled with nanometer precision, both the processing area and adjustable precision will be
greatly improved [10-13]. In fact, the diamond cutter is not suitable for terahertz materials such
as polymethylpentene, polyethylene (PE), polypropylene, and polytetrafluoroethylene, while this
cutter shows an excellent machinability in some other materials, for instance, metals and crystals
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[14, 15]. The high-polymer-based terahertz material may cause
obvious wear to the diamond cutter and may, consequently,
influence the forming quality of SMM.

Combining the ultra-precision machining technique with the
thermoplasticity of high-polymer -based materials, we present
an ultra-precision replication method for fabricating the SSM.
By applying the single-point diamond turning mold and using
the error compensation technique, the error between device and
design parameters can be reduced, and the SSM can be fabricated
with high efficiency, high precision, and at a low cost.

PRINCIPLE OF THE ULTRA-PRECISION
REPLICATION TECHNOLOGY FOR SSM

The Principle of the ultra-precision replication technology is
shown in Figure 1. The whole fabrication process contains
the fabrication of a diamond turning mold, replication of
a high polymer device, demolding, and shape modification.
Herein, the metal mold for turning was 7,075 aluminum
material. The turning process is composed of substrate leveling,
rough turning, and fine turning. It is therefore possible to
improve the process efficiency of the mold and to reduce
the wear of the cutter, while the homogeneity, surface form
precision, and surface roughness of the mold are well controlled.
Molding replication is accomplished through the tooling design,
preheating, molding, heat preservation, and annealing. To realize
the precise printing of the polymer material surface graphics, it is
necessary to clarify the rule of distortion between the printing
device and mold, which can provide a basis for mold error
compensation technology.

DIAMOND ULTRA-PRECISION TURNING
TECHNOLOGY FOR THE SSM MOLD

In the fabrication of the SSM mold, some parameters, such
as surface roughness, surface shape precision, and machining
efficiency, will have an influence. The key factor is the planning
algorithm of the cutting tool path. In this paper, we propose
two processing methods, ie., the radial feeding method and
the angular feeding method. A comparative analysis of the
characteristics of these two methods is conducted.

Radial Feeding Method

For the radial feeding method, with every machining process
of the cutter, the sample position remains unchanged, and the
depth is equal in the same radius direction. With every cutting,
the sample is rotated with a fixed angle by C axis, as shown in
Figure 2. The relationship between the depth and angle is given
by Equation (1):

A0

~ 360n W

hg

Where hy is the depth corresponding to a rotation angle 6, which
starts from the highest point, A is the terahertz wavelength, and
n is refractive index of the high polymer material with respect to
terahertz wave.

Angular Feeding Method

The principle of the angular feeding method is shown in Figure 3.
During the machining process of the cutter, the work piece always
remains rotational. By using the slow tool servo mode, the cuter
is then processed with a fixed length in the direction from the
external diameter to the center of the SSM over a period of a 360°
rotation. After rotating the sample by an angle 0, the relation
between the cutting depth of the cutter and rotational angle is
shown as in Equation (2):

MO — 360m)

h
Om 360n

2

Here hg,, is the depth corresponding to a rotation angle 6,,,
which starts from the highest point (zero), A is the terahertz
wavelength, 7 is the refractive index of the high polymer material
with respect to the terahertz wave, and m is the number of turns
of the work piece.

Comparison of the Cutting Methods
In the SSM process, some key parameters are presented, such
as low surface roughness, tiny surface profile error, and high
processing efficiency. As for the surface profile error, both the
radial feeding method and angular feeding method are restricted
by the positioning precision of the equipment and the radius
of curvature of the tool’s nose. In the context of using similar
equipment and a fixed cutter, there is a negligible difference
between them. And for the surface roughness of the mold, it
mainly relies on the radius of curvature of the cutter nose, the
linear velocity in cutting, and the feeding velocity of the cutter.
For the radial feeding method, the linear velocity of the cutter
is equal to the planning velocity of Y axis in a diamond lathe.
Moreover, the liner velocity in cutting at a point is equal to each
other. The feeding velocity of the cutter is the arc length from the
center to edge of the work piece for each rotation. The feeding
velocity in each point is proportional to a distance from the point
to the center. In other words, with the increase of feeding velocity
of the work piece, the roughness in processing is also increased.
For the axial spiral cutting method, the cutter is used for
discrete cutting. Once the phase plate is rotated, the orthogonal
coordinates are then transformed into the polar coordinates. The
system obtains discrete points in terms of radian and traces
the processing depth at each point. After finishing a period of
processing, the cutter is propelled with some distance from the
edge to the center of the work piece. When using discrete cutting,
the influence of the linear velocity to surface roughness of the
work piece can be considered with little focus due to the fast-
tracking velocity. In contrast, the feeding velocity acts as the
key factor influencing surface roughness, containing two velocity
components in the axial and radial directions. The feeding
velocity in the axial direction mainly relies on the revolving speed
of the work piece and the point density. With the decrease in
revolving speed and the increase of point density, the velocity is
then decreased, resulting in low surface roughness on the work
piece. Here the point density is related to the distance between
a point and the center of a circle, and to the density in dividing
angles. A large point density is obtained by reducing this distance
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FIGURE 1 | Principle diagram of the SSM processing technique.
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Demoulding Formed

FIGURE 2 | Diagram of the radial feeding process. White arrows represent the
cutting direction of the cutter, while the blue curved arrows represent the
marching direction of the work piece. The work piece is rotated by a tiny angle
increment dé after cutting with a radius length by the planning cutter.

and increasing the angle density. As for the feeding velocity in
the radial direction, it mainly relies on the marching velocity of
the cutter in radial direction. In principle, a large velocity leads to
large surface roughness.

In the case of reaching the precision limit of the equipment
and process, it is possible to fabricate the SSM with low
surface roughness and form error via the radial feeding method
or the angular feeding method. However, from the point of
processing efficiency, there is an obvious difference between the
two methods. To attain similar surface roughness, the discrete
precision in two methods was chosen as the rotational resolution
of 1 arc s. For the angular feeding method, the processing time is
calculated as:

1440077
N v

T1=2nx3600xrx2 3)
v

FIGURE 3 | Diagram of the angular feeding process. Blue curved arrows
represent the cutting direction of the cutter, while the white arrows represent
the motion track of the cutter along the cutting-in direction. Here the feed
direction of sample is determined as the radial direction. After a rotation
period, the sample is moved by a tiny distance ds along a plane perpendicular
to the cutter away from the original point.

Here r is the radius of spiral phase plate, and v is the linear
velocity of Y axis that is <1,000 mm/min in general, which
satisfies T} > 14.47rr. When working on the same samples, it is
possible to form a same surface roughness through the angular
feeding method. Based on this technology, the radial feeding is
calculated at the edge for a period of a rotation. Hence, the radial
feeding process time is given by:

2r 3600 108000
r—= X =
3600 fx60  fm

T, = (4)

Where f is the servo tracking frequency of the cutter that is
<1,000 Hz in general, therefore T, > 108/7. If T1 < T2 (i.e.,
14.47r < 108/7), which corresponds to a conversion result r <
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FIGURE 4 | Molding process diagram.

7.5/, so it is more efficient to use the radial feeding method.
In contrast, if r > 7.5/72, it is more suitable to use the angular
feeding method.

COMPRESSION MOLDING OF
POLYETHYLENE SSM

Polyethylene (PE) is kind of material with a good chemical
and physical property in the terahertz region, such as high
transmission, good dielectric properties, corrosion resistance,
and radiation resistance. The refractive index is 1.54 in a broad
spectral range. In this paper, PE material is utilized to illustrate
how to fabricate the terahertz SSM. In order to achieve the SSM
fabrication in batches, we have used the SSM mold to replicate a
PE terahertz element.

Temperature Control Processing
The molding process diagram is shown in Figure 4. We first
designed and made a work fixture and assembled the metal
spiral phase plate and the PE substrate, as shown in Figure 4,
followed by a heating and pressure treatment in the molding
apparatus. Hence, a conformal deformation on the PE substrate
is induced in terms of the surface morphology of the metal
mold. Ultimately, the spiral structure on the surface of the PE
substrate is cooled and solidified after the pressure treatment.
We consequently disassembled the fixture and took out
the PE SSM.

The main factors affecting the terahertz molding precision
includes heating speed, temperature, heat preservation time,
pressure size, and cooling speed, etc.

Fixture Design

When molding the SSM, we needed to keep the mold and
PE substrate fixed, to avoid the relative displacement. Because
the displacement will cause SSM deformation, a special fixture
needed to be designed. The requirements for the fixture include
the following: (1) The material of the mold should be resistant to
high temperature; (2) the substrate and the mold need to be fixed,
so that there is no lateral sliding between them when the pressure
is forced, and (3) an exhaust mechanism is needed in the fixture.

FIGURE 5 | Diagram of the fixture, 1 is the mold fixed plate, 2 is the mold, 3 is
the PE substrate, 4 is the substrate fixed plate, 5 is the limited-position sleeve,
and 6 is the fabricated SSM.

The pressure process gas will not be closed in the micro-structure
of the sample, which will affect the die pressure accuracy of the
micro-structure. (4) The pressure of the die press device can be
transmitted vertically to the mold and substrate, to maintain the
uniformity of the force.

In accordance with the above requirements, the fixture scheme
that was designed is shown in Figure 5. The fixture consists of a
substrate fixed plate, a mold fixed plate, and a limited-position
sleeve. Both the PE substrate and the mold have a base plate fixed
slot. The depth of the slot is slightly less than the thickness of the
substrate and the mold. The height of the sleeve limits the final
sample processing height, and the diameter of the limiting sleeve
controls the slip between the substrate and the mold. In order to
make an exhaust mechanism, a vent hole on the limiting sleeve
should be opened.

Demolding of the SSM

In order to ensure that there is no adhesion between the mold and
the substrate surface during the demolding process, we needed
to make an anti-adhesion layer on the mold surface. Because
some Fluorinated polymer materials have excellent characters
such as high temperature tolerance and no adhesion with
other material, we coated the polymer which contains fluorine
element to make an anti-adhesion layer on the aluminum
mold. The anti-adhesion layer should be as thin as possible,
so that the polymer layer does not affect the structure on the
mold. We used the steam plating coating method to make the
thin layer.

In order to reduce the mechanical damage of molds and
SSM components while demolding, we first make the PE
substrate structure, the fixture and the mold are cooled to room
temperature, thus all the elements are stable. Second, we used the
mechanical devices to ensure that the demolding force direction
was perpendicular to the surface of the PE substrate and mold,
and the mold and the SSM were separated vertically, which can
reduce the mechanical damage caused by the lateral sliding in the
demolding process.
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PROCESSING EXPERIMENT OF SSM

In order to present a systematic processing method, the following
parameters were used: the topological charge number is 1, the
diameter is 50 mm, and the depth difference between two sides
of the total step is approximated as 55.56 um, which corresponds
to a wavelength of 30 um.

Experiment of the Cutting Tool Wear in
Metal and PE Cutting

The cutting properties of metals and PE materials were studied
through an experiment. The cutting speed was set as 10 mm/s,

tear
00um g

FIGURE 6 | (a) Is the picture of tool's wear after cutting aluminum; (b) is the
picture of tool’s wear after cutting PE material.

the cutting depth is 50 um, the cutting length is 50 mm per round,
and the diamond tools with curvature radius is 0.4 mm. After a
total of 10 rounds of cutting, the tool wear was observed under
a microscope, as shown in Figure 6. Figure 6a is the picture
of the tool after the aluminum has been cut, the results show
that the tool has little wear. Figure 6b shows the tool after the
PE has been cut, and the tool wears significantly and a gap
phenomenon appears, which shows that the diamond turning
methods cannot be used in PE materials processing. Therefore,
the molding method is necessary in PE SMM fabrication.

Experiment of the Radial Feed Method and

Angular Feed Method

Taking the SSM with 50 mm diameter and 55.56 um total depth
as an example, this paper adopted the 7,075 Aluminum Material
as the substrate and carried out the diamond ultra-precision
cutting of the mold. We employed the diamond lathe from
Moore company in US (Nanotech350FG) and made the mold
turning experiment. After processing, the surface profile data
of SSM were measured by the white-light interferometer, and
then the obtained data were processed and analyzed by MATLAB
software. Due to the limitation of the FOV of measurement
equipment and data volume of the analysis, we measured the
area of 5 x 4mm in the middle of the SSM. In theory, the
pattern distribution outside 5mm is the same as that along
radial direction. The periodicity error caused by tool marks is

(C), and the Ra value of roughness is about 27.5 nm.
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FIGURE 7 | Graph (A) is the measurement data of SSM which is processed by the method of angular feeding, it can clearly be seen that the SSM is a spiral structure;
Graph (B) is the error analysis data between graph (A) and the theoretical data, horizontal coordinate represents the measurement data location on the plane of SSM,
and vertical coordinate represents the error data value, the PV value of the error data is about 0.7 um; Graph (C) is the roughness data of the SSM that was fabricated
by angular feeding, this figure was taken by white light interferometer under 10x objective, and the figure size is about 0.4 x 0.3 mm. The color bar represents the
roughness value of the SSM, and the PV, rms, and Ra values which were shown in the table was calculated by the instrument’s own software. From the table we can
see that the Ra value of roughness is about 4.1 nm. Graph (D) is the measurement data of SSM which is processed by the method of radial feeding, it can clearly be
seen that the SSM is a spiral structure; Graph (E) is the error analysis data between graph (D) and the theoretical data, it is the same format as figure. (B), the PV
value of the error data is about 4.1 um; Graph (F) is the roughness data of the SSM that is fabricated by the radial feeding method, it is the same format as figure.
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proportional to the radius. The results of the processing are
shown in Figure 7. Figure7A is a three-dimensional profile
produced by the angular feeding method. The scheme of one-step
roughing, one-step semi-finishing, and one-step finishing were
adopted. The cutting depth was 40, 10, and 5 um, respectively,
and the feed speed was 10, 5, and 2 mm/min, and the turning
speed of the lathe was 20 rpm. The overall mold processing
time was 20 min, and the precision of the pattern surface error
PV value was 700 nm, as shown in Figure 7B, and the surface
roughness Ra value was about 4.1 nm, as shown in Figure 7C.
Figure 7D is a three-dimensional contour map produced by
the radial feeding method. The scheme of one-step roughing,
one-step semi-finishing, and one-step finishing was adopted.
Each cutting depth was 40, 10, and 5 um, respectively, and
each step was 0.5, 0.2, and 0.1°. The cutting speed was 600
mm/min. After each line had been cut, the tool must return
to the center before the next line can be cut, and the total
processing time was 15h. The three-dimensional profile of
SMM is shown in Figure 7D, and the surface accuracy error
PV value was about 4.78 um, which is shown in Figure 7E.
Finally, the surface roughness Ra value was about 27.5nm,
as shown in Figure 7F. The experimental results are in good
agreement with the theoretical results in Chapter 2. In the
process of making SMM, the machining method of rotating
around the axis had obvious advantages in machining efficiency
and accuracy.

Experiment of PE SSM Molding Processing
After the mold of SSM was fabricated, we fabricated the PE
material SSM using the precision molding method. First, we
assembled these elements and then used the sleeve to fix them.
Afterwards, the assembled work piece was placed into MYLMR-
3300 molding equipment, and we improved the temperature
from the indoor temperature. Note that a temperature of 20°C
should be maintained for 1 min for each improvement. When the
temperature reached 130°C, we imposed a pressure of 0.22 MPa
on the work piece for 5min. With this pressure, we refrigerated
the work piece to a temperature <40°C, with a cooling rate of
20°C/min. Ultimately, by repealing the pressure treatment and
disassembling these elements, the molded SSM was taken out.
The graph of the mold and PE SSM is shown in Figure 8. The
picture of the SSM mold is shown in Figure 8a, and the step
height of the mold is shown in Figure 8c, which is about 55.41
um. Figure 8b is the picture of the molded PE SSM, and the
molded PE SSM step height is shown in Figure 8d, which is about
55.37 um. From these data we could see that the step height error
between the mold and PE SSM was only about 40 nm, which was
about 0.1% in the total step height. The step height error between
PE SSM and the theoretical value was about 0.19 um, here this
error accounts for 0.34% of the total depth, which is 0.63% of the
designed wavelength. The roughness was 3.1 nm, which accounts
for only about 0.01% of the wavelength, resulting in a negligible
influence on the terahertz optical property.

50

30 h=55.41

Step Height{um)

10

Step Height(um)

30

h=5537

10

roughness of the PE SSM, which is about 3.1 nm.

FIGURE 8 | Graph (a) is the picture of the Metal SSM mold; graph (b) is the picture of PE SSM product; graph (c) is the measurement data of step height of the SSM
mold, that is about 55.41 um; graph (d) is the measurement data of the step height of the PE SSM, which is about 55.37 um; (e) is the measurement data of the
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FIGURE 9 | Measurement data of step height repeatability experiment.

Experiment of the Molding Repeatability

Test

In order to study the repeatability of the molding process of
PE SSM, we used the same molding process parameters and
carried out molding experiments. According to the analysis of
the difference between the surface step height value between
each batch number of molding, the repeatability of this method
is estimated, to judge the feasibility of mass production. Due
to the limitation of the cost of material and time, 50 molding
experiments were carried out. The results in Figure 9 show that
the step height of PE SSM is between 55.24 and 55.38 um, the
repeatability can reach about 0.25%, and the step height error
between PE SSM and the designed value is about 0.58%. We then
checked the mold surface after the molding, and there was no
significant change before the molding.
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A dual-band microstrip patch antenna (MPA) based on a polarization conversion
metasurface structure was designed. By etching the complementary split ring resonator
(CSRR) on the ground plane, a new resonance frequency is generated. The proposed
antenna is obtained through optimizing the structural parameters of CSRR. Compared
with the antenna without CSRR, the return loss of the proposed antenna increases
by ~40% at the original resonance frequency. The measured results are similar to the
simulated results, verifying the reliability of the antenna. This work introduces a new way
of designing multi-band antenna.

Keywords: microstrip antenna, dual-band, polarization conversion, metasurface structure, complementary split
ring resonator

INTRODUCTION

An antenna plays an important role in modern wireless communication systems. In recent years,
the miniaturization and multi-functionalization of communication devices require that the internal
antenna has strong integration capabilities [1, 2]. Meanwhile, owing to the lack of wireless spectrum
resources, the demand for multi-band antenna has increased [3-5]. Microstrip patch antenna
(MPA) are extensively used due to their advantages of small size, simple structure, low cost, and
ease of integration [6, 7]. Many methods have been studied to obtain multi-band antenna, such
as coupling feed technologies [8], slot-loaded technologies [9], and reconfigurable technologies
[10, 11]. Unfortunately, these methods require complex calculation, and the antenna structures
are difficult to manufacture. Thus, new designs should be explored to simplify the structure and
theoretical analysis.

Metasurface, due to its extraordinary electromagnetic properties, is widely used in antenna
design [12-14], namely in the realization of multi-band [15, 16], ultra-wide-band [17-19], and
high-gain antenna [20, 21]. In most cases, the metasurface structure is loaded on the antenna as a
radiating element. The capability of a multi-band operation is not currently apparent. Many efforts
have been made to solve this problem, such as etching a complementary split ring resonator (CSRR)
on the ground plane. The CSRR unit cell can resonate with an electromagnetic wave, resulting
in new resonance peaks. Ali et al. [22] created a triple-band antenna by etching rectangular and
circular CSRRs. Zhou et al. [23] fabricated a composite right/left-handed structure as the radiating
element and employed a square CSRR to get a dual-band antenna. Xu et al. [24] used a simple
square split ring resonator to design an ultra-broad-band linear polarization converter, which
provided a way to change the antenna polarization mode. We have recently obtained a broadband
microstrip patch antenna by using a complementary rhombus resonator [25].
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In this work, we designed a dual-band MPA loaded with
a CSRR structure. The CSRR serves as a resonator. From the
simulated results, it is found that the MPA exhibits excellent
performance within the dual-band resonance in the range of 3.0-
7.5 GHz. The measured results are similar to the simulated ones,
which proves that the proposed antenna can be well-applied to
physical devices.

ANTENNA DESIGN

C-band antenna have been widely wused in satellite
communication and navigation [26]. Therefore, we designed
an antenna operating at 6.9 GHz. The top and back view of the
antenna are, respectively, shown in Figures 1A,B. The upper
layer of the antenna consists of a rectangular patch, and two
different-width feedlines. The middle layer is an FR4 substrate
with a relative dielectric constant of 2.65 and the lower layer
is a metal ground plane. In order to realize the design of the
dual-band antenna, the ground plane is modified. As shown
in Figure 1C, CSRR was etched on the ground plane which is
used to generating new resonance frequency. To further improve
the electromagnetic performance of the antenna, a series of
parameter optimization was carried out, and the ground plane of
the proposed antenna is shown in Figure 1D.

The simulated results of the proposed antenna are shown in
Figure 2, with a series of side length r, split width d, rotation
angle 6, and distance h. It can be seen that the original resonance
frequency is affected by length r, split width d, and rotation
angle 6, while the new resonance frequency is mainly tuned by
distance h. According to Figure 2A, as r increases from 15.0 to
16.5 mm, the original resonance frequency moves to the lower
frequency. When r = 16.0 mm, the return loss at the original
resonance frequency is maximum. Figure 2B demonstrates that,
as d increases from 0 to 4.5 mm, the original resonance frequency
moves to the higher frequency. When d = 0, which means
CSRR is a closed ring, the original resonance disappears. At
this time, the antenna only works in S-band. As displayed in
Figure 2C, when 6 increases from 0 to 45°, the original resonance
frequency moves to the lower frequency. Moreover, when 6 =
30°, the return loss at the original resonance frequency reaches
maximum. Figure 2D depicts that, as h increases from 24.0
to 25.5mm, the new resonance frequency moves to the lower
frequency. When h = 24.5 mm, the return loss at new resonance
point is at its maximum, now the centers of CSRR and the
substrate coincide. Considering the performance of antenna
comprehensively, we designed the ground plane of the proposed
antenna as Figure 1D. The parameters of the proposed antenna
are listed in Table 1.

£

FIGURE 1 | (A) Top view and (B-D) design process for the ground plane of the proposed antenna.

Frontiers in Physics | www.frontiersin.org

September 2020 | Volume 8 | Article 279


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Yao et al.

Polarization Conversion Metasurface Antenna

A 5

a

T 10k ]

w

8

]

=

S

3

] r=15.0 mm

A 30k = = -r=155mm N
) - r=16.0 mm '
35¢ —-—-r=16.5 mm
-40 1 L 1 1 L 1 1 1

30 35 40 45 50 55 6.0 65 70 75
Frequency (GHz)
C
5

) N

T ol ML i

= "

E o

= : !I N

ol H .

2 — 6=0° E Y

D - - .

g 2 - - =15 '
=30+ cee- 9=30° '
-35+F —-— 0=45°
-40 1 L L 1 1 i 1 I

30 35 40 45 50 55 6.0 65 70 75
Frequency (GHz)

FIGURE 2 | Return loss of the proposed antenna with a series of (A) side length r; (B) split width d; (C) rotation angle 6; (D) distance h.
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TABLE 1 | Parameters of the proposed antenna.

Parameter Value Parameter Value
a 40.0mm b 49.0 mm
t 1.5mm w 22.5 mm
wrf4 1.5mm wifo 1.0 mm
t4 0.035mm 4 14.0 mm
Io 14.0mm I3 14.0 mm
r 16.0mm 3.0 mm
S 1.0mm h 24.5 mm
0 30°

To intuitively illustrate the effect of CSRR on the antenna
frequency band, the return loss of the original antenna and the
proposed antenna are compared. As shown in Figure 3, it can
be inferred that the proposed antenna has a new resonance peak
centered at 3.54 GHz with a return loss of 21.4 dB. The original
resonance frequency shifts from 6.87 to 6.72 GHz, and its return
loss increases from 22.1 to 31.2 dB.

RESULTS AND DISCUSSION

In order to explain the work principle of CSRR, the surface
current distribution of the antenna is observed. Figure 4 shows
the surface current distribution of the antenna without CSRR
at 6.87 and 5.00 GHz. From Figures 4A,B, we can see that the
current density at 6.87 GHz is higher than 5.00 GHz. It can be

Return Loss (dB)

Original Antenna

35k Proposed Antenna

0 1 1 1 1 L L 1 L
30 35 40 45 50 55 6.0 65 70 75
Frequency (GHz)

FIGURE 3 | Return loss of the original antenna and the proposed antenna.

deduced that the electromagnetic wave of a specific frequency is
excited by the rectangular patch and the feedlines, resulting in
resonance at 6.87 GHz.

Figure 5 shows the surface current distribution of the antenna
with CSRR at two resonance frequencies. It can be observed that
the current is no longer limited between the radiation patch and
feedlines. It also distributes around CSRR, which demonstrates
that the CSRR can act as a resonator to generate new resonance
peak. Obviously, etching CSRR damages the structure of the
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ground plane, so that the current distribution is changed.
Moreover, the current shocks back and forth in the CSRR,
radiating a specific frequency of electromagnetic wave. However,
there are some differences in the surface current distribution of
Figures 5A,B. At the frequency of 3.54 GHz, the surface current

150

120
100

80
60
40
20

FIGURE 4 | Surface current distributions of the original antenna: (A) 5.00
GHz; (B) 6.87 GHz.

mainly distributes around the CSRR. Thus, the new generated
resonance peak is mainly affected by the parameters of the CSRR.
Similarly, the resonance peak centered at 6.72 GHz is modulated
by the rectangle patch and CSRR.

In order to figure out why CSRR can be used as a resonator, a
few more details are exhibited. Comparing the results shown in
Figure 5, it can be observed that the surface current distributes
around the whole CSRR at 3.54 GHz, while only the lower half of
CSRR has a current distribution at 6.72 GHz. It can be inferred
that CSRR serves as a frequency-controlled switch which only
opens at specific frequencies. When the switch is closed, the
current in the CSRR shocks back and forth, resulting in new
resonance within the antenna at 3.54 GHz. When the switch is on,
the electromagnetic wave is only generated by the lower section
of CSRR and it couples with the antenna radiating element,
resulting in the original resonance point shifting by ~0.15 GHz.
Combining with the return loss diagram in Figure 3, it can
be concluded that the return loss at the resonance frequency
increases by ~40%.

CSRR can not only produce resonance peaks as a resonator,
but also affect the radiation characteristics of the antenna.
To analyze the effect of CSRR on the polarization mode, the

-t Py
oS3 2
‘<.,

Y

FIGURE 5 | Surface current distributions of the proposed antenna: (A) 3.54 GHz; (B) 6.72 GHz.
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FIGURE 6 | Polarization direction of the antenna: (A) 6.87 GHz (the original antenna); (B) 6.72 GHz (the proposed antenna).
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FIGURE 8 | Photographs of the fabricated antenna: (A) the original antenna; (B) the proposed antenna.

A B

2 )

S 2

= S

£ £

& . &
30F — Simulated Results 30F —— Simulated Results
351 = = Measured Returts 35 — — Measured Results
- 0 | 1 1 1 | 1 1 1

3.0 35 40 45 50 55 6.0 65 7.0 75

- 0 1 1 1 1 1 1 1 1
30 35 40 45 50 55 60 65 7.0 75

Frequency (GHz) Frequency (GHz)

FIGURE 9 | Simulated and measured return loss of the antenna: (A) the original antenna; (B) the proposed antenna.

polarization direction of the antenna with and without CSRR
are shown in Figure 6. Figure 6A shows that the polarization
direction of the antenna without CSRR is symmetrical at 6.87

GHz, while Figure 6B indicates that the symmetry of the antenna
with CSRR is broken at 6.72 GHz. It can be interpreted
that the polarization mode of antenna is highly related to its
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TABLE 2 | Comparison of the antenna performances of this work and the
previous literatures.

References Antenna size Number of Operating Resonance
(mm?) resonance frequency frequencies (GHz)/
peaks band Peak gain (dBi)

[8] 50 x 58 4 S,C X 2.1/1.30
3.3/1.59
5.3/2.12
7.5/3.73

4] 5x5 1 C —

[22] 60 x 60 3 S,C 2.45/1.03
3.56/5.10
5.60/5.41

This work 40 x 49 2 S, C 3.564/4.78
6.72/4.65

structure and changes within the structure. In order to better
evaluate the antenna performance, the radiation patterns of the
proposed antenna at resonance points are investigated as shown
in Figure7. It can be seen that the radiation patterns in H-
Plane are almost omnidirectional and the radiation patterns in
E-Plane are monopole-like. In addition, the distortion of the
radiation patterns is extremely slight, which proves that the
introduction of CSRR has almost no effect on the performance of
the antenna.

To verify the simulated results, the original antenna and
the proposed antenna are fabricated, measured, and compared.
A circuit board engraving machine is used to fabricate the
antenna and a vector network analyzer (VNA) is used to
measure the electromagnetic properties of the antenna. The
fabricated antenna are shown in Figure 8. The simulated and
measured return loss of the original antenna and the proposed
antenna are shown in Figure9. From Figure 9A, the two
curves have a nearly consistent trend and the resonance peaks
almost coincide. As depicted in Figure 9B, the two measured
resonance frequencies move from 3.54 and 6.72 GHz to 3.62
and 6.58 GHz, respectively. Compared with the simulated
curves, the return loss decreases by 3-4 dB. Considering the
inevitable errors in the process of antenna manufacturing,
welding, and measuring, the above deviation can be ignored.
Similarly, the fact that the bandwidth of measured curves is
broader than the simulated curves is also due to fabrication
and measurement errors. Therefore, the measured results
correlate with the simulated ones, which proves the reliability of
the antenna.
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Based on the above analysis, it can be summarized that an
antenna etched with CSRR performs excellently despite being
small in size and containing a simple structure. Furthermore,
we compared the dual-band antenna designed in this work with
other literature [8, 14, 22] in terms of size, number of resonance
peaks, operating frequency bands, and peak gain, as listed in
Table 2. It is observed that, in other works, multi-band antenna
are larger, while small size antenna operate at single-band. The
design of our work realizes both miniaturization and multi-band
in an antenna, which widens the possibilities for multi-band
antenna design.

CONCLUSION

In conclusion, a dual-band MPA etched with CSRR was designed.
The proposed antenna with high performance was obtained
by optimizing the structural parameters of CSRR. Based on
the simulated results of surface current distribution, it was
found that the current shocks back and forth in the CSRR,
generating a new resonance peak. By adjusting the rotation
angle of the CSRR, an obvious resonance frequency appears.
Moreover, the consistency between the simulation and the
recorded measurement demonstrates the validity of the design.
This work provides a new way to design multi-band antenna.
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Ruichao Zhu and Shaobo Qu
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Edge scattering is one of the main scattering sources for metal objects, especially
for those with thin front edges. In this paper, based on the principle of scattering
cancelation, a coding metasurface purfle is proposed and employed to suppress
the edge back-scattering of electromagnetic (EM) waves. To this end, two split-ring
resonators with a t phase difference between them are designed to act as the O- and
1-element of the coding metasurface. The coding metasurface fixed on the front edge of
a thin metal plate can reduce the edge back-scattering significant for EM waves polarized
along the edge direction due to the anti-phase scattering of the two coding elements.
Both the simulation and experiment results verify the reduced back-scattering of the flat
edge. A maximal reduction of 24 dB is attained within the central frequency of about 11
GHz. This work provides a novel alternative to suppressing edge scattering and may find
applications in EM compatibility, radar stealth technologies, etc.

Keywords: edge back-scattering, coding metasurface purfle, scattering cancellation, radar cross section
reduction, horizontal polarization

INTRODUCTION

Edge scattering, as a strong scattering phenomenon, can be interpreted as scattering from
discontinuous impedance between the edges of the considered targets and their surroundings [1].
Edge scattering can be excited by plane waves impinging upon the surface of a metal object. In
fact, when a metal object is illuminated by an oblique incidence, specular reflection also arises, as
shown in Figure 1A. But considering the distance between the source and an object, plane waves
often form in a grazing condition when they arrive at a detected object [2]. In this scenario, edge
scattering is the main contributor to radar cross-section (RCS) at a large angle incidence. For low
RCS applications, such as stealth techniques, antennae, and RCS measurement ranges, it is crucial
to suppress edge scattering in order to improve the performance of the research targets [3].

Edge scattering can be suppressed by the design of the geometry and material property [4]. From
the perspective of geometric design, Ufimtsev proposed a principle of using geometrical shape to
minimize the back-scattering [5]. Afterwards, there have been several different geometrical shapes
that were implemented [6-12]. From the perspective of material property design, the methods
for edge scattering suppression include the use of edge corrugations, resistive taper loading, and
edge coatings, etc., which have received considerable attention [13-24]. In addition, other related
works include using inhomogeneous anisotropic impedance surfaces to guide surface waves with
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FIGURE 1 | Suppression of edge scattering. The plane waves illuminate a rectangular metal surface. (A) Scattering pattern at an oblique incident angle of 6 = ¢ (0° <
¢ < 90°). (B) Edge back-scattering under horizontal polarization at the incident angle of 6 = 90°. (C) The schematic of coding metasurface purfle used to suppress
edge back-scattering.

the purpose of suppressing the scattering of the hypotenuse of  expected, both results indicate that this method is highly effective
triangular scatterer [25] and using hard and soft anisotropic  at the issues of suppressing edge scattering.
impedance surfaces to redirect the back-scattering [26]. However,
many of the methods just mentioned suffer from obvious CODING ELEMENTS DESIGN AND
limitations when considering other engineering indicators,
such as weight or aerodynamic performance [26]. So, in SIMULATION
this paper, a coding metasurface purfle is proposed to Edge Scattering of a Rectangular Metal
suppress edge scattering following the principle of scattering  p|ate
cancelation. Compared with previously published references,
this approach provides an alternative tool for suppression of
edge scattering, without changing physical geometry, exhibiting
excellent properties, including ease of fabrication, lightness of
weight, and thinness of thickness. Coding metasurfaces have
digital coding sequences, which can regulate EM waves by
various combinations of different coding sequences. They are
part of a class of structures, generally called metasurfaces, which
include high impedance surface (HIS), electromagnetic bandgap
(EBQG), artificial impedance surface (AIS), and so forth. These
metasurfaces are relevant to multiple applications for antennas,
lenses, absorbers, imaging, and waveguides [27-34]. But, until
now, using coding metasurfaces to reduce edge scattering has
rarely been reported.

The basic principle of this paper is illustrated in Figure 1:
When horizontal polarized plane waves illuminate a metal plate, 2
the current can be induced on the front edge, due to the edge o > (1)
effect shown in Figure 1B [35], which generates the strong back-
scattering. Therefore, we would expect to change the distribution ~ where o is RCS of edge backward scattering and [ is the length of
of edge current in order to reduce the back-scattered energy  front edge.
according to the scattering cancelation principle. Following this To further validate the analysis for the edge scattering
idea, two coding elements with 7 phase difference are designedto  of a metal plate, the CST 2018 simulation tool is used to
realize the energy cancelation along the back-scattering direction.  calculate mono-static RCS of the metal plate under two different
Then, the elements constitute the coding metasurface purfle,  polarizations. In this case, the dimension of rectangular metal
which are fixed on the front edge of a metal plate, as shown  plate is 480 x 90 mm, and its thickness is 0.017 mm. As is shown
in Figure 1C. It is worth noting that two coding elements are  in Figure 2B, the mono-static RCS of the metal plate under two
arranged in a coding scheme similar to the grating structure.  polarizations are simulated at a frequency ranging from 10 to 12
In addition, for the sake of simplicity of analysis, the incident ~ GHz. It is obvious that the RCS under horizontal polarization
angle of the plane wave is taken as 90°. A series of procedures of ~ (average value is —11 dB) is higher than that under vertical
simulations and experiments have been carried out to verify the  polarization (average value is —50 dB), which is in line with
back-scattering suppression performance of our proposal. As we  the conclusion mentioned above. So, in this investigation, edge

There are two polarizing cases when the plane waves illuminate
a rectangular metal plate at an incident angle of 90° as shown in
Figure 2A. One is the excited electric field E;, which is parallel to
the incident plane (x-y plane), and the other, E;, is perpendicular
to the incident plane. These two exciting conditions are defined
as horizontal and vertical polarization, respectively. As described
commonly, the scattering of a thin metal plate under horizontal
polarization is stronger than that which is under the vertical
one at an incident angle of 90° due to electrons by horizontal
polarization driving, which can generate the front edge current
to scatter energy [5]. Theoretical research indicates that the
edge scattering under horizontal polarization is independent of
frequency and only varies with the square of the edge length. The
mono-static RCS of edge scattering can be calculated by [6]

Frontiers in Physics | www.frontiersin.org 66 September 2020 | Volume 8 | Article 578295


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Lietal

Suppressing Edge Back-Scattering

A Surface current

|

Incident # |
energies <\~ é |
|

FIGURE 2 | lllustrations of edge scattering of a thin rectangular metal plate. (A) Edge scattering at an incident angle of 90°. (B) The mono-static RCS of edge
scattering under horizontal and vertical polarization. (C) Surface current on metal plate under a horizontal polarized incidence.
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scattering under horizontal polarization is the main focus of our
study. According to Equation (1), the mono-static RCS under
horizontal polarization can be calculated, with the result being
about —11.3 dB, which also agrees with the simulated result. To
intuitively understand the mechanism of edge scattering under
horizontal polarized incidence, the distribution of surface current
is simulated as shown in Figure 2C. Note that the current on the
front edge is more intense than that on the other areas, which
further verifies that the front edge of a metal plate is the major
scattering source.

The Analysis of Coding Elements

As described above, the front-edge current scatters energy in
a backward direction. In order to suppress the edge back-
scattering, coding elements should be designed to change the
distribution of edge current. Based on this, two coding elements
numbered 0-element and 1-element have been used to divide
the edge current into two different parts, following the principle
of scatter cancelation. When the plane waves illuminate a
metal plate, two coding elements fixed on the front edge can
be considered as two different scattering sources. The wave
functions of the EM waves scattered by the two sources can be
written as:

)
©)

yo = Agcos (wt + o)
y1 = Ajcos (ot + ¢1)

Where o is the angular frequency of EM waves, Ap and A; are
amplitudes, and ¢y and ¢; are initial phases. Assume that there is
a point p in the normal direction of the front edge. The distance
between the sources and the point is rp and r, respectively. When
the EM wave yp and y; meet at this point, the superposition
function at this point can be described as:

y=yo0+y1 = Acos(wt + @) (4)

where ¢ and A are the superimposed initial phase and
amplitude, respectively. The superimposed amplitude meets the
following expressions:

(5)
(6)

A= \/A,Z, + A3 4+ 2A0A cosAp

r —ro

Ap = @1 — @y — 21

where A is the wavelength of free space. Based on Equations (5)
and (6), the maximum reduction of scattering at the point p
can be obtained under the conditions of Ag = A; and A ¢ =
(2k + 1) m, (k = 0,1,2...). Similarly, if we want to suppress the
edge back-scattering in the normal direction of the front edge,
the foundation of the whole design process is also to find the
two conditions just mentioned. Considering that the magnetic
field of horizontal polarization is perpendicular to the front edge,
a simple split-ring resonator with magnetic resonance can be
employed to regulate the phase and amplitude.

The coding elements, illustrated in Figure 3A, consist of the
split rings etched on a 3-mm thick commercial dielectric FR4 (&,
= 4.3, tan § = 0.025) with a copper ground plane on the bottom
side. The split ring and copper ground plane have identical
thickness of 0.017 mm. The configuration parameters after the
parameter sweep by virtue of the CST are designed as follows:
The period of element is p = 5mm, and the length is w =
90 mm; the radius of split ring r = 2mm, and the width is w,
= 0.1 mm; and the size of split is ¢ = 0.2 mm. In the next step,
the Frequency Domain solver function in CST 2018 is used to
numerically calculate the amplitudes and phases of two coding
elements. Unit cell boundaries are applied to the x axis and y
axis directions, and the z planes are set as open boundaries. The
height of the upper boundary to the coding element is 25 mm.
The plane waves illuminate the elements along z axis. It should be
emphasized that the electric field of the incident waves is always
parallel to coding elements. The simulated results are shown in
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FIGURE 3 | The coding elements used to regulate the amplitude and phase. (A) Top view of the coding elements numbered O-element and 1-element. (B) The
amplitudes of reflection coefficient of two coding elements. (C) The phases and phase difference of two elements.
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FIGURE 4 | (A) The surface current and magnetic field of two coding elements at 11.16 GHz. (B) The absorption of two coding elements.

Figures 3B,C. In Figure 3C, the condition of m phase difference ~ drawn that the m phase difference is produced by the magnetic
is obtained at 11.16 GHz. Meanwhile, the values of amplitudes of ~ resonance. In addition, the absorption of two coding elements is
two coding elements are small and approximately equal, which  also investigated as shown in Figure 4B. There is little difference
also satisfies the other condition of Ay = A;. Therefore, we  of absorption between the coding elements and copper plate at
can preliminarily speculate that the edge back-scattering can be  the operating frequency of 11.16 GHz, which implies that the
suppressed at about 11.16 GHz. In order to further interpret the = coding elements cannot absorb EM waves.

generation mechanism of the 7 phase difference, surface current

and magnetic field of coding elements at 11.16 GHz are simulated

and shown in Figure 4A. It can be seen that the surface current ~ SIMULATION AND MEASUREMENT OF
forms a closed loop, and a strong magnetic field is generated due  CODING METASURFACE PURFLE

to the resonance. Note that the intensity of resonance of two
coding elements is different and that the intensity of 1-element  In order to verify the performance of coding elements for
is stronger than that of 0-element. Thus, the conclusion can be  suppressing the edge back-scattering, two coding elements are
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FIGURE 6 | (A) The measurement setup for RCS reduction measurement. (B) Comparison of simulated and measured RCS reduction.

fixed on the front edge of a rectangular copper plate to constitute ~ period length of 6p, which is similar to the grating structure.
a coding metasurface purfle. The spatial positions of regions  The period length approximately corresponds to the wavelength
0-element and 1-elememt alternate periodically with a spatial ~ of the operating frequency. The complete configuration is
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illustrated in Figure 5A. The simulated mono-static RCS of the
patterned plate with coding metasurface purfle is shown in
Figure 5B. In this simulation, the boundaries are all set as open
(add space). When the plane waves illuminate the patterned
plate along x axis, it can be seen that the result of patterned
plate demonstrates a low RCS feature, compared with the copper
plate. The proposal achieves desirable reduction band over 10
dB, from 10.82 to 11.3 GHz, and the peak reduction at around
11 GHz is consistent with our reasonable analysis. Figure 5D
illustrates the RCS plane of the two plates. The copper plate
has a single main backward lobe marked by the red arrow; but,
the backward lobe of coding metasurface purfle splits into two
parts due to the scattering cancelation, which also implies that
coding metasurface purfle can suppress the edge back-scattering
under horizontal polarization. It should be noted that the coding
metasurface purfle is very good for horizontal polarization, but
not as efficient for vertical polarization. This is because the
magnetic field of vertical polarization is parallel to the coding
elements, which cannot excite magnetic resonance on the split
rings. What’s more, with regard to propagation of surface wave,
the FR4 substrate contributes much more, compared to the metal
plate, and hence can make a stronger scatter in the backward
direction. The mono-static RCS curves of copper plate, FR4
substrate with copper ground plane, and the patterned plate
with coding metasurface purfle are shown in Figure 5C. The
RCS value of FR4 substrate with copper ground plane has a
slight difference compared with that of the patterned plate, and
both the RCS values are higher than that of copper plate at
the operating frequency, which demonstrates that the coding
metasurface purfle is actually not efficient for vertical polarization
and hence is consistent with the analysis mentioned above.

The simulated results provide a primary verification for the
coding metasurface purfle to suppress the edge back-scattering
issue; now, we turn to the measurement demonstration. The
patterned plate with coding metasurface purfle was fabricated
using Print Circuit Board (PCB) technique, and the dimensions
of fabricated sample are the same as those in the simulation.
The measurement was performed in a microwave anechoic
chamber, and the measurement picture is shown in Figure 6A.
The RCS reduction for the sample is the reflection in the far
field condition [36]. Here, the reflection has been performed
in a low cost and simple way to represent the RCS reduction,
and the measured curves of RCS reduction are presented in
Figure 6B. The patterned plate has a reduction of 10 dB from
10.7 to 11.05 GHz with a reduction peak of 21 dB at 10.7 GHz.
The measured and simulated results have good agreements with
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slight difference, which may be brought by the imperfection
in the fabricating process. Hence, it can be concluded that the
coding metasurface purfle is actually effective on suppressing the
edge back-scattering.

CONCLUSION

A coding metasurface purfle is proposed in order to suppress
the edge back-scattering by using the principle of scattering
cancelation. Two split rings with m phase difference constitute
the coding elements to implement the scattering cancelation
principle. The scattering of a rectangular copper plate and
the patterned plate with coding metasurface purfle were then
analyzed using numerical simulations. Finally, the experimental
examination has been presented to verify the suppression
performance of the patterned plate with coding metasurface
purfle. The measured result is line with the simulated
one, which demonstrates the feasible of our proposal. In
addition, the method may gear toward various applications,
such as improving stealth performance, reducing coupling
between the antennas, eliminating unwanted lobes and EM
compatibility. Furthermore, this work is only focused on
reducing horizontal polarized scattering, and the incident
angle is also limited. So, in the next step, we can keep on
designing a structure that is independent on the polarization and
incident angle.
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In this article, we propose the design of a multispectral metasurface (MSM), which can
simultaneously achieve quite good optical transparency, low infrared (IR) emissivity, and
wideband microwave absorption. To this end, optically transparent materials were used in
the MSM design, including indium tin oxide, polyethylene terephthalate, and polymethyl
methacrylate. The MSM is composed of three functional layers: a frequency-selective
surface (FSS) on the top, a resistively absorbing layer in the middle and a complete
conducting sheet at the bottom. Because of large occupation ratio of conducting
area and the low-pass property of the FSS, electromagnetic waves are allowed to
penetrate through it into the middle absorbing layer, simultaneously with low surface
IR emissivity. A prototype was designed, fabricated, and measured. Both the simulation
and experiment results show that the MSM can achieve strong absorption of > 90%
in 12.03-29.43 GHz and low IR emissivity of about 0.3 in 3.0-14.0 um simultaneously.
Moreover, the average optical transparency is higher than 90%. Because of the excellent
multispectral compatibility, the MSM may find applications in electromagnetic protection,
stealth technologies, etc.

Keywords: multi-spectral, compatible-metasurface, low infrared emissivity, microwave absorber, visible
transparence

INTRODUCTION

Metamaterials as artificial materials could actualize the propagation characteristic of manipulating
electromagnetic wave [1, 2]. Plenty of metamaterial structures are designed as low-scattering
materials, perfect absorbers, invisible cloak, surface wave suppressing materials, and so on [3-
10]. With the rapid development of the technologies of metamaterials, the function of single-
waveband materials can no longer satisfy the needs of various applications. It is the mainstream
to design the multispectral metasurfaces (MSMs) to apply under a variety of environments [11-
16]. According to spectroscopy, microwave band, infrared (IR) band, and visible light band are the
most commonly used region. However, the mechanisms of microwave and IR counter each other
in stealth technology. The mechanism of radar for microwave is to reduce echoes from the detected
objects [17-20]. In contrast, IR detection requires the low-emissivity materials to be undetected.
According to Kirchhoff’s law, high-reflectivity materials, which are low emitters, should be needed
for IR band. Therefore, this problem needs to be solved in our design thought.
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Many scientists have studied the metasurfaces in multiband
applications. Wang et al. [21] designed IR-radar bistealth
frequency-selective surface (FSS) with IR emissivity below 0.3
and above 90% absorption in 8-18 GHz for microwave band.
Zhong et al. [22] proposed a thin artificial structure with
wideband absorption from 3 to 8 GHz up to incident angles
of 30° and low IR emission value of 0.2. Hao et al. [23]
designed a stealth-compatible structure consisting of metallic
FSS and resistive FSS with reflectivity below -10 dB in
whole radar X wave band and IR emissivity < 0.3 in the
IR region of 8-14 um. Pang et al. [24] fabricated an HMS
with an efficient reflection reduction larger than 10 dB in
the frequency band of 8.2-18 GHz and low IR emissivity
< 027 from 3 to 14 pm. Zhang et al. [25] present a
thin metasurface with broadband microwave absorptivity >
8.2-16.0 GHz and low IR emissivity in the region from 8
to 14 pm.

Except for using metals, scientists also chose the visible
transparent materials for studying these problems to use in
more scenes, such as using indium tin oxide as main materials,
polymethyl methacrylate (PMMA) as dielectric material, and so
on. Xu et al. [26] proposed optically transparent metamaterial
structure with a high absorptivity > 90% in the region of
6.28-12.29 GHz for TE polarization, and the absorptivity in
the region of 7.19-15.26 GHz is > 90% for TM polarization.
Its IR emissivity is about 0.30 in the IR region from 3 to
14 pm. Shuomin et al. [27] deposited four indium tin oxide
films on metasurface in order to realize a low microwave
reflectivity < 0.1 from 1.5 to 9 GHz and a thermal emissivity
approaching 0.52.

In microwave band, radar absorbers must be the most stable
application. As the absorber, the operational bandwidth is the
most important parameter. In this article, we propose the
design of an MSM that can simultaneously achieve quite good
optical transparency, low IR emissivity, and wideband microwave
absorption. To this end, optically transparent materials were
used in the metasurface design, including indium tin oxide,
polyethylene terephthalate (PET), and PMMA. The MSM is
composed of three functional layers: an FSS on the top,
a resistively absorbing layer in the middle, and a complete
conducting sheet at the bottom. Because of large occupation
ratio (OR) of conducting area and the low-pass property of the
ESS, electromagnetic waves are allowed to penetrate through
it into the middle absorbing layer, simultaneously with low
surface IR emissivity. A prototype was designed, fabricated, and
measured. Both the simulation and experiment results show
that the MSM can achieve strong absorption > 90% in 12.03-
29.43 GHz and low IR emissivity about 0.3 in 3.0-14.0 um
simultaneously. Moreover, the average optical transparency is
higher than 90%. To better observe our properties of our MSM,
the compared results of typical compatible metamaterials are
presented as Table 1. It can be observed clearly that our MSM
has the best properties.

DESIGN AND DISCUSSION

In IR band, the most commonly used materials are metals
because of their low emissivity property, such as gold, aluminum,
silver, copper, etc. However, when human needs the perspective
property of the naked eyes, these metals could not work anymore.

TABLE 1 | The compared results of typical compatible-metamaterials.

The frequency band of The absorption of microwave Optical transparency Reference
IR-stealth frequency band
Hao T’s stealth-compatible structure 8-14pum Radar X wave band No [21]
Xu's metamaterial structure 3-14pum 6.28-12.29 GHz for TE polarization Yes [24]
7.19-15.26 GHz for TM polarization.
Our MSM 3-14pum 12.03-29.43 GHz Yes
Infrared wave FSS(LIRL) resistive absorber(WMA) conducting sheet
reflection\
Infrared wave ‘{ u ﬂ
Microwave ——j\/\/er ‘
Visible light ‘ E
" 4 Visible light
Microwave No propagation s g
S 2 transmission
absorption of Microwave
FIGURE 1 | Schematic of the MSM'’s physical mechanism.
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Thus, in this article, a fabricated MSM chose the ITO as the main
material and utilized PET and PMMA as dielectric material to
achieve the feature of the visible transparency. And the ITO also
has the property of metal, so it is appropriate that metals are
replaced by ITO.

In the design process of the MSM, the tailored structure
was divided into three functional layers: an FSS on the top,
a resistively absorbing layer in the middle, and a complete
conducting sheet at the bottom, as depicted in Figure 1. The
electromagnetic waves, including IR wave, microwave, and
visible, propagate in different directions after working with the
MSM. Because of the existence of the top layer, which consists
of the ITO patches as the low emissivity of IR layer (LIRL),
it has the property of displaying low temperature. For the
microwave, it must pass through the low-emissivity top layer
and work at the resistively absorbing layer. Thus, it must be
a loss-pass and high-resistance FSS to make the radar wave
propagate to the resistively absorbing layer as the wideband
microwave absorber (WMA) and be absorbed. For visible light,
because of the optical transparent materials, it can achieve
visible transparence.

Figure 2 depicts the unit of the MSM structure. Figures 2A,B
exhibit LIRL and WMA, respectively. And the resistance of LIRL
and WMA is different. The LIRLs resistance is 6 £2/Sq, and that of
WMA is 30 2/Sq. The side view is shown in Figure 2C. And the
thicknesses of two stealth layers’ PET are different. The thickness
of LIRLs is 0.175 mm, and that of WMA’ is 0.125 mm. The
other parameters are D =1 mm, d = 0.1 mm, L = 19 mm, |; =
18.7mm, ], = 11.8 mm, ®; = 4.8 mm, ®, =3 mm, D; = 0.5 mm,
D, = 1 mm, and the ITO of LIRL OR is 81%.

Because the emissivity of ITO is low, in the IR band, the
total IR emissivity € can be calculated by the square rate in the
following formula:

e =sifi+epfp (1)

where ¢ in Equation (1) is the emissivity of the MSM, and the
g; and g, are emissivities of the ITO and PET, respectively. And

the f; is the OR of the ITO’ area to that of the metasurface.
The f, is the OR of the PET’s to metasurface’s. For this
MSM, the emissivity of the PET is high, nearly > 0.8, but
filling ratio is < 0.2, so the emissivity of the MSM lower
than 0.3.

In the microwave band, the simulation results were
obtained by the commercial software CST Microwave
Studio. The wunit cell condition is set in the x-y
direction, and in the z direction, the open boundary
condition is chosen. The absorption can be calculated by
Equation (2),

A=1-T—R=1—1[8]* =[S ()

where [S21|? and |S11|?, respectively, represent the transmissivity
and reflectivity. However, the microwave could not propagate
through the MSM because of the bottom a complete conducting
sheet of ITO without gaps, so the average transmission is

Infrared wave
Microwave

Input Zo oo > Z"I """"""" >
-
Output | §
Infrared wave = ZL =

WMA
Microwave
Absorption

FIGURE 3 | The equivalent circuit model (ECM) of MSM.

C
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. I 110300sq
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FIGURE 2 | (A) LIRL layer, (B) WMA layer, (C) side view of the metasurface.
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nearly zero. For this reason, Equation (2) could be simplified as ~ MSM could be equivalent to the circuit as shown in Figure 3.
Equation (3). Zy is the impendence of free space, which is equal to 377 Q.
Zy, and Zw are the equivalent impendence of the LIRL and

WMA, respectively.
We can calculate the ABCD matrix as Equation (4), where 6

— _ 2
A=1-R=1-18] (3) =Bt B=21/n
A —TE B c
-=T™M
10 180 g !
150 f 4 0%

08t e.
5 g 120f 1 5
z = 0.6 Z
2 8 ] H
g F :
2 S 90f : B
< 61 £ 04 =

< 60F e
=
02
0.4 30k p
5 i z i i | ] o i
L 15 = 25 30 o 15 20 25 30 10 'SF 20 cn )25 =8
y requencys z
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FIGURE 4 | (A) Simulated absorption at different polarization modes for TE polarized and TM polarized. (B) Simulated absorption at different polarization modes for
full angle domain. (C) Simulated absorption at different incident angles.
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FIGURE 6 | Distribution of surface current resonance frequency f = 13.33 GHz: (A) top view, (B) bottom view, (C) side view.
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FIGURE 7 | Distribution of surface current resonance frequency f = 24.43 GHz: (A) top view, (B) bottom view, (C) side view.
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FIGURE 8 | Distribution of surface current resonance frequency f = 27.85 GHz: (A) top view, (B) bottom view, (C) side view.
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FIGURE 9 | Distribution of the electric field of WMA (A) f = 13.33 GHz, (B) f = 24.43 GHz, (C) f = 27.85 GHz.
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FIGURE 10 | (A) the photograph of WMA, (B) a large version of WMA, (C) visible transparent property of WMA, (D) a large version of LIRL.

cosO  jZg, sind
cost

[A B] [1 0}

C D 7 1 7
Ly

cosd + j 5 -sinf

Zi+Zy (L
7.7, C0st +j (Zdl +

I
1
Zl

jZa4,sind

(4)
ZZL'QW) sin  cost —i—j%sin@

The calculated absorption curves including TE and TM
polarization are exhibited in Figure 4A. The MSM showed a
strong absorptivity of > 90% from 12.03 to 29.43 GHz. And the
simulation results of different polarizing angles ¢ are depicted in
Figure 4B to indicate that the tailored structure is polarization
independent significantly. The calculated absorption curves at
different incident angles are shown in Figure 4C. And it reveals
that the absorption of the MSM is > 80% within 40° of
incident angles.

In order to uncover the physics mechanism of the microwave
absorption, the surface current distributions and electric field at
resonant frequencies were chosen.

On the idea of designing the LIRL, the microwave must
propagate through it and work at the WMA. According to the
above reasons, a loss-pass and high-resist FSS is chosen, as shown
in Figure 5. To explain the physics mechanism of the microwave

FIGURE 11 | The measure scene of microwave-absorbing.

absorption behavior, based on the result of simulation, three
resonant frequencies are chosen, f = 13.33,24.43, and 27.85 GHz,
with absorbance of 96.54, 97.65, and 95.68%, respectively.

It could be observed that an electric current loop is formed
between the top and bottom layer as Figures 6-8 depicted. It
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means that a magnetic dipole is at work to obtain the absorption
peak of microwave.

To understand the resonant modes of the three resonance
frequencies at the WMA, the distribution of the electric field
is shown in Figure9. It is clear to observe that their strong

—— Simulated

- = - Measured

0.8
=
2
=
-
2
2 0.6

0.4

10 15 20 25 30
Frequency(GHz)

FIGURE 12 | The measurement result of microwave absorption.

interaction with the position of ITO ring is different. Figure 9A
depicts that the resonant mode at f = 13.33 GHz is mostly the
circular ring. By contrast, at f = 27.85 GHz, the resonant mode is
mostly ITO square ring as Figure 9B shows. And as presented in
Figure 9C, the mode at f = 34.43 GHz includes the circular ring
and the square ring.

EXPERIMENTAL DEMONSTRATION

A 300 x 300-mm sample was tailored by the printed circuit
board technique to check the simulation result of the MSM.
The PBC technique is one of the electron printing techniques.
In our article, we adopted this printing technique to obtain a
more accurate sample. First, ITO was deposited on the whole
PET board. After depositing, the PBC technique was adopted,
which uses laser to etch on the ITO film to tailor the shape of
the structure we need. In the article, the shape we need is the ITO
patches in LIRL, the circular ring and square ring in WMA, as
shown in Figure 10.

For microwave-absorbing ability, an Agilent 8720ET vector
network analyzer was used to measure the reflection of
microwave. The detection scene is presented as shown in
Figure 11.

The microwave was perpendicular to the sample, and the
distance between structure and antennas was 500 mm. The test
result is depicted in Figure 12. The tendency of the measured

measurement result of the reference.

FIGURE 13 | (A) the emissivity standard of IR emissivity, (B) the measurement result of the sample, (C) the measurement result of the sample’s back, (D) the
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FIGURE 14 | Experimental result: (A) contrast test for PET and sample, (B) IR thermal images at 45°.
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FIGURE 15 | The visible transmittance of the sample.

result and simulated result is consistent. However, the test result
is better than the simulation possibly because of the thinner
processed thickness of the dielectric layer.

For IR low emissivity property, TSS-5X IR emissivity and
GI00EX thermal camera were utilized for test. In order to
get a direct analysis result, a PET board with the same size
was compared with the sample. The IR emittance results were
presented in Figure 13. Its back and the PET board were 0.27,
0.19, and 0.91, respectively, matching the intended results.

A qualitative experiment was conducted to better testify
the IR-stealth property of the sample. The sample and the
same size PET board were heated at the same temperature
by HZ-2019A high-low temperature test chamber. And then
the G100EX thermal camera was used to compare their IR
thermal images.

It is direct to reveal that the IR-stealth capacity of MSM
is effective as shown in Figure 14. Heated at the same 45°
temperature, their IR thermal images show great differences. At

24.9° environment temperature (c point), the temperature of PET
was 43.8° (a point), whereas the sample only showed 26.6° (b
point), as displayed in Figure 14B.

The visible transmittances spectra of the sample are tested
by ultraviolet-visible spectrophotometer in order to get accurate
data of the optically transparent result. The average visible
transmittance of the sample is > 90% to reveal that it
has great visible light transmission property as exhibited
in Figure 15.

CONCLUSION

In conclusion, we propose the design of an MSM that can
simultaneously achieve quite good optical transparency, low IR
emissivity, and wideband microwave absorption. A prototype
was designed, fabricated, and measured. Both the simulation
and experiment results show that the MSM can achieve strong
absorption > 90% in 12.03-29.43 GHz and low IR emissivity
about 0.3 in 3.0-14.0 pm simultaneously. Moreover, the average
optical transparency is higher than 90%. Because of the excellent
multispectral compatibility, the MSM may find applications in
electromagnetic protection, stealth technologies, etc.
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Metasurface is an artificially arranged sub-wavelength micro-structure array, where each
structure can be regarded as a unit cell that is controlled by electromagnetic waves.
Recently, bifunctional metasurfaces have garnered increasing interest and become
excellent candidates for device miniaturization and integration. In this study, we propose
a highly efficient bifunctional metasurface composed of silicon nanopillars, enabling
beam anomalous refraction and focusing at visible wavelength. Based on the proposed
metasurface, the other two metasurfaces demonstrating high-order beam anomalous
refraction and focusing are designed successfully. This work will establish a positive
prospect for the development of high-performance bifunctional metasurfaces.

Keywords: metasurface, bifunctional, highly-efficient, high-order, visible band

INTRODUCTION

The complete control of electromagnetic waves has always been an emerging field of research.
Traditional optical equipment has a large volume, heavyweight, complex shape, and other
inevitable defects, therefore, such equipment is not suitable for application in integrated photonic
systems and device miniaturization. Considering the fact that the conventional optical components
rely on gradual phase shifts accumulated during light propagation to shape light beams [1],
a three-dimensional metamaterial, exhibits peculiar material properties that do not exist in
nature, provide a more flexible way in manipulating the wavefront of electromagnetic waves,
which can be used to realize negative refractive index [2], perfect lens [3], and invisibility
cloaking [4]. However, three-dimensional metamaterials have many drawbacks, such as high
inherent losses and manufacturing difficulties, which limit the miniaturization of the device
in practice. With the development of nanotechnology, a metasurface, which is regarded as
a two-dimensional metamaterial, has been proposed to cope with the drawbacks due to its
ultrathin sub-wavelength structure, relatively easy to manufacture and conformal integration with
systems [5, 6]. Metasurfaces typically consist of an array of sub-wavelength metallic or dielectric
nanostructures, their geometric parameters, including size, shape, and direction can be adjusted
to change the amplitude, phase, and polarization of light. Based on the obvious features, various
metasurfaces with different functions have been extensively studied, including beam deflectors
[7-10], metalenses [11-13], waveplates [14, 15], and high-resolution holograms [16, 17].
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FIGURE 1 | Schematic of the proposed highly efficient bifunctional metasurface. The lower corner shows the unit cell of the metasurface.
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So far, most of metasurfaces invented by people have a single
function. With the increasing demand for data storage and
information management, it is desirable to fabricate a device
that has multiple functions. Recently, metasurfaces with multiple
functions have been developed by controlling the polarization,
wavelength, and incident angle [18-23]. These metasurfaces can
be used in integrated systems owing to their small footprint,
which has been confirmed in the microwave [24, 25] and visible
bands [26, 27]. Traditional bifunctional plasmonic metasurfaces
mainly depend on the Pancharatnam-Berry (PB) phase to
control the wavefront of circularly polarized (CP) light. In
spite of its intrinsic wavelength-independent and dispersion-
free features which results in the broadband operation, the PB
phase is susceptible to several restrictions. For a metasurface
that depends on the PB phase, the incident CP light is known
to be scattered into waves of both the same and opposite
polarizations [28]. By rotating the orientation of meta-atoms,
it is easy to obtain the abrupt phase shift, which is useful
for wavefront shaping. However, it works only for CP light
with the opposite polarization, leading to a limited polarization

conversion efficiency of 25% [29]. Due to the metasurface is
formed by spatial multiplexing of two metasurfaces that provide
different functions, it may cause a functional crosstalk because
one function tends to add background noise to the other [30].

In this paper, we propose a highly efficient bifunctional
dielectric metasurface, enabling beam anomalous refraction
and focusing at visible wavelength. The meta-atom constituting
the metasurface unit cell is made of rectangular silicon
nanopillar, enduing polarization-selective phase shifts to
realize the two functions. With regard to this purpose,
we first discussed the relationship between the geometric
parameters of the nanopillar and the polarization-dependent
phase shifts, the results show that, upon the light with the
designated polarizations in normal incidence, the metasurface
not only exhibits a highly efficient and ignorable functional
crosstalk beam anomalous refraction, but also exhibits light
focusing. Based on the metasurface proposed above, the
other two metasurfaces demonstrating high-order beam
anomalous refraction and focusing have been designed
successfully. The reliability of the proposed method is
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confirmed by the consistency between the simulation and
theoretical calculation.

DESIGN AND ANALYSIS

A bifunctional metasurface is required to impart two disparate
spatial phase distributions efficiently to realize distinct wavefront
modulation. Moreover, the two functions will not entail crosstalk,
meaning that one function is rarely affected by the other. Our
bifunctional metasurface is based on the idea that a single
dielectric element atom causes a flexible phase delay on incident
light according to polarization. The schematic of the proposed
bifunctional metasurface is shown in Figure 1. For the incident
light of X-linear-polarized (X;) and Y-linear-polarized (Y,), the
metasurface can realize beam anomalous refraction and focusing,
respectively. The dotted lines correspond to modes 2 and 3. The
unit cell is composed of a rectangular Si nanopillar on the top of

a silicon dioxide (SiO;) substrate, as shown in the illustration in
the lower right corner. The illustration shows the section and top
views of the unit cell. Regarding the unit cell, the Si nanopillar
implies a full range of phase from 0 to 27 in the transmission
of X, and Y, incident light, which can provide a full span of
wavefront phase. To investigate the feasibility of the proposed
design, we simulate the bifunctional metasurface using the
finite difference time domain (FDTD) method (FDTD Solutions,
Lumerical, Canada). In the simulations, the period of the unit cell
is set as P = 230 nm, while the thickness of Si nanopillars are set as
h = 310 nm. The operation wavelength is designed to be 660 nm
for the wavelength of optical communication.

RESULTS AND DISCUSSIONS

For the proposed dielectric metasurface, it is believed that the Si
nanopillar constituting the unit cell plays a role as a truncated

A Phase (m)
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efficiency of Y, light as a function of parameters a and b.

FIGURE 2 | (A,B) The phase distribution and transmission efficiency of X, light as a function of parameters a and b. (C,D) The phase distribution and transmission
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waveguide and operates as a low-quality factor Fabry-Pérot
resonance [20]. Figures 2A,B exhibit the phase variations and
transmission efficiency of X, light, respectively, as a function
of the widths of the nanopillar, including a and b. Similarly,
Figures 2C,D correspond to Y, light, and the efficiency has
reached more than 86%.

A bifunctional metasurface composed of an array of 33 x
33 meta-atoms has been proposed to realize beam anomalous
refraction and focusing. In this regard, it is proved that a
bifunctional metasurface that employs the proposed nanopillars
can impart two different wavefront modulations. Each row of
33 nanopillars arranged along the x-axis can be considered as
a supercell that imparts a hyperbolic phase distribution to the
incidence of Y, light. With regard to the anomalous refraction
realized by the incidence of X, light, the 33 nanopillars along the
y-axis can be considered as three supercells, with each supercell
consisting of 11 nanopillars to provide a linearly varying 27w
phase shift. Both theoretical and simulated phase profiles are
demonstrated in Figures 3A,B. For the incidence of X, light, the

anomalous refraction is depicted in Figure 3C, and the phase
profile of the anomalous refraction is dictated by the generalized
Snell’s law:

sin(0y)ny — sin(6;)n; = %% (1)
where 6; is the incident angle, n; and n; are the refractive indices
of the incident and transmitting media, respectively, and d®/dx
is the gradient of phase discontinuity along the interface. For the
incidence of Y,, light, the beam is focused at a focal length f, which
is designed to be 11 pm, as shown in Figure 3D. Its hyperbolic

phase profile is governed by the following equation:

IT
90 = 2 (f == P +1) @)

where 1 is the operating wavelength, and x is the central position
in the middle of the supercell. The angle of refraction 0; is
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FIGURE 4 | Design of the dielectric metasurfaces with three different orders diffraction modes. (A) Schematics of lateral dimensions of the 11 designed nanopillars.
First line M1: a supercell with transmitted phase ranging from 0 to 2%t. Second line Mz: a rearranged supercell with phase ranging from 0 to 2 x 2x. Third line Mg: a
rearranged supercell with phase ranging from 0 to 3 x 2x. (B) The phase shift of the 11 designed nanopillars for three different modes.
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estimated to be 14.02° in simulation (Figure 3E), which closely
agrees with the theoretically calculated angle of 14.48°.

Based on the designed metasurface above, two metasurfaces
working in high-order diffraction modes have been designed
successfully. In the design of metasurface 1 (M), we discrete the

phase range from 0 to 27 to 0 into 11 nanopillars along the y-
axis with equal step of 7t/5 for X, transmitted light. The lateral
dimensions of the 11 selected silicon nanopillars are numbered
in ascending order, as shown in the first line of Figure 4A. It
appears that the range of phase control could be extended to
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high-order diffraction modes by appropriately selecting the unit
cells in M; and rearranging them. For instance, if we intend to
expand the diffraction mode to the Nth order, the phase coverage
should be from 0 to N x 27 with a gradient of Nx 7t/5 between two
neighboring nanopillars for X, transmitted light. As a result, the
second line of Figure 4A presents the rearranged supercell for the
second order diffraction mode (M;), where the phase coverage
of the unit cell is from 0 to 47 with a gradient of 27/5 between
two neighboring nanopillars for X,, transmitted light. Similarly, a
metasurface working in the third order diffraction mode is also
constructed by a set of 11 dielectric nanopillars, whose phase
coverage is from 0 to 67 with a gradient of 37/5 between two
neighboring nanopillars for X transmitted light, as shown in the
third line of Figure 4A. To clearly outline the concept, we plot
the transmission phase of the 11 elements with three concrete
arrangements for X,, transmitted light, as shown in Figure 4B.
For comparison, Figure 5 demonstrates the beam anomalous
refraction and focused electric field distribution of the other two
rearranged metasurfaces made of newly designed supercells (M,
and M3) for X, and Y, incident light. Since the supercells of the
two metasurfaces have been rearranged, the optical behavior of
M,; and M3 are governed by the following diffraction equation:

A
sin(0y)n; — sin(6;)n; = mB (3)

where m is the order of diffraction spectrum, and D = 11p is the
periodicity of the supercell. According to Equations (1) and (3),
it can be noted that the interface with the phase coverage of 2
x 27 and 3 x 2m, correlates to d®/dx = 2x27w/D and d®/dx
= 3 x 2m/D, respectively, over a periodicity D, the resulting
anomalous refraction corresponds to the second and third order
diffraction. The effect of focusing will not be affected due to the
phase of the supercell along the x-axis is in maintaining with the
metasurface working in the first-order diffraction. Figures 5A,C
show that the metasurface working in the second order has an
anomalous refraction angle ¢, and the beams are focused at
11 wm, Figure 5B,D correspond to the third order. It is clearly
obtained from Figures 5E,F that the angles of refraction 6, and
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As the core device of the quantum information field, the single photon avalanche
photodiode (SPAD) is a solid-state single photon detector with a pico-second level
time-resolution, low bias voltage, high signal-to-noise ratio, and a low cost. However,
the photon detection efficiency (PDE) of SPAD is not ideal. The traditional method is to
optimize the device structure, while the dark count or time resolution characteristics of the
device might be sacrificed. The metasurface integrated on SPADs provides a novel
approach to achieving higher PDE. As a result, the SPAD device structure could be
independently designed to realize a low dark count rate and a good time resolution. In this
paper, many kinds of metasurface structures that could enhance the incident photons
absorption, are analyzed. Those structures compatible with CMOS or other easily mass
produced processes are attractive for revolutionary changes to conventional SPAD. As a
result, a metasurface integrated SPAD would greatly push its applications in the field of
quantum information, single photons imaging, life medicine, and other low-level light
detections.

Keywords: metasurface, single photon detection, SPAD, metamaterial, PDE

INTRODUCTION

Quantum information technology is considered to be a key technology for the future. Quantum
communication, quantum computing, and quantum measurement make up its main research
directions [1-3]. In recent years, quantum information technology has greeted “the second
revolution of quantum” and is accelerating from being experimental to real world application.
Its potential in national security, national defense, economic development, and science technology is
slowly emerging [4]. Along with the push of the rapid development of quantum information
technology, the single photon avalanche photodiode (SPAD) as a core device is being taken more
seriously by more people.

SPAD is a solid-state single photon detector with pico-second level time-resolution. After adding
reverse bias on its p-n junction, the incident light will be absorbed and produce a light current. The
reason this photodiode called SPAD is the phenomenon of a Geiger avalanche generation is because
the reverse bias is beyond the breakdown voltage. Compared with regular PIN type photo diodes, the
SPAD has extremely high responsiveness, and could resolve single photons. Furthermore, SPAD also
has advantages in high signal-to-noise ratio, operation in the room temperature, and is cost effective.
Thanks to these advantages, SPAD is extensively applied in medicine [5], quantum computing and
measurement [6], molecular imaging [7, 8], and other aspects, as shown in Figure 1.

However, the photon detection efficiency (PDE) of SPAD is not ideal. For example, the PDE of
Silicon-based SPAD is not good in a near-infrared wavelength, which limits the detection
performance in the application of LiDAR, etc. Recently, with the development of metasurface
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FIGURE 1 | (A) Packaged SPAD optical imager. Source: Reproduced from Ref. 7. (B) applications of SPAD. (C) the Silicon-based SPAD structure diagram

[9-12], the SPAD integrated with nano-structures
(i.e, metasurface) was presented to overcome this drawback
[13]. When this new SPAD accepted the perpendicular
incidence of photons, some photons would change their
direction in the nano-structure and the travel path in the
absorbed layer of these photons was increased, which
improves the PDE dramatically [14]. The resonant cavity to
create an optical resonance in the vertical direction could also
be used. Moreover, the SPAD integrated with the metasurface not
only performs well in PDE, but also holds other SPAD
performance metrics well, such as dark count rate, after the
pulse, and time resolution [14]. The SPAD structure could be
independently designed to realize a low dark count rate and a
good time resolution without considering the effect of PDE on the
device structure, therefore, the metasurface integration is a
revolutionary technology for the development of SPAD, which
would strongly push its applications in the quantum information
fields.

METASURFACE STRUCTURES AND THE
FABRICATION METHODS

Many types of metasurface structures and corresponding
fabrication methods are discussed below. Some metasurface
are directly integrated on the bottom of the SPAD device.
Some, used in solar cells and other fields, can be further
applied to SPAD to improve its PDE.

Nano Pyramidal or Conical Array
The light-trapping SPAD is a typical mesa-type, shallow-junction

SPAD fabricated using a complementary metal oxide
semiconductor (CMOS) compatible process. Si epitaxial layers
with a total thickness of 2.5 um are grown on an SOI substrate. As
shown in Figures 2A and 3, the nano-structure is etched as an
inverse pyramid, with 850 nm period in a square lattice pattern.
Unlike the resonance peaks found in the responsivity of resonant-
cavity-enhanced (RCE) detectors, the light-trapping SPAD has
broadband responsivity enhancement. The enhancement of
external quantum efficiency (EQE) mainly comes from the
anti-reflection effect of the nano-structures, and the
contribution from nano-structure diffraction [13]. As shown
in Figures 2 B and C, the enhancement effect of EQE is more
obvious for the longer wavelength.

Fabrication of anti-pyramid nanostructures [13]. First, a
2.5 um Silicon layer is epitaxially grown on a SOI substrate. A
reduced pressure chemical vapor deposition (CVD) is used to
place 220 nm silicon on the oxide layer of 400 nm. Then, 200 nm
of low temperature oxide (LTO) is deposited in a low-pressure
chemical vapor deposition reactor at 400°C, a hard mask for
etching nanostructures. The holes with square or hexagonal
patterns were opened in the LTO mask layer by lithography
and plasma using NF; gas etching. The entire wafer is then
immersed in tetramethylammonium hydroxide to wet etch
silicon at 70°C and forms a 600 nm deep etch inverse pyramid
which is a nanostructure. After surface texturing, different mesa
diameters were designed to be plasma etched in HBr, Cl,, and O,
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gas environments, then cleaned and thermal oxidation passivated
at 1,000°C. After manufacturing, HF wet etching was used to open
the holes, and 10 nm Ti and 200 nm Al were deposited as the
readout electrode. This fabrication method has great commercial
value, because it is compatible with CMOS process and obtains
the potential of large-scale integration and low-cost applications.

The random vertical and inverted pyramids can increase light
absorption by decreasing the broadband reflection, which
scatters and captures incoming light efficiently, regardless of
the angle of incidence photons [16-20]. The broadband
reflection can be further reduced by using the nanotextures
[21] as shown in Figure 4. This is because when the size of the
nanostructure is smaller than the wavelength of the incident
light, the optical coupling can be enhanced by the refractive

index grading effect. Nanostructures are usually fabricated by
wet chemical etching, dry etching, or a combination of
photoetching and dry etching [22-25]. By combining the
mixed micro/nano textures on the Silicon surface, the
broadband reflection can be suppressed to less than 10%,
even without the use of any additional anti-reflection coating
on the mixed textures [26-28].

The nano cone array on the silicon as shown in Figure 5 can be
made by self-assembled nanosphere lithography technology [29].
In the fabrication of arrays, different sizes of polystyrene sphere
(PS) can adjust the period, the height and basal diameter of the
nano cone array can be controlled by diverse etching time of the
RIE procedure, and the deposition process can decide the
thickness of the Au layer.
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As shown in Figure 6A, this nano cone array structure
(Figure 5E) can decrease optical reflection of the Si surface
and increase absorption effectively in the visible spectrum.
After the Au layer deposition on the Si nano cone array
structure (Figure 5F), the high light absorption efficiency was
significantly realized within the near infrared wavelength of
1,200-2,400 nm. This is because metallic nano-structure on the
Silicon substrate causes surface plasma, which can enhance
absorption and overcome the limitation of a silicon band gap.
Moreover, the presence of the Au film can dramatically restrain

reflection and transmission, resulting in a high absorption. This
novel method is suitable for mass production and provides a way
for infrared photon detection by Silicon-based SPAD.

The two-dimensional periodic array of the nano pyramid
was studied by Q. Han [30] as shown in Figure 7. The material
of the pyramid is Ge. Through the nano pyramid array
structure and various control methods, we would like to
discuss the influence of thickness and height of the silicon
substrate on absorption. As can be seen from Figure 7C, the
average absorption rate improves with the increase of
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underlaying Si-layer thickness, which is compatible with SPAD
with a chip thickness of several hundreds of microns. The nano
pyramid array extends the optical path providing more Fabry-
Perot resonances, which means that the absorption can be
improved by increasing the nano pyramid height. As shown

in Figure 7D, the efficiency of light absorption tends to be
stable when the height is 0.9 ym.

Fabrication of the nano pyramid array [30]. A 1um thick
germanium film was coated on the Silicon layer by electron beam
evaporation. A focused ion beam instrument (FEI NOVA200
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Nanolab) was used for the nanometer processing experiment,
with a 30 KeV ion source with a tip current of 4pA-19.7 nA and
an ion beam with a limiting pass-through aperture of 25 =350 ym.
With the aid of a computer program, the intensity of the ion beam
varies according to the milling depth. During milling, the ion
beam and ion dose were 20 pA and 0.25nC/um?, respectively. The
working distance from the sample surface to the ionic cylinder is
20 mm. The electron mode of focused ion beam milling is selected
to mill germanium films. After continuous milling, the square
area of the pyramid structure is completed, as shown in Figure 8.
Most traditional focused ion beam processing is two-
dimensional. This three-dimensional processing is difficult and
the operator’s proficiency and operational experience
requirements are high.

Metasurface for SPAD

Nanowire Arrays
Figure 9A shows the geometry of the nanowire array. The

structure consists of a GaAs substrate and periodic axial p-i-n
junction GaAs nanowires by gas-liquid-solid growth. As a
simulation, the diameter of the nanowire (D) was set as
250 nm, the D/P determined by the minimum repetition unit
period (P) and D was fixed at 0.5. The influence of height, D/P,
and P on the light absorption performance of the nanowire arrays
was explored [18]. As shown in Figures 9 B and C, when the
nanowire height or D/P increases, the light absorption of the
nanowire array gradually becomes stronger, the wave peak moves
to the long wavelength, and the absorption spectrum is wider.
From Figure 9D, we can see that the absorption peak moves to
the long wavelength with the increase of the nanowire diameter.

200 nm. Source: Reproduced from Ref. 30.

FIGURE 8| Under different magnification, the SEM image of the processed nanometer four-pyramid array is obtained. (A) ina 20 pm field of view; (B) at 3 um: (C) at
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Nanostructures could form on the Silicon surface from the
bottom to the top using the self-assembly of silicon atoms [31].
Such methods include gas-liquid-solid growth, supercritical fluid
growth, and oxidation catalysis growth. The growth principle of
Si nanowires by gas-liquid-solid growth is shown in Figure 10.
The growth of gas-liquid-solid mainly takes advantage of the
catalytic effect of metal and combines it with gaseous reactants to
grow silicon nanowires on the silicon surface. The Au particles
deposited on the Si substrate react with the Si and Au-Si alloy
droplets are formed at a certain temperature. As shown in
Figure 10B, the eutectic point of the Au-Si alloy is greatly
reduced. Si atoms are deposited on the substrate after SiCly
and H, are mixed. The Au-Si droplets continuously absorb Si
atoms from the vapor so that the droplets maintain a
supersaturation state. Since the melting point of Si (1,414°C) is
far higher than the melting point of eutectic, Si atoms are
precipitated out of the droplets and form a cylinder, and the
droplets are lifted away from the substrate to form nanowires.
Figure 10C shows the process of Si atom absorption, diffusion,
and precipitation. Compared with the traditional gas-solid
growth method, the advantage of the gas-liquid-solid growth
method is that the activation energy required for growth is low,
the nanowires grow only in the region where the catalyst exists,
and the diameter is basically determined by the size of the Au
catalyst. However, the biggest problem of nanowire arrays is that
the periodic structures are difficult to fabricate accurately, which
limits its real application.

Nano Spherical Structure
The aspect ratio (DW) of the concave array was simulated for the

assessment of surface reflectivity [32]. Figure 11 shows the
reflection curves of the structure with aspect ratios of 0, 0.2,
0.4, 0.6, 0.8, 1, and 2. The reflectivity decreases rapidly with the
increase of the aspect ratio, and then tends to be smooth.
Compared with the flat structure, the reflectivity of nano
dimples or convex balls array structure is greatly reduced.

An example of convex balls array structure, the surface
textured SPAD was proposed [33]. The schematic of epitaxial
layer and surface textured SPAD and the fabricated results of

Metasurface for SPAD

SPAD and the surface nano-structure are shown in Figures
12A-C. The period of the convex balls array structure is
800 nm. Compared with the controlled SPAD (without convex
balls array structure), the reflection measurement from the Si-air
interface shows that the surface textured SPAD obtains higher
light absorption efficiency (Figure 12D). PDE vs. the dark count
rate plot in Figure 12E shows that there is an obvious increase of
PDE for surface textured SPAD from 6.1 to 7.8%, which is a
relative 28% added absorption over the control SPAD. This
improvement is a contribution of the effects of anti-reflection
and weak light trapping with photons scattered by the surface
texturing structure.

Fabrication of Si SPADs for surface texture [33]. First, epitaxial
growth of a wafer takes place on a lightly boron doped substrate in
a reduced-pressure chemical vapor deposition (RPCVD) system.
As shown in Figures 12A-C, after the 2.3 ym oxide layer is
grown, a thick contact layer is formed on the top. The 800 nm
cycle photoresist was etched on the light etched column. The
photoresist pillars refluxed and baked into a cone. Then the nano-
cone pattern is transferred from photoresist to silicon, etched in
CHF; and O, environments, passivated at high temperatures to
form protective rings, and finally opened and deposited metal.
This fabrication method is compatible with CMOS process and
has a good business prospect.

An example of dimples balls array structure, random Silver
nanostructures were formed on the top of the planar surface of
Silicon, and the surface deformation of the nanostructures was
carried out by the etching process [34], as shown in Figures
13A-C. A significant reduction in reflection can be obtained
from the prepared silicon sample, with a reflection of about 2%
over a wide spectral range between 300 and 1,050 nm
(Figure 13D). The etching depth can be controlled between
100 nm and 10 pm by controlling the etching time. This feature
is critical because accurate etching depth control is critical for
photon detection absorptivity. This work demonstrates the
potential of the etching process for manufacturing high-
efficiency, low-cost Si-SPAD.

Plasma resonance (SPR) as a regular technology, can be used

to improve the absorption performance. Through the

A SiCl#2H, —> Si+4HCI
\ /
\ 4

SiWhisker /~ 1500‘:»

Au-Si ‘ . C
& \ y __ 1200} L //‘) TN D
v ¥ 8 e\ / 3
- : ~ 800 \ // l )
<] AV SOA
: 400+ \V
Aul0 at%si  100Si —

FIGURE 10 | (A) Growth of whisker catalyzed by Au-Si liquid alloy formed on Si substrate, (B) phase diagram of Au-Si, (C) diffusion path of source reactant
molecule through gold droplet, (D) growth of whisker catalyzed by solid catalyst. Source: Reproduced from Ref. 31.
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characteristics of SPR, reflection can be reduced, and light
absorption can be promoted [35]. The structure of gold
coated nanospheres is shown in Figures 14 A and B, which

is formed by coating polystyrene microsphere array in
hexagonal close arrangement. The bottom layer of the
simulation model is a gold film. If the nanosphere array
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FIGURE 13| Schematic illustration of the fabrication process of nanostructured Si: (A) Silver film was deposited on the Si surface; (B) Silver nano-particles were
formed after annealing silver film in a furnace; and (C) Si sample after etching in the HF and H202 solution. (D) Measured reflection spectra from nano-structured Si fims
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structure is coated with gold and filled with gold, the gold
coated nanosphere shell array can be formed. In this model, the
refractive index of the dielectric substrate is set to 1.43, i.e., The
diameter of nanospheres is 630 nm. It can be seen from Figures
14 C and D, with the thicker coating thickness, the reflectance
is lower, and the change is smaller. Under the thinner coating
thickness, although there is a lower reflection trough, the wave
the band width is too narrow. Therefore, the dependence of

reflectance on different wavelengths gradually stabilizes, which
is beneficial to a real fabrication process. For the detection of
photons at specific wavelengths, the SPR nanosphere shell
structure is a particluarly good choice.

The technological process of the fabrication of a nano-
spherical shell structure [35]. As shown in Figure 15, a
bottom layer of gold film is first evaporated on the substrate,
then a single layer of hexagonal close-row microsphere film is

different coating thickness. Source: Reproduced from Ref. 35.

FIGURE 14 | (A) It is the SEM picture of the nano spherical. (B) Schematic diagram of nanospheres. (C, D) The dependence of reflectivity on wavelength with
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FIGURE 15 | The technological process of fabrication of nano-spherical shell structure. Source: Reproduced from Ref. 35.

formed on a silicon wafer through microsphere self-assembly
technology, and the monolayer is transferred to the gold-plated
substrate. Finally, the resistance evaporation film is applied again
to form the structure of gold coated nanospheres.

Deep-Trench Microstructures
The Silicon with a wide band gap of 1.12 eV is the key to the

development of Silicon-based near infrared photodetectors.
This results show that the microstructure can excite SPPs
with wide frequency band and standing wave resonance of
the plasma resonant cavity formed in the deep trench, thus

producing a high frequency band and a high near infrared
absorption in the range of 1,000-1,500 nm, as shown in
Figure 16 [36]. It breaks through the absorption limit of
Silicon and greatly expands its near-infrared absorption to
1,500 nm. When the groove becomes deeper, the absorption
bandwidth and intensity of near-infrared absorption increases
sharply. The microstructure makes it possible to achieve wide
band and bloom response in the near infrared range from 1,000
to 1,500 nm.

The optical properties of the SMART texture of crystalline
Silicon was researched and optimized [37]. First, a pronounced
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FIGURE 16 | The deep-trench microstructures (A, B) and corresponding response in the near infrared range from 1000 to 1500 nm with D = 2.4 um (C). Source:
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nanotexture is imprinted into a high temperature stable silicon
oxide (SiOx) sol-gel layer. Subsequently, the nanostructures are
smoothed by spin-coating a titanium oxide (TiOx) sol-gel, which
preferentially fills the void between the protrusions of the
nanostructure. In the single-layer approach, a thin SiOx layer
is sputtered on top of the smooth nanostructure. For the double-
interlayer system, an additional silicon nitride (SiNx) layer is
deposited prior to the SiOx layer. As a result, the absorption of the
SMART texture structure is higher than that of the planar
reference (Figure 17B).

PROSPECT

Many kinds of metasurface structures that could improve
incident photons absorption are analyzed in this paper.
Structures that are compatible with CMOS or other easy to
mass produce processes are attractive structures to be adopted
to make revolutionary changes to conventional SPAD. As a
result, the metasurface integrated SPAD would greatly push
forward its applications in the quantum information, single
photons imaging, life medicine, and other low-level light
detections.

In ultraviolet band detection, the underspectral transfer can be
carried out by preparing a spectral conversion layer on the SPAD

Metasurface for SPAD

surface, which will be a good research direction for SPAD to
perform underspectral conversion. There are now some crystal
materials that can carry rare earth ions for photoelectric
conversion, such as YAG:Ce [38] and SrAl,O, [39, 40]. YAG:
Ce can absorb photons at short wavelengths, transform it into
photons of long wavelengths, achieve the ultimate efficiency
improvement in ultraviolet band detection. Similarly, in the
near-infrared and infrared bands, rare earth ions can also
absorb multiple long-wave radiation emitted by photons and
convert them into short-wave radiation, a process known as
upper-conversion luminescence. This material is of great
significance in laser technology, optical fiber communication
technology, fiber optic amplifier, and other fields [41]. At
present, other researchers have also researched conversion
materials [42-44].

Furthermore, the metamaterial could be wused for
multispectral imaging, by integrating it on the CMOS SPAD
image sensor. Recently, an array of high-transmission mosaic
filters was developed, each of which was completed by a single-
step lithography process and was implemented by a plasmonic
metasurface [45]. Integrated on the CMOS-SPAD array, the
mosaic filter was reconstructed at the microphoto level of an
average of five photons per pixel, and multispectral data at low-
light levels was obtained simultaneously using three-color
active laser lighting or broadband white light. This
represents the first single-photon color image reconstruction
achieved using a SPAD image sensor integrated with a mosaic
filter array.
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In this paper, the magnetic squeezing effect in metamaterials is explored and applied to
achieve wideband absorption in low-frequency microwave bands. To this end, a
metamaterial absorber (MA) is proposed, which consists of a square lattice of a split
ring resonator (SRR) placed on top of a magnetic absorbing material (MAM) layer backed
by a conducting ground. In the positive resonance region of SRRs, a strong magnetic
squeezing effect occurs and more concentrated magnetic field lines are confined within
SRRs. This results in significant magnetic field enhancement within the MAM layer, which
provides a prerequisite for high-efficiency absorption enhancement at low frequencies. To
verify this method, we fabricated a prototype using a 3.0 mm thick silicone MAM sheet.
Both the simulation and experiment results show that with the assistance of magnetic
squeezing in the SRR array, the absorption at lower frequencies is significantly enhanced
and is above 90% in 1.25-2.31 GHz under normal incidence. Furthermore, the MA exhibits
satisfactory stability for different polarization states and incident angles due to the square
lattice of the SRR array. This design method may find potential applications in fields such as
electromagnetic compatibility, wireless communication, and others.

Keywords: metamaterial absorber, magnetic squeezing effect, low microwave frequency, wideband absorption,
metamaterials

1. INTRODUCTION

Metamaterials provide a series of novel design concepts achieving peculiar physical phenomena
and effects that cannot be realized with natural materials, such as negative refractive index [1],
electromagnetic (EM) wave cloaking [2, 3], and an inverse Doppler effect [4]. As a kind of
special methodology, metamaterials have been widely used not only in the military field, for
example, EM stealth [5-7], but also in the civil field, such as solar energy harvesting [8] and
biological sensing [9]. Since Landy et al. proposed a late-model perfect metamaterial absorber
(MA) which can obtain an absorptivity rate of 99% at a specific frequency [10], MAs with the
framework of metal-substrate-metal have been rapidly developed [11-14], which were
generally based on electric or magnetic resonances and had the property of flexible
adjustable absorption frequency by changing the geometrical parameters of the unit cell.
Besides, traditional radar absorbing materials (RAMs) are generally comprised of magnetic
metals or ferrite nanocrystalline particles dispersed in a polymer matrix, and always have a high
thickness and heavy weight. In contrast, MAs have the advantage of high absorptivity, thin
thickness, and a flexible design. However, the bandwidth of this kind of MAs is too narrow.
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Therefore, one common purpose in this topic is to broaden the
bandwidth of the MAs and improve the absorption level
simultaneously [15-18]. Thus, a great many research
attempts have been implemented, including stacking
multiple resonances together in the vertical direction [19],
loading with lumped resistors [20], and applying spoof surface
plasmon polariton (SSPP) [21, 22].

Nevertheless, the MAs still face two challenges before they
can be applied in engineering. One is to resolve the
contradiction that enables high-efficiency absorption in low
frequency bands with thin thickness and light weight. The
other is that the MAs in most literature aims to absorb EM
waves with a normal or small incidence angle. But in practice,
the incident angle is usually oblique or glancing. In this case, the
absorption efficiency of the MAs decreases with the increase of
the incident angle, leading to a poor absorption performance. In
order to solve these two issues, a series of studies have been
conducted. As in Ref. 23, a kind of two-dimensional MA was
proposed, which can achieve an absorption peak in the P-band
with an incident angle ranging from 0 to 45°. In Ref. [22], two
hybrid plasmonic MAs, combining a plasmonic structure
covering and various traditional absorbing materials were
proposed, achieving high-efficiency absorption in the
frequency bands of 4.1-35 and 4.7-31.2 GHz, respectively. In
Ref. 24, a two-layer MA consisting of a non-planar metamaterial
and a magnetic microwave absorbing material was proposed,
and it can realize 90% absorptivity over the whole 2.0-18.0 GHz
range. Nevertheless, this research just focused on one single
subject. That is, MAs with not only wide-angle absorption, but
also obtaining low-frequency absorption with limited thickness
are important to be studied and suggest promising prospects in
various applications.

In this paper, firstly, the magnetic squeezing effect in
metamaterials is explored, which indicates that by virtue of
the positive resonance region of the metamaterials, the
magnetic field lines will be squeezed, resulting in significant
magnetic field strength enhancement. Then, a kind of
metamaterial absorber (MA) based on the effect is proposed,
featuring wideband absorption in the low-frequency microwave
bands with thin thickness and light weight. The MA consists of
a square lattice of a split ring resonator (SRR), placed directly on
the top of a grounded magnetic absorbing material (MAM)
layer. In the positive resonance region of SRRs, a strong
magnetic squeezing effect occurs. That is, more concentrated
magnetic field lines are confined within the SRR arrays. This
results in significant magnetic field enhancement within the
MAM layer, which provides a prerequisite for high-efficiency
absorption enhancement at low frequencies. To verify this, we
fabricated a prototype using a 3.0 mm thick silicone MAM
sheet. Both the simulation and experiment results show that
under normal incidence, the 10dB absorption band is
1.25-2.31 GHz. Furthermore, the lattice structure enables the
MA to exhibit satisfactory stability for polarization states and
incident angles. This design method may find potential
applications in fields such as electromagnetic compatibility,
wireless communication, and others.

Wideband Absorption at Low Microwave Frequencies

2. MODEL ANALYSIS

The schematics and working principles of the proposed MA are
shown in Figure 1. The MA consists of three layers: the
metamaterial, MAM, and conducting ground layer. When the
EM waves impinge on the structure, magnetic resonance occurs.
In the positive resonance region, the phenomenon of magnetic
squeezing will take place. The magnetic field lines will be confined
within the SRR arrays and the magnetic field strength will be
enhanced inevitably, as shown on the right side of Figure 1. In
addition, by changing the geometrical parameters, the magnetic
resonant frequency can be adjusted correspondingly and the
positive resonance region can be changed into a low-frequency
band. Therefore, derived from the high loss of MAM, low-
frequency microwave absorption can be achieved. Also, the
lattice structure enables the structure to have satisfactory
stability for polarization and wide incident angles.

3. LOW-FREQUENCY WIDEBAND
ABSORPTION

3.1. Unit Structure Design
As schematically depicted in Figure 2, the unit of the proposed

MA is shown. The top layer is the SRR arrays etched on FR4 (g, =
4.3, the loss tangent is 0.025) with the period of P = 8.0 mm, and
the gap between adjacent SRRs is s = 1.40 mm. The middle layer is
the MAM with the thickness of d = 3.00 mm, and the bottom
layer is the conducting ground. The other geometrical parameters
are: [; = 6.60mm, [, = 6.95mm, h = 7.75mm, r = 0.4 mm, g =
0.3 mm, and ¢ = 0.8 mm.

Firstly, we simulated the reflectivity spectra of the MAM with
different incident angles using CST Microwave Studio 2018. The
boundary conditions along the x- and y-directions are the unit
cell boundaries, while along the z-direction is open add space. As
we all know, the reflectivity R(v) and transmittance T(w) can be
obtained from the reflection and transmission coefficients S;(w)
and S,1(0). That is, R(w) = |S11(w)]* and T(w) = |S51(w)|% The
absorption A(w) can be calculated by A(w) =1 - T(w) - R(w) =1 -
[S11(0)]* = [S21(w)]>. Due to the specular reflection of the
conducting ground, S;;(w) would be nearly zero in the
frequency range. So the absorption can be simplified to A(w) =
1 — |S11(w)|*. In other words, we can use reflectivity spectra to
represent the absorption performance. Figure 3A shows the
simulated reflectivity spectra of the MAM at different angles.
It is obvious that there is only a reduction of 9 dB within a very
narrow bandwidth and only for the specific incident angles. Self-
evidently, only the MAM cannot meet the requirements of
practical application.

In consideration of the high magnetic loss of the MAM, the
absorption performance will be improved significantly if the
magnetic field strength in the MAM can be enhanced greatly.
In the previous work [25, 26], the SRRs or their derivatives were
widely used to construct left-handed metamaterials by virtue of
the negative effective permeability in the negative resonance
region. Whereas, in the positive resonance region, the effective
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FIGURE 2 | Schematic illustration of the unit of proposed MA: (A) front view, and (B) side view. (C) Perspective view of the MA.

permeability will be larger than 1. In other words, the magnetic
field strength within or even below the SRR will be enhanced
greatly. Placing the MAM beneath the SRR, we can achieve high-
efficiency absorption performance in low-frequency microwave
bands. Just as Figure 3B shows, under normal incidence, the
absorption rate of the proposed MA is enhanced significantly and

the -10dB frequency band is 1.25-2.31 GHz, compared with
the MAM.

In addition, the reflectivity spectra of the proposed MA varied
with different incident angles for TE and TM polarized waves are
shown in Figures 3C,D. Clearly, under TE polarized waves, a
10 dB absorption band can be achieved in 1.25-2.31 GHz with an
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incident angle ranging from 0 to 70°, and as for the TM polarized
waves, the 10 dB absorption band gradually increases as the
incident angle increases. Compared with Figure 3A, distinctly,
the performances of the absorption bandwidth, absorption level,
and angular domain have been improved significantly.

The design steps of our proposed MA can be summarized as
follows: firstly, we analyzed and simulated the absorptive
performance of the MAM, indicating that there is just a
reduction of 9 dB within a very narrow bandwidth, only for
the specific incident angles, and only the MAM cannot meet the
requirements of practical application. Secondly, in consideration
of the high magnetic loss of the MAM, the absorption
performance can be improved significantly if the magnetic
field strength in the MAM can be enhanced. By utilizing the
positive resonance region of the SRRs and the magnetic squeezing
effect, the magnetic field strength in the MAM will be greatly
enhanced. Finally, the metamaterial absorber (MA) is proposed,
which consists of SRR arrays placed on top of the MAM backed
by a conducting ground.

3.2. Theoretical Analysis
When a kind of loss material is applied as the substrate, both the

dielectric loss and the magnetic loss lead to high-efficiency
absorption, following the relation: Py = Pg + Pp=(1/2)0e”|

E|*+(1/2)wu” [H|? [27]. Here, E is the total electric field, « and &”
are the angular frequency and imaginary part of the permittivity,
respectively. H is the total magnetic field, and p” is the imaginary
part of the magnetic permeability. As previously analyzed, when
the substrate is a MAM with high magnetic loss, by increasing the
magnetic field strength in the MAM, the absorption efficiency will
be significantly improved. Because the magnetic field is rotational
and the magnetic field lines have to be closed to form a
circulation, in the positive resonance region, the magnetic field
lines tend to be squeezed within the MAM. On the other side, in
the positive resonance region, the direction of magnetic field
induced by SRR will be in accord with the incident magnetic field.
That is to say, the magnetic field strength below the SRR structure
will be enhanced greatly by superimposing them together. In
Figure 4A, the retrieved effective permeability of the proposed
MA is shown. Clearly, in the frequency band from 1.26 to
2.35GHz, the real component of effective permeability is
larger than one and the structure operates in the positive
resonance region, which corresponds to the 10 dB absorptive
frequency band shown in Figure 3B. Clearly, the frequency band
of the positive resonance region is a little different from the
absorbing frequency band, after comprehensive analysis, the
reason can be concluded that the boundary conditions of the
simulation and the retrieving effective permeability MATLAB
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FIGURE 4 | (A) The retrieved effective permeability of the proposed MA. (B) Magnetic field distribution of 1.0, 2.0, and 2.5 GHz in the y-z and x-z planes for the
normal incidence.

TABLE 1 | Simulated results of our proposed MA and recent works.

References Absorption band (GHz) Electrical thickness Polarization sensitivity Incident angle sensitivity
This work 1.25-2.31 0.04\, Insensitivity 0°-65°

[29] 2.0-18.5 0.082\. Insensitivity 0°-45°

[30] 6.08-13.04 0.07A\, Insensitivity 0°-45°

[31] 1.85-7.50 0.24\, Insensitivity 0°-30°

[32] 2.0-4.4 0.02)\_ Sensitivity Not mentioned

procedure [28] are not the same, in other words, the conducting
ground in the retrieving effective permeability MATLAB
procedure is taken out. However, the purpose of retrieving
effective permeability of the proposed MA is to verify that in
the positive resonance region, the magnetic squeezing effect
occurs, and further validating our scheme, in other words, the
retrieved effective permeability is for reference only, therefore, the
subtle differences between the frequency bands are acceptable.

In order to verify the analysis mentioned above, we monitored
the magnetic field distribution at 1.0 GHz (the real component of
effective permeability is approximately equal to 1), 2.0 GHz (the
real component of effective permeability is larger than 1), and
2.5 GHz (the real component of effective permeability is negative)
in the y-z and x-z planes with normal incident EM waves, just as
Figure 4B shows. Clearly, at 2.0 GHz, which is in the positive
resonance region, the magnetic field lines above the MA structure
are confined within or below the MA, leading to significant
magnetic field enhancement, which provides a prerequisite for
low-frequency absorption. While at 2.5 GHz, which belongs to
the negative resonance region, in contrast to the direction of the
incident magnetic field, the direction of magnetic field induced by
SRR will be in the opposite direction. That is, the magnetic field
strength in the MAM will be weakened inevitably, as shown in
Figure 4B, which will inevitably contribute to weaker absorption.

In addition, simulated results of our proposed MA in contrast
to the recent works of broadband MAs are also presented in
Table 1.

The comprehensive comparison concludes that our proposed
MA achieves an optimal performance of low-frequency
microwave absorption with comprehensive consideration of
the absorption band and electrical thickness.

4. EXPERIMENT VERIFICATION

To verify our design concept, we fabricated and measured a
prototype with dimensions of 600 x 600 mm?. The prototype
photograph is shown in Figure 5A. The components from top to
bottom are: SRR arrays etched on FR4 dielectric, the MAM with
3.0 mm thickness and conducting ground. Firstly, the factory-
made samples of SRR arrays are assembled. Then, the samples are
glued onto the MAM and a plate of conducting ground. Under
normal incidence, the comparison between the simulated and
measured reflectivity curves (TE and TM polarized) are shown in
Figure 5B. Furthermore, in order to obtain the reflection
coefficient of oblique incidence, what we need to do is to
adjust the angle disc to get the specific angle like the detail in
Figure 5A, while the horn feed stays stationary. Hence,
correspondingly, the angle of the incident wave is controlled.
The reflectivity spectrum varied with different incident angles for
the TE and TM polarized waves are shown in Figures 5C,D,
respectively. Compared with Figures 3C,D, it is obvious that the
agreements are very good considering the tolerance in the
fabrication and assembly, which validates our scheme. Hence,
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FIGURE 5 | (A) The fabricated prototype of the MA and the measured environment of oblique incidence. (B) Comparison between simulated and measured
reflectivity spectra under normal incidence. Measured reflectivity spectrum varied with different incident angles under (C) TE and (D) TM polarized waves.

to some extent, we can agree that our proposed MA can achieve
wide-angle microwave absorption in a low-frequency band.

5. CONCLUSION

In conclusion, we designed, fabricated, and measured a kind of
MA, which included a top layer of SRR, a middle layer of MAM
and a bottom layer of conducting ground. The MA can achieve
wide-angle microwave absorption in 1.25-2.31 GHz under
normal incidence by utilizing the phenomenon of magnetic
squeezing. In the positive resonance region of SRRs, a strong
magnetic squeezing effect occurs. That is, more concentrated
magnetic field lines are confined within the SRR arrays. This
results in significant magnetic field enhancement within the
MAM layer, which provides a prerequisite for high-efficiency
absorption enhancement at low frequencies. Furthermore, the
lattice structure enables the MA to have satisfactory stability for
polarization and wide incident angles. To verify our design
concept, a prototype with dimensions of 600 x 600 mm® was
fabricated and measured, and the good agreement between
simulated and measured results validates our scheme. This
design method may find potential applications in fields such

as electromagnetic compatibility, wireless communication, and
others.
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Single photon light detection and ranging (LIDAR) has the advantages of high angle and
distance resolution, great concealment, a strong anti-active jamming capability, small
volume, and light mass, and has been widely applied in marine reconnaissance, obstacle
avoidance, chemical warfare agent detection, and navigation. With the rapid development
of metamaterials, the performance of a single photon LIDAR system would be improved by
optimizing the core devices in the system. In this paper, we first analyzed the performance
index of the single photon LIDAR and discovered the potential of metamaterials in
improving the system performance. Then, the influence of metamaterials on the core
devices of the single photon LIDAR were discussed, including lasers, scanning devices,
optical lenses, and single photon detectors. As a result, we have concluded that through
effective light field modulation, metamaterial technology might enhance the performance
innovation of the single photon LiDAR.

Keywords: single photon LiDAR, metamaterial, lidar, light field modulation, enhanced detection

1. INTRODUCTION

Inspired by how bats fly, Christian Schuesmaier invented the first radar in the world in 1904. As the
combination of traditional radar technology and modern laser technology, light detection and
ranging (i.e., LIDAR) is an advanced remote sensing technology, which mainly uses the light reflected
from obstacles to determine the actual position information of the target object. Compared with the
conventional microwave radar, LIDAR has the advantages of higher angle and distance resolution,
greater concealment, stronger anti-active jamming capabilities, better low-altitude detection
performance, smaller volume, and lighter mass.

In recent years, LIDAR based on single photon detectors, i.e., single photon LiDAR, has gradually
emerged and developed rapidly with the development of single photon detection technologies. With
higher detection limit distance and resolution, the single photon LiDAR can achieve
multidimensional data, such as azimuth-pitch angle-distance, range-speed-intensity, and display
the data in the form of images to obtain radiation geometric distribution images, range-gate images,
and velocity images, which has wide applications. First, it is an important means of reconnaissance
[1]. For marine reconnaissance, LIDAR was used for the detection and location of water targets [2-5],
wave detection [6, 7], and the reconnaissance of sea gas [8]. Then, for land reconnaissance, LIDAR
was used for the global monitoring of Earth’s ice sheet mass balance [9], aircraft height detection, and
topographic surveys [10, 11]. Third, for atmospheric reconnaissance, LIDAR was used for cloud-
aerosol detection [12, 13], checking wind speed, and measuring the real-time wind field [14]. For
obstacle avoidance, LIDAR promotes the use of driverless cars [8, 15], unmanned ships [16, 17], and
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unmanned erial vehicles [18, 19]. Besides, LIDAR can be used for
chemical warfare agent detection [20] and navigation [21].

In the following, we analyze the performance index of a single
photon LiDAR in section 2, study the influence of metamaterials
on a single photon LiDAR in section 3, and finally underline the
upcoming prospects for LIDAR in section 4.

2. THE PERFORMANCES INDEX OF SINGLE
PHOTON LIDAR

2.1. Measurement Position Accuracy
For LiDAR, the higher the accuracy, the better. The data obtained

by LiDAR can be used for obstacle identification, and dynamic
object detection and location. If the accuracy is too poor, the
above objectives cannot be achieved. However, high precision
requires high object configuration requirements, which may have
too large a volume. The factors affecting the measurement
accuracy include noise, pulse width and time resolution, and
the average signal photon number in echo signals.

Noise. The lower the noise, the higher the accuracy of the
single photon LiDAR. Reducing the error caused by noise plays
an important role in improving the measurement accuracy. The
dark count of a single photon detector is a noise contributor
which usually causes measurement errors [22]. For the single
photon avalanche photodiode (SPAD), a type of single photon
detector, the metamaterial integration technology provides a
novel way to achieve high photon detection efficiency (PDE),
without changing the device structure which obtains low dark
counts and good time resolution [23].

Pulse width and time resolution. The pulse width of a laser
usually refers to the duration when the laser power is maintained
at a certain value. The time resolution of the detector is the
minimum recognizable time interval of incident signals. With the
increase of pulse width and poorer time resolution, the wider the
range of distance statistical discrete distribution is, the lower the
measurement accuracy. The pulse shaping technology by
metamaterials enables narrower pulse width from the light
source.

Average signal photon number in echo signals. When the echo
signal is weak, the probability of target detection is low, while the
measurement accuracy increases rapidly with the increase of echo
signal strength [24, 25]. When the intensity of the echo signal
reaches a critical value, the probability of the target detection
tends to 1. It is worth mentioning that, compared with traditional
SPAD, SPAD with metamaterials on the device surface have the
advantage of higher PDE which promote higher probability of the
target detection even on the condition of fewer photons in the
echo signal. Besides, the meta lens technology could effectively
focus photons in the echo signal on the detector.

2.2. Measurement Limit Distance
Different applications have different requirements for the

detection range of LiDAR. For example, to be able to detect
vehicles ahead on a highway, a telescope needs to be equipped
with LiDAR for long-range ranging. The process of pulse laser
ranging is generally as follows: launch laser pulse to the target

Metamaterial for Single Photon LIDAR

under test, and a time probe for the launch of the laser pulse is
recorded. After detecting the echo signal time, the measurement
distance is calculated by the basic formula,

c-t

D="—

> 1)

where D is the distance between the detector and the detected
target; ¢ is the round trip time of laser pulse; and c is the speed of
light [26]. The measurement limit distance of LiDAR is
dependent on the effective time detection of the echo signal.
Therefore, a single photon detector with stronger weak light
detection capabilities and good time resolution makes a single
photon LiDAR with further measurement limit distance,
compared with conventional LiDAR. SPAD integrated with
metamaterials is an important approach. Moreover, the vortex
beam or polarized laser produced by the metamaterials
technology endows the LiDAR system with stronger anti-
interference abilities and further measurement limit distance.

2.3. Angular Resolution
Resolution refers to the ability to distinguish between the left and

right adjacent targets at a certain distance. The smaller the
angular resolution, the smaller the target that can be resolved,
so that the measured point cloud data are more delicate. The
angular measurement accuracy of general obstacle avoidance
LiDAR is only about 0.1°, while the angular resolution of
mapping LiDAR is generally 0.001° or even lower. When the
mono-pulse method is used to measure the azimuth and pitch
angle of the target, the angular resolution mainly depends on the
antenna beamwidth and signal-to-noize ratio (SNR) [27]. The
wider the beam width is, the stronger the directivity of the LIDAR
beam is, and the better the resolution of corresponding direction
is. The SNR also affects the resolution and plays an important role
for the improvement of the measurement accuracy of diagonal
resolution. Therefore, the wider the antenna beam and the higher
the SNR, the higher the angular resolution of the LIDAR will be.
H igher PDE can be achieved for SPAD integrated with
metamaterials, which promotes higher SNR for the single
photon LiDAR. In addition, the anti-interference light source
and focusing lens realized by metamaterials technology also
provides higher SNR.

2.4. Imaging Speed

Most imaging LiDAR uses the imaging technology of single pixel
detector LiDAR. The scanning optical system points the
transmitting pulse to the target, and the echo intensity reflects
the specific reflectivity of the target. The scanner hits the beam at
different positions on the target according to a certain scanning
pattern, and the image of the target can be obtained through the
receiving system. The image speed is usually limited by the
scanning speed. Compared with a conventional mechanical
scanning method, the laser beam steered by the metamaterials
technology provides a possibility of faster scanning.

2.5. Cost
High performance LiIDAR with fast imaging speed and long

measuring distance, usually requires a lot of hardware with
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high cost, including the manufacturing and functional
components [28]. Single-photon LiDAR is widely used, such
as human eye safety LIDAR [29] and atmospheric signal-to-
noize ratio detection in laser remote sensing [30]. A wide range of
applications makes the single photon LiDAR more valuable and
promotes lower cost. Generally, metamaterial has supernormal
physical properties that natural materials do not possess, and it
can flexibly adjust and control the phase, amplitude, polarization,
and other characteristics of electromagnetic waves through the
micro-structure of the subwavelength, as well as being easy to
integrate [31]. This means that metamaterial may contribute to
the realization of small size, high integration, and low-cost single
photon LiDAR.

3. APPLICATION OF METAMATERIAL IN
SINGLE PHOTON LIDAR

The core optoelectronic devices in single photon LiDAR are a
laser, an optical lens, a scanning device (just for the scanning type
LiDAR), and a single photon detector. Because of the
development of metamaterials [32-38], the performance of
these core devices might be improved.

3.1. Light Source

Making full use of the designed metamaterial can help to
effectively regulate the laser light source, such as wavelength,
intensity, phase, and polarization. The second-order and third-
order nonlinear optical effects in metamaterials have a good
application prospect in the field of optical frequency
conversion. Through frequency conversion, coherent radiation
of various wavelengths can be obtained, which helps to
coordinate the light sources of appropriate wavelengths and
meet the needs of various practical applications [39]. The
nonlinear optical efficiency of the metamaterial is determined
by the macroscopic polarization of the metamaterial functional
unit and the microscopic polarization of the constituent material.
The control of the nonlinear optical field can be realized by
designing the material, geometry, and spatial order of the
metamaterial functional unit reasonably. It further overcomes
the limitations of natural materials in this respect. Compared with
3D metamaterials which are always limited by nano-processing
technology and high optical loss, 2D meta-surfaces are easier to
process and have relatively low optical loss, so it attracts much
attention in the aspect of nonlinear optical field regulation [40].
As a result, the wavelength range limited of the laser light source
can be expanded to the ultraviolet and deep ultraviolet area, and
make up the cost of expensive laser infrared or ultraviolet light
[41-43].

Andrew Forbes demonstrated the first meta-surface laser in
the world which produced “super-chiral light”™: light with super
high angular momentum [44]. The new laser produced a new
type of high-purity “distorted light” that had never been seen
before, including the highest angular momentum reported by the
laser. The researchers developed a nanostructured meta-surface
that has the largest phase gradient produced to date and allows for
high-power operation in a compact design, which is capable of

Metamaterial for Single Photon LIDAR

generating a peculiar state of twisted structured light on demand.
The meta-surface is composed of many tiny rods of
nanomaterials that change the light transmission as it passes
through. More importantly, this method is applicable to many
laser architectures. For instance, the gain volume and meta-
surface size can be increased to produce high-power large
volume lasers, or reduce the laser system to a monolithic
meta-surface design on the chip.

Based on the principle of linear filtering, the ultrashort pulse
polarization can be controlled to a large extent by designing an
ultrashort pulse meta-surface, so as to realize the expansion,
compression, and remodeling of ultrashort pulse polarization
[45]. Since the surface plasmon polaritons (SPPs) can shape the
propagating optical spectrum, temporal control of the pulse shape
of ultrashort pulses can be achieved through engineered
resonances of  plasmonic nanoparticles and lattice
arrangements. As shown in Figures 1A,B a compact ultra-thin
plasma meta-surface made of nanoparticles was proposed. Given
the input pulses, the meta-surface filter was designed to output
the specific pulses with narrower pulse width (Figure 1C). And
the meta-surface filters are able to compress the different
Gaussian pulses with different compression ratios. It is
beneficial to realize the optical index of narrow pulse width
and high peak power of the laser, thus improving the
detection accuracy and broadening the detection range of LIDAR.

The orbital angular momentum shows the potential of
improving resolution and an anti-jamming capability [46]. In
the propagation process, the vortex beam always maintains the
invarijability of the hollow distribution, with spin and orbital
angular momentum, and the spiral phase structure, which
promotes the super-resolution imaging for LiDAR [47, 48]. Jin
Han et al. designed and realized an intuitive and simple meta-
surface method for generating and manipulating annular vortex
beams [49].

The dynamic control of laser output polarization state is an
ideal imaging application. Some researchers have used new
methods to realize the direct polarization switching of lasers
[50]. The laser is integrated with the semiconductor gain medium
through a polarization-sensitive meta-surface to amplify the
cavity mode and output the polarized laser. The meta-surface
is used together with the output coupler reflector. The emitting
laser is perpendicular to the outer cavity surface, and the output
polarization state can be electrically switched separately. This
design means that the laser output has the possibility of high
switching speed, compactness, and power efficiency. The use of
polarization technology improves the performance of the
coherent detection system and promotes the development of
high precision LiDAR.

A vertical cavity surface-emitting laser (VCSEL) is a kind of
light source with the advantages of low power consumption, low-
cost packaging, and ease of fabrication into arrays for wafer-scale
testing. Kun Li et. al presented a monolithic, electrically-pumped
tunable 1,060 nm VCSELs with a high-contrast grating (HCG)
meta-structure as the highly reflective tunable mirror [51], as
shown in Figure 2. Through electrical actuation of the HCG, the
wavelength tuning of larger than 30 nm VCSELs is continuously
realized. This is promising for the realization of a high-speed and
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FIGURE 1 | (A) Unit cell of the periodic golden meta-surface on a fused silica substrate with a 2 nm titanium adhesion layer. (B) Pulse shaping schematic using a

nano-plasmonic filter, which is a periodic golden meta-surface, At; is the half-power pulse width of the input pulse, At, is the half-power pulse width of the output pulse.
(C) Input/output comparison for different pulse width at the central frequency of 370 THz. Source: reproduced from Ref. 45.
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FIGURE 2 | (A) Scanning electron microscope (SEM) image of a typical HCG-VCSEL device, with a zoomed-in view of the fully suspended HCG surrounded by air.
(B) 3D confocal optical image of the faburicated HCG-VCSEL array. Source: reproduced from Ref. 51.
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widely variable wavelength tunable source with cost-effective
fabrication processes for applications in LiDAR.

3.2. Scanning Structure and Scanning Mode

The space scanning methods of LIDAR can be divided into a non-
scanning system and a scanning system [52]. Compared with the
traditional mechanical controlling scanning method, the planar
devices based on the meta-surface are small and could be easily
controlled by the micro-electro-mechanical system (MEMS),
which helps to remove the huge components, simplifying the
system and lowering the cost [53].

For the non-scanning methods, some researchers have
proposed the use of dielectric Huygens meta-surface structures
to construct flat lenses and beam deflectors [54]. The device
adopts a silicon nano-disk structure to suppress reflection loss. By
locally changing the radius of the silicon nano-disk elements,
phase transition mutation is realized and arbitrary wavefront
control is realized. By experimentally studying the phase gradient,
the researchers realized that the plane lens has the characteristic
of beam deflection, and the resulting light is similar with that
produced by the beam deflection device. Compared with
traditional lenses, the design is compact, lightweight, and

Metamaterial for Single Photon LIDAR

easier to handle in complex wavefront operations. In addition,
controlling the phase and amplitude of light emitted by the
elements (ie., pixels) of an optical phased array is of
paramount importance to realizing dynamic beam steering for
LiDAR applications. A. C. Lesina presented a plasmonic pixel
composed of a metallic nanoantenna covered by a thin oxide layer
and a conductive oxide for use in a reflect array meta-surface (as
shown in Figure 3), which predicted the control of the reflection
coefficient phase over a range >330° with a nearly constant
magnitude [55]. F. He proposed a silicon surface material that
dynamically controls the output light angle [56]. The structure is
an array of silicon nanopillars of different diameters with a thick
glass substrate underneath. By adjusting the relative phase and
intensity of the two incident beams, the angle of output light can
be continuous tuned at ~10° as needed. Besides, the output beam
has good stability and no distortion, suggesting potential
applications in LiDAR.

3.3. Optical System

The function of a LIDAR transmitting optical system is to provide a
high power laser, collimate and reshape the beam with an
asymmetric shape, produce large divergence and astigmatism

Si nanopillars
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FIGURE 3 | (A) Meta-surface containing an array of plasmonic pixels (only glass substrate and gold nanoantennas are sketched). (B) Top view and (C) cross-
sectional view of the proposed plasmonic pixel. The pixel has dimensions a, by a,, and contains a gold dipole nanoantenna which is formed by two branches of length L,
width w;, thickness t, and separated by a gap of size g. The pixel also contains two gold lines of width w,. The thickness of the meta-surface (metalnanostructure + oxide +
ITO) and ITO are denoted as t,,, and t,, respectively. Source: reproduced from Ref. 55. (D) coherent illumination of a dielectric meta-surface for continuous beam
steering. Two counterpropagating light beams (Krand Kj) illuminate the meta-surface at normal incidence. The propagation angle 6 of the output beam (K) deflected into
free space can be continuously steered via adjusting the relative phase and intensity of the two incident beams. Source: reproduced from Ref. 56.
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from the semiconductor laser, enhance the echo signal, improve
signal-to-noize ratio, and measure the accuracy of the system [57].
The core element of the optical system is a different kind of lens.
Because metamaterials can control electromagnetic waves
arbitrarily, more attention has been paid to them. A
metamaterial lens is one of its typical implementations [58].
Metamaterials can theoretically achieve arbitrary permittivity
and permeability. When the electromagnetic impedance of the
plate and vacuum is almost equal, it will reflect little
electromagnetic waves, while the plate medium will not absorb
electromagnetic waves at this time, which means that the
conditions for lenses are available. In 2014, D. M. Lin proposed
a medium-graded meta-surface optical lens, and successfully
realized the production of gratings, lenses, and axicons on the
SOI substrate, with the working band in visible light [59]. Using
titanium dioxide “nanowires” with about 600 nm height, F.
Capasso created a perfectly “flat” paper-thin “focusing lens”
[60], as shown in Figures 4A-F. The metamaterial lens had an
effective magnification of up to 170 times and had an excellent
imaging resolution. It used nano-bricks stacked in an unusually
neat arrangement with a negative refractive index. By changing the
shape, size, and arrangement of the nanostructures (smaller than

Metamaterial for Single Photon LIDAR

the wavelength of light), the light can be focused. In addition, a
broadband achromatic dielectric meta lens was developed to
eliminate the chromatic aberration, which can focus the entire
spectrum with wavelengths over 1,200-1,650 nm at the same point
(Figures 4G,H) [61].

By designing the meta-surface, the distribution of the phase,
polarization, and intensity of the spatial light field is controlled
locally by a thin layer of the subwavelength structure unit. It can
effectively regulate the propagation property of light and expand
the means and methods of people’s regulation of the
electromagnetic wave, so that the development of
electromagnetic wave regulation device tends to be
minijaturized, planarized, and conformed, and thus has an
important application prospect. Huygens’ principle and
Fermat’s principle can be used to calculate the phase
distribution required by the metamaterial lens. An optical
zoom method based on the wavelength regulation of the
metamaterial lens was presented and the tomographic
imaging method of the superstructure lens based on the
elimination of spherical aberration was realized [62, 63].
However, once the micro-nano structure integrated on the
metamaterial lens is prepared, it is usually difficult to change

fabricated meta-lenses using meta-units. Source: reproduced from Ref. 61.

FIGURE 4 | (A) Schematic of the meta lens and its building block, the TiO, nanofin. (B) The meta lens consists of TiO, nanofins on a glass substrate. (C,D) Side and
top views of the unit cell showing height H, width W, and length L of the nanofin, with unit cell dimensions S x S. (E) The required phase is imparted by the rotation of the
nanofin by an angle 6,¢, according to the geometric Pancharatnam-Berry phase. (F) SEM micrograph of the fabricated meta lens. Source: reproduced from Ref. 60. (G)
Schematic of a broadband achromatic meta lens composed of meta-units with complex cross sections, showing dispersionless focusing. (H) SEM images of
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its morphology or size, so it is impossible to control its focusing
performance in real time. Recently, scientists have explored
many ways to realize real-time regulation of the focusing
performance of a superstructure lens, among which the most
striking one is the combination of intelligent materials and a
superstructure lens [64]. For example, K. Chen et al,, invented a
real-time local reconfigurable source Huygens meta lens in the
6.9 GHz working wave band [65], which, to the best of our
knowledge, demonstrates for the first time that multiple and
complex focal spots can be controlled simultaneously at distinct
spatial positions and reprogrammable in any desired fashion,
with a fast response time and high efficiency, as shown in
Figure 5.

In the cases discussed above, the metamaterials give optical
lenses the potential to push the limits and even disrupt things
like camera lenses. In the future, camera lenses by metamaterials
may become as thin as paper, and there will no longer be the
inherent distortion and edge image attenuation problems of
“convex lenses”. Moreover, the lens cost of metamaterial lenses
is much cheaper than that of traditional glass lenses, which is an
extremely significant development for the industry. However, it
is not without flaws. Currently, metamaterials usually regulate
electromagnetic waves in a narrow band, which is determined
by its principle. Although super lenses can realize sub-
wavelength imaging, it has the great requirement for medium
loss and absorption [66]. It has also been difficult to develop
negative refractive index metamaterials, for the use in optical
devices [67].

Metamaterial for Single Photon LIDAR

3.4. Single Photon Detection System

The single photon detector is the core device used for echo signal
detection in a single photon LiDAR system. The main kinds of
single photon detectors include photomultipliers (PMT), SPADs,
and superconduct nanowire single photon detectors (SNSPD).
Compared with the fragile PMT with high bias, SPAD has high
quantum efficiency, small volume, low bias voltage, and low
environmental requirements. SNSPD is a new technology
developed in recent years, with a wide spectral response range,
a high count rate and time resolution, and very low noise, which is
applied in quantum communications. However, SNSPD has to
work at a superconducting temperature (<4 K), which needs
high-power mechanical refrigeration or liquid helium
refrigeration. These supporting refrigeration devices have
greatly increased the cost and volume, limiting the large-scale
application. Therefore, SPAD is the mainstream single photon
detector for LiDAR. However, the photon detection efficiency
(PDE) of SPAD is not ideal. For example, the PDE of silicon-
based SPAD is not with in the near-infrared wavelength, which
limits the detection performance in the application of LiDAR.
Recently, SPAD integrated with nano-structures was presented to
overcome this drawback. SPAD integrated with a meta-surface
not only performs well in PDE, but also holds other SPAD
performance metrics well, such as dark count rate, after the
pulse, and time resolution. Regardless of the influence of PDE
on device structure, the SPAD structure can be independently
designed to achieve low dark count rate and good time resolution.
Therefore, meta-surface integration is a revolutionary technology

FIGURE 5 | Reconfigurable Huygens’ meta lens and characteristics of meta-atom. (A) Active Huygens’ meta lens for dynamic EM wave focusing, of which meta-
atoms are biased by computer-controlled multichannel DC voltage sources. Upper-right inset: spatial distributions of capacitances used to achieve two focal spots either
in x-y (A) or in x-z planes (B) based on full-wave simulation. (B) Capacitance-dependent phase and amplitude responses of EM wave transmission at the target frequency
of 6.9 GHz for incident electric and magnetic fields which are parallel to y- and x-axes, respectively. Source: reproduced from Ref. 65.
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for the development of SPAD. There are many kinds of meta-
surface, including the inverse pyramid nano-structure array [68],
nano cone array [69], nano pyramid array [70], nanowire arrays
[71], nano dimples or convex balls array structure [72], and
nanosphere shell structure array [73].

As an example of an inverse pyramid nano-structure array, a
light-trapping SPAD with a typical mesa-type shallow-junction
was fabricated using a complementary metal oxide semiconductor

(CMOS) compatible process. Si epitaxial layers with a total
thickness of 2.5 ym were grown on an SOI substrate. As shown
in Figure 6A, the nano-structure was etched as an inverse pyramid,
with an 850 nm period in a square lattice pattern. Unlike the
resonance peaks found in the responsivity of resonant-cavity-
enhanced (RCE) detectors, the light-trapping SPAD has
broadband responsivity enhancement. The improvement of
external quantum efficiency (EQE) is mainly due to the
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FIGURE 7 | (A) Schematic diagram of truncated cone-shaped metamaterial absorber. (B) The reflection, absorption, and transmission characteristics of the
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enhanced anti-reflection effect and nano-structure diffraction [68].
As shown in Figures 6B and 6C, the enhancement effect of EQE is
more obvious for longer wavelengths.

A truncated cone-shaped metamaterial absorber was designed
using silicon and gold [74], as shown in Figure 7. This absorber
can achieve an absorption bandwidth of 1,000 nm in the visible
and near-infrared bands covering 480-1,480 nm. The material is
a kind of multi-layer truncated cone, composed of metal
dielectrics (such as gold and silicon) stacked with ultra-
wideband metamaterial absorption structures arranged
periodically. The number and diameter of the truncated cones
in each basic unit are adjusted, and the width of the absorption
band can be changed as needed. Through the interlayer exchange
coupling of the electric field and the magnetic field in adjacent
unit cells, the absorption efficiency can be improved. Under any
severe conditions, the receiver has strong stability, the high
absorption rate can still remain unchanged, and has good
performance in terms of compact structure, large bandwidth,
and polarization insensitivity.

Xu et al. presented a mesoporous double-layer antireflection
(DLAR) coating [75]. The coating has good performance of high
light transmittance and durability. It is a new type of layered
structure, as shown in Figure 8A. The top silicon layer structure is
composed of mesoporous dioxide with a pore diameter of
2-50nm. The team prepared a metamaterial DLAR coating
with an average transmittance of 99.02% in the visible light
band from 380 to 780 nm (Figure 8B). In addition, the high
porosity of the structure is conducive to obtaining a lower refractive
index, which can harvest higher transmittance. With another
layered structure, M. I. Fathima proposed a theoretical design of
Effective Interface Antireflective coating (EIARC) which is based
on the theory of Fabry-Perot-Interference filters [76]. In the anti-
reflection coating, photons can be reflected multiple times to
minimize reflection loss. This design is a combination of a
spatial index layer and two multi-layer subsystems.

Zeng et al. designed a nanostructure fabricated by reactive ion
etching (RIE) and wet etching on the surface of silicon [77]. The
surface of the nanostructure is uneven, which produces multiple
reflections on the surface, and forms an effective light-harvesting

structure in the 300-800 nm band. As shown in Figure 9, the
reflectivity of the nanostructure surface by wet etching (Pyramid
sample) or RIE (Sample 20) is obviously lower than the blank
surface. And sample 22 produced by wet etching and then RIE
obtains the minimum reflectance of only 1.27%. W. Chen et al.
further improved the anti-reflective properties of the nanostructures
by changing reactive gas compositions comprising chlorine (Cl,),
sulfur hexafluoride (SF), and oxygen (O,) for the RIE process [78].

Except physical processing technology, Chen-Chih Hsueh et.
al fabricated uniform silicon nanowire (SiNW) arrays on the
mono- and multi-crystalline wafers by employing the improved
solution-processed metal-assisted chemical etching (MacEtch)
method [79]. They demonstrated a good optical trapping
effect and reflectance well below 6% over a broad wavelength
range from 300 to 1,100 nm with good uniformity, as shown in
Figure 10. The improved MacEtch concept is suitable for
commercial mass production. However, it suffers from a lower
effective lifetime, because the higher surface state causes higher
surface recombination for the SINW arrays wafer.

4. PROSPECT

The metamaterials technology promotes the development of the
core devices of single photon LiDAR. First of all, the outstanding
anti-reflective properties of the meta-surface promoted the
development of SPAD with better performance matrix. The
meta-surface could flexibly regulate the amplitude and phase
of incident light through the subwavelength microstructure, so it
has great application potential in the field of beam emission. An
optical meta-surface uses the phase mutation of transmitted or
reflected waves on the structural surface to effectively regulate the
wave front of the incident wave, which can realize the regulation
of beam deflection and polarization. In the future, the optical
meta-surface could be further used to adjust waveforms to
optimize beam transmission, laser amplification and frequency
control, and conduct beam shaping to improve beam near-field
control ability. Besides, the metamaterial lenses reveal an new
industry development direction.
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Jie Hu, Sankhyabrata Bandyopadhyay, Yu-hui Liu and Li-yang Shao *

Department of Electrical and Electronic Engineering, Southern University of Science and Technology, Shenzhen, China

Metamaterials are composed of periodic subwavelength metallic/dielectric structures that
resonantly couple to the electric and magnetic fields of the incident electromagnetic waves,
exhibiting unprecedented properties which are most typical within the context of the
electromagnetic domain. However, the practical application of metamaterials is found
challenging due to the high losses, strong dispersion associated with the resonant
responses, and the difficulty in the fabrication of nanoscale 3D structures. The optical
metasurface is termed as 2D metamaterials that inherent all of the properties of
metamaterials and also provide a solution to the lmitation of the conventional
metamaterials. Over the past few years, metasurfaces; have been employed for the
design and fabrication of optical elements and systems with abilities that surpass the
performance of conventional diffractive optical elements. Metasurfaces can be fabricated
using standard lithography and nanoimprinting methods, which is easier campared to the
fabrication of the counterpart 3 days metamaterials. In this review article, the progress of the
research on metasurfaces is illustrated. Concepts of anomalous reflection and refraction,
applications of metasurfaces with the Pancharatanm-Berry Phase, and Huygens metasurface
are discussed. The development of soft metasurface opens up a new dimension of application
zone in conformal or wearable photonics. The progress of soft metasurface has also been
discussed in this review. Meta-devices that are being developed with the principle of the
shaping of wavefronts are elucidated in this review. Furthermore, it has been established that
properties of novel optical metasurface can be modulated by the change in mechanical,
electrical, or optical stimuli which leads to the development of dynamic metasurface. Research
thrusts over the area of tunable metasurface has been reviewed in this article. Over the recent
year, it has been found that optical fibers and metasurface are coagulated for the development
of optical devices with the advantages of both domains. The metasurface with lab-on fiber-
based devices is being discussed in this review paper. Finally, research trends, challenges,
and future scope of the work are summarized in the conclusion part of the article.

Keywords: metasurface, wavefront modulation, flexible metasurface, reconfigurable metasurface, meta-device, lab
on fiber
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INTRODUCTION

Over the past 2 decades, metamaterials [41, 192] have attracted
lots of interests owing to their remarkable electromagnetic
features. Metamaterials are arrays of special-shaped scattering
elements rationally designed, and exhibit some special
electromagnetic responses, for instance, negative-index
media [139, 143], zero-index materials [196] and ultra-high-
index materials [117, 136]. The two-dimensional counterpart
of metamaterials, metasurface [74, 104, 107] is much easier to
be fabricated and utilized. It can exhibit the amazing capacity
of electromagnetic wavefront manipulation, which is mainly
introduced by the interaction between an electromagnetic
wave and these meta-atoms structures as well as their
functional arrangements. Over recent years, metasurface
paradigm is considered as an important way to engineer
electromagnetic wave, including wavefront shaping [63,
162], polarization conversion [168, 194]and radiation
control or energy concentration [18, 79]. With these
versatile electromagnetic properties, metasurface has
attracted  enormous  attention from the research
communities. Based on strong wavefront modulation
capability of metasurface within the sub-wavelength scale,
many mete-devices have been demonstrated in the last ten
years, such as meta-lens [16, 21, 94, 155], invisible cloak [50,
126], absorber [52, 98, 169], vortex beam generator [176],
holography [43, 113, 193] and so on.

it was observed that the dynamic performance of the
metasurface is essential for modern-day science and
technological applications but conventional metasurface
limits its operation in terms of tunability and
reconfiguration. Conventional metasurface provides static
and predefined optical functions that are normally being
governed by the geometry, shape, and arrangements of
meta-atoms. Over the past few years researchers put an
effort to develop flexible and reconfigurable metasurfaces,
where the shape, size, and arrangements of the meta-atoms
can be tuned or altered with external stimuli [33, 45, 85]. And

many researchers are devoting themselves to access
reprogrammable metasurface [83, 87, 103].
Progressive research on metasurface has enormously

expanded its application domain over the past decade or so.
In this article, a primary focus is being given to the applications of
metasurface through wavefront engineering. We have reviewed
recent works in the area of metasurface based arbitrary wavefront
modulation, and in due course, the review is being extended with
flexible and reconfigurable metasurface and meta-devices. The
principles of operation of the device, applications along with their
extraordinary advantages, fabrication challenges, and prospects
are being discussed in a detailed manner. In the aspect of
fabrication of new and novel optical devices, metasurface and
optical fiber integrated [124, 125] for the development of novel
“lab-on-fiber” structures are also illustrated in this paper, which
possess enormous potentials for future applications. The review
work is concluded with a summarization of the challenges and
prospects of this research area.

Metasurface: Principle to Smart Metadevices

THE PRINCIPLE OF METASURFACE FOR
WAVEFRONT MODULATION

The regulation of electromagnetic waves with traditional optical
components, such as lenses and prisms, is realized through the
accumulation of phase delay in the process of light propagation,
which greatly limits the reduction and integration of optical
devices. Control of phase and amplitude plays a crucial part in
wavefront modulation. Those traditional optical elements, as well
as diffractive elements such as gratings and holograms, are bulky
for optical set-up. Whereas, metasurface can modify the
amplitude and impart an abrupt phase shift to the incident
wave within the sub-wavelength scale through the light-matter
interaction, and thus realize the wavefront modulation much
more efficiently. In the past few years, several excellent review
papers have summarized the development of this field [34, 165].
There are three main types of mechanism for metasurface to
manipulate the phase variation under certain polarization states,
including resonances with linearly polarized (LP) light,
Pancharatnam-Berry (PB) phase for circularly polarized (CP)
light, and Huygens’ principle with polarization independence
[146].

Wavefront Engineering of Linearly Polarized
Light

Fermat’s principle states that light travels along an extremum
path. In 2011, Nanfang Yu et al. put forward generalized laws of
refraction and reflection in succession, adapted Fermat’s principle
to a larger class of interfaces where the presence of antennas may
provide abrupt phase jump to incident waves [176]. They derived
the general relation between an incident and scattered waves as

ne sin (6;) — n; sin (6;) = 2701 dﬁfjix)
(1)
n;sin (6,) — n;sin(6;) = ;_701 d‘/;ix)

where n; and n; are the refractive indices on the two sides of the
interface, 1y is the free space wavelength, 6;, 6, and o, are the
incident, reflected, and transmitted angles, as shown in
Figure 1A, and d¢/dx indicates the gradient of the phase
discontinuity along with the interface, provided by the meta-
atoms of the metasurface. Equation 1 implies that both the
refracted and reflected beam can have an arbitrary direction,
provided that a suitable constant gradient of phase discontinuity
along the interface (d¢/dx) is introduced. By engineering a phase
discontinuity along an interface, one can fully steer light and
accomplish unparalleled control of anomalous reflection and
refraction described by the generalized Snell's law.
Implementation of this idea was accomplished by V-shaped
gold nanoantennas which were used as a gradient metasurface.
As shown in Figure 1B, V-shaped resonators support
“symmetric” and “antisymmetric” modes, which are excited by
electric-field components along § and 4 axes, respectively. By
changing the length and the opening angle of plasmonic
nanorods, one can get an abrupt phase shift over a n phase
range as well as different amplitudes, as shown in Figure 1C.
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FIGURE 1 | (A) Generalized Snell’s law of refraction and reflection: Schematic of anomalously refracted and reflected beams for cross-polarized scattered beams.
(B) V-shaped nanoantenna supports symmetric and antisymmetric modes, which are excited by cross-polarized components of the incident light. There is a n phase
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However, to achieve full phase regulation, the phase shift range
must be no less than 2n phase coverage. Yu et al. realized that, for
linearly polarized incident light, a 90° rotation of the V-shaped
antennas allowed the remaining = range to be accessed in the
cross-polarized scattered waves [111, 175, 176]. As shown in
Figure 1D, if each second source at a position x of the interface
carries an abrupt phase variation over 2n phase coverage, the
abnormal refraction and reflection can be observed. Reference to
the theory of gradient metasurface, many other structure designs
such as C-shaped antennas [96], nanorods [58] and nanobricks
[121], were proposed later and demonstrated to have full phase
control capability. What’s more, by adjusting the size of the unit
cell, these electromagnetic responses were achieved in different
frequency ranges, such as visible-band [93], near-infrared [74]
and mid-infrared frequencies [176]. However, these proposed
designs were realized by cross-polarized components coupled to
the scattering field. The maximum coupling efficiency between
the two polarizations was extremely limited within a single
metasurface, and thus, only a small amount of incident
electromagnetic energy can interact with the metasurface while
a large amount of energy radiated outside in an ordinary way
[109]. In order to improve the efficiency, gradient metasurfaces
operating in reflection with a back ground plane were proposed
[121, 122, 141], as shown in Figure 1E. This type of metasurface
consisted of metallic nanoantennas array separated from a

metallic ground film with a thin dielectric layer, namely
Metal-Insulator-Metal (MIM) structures. Thanks to the strong
coupling between the top antennas layer and the ground metallic
plane, magnetic resonances as gap modes inside the dielectric
spacer were excited, and thus phase delay up to 2n can be
achieved.

Modualtion of Circularly Polarized Light

Through Pancharatham-Berry Phase

The metasurfaces discussed in the previous subsection are
designed for linearly polarized waves, which is incapable for
controlling CP waves. Recently, Pancharatnam-Berry phase
metasurfaces [57] attracted intense attention due to their
strong capabilities in modulating CP waves. Consider two
arrays of identical scattering elements placed on the x-y plane,
and the structures in one group are rotated at an angle of 6 with
respect to the counterparts in the other group. Then illuminating
the two scatter arrays by the same CP beam, only one difference
can be observed between the spin-flipped components of waves
scattered by these two arrays of meta-atoms, which is a phase
factor ¢”’, independent of the scatter details and the frequency.
This phenomenon is called PB phase, which can be created by any
anisotropic optical antennas. From the mathematical derivation,
assuming that the incident CP wave is left-handed circular
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polarized (LCP) light E; = Ercp = " (or = Epcp = 1» for right-
handed circular polarized (RCP) light), the scattered light E from
an anisotropic antenna with an orientation angle of 6 can be
described as Refs. 49 and 174.

cos —sinf t, O cosO sinf
E, = X E;
sinf cos@ 0 t —sinf cos )
t, + 1. to—t, X
= 2 cp + exp ( + 120)ERCP

where t, and f, are the scattering coefficients for the two
orthogonal linear polarization components of the incident
light along the two axes of the scattering elements. From the
Eq. 2, it is clear that the scattered light consists of two circular
polarization states: one component has the same handedness as
the incident CP beam without any phase delay (as shown by the
first term of the above equation), and the other component is
cross-polarization with a phase delay of +26 (as shown by the
second term of the above equation). The sign “+” and “-”
represent the phase delay for the incident LCP and RCP light,
respectively, as shown in Figure 2A [57]. Because the phase delay
is linear to the orientation angle of the scattering elements, it can
provide continuous phase control from 0 to 2n very easily, by
rotating the anisotropic meta-atoms from 0 to r, such as C-shaped
split-ring resonators, nanorods, and nanoslits [58, 145, 179].
Although PB phase metasurface can regulate CP beams, the
conversion efficiencies of earlier published works were very
low. It was demonstrated that the maximum conversion
efficiency of a single layer ultrathin PB phase metasurface
was limited by 25% [31]. To improve the working efficiency,
MIM structures working in reflection style were proposed and
proved to be an effective approach [193]. On the other hand, if
the metasurface contains both electric and magnetic
resonators, resulting in constructive interference at the
transmission side and destructive interference at the
reflection side, and thus a transmissive ultrathin PB
metasurface with an ultra-high efficiency can be achieved
[102] as shown in Figure 2B.

Huygens’ Principle With Polarization

Independence
Different from those designs based on phase compensation on

different polarization states mentioned above, Huygens’
metasurface considers the impedance matching on the
interface  with  polarization insensitivity [116], and

simultaneous excitation of electric and magnetic dipole
moments are achieved. According to the surface equivalence
principle [116, 133], it was understood that both electric and
magnetic surface currents were required on the interface to create
the desired field distribution and meet the boundary conditions,
as shown in Figure 2C. Consequently [116],

Metasurface: Principle to Smart Metadevices

where TS and ﬁs are the required electric and magnetic surface
currents. The specially designed subwavelength metallic texture
was usually fabricated on the dielectric substrate to get the
required surface impedance of each unit. A general method
was proposed to convert the desired transmission/reflection
phase distributions to the required surface profiles of Huygens’
metasurface [108]. Minimization of the transmission loss was
accomplished by high contrast transmits/reflect arrays and it was
developed by using a significant high index layer [4, 5].

In particular, metallic metasurface has a large ohmic loss in
optical frequencies, which significantly limits and even degrades its
performance. Thus, in this regime, high-index dielectric resonators
with low loss (dielectric metasurface) was a hot topic in this decade
[6, 93, 167, 177]. Electric and magnetic resonances are excited in
dielectric metasurface, which can be classified as Mie resonances
[36, 39, 53, 115], replacing the plasmonic resonances in metallic
counterparts, and thus cause the dielectric metasurface to produce
electromagnetic response, including amplitude modulation, abrupt
phase jump production and so on [4, 134].

THE APPLICATIONS: WAVEFRONT
ENGINEERING WITH METASURFACE

Since the advent of the metasurface, it has demonstrated excellent
wavefront shaping ability, which makes it a promising application
in many fields. After sorting the theory and techniques of
metasurface to control the phase and amplitude under different
polarization states, a detailed review of their applications in the
domain of photonics devices is being discussed in this section.

Meta-Lens
Metasurface can provide abrupt phase mutations to incident

electromagnetic waves within sub-wavelength scales. In the
previous section, we have discussed the abnormal refraction and
reflection of incident light caused by these abrupt phase variations
along the interface of the two medium. The light beam can be twisted,
focused; and special optical beams like optical vortex beam [10, 134,
178], and Bessel beam [14] can be generated with a controlled phase
profile of the metasurface. Phase profile engineering is the basic tool
that has being used over the years to control the shape of the incident
wave and a detailed discussion over creation of the phase profile for
meta-lens are being given in this section.

Assuming the electromagnetic energy was focused at a
distance of “f’, as shown in Figure 3A, the phase distribution
(in the x-y plane) for transmitted or reflected wave should be
arranged as the Eq. 4 below [174] to compensate for the optical
path difference:

o) = (T 77— )

Based on the concept of optical phase discontinuities, Capasso
et al. demonstrated a meta-lens at Telecom wavelength with

(4)

- - o V-shaped nanoantennas, as shown in Figure 3A [2]. However,
Js=nx|{H,-H, . . . o
the focusing efficiency was approximately 1% only.
— - =
M, = -7 x (EZ - El) (3) Complementary V-shaped apertures were also proposed to
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Efficiencies of LCP

realize meta-lens in the optical regime, but the efficiency was not
improved [112]. MIM  structure-based meta-lens were
demonstrated to improve the focusing efficiency, in the near
infrared [123] and mid-infrared regimes [183]. Because of the
large ohmic loss of metal in optical frequencies, which limits the
efficiency to a certain extent, many metallic meta-lens were
designed to work in larger wavelength regime, such as
Terahertz, millimeter-wave or microwave regime [24, 27, 92].

Recently, dielectric metasurfaces were developed to
circumvent the significant Ohmic losses at optical frequencies
[89, 173, 189, 197]. Our group compared the resonance
performance in metallic and all-dielectric metasurface in a
detailed way [51]. In 2014, utilizing the spin-dependent
properties of PB phase, Lin et al. proposed a transmissive
metalens composed of thousands of Si nanobeam
nanoantennas. Via rational structural tuning, the metalens was
designed to exhibit a focal length 100 um with an NA = 0.43 at
wavelength of 500 nm. When shining the metalens with RCP light
through the substrate, the transmissive light was converted to
LCP focal spot with a size of 670 nm, which was close to
diffraction limit [93]. Later on, Capasso et al. successfully
realized the fabrication of high-aspect-ratio titanium dioxide
(TiO,) metasurface, as shown in Figure 3B. Based on the
geometric PB phase, they demonstrated three metalenses with
large NA (0.8) working at wavelengths of 660, 532, and 405 nm
with corresponding efficiencies of 66, 73, and 86% [72]. In their
following work, a polarization-insensitive metalens working at
these three wavelengths was demonstrated, which had large NA
(0.85) and high efficiency (over 60%). Importantly, the focusing
ability of the incident light was down to diffraction-limited spots
(~0.64 1), which were very promising [73].

Since these metalenses operate based on the phase jump
governed by resonance conditions, the dispersion effect of the
metalens limits their operation in a broad range of frequency.
Thus, minimization or removal of chromatic aberrations of

metalenses has been a serious matter of concern in the case of
designing and fabrication of the metalens. Avayu et al. designed a
multi-layer structure by vertically stacking independent
metasurfaces and demonstrated a triply working wavelength
achromatic metalens in the visible range (450, 550, and
650 nm) [9]. Capasso and his co-workers combined multiple
dielectric resonators into meta-atoms and realized an achromatic
metalens at three discrete wavelengths (1,300, 1,550 and,
1,800 nm) [71]. Similarly, Yu et al. utilized this combining
method with new meta-unit geometries that can fulfill the
space to a much greater degree, and realized a polarization-
independent metalens with focusing efficiencies over 20%
within a broadband of 1,200-1,650 nm [137], as shown in
Figure 3C. Employing both low-Q-factor resonance induced
phase and geometric phase that compensate with each other,
an achromatic metalens working in a large wavelength band
(1,200-1,680 nm) with the efficiency of ~12% was demonstrated
experimentally [156]. Achromatic metalens consists of GaN-
based integrated resonator meta-atom was designed and
fabricated, which proved to eliminate chromatic aberration in
visible wavelength (400-660 nm) with an average efficiency of
~40% [155]. Recently, tunable dielectric meta-lenses were also
proposed [6, 68] to provide more usage of meta-device with
higher freedom. In the later part of this review, we will discuss
about these reconfigurable metasurface.

Metasurface Holography

Metasurface can also realize the holograms by tailoring the
amplitude and phase of the electromagnetic wave
simultaneously. In 2013, Shalaev et al. proposed a
complementary V-shaped groove array fabricated in a 30 nm
gold film on a glass substrate and demonstrated the holographic
image of the word “PURDUE” illuminated by a visible laser of
676 nm, as shown in Figure 4A [113]. Based on PB phase
arrangement, three-dimensional holography for a jet was
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experimentally — demonstrated ~with  metallic  nanorods
metasurface, which had a large field of view estimated as 40°
[58]. Single-layered plasmonic metasurfaces generally suffered
from low efficiency, MIM reflection configuration was utilized
and realized a high efficiency (80%) reflective metasurface
hologram of Einstein’s portrait at the working wavelength of
825nm, as shown in Figure 4B [193]. Another method to
improve the efficiency of the transmissive metasurface
hologram is using the dielectric Huygen’s metasurface, which
has been experimentally demonstrated to reach ultra-high
diffraction efficiency over 99% at the wavelength of 1,600 nm
with silicon nanopillar design [152].

These metasurface holograms mentioned above, in which the
meta-atoms were designed for one specific wavelength, were
single-color holograms. By combining the multiple resonators
with various resonance wavelengths into each meta-unit cell, the
matasurface designs can control multi-wavelength beam
simultaneously. Based on this methodology, Tsai and co-
workers realized binary-phase holograms working for three
primary colors (red, green, and blue) with aluminum MIM
design, as shown in Figure 4C [60]. Similarly, Choudhury
et al. designed super-unit cells consisting of three silver
nanoslits with different sizes and orientations, and thus re-
built transmissive three-color hologram [26].
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Further on, via modulation of the intensity and phase of RGB
(red, green, and blue) laser, (also called color mixing), three-color
metasurface holograms can evolve into a full-color hologram.
Wan et al. and Li et al. used the off-axis illumination method, that
is using three beams of laser (red, green, and blue) to illuminate
the metasurface with different tilted incident angles, thus decode
three primary color components, and can further generate their
secondary superimposed colors (such as cyan, magenta, yellow,
and white) [90, 145], as shown in Figure 4D. The full-color
metasurface holograms were demonstrated by using dielectric
metasurfaces, such as silicon nanoblocks [11, 147], silicon
nanodisks [188], titanium dioxide (TiO,) nanodisks [161] and
even graphene oxides [91]. In a very recent work, multi-freedom
metasurfaces were proposed, which can modulate phase,
amplitude, and polarization simultaneously and independently.
Li’s group combined the frequency-independent PB phase and
detour phase and realized a complex-amplitude vectorial
hologram at various wavelengths, thus a full-color meta-
hologram was demonstrated, as shown in Figure 4E [29].

Metasurface Based Invisible Cloak
A cloak is a device with the ability to render objects invisible to

incoming waves. Transformation optics and metamaterials are
offering powerful tools for the development of cloaking devices
[17, 81, 142]. Though the concept of the invisible cloak was
successfully demonstrated with metamaterials,in practical
aspects, development of 3-dimensional cloak with 3D

metamaterials is extremely difficult. An alternative approach
was first introduced with waveguide based cloaking and it
played an important crucial role over a “quasi-conformal
mapping technique” where the cloak concealed an object by
restoring a wavefront as it was being reflected from a flat
surface. This concept was defined as “carpet cloaking” and was
demonstrated accordingly [38]. The realization of ultra-thin
carpet cloaking was feasible due to the ultra-thin engineered
metasurface based structure. Metasurfaces provided an efficient
way of designing three-dimensional arbitrary shaped carpet
cloaks with ultrathin thicknesses and low loss. The multi-
layers structure of metasurface was proposed to offer the
broadband performance of the cloak [148]. Metallic resonator
with discontinuous phase was fabricated over a polyimide
substrate. An excellent wavefront manipulation was
demonstrated and it was employed over a surface with a
triangular bump [158]. The schematic representation of the
metasurface carpet clock was shown in Figure 5A. The
cloaking layer was fabricated with a standard lithography
process, and low loss flexible polyimide layer was used as the
spacer medium. Terahertz time-domain spectroscopy with an
angular scanning system was used for terahertz cloak
demonstration.

The dispersion of materials is always the main challenge in
optical components for broadband carpet cloaking. A novel
metasurface was proposed recently for carpet cloaking with
linear polarization at visible wavelengths from 650 to 800 nm.
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In this proposed structure, a thin slot of waveguide based
metasurface was presented [50]. Very recently, a metasurface
featuring machine learning algorithm was used as an adaptive
cloaking system. This work shows the development of next-
generation invisible cloak with artificial intelligence. An
effective tunable metasurface loaded with varactor diodes was
used for the fabrication of invisible cloak in the microwave range,
as shown in Figure 5B. The metasurface cloak can respond
swiftly, on a millisecond timescale with a change in incident
wave and surrounding medium by a pre-trained artificial neural
network which was a fundamental building block of deep learning
[126].

A TREND: FROM SLAB METASURFACE TO
FLEXIBLE METASURFACE

The metasurfaces are required to operate in many other different
surfaces apart from large planar wafers for the application of
various practical requirements, as well as cooperating with
different devices. Thus, the realization of flexible (or soft)
metasurface becomes one of the emerging topics nowadays.
Soft Metasurfaces are normally being fabricated with metal,
metal-dielectric ~ structures, or only dielectric materials
deposited over a flexible substrate [12, 22, 69], which are now
considered to be the competitive platform for controlling the
optical properties of the output light with mechanical force [20].
Meta-structures recently are being developed over flexible
polymer [66], 2D materials [61, 99], or carbon nanofilms
[138]. To expand the potential application range of flexible
metasurface, our group fabricated metastructures on low-cost
aluminum foils, which were widely used in food packaging [54].
Numerous modern-day engineering and scientific applications
were being carried out over the curvature surface and non-planar

surface where the planar sensor/device was outperformed due to
the necessary efficiency [66]. Flexible metasurfaces were realized
on low surface energy polymers, like polydimethylsiloxane
(PDMS). PDMS can adhere to all surfaces in a conformal
manner onto curved surfaces, epidermis, and packaging
materials [67, 181]. Figure 6A represents the schematic
representation of flexible metasurface with PDMS polymer. In
this particular case, an amorphous Silicon nano post and a thin
layer of AlL,O; were embedded in a low index flexible PDMS
substrate. The thin dielectric metasurface layer conformed to the
flexible substrate can modulate the optical response of the flexible
substrate.

Soft-metasurface with a randomized phase distribution was
employed for diffuse terahertz wave scattering. The distinctly
patterned gold layer was deposited over the polyimide substrate
for the fabrication of the structure [185]. Figure 6B represents the
microscopic view of the sample as well as its reflection amplitudes
with different modes. The energy of surface plasmon polarition of
Bloch wave was tuned by flexible meta structures. The tunable
plasmonic response was achieved with two layers of gold
nanoribbon arrays [99]. The performance of graphene
nanoribbon arrays in soft metasurface based plasmonic
structures was also investigated in a detailed manner [153].
Randomly distributed meta elements over the polyimide thin
films were employed to develop low scattering surface for possible
EM stealth technology [187].

Modern and advanced micro and nanofabrication
technologies are the basic fabrication tools that are being used
for the development of soft and flexible metamaterials [144].
Photolithography, electron-beam lithography, and focused-ion-
beam lithography are the most commonly used lithography for
patterning nanostructures over the metasurfaces [49, 140, 174].
The resonance pattern over a flexible substrate can be
accomplished with electron beam lithography [176], focused
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ion beam lithography [40, 113], plasmonic lithography [101],
probe scanning lithography [62], laser writing lithography [44,
186] and plasmonic lithography [101]. Nanostencil lithography
[105, 149] has enabled nanopatterning on a wider range of
flexible nonplanar substrates with a simple fabrication process.
The softness of the photonics device can be assessed by
“mechanical flexibility”. Flexibility is normally measured with
the maximum possible deformation without any damage in the
structure. Yield strength can measure mechanical flexibility and it
is defined as maximum allowed strain with deformation of the
photonic device. The minimization of the strain of the photonic
device layer with deformation force is the key parameter for the
fabrication. Minimization of strain can be attained by adopting
the so-called “neutral plane” configuration. At the neutral plane,
the strain response of the structure vanishes [55].

The transfer of resonance pattern over the flexible substrates
needs to be released from the hard substrate which seems to be a
delicate part in the designing [45, 66, 84]. Transfer of the
metasurface layer over the flexible substrate can be done by
transfer printing (or called stamp printing). Two mostly used
processes are a) direct flip transfer and b) stamp assisted transfer.
Monolithic patterning of soft photonic devices is used often as
they provide ease of fabrication, improved yield, and large area
patterning capability. The encapsulated devices are peeled off
from the rigid handler to complete the fabrication process of the
soft photonic devices, as shown in Figure 6C. The sacrificial layer
used for successful detachment of flexible metasurface from a
rigid substrate. A diluted ammonia solution was used to remove
the sacrificial layer from the fabricated structure. Similarly,
Ambhire et al. also proposed “Pattern and Peel” method,
using PDMS as the sacrificial layer, to fabricate the
metasurface on an elastomeric substrate (PDMS) [3]. What’s
more, they also showed reconfiguration or tunability of the

resonance by stretching PDMS layer, and thus realized a kind
of reconfigurable metasurface, which will be covered in detailed in
next section with various types.

RECONFIGURABLE METASURFACE: AN
ENCOURAGING IMPROVEMENT FROM
STATIC

The optical properties of the metasurface are related to
engineered structure. Size, shape, and the inter meta-atomic
distances as well as the optical parameters of materials control
and dictate the optical characteristics of the metasurface.
However, traditional metasurfaces are difficult to be tuned
after being fabricated, which considerably limit the degree of
freedom for full-wave controls. As such, it is highly desirable to
realize dynamic metasurfaces, whose functionalities can be
actively tunable with controlled external factors. Recent few
years, there have been some impressive works published. In
this part, the reconfigurable metasurface is being discussed in
detail.

Mechanical Force in Soft Metasurface
Geometric arrangements of resonant building blocks with a fixed

material composition drive the performance of the metasurface.
The performance of metasurface can be tuned by varying the
shape, size, and spatially arrangements of the constituent meta-
atoms. Mechanical force is the main influence on the tuning of the
optical properties of the tunable metasurface. Novel aspects of
manipulating light could be achieved with the ability to bend,
stretch, and roll of the device on flexible substrates and which
promises a new wave of device designs and functionalities [69,
144, 174].
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Unique and typical characteristics that are being found in
metasurface through mechanical deformation is mostly due to the
flexible substrates [69, 130, 144]. PDMS, a silicon-based organic
polymer is being widely used as an elastomeric substrate due to its
low optical loss and excellent elasticity during reversible
deformation. Transmittivity of flexible metasurface was
demonstrated in detail, and an excellent control over the
optical properties by mechanical tuning was shown. Figure 7A
depicts that the metasurface exhibits remarkable resonance shifts
with mechanical tuning [45]. The interparticle distance was used
to modulate the optical properties of metasurface with
mechanical stretching. The gap between successive resonators
was found to be varied from 10 to 140 nm with 0-100% applied
strain over PDMS substrates [97]. The mechanical flexibility of
engineered metasurface was explored in tuning the focal length of
meta-lens. All-dielectric material metalens was demonstrated
where amorphous silicon post was developed over the PDMS
substrate [68]. The mechanically tunable lens in visible
wavelength was also demonstrated with significant efficiency
in controlling the focal length. The lattice constant of Au
nanorod was tuned which is fabricated over PDMS substrate
[33]. Polarization of the incident wave can be tuned with chirality
of the metasurface, and nanostructures with chiral geometries
exhibit strong polarization rotation. Plasmonic nano colloids
with rotary optical activity were developed with twisted PDMS
substrate and multilayers of metal nanoparticles [76].

From Microelectromechanical Systems to
Programmable Metasurface

Microelectromechanical systems (MEMS) offers a method to
realize the structural reconfiguration of the metasurface, thus
modifying the electromagnetic response. Metasurface based mid-
IR flat lens was developed for active beam steering [128]. The
design of microcantilever arrays in metasurface allowed the
structure can be tuned between the “touch” and “separate” by
the electrostatic force [28, 120, 190]. Figure 7B presents a MEMS
metasurface with micro-cantilever, which realizes structural
tunability with electricity. There were significant shifts of
resonance wavelength as one end of unfixed open ring
resonators gradually warps. Discrete structures, which stood
on substrates with different properties, offered the possibility
of modification [182]. As shown in Figure 7C, the metasurface
composes of two types of slabs. One kind of slabs patterned on a
rigid substrate and the other one was suspended, which can be
shifted by a micromachined actuator. However, recently explored
MEMS metasurfaces generally work in the Terahertz band,
microwave regime, and range with longer wavelengths, which
have a large size with a dimension of tens of micrometers or even
larger. For those more compact meta-structures working in a
higher-frequency region, one needs to explore special
sophisticated methods, such as Nanoelectromechanical systems
technology. Further on, blending self-feedback and programming
algorithms into the metasurface, programmable metasurface can
be achieved. More recently, Cui et al. utilized the diodes and field-
programmable gate array, which embedded into the metasurface,
to store a bulk of coding sequences as well as corresponding
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electromagnetic responses, and realized a smart metasurface
[103]. Figure 7D presents the appearance of this
reprogrammable metasurface. Adaptive single-beam, multi-
beam manipulation, and other dynamic reactions were
demonstrated successfully. In recent years, with the rise of
artificial intelligence, concepts such as machine learning have
emerged in many fields. With the aid of machine learning,
reprogrammable metasurface will also be more intelligent [87].
This is undoubtedly a promising direction in the field of
metasurface research.

Structures With Tunable Materials
The reconfigurable metasurface mentioned above is achieved by

changing the structure (shape, arrangement). Utilizing those
tunable materials, as a part of the structure design, can also be
a strategy to realize the modification of metasurface. Phase-
change materials (PCMs), such as the GeSbTe (short for GST)
alloys, suffer from significant optical parameters variation
between the amorphous and crystalline states, and thus
recently being used to modify the optical properties of
metasurface [15, 25, 30]. Galarreta et al. embedded a thin
layer of GST into silicon nanodisks and realized the
modification of resonance [129]. In addition to the amorphous
and crystalline states, stepwise intermediates states were also
demonstrated [154].

Graphene has received a lot of attention since its discovery. It
can also be used to achieve reconfigurable metasurfaces due to its
adjustable band gap and excellent optical properties. A monolayer
graphene sheet was patterned on the silicon photonic crystal-like
substrate and realized tunable induced transparency via the
electrical method [23]. Fan et al. used a pump beam to excite
the graphene and enhanced the initially weak magnetic
resonances significantly [35]. Similarly, giving stimuli
according to other embedded materials sensitive to a thermal,
electric, or optical stimulus can also get a tunable metasurface. For
example, silicon illuminated with infrared pump beam can
produce photocurrent and tune the resonance of metallic
metasurface [42]. Recently, ferromagnetic particles were mixed
in the 3D-printed soft materials and realized the actively
controlling of the shape under applied magnetic fields [77],
which can be also referred to in the metasurface design.

Fluidic Unit Cell Metasurface
Microfluidic technology [13, 106] enables people to control

liquids in various fields within micro-/nanoscale, which
matches the structural dimensions of the metasurface well.
Recent few years, the combination of microfluidic and
metasurface is emerging gradually [184]. Injecting liquid into a
sub-wavelength periodic channel structure, ie., “liquid cell
metasurface”, and using the fluidity of the liquid or liquid
material, personalized micro-structure units can be created to
customize the metasurface optical response. Besides, more
applications are required to be completed in a liquid
environment, such as bio-sensing, bio-detection, and bio-
imaging. Different optical responses can be obtained by
injecting different solutions into the water-cell metasurface
microstructure. Most water-cell metasurfaces are used as
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sensors to detect incoming samples. For example, a THz system
that combines highly sensitive and non-invasive detection of
biological samples with metasurfaces and microfluidics was
developed recently [59], and an ultra-sensitive fluid sensor
capable of determining the type and concentration of chemical
reagent with high accuracy was demonstrated successfully [1]. All
of these have laid the foundation for accurate detection in the
future medical chemistry and other fields. While the liquid-metal
is a substance with fluidity, metallicity, and thermal expansion
characteristics. Mercury (Hg) was first used in the metasurface

molecules in the microwave band to regulate the propagation of
waves, as shown in Figure 8A [70]. However, Hg is highly toxic
and thus be replaced by some alloys such as eutectic gallium-
indium (EGaln). In Figure 8B, by injecting EGaln into PDMS
mold, the first THz liquid-metal-cell metasurface was born [150,
151]. Later, the metasurface composed of small tubes infused with
liquid-metal EGaln and copper wire pairs completed the tuning
of switching the electromagnetically induced transparency (EIT)-
like response [164]. The liquid-metal alloy EGaln was injected
into the microfluidic channel on the PMMA substrate, and the
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shear of the resonance frequency from 10.96 to 10.61 GHz was
completed while maintaining the absorption rate up to 98% [95].
As for more precise reconfiguration, a metasurface for
periodically distributed ring resonators was designed as shown
in Figure 8C, which can modulated the shape of the liquid-metal
Galinstan, a gallium indium tin alloy, in each ring resonator
individually, and then dynamically adjusted the light reflection
[166]. According to the thermal expansion of liquid-metal
mercury, different broadband THz metasurface absorbers were
proposed and can be customized at different temperatures [180].

Metasurface in Fluid-Background
The fluid-background metasurface is a solid-liquid mixed

metasurface. The developed metasurface is immersed in water,
alcohol, liquid crystal (LC), or even a solution of suspended
nanoparticles, to achieve the corresponding purpose of induced
tuning optic waves. Water is the most abundant liquid resource
on earth. Because it is cheap and non-toxic, and can be miscible
with a large number of liquids, it is a very common liquid
surrounding material and different structures were proposed
over the years [32, 56]. Ethanol [75], glucose solution [195],
sucrose solution [114], etc. are also often used as background
material. By adjusting the concentration of the solution covering
the solid metasurface, the refractive index of the solution is
changed, and then the dielectric constant is changed, and
finally, the optical response is adjusted [114]. In recent years,
LC has attracted much attention as a promising background
material of metasurface. It has both crystallinity and fluidity at
room temperature. By changing the external conditions, the
orientation of the LC molecules can be redirected to achieve a
tunable optical response. The excellent characteristics of LC make
it applicable in many fields. Liu’s group has designed several
reconfigurable chiral metasurface absorbers by using a LC layer as
an insulator layer. In one structure, the circular dichroism of the
incident light will be modulated with the different alignments of
the LC molecules, which could achieve the effect of reversing
circular dichroism [172]. Other plasmonic LC reconfigurable

chiral metasurfaces of sandwich-structure, as shown in
Figure 9A, were simulated to spin-selectively absorb CP light
at multiband frequencies [160] and efficiently [171]. Recently,
THz beam was manipulated by programmable LC background
metasurfaces, as shown in Figure 9B. In this article, the “0” and
“1” encoding technology was used to switch the state of different
arrays to redirect the LC molecules in it, thereby changing the
refractive index of different regions, and finally realize the
dynamic manipulation of the THz wave, and its maximum
deflection angle reached 31.2% [159]. Similarly, a digital
metasurface device for light projection display was
demonstrated with each pixel is electrically reconfigurable
[82]. A LC plasma metasurface was also developed to display
electronically adjustable color labels [135]. Metasurfaces with LC
as the surrounding material was used as all-optical switches [8]
and switches of controlling the generation of second harmonics of
metasurface [127]. In terms of controlling electromagnetic
radiation, the LC-based metasurface was also designed to
successfully achieve dynamic thermal camouflage, as shown in
Figure 9C, which provides a new development direction for the
future thermal metasurface with emissivity engineering [100].
Nanoparticle solutions can also be used a background materials as
same as LC. The orientation of the nanoparticles suspended in the
solution can be redirected and rearranged by tuning the external
factors, and thus the light will be controlled [48].

A NEW PLATFORM: METASURFACE
ON FIBER

After the demonstration of the powerful capability of
electromagnetic wave manipulation by metasurface, it has been
successfully applied to optical fibers, bringing immense
advantages over its domain of applications. Thus
amalgamation of metasurface and optical fibers provide a
powerful platform for the development of novel optical
components. With the emergence of “Lab of Fiber”, micro-,

Frontiers in Physics | www.frontiersin.org

131

January 2021 | Volume 8 | Article 586087


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Hu et al.

Metasurface: Principle to Smart Metadevices

“Alignment layer

LC cell

Metasurface
-1TO

crystals

111/
s

~Sesaot
<L " —
2z
lée__ "

\

FIGURE 9 | Structures of LC background metamaterials. (A) Reconfigurable spin-selectively multiband absorber based on LC chiral metasurface [160]. (B)
Codeable LC metamaterial for controlling THz beam [159]. (C) Metal-LC-Metal platform with dynamic thermal camouflage function [100]. Figure reproduced with
permission from: (A), © 2018, Optical Society of America (OSA); (B), © 2020, AIP Publishing; (C), © Walter de Gruyter GmbH 2020.

metallic_fim»
ground S

THz beam

/01.../ coding sequence

RIS TS TS A Bt Row #1
T
MMM ENEN EX .
BN R NEY ExY ~0
EAARRLT SR RLR R T AR RANNY  RRAAR

Row #4

ENMN G ASTEARA r:mg
e s e e e ngany  puages) Row #50

Column#1 Column #2 Column #3 --Column #24

nano-structure, and metasurface are fabricated on/in/around the
optical fiber to realize specific functions [37, 125, 163, 191].

Optical fiber devices decorated with micro-structures and
functional materials have been studied for decades. Still, the
surface decoration based on traditional self-assembly is almost
out-of-order and uncontrollable. Thus, the ability to fabricate
controllable structures on optical fiber will help the further
expansion of the application. However, considering that most
of the micro- and nanofabrication methods arising from the
microelectronic industry operate on large planar substrates,
fabrication of metasurface on the fiber is difficult. Researchers
are contributing their wisdom to combine fiber optics with
metasurfaces.

One primitive approach is self-assembly lithography. Since the
nanospheres float in a regular arrangement at the interface
between air and non-polar solvent, which is also called
Langmuir-Blodgett procedure [7]. Pisco et al. used self-
assembled polystyrene nanospheres as a mask and fabricated
round hole periodic structure on the facet of fiber [118], as shown
in Figure 10A. Similarly, a polymer solution with water droplets
assembled as a close pack array inside was also used. The template
was accomplished with evaporation of the water. They realized a
round-hole periodic structure on the facet of fiber with the help of
the holder [119]. Further on, this kind of regularly arranged
nanostructures templates was used as Kaleidoscope shadow
masks when illuminated with different incident angles, and
thus makes it possible to fabricate more periodic structures
[110], as shown in Figure 10B.

However, self-assembly lithography can only satisfy a limited
number of simple structures. For more complicated structures,
one needs to explore a more competent method for an advanced
level of fabrication. Principe et al. utilized a holder to clamp the

single-mode fiber and deposited a gold layer on the facet of fiber
via electron beam evaporation, subsequently fabricated a
rectangular groove array, which covered the entire core
regime, with focused-ion-beam nanofabrication processed
directly [125]. As shown in Figure 10C, the rectangular
grooves with different lengths on the fiber end-facet produced
various phase jumps, and the anomalous transmission in optical
fiber was firstly demonstrated on this fiber meta-tip. Later,
controlled absorption was also demonstrated in the optical
fiber system with a similar method, and can be further used in
logical operation [163].

This direct lithography method ensures that the shape of the
fabricated metasurface structure can meet the requirements to a
greater extent as one wishes. However, the resolution of standard
UV lithography is over 1 um while the size of the meta atoms on
fiber end-facet is approximately ~100nm or even smaller.
E-beam lithography and FIB are normally used for the
fabrication of the metasurface on fiber. What's more,
compared with flat wafers, optical fibers are less compatible
and controllable in lithography process. The scalability issue of
the fabrication of metasurface are limited by the following factors:
1) The flatness and smoothness of the surface of the fiber tip; 2)
The stability of the position of the fiber, as special mount is
required to put the fiber vertically below the electron beam, a
slight shift of the fiber from its position could affect the designing
in a massive manner; 3) The size and pattern of the meta-atoms,
which also greatly affect the speed and efficiency of the
fabrication. It needs to be mentioned that both e-beam
lithography and FIB fabrications methods are not industrial
grade. So specific optimization processes are required to be
followed for each of the specific fabrications. The fabrication
of meta atoms over the planar device is a bit easier to optimize
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than that required for optical fiber. As a result, it would be
extremely inefficient to make these nano-structures directly on
optical fibers.

Recently, transfer of nano-structure from a large wafer onto
the fiber end-facet became a potential method to make
metasurface on fiber [157]. Juhl et al. utilized UV-curable
hybrid polymer to transfer the gold nanoantennas array from
silicon wafer to the fiber tip completely, due to the soft and
quickly-dry of UV-curable hybrid polymer [65]. Although it still
takes a lot of labor and resources to make fine patterns on the
wafer in advance, the transfer of the metasurface from the wafer
to the fiber is not really difficult. As long as the wafer template is

available, mass production of fiber meta-tips may become
feasible. In addition, it is also promising to transfer these
elaborate structures to the side-surface of the fiber by rolling
the fiber and combining with this kind of transcription process.

Nanoinstile lithography, roll to roll printing techniques are
used to make the process more appropriate but till today the
fabrication of the meta-atoms over the fiber remains a challenge.
To date, the metasurface is only developed on the flat end-facet of
the fiber, almost no metasurface around the arc surface of the
fiber has been demonstrated, let alone those inside of the
photonic crystal fiber. In a word, there is still a long way to
realize the integration of metasurface into an optical fiber system.
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CONCLUSIONS AND OUTLOOK

As the latest generation of optical devices, the compactness of
metasurface is unmatched by traditional optical devices.
Metasurface can perform wavefront regulation at the sub-
wavelength scale and has attracted extensive attention since its
adventless than a decade ago. In this review, we have summarized
the basic principles of metasurface in the reshaping of
electromagnetic waves based on the phase and amplitude
modulation, as well as its mainstream applications.
Considering metasurface analogues are so attractive due to
their amazing optical properties, metasurfaces are combined
on another powerful optical device: optical fibers. This part of
the explorations was also reviewed in this paper. From here, we
can see that the working environment of a metasurface is by no
means limited to large flat wafers. It needs to be integrated with
other components, work on any surface, and adapt to a variety of
environments. Thus, we retrospect that pioneering research
works about flexible metasurface and reconfigurable metasurface.

It should be noted that, due to the vastness and rapid
development of this field involved as well as our limited
cognition and energy, it is impossible for cover all important
aspects within this review, such as nonlinear metasurfaces [19, 78,
80, 170], hyperbolic metasurfaces [46, 64, 88]and so on. Some
branches are just mentioned briefly. However, they are
immensely important and play a crucial rule in their
respective applications but a detailed discussion is out of scope
of this particular review article. Before conclusion of this review,
we would like to comment on future prospects of metasurface.
From a functional device perspective, if the metasurface is only
satisfied with the realization of functions on large flat wafers, it is
not only unrealistic, but also has no future.

A simple way to make the study of metasurface more
practical is to combine it with other more mature fields and
functional devices. Due to the author’s long working experience
in the field of optical fiber, more attention is paid to the
combination of this aspect. To date, there are only some
simple metasurface diagrams developed on the flat end-facet
of the fiber, or the so-called meta-tips. There is almost no
metasurface developed around the arc surface of the fiber,
let alone the metasurface inside of the photonic crystal fiber.
More recently, Steiner and co-workers proposed a ‘self-rolled
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