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Editorial on the Research Topic
Transformation optics and its frontier branches

Since transformation optics was first proposed to design invisibility cloaking in 2006, it
has gradually emerged as a novel optical design method and has been widely applied in
various flelds. In recent years, in order to realize novel optical devices designed by
transformation optics, various artificial materials such as metamaterials/metasurfaces and
photonic crystals have also rapidly developed. Up to the present, the theoretical design
methods of coordinate transformation have extended from the initial electromagnetic/
optical domain to encompass other physical fields such as temperature fields, acoustic fields,
quantum fields, and even the simultaneous control of multiple physical fields. This Research
Topic covers the latest developments in the application of transformation optics and
research on new materials. In this Research Topic, the latest research on transformation
optics primarily involves the following aspects:

« One of the main application areas of transformation optics is for achieving various
optical illusions, such as invisibility, deformation, and shrinking. Sadeghi has designed
an electromagnetic expander, which can directly “amplify” the electromagnetic field
distribution inside a scatter without disturbing the external scattering field (Sadeghi).

« Another major application of transformation optics is the ability to change the shape
and size of optical devices while keeping their functionality unchanged, such as
reshaping the focal surface of a lens and modifying the shape of electromagnetic
antenna/cavity. Eskandari uses transformation optics to design an elliptical half
Maxwell fish-eye lens, which can perform as a collimator for dual-polarized
electromagnetic waves (Eskandari). Zang et al. use transformation optics to design
a bi-dimensional compressed Luneburg lens, which can be applied to wide-angle beam
steering (Zang et al.). Compared to uncompressed Maxwell fish-eye lens and Luneburg
lens, the compressed lenses proposed in these two works can maintain the
functionality of Maxwell fish-eye lens and Luneburg lens while obtaining a
flattened, compact geometric structure, making them more suitable for on-chip
integration.

o A future branch of development in transformation optics is the simultaneous control
of multiple physical fields using coordinate transformation methods. Wu et al. propose
the double-physical-field null medium by a metal plate array to achieve a double-

4 frontiersin.org
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Sun et al.

physical-field focusing lens, which can focus electromagnetic
waves and acoustic waves simultaneously (Wu et al.).

In this Research Topic, the latest research on artificial materials
primarily involves the following aspects:

« Micro-nanostructures, such as metal nanowires, nanorods,
and nanospheres, are a common type of metamaterial in the
optical range. They can be used for enhanced Raman
spectroscopy, super-resolution imaging, optical illusions,
and so on. In recent years, the fabrication techniques and
synthesis processes of micro-nanostructures have been
continuously improved. Link et al. conduct research on
antimony telluride nanoplates by leveraging
dislocation-driven growth, which can be used as a viable

SCrew

chemical route to realize spiral-type nanplate (Link et al.).
Usman et al. propose a method to achieve large-scale ordered
assembly of gold nanorods by controlling the droplet
evaporation mode on hydrophobic substrates (Usman et al.).

o Metasurfaces were initially used to create specific phase
gradients at interfaces, thereby verifying the general Snell’s
law. In recent years, metasurfaces have gradually evolved
towards multi-functionality and intelligence. Li et al. have
integrated many distinct functions within a single metasurface
unit, which enables simultaneous color control and phase
manipulation for pseudo-color nanoprinting and holographic
image display (Li et al.). Additionally, Zhu et al. propose an
intelligent tunable metasurface optimized by a generic
algorithm, which can generate false electromagnetic targets
in different scenarios (Zhu et al.).

o One direction of metamaterial development is to move from
metallic metamaterials to all-dielectric metamaterials with low
loss and large bandwidth. Cai et al. propose dielectric
metamaterials based on ceramic cuboid units and apply
them to achieve broadband extraordinary electromagnetic
transmission (Cai et al.). Nonlinear metamaterials are also
a branch of metamaterial research that can be used for
frequency conversion devices. Shao et al. Propose a
modified high-sensitivity optical nonlinear measurement
method to characterize weak nonlinear refractive indices by
a wide-band phase object (Shao et al.).

In summary, after more than 15 years of development, the

applications of transformation optics are constantly expanding,
and in the future it will be cross-developed with other theories

Frontiers in Materials

10.3389/fmats.2023.1310326

and techniques, which may breed new branches including: multi-
physical-field
transformation optics design. Its application domains will be
further expanded from single function and single physical field to
multi-functional and multi-physical field.

metamaterials  and  artificial  intelligence
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Radar Cross Section Approach in
lllusion Effects of Transformation
Optics-Based Expander

Mohammad Mehdi Sadeghi*

Department of Physics, Jahrom University, Jahrom, Iran

In this paper, analytical calculation has been provided to show illusion perception in
electromagnetics expander. For this end, a precise analytical solution has been done for a
scattered wave from the expander including an object in the core medium. Also, this
analytical calculation has been done for a bare transformed object with different size and
constitute parameters (CPs). lllusion perception, in the far field, can be illustrated by
comparing the calculated scattered field patterns (SFP) of the object placed inside the
expander with SFP of the bare transformed object. Moreover, the same calculation and
comparison has been done for nearfield SFP. In continuation, for precise deduction, radar
cross sections (RCSs) of both objects have been calculated and plotted using MATLAB.
Well functionality in illusion perception has been obtained using comparisons in both
analytical SFPs parts and RCSs parts.

Keywords: illusion optics, radar cross section, electromagnetics wave expander, scattering theory, transformation
optics

INTRODUCTION

Transformation optics theory (Leonhardt, 2006; Pendry et al., 2006) was introduced in 2006, and
since then it has attracted a great deal of scientific attention in theoretical and experimental (Schurig
et al., 2006; Chen and Chan, 2007; Chen et al., 2008; Kwon and Werner, 2008; Luo et al., 2008; Rahm
et al., 2008; Yan et al,, 2008; Chen et al., 2009; Cheng et al., 2009; Lai et al., 2009; Narimanov and
Kildishev, 2009; Roberts et al., 2009; Chen et al., 2010a; Chen et al., 2010b; Jiang et al., 2010; Jiang
etal,2011; Lietal, 2011; Mei etal., 2011; Li et al., 2013; Jiang et al., 2014; Sadeghi et al., 2014; Sadeghi
et al.,, 2015a; Sadeghi et al., 2015b; Xu and Chen, 2015; Forouzeshfard and Hosseini Farzad, 2018; Liu
et al., 2019; Sadeghi, 2020; Zhao et al., 2022) aspects. This theory applies coordinate transformation
and metamaterials to provide desired form variations for the CP to manipulate electromagnetic
waves path and direct it in the chosen manner. Hence, this theory provides a great ability to design
and construct new composite artificial devices using metamaterials with various extraordinary
applications. Among all these different devices, some of them also exhibit interesting illusory optical
properties (Lai et al., 2009; Jiang et al., 2010; Li et al., 2011; Forouzeshfard and Hosseini Farzad, 2018;
Liu et al,, 2019; Sadeghi, 2020; Zhao et al., 2022). In this paper we use analytical calculation for
illusion perception in transformation-based expander. For this purpose, in next section we present a
transformation function to create and design a wave expander. Next, we provide a close solution in
wave expansion form for SFP of an object that has been placed in the core medium of
transformation-based expander. In order to show the illusion effect of this device, we compare
this SFP of the object inside the expander with the SFP of a transformed bare object. Also, to illustrate
the illusion effect more precisely, we provide a comparison in RCSs of both objects. Finally, we
provide the conclusion in the end.
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lllusion in Expander

A j : B .
FIGURE 1 | schematic functionality of transformation function that
expand (A) virtual region [0, c] to (B) real space [0, a].

Surface: Electric field, z component [V/m] Malx: 1.(
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FIGURE 2 | field distribution of a TE incident wave with working
frequency 1GHZ, a = 0.25m , b = 0.3m and.c = 0.02m.

General Preliminarily
We start with a transformation function that expands the region

[0, c] of virtual space into region [0,a] of real space as shown in
Figure 1. This function can be provided as follow,

a-b

r’+b% for c<r'<b
‘ (M

r for 0<r'<c

Where r and r’ show the real and virtual space respectively.
According transformation optics theory we have CP of core
medium i.e., [0,a] of wave expander as follow,

1 0 0
01 o0 @)
I 2
00 (%
a
Likewise, for surrounding shell i.e., [a, b], of wave expander we
have,

Ecore = ycore =

Region(

Regionl

Region2

=>

Far field
Expander
FIGURE 3 | Schematic plan for a cylindrical sample with radius d. esampie

and Pgampie are the CP of the object that placed in core medium of expander
and illuminated by planewave.

Eshell = Hepenn = 0

c—-b\r
(a—b)r’ 0 3)

0 0 c-byr
L a-b)r |

Now with these core and shell parameters and using an
incidenting TE-z plane wave, the functionality of the device
can be plotted as shown in Figure 2. The field distribution
pattern of a TE incident plane wave with working frequency 1
GHZ, a = 0.25m, b = 0.3m and ¢ = 0.02m has been plotted in
Figure 2 the device remains invisible and the wave expands in the
core medium. However, this device can be used to create an
illusion that has been presented in the next section.

RCS APPROACH

In this section we focus on illusion perception using exact
solutions in the wave equation of scattering waves. For this
end we put a cylindrical object with radius d =0.1m and
relative CP, &= exqmple and p = Hsample in core medium in
order to see the field pattern. Noteworthy we choose the
sample in cylindrical shape to provide an exact analytical
solution in the wave equation. In the following, we provide a
solution in illusion scattering for far field and near field
separately.

Consider a TE plane wave propagating in x direction as shown
in Figure 3. Hence, we can present wave expansion outside and
inside the device using boundary condition (BC). This TE plane
wave can be formulated as below,

E= Eeikox—iwt (4)
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Where ky and w are the wave number and frequency of
incidenting waves in the host, respectively. also &, is the
amplitude of incidenting wave. We calculate the total field in
all regions using general wave equation as below:

For the electric field outside the device i.e., region0 or p > b, we
have incidenting wave and scattering wave as below,

Nn=co

EO = g z [iin]n (kop) + CO,nH:, (kop)]eim” (5)
Where J, and H i, are Bessel and Hankel function of first kind,
respectively. Cp, is the unknown expansion coefficients of
scattered part of the total field outside the device. Also, inside
the device in shell region i.e., regionl, we can present,

n=co

E =& Z [Al,n Tn (klp) + Cl,nHi, (k1P)]em¢ (6)

Nn=—co

For the core medium i.e., region2, we have the wave as follow,

n=co

Ey =& ) [AsyJu(kop) + CouH), (Kop)]e™ 7)
And finally, for inside the sample i.e, region3, that has been
inserted inside the core medium we have,

N=oco

E,=¢& Z [A3,n Tn (ksp)]ei”“’ (8)

n=—oco

Where in Eqs 9-11 A and C are unknown expansion
coefficients. Also k;, k, and k; are the wave vectors in
corresponding regions. Now by matching of the boundary
condition (BC) for continuity of electric and magnetic field at
all interfaces we calculate the unknown coefficients. For three
interfaces, as shown in Figure 3, we can provide three equations
for continuity of electric field and three equations for continuity
of magnetic field using H, = ;- aa% .

For continuity of electric ﬁefds atp=b,

AO,n ]n (kOb) + CO,nHi, (kOb) = Al,n ]n (klb) + Cl,nH:l (klb) (9)

For continuity of electric fields at p = a,
Ay Ju(kya) + Cl,nHi, (kia) = Az T (kaa) + CZ,nH:l (kza) (10)

And for continuity of electric fields at boundary of object inside
the core medium, p =d,

Asp Ju(kod) + Cz,nH:, (kyd) = A3, T (kad) (11)

We use similar BCs for continuity of magnetic fields at all
boundaries.
For continuity of magnetic fields at p = b,

? (AO,n J'n (kob) + Co,nHi,l (kob))
0
- %(Al,n ', (kib) + Co,HY (k) (12)
1

For continuity of magnetic fields at p = a,
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FIGURE 4 | (A) SFP of object placed in core medium of expander
illuminated by far field, with b = 0.3m, a = 0.26mand ¢ = 0.05mandd = 0.1m
as object radius. The object here is PEC. esampre = ~10000 and tsgmpie = 1 (B)
SPF of bare transformed object illuminated by far field, with radius

d' = dc/a. In both plot working frequency is 1 GHZ.

le (A T (k1) + o, HY (kya)
1
- fTZ(Az,n ', (ko) + oy H (ko) (13)
2

And for continuity of magnetic fields at boundary of object inside
the core medium, p = d,

k , k
j(Az,n I (kod) + CapH,, (ko)) = #— (A3 J'n(sd))  (14)
2 3

Finally, we can obtain the unknown coefficients in all regions
with recursive procedure (Cheng et al.,, 2009) using MATLAB
code. Hence, we can plot the electric field in all regions as shown
in Figure 4A. Moreover, we can achieve Cy,, the scattering
coefficient of wave in the host medium in Eq. 5, in order to
plot RCS in the end of this paper.
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4

d

=>

Region

Transformed sample
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FIGURE 5 | Schematic plan for bare transformed cylinder with radius d'.
€ = esampeC/a and U’ = HsampieC/@ are the CP of the bare transformed object
that illuminated by planewave.

Now to comprehend and understand the illusion perception,
similar to the scattering calculation for the expander device, we
also provide the same calculation for SFP of bare transformed
cylinder as shown in Figure 5 with transformed size and CP. For
the transformed case we use a bare cylinder with radius d' =
(c/a)d and CP, €' = egample (c/a)* and y' = Usampre illuminate by
TE plane wave. We can provide the wave expansion outside of
sample p>d’,

Nn=co

Eg=& ) [AonTn(kop) + Cy,H, (kor)|e™ (15)

n=—oco

Where Cj, is the scattering coefficient of wave in region0. And
for inside the sample p <d’,

B =&Y [T (kip)]e™ (16)

Nn=—oco

In this case we have only one interface and for continuity of
electric field and magnetic field we can derive matching boundary
condition as follow.

For the electric fields at the boundary r = d’,

Ao ]n(k()d,) + Co,nH:,(kod’) =Asn ]n(kadl) 17)

And for magnetic fields at the boundary r = d’,

50 (g 1o’ + CouY (ko)) = (s, (k') (18)

Ho s

Similar to calculations in the expander case we calculate the
unknown coefficients using recursive code and plot the
electric inside and outside of the object as shown in
Figure 4B. Illusion perception can be understood by
comparing SFP in Figure 4A and SFP in Figure 4B in
region p>b. In region p>b SFP of both cases are the same
as each other. Hence, we can say qualitatively, the expander
creates the same illusion as a bare transformed object with
transformed size and CP parameters.

Now for more consideration we also provide the same
calculation for illusion perception using near field source. For

-3
Min: -3.00

Max: 1.30

-3
Min: -3.00

FIGURE 6 | (A) SFP of object placed in core medium of expander and
illuminated by nearfield with b = 0.3m, a = 0.25m and ¢ = 0.05m and d =
0.1m as object radius. The object here is PEC. esampe = =10000 and tggmpe =
1 (B) SPF of bare transformed object and illuminated by nearfield with
radius d' = dc/a. In both plot working frequency is 1 GHZ and the point source
located in.p’ = 0.6/ - 0.4

this part we illuminate both the expander and bare transformed
object by a point source located near the device (p') with working
frequency 1 GHZ. Hence, we provide the total electric field in all
regions.

For the expander calculation, outside of device, we can derive
total electric field as follow.Where C,, is the scattering
parameter in region0. For electric field in surrounding shell
region, a<p<b,

> [Jn (kop)HP (Kop') + ConHP (kop) ] ™ () b<psp
Eo(p @) = a8 x | "o~

Z [],,(kop’) + CO‘,‘]H'(KZ) (kop)ei"(‘?"/") pzp'

7 (19)
B () =8 3. {a7, )+ D ()] )

n=—oco

For core region, d <p<a,
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Ex(p.g) = .8 ) {a2Tu(kop) + BPH (kep)e” (7} 1)
And finally, for inside the object, p <d,
E(pg) =ty {a? 7, [k3p]ei”(‘/”¢')} (22)

Nn=—oo

Similar to far field calculation we use BC for continuity of
electric and magnetic field at all interfaces and using recursive
method (Cheng et al, 2009) we can derive all unknown
parameters and plot the electric field in all regions as showed
in Figure 6A.

Likewise, to understand and comprehend the illusion effect we
have the same calculation for the bare transformed cylinder that is

lllusion in Expander

illuminated by point source. we can calculate the wave outside the
cylinder as follow.Where Cj , is the coefficient parameter of the
scattering wave and p’ is the location of the point source. Also, for
inside the cylinder we can present the following equation,

5 [ G (ko) + CLLH (ap) ") b pep
Ey(p, @) =a.Ex "o
2 [a(kop') + €, JHP (Rop)e (#-#) p2p
(23)
E; (P, (P) =a,€& Z {0(53],1 [k3p]ei” (4’—(%”)} (24)

n=—oco

Similar to far field derivation we use a recursive method to
calculate unknown parameters and plot the field inside and
outside the cylinder as shown in Figure 6B. Also, illusion
perception can be understood by comparing SFP in Figure 6A
and Figure 6B i.e., the SFPs in the region p >b show the same
pattern in both cases qualitatively.

For more precise consideration we provide a qualitative
approach. RCS is an indicator of far field scattering, SO, we use
RCS plot to compare the both scattering far fields to prove the perfect
illusion perception. we use scattering parameters of both object in far
field to plot RCS of both scatterers using scattering formula,

+oo
z C einﬂ
n

Nn=—oco

2

£(6) =4 / ko (25)

We plot the RSCs in Figures 7A, B for expander and bare
transformed cylinder, respectively. Both RSCs of samples illustrate
the same scattering effects and hence, perfect illusion can be realized.

CONCLUSION

Although the wave expander transformation optic-base manipulates
electromagnetic wave propagation to expand the wave in core medium,
it has some illusory effects that can change the radar cross section of
objects. In this paper we used scattering theory to provide full
calculations and close solutions to show illusion effects of this device.
For this end we compared the scattered waves from both the bare
transformed object and object placed in the expander. Moreover, we
provided a comparison in RCS for both objects. The results, RCSs and
SFPs for both objects, confirmed the perfect illusion effects. Expander
illustrates perfect illusion perception in the size of objects.
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Metasurfaces provide a novel platform for multifunctional devices due to their
incomparable competence for the manipulation of different optical properties.
Recently, many works have emerged to merge distinct functions into a single
metasurface, which effectively increase the information density and capacity of
meta-devices. In this work, combining the dual-wavelength polarizer and the
orientation degeneracy of the Malus law, we further exploit the design degree of
freedom of the metasurface, and realize color control and phase manipulation
simultaneously with single-sized nanostructures. We experimentally
demonstrate our concept by integrating the function of pseudo-color
nanoprinting and holographic image display together. Our research can
effectively improve the functionalities of metasurface and promote
advanced research of multimode displays, information encryption, optical
multiplexing, and many other related fields.

KEYWORDS

metasurface, single size, multifunctional device, color control, dual-wavelength
polarizer

1 Introduction

Benefiting from the incomparable capability of manipulation for optical properties
such as phase (Hao et al.,, 2021; Wang et al., 2021; Zhang H. et al.,, 2022; Cheng et al,,
2022; Ma et al., 2022; Ming et al., 2022; Tao et al., 2022), polarization (Ouyang et al.,
2021; Xu et al., 2021; Deng J. et al., 2022; Zhang S. et al., 2022; Kim et al., 2022; Zhou
etal., 2022) and amplitude (Li Z. et al., 2021; Ren et al., 2021; Zheng et al., 2021; Deng L.
etal, 2022; Chen et al., 2022; Yang et al., 2022), metasurface has emerged as a powerful
platform for implementing multifunctional devices (Deng J. et al., 2020; Deng L. et al.,
2020; Chen et al., 2020; Dai et al., 2020; Li et al., 2020; Li J. et al., 2021). By dividing the
metasurface into different parts, the segmenting metasurfaces have showcased their
ability to integrate different functions, e.g., imaging and nanoprinting (Chen et al,,
2020) or near- and far-field display together (Dai et al., 2020). However, these works
simply hybrid the single-function by spaces and sacrifice the device size to increase the
functionality, in which the information density is not increased in essential. Another
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Single-sized nanobricks

FIGURE 1

Schematic illustration of the single-sized metasurface for
pseudo-color control and holographic image display. The
metasurface can display a pseudo-color nanoprinting in the near-
field under the illumination of incident beam with red

(620 nm) and green (510 nm) light, and a Fourier holographic
image in the far-field when the wavelength of incident beam is
620 or 510 nm.

attempt to realize multifunction is employing the nanostructure
with distinct dimensions, i.e., combining the geometric and
propagation phase to realize different functions (Li et al., 2020;
Li J. et al, 2021), which decreases the crosstalk between
different functions and improves the information density.
Nevertheless, the complicated design and fabrication process
hamper the wide applicability of the metasurface. To settle this
issue, the orientation degeneracy hidden in the Malus law is
proposed and the multimode gray-scale image display is
realized (Deng J. et al, 2020; Deng L. et al, 2020). Such
approaches, however, only work for one single wavelength
and the chromatic images display is still elusive.

Herein, we employ the dual-wavelength polarizer and
successfully achieve the Fourier holographic and pseudo-color
nanoprinting  images display  based

on  single-sized

nanostructures, as shown in Figure 1. Specifically, the
proposed metasurface works as polarizer arrays at two distinct
wavelengths (i.e., 510 and 620 nm) with orthogonal polarization
direction, and the mixture of these two colors with different ratio
can be realized merely by rotating the orientation angle of the
nanostructure. More importantly, employing the orientation
degeneracy, the phase manipulation can be simultaneously
implemented by selecting the nanostructure orientations
through the simulated annealing algorithm (SAA) (Deng L.
et al., 2020), without influencing the color modulation. As a
result, the pseudo-color control and phase manipulation can be
fulfilled at the same time. The present research provides an
knowledge of
multifunctional devices based on a single-sized metasurface,

exciting opportunity to advance our
and can make major contribution to fields such as image
display, optical anticounterfeiting, information encryption,

and etc.

Frontiers in Nanotechnology

13

10.3389/fnano.2022.973348

2 Materials and methods

2.1 Working principle for simultaneous
color control and phase manipulation

To realize pseudo-color control with the single-sized
of the
supposed to modulate the polarization direction of incident

nanostructures, each unit-cell metasurface is
beam at two wavelengths, i.e., each nanostructure acts as dual-
wavelength nano-polarizer. Herein we employ the silver
nanobricks sitting on the fused silica to implement the
proposed function. Figures 2A, B show the diagram of a
unit-cell, in which the orientation angle 0 is defined as the
angle between the x-axis and the long axis of nanobrick. Here,
CST Microwave Studio software is used to simulate the optical
response of the nanobricks. After careful optimization, each
nanobrick is designed with length L of 140 nm, width W of
85 nm, unit-cell dimension CS of 340 nm, and H of 70 nm.
2C the

transmissivities with incident beam polarized along the

Figure shows simulated reflectivities and
long (r; and #;) and short (r; and t,) axes of the nanobrick.
We can see that at the working wavelength of 510 nm, r;
reaches 69.93% and £, is 3.98%; while at the working
wavelength of 620 nm, r; reaches 90.9% and ¢; is 0.3%,
which demonstrates that the nanobrick works as polarizer
at two designed wavelengths. According to the Malus law,
when the incident light beam polarized along the x-axis and
with wavelength of 510 nm or 620 nm passes through the
the transmitted beam’s

nanobrick, intensity can be

€Xpresses as:

1

1510 = IO . COSZG

or

2

1620 = Io . Sii’lze

where I, represents the intensity of the incident beam, I5;o and
Is20 are the intensity of the output light at wavelength of 510 and
620 nm, respectively. As a result, when the incident beam is
with two wavelengths of 510 and 620 nm, the ratio of the red
(620 nm) and green (510 nm) components Is»,510 in the output
beam can be adjusted by changing the orientation angle of the
nanobrick:

3

2
Igz0510 = tan0

Consequently, the color between red and green can be
modulated, and this is the basic principle of pseudo-color
manipulation.

Further, due to the orientation degeneracy of the
trigonometric function, each nanobrick has two angles (6
or m-6) to generate the same output color, as shown in
Figure 2D of the blue line. And it’s known that when the
circularly polarized light passes through an anisotropic
structure, the output light with opposite chirality will carry
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FIGURE 2

(A) The space and (B) top views of a unit-cell consisting of Ag nanobrick and SiO, substrate. (C) Simulated reflectivity and transmissivity of the
nanobricks when illuminated by light polarized along the long (r,, t) and short axes (rs, t5), which shows that the nanobrick works as a dual-wavelength
polarizer with orthogonal polarization direction at the wavelengths of 510 and 620 nm. (D) Calculated intensity contrast (/g20/510) and geometric
phase ¢ as the function of orientation angle 6, from which we can see that there are always two orientation angles to produce the same pseudo-
color but different geometric phase. (E) The optimization process to determine the orientation arrays. There are different orientation arrays
producing the same pseudo-color nanoprinting, the FFT to which will obtain holographic images with different correlation coefficient. And the SAA is
employed to select the orientation angle pixel by pixel until the correlation coefficient finally satisfies the requirement.

the geometric phase ¢ = + 20, the sign of which is positive for is shown in Figure 2D of the orange line. It can be seen that
the left-handed circularly polarized (LCP) light and negative there are always two angles that correspond to the same color
for the right-handed circularly polarized (RCP) light (Li et al., but different geometric phase. Consequently, combining the
2018; Fuetal., 2020; Zheng et al., 2022). Herein we employ the dual-wavelength polarizer and orientation degeneracy hidden
LCP light as the incidence and the calculated geometric phase in the Malus law, the proposed metasurface can manipulate
Frontiers in Nanotechnology frontiersin.org
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FIGURE 3

(A) The diagram of the optical microscope for observing the
pseudo-color image recording by the metasurface. (B) The
captured images when a polarizer with polarization directions of 0°
is inserted before the metasurface. Scale bar: 30 um.

the color and 2-step phase of the output beam at the
same time.

The SAA is employed to select the orientation angle of the
nanobrick. As shown in Figure 2E, for one pixel of the nanobrick
arrays, there are two angles generating the same color, which is
presented by the blue and red arrows, respectively. And these two
angle arrays will generate PB phase with different value in the
above-mentioned pixel. Subsequently, the fast Fourier transform
(FFT) to the PB phase will obtain different calculated images, and
we employ the correlation coefficient between the calculated and
target images to select the orientation angle of a single nanobrick,
the definition of which is given as:

cov (I, M)

\Var (I)\Var (M)

where I and M represent the calculated and target image,
cov(I, M) is the covariance of I and M, Var (I) and Var (M)
represent the variances of I and M, respectively. This operation is

CC(I, M) = (4)

implemented pixel by pixel to optimize the orientation array,
which is finally determined until the correlation coefficient
the the final
coefficient between the calculated and the target images

satisfies requirement. Herein correlation
reaches 0.864. In this way, the obtained dual-wavelength
polarizer with elaborately designed orientation can control the

pseudo-color and phase of the output light simultaneously.

2.2 Sample fabrication

Firstly, we employ the spin coater to spin and coat a
polymethyl methacrylate (PMMA) film and a conducting
layer on the SiO, substrate. Subsequently, the electron beam
lithography (EBL) is utilized to pattern the nanobrick structures.
Then the conducting layer is washed away by the deionized
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water, and the exposed resist is developed in a mixture of methyl
isobutyl ketone (MIBK) and isopropyl alcohol (IPA) with the
ratio of 1/3 for 80 s, dipped in IPA for 30 s and blown dry by the
nitrogen. Next, electron beam evaporator is employed to deposit
alayer of chromium (3 nm) to increase the adhesion and a 70 nm
silver film. Finally, we obtain the designed silver metasurface
structure through lift-off process in hot acetone with temperature
of 85°C.

3 Results

To demonstrate our concept, we design and fabricate a
metasurface with 500 x 500 pixels (150 x 150 um) to implement
the near-field pseudo-color encoding and the far-field Fourier
holographic images display. Firstly, the function of pseudo-
color image display is characterized. Figure 3A displays the
optical microscope (Motic BA310Met) for observing the
nanoprinting image. In the experimental process, a polarizer
is employed to decode the image right at the metasurface plane.
Figure 3B shows the captured transmitted image when a
polarizer with polarization angle of 0° is placed before the
metasurface, which possesses ultra-high resolution of 75k
dpi (dots per inch) and the scale bar is 30 pm. We can see
the images with color changing from red to green clearly, which
demonstrates that the proposed metasurface can realize
pseudo-color control merely by changing the orientation
angle of the single-sized nanobrick.

Next, the function of the far-field holographic image display
is demonstrated. As shown in Figure 4A of the optical setup, the
light source is a linearly polarized super-continuum laser (YSL
SC-pro), which is modulated to be LCP by a quarter-wave plate
(QWP) after passing through an iris, and the far-field
holographic image can be observed after the metasurface
being illuminated by the incident LCP light. The inset is the
scanning electron microscope (SEM) image of the nanobricks,
the scale bar of which is 600 nm. The experimentally observed
images at the working wavelengths of 510 and 620 nm are shown
in Figures 4B,C, respectively, from which we can recognize the
words clearly. Because the correction of geometric distortion is
performed at the wavelength of 620 nm, the captured image at
510 nm shows slight distortion. These experiment results
effectively prove that the metasurface can display a pseudo-
the
holographic image in the far-field.

color nanoprinting in near-field and a Fournier

Subsequently, to explore the broadband characteristic of the
metasurface, we change the wavelength of the incident light beam
from 490 nm to 640 nm with a step of 30 nm. The experimentally
captured holographic images are shown in Figures 5A-F, which
display the designed words clearly although they show different
sizes and geometric distortion versus the wavelength due to
different diffraction angles. These experimental results prove
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(A) Schematic illustration of the optical setup to decode far-field holographic image. The light source is a linearly polarized super-continuum
laser. A QWP before the metasurface is employed to modulate the laser beam to be LCP, and the transmitted holographic image can be obtained in
the far-field when the incident beam illuminates the metasurface. The inset shows partial view of the SEM image of the metasurface with the scale bar
of 600 nm. (B) Experimental Fourier holographic images under LCP light illumination at 510 nm and (C) 620 nm

c 550 nm

D 580 nm

E 610 nm

F 640 nm

FIGURE 5

(A-F) Experimentally captured holographic meta-images from 490 to 640 nm with steps of 30 nm.

that the broadband

characteristic for displaying holographic images.

proposed metasurface  possesses

4 Discussion

In conclusion, combining the dual-wavelength polarizer and
orientation degeneracy hidden in the Malus law, a general platform
for simultaneous pseudo-color control and phase manipulation is
proposed. The employment of the dual-wavelength polarizer
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effectively converts the gray scale to pseudo color. On this
basis, the employment of the orientation degeneracy allows the
metasurface to further control the phase of the output light, thus
realizing the holographic image and chromatic nanoprinting
image display at the same time. In addition, benefiting from the
single-sized strategy, our work effectively simplifies the process of
design and fabrication. This study provides new insights into the
multifunctional devices design based on the metasurface, and can
be applied in fields such as optical anticounterfeiting, image
display, information encryption, and etc.
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A bi-dimensional compressed
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Transformed Luneburg lens has been widely employed to provide aberration-
free imaging and high-gain antenna system, but whose focal plane and beam
scanning range decrease correspondingly. In this paper, a two-dimensional
compressed elliptical cylindrical Luneburg lens is presented based on
transformation optics (TO) to achieve miniaturization and wide-angle beam
steering. The Jacobian matrix and the permittivity tensor are calculated after
supposing formulas to compress the focal plane, while maintaining the lens’
inherent performance. The gradient permittivity is achieved by two ring-type
periodic unit cells on the basis of the Equivalent Medium Theory. The lens is
then attached between a pair of parallel metal plates to further improve its gain
and lower the side lobe level (SLL). To demonstrate this assumption, a prototype
of this Luneburg lens is manufactured by isotropic material and 3D printing
technique. The antenna operates at 3.3—-5 GHz with a peak gain of 16.1/15.9 dBi.
A 2D beam scanning range of +50° and + 20° can be implemented by merely five
feeds, the side lobe level keeping less than -16.3/-16 dB. Measured results
coincide well with theoretical predictions, offering a beneficial transformation
mapping to both microwaves and optics.

KEYWORDS

transformation optics, Luneburg lens, lens antenna, multi-beam antenna, gradient
index lenses

1 Introduction

Lens antenna system, a classic example of aperture array antennas, has the ability to
regulate the propagation of electromagnetic waves from the perspective of the
electromagnetic field. A typical representative is the Luneburg lens system. The
Luneburg lens is originally an inhomogeneous dielectric spherical lens with a
continuous refractive index [1], which is capable of converting the spherical
wavefront into a planar wavefront and is widely applied in multi-beam and high gain
scenario [2]; [3]; [4]. Despite the advantage of beam coherence, the sphere with large scale
limits its wider application. With the advent of transformation optics (TO) [5]; [6] and
quasi-conformal transformation optics (QCTO) [7], a Luneburg lens can be transformed
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FIGURE 1

Transformation schematic of the Luneburg lens. (A) The proposed approach of transformation. (B) Compression of the y-coordinate. (C)
Compression of the z-coordinate. (D) Distribution of the ¢, component. (E) Shells and feeds.

TABLE 1 Gradient permittivity and dimensions.

Shell 1 2 3 4 5 6
£ 2.85 26 23 2 1.6 1.45
Ix 0.36R 0.44R 0.6R 0.84R 0.92R R
ly 0.252R 0.308R 0.42R 0.588R 0.644R 0.7R

to a lower and more conformal profile for the sake of better
matching with feeds, while original performances of the lens are
practically reserved.

Recently, profile reduction and miniaturization of the
Luneburg lens have been widely investigated, the typical cases
of which are truncated lens [8]; [9]; [10]; [11], hemispherical lens
[12]; [13], ellipsoidal lens [14,15], discus lens [16,17]; [18],
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diffuse lens [19] and flat lens [20]; [21]; [22,23]; [24]; [25];
[26]. The key of all the aforementioned miniaturization is to
assign new formulas to a particular coordinate or a group of
boundary conditions of the sphere in one specific plane, and then
apply it to lower the profile and propose a transformed lens.
However, the beam scanning range and aperture efficiency would
be lowered owing to the focal plane of the lens being minished. In
order to radiate a wider scanning coverage and accommodate
more feeds, [11] enlarged the focus surface to be extend-flattened
based on QCTO. [14] proposed an lens array composed of two
ellipsoidal Luneburg lenses, simultaneously enhancing its
aperture efficiency and reducing the amount of feeds by
introducing the local-beam shifting method. Alternatively,
[26] increased its scanning angle via a transmission line made
of two metallic surfaces, which can be regarded as a parallel-plate
waveguide. In addition, the fabrication process of transformed
Luneburg lens is fairly complicated due to the employment of
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TABLE 2 Parameters of ring-type units.

Periodic unit cells The ellipse ring-type unit

a/mm 0 1.6

& 2.85 26

Schematic of the proposed Luneburg lens. (A) The ellipse ring-type unit. (B) The rectangle ring-type unit. (C) The single layer lens composed of
periodic unit cells. (D) The supporting frame. (E) The elliptical Luneburg lens.

The rectangle Ring-

type unit
36 5.6 46 52
2.3 2 1.6 1.45

multiple dielectric materials [16,17]; [18];
metamaterials [8]; [9]; [13]; [15]; [22,23]; [24].

This paper argues that the effective aperture of the lens can be
adjusted while maintaining a wide scanning angle and high

[20]; [25] or

aperture efficiency. This is possible by simultaneously
changing two coordinates. In this paper, an elliptical
cylindrical Luneburg lens is proposed based on the

transformation mapping, which is a novel scheme for
miniaturization. The spherical Luneburg lens is transformed
from two orthogonal directions, and the continuously spatially
variable permittivity is then determined, approximated,
discretized, and optimized. Additionally, one single material
can be set with specified permittivity and implemented by 3D
printing based on the Equivalent Medium Theory. Two ring-type

periodic unit cells composed of photosensitive resin are created
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in order to obtain the gradient permittivity. Experiments reveal
that the proposed lens for antenna applications can achieve an
impedance bandwidth of 41% (3.3-5 GHz), a peak gain of 16.1/
15.9 dBi, and a beam coverage of 100° in the H-plane and 40° in
the E-plane with five feed antennas, with beam steering
performance of + 50° with only 1.2 dBi reduction in peak gain.

2 Theoretical analysis on
transformation and antenna design

2.1 Analysis of anisotropic tensors

Figure 1A illustrates the novel scheme of bi-dimensional
transformation. Set coordinates for a spherical lens are (x, y, z) in
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the virtual space, while those for an elliptical cylindrical lens are
(x,y’, 2) in the physical space. Suppose the spherical has a radius
of R, the compression factor for the y-coordinate is §, and it for
the z-coordinate is 7. Both § and # take any real number between
0 and 1.

In the transformation, the y-coordinate transformation is
introduced to directly reduce the curvature of the lens profile and
change the circular arc into an elliptical arc. And the z-coordinate
transformation is proposed to change the original circular surface
which is not easily conformable into a rectangle with straight
upper and lower boundaries. The transformations of the y- and
z-coordinate are all compressed, while the transformation of the
x-coordinate are essentially expanded, so that the long axis of the
ellipse can be controlled to be R.

A spherical lens can be regarded as an infinite number of
planar circles, where the radius of each circle is a function of the

v}
)
=

— d1=0.1A— d1=0.21
— d1=0.3A— d1=0.41

Gaill/dBi_
< i

(9}

0 L L L L L 1 L
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Frequency/GHz
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[(—)

(94}
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3.0 33 3.6 3.9 42 45 48 5.1
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Gain performance of the proposed Luneburg lens antenna. (A) Gain for +45° pol with different d1. (B) Gain for -45° pol with different d1. (C) Two

type of plates. (D) Gain with two plates. (E) Gain with different d2.
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FIGURE 5
Normalized electric field distribution.

coordinates of a point on the circumference as the independent
variable. Take a point (x0,y0,z0) as an example. Let the radius of
its circle be RO, as shown in Figures 1B,C.

Through coordinate transformation, the circle can be
changed into an ellipse with long axis 2R and short axis
2yR in the H- plane, as illustrated in Figure 1B. And

For singularities in Formula 2, note x’ = x = 0 in the case of z =
*R,and 7z =z =0 in the case of y = =R. In the subsequent analysis,
the effect of the 4 singularities is neglected. The Jacobian
transformation matrix, the permittivity tensor and the
permeability tensor are calculated in the following equations:

. . . . 1 0 B
Figure 1C shows that this circle is changed to be a A=lo s x 0/ 1 3)
rectangle with length 2R and width 26R in its orthogonal 0 nyzA*/R* 1B
E- plane. The transformations are namely two-dimensional AZAT
= Ag
compression. "= Tk
e
The equation of the permittivity of the spherical lens is:
L, e(r) (R? = 22) (R* - »?)
X+y+z =
e(r)=2- 7; ,u(r)=1 (1) onR?
2(p2 _ ,2\7! 2p2
The transformation formulas can be defined as: KRR -z +xB 02 xAB
0 8 SyB 4
R ‘R xAB dyB n*A*+ y*B’
X = x y =08y 2= n z ) yb 1 y
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FIGURE 6
Simulated radiation patterns for +45° pol at 3.3 GHz. (A) E-plane. (B) H-plane.
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FIGURE 7
The elliptical cylindrical Luneburg lens. (A) The feed antenna. (B) The 3-D printed lens. (C) The overall structure.
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FIGURE 8
Measured results of the proposed Luneburg lens. (A) S-Parameters. (B) Gain performance.

o1 __ R _ _ Ryz
— AT R (R -2%)" + x*B 02 xAB where A =i and B = T ,
u = = 0 ) dyB 5 According to Formulas 4, 5, the elliptical Luneburg lens
detA 2427 2p2
xAB 0yB A"+ y'B constitutive parameters possess significant anisotropy on
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FIGURE 9

The measured normalized electric field distribution. (A) +45° pol. (B) -45° pol.
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Measured radiation patterns for +45° pol. (A) E-plane at 3.3 GHz. (B) H-plane at 3.3 GHz. (C) E-plane at 4.2 GHz. (D) H-plane at 4.2 GHz. (E)

E-plane at 5.0 GHz. (F) H-plane at 5.0 GHz.

account of non-diagonal tensor components. As a result, the
permittivity tensor’s numerical value should be processed before
being applied to next step.

Most researchers are inclined to deal with the permittivity
tensor firstly, and then fabricate Luneburg lens with isotropic
materials. There are four representative methods. Method 1:
Change the non-diagonal tensor to be a diagonal one by
eigenvalues, and then set components of the tensor which are
less than one [20] or insensitive to the lens performance to be one
[13]. Method 2: For the diagonal tensor, calculate the plane wave
dispersion equation and determine a component with the
greatest value in the tensor as the permittivity value [14].
Method 3: Designate a component in the diagonal tensor that
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most affects the lens performance and then directly assume and
approximate the numerical value of the permittivity [15]; [16,17];
[18]; [19]; [22,23]. Method 4: Directly rotate the transformed
coordinate system x’y’z’ by an angle ¢, then adjust ¢ to make the
non-diagonal elements in the tensor become 0. The element with
the greatest influence on wave propagation is specified to be the
permittivity value [21]; [27].

Firstly, in order to fully utilize the lens’s focusing capabilities,
the xoz plane with the largest section area is chosen as the focal
plane. The electromagnetic waves radiated from the feed will be
nearly perpendicular to the xoz plane and relatively parallel to the
y-axis direction. As a result, the e, component of &' has the
biggest impact on the lens performance. Secondly, the function of
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TABLE 3 Comparison between the proposed Luneburg lens and references.

Reference  Geometry L*W*H (A°)  Fre. (GHz) BW
13 Hemisphere 44422 10 15.1%
15 Ellipsoid 3.2*1.6*1.6 10 NA
18 Discus 2*3.5*3.5 84 37.8%
23 Slab 3.14*3.14*0.5 10 20%
This work Elliptical Cylinder ~ 2.76*1.94%1.38 4.1 41%

g, is more stable and modest than others’, which is benign for the
following research. On the basis of the above analysis, the
amplitude of e, is set to be the permittivity of this dielectric
lens. In addition, the permeability is directly appointed to be one
in order to avoid using magnetic materials [15]; [18].

Define R = 100 mm, § = 0.7, and # = 0.5. This compression
reduces the size of the lens from 47R*/3 to 27ndR?, a volumetric
reduction of 47.5%. Meanwhile, the focal plane (the xoz plane) is
reduced from 7R*> to 4n7R* an areal reduction of 36.3%.
Obviously, the focal plane realizes a relative expansion in
comparison with the volume, promising a broader steering
angle. Furthermore, the curvature of the lens becomes smaller
(from 1/R to 6/R), which is favorable for matching with more feed
sources. Figure 1D is the numerical distribution of ¢, calculated
in MATLAB, varying from 1 to 2.86. The gradient permittivity
and the size of each layer are listed in Figure 1E; Table 1 in
accordance with the gain optimization approach of multishell
Luneburg lenses in [28]. The variables Ix and ly respectively
denote the long and short axes of the elliptical cylinder.

2.2 Implementation of gradient index

Periodic unit cells are often employed to actualize the
gradient permittivity distribution of Luneburg lens, and the
common forms include the ring-type units [3], the cubical
lattices [4,8], and the hole-type units [29]. Compared with
other unit cells, the ring-type units are less sensitive to the
angle of incidence and more conducive to beam consistency,
hence being employed to realize gradient permittivity. The design
of ring-type units is on the basis of the A-BG formula of the
Equivalent Medium Theory [30], which actually involves mixing
dielectric materials within a cell to obtain equivalent
electromagnetic properties. It is widely used in the design of
the aforementioned periodic unit cells. The formula is as follows:

& — Eeff _ (1 _P)<Sei>3

& — &, En

(6)

The equivalent permittivity of the cell e, can be calculated based
on the permittivity of the substrate material e, the permittivity of
the insert material ¢ and the volume fraction of the insert
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Gain (dBi) Feed antennas Beam scanning range
15.7 3 Patch Antennas +41°

18.4 dB 8 Patch Antennas +42°

22 8 Open-Ended Waveguides +30°

13.2 7 Patch Antennas +54°

16.1/15.9 5 Dual-DipoleAntennas + 50 and +20°

material to the whole p. From the perspective of easy

preparation, the substrate material is photosensitive resin (e, =
2.85, tand = 0.005), a common material for 3D printing
technology. Furthermore, the photosensitive resin material is
stable, which means its refractive index and permittivity slightly
vary with the frequency increasing. It hardly affects the
performance of the antenna. The insert material is air (¢, = 1,
tand = 0). Relative permittivity of Shell 1 can be directly attained
by resin, and that of Shells 2-6 can be attained by resin with
periodic unit cells, which are shown in Figures 2A,B with b =
7mm, w = 8§mm and h = 10 mm. White for air, blue for
photosensitive resin. The volume fraction p in the ring-unit
with different inclusions is in the following equation:

0, i=1

by 2
(Ix; + Ixiy) - (2+71—26)-4j & l—y—zdy
02 b

nh- (Ix? - Ix7,)
(m+2-20)(2lx; —w +a) (w - a)h
nh - (Ix} —Ix7))

pi=

=56

Values of a and permittivity are calculated based on

Formulas 6, 7, as listed in Table 2. The combination
schematic of the two periodic unit cells is in Figure 2C. To
ensure the robustness of the lens, a support structure is
introduced. The support structure of the lens is also made of
photosensitive resin with two vertical cylinders of radius RI =
6.5 mm and 10 horizontal cylinders of radius R2 = 2 mm, as
illustrated in Figure 2D. The assembled elliptical lens is in

Figure 2E.

2.3 Performance simulation and
optimization

The feed antenna is a dual-polarized dipole antenna,
consisting of two orthogonal modified bowtie dipoles,
parasitic elements and a cavity [31]. Parameters of the
antenna is modified to operate at 3.3-5 GHz. The simulations
are performed in Altair FEKO (2021.2), and the gain, S11, S22,
S21 of the feed are shown in Figure 3.

The gain of the proposed lens antenna is optimized below.
According to [24], transformation mapping would cause the
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focal point’s initial placement on the lens’ surface to move to the
exterior of the lens. As a result, the optimal distance between the
feed source and the lens needs to be investigated. The feed
antenna is positioned at four distinct points during
simulations, with dI standing for the distance between the
feed and the lens surface. Results are summarized in Figures
4A,B. It is obvious that the gain is prime at d1 = 0.2) for 14.5/
14.3 dBi. The antenna is fixed between two parallel metal plates in
order to further improve gain and decrease side lobe level [26];
[32]. Figure 4C depicts two plate shapes, both of which are
1.5 mm thick. Gain curves for the lens antenna are shown in
Figures 4D,E, where d2 denotes the separation between the plates
and the lens. With Plate 2 and d2 = 10mm, it is discovered that
the gain reaches its maximum of 16.9/16.8dBi.

Further investigation into multi-beam properties of the
proposed lens is operated. Only results of +45° polarization
are shown for simplicity. Figure 5 contrasts the normalized
electric field distribution, where the five subjacent plots are
under the circumstance of beams passing through the
proposed lens. As can be observed from Figure 5, the relative
phase of the propagating fields is rebuilt and then the necessary
wave-transformation functions to enhance gain and turn the
original spherical wavefront to be planar, conforming to the
inherent characteristics of Luneburg lens. Figure 6 depicts
radiation patterns in the E- and H-plane at 3.3 GHz. It can be
seen from the pattern that the cross-polarization level of multiple
beams is higher than 18.5dB, and the SLL is lower than -19 dB.
Since the beamwidth in H-plane is smaller than it in E-plane,
multiple feeds must be put in H-plane, so as to achieve a wide
beam coverage. The beamwidth is the sole factor that is affected
by the differing lens diameters in the E- and H-plane, while dual-

linear polarization remain unchanged.

3 Measured results and discussion

The feed antenna is depicted in Figure 7A. The proposed
elliptical cylindrical Luneburg lens in Figures 7B,C is fabricated
by Stereo Lithography Apparatus, a technique of 3D printing.
Figure 8A is the measured result, indicating S-parameters of the
feed. In 3.3-5 GHz, S11 is less than -10 dB and S21 is less than
-30 dB, hence the impedance bandwidth reaches up to 41%. The
measured result coincides well with its simulation. Both
processing accuracy and measurement error contribute to the
slight performance degradation. Contrast of gain curves are
shown in Figure 8B, with the maximum value of 16.1/15.9 Bi.
Electromagnetic beams radiated from the feed antennas are
focused by the transformed lens, thus greatly narrowing
beams and enhancing the gain. As can be seen in Figure 8B,
gain curves with lens are not consistent, which is common for
transformed lenses. Because the transformation mapping applied
in this letter is longitudinally parallel to the y- and z-direction,
instead of radial mapping, which changes the original radial
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refractive index distribution and intrinsical rotational symmetry
of the spherical lens. Besides, the placement of feed antennas in
Figure 1A can also produce different convergences of beams,
inevitably resulting in slight diversities and degradation in the
final gain. Figure 9 is the measured normalized electric field
distribution, which coincides with the simulated results. The
different half power bandwidths (HPBW) in Figure 10 strongly
prove that the elliptic cylindrical lens can not only independently
control the beam in different planes, but also assure its multi-
beam performance. And the wider beamwidths in the E-plane
can reduce the number of feeds in the same plane. Dual-
polarization is achieved by the dipole feed antenna, with
cross-polarization level of 17/16.8 dB and the SLL of -16.3/-
16 dB.

A comparison between the proposed Luneburg lens and
other reported Luneburg lenses based on TO is summarized
in Table 3. After the compression in the y-dimension and
z-dimension, the antenna has a more miniaturized scale than
other lenses that are merely transformed in one dimension. In
addition, the flat structure of the elliptical cylinder makes it more
conformal and allows for a wider range of practical applications.
The proposed two-dimensional coordinate transformation
compresses the geometry of the Luneburg lens, making its
electrical size is smaller than that in [13, 18]. And the gain of
the proposed antenna is superior to antennas in [13, 23]. The
different beamwidths in the E- and H-plane enable the proposed
antenna to achieve two-dimensional beam coverage with five
feed antennas, and produce a wider beam coverage than that in
[15, 18].

4 Conclusion

Based on the analysis of transformed lenses in antenna
applications, this paper presents a novel bi-dimensional
transformation mapping to minimize the geometry of
Lunebueg lens. Through compression, the lens changes from a
sphere to an elliptical cylinder, reducing its volume by 47.5%.
Meanwhile, since the vertical section of the lens in the xoz plane
has the largest profile, it is identified as the focal plane. It
contributes to matching with more feeds and steering in a
Both
permeability tensor are anisotropic, and they are modified to

wide angle. transformed permittivity tensor and
be isotropic following approximation and discretization. In order
to implement the inhomogeneous lens, two ting-type periodic
unit cells are designed to achieve the presumptive permittivity.
The gain can be further improved through the gain optimization
method and a pair of parallel metal elliptical plate, eventually
reaching up to 16.1/15.9 dBi. The elliptical cylindrical Luneburg
lens is fabricated with photosensitive resin. By reasonably
adjusting the position of feed antennas, merely five beams can
achieve a two-dimensional beam coverage of 100" in the H-plane
and 40° in the E-plane.
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Solvothermal growth of moiré
superlattices in antimony
telluride spiral-type nanoplates

Robert Link, Gabriel Marcus and David Carroll*

Center for Nanotechnology and Molecular Materials, Department of Physics, Wake Forest University,
Winston-Salem, NC, United States

The study of moiré superlattices (MSLs) has surged in recent years, as they have
been found to host several emergent quantum phenomena associated with
high electron correlations. In this study, we put forward a viable chemical route
to the formation of moiré patterns in antimony telluride (Sb,Tes) nanoplates by
leveraging screw dislocation-driven growth. These Sb,Tes MSLs are
synthesized using a scalable, one-pot, colloidal solution-liquid-solid (SLS)
procedure. We report twist angles up to 0.52° (estimated using a
combination of transmission electron microscope (TEM) image analysis and
computer simulation). We investigate the early growth stages of Sb,Tes spiral-
type nanoplates under TEM, and we detail the growth of Sb,Tes spiral-type
nanoplates that feature a central nanopore, caused by tandem growth with
nanorods. We hope that these methods will facilitate future investigation into
the electronic properties of Sb,Tes MSLs.

KEYWORDS

moiré pattern, chalcogenide, topological insulator, quantum material, one pot
synthesis, twistronics, screw dislocation, van der waals materials

1 Introduction

Moiré superlattices (MSLs) are created when two or more heterogeneous or
homogeneous atomically thin layers of van der Waals (vdW) material are stacked
with a relative twist angle, creating periodic long-range changes in stacking order
(Cao, Fatemi, Demir, et al, 2018; Liu et al, 2019). Since the discovery of
superconducting and correlated insulating phases in “magic angle” twisted bilayer
graphene, MSLs have become a central focus of materials research, spawning the new
and promising subfield of twistronics (Cao, Fatemi, Demir, et al., 2018; Cao, Fatemi, Fang,
et al., 2018). MSLs of several 2D vdW materials have since been fabricated and studied,
notably uncovering Wigner crystal states and provisional evidence for other highly
correlated behaviors such as nematicity, quantum anomalous Hall and quantum spin Hall
states, ferromagnetism, and superconductivity in transition metal dichalcogenide
heterobilayers (Hennighausen et al., 2019; Li et al,, 2021; Lau et al., 2022).

One key challenge that persists within the development of this research is the difficulty
of fabricating MSLs, especially small twist angle MSLs. MSLs are commonly prepared
using a process called the vdW transfer method. This method typically involves exfoliating
a monolayer of vdW material, non-destructively transferring it onto a silicon substrate,
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FIGURE 1

different sizes and morphologies, some with spider-contours.

lifting a portion of that monolayer off of the substrate with a
polymer stamp layered with hexagonal boron nitride, adjusting
the angle of the substrate, and then lifting the remaining portion
of monolayer off of the substrate and onto the polymer stamp
(He etal., 2021). This process does allow for careful control of the
resulting twist angle between layers; however, it is not a simple or
particularly scalable process.

While many vdW materials can be formed into MSLs, the
literature is primarily focused on bilayer graphene. In fact,
graphene’s often favorable properties as a conductor can render
it unsuitable for applications in nanoelectronic devices that require a
band gap. Thus, recent research has moved towards studying the
properties of MSLs formed from semiconducting vdW materials.
Among other class V-VI semiconductors, antimony telluride
(Sb,Tes)
thermoelectric effect; for its properties as a topological insulator;
and for its layered structure, held together by vdW interaction.
Numerous synthesis methods exist for Sb,Te; and similar
chalcogenides, including chemical vapor deposition, exfoliation,
and molecular-beam epitaxy. Colloidal solution-liquid-solid (SLS)
chemistry is another method that can achieve effective synthesis of

has garnered significant attention for its large

Sb,Te; and offers several significant advantages when compared to
other methods. First, the synthesis set-up is inexpensive and does not
require specialized laboratory equipment. Second, the reactions and
associated steps required are straightforward and provide high
purity yield of product. Third, SLS chemistry is highly versatile;
by using one general procedure, a researcher can produce a wide
array of materials and subsequently achieve edge modulation doping
(Dun et al,, 2017). Lastly, and perhaps the most important benefit of
this approach, is that tweaking several reaction parameters can lead
to a variety of morphological and structural changes in the final
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material. A striking example of such a change is screw dislocation-
driven growth in nanoplates, wherein the presence of a screw
dislocation creates a 3D spiral structure instead of a simple 2D
nanoplate. This growth pattern is general and has been observed in a
wide range of materials including such vdW materials as SnSe,
WSe,, BiOCl, Bi,Se;, and Sb,Te; (Morin et al,, 2011; Chen et al.,
2014; Zhuang et al., 2014; Liu et al,, 2016, 2019; Dun et al., 2017).
Interestingly, in each of these cases, vdW gaps are located between
the steps formed during dislocation-driven growth (Figure 1A). In
the case of BiOCl, this structure has been leveraged to grow spiral
nanosheets with a moiré pattern (Liu et al., 2019).

Growth of spiral Sb,Te; nanoplates by SLS method was first
achieved in a recent paper by Dun et al. (2017), which serves as a
foundational work for this study. In their paper, Dun et al. not
only grew these topologically complex nanoplates, but further
used the dangling tellurium bonds on the active nanoplate edges
as heterogeneous nucleation sites, growing small silver (Ag)
nanoparticles. The resulting Ag-decorated spiral nanoplates
were then used to construct flexible thermoelectric thin films
that remarkably saw a decoupled electrical conductivity and
Seebeck effect. These thin films were measured to have a
power factor of 371 uW m™ K> and a figure of merit ZT of 0.23.

The present study further develops the synthesis procedure put
forth by Dun et al. (2017) in order to produce Sb,Te; spiral
nanoplate MSLs. We additionally detail a procedure that
produces spiral nanoplates with a central nanopore, caused by
tandem growth with nanorods. Emphasis is given to
modifications of the typical reaction procedure that lead to
visible and controllable changes in the resulting nanocrystals. The
crystal growth process and conditions necessary for the screw
dislocation-driven growth of Sb,Te; are also explored in this
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(A) TEM images and corresponding SAED pattern of an Sb,Tes spiral nanoplate with a visible core. (B) AFM images and height profile plots of an

Sb,Tes spiral nanoplate showing the crystal steps to be 1 nm thick.

study. We propose that further research could yield a synthesis
procedure for Sb,Te; MSLs with a twist angle that is controlled by
tuning reaction parameters. Such a development could allow large
scale production of Sb,Te; MSLs, ready for use in electronic systems.

2 Materials and methods

2.1 Synthesis of Sb,Tes spiral-type
nanoplates

The reaction that creates Sb,Te; spiral-type nanoplates
(Figure 1B and Figure 2) takes place in one three-necked flask
under reflux. Reactants 9 mmol of tellurium oxide (TeO),
6 mmol of antimony chloride (SbCl;),
hydroxide (NaOH), and 800mg of Polyvinylpyrrolidone
(PVP) are dissolved into 70 ml of ethylene glycol (EG) one by
one. Air is evacuated from the flask and replaced with argon gas.
The flask is heated with a heating mantle to 130°C and held at this
temperature for 10 min. In this time, the solution should turn
black. Then, 8 ml hydrazine hydrate (N,H,) is pumped into the
flask at a pace of 2.5 ml per minute. The solution is then left to stir
at 130°C for 3 hours before it is further heated to 160°C and left
for an additional 15 h. In this time, the solution should lighten a
bit to an opaque gray. Heating is then stopped, and the flask is left

146 g of sodium

to cool.

At this stage, the nanoplates have formed and are well-coated
with PVP, much of which must be washed away for successful
edge doping, imaging, or other applications. Once the flask is

Frontiers in Materials

32

cool, the solution is divided into four centrifuge tubes. These
tubes are then filled with acetone, and the nanoplates are
collected into pellets by centrifugation at 5000 rpm for 20 min.
The supernatant is discarded, after which the pellets are dispersed
into 20 ml of ethanol by crushing with a glass stir rod, by
vortexing, and by bath sonicating in water. This process is
repeated by again by filling the tubes with acetone, followed
by centrifugation. In this manner, the nanoplates are washed
three to six times.

2.2 Synthesis of hexagonal Sb,Tez
nanoplates

The reaction that creates hexagonal Sb,Te; nanoplates
(Figure 3) 1is identical to that of Section 2.1 with one
exception. The 8 ml of N,H, is added at a rapid, unregulated
pace before heating begins.

2.3 Synthesis of SbyTes spiral-type
nanoplates with moiré patterns

The reaction that creates Sb,Te; spiral-type nanoplates with
moiré patterns (Figure 4) uses two three-necked flasks, joined
with a distillation adapter. One flask is placed under reflux (Flask
A). In Flask A, the same reactants as listed in Section 2.1 are
dissolved into 70 ml of EG. An additional 1.5 ml of EG is placed
in the remaining flask (Flask B). Air is then evacuated from the
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FIGURE 3
TEM images of flat, hexagonal Sb,Tes nanoplates.

FIGURE 4
TEM images of Sb,Tes spiral nanoplates, each with a visible moiré pattern.

setup and replaced with argon gas. Both flasks are heated
simultaneously to 130°C. Then, 8 ml of N,H, is pumped into
Flask B, such that it begins to vaporize and is slowly delivered as a
vapor into Flask A. The solution is then left to stir at 130°C for
3 hours before it is further heated to 160°C and left for an
additional 15 h. The heating is then stopped, the flasks are left
to cool, and the resulting nanoplates are collected and washed as
described in Section 2.1.
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2.4 Synthesis of Sb,Tez spiral-type
nanoplates with central nanopores

The reaction that creates Sb,Te; spiral-type nanoplates with
central nanopores (Supplementary Figure S1B) is identical to that
of Section 2.3 with one exception. Into Flask B is added 30 ml of
EG instead of 1.5ml. This is done to further slow the rate of
addition of N,H, into Flask A.
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FIGURE 5

(A) Three simulated Sb,Tez moiré patterns at increasing twist angles. (B) Plot showing both the simulated image data and the best-fit curve.
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2.5 Sample characterization methods

Analysis of results from various reactions is performed by
thorough examination of material sample images captured using
a JEOL 1200-EX TEM equipped with a SIA-L3 camera. SAED
analysis is also performed with the same machine. SAED image
analysis was performed in CrysTBox. The AFM analysis in this
study was performed by a Veeco Nanoscope IIla Multimode in
tapping mode. AFM image analysis was performed in Gwyddion.
Moiré pattern simulation was performed by custom code written
in Wolfram Mathematica, and TEM direct image analysis was
performed using Image].

3 Results and discussion
3.1 Spiral characterization results

Synthesized as described in Section 2.1; Figure 1B shows a
selection of Sb,Te; spiral-type nanoplates. The growth of these
nanoplates is driven by a central screw dislocation, causing the
typically many-layered structure of Sb,Te; to instead form one
continuous layer that spirals into a third dimension (Dun et al,
2017). Figure 1A illustrates how one screw dislocation is integral to
this structural change. Given our colloidal synthesis method, and thus
lack of substrate, the spiral-type nanoplates grow similarly on both
sides, with a morphology like that of a trigonal bipyramid. Spider-
contours are visible on many of these nanoplates (Figure 1B), often
positioned at their center, which likely result from the strain field
caused by screw dislocations (Morin et al., 2011). These nanoplates
have been measured to range between 4um* and 10 pm® in area.
Selected area electron diffraction (SAED) analysis of Sb,Te; spiral-
type nanoplates (Figure 2A) reveals an interplanar spacing of
0.213 nm for planes (1120), (1210), and (2110), while a spacing of
0.123 nm was measured for (0330). These values match accepted
values for Sb,Te; exactly to three decimal places. AFM analysis
(Figure 2B) has revealed that the crystal steps of our spiral-type
nanoplates are 1 nm in height, corresponding to one five-atom layer
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of Sb,Te; (Dun et al,, 2017). This supports the notion that our vdW
gap is located between spiral steps. The total height of this sample was
measured to be 25 nm (Supplementary Figure SI).

Careful and deliberate modification of synthesis procedures
revealed that the quantity and rate of N,H, addition greatly
impacts the morphology of the resulting nanomaterials. Without
N,H,, only nanorods form. When N,H, is added with the other
reactants, all at once before heating, screw dislocation-driven
growth is not observed. Instead, flat hexagonal Sb,Te; nanoplates
with a typical area of about 1.5 um* are formed (Figure 3). The
slower addition of N,H, as a vapor, described in Section 2.3,
frequently produces spiral nanoplates that exhibit moiré patterns
(Figure 4). We propose that the presence of these patterns is due
to increased strain within the central screw dislocation, resulting
in a relative twist angle between spiral steps. While each spiral has
many vdW gaps, observed moiré patterns are typically
characteristic of a twist across only one gap, allowing
interpretation of these patterns to be consistent with those
produced by twisted bilayer Sb,Tes.

We performed a simulation in order to characterize the
relationship between relative twist angle (6) and moiré fringe
spacing in bilayer Sb,Te;. A custom code was written that
directly plots two lattices with a relative twist angle using
graphics objects. Each lattice represents Sb,Tes’s five atomic
sheet structure as seen from the [0001] zone axis. The scale of
this plot is determined using the accepted values for the lattice
constants of Sb,Tes. The resulting moiré pattern is then made
more pronounced with careful use of uniform image filtering
(Figure 5A). An isometric grid is fit to the set of brightest pixels
within this plot, from which nearest neighbor spacing (s) was
measured. This process was repeated for several values of 6, and
from the resulting data was found the following best-fit equation
with a root-mean-square error (RSME) of 0.032 nm (Figure 5B).

0.7348
sin(36)

With a choice of 0 < 6 < 71/6, this best-fit equation is easily
inverted to estimate the twist angle of the Sb,Te; MSLs observed
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(A) TEM images of an Sb,Tes nanoplate with a visible moiré pattern. A nearest-neighbor grid is marked in red. (B) A histogram showing the
distribution of side lengths in this nearest-neighbor grid. A fringe spacing of 67.60 + 0.05 nm is determined from this data, and thus an estimated twist

angle of 0.2074 + 0.0003".

with TEM. Moiré fringe spacing was measured from TEM images
in agreement with our simulation: by fitting a nearest-neighbor
grid to the dark spots of an MSL (Figure 6A). From this grid is
produced a distribution of lengths (Figure 6B), from which is
extracted an average value for s and its error. Using our equation
obtained from simulation, 0 values are then estimated. Twenty
MSLs were analyzed in this manner; between nanoplates, 8 values
ranged from 0.14" to 0.52° and measurement error never exceeded
0.2%. Additional detail is provided in the Supplementary
Materials. Twist angles in vdW materials have also been
effectively measured using SAED pattern analysis (Liu et al,
2019). In our case, the reported twist angles are too small to be
properly quantified using this method (Supplementary Figure S6).
To observe the nanoplate growth process directly, samples
were extracted from early stages of synthesis and examined with
TEM. Minutes after heating begins, nanorods form in solution,
turning the solution black. Nanoplates then nucleate and grow at
the tips of these nanorods in the following few hours of heating
(Supplementary Figure S4). Interestingly, this process is
analogous to the vapor-phase snowflake growth performed by
Libbrecht (2005), wherein the growth phases of ice were
manipulated to form plate-like crystals at the tips of ice
needles. By the time heating is switched off in the syntheses
described in Sections 2.1-2.3, these nanorods have mostly
redissolved into solution. However, in the synthesis described
in Section 2.4, these nanorods instead persist and thicken as
shown in Supplementary Figure SIA. During this synthesis,
nanoplates frequently become separated from the thickened
nanorods, often leaving the nanoplate with a central nanopore
as seen in Supplementary Figure S1B. These nanopores are
typically circular and range from 20 to 25 nm in diameter.

4 Conclusion

In this study, we have demonstrated a viable chemical route
to the formation of moiré materials based on multilayer 2D
chalcogenides by leveraging screw dislocation-driven growth. We
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observed twist angles up to 0.52° utilizing high-resolution
microscopy and simulation. We suggest that the presence of
moiré patterns in Sb,Te; spiral-type nanoplates is due to
increased strain within the central screw dislocation, and that
this strain has been modulated by changes to the rate and method
of N,H, addition during synthesis. Further exploration may lead
to precise chemical control over the resulting twist angle. Given
that the syntheses put forward in this study are simple and
scalable, we believe that this approach to moiré patterns in spiral-
type Sb,Te; nanoplates could represent an exciting new way to
create twistronic systems, ready for use in electronic devices.
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A reflectionless compact
elliptical half Maxwell fish-eye
lens designed by transformation
optics
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Department of Electrical Engineering, Ferdowsi University of Mashhad, Mashhad, Iran

A two-dimensional half Maxwell fish-eye lens is compressed using a linear
transformation that maps a half circle to a half ellipse. The focusing property of
the lens is preserved while making the device more compact. The boundary
reflections, investigated for both TE and TM polarizations, were suppressed
for beams directed toward the optical axis of the lens. A designed prototype
provided a scanning range of +20° with negligible reflections. The design'’s
functionality was verified using COMSOL multiphysics.

KEYWORDS

half Maxwell fish-eye lens, linear transformation, lens compression, transformation optics, optical
axis

1 Introduction

Graded index (GRIN) devices are presently in the spotlight thanks to recent
developments in manufacturing technology. A GRIN lens implemented in dielectric
provides a wideband, cost-effective solution. Among the well-known classical GRIN
lenses with rotational symmetry and aberration-free performance are the Luneburg lens
(Luneberg, 1964) and the Maxwell fish-eye lens (MFEL) (Maxwell, 1854). The Luneburg
lens offers scanning directive beams and has an excellent refractive index profile in terms
of realizability. When a point is excited on the boundary of the lens, it creates a directive
beam on the opposite side. This characteristic, along with its rotationally symmetrical
structure, has made the Luneburg lens superb for direction finding, beam scanning,
and wide-angle large RCS generation. The MFEL, on the other hand, provides stigmatic
imaging (Tyc et al., 2011). The refractive index of the lens is given by:

2ny

BT

(1

where r=4/x2+)? is the radial distance from the lens center and R is the lens
radius. Taking the background refractive index n, = 1 leads to a lens that is index-
matched to the vacuum at its rim » = R. The MFEL images a point source located at
position r to the point — rR*/r>. Hence, if a point is excited at the lens rim, MFEL
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FIGURE 1
Ray trajectories and refractive index of an HMFEL. Parameters
no= land R= 1are considered in Eq. 1.

symmetrically focuses the rays to a mirrored point on the
rim. If the lens is sliced in half, it produces a single directive
beam in the opposite direction of the source. This sliced lens
is called a half Maxwell fish-eye lens (HMFEL). The HMFEL
has a refractive index mismatch at its aperture and is often
used to produce a single directive beam (Fuchs et al., 2006,
2007; Huang et al., 2014; Xuetal, 2014; Shietal, 2015). The
focusing property is best when the excitation is at the center
of the circular rim, and the performance degrades as the
excitation point moves along the rim. However, it has been
demonstrated that the HMFEL can provide some scanning
capabilities (Fuchs et al., 2007). The refractive index profile of an
HMFEL with n, = 1and R = 1and theray trajectories for 51 rays
launched from the (~1,0) coordinate are depicted in Figure 1.
The MFEL and Luneburg lens have been actively studied
in the transformation optics (TO) discipline. A connection
between the deformation of space and the medium is made
possible by TO, based on the form invariance of Maxwell’s
equations under a coordinate transformation. This notion gained
popularity following the publication of early research on the
invisibility cloak by Pendry (2006) and Leonhardt (2006) who
asserted that a carefully calculated transformation medium could
reproduce the attributes of a deformed space. Having a specific
virtual space where wave propagation properties are known,
a carefully-selected space deformation could be employed to
manipulate the waves” behavior. It was demonstrated that the
hypothetical deformation could be embodied into a material
within a physical space using the TO method. TO has been
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FIGURE 2
Schematic of the underlying transformation between (A) the half
circle with radius of one and (B) a half ellipse with semi-minor
axis of § = 0.5 and semi-major axis of one. The x-constant and
y-constant lines in virtual space are plotted as well as their
mapped version in physical space.

used to create various devices with unique functions, including
beam expanders (Rahm et al., 2008; Emiroglu and Kwon, 2010),
polarization splitters and transformers (Kwon and Werner, 2008;
Mousavi et al.,, 2017; Eskandari et al., 2018), waveguide
couplers (Garcia-Meca et al., 2011; Markov et al., 2012;
Eskandari et al., 2017b,a, 2019b; Eskandari and Tyc,2019),
and directivity enhancers (Eskandari et al., 2021a,b;
Schmiele et al., 2010; Yao and Jiang, 2011; Guetal,, 2012;
Aghanejad et al., 2012; Wu et al., 2013; Giddens and Hao, 2020;
Eskandari, 2022; Kadera et al., 2022;
Heidari, 2022).

For avirtual space described in Cartesian coordinates (x, y, z),

Nazarzadeh and

with € and p as relative permittivity and permeability, the
constitutive parameters of the physical space described by the
Cartesian coordinates (x’, y’,z’ ) can be calculated from those of
the virtual space by following the formula:

¢ =JeJ" [det(]), u' = JuJ" /det (), 2)

where the Jacobian matrix J= 9(x’,y’,z')/d(x,y,z) characterizes
the underlying coordinate transformation between the virtual
and physical spaces.

TO serves as a powerful tool for the geometrical reshaping
of common GRIN lenses as it preserves the electromagnetic
properties of the GRIN lens. In the case of the MFEL,
TO has been used to flatten the image and feed planes
(Smith et al., 2010; Hunt et al., 2011).
and quasi-conformal transformations have been employed

Moreover, conformal

frontiersin.org


https://doi.org/10.3389/fmats.2022.1079809
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles

Eskandari

10.3389/fmats.2022.1079809

0.5-025 0 025 0.5-0.5-025 0 025 0.5-0.5-0.25 0 0.25 0.5
x(m)

x(m)

x(m)

y(m)

-0.5-0.25 0 0.25 0.5-0.5-0.25 0 0.25 0.5-0.5-0.25 0 0.25 0.5
x(m)

x(m)

FIGURE 3

Real part of E, for the EHMFEL excited by a waveguide carrying the TE; mode at a frequency of 1.5 GHz for a beam direction 6 of (A) 0°, (B) +4°,
(C) +8°, (D) +12°, (E) +16°, and (F) +20°. The waveguide is moved across the elliptical boundary to achieve beam scanning.

x(m)

to transform the circular shape of a two-dimensional (2D)
MFEL to a rectangle (Yangetal, 2014; Badrietal, 2020), a
square (Taoetal,2019), and a semi-octagon (Lietal., 2018)
for improved integration with photonic devices as a cross-
coupler. As a lens reshaping tool, TO can compress the
lens in one direction, resulting in a more compact device
(Roberts et al., 2009). Numerous studies have employed the
Luneburg lens as an example of how to use this concept, either
by changing the circular shape into an ellipse (Demetriadou
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and Hao, 2011b,a; Ebrahimpouri and Quevedo-Teruel, 2019;
Liu et al., 2020; Giddens et al,, 2021; Chen etal., 2021) or a
rectangle (Mateo-Segura et al., 2014; Su and Chen, 2018, 2019;
Xu and Chen, 2022). However, reshaping the Luneburg lens has
an intrinsic flaw that is not present in the case of MFEL. This
topic is expanded upon in the Discussion section. A conformal
solution has been proposed to compress a circular MFEL into
an elliptical MFEL (EMFEL) (Eskandari et al., 2019a). Slicing
the resulting EMFEL in half to achieve directive beams results
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Real part of H, for the EHMFEL excited by a waveguide carrying the TMy mode at a frequency of 1.5 GHz for a beam direction 6 of (A) 0°, (B) +4°,
(C) +8°, (D) +12°, (E) +16°, and (F) +20°. The waveguide is moved across the elliptical boundary to achieve beam scanning.
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in significant reflections from the aperture due to the index
mismatch.

Here, a 2D HMFEL was compressed using a linear
transformation. The conditions that resulted in a reflectionless
device were derived and applied. It was shown that the
device could provide reasonable scanning as well. The device’s
performance was evaluated when the electric field was along the
Z' direction (TE polarization) or the magnetic field was along the
Z' direction (TM polarization). The design method was validated
using COMSOL.
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2 Design method

Consider the following linear transformation, which maps a
half circle with a radius of one to an ellipse with a semi-major
axis of one along the y’-axis and a semi-minor axis of § (§ < 1)
along the x’-axis.

(©)

X' =0xy =y7 =z

The transformation schematic is shown in Figure2 for
0= 1/2. The x-constant and y-constant coordinate lines in the
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Farfield pattern of the EHMFEL in decibels versus 0 for (A) the TE, € constitutive parameters ol an anisotropic medium mus
mode (corresponding to the results depicted in Figure 3) and (B) meet the following conditions for the interface along the y'-axis
the TM, mode (corresponding to the results depicted in between the medium and the vacuum to be omnidirectionally
Figure 4). The dotted lines represent the cases where the feed . . .
location is mirrored with respect to the x-axis. reflectionless (Gok and Grbic, 2016; Eskandari et al., 2019b).

virtual space and their mapped counterparts in the physical space
are also presented. Because of the 2D nature of the problem,
, which is the half-ellipse area divided by the half-circle area,
quantifies the amount of space occupancy reduction.

It is known that only the p,py =y py e,
constitutive

and £y, 800 = L E 1 parameters

X X
contribute to t}Jl’e wavye proly)agation for TE and TM polarization,
respectively. It is worth noting that TE (TM) polarization occurs
when the electric (magnetic) field is polarized along the z-
axis. Using the linear coordinate transformation in Eq. 3, the
TO formula in Eq. 2, and the refractive index formula for the
HMFEL, the transformation medium of the elliptical HMFEL
(EHMFEL) is calculated for the TE and TM polarizations

following

)
W= 0G(rH() ey = Hf ((:))
, _ GMH(") f(r)
TE:{# yy = 5 ,TM:R ¢! ) = (4)
0 Y SH )
£ = 5HM W= G(r)aH(f)

where the refractive index of the virtual space has been split
into two functions n*(r) = f(r)G(r), in which &(r) = f(r) and
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! ! —
Hyy€ z'z'l;d:o =1

TEZ >
‘u, ' I‘Ll’ ’or =1
xx Yyl =0 (5)
slx'x/”’z'z’ |x’—0 =1
TM: , , B
& x'x'e /v/yl x’=0 =

In the instance of EHMFEL, omnidirectionally reflectionless
means that the device creates all scanning beams with zero
reflections. The above conditions are translated into the following
using the transformation medium calculated in Eq. 4

M,x'x’s/z'z'|x’=0 =n (r)|x’:o =1
TE: ! ! 2 2 >
u x'x“u J’,}’,|x’=0 =G (T’)H (r)lx'=0 =1 (6)

TM: 8,x’x'tulz’z’ |x’:o =n? (1’)|x;=0 =1 .

vyl = OO, =1

According to the n(r) formula in Eq. 1, the first condition
cannot be satisfied for any polarizations at x' = 0. Hence, it is
impossible to have an omnidirectionally reflectionless EHMFEL.
Now we investigate whether the main beam along the optical
axis (x-axis) can be reflectionless. Following a similar approach
to that in reference (Eskandarietal., 2017b) and aiming for a
derivation of the reflection coefficient at x’ = 0 for a diagonal
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FIGURE 7

Simulation results for (A) an uncompressed Luneburg lens and
(B) a compressed Luneburg lens with a semi-minor axis of

&= 0.5. A point source on the lens rim feeds the lenses with a TE
polarized wave.

material, we get the following result for the TM polarization

cos 60— \/‘u/z/zr/e,y/y/ —sin? e/slxrxr 8’},/)/
I'=

! ! ol 2 ! U
cos 0+ \//4 2 1€y —sin? 0/ ey

where 6 is the beam’s scan angle, the angle between the
beam direction and the x'-axis. Using the duality principle,
the reflection coeflicient for TE polarization can be easily
calculated. Based on Eq.7, for a diagonal medium to be
reflectionless for 6= 0, the impedance terms for TM and

TE polarizations should satisfy Z;'M|x’=o =\ € ,y =1and

Z'E T NS yy /€212 =1, respectively. Using Eq. 4, it is seen
that the impedance matching is achieved if G(r)H(r) = n(r).
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In conclusion, the following transformation medium leads to
a reflectionless design for 6= 0

n(r)d 0 0
g=u.=| 0 n(r)é! 0 , (8)
0 0 n(r)d!

where subscript r stands for relative values. Note that the
term n(r) should be translated into the physical space
coordinates using Eq.3. For ny=1 and R= 1 we have
n(r) = 2/(1+ x'2/8*+ y'%). The principal refractive indices also
follow the formula below:

TE _ [ . _ n(r)
TE: I’lx, = ‘lerzlsyryr = F

TE
"= iy & = 1(r)

—— _n(n
= gZ/Zl‘uy,y, = —

871

n;M = ey pg g =n(r)

>

9)
™

n,

TM: 4

The anisotropy ratio equals n;/n;:& which means that
the refractive index in the direction of compression is 1/§
times larger. The above anisotropic refractive index profile
can be realized using glide-symmetric meandered transmission
lines and holey ellipse unit cells (Ebrahimpouri and Quevedo-
Teruel, 2019), and glide-symmetric substrate-integrated-holey
unit cells (Chen et al., 2021).

The reflection coefficient at x' = 0 for the transformation
medium described in Eq. 8 follows:

i 02 )
cos 6 — l_smH cosf— l—Sme
n* (r) 4
I= <= s (10)
i 02 .2
cos 6+ l—sme cos 0+ 1_s1n9
n’ (r)

where it assumed that the refractive index along the x' = 0
boundary is constant and n= 2 (worst case scenario) for
the derivation of the maximum possible value. Note that the
reflection coeflicient is zero for 6 = 0; but it is non-zero for other
scan angles.

3 Simulation results

Simulations are carried out for TE and TM polarizations
at a frequency of 1.5GHz. The design parameters are
ny= 1,R= 1,6 = 0.25. The EHMFEL aperture length is 5A.
The standard feeding waveguide WR650 is used with a width
of 165 mm. The waveguide is perpendicular to the ellipse’s
boundary. To simplify the representation, we will no longer
use primed coordinates.

Figure 3 depicts the real part of E, for the TE,; mode, and
Figure 4 illustrates the real part of H, for the TM,, mode. Both
figures, show results for the cases corresponding to the positive
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scan angles of 6= 0°, 4°, 8%, 12° 16° and 20°. The waveguide
is moved across the surface to examine the device’s scanning
capacity. Because of the symmetry of the structure, only the cases
where the waveguide is moved downward are shown.

The farfield patterns corresponding to Figures 3, 4 are
illustrated in Figure 5. The dotted lines represent the cases where
the feed location is mirrored with respect to the x-axis. The results
are almost identical for both polarizations, as expected.

According to the results in Figures 3-5, it is seen that the
EHMFEL performs well for both polarizations. The device
achieves a scanning range of —20°< 6< 20°. For a larger
scanning angle, an undesirable grating lobe appears. It is
practically not expected from HMFEL to provide large scan
angles (Fuchs etal., 2007). Furthermore, using Eq. 10, the
reflection coeflicient I' is less than 0.024 for —20° < 6 < 20°.

4 Discussion

Here we studied the lens compression in the case of a
Luneburg lens with a radius of one and a refractive index of
n = 4/2 - x? — 2. It is known that when a Luneburg lens is excited
from a point on its rim, a flat phase front is formed on the
opposite side. Figure 6 illustrates this case.

The lens works in such a way that ¢, = ¢, + ¢,. A beam
traveling along the optical axis should have the same total phase
as a ray traveling along the rim toward the aperture. If the lens
is transformed into any shape, such as an ellipse (as shown in
Figure 6), To ensures that ¢, = ¢, ¢; = ¢,. For the phase front
to be a straight line after reshaping, ¢, = ¢} equality must be
satisfied, which is not the case due to the altered lens geometry.
As a result, the phase front will not be a straight line after the
reshaping. If the Luneburg lens is reshaped, either the directivity
enhancement is significantly degraded or the lens’s focus moves
outside the lens and becomes non-ideal. The same problem does
not occur in the case of HMFEL since the phase front overlaps
the lens border, implying that ¢, = ¢, = 0. Figure 7 illustrates
the simulation results for an uncompressed Luneburg lens and a
compressed Luneburg lens with § = 0.5. A point source with an
out-of-plane current excites the TE polarization. It is clear that
the output phase front of the compressed device is not flat, and
the lens appears to be focusing the wave.
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The controllable assembly of plasmonic nanoparticles has developed as one of
the most significant approaches for surface enhanced Raman spectroscopy
(SERS) applications. This study developed a simple approach to improve a large-
scale ordered assembly of gold nanorods (GNRs) by controlling the droplet
evaporation mode on hydrophobic substrates. The hydrophobic substrate was
efficiently produced by spin coating the silicone oil onto the glass slides and
annealing them. The analyte molecule rhodamine (R6G) was employed as a
surface-enhanced Raman scattering probe to demonstrate the potential effects
of the synthesized arrays. This hydrophobic platform enables the concentration
and delivery of analyte molecules into the surface enhanced Raman
spectroscopy sensitive site while suppressing the coffee ring effect
generated by the smooth contraction motion of the base contact radius of
the droplet without any pinning. Thus, the limit of detection (LOD) of the R6G
analyte was lowered to 107° M and the homogenous dispersion of surface
enhanced Raman spectroscopy hotspots within the self-assembly reproducible
surface enhanced Raman spectroscopy signal. This new method enables a
broad range of packing patterns and mechanisms by changing the host
nanoparticles in the dispersion.

KEYWORDS

plasmonic nanoparticles, self-assemblies, hydrophobic surface, coffee ring effect,
Raman spectroscopy
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1 Introduction

The self-assembly of nanoparticles is becoming a common and
effective approach for fabricating controlled colloidal patterns (Jana,
2004; Ko et al., 2008; Prasad et al., 2008; Grzelczak et al., 2010; Dai
etal, 2011). Several methods for fabricating GNRs arrays have been
developed to compact complicated particle structures with diverse
symmetry and assembly configurations at the nanoscale (Zhu et al,,
2011; Quan et al,, 2014; Li et al., 2015; Wang et al., 2015; Lu and
Tang, 2016; Luo et al,, 2017a; Luo et al., 2017b). The assembly of
anisotropic colloidal nanoparticles into complicated well-arranged
structures has long been a hot topic in nanoscience due to their
distinct  collective optical and electronic properties and
incorporation into nanophotonics (Zhu et al, 2011; Lu and
Tang, 2016; Luo et al, 2017a; Quan et al, 2014; Li et al, 2015;
Wang et al., 2015; Xia et al,, 2003; Cho et al., 2010; Wang et al,, 2012;
Sun, 2013; Wang et al.,, 2015; Xu et al,, 2015; Neretina et al., 2016;
Abeyweera et al, 2017; Kim et al, 2017). The successful
incorporation of such nanoparticles into efficient optoelectronic
devices needs reproducible, highly organized, and macroscopic
uniformity of performance from the structure (Zhu et al., 2011;
Li et al,, 2016; Lu and Tang, 2016).

The droplet evaporation has been intensively examined among
the diverse approaches used to produce complicated structures due
along with its functionality, cost-effectiveness, and broad applicability
to numerous nanomaterials (Zhang et al., 2014; Vogel et al., 2015).
Moreover, the drying droplet commonly leaves a non-uniform solid-
ring on the substrate known as a coffee ring (Deegan et al., 1997). The
configuration of a solid ring structure is strongly related to droplet-
controlled dispersion, which is primarily focused on heat and mass
loss during evaporation (Deegan, 2000). The heat loss causes
evaporative cooling to sufficiently produce a surface tension slope
capable of driving Marangoni flow (Larson, 2014). The evaporation
process causes capillary flow outward from the center of the drop,
bringing the suspension particles to the edges. The particles are
significantly concentrated along the initial drop edge after
evaporation, resulting in a non-uniform solid ring (Deegan et al,
2000). Recent research has focused on addressing the coffee-ring
effect by controlling important configurations including particle size,
particle shape, charges and surfactant concentration, to attain large-
area arrays of self-assembled particles (Fan et al., 2004; Bigioni et al,
2006; Byun et al., 2010; Alvarez-Puebla et al., 2011; Singh et al,, 2012;
Chen et al,, 2013; Peng et al,, 2013; Ye et al,, 2013; Peng et al., 2014;
Zhang and Lin, 2014; Apte et al., 2015; Hamon et al., 2015; Li et al,,
2016; Lu and Tang, 2016; Luo et al., 2017a; Luo et al,, 2017b; Kim
etal,, 2017). The most effective method for overcoming the “diffusion
limit” of analytes in highly diluted aqueous solutions is to use super
hydrophobic surfaces, which have the dynamic ability to deliver
analytes to SERS-active sites (De Angelis et al., 2011; Gentile et al,,
2014). Moreover, the disadvantage of super hydrophobic surfaces for
these applications is that air pockets among the surface structures can
be spoiled by outward wetting pressure and could lose wetting
property by destructive the surface structure (Reyssat et al., 2007).
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Recently, slippery surfaces (hydrophobic surfaces) have evolved into a
superior substitute to super hydrophobic as a fluid repellent surface
with a very small contact angle hysteresis (Bocquet and Lauga, 2011).
To our understanding, only few studies has been accompanied on the
controlled evaporation method-based SERS technique for analyte
detection on cost-effective hydrophilic substrates.

This study proposed a novel method for fabricating self-
assembled GNRs. The hydrophobic surface was fabricated in the
first step and then controlled the evaporation rate of droplets in
the second step. This method was used to reverse the coffee ring
effect during droplet evaporation of an aqueous diffusion of
GNRs assembly. The droplet evaporation process revealed GNRs
formed at the interface between solvent and air, developing
domains that improved in size and density as the solvent
evaporated under microscope light. The optical properties of
the attained superstructures were experimentally determined.
Finally, the promising application of GNRs self-assembly
arrays for analytical detection using R6G as a model analyte
based on SERS was established.

2 Material and method
2.1 Preparation of GNRs

The study synthesized the GNRs and employed a seed-
mediated growth method as described in our previous
procedure (Usman et al., 2019). After the seed solution was
formed, HAuCl4 (0.1 ml; 0.025 M) and CTAB (5 ml; 0.2 M) were
combined at room temperature. The solution of ice-cold NaBH,
(0.01 M, 0.6 ml) was promptly introduced. The color of the
solution gradually changed from yellow to brownish-yellow.
The solution continues to stirring for 20 min. The solution
was cooled down to room temperature for 30 min. The
growth solution was prepared by adding hexadecyltrimethyl
ammonium bromide (CTAB), 5ml, 0.2M, and different
amounts of 0.05, 0.10, 0.15, 0.20, and 0.25ml of 0.16 mM
AgNOs; solutions at 30°C, respectively. Then, add 0.2ml of
0.025 M HAuCl, to the solution. Following constant stirring,
the ascorbic acid (0.08 M, 70 ml) was added and changed the
color from dark-yellow to colorless. Lastly, the seed solution of
12 ml was mixed with the growth solution at 30°C. The color of
the mixture slowly changes in 15-30 min. The GNRs were well
designed at room temperature after rapid growth.

2.2 Silicone oil-based hydrophobic
surface preparation

The glass slides were cleaned for 10 min using sonication and
plasma cleaning. The silicone oil, with a kinematic viscosity of 370 cSt,
was applied to a clean glass slide and spin-coated at 1,000 rpm for
1 min. This method was effective for removing additional lubricating
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FIGURE 1

(A) A diagram showing the enrichment and self-assembly of GNRs on a hydrophobic surface. (B) Contact angles advancing and (C) receding on

a hydrophobic surface.

oil. The silicone oil-coated glass slide was then annealed at 150°C for
120 min. As a result, the surface chemical property was modified to be
hydrophobic and a uniform silicone oil coating was formed on the
glass slide.

2.3 Evaporation-induced assembly of
aligned GNRs arrays

The GNRs were centrifuged at 7,000 rpm for 20 min to reduce
extra CTAB. A 30-ul drop of GNRs was deposited on the
hydrophobic substrate. Then the hydrophobic substrate was
transferred onto a polystyrene Petri dish plate with dimensions
of 94 mm in width and 15 mm in height. After that, add 1 ml of
water to the Petri dish to regulate the humidity. The Petri dish was
wrapped and put inside an incubator. After the evaporation, the
GNRs solution on the hydrophobic substrate contracted into tiny
droplets without forming coffee-rings. As a result, the well-arranged
assemblies of GNRs were observed on the hydrophobic substrate.

2.4 Raman spectroscopy measurements
For the SERS measurements, R6G dye was working as a Raman

probe molecule and was diluted to various concentrations. The
concentrated molecules and GNRs solution of 30 pl was placed on

Frontiers in Materials

47

the SERS substrate and evaporated at room temperature. All SERS
measurements were carried out using a 633 nm laser excitation and
a laser power of about 1.5 mW. A confocal Raman microscope
(Renishaw PLC., England, United Kingdom) with a 50-microscope
objective and a numerical aperture (NA) of 0.6 was used to detect
in-elastically scattered radiation.

2.5 FEM simulation

We used the commercial program COMSOL Multiphysics
5.5 for numerical simulation to do electromagnetic analysis.
Comsol uses the finite element method (FEM) to solve the
following differential form of the Maxwell equation:

Vx%(VxE)—Kﬁ(s,—j—a>E=0 (1)

, wey

where . and & are the medium’s relative permittivity and
permeability, respectively, and K is the wave’s propagation
vector defined for all mediums in the model, w is the angular
frequency, and o is the medium’s conductivity. A 3D frequency-
domain model is used to solve the problem in the wave optics
module. A perfect matching layer PML is applied at the top and
bottom of the model to secure the physical domain from any
background fields. Furthermore, periodic boundary conditions
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(A) The UV-vis spectrum of GNRs in aqueous medium (B) TEM image of GNRs demonstrating good size uniformity. The histogram figures show

the (C) length and (D) diameter of GNRs from TEM images.

are applied in the X and Y directions to simulate light
propagation through the hexagonal unit cell of the standing
GNRs. Physic controlled fine meshing used for GNRs and
physical domain. The whole structure is irradiated vertically
with a transverse electric polarized light with an electric field
intensity of 1V/m. The GNRs array in the simulations has a
surface-to-surface separation p = 7 nm, diameter D of 17 nm, and
a height of 30nm. P. B. Johnson and R. W. Christy
experimentally determined values for gold permittivity was
utilized for the model. The dielectric constants of the silicone
layer and quartz glass were also sourced from the comsol material
library.

3 Results and discussion

The hydrophobic surface and high humidity environment
are critical for GNRs self-assembly and enrichment. A lubricated
substrate containing a silicon oil-coated glass slide is a simple
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depiction followed by spin coating and annealing. Hence, this
would make the substrate hydrophobic because the high surface
energy of silicon dioxide changes the surface energy of the glass
through covalent bonding of silicone oil molecules with the glass
surface. The hydrophobic surface played an important part in the
development and self-assembly of GNRs. It is extremely
important to keep droplet evaporation in a steady-state
assembly process, which is primarily a thermodynamic
procedure, in imperative to produce homogeneous self-
assembled particle arrays. As a result, the environmental
parameters must be carefully monitored, including the
temperature and humidity of the substrates during the
evaporation process. When the temperature falls below 25°C,
the CTAB surfactant in the droplets crystallizes and precipitates
from the solution. This clearly devastates the self-assembly
process, resulting in poor quality GNRs arrays. When the
temperature rises to 50°C, however, the convection in the
droplet intensifies, causing serious damage in large non-
uniform accumulations (Ming et al., 2008). The evaporation
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was carried out in a controlled environment with a high humidity
level in maintenance. The high humidity environment slowed the
evaporation of the GNRs droplets, allowing the solvent to
evaporate at the same rate from the contact line to the droplet
centers (Zhang and Lin, 2014). The slow evaporation could
reduce the convection and inhibit GNRs from following from
the center to the contact line, thus preventing the formation of a
coffee-ring structure (Hu and Larson, 2006). The solution
contracted into smaller droplets owing to the homogeneous
evaporation speed and the absence of a pinned edge across
the surface of the droplets. Figure 1A depicts a schematic
demonstration of the fabrication method of the hydrophobic
platform.

After optimizing the conditions, we investigated the effects of
substrate hydrophobicity and repellency by contact angle (6) and
contact angle hysteresis (CAH) (A8 = 0, - 0,), the difference
between the advancing (6,) and receding contact angle (6,)
measured by optical Goniometer (OCA35, Data Physics
Germany). Figure 1B showed substrates with GNRs contact
angles of 108.5°, indicating the value of the fabricated
hydrophobic surface was tremendous. Contact angle hysteresis
(A0) is associated with the pinning of the contact line and
characterizes the droplet evaporation process. In the case of
contact line pinning, the contact angle decreases as the
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droplet volume decreases and the contact line starts to
withdraw. Contact-angle hysteresis during droplet evaporation
reflects the contact line receding in this way. In our case, A0 on a
hydrophobic surface was only 2.4°, as shown in Figure 1C, which
demonstrated that the fabricated hydrophobic surface was of
high quality. The small contact angle hysteresis of the dispersion
of GNRs on the hydrophobic surface helps to reverse the coffee-
ring effect. It can be established that Marangoni flow and contact
line receding can efficiently control the final configuration of
GNRs on the substrate. This process avoids the coffee-ring effect
that occurs during nanoparticle evaporation, resulting in
uniform deposition and adjacent packing of GNRs.

This study used an evaporation-induced self-assembly
approach to obtain GNRs from a liquid drop containing
GNRs. The UV-vis absorption spectrum of GNRs dispersed in
water is shown in Figure 2A. The transverse and longitudinal
modes were assigned to the surface plasmon resonance peaks that
were obtained at wavelengths of 510 and 670 nm, respectively.
The previous research has shown that the maximum SERS
intensity was achieved when the laser excitation wavelength
was slightly shorter than LSPR, so the laser excitation
wavelength was in resonance with the substrate of the surface
plasmon (Hossain et al., 2009; Kumar et al., 2020). Figure 2B
transmission  electron (TEM)

depicts a microscopy
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substrate.

representation of GNRs. The distributions of GNRs particle sizes
measured in TEM images were plotted in (Figures 2C, D). The
length of 41.5 + 3.9 nm and the width of 14.1 + 1.5 nm of the
GNRs were obtained from the histogram diagram, and an aspect
ratio of about 3. According to this, GNRs had uniform
morphology and a narrow size distribution.

We investigated the effects of hydrophobicity on the
development of GNRs arrays after optimizing the evaporation
conditions, such as temperature at 30°C and humidity at 96%.
The GNRs evaporated on the hydrophobic surface in a controlled
environment, producing a highly concentrated pattern and
repellency. The 20 Wl GNRs were measured using an optical
microscope at various times on hydrophilic and hydrophobic
substrates (see Figure 3).

The droplet of the initial contact diameter (d) on the non-
slippery surface (hydrophilic surface) was large (d = 4.47 mm).
The contact diameter did not change significantly over the
evaporation time due to the hydrophilic nature of the
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particles and the droplet spread over a large spot with a
diameter of 4.27 mm after completely solvent drying (after
55min), as shown in Figure 3A. On the other hand, the
contact diameter of the droplet on the hydrophobic surface
was reduced to 0.193mm from its initial diameter of
3.154 mm after complete drying of the solvent, which was
smaller than that of a droplet of the same volume on the
hydrophilic surface due to surface hydrophobicity as revealed
in Figure 3B. The contact diameter of hydrophilic and
hydrophobic surfaces varied with the evaporation time, as
shown in Figure 3C. The hydrophobic surface reduced contact
area by approximately 98.78% when compared to the hydrophilic
surface.

The scanning electron microscopy (SEM) images suggest an
exciting effect of the enrichment and the concentration of GNRs
particles on hydrophilic and hydrophobic surfaces after
evaporation. In Figure 3D, the GNRs particles showed a
scattered pattern after complete evaporation on a hydrophilic
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surface, with the maximum value at the droplet edge, as described
by the “coffee ring effect.” This effect is commonly observed at
pinning sites on surfaces. As a result, GNRs particles show an
extensive configuration over a large area. However, the GNRs
solution produced interesting results on the hydrophobic surface.
The easy contraction of the droplet without pinning suppressed
the coffee ring effect to enrich all the GNRs particles into a very
small spot on the hydrophobic surface. The effective compact
self-assembly of GNRs via droplet evaporation on the
hydrophobic surface is shown in Figure 3E.

Furthermore, the condition for a high contact angle and low
CAH is critical for improving SERS performance. In former
studies has demonstrated that densely compacted metallic
nanoparticles have significant SERS enhancement factors
(Diebold et al., 2009; Huang et al., 2015). The formation of
the hot spots between neighboring particles significantly
increases SERS enhancement.

In this study, the fabricated substrate was covered by a closely
packed GNRs array, which produced a significant field
enhancement effect. The schematically Figure 4A illustrates
the encapsulated GNRs on a hydrophobic surface. Here a
rounded ends cylindrical GNRs (with orange color) coated
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with dye (blue color), shined by TE polarized light. The
electric field is parallel to the plane of the hydrophobic
surface with normal K-propagation vector. The densely-
packed GNRs arrays and their uniform structure were able to
produce a SERS signal for molecular detection at concentrations
as low as 107'° M. SERS measurements on the GNRs arrays were
carried out using a Raman spectrometer with a 633 nm
excitation. The target molecule was R6G solution, a common
dye used in biological research. Figure 4B shows the SERS spectra
of R6G at various concentrations ranging from 10™° to 107" M.
The Raman spectra of R6G were attributed to C-C-C ring in
plane, out-of-plane being, and C-H in-plane bending vibrations
in the sharp peaks at 611 and 776 cm™" respectively. It also had
Raman shift peaks at 1,180, 1,360, 1,509, and 1,650 cm ™', which
were ascribed to symmetric modes of C-C stretching vibrations
in plane. These R6G Raman peaks are consistent with those
previously reported (Lu et al., 2005; Jensen and Schatz, 2006).
The Raman spectra clearly showed the characteristic Raman
peaks of R6G even when the concentration was as low as
10'°M. The SERS substrates for the GNRs arrays had
excellent reusability, enabling multiple detections after plasma
etching to clean the previous substrate. The Raman signal
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decreased gradually with the decreasing the concentration of
R6G. The previous results were also confirmed in the study of
Wei et al. (2018) using R6G detection at a concentration was as
low as 107'°M. We obtained the calibration curves with this
result analyzed as shown in Figure 4C. Notably, it had a relatively
good linear correlation relationship (correlation coefficient, R* =
0.9928) between the SERS signal ratio and R6G concentration.
The suggested approach might, therefore, prove helpful in the
quantitative analysis.

In order to study the uniformity and ensure a homogeneous
distribution, 10 M of the analyte R6G aqueous solution was
dispersed on the surface of the hydrophobic surface. After that,
we observed five random spots on the substrate with the same
exciting line and integration time (Figure 4D). The relative signal
deviation of R6G was about 10% on the GNRs arrays, revealing
the overall reliability and uniformity of such a substrate for SERS
detection. The excellent performance of the GNRs arrays could
be attributed to a number of factors. For example, the GNRs were
arranged in a regular pattern. In periodic structures, photon
density redistribution was common, causing an increase in the
density of optical modes and an improvement in the Raman
scattering of the detected molecules (Gaponenko, 2002).

To effectively understand the
underlying the detected SERS response, the electric field

physical mechanism

intensity enhancement of the GNRs array was investigated
employing Comsol multiphysics simulation (see Figure 5), on
hydrophobic and hydrophilic substrates, under 540 and 670 nm
laser light. The GNRs arrays are assembled with a gap of 7 nm.
The GNRs revealed the enhancement of electromagnetic fields in
the case of the hydrophobic surface. Figure 5A indicates that at
540 nm of laser excitation, the field is a maximally localized
electromagnetic field within the GNRs array in the hydrophobic
substrate compared to the hydrophilic substrate in Figure 5B.
Similarly, Figure 5C exhibits a similar excellent local field
enhancement effect on a hydrophobic substrate as compared
to the hydrophilic substrate using 670 nm laser excitation. Hence,
when compared with the disordered substrate, the resonance of
the local electromagnetic field around the GNRs arrays is
relatively strong, and the dense “hot spots” can improve the
SERS activity of the substrate. These results further confirm and
demonstrate that the hydrophobic substrate can be used to
enhance and detect the SERS signals, which is almost
consistent with our experimental results.

4 Conclusion

In summary, we used the controlled evaporation process to
fabricate large-area ordered self-assembly arrays of GNRs on the
hydrophobic surface. The droplet contracts effectively because of the
lack of pinning sites and hydrophobicity of the substrate, which
prevent the coffee-ring effect and offer a smooth surface. Therefore,
this process effectively delivers the molecules inside the droplet to a
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concentrated hot spot. The resulting arrays had constant structural
and efficient homogeneity on a macroscopic scale. We also
established that the fabricated GNRs arrays produced a SERS
signal for detecting R6G at a concentration of 107'°M. The
exceptional results in SERS detection reproducibility are due to
the uniformity in large areas. The structure of the GNRs relied solely
on the hydrophobicity of substrates in an evaporating environment.
The limitation of hydrophobic surfaces is also observed when there
are many liquid drops sliding on them, which slowly removes the
lubricating oil. In this case, the hydrophobic performance is
degraded, but it can be rapidly recovered by coating the silicone
oil on the surface again. As a result, this technology could be easily
applied to different nanoparticle systems to produce ordered
nanoscale arrays for the integration of microscopic devices.
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Physics, Harbin Institute of Technology, Harbin, China, *School of Electronic and Information Engineering,
Changshu Institute of Technology, Suzhou, China, “Jiangsu Key Laboratory of Micro and Nano Heat Fluid
Flow Technology and Energy Application, School of Physical Science and Technology, Suzhou University
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On the basic that the phase object (PO) is the key optical device in the 4f imaging
system, a modified high sensitivity optical nonlinear measurement technique with an
absorptive homemade phase object (HPO) is reported in order to characterize the
value of weak nonlinear refraction material. The absorptive HPO used in this
technique is two transparent glass plates on which a liquid film between two
pieces of transparent glasses is deposited and added a rotating object at the
below HPO to modulate the phase of a PO. The measuring sensitivity can be
improved by changing the transmittance of the absorptive HPO. Meanwhile,
because the phase retardation of HPO can be continuously adjustable by
modulate the rotating object, it makes the sensitivity of measurement at different
wavelengths of laser optimal. Results show that the measuring sensitivity is improved
2-4 times compare with the conventional 4f imaging technique. Furthermore, the
modified technique can be used to measure the spectrum of nonlinear refraction
coefficients of materials at the continuous wavelength. This method further expands
the 4f phase coherent imaging measurement technology, not only solves the
deficiencies of the conventional phase object, but also improves the accuracy of
the measurement. Experiment and theoretical analysis results are presented to
validate our technique.

KEYWORDS

non-linear optical, phase object, 4f imaging, non-linear refractive, measure sensitivity,
continue wavelength

1 Introduction

In recent years, a large number of non-linear optical (NLO) materials have been investigated
for their potential use in photoelectronic devices (Zhang et al., 2022), optical information
processing (Wu et al., 2020) and optical communication (SOROKINA et al., 2016). In particular,
large attention has been paid to the development of simple and accurate measurement
techniques, with emphasis on measurement sensitivity. Highly sensitive measurements play a
significant role in characterizing optical non-linearities, especially those of weak NLO materials.
The Z-scan technique (Pereira and Correia, 2020) is a popular method to obtain information
about third- and higher order non-linearities. The method provides estimate of NLO and is based
on the analysis of the distortion of a beam passing through non-linear materials. However, high
quality Gaussian beams are not readily available. Hence, Zhao et al. reported that the use of the
s-called top-hat (Zhao and Palffy-Muhoray, 1993) beams instead of Gaussian beams in Z-scan
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setups improves the measurement sensitivity by a factor of 2.5.
However, the technique requires multiple irradiations by strong laser
pulses to obtain the complex non-linear NLO of optical materials and
involves measurements at focal plane. This may damage the sample,
especially for photo-sensitive materials, and suggests the use of single-
shot techniques, which would overcome the above difficulties. One
powerful technique is based on single-shot 4f coherent imaging system
(Cherukulappurath et al., 2004). The method involves a different spatial
distribution of beams compared to Z-scan, and allows one to obtains
accurate measurements of the intensity when equipped with a charge-
coupled device (CCD) camera. The setup is based on the Zernike spatial
filtering principle to transform the phase changes caused by non-linear
refraction into light intensity changes in the plane. Other advantages of
the method include the simplicity of the alignment, and the high
measurement sensitivity. Furthermore, as it happens for Z-scan
experiments, sensitivity may be improved using top-hat beams
instead of Gaussian beams (Cherukulappurath et al., 2004). Boudebs
et al. reported a 4f non-linear-imaging technique with improved
sensitivity and involving a phase object (NIT-PO) (Boudebs and
Cherukulappurath, 2004) to analyze the sign of non-linear index.
Later on, the technique has been modified with considerable effort,
see e.g,, Yang et al. ( Yang et al,, 2017) about Z-scan technique with
absorptive PO. The sensitivity of the technique can be improved by the
changing absorption index of PO which, however, cannot be changed
arbitrarily. In addition, an important limitation of 4f NIT-PO
techniques employed so far, is the impossibility to use the same PO
with a continuous spectrum, as the phase retardation of PO cannot be
changed arbitrarily. Indeed, it is significant for the 4f imaging technique
to modulate phase and there are piezoelectric ceramic and phase
modulators to this aim. However, those devices are expensive and
their use complex. Therefore, an alternative simple method with high
precision would be exceedingly welcome.

In this paper, the use with a homemade phase object (HPO)
added to the 4f imaging technique to and put forward a high
sensitivity measurement technique. The materials of the HPO are
readily available and the manufacturing is simple. Additionally, our
HPO may be used with pulses with a continuous spectrum. The non-
linearity of CS, and absolute ethanol are considered in this new
technique in order to assess its sensitivity and verify the
enhancement compared to traditional 4f imaging techniques. Our
results confirm that the use of a wideband (The phase object is
optical
wavelengths) HPO improves the sensitivity of 4f imaging systems

suitable for non-linear measurement at multiple
and may be used with beams characterized by a continuous

spectrum.

2 Theoretical analysis and model

Our HPO is composed of two round pieces of transparent glass
with a liquid film in between. The liquid film required by the
homemade phase object (HPO) in the technique can be any pure
absorptive or transparent liquid. The black ink is used to be a liquid
film in our method. The radius is Ly, and the HPO is fixed on a
rotary table (see Figure 1). The working principle is that a micron
space gap may be formed between the two pieces of glass and that
changing the thickness of the HPO is possible by controlling the
angle of the rotary table (Figure 1C). The technique consists of lenses
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L; and L, and is schematically shown Figure 2. The HPO is placed on
the object plane of the 4f imaging system. After passing through
HPO, the incident beam of light is divided into two beams of light by
abeam splitter (BS). One beam is detected by D, for the energy of the
incident light is monitored, whereas the other beam is focused on the
non-linear medium through lens L;.

In order to analyze the scheme, let us start from a traditional 4f
imaging system (see Ref (Cherukulappurath et al., 2004; Boudebs
and Cherukulappurath, 2004; Yang et al., 2017; Fedus and
Boudebs, 2013). for more details) and assume that we use a
top-hat beam and that the HPO is placed on the object plane.
Further, we assume for simplicity that a non-linear medium is
placed on the focal plane. We refer to Ref (Fedus and Boudebs,
2013). for situations where the non-linear medium is far away from
the focus. Finally, we assume that Fourier optics can fully describe
the 4f imaging technique. The HPO and the transparent glasses are
illuminated at normal incidence by a linearly polarized
monochromatic plane
E(x, y,t) = Eg(x, y,t) exp[—j(wt —kz)] + c.c, where k is the
wave vector, w is angular frequency, and E;(x,y,t) is
amplitude of the electric field containing the temporal envelope

wave

of the laser pulse. We use the slowly varying envelope
approximation (SVEA) (Bloembergen, 1996; Sutherland, 2003)
to investigate the propagation of the electric field in the non-
linear sample. Moreover, since we only analyze the intensity of the
image, the time term may be omitted. We may also ignore any
thermo-optical effect since we are dealing with nanosecond pulses
and a low repetition rate (10Hz) (Boudebs and Cherukulappurath,
2004).

The two parts of the HPO, H; and H,, are shown in Figure 1B.
The central region H; has radius L, and amplitude transmittance
Tpo (0<Tpo <1). It induces a uniform shift ¢ and is characterized
by a transmittance ¢, = Tpo exp[i x cir(r — L,) x ¢], as a function
of the radial coordinate, where cir(x) =1 if x<0 and cir(x) =0
otherwise. The transmittance of the annular region H, can be
expressed as t, = cir (r — R;) — cir(r — L,). If we denote the total
transmittance of the HPO by tpo (x, y), the electric field on the
external surface can be written as O(x, y) = E(x, y)tpo (x, ),
whereas the field amplitude on the front surface of the non-
linear medium (on the focal plane of L;) is spatial Fourier
transform of the O(x, y):

S(u,v) = ” o(x,y)exp[-2mj(ux + vy)]dxdy, (1)

1
Af
where f is the focal length of Ls, A is the wavelength of the exciting
wave, u = 3 and v = % are the spatial frequencies on the focal plane.
Taking into account the three main features of the non-linear sample,
ie., the linear absorption a (m™), the non-linear absorption f§ (m/W)
and the non-linear index n, (m*W), the phase shift imposed to the
beam by the non-linear sample can be written as

On (U, v) = %ln[l + BLes I (u, v)], (2)

M is the effective

where k = 27/A is the wave vector, L, F=
length of a non-linear medium, L is the actual length of a non-linear
medium and I(u,v) o< |S(u,v)* is the intensity of laser beam
exciting a non-linear medium. After modulation through the
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FIGURE 1
(A,B) Schematic of the HPO used in the 4f imaging system. (C) Schematic of the HPO changing the angle of the rotating object.

HPO Ls NL Ly
A x;\;i\ )
-
BS

FIGURE 2
Schematic of 4f imaging system with HPO. L;-L4, lenses; BS, beam splitter; D, is used to detect the reference light, D, is used to detect the linear and
non-linear images.

sample, the complex electric field at the output surface can be  where T (u,v) is the complex amplitude response due to non-
defined as linearity, i.e.,

e—aL/Z . S u,v e—aL/Z .
eIonL () 3) T (u,v) = 1 ( ): eIonL ), (4)

(14 BLeys ()] S V) [14 BLysrI (u)]”

St (u,v) =S(u,v)
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where, if the sample is a Kerr medium, a and p are both negligible,
and Eqgs 2, 3 reduce to:

(5)
(6)

on (V) = kny LI (u, v),

SL (u, 1/) =9 (u’ v)ej(PNL (“»V))

The technique is described with more details in the following
two Subsections.

2.1 Improve sensitivity of 4f imaging system
with the absorptive HPO

The non-linear sample in our setup may be regarded as a
low-frequency filter. The portion of the incident light passing
through the H, is spread less than the portion passing through
H, because R, is much larger Lp (Shui et al., 2010). Hence, the
modulation induced by H; may be ignored and we only
consider the non-linear modulation induced by H,. The on-
axis field intensity for H; is then considered. The complex field
amplitude at the output plane of 4f imaging system can be
expressed as:

E =E, + AE,, (7)

The electric field amplitudes coming from the regions H; and H,
of HPO can be written as E; and E, respectively. The light coming
from H; is considered a uniform background distribution (regarded
as a direct light) because the non-linear modulation is negligible,
whereas the light from H, is modulated by the non-linear medium at
the focal plane and produce a small perturbation of the incident
wave (as diffracted light). The second term (A E,) in Eq. 7 results
from the diffracted light.

The interference induced by the diffracted light is insensitive to
phase changes (¢,;) when ¢ =0 and ¢,; <1 (Boudebs and
Cherukulappurath, 2004; Yang et al., 2017). However, if ¢ = 7/2,
the intensity at the output of 4f imaging system is given by
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1
NG

The first term (1E;?) in Eq. 8 is the intensity in the linear
region on the axis. The transmittance T,,, is the normalized peak

1
I'(u,v) = ;Elz +AEy” +2—E|AE; cos (/2 + ¢y, ), (8)

value of Ty /T';. The variable AT can be defined as an appropriate
parameter to estimate the refractive coefficient (n,) of non-linear
samples.

The difference AT can be written as:

1
2<—E1
AT = AV

)AEZ cos(m/2 + @y, ) + AE,?

1E 2
N ’
2E,AE, si
—\n 1 2521n‘PNL
El

)

where % is the sensitivity of the system when n = 1. If the
incident field in the HPO region is reduced by a factor of \/Lﬁ (n>1),
the sensitivity increased by +/n times.

In our measurements, the signal received by CCD on the exit
plane of the 4f system has been processed using the above analysis
(Egs. 1-9). The extension of the PO region increases if the non-
linear sample has a positive phase shift, whereas it decreases
otherwise. Here a non-linear sample producing a positive shift
has been simulated. In Figure 3A we show the difference
transmittance (AT) for various transmittance (T'pp). Figure 3B
shows the cross-section views of the normalized linear image and
non-linear image amplitudes. The black curve denotes the linear
image, the green one denotes the non-linear image as measured by
conventional transparent PO (n = 1), and the others denote the non-
linear image measured by HPO (n <1).

The simulation results show that when the electric field
amplitude (transmittance) in the PO region is less than 50% of
the original, the sensitivity is increased by 2-4 times. For example,
for v/n =10 and a HPO with Tpp = 0.1, the sensitivity 4f imaging
system is improved by a factor V10 compared to that of a
conventional transparent PO.
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(A) Normalized transmittance AT as a function of the transmittance of the HPO. (B) The non-linear imaging curve for various transmittance values.
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2.2 The use of the HPO in 4f imaging system
with light with a continuous spectrum

In Figures 4A, B, we show theoretical results and simulations
for the case of the phase shift ¢ of the PO set to
¢ =2nd(n' - 1)/A. Numerical results show that a traditional
PO cannot be used to measure the non-linear index with a
continuous spectrum. In order to make the phase object
conform to the high sensitivity measurement at different
wavelengths, the optical path difference between the two
beams needs to be changed with high precision, and the
required accuracy is up to nm. There are piezoelectric
ceramic and phase modulator to match that accuracy, but the
devices are expensive and the process is complex. Therefore, a
more simple and convenient method ensuring high precision is
needed. We consider the scheme in Figure 1A, where a rotating
object is added below the HPO in order to modulate the phase ¢
for use with light with a continuous spectrum, and measure the
thickness of the HPO. As a function of the angle (0) of the
rotating object we have

¢:27Td(n’—l)/)tcos€, (10)

And the thickness of the HPO can be expressed as:

C
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1 1
cosf; cosb,

a=168- 00/ |2no - 1) )}
Where 1’ is the refractive index of the used slide, 8 is the angle of the
rotating object and (¢, — ¢,) is phase aberration accumulated in a
cycle. However, the area of the HPO changes with the angle of
rotation and this should be considered to assess the sensitivity of this
technique. The dependence of the sensitivity on the area has been
investigated numerically and results are shown in Figure 5A: the
sensitivity of system is higher when the area of a HPO is smaller
(S= (Lp/Ra)z) and the sensitivity is minimum for S =0.5. In
Figure 5B we show how the area influences the light intensity
from the HPO. The behaviour is similar to that of FIG, i.e., the
light intensity is higher when S is smaller and is minimum when
S = 0.5. Although the light intensity increases when S > 0.5, the part
of the incident light passing through H, (diffracted light) decreases.
Therefore, the quantity AT increases slowly for $>0.5. We use a
HPO L, equal to 0.1 (i.e, S = 0.01). Figure 5C shows that the area
has little effect on AT when the angle is changed (S<0.01).

The sensitivity of 4f phase coherent imaging technology is
determined by the phase retardation of PO, and the phase
retardation of PO, given a certain thickness, is different at
different wavelengths. This means that the sensitivity of the
system may be optimized only for a specific wavelength given the

o  Experiment

Fit

0 1
X position

(A,B) Linear and non-linear images for CS, as acquired by our experimental 4f imaging system with a conventional transparent PO and absorptive
(Tpo=16%) HPOs. (C,D) Profiles of images (A,B) by processing Ty, /T;; the red solid lines are theoretical values
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thickness of PO. In order to ensure the optimal measurement
sensitivity of the system at different wavelengths, it is necessary
to continuously change the optical path difference of PO. This
also means that conventional transparent PO cannot be used to
perform measurements with a continuous spectrum. For
example, a conventional transparent PO using light at 400 nm
cannot be used to perform measurements at 905 nm. The
simulation results also show that the sensitivity is higher
when S is smaller (§<0.5) (Boudebs and Cherukulappurath,
2004). This is due to the fact that the light intensity depends
on the area, whereas the area of HPO has little effect for the AT
when §<0.01.

3 Experimental results and discussion

In order to order to assess the reliability and precision of our
technique we have implemented it to measure the third-order non-
linear refraction index of Carbon disulfide (CS,) and absolute
ethanol using an absorptive HPO. Among them, CS, is a
standard sample to verify the validity of characterization
techniques. The solvent CS, and the absolute ethanol are loaded
into a 2 mm glass sell. The excitation source is a Q-switched and
mode-locked Nd: YAG laser which provides 21ps output laser

10.3389/fmats.2023.1144236

pulses, with a wavelength of 532 nm and a repetition rate of 10-
Hz. As a benchmark, the solvent is also measured with a HPO and
conventional transparent PO at 905nm (100 mW) with a
continuous laser.

Three kinds of imaging data are needed in experiment. i) No
sample: The acquisition is reference light. ii) Linear image: The
image acquisition is obtained with low intensity by placing high-
density neutral filters before the non-linear samples. iii) Non-
linear image: The image is acquired with high intensity by placing
the same high-density neutral filters after the non-linear samples.
The linear and non-linear images are used to calculate the
refraction index n, using Eqs 1-9. The non-linear signal
processing leads to AT using the normalized peak value of
TNL/TL-

The absorptive HPO used in our experiments consists in two
transparent glass plates with a liquid film in between. The
absorption index can be changed by changing the thickness of
the liquid film. The phase ¢ can be changed by controlling the
rotation, and the HPO can be rotated to produce a n/2 phase at
532 nm. Figures 6A, B show the results of the non-linear
refraction of CS, with a conventional PO and an absorptive
HPO at an energy of about 1.2 yJ. The transmittance of the
HPO is approximately 16%. The solid lines in Figures 6C, D are
the fitting curves with g = 0; n, = 3.2 x 107¥m?/W (Boudebs and

C D -
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o
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FIGURE 7
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(A,B) Linear and non-linear images for ethanol as acquired by our experimental 4f imaging system with a conventional transparent PO and an
absorptive (Tpo=x16%) HPO. (C,D) Profiles of images (A,B) by processing Ty./T;; the red solid lines are theoretical values
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FIGURE 8

Experimental 4f imaging with conventional transparent POs (a conventional transparent PO of 400 nm, a conventional transparent PO of 532 nm
and a conventional transparent PO of 800 nm) and linear and non-linear images acquired with a transparent HPO.

Cherukulappurath, 2004; Ganeev et al., 2004). Figures 7A, B show
the estimated non-linear refraction of absolute ethanol obtained
with a conventional PO and an absorptive HPO at an energy of
about 4.5 uJ. The solid line in Figure 7D is the fitting curve with
B=0; m =4.55x 107m?/W (Ho and Alfano, 1979; Yi et al,
2020). As it can be seen from Figure 6, the normalized
transmittance AT measured using this technique with HPO is
about 2.5 times higher than that measured using the traditional
technique. It shows that the use of absorptive HPO can improve
the measure sensitivity in the 4f imaging system. And the
experimental results for AT are consistent with the theoretical
one from Eq. 9. Meanwhile, the non-linear refraction signal of
absolute ethanol is not observed by using the conventional PO,
but can be clearly observed by using absorptive HPO. It is further
explained that the proposed method can effectively improve the
sensitivity of the 4f imaging system. Therefore, our technique has
a better advantage for some optical materials which have weak
non-linear optical coefficients.

Figure 8 is instead the results obtained with conventional
transparent POs (a conventional transparent PO of 400 nm, a
conventional transparent PO of 532 nm and a conventional
transparent PO of 800nm) and a transparent HPO to
measure the solvent using a 905 nm continuous laser at the
power of 1 mW. The results shows that the conventional
transparent PO cannot be used with a continuous spectrum.
The results also shows that the HPO can be modulated to
produce a complete cycle and overcome the disadvantage of
the conventional transparent PO. Overall, these results confirm
the wvalidity of our approach. Furthermore, from our
experimental results, the thickness of the HPO is calculated
to be approximately 0.634 pm from the Eq. 11. Therefore, if
other experimental factors are not considered, it can
theoretically be used in a range of about 304 nm-1752 nm by

the Eq. 10.

Frontiers in Materials

4 Conclusion

In summary, a simple and high-sensitive 4f imaging technique has
been suggested and demonstrated to measure the non-linear refractive
coefficient. In particular, we have illustrated numerically that the use of
the low transmittance HPO lead to a higher sensitivity compared to a
conventional transparent PO in a 4f imaging system. The sensitivity
12 when 0 < Tpo < 1. In addition, by
modulating the phase using a rotating object placed below HPO we made
it possible the use of light with a continuous spectrum. In order to verify
our technique, the non-linear coefficient of CS, (a well-known non-linear

improves by a factor of (1/Tpo)

material) and that of absolute ethanol have been investigated. The value
and sign obtained are agreement with the results obtained by other
methods. Furthermore, we have used a HPO in 4f imaging system with
continuous spectrum, a technique not available with conventional
transparent PO. Our technique retains the advantages of the
traditional 4f imaging system (optical alignment is easy, single-shot
and no displacement of samples, et.,) and show higher sensitivity in
measuring non-linearity. Furthermore, it can be used for non-linearity
measurement with 4f imaging systems and continuous spectrum sources.
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Coupled magnetic Mie
resonances induced extraordinary
optical transmission and its
non-linear tunability

Weiqgi Cai'?, Lixin Xuan?, Yuancheng Fan'*, Ruisheng Yang?,
Wenwu Zhang?, Qing Zhang?, Songnan Chen?, Zhehao Ye',
Yujing Zhang?, Quanhong Fu' and Fuli Zhang'*

'Key Laboratory of Light Field Manipulation and Information Acquisition, Ministry of Industry and
Information Technology and School of Physical Science and Technology, Northwestern Polytechnical
University, Xi'an, China, ?Aviation Key Lab of Science and Technology on High Performance
Electromagnetic Windows, AVIC Research Institute for Special Structures of Aeronautical Composites,
Tsinan, China

Dielectric metamaterials with low ohmic losses and resonating in the local
magnetic mode are preferable for enhancing material non-linearity. Here, we
propose and  experimentally demonstrate  broadband  extraordinary
electromagnetic transmission (EET) behavior, which is induced by the coupling
of magnetic modes of two ceramic cuboids. It is shown that extraordinary
electromagnetic transmission behavior through a perforated metal sheet with a
subwavelength aperture can be achieved by exciting the first-order magnetic
mode Mie resonant coupling of these cuboids. Our findings indicate that the
transmission bandwidth and amplitude are dependent on the strength of coupling
between the two ceramic cuboids. Additionally, we utilized non-linear effects
within the dielectric cuboids to achieve tunable extraordinary electromagnetic
transmission behavior. Our results are promising for developing non-linearly
tunable microwave devices such as filters and modulators of their strong light-
matter interactions.

KEYWORDS

extraordinary optical transmission, non-linear, tunable metamaterials, Mie resonance,
dielectric metamaterials

1 Introduction

Metamaterials, and their two-dimensional counterpart metasurfaces, are artificial media
made up of subwavelength-sized resonant elements with tremendous potential for
modulating wave beams (Pendry, 2000; Shelby et al., 2001; Smith et al, 2004; Chen
et al,, 2010; Fan et al,, 2011; Liu et al., 2011; Soukoulis and Wegener, 2011; Chen et al.,
2012; Jahani and Jacob, 2016; Yang et al., 2021a; Liu et al., 2021; He and Song, 2022; Yang
et al,, 2023a; Yang et al., 2023b; Li and Song, 2023; Nie et al., 2023). These micro and nano
elements can be designed to have optical properties that do not exist in nature, such as
negative refraction (Smith et al, 2004), electromagnetic clock (Schurig et al., 2006),
electromagnetically induced transparency (Yang et al,, 2021a), and metalens (Chen et al.,
2012). Recently, researchers have combined metamaterials with the structure of single
apertures to enhance transmission efficiency for light. This reduces the size of the structure
while increasing its transmission efficiency (Guo and Zhou, 2014; Guo et al., 2016).
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Similar research has been conducted in Terahertz frequencies
(Navarro-Cia et al., 2018; Freer et al., 2020) and optical bands (Jeong
et al, 2015; Qin et al,, 2018). Extraordinary optical transmission
(EOT) has attracted significant attention owing to its unique
physical mechanism and potential applications in photodetectors
and non-linear optics (Ebbesen et al., 1998; Martin-Moreno et al.,
2001; Garcia de Abajo, 2007; Genet and Ebbesen, 2007; Aydin et al.,
2009; Chen et al., 2013). Dielectric metamaterials can achieve higher
transmission efficiency than conventional EOT apertures (Hajian
et al, 2017a). In the early stages, it was mainly based on periodic
array structures to enhance the transmission efficiency of light
through subwavelength diaphragms. In 2009, Aydin et al. (2009)
achieved strongly localized electromagnetic field coupling and
transmission enhancement by applying a single SRR at the near
field of the aperture, which initiated the research on extraordinary
optical transparency in terahertz band (Chen et al., 2013). Later, this
idea was also employed in microwaves to realize high-efficiency
extraordinary electromagnetic transmission (EET).

Epsilon-near-zero metamaterials can also achieve efficient EOT/
EET behavior (Kurs et al., 2007; Hajian et al., 2017b). However,
metamaterials operating in a single resonant mode can only achieve
EOT/EET behavior near their resonant frequency. Obtaining EOT/
EET behavior within a certain bandwidth range requires introducing
more resonant modes and coupling. Andre Kurs et al. proposed the
use of strongly coupled self-resonant coils and experimentally
demonstrated effective non-radiative power transmission over a
distance of up to 8 times the coil radius in Science in 2007
(Zhang 20125 and Georgakopoulos, 2013).
Researchers also found that the first-order Mie resonance of two

et al, Jonah
magnetic mode resonance units will split into two modes: in-phase
resonance and reverse resonance (Hao et al, 2008). However,
research on broadband EET/EOT is relatively sparse, which is
due to the sharp resonance of meta-atoms.

In this work, we have demonstrated the EET behavior of a
perforated metal sheet with subwavelength apertures by utilizing
near-field coupling of the first-order magnetic mode Mie resonance
between two identical ceramic cuboids. The bandwidth of EET was
extended by combining the splitting of resonant modes and coupling

Tand R
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behavior between ceramic cuboids and metal sheets. Dielectric
materials were chosen as resonators to enhance transmission
efficiency. By introducing perforated metal sheets to suppress
coupling between ceramic cuboids, we increased transmittance in
the original transmission dips, achieving broadband transmission
instead of double-frequency point transmission. Modulation of
transmission amplitude and the frequency band is achieved by
varying spacing between two ceramic cuboids to change coupling
strength and mode resonance. Further modulation is possible based
on non-linear effects in dielectric material for tunable EET
frequency. These tunable non-linear EET metamaterials can play
an important role in designing new sensor devices and filter devices
due to their wider operating frequency range, greater functionality,
and lower costs (Hao et al., 2008; Ju et al., 2011; He et al., 2019; Bao
and Cui, 2020; Yang et al., 2021b; Zhu et al., 2022).

2 Results and discussion

Figure 1A shows the schematic diagram of double ceramic
cuboids placed on a Teflon substrate. The Teflon substrate is
with a dimension of 22.86 x 10.16 x 1 mm?’, and the two ceramic
cuboids are made of low-loss material calcium titanate (CaTiO3)
doped with 1wt% ZrO,, having a relative permittivity of
approximately 121 (Zhao et al, 2008; Zhao et al, 2009; Luo
et al, 2015). The CaTiO; ceramic was synthesized through the
conventional solid-state method. All the raw powders of CaTiO5 and
ZrO, were mixed by ball milling in deionized water for 30 h. After
dried, the powders were pestled in agate mortar and sieved through
50 or 60-mesh sieve. Then, the PVA solution (polyvinyl alcohol, 5 wt
%) was added to the sieved powders as organic binder. The cylinders
were formed by uniaxial compression at the pressure of 4 MPa with
a customized mould. Finally, the cylinders were sintered at the
temperature ranging from 1,250°C to 1,400°C (Luo et al., 2015). Each
ceramic cuboid has dimensions of 3.5 x 3.5 x 1 mm’. We employed a
finite-difference time-domain (FDTD) method to calculate the
transmission spectra of the EET metamaterial. In the simulations,
electric boundary conditions were set along the x- and y-directions

85 90 _ 95
Frequency (GHz)

(A) Schematic diagram of our design with two ceramic cuboids on opposite sides of the Teflon substrate and (B) its reflection and transmission
spectra in waveguide WR90, the insert shows the magnetic field distribution with a frequency of 8.776 GHz.
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(A) Schematic diagram of the EET metamaterial with double cuboids placed in the center of a perforated metal sheet. (B) Transmission spectra of the
metamaterial with only aperture and with double ceramic cuboids. (C) Calculated electric field distribution of EET metamaterial with double ceramic
cuboids placed in the center of an aperture inside a waveguide at frequencies of 8.5, 8.94, 8.982, and 9.095 GHz.

to simulate a standard waveguide of WR90, and perfect match layers
(PMLs) were set along the z-direction. The transmission and
reflection spectra were calculated for two ceramic cuboids in the
WRI0 waveguide, and the results are shown in Figure 1B. For the
transmission spectrum, two resonance dips appear at 8.776, and
9 GHz with a transmittance of 0.132, and 0.038 respectively, and a
transmission peak appears at 8.852 GHz with a transmittance of
0.758. A typical first-order magnetic mode Mie resonance may be
seen in the circular distribution of the magnetic field in the ceramic
block as shown in the insert magnetic field distribution with a
frequency of 8.776 GHz, which confirms that the ceramic cuboid is a
magnetic dipole resonance.

Figure 2A shows that when two ceramic cuboids are placed on
opposite sides of a small hole, there is a distinct peak in dual-
frequency transmission, where the small hole diameter is 6 mm. The
red dotted line in Figure 2B shows the transmittance when only the
perforated metal sheet is inserted in the waveguide. Simulated results
reveal two transmission peaks at frequencies of 9.02 and 9.14 GHz,
while experimental findings show transmission maxima at 8.94 and
9.095 GHz with respective transmittances of 0.6 and 0.742. Note that
the experimental EET results have slightly lower frequency and peak
values than those from the simulation. This may be attributed to the
uniformity doping of the samples during manufacture and small
offset in the position of the samples during the experimental
operation. However, the general features of the measured spectra
agree well with the numerical simulations. Unlike coupling just one
ceramic cuboid and a metal aperture (Cai et al., 2022), double
ceramic cuboids’ EET behavior has no specific frequency restriction
but instead has a specified bandwidth. The mechanism behind this
enhancement is examined together with local field distribution to
achieve amplitude and frequency band modulation of EET behavior

Frontiers in Materials

by varying coupling mode and strength between the two ceramic
cuboids.

Figure 2C displays the calculated local electric field distribution
for four frequency points: 8.5, 8.94, 8.982, and 9.095 GHz. The
reference pair is set at a frequency of 8.5 GHz since almost no energy
can pass through the subwavelength aperture at 8.5 GHz. At
frequencies 8.94 and 9.095 GHz, the resonant phase of both
ceramic cuboids was similar, allowing energy to couple from one
cuboid to another with improved transmission efficiency when
interacting with the perforated metal sheet. At 8.982 GHz, the
resonant phase of both ceramic cuboids was opposite but still
allowed successful coupling and normal energy transmission as if
there were only ceramic cuboids in front. In general, the mutual
coupling of magnetic modes between ceramic cuboids can make the
energy transfer from one ceramic cuboid to another, and the
perforated metal sheet can effectively inhibit the energy transfer
back. It can also be understood that when the coupling energy passes
through the metal sheet again, the phase change of the electric field
occurs so that the originally reflected electromagnetic wave is
reflected port in 2 again. Therefore, the coupling behavior
between two ceramic cuboids is the key to realizing EET
behavior. Can we change the coupling strength between two
ceramic cuboids or change the coupling mode between ceramics
to modulate the realized EET behavior? Based on this idea, we
continue the work in the following parts.

For wireless energy transmission using the magnetic mode,
distance is the most critical factor affecting efficiency. Therefore,
the relationship between the spacing (g) between two ceramic
cuboids and coupling efficiency has been investigated. Figure 3
shows that there are two transmission peaks when g = 0.5 mm
and ¢ = 1 mm due to a mode generated by the coupling of two
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Measured transmission spectra with different input power levels

P from 5 to 30 dBm, the insert shows the waveguide WR90 where the
sample was located during the experiment.

ceramic cuboids. This results in broadband transmission as we can
observe this mode when the spacing is close. However, increasing
the spacing to ¢ = 1.5mm suppresses this resonance due to a
perforated metal plate, resulting in only one transmission peak at
a frequency corresponding to the first-order Mie resonance of each
ceramic cuboid (f = 9.045 GHz with a transmission rate of 0.62).
Further increasing the spacing between ceramic cuboids leads to f =
9.07 GHz and a lower transmission rate of 0.15 for g = 2.5 mm. By
changing the coupling between these two ceramic cuboids, we can
modulate both the bandwidth and amplitude of transmissions from
broadband (g = 0.5 mm, double transmission peak, 8.91-9.12 GHz)
to a single band (9.045 GHz), and from an amplitude range of
0.835 to 0.15 by changing spacings from 0.5 to 2.5 mm, respectively.

The transmission amplitude spectra of the sample with different
in output power are measured through a Vector Network Analyzer
(VNA) combined with a power amplifier. By adjusting the power of
the incident electromagnetic field, we may control the transmission
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frequency by taking use of the thermal expansion effect. Figure 4
shows measured transmission spectra with various electromagnetic
wave incident power P, and the insert shows the waveguide
WR90 where the sample was located during the experiment.
With P increasing from 5 to 30dBm, the EET operating
frequency shows a red shift of 60 MHz. Thanks to the Mie
resonance inside the ceramic cuboid, the accompanying strong
local field raises the internal temperature changes its dielectric
constant, which is responsible for the red shift of the resonant
frequency (Guo et al,, 2016). In other words, as incident power
increases, the temperature in the cuboid will increase accordingly,
and the real and imaginary part of the permittivity of CaTiO; will
also increase, which leads to red shift and larger energy dissipation of
the EET effect. The effect could be interpreted as a third-order Kerr
non-linearity with the relative permittivity ceramic following the
expression (Makarov et al., 2017):

e=¢ -2i(o/f)*x 107 - y|E)? (1)

where ¢ is a real part of the relative permittivity of cuboid
ceramics at linear regime, o is a ceramics conductivity, f is the
frequency, c is a speed of light in free space, y is a coefficient of
Kerr non-linearity.

The transmission of metamaterial is dependent on the power of
the incident wave, which allows for a mechanism to achieve non-
linearly tunable electromagnetic metamaterial (Fan et al., 2021). The
measured results indicate that our metamaterials can be employed
for a frequency-agile device with high transmittance.

3 Conclusion

In summary, we have theoretically and experimentally
demonstrated the EET behavior by using the first-order magnetic
mode Mie resonant coupling of two ceramic cuboids. Initially, we
analyze the coupling behavior of two identical titanate (CaTiO3)
doped with 1wt% ZrO, cuboids at their resonant frequency.
Subsequently, we position these cuboids on either side of a
perforated metal sheet to leverage their local field coupling for
achieving EET with a bandwidth exceeding 100 MHz. We then
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employ the spacing between these ceramic cuboids to modulate the
strength of magnetic mode resonance coupling while controlling
transmission amplitude and bandwidth. Finally, by exploiting non-
linear effects in ceramic materials, we achieve EET frequency control
above 60 MHz via incident power modulation. This study enhances
our comprehension of light-matter interactions and provides
valuable insights into research on tunable electromagnetic
anomaly transmission microwave devices.
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Simultaneously focusing
electromagnetic and acoustic
waves by double-physical-fields
null medium

Boyang Wu'', Fei Sun®*', Yichao Liu?, Xin Liu', Xiaodan Zhao?,
Hongming Fei*, Yibiao Yang?, Zhihui Chen®, Shaowei Liang?,
Zheng Wang? and Bingjie Wang™*

'Key Lab of Advanced Transducers and Intelligent Control System, Ministry of Education and Shanxi
Province, College of Electronic Information and Optical Engineering, Taiyuan University of Technology,

Taiyuan, China, ?China-Blarus Belt and Road Joint Laboratory on Electromagnetic Environment Effect,
Taiyuan, China

A novel double-physical-fields lens that can simultaneously focus acoustic and
electromagnetic waves into a given region is designed based on double-physical-
fields null medium, which can be realized by metal plates with subwavelength
separations/thicknesses and precisely designed lengths. Numerical simulations
show the proposed double-physical-fields lens can create exactly the same
focusing effect for both electromagnetic and acoustic waves, i.e., the same
focal spot size and efficiency at the same focal length. Four typical lens with
different output surfaces are studied, which shows different focusing
characteristics, e.g., noodle-shaped focal spot, tiny focal spot, and capsule-
shaped focal spot. With the help of the designed double-physical-fields lens,
an additional degree of freedom for control can be provided by simultaneously
focusing acoustic and electromagnetic waves, which may lead to wider range of
applications than single-field focusing.

KEYWORDS

null medium, double-physical-fields lens, double-physical-fields focusing, surface
transformation, transformation optics

1 Introduction

The focusing of acoustic wave or electromagnetic wave alone has already been applied in
various important application. For example, it is an effective non-invasive way of treating tumors
by focusing ultrasound/microwave onto the tumor area, where focused high ultrasound/
electromagnetic energy can raise the temperature of the tumor cells to produce thermal
coagulation or ablation (Sato et al., 1996; Fan et al, 2013; Shi et al, 2015; Xia and Sun,
2015). Usually, tumour treatment by focused ultrasound is more accurate than the treatment by
focused microwave. However, some tissues (e.g., esophagus and rectum) cannot be penetrated by
ultrasound and can only be treated by focused microwave. Acoustic/electromagnetic tweezers,
which can capture the target particles noninvasively by forces and torques generated from the
focused acoustic/electromagnetic fields, have been widely used to manipulate the movement of
micro-nano particles (e.g., biological molecules and living cells) (Janssen et al., 2012; Ozcelik et al.,
2018; Vidiasheva et al., 2018; Marzo and Drinkwater, 2019). Currently, the focused acoustic beam
can be achieved by acoustic metasurfaces/metamaterials (Zhang et al., 2009; Qi et al., 2017; Xia
et al, 2018), negative or zero refractive index lenses (Fang et al., 2006; Gao et al., 2016), acoustic
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FIGURE 1

Schematic diagram of the DPFL by sub-wavelength air channels enclosed by metal plates.

crystal lens (Yang et al, 2004), graded index lens (Li et al, 2012),
anisotropic material lens (Li et al., 2017), and etc. Common methods of
focusing electromagnetic waves include various electromagnetic lenses
(Kwon and Werner, 2009; Kundtz and Smith, 2010; Roy et al., 2013;
Khorasaninejad et al., 2016; Chen et al., 2018), time reversal mirrors
(Lerosey et al., 2004; de Rosny et al,, 2010), structures designed by deep
learning methods (Rivenson et al., 2017; Ma et al,, 2021), and etc.
Compared with single-physical-field focusing, focusing acoustic
and electromagnetic waves simultaneously has better application
value. If the simultaneous focus of acoustic and electromagnetic
waves can be achieved, the advantages of the two focused physical
fields can complement each other. In tumor therapy, simultaneous
focused ultrasound and microwave will provide both the high
precision of focused acoustic waves for tumour treatment
(Kohrmann et al, 2002) and the high penetration of focused
microwaves for tumour treatment (Leggio et al, 2015; Lim and
Yoon, 2021). Double-physical-fields tweezers by simultaneous
focused ultrasound and microwave can provide additional degrees
of freedom in the manipulation of captured targets, e.g., the focused
acoustic beam can capture targets in the given region while the
focused electromagnetic beam can rotate them at the same time.
In industrial inspection, the focused acoustic wave can be used to
locate cracks in pipes and castings, while the focused electromagnetic
beam can help to repair these cracks (e.g., the thermal effect of focused
infrared waves can help repair cracks by dissolving the material at the
crack). In double-field focusing, the focused acoustic waves may
image/capture/locate the target, and the focused electromagnetic
waves may simultaneously perform an additional manipulation
(e.g., destruction/rotation/repairment) on the same target. In recent
years, various structures have been designed to simultaneously
manipulate electromagnetic and acoustic waves, such as
cloaking ~ (Sun et 2020),
electromagnetic shielding and sound absorption (Gao et al,, 2022),

electromagnetic-acoustic al,,
and electromagnetic-acoustic splitter (Chen et al., 2023). However,
there is little research on how to achieve simultaneous focusing of
electromagnetic and acoustic waves with the same structure.

In order to focus acoustic and electromagnetic waves simultaneously,
a novel double-physical-fields lens (DPFL) is proposed in Figure 1. The
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designed DPFL can be realized by metal plates with subwavelength
separations/thicknesses and precisely designed lengths, which performs
as a reduced double-physical-fields null medium that can convert the
incident electromagnetic/acoustic wavefront on the input surface of the
lens into the desired electromagnetic/acoustic wavefront on the output
surface of the lens (Sun et al,, 2020). Note that the ‘subwavelength’ means
the size of the separation and thickness of the metal plates are smaller
than the wavelength of the electromagnetic/acoustic wave, e.g., one-third
of the working wavelength.

2 Design method

Double-physical-fields null medium, which performs as a
perfect endoscope for electromagnetic waves and acoustic waves
simultaneously, has been theoretically studied (Sun et al., 2020).
Based on the perfect directional projection properties of the double-
double-physical-fields
transformation has been proposed in our previous study (Sun

physical-fields null medium, surface
et al, 2020), which is a graphical method to design double-
physical-fields devices. In this study, we use double-physical-
fields surface transformation to design DPFL that can focus both
electromagnetic waves and acoustic waves into the same focal point.
The parameters of the ideal double-physical-fields null medium can
be obtained from the extreme space compression transform by
transformation optics and transformation acoustics, which can be

summarized as (Sun et al., 2020):

1
e=pu= diag(K, A, A)

11
=di — = ,A— 0. 1
P dJag(A,A,A> - (1)
L
"Ta

From Eq. 1, the permittivity, permeability and modulus of the ideal
double-physical-fields null medium are extremely anisotropic, whose
values approach infinity along their main axis and are close to zero in
other orthogonal directions. After some theoretical calculations (Sun
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FIGURE 2

Simulated normalized magnetic field distribution (A) and normalized acoustic pressure distribution (B), respectively, when a TM-polarized plane
electromagnetic wave and a plane acoustic wave are incident onto the designed DPFL with a parabolic output surface f(x) = v/55x. In this design, N = 6, d =
Ao/3, t=Ao/6, L1 = 0510, L = 0.581¢, L3 = 0.781q, L4 = 1.14)¢, Ls = 1.6, Lg = 2.171¢, and Ao = 30 mm. (C, D) show the normalized magnetic field (the same
as acoustic pressure) distribution along the x and y directions [marked by white dashed lines in (A)], respectively.

et al, 2020), it shows that the metallic plates with subwavelength
separations and thicknesses, whose lengths satisfy the Fabry-Perot
resonance condition, can perform as a reduced double-physical-
fields null medium. The reduced double-physical-fields null medium
can still project TM-polarized electromagnetic waves and acoustic
waves simultaneously along the orientations of metallic plates.

As shown in Figure 1, the input and output surfaces of the DPFL are
designed as a plane and a curved surface (described by the equation y = f
(x)), respectively. The DPFL is composed by an array structure of 2N +
1 parallel metal plates with equally subwavelength separation d and
thickness t. 2N air channels are formed between two adjacent metal
plates, which are labeled from the centre of the lens outwards as channel
1, channel 2, ... and channel N. The size of the input surface of the
DPFL is h = 2Nd + t, which can be adjusted by increasing or decreasing
the number of metal plates for matching the width of the incident wave.
The length of the k-th air channel approximately satisfying the Fabry-
Perot resonance condition (i.e., Ly = mAy, m = 1, 2, 3. . ., where A, is the
working wavelength) to obtain the best transmittance, which is defined
as the efficiency of the DPFL for electromagnetic waves (Xia et al., 2018):

where S is the Poynting vector (i.e., the energy flow density vector), [
and h are the transverse sizes of the focusing spot and input surface
along the y-axis, respectively (see Figure 1). Although there is no
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concept of Poynting’s vector for acoustic waves, the z component of
magnetic field H, field for TM polarized electromagnetic waves and
the acoustic pressure for acoustic waves satisfy the same Heimholtz
equation, and the subsequent simulation results show that the
designed structure has exactly the same focusing effect on both
magnetic field and acoustic pressure, therefore the efficiency defined
by Eq. 2 is also suitable for the focusing efficiency of acoustic wave.

In this study, the efficiency of the lens is calculated as follows: we
first remove the DPFL and calculate the integration of the incident
energy flow over the air surface with the same size of the DPFL’s input
surface, which gives the denominator of Eq. 2, ie., the total incident
energy. Then, we add the DPFL and calculate the integration of energy
flow density over the width of the focused spot, which gives the
numerator of Eq. 2, ie, the energy at the focused spot. Since all
simulations show that the lens produces exactly the same field
distribution for both electromagnetic wave and acoustic wave, the
simulated results for electromagnetic waves are used to calculate the
lens efficiency in the subsequent optimization calculations.

The designed DPFL by metal plates in Figure 1 performs as
reduced double-physical-fields null medium for TM-polarized

IS -dA electromagnetic and acoustic waves, whose function is to
n=t+—, (2)  simultaneously project the electromagnetic/acoustic  field
{ S-dA distributions from the input surface along the direction of the air

channel onto the output surface (Sun et al, 2020). When the
wavefront of the incident EM wave/acoustic wave coincides with
the shape of the DPFL’s input surface (e.g., plane wave), the
wavefront of the outgoing wave can be converted to coincide
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FIGURE 3

Simulated normalized magnetic field distribution (A) and normalized acou

stic pressure distribution (B), respectively, when a TM-polarized plane

electromagnetic wave and a plane acoustic wave are incident onto the designed DPFL with a hyperbolic output surface equation f(x) =

70 V=1 +x2/22500. In this design, N = 6, d = A¢/3, t = 19/6, L1 = 0.510, L, = 0.

580, L3 = 0.7510, Ls = .01, Ls = 1.35)0, L = 1.750, and Ao = 30 mm. (C, D)

show the normalized magnetic field (the same as acoustic pressure) distribution along the x and y directions [marked by white dashed lines in (A)],

respectively.

with the shape of the DPFL’s output surface after passing through
the DPFL. Therefore, a double-physical-field focusing effect can be
obtained by designing various geometrical shapes of output surfaces.

3 Simulation results for various DPFLs

The double-physical-fields focusing effect of various DPFLs with
different output surfaces are studied numerically. All numerical
simulations in this study are carried out by COMSOL Multiphysics
5.6 (license number 9406999). All numerical simulations are 2D
simulations in this study, which means that the metal plates are
infinite along the z direction. The radio frequency module and the
acoustic module are utilized to calculate electromagnetic field
distribution and acoustic pressure distribution, respectively. The
working wavelength is designed as 1o = 30 mm, which corresponds
to the working frequencies 10 GHz for electromagnetic wave and
11.4 kHz for acoustic wave, respectively. The metal is modeled as
perfect electric conductor and hard wall boundary condition for
electromagnetic simulation and acoustic simulation, respectively.
Note that metallic plates can perform as reduced null medium for
only TM-polarized electromagnetic waves, we only simulate the
DPFLs for TM-polarized electromagnetic waves in this study. The
double-physical-fields focusing effect of DPFLs with four different
shapes of the output surface are studied, which include the parabolic
surface in Figure 2, the hyperbolic surface in Figure 3, the elliptical
surface in Figure 4, and the circular surface in Figure 5.
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The designed working wavelength (A, = 30mm) and
corresponding frequencies (11.4 kHz and 10 GHz for acoustic
and electromagnetic waves, respectively) is used as one example
in this study, which can be changed to other values according to
different applications. For example, we can first determine the
required acoustic frequency for a specific application (e.g.,
ultrasonic detection), and then the new working wavelength can
be calculated accordingly, thereafter the parameters of the DPELs
can be redesigned by using Fabry-Perot resonance condition L, =
mhy, m =1, 2, 3..., where Ay is the new working wavelength.

The lens designed in this study involves metal and air. For air, it can
be considered a loss-free material for both electromagnetic and acoustic
waves. Considering the conductivities of metals are extremely high (e.g.,
the conductivity of the copper is 6¥10” [S/m]) in the microwave band
(the designed working frequency 10 GHz), whose skin depth can be
treated as zero (modeled as perfect electric conductor), the material loss
of the metal has essentially no effect on the focusing effect of the
electromagnetic waves in the designed working frequency. Similarly,
metals can usually be treated as a hard wall boundary condition for
acoustic waves (Yang et al,, 2016), ie., acoustic waves cannot enter.
Therefore, the material loss of the metal has no effect on the focusing
effect of the acoustic waves.

The simulated results verify the designed DPFL with a parabolic
output surface (i.e., the equation of the output surface is chosen as a
parabolic equation flx) = +/55x) can focus both TM-polarized
electromagnetic plane wave in Figure 2A and acoustic plane wave
in Figure 2B, respectively. When a planar electromagnetic wave and

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1229164

Wu et al.

|H|[A/m]

FIGURE 4

o

DOF=2.1/,

v

S
e

-, O

n
s
\
T

|

FWHM0.73/,

[H|[A/m]

0.0 " J
-2 0

YAy

)

10.3389/fmats.2023.1229164

Simulated normalized magnetic field distribution (A) and normalized acoustic pressure distribution (B), respectively, when a TM-polarized plane
electromagnetic wave and a plane acoustic wave are incident onto the designed DPFL with an elliptical output surface equation f(x) = 70 V1 - x2/8100. In
this design, N =6, d = Ao/3, t = 10/6, L1 = 0.5)¢, Lo = 0.551¢, Lz = 0.661¢, L4 = 0.84)¢, Ls = 1.12)¢, Lg = 15210, and Ao = 30 mm. (C, D) show the normalized
magnetic field (the same as acoustic pressure) distribution along the x and y directions [marked by white dashed lines in (A)], respectively.

FIGURE 5
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Simulated normalized magnetic field distribution (A) and normalized acoustic pressure distribution (B), respectively, when a TM-polarized plane
electromagnetic wave and a plane acoustic wave are incident onto the designed DPFL with a circular output surface equation f(x) = V8464 — x2. In this
design, N = 8,d = 111¢/30, t = 111¢/60, L1 = 0.93)g, L, = 0.97)A, L3 = 1.05)¢, L4 = 1.17X¢, Ls = 1.36A¢, Lg = 1.61)q, L7 = 1.96A¢, Lg = 2.471p, and 1o = 30 mm. (C,
D) show the normalized magnetic field (the same as acoustic pressure) distribution along the x and y directions [marked by white dashed lines in (A)],

respectively.

Frontiers in Materials

74

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1229164

Wu et al.

TABLE 1 Key parameters of the DPFLs with different output surfaces.

Surface f DOF FWHM Efficiency (%)
Parabola 417\ 197 0.77\o 31.42
Hyperbola 2.1\ 0.68\¢ 0.67\o 26.86
Ellipse 3.4\ 2.1\ 0.73)o 2237
Circle 6.7\0 413\, 0.95\, 37.71
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FIGURE 6
Efficiency of the parabolic DPFL when parameters d and A are
scanned.

a planar acoustic wave are incident onto the designed DPFL, the
normalized magnetic/acoustic field distributions are identical in
Figures 2A, B, which show exactly the same focusing spots for
both fields can be created at the same distance f (i.e., the focal length)
from the output surface of the DPFL. The depth of focus (DOF) is
the distance range measured normal to the lens over which the spot
remains tightly focused (Banerji et al., 2020). In this study, DOF is
used to describe longitudinal scale of focal spot. The simulated
results show that the parabolic DPFL simultaneously focus
electromagnetic waves and acoustic waves into a capsule-shaped
spot with a relatively moderate size, which is often described by full
width at half maxima (FWHM = 0.771,) and depth of focus DOF =
1.9, at relatively long focal length f = 4.17A, with efficiency # =
31.42% (see Figures 2C, D).

Please note that the amplitudes of magnetic field and acoustic
pressure are normalized, which leads to a range of values between 0
(minimum) and 1 (maximum), and the color bars in all figures are in
the range 0-1. In this case, the blue regions in the color bar indicate
that the amplitude of magnetic field or acoustic pressure at these
positions are zero ‘0, the red regions in the color bar indicate that the
amplitude of magnetic field or acoustic pressure at these positions
are the maximum ‘I’, and the other colors mean that the amplitude
of magnetic field or acoustic pressure are between the zero ‘0’ and the
maximum “17.
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The hyperbolic DPFL, whose output surface satisfy a hyperbolic
equation flx) = 70 V-1 +x%/22500, can also focus both TM-
polarized electromagnetic plane wave in Figure 3A and acoustic
plane wave in Figure 3B, respectively. The simulated results in
Figure 3 show that the hyperbolic DPFL can produce a tiny focal
spot with smaller size FWHM = 0.671, and depth of focus DOF =
0.681, for both fields at short focal length f = 2.1\, with efficiency n =
26.86% (see Figures 3C, D), which is more suitable for the double-
fields manipulation of small particles.

The elliptical DPFL, whose output surface satisfy a elliptical
equation f(x) = 70 V1 - x?/8100, can simultaneously focus TM-
polarized electromagnetic plane wave in Figure 4A and acoustic
plane wave in Figure 4B, respectively. The simulated results in
Figure 4 show that the parameters of the focal spot created by
the elliptical DPFL are FWHM = 0.7310, DOF = 2.1\, and f= 3.4A,,
which are close to the parameters of the focal spot created by the
parabolic DPFL in Figure 2. Compared the parabolic DPFL in
Figure 2, the elliptical DPFL has significant side spots around the
focal spot, which leads to a small efficiency 1 = 22.37%.

The circular DPFL, whose output surface satisfy a circular
equation flx) = V8464 —x2, can simultaneously focus TM-
polarized electromagnetic plane wave in Figure 5A and acoustic
plane wave in Figure 5B, respectively. The simulated results in
Figure 5 show that the circular DPFL can produce a noodle-
shaped focal spot with the size FWHM = 0.951, and depth of
focus DOF = 4.13), for both fields at long focal length f = 6.71, with
efficiency 1 = 37.71% (see Figures 5C, D), which is more suitable for
the double-physical-fields noninvasive processing/treatment.

Theoretically, according to the double-physical-fields surface
transformation theory, when the output surface of the lens is chosen
to be of different geometrical shapes, the wave front of the output
wave will be modulated to that shape accordingly. In this design, the
output surfaces are designed as parabola, hyperbola, ellipse and
circle, respectively, and according to the nature of perfect projection
of null medium, the wave fronts of the output waves are modulated
into these four surfaces accordingly. In these four cases, the output
wave is focused at the focal point of the parabola/hyperbola/ellipse
and at the centre of the circle, and the position of the focal point can
be adjusted by changing the geometrical parameters of the
corresponding output surface.

The key parameters of the DFPL with four different output
surfaces are given in Tab. 1, which can be a guidance for different
applications. For the parabolic DPFL, the energy of the sidelobe is
concentrated before the focal point, and the energy distribution of
the sidelobe is weaker after the focal point and the focal plane, which
leads to a relatively high efficiency (~31.42%). The focal spot of the
parabolic DPFL is capsule-like spot with a relatively moderate size
(FWHM~0.771y and DOF~1.9),), and the long focal length is
relatively long (f ~ 4.17A,). For the hyperbolic DPFL, the energy
of the sidelobe is distributed before and after focusing plane, which
in turn leads to lower efficiency (~26.86%). The hyperbolic DPFL
can produce the smallest focal spot with very compact sizes in both
horizontal direction (DOF = 0.68),) and vertical direction
(FWHM = 0.671,) at the shortest focal length f = 2.1Ay, which is
very suitable for precisely confining tiny objects to small area. For
the elliptical DPFL, the energy of the sidelobe is distributed before
and after focusing plane, which has the lowest efficiency (~22.37%).
The elliptical DPFL can create a capsule-shaped spot with a relatively
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Simulated normalized magnetic field distribution (A) and normalized acoustic pressure distribution (B), respectively, when a TM-polarized plane
electromagnetic wave and a plane acoustic wave are incident onto the optimized parabolic DPFL with a output surface f (x) = v45x. In this design, N = 6,
d=327)o, t=d/2,L1=0.5)0, L, =0.61), L3 = 0.86Ag, L4 =1.25), Ls = 1.78)¢, Lg = 2.4610, and 1o = 30 mm. (C, D) show the normalized magnetic field (the
same as acoustic pressure) distribution along the x and y directions [indicated by white dashed lines in (A)], respectively.

moderate size (FWHM~0.73), and DOF~2.1\,) and moderate focal
length (f~ 3.4A¢). For the circular DPFL, the energy of the sidelobe is
concentrated before the focal point, and the energy distribution of
the sidelobe is weaker after the focal point and the focal plane, which
has the highest efficiency (~37.71%). The circular DPFL can produce
a noodle-shaped focal spot at the longest focal length (f ~ 6.7A),
which can be used for noninvasive processing/treatment that
requires penetration of surfaces (e.g., inside pipes and human
bones). In summary, elliptical/parabolic DPFLs are moderate-
focal-length lenses with moderate focal spot sizes, hyperbolic
DPFL is short-focal-length lens with smallest focal spot size, and
circular DPFL is long-focal-length lens with noodle-shaped
focal spot.

4 Parameters scanning

From the above analysis, the parabolic DPFL has relatively
moderate parameters, which is chosen as an example to study
how to further improve the efficiency of the DPFL by choosing
suitable structural parameters. Simulation results show separation
distance d in Figure 1 and surface parameter A (f(x) = VAx) both
affect the focusing efficiency of the parabolic DPFL. As show in
Figure 6, both d and A has a significant impact on the efficiency of
the parabolic DPFL.
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If d is too large, then the metal plates in Figure 1 will no longer
behave as an effective medium for double fields; while if d is too
small, it is difficult to ensure that each channel approximately meets
the Fabry-Perot resonance condition, thus the scan range of d is
limited to d = 3y ~ 4.3, in Figure 6. If A is too small, the shape of
the output surface will be reduced to a plane, and the focusing effect
will disappear; while if A is too large, more number of metal plates
are required to mimic the sharp curvature variation at the output
surface, which is difficult to ensure that each channel approximately
meets the Fabry-Perot resonance condition, thus the scanning range
of A is limited to A = 1.41¢ ~ 3, in Figure 6.

During the scanning, the number of air channels 2N = 12, the
thickness of the metal plate ¢t = d/2, and the working wavelength A, =
30 mm are kept unchanged. As shown in Figure 6, the best efficiency
1 = 37.59% can be obtained when d = 3.27, and A = 1.5, for the
optimized parabolic DPFL. The optimized parabolic DPFL with a
higher energy utilization can still focus both electromagnetic and
acoustic waves simultaneously with a relatively moderate size
(FWHM = 0.591, and DOF = 1.931;) and focal length (f =
4.3)¢), which is verified by numerical simulations in Figure 7.

For a perfect DPFL realized by ideal double-physical-fields null
medium, the shape of the outgoing wave should be exactly the same
as the shape of the output surface. However, for the reduced null
medium by metallic array, the length of each air channel must be an
integer multiple of the wavelength to obtain the best transmittance,
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which leads to the shape of the outgoing wave is not exactly the same
as the output surface. In this case, the focal point is the result of the
interference of the outgoing waves from multiple air channels, which
results in a non-peak energy at the focal point along the x axis. To
solve this problem, the waveguide metamaterials (Zheng et al.,
2019), instead of an array of metal plates, can be used to realize
the reduced null medium, where the FP condition does not need to
be satisfied for each channel. In this case, the energy at the focal
point can be a peak along the x axis. However, such a lens based on
waveguide metamaterials would only be effective for
electromagnetic waves and cannot be able to focus both
electromagnetic and acoustic waves.

Our design principle is different from the current method on
designing metasurfaces, which often needs to numerically
calculate the phase shift and transmittance of each
metasurface, and then adjust the geometric parameters of
each unit to make its transmittance phase satisfy a specific
the of that the

transmittance of each unit is close to 1) to achieve the

distribution  (on premise ensuring
focusing or other desired effect (Liu et al., 2020; Cai et al,
2021). In our design method, metal channels are used to mimic
null medium for both electromagnetic wave and acoustic wave,
which perform as the reduced null medium (Sun et al., 2020;
Chen et al., 2023). For the ideal null medium, the transmittance
should be 100% and the transmission phase should be zero. In
this case, the wavefront of the output wave can be directly
modulated by changing the geometry of the output surface. To
achieve the ideal null medium, the length of each metallic
channel needs to be close to an integer multiple of the
operating wavelength (i.e., the FP condition) to ensure that
the transmittance is close to 1 while the transmission phase is
almost 0. Therefore, we do not plot the phase shift and
transmittance of each metallic channel. From the simulation
results in Figures 2-5, it can be seen that a stable integer number
of half standing waves are generated in each metal channel,
i.e., the desired FP resonance conditions are met.

In this study, the sound and electromagnetic waves are
focused at the same wavelength by the designed DPFL. If we
want to simultaneously focus acoustic and electromagnetic waves
at individually different wavelengths rather than the same one,
some gas [e.g., hydrogen (Li et al., 2017)] may be filled in each
metallic channel instead of air. In this case, the effective optical
path and acoustic path are different in each metallic channel,
which will lead to different wavelengths that satisfy the FP
resonance condition for electromagnetic wave and acoustic
wave. As the FP resonance condition should be satisfied for
both
focusing

medium for
the
performance of the designed lens is not broadband. The

each metal channel to mimic null

electromagnetic wave and acoustic wave,
focusing efficiency of the designed lens may be improved by
adding some internal structures inside of each metallic channel
(see arXiv:2305.00910). The proposed lens is a bulk lens, which
has the curved output surface. To achieve a flat lens, metasurface
may be a good choice (Liu et al., 2020; Cai et al., 2021). However,
the current metasurface can only work for single-physical-field
(i.e., electromagnetic wave or acoustic wave). Many prior
groundwork are still needed to achieve metasurface-based flat

lens for double-physical-field focusing.
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5 Conclusion

By designing sub-wavelength air channels surrounded by metal
plates, which performs as reduced double-physical-fields null
medium, a DPFL lens that can simultaneously focus both
electromagnetic and acoustic waves is designed. By adjusting the
geometrical shape of the output surface, the focal spot size and focal
length for both fields can be modified. Four typical DPFL lenses with
different output surfaces are numerically studied, which shows
different focusing characteristics and key parameters, e.g., long
focal length and noodle-shaped spot for circular DPFL, short
focal length and tiny spot for hyperbolic DPFL, and capsule-
shaped spot with a moderate size for parabolic/elliptical DPFLs.
As an example, the relationship between the key parameters of the
parabolic DPFL and its efficiency is studied. This study provides a
new way to focus electromagnetic and acoustic waves
simultaneously, which may provide an additional degree of
freedom for modulation than single-field focusing and have
potential applications in medical therapy, sensors/detectors and

tweezers.
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Electromagnetic cloak or illusion, which can interfere with device detection and
provide superior self-protection capabilities for animals or humans, has received
much attention. The proposal of transformation optics provides a generalized
strategy for realizing electromagnetic illusion. However, the complex parameter
composition causes a substantial computational cost, which is not conducive to
practical applications. To overcome these challenges, we report an intelligent
illusory metasurface optimized by a genetic algorithm, which not only presents
predefined illusory effects but also reduces the parameter space in physics. By
designing a high-performance tunable metasurface, a high-fidelity inverse design
is performed in simulation. Near-field and far field results show that the
metasurface can generate virtual targets in different scenarios and realize
electromagnetic illusion. This work is helpful in facilitating the practical
application of electromagnetic illusion strategies.

KEYWORDS

tunable metasurface, electromagnetic illusion, genetic algorithm, global optimization,
inverse design

1 Introduction

Electromagnetic (EM) illusion technology is one of the most promising applications
(Jiang et al., 2010; Jiang and Cui, 2011; Schittny et al., 2014; Xu et al., 2015; Yang et al., 2016;
Huang et al., 2018; Cai et al., 2022; Liang et al., 2023), which can visually produce virtual
objects that do not exist or transform an object into other forms, interfering with EM
detection and ultimately achieving camouflage for active attack or passive defense. In
traditional methods, optical illusions can be realized with the theory of transformation optics
(Pendry et al., 2006; Schurig et al., 2006; Lai et al., 2009a; Lai et al., 2009b; Luo et al., 2009;
Landy and Smith, 2013; Zheng et al., 2019), such as using complementary media to eliminate
the original object and release the illusion of another object. However, this design is very
complicated, and the extreme materials with anisotropy and inhomogeneity also make its
practical application face a bottleneck. At the same time, a critical prerequisite for the
realization of EM illusions is the acquisition of high-performance metamaterials/
metasurfaces with the desired EM response.

Traditionally, this process of designing metasurfaces needs to be accomplished by time-
consuming, inefficient, empirically guided numerical simulations or physically based

79 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmats.2023.1289250/full
https://www.frontiersin.org/articles/10.3389/fmats.2023.1289250/full
https://www.frontiersin.org/articles/10.3389/fmats.2023.1289250/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2023.1289250&domain=pdf&date_stamp=2023-10-03
mailto:12130001@zju.edu.cn
mailto:12130001@zju.edu.cn
mailto:luhuan123@zju.edu.cn
mailto:luhuan123@zju.edu.cn
https://doi.org/10.3389/fmats.2023.1289250
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2023.1289250

Tult ab

Optimize

Zhu et al.

Initial RCS

Selection
Numl |

B
(] 6=
| .
FIGURE 1

The conceptual diagram of GA-driven EM illusion.

methods; and theoretical methods will fail when the shape of the
object is irregular (Chen et al., 2007; Li and Pendry, 2008; Hao et al.,
2021; Shan et al., 2021; Hao et al., 2022). In recent years, intelligent
optimization algorithms have emerged, strongly contributing to the
study of metasurfaces (Goodfellow et al., 2016; Vaswani et al., 2017;
Li et al., 2019; Qian et al., 2020; Shlezinger et al., 2021; Keeley et al.,
2022; Ma et al., 2022; Shao et al., 2022; Lu et al., 2023; Zhong et al.,
2023). Such as intelligent scattering and cloak (Qian et al., 2020),
adaptive focusing (Lu et al., 2023), etc., which provide guidance for
the inverse design of metasurfaces, and also provide the basis for
realizing the EM illusion of false targets.

This study proposes an illusionary metasurface optimized using
genetic algorithm (GA) (Lecun et al., 1998; Shakya, 2002; Pierro
et al.,, 2004; Hinton et al., 2012; Lingaraj, 2016; Krizhevsky et al.,
2017; Katoch et al., 2021) that can produce false targets in different
scenarios. Firstly, the metasurface with high reflectivity and wide
phase coverage is designed, and an adaptive regulation model of GA
and metasurface is constructed. Different objective functions are
selected according to the requirements in different environments,
and the tunable metasurface satisfying the predefined objectives is
reverse-designed after global optimization and iteration of the
algorithm. Ultimately, illusory scattering that produces false
vehicle targets is achieved using the metasurface in both the
absence of objects and the presence of a single object. Despite
the operating frequency being 5 GHz, the optimization method
has no restriction on the frequency, and false scattering can be
achieved at other arbitrary frequencies by simply modifying the
appropriate objective function. This work eliminates the need for
theoretical computation of complex parameters and allows iterative
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generation of spurious scattering given only the optimization
objective. It has a wide range of promising applications in
various such as metasurface inverse

aspects, design and

intelligent tuning.

2 Methods

Figure 1 illustrates the conceptual diagram of an EM illusion using the
tunable metasurface to generate the virtual target. The intelligent
metasurface consists of a series of tunable unit cells (as shown in the
inset at the top right), and it is independently tunable in one-dimensional
direction (y-direction) for each cell to produce a rich EM response. When
an object exists on the metasurface (actual target), initial radar cross section
(RCS) is generated under the effect of EM waves. The observer can
recognize the target by judging the approximate shape of the object based
on the RCS. If other types of far-field RCS can be generated, the detection
device will be interfered with to realize EM illusion. As shown in Figure 1,
using the target RCS as the objective function, after the global optimization
of the GA and the modulation of the metasurface, the system finally
produces the RCS that is generated only when two targets exist, ie., the
virtual target is generated.

A high-performance tunable reflection unit cell is designed to
generate the false targets. Figure 2A shows the designed structure,
consisting of a dielectric substrate and a metal with a relative
permittivity &, = 2.65, a loss angle tangent of 0.002, a thickness
of 2.5 mm, and a size of 10 x 10 mm?. The backside of this structure
is an all-reflective metal layer, which ensures a high reflectivity of the
incident EM wave. The metal on the front side of the unit cell is
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FIGURE 2
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The unit cell and S-parameters. (A) Schematic diagram of the unit cell, where p = 10 mm, wl = L.5mm, w2 = 4.2 mm, w3 = 45mm, and h = 2.5mm.
(B) The phase response of the unit cell. (C) The magnitude response of the unit cell.
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The process for generating false targets in different scenarios using GA and metasurface. (A) Input data for the first scenario. (B) Genetic algorithm
process. (C) The first illusion scene. (D) Input data or the second scenario. (E) The second illusion scene.

centrosymmetric in which a varactor diode is embedded in the
middle. The diode model is a MAVR-000120-14110P varactor
manufactured by MACOM, which has an adjustable capacitance
between 0.14 pF and 1.1 pF with a parasitic resistance of 2.5 Q. The
equivalent circuit diagram of the capacitive diode is shown in the
inset portion of Figure 2A. In the actual simulation, the RC model is
used as the equivalent circuit, and the characteristics of the diode can
be changed by adjusting the capacitance. We analyze the

Frontiers in Materials

S-parameters using the CST2021 in the frequency domain mode.
For simulation, both the x and y directions are set as unit cell
boundaries, the electric field along the y direction, and the magnetic
field along the x direction.

The S-parameter characteristics are shown in Figures 2B, C. The
horizontal coordinate represents the frequency change. It can
be seen that the reflection phase varies continuously up to 330°
at f =5GHz (Figure 2B), and the reflection amplitude is better
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Metasurface generates the false vehicle target. (A) Scattering of the object. (B) Scattering of the metasurface. (C) The results of the RCS.

than -2 dB (Figure 2C). The unit cell can achieve continuous phase by
adjustment the capacitance. In order to increase the speed of the global
optimization, we chose six capacitors as feature with capacitance values
of 0.18, 0.26, 0.36, 0.5, 0.7, and 1 pF, respectively. The corresponding
phases are 130°, 100, 70°, 40°, —110°, and —200°, respectively. They are
also used for the subsequent iterations of the algorithm. Even if the phase
response of a single structure does not reach 360°, rich EM modulation
can be realized by global tuning of the metasurface.

The virtual target is then generated using GA and the
metasurface, the progress is illustrated in Figure 3. The
metasurface is composed of a set of tunable unit cells, the
state is independently along the y-direction, and it is
periodically arranged along the x-direction. The size of the
metasurface is 200mm x 250mm, as shown in Figure 3A.
Figure 3B shows the iterative flow of the GA. In general, the
algorithm includes evaluation, selection, and crossover/
mutation. The “evaluation” means the loss between predicted
and actual results, also known as the objective function; the
“selection” is to select different state sequences, and the
“crossover” is an update strategy. Defining the loss function

using mean absolute error (MAE):

1 m
MAE = —Zi=1|ETheory - ETESfl (1)

m
where Erpeory is the target electric field, and the Ereg is the electric
field generated during the iteration. If the iteration termination
condition is not satisfied at the moment ¢, the algorithm re-selects
the state sequence (i.e., capacitance [Capl, Cap2, ..., Cap25]) at the
moment f+ 1 according to the loss function. After that, the
metasurface state changes and will generate the new electric field.
The GA re-judges the error at this time, and terminates the iteration
if the condition is satisfied. Otherwise, the next update is performed.

In the first case, we take the electric field generated by the
metasurface as the input (Figure 3A) and take the single-vehicle
scattering data as the target (Goal-1 in Figure 3B). After global
optimization by the GA, we can eventually generate the scattering
field similar to one vehicle target, thus confusing the observer, as
shown in Figure 3C.

In the second case, the electric field generated by the metasurface
and the vehicle together is used as the input (Figure 3D). Taking it as
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the goal data (Goal-2 of Figure 3B), the system can generate the
electric field that similar to two vehicle targets after global
optimization, thus creating a false target (as shown in Figure 3E).
After being driven and guided by the GA, the various virtual target
can be generated in different scenarios, interfering with the detection
and realizing the EM illusion.

The results of generating one false vehicle target are shown in
Figure 4. Figure 4A shows the results of the real part of the electric
field of the vehicle model on a metal ground, where it can be seen
that there is strong backward scattering. The vehicle model has a
height of about 60 mm and a length of about 70 mm. The electric
field is used as the target data. Using GA to optimize and adjust
the metasurface, and the final iteration electric field is shown in
Figure 4B. In Figure 4, the horizontal coordinate x denotes the
length of the metasurface, and the vertical coordinate y denotes
the distance from the metasurface, and all data are normalized. A
comparison of Figs a and b shows that there is a high similarity,
which means the metasurface produces a false target that
approximates the vehicle model. The MAE loss is 0.15.

Figure 4C shows the comparison results of the far-field RCS,
where the red solid line is the RCS produced by the target
(Figure 4A) and the blue solid line is the RCS produced by the
metasurface (Figure 4B). The RCS was defined as:

o= 271p|H; - Hﬂz 2

where H}, and H § are the electric field in the object and background

cases respectively. Calculating the correlation coefficient
7 (ETheory> Erest) for Figure 4C, which is defined as:
C ETheor )ETest
r(ETheory: ETest) = ( 2 ) (3)

) \/Var [ETheory ] Var [ETzst]

C((Erheorys Erest ) = E[(Erncory = E[Etneory | ) (Erest = E[Erea])]
= E|Enheory Brest| = 2E[Erest |E[ Erieory | + E[Etneory |E[Eres]  (4)
= E|EricoryErest | ~ E[Erheory |E[Ere]

where C(Etpeory, Etest) is the covariance of Efpeory and Ereg,
Var(Erpeory] is the variance of Erpeory, and Var[Ereg] is the
variance of Er.y. E is the mathematical expectation. The correlation
between the two curves in Figure 4 was calculated to be 96.2%. Thus, the
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FIGURE 5

Metasurface generates the false vehicle target in another scenario. (A) Scattering of the target one. (B) Scattering of targets one and two. (C)
Scattering from metasurface and target one. (D,E) Comparison of RCS in different scenarios.

ability of the metasurface to generate false targets is demonstrated in
both the near and far fields.

Figure 5 shows the results of the metasurface generating a
virtual target in another scenario. In Figure 5A, a vehicle target
made of PEC is placed above a metallic ground and generates
scattering, labeling the object as target one. In Figure 5, the
horizontal coordinate x denotes the length of the metasurface and
the vertical coordinate y denotes the distance from the
metasurface. Two identical vehicles (target one and target two)
were placed above the PEC, and their near-field scattering is
shown in Figure 5B. The effect of the metal object results in
inhomogeneity across the real part of the electric field. Using the
data in Figure 5B as the goal function, and the final iteration
electric field is shown in Figure 5C. The comparative results of
Figures 5B, C reveal the consistency of the electric field, at which
point the MAE loss is 0.18.

Figures 5D, E show the far-field RCS results. In Figure 5D, the
blue solid line is the RCS generated by target one (i.e., Figure 5A).
The red solid line is the RCS generated by target one and target
two together (i.e., Figure 5B), and the correlation of the curves is
only 20%. After global optimization, the far-field RCS generated
by the metasurface and target one has a high similarity with the
two targets, as shown in Figure 5E, and the correlation coefficient
is 97.3%.
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3 Conclusion

In conclusion, we implement a joint GA and metasurface to
realize an EM phantom for false target generation, and this joint
modulation model is validated to be effective in different scenarios.
High-performance and reliable tunable reflective hypersurface
structures are designed, which can achieve a continuous phase
change of about 330° at the operating frequency while the
amplitude is better than —2 db. The metasurface arrays designed
with the assistance of genetic algorithms can generate scattering
from vehicle targets in both scenarios with no objects or in the
presence of a single object, and both near-field and far-field data
validate the effectiveness of the simulations. Compared to traditional
deep learning algorithms, GA can achieve global optimization with
unlabeled data and explore more parsing solutions to the problem.
In scenarios with more targets, only the optimization objective
function is modified to achieve false scattering for different
scenarios. This work provides new ideas for EM metasurface
inverse design and can be used to decode richer structures.
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