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Chapter

Artificial Surfaces and Media for
Electromagnetic Absorption and
Interference Shielding

Pai-Yen Chen, Mohamed Farhat, Zhilu Ye,
Muhammad Amin, Hakan Bagci and Danilo Erricolo

Abstract

The rapid advent of radio-frequency (RF) and microwave technologies and
systems have given rise to serious electromagnetic pollution, interference and jam-
ming for high-precision detection devices, and even threats to human health. To
mitigate these negative impacts, electromagnetic interference (EMI) shielding
materials and structures have been widely deployed to isolate sophisticated instru-
ments or human settlements from potential EMI sources growing every day. We
discuss recent advances in lightweight, low-profile electromagnetic absorbing
media, such as metamaterials, metasurfaces, and nanomaterial-based solutions,
which may provide a relatively easy solution for EMI shielding and suppressing
unwanted RF and microwave noises. We present a general review of the recent
progress on theories, designs, modeling techniques, fabrication, and performance
comparison for these emerging EMI and electromagnetic compatibility (EMC)
media.

Keywords: EMI, EMC, metamaterials, metasurfaces, perfect electromagnetic
absorbers

1. Introduction

Electromagnetic absorbers have important applications in a plethora of applica-
tions, including but not limited to electromagnetic interferences and electromag-
netic compatibility [1-5], stealth [6-9], camouflage [10], shielding [11-13], energy
harvesting [14, 15], as well as antenna and optical measurements [2, 16-18].
Recently, the scientific interest has focused on EMC and EMI shielding that studies
how to suppress noise or interference in various electronic appliances and radiative
damage to humans caused by unintended EM signals. In these applications, electro-
magnetic absorbers play an essential role. As one of the representative examples, a
high-performance and cost-effective anechoic chamber, which can provide a zero-
reflection environment mimicking free space, is of paramount importance for EMC
test, antenna, and scattering measurements, among many other applications. As
illustrated in Figure 1(a), in an anechoic chamber, the entire inner surfaces (walls,
ceiling, and floor) are properly covered with absorbers to absorb waves propagating
toward them and thus eliminate multipath interferences. Hence, a simple and well-
defined propagation channel can be obtained between the transmitting source and
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Figure 1.
Examples of practical applications of electromagnetic absorbers in EMC/EMI: (a) an anechoic chamber and
(b) a high-isolation MIMO antenna system.

receiving antennas or a scattering object for radar cross-section (RCS) measure-
ments. Nearly perfect absorption, realized with an ultrathin, lightweight, and low-
cost manner, makes the artificial surfaces and media (i.e., metamaterials and
metasurfaces) advantageous over the conventional electromagnetic absorbers made
of natural materials. Ever since the first perfect metamaterial absorber was pro-
posed by Landy ez al. [19], numerous designs have been proposed for metamaterial
or metasurface absorbers over a wide range of frequencies [20-25] and even with
multiband operation [1, 26-28].

The applications include RCS reduction and stealth [29], EMI shielding [12, 13],
sensing [30-33], terahertz imaging [34-36], energy harvesting, etc. A representa-
tive modern application of metamaterial absorbers may be the enhanced isolation in
the multiple-input-multiple-output (MIMO) antenna system [37, 38], as depicted in
Figure 1(b). With the growing demand for miniaturization of telecommunication
devices, reducing the mutual coupling or cross-talk among the antenna elements
has been a challenging task in MIMO systems. A specifically designed metamaterial
absorber mostly consisting of periodic resonators can help improve the isolation
among antenna elements and further enhance the efficiency of a MIMO system
since it can significantly absorb the unwanted interferences among antennas.

The impedance of a material is defined as +/u, /€0, With &, g0 (1, 41¢)
denoting the relative permittivity, permittivity of free space (the relative perme-
ability, permeability of free space), respectively [39]. At microwave frequencies
and even at the terahertz (THz), most of the naturally occurring materials (used,
for instance, in microelectronics) exhibit very low to nonexistent magnetic reso-
nances and thus y, &1 [40]. On the other hand, the relative permittivity can attain
extremely high values, e.g., in conductors such as noble metals or graphene (in the
THz regime). So, the impedance is generally much smaller than that of the sur-
rounding (n/ny~1/,/€, < 1) [41]. This huge mismatch can cause a strong reflection
of the electromagnetic signal and perturb the operation of the electrical equipment.
In this context, electromagnetic compatibility is an important and active field of
research that endeavors to limit undesired and unintentional scattering of micro-
wave and THz waves to avoid, for example, unwanted behavior such as electro-
magnetic interference [42]. The impedance matching with the free space is hence a
necessary condition to reduce much of the reflection of the incident wave. One
avenue consists of a large effective relative permeability y, by tailoring custom RF,
microwave, and THz metamaterials [43, 44]. These are artificial materials struc-
tured at the nano- or micro-scale and gained tremendous attention over the past
two decades thanks to their exotic dynamic properties, generally not found in
nature, such as negative optical refraction [45, 46], and electromagnetic cloaking
[47, 48]. The collective oscillations of free electrons in metals, termed localized or
delocalized surface plasmon polaritons (SPPs) [49], are at the origin of these unique
properties, allowing a multitude of intriguing applications such as biosensors [50],
optical filters [51], photodetectors [52], and nanolasers [53] to name a few.
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The metallic nanostructures based on localized SPP resonance generally create
strongly enhanced electromagnetic fields. The electric field confined in the junctions
of metal particles, so-called electrical hot spots [49], allows for a significant improve-
ment in emission processes and non-linearities [54], which are mediated by the
electrical polarization of molecules. In particular, the magnetic activity at optical
frequencies is much lower than its electrical equivalent due to the extremely low
magnetic response of natural materials [40]. Accordingly, magnetic hot spots are
highly desirable for enhancing the magnetic response. Many structures have been
specifically designed to provide magnetic hot spots, such as diabolo antennas [55] and
two parallel metal plates [56]. However, achieving simultaneous electric and magnetic
hot spots in the same spatial position is rather difficult. In addition, quality factor and
mode volume are critical parameters in local field enhancement engineering.

In the same vein, although the intrinsic optical loss of metals is a major limitation
in the performance of these devices, it is beneficial in improving light absorption. In
2008, Landy et al. first proposed a perfect metamaterial absorber with near-perfect
absorption by simultaneously exciting electric and magnetic resonances to achieve
impedance matching with free space [19]. Soon after, important absorber designs
based on different physical mechanisms have been demonstrated theoretically and
experimentally in a broad spectral range, which can be classified into two categories:
narrowband absorbers [57, 58] and broadband absorbers [59, 60] in terms of their
absorption bandwidth. While broadband absorbers are typically used in thermo-
photovoltaic systems [61], perfect narrowband absorbers may be used for absorption
filters [36], tailoring thermal radiation [62], and sensing [30, 32]. For the important
sensing and detection applications, the experimentally performed refractive index
(RI) sensor based on infrared coherent perfect absorber (CPA) shows that a narrow
bandwidth and a large modulation depth are required for better performance [32, 33].
The three-layered configuration of metal-insulator-metal (MIM) employed was
widely applied to the following SPP absorbers, where a thin dielectric spacer is
sandwiched to allow for strong plasmonic coupling between the top resonators and
the bottom metallic reflector as discussed in depth in [22, 59]. This class of CPA
designs may also be intuitively treated as a single input transmission line (TL)
coupled to a plasmonic resonator, where the thickness of the insulating spacer affects
the radiative damping rates as well as the resonance frequency bandwidth.

2. Generalized theory for perfect electromagnetic absorbers

In this section, we will discuss the basic principles of extremely thin electro-
magnetic absorbers composed of an infinite two-dimensional array of electric
dipoles, magnetic dipoles, or both. According to the optical theorem, when the
scatterer interacts with the incident fields, the power depleted from the incident
fields is the sum of the absorbed and scattered powers, i.e., P,y = P, + P;. This
power balance is fundamentally restricted by the energy conservation enforced by
causality. The time-averaged absorbed power is the surface integral of the inward
flowing flux of the Poynting vector over the surface surrounding the scatterer [63].

1 £ A
P, = _i Re [ﬁ(Elnc + ES) X (Hinc + HS) -nds > (1)

where {E;,, Hi,. } and {E;, H,} are the incident and scattered fields, respectively.
Similarly, the time-averaged scattered power representing the re-radiated power
from the scatterer is the surface integral of the outward flux of the Poynting vector
of scattered fields,
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1
P, = Re BB, x 1y ads] (2)
Finally, the total incident power flowing through the surface S is zero

P = % Re [ﬁEim x H -ﬁd;} = 0. 3)

From Egs. (1)-(3), the total extracted power (power extinction) is given by the
cross-terms

1
Poi = =3 Re (B < B+ B < B s (4)

The forward scattering sum rule is valid for any arbitrary absorbers, for which
the scattered power P; is the sum of the backward scattered (reflected) power P, =
\R|2P,~,,C and the forward scattered power (i.e., the difference between the transmit-
ted and incident fields) Py = |1 — T|*P;,. where R and T are reflection and trans-

mission coefficients of the compact planar absorber, respectively. The total
scattered power P; can be expressed as

P, =P, +P;— (|R|2 - T|2)Pim. (5)

The absorbed power P, is the difference between the incident power and the
sum of reflected and transmitted power P, + P;, given by

P, =Py — P, — P, = (1 —RP - |T|2)PW. (6)

Assuming that there are no grating sidelobes, the power extinction -P,,; can be
written as

Py =P, + P, = 2Re [1 — T)P;.. %)

This can be seen as the optical theorem for infinite two-dimensional (2D) planar
structures, such as metascreens or an ultrathin absorptive film. We know from
Egs. (5)-(7) that when the forward scattered power represents the total scattered
power, i.e., no backward scattered (reflected) waves, the total absorption of the
incident radiation can be achieved. In this case, the scattered power equals the
absorbed power, P; = Py =P, which is somehow similar to the conjugated
matching concept in the equivalent Thevenin or Norton circuit. The 100% absorp-
tion occurs only for an asymmetric system, such as a metal-back thin absorptive
slab or a surface that combines both electric and magnetic dipoles [64]. For
instance, electric and magnetic dipole arrays at the metascreen would radiate
symmetric and anti-symmetric electric fields on either side of the metascreen. The
anti-symmetry introduced by magnetic dipoles enables the complete cancelation of
incident fields in the forward direction while generating no backward propagating
wave, thereby achieving a perfect absorption [39]. Likewise, a metal-backed elec-
tric or magnetic dipole array, such as linear dipole or patch antenna array, also
exhibits the asymmetry necessary for making a perfect absorber, which will be
discussed in the following.

Consider an infinite 2D electric dipole array, separated from a PEC ground plane
by a distance d; this induces an electric current sheet parallel to the ground PEC
plane, as shown in Figure 2 (a). We assume that the array period is smaller than the
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Figure 2.
(a) Electric and (c) magnetic sheet currents over a PEC surface and the corresponding images (b) and (d),
respectively.

wavelength of the incident wave, and the array is excited by an x -polarized
normally incident plane wave from the positive z-direction: Ej,, = x Eod**, where k
is the wavenumber of the uniform background medium. For brevity, we consider
an isotropic periodic grid that can be conveniently modeled by a scalar surface
impedance Z;, relating the surface-averaged electric field E,t = Einc + E in the
array plane and the average electric surface current density of complex amplitude
J, = &J = %/ ¢ (which is expressed in terms of the averaged tangential magnetic
fields on the two sides of the array)

J, =P s W) =Bz, (8)

where p is the electric dipole moment generated by the resonant meta-atoms, E
is the scattered fields generated by the average electric surface current density J
and S is the area of a unit-cell. This scattering problem can be solved using the
image theory, which removes the ground plane and places an image source of —J, at
z = —d . With the principle of superposition, the total fields for z > 0 can be found
by combining the fields from the two sources individually. Hence, the scattered
electric and magnetic fields can be written as

b

—&]]Sqe_jkd sinkz + Ege 7%, 0<z<d
E, = ' ' .
—xjJ 7 sin kde 7 + Eqe 7%, z>d

yil e coskz — —é*, 0<z<d 9)
H, = 7 ;
s — . B 5
—jjJ, sinkde 7 + 2%, z>d,
n

where 7 is the intrinsic impedance of the background medium. The second terms

in Eq. (9) are contributed by the reflection (backward scattering) from the
conducting ground plane, whereas the first terms in Eq. (9) are produced by the
induced surface current. Below the ground plane (z > 0), the scattering fields E; =
—E;,c are always valid, regardless of the scattering environment above the ground
plane. As known from Egs. (1) and (2), the time-averaged scattered and absorbed
power can be obtained from the surface integral of the inward flowing flux of the
Poynting vector of the total field through the surface S enclosing a single unit-cell

P, = % Re | fE, x H) - nds
72 1 (10)
— ’1_0 + 5]520;70 sinz(kod) — EoJo sin (kod) sin (@),
0
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1 .
P, =5 Re [ﬁ(Eim Y E) X (Hpe +H,)" -iads

= J,0Eo sin (kod) sin (¢) — ] “ollo sin ( od).

(11)

For an arbitrary value d, the perfect absorption can be achieved when the
surface electric current is tailored to be

Ey :
__ =0  Lj@/2) 12
i nsin (kd) © ’ (12)
or from Egs. (8), (9), and (12), we obtain the optimum (lossy and capacitive)
surface impedance Z; ,,; that renders the maximum absorbed power and P, = Py,

Zopt = g [2sin2(kd) — j sin (2%kd)]. (13)

When the distance between the array plane and the ground plane d = 1/4, the
optimum electric surface impedance Z; ,,; = #; such a result is consistent with the
setting of the Salisbury screen absorber [65]. From Eq. (13), we find that a complex
surface impedance is required to miniaturize an absorber with kd — 0 . Intuitively,
a capacitive lossy surface with Im [Zs,opt} = —jnsin (2kod) /2~ — joud should be
exploited to compensate for the shunt inductance resulting from the grounded
dielectric substrate that exhibits an input impedance Z;, = jytan (kd) ~ joud. An
equivalent TL model sketched in Figure 3 may be a straightforward way to describe
the reflection and absorption properties of the grid array. For a plane wave normally
incident on the structure, the zero reflection condition (i.e., total absorption) can be
obtained as Z;,' + Z. ! = 571, leading to the same results of Eq. (13).

In the following, we briefly discuss how to design and synthesize the grid array
that provides the required surface impedance. It is instructive to study a
metamaterial surface or metasurface formed by a 2D array of meta-atoms excited
by an external electric field E.,, with the TE polarization (Figure 2a). The collective
behavior of electric dipole moments induced in electric meta-atoms will result in a
homogenous sheet current. The total averaged polarization related to the local field
is responsible for the a. xx component of the electric polarizability tensor a..
Considering the full coupling among the whole array of interacting electric dipoles,
the dipole moment induced on the nanoparticle is given by [35, 66, 67].

Prsny = FxxBloc = Uy | Bext +€7° Z G(”NXNY T VN;,N'Y) PN, (14)
(N Ny ) (NG N )

ol

X —A(I

Metasurface
/(k L (e ¥ |:> X

> Z

!

Figure 3.
Equivalent transmission line model of an ultrathin metasurface-based absorber.
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where Ny and Ny are positive or negative integers, which relate the position of
local dipoles and periods dx and dy by x = Nydy and y = Nydy, rn,N, is the position

)= *jklfoNy N’ N’ |
of the dipole p™Y, and G<VNXNy, VN;N;) = (VV +k I) e

4r

is the dyadic

"NxNy TVNNG

Green’s function in a homogeneous and isotropic medium. After some algebraic
manipulations, we may write (14) as:

X 1
Poo =Poo¥ = m

€,XX

Eext (15)

where = > G <VNXNy, N N/y)fcfc is the interaction constant that relates
(N, Ny)#(0,0)
the fields induced by the infinite array of electric dipoles around the unit cell under
consideration to the local field at the origin. The averaged surface current density
on the metasurface can be expressed as:

JU)POO joEext .
— 1
Js =Jx = S S((Ie ) X, (16)

where the area of the metasurface lattice S = d,d,. This is an accurate description
of the array’s electromagnetic properties, as long as the periods are small enough to
ensure that only one Floquet harmonic could exist. The average surface impedance
of metasurface, as the ratio of the local electric field to the surface current density,
can be expressed as

Eext 7 S

e A
I _i_jw(ae,xx ﬂ) 2 (17)

Z, =

Under the lossless and low frequency condition, the polarizability is approxi-
mately given by ae o = ae_ol’xx + jk3 /(6me), where a0 xx is the static polarizability.
Eq. (17) may be further manipulated by considering the physical requirements on
the imaginary parts of § associated with the power balance [68].

13
k nw
Imlf] = 6re 2S (18)
So, Eq. (17) can be further reduced to
S n
Zs_];( e0,xx Re[ﬂ]) E (19)

For a subwavelength lattice, i.e., kdy, kdy <1, the real part of quasi-static
approximate interaction coefficient can be written as [69].

dy
Re [f] = g;zd3 Z — €d3 Z Z m?K, <mn2n d—) (20)

X m=1 x m=1 n=1

where K(+) is the modified Bessel function of the second kind (or Macdonald
function [70]). For the square lattice (dx = dy <o), the Eq. (20) can have a
compact form
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Re [f] = $ (_ ”’éfrl) — 81Ko (27 )) 083;396, (21)

X

where y, is the polygamma function [71]. Eq. (21) agrees with the low-
frequency interact coefficient in Ref. [72]:

) 1
pe _Jw4id2 (1_ij >e o +Im[ e)lzx}

03596 . [(nw K
= et | oy S ntrodl K
ed; 2d; 67

where R ~dy/1.438 and Re [f] ~0.3596/ (edi). From Egs. (13) and (19), we
find that the maximum absorption is reached when the following conditions are
satisfied:

(22)

Re [a,0] — Re[f] = 2_S sin (2kd); (23)
2kd
Im o] = (1 - %) - (24)

This can be achieved by tailoring the size, shape, and material property (i.e.,
dispersion of the complex permittivity) of the elementary inclusion (i.e., meta-
atom) in the metasurface unit-cell. For a Salisbury-type absorber with d = 1/4,
Egs. (23) and (24) becomes:

Re [ X0 xx} Re [ﬂ] (25)
Im [a&,l,xx] ~ % = ?S (26)

The first condition implies an individual scatterer is at its self-resonance, which
considers the cancelation of a general sense, the maximum absorption cross-section
of each inclusion in densely packed arrays os, = S is smaller than that of the same
inclusion in free reactive coupling between neighboring scatters. In contrast, the
second condition means that the absorption in the array is maximized; such occurs
when the absorbed power is equal to the re-radiated power, i.e., P,; = Pyq =
|Eine ]2 /2n = Pj;,,. We note that the maximum absorbed power for each lattice is
Pops el = SPiy, therefore, in space under the same illumination oy, = 3)2/8x. It is
interesting to note that inclusion in the grid can absorb as much as it is in free space
when the unit cell size is: k°S = 3 / 2.In the low-frequency region, the polarizability

of a generalized inclusion is &, ! = e, + 2 1. The static polarizability of a meta-
atom as a function of geometry, frequency, and material property can be analyti-
cally derived or numerically retrieved. For example, the static polarizability of a
spherical particle is: a,o = 47a’eq ;D o [39], where a and ep are the radius and
permittivity tensor of the spherical scatterer. For a 2D structure with negligible
thickness, such as a square patch or circular disk, the static polarizability is in the
form of at.0 = . xxXX + acy,yy. For example, for a conducting circular disk a0 =
@0,y = 167a® /3¢ where a is its radius. In the extreme case, the polarizability of a 1D
conducting rod with a deeply subwavelength radius a and height /4, aligned parallel
to the electric field of the incident wave, has only the a, , component [39]. For
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modern meta-atom designs such as electric or magnetic split-ring resonators
[73-77], the resonant electric/magnetic polarizability can be fitted to a generalized
Lorentzian dispersion model

Aw?
0y — ©* + jol ’

(27)

ae/m (a)) =

where g is the resonant frequency of electric/magnetic polarizability, I' is the
damping factor, and A is the amplitude.

Figures 4 and 5 show metasurface absorbers based on 2D arrays of plasmonic
disks [78] and electric ring resonators [79], respectively. It is clearly seen that the
ultrathin and low-profile metasurface absorbers can significantly absorb the inci-
dent wave in the frequency band of interest. We note that these electric resonant
inclusions can be equivalent to a 2D array of electric dipoles discussed above.

It is also possible to exploit a metasurface constituted by magnetic or magneto-
electric meta-atoms [9, 19, 22, 23] to build a perfect electromagnetic absorber.

For example, Figure 2(c) and (d) consider a magnetic dipole array over a ground
plane and the image. When a plane wave normally incident on the structure, the
magnetic current density is induced: Mg = jomg/S. In a generalized scenario, the
metasurface is excited by normally incident plane wave with fields (Ey, Heyx), and
an individual meta-atoms is excited by the local field (Ej,., Hj,.):

Poo = a.Epe + B

(28)
moo = ameEloc + amEloc:
and
100, Measurement | _  Simulation "
~ " 5 -
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Figure 4.

Comparison between measurement and simulation. Above: Reflection spectra of the metamaterial absorber
consisting of periodic arrays of Au cylinders/disks deposited on a stack of SiO,/Au/Ti/Si layers measured by
FTIR spectrometer and calculated by FDTD simulation. Bottom: SEM image of the absovber and a relevant unit
cell needed for simulation.
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Figure 5.
(a) Terahertz metasuvface absorber based on electric resonant inclusions, which displays a strong electric field

localization in the capacitive gap vegion. (b) Transmission, reflection, and absorption against frequency for the
metasurface in (a).

Ejpe = Eexr + Poo B

29
Hjpe = Heye + moo 'ﬂ/s (29)
where a is the dyadic polarizability and the interaction coefficient are
Py (I S PR gt (30)
n I\ 25 " 6re g

The total averaged fields on the metasurface can be expressed as

EtOl' . Z€ ZL’WL J 31
<H) - (zme zm)’(M)’ D

where the surface impedances are given by

N - ;

Zg:—]g[(ae_aem'a;}n'ame) l_ﬂe_]%l];

_ S 1 -1 . @ .

Zm = —]5 |:<am — Qe - A, ae"’l) _ﬂm -] 27’]8 I:| > (32)
S —

Ze = —jg |:<ag — Oy, - a’;:ﬂ ‘ame) ' = Qe - a;;n];
N - - -

Ze = _]5 |:(am — Qe - aeel ’ aem) ' — Ome - aeel] '

If the reader is interested in learning details about anisotropic magnetoelectric
metasurfaces, please see Refs. [80-82].

Figure 6 shows an ultrathin electromagnetic absorber based on resonant mag-
netic structures. Under the excitation of a plane wave, a magnetic dipole array can
be induced, and at resonance, the incident power can be absorbed, analogous to the

10
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Figure 6.
(a) Sketch and (b) photo of an ultrathin perfect absorber based on magnetic vesonant structures and its
measured (c) reflection and (d) absorption.

function of the electric dipole array discussed above. The experimental results
reported an absorption efficiency above 93% at 1.74 GHz at illumination angles up
to 60 degrees [83]. Moreover, this absorber is 98% lighter than traditional micro-
wave absorbers made of natural materials working at the same frequencies. As an
alternative explanation, this structure can be seen as a metal-backed magnetic-near-
zero (MNZ) metamaterial slab [84]. For an ultrathin metal-backed MNZ absorber,
the permeability 4 = (4’ — ju”)uo required for perfect absorption can be derived as:
Wiy~ 0 and p""uy ~1/kot, where ko and 4 are the wavenumber and the perme-
ability of free space, and t is the thickness of the metamaterial slab. This magnetic
metamaterial absorber can achieve zero backward scattering (R = 0) and a large
forward scattering (T = 0), i.e., Py = Py, and Peyy = P, + Py = 2Pjye.

On the contrary, if symmetric designs are considered (e.g., a suspended resistive
film with optimal sheet impedance Zs = 7, /2 or a suspending epsilon-near-zero
(ENZ) thin-slab with permittivity € = —j2/kot), only 50% of incident radiation can
be absorbed. Due to the symmetric geometry and the negligible thickness of a
resistive sheet/film, the induced surface current would equally re-radiate fields to
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Figure 7.
(a) Magnetic metasurface for absorbing lateral vadiation from the microstrip patch antenna. (b) Mutual
coupling in a two-element MIMO system (left) without and (vight) with the magnetic metasurface.
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either side of the absorptive sheet, i.e., P, = Py = |R|2Pim leads to a maximum
absorbed power P, = P; = 0.5P;,, and thus P,,; = Pj,.. Flat magnetic resonant
structures have also been used to improve the isolation of MIMO antennas that are
densely packed in a limited area. Figure 7 shows a two-element array of rectangular
patch antennas covered by the magnetic metasurface constituted by split-ring res-
onators [85]. From Figure 7, it is clearly seen that at the magnetic resonance, the
resonators can effectively absorb the lateral radiation causing mutual coupling

between antennas, thus effectively reducing the envelope correlation coefficient
(ECC) of the MIMO system.

3. Hyperbolic metamaterial absorbers

Hyperbolic metamaterials (HMMs) (see Figure 8) are known for their
isofrequency contour and broadband singularity in the density of photonic states,
which have led to many new photonic and optical applications, including the sub-
strate for molding spontaneous emissions into a directional beam and the “rainbow
trapping” structure for broadband light absorption [25, 86-88]. The effective
medium theory can describe the effective permittivity of such an artificial aniso-
tropic medium as:

Eeff =& (8”)2)2 + SHW + SJ_ii), (33)
N -1
€ = <Z eilpi) , (34)
i=1
N
g = ZSiPi, (35)
i=1

where &; and p; are relative permittivity and volume fraction of i-th constituent
materials, and ¢ is the permittivity of free space. The isofrequency relation for the
transverse-magnetic (TM) wave propagating in a uniaxially anisotropic medium, as
schematically shown in Figure 8, can be expressed as

1<§+1<§ & o
T g &

(36)

Normal dispersion Hyperbolic dispersion
g >0,¢,>0 g >0,¢,<0

k.

Ly

y

Figure 8.
Left: Schematics of HMM (left); right: Isofrequency surfaces of extraordinary waves in normal dielectrics and
HMMs (right).
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Therefore, for an anisotropic medium with extreme material properties, i.e.,
Re[e1] - Re[¢] <0, the spherical isofrequency surface of vacuum distorts to an
ellipsoid, as shown in Figure 8.

Figure 9a considers a trenched HMM slab with a periodicity P and air slots with
width W, illuminated by a TM-polarized plane wave. The trenched HMM substrate
is, in some sense, similar to a periodic array of air/HMM/air waveguides, for which
a guided mode propagating along the waveguide axis can exhibit a near-zero group
velocity, i.e., vy = do/0p~ 0, at certain frequencies, where o is the angular
frequency and p is the modal propagation constant. With the periodic boundary
conditions, the dispersion relation can be derived using the transverse resonance
method [88-91] as:

_ P~ ko,
tan |:\/k(2)8J_ — (8J_/8H)ﬁ2P W:| — € \/_—‘ tanh |:\/ﬁ2—7ké> ¥:| =0

\/koel — EJ_/EH)

(37)

where f is the modal propagation constant and k is the free space wavenumber.
Provided the periodicity of each MIM unit-cell is subwavelength (P < <4,), all
diffraction orders, except for the zeroth mode, are evanescent. The scattering and
absorption properties of this HMM-based device can be solved using the TL model
(TLM) and the transfer matrix method (TMM), as shown in Figure 9. For the TM-
wave illumination normally incident upon the HMM substrate, the characteristic
impedance per unit length can be expressed as Zy = Vo /Iy = g / *Exdx/ Hy, =
noP/2, which is defined as the ratio between the voltage across one period V =

fp/ 2E dx = |Eg|d cos @ and the current per unit length Iy = H, = goc|Eo|, where &g
and ¢ are permittivity and speed of light in free space. Similarly, the characteristic

I ZO j\ n:l1 I:n X ZO
R B T
& ?'é ?é I® L.
Trenched HMM substrate Transmission line network model

clig[10"2 Hz]

2
1
1

12345678910 % % &
Re[A] [Pmd] , (nm)

me(a

Figure 9.

(a) Schematics of a slow-light structure based on the structured HMM that can be described using a
transmission line network model. (b) Dispersion diagram for a waveguide array made by carving an HMM
substrate made of repeated Ag-NbO-Cu lattices with P = 300 nm and W = 100 nm. Labels in (a) and (b)
indicate the slow-wave modes and the corresponding absorption peaks. (c) Calculated contours of absorptance
for the HMM in (b) constituted by 12 MIM heterojunctions, varying the metal thickness (t,,eq1) and the
operating wavelength; [89].

13



Recent Topics in Electromagnetic Compatibility

impedance of HMM Z = (f/weg) x (W/2). At the interface between air and
metasurface, there exists a shunt surface susceptance B imposed by the
discontinuous fields [92].

2P 1-a (1+a\ T Ci+Cr4+2C; [P\ [1—a\*/5¢> -1 4aC3\>
B="| log 42— [ — += ,
Ao 40 \1-a CiC, — C; 4%0) \1+a 1-a2 3 C

(38)

C (1 + a)zal +1/1=(P/20)* 1432
1: _ ] | 2 b
1—a 1_ /1—(P//10)2 1—«

C (1+ >2/"’1+\/1— (W/ko)? 3+a (39)
2 - . 2’
1—-a /1_ W//Io 1 a

da \?

and a = W/P. The reflection/transmission spectrum and absorption peaks can
be calculated based on the TLM mode shown in Figure 9.

Figure 9b shows the calculated dispersion diagram of a periodically trenched
HMM slab constituted by stacked silver (Ag) and copper (Cu) thin-films with
thickness teta1, sSeparated by 1 nm-thick niobium oxide (Nb,Os) insulating layers,
of which the periodicity and air gap size are 300 nm and 150 nm, respectively. The
realistic material properties extracted from experiments are used [89]. It can be
seen from Figure 9b that near-zero group velocity can be achieved at certain
wavelengths, resulting in the slow light effect and light trapping and absorption in
the lossy (dissipative plasmon loss) and anisotropic HMM region. Figure 9c pre-
sents the associated contour plot of absorptance as a function of metal thickness
tmetal [NM] and wavelength A [pm]. We find excellent agreement between the
wavelengths of maximum absorption in Figure 9c and the near-zero group velocity
points in the dispersion diagram plotted in Figure 9b. We note that total HMM size
is still subwavelength since the large value of Re [] suggests that the incident light
can be effectively absorbed in a long-wavelength range.

Additionally, the absorption spectrum can be readily tailored by varying the
volume fraction of metal, which determines the permittivity tensor elements of
HMM. Although a linear HMM-based absorber can exhibit a high and angle-
independent optical absorption, its bandwidth is limited around the slow-wave
modes. This limitation can be mitigated by exploiting a tapered-HMM, as shown in
Figure 10a, which has been proposed to realize wideband photodetection and solar
energy harvesting applications [88-91]. Using tapered geometry, the bandwidth is
expected to increase due to the superposition of multiple slow-wave modes.

Figure 10b shows the contour plot of absorptance as a function of the photon
energy and the angle of incidence. It is evidently seen that a broadband (1 eV to

1.6 eV) and wide-angle (0° to grazing angle) optical absorption can be obtained
with the tapered HMM substrate backed by a metallic mirror (50 nm Ag thin-film).
The capability to effectively trap photons over a wide range of photon energies and
illumination angles is essential for building efficient hot-electron energy harvesters or
photodetectors. Finally, we note that the general limitation on the maximum band-

width of a ground-backed absorber should always obey the passivity and causality
[93], following the physical bound | [§° In |r(hw)|d hw| < 27> u iti /1y, where r(hiw)
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Figure 10.

(a) Top: Schematics of the HMM with a periodic array of tapered trenches, which allows one to tailor the
broadband of light trapping; bottom: Snapshots of electric field distributions inside the tapered HMM at photon
energies of 260 THz, 300 THz, and 320 THz (left to right). (b) Contour of absorptance as a function of photon
energy and incident angle for the tapered-HMM [88].
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Figure 11.
(a) Photograph of a microwave HMM absorber. (b) Simulated electric field distributions at different
frequencies. (c) Measured absorption spectra for different polarizations.

is the reflection coefficient as a function of photon energy, y; and t; are the static
permeability and the thickness of the i-tk layer of the multilayered absorptive slab.
For an effective non-magnetic medium, we can define Rozanov’s limiting factor as
NRozanow = | Jo 10 |F(hw)|d hw|/27%t, where t is the total thickness of the absorber. #7zy.40
must be less than unity and a larger value corresponds to a wider absorption band-
width. For the tapered HMM in Figure 10b, the calculated #,,,,,, can reach ~40%,
which, although not optimized yet, is moderately high for the polarized light.

Similarly, an ultra-broadband HMM absorber can be realized in the RF and
microwave regions by integrating two different-sized tapered HMM waveguides, as
shown in Figure 11a [94], each of which has wide but different absorption bands,
leading to a broadband slow-light response. By properly selecting the geometrical
parameters for each waveguide in the HMM, multiple absorption bands can be
achieved with different waveguides, as shown in Figure 11b. Such an approach can
effectively widen the total absorption bandwidth. Experimental results in Ref. [94]
validate the theoretical results, showing a very large absorption bandwidth ranging
from 2.3 GHz to 40 GHz.

4. Future trends: reconfigurable absorbers based on plasmonic,
graphene, and beyond
Electromagnetic wave absorbers are mainly utilized as boundary structures to

prevent the scattering of electromagnetic fields. They can be divided into two main
categories based on their operating bandwidth, i.e., resonant and broadband
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absorbers [95, 96]. Resonant absorbers typically depend on the designed material
assemblies interrelating with the incident waves around certain resonance frequen-
cies [96]. On the other hand, the wideband absorbers rely on material damping
characteristics that are largely independent of electromagnetic frequencies and
typically made of lossy dispersive materials [96]. Such broadband absorbing mate-
rials along with structural transition are commonly used in anechoic chambers to
effectively emulate a non-reflecting unbounded medium suitable for testing radiat-
ing antenna elements [95]. Lately, there is an emphasis in the scientific community
to design efficient plasmonic metamaterial-based absorbers. Light matter interac-
tion in subwavelength metamaterial structures allowed various other applications
including perfect lenses [45, 97], chiral surfaces [98, 99], transformational surfaces
[100, 101], optical cloaking [100, 102, 103], spatial light switching [104, 105] and
IR camouflage and microwave antennas because of certain useful characteristics
[96]. In addition to these applications, the perfect metamaterial absorber (PMA) is
designed as a tool to efficiently absorb electromagnetic waves utilizing plasmonic
resonator elements embedded within its assembly.

Generally, metamaterial absorbers are composed of a patterned metal film over a
continuous thin metallic film with a dielectric substrate sandwiched between them
[96]. It should be noted that the definition of total absorptivity considers reflected

electric field vector, i.e., R = Rjia; + Rjaj, that considers both co- (R;; = E:gf /Ef”“)
and cross (R;; = E?f / Eﬁ”c) polarized components of reflected fields [21]. Here,

subscript {7,j} = {x,y}refer to x or y coordinates. Oftentimes, the plasmonic
metasurface absorbers inhibits only co- polarized reflection (i.e., R; = 0) and con-
verts incident fields to cross polarized reflected fields components (R;;) [21, 106], as
shown in Figure 12. Such metasurface is designed with certain structural anisotropy
that allows the flow of electric currents that suppresses co- polarization states (R;;)
for the reflected fields. As a result, such plasmonic metasurface converts the polar-
ization of incident electromagnetic fields to orthogonal reflected field component
(Rj;). Special cases of circular or elliptical polarized reflected fields may also be
attained by specific vector combination of co- (R;;) and cross (R;;) polarized com-
ponents [107, 108]. In the case of a full absorber as shown in Figure 12(a), the
normalized perfect absorption A(w) due to the plasmonic metasurface can be found

from the amplitude of reflected fields i.e., A(w) = 1 — |R(w)|* — |T(w)[*. Here,
|[R(w)| and |T(@)| are amplitudes of reflected and transmitted fields, respectively.
The ideal back reflector typically supports negligible transmission i.e., |T'(w)| = 0.

|

Full Absorber Co-polarized Absorber
2 2 Cross Polarized Reflector
gp Ry, =0 g,. R, = E}C"C
(7] w
= 74%% = ﬁ%ﬂ—‘
?g" oy
i g S E R S ® 8 S S E S S ®
RXX = 0 X Rxx == O X
(—\/Ny <—\/\>/y
z z
EJI&TLC EJI;TTlC
Figure 12.

(Left) full absorber to inhibit any scattering from the metasurface. (Right) cross polarizer to suppress the
co-polarized component (R, = 0) while not affecting cross-polarized reflection component (R ).
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The response of PMA is often described as an effective medium and character-
ized by properties such as complex electric permittivity (¢) and magnetic perme-
ability (p) [109]. Although much of the work on effective medium properties of
metamaterials has been focused on the real part of € and p, as it contributes to
negative refractive index properties, it is equally important to reduce losses
represented by the imaginary part of & and p for practical applications related to
wave propagation within negative refractive index medium [110, 111]. In contrast,
the metamaterial absorbers rely on high material losses (large value of imaginary
parts of € and p) and impedance matching with the background medium. Landy
et al. provided the first experimental demonstration of near perfect metasurface
absorption at GHz frequencies. The working principle of PMA relies on impedance
matching between effective medium forming metasurface with dielectric and
background medium to the free space background, rejecting the reflection and
therefore efficiently absorbing the incident EM wave [19, 20]. Ever since, the
design of PMAs has attracted significant attention ranging from microwave to
optical frequencies [112, 113]. Apart from resonant absorption characteristics, the
plasmonic effects also provide tremendous near field enhancement to improve the
efficiency of solar cells [114], support for sensing [31], and enhanced thermal
emission and photo-detection [115].

Recently, the electro-optic tunability of resonant absorption spectrum at THz
frequencies is made possible by varying the frequency dependent conductivity of
plasmonic materials through the use of graphene metasurface [22, 59]. The fre-
quency dependent optical properties of graphene in the THz frequency range are
controlled by its optoelectronic properties. The permittivity (eg) of graphene is
function of the surface conductivity (o).

. 40
gowA (40)

Here, ¢ is the vacuum permittivity, and A = 1 nm is the monoatomic thickness
of graphene.

The surface conductivity of graphene (o) can be deduced from the Kubo
formula, at low THz frequencies (inter-band conductivity can be neglected in this
regime),

2
. egksT He —p/(ksT)
oy (@) = ] Al 17T {kBT + 2log [1 +e } : (41)

Here, u, [eV] is the chemical potential of graphene, I' = — <eofw§c) /(up,) is the

damping coefficient, v [m/s] is the Fermi velocity, and p [cm?/Vs] is the electron
mobility, e is the electronic unit-charge, T is temperature, kg is the Boltzmann
constant, and # is the reduced Plank’s constant. Therefore, the surface conductivity
o, and permittivity of graphene &, can be directly controlled by varying y, . The
chemical potential can be controlled by doping graphene or by applying an
electrostatic bias to the graphene sheet.

The real-time tunability of Graphene Surface Plasmons (GSPs) is a distinct
feature offered by graphene metasurface when compared to traditional noble
metals. In addition, GSPs offer other benefits such as tighter mode volume confine-
ment and lower intrinsic losses compared to conventional surface plasmon mate-
rials. The unique electro-optic tunability of graphene conductivity within the THz
band makes it an attractive candidate for plasmonic metamaterial applications.
Therefore, graphene enabled the research in surface plasmons to be redirected
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toward reconfigurable THz wave optics applications, including GSPP waveguides
[116], modulators [24], THz cloaks [117], THz antennas [118], Fourier optics [119],
photonic crystal nano-cavities [120], and biochemical sensors [31, 121]. The
reconfigurable response of resonant absorption can offer additional functionalities,
including wave modulation, polarization conversion, and sensing.

Here, we discuss a few selected applications of reconfigurable THz metasurface
absorbers, as shown in Figure 13. Figure 13(a) shows graphene micro-ribbon
metasurface design capable of efficiently absorbing THz radiation [22]. The chem-
ical potential (¢,.) can be used to control graphene conductivity. As a result, the
reconfigurable response with near perfect absorption can be utilized for THz wave
modulation applications. Figure 13(b) shows a design of multilayer graphene
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Figure 13.

(a) (Top) Schematic illustration of graphene micro-ribbon metasurface. (Bottom) Tunable absorption
characteristics due to variation in graphene chemical potential (u.) [22]. (b) (Top) Multilayer graphene
metasurface biased at different levels to efficiently absorb incident radiation. (Bottom) Wideband absorption
spectrum for THz waves for the normal incident condition [59]. (c) Description of polarization state
modulation of a digital M-level signal by chiral graphene metasurface. The 4-level digital stream is fed to a
limiter that converts it into the required chemical potential and consequently produces desired polarization state
for the veflected field [98]. (d) The chiral biosensor is constructed by graphene metasurface supporting chiral
reflection characteristics to test ligand-antigen bindings on the surface. The resonance frequency supports a
distinct contour path traversed by locus tip of electric field vector in time for three different strains of influenza
viruses HIN1, H5N2, and H9N2 [31].
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metasurface that operates at THz frequencies [59]. The graphene layers are
designed to generate quadrupolar localized surface plasmons that destructively
interfere with the dipole mode. The patterned graphene layers are biased to operate
at different chemical potential levels and backed up with dielectric substrates
stacked on top of each other. Full-wave electromagnetic simulations demonstrate
that the absorption spectrum is not only tunable but can be optimized to a large
bandwidth of operation, i.e., 6.9 THz bandwidth is obtained for over 90% normal-
ized absorption. Figure 13(c) shows a schematic illustration of the design of
graphene metasurface supporting polarization state modulation with high spectral
efficiency [98]. The structural chirality of metasurface is utilized to generate chiral
reflection along with highly dispersive Fano resonance. Several polarization states,
including two orthogonal linearly polarized, right-and left-handed circular polar-
ized reflections, are demonstrated for a narrow electro-optic tuning range of chem-
ical potentials between 500 and 700 meV. By exploiting these properties, highly
efficient modulation stages of modern communication systems can be designed.
Figure 13(d) shows a polarization-state sensing setup to distinguish closely resem-
bling optical properties of biomolecules such as viruses [31]. The measurement
consists of a plasmonic metasurface with chiral unit cells, and the polarization
properties of reflected fields can determine the optical characteristics of the analyte.
It is shown that the proposed sensor can distinguish three closely resembling influ-
enza virus strains i.e., HIN1, H5N2, and HIN?2 based on the variation of the
reflected polarization states.

5. Conclusion

In this chapter, we have reviewed the most recent advances in the field of
metamaterial and metasurface-based electromagnetic perfect absorbers. We have
first provided a thorough theoretical investigation describing the material and geo-
metrical conditions that may lead to a near-perfect absorption of light. Based on the
well-known optical theorem, this analysis gives a power balance and clarifies the
design process in the microwaves and terahertz. Next, we have discussed a peculiar
and interesting class of perfect absorbers that are hyperbolic metamaterial
absorbers. These devices exploit a particular dispersion of hyperbolic media and
lead to robust and tunable absorbers. We finally have discussed the newly proposed
graphene plasmonics based absorbers, which exploit the high conductivity and
tunable optical properties of this 2D material to build some of the most appealing
and versatile absorbers, with applications spanning energy harvesting, biosensing,
or light polarization manipulation. This chapter can be helpful to theorists and
experimentalists alike, working on the design of novel absorbers of light or even
other types of waves.
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