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ABSTRACT
Electromagnetic metamaterials are a family of shaped periodic materials which achieve extraor-
dinary scattering properties that are difficult or impossible to achieve with naturally occurring
materials. This book focuses on one such feature of electromagnetic metamaterials—the theory,
properties, and applications of the absorption of electromagnetic radiation.

We have written this book for undergraduate and graduate students, researchers, and prac-
titioners, covering the background and tools necessary to engage in the research and practice
of metamaterial electromagnetic wave absorbers in various fundamental and applied settings.
Given the growing impact of climate change, the call for innovations that can circumvent the
use of conventional energy sources will be increasingly important. As we highlight in Chapter 6,
the absorption of radiation with electromagnetic metamaterials has been used for energy har-
vesting and energy generation, and will help to reduce reliance on fossil fuels. Other applications
ranging from biochemical sensing to imaging are also covered. We hope this book equips inter-
ested readers with the tools necessary to successfully engage in applied metamaterials research
for clean, sustainable energy.

This book consists of six chapters. Chapter 1 provides an introduction and a brief history
of electromagnetic wave absorbers; Chapter 2 focuses on several theories of perfect absorbers;
Chapter 3 discusses the scattering properties achievable with metamaterial absorbers; Chap-
ter 4 provides significant detail on the fabricational processes; Chapter 5 discusses examples of
dynamical absorbers; and Chapter 6 highlights applications of metamaterial absorbers.

KEYWORDS
electromagnetic wave absorbers, metamaterial absorbers, dynamical absorbers,
lithography
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To the pursuit of truth and knowledge.

We are like dwarfs on the shoulders of giants, so that we can see more than they, and things
at a greater distance, not by virtue of any sharpness of sight on our part, or any physical
distinction, but because we are carried high and raised up by their giant size.

–Bernard of Chartres, 1115
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Preface
The advances in electromagnetic metamaterials and metasurfaces in just the past 20 years has
been extraordinary. The word metamaterial is now common parlance in many areas of scientific
study and, due to the later development of acoustical metamaterials andmechanical metamateri-
als, the term electromagnetic metamaterials is often used in order to disambiguate these different
areas of inquiry. In the past two decades, an enormous body of work has been published on
electromagnetic metamaterial absorbers operating across a huge swath of the spectrum. Even
from the time we started to write this compendium, significant results appeared which we felt
were important to include, thereby further delaying completion. Although the field of metama-
terial electromagnetic wave absorbers is still fast growing, we felt it was important to give a brief
description of the theory, achievements, fabricational techniques, and applications as it stands
today. Even with this limitation, the material covers six chapters, and there are a few topics that
have been omitted. Nonetheless, we have endeavored to reference all relevant works on the topic,
and we ask our colleagues and friends for their understanding and forgiveness for any oversight
in this regard.

Modern electromagnetic metamaterials research is significantly more efficient, accurate,
and routine than it was at the start of the 21st century. The advent of the computer—especially
the personal computer in 1975—bolstered the successful implementation of many numerical
methods which seek solutions of Maxwell’s equations. Although an algorithm to solve for vec-
tor electromagnetic fields on rectilinear grids was published in 1966—the Yee algorithm [1]—it
wasn’t until 1988 that the finite-difference time-domain method was widely popularized by
Taflove [2]. Computational electromagnetic (CEM) simulation has now become routine with
accurate and cost-effective options widely available using increasingly sophisticated techniques.
During the same period, nanolithography continued to mature—as well as several new tech-
niques becoming available—and metamaterials research has certainly benefited.The use of mer-
cury lines for optical lithography in the 1980’s permitted increasingly finer resolution (g-line
� D 436 nm, h-line � D 405 nm, and i-line � D 365 nm), and in the 90’s the switch to deep
ultraviolet excimer lasers realized 284 nm (KrF), and 193 nm (ArF) wavelength capability. [3]
These advances were particularly important for pushing metamaterials to ever smaller-length
scales and shorter wavelength operation. Nowadays, once conceived, an electromagnetic meta-
material can be simulated, fabricated, and characterized within only a few days at microwave
frequencies. Since metamaterials may be scaled to operate over much of the electromagnetic
spectrum, these initial microwave designs may be relatively easily modified to operate in other
bands.



xiv PREFACE
Finally, let us brieflymention the architecture and content of the book.Our primary objec-

tive is to provide an overview of the theory, simulation, experimental verification, and application
of metamaterials and metasurfaces as absorbers of electromagnetic radiation. In the following
chapters we present the Theory of Perfect Absorbers (Chapter 2) described by a number of ap-
proaches including: temporal coupled mode theory, surface current densities, multipole expan-
sion, and interference theory. Chapter 3 introduces absorbers based on metallic metamaterials
and all-dielectric based absorbers, followed by a description of their electromagnetic properties
including: bandwidth, polarization dependence, and angular dependence. There are a number
of available fabricational approaches used to fashion metamaterial absorbers—based on desired
operational range of the electromagnetic spectrum—and in Chapter 4 we overview methods
used including both masked and maskless lithography techniques. Metamaterials can be made
to achieve their properties dynamically, and Chapter 5 discusses approaches to achieve tunabil-
ity through electrical, mechanical, optical, and thermal control. Applications of metamaterial
absorbers are discussed in Chapter 6, including various types of sensing, energy harvesting, and
imaging. Although the pace of research on electromagnetic wave absorbers is rapid, we hope
this book gives an accurate and timely survey of the field.
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C H A P T E R 1

Introduction
1.1 MOTIVATION
This book deals with the absorption of electromagnetic radiation by metamaterials. Specifi-
cally, we are concerned with electromagnetic metamaterials, or metasurfaces, which are a type
of composite material generally termed an artificial electromagnetic material, and their ability to
achieved a designed absorption of electromagnetic waves. Several theories of metamaterial ab-
sorbers are presented in Chapter 2, while a brief introduction and history is given in Chapter 3.
The more general history and theory underlying metamaterials is not covered, however we refer
the interested reader to texts on the subject [1–3]. While this text broadly covers metamaterial
absorbers operating across much of the electromagnetic spectrum, it is important to note that
other common, (but more limiting), terms are often used to describe energy transfer (heat trans-
fer), due to electromagnetic waves as radiative heat transfer and thermal radiation [4]. However,
metamaterials possess a property termed electromagnetic similitude [5], thereby enabling them to
control emission in other bands of the spectrum, not just in the infrared regime, and thus here
we use the more general terms of electromagnetic waves or electromagnetic radiation to describe
the radiative mechanism of energy transfer.

It is well known that energy (heat) may be transferred by three modes, i.e., that of conduc-
tion, convection, and radiation. However, convection is simply the bulk transport of a fluid (air),
indicating that there are two fundamental energy transfer mechanisms—diffusion (the conduc-
tion of energy through molecular interactions) and radiation (the transfer of energy through
photons or electromagnetic waves).The physics of conduction (diffusion) is a local phenomenon,
whereas that of radiation is not, andmay act over large distances.The physics describing the con-
version of energy due to incident electromagnetic waves to heat, and their transport via diffusion
and convection is only covered briefly. Rather, we focus on the electromagnetic properties (band-
width, angle, polarization, etc.) achievable with metamaterial absorbers, and thus focus on free
space electromagnetic waves which are incident on metamaterials, i.e., energy transport through
electromagnetic radiation.We do, however, discuss a few applications of metamaterial absorbers
where indeed the properties of convection and conduction are important, especially for energy
harvesting and bolometric-based imaging.

Individual unit cells that constitute electromagnetic metamaterial are usually formed to
be sub-wavelength, and therefore operate at wavelengths that are larger than their characteristic
feature size, e.g., periodicity. As such, they are modeled as effective media [6], and described
by an effective electrical permittivity �eff , and an effective magnetic permeability �eff . Due to
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their sub-wavelength nature, the electromagnetic properties of metamaterials are well described
by the three fundamental radiative properties of reflectance (R), transmittance (T), and absorp-
tance (A). That is, although the diffuse scattering from metamaterials is small, but non-zero, use
of the ending “-ance” is recommended by the National Institute of Standards and Technology
(NIST) for rough surfaces, with the “-ivity” ending being reserved for perfectly smooth materi-
als. Electromagnetic radiation incident upon a metamaterial can either be reflected, transmitted,
or absorbed, and conservation of energy requires R C T C A D 1. All materials also emit elec-
tromagnetic radiation and—at a given temperature—a blackbody gives the maximum that can be
emitted. The emittance (E) is given as the ratio of the energy emitted by a surface to that emitted
by a blackbody, and thus E varies between zero and unity. The four radiative properties A, R, T,
E may depend on frequency, temperature, angle from the surface normal, or polarization, and
our goal in this book is to demonstrate that metamaterials do indeed possess the ability to tailor
many of the fundamental absorptive and radiative properties of bodies and surfaces.

1.2 A BRIEFHISTORYOFELECTROMAGNETICWAVE
ABSORBERS

Interest in absorbers of electromagnetic radiation largely began around the second half of the
last century duringWorldWar II (WWII), and their importance in this connection was consid-
erable. The high attenuation of radar possible with such absorbers enabled military advantages
and consequently great technical progress was made.The role played by the materials themselves
was primarily utilitarian, and little attention was paid to the scaling or universality of absorbers
for their intrinsic interest. For example, radar was successfully used to find U-boats leading to
losses. This in turn led to the development of radar absorbing materials (RAM) as an attempt
to hide U-boat conning towers and periscopes. Two types of RAM were used—one termed a
Wesch material, consisting of rubber sheets with carbonyl iron powder (commercially available
before WWII), and the other a Jaumann absorber. Research into RAM was also undertaken as
a means to increase the performance of radar systems. That is, it was applied to reflecting and
scattering surfaces near the radar system, thereby reducing system noise. However, the approach
used here was focused on anti-radar paints—called Halpern anti-radar paint (HARP) [7] which
also used iron particles—as well as Salisbury absorbers [8].

Jaumann and Salisbury RAMs can be described as interference absorbers (Section 2.5),
and both operate through use of a resistive screen (or screens in the case of the Jaumann ab-
sorber [9]) placed on a low loss and low dielectric constant (�r D 1:03 � 1:1) spacer a distance
d D �0=4 above a ground plane, where �0 is the operational wavelength [10]. The idea is that a
portion of an incoming wave is partially reflected by the front resistive screen, and the remainder
is reflected by the ground plane. Since the ground plane is spaced a distance of d D �0=4, the
two waves are now out-of-phase at the resistive screen, and thus interfere (cancel) each other
providing absorption. Since the Jaumann absorber uses multiple resistive screens, it can achieve
greater bandwidth compared to single resistive sheet designs. A different design known as the
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DRallenbach absorber uses a homogeneous lossy dielectric above a ground plane. One attempts to
use a spacermaterial that is impedancematched to free space, i.e., �r D �r , thereby enabling zero
reflectance and providing dielectric loading which reduces the wavelength � D �0=n D �0=

p
�r ,

and therefore the required thickness d .
The Jaumann RAM operated in the microwave regime from 2–15 GHz, i.e., across the S

(2–4 GHz), C (4–8 GHz), X (8–12 GHz), and Ku (12–18 GHz) bands. The Jaumann absorber
was 7.6 cm thick and thus achieved a wavelength to thickness ratio of �0=d D 0:26 � 2. The
Wesch absorber operated in the S-band near 3 GHz (�0 D 10 cm), and had a nominal thickness
of d D 7.6 mm, where the front surface was crumpled to achieve greater bandwidth [11]. The
Wesch material thus achieved a wavelength to thickness ratio of �0=d D 13 [12]. The HARP
absorber is composed of conducting particles, which may include aluminum, copper, permalloy,
and graphite flakes, all dispersed in an insulating matrix of materials including waxes, synthetic
rubbers, and other polymers. One variant of HARP operated in the X-band and had a thickness
of 1.8 mm and thus achieved �0=d D 17 at band center [12].

In the 1950s, research turned both to expanding the capability of interference absorbers,
and development of absorbers for anechoic chambers. The realization of so-called circuit analog
(CA) absorbers, also termed frequency selective surfaces (FSS) [13], replaced the resistive screens
of interference absorbers, and both resistive and reactive periodic components were used [9, 14–
16]. The CA absorbers usually consisted of periodic elements above a conductive ground plane,
and were modeled as an equivalent circuit consisting of an RLC series combination [13]. Many
various types of periodic element shapes were explored including: dipole elements, N-pole ele-
ments, loop types, plate types, folded dipole elements, crosses, Jerusalem crosses, and combina-
tions thereof [13]. CA absorbers where also used in multi-layer designs, i.e., two or more FSS
layers above a ground plane, similar to that of the Jaumann absorbers. Absorbers were also de-
veloped to achieve lower reflectivity coefficients for anechoic chambers, and well as for operation
at lower frequencies [11, 12, 17, 18].

Absorbers were pushed to the lower frequencies of VHF (30–300MHz) and UHF (300–
3,000 MHz) bands in the 1960s. Use of the standard interference type absorber, based solely
on dielectric materials, would require a thickness of around a meter. However, use of ferrite
and other magnetic materials embedded within the absorber permitted a reduction in the thick-
ness [19]. These magnetically loaded absorbers were researched for potential application to ane-
choic chambers operating at low frequencies, and consisted of sintered ferrite plates above a
ground plane, triple-layer structures consisting of sintered ferrite, dielectric, and sintered ferrite,
and rubber ferrite [20]. Research on incorporation of magnetic materials into absorbers contin-
ued into the 1980’s and 1990’s, and various materials were explored, including Co-Ti substituted
Ba hexaferrite [21], mixtures of rubber, carbon, and ferrite [22, 23], and nickel-zinc ferrite [24].
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C H A P T E R 2

Theory of Perfect Absorbers
A number of theories have been put forth to describe the underlying physics of metamaterial
electromagnetic wave absorbers. Here we consider (Section 2.2) temporal coupled mode theory,
(Section 2.3) effective electric and magnetic current sheets, (Section 2.4) multipole expansion,
and (Section 2.5) interference theory. Only a brief review on these approaches is provided, and
the interested reader is referred to references given in each section for more detail. Discussion
of the fundamental limits on absorption bandwidth and thickness for metal backed absorbers is
included in Section 2.6. We begin by defining the radiative properties relevant to a discussion
of metamaterial electromagnetic wave absorbers, and state their dependence on the material
parameters.

2.1 INTRODUCTION
A discontinuity in material properties significantly modifies the propagation of waves supported
by the media. Consider, for example, plane waves in a medium consisting of two joined infinite
half-spaces with differing material properties. In such a composite medium, a superposition
of plane waves can be fashioned to represent an incident wave consistent with reflection and
transmission (refraction) at the interface between the two media. The incident wave is then one
which arrives from infinite depth in one of the media. A combination of additional waves is also
required in order to satisfy the boundary conditions at the interface. These additional waves are
called the reflected and transmitted waves. The reflected and transmitted waves must satisfy the
causality law, and are thus unique. That is, although the plane waves considered in our example
are steady-state, and thus extend throughout both media, the incident wave is taken to be the
cause, and the reflected and transmitted waves are effects. Thus, causality requires that both the
reflected and transmitted waves propagate away from the interface.

In Fig. 2.1a we show a plane interface between two different infinite half spaces, where
Medium 1 is on the left (green), and Medium 2 is on the right (blue). Medium 1 and Medium
2 are described by complex material constants of Q�.1/ and Q�.1/, and Q�.2/ and Q�.2/, respectively.
A plane wave is incident upon the interface from the left, and gives rise to reflected (left) and
transmitted (right) waves. The form of these three waves is described by

Ei .r; t / D E0ei.ki �r�!t/; (2.1)

Er.r; t / D E0;rei.kr �r�!t/; (2.2)
Et .r; t / D E0;te

i.kt �r�!t/; (2.3)
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Figure 2.1: (a) Schematic of a plane interface between two infinite half spaces of different ho-
mogeneous media described by �.1/ and �.1/ on the left, and �.2/ and �.2/ on the right. (b) Slab
of material � and � of thickness d embedded in vacuum.

where Ei , Er , and Et are the electric field strengths (V/m) of the incident, reflected, and trans-
mitted waves, respectively, r is the position vector, k is the wavevector, ! is the angular fre-
quency, and t is time.

The plane of incidence (POI) is defined as the plane which contains ki , kr , and kt . Due
to the boundary conditions, the reflected and transmitted waves depend on the particular po-
larization of the incident wave. The polarization of these waves is defined with respect to the
plane of incidence as transverse electric (TE) when the electric field is perpendicular (transverse)
to the POI (also called S polarized), and transverse magnetic (TM) when the magnetic field is
transverse to the POI (also called P polarized). The incident and reflected angles are defined
with respect to the surface normal On12 of the interface, and in Fig. 2.1 normal incidence (zero
degrees from the surface normal) is shown.

The behavior of electromagnetic fields in matter is determined by Maxwell’s equations
(MEs), and each ME gives rise to a boundary condition [1],

r � E D �
@B
@t

) On12 � .E1 � E2/ D 0; (2.4)

r � H D
@D
@t

C J ) On12 � .H1 � H2/ D Js; (2.5)

r � D D � ) On12 � .D1 � D2/ D �s; (2.6)

r � B D 0 ) On12 � .B1 � B2/ D 0; (2.7)
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where the left set are Maxwell’s equations, and the boundary conditions are shown on the right.
Here On12 is a surface normal which points fromMedium 2 toMedium 1, and the bold characters
denote time-varying vector fields and are real functions of spatial coordinates x, y, z (or equiva-
lently the position vector r), and time t . The subscripted 1’s or 2’s correspond to the fields in that
medium, where E is the electric field strength (V/m), B is the magnetic flux density (V�s/m2),
J is the electric current density (A/m2), and � is the electric charge density (A�s/m3). D and H
are the auxiliary fields, and sometimes referred to as the electric displacement (A�s/m2), and the
magnetic field strength (A/m), respectively. The subscripted “s” on Js and �s denote that it is
only the surface terms that are important for the boundary conditions.

The microscopic polarization of a dielectric material is described by P(r; t /, and micro-
scopic magnetization of a material by M.r; t /. The auxiliary fields are then defined by

D.r; t / D �0E.r; t / C P.r; t /; (2.8)

H.r; t / D ��1
0 B.r; t / � M.r; t /: (2.9)

Maxwell’s equations Eqs. (2.4) and (2.7), and the auxiliary fields Eqs. (2.8) and (2.9) do notmake
any assumptions on the type of media, and are thus always valid. However, Eqs. (2.4)–(2.9) are
not sufficient to determine the 12 components of E; B; D; and H. The so-called “constitutive
equations” relate the auxiliary fields D and H to E and B, and are often used to reduce the
number of unknowns, however at the cost of assumptions about the media.

We may describe isotropic and linear media in the frequency domain where the polariza-
tion and magnetization take the form

P.r; !/ D �0�e.r; !/E.r; !/; (2.10)

M.r; !/ D �m.r; !/H.r; !/; (2.11)
here �e and �m are called the electric and magnetic susceptibility, respectively. Thus, dropping
the explicit spatial and frequency dependence, we may write the constitutive equations as

D D �0E C �0�eE D �0.1 C �e/E D �0�rE D �E; (2.12)

B D �0H C �0M D �0.1 C �m/H D �0�rH D �H: (2.13)
The permittivity is defined as � D �0�r , and the permeability as � D �0�r , where subscripted
r’s stand for relative values, �0 D 8:85 � 10�12 (F/m), and �0 D 4� � 10�7 (H/m).

Next, we consider an interface between two different media, as depicted in Fig. 2.1a, the
definition of the reflection coefficient ( Qr) is

Qr D
Er

Ei

� jr jei�r (2.14)

and the transmission coefficient (Qt) is

Qt D
Et

Ei

� jt jei�t ; (2.15)



10 2. THEORYOFPERFECTABSORBERS
where �r and �t are the reflected and transmitted phases, respectively. The reflectance and trans-
mittance are given as

R D jQr j
2 (2.16)

and
T D

ˇ̌
Qt
ˇ̌2

; (2.17)

respectively. As mentioned previously, conservation of energy requires A D 1 � R � T , where A

is the absorptance.
Figure 2.1b shows a homogeneous slab of matter thickness d embedded in vacuum with

material parameters � D �0�r and � D �0�r . Since there are now two interfaces, reflection and
transmission may occur at each boundary. Nonetheless, the reflection and transmission coef-
ficients are easily determined using the transfer matrix method, and at normal incident they
are [2],

Qr D

i

2

�
Z�1

r � Zr

�
sin .nk0d/

cos .nk0d/ �
i

2

�
Z�1

r C Zr

�
sin .nk0d/

(2.18)

and
Qt D

1

cos .nk0d/ �
i

2

�
Z�1

r C Zr

�
sin .nk0d/

; (2.19)

where k0 D !=c is the free space wavenumber, Zr D
p

�r=�r is the relative impedance, and
n D

p
�r�r is the index of refraction.
Equations (2.18) and (2.19) may be used to solve for the index of refraction and relative

impedance,
n D

1

k0d
arcsin 1

2Qt

�
1 � Qr2

C Qt2
�

(2.20)

Zr D ˙

s
.1 C Qr/2 � Qt2

.1 � Qr/2 � Qt2
: (2.21)

The relative permeability and relative permittivity can then be determined from

�r D nZr (2.22)

and
�r D

n

Zr

: (2.23)

A slab of material embedded in vacuum which realizes material parameters of �r D 1 and
�r D 1 is termed impedance matched, i.e., Zr D 1. In that case, from Eqs. (2.18) and (2.19) we
have

Qr D 0 (2.24)
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and

Qt D eink0d
D ein1k0d�n2k0d ; (2.25)

where we have expressed the index of refraction in real and imaginary parts using Qn D n1 C

in2. We also consider a complex relative impedance given as Zr D Z1;r C iZ2;r . Thus, for an
impedance matched slab of material in vacuum the reflectance and transmittance are

R D jQr j
2

D 0 (2.26)

and
T D jQt j2 D e�2n2k0d (2.27)

and, therefore, the absorptance is

A D 1 � e�2n2k0d ; (2.28)

which shows that if the material loss (n2) is large, and the thickness d is sufficient, we may
achieve A � 1.

In Fig. 2.2 we plot results of a slab of material thickness d which may be described by
Lorentz oscillators in both �r and �r—with the frequency dependent form given by

Q�r.!/ D �1 C
!2

p

!2
0;e � !2 � i
e!

(2.29)

and
Q�r.!/ D �1 C

!2
p;m

!2
0;m � !2 � i
m!

; (2.30)

where �1 is called “epsilon infinity” and �1 is called “mu infinity” and both specify con-
tributions to � and �, respectively, at frequencies higher than the range of consideration,
!p D

p
ne2=�0m is the plasma frequency, !0;e and !0;m are the center frequencies of the �

and � oscillators, respectively, and 
e and 
m are the scattering frequencies of the � and �

oscillators, respectively. Here, n is the number (carrier) density with units of [# carriers/m3],
e D 1:6 � 10�19 [Coulombs] is the charge of an electron, and m is the carrier mass—of order of
an electron mass m D 9:11 � 10�31 kg.

In Fig. 2.2a–b we plot the real part of the relative impedance Z1;r , and imaginary index of
refraction n2, both as a function of !0;e and !0;m at an observation frequency of ! D 2:5 THz.
As given by Eqs. (2.26) and (2.27), the reflectance is minimized when a material is impedance
matched Zr D 1, and the transmittance is minimized when n2 is large. In Fig. 2.2a we observe
that when the center frequencies of each oscillator are similar !0;e � !o;m, that the relative
impedance is approximately equal to that of free space, i.e., the white contour line is plotted for
Z1;r D 1, and thus the reflectance is small. Likewise, in Fig. 2.2b we show that when !0;e �

!o;m, n2 is large, thereby minimizing transmittance. In Fig. 2.2 we have used the following
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Figure 2.2: Dependence of absorbance for a slab of material described by Lorentz oscillators
in �r and �r Eqs. (2.29) and (2.30), with parameters described in the text. (a) and (b) show
the dependence of Z1;r and n2 on !0;e and !0;m, respectively. In (c) we show the frequency
dependence of A, R, and T for parameters described in the text, and (d) and (e) show the
corresponding n2 and Z1;r , respectively.
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parameters for the Lorentz oscillators (see Eqs. (2.29) and (2.30)): d D 2:5 �m, �1 D 2:0,!p D

4 � 2� THz, ! D 2:5 � 2� THz, 
e D 3:0 � 2� THz, �1 D 1:0, !m D 3 � 2� THz, 
m D

1:0 � 2� THz. Next, we fix our center frequencies !0;e D !0;m D 2:5 � 2� THz, and plot the
frequency dependence of the absorptance (red), transmittance (black), and reflectance (blue) in
Fig. 2.2c.The transmittance and reflectance are both small at 2.5 THz, and thus the absorptance
is peaked near unity. In Fig. 2.2d–e we plot the frequency dependence of n2 and Z1;r . We again
find that at ! D 2:5 � 2� THz n2 is peaked leading to low transmission, and Z1;r � 1, i.e., the
material is approximately impedance matched.

2.2 TEMPORALCOUPLED-MODETHEORY
Temporal coupled-mode theory (TCMT) is a general framework that is useful for describing
idealized systems, where a perturbation is added which represents a weak disturbance to the sys-
tem. In TCMT for electromagnetic wave absorbers, the perturbation represents a weak coupling
of the resonant systems together, and the method is analogous to time-dependent perturbation
theory. The theory is thus general, and a variety of electromagnetic phenomena which origi-
nates from a coupling between resonators and, for example, waveguide ports can be addressed,
including Fano resonances, and optical switching [3–5]. The particular form of TCMT used
here describes a coupled resonating system with parameters representing resonant frequencies,
and coupling constants without considering the details of the resonators and waveguides. In
this section, we will briefly described TCMT utilized for perfect absorber design. More detail
on TCMT applied to metamaterial absorbers is provided in Appendix A.

Since TCMT is a general framework it not only applies to a conventional two-port
system—in which only one input and one output waveguide ports are considered—it may also be
applied to a closed resonating system consisting of multiple ports and multiple resonant modes.
To simplify our description of the perfect absorber without loss of generality, only two ports and
a resonant cavity with two modes, are considered. Following the description of TCMT from
Ref. [4], we begin by considering an incoming port wave which couples into a resonator and may
exhibit a number of different loss mechanisms, including dissipative loss within the resonator,
and port decay. Under these assumption, the dynamic equations for such a system, including
ports, are given as:

da

dt
D .�i� � �/ a C KT sin; (2.31)

sout D Csin C Da; (2.32)

where a is a vector with a time harmonic dependence of exp.�i!t/, matrices �, and � are the
resonant frequencies, and � D �r C �i is the total decay rate of the modes, with a radiative loss
rate �r , and material loss rate �i . Matrices K and D correspond to input and output coupling
of resonant modes to the ports, respectively. The vector sin consists of elements which represent
inputs from each port where jsinj

2 is equal to the input power, with similar terms for the outputs
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sout. Matrix C represents a direct non-resonant pathway from port to port. From the TCMT
equations, we may define a scattering matrix S as

S �
sout

sin
D C C DŒ�i!I C i� C � ��1KT ; (2.33)

where I is the identity matrix.
For a reciprocal cavity system with two physical ports, which is symmetric with respect to

its mid-plane, both modes can be either even or odd. The scattering matrix is described as (see
Appendix A),

S D C C DM�1DT
D

�
Qr Qt

Qt Qr

�
�

1

det.M/

(
P2
1

�
1 eiˇ1

eiˇ1 1

�
C P1
2

�
1 eiˇ2

eiˇ2 1

�) �
Qr Qt

Qt Qr

�
;

(2.34)

where

M D

�
L1 
0


�
0 L2

�
(2.35a)

L1 D �i.! � !1/ C ı1 C 
1 (2.35b)
L2 D �i.! � !2/ C ı2 C 
2 (2.35c)

P1 D �i.! � !1/ C ı1 C
1 � eiˇ

2

1 (2.35d)

P2 D �i.! � !2/ C ı2 C
1 � eiˇ

2

2 (2.35e)

ˇ D ˇ1 C ˇ2; (2.35f )

and the nonresonant complex reflection and transmission coefficients are denoted by r and t .
ˇi ; .i D 1; 2/ is the mode symmetry phase, i.e., for an even (odd) mode, ˇi D 0.�/.The resonant
frequencies are !1 and !2, and ı1 and ı2 are the intrinsic material loss rates. Decay rates of the
modes to the ports are described as 
1 and 
2. For structures which break �h symmetry, the
two modes are not orthogonal to each other anymore, resulting in a more complex response
with extra off-diagonal entries in the matrix of � [6]. Additionally, if two modes are in the
strong coupling regime, the off-diagonal entries of � are also non-zero. Tuning the coupling
between two coupled resonators in a non-Hermitian system could break the PT-symmetry of
the structure. Through further modifying the loss in the system, perfect absorption can also
be reached in the broken PT-symmetry phase [7]. We next only discuss several metamaterial
perfect absorber (MPA) cases, which are categorized based on the �h symmetry.

2.2.1 CASE I: ZERORANKABSORBER
It has been shown that perfect absorption cannot be achieved with only symmetric modes due
to anti-crossing present in reciprocal systems [8]. Therefore, to achieve perfect absorption, two
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modes should be present, and possess opposite symmetries ˇ D � (even-odd or odd-even), i.e.,
no coupling between the two modes, 
0 D 0. When the two modes are degenerate, that is !1 D

!2 D !0, the scattering matrix only depends on the decay rates and nonresonant transmission
/ reflection. With no loss of generality we assume mode 1 is even (ˇ1 D 0), and mode 2 is odd
(ˇ2 D �). Equation (2.34) reduces to

S D

�
I �


1

�i.! � !0/ C 
1 C ı1

�
1 1

1 1

�
�


2

�i.! � !0/ C 
2 C ı2

�
1 �1

�1 1

� � �
Qr Qt

Qt Qr

�
:

(2.36)

When both modes are critically coupled, i.e., 
1 D ı1 and 
2 D ı2, at a resonant frequency of
!0, Eq. (2.36) is

SZRA D

�
0 0

0 0

�
: (2.37)

Thus, for a perfect absorber consisting of two degenerate critically coupled modes of opposite
symmetry the nullity of the scattering matrix is two. To evaluate the total absorption in the
system, we define the absorption matrix A D I � SCS, where at least one nonzero eigenvalue ˛

exists for a lossy two port system. When ˛ D 0, no absorption occurs, but for ˛ D 1, the system
perfectly dissipates incoming waves, i.e., perfect absorption. From Eq. (2.37), the absorption
matrix is unitary, which corresponds to two absorption peaks, indicating that any linear super-
postion of incoming waves from the two ports will be perfectly dissipated inside the structure.

2.2.2 CASE II: COHERENTPERFECTABSORBER
If the resonator only supports a single critical-coupledmode at!0, e.g., an evenmode, Eq. (2.34)
can be further reduced with !2 ¤ !1 D !0, 
1 D ı1, and ˇ D ˙� , which gives a scattering
matrix of

Seven D

�
I �


1

�i.! � !0/ C 
1 C ı1

�
1 1

1 1

�

�

2

�i.! � !2/ C 
2 C ı2

�
1 �1

�1 1

� �ˇ̌̌̌
!D!0

�
Qr Qt

Qt Qr

�
D . Qr � Qt /B

�
1 �1

�1 1

�
;

(2.38)

where
B D

1

2
�


2

�i.!0 � !2/ C 
2 C ı2

: (2.39)

It is clear that rank.Seven/ D 1. Similarly, we can also prove that rank.Sodd/ D 1, i.e., the nullity
of the scattering matrix for coherent perfect absorbers is 1. The absorption matrix for the single
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mode system is given as

Aeven D I � SC
evenSeven D I � 2jBj

2
j Qr � Qt j2

�
1 �1

�1 1

�
: (2.40)

The eigenvalues of Aeven are ˛1 =1 and ˛2 = 1 � 4jBj2j Qr � Qr j2 ¤ 1 since the reflection and trans-
mission coefficients cannot be equal in both magnitude and phase. Thus, since only one eigen-
value of the absorption matrix .A � I/sin D 0 can be unity, this indicates that perfect absorption
can only be achieved with input from two ports, where the inputs are equal in both magnitude
and phase. With the same procedure, we can show that perfect absorption for an odd-mode
resonator can be achieved if the input from two ports is equal in magnitude, but out of phase.

2.2.3 CASE III: GROUNDPLANEABSORBER
We consider TCMT for a metamaterial absorber which typically consists of a patterned pla-
nar metallic resonator space above a continuous conducting ground plane. The ground plane
is approximated as a perfect electric conductor with negligible field penetration into the metal
layer, and zero transmission, which is thus a single-port system. When the spacing between the
resonator and the ground plane is optimal, the reflection from the planar resonator layer can
be canceled through destructive interference with the reflection from the ground plane. Then
Eq. (2.33) can be described with the coupling matrix D=

p
2
1e�i�11 and r D �e�i2�11 , where

�11 is the phase angle of matrix element D11, which gives

SGPA D Qr �
2
1

�i.! � !0/ C ı1 C 
1

Qr D
�i.! � !0/ C ı1 � 
1

�i.! � !0/ C ı1 C 
1

Qr: (2.41)

It is clear that as long as the resonator is critically coupled with intrinsic loss rate balancing
the radiation decay rate, the reflection coefficient becomes zero, indicating a perfect absorption
state.

2.3 EFFECTIVEELECTRICANDMAGNETICCURRENT
SHEETS

A useful concept for describing the scattering of electromagnetic waves in planar metamateri-
als (metasurfaces) is that of electric and magnetic sheet currents, i.e., surface current densities,
which describe both the conduction and polarization currents induced in matter via external E
and H fields. Such a description using continuous current sheets was proposed by Wheeler in
the late 1940’s [9], and further developed in the 1960’s [10] as a model for phased arrays. In 2003
the concept of capacitive loading between dipole elements of phased arrays was proposed, which
had the effect of producing nearly continuous current sheets [11]. With regard to phased array
performance, this may seem to be the opposite of what is desired, since traditionally researchers
tried to minimize antenna coupling in the arrays. However, it should be noted that since an-
tenna coupling is ultimately unavoidable, researchers began to take advantage of the coupling
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and introduced the concept of linear connected arrays, which resulted in approximately contin-
uous current sheets with increased performance [12]. In 2003 it was shown that an impedance
boundary condition can be used to describe planar arrays of small particles [13, 14], which has
since been used to describe the condition of absorption in metamaterials and metasurfaces [6].
This approach to planar metasurfaces has been termed effective electric and magnetic current
sheets, which we discuss next.

We begin from Ohms law given by

J D Nev D Q�E; (2.42)

where bold characters denote vectors, and J is the current density (a flux given by charge per
unit area per unit time), Q� is the complex conductivity, and v is the drift velocity of carriers
that constitute the current. Here N is the number (carrier) density with units of [# carriers/m3],
e D 1:6 � 10�19 [Coulombs] is the charge of an electron. The complex conductivity is related to
the complex permittivity through Q� D i!.�0 � Q�/, where Q� is the complex permittivity defined by
Q� D �0�r D �0.1 C �e/, where �e is the electric susceptibility, and �0 D 8:85 � 10�12 F/m is the
permittivity of free space. (Here we have used an e�i!t time-harmonic convention.) Substituting
the permittivity and susceptibility into the conductivity in Ohms law we find

J D i! .�0 � �/ E D �i!�0�eE: (2.43)

The polarization density is P D dp=dV , where p is the dipole moment and V is the volume, is
taken to be proportion to the electric field in the linear regime as

P D �0�eE: (2.44)

Thus, the current density may be written as,

J D �i!P: (2.45)

Finally, if we multiply Eq. (2.45) through by a unit of length, we have the effective surface
averaged electric sheet current [6, 14]

Ke D �i!
p
S

; (2.46)

where S is the unit-cell area. Likewise, we may derive a similar form for the effective surface
averaged magnetic sheet current,

Km D �i!�0

m
S

; (2.47)

where m is the magnetic dipole moment.
We consider a metamaterial consisting of two infinite parallel sheets, separated by a dis-

tance d , which supports Ke and Km. An electromagnetic wave is traveling in the �Oz direction
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E, ŷ

Eie
ikod Ei

H, x̂
k, –ẑ d

Figure 2.3: Schematic of a metamaterial absorber of thickness d , which is composed of two
effective current sheets (blue) of infinitesimal thickness.

with its k vector parallel to the surface normal (Oz) of the two sheets as depicted in Fig. 2.3. The
first sheet which the wave arrives to gives rise to a surface current density Ke;1 and Km;1, and
Ke;2 andKm;2 is induced on the second sheet.The second sheet is located at the origin, where the
wave has an amplitudeEi .The phase delay between the two sheets, given by the distance d , gives
rise to an amplitude of Eie

ik0d , where k0 is the free-space wave vector. The wave impedance is
defined as Z D E=H , where E and H are the magnitudes of the E and H fields, respectively,
and we define Z0 to be the wave impedance of free-space, i.e., Z0 D

p
�0=�0 � 377�. The

magnetic field strength H and the surface current density K have the same units, thus we may
write the electric field as E D ZH D ZKe.

In order for a wave to be entirely absorbed, the total transmitted and reflected fields must
sum to zero, given by

�
Z0

2
Ke;1eik0d

�
Z0

2
Ke;2 D �Ei (2.48)

for the transmission, and
�

Z0

2
Ke;1 �

Z0

2
Ke;2eik0d

D 0; (2.49)

for the reflection.
The general solution to the system of equations given by Eqs. (2.48) and (2.49) is

Ke;1 D �
i

Z0 sin k0d
Ei (2.50)

and
Ke;2 D

ie�ik0d

Z0 sin k0d
Ei : (2.51)
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Similar to TCMT presented in (2.2), we can fashion symmetric and asymmetric surface

current densities as
Ks D

1

2
.Ke;1 C Ke;2/ (2.52)

and
Ka D

1

2
.Ke;2 � Ke;1/ : (2.53)

Using symmetric and asymmetric surface current densities, our requirements for total ab-
sorption, Eqs. (2.48) and (2.49), becomes

�
1

2
Z0Ks

�
1 C eik0d

�
�

1

2
Z0Ka

�
1 � eik0d

�
D �Ei ; (2.54)

for the transmission, and

�
1

2
Z0Ks

�
1 C eik0d

�
�

1

2
Z0Ka

�
�1 C eik0d

�
D 0; (2.55)

for the reflection.
Metamaterial electromagnetic wave absorbers are typically sub-wavelength in the prop-

agation direction ( Oz in our case), and thus kd << 1. If we Taylor expand the exponentials in
Eqs. (2.54) and (2.55) and keep only the terms necessary for parenthetical terms to be non-
zero, we find for the transmission and reflection, respectively,

� Z0Ks C
i

2
Ka!�0d D �Ei ; (2.56)

� Z0Ks �
i

2
Ka!�0d D 0; (2.57)

where we have substituted Z0k0 D !�0. As discussed previously, the electric field may be writ-
ten in terms of the wave impedance or the surface current by E D ZH D Km. Thus, the first
terms of Eqs. (2.56) and (2.49) are the electric fields generated by the in-phase (symmetric)
total electric surface current density supported by the two sheets Ks D .Ke;1 C Ke;2/=2 = Ke=2,
where Ke is the equivalent total electric-current sheet contributing to the electric field of the
scattering from the ultrathin slab. The second terms on the left of Eqs. (2.56) and (2.57) are
electric fields generated, this time, by an out-of-phase (asymmetric) total surface current den-
sity given by Ka D .Ke;2 � Ke;1/=2, that are phase delayed (i D exp.i�=2/) with respect to the
first terms, and are proportional to the distance between sheets d . This dependence reminds us
of Faraday’s induction law (Eq. (2.4)), which, in integral form is,

H
c
E � d l D �@ˆ=@t , where the

magnetic flux is ˆ D
R

S
B � dS. The surface bound current is given by the asymmetric surface

current as Ka D �M � On=d , where M D dm=dV is the magnetization and V is the volume.
Since only surface current is considered, we can show that M D m=S . With On D �Oz (Fig. 2.3)
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and Eq. (2.47) one finds �i!�0dKa D Oz � Km, giving the conditions on the transmission and
reflection for total absorption to be

�
1

2
Z0Ke C

1

2
Oz � Km D �Ei ; (2.58)

�
1

2
Z0Ke �

1

2
Oz � Km D 0: (2.59)

More generally, we can describe the transmission and reflection through the current sheets
using dipole moments. The transmitted and reflected fields are

Et D Ei �
1

2
Z0Ke C

1

2
Oz � Km; (2.60)

Er D �
1

2
Z0Ke �

1

2
Oz � Km: (2.61)

Using Eqs. (2.46) and (2.47), we can obtain the transmission and reflection as:

Qt D
Et

Ei

D 1 C
iZ0!

2EiS

�
p �

�0

Z0

Oz � m
�

; (2.62)

Qr D
Er

Ei

D
iZ0!

2EiS

�
p C

�0

Z0

Oz � m
�

: (2.63)

Since the dipole moment p / Ei and m / Hi , for convenience, we can set Ei D 1 V/m, so that
p and m represent the dipole moments under unitary incidence. Therefore, we have:

Qt D 1 C
ik0

2�0S

�
p �

1

c
Oz � m

�
; (2.64)

Qr D
ik0

2�0S

�
p C

1

c
Oz � m

�
: (2.65)

With the assumption of zero magneto-electric coupling between the electric and magnetic
dipoles, and an x-directed electric dipole (as shown in Fig. 2.3), we have

Qt D 1 C
ik0

2�0S

�
px C

1

c
my

�
; (2.66)

Qr D
ik0

2�0S

�
px �

1

c
my

�
: (2.67)

It should be noted that Eqs. (2.66) and (2.67) are the same as Eqs. (2.86) and (2.87) from
multipole expansion, which we derive next.
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2.4 MULTIPOLEEXPANSION

As described in Eqs. (2.64) and (2.65), the transmission and reflection coefficients are directly
determined by the electric and magnetic dipole moments. However, if we have the case where
higher order multipoles cannot be neglected, then the conditions for perfect absorption are
modified [15]. In this section, we present more general conditions necessary to achieve per-
fect absorption, which include higher-order multipoles. There are two major methods used for
determination of multipoles: expansion of the fields external to the particle with spherical mul-
tipoles using orthogonal spherical harmonics as basis functions [16], and using induced currents
inside the particle in Cartesian coordinates based on the discrete dipole approximation [17].
Here, we adopt the later method since we would like to identify contributions to the scattering
cross section due to dipoles, quadrupoles, and toroidal multipoles [18]. In the Cartesian multi-
pole expansion method, the scattering object consists of a closely packed cubic lattice of electric
dipoles with the same polarizability p̨ for each dipole. All multipoles are located at the origin
in Cartesian coordinates, which is also the center of mass of the disk. The continuity equation
can be used to describe the induced electric dipole (ED) moment

p D
i

!

Z
V

Jd 3r; (2.68)

where J is the induced polarization current inside the resonator given by Eq. (2.45) as J D

�i!P.r/ D �i!�0.�p � �d /E.r/, V is the volume of the disk, r is the radius vector, �p.d/ is the
relative permittivity of the dielectric disk (surrounding dielectric). Here we assume that our disk
resonators are embedded in air with �d D 1. The magnetic dipole (MD) moment (m), electric
quadrupole (EQ) tensor (bQ), magnetic quadrupole (MQ) tensor (cM ) and the toroidal dipole
(TD) moment (T) can be expressed as

m D
1

2

Z
V

r � Jd 3r (2.69)

bQ D
3i

!

Z
V

h
r ˝ J C J ˝ r �

2

3
.r � JbU /

i
d 3r (2.70)

cM D
1

3

Z
V

h
.r � J/ ˝ r C r ˝ .r � J/

i
d 3r (2.71)

T D
1

10c

Z
V

h
.r � J/r � 2r2J

i
d 3r; (2.72)
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where ˝ denotes the dyadic product of vectors and U is the 3 � 3 unit tensor. Then the corre-
sponding scattering fields due to multipoles is given as [19]

E.r/sca.ED/ D
k2

0

4��0

eik0r

r

h
n � .p � n/

i
(2.73)

E.r/sca.MD/ D
k2

0

4��0

eik0r

r

h1

c
m � n

i
(2.74)

E.r/sca.EQ/ D
k2

0

4��0

eik0r

r

h ik0

6
n � Œn � .bQn/�

i
(2.75)

E.r/sca.MQ/ D
k2

0

4��0

eik0r

r

h ik0

2c
n � .cMn/

i
(2.76)

E.r/sca.TD/ D
k2

0

4��0

eik0r

r

h
ik0n � .T � n/

i
; (2.77)

where k, c, are the wavenumber and light velocity in vacuum, n D .sin�cos�; sin�sin�; cos�/T

is the unit vector along the radius vector r, � is the polar angle and � is the azimuthal angle.
Without loss of generality, we assume that the resonator is independent of the polariza-

tion, and the incident field is polarized in the Ox direction Einc D OxE0;xeik0r , the induced po-
larization current Jp D .Jx; 0; 0/T , leads to several non-zero multipoles; px , my , Qzx D Qxz ,
Myz D Mzy , and Tx . The scattered field in the forward direction (� D 0), and backward direc-
tion (� D �) can thus be described as

E.r/C;0
sca;x '

k2
0

4��0

eik0r

r

h
px C

1

c
my C

k0

6i
Qzx C

k0

2ic
Mzy C ik0Tx

i
(2.78)

E.r/�;�
sca;x '

k2
0

4��0

eikr

r

h
px �

1

c
my �

k0

6i
Qzx C

k0

2ic
Mzy C ik0Tx

i
: (2.79)

According to the stationary phase approximation, we can further describe the transmitted
and reflected fields in terms of the multipole polarizabilities as [20]

EC
D E0,xe

ik0z
C

“ 1

�1

EC
sca,x&dxdy (2.80)

' E0,xe
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2�0
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c
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k0
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Qzx C

k0
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Mzy C ik0Tx
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D E0,xe

ik0z
h
1 C

i&k0

2Einc�0

�
px C

1

c
my C

k0

6i
Qzx C

k0

2ic
Mzy C ik0Tx

�i
E�

' eik0z i&k0

2�0

h
px �

1

c
my �

k0

6i
Qzx C

k0

2ic
Mzy C ik0Tx

i
; (2.81)

where z ! 1 is the propagation distance from the center of the cylinder in the z direction and
& D 1=S is the density of the multipoles per unit area.
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If we take the reference plane at z, then the transmission and reflection coefficient can be

written as

Qt D
EC

E0,x
D 1 C

ik0&

2E0;x�0

�
px C

1

c
my C

k0

6i
Qzx C

k0

2ic
Mzy C ik0Tx

�
(2.82)

Qr D
E�

E0,x
D

ik0&

2E0;x�0

�
px �

1

c
my �

k0

6i
Qzx C

k0

2ic
Mzy C ik0Tx

�
: (2.83)

The condition of perfect absorption dictates that the transmission and reflection must be zero
simultaneously. We can obtain the relations with the assumption of E0;x D 1 V/m:

Re
h
px C

k0

2ic
Mzy C ik0Tx

i
D Re

h1

c
my C

k0

6i
Qzx

i
D 0 (2.84)

Im
h
px C

k0

2ic
Mzy C ik0Tx

i
D Im

h1

c
my C

k0

6i
Qzx

i
D

�0

k0&
: (2.85)

If only electric dipole and magnetic dipole components are considered to contribute the trans-
mission and reflection, we can get the same conditions as shown in Eqs. (2.64)–(2.65):

Qt D 1 C
ik0

2�0S

�
px C

1

c
my

�
(2.86)

Qr D
ik0

2�0S

�
px �

1

c
my

�
: (2.87)

In order to achieve Qt D Qr D 0, i.e., perfect absorption, the electric and magnetic dipole moments
must satisfy

Refpxg D
1

c
Refmyg D 0 and Imfpxg D

1

c
Imfmyg D

�0S

k0

: (2.88)

2.5 INTERFERENCETHEORYOFPERFECTABSORBERS
In 2012, a theory of metamaterial absorbers based on interference was published and described
an alternative view not based on effective medium theory [21]. In this approach, the two metal
layers are considered to be decoupled such that multiple wave reflections occurring inside the
finite-thickness spacer layer. The method is thus similar to that of the Salisbury and Jaumann
absorbers described in Section 1.2, where the interference condition for absorption is given as
d D �0=4n.

As shown in Fig. 2.3, the top metamaterial layer is assumed to be an infinitesimal
impedance surface. As the electromagnetic waves is incident onto the air-metal interface, re-
flection and transmission take place with a reflection coefficient Qr12 D r12ei�12 and transmis-
sion coefficient Qt12 D t12ei�12 . The transmitted wave continues propagating inside the spacer
layer with a propagation wavenumber Qk D

p
Q�d k0, where Q�d is the permittivity of the dielectric
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spacer layer of thickness d . The wave reflects back from the conducting ground plane with a
reflection coefficient Qr23. Multiple reflection and transmission may occur at the metal-air inter-
face, with coefficients Qr21 D r21ei�21 and Qt21 D t21ei�21 . Finally, the total reflection out of the
slab is the superposition of the direct reflection from the metamaterial layer and the multiple
reflections at the air-metal interface:

Qr D Qr12 C
Qt12 Qt21

1 � Qr21 Qr23ei2 Qkd
Qr23ei2 Qkd : (2.89)

For a ground-plane supported perfect absorber the transmission is zero, and therefore the ab-
sorbance is given byA D 1 � jQr j2. Since the topmetamaterial layer is decoupled from the bottom
ground plane, the transmission and reflection coefficients can be easily obtained by removing the
ground plane layer and setting the metamaterial on a half dielectric space. For a given metama-
terial structure and spacer material, the overall reflection is only determined by the thickness of
spacer d , and according to [21] the total round-trip phase is 2kd C �21 C � � 2� . Therefore if
�21 D 0—or is a multiple of 2�—we find d D �0=4n.

2.6 DEPENDENCEOFABSORPTIONBANDWIDTHON
THICKNESS

For a ground plane-supported absorber, the bandwidth of absorption is determined by the sum
of the radiative and material loss rates, i.e.,

BW � 2
ˇ̌̌! � !0

!

ˇ̌̌
D

2.
 C ı/

!0

(2.90)

according to Eq. (2.41). The radiative loss rate is dominated by the geometry of the resonator,
while the material loss rate is not only regulated by the loss tangents of the constituents, but is
also related to the total thickness of the absorber.

Based on the Fresnel equations, previous analytical study on a single-layer absorber has
shown that the bandwidth is bounded as [22]

BW �
4c

!d

�

j�r � �r j
; (2.91)

where � is the reflection coefficient at !, which is close to the perfect absorption frequency,
and �r , �r are the relative permittivity and permeability of the slab. Equation (2.91) shows
that the bandwidth of a single-layer absorber is inversely proportional to the absorber thickness,
which is contradictory to the analysis in [23], which shows that the bandwidth increases with
the increasing thickness. This inconsistency arises from the fact that the d in Eq. (2.91) is the
thickness for a perfect absorber, which is also determined by the permittivity and permeability.
In addition, � and � in the analysis were assumed to be dispersiveless, which is not true since
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the real and imaginary parts of them are correlated by the Kramers–Kronig relations. Otherwise,
the absorber will be broadband with an infinite bandwidth.

A more fundamental relationship between the bandwidth and the absorber thickness can
be derived for any single-layer metal backed absorber. Another assumption is that the reflection
coefficient can be described keeping only the first-order term in ��1, which is given as

Qr.�/j�!1 D �1 � i
4��d

�
: (2.92)

Using the reflectivity coefficient given in Eq. (2.92), a Kramers–Kronig analysis shows that the
absorber thickness is given by [24],

d �
1

2�2�s

ˇ̌̌̌Z 1

0

ln j Qr.�/j d�

ˇ̌̌̌
; (2.93)

where �s D Ref�gj�!1 is the static permeability of the absorber.

2.7 SUMMARY
In this chapter, we have presented several theoretical approaches which describes the electro-
magnetic properties of perfect absorbers. In addition to the theories detailed here, there are two
other common approaches—transmission-line theory, and the equivalent-circuit theory, both
of which are prevalent in the field of microwave engineering. There are several good books and
papers covering these additional methods [11, 25–29].
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C H A P T E R 3

Metamaterial Perfect
Absorbers and Performance

Since the first experimental demonstration of the electromagnetic perfect absorber by Landy et
al. in 2008 [1], studies of metamaterial perfect absorbers (MPAs) have traversed the electromag-
netic spectrum from radio frequencies to the visible range. Over the past years, various novel
MPA designs and functionalities—which can be categorized into plasmonic or all-dielectric
based MPAs—have been proposed and demonstrated. The MPA design is extremely versatile
thus permitting great flexibility in performance and applications. For example,metamaterial per-
fect absorbers have been shown useful for chemical sensing, solar energy harvesting, imaging,
detection, thermophotovaltaics, and color filtering. In this chapter, we will review the develop-
ment of metamaterial absorbers over the past decade. After describing the general concept of the
metamaterial perfect absorber, we will discuss themain features ofMPAs, including polarization
performance, broad angular acceptance, broad bandwidth, and spatial dependence.

3.1 INTRODUCTION
Electromagnetic metamaterials often consist of arrays of patterned subwavelength elements
whose electromagnetic response can be described using effective electric permittivity " and mag-
netic permeability �. Through engineering the metamaterial geometry, impedance matching to
free space can be achieved with the condition of "r.!/ D �r.!/, which permits zero reflec-
tion from the metamaterial. MPAs have been shown to outperform other well-known resonant
absorbers, such as the Salisbury screen and DRallenbach absorber [2, 3] in terms of the scala-
bility, form factor, angular dependence, bandwidth and tunability. For metallic metamaterial
absorbers, the inclusion of a ground plane ensures no transmission through the structure, thus
leading to near unity absorption. The absorbed power is primarily dissipated inside the lossy
dielectric spacer, lying in-between the metamaterial layer and ground plane [1]. However, for
all-dielectric metamaterials—under the condition of impedance matching—perfect absorption
is realized through achieving degenerate hybrid electric and hybrid magnetic modes, and se-
lecting a material dielectric loss tangent, such that the power is directly absorbed inside the
dielectric metamaterials [4, 5]. Since both the metamaterial element and periodicity size are
subwavelength, incident angles for MPAs are much larger than those for FSSs [6].

Since the first experimental demonstration of the metamaterial perfect absorber (MPA) in
2008, there has been intense interest in development of practical applications. With the devel-
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opment of MPAs over the last decade, researchers have experimentally shown designs operating
over nearly the entire electromagnetic spectrum from radio frequency, millimeter wave, tera-
hertz, infrared, through optical to ultraviolet range. Figure 3.1 shows some milestones of the
past progress of MPAs, which covers various major topics, over the years from 2002–2021.

In what follows, we categorize MPAs into three major types: metallic MPAs (MMPAs),
all-dielectric MPAs (DMAs), and coherent perfect absorbers (CPAs). In Section 3.2, we will
first review the conventional configuration of MPAs based on metals. Then, we will discuss the
state-of-the-art of DMAs and CPAs, respectively. In Section 3.3, we will discuss the primary
electromagnetic properties that can be modified withMPAs, including bandwidth, polarization,
independence, and angular acceptance. In Section 3.4, we will discuss the general geometries
and materials used for MPA designs.

3.2 METAMATERIAL PERFECTABSORBERS
3.2.1 METALLICMETAMATERIAL PERFECTABSORBERS
Thefirst metamaterial based perfect absorber by Landy et al. as shown in Fig. 3.2a, demonstrated
a simulated absorptivity of 99% at 11.48 GHz [1]. The top layer is an ERR which provides the
electric response by coupling strongly to the incident electric field at a desired resonance fre-
quency. The second metal, spaced apart from the top layer by a dielectric, consists of a cut wire
in a parallel plane, and also contributes to the electric response. Magnetic coupling is achieved
via circulating displacement currents in the cut wire and the center wire of the ERR. An incident
time-varying magnetic field may couple to these anti-parallel currents, thus yielding a Lorentz-
like magnetic response. The combined design allows for individual tuning of the electric and
magnetic responses. For example, adjustment of the geometry of the ERR permits tuning the
frequency position and strength of the resonance, while altering the spacing of the two metallic
structures, and their geometry, allows the magnetic response to be modified. As a result, the
effective impedance at resonance, out of which effective permittivity and effective permeabil-
ity are induced by the two orthogonal circulating current and circulating displacement current,
matches the free space impedance [12]. As shown in Fig. 3.2c–d, the authors showed that the
experimentally measured transmissivity and reflectivity are very close to the simulated results.

The initial MMPA requires design of both of the top and bottom resonators to achieve
impedance matching [1, 54]. To reduce the parameter design space and fabrication complex-
ity, the bottom metal layer was replaced directly by a metallic ground plane, working as a PEC
layer, i.e., a mirror plane for the electric field, to ensure negligible transmission through the ab-
sorber [8]. Based the TCMT analysis presented in Chapter 2, the ground planeMMPAmay be
described as a single-port system. Through optimization of the distance between the resonator
and the ground plane, the reflection from the front of the resonator can be cancelled via destruc-
tive interference of the reflection and incoming waves. It is clear that as long as the resonator is
critically coupled with intrinsic loss rate balancing the radiative decay rate, the reflection coef-
ficient becomes zero, indicating a perfect absorption state.
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Figure 3.1: (Continued.) Milestones of metamaterial perfect absorber since 2002. (1)[7] (2)[1],
(3)[8], (4)[6], (5)[9], (6)[10], (7)[11],(8)[12], (9)[13], (10)[14],(11)[15], (12)[16], (13)[17],
(14)[18], (15)[19], (16)[20], (17)[21], (18)[22], (19)[23], (20)[24], (21)[25], (22)[26], (23)[27],
(24)[28], (25)[29], (26)[30], (27)[31], (28)[32], (29)[33], (30)[34], (31)[35], (32)[36], (33)[37],
(34)[38], (35)[39], (36)[40], (37)[41], (38)[42], (39)[43], (40)[44], (41)[4],(42)[5], (43)[45],
(44)[46], (45)[47], (46)[48], (47)[49], (48)[50], (49)[51], (50)[52], (51)[53]. BBA - broadband
absorber, CPA - coherent perfect absorber, ET - electrically tunable, ENZ - epsilon near zero,
FPA - focal plane array, HMM - Hyperbolic metamaterial, LC - liquid crystal, PCM - phase
change material, SLM - spatial light modulator, SPI - single pixel imaging, TF - thin film, TO
- transformation optics, ZRA - zero-order rank absorber
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Figure 3.2:The first experimental demonstration of a metamaterial perfect absorber. (a) Unit cell
of the MPA: top metamaterial layer (dimensions in mm: a1 D 4:2, a2 D 12, W D 4, G D 0:6,
t D 0:6), cut wire dimensions (L D 1:7, H D 11:8), and a perspective view of the unit cell. (b)
Simulated results of transmissivity (blue, right axis), reflectivity (green, left axis), and absorp-
tivity (red, left axis). (c,d) Experimentally measured (blue) and simulated (red) reflectivity and
transmissivity. Reprinted with permission from Ref. [1] © 2008 APS.
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Figure 3.3: Terahertz metamaterial absorber consisting of two metallic layers and two dielectric
layers. (a) Electric SRR: unit cell a: 36 �m, SRR side length b: 25.9 �m, capacitor length c:
10.8 �m, capacitor gap g: 1.4 �m, and linewidth w:3 �m. (b) Perspective view of the absorber.
Each dielectric layer, t1 and t2, is 8 �m thick. (c) Photograph of a portion of the experimentally
realized absorber. (d) The simulated absorptivity (for normal incidence) out to 3.5 THz reveal-
ing an additional absorption. The red dashed curve shows the absorption with the capacitor
shorted highlighting the importance of the in-plane electric response in determining the main
absorption peak. (e) The calculated surface current density at the absorption peak. Reprinted
with permission from Ref. [6] © 2008 APS.

The first GPA was experimentally demonstrated at the terahertz frequencies by Tao et
al. in 2008 [6]. The structure consists of a split-ring resonator (SRR) on top of an 8-�m poly-
imide spacer and a 200-nm gold continuous ground plane. Through geometrical optimization,
the absorptivity shows a peak at 1.6 THz; see Fig. 3.2d. Similar to the working principle of the
first MPA, the perfect absorptivity is achieved through exciting the electrical response in the
top SRR structure and the magnetic response between two metal layers. Therefore, the effective
impedance at the resonance matches the free space and the total incident power is absorbed in-
side the metamaterial layer. Figure 3.2e shows the calculated surface currents in the top resonant
structure and the lower ground plane at the peak absorption frequency. The surface currents are
associated with an LC resonance, and can be seen to counter-circulate in the top electric res-
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onator when the incident wave is polarized perpendicular to the resonator gap. Since the ground
plane acts as a perfect electric conductor (PEC), the surface currents in the top ring resonator
and bottom metal form a magnetic response with a circulating displacement current.

The approximate scale invariant nature of metamaterials—valid for Maxwell’s equations
with no charges or currents—ensures that an MPA operating at one frequency can be scaled to
nearly any other frequency. Although the first experimental demonstration onMPAs was in the
microwave range, work quickly followed in the terahertz regime [6]. The ubiquitous MMPA
design, consisting of a metamaterial resonators patterned on top of ground plane, was adopted
and scaled to other frequencies. A similar MMPA design based on split-ring resonators (SRRs)
was soon realized in the millimeter wave range with resonant frequency of approximately at
77 GHz [55]. As shown in Fig. 3.4a, due to the polarization dependent electromagnetic re-
sponse, the absorption peak around 77 GHz only occurs when the electric field is aligned per-
pendicular to the resonator gap.

In the infrared range, MMPAs without the ground plane had been theoretically pre-
dicted before experimental demonstration. A wide-angle infrared absorber, based on a perfectly
impedance matched negative-index material with double-layer metal strips surrounded by two
continuous wires, exhibits an absorptivity of 90% at 1.5 �m [57]. Although zero reflection is
achieved in this design from the impedance matching condition, the transmission remains as
high as 10% at the resonance. Through incorporation of a metallic ground plane, the first exper-
imental demonstration of MMPAs exhibited 97% absorptivity at wavelength of 6 �m [12]. As
shown in Fig. 3.4b, different from the ERR structure in the microwave and terahertz ranges,
the unit cell consists of arrayed cross-shaped metamaterials on a 185-nm thin dielectric layer of
Al2O3. The retrieved optical constants ".!/ and �.!/ both cross zero at the resonant frequency
which ensures zero reflection with impedance matching. At other frequencies, either "1.!/ or
�1.!/ is negative such that no energy can be transmitted through the absorber. Further simu-
lation also confirmed that most of the energy is dissipated in the dielectric layer rather than by
the Ohmic loss, which is in agreement with other prior work [54]. The absorbed power sub-
sequently is converted to local heat, that can be used for bolometric detection [10, 54, 58–60],
pyroelectric detection [40, 61–63], photothermal reshaping [64], water desalination [36, 38],
and energy harvesting [65].

The first two MMPAs working at NIR wavelengths [13, 14], published within days of
each other, utilized a gold disk and rectangular patch in a unit cell patterned on a dielectric
layer, respectively. As shown in Fig. 3.4c, Hao et al. showed that the patternedMMPAs realized
absorptivity of 88% at wavelength of 1.6 �m. The absorption was explained by the excitation
of plasmonic electric resonance and localized magnetic resonance between the top and bottom
metals. Different fromMMPAs operating at longer wavelength, the major absorbed power was
dissipated as Ohmic loss.

At even shorter wavelengths, i.e., the visible and UV ranges, it is challenging to produce
MMPAs, owing to limits of conventional lithography techniques. In addition, the operational
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frequencies are very close to plasmonic frequencies of noble metals such as gold, silver, and alu-
minum, indicating a large imaginary permittivity based on the Drude model [66, 67].Therefore,
it is challenging to obtain narrowbandMMPAs in this realm.There are only a few experimental
work with narrowband absorption demonstrated in this range, in contrast to those in longer
wavelengths [56]. Although it is difficult to obtain narrow-band absorptivity at shorter wave-
lengths, broadband absorbers are indeed possible. The majority of studies of MMPAs in this
regime possess relatively large bandwidth, and operate under different mechanisms, such as in-
terference, and will be addressed in Section 3.3.1.

3.2.2 ALL-DIELECTRICMETAMATERIAL PERFECTABSORBERS
In Section 3.2, we have shown that traditional metal-based MMs obtain their electromagnetic
properties from individual sub-wavelength unit cells, and relatively complex response may be
achieved through a bottom up approach [1, 68, 69]. Metal-based MPAs have shown polariza-
tion dependent and independent response, broadband behavior, angular tuning, precise wave-
length dependence [1, 70, 71], increased effective absorption coefficient [4], and tailored spatial-
dependent response [19, 72]. Traditional MPAs, however, are based on metals and as such, one
often chooses the highest electrically conducting materials in order to maximize performance.
Indeed the frequency dependence of the conductivity—and its subsequent reduction in the in-
frared and visible range—is what limitsMMs from shorter wavelength operation.Thus, the per-
formance of traditional MPAs is strongly tied to the electrical conductivity. For example, at NIR
and visible wavelengths, less conductive refractory metals like tungsten (W), nickel (Ni), and
molybdenum (Mo) can be used for broadband MPAs but with limited wavelength selectivity.
Although this may be a suitable dependence for many areas of investigation [29], it nonetheless
presents a restriction that may limit potential applications. The ratio of the electronic contribu-
tion of the thermal conductivity (�) to the electrical conductivity (�) is a constant and indepen-
dent of any particular metal. This fundamental relationship—termed as the Wiedemann–Franz
law—is usually characterized by the Lorenz number given as the ratio L D .�=�T /, which is
found to be independent of any material constants, but rather is a ratio of universal constants
L D .�kB=e/2=3. Thus, for MPA studies where thermal properties are important, the avail-
ability of a metal-free substitute would enable an alternative and less fundamentally restrictive
design approach.

In the visible range, maximizing the efficiency of solar cells requires a relatively thick
silicon layer to maximize the absorptivity. However, to maximize current collection, one desire
to possess thinner silicon to reduce unnecessary carrier loss from scattering and electron-hole
recombination. Although metal-dielectric-metal-based MPAs have been used to solve such a
contradiction, the introducedmetal dissipates a significant portion of the absorbed power, which
is converted into heat, rather than for the generation of photocarriers. Therefore, new ultrathin
metal-free structures with near perfect absorption would enable new breakthrough for energy
harvesting.
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All-dielectric material based absorbers were initially proposed and demonstrated as a
broadband absorber with subwavelength structures patterned on a thick and absorptive sub-
strate [73–78]. In 2012, Luo and co-workers proposed a broadband terahertz absorber based on
patterned highly doped silicon posts on a thick silicon substrate with resistivity of 0.77 � � cm as
shown in Fig. 3.5a [73].The numerically simulated absorptivity exhibits two absorption peaks at
1.5 THz and 2.3 THz as shown in Fig. 3.5b, mainly arising from zero—and first-order diffrac-
tion, respectively. Broadband absorption was obtained by using both the zero-order and the
first-order diffractionmodes.The zero-order diffraction corresponds to the impedancematching
condition with a quarter-wave thickness of an equivalent medium, while the first-order results



38 3. METAMATERIAL PERFECTABSORBERSANDPERFORMANCE
from grating diffraction inside the silicon substrate. When the carrier density is much higher,
with a wafer resistivity between 0.02 and 0.05 � � cm, the cross structures shown in Fig. 3.5c,
patterned directly out of silicon, behave more like plasmonic resonators which are similar to
those made of metals but with much higher material loss [74]. Similarly, the measured and
numerically simulated absorptivity spectra also exhibit two absorption peaks around 0.86 THz
and 1.49 THz, as shown in Fig. 3.5d. Because of highly conductive silicon, however, the in-
cident terahertz wave can excite localized surface plasmon resonances (LSPRs), in which the
lower-frequency resonance is attributed to the small cavity between the top and bottom arms,
while the high-frequency resonance originates from the large square cavity formed by the four
adjacent resonators. For these broadband absorbers, a significant portion of the absorbed power
is dissipated inside the lossy substrate, which shows an absorptivity as large as 70% without any
patterning [73–75]. Therefore, a challenge with such designs is obtaining frequency selective
narrowband absorption using patterned structures directly on a lossy substrate.

Recently, it has been reported that a metasurface can be fashioned entirely from sub-
wavelength dielectric resonators [74, 79–81], which act as isolated “metamaterial atoms.” High-
index dielectric cylinders with finite height and radius have been found to support electric and
magnetic resonances, which can be controlled by modifying the aspect ratio [82].Through over-
lapping the two resonances, the lossless all-dielectric metasurface behaves as a Huygens’ meta-
surface with effective impedance matching to the free space without reflection [47, 83, 84].
When introduced with adequate loss, no light is transmitted, but rather is completely ab-
sorbed entirely within the dielectric. The resulting composite material thus functions as a sub-
wavelength metasurface with tunable permittivity and permeability permitting the realization
of an all-dielectric absorber [85].

It was shown that the dielectric cylinders can be modeled as dielectric waveguides, which
support hybrid HE and EH modes. If the z axis is oriented parallel to the cylindrical axis, then
Hz=Ez � 1 for the HE mode, and Ez=Hz � 1 for the EH mode [86]. Based on the cylin-
drical geometry, the effective hybrid magnetic (HE111) and electric (EH111) dipole modes can
be tuned independently. As shown in Fig. 3.6a–b, for an array of dielectric cylinders, both the
HE111 and EH111 modes decrease with the radius and height of the cylinder increase. Through
tuning the geometry, impedance matching can be achieved at the resonant frequency where
the HE111 and EH111 modes overlap. For materials with relatively high dielectric constants
("r � 10), the surfaces can be approximated as perfect magnetic walls. Under these conditions,
the dimensions of the dielectric resonator are determined only by the free-space resonance wave-
length (�0) and refractive index (n) of cylinders [4]. The HE magnetic dipole mode has a cutoff
given by � D h=2, where � D �0=n and h is the cylinder height. Thus, given � D h=2, the criti-
cal criterion is to find the cutoff conditions for the EH mode. Prior studies have shown that for
a cylindrical dielectric particle with an index of refraction of n, radius r , and height h, the EH
cutoff condition is given by

r D 0:61
�0

.n2 � 1/1=2
: (3.1)



3.2. METAMATERIAL PERFECTABSORBERS 39

1.4

1.2

1.0

0.8

0.6
30 40 50 60 70 80 30

0.2 0.4

0 1 z

x

0.6

Simulation
Measurement

h = 50 µm

p = 210 µm

HE111 Mode (TM)

EH111 Mode (TE)
r = 60 µm

p = 210 µm

0.8 1.0 1.2 1.4

40 50 60 70 80

1.4

1.2

1.0

0.8

0.6

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

Radius (µm) Height (µm)

F
re

q
ue

n
cy

 (
T

H
z)

F
re

q
ue

n
cy

 (
T

H
z)

A
b

so
rb

an
ce

Frequency (THz)

(a) (b)

(c) (d)

200 µm

Figure 3.6: (a) Dependence of absorbance for HE111 (gray dashed curves) and EH111 (black
dashed curves) cylindrical modes as a function of radius with h D 50 �m and p D 210 �m.
(b) Dependence of the absorbance on frequency and height with r D 60 �m and p D 210 �m.
(c) Oblique view of the fabricated arrayed silicon cylinders on a PDMS substrate. The scale bar
is 200 �m.The simulated (dashed curve) and measured (solid curve) absorbance for the absorber
with dimension of cylinder height D 50 �m, radius D 62:5 �m, and periodicity of 172 �m.The
inset shows the on-resonance power loss density at the mid plane. Reprinted with permission
from Ref. [4] © 2017 OSA.



40 3. METAMATERIAL PERFECTABSORBERSANDPERFORMANCE
Then given the condition for the HE mode,

h D
�0

2n
: (3.2)

A specific geometry designed using Eqs. (3.1) and (3.2), guarantees the overlap of magnetic
dipole and electric dipole resonances, and the absorption is significantly enhanced in the
structure—reaching near unity—although the bulk material only possesses relatively small loss.
Figure 3.6c shows the fabricated all-dielectric perfect absorber consisting of periodic silicon
cylinders supported by a PDMS polymer substrate. The terahertz time-domain spectroscopic
measurement on the sample shows a nearly unity absorption achieved at 1.011 THz, as shown
in Fig. 3.6d.

Figure 3.7 shows recent progress on all-dielectric narrowband absorbers at different fre-
quencies. It was experimentally demonstrated that a NIR metasurface absorber, consisting of
silicon nanopillars sitting on a glass substrate, exhibits absorption as high as 95% at 855-nm
via modifying the interference between coherent electric and magnetic dipole scattering; see
Fig. 3.7a [87]. Compared to a uniform poly-silicon thin film with equal surface density, the ab-
sorber concentrates light energy more than 50 times. Using similar high-index materials, it was
experimentally demonstrated that a NIR absorber can be obtained using arrayed Ge disks on a
CaF2 substrate, as shown in Fig. 3.7b [88]. At the absorption peak of approximately 1200-nm,
the annihilation of backward scattering arises from the establishment of equal effective electric
andmagnetic polarizabilities, i.e., ˛e

eff D ˛m
eff , known as the first Kerker Condition while the zero

forward scattering is caused by the destructive interference between the scattered field and the
incident field with the forward-scattering cross section equal to the physical cross section of unit
cell. Under these conditions, the all-dielectric metasurface can sustain high absorption over 80%
with incident angle within 28ı for both TE and TM polarizations. Based on the same physics,
it was experimentally demonstrated that arrayed square nanopillars can achieve absorption at
785-nm [89]. Actually, such an absorbing system presents a more fundamental absorber, which
can be described as two coherent perfect absorbers with eigenmode of opposite symmetry, i.e.,
even (EH) mode and odd (HE) mode. Based on temporal coupled-mode theory analysis, it was
shown that the rank of the scattering matrix for each coherent absorption mode is unity, and
that for the perfect absorber with two coherent absorption modes is zero [48]. Therefore, the
all-dielectric absorber can also be described as a zero-rank absorber. The absorption of the zero-
rank absorber at resonance is independent on the phase difference between the two excitations
from both sides. The demonstrated all-dielectric absorbers pave a new path to realize a new
class of absorbers with potential for novel applications, including imaging, energy harvesting,
thermal emission, and sensors.

3.2.3 COHERENTPERFECTABSORBERS
We have shown in Chapter 2 that under single-port incidence, only half of the incident power
can be absorbed for a resonating system that supports only one mode at the resonant frequency.
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However, with an incoming wave from a second port, placed opposite to the first, perfect ab-
sorption may be possible if the two waves destructively interfere with the resonance in a system
often termed a coherent perfect absorber (CPA). CPAs can be viewed as a time-reversed lasing
process, where a gain medium is replaced with a lossy one [90]. Equivalently, the scattering
matrix (S-matrix) of the CPA shown in Eq. (2.38) exhibits one zero, indicating decay of inci-
dent power, thus functioning as the counterpart to lasing. Absorption in such a system can be
dynamically modulated through manipulating the phase, amplitude and frequency of the two
incident waves—one at each port [91].

Coherent perfect absorption is a general phenomenon in a resonating cavity, when the
S-matrix possesses zeros. It was initially demonstrated in a 110-�m silicon slab, which acts as
the time-reverse of a Fabry-PKerot laser [92]. With illumination from both sides, the measured
output intensity from one side revealed a strong dependence on the relative phase of the two in-
puts at the cavity resonant wavelengths around 1 �m. Similar to perfect absorption, the coherent
perfect absorption also requires critical coupling of the radiative loss rate and the material loss
rate. Therefore, spectral bandwidth of the CPA is mainly determined by the material loss tan-
gent [93, 94]. For a heavily doped silicon slab, coherent perfect absorption in the Mid-IR range
can also be achieved with changing the thickness to about 450-nm, which is about 1/20 of the
resonant wavelength [95]. Recent numerical studies also showed that even for an atomically thin
graphene layer, coherent perfect absorption is attainable via modifying the Fermi level [96, 97].

Recently, metamaterial based CPAs have generated great interest owing to their subwave-
length cavity size and geometrical tunable resonating properties. A metamaterial-based CPA
was first numerically presented on an ultrathin free-standing metamaterial film, which consists
of two layers of metallic disk arrays separated by a dielectric spacer as shown in Fig. 3.8a [98]. Be-
cause of the plasmonic hybridization between the two disks, two fundamental modes, symmetric
and anti-symmetric, correspond to the electric and magnetic dipole response, respectively. Both
of these twomodes are able to achieve coherent perfect absorption through varying the thickness
of the dielectric spacer. For an optimized structure with a spacer thickness of 1/125�0, where �0

is the resonant wavelength in vacuum, the absorption at the anti-symmetric mode shows a de-
pendence on the relative phase between the two coherent beams, as shown in Fig. 3.8b. Around
the same time, a metamaterial-based CPA was experimentally demonstrated at 632-nm using
a free-standing metallic metamaterial with a thickness of 1/13�0 [91]. Results illustrated the
modulation of a signal intensity via manipulation of the phase or amplitude of a control beam
of a Fano-type plasmonic mode. Due to the selective absorption on the coherency of photons,
such a CPA has been used in quantum optics to demonstrate the entangled single photon states,
which can be coupled to the plasmonic mode with nearly 100% probability [99].

However, not all of the coherent photons from the two ports can be directly absorbed
into the resonator, but rather only those photons which match the phase (symmetry) of the
resonating mode are absorbed. Through careful design of metamaterials with multiple modes of
different symmetry, it is possible to achieve spectrally selective absorption of in-phase or out-of-
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phase coherent photons [100]. Recently, such a scheme was first experimentally demonstrated
using all-dielectric metasurfaces [48]. Figure 3.8c illustrates an all-dielectric CPA consisting
of a square array of zirconia ceramic disks, which supports a large number of hybrid electric
and magnetic resonances, including a quasi-electric dipole mode EH111, and a quasi-magnetic
dipole mode HE111. According to dielectric waveguide theory and numerical simulations, for
a given material loss tangent tanı D 0:06 and permittivity of 31.6 for zirconia in the K-band,
the disk array exhibits a perfect absorption state at 24.3 GHz, when the radius d and height h

were set as 6.08mm and 1.1mm, respectively. At the perfect absorption frequency, the scattering
matrix of the all-dielectric metasurface is zero because of the degeneracy of the critically coupled
odd magnetic mode HE111, and an even electric mode EH121. Such an absorber is referred as
a zero rank absorber (ZRA) as described in Chapter 2. As the height of the disks is increased,
the frequencies of both modes decrease—although at different rates—such that the degeneracy
is lifted. For a height of 1.4 mm, the two modes are well separated. Figure 3.8d shows the two-
port absorptivity spectra for three different values of the port phase difference with �� D 0ı

(black curve), �� D 90ı (grey curve), and �� D 180ı (red curve). At the resonant frequencies
of 20.3 GHz (odd mode) and 23.2 GHz (even mode), the phase dependent absorptivity reaches
nearly 50% of the total incident incoherent power from one port. It is interesting to note that
the critical coupling condition for both modes is approximately maintained while increasing
the height of disks. Therefore, the spectrally selective CPA can be theoretically attained at any
frequency in regions decoupled from high-order modes.

3.3 ELECTROMAGNETIC PROPERTIESOF
METAMATERIALABSORBERS

Over the last decade since the emergence of metamaterial absorbers, potential practical appli-
cations in energy harvesting, imaging, thermal emission, sensing, and water vapor generation,
have driven the exploration of metamaterial absorbers with various features, such as ultra-broad
absorptivity bandwidth, narrow absorptivity bandwidth, polarization independent absorptivity,
and spatially dependent absorptivity. In following sections, we will review the past achievements
on these features and highlight a few particular examples.

3.3.1 BROADBANDWIDTH
The first demonstrated MPA with a single unit cell exhibited only one absorption peak, and
achieved relatively narrow bandwidth and high spectral resolution [1]. In single-resonator ab-
sorbers, the absorption has a relatively narrow bandwidth, and is achieved with only one mode,
or two degenerated modes, with a finite loss rate. For broadband absorbers, the broader absorp-
tivity operation spectrum means much lower quality factor (Q), and much larger material loss
rate and radiative loss rate. Therefore, to achieve broadband absorptivity, methods with includ-
ing lossy material or multiple resonators can be used to increase the loss rates, respectively.
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To date, studies on broadband metamaterial perfect absorbers (BMPAs) can be catego-

rized into four groups based on resonator arrangement and techniques: planar, vertical, integra-
tion with lumped elements, and randomly distributed nano-particles. The first straightforward
method is to incorporate multiple resonators in a supercell through deliberate design with reso-
nances overlapping each other. The final absorption spectrum, showing with multiple resonance
peaks, can be approximately considered as the linear superposition of the individual resonance.
Within a supercell consisting of a mix of resonators of various sizes, the resonators are close to
each other such that the coupling between neighbors leads to interaction between each metama-
terial, thus resulting in a slight resonance shift for each resonator. Dual-resonance MPAs were
developed by two different groups at nearly the same time—both operating at terahertz frequen-
cies [11, 70]. Both dual-band absorbers are designed with concatenating two ELC resonators
together to form a single unit cell. As shown in Fig. 3.9a, due to the different resonator length,
the absorber exhibits two strong absorption peaks of 0.85 at 1.41 THz and 0.94 at 3.02 THz,
respectively. Using a similar method, with which resonators share the same unit cell in a single
structure but have different either resonant length or gap size, dual-band [55, 101–108], triple-
band [17, 109–115], quad-band [116–118], and octave-band [119, 120] metamaterial absorbers
have been demonstrated in a spectrum, from microwave to visible.

Planar Broadband Absorbers
The first multispectral absorber demonstrated in the microwave region used two identical elec-
trical circular ring resonators forming a 2 � 2 array in a unit cell by rotating two of the structures
by 90ı.Themeasured reflection shows two resonances at 11.15 and 16.01GHzwith absorptivity
of 97% and 99%, respectively [122]. The multispectral absorption is achieved by matching the
impedance of the structure with incorporating the fundamental ELC resonance and high-order
dipole resonance mainly on the center bars. Because of the rotational symmetry, the absorp-
tivity of such an absorber is polarization independent. With the same idea, other studies have
shownmultispectral absorbers in themicrowave [123, 124], NIR [125–127], and at visible wave-
lengths [20]. As shown in Fig. 3.9d, an array of trapezoid shaped structure with Ag/SiO2/Ag
layers reveals a broader absorptivity spectrum compared to a metallic grating array. A crossed
trapezoidal pattern can further expand the absorption bandwidth, with absorptivity over 71%
between 400 and 700-nm.The broadband absorption under TM-polarized excitation originates
from the resonant electromagnetic response of different cross-sections of the trapezoid at dif-
ferent wavelength, while the absorption under TE polarization is due to the different effective
plasma frequencies from different widths. Given the intrinsically weak absorption of ultrathin
spacer layer, the absorbed power is all dissipated inside the top and bottom metal layers and
subsequently converted to heat.

In the spectrum between microwave and NIR regimes, multispectral absorption can also
be achieved by directly arranging resonators with various dimensions side by side within a su-
percell. As shown Fig. 3.9c, Liu et al., for the first time, achieved an NIR spectrally selective
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broadband absorber whose supercell consists of total 16 resonator elements with 4 different ge-
ometries [19].The engineered emissivity spectrum operating in the range of 0.5–1.8�mmatches
the external quantum efficiency (EQE) of GaSb to maximize the efficiency of energy harvesting
using thermophotovoltaics (TPVs). Due to the subwavelength nature of the resonators, the total
size of the supercell is only 1080 nm, smaller than the peak operating wavelength at 1.5 �m.
The tessellation of unit cells can also be used for implementation of different geometries. Re-
cently, an experimental demonstration of a broadband and polarization independent absorber,
which consists of eight pairs of gold nano-resonators, including, cross, circular disks separated
from a gold ground plane by a thin silicon dioxide layer [128].The absorber exhibits absorptivity
over 90% in the visible and near-infrared range of the solar spectrum. Similarly, such planar ar-
rangements for broadband absorptivity have been demonstrated by many groups with operating
center frequency from microwave to visible [128–141].

The planar arrangement method enables independent control of absorption bands in both
magnitude and wavelength, thus providing flexibility to precisely engineer absorptivity or emis-
sivity. The major shortcoming of this approach lies in that the operational bandwidth is lim-
ited by the number of resonators within a subwavelength supercell. In addition, the existence
of many neighbors in a single super unit cell inevitably leads to interactions and spectral re-
arrangement. If neighboring interactions are significant, then achieving an accurate tailored
scattering becomes difficult with conventional optimization approaches. To overcome the re-
strictions of planar arranged broadband metamaterial absorbers, optimization methods—such
as genetic algorithms [119, 142] and adjoint optimization [143–145]—have been used to gen-
erated broadband absorbers with non-conventional geometries. Figure 3.9b shows an example
of a genetic algorithm (GA) designed metamaterial array with polarization independent broad-
band absorptivity from 2–4.5 �m.The metamaterial was optimized by encoding one unit cell of
the nano-structured array as a 15x15 binary pixels, and the geometry was forced to have 8-fold
mirror symmetry to achieve polarization independent absorptivity. The algorithm evolves all of
the adjustable design parameters with predefined ranges to identify the absorber with the target
optical properties, including the thickness of each layer, periodicity, and patterned metal geom-
etry features. The optimization process was performed via minimizing the cost function, which
calculates the sum of deviation between the target optical properties and the simulated scatter-
ing properties over the target bandwidth and the range of incident angles for both polarizations.
In recent years, taking advantage of the great interest from machine learning (ML) techniques,
studies have shown the potential ofML for muchmore efficient metamaterial design [146–150].

Stacked Broadband Absorbers
Broadbandmetamaterial designs which use a planar arrangement are limited in both the fact that
the filling fraction of any given sub-unit cell is reduced—thus reducing the oscillator strength
of that mode [151]—as well as the fact that the super-unit cell size becomes comparable to the
operational wavelength, which may lead to scattering. An alternative approach is to stack res-
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onators vertically. In the vertical direction, more resonant layers can be added such that more
absorption resonances are superposed with smaller intervals and, as a result, the operational
bandwidth can be further expanded. The vertically stacked broadband absorber was first pro-
posed by the He group operating at terahertz frequencies [152] and then demonstrated in other
frequency regime [153–160]. As shown in Fig. 3.10a, the supercell consists of three layers of
cross structure spaced with three layers of polymer and the dimensions of metamaterials grad-
ually decrease from the bottom to the top layer. The top metamaterial with smallest geometry
presents the highest resonant frequency because of the smallest wire length. The impedance-
matching condition for each layer is achieved by tuning the polymer thickness such that the
magnetic field at each resonance significantly concentrates between the corresponding layer and
adjacent lower layer. The final total thickness of the stacked layers is still quite thin, smaller than
�/15. The numerical simulation shows three absorptivity peaks at 4.55 THz, 4.96 THz, and
5.37 THz. In this three-layer configuration, a 1.03 THz absorption band with absorptivity over
97% is achieved, and the FWHM of the absorption is nearly 38% of the central frequency.

To further expand and obtain a continuous high absorption spectrum, a sawtooth or trun-
cated pyramid with tens of pairs of metal/dielectric stacked layers have been used [22, 159, 162–
165]. The first vertically stacked ultrabroad absorbers was proposed in the mid-infrared regime
by Fang and co-workers. Using a sawtooth structure with 20 pairs of metal/dielectric stacks as
shown in Fig. 3.10c, the electromagnetic response can be described using effective anisotropic
constitutive parameters "== and "?, for the electric fields along directions parallel and perpen-
dicular to metal/dielectric interface. Different from the stacked MPA with only a few layers,
the incident wave propagates through the anisotropic metamaterial (AMM) in the z-direction
and whirls into the AMM region, concentrating magnetic field close to the interface between
AMM and air regions. As a result, the light acquires a very low group velocity compared to light
speed in vacuum. Such an AMM absorber can be viewed as a group of air/AMM/air slowlight
waveguides which can support slowlight modes with weakly coupled resonances from wave-
length from 2–6 �m. An absorptivity over 90%, as shown in Fig. 3.10d, was obtained in the
band from 3–6 �m. Such a high absorptivity can be maintained with incident angle up to 60ı.
The FWHM of the absorptivity spectrum is about 86% at normal incidence. An experimen-
tal demonstration of the stacked BMPA was achieved with 20 pairs of metal/dielectric stacked
quadrangular frustum pyramid in X-band. The measured results showed over 90% absorptivity
in the frequency range of 7.8–14.7 GHz, whose bandwidth is about 61% of the central fre-
quency [163]. Additionally, the absorption is nearly independent on the incident angle below
40ı, and remains above 80% with the incident angle within 60ı.

A detailed investigation of the permittivity of stacked BMPAs revealed Re("jj/ < 0 and
Re("?/ > 0, indicating that the multilayered metamaterial is hyperbolic with an equifrequency
dispersion curve hyperbolic [161, 166–170]. The hyperbolic property is strongly dependent on
the thickness of dielectric layers. As the thickness increases, the value of the real part of the ef-
fective permittivity "? turns from positive to negative. As a result, the hyperbolic property disap-
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Figure 3.10: Vertical arrangement of BMPAs. (a), (b) First proposed vertically stacked broad-
band absorber. (a) Illustration of a three-layer stacked cross structure as a broadband absorber
and its simulated absorption spectrum shown in (b). (c), (d) A sawtooth anisotropic infrared
metamaterial with broadband absorptivity. (c) Illustration of the sawtooth structure with 20 pairs
of Au/Ge stacks. (d) Simulated angular absorption spectrum and the line represents the absorp-
tivity contour with value of 0.9. (e), (f ) Experimental demonstration of a sawtooth hyperbolic
BMPA. (e) Schematic of a hyperbolic BMPA consisting of two quadrangular frustum pyramids
with different width. (f ) Simulated (red solid line) and experimental measured (black dashed
line) broadband absorptivity spectra. The inset shows an SEM image of the fabricated pyra-
mids array. (g), (h) A broadband visible MPA using graphene/dielectric stacks. (g) Schematic
of graphene-based BMPA. (b) Measured absorptivity versus wavelength and incident angle by
an integrating sphere. Reprinted with permission from: (a) and (b) Ref. [152] 2010 ©OSA; (c)
and (d) Ref. [22] © 2012 ACS; (e) and (f ) Ref. [161] © 2014 EMW Publishing; (g) and (h)
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pears and the metal/dielectric stacks will no longer support a slow wave, leading to narrower ab-
sorption bandwidth [167]. To increase the absorption bandwidth, He and co-workers proposed
and experimentally demonstrated an ultra-broad hyperbolic MPA by assembling multi-sized
tapered patches to increase the absorption cross section, as shown in Fig. 3.10e. The hyper-
bolic MPA consisting of 10 pairs of alternating Al2O3 (16-nm)/Al (24-nm) thin layers on a
100-nm gold film was fabricated using a cross-beam system with focus-ion beam and scanning
electron microscope. The measured results showed that the absorber yielded an average mea-
sured polarization-insensitive absorptivity of 85% in the entire solar spectrum, near-infrared
and short-wavelength infrared regime from 500–2300 nm, with the bandwidth at FWHM over
128%, as shown in Fig.3.10f.

Recently, two-dimensional (2D) materials such as graphene, transition metal dichalco-
genides (TMDs), and black phosphorus (BP) have garnered significant attention due to their
great potential as tunable materials—enabled from strong light-matter interactions—for appli-
cations in photonics, optoelectronics, imaging, and telecommunications [171–173]. For verti-
cally stacked BMPA, not only does incorporation of atomically thin 2D materials provide the
possibility to dynamically modulate the absorptivity, via changing the carrier density or band
gap of 2D materials [155, 174, 175], but also significantly decreases thermal mass of absorbers
to further increase the speed of thermal response and temperature change [162], Lin et al. ex-
perimentally demonstrated a 90-nm-thick graphene MPA [162]. As shown in Fig. 3.10g, the
BMPA consists of about 30 layers of graphene/dielectric stacks with a 80-nm SiO2 spacer layer
sitting on a 100-nm silver ground plane. The graphene/dielectric stack with a size as large as
25 � 50 mm2 was fabricated using a wet chemical self-assembly technique, which utilizes static
electric force between charged graphene oxide (GO) and polydiallyldimethylammonium chlo-
ride (PDDA) layers. The removal of oxygen-containing groups and recovery of graphene net-
work was achieved using a femotosecond laser, which was also used for grating structure fabrica-
tion. Figure 3.10h shows the measured absorptivity versus wavelength and incident angle. Under
normal incidence, the absorptivity is about 85% over the entire 300–2500-nmwavelength range.
Further, characterization of the photothermal response showed that under natural sunlight in
an open environment, the temperature of the absorber can increase by 130ıC in 10 s.

Broadband Absorbers with Lumped Elements
At microwave and lower frequencies, planar and vertically arranged BMPA are relatively large
and bulky. However, utilization of lumped element circuit components—resistors, capacitors,
and inductors—can be directly integrated into the gaps of metamaterial unit cells, which
not only modifies the effective impedance and loss, but also provides dynamical tuning ca-
pabilities [176–179]. Embedded lumped element capacitors and resistors in ELC and SRR
resonators—combined together to form an absorber—showed a maximum absorption of 99.9%
at 2.4 GHz with a FWHM of 700 MHz, which is about 29% of the central frequency [176].
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Broadband Absorbers with Nanoparticles
In the near-infrared and visible wavelength ranges, fabrication of sub-microns features is more
challenging and alternative methods of absorber manufacture may be more viable. For exam-
ple, chemically and physically synthesized nanocomposites, which consist of nanoparticles with
randomly distributed size, provide a new route to broadband absorption with the excitation of lo-
calized plasmon resonances.Through randomly dispersing chemically synthesized gold nanorod
stacks on a gold film spaced by a dielectric layer, Chen et al. experimentally demonstrated a
broadband absorber operating in the wavelength range of 900–1600-nm with absorption over
90% [180]. In addition to chemical synthesis, metal-dielectric nanocomposites can also be phys-
ically deposited using sputtering. Hedayati et al. showed that a layer of 20-nm thick Ag-SiO2

nanocomposites can be co-sputtered onto a silver film with 10–30 nm SiO2 spacer [30]. With
randomly distributed sub-50-nm silver particles, the structure exhibited broadband near-unity
absorption from deep UV region to 600 nm.

3.3.2 NARROWBANDWIDTH
High absorptivity with narrow bandwidth is crucial for spectroscopic chemical sensing, which
requires discriminating chemical species with very close spectral fingerprints. Grating struc-
tures have been demonstrated with perfect absorption in the visible and infrared regions are
enabled through coupling to surface plasmon polaritons [181–183] and surface-phonon polari-
tons [184]. Gratings consisting of arrayed patches [185], and nanoring/nanowire hybrid struc-
tures [34] on metal substrate without dielectric spacers, can achieve absorptivities exceeding
90% with FWHM as small as 0.4-nm in the near-infrared and 12-nm in the visible regions,
respectively. However, since the absorption is based on momentum matching for the excitation
of surface wave, the response is highly dependent on angle, with angular width on the order
of mrad [185]. In contrast, the localized field excited in subwavelength metamaterials can sig-
nificantly alleviate such limitations. According to temporal coupled-mode theory, absorption
bandwidth is governed by the radiative loss rate of the resonant mode, and the material loss rate
which depends on the material loss tangent. Narrowband perfect absorption therefore necessi-
tates balancing a small radiative loss rate and material loss rate. Through tailoring the coupling
between neighbouring units through increasing the length-to-width ratio and periodicity for a
metallic cross-shaped resonator, one study experimentally showed that the ratio of FWHM to
the operating wavelength can be reduced to about 3% as shown in Fig. 3.11 [186]. When two
resonators with opposite mode symmetry are spaced close to each other, the coupling coefficient
can be used to tweak the absorptivity. Recently, it was proposed that narrowband absorptivity of
over 97% with a FWHM to wavelength ratio of 1.1% could be obtained through modification
of the coupling phase between a dipole resonance and a quaduapole resonance [187].
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Figure 3.11: Narrowband IR absorber. (a) The false-colored SEM image of the ultra-narrow
MIM IR absorber. The inset is a close-up SEM image of a cross-shaped nanostructure. (b) The
measured absorption spectrum (black solid line) of the absorber compared with the absorp-
tion spectrum predicted by the equivalent circuit model (red dashed line). The inset highlights
the ultra-narrow FWHM reaching its theoretical limit of 3%. Reprinted with permission from
Ref. [186] Copyright 2019 Wiley-VCH.

3.3.3 POLARIZATION INDEPENDENTABSORPTION
Resonances in metamaterials are—by construction—dependent on geometry, and thus the unit-
cell symmetry determines the form of the magneto permittivity tensor and governs the resulting
polarization dependence [69, 188–191]. To mitigate potential alignment issues of metamaterial
with incident electric field, polarization independent absorptivity can be achieved by utilizing
structures with 90ı rotational symmetry [192–194]. The first demonstrated polarization inde-
pendent absorber featured both top and bottom metallic structured with four-fold rotational
symmetry through rotating primitive unit cell by 90ı with respect to each other [1, 54]. Most of
the demonstrated polarization-independent metamaterial absorber unit cells possess at least �/2
rotational symmetry [12, 153, 195]. However, it was shown that polarization independent ab-
sorptivity could be obtained with chiral metamaterials [196]. Rather than a standard three-layer
absorber configuration, Soukoulis et al. presented a three-dimensional (3D) chiral structure,
formed by two identical split-ring resonators separated by a dielectric substrate and intercon-
nected by vias, providing electrical continuity for resonant currents. Unit cells are interlocked
into a 3D grid sitting on a copper ground plane and covered with a dielectric plate. The large
chirality enables both the electric and magnetic fields to induce strong resonances from which
the incident power is dissipated inside the dielectric substrate.
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3.3.4 WIDEANGLE INCIDENCE
The angles over which high absorption is achieved, i.e., the acceptance angle, is critical for many
applications. Generally, for metal-based MPAs with the canonical three-layer geometry, nearly
all can absorb light to a relatively high angle of incidence in the microwave [16, 196–199], ter-
ahertz [6, 200, 201], infrared [57, 104, 131, 202–204], and visible [205]. In addition, most
exhibit high absorptivity at large incident angles for both TE and TM polarizations. The first
computational and experimental demonstration of wide-angle absorptivity verified that the ab-
sorptivity stays above 99% for TM polarization for the incidence within 80ı, while absorption
drops from 90% for incidence larger than 50ı for TE polarization, due to the weak coupling to
the magnetic field to drive circulating currents between the two metallic layers [6]. However,
further investigation found that the wide-angle absorptivity for TMpolarization originates from
the coupling to a plasmon-like surface electromagnetic wave, which can be well described by the
effective optical constants of the metamaterials [206].

3.4 DISCUSSIONANDCONCLUSIONS
3.4.1 SUBWAVELENGTHGEOMETRY
A salient feature of metamaterials lies in that absorption peaks are primarily determined by
the resonator geometry and the surrounding materials. In the long wavelength regime, such as
microwave, millimeter wave, terahertz frequencies, and metamaterials can be easily obtained by
winding metallic wires to obtain subwavelength resonant structures. Figure 3.12a–b list the most
common geometries—electrical split-ring resonator (ESRR)—for terahertz and microwave ab-
sorbers, respectively [15, 21]. Chiral metamaterials, which exhibit cross coupling, i.e., chiral-
ity, between the electric and magnetic fields at resonance, have been used for demonstration
of negative refraction. Through modification of the geometry, the circular polarized refractive
indices (n˙) can be matched to free space, while most of the incident power is absorbed in
the dielectric layer with total absorption over 98% for both circular polarizations, as shown in
Fig. 3.12c [196]. Similar chiral metamaterial based absorbers were also demonstrated at in-
frared wavelengths [216]. Using advanced laser printing and electroplating techniques, more
complicated structures with meander line or 3D shapes can be directly fabricated in the millime-
ter wave and terahertz ranges [201, 217]. Furthermore, at low frequencies, the relatively large
metamaterial size enables incorporation of multiple structures and lumped elements into one
unit cell providing multiple-band and broadband absorption [106, 177, 178]. At terahertz fre-
quencies, the integration of functional materials, such as graphene, as shown in Fig. 3.12f [102]
and GaAs [218], in the field-enhanced gap region of the resonator, permits large absorptive
modulation depth.

For absorbers at infrared wavelengths, including long-wave, mid-wave, and near-infrared,
direct down scaling of the SRRs operating at low frequencies becomes somewhat impractical due
to limits in fabrication accuracy. Therefore, simple geometries, including dipole antennas [35,
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208, 219], crosses [12, 19, 119, 137, 140, 220, 221], square plates [39, 135], disks [133, 179,
211, 222–224], rings [225], holes [40], and I-beam shapes [71, 226], have been used for MPA
demonstration as shown in Figs. 3.12 and 3.13. Matsuno and Sakurai demonstrated that when
the critical dimension is larger than 2 �m for an arrayed disk metamaterial absorber with total
size about 1 m2, conventional photolithography can also used for patterning. However, for a
desired critical dimension smaller than 1 �m, deep-UV lithography [12, 19, 227, 228], electron-
beam lithography, and other more precise nanofabricational techniques [27] are required.

The visible regime possess more challenges for the metamaterial community. To accu-
rately describe metamaterials with effective optical constants, ".!/ and �.!/, the structures
should appear homogeneous to incoming radiation. This requires the individual elements to be
subwavelength, which requires element width as small as tens of nanometers. Such a require-
ment is very difficult even for electron beam lithography (EBL). Through simplification of the
shapes of arrayed elements, as shown in Fig. 3.13 with metallic strips [111], patches [13, 138],
disks [14, 125], or holes [229], it is still possible to fashion absorbers in the visible regime.
However, the low fabricational yield and high cost of lithography methods for large area ab-
sorbers limit them for practical applications. Recently, large area visible absorbers fabricated
by more attractive methods, such as chemical synthesized nanoparticles [23, 213, 230], self-
aggregated metallic nanowire bundles from anodization process [36], and controlled physical
vapor deposition (PVD) process [38, 231, 232] have been demonstrated for color filtering, wa-
ter vapor generation, and water desalination. As shown in Figs. 3.13g, i–j, these nanoparticles
forming nanocavities enable localized plasmonic resonances where light is concentrated on a
nanometer-sized volume. Due to the non-uniform particle size and spacing, the self-assembled
particles often result in a broad absorption spectrum.

As mentioned above, MPAs are fashioned in the subwavelength regime with the ratio
of periodicity (p) to the wavelength �0 between 1:20 and 1:2 from microwave to the visible
range [1, 6, 8, 12, 13, 19, 23, 56, 233, 234]. Through the design of a metamaterial structure
as a spiral shape, it is possible for the ratio of p=�0 to reach 1:2000 [235]. In addition, MPAs
provide an efficient means to reduce the device thickness, leading to a low profile. The original
experimental design exhibited �0=35 and some groups have studied paths to achieve ultrathin
absorbers [63, 236]. For example, absorbers have been experimentally demonstrated to be as
thin as �0=69 and even �0=75 [197, 237]. As noticed, most of the metamaterials are designed
in a unit-cell format with regular shapes. In this way, the near-field coupling between neighbors
can be excluded. This design approach for a very subwavelength metamaterial is acceptable after
comparing between simulations and experiments. However, for a complex metamaterial with
various sub-units, the final performance cannot be simply added from those sub-units.The near-
field coupling in a heterogeneous supercell will bemore significant for all-dielectric metamaterial
design [238]. With recent progress on the computational power and algorithms, novel design
strategy, such as deep learning and inverse designmethods could impact the metamaterial design
disruptively, eventually bringing about unprecedented properties from irregular shapes.
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Table 3.1: Materials used for constructing metamaterial in MMPA designs

Metamaterial References

Noble metals Ag
Al
Au
Cu
Pt

[23, 127, 131, 239, 240]
[39, 179, 241, 242, 243]
[125, 244, 245, 246]
[55, 234]
[247]

Lossy transition 
metals

Cr
Mo
Ni
Pd
Ti
W
Eutectic GaIn

[248, 249]
[211, 250]
[251]
[56, 126]
[252, 251, 253]
[41, 140, 142, 251, 254, 255]
[256]

Conductive oxides 
and nitrides

ITO
TiN

[257]
[46, 258]

Semiconductors Graphene
Silicon
MoS2

[162]
[73, 74, 75, 76, 77]
[259]

3.4.2 MATERIALS
Metals and dielectrics are the two major constituents used for constructing metal-dielectric-
metal metamaterial absorber structures. Metals are crucial for resonating behavior and support
electric responses, while the dielectric layer enables generation of a magnetic response between
the twometal layers, while also providing ameans to realize tunable absorbers. Tables 3.1 and 3.2
list the major conductive materials used for metamaterial layers, and dielectric materials for
spacer layers shown in experimental demonstrations—only a few representative works are listed.

At low frequencies, e.g., the microwave regime, gold and copper are excellent conductors
with very high conductivities, and are often used for making metamaterials. Aluminum and sil-
ver also possess high conductivities, but can be easily oxidized or corroded in air, and thus are
more widely used at higher frequencies, i.e., infrared and visible wavelengths, because of their
higher plasma frequencies. Aluminum and silver also have lower densities, which is attractive
for potential application in satellites. All of the above-mentioned conductors are not transpar-
ent to visible light. To realize an optically transparent microwave absorber for microwave-proof
windows, in place of a continuous metallic ground plane one may use an array of wires, mesh
grid structures [271], or patterning the metamaterial and ground plane using transparent con-
ductors such as indium tin oxide (ITO) [257], or aluminum-doped zinc oxide (AZO) [119].
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Table 3.2: Dielectric materials as spacer for MMPA designs

Frequency Dielectrics References

Microwave and 
millimeter wave

FR4
Rogers series
Water

Polyimide
Carbon
PDMS
PMMA

[49, 234, 260, 261, 262]
[24, 263]
[264, 265, 266, 267, 268, 269]
[270]
[55]
[49]
[271]
[257]

Terahertz Polyimide
Kapton
GaAs
SU-8
Air
SiO2

Ethanol
Liquid crystal

[21, 25, 120, 218, 272]
[107]
[28, 33]
[273]
[274, 275]
[223, 276]
[277]
[278]

Infrared Al2O3

HfO2

CeO2

SiO2

SiNx

MgF2

a-Si
Ge
ZnS
ZnO
AlN
LiNbO3

Kapton
BARC*
Air
ITO
GST

[13, 12, 19, 35, 45, 210, 279]
[41, 280]
[281]
[125, 131, 186, 225, 250, 282]
[208, 283, 284]
[14, 141, 212, 285]
[226]
[286, 287]
[49, 101, 129, 133]
[40]
[288]
[63]
[126]
[289]
[29, 43, 45, 229, 245]
[46, 214, 280, 290]
[39, 224, 291]

Visible and UV MgF2

SiO2

PE layer**
Al2O3

TiO2

a-Si

[56, 292]
[20, 240, 242]
[23, 215, 230]
[64, 211, 247]
[246, 293]
[239]

** Poly(allylamine) hydrochloride (PAH) & Poly(styrenesulphonate) (PSS)
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At microwave frequencies a common dielectric of choice for PCB substrates includes FR4 and
the Rogers series, given their relative small loss tangent and abundant thickness choices. More
recently, elastic polymers such as teflon [270], and polydimethylsiloxane (PDMS) [271], have
been used to form flexible MMPAs at microwave frequencies. Metals identified above for the
microwave regime still possess high conductivities at terahertz frequencies, and thus are often
used. Polyimide is a good choice for a terahertz dielectric material, due to its small loss tan-
gent, (� 0.04) ease of spin-coat fabrication [6, 8]. In addition to dielectric polymers, intrinsic,
semi-insulating, or doped semiconductors, such as epitaxially grown GaAs, have been used for
demonstrating terahertz metamaterials [28, 33]. An applied bias between the top and bottom
metallic layers, enables tunable absorption between charge injection and depletion. Liquid crys-
tals (LC) possess birefringence resulting in a ın ranging from 0.11–0.21, and are thus also viable
candidates for reconfigurable terahertz absorbers [25, 278].

At the shorter wavelengths of infrared and optical, metals tend to be lossier and the Drude
model is often used to describe their frequency dependent optical properties [66]. Selective
emission and thermophotovoltaic (TPV) energy conversion in the infrared and visible ranges are
important applications for metamaterial absorbers. Emitters/absorbers working at mid-infrared,
near-infrared and visible range requires operational temperature higher than 1000ıC, which is
higher or close to the melting point of good conductors, such as Ag, Al, Cu, and Au. As a
result, other transition metals with higher melting point are considered to be good candidates.
Platinum (Pt) with a melting point of about 1800ıC, and reasonably high conductivity, can be
used for emitters operating in the mid-infrared range [247]. Tungsten (W) is more attractive
for selective emission in the visible to NIR ranges due to its high melting point (3422ıC) as well
as low thermal expansion [41, 140, 142, 251, 254, 255]. However, tungsten is difficult to deposit
and pattern, and thus refractory metals such as Cr, Mo, Ni, Ti, and TiN are also used for high
temperature emission. Because of relative large imaginary part of permittivity, absorbers using
refractory metals exhibit broad bandwidth in the NIR-visible range, presenting a compromise
for high-temperature energy harvesting, such as solar TPV. In addition to use of conductive
metals for MMPAs, semiconductors such as silicon and graphene possess a controllable and
relatively high plasma frequency, thus enabling viable plasmonic properties for the construction
of MMPAs.

Materials used as the dielectric spacer for operation in the visible-NIR are plentiful.
CMOS compatible low-k dielectrics and semiconductors, such as SiO2, SiNx , MgF2, Ge, ˛-
Si, and germanium, can be directly coated through a PECVD or PVD process. However, the
relatively low melting point and low quality of these materials is inapplicable for high temper-
ature applications, such as SPTV. Recently, with the development of atomic layer deposition,
high-quality dielectrics with high temperature melting points, as well as high dielectric constant,
including Al2O3 [12, 13, 19, 35, 45, 64, 210, 211, 247, 279]. TiO2 [246, 293], HfO2 [41, 280],
CeO2 [281] have been widely used.These materials can be also implemented as protection layers
coated on refractory metals from metal degradation in air [255, 294]. Phase change materials,
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like GST, VO2, are dependent on the operational temperature with a phase transition between
metallic state and insulating state. They are normally adopted for dynamic tuning of the ab-
sorptivity but have to worked at a specific temperature-controlled environment. ZnO, AlN, and
LiNbO3 are piezoelectric materials, which are able to induce charge polarization and elasticity
change from the changed temperature. Through directly replacing normal dielectric spacer with
these functional piezoelectric materials between the metamaterial and ground plane, the opti-
mized MPAs can be used for infrared detection [40, 40, 63]. At MWIR and NIR wavelengths,
polymers with relatively small loss tangent, such as BARC (bottom antireflection coating) and
Kapton can be spin coated on metals as a spacer with thickness sub-100-nm [126, 289]. To ob-
tain ultrathin dielectric spacers for visible absorbers, 2-nm conformal coating of bilayer through
directly immersing metal substrate into cationic and anionic solutions subsequently provides an
efficient way for large area MPA fabrication [230].

3.4.3 CONCLUSION
The over one-decade endeavor on the metamaterial perfect absorbers has evolved the first ex-
perimental demonstration into an enormous forest with a variety of forms and characteristics.
In this chapter, we introduced the metamaterial perfect absorbers via categorizing them based
on the constitution materials, either metal or all dielectric. The characteristics of the perfect
absorbers, such as the bandwidth, polarization dependence, angular dependence, have been de-
scribed. Last, the frequently used materials and shapes for fashioning the metamaterial perfect
absorbers are also generalized.

In addition to the absorbers we have mentioned, there are other approaches used to
achieve perfect absorption, such as epsilon-near-zero (ENZ) media [295, 296], and gradient-
metasurface based absorbers. Both absorbers exhibit the characteristics of converting the free-
space propagating waves to bounded surface waves. In the ENZ media, the perfect absorption
is achieved via critically coupling to the radiative Berreman mode and the non-radiative ENZ
plasmon polariton mode [297–299]. Since these modes are TM polarization dependent, ENZ-
type perfect absorbers can be used for ultrafast polarization switching through modifying the
ENZ point of indium-doped cadmium oxide [300–302]. Alternatively, gradient-metasurfaces
are able to guide incident waves to propagate along a dissipative surface through an extra mo-
mentum compensation from a space-variant phase gradient [303, 304]. It is also interesting
that similar propagating-wave to surface-wave conversion was also observed on a conventional
perfect absorber structure [305]. A TM-polarized incoming wave can couple to a plasmon-like
surface mode, thus exhibiting a broad angular absorption response [305].
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C H A P T E R 4

Fabrication ofMetamaterial
Perfect Absorbers

Over the past two decades, the development of metamaterials benefited from the progression of
state-of-the-art fabricational techniques. Electrodynamic similitude [1] indicates that metama-
terials properties may be obtained at nearly any wavelength by a simple scaling of their dimen-
sions. However, the realization of scaled designs is increasingly challenging as the operational
spectral range shifts to shorter wavelength, i.e., in visible and ultraviolet regions. In this chap-
ter, we will give a comprehensive overview of various fabrication techniques, which are used to
obtain metamaterial perfect absorbers working in the spectrum from terahertz through infrared
to visible. Their features, as well as associated challenges and issues, will also be discussed.

4.1 INTRODUCTION

Electromagnetic metamaterials are composite artificial electromagnetic materials, whose elec-
tromagnetic properties are determined by the geometry of the subwavelength meta-atoms (unit
cells) rather than by the particular properties of their constituents. Over the past two decades,
metamaterials have demonstrated unprecedented properties that are not easily attained by nat-
urally occurring materials, and have shown these unique responses over much of the electro-
magnetic spectrum, from radio frequency through terahertz to the ultraviolet. Since inception,
metamaterials have been shown at increasingly smaller wavelengths, and thus feature sizes have
shrunk progressively from centimeter to micrometers and the nanometer scale-enabled from
the maturity of fabricational techniques in micro-/nano-electronics. The associated methods
allow us to experimentally realize rationally engineered scattering that arise from the interac-
tion of electromagnetic waves with metamaterials. Conventional photo-lithographic techniques
with flooding UV light on a planar substrate, coated with photosensitive resist, which were first
invented for the integrated circuit industry, have been widely adopted for metamaterial pat-
terning. In addition to typical photo-lithography, electron-beam lithography (EBL) allows for
direct writing of patterns on a electron-beam sensitive resist in a raster-scanning manner, and is
also frequently used to fabricate metamaterials with feature sizes as small as tens of nanometers.
With these techniques, metamaterials have shown exotic electromagnetic responses including
invisible cloaking [2], negative refractive index [3, 4], perfect absorption [5–8], and Huygens’
meta-atoms [9, 10].
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In addition to the more common fabricational techniques mentioned above, there are also

many other alternative techniques, for example focus-ion-beam (FIB) lithography, and inter-
ference lithography. We overview micro-/nano-fabricational techniques and categorize them
into two major branches: masked fabrication and maskless fabrication. However, our review of
fabricational methods will not be limited only to metamaterials absorbers, but will also include
more general metamaterial fabrication, since the techniques are general, and can be applied.
Masked fabricational techniques produce metamaterial patterns via applying masks or molds
over a substrate, such as conventional photo-lithography, nanoimprint lithography, and shadow
mask lithography. Maskless fabricational techniques usually lead to patterns without the aid of a
specific mask, such as electron-beam lithography, interference lithography, self-assembly tech-
nique, and multi-photon lithography. We will also discuss the major associated challenges and
issues of these techniques. Since we focus on the lithography techniques for patterning meta-
materials, other related techniques, including evaporation, deposition, and etching, will not be
addressed here. Further information on these topics can be found in Ref. [11].

4.2 MASKEDLITHOGRAPHY

4.2.1 PHOTOLITHOGRAPHY
Photolithography is amask-assisted technique which was invented initially byNicephoreNiepce
in the early 19th century for photography using lithographic stones [12]. Then in 1950s, this
technique was adopted to generate small-size electronic circuits. A UV light source (usually
monochromatic) is used to insolate a photosensitive polymer layer, called photoresist, through a
mask on which the patterns are projected via lenses on to a sample. Modern photolithographic
techniques have become a key technique for the production of Very Large-Scale Integration
(VLSI) of electronics.

Due to the many developed standard process recipes and low cost for large-scale produc-
tion, photolithographic techniques are one of the most common methods used to synthesize
metamaterials on scales from microns to millimeters, where critical dimensions are limited by
the wavelength of UV source due to the diffraction limit. Using a stepper combined with a deep
UV (DUV) source, of KrF laser with wavelength of 248 nm, the critical dimensions of approx-
imately 100 nm can be achieved. After photolithography, mask patterns are transferred to a
photosensitive resist after the development process. It is then possible to obtain printed patterns
on a substrate via further etching or material deposition process. For metal-type metamaterials,
after deposition, a lift-off process through dissolving the undeveloped resist in solvents may be
followed. Figures 3.4b–c show SEMpictures of fabricated metallic metamaterials, which exhibit
resonances at mid-infrared and near-infrared wavelengths, respectively.
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4.2.2 SHADOWMASKLITHOGRAPHY
Shadow mask lithography (SML), also as known as stencil lithography, is a resist-free and
liquid-free fabrication technique involving a direct deposition of metal, and dielectric thin films
onto a substrate which is masked, using a perforated stencil membrane. To implement SML, a
micro- or nanoscale stencil mask, which is normally made of thin films, such as low-stress sili-
con nitride [13, 14], and silicon membranes [15], is initially prepared. The stencil is then placed
either in direct contact or in close proximity to the target substrate. To transfer the patterns
from the stencil to the substrate, a following metal or dielectric deposition process is performed.
Figure 4.1a shows a typical SML sequence including the process to make a stencil mask out of
a thin layer of silicon nitride based on a traditional micromachining technique [13]. The stencil
masks can be further reused to replicate the patterns with repeating the process. Using SML,
feature sizes as small as 100 nm can be achieved.

Since there is no chemical or heat treatment involved, the SML technique has been
widely used for patterning planar micro- and nano-scale structures onto substrates sensitive
to chemical degradation or resist contamination, such as strongly correlated materials [16] and
graphene [17]. To protect the phase change material, vanadium dioxide (VO2), from chemical
erosion [18, 19], Liu et al. utilized a SiNx micro-stencil to pattern metamaterials on an intact
VO2 thin film, in order to drive dynamics which leads to insulator-to-metal phase transition,
enhancing the sensitivity to the local conductivity changes [16]. Figure 4.1b shows a microscopic
image of the fabricated metamaterial array, in gaps of which the VO2 thin film is damaged due
to the significantly enhanced carrier dynamics. It can be observed that the metamaterial gaps
are reduced from 8 �m to about 2 �m because of shadow diffusion resulting from the spac-
ing between the stencil mask and rigid substrate. To mitigate the blurring of patterns, applying
stencil masks onto flexible substrates would allow very close contact. Figure 4.1c illustrates pat-
terned arrayed antennas on a flexible PDMS substrate. Compared to the patterning on a silicon
substrate, the resolution is much better on the flexible PDMS. With nearly zero-gap contact, a
sub-50-nm gap feature can be obtained, as shown in Fig. 4.1d [14].

Although shadow mask lithography has shown its potential as a resistless, scalable, and
reusable technique for large-area and low-cost fabrication on a variety of substrates, there are
still several limitations and challenges that need to be overcome for its further development.
The major limitation for the SML nano-structuring technique lies in the patterning of contin-
uous structures, such as meander lines and Babinet metamaterials [20, 21], where most area
of the substrate is covered by deposited materials, e.g., gold. For example, to produce Babinet
metamaterials using SML, patterns on the stencil mask have to be isolated from each other
without interconnections, and thus it is impossible to achieve this on a free-standing stencil
membrane. Perforated stencil masks made of free-standing sub-�m thick silicon nitride or sil-
icon membrane are quite stable for repetitive use, it is nonetheless challenging to protect them
from breaking during contact, due to the uneven substrate surface or residue particles left on
the substrate surface. Therefore, development of polymeric stamps capable of patterning micro-
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Figure 4.1: (a) Illustration of fabrication process of THz metamaterial on silk using SML tech-
nique. (b) Microscopic image of the patterned metamaterial array on a vanadium dioxide (VO2)
substrate. (c) Illustration of fabricated bow-tie antennas on a flexible PDMS substrate using
SML technique.The inset shows an SEM image of the fabricated stencil mask on a SiNx mem-
brane. (d) An AFM image of a bow-tie particle with sharp edges and a sub-50-nm gap distance
on a flexible substrate. Reprinted with permission from: (a) Ref. [13] © 2010 Wiley-VCH; (b)
Ref. [16] © 2012 NPG; (c) and (d) Ref. [14] © 2011 Wiley-VCH.

and nano-structures would impact the potential of SML for industrial applications. Another
challenge for SML is the deterioration of the geometry of patterns due to the accumulation
of the deposited materials around the peripheral of the apertures. This is more severe for aper-
ture sizes down to sub-microns [14]. Therefore, a selective etching process that only removes
accumulating materials, while keeping the stencil geometry intact, should be developed. With
growing interest in the shadow mask lithographic technique, efforts have been made to tackle
these challenges with novel methods, such as compliant stencil mask on cantilevers [22], and
natural stencil masks made of diatoms [23]. Shadow mask lithography, with its great advantages
for low-cost, high-speed, easy-scaling, and chemical-free fabrication, will be an important ad-
dition to the conventional fabrication technique for metamaterial structuring.
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4.2.3 NANOIMPRINTLITHOGRAPHY (NIL)
Since the initial work by Chou et al. using a SiO2 mold to pattern sub-50-nm structures [24, 25],
nanoimprint lithography (NIL) has been widely recognized as a potential low-cost, high-speed,
and high-throughput method for micro- and nanostructuring. Due to these advantages, NIL
was added on to the ITRS (International Technology Roadmap for Semiconductors) as a can-
didate technology for the 32 and 22-nm nodes in 2003. Because of its simplicity, this technique
has been widely used in various areas other than electronics, such as biomedical applications,
micro- and nanofluidics, photonics, and physical sensors [26, 27]. In recent years, it has drawn
much attention within the metamaterial community and several examples have been demon-
strated in the visible and infrared ranges [28–32].

The basic principle of NIL is based on mechanical deformation of resist. In the NIL pro-
cess, a prefabricated hard mold that contains micro- and nanoscale inverse features—compared
to the original designs—is mechanically pressed onto a resist-coated substrate to allow the resist
layer squeeze into cavities of the mold to form arbitrary shapes after curing. The created struc-
tures can achieve resolution down to sub-10-nm [33, 34], which is beyond the diffraction limit
of light as observed in conventional lithography techniques. The mold material used in NIL
should have a very large contrast of Young’s Modulus compared to the resist layer. Candidate
materials include Si, SiO2, SiC, silicon nitride, metals, and polymeric materials. The resist ma-
terial should have a much lower viscosity to be easily deformed under pressure and maintain a
sufficient mechanical strength and good mold-releasing properties during de-molding process
after resist curing [26]. In terms of resist curing process, there are two major types for NIL:
thermal NIL and UV NIL. Compared to thermal NIL, in which high temperature above the
glass transition temperature (Tg ) is required to melt the resist, UVNIL, where the resist is cured
by UV exposure, operates in a short period at room temperature without heating and cooling
process [27].

In 2005, room-temperature NIL was successfully applied for patterning metallic and di-
electric planar chiral metamaterials with linewidth around 100-nm [28]. The mode patterns
were made from silicon and fabricated by EBL and RIE process. The metallic structures were
obtained by fabricating a bilayer structure consisting of a 150-nm thick PMMA on the bottom
and a 30-nm-thick hydrogen silsequioxane (HSQ) on the top. The NIL process was directly
carried out on the top HSQ layer via pressing the rigid flat mold onto a rigid flat substrate, i.e.,
plate-to-plate NIL. After that, the patterns on the HSQ layer were transferred to the bottom
the PMMA layer via O2 etching.The final metal layer was finished by lift-off process after metal
deposition. Figures 4.2a–b display the SEM images of the fabricated chiral photonic metamate-
rials on a silicon substrate. Using similar method, Wu et al. demonstrated fishnet metamaterials
exhibiting negative refractive index operating at near-IR and mid-IR wavelengths, respectively.

In order to create a large-area pattern through the plate-to-plate NIL process, a highly ac-
curate alignment during imprinting is necessary to repeat the patterns on the mold step-by-step.
As a result, this method leads to longer operational time and system complexity [35]. To fur-
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Figure 4.2: (a) SEM image of silicon mode structure after over 50-time NIL process. (b) SEM
image of the metallic planar chiral metamaterials fabricated via NIL process. (c) Illustration of
a roll-to-roll (R2R) NIL process to fabricate metal-insulation-metal based plasmonic metama-
terials on a flexible PET substrate, which is coated with Al/SiO2/Al thin films. The inset shows
an SEM image of the fabricated stencil mask on a SiNx membrane. (d) SEM image of the
fabricated plasmonic metamaterial film comprising the Al disk array via the R2R NIL process
on SiO2/Al/PET substrates. The scalability and flexibility are exemplified in the inset to (d).
The enlarged top view (e) discloses the fabricated disk pattern geometry that is almost identical
to the original design described in the upper-right corner. The inset reveals the remaining SSQ
mask on top of Al disk patches. Reprinted with permission from: (a) and (b) Ref. [28] © 2005
Elsevier; (c)–(e) Ref. [32] © 2012 AIP.
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ther achieve a scalable and much faster imprinting process, a roll-to-roll (R2R) NIL technique
capable of large-area fabrication of micro/nanoscale structures was introduced in 2006 [36]. In
this process, an imprinted roller with a patterned surface or wrapped with a flexible mold is used
to imprint onto a flexible substrate supported by another roller, thus enabling continuous fabri-
cation process with a high throughput. In 2012, this method was first employed by Guo et al. to
demonstrate large-area flexible metamaterials. Figure 4.2c illustrates the R2R NIL fabrication
process on a PET substrate coated with Al/SiO2/Al thin films. The imprinting mold consisted
of a flexible PDMS substrate with patterns replicated from a 4-inch wafer-scale Si pillar master.
During imprint process, the PDMS pad was wrapped around a roller in the 6-inch compatible
R2R NIL apparatus [37]. A UV-curable epoxy-silsesquioxane (SSQ) resist layer was used to
transfer the patterns on the mold to the PET substrate. Compared to other lift-off processes
used to define metamaterials, a subsequent dry/wet etching process completes the final structure
with various Al disks, as shown in Figs. 4.2d–e.

Large-area production of functional optical and infrared metamaterials has been desired
for a long time. Due to the high-resolution and high-throughput process, NIL is well suited for
wafer-scale metamaterial production with feature size down to sub-microns. However, there
are still some challenges which must be overcome in order for NIL to produce large area
nano/micro-scale metamaterials. First, it should be noted that the resolution of the process is
limited by the resolution of molds, which are normally fabricated using other techniques, such as
UV lithography for micron-size features, EBL for nanoscale features, interference lithography
for large-area periodic structures. Second, to cure the resist using ultraviolet, either the substrate
or the mold is required to be transparent to an appropriate UV source. For most metallic perfect
absorber designs, the opaque ground plane further limits the selection of mold materials.

4.3 MASKLESS LITHOGRAPHY
4.3.1 ELECTRON-BEAMLITHOGRAPHY (EBL)
Electron-beam lithography (EBL) is an alternative and widely used technique to fabricate planar
metamaterials with feature size as small as 100 nm. In comparison to DUV stepper techniques,
EBL allows for patterning nearly arbitrary 2D patterns with a resolution down to 10-nm di-
rectly on a substrate, without requiring an expensive mask made ahead of sample fabrication.
Therefore, this flexible technique is very favorable for iteration of preliminary metamaterial de-
signs before mass production, and is capable of achieving structures with critical dimensions not
easily attainable from other techniques.

Analogous to conventional photolithography techniques, EBL performs exposure on an
electron-beam resist, including positive-tone resist-like PMMA, ZEP, and negative tone re-
sist like maN2400, H-SiOx (HSQ), by a high-energy electron beam raster-scanned over the
sample directly via a computer generated pattern rather than a mask for pattern transferring.
Subsequently, the etching/deposition and liftoff process will be performed after developing the
exposed resist. Because of the high-resolution ability to create nanoscale features, EBL has be-
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Figure 4.3: (a) SEM image of an SRR array with a total size of (100 �m)2, exhibiting resonances
at telecommunication and visible frequencies. The inset shows the dimensions of the unit-cell
element. (b) SEM image of a four-layer SRR array with an oblique view.The inset shows the di-
mensions of a unit cell. Reprinted with permission from: (a) Ref. [39] © 2005APS; (b) Ref. [40]
© 2008 NPG.

come a powerful technique to fabricate subwavelength metamaterial resonators at infrared and
visible wavelengths. Metamaterials fabricated from EBL processes were initially demonstrated
in the mid-infrared and telecommunication wavelengths [38, 39]. Figure 4.3a shows the SEM
image of an SRR array fabricated on a glass substrate. The total size of the metallic resonator
is about 200 nm while the smallest feature size is only about 50 nm, both of which are much
smaller than the operational wavelength of 1.5 �m.

In addition to patterning a single layer of planar metamaterial structures, EBL can also
be employed for constructing multiple-layer metamaterial composites with multiple EBL runs
using registration of adjacent layers. Between the successive lithography processes, an interme-
diate planarization step can be implemented to make sure that the electron beam is focused on
the resist layer for better sharpness of exposure [40, 41]. Figure 4.3b shows the first four-layer
metamaterial stack with feature size around 80-nm [40]. The inter-layer metamaterials are em-
bedded in a solidifiable photopolymer PC403, which was also used as a planarization layer in
the process. The misalignment between the adjacent layers can be well controlled within 10 nm.
Such an EBL-multilayer technique was further used to demonstrate an infrared metamaterial
phase hologram consisting of three layers of gold elements in a SiO2 matrix [41].

While EBL is a compelling technique to achieve structures down to tens of nanometers,
it is limited in creating large-area metamaterials due to the serial nature of writing, i.e., from
point to point or line to line. Such a serial process may lead to an extremely long writing time
that causes potential issues of beam instability and astigmatism. Moreover, tessellating numer-
ous small cells together to obtain a large size pattern introduces stitching errors, which could
dislocate structures between adjacent cells.
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Figure 4.4: (a) SEM image of an FIB fabricated 3D fishnet negative-index metamaterial prism
with a unit cell periodicity of 860-nm, height of 800-nm, and feature size of 265-nm. The inset
shows a magnified view with the layers visible in each hole. (b) An oblique-view SEM image
of an FIB fabricated circular grating consisting of left-handed (LH) and right-handed (RH)
pinwheel structures. The inset shows the SEM image of a linear grating consisting of both LH
and RH pinwheels, which were carved out of a 80-nm free-standing gold film. Reprinted with
permission from: (a) Ref. [42] © 2008 NPG; (b) Ref. [53] © 2018 AIP.

4.3.2 FOCUSED ION-BEAM (FIB) LITHOGRAPHY
Sometimes, EBL will not work well under circumstance when substrate materials are sensitive
to solvents or multiple-layer structures require precise alignment. As an alternative maskless
nano-fabrication technique, FIB lithography has become a popular tool for nanostructuring
high-quality and high-precision metamaterials.

Focused ion-beam lithography techniques are analogous to EBL, but replacing the source
of electrons with much heavier ion masses. These heavier high-energy ionized atoms such as
GaC are focused onto the sample for physically removing atoms from the substrate surface with
very large energy transfer at a rate several orders of magnitude higher than that of electrons.
The feature size of patterns is mainly determined by the beam size and the interactions of the
beam with the substrate material. It has been shown FIB can achieve sub-5-nm resolution on a
thin SiC membrane [44]. Additionally, different from EBL process, FIB is a rapid prototyping
process that does not involve any postprocessing, such as resist development, or lift-off steps,
leading to a relatively short fabrication time.Thewhole process is as simple as depositing uniform
thin films onto a substrate and etching patterns using FIB.

The FIB technique has been widely used to fabricate plasmonic metamaterials and all-
dielectric metamaterials where relatively high aspect-ratio of holes or gaps are needed. In ad-
dition, since the selectivity of FIB process is not as high as that of RIE, it is normally used to
define structures consisting of several different materials in one-step milling process [42, 45, 46].
Figure 4.4a shows an SEM image of a fabricated 3D negative-index prism consisting of
fishnet metamaterials with alternative layers of 30-nm silver and 50-nm magnesium fluoride
(MgF2) [42]. The patterned structure shows a feature size of 265-nm and aspect ratio of over 3.
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Using such a multilayer metal-dielectric stack, Valentine et al. successfully demonstrated nega-
tive refraction at a wavelength of 1763-nm.

In addition to creating multi-layer stacks consisting of various materials, the FIB tech-
nique was recently shown capable of shaping free-standing thin films for construction of recon-
figurable metamaterials [47–49, 52, 53].Through carving out of a free-standing gold-SiNx-gold
membrane, Ou et al. demonstrated a reconfigurable photonic metamaterial with transmission
modulation up to 50%, due to the heat induced mechanical bulking from the thermal expansion
mismatch between gold and silicon nitride [47]. Rather than milling materials from substrates,
FIB can also be used to spatially control local stress of membranes to precisely deform struc-
tures via creating vacancies and/or implanting gallium ions into the thin film surface. Using this
method, Li and his colleagues demonstrated various nano-kirigami metamaterials with cutting
and folding free-standing gold thin films, such as standing-up ring resonator arrays [51], 3D
vertical helix arrays [52], and diffractive gratings [53]. Figure 4.4b shows the SEM image of a
circular grating, which includes left-handed and right-handed pinwheel structures, as shown in
the inset.

Similar to the EBL technique, FIB is also a serial process, which leads to a relatively long
process time for a square millimeter-area patterning. However, as opposed to EBL or other
conventional lithographic techniques, FIBmilling is a subtractive process, in which thematerials
after fabrication is not reversible. If the focused ion beam is not very stable across the etching
area during writing, the patterns can be easily ruined, thus leading to a useless sample.

4.3.3 INTERFERENCELITHOGRAPHY
As mentioned above, EBL and FIB nanofabrication techniques are normally suitable for proof-
of-principle studies due to their serial nature, which hinders their applications for large-area
patterning and high-volume production with reasonably low cost and time. Fortunately, inter-
ference lithography (IL), evolved from conventional optical lithography, can produce periodic
or quasi-periodic patterns over large areas, and high volumes. Yet, the multiple exposures and
multiple-beam interference, and mix-and-match synthesis with other lithographic techniques
could significantly expand patterning flexibility for more complicate patterns [54, 55].

The basic principle of IL is to directly expose resist with a standing wave pattern, which
is constructed by the interference of at least two coherent light beams. For a simple two-beam
IL, the periodicity of the patterns is determined by the light wavelength, refractive index of
the medium, i.e., air or immersion liquid, and angle between the two coherent waves. When
combined with an immersion technique, the resolution of IL can approach a scale of 20-nm.
With decades of development, IL has found numerous applications in fields other than the
semiconductor industry, such as biomedical scaffolds, optical trapping, photonic crystals, and
metamaterials.

Given the nature of IL producing periodic or quasi-periodic patterns, it is an excellent
candidate for large-area metamaterial production. Through controlling the incidence angles,
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Figure 4.5: (a) SEM image of a fishnet metamaterial with negative index fabricated by the IL
process. The pitch of the sample is 787-nm in both directions. The diameter of the elliptical
hole in horizontal direction is 540-nm and the diameter in vertical direction is 380-nm. Scale
bar is 100-nm. (b) SEM image of IL-fabricated U-shaped arrays with oblique view. Scale bar is
1�m.The inset is the normal view of the patterns. Reprinted with permission from: (a) Ref. [57]
© 2006 OSA; (b) Ref. [61] © 2008 OSA.

intensity, polarization, and relative phases of the laser beams, IL is able to produce a variety of
shapes, such as 1D array of grating structure [56], 2D array of holes [57–59], dots, [56, 60], and
cut-wire pairs [56], etc. IL was first employed to fabricated arrayed fishnet metamaterials with
elliptical holes, as shown in Fig. 4.5a, which exhibit negative refractive index in the near-infrared
wavelength [57]. The fishnet metamaterial consists of metal-dielectric-metal composites with a
feature size around 380 nm along the minor axis of the elliptical holes.

It is attractive to patternmetamaterials using IL technique because of its easy implementa-
tion, low cost and high throughput. However, the interference of beams is inherently restricted
to locally periodic patterns because of the nature of the periodic electromagnetic waves. Fur-
ther, it is also challenging to carve out unit-cell structure with complex shapes other than circles,
squares, stripes, etc., using conventional two-beam IL technique. Yang et al. introduced a single-
beam holographic lithography to generate diverse structures, including cylindrical nanoshells,
U-shaped resonator arrays [61], a symmetrically top-cut hexagonal prism is used to split a colli-
mated beam into seven beams by the top and six side-surfaces and then automatically reassemble
the seven beams together under the bottom face of the prism to form the interference patterns.
Figure 4.5b shows the fabricated U-shaped metamaterial arrays using the holographic lithogra-
phy technique.

4.3.4 MULTI-PHOTONPOLYMERIZATIONLITHOGRAPHY
It is well known that a 2D sub-wavelength metallic metamaterial (normal to the wavevector di-
rection) would only exhibit electric response with tailorable electric polarizability, yet 3D meta-
materials could provide further freedoms to manipulate the electromagnetic waves, enabling,
for example, polarization control [62], Huygens’ metasurface [63], hyperbolic metamaterial for
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superlensing [46], invisible cloaking [64, 65], etc. However, most of the aforementioned fabri-
cation techniques majorly aim to shape 2D planar metamaterials. Although some of them, such
as the conventional and electron-beam lithography methods have been revealed the capability
to build up 3D metamaterials via stacking multiple layers [40, 66, 67], they are not plausible for
fabricating intricate structures, like spirals.

There have been several fabrication techniques developed to fabricate complex 3D mi-
crostructures with potential for mass production and mesoscopic patterning, such as gray-scale
lithography [68], stereolithography [69], and multiphoton lithography (MPL), also known as
direct laser writing (DWL) technique [70]. Among these techniques, MPL technique is able
to provide sub-100-nm resolution and relatively high throughput. Besides, it is also suitable for
a variety of patternable materials, including photopolymers, photoresist, and mixed materials
of nanoparticles and metal ions. The MPL technique involves a nonlinear process with simul-
taneously absorbing two or more photons to induce electron transitions in the polymer at the
focal point of a tightly focused laser beam, consequently activating the polymerization process.
Taking the two-photon polymerization as an example, the rate of the two-photo absorption
is proportional to the square of the laser intensity. As a result, the solidification of the poly-
mer, induced by a Gaussian laser spot, is significantly confined in a submicron region, which
is beyond the diffraction limit of the working wavelength. In addition, different from stere-
olithography where a sequential layer-by-layer patterning process has to be implemented, MPL
can achieve polymerization at any desired location via computer-controlled scanning of the fo-
cus using piezoelectric actuators. Such a technique allows fabrication of freeform 3D structures
with lateral resolution as small as 10-nm [71].

Since polymer structures, or voids, can be precisely defined by the beam focus, the DWL
technique exhibits the capability to fabricate complicate 3D structure with feature size changing
from micrometers to tens of nanometers [65, 72, 73]. Then, through varying the volume filling
fraction of the polymer, it is easy to control the local effective refractive index, with values rang-
ing between the refractive index of the polymer and free space. Based on this technique, a 3D
near-infrared carpet cloak made of negative photoresist IP-L was experimentally demonstrated
with spatially varied spacing between piles of pillars. The invisible cloaking was achieved by
coating a 150-nm gold film on the top valley region, mimicking a hidden object. The incidence
and reflectance measurements were implemented from the bottom.The optical characterization
showed that the visibility of the valley is strongly suppressed in the range from 1.5–2.6 �m [65].

Although most demonstrations of DWL were achieved directly using polymers [74–77],
recent studies also showed the feasibility for metallic metamaterials. In 2006, a large-size 3D
periodic metallic micro/nanostructure using an electroless plating technique over the fabricated
polymer matrix was experimentally demonstrated [78]. To improve the lithography efficiency, a
microlens array with periodicity of 300 �m was adopted to pattern over 700 arrayed structures
in parallel. Later, a similar method using a chemical vapor deposition (CVD) technique was
demonstrated to fabricate a high-quality 3Dmagnetic metamaterial operating at near-IR wave-
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length [79]. Figure 4.6a shows an oblique cross-section view of the fabricated structures, which
consists of 1D array dome-shape structure with a 50-nm silver thin film. The thin dome shell is
supported by an SU-8 polymeric template fabricated by the DWL technique. The dome-shape
resonator structure is analogous to the conventional split-ring resonator. To deposit the silver,
the template was heated up to 160ıC, which is well above the sublime temperature of the metal-
organic precursor (COD)(hfac)Ag(I). The vapor deposition allows the metal to be conformally
coated around the structure and exhibiting good d.c. conductivity. Given the magnetic response
of the structure, additional silver wires along the polarization direction provides a strong electric
response. Through vacuum electron-beam evaporation of silver, 3D crossbar structures reveal
negative refractive index despite the bianisotropic nature of the metamaterial structure [80].
This approach enables rapid prototyping of high-quality 3D photonic metamaterials.

The electromagnetic response of metallic metamaterials are mainly established by the ge-
ometry of patterned metal. However, the selectivity of electroless plating and vapor deposition
is relatively poor. Consequently, a synthesis process could take place on all structures, including
the substrate [82], resulting in deteriorated electromagnetic response. Instead of using negative-
tone photoresist, a positive-tone photoresist AZ9260 has been directly used to fabricated a 3D
spiral structure directly [62]. The metallic structure is formed by electroplating gold via the
narrow pores on an ITO film. The single-helix structure with only one helix winding can be
operated as a broadband circular polarizer. However, due to the lack of the rotational symmetry
for a single-helix structure, the circular polarization conversion between left-handed and right-
handed polarizations cannot be fully eliminated. Then, to reduce the polarization conversion,
a tapered helix structure fabricated by the same method was demonstrated to increase the ex-
tinction ratio [83]. To further fully eliminate the circular polarization conversion, Kaschke et
al. introduced a multiple-helix metamaterial with three helices intertwining within a unit cell
using the stimulated-emission depletion-(STED)–inspired direct laser writing [81]. Similarly,
a polymer template with a polymer shell surrounding the desired helical structure was written
on a conductive ITO thin film as shown in Fig. 4.6b. Figure 4.6c shows a fabricated triple-
helix metamaterials with a pitch size of 2 �m and wire radius of 270 nm. The measured Jones
transmission and reflection matrices indicate a broadband circular dichroism of the triple-helix
metamaterial with only a small circular polarization conversion.

In addition to polarization conversion and invisibility cloaking, MPL was also applied to
demonstrate 3D perfect absorbers in the mid-IR wavelength, as shown in Fig. 3.12l [84]. Dis-
tinct from conventional planar metamaterial perfect absorbers, such a design with two standing
U-shaped rings supports polarization independent magnetic dipoles on a ground plane. Accord-
ing to temporal coupled-mode theory, the single magnetic dipole on a image plane is also capable
to obtain perfect absorption. The experiment results show the fabricated samples achieved 90%
absorption around 6 �m. Multiphoton fabrication techniques have shown the ability to create
arbitrarily complex 3D structures with sub-micrometer feature sizes. Most metamaterials work
is planar, i.e., metasurfaces, owing to easier fabrication and promise for compact optical systems.
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Figure 4.6: (a) Oblique view of a magnetic metamaterial structure that has been cut by a focus-
ion beam. The dark region is the SU-8 resist and the grey region is the coated silver. (b) and
(c) SEM images of the polymer cast and the final gold structures formed by electroplating,
respectively. Reprinted with permission from: (a) Ref. [79] © 2008 NPG; (b); and (c) Ref. [81]
© 2015 OSA.

However, recent progress on meta-lenses using two or more layers to obtain addition degrees of
freedom to manipulate the phase, amplitude and polarization, suggests the promise of 3D con-
figurations for multifunctional metamaterials. Moreover, with the rapid progress of 3D additive
manufacturing, 3D structures might be as easy to fabricate as 2D.

4.3.5 SELF-ASSEMBLY LITHOGRAPHY
As discussed in previous sections, EBL and FIB are mature techniques for sub-micrometer fab-
rication, however, it is laborious to apply them for large-scale metamaterial production due to
their series processing nature. Additionally, optical metamaterials have shown intriguing prop-
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erties for a variety of important applications in visible range, including superresolution imag-
ing, optical cloaking, lasing, and sensing. However, it is highly demanding to fabricate optical
metamaterials with feature size of tens of nanometers by conventional top-down lithography
approaches. Recently, a novel bottom-up self-assembly technique, mediated by weak noncova-
lent bonds, such as electrostatic interactions, hydrophobic interactions, van der Waals interac-
tions, and water-mediated hydrogen bonds, has become a powerful tool for fabricating novel 2D
and 3D metamaterials [85–93]. Of the various self-assembly methods, block-copolymer (BCP)
self-assembly and colloidal self-assembly are considered to be most promising tools for low-cost
production of optical metamaterials over large-areas.

BCP assembly is a supramolecular assembly technique, primarily governed by non-
covalent interactions underlying the thermodynamics. In the assembly process, the molecules
spontaneously aggregate together toward an equilibrium condition, thus yielding controllable
morphologies normally with a high degree of structural symmetry, including spheres, cylinders,
and gyroids. Gyroid morphologies, are particularly interesting since their chiral axes can lead to
strong chirality. An isoprene-block-styrene-block-ethylene oxide (ISO) BCP was used to obtain
3D chiral metamaterials by self-assembly on a conductive substrate [86]. The ISO BCP is able
to form two chemically distinct and interpenetrating gyroid networks with opposite chirality in
a matrix.Through selective UV and chemical etching of polyisoprene, followed by electroplating
gold into the voids. After removing the surrounding polymer template, a single gyroid network
replicating the original structure of polyisoprene block, as shown in Fig. 4.7a. Fundamentally
limited by the thermodynamics, the self-assembled morphologies are constrained on the lattice
configurations and symmetry. However, through introduction of external excitations or selec-
tively modifying linking chemicals, it is possible to overcome the thermodynamic restriction,
leading to tunable metamaterials with tailored symmetries and EM response. With transfer-
ring BCP self-assembled metal particles onto a thermal shrinkage film, the subsequent pattern
shrinkage allows spatially control lattice spacing and symmetry precisely, resulting in significant
refractive index increase up to 5.1 at visible wavelength [91]. Additionally, it has been shown
that the self-assembled plasmonic nanorod dimers can be controlled with a longitudinal offset
using a feedback mechanism, in which assemblies can be disassembled through inducing pho-
tothermal effect in the unwanted dimers by selective light excitation. As a result, a reconfigured
and homogenized aqueous metamaterial with asymmetrically assembly plasmonic dimers can
be obtained [87].

Colloidal self-assembly is a synthetic method for preparing monodisperse polymer col-
loids in 2D and 3D configurations using microspheres or nanospheres. Recently, colloidal self-
assembly has attracted much interest due to their low cost, high efficiency for large-area pat-
terning, and their potentials in many important applications, such as imaging [95, 96], sens-
ing [97], and spectroscopy [98]. 2D colloidal crystals are usually assembled on planar substrates
or at an air/water interface to form a close-packed configurations as a result of the reduction
of free energy to approach local equilibrium. Recent developments in colloidal crystals have
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Figure 4.7: (a) A computer-simulated view of a single gyroid with a clockwise handedness as
indicated by the arrow. (b) SEM image of a metal gyroid after filling a porous polymer net-
work. (c) SEM image of close-packed polystyrene spheres with diameter of 820-nm. (d) A
tilted view of the fabricated all-dielectric metasurface consisting of an array of silicon cylinders
(blue, false color). The inset shows an SEM image of a single Si resonator with Dtop D 480-
nm, Dbottom D 554-nm, and height H D 335-nm. The scale bar is 2 �m. (e) Schematic of
the template-assisted capillary assembly of nanoparticles on a tomographic template. The inset
shows the assembled nanorods. (f ) SEM images of some examples of patterned gold nanorods by
template-assisted capillary assembly. The left 6 columns include the 26 characters of the Latin
alphabet and the Arabic numbers. The right column shows the some hierarchical ring clusters
with various number of nanorods. Reprinted with permission from: (a) and (b) Ref. [86] © 2012
Wiley-VCH; (c) and (d) Ref. [89] © 2015 ACS; (e) and (f ) Ref. [102] © 2016 NPG.

enabled self-assembly of plasmonic nanoparticles with controlled patterns, thus leading to sig-
nificant electromagnetic responses [99–101]. Driven by the capillary force, hierarchical plas-
monic structures with various numbers of particles inside the clusters have been demonstrated
to exhibit strong electric, magnetic, and Fano-like resonances.The assembled clusters consists of
gold shell coated silica nanoparticles with controlled spacing between particles as small as 2 nm,
which is beyond the ability of conventional lithography. However, the randomly distributed size
and position of self-assembled clusters hinders them for large-area spectroscopy and practical
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applications. To achieve precise control of colloidal self-assembly with well-defined structures
and spatial order, approaches including templates [101, 102], external fields [103, 104], and
directing agents [105, 106] have been investigated. Template-assisted capillary assembly is a
technique that enables precise control of position, orientation and interparticle spacing at the
nanometer level for self-assembled nanoparticles. Figure 4.7e shows a schematic of the template-
assisted capillary assembly in which a controlled volume of colloidal solution is confined between
a patterned, low-wetting template, while the top plate is set in a relative sliding motion [102].
Through control of the rate of evaporation of the meniscus front, the particles are selectively
trapped in the topographic features. The inset of Fig. 4.7f shows some examples of patterns by
template-assisted capillary assembly, including 26 characters, Arabic numbers, and some clus-
ters.

In addition to directly obtaining plasmonic patterns, colloidal self-assembly technique
can be also used for colloidal lithography, also known as sphere lithography, where the or-
derly packed colloidal crystals are used as a hard mask for patterning arrayed structures. Gen-
erally, polystyrene (PS) spheres are placed in a Langmuir–Blodgett container to form a close-
packed hexagonal (hcp) monolayer at the interface between air and water [107]. Then, the self-
assembled layer is transferred to a target substrate for subsequent etching or deposition process,
as shown in Fig. 4.7c. The colloidal lithographic technique has been well demonstrated for pat-
terning plasmonic metasurface in the infrared and visible wavelength [108–112]. Recently, this
technique was also shown capable for fabricating all-dielectric metasurfaces. Figure 4.7d shows
the SEM image of the transferred hcp PS spheres with diameter of 820-nm [89]. After reactive
ion etching on the spheres and the SOI substrate, the arrayed cylindrical disks exhibits near-
perfect reflection due the excited magnetic dipole resonance leading to a zero phase change after
reflection, which is drastically different from a electric dipole resonance induced reflection with
a phase change close to 180ı, like a metallic mirror. Not only patterned on a rigid substrate,
all-dielectric metasurface also can be directly fabricated on a flexible substrate [113].

The self-assembly approach has been shown to be facile, low cost, and efficient to fabricate
2D and 3Dmetamaterials.These distinct advantages over conventional top-downmethodsmake
the self-assembly technique favored for practical applications involving large-area optical meta-
materials. Recently, self-assembly nanosphere lithography technique was adopted to fabricate an
infrared all-dielectric metasurface with dimensions of 3:5 � 3:5 mm2 for edge detection [114].
Although great progress in the self-assembly technique has been made for metamaterials, it is
still far from a well-developedmethod, since it is still challenging to pattern metamaterials with-
out regular shapes or periodicity, such as flat metalens [115], and holographic metasurface [116],
in which the metamaterial unit cells are spatially varied.

4.4 CONCLUSION
The development of the metamaterials field has undoubtedly benefited from the progress of fab-
rication techniques. It is important to note that the fabricational techniques used for demonstra-
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Figure 4.8: Summarized feature size and throughput of major lithography techniques used for
metamaterial fabrications. UV PL: ultraviolet photolithography; DUV: deep ultraviolet; EUV:
extreme ultraviolet; NIL: nanoimprinting lithography; IL: interference lithography; SML:
shadow-mask lithography; SAL: self-assembly lithography; MPL: multi-photon polymeriza-
tion lithography; EBL: electron-beam lithography; FIB: focused ion beam.

tion of metamaterials is not limited to what was shown here. Some other alternative techniques,
such as plasmonic lithography [117, 118], off-normal deposition [119], laser ablation [120],
etc., are also well known for metamaterial patterning. Currently, studies of metamaterials have
been gradually shifting from fundamental to more applied. Recent demonstrations of wave-
front shaping and polarization control using metamaterials have shown remarkable potential
to manipulate electromagnetic waves beyond conventional optical components. It is clear that
fabricational techniques with large area, high resolution, low cost, high throughput, good repro-
ducibility, and reliability are crucial for metamaterial success in industry. Figure 4.8 summarizes
the feature sizes achievable for various lithographic techniques, as well as provides a relative
comparison of their throughput for metamaterial patterning [121–123]. It is expected that con-
tinued development of fabricational techniques will enable metamaterial applications to disrupt
the optics industry in the near future.
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C H A P T E R 5

DynamicMetamaterial
Absorbers

Having matured over the last two decades, there is continuing and growing interest in meta-
materials for realization of applications. The ability to tune or dynamically control the novel re-
sponses exhibited by metamaterials would bolster this quest, thus ushering in the next revolution
in materials and electromagnetic devices. Active control of metamaterials enables modulation of
the properties of electromagnetic waves in amplitude, phase, polarization, and direction in real
time, thus further extending their exotic properties, with the option of switching between reso-
nant states. Metamaterial absorbers achieve a state consisting of critically coupled degenerative
modes, and offer new strategies to further enhance the dynamic manipulation of electromag-
netic waves. In this chapter, we will focus on perfect absorbers and give an overview of various
approaches for achieving active control.

5.1 INTRODUCTION
Advanced technologies that have shaped our modern world, such as telecommunication, imag-
ing, and data fusion are established on the ability to receive, tune and/or emit electromagnetic
(EM) waves. Materials are the essential foundation which permits the control of EMwaves thus
enabling these technologies. However, the responses achievable from natural materials represent
only a small fraction of the EM properties possible. Artificial EM materials, i.e., metamateri-
als, can be fashioned which permit full access to the theoretically possible response. The ability
to modulate metamaterials in real-time has and will continue to enhance and shape the future
technologies.

The interaction of EMwaves with metamaterials creates highly localized and strong fields
in a very small volume, such that a tiny variation in the resonator geometry, constituent mate-
rials, and/or surrounding environment, leads to a remarkable change of the resonant response,
including frequency shift, amplitude change, phase, and polarization rotation. Through place-
ment of functional media or elements at the field-concentrated regions, one may apply external
stimuli, e.g., optical, temperature, voltage, or with magnetic field, to modify the material prop-
erties, thereby modulating the resonators EM response. These approaches may also be applied
to metamaterial absorbers, whose perfect absorption condition can be easily breached by either
changing the effective impedance matching condition or shifting the effective loss rate from
the critical point. As described in Chapter 2, Eq. (2.41), the reflection coefficient for metal-
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Figure 5.1: (a) and (b) Theoretically calculated reflection amplitude and phase spectra for metal
based MPAs with three representative cases, where the metasurface in placed in the state of
under-(blue), critical-(red), and overcoupling (green) based on temporal coupled-mode theory.
(c) The corresponding complex reflection coefficient plotted in the complex plane. The dashed
circle presents reflection for lossless resonating systems. The red dot indicates the reflection
minimum under the critical coupled condition.

dielectric-metal absorbers is dependent on the radiative loss rate 
 and material loss rate ı. The
specific dependence is

rGPA D
i.! � !0/ � .ı � 
/

�i.! � !0/ C .ı C 
/
: (5.1)

The radiative loss rate 
 is set by the geometry of the metamaterial unit cell and the pe-
riodicity, whereas the material loss ı rate is given by the constituent materials. Beginning from
zero (or low) material loss, the resonator system operates in an under-coupled state, i.e., ı < 
 .
Here the minimum in the reflectivity is relatively high, meaning low absorptivity, and the band-
width is relatively narrow—see blue curves of Fig. 5.1. As material loss is increased, we reach
a state of critical coupling ı D 
 , and the reflectivity goes to zero, whereas the reflected phase
undergoes an abrupt change at !0 from �90ı at low frequency, to C90ı at higher frequency.
A further increase of the material loss rate brings us to a state of overcoupling ı > 
 and the
minimum in reflectivity at !0 increases from zero, and has a relatively large bandwidth. Sur-
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prisingly, the phase change can be over 180ı and up to 360ı, which is much larger than that
a simple resonating system can achieve. Furthermore, the complex reflection coefficient can be
further separated into its real and imaginary parts and satisfies [1–3]: 

r1 C
ı


 C ı

!2

C r2
2 D

 




 C ı

!2

; (5.2)

where r1 and r2 are the real and imaginary parts of the complex reflectivity coefficient. Clearly,
the real part and imaginary part of reflection coefficient changes along a circle in a complex
plane, centered on the real axis at (ı=.
 C ı/; 0), with a radius of 
=.
 C ı/. For a passive sys-
tem, since both 
 and ı are equal or larger than zero, the circle center is on the left half-plane
and always crosses (�1, 0). Figure 5.1c shows the complex reflection coefficient, where the curve
is parameterized by frequency, with color corresponding to that in Fig. 5.1a. When the system
is in the critically coupled condition, the reflection crosses the origin, which corresponding to
zero reflection as shown in Fig. 5.1a. In the overcoupling state, the reflection circle shrinks to
the left negative plane, and the phase covers the range from 90–270ı. However, for the under-
coupling condition, the reflection reaches all four quadrants, such that the maximum reflected
phase covers from 0–360ı. The takeaway from all of the above analysis and discussion is that
we observe that the reflection can be easily manipulated by modifying material loss in MPAs.
We should mention that active control of MPAs is not limited to only the modulation of ı.
Studies have shown that it is also possible to achieve tunable response by changing the resonant
frequency [4, 5], radiative loss [6, 7], and even cross-coupling between two coupled modes [8].
In the following sections, we will overview the efforts on tunable metamaterial absorbers which
categorized by the tuning mechanisms, i.e., electric, optical, mechanical, thermal, and magnetic
tuning.

5.2 ELECTRICALLYTUNABLEMETAMATERIAL
ABSORBERS

The maturity of both the electronics and semiconductor industries enables the integration of
high performance components within metamaterial unit cells and, in many cases, permits the
realization of real-time, high-speed, broad bandwidth, high dynamic range variable electromag-
netic properties for practical applications, including imaging and beam steering [9]. In contrast
to conventional metallic metasurfaces where an extra electrode has to be designed for applying
bias voltage, the metal-dielectric-metal configuration of MPAs permits the application of a bias
directly applied between the ground and the topmetamaterial portions. To date, electrically tun-
able MPAs have been successfully demonstrated from radio frequencies (RFs), and microwave
to infrared regions.

The first electrical tuning of MPA was demonstrated in the microwave frequencies [10].
Compared to other frequency bands, electrical tuning of microwave MPAs is significantly eas-
ier, since active lumped elements can be directly placed in the metamaterial array [11–14]. The
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Figure 5.2: Electrically tunable MPAs using lumped elements. (a) Image of fabricated the
switchable microwave metamaterial between total reflection and absorption states. ELC res-
onators are connected with diodes. The dashed square indicates one unit cell of metamaterial
with four ELCs. (b) Measured reflection spectra under normal incidence with various forward
bias voltages. (c) Surface current density distribution on ELCs at peak absorption frequency
under the same polarized incidence. Reprinted with permission from Ref. [15] © 2010 AIP.

MPA unit-cell consists of 2 � 2 circular ELC resonators with orthogonal orientation between
neighbors, fabricated on a copper supported FR4 substrate. Arrayed diodes were placed between
two ELC resonators with the same orientation, as shown in Fig. 5.2a, so that the bias voltage
was applied between the top metamaterials and bottom ground plane through vias. When a
zero bias voltage is applied on the diodes (OFF state), the diode is capacitive so that opposite
charges accumulate on the arches with a strong resonance. As a forward bias voltage is applied,
the diode becomes inductive and less capacitive, leading to a significant resonance shift to higher
frequencies. Figure 5.2a shows the fabricated metamaterial sample based on the optimized de-
sign by integrating the metallic structures on a FR4 dielectric substrate using standard print
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circuit board (PCB) technique. Figure 5.2b shows the measured reflection coefficient spectra as
a function of applied voltage. At zero bias, a nearly perfect absorption was achieved at 3.34 GHz
with a FWHM of 17%, leading to a strong resonating surface current on those ELCs with cen-
tral bar parallel to the polarization as shown in Fig. 5.2c.When the forward bias was increased to
0.75 V, the reflection amplitude went back to nearly unity with negligible surface current in the
ELCs. Since the orthogonally oriented elements can be tuned independently, the polarization
of reflected wave can be switched from a linear polarization to an elliptical polarization [11].
Similarly, the reflection/absorption conversion can also be obtain by connecting neighboring
metamaterial elements in series using diodes [12].

At higher frequencies, as mentioned previously, direct insertion of lumped elements in
the metamaterial array is impractical because of the decreased unit-cell size, and fabricational
difficulties. Nonetheless, several other methods have been utilized to overcome the lack of com-
mercially available lumped element devices. One particular intriguing way involves the inte-
gration of MPAs with semiconductors, 2D materials, and some functional material like liquid
crystals (LCs) and transparent conductive oxides (TCOs), which have been shown as ideal ma-
terials for tuning metamaterial response in the terahertz, infrared regimes. Liquid crystals have
been known to exhibit voltage dependent birefringence and prevailed in the optical display mar-
ket over the past several decades. Because of capacitive loading between the top metamaterial
and bottom ground plane, replacing the dielectric spacer with LCs allows for a voltage depen-
dent spacer refractive index, resulting in a resonant frequency shift [16–18]. The liquid crystal
4’n-pentyl-4-cyanobiphenyl (5CB) was initially used for the experimental demonstration of LC
based tunableMPA at terahertz frequencies [16]. As shown in Fig. 5.3a, the ELC resonators are
supported by patterned polyimide spacer, where the 5CB is filled and encapsulated. The inset of
Fig. 5.3b shows an optical microscopic image of a 2 � 2 metamaterial array.With no bias voltage
applied, a resonant absorptivity with peak value of 85% and a FWHM of 600 GHz at 2.62 THz
was obtained. As an AC voltage Vbias D 4 V with frequency of 1 kHz was applied between the
top resonators and ground plane, the resonant frequency shifted to 2.5 THz, with a little lower
absorption peak value of 80% and a narrower FWHM of 420 GHz. A modulation depth of
35% from the resonant frequency shift, and 4.6% resonant frequency shift were obtained. Fur-
ther arrangement of the LC tunable MPAs into a 6 � 6 pixel array demonstrated that each pixel
can be controlled independently, highlighting the great potential for THz applications, such as
imaging and beam steering [17].

LC-based tunable MPAs can be easily implemented using modern LC display technolo-
gies, however, small modulation bandwidth around 100 kHz [16] impedes them for high-speed
and large-bandwidth applications, such as communication and computational imaging.Through
electrical doping or depleting charge carriers inside materials, modulation speed can be up to
hundreds of GHz. Driven by external voltages, the carrier density in normal bulk semicon-
ductors, two-dimensional electron gas (2DEG) systems, TCOs, and 2D materials can be al-
tered by several orders so that these materials are switched between plasmonic and dielectric
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Figure 5.3: Liquid crystal-based tunable MPAs. (a) Schematic of a single unit cell of the liquid
crystal metamaterial absorber. The red lines point to the depiction of the random alignment of
liquid crystal in the unbiased case (right) and for an applied ac bias (left). (b) Experimentally
measured absorptivity spectra for 0 V (blue solid curve) and 4V (red dashed curve) at modulation
frequency of 1 kHz. Dashed line is centered at Amax.Vbias D 0/ D 2:62 THz. The inset shows
the optical microscopic image of a portion of the metamaterial array where the dimensions of
the unit cell are: a D 50, c D 20, d D 16, w2 D 4:5, and w3 D 5 in micrometers. Reprinted
with permission from Ref. [16] © 2013 APS.

states with various conductivity. At terahertz frequencies, metallic metamaterial arrays can be
directly fabricated on doped semiconductor thin film, forming a Schottky junction [20], where
anOhmic contact is established between the semiconductor and bottom ground plane. As shown
in Fig 5.4a, the MPA consists of two metallic layers with a 2-�m dielectric spacer, i.e., a doped
epitaxial layer of GaAs with 2 � 1016 cm�3, lying in-between. The bottom ground plane is elec-
trically connected to electrodes via indium bumps. Through changing the top metamaterial ge-
ometries, four pixels operating at different frequencies were fabricated, as shown in Fig. 5.4b.
As a reverse bias voltage is applied between the metamaterial and semiconductor, the carriers
in the contact regions will be gradually depleted. A maximum Vbias D �26:5 V leads to a thor-
ough depletion of electrons in 2-�m n-type GaAs layer to shift the frequency of the reflectance
minimum by nearly 5% for the pixel designed at 2.72 THz. The average modulation depth near
resonant frequencies for four pixels is about 54%. Figure 5.4c plots the reflection at resonant
frequency R.!0/ as a function of Vbias for each color pixel.

Experiments showed that the modulation depth can be up to about 30% with modu-
lation speed in the MHz range, which is limited by the semiconductor mobility and the de-
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Figure 5.4: Electronically controlled semiconductor based MPAs (a) Cross-sectional schematic
view of the single pixel of an electronically controlled THz metamaterial absorber with doped
GaAs as the spacer for dielectric properties modulation. (b) Optical microscopic images for
each color pixel at 2.72 THz, 3.27 THz, 3.81 THz, and 4.34 THz, respectively. (c) Reflectance
at resonant frequency !0 as a function of bias (Vbias) for each color subpixel. (d) Spatial light
modulator performance with the corresponding frequency for each pixel with maximum change
in reflectance for applied bias at 0 V and �26:5 V. Reprinted with permission from Ref. [19]
© 2013 Wiley-VCH.

vice area accompanied by a high stray capacitance or parasitic capacitance from electrodes and
wires [9, 21, 22]. Utilization of such technology, an 8 � 8 pixelated spatial light modulator allows
terahertz single-pixel imaging with high-frame-rate and high-fidelity images. In addition to the
tuning based on Schottky junctions, it has also been shown that metallic metasurfaces fabricated
on multi-quantum-well (MQW) semiconductor heterostructures can polaritonically couple to
intersubband transition for large quantum-confined Stark effect, which is rapidly modulated by
the applied bias between the top metasurface and bottom ground plane [23].
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Since the plasma frequency of most semiconductors is in the range of mid-wave infrared

and above [24], electrical modulation of MPAs at shorter wavelength becomes challenging. As
an alternative to semiconductors, TCOs can exhibit plasma frequencies in the near-infrared
range [25–28]. These oxides are widely used as transparent electrodes in solar energy harvesting
and displaying industries. TCOs can be doped to have carrier concentrations between 1019–
1021 cm�3 bymanipulating the concentration of oxygen vacancies and interstitial metal dopants.
For example, for electron concentration of 8:8 � 1019 cm�3, the fitted plasma frequency based on
the Drude model, is !p � 139 THz [29]. Through inserting the ITO into plasmonic cavities,
formed between the metamaterial and bottom ground plane, the carrier density can be elec-
trostatically controlled by an external voltage bias between the cavity [3, 29–32]. This method
enables the real part of ITO permittivity modulated in the epsilon-near-zero frequency regime,
thus achieving large reflectance change up to 15% [30]. Figure 5.5a shows a schematic plot of
an electrically tunable metasurface constructed from plasmonic gap resonator, which is capable
of achieving phase change from 0–180ı by electrically tuning the carrier density of ITO in-
side the gap, where the field significantly concentrated (Fig. 5.5c). By judiciously designing and
controlling the resonant properties from under- to overcoupling states, the reflection phase was
tuned over 180ı (Fig. 5.5d), allowing potential applications in wave-front shaping, polarization
conversion [3].

Attempts based on conductivity change on bulk semiconductors and 2DEG materials
with limited carrier doping have shown relatively small modulation on the EM response. How-
ever, graphene, a truly 2D atomic system with thickness of only 0.345 nm, allows the dop-
ing from neutrality to an order of magnitude (1013–1014 cm�2) larger than that of conven-
tional semiconductors. The optical conductivity of graphene, derived based on the random-
phase approximation [33, 34], is attributed to the intraband transitions and interband transi-
tions, which normally take place in the infrared and terahertz ranges [31, 35]. In the terahertz
range, intraband-transition dominant graphene, behaving like a Drude-type semiconductor, has
been shown to exhibit resonant plasmonic response [35, 36].When hybridized withMPAs with
locating the graphene layer underneath the metamaterial structure, experimental demonstration
showed that nearly 2� phase change is possible to achieve through electrostatic modulation
of the carrier depletion or accumulation in the graphene at terahertz frequencies. Figure 5.6a
shows a schematic view of a graphene based tunable MPA operating at terahertz frequencies.
The MPA consists of a 5-layer stack, including an aluminum ground plane, a layer of 85-�m-
thick SU-8 spacer, an array of Al mesas with size of 100 �m � 160 �m (Fig. 5.6b). To achieve
dynamic modulation, a layer of graphene was transferred onto the structure and subsequently
covered by a layer of ion-gel superstrate as a top gate for applying a bias voltage to tune the
resistance of graphene. Figure 5.6c–d display the measured phase change for various gate volt-
ages relative to the charge neutral point (�Vg D Vg � VCNP). As the gate voltage increases from
zero, the amplitude of reflection drops continuously to minimum value with �Vg D 0:76 V.
Clearly, the phase variation across the frequencies decreases from 360–180ı, indicating a tran-
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Figure 5.5: Electronically controlled semiconductor based MPAs. (a) Illustration of the config-
uration of an active metasurface capable of achieving a 180ı phase change in the reflection. The
phase change is controlled by electrically tuning the carrier density in ITO. The inset shows
the electric fields near the metasurface on resonance. (b) An SEM image of fabricated meta-
surface with 1400-nm-wide stripes. (c) Electric field images and incident power flow lines for
illumination of a metasurface with 1400-nm-wide stripes at wavelength 6 �m. (d) Measured
spectral dependence of the reflection phase of light for three different bias voltages in a state
of under-coupling (blue), near critical-coupling (red), and overcoupling (green). An electrically
induced phase change of 180ı can be achieved at a wavenumber of 1680 cm�1 (gray vertical
line). Reprinted with permission from Ref. [3] © 2017 ACS.

sition from an under-coupled state to a critical-coupled state. A further increase in the gate
bias beyond the critical voltage, the phase variation only changes within 180ı due to the much
more conductive graphene layer which dampens the resonance—consistent to previous analysis
showing an over-coupled MPA. Overall, the measured results demonstrated an absolute phase
modulation of ˙180ı associated with the gate at frequencies around the resonance [2]. Based on
such a modulation scheme, various optical devices such as polarization modulators [2, 37] and
absorber/reflector converter [38] operating in the terahertz range were proposed and achieved.



134 5. DYNAMICMETAMATERIALABSORBERS

0.4

100 µm

Ion gel

0.30.2

0.00 V
0.20 V
0.40 V
0.60 V
0.76 V

0.76 V
1.00 V
1.20 V
1.60 V
2.00 V

0.40.30.2

180

90

0

–90

–180

Frequency (THz) Frequency (THz)

(d)(c)

(b)
(a)

ϕ
 –

 ϕ
R

E
F
 (

°)

Figure 5.6: Tunable graphene-based terahertz MPAs. (a) A schematic of a tunable graphene
based MPA operating at terahertz frequencies. The metasurface consists of an array of alu-
minum mesas and a continuous Al film separated by an SU-8 spacer. CVD grown graphene
is transferred to the top of the metasurface and covered by a layer of ion-liquid gel. The gate
voltage is applied between the graphene and ion-liquid gel. (b) An optical microscopic image
of the fabricated metamaterial modulator. (c), (d) Measured reflection phase with various gate
voltages �Vg . Reprinted with permission from Ref. [2] © 2015 APS.

Graphene-based electrically tunable MPAs have also been demonstrated in the mid-
infrared region [5, 38–46]. As shown in Fig. 5.7a, the top metasurface layer is separated from a
back aluminum ground plane by a thin oxide film. Because of its ultra thin thickness compared
to its operational wavelength, a graphene layer can be treated as a 2D layer with an effective sur-
face conductivity for analytically designing EM response of metamaterials [39, 47]. As the gate
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Figure 5.7: Electrically tunable graphene based MPAs. (a) Schematic of the ultrathin optical
modulator based on a tunable metasurface absorber. (b) An SEM image of the metasurface on
graphene. The inset shows a close-up view of a portion of the metasurface. (c) Measured reflec-
tion spectra (normalized to the reflection spectrum of an aluminum mirror) of the MPA in (a)
at different gate voltages jVG � VCNPj, where VCNP is the gate voltage when the concentrations of
electrons and holes in the graphene sheet are equal, i.e., charge neutral point (CNP). Reprinted
with permission from Ref. [39] © 2014 ACS.

voltage is tuned away from the charge neutral point, where the concentrations of electrons and
holes are the same in the graphene with minimum conductivity, the imaginary part of graphene
sheet conductivity increases while the real part increases less [5]. As a result, the absorption peak
blue-shifts to shorter wavelength. Experimental measurements showed the achieved maximum
modulation depth is about 80% [5, 46]. Due to the electrostatic doping, the modulation speed
is only determined by the RC constant of the circuit, where R is the sum of the graphene sheet
resistance, contact resistance, and load resistance and C is the total capacitance including the
device capacitance between graphene and ground plane, capacitance from electrodes, and para-
sitic capacitance from wires. If the size of an MPA device is made small, the modulation speed
can be increased and GHz modulation is possible [46, 48].

We have highlighted a number of electrically tunable metamaterial devices, some of which
have demonstrated efficient modulation and offer the advantage of integrated circuit compati-
bility, low-cost, real-time addressability, and high-speed operation. The subwavelength nature
of metamaterials further enables the fabrication of compact and low-power devices, which will
support the realization of commercially viable miniaturized sensors, detectors and modulators.
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5.3 MECHANICALLYTUNABLEMETAMATERIAL
ABSORBERS

Metamaterials described in the previous section have demonstrated electrical tuning by modi-
fication of substrate properties. Alternatively, it is possible to change the physical metamaterial
parameters, such as the lattice [49, 50], reshaping of elements [51], and rotating elements [52],
to modify the local dielectric environment and hence the resonant response. For example, if
metamaterials are incorporated into microelectromechanical systems (MEMS) or nanoelec-
tromechanical systems (NEMS), tunability may be achieved by mechanical actuation [53–55].
When integrating MEMS and NEMS technologies with metal based metamaterial absorbers,
both of the metal layers, i.e., the patterned layer and the bottom ground plane, can be directly
implemented as electrodes for application of voltage for electrostatic actuation and mechanical
deformation. Over the past years, a variety of mechanically reconfigurable metamaterial ab-
sorbers have been experimentally demonstrated from terahertz to near infrared wavelengths,
and have exhibited large EMmodulation depth, ease of integration with integrated circuits, fast
response and polarization selectivity. Some have demonstrated use for practical applications,
such as terahertz imaging [56, 57], thermal emission control [58], and mechanical oscillation
control [59].

Split-ring resonators fabricated on bimaterial cantilevers have been shown to enhance far-
infrared detection with local heating led by the absorption. However, as only one resonant mode
can be supported by the resonator, at most 50% of the incident power from one side can be ab-
sorbed. Therefore, to further increase the responsivity, Alves et al. experimentally demonstrated
a terahertz sensor integrating a MPA with bimaterial cantilevers [56]. A bimaterial cantilever
normally consists of two layers of thin films with drastically different thermal expansion coef-
ficients. The beam deflection deflection with corresponding temperature change �T is given
as [60]

�z D
3E1E2t1t2.t1 C t2/L2

.E1t1/2 C .E2t2/2 C 2E1E2t1t2.2t2
1 C 3t1t2 C t2

2 /
.˛2 � ˛1/�T; (5.3)

where E1 and E2 are Young’s moduli of the two films; t1, t2, and ˛1, ˛2 are the thickness and
linear thermal expansion coefficients of the two bimorph layers; L is the length of the cantilever.
As shown in Fig. 5.8, the terahertz detector consists of Al squares with size of 16.5 �m and pe-
riodicity of 20 �m and an Al ground plane separated by a 1.2 �m-thick SiO2 layer. The whole
absorber converts the absorbed terahertz radiation into heat such that the bimaterial cantilevers
bend away from the original position due to the thermal gradient induced stress inside can-
tilevers. As a result, the responsivity can be optically defined as a function of rotation angles
through a reflected optical beam incident on the metamaterial layer. The measured absorptivity
spectrum exhibited an absorption peak of 90% at 3.8 THz, which coincides with the operat-
ing frequency of a terahertz QCL source. The detector was characterized with a responsivity of
0.1 deg/�W and a time constant of 14 ms.
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Figure 5.8: Terahertz detector based on metamaterial absorber. (a) Microscopic image of the
bimaterial MEMS sensor with patterned square-shape metamaterials before releasing. (b)Mea-
sured (dotted curve) and simulated (dashed curve) absorption spectra of the metamaterial ab-
sorber. The peak absorption matches well with the measured QCL emission frequency (solid
red line). Reprinted with permission from Ref. [56] © 2012 OSA.

The detector shown above is passive with the mechanical deformation relying on the ex-
istence of terahertz source. However, to dynamically modulate EM waves, an active device with
mechanical deformation driven by external stimuli, such as voltage, heat, is required. In 2013,
Liu and his colleagues, for the first time, experimentally demonstrated a dynamic infraredMPA
which is based on an MEMS parallel-plate actuator [4]. In contrast to other absorber designs,
here the top Babinet metamaterial layer and bottom ground plane were separated by an air gap.
The top metal layer and its underline dielectric (MgF2) layer are suspended on beams at four
corners, as shown in Fig. 5.9a,c. Without applying voltage between two metal layers, the meta-
material layer is about 1.2 �m away from the ground plane so that the metamaterial is not
in the critical-coupling state. As the applied voltage larger than 10 V, i.e., pull-in voltage, the
whole metamaterial layer was snapped down to the bottom to reach the perfect absorption state.
Experimental characterization using an infrared microscope with a Fourier transform infrared
(FTIR) spectrometer showed the achieved modulation depth on the absorptivity was as large
as 56% at a wavelength of 6.2 �m.The whole device can be modulated in the kHz range with a
3dB point of 30 kHz. Similar reconfigurable MEMS absorber based on Babinet metamaterials
was also scaled to operate in the near-infrared range [61]. As the device modulates the absorp-
tivity in a real-time mode, equivalently, it can also be considered as a reconfigurable emitter with
dynamic control on emissivity spectra. Not like conventional demonstrated systems, which are
either based on a change in the temperature or induced by a specific property of a natural ma-
terial, such as phase change material, an MEMS-based reconfigurable MPA can be operated at
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Figure 5.9: Dynamic metamaterial absorber based on MEMS actuators. (a) Schematic of the
tuning mechanism of the metamaterial absorber with patterned electrostatic parallel-plate ac-
tuator in (top panel) open (bottom panel) snap-down status. (b) A close-up SEM image of
the Babinet metamaterial structure. (c) An SEM perspective image of the metamaterial device
supported with eight beams. (d) Experimental reflectivity from the MEMS MPA in the open
(blue curve) and snap-down (red curve) status. (e) Modulation depth of the reflectivity. (f ) Time
dependent of the spatially averaged emitted power density (left y axis) and corresponding esti-
mated temperature (right y axis). (g), (h) Spatial dependence of temperature over the pixel in
on (g) and off (h) states. (i), (j) Emitted power density of MEMS metamaterial emitter with an
IR image in (i) on and (j) off states. Reprinted with permission (a)–(e) from Ref. [4] © 2013
Wiley-VCH, (f )–(j) from Ref. [58] © 2017 OSA.
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room temperature with a large modulation depth and a high modulation speed.Through scaling
the geometry demonstrated in [4], Liu et al. experimentally showed a reconfigurable MEMS
metamaterial emitter with emissivity peak of 0.95 at 8.9/�m. Upon application of bias volt-
ages, the differential emissivity achieved a sharp peak with a value close to 70% at the resonant
wavelength.Therefore, the spectral radiant existence detected by an IR camera can be calculated
as:

M�.�; TR/ D S.�/E.�/B.�; TR/; (5.4)

where S.�/ is the responsivity of the IR camera, TR is the environment temperature, E.�/ is the
spectral emissivity of the device, and B.�; TR/ is the spectral radiance of the blackbody.The total
radiosity (emitted power density) change from the reconfigurable emitter is from 46 Wm�2 in
the off state to a value of about 60 Wm�2 in the on state. Figure 5.9f shows measured spatially
averaged emitted power density (left y axis) and temperature (right y axis) modulated at 0.5 Hz.
The spatially averaged temperature changed from 25.4–44.3ıC—a difference of 18:9ıC—see
Fig. 5.9g–h [58]. Such a temperature change is a result of the dynamic tailoring of spectral
emissivity without a change in working temperature. Pixelation of such a device into a spa-
tial light modulator with 8 � 8 pixels has been demonstrated for image displaying, as shown in
Fig. 5.9.

There are still some significant challenges, such as MEMS structural reliability, stiction,
electrostatic discharge, particulate contamination, etc., which may limit their commercialization
as state-of-the-art devices. However, compared to electrical tunable metamaterials, dynamic
tuning based on reconfigurable MEMS structures provide large modulation depth, broadband
bandwidth, and more flexible modulation. MEMS-based tunable metamaterials will play an
important future role in the development of dynamic tunable metamaterial devices, especially
in the infrared range.

5.4 OPTICALLYTUNABLEMETAMATERIALABSORBERS
As mentioned in Section 5.2, modulation of carrier concentration could induce a change of re-
fractive index and material loss, thus leading to the absorption shifting among under-coupled,
critical-coupled, and over-coupled states. Free carriers consisting of electrons and holes can also
be generated in semiconductors when light of a critical energy is incident. In particular, this
occurs when the photon energy is equal to or greater than the bandgap energy of the semicon-
ductor. Such photogenerated carriers exist in the semiconductor for a period of time, determined
by the carrier recombination time, and provide a metallic response that can be described by a
Drude model and quantified by the plasma frequency. For frequencies below the plasma fre-
quency the semiconductor behaves as a metal, while above it exhibits insulating properties. To
date, metamaterials hybridized with semiconductors have been widely used for all-optical mod-
ulation of waves [62–66]. One distinct advantage of such an integrated device is the possibility
of realizing ultrafast electromagnetic wave modulation with femtosecond optical pulses. For a
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sandwiched fishnet structure with an ˛-silicon spacer, a fast switching with response time of
several picoseconds was achieved due to the fast carrier recombination [67].

The combination of MPA with semiconductors enables designs which may be realistically
implemented in commercial fabricational processes. However, obtaining dynamical properties of
metamaterial with optical control is significantly easier, can achieve higher modulation speeds,
and can be used as a test bed for experimental realization of concepts. According to perturba-
tion theory, a larger change in resonance frequency is possible, and more efficiently, when active
media are located directly in field enhanced regions. When the gaps of split-ring resonators are
filled with silicon thin film, fabricated on gold ground plane supported by a sapphire spacer,
numerical analysis showed a modulation depth of about 60% at 1.1 THz, when the silicon con-
ductivity changes by 3 orders [69]. Because of the significant conductivity change, the real part of
the permittivity gradually becomes negative and the imaginary part of the permittivity increases
by orders of magnitude in a broad range. This permits both modulation in the fundamental LC
resonance, and also tuning of higher order resonances. Figure 5.10a shows a schematic of an
optically tunable terahertz absorber with the entire ELC absorber fabricated on a sapphire sub-
strate [68]. Through application of an optical pump beam, up to about 200 mW, a dual-band
tunable absorber was demonstrated, achieving a modulation depth of 38% and 91% at the LC
resonance of 0.7 THz and dipole resonance of 1.1 THz, respectively, as shown in Fig. 5.10c–d.
Since the terahertz pulses are incident on the thick sapphire substrate, multiple reflections at the
interface between the substrate and free space limited the actual absorbed power, and the re-
sulting aliased pulse trains complicated signal processing. To avoid this problem, a free-standing
MPA was later demonstrated through transferring patterned GaAs patches and metamaterial
resonators onto a flexible polyimide spacer [70]. With only 25.6 mW of optical pumping power,
the modulation depth of 25% and 40% were obtained at 0.78 THz and 1.75 THz, respectively.

Modulation of the absorbing response is often achieved through a tuning of the quasi-
electric dipole response, but it is also possible to modify the quasi-magnetic dipole as well. As
described in Chapter 2, arrayed dielectric disks may be designed to support two orthogonal
dipole-like modes—an electrical (even) mode EH111, and a magnetic (odd) modeHE111.These
two modes can be made degenerate via tuning the geometry, such as height, radius, and period-
icity, thereby achieving Huygens’ metasurfaces. However, through photoexcitation of carriers in
the all-dielectric metasurface, the introduced material loss can break the degeneracy between the
even mode and odd mode, subsequently modifying the metasurface absorptivity and transmit-
ted phase. An optical-pump terahertz probe experiment on an array of silicon cylinders showed
that an optical pulse with a fluence of 10 �Jcm�2 can lead to a transmission modulation depth
of 99.93% at the resonant frequency of 1.03 THz, and an associated phase change larger than
�=2. Further numerical analysis determined the dependence of the even and odd modes with
respect to material loss. As the top of silicon disks are photodoped by an 800-nm pulse with
increasing fluence, both the resonant frequencies for even and odd modes increase while the
odd eigenmode shows a strong dependence on the optical fluence in comparison to the even
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Figure 5.10: Optically tunable terahertz metamaterial absorber. (a) Schematic of the tunable
absorber consisting of a gold ground plane, polyimide spacer, and gold SRR array on top of
a sapphire substrate. (b) An optical microscope image of the unit cell of a fabricated device
showing an ELC with a Si island in the capacitive gap. (c) Measured absorption spectra for
various optical pump power and (d) the change in absorptivity as a function of pump power at
0.7 (black) and 1.1 (red) THz. Reprinted with permission from Ref. [68] © 2014Wiley-VCH.

eigenmode. The odd eigenmode shows a dependence that is 2:5� greater than that of the even
mode. As a result, the degeneracy of the Huygens’ metasurface is lifted and the electromagnetic
response changes remarkably.
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5.5 THERMALLYTUNABLEMETAMATERIAL
ABSORBERS

Many materials undergo a drastic change of their electrical and/or electromagnetic proper-
ties as a function of temperature, including metal-to-insulator transitions [71], refractive index
changes [72], carrier density variations [73], and structural deformation [60, 74]. Hybridization
of metamaterial absorbers with thermally responsive materials enables a means for producing
tunable response.

One relatively commonmaterial with temperature dependence are phase-changematerials
(PCMs), such as vanadium dioxide, and Germanium-antimony-tellurium (GST) chalcogenide
glass. Vanadium dioxide (VO2) exhibits a phase transition around 340 K enabled by the perco-
lation of tiny (5–10-nm) metallic puddles in the insulating host [75]. During its phase transition
from monoclinic to rutile phase, the effective medium response of the entire thin film, a com-
position of metallic and insulate puddles, can be described by the Bruggeman effective medium
model. For a 75-nm VO2 film deposited on a sapphire substrate, the measured far-infrared con-
ductivity �1 can increase to about 5000 (�cm)�1 as the temperature increases to 380 K [76].
Inserting a patterned VO2 film in the gap region of a microwave ELC resonator, which was fab-
ricated on a sapphire substrate supported by a copper metal, realizes high absorption peaks at 9
and 18 GHz, which gradually weakened as the temperature was ramped over the transition tem-
perature [77]. Similar thermally tunable metamaterial absorbers were also demonstrated in the
infrared range [78, 79]. Arising from the nontrivial phase shifts at interfaces of an asymmetric
Fabry–Perot cavity, perfect absorption was also achieved via directly depositing VO2 thin film
on a highly reflective substrate with no patterning. Through controlling the thickness of lossy
thin film, the total interfered reflection at the interface, between air and the thin film, can reach
zero, yielding a perfectly absorbing state. Due to the temperature-dependent permittivity of
VO2 with an insulator-to-metal transition, experiments showed a broadband reflection tuning
with peak change from zero to about 80% for an ultra-thin (�=60) film of VO2 on a sapphire
substrate [78].

Chalcogenide semiconductors, such as GST, are another type of phase-change materials
which exhibit a transition between amorphous and crystalline phases. Compared to vanadium
dioxide, such a phase transition is reversible without constant heating necessary to preserve the
changed phase. A phase transition in chalcogenide glass can be induced by external heating
or triggered by ultrafast optical pulses in a photothermal process. Because of different crystal
structure between two phases, chalcogenide glass shows a remarkable change of permittivity
and material loss tangent [81].The chalcogenide glass has been widely used in rewritable DVDs
and blue-ray disks and may be an option for the future non-volatile memory industry. Recently,
the combination of metamaterials with chalcogenide glass has attracted considerable attention
for tunable electromagnetic response. Likewise, chalcogenide glass was also implemented in
metamaterial absorbers as a spacer to activelymodify the absorptivity or emissivity in the infrared
ranges [80]. Figure 5.11a shows a thermally tunable mid-infrared absorber with an array of
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Figure 5.11: Thermally tunable infrared absorber using GST. (a) Illustration of the tunable
absorber device. (b) Phase transition of GST from amorphous to crystalline state. (c) Pixe-
lated four color-coded plasmonic absorbers with resonant wavelength from 2.5–4 �m. The Al
nanoantenna length in these pixels is changed from 300–450-nm in a 50-nm step. (d–g) Mea-
sured reflectance spectra of the four pixels. The GST spacer layer is in the amorphous phase for
all measurements. Reprinted with permission from Ref. [80] © 2015 Wiley-VCH.

square aluminum nanoantennas fabricated on a chalcogenide glass Ge2Sb2Te6 (GST-236) thin
film, with an aluminum ground plane. Due to the large refractive index of GST-236 in the
mid-infrared range, the deposited GST spacer is 85-nm, which is only about 1/41� for the
GST in crystalline phase. As the temperature increased, the GST thin film underwent a phase
transition from the amorphous to the crystalline phase, while the corresponding refractive index
changed gradually from 3.5–6.5. As a result, the measured resonance redshifted by 0.7 �m
and reflectance showed a significant increase by 60% at initial resonance. Since the resonance
is mainly determined by the geometry, multiple patch resonators with various lengths can be
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tessellated into complicate patterns for multispectral imaging. Figure 5.11c shows a color-coded
MWIR absorber superpixel with four distinct absorption bands. The pixels absorb energy from
a blackbody source and subsequently generate local heat, which is determined by the absorption
band of each pixel. Further, the local heat redistributes over the four pixels, leading to a distinct
emission spectra, which can be resolved using a microbolometer array. Experiments showed that
color-coded absorber pixels are capable for multispectral imaging with detecting temperature
ranging from 740–1150 K.

Many tunable metamaterials require cryogenic cooling, and thus may not be feasible for
applications requiring compact size or low power usage. However, thermally tunable metama-
terials with phase transition materials provide unique access to fascinating possibilities, namely
non-volatile switching and fast nano-second switching speed, making them suitable for novel
applications. Indeed, metamaterial/superconducting hybrids enable access to high-quality fac-
tors that realize broad tunability, and an ultra-high-temperature sensitivity.

5.6 MULTI-TUNABLEMETAMATERIALABSORBERS
The hybridization of metamaterials with active elements has enabled agile platforms for control-
ling electromagnetic waves. In addition to modulation schemes using a single external stimulus,
it is also possible to take advantage of multiple excitations simultaneously on metamaterials with
several active elements, therefore achieving further improvement on the dynamic response. As
shown in previous sections, the carrier concentration in semiconductors such as Si can be mod-
ulated by optical excitations [70] while the optical conductivity of graphene is changing with an
applied bias. For an optically pumped silicon substrate with patterned gold metasurface layer,
the generated photo-carriers (electrons or holes) can directly diffuse into a transferred graphene
monolayer [82]. A further applied bias between the graphene layer and the high-resistive silicon
substrate could significantly shift the Fermi level of the graphene off the Dirac point, increas-
ing the conductivity of graphene in the terahertz range. Using the dual-tuning method, more
than 60% of modulation depth on transmission can be obtained with the bias voltage lower than
1 V, which is two orders smaller than that in a single-tuning terahertz metamaterial hybridized
with graphene [83]. The graphene layer and silicon layer can also be separately modulated with
the electric or optical tuning methods. With a thin spacer layer of strontium titanate (STO)
between a patterned graphene metasurface layer and a photo-doped silicon layer, a dynamic
terahertz metasurface absorber was recently proposed to achieve 55% of modulation depth on
absorption [84]. In addition to the electric and optical modulations, other modulation methods
can also be combined together to achieve high-performance tunable absorbers. Through in-
corporation of a graphene monolayer and temperature dependent media, such as phase change
material VO2 [84, 86], and paraelectric material STO [87], dual-tunable metasurface absorbers
undergoing electric and thermal control were also proposed to modulate the multiple properties
of absorbers separately. For a broadband absorber consisting of a patterned VO2 metasurface
layer on a graphene monolayer and a dielectric topas spacer, the absorption peak frequency can
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be adjusted by the voltage applied on graphene layer, whereas the absorbance can be varied with
the phase change of VO2 induced by temperature. Multi-tunable methods could provide more
flexibility for control of electromagnetic properties independently and open a new avenue for
high-performance metamaterial modulators for imaging, sensing, and communication applica-
tions.

5.7 CONCLUSION
In this chapter, we have described the state of the dynamic metamaterial perfect absorbers utiliz-
ing various mechanisms including electric, mechanical, thermal, and optical methods. We note
that some of these tuning strategies can be applied across a broad portion of the electromag-
netic spectrum. Besides, multiple tuning methods can be simultaneously applied on dynamic
metamaterials with more freedoms to manipulate the electromagnetic waves. One exception
not discussed is the option of magnetic tuning, which is only applicable to some ferromagnetic
media operating at microwave frequencies or below [88]. Table 5.1 lists the advantages and
limitations of these tuning approaches.

There are significant hurdles which must be overcome in order to make metamaterials
feasible for realistic commercial applications. For example, it is still challenging to design and
demonstrate a dynamic metamaterial absorber with a full-phase change from 0 to 2� , while the
intensity of the outgoing beam is kept the same. In addition, most demonstrated tunable ab-
sorbers operate in a relatively narrow spectral range. Increasing the operational spectral range is
also of enormous importance for practical applications. Nonetheless, tunable metamaterials have
been demonstrated in some cases to achieve state-of-the-art control for manipulation of elec-
tromagnetic waves, and thus hold great promise for future technologies. For example, dynamic
metamaterials have been used in various technological demonstrations, including single-pixel
imaging [9, 45], efficient thermal emission [89], and water desalination [90]. As the metamate-
rial design paradigm cross pollinates with other state-of-the-art techniques and novel materials
and fabricational techniques, such as machine learning, super-resolution imaging, phase change
materials, and large-scale nanofabrications, we expect a blossoming of commercial applications
utilizing metamaterials across the electromagnetic spectrum.
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Table 5.1: Mechanisms for achieving dynamic metamaterial absorbers

Tuning 
Mechanism Materials µW THz IR Vis Advantages Limitations

Electrical

Lumped 
components

✓ High speed, easy 
implementation, 
commercial available

Limited scalability to 
higher frequencies

Semiconductors ✓ ✓ ✓ ✓ High speed, IC 
compatible, easy to 
scale

Limited carrier 
density change

Liquid crystals ✓ ✓ ✓ ✓ Large index change, 
industry compatible

Low speed

Mechanical

Electrostatic 
deformation

✓ ✓ ✓ Large modulation 
index to fabrication

Bimaterial ✓ ✓ ✓ Large modulation 
index, sensitive to 
temperature

Low speed, material 
creeping

Optical

Lumped 
component

✓ Fast, easy 
implementation, 
commercial available

Limited scalability to 
higher frequencies

Semiconductors ✓ ✓ ✓ ✓ Ultrafast response 
(ns fs), easy 
implementation

pixelation, bulky 
system

Phase change 
materials

✓ ✓ ✓ ✓ Large modulation 
index, easy to 
demonstrate

to control material 
quality over large scale

Liquid crystal ✓ ✓ ✓ ✓ Large index change, 
easy fabrication

Low speed, bulky 
external heat source
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C H A P T E R 6

Applications
A major motivating force for the use of electromagnetic absorbers occurred in World War II,
when it was desired to conceal both ships and submarines from microwave radar detection.
However, use of absorbers for other applications and in order bands of the electromagnetic
spectrum did not occur until relatively recently, primarily due to the maturation of both nano-
fabricational techniques, and commercialization of computational electromagnetic (CEM) soft-
ware. In previous chapters, we have shown that the development of metamaterial absorbers has
enabled extraordinary control of absorptivity or emissivity spectra over much of the electromag-
netic spectrum from the microwave range through infrared to the ultraviolet wavelengths, thus
suggesting their use for novel applications. In this chapter, we will review a few examples of
metamaterial absorbers used for potential applications in imaging, sensing, solar energy har-
vesting, and color engineering.

6.1 BIOCHEMICAL SENSING

For a material located in a resonating cavity system, perturbation theory indicates that a change
in its permittivity leads to a modification of the resonant frequency [1, 2]. The sub-wavelength
nature of metamaterials causes both high field localization and field enhancement. Thus, lo-
cating materials within field enhancing regions of metamaterials, sensitivity to the change of
refractive index may be further enhanced. Additionally, according to temporal-coupled mode
theory, a slight change of the material loss in a perfect absorber could breach the critical cou-
pling condition, thereby significantly altering the scattering response, both in amplitude and
phase [3].

Since the early development of metamaterial absorbers, they have been used to fashion
structures for sensing applications, e.g., glucose sensing [4] and Hydrogen sensing [7]. The first
experimental demonstration of chemical sensing was performed with plasmonic perfect absorber
operating in the near-infrared region [4]. As shown in Fig. 6.1a, the infrared perfect absorber
consists of arrayed 20-nm-thick gold disks with a diameter of 352 nm residing on a 30-nm-
thick MgF2 spacer, which is supported by a gold mirror. Spectroscopic characterization in air at
infrared wavelength showed a polarization-independent absorbance at a wavelength of 1.6 �m
as high as 99%, corresponding to a near-zero reflectance. With water (n D 1:312) applied to the
sample surface, an observable change of reflectance from 1–28.7% was observed at 185.6 THz,



158 6. APPLICATIONS

Wavelength (µm) Wavelength (µm)

Wavenumber (cm–1)

R
efl

ec
ta

n
ce

R
efl

ec
ta

n
ce

F
O

M
*

A
bs

or
p

ti
on

F
O

M
*

Frequency (THz)

(a)

(b)

(c)

(d)

E(x)

H(y)
k(z)

Gold

Gold
MgF2

Glass

1.0

0.8

0.6

0.4

0.2

0.0

0.16

0.12

0.08

0.04

0.00

200

100

0

–100

–200

0.30

0.25

0.20

0.15

0.10

0.05

0.00

90

75

60

45

30

15

0

175

63.40 3.45 3.50 3.603.55

1600 1500 1400 1300 1200 1100

10 µm

Exp. (on res.)
Exp. (off res.)
Model (on res.)
Model (off res.)

7 8 9

180 185 195190 

Figure 6.1: (a) Schematic of an infrared perfect absorber for sensing application. It consists of a
gold ground plane, MgF2 spacer, and gold disk array on top of a glass substrate. (b) Experimen-
tal FOM� (dashed curve) and reflectance (solid curve) as a function of frequency. (c) Calcu-
lated FOM� of an infrared perfect absorber as the refractive index of glucose solution changes
from 1.312 (blue) to 1.322 (red). The inset SEM image shows an oblique view of an array of
mushroom-capped plasmonic absorber. (d) Experimental (dotted line) and analytically mod-
eled (solid line) absorption spectra of perfect absorbers for geometric resonances coincident
(3.61 �m) and spectrally removed (2.68 �m) from the material resonance in the spin-on glass.
The inset shows an SEM image of the fabricated infrared perfect absorber with a spin-on-glass
as the spacer. Reprinted with permission from: (a) and (b) Ref. [4] © 2010 ACS; (c) Ref. [5]
© 2015 Wiley-VCH; (d) Ref. [6] © 2012 IEEE.

due to a change in the index of refraction. The figure of merit (FOM�) is defined as

FOM�
D Max

ˇ̌̌dI.�/=dn.�/

I.�/

ˇ̌̌
; (6.1)
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where dI.�/=dn.�/ is the relative intensity change at a fixed wavelength induced by a refractive-
index change, and �0 is chosen at maximum FOM�, reaches a value of 87 for water with index
change of 0.312 as shown in Fig. 6.1b. In terms of resonant frequency shift, the sensor exhibits
about 400-nm per refractive index unit (RIU). In addition to sensing with conventional plas-
monic metamaterial structures, it was also shown that Babinet plasmonic absorbers could further
improve refractive index sensing performance by approximately 50% [8]. Such an absorber de-
sign can be scaled to other frequency ranges, such as terahertz, for sensing chemicals such as
photoresist [9].

In most designs, however, only the surface of the planar metamaterial is accessible to
chemicals for sensing, whereas the field confined regions are restricted to the horizontal gaps of
the plasmonic structures, such as the field enhancement in the spacer region. Bhattarai and col-
leagues demonstrated a mushroom-capped plasmonic perfect absorber, in which the dielectric
spacer is partially etched away, thus enabling permeation of chemicals into the spacer region [5].
The inset of Fig. 6.1c shows an SEM image of the fabricated mushroom-capped infrared ab-
sorber with each gold disk supported by a polymer cylinder, which was laterally etched in an
O2 plasma. Due to the significant contact area of the chemical with the plasmonic structure,
simulations showed that the sensitivity, at 2.71 �m, after applying water onto the sample could
reach 2513-nm/RIU, which is about 5 times larger than the first generation of metamaterial
absorber sensor [4]. Further, the FOM� as another measure of the sensor performance, is also
significantly improved to 179; see Fig. 6.1c.

It should be mentioned that chemical sensors based on resonance shifts do not guarantee
the identification of chemicals from others which posses a similar refractive index. To further
enhance the specificity of sensors, Mason and his colleagues designed a perfect absorber with
the resonance overlapping with the characteristic vibrational modes of molecules [6]. Due to
surface enhancement from excited plasmons, the measured chemical absorption can be ten times
stronger than that with a coating on ametal film [10]. As shown in Fig. 6.1d, the strong coupling
between these two resonances reveals an observable anti-crossing with an energy splitting due
to the hybridization of the optical and vibrational modes.

6.2 ENERGYHARVESTING
6.2.1 PHOTODETECTIONVIAHOTELECTRONHARVESTING
The manipulation of excited coherently oscillating electrons in metal, i.e., surface plasmons
(SPs), have enabled a myriad of techniques and applications in manipulating light at a deep-
subwavelength scale, such as modulators, plasmonic enhanced photovoltaic devices, superres-
olution imaging, and photodetectors. Recent progress has shown that nonradiatively decaying
electrons can be exploited for photodetection, in which the excited hot electrons hop through
Schottky barriers formed at the metal-semiconductor interface, which are then injected into the
conduction band of semiconductors. Therefore, the bandwidth of photodetection is only lim-
ited by the Schottky barrier height rather than the bandgap of the semiconductor. Utilizing
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a plasmonic antenna fabricated on silicon substrate, Knight et al. achieved photodetection in
the telecommunication regime, the photon energy of which is well below the bandgap of the
semiconductor [11]. The measured photocurrent exhibits a direct correlation to the absorption
spectrum of antennas.

However, the bandwidth of SP-based resonators is intrinsically narrow, thus rendering a
limited responsivity. Lin and colleagues devised a broadband deep trench/thin metal (DTTM)
absorber composed of etched silicon trenches covered by a thin layer of gold on the surface, as
shown in Fig. 6.2a [12]. Such an architecture is free of a metal ground plane, and circumvents the
challenge of growing a high-quality semiconductor on top of a metal film. Still, the deep-trench
structure maintains high absorptivity over 80% from about 1375–1475-nm from generating
surface plasmon polariton (SPP) waves which are confined in the trench cavity. Compared to
nanoantennas and dot/hole arrays, the peak absorptivity is about four times and one order of
magnitude higher, respectively. The peak responsivity for optimized structures is measured close
to 3.8 mA/W, which is about 380 times larger than that obtained by Knight from nanorods. In
the same year, Li and Valentine also demonstrated an inverse structure to Lin’s device [13]. As
shown in Fig. 6.2b, the broadband MPA is composed of etched silicon stripes or patches with
a 15-nm gold thin film covering over the surface and sidewalls. The Fabry-Pérot resonance is
formed from the upper and lower plasmonic resonators, and results in a broadband absorption
spectrum over 80% from 1250–1500 nm. The efficiency of the hot electron hopping process
is significantly enhanced, and is attributed to the ultrathin 15-nm metal layer. The measured
photoresponsivity is larger than 1.8 mA from 1200–1500 nm, as shown in Fig. 6.2d.

Despite the achievement of large photoresponsivity from periodically patterned meta-
material absorbers, future commercial implementation of these nanostructures will rely on the
advances of the nano-lithography techniques to further lower the cost, and to accelerate the
fabrication process for large-area patterns. With controlled evaporation process or thermal an-
nealing processes on ultrathin gold films, randomly distributed irregular gold nanostructures
can be synthesized directly, enabling broadband absorption [14–16]. Lu and co-workers experi-
mentally demonstrated broadband hot-electron photodetection with a collection of randomly
dispersed gold nanoparticles formed on gold film supported TiO2 spacer—a wide-bandgap
semiconductor [14]. The surface coverage and size dispersion of the nanoparticles was achieved
through control of the initial Au film thickness, and the thermal annealing conditions. Af-
ter the thermal treatment in air at 400ıC for 3 hours, the 5-nm-thick pre-deposited Au film
on a 50-nm-thick TiO2 spacer formed nanoparticles dispersed over about 35% of the surface
area with a Gaussian distribution of size centered at 12-nm as shown in Fig. 6.2e–f. Measured
spectra exhibits remarkably high absorption over 90% in the entire visible spectrum from 400–
750-nm (Fig. 6.2g). In addition, the optical absorption of the optimized structure shows trivial
polarization and angular dependency. The photocurrent density under the visible illumination
was measured as high as 15.8 �A/cm2. Using a similar concept, Wen et al. demonstrated a
broadband absorber consisting of ultrathin plasmonic metal coated disordered silicon nanohole
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Figure 6.2: (a) Measured photoresponsivity of the DTTM absorber under bias of 0 V and com-
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nm, P D 680-nm, H D 160-nm. (c) SEM image of the fabricated device. (d) Comparison
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gold nanoparticles on a thin TiO2 film. (g) Measured absorption spectra of samples with differ-
ent coatings. The inset shows the photographic images of the prepared samples. (h) Schematic
of a hot-electron photodetector with disordered nanoholes. (i) SEM image of the fabricated
device using Au templates dewetted at 400ıC. (j) Measured absorption spectra with different
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(d) Ref. [13] © 2010 ACS; (e)–(g) Ref. [14] © 2016 NPG; (h) and (i) Ref. [15] © 2018 ACS.
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structures, as shown in Fig. 6.2h–i, supporting many hot spots with enhanced electric field [15].
The disordered nanoholes were fabricated mainly using thermal dewetting and metal assisted
chemical etching (MACE) techniques. In the rapid thermal dewetting process, a continuous
5-nm gold thin film was changed to different nanostructured morphologies. Then, the MACE
process ensures that only the silicon underneath the Au catalyst film was etched away, resulting
a disordered silicon nanohole morphology with a mean depth of 100 nm. After the Au catalyst
film removed, a thin layer of gold was deposited conformally on the random holes. As shown
in Fig. 6.2j, the spectroscopic characterization shows a broadband absorption greater than 80%
from 1.1–2 �m. Under zero bias, the optimized design exhibits a fast hot electron mediated
photoelectric response with a photocurrent responsivity in the range of 1.5–13 mA/W with the
illumination from 1.1–1.5 �m.

PlasmonicMPAs have shown their capability to enable photon harvesting through photon
to electron conversion beyond the limit of semiconductors. To create efficient photodetectors,
the judicious design of MPAs ensures two fundamental requisites which are broadband high
absorption for collecting sufficient photons and large field enhancement to accelerate plasmons
into energetic electrons injecting into the conduction band of semiconductors. The excitation
of hot plasmonic electrons is an ultrafast process due to the nearly ballistic transport of the
excited electrons in gold [17]. The excited electron populations then quickly decay over a few
hundred femtoseconds through electron-electron scattering, indicating the potential as high-
speed photodetectors [18].

6.2.2 SOLAR-DRIVEN STEAMGENERATION
With the recent rapid progress of modern industry and population explosion, water scarcity
has become one of the most urgent global challenges that affect people’s daily lives. Recently,
solar-driven steam generation has been garnered tremendous attention owing to its potential
as a green and sustainable technology for water purification and desalination. There are several
factors that impact the performance of solar generation, including water transport and thermal
management. However, the broadband absorption sunlight is singularly critical, and possesses
great potential to improve the efficiency [19].

Recent plasmonic advances have demonstrated devices with significant absorption en-
hancement and heat localization, which can be beneficial to solar steam generation. However,
due to the relatively small Drude damping factor of noble metal nanoparticles, the absorption
bandwidth of spherical or cubic-like nanoparticles is limited. To overcome such constraints,
theoretical analysis showed that some nanoparticles, such as TiN [22, 23], indium [24], sup-
port lossy plasmonic resonances in the visible range, and exhibit better broadband solar absorp-
tion than gold nanoparticles. One the other hand, through judicious engineering of plasmonic
nanostructures with more dispersive dimensions, ultra-broadband plasmonic absorbers can be
achieved to boost the solar steaming efficiency. Bae and co-workers demonstrated an ultra-
broadband absorber with multi-scale metallic funnel structures on a flexible membrane [20].
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Via controlled wet etching of an anodic aluminium oxide (AAO) template, the etched alumina
nanowires collapsed together forming self-aggregated nanowire bundles due to the water-air
surface tension, as shown in Fig. 6.3a–b. After metal sputtering, the funnelled structure with
varied nanogaps among the nanowires can adiabatically couple light into surface plasmons, thus
producing high absorption up to 17 �m (Fig. 6.3c). Experiments showed efficient steam gen-
eration with a solar thermal conversion efficiency up to 57% at 20 kW/m2. In later studies, as
shown in Fig. 6.3d–g, Zhou et al. demonstrated that an ultra-broadband absorber could be ob-
tained without delicate etching of AAO templates, but directly evaporating metallic nanoparti-
cles into the nano-pores [21, 25, 26]. Due to the hybridization of the localized surface plasmonic
resonances and non-radiative plasmon decay, the self-assembled nanostructures in the porous
membrane achieved absorptivity of 99% across the wavelength from 400 nm to 10 �m, as shown
in Fig. 6.3h. As a result of the efficient and broadband light absorption, strongly localized heat-
ing, and porous structures, which allow continuous stream flows by the generated heat, such a
self-assembled broadband plasmonic absorber achieved the efficiency of solar steam generation
and solar desalination over 90% with 4-sun irradiation.

Given the brittle AAO template, relatively large cost, and potential scalability challenges,
other alternative strategies with decorating gold nanoparticles onto other mesoporous and hier-
archical structures, such as carbonized biomass [27], diverse carbon materials [28, 30, 31], have
been investigated. The lower thermal conductivity of these materials can further localized the
generated heat, thus leading to higher solar energy conversion efficiency. The closely packed
nanochannels in AAO templates can be blocked after a long exposure [32], whereas a matrix
with numerous aligned micro- and nanochannels can effectively conduct water from the bot-
tom to the evaporation surface from the capillary effect. These methods have enabled a range of
potential applications to tackle the global challenge of water crisis.

6.2.3 SELECTIVEEMITTERFORTHERMOPHOTOVOLTAICS (TPV)
Salvaging energy from radiated heat (> 1000ıC) is known to be more efficient than conver-
sion of energy from nature resources, such as fossil fuels and coal where over 50% of the total
produced power lost [33]. With the aid of thermophotovoltaic technology, radiated heat with
temperature over 1000ıC which would normally be lost to the environment, can be potentially
collected and harvested. Through implementation of this technique, the radiated thermal en-
ergy will be concentrated and converted to heat inside of a structure which possesses a spectral
emission tailored to match the bandgap of a specific photovoltaic cell—example include GaSb,
InGaAs, and InGaAsSb. However, such spectrally selective absorbers or emitters are difficult
to obtain directly from nature materials. Over the past decades, extensive studies have been per-
formed toward tailorable emitters for TPVs using photonic crystals [34] and planar Fabry–Perot
based structures [35]. Electromagnetic metamaterials have shown their power to engineer the
emission spectrum through adjusting the geometry and space filling properties of metamaterial
unit cells [4, 33, 36–46].
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Figure 6.3: SEM images of the top-view, (a) and a bird’s-eye view (b) of the black gold mem-
brane. The inset shows the ordered hexagonal array of the AAO template. Scale bars, 2 �m.
(c) Measured optical response of the a black gold membrane peeled off with aluminum tape.
The inset shows represents reflection and absorption from 2.5–17 �m. (d) Fabrication process
of the broadband absorber from an aluminum foil. (e)–(g) SEM images of cross-sectional view
of the fabricated sample. (h) Measured (black dots) and simulated (red dots) absorption of the
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irradiance density of air mass 1.5 global (AM1.5 G) tilted solar spectrum. Reprinted with per-
mission from: (a)–(c) Ref. [20] © 2015 NPG; (d)–(h) Ref. [21] © 2016 NPG.



6.2. ENERGYHARVESTING 165
A TPV system usually consists of a hot emitter with spectrally selective emission, paired

with a low-bandgap semiconductor, which is used to convert the emitted photons into electrons.
The efficiency of the TPV cell is governed by the Shockley–Queisser limit, which is governed
by the difference between the emitted photon energy and the band gap of the semiconductor.
To increase TPV efficiency, Liu et al. proposed a metamaterial absorber supercell, of which the
emittance spectrum is designed to follow the wavelength dependent external quantum efficiency
(EQE) of GaSb with photon energy larger than the band gap [47]. In the designed structure,
4 different metallic cross resonators were arranged into a 2 � 2 unit-cell, which were then used
to form a 2 � 2 supercell with 16 total elements. As shown in Fig. 3.9c, the emittance spec-
trum is fashioned to match the EQE of GaSb as close as possible. The emittance spectrum can
be independently controlled by the geometry of sublattice cell, which demonstrates a path to
manipulate the emission spectra in an arbitrary fashion.

In addition to the challenges of increasing TPV efficiency through emittance band en-
gineering, another area ripe for efficiency gains involves the operational temperature of the
emitter, which requires the emitter hot enough to emit a significant amount of photons above
the bandgap of the semiconductor. As a result, materials used for the perfect absorbers should
be able to withstand high temperature operation for long duration without degradation. No-
ble metals, such as gold, copper and silver, are not practical for such purposes, due to their
low melting points. Instead, refractory metals, such as tungsten (W) [40, 43, 46, 49], plat-
inum [39, 45], titanium [40], tantalum [50], and molybdenum [42], which possess high melting
points of over 1500ıC or even over 3000ıC, have been used for demonstrating high-temperature
MPA for TPV applications. Using platinum as the constituent of MPAs, Woolf and his col-
leagues demonstrated an infrared high-temperature emitter with operation temperature over
1000ıC [45]. As shown in Fig. 6.4c, the emitter consists of an array of platinum disks on
a platinum-supported alumina spacer. The entire structure was encapsulated by an additional
conformal layer of alumina with thickness of 150-nm. To characterize the thermal-to-electrical
power conversion efficiency, the sample was mounted on a cartridge heater with a five-junction
InGaAs PV cell placed about 22.35 mm above the emitter (Fig. 6.4b). A known Si emitter and
a thermal power meter were used for calibration. Based on the measured short IV curves as a
function of the SE temperature as shown in Fig. 6.4c, the corresponding thermal-to-electric
conversion efficiency can be up to 24.1% at 1055ıC. Figure 6.4d shows the emission perfor-
mance of the TPV system.

In addition to the refractory metals, refractory plasmonic materials with plasmonic fre-
quencies in the visible and near-infrared wavelength, such as TiN, aluminum zinc oxide (AZO),
also show melting points over 2200ıC [33, 48]. Similarly, the plasmonic nature and large in-
trinsic loss of these materials can also lead to large absorption spanning a broad band. Li and
coworkers demonstrated a high-temperature broadband absorber can endure a laser illumina-
tion of 6.67 W/cm2 after 800ıC annealing of TiN, (Fig. 6.4f ) while a gold based absorber was
significantly degraded under the same process, with the gold structure peeling off from the sub-



166 6. APPLICATIONS

A
bs

or
p

ti
on

(a) (c) (d)

(g)

(b)

(e)

400 nm

(f ) TiN after irradiation

at 6.67 W/cm2

25

20

15

10

5

0

0.25

0.20

0.15

0.10

0.05

0.00

0

20
0

40
0

60
0

80
0

10
00

1.0

0.8

0.6

0.4

0.2

0.0

7

6

5

4

3

2

1

0

1.0

0.8

0.6

0.4

0.2

0.0
400 500 600 700

Before annealing

After annealing

InGaAs EQE
SE emissivity
DF transmissivity
BB radiosity
BB photon density

ISC

IS
I
C
V

ISC model

800

1 2

Prad

Pout

3 4 5

Wavelength (nm)

T (°C)
λ (µm)

ε,
 E

Q
E

η
T

P
V

I S
C
 (

m
A

)

W
/[

cm
2  

µ
m

]

Figure 6.4: (a) Image of a selective emitter (SE) mounted on a cartridge heater. (b) SEM image
of the metamaterial SE. The scale bar is 1 �m. (c) Short-circuit current as a function of the
SE temperature. The right vertical axis shows the corresponding thermal-to-electric conversion
efficiency �TPV indicated as circles in the plot. (d) Spectral properties of the TPV system. SE:
selective emitter DF: dielectric filter BB: black body. (e) SEM image of the fabricated TiN
absorber with arrayed square ring-like structures. (f ) SEM image of the TiN absorber shot by a
550-nm laser with an intensity of 6.67W/cm2.The scale bar is 400-nm. (g)Measured absorption
before and after annealing at 800ıC. Reprinted with permission from: (a)–(d) Ref. [45] © 2018
OSA; (e)–(g) Ref. [48] © 2014 Wiley-VCH.

strate [48]. As shown in Fig. 6.4e, the high-temperature MPAs consists of arrayed square ring-
like TiN cells on a 60-nm silicon oxide spacer with a continuous 150-nm TiN thin film as the
ground plane. Figure 6.4g shows the measured absorption before and after annealing at 800ıC
for 8 h with negligible change, while the optical performance of the gold sample is degraded,
due to the reshaping of the structure after melting.

For practical TPV applications, there are at least five crucial requirements for the emitters:
optical performance, ability to scale to large areas, log-term high-temperature stability, ease of
integration, and low cost [51]. However, few of the demonstrated high-temperature MPA-
based selective emitters satisfy all of these five criteria. The long-term operational stability of
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the artificial composites with various materials should be further investigated. Also, since the
feature size of most of selective emitters working in the near-infrared or visible range is sub-
micron scale, the ability to pattern in a large-area format has to be addressed before further
commercialization.

6.3 IMAGING
Exploration of optical components with the ability for efficient information processing has long
been a goal for scientists and engineers over the last several decades. Imaging can provide tem-
poral and spectral information, and is one of the most important applications. Due to the spec-
trally selective nature of metamaterials, MPAs have great potential to form active and passive
components for imaging from microwave frequencies to visible wavelengths.

As passive imaging devices, MPAs may operate as the key element of a microbolometer
in which the incident EM radiation is efficiently absorbed and sensed by a thermometer. Such
bolometer MMA elements may be fashioned as MEMS structures [52], phase change ma-
terials [53], and pyroelectric materials [54]. An initial conceptual demonstration showed that
integration of an MPA onto a microbridge supported plate can significantly enhance the re-
sponsivity and spectral selectivity compared to other commercially available bolometers [55].
The measured results showed that the integration of an MPA with absorption peak of 57% at
2.5 THz achieves a minimum NEP of 37 pW/pHz and a thermal time constant of 68 ms.
Since the fabrication process is compatible to the IC process, the monolithic detector can be
easily scaled to a focal plane array through tessellating multiple elements together and adding
standard circuit read-out, forming a terahertz imager. An alternative approach to detect EM ra-
diation is to mix the absorption and sensing elements together, which additionally forms a more
compact device. For example, the pyroelectric effect relies on a temperature gradient which in-
duces a change in polarization, and broadband absorber coated bulk pyroelectric materials, like
LiNbO3 slabs, are commercially available and permit detection at room temperature from mi-
crowave to visible wavelengths. However, because of the large thermal mass which results from
the relatively thick slab, the low responsivity of the sensing element requires a significantly large
gain in the read-out, which could further reduce the signal-to-noise ratio. With the aid of sput-
tering or ion-slicing techniques, pyroelectric materials can be fabricated with sub-micron thick-
ness, thus lowering the thermal mass. The thin film can be directly integrated into a MPA as the
spacer [56]. With the judicious design of the metamaterial absorber, as shown in Fig. 6.5a–c,
82.5% of the total incident power can be absorbed by the pyroelectric spacer directly. In this
way, the converted heat immediately produces the polarization without extra delay from the
heat transferred from the top and bottom metal layer. In addition, the overlap between the DC
field and the optical absorption region inside the spacer can further reduce the effective ther-
mal radiative area since nearly 90% of the absorbed power in the LiNO3 only occurs in 2.4%
of the volume, thereby leading to a decrease in limiting noise equivalent power (NEP). The ex-
perimental measurements showed about 86% of absorption at 10.73 �m with a thermal time



168 6. APPLICATIONS

(c)

(b)

(d) (f )
x,E 1

0

y,H
z,k

(e)

1.0

0.8

0.6

0.4

0.2

0.0

2.0

1.5

1.0

0.5

0.0
9

1.0 µm1.9 µm

0.75 µm

5.37 µm

Unit cell

10 11

Wavelength (µm)

D
et

ec
to

r 
am

p
li

tu
d

e 
(a

.u
.)

O
p

ti
ca

l a
bs

or
ba

n
ce

12 13

Measured
absorbance

20 µm

(a)

(g)

Figure 6.5: (a) An SEM image of the top layer of the MPA. (b) Schematic of the unit cell of the
designed MPA with a 550-nm-thick LiNO3 spacer layer. (c) Detector response (blue curve) of
MPA detector matches well with the measured optical absorbance (red curve). The green curve
shows the detector response of a non-resonant grid. (d) SEM image of the fabricated perfect
absorber with array of silicon cylinders. (e) Oblique view of the fabricated sample. (f ) Simulated
power loss density inside the absorber. (g) False color THz image of a “D” letter using the THz
to IR conversion technique. Reprinted with permission from (a)–(c) Ref. [56] © 2017 OSA,
(d)–(g) Ref. [57] © 2017 OSA.

constant of 28.9 ms and a room temperature detectivity, D�, close to 107 cm W/pHz, which
is approximately one order of magnitude larger than commercial detectors.

In most cases, energy absorbed with the metamaterial is dissipated as heat, which re-
emits into space with a spectrum determined by Planck’s radiation law. With the emission
peaked in the long-wave infrared region, the signature can be directly captured by a thermal
camera. The integration of an infrared camera has shown significant potential for imaging in
spectral ranges which lack commercial availability of FPAs, such as millimeter and terahertz fre-
quencies. Kuznetsov and his colleagues demonstrated a terahertz-to-infrared converter which
absorbs incident terahertz waves and re-emit thermal radiation for imaging. To ensure efficient
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infrared emission from the heated sample, a thin layer of graphite was coated on the backside
of the back metal-plane. Due to the narrowband resonance of the absorption, a multispectral
THz FPA with 24 � 24 pixels has been demonstrated by inlaying three different absorber ar-
rays operating at 0.3, 0.33, and 0.36 THz, respectively. Such an imaging scheme presents a
new way for a flexible design and a low-cost implementation for terahertz imaging. However,
the large thermal conductivity of the continuous back metal plane quickly diffuses the heat to
neighbor pixels, thus leading to thermal spreading and lowering the imaging resolution. Alter-
natively, a perfect absorber fashioned entirely from sub-wavelength all-dielectric cylinders could
significantly lower the thermal conductivity by three orders of magnitude compared to metal-
based counterparts. Since the dielectric cylinders are isolated from each other, the channels for
transferring converted heat from the absorbed energy are reduced to convection and thermal ra-
diation.The reduced thermal conductance results in a higher temperature inside the cylinders for
infrared camera detection, thus increasing the responsivity. Figure 6.5d shows an SEM image of
the fabricated silicon cylinder array on an ultrathin PDMS substrate, where the cylinder height
was 85 �m, diameter of 212 �m, and periodicity of 330 � [57]. The experimental characteri-
zation of the fabricated absorber exhibited the peak absorption as high as 96% at the resonant
frequency of 603 GHz and achieved a thermal responsivity of 2:16 � 104 K/W at a modulation
of 1/4 Hz at room temperature and under standard atmospheric pressure. Figure 6.5g shows a
false-color of a THz image with an object of a “D” letter with linewidth of 5 mm.

The rapid development of smartphone technology has led to modern cellular telephones
possessing digital cameras with tens of megapixels, and has enabled the explosion of data in
our daily lives. However, smartphone space is at a premium, which limits the available lateral
area of the digital camera, thereby reducing available light flux and reducing the number of pix-
els. Alternatively, computational imaging may be used to overcome the limited light flux, and
relatively low number of pixels. In contrast to traditional imaging, computational imaging in-
volves the joint design of the physical sensing system and post-processing unit. Benefits from
advances in algorithms and computing hardware, have enabled computational imaging system
to provide significantly enhanced capabilities, but with reduced requirements in size, weight,
power, and cost. Recently, computational imaging has garnered intensive attention for imaging
in the infrared and terahertz regions, where large format cameras are scarce [59, 60]. Figure 6.6a
illustrates a terahertz single-pixel imaging scheme using a metamaterial absorber based spatial
light modulator (SLM). The spatial light modulator consists of 8 � 8 tunable metamaterial pix-
els with metamaterial absorbers in each pixel. The reflectance of each pixel can be indepen-
dently controlled via a gating voltage from external electronics. In the experiment, a terahertz
beam from an incoherent mercury-arc lamp was collimated to illuminate an object, the image of
which was multiplexed by the programmed SLM. To obtain Hadamard masking with [1; �1]
on each pixel, a lock-in detection scheme with modulating in and out of phase with respect to
a reference was implemented. A liquid-helium cooled bolometer was used as the single pixel to
collect the multiplexed signal. Finally, as shown in Fig. 6.6e, high-fidelity terahertz images of the
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Figure 6.6: (a) A schematic of the single-pixel imaging process using ametamaterial based spatial
light modulator coding the object image. (b) Photograph of the 8 � 8 SLM device. (c) Spatial
map of maximum differential absorption for an example of Hadamard mask. (d) Measured dif-
ferential absorption spectrum between 0 V and 15 V reverse biases. (e) Reconstructed image
of an object with an inverse cross on a metal plate. The single-pixel imaging process involves
64 different Hadamard mask with a total image acquisition time of 1.43 s Ref. [58]. Reprinted
with permission from © 2014 NPG.

object were retrieved—although illumination power was only 67 nW—using both Hadamard
and compressive imaging mask encodings. With the same technique, the single-pixel imaging
based on tunable metamaterial absorbers was also experimentally demonstrated in the infrared
via gating the Fermi level of graphene to modulate the reflectance of metamaterial pixels. Fur-
ther, metamaterial absorber based SLMs can be utilized for single-pixel parallel imaging using
multiplexing techniques to decrease the image acquisition time. By changing the modulation
phase on each pixel, the SLM can also be used to carry out phase-shift-key (PSK) single-pixel
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imaging, including quadrature-amplitude modulation (QAM), and 8-PSK modulation. On the
other hand, different masks can be encoded with orthogonal modulation frequencies to modify
the response of pixels.With this orthogonal frequency-division multiplexing (OFDM)method,
several masks can be encoded on the SLM simultaneously, thus effectively increasing the image
acquisition speed but at a cost of SNR.

6.4 CONCLUSION
Although significant progress has been made to design and use metamaterial perfect absorbers
for various applications, it is still technically challenging to use a conventional design strategy
to match the EQE of PV cells exactly, i.e., searching the best fit by sweeping the dimensions of
metamaterial supercells in a very large geometrical space. Such an involving optimization process
requires significant computation time and cost. Recent advances in the data-driven deep learn-
ing technology have opened a new paradigm to fashion metamaterials with high complexity and
multi-constraints. With the aid of the deep learning technique, the relationships between the
geometry at the input port and electromagnetic response at the output can be mimicked by an
artificial neural network. Then the metamaterial geometry with the corresponding objective re-
sponse can be inferred with speed several orders of magnitude faster using efficient inverse design
strategies, including tandem neural network [61], generative adversarial network [62], neural-
adjoint method [63], and adversarial autoencoder [64].These data-driven design methodologies
are a promising path to transform the way metamaterials are simulated and designed, and will
facilitate metamaterial integration into practical applications.
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A P P E N D I X A

Temporal-CoupledMode
Theory

Amplitudes of a resonating system can be described by the temporal-coupled mode theory
(TCMT). Here, we basically follow the description shown in Ref. [1] with a complex mode
amplitude a associated to l ports:

da

dt
D .�i� � �/ a C KT

sin (A.1)

sout D Csin C Da; (A.2)
where matrices � and � are the resonant frequencies and decay rates of the modes. Matrices
K and D correspond to input and output coupling of resonant modes to the ports, respectively.
sin is a vector with elements representing inputs from each port where jsinj

2 is equal to the
input power, with a similar terms for the outputs sout. MatrixC represents a direct non-resonant
pathway from port to port. In general, for a lossless and reciprocal system, the matrix C is
considered as unitary and symmetric. And in such a system, the energy of modes only decays
as radiation and received by ports. Therefore, energy conservation and time-reversal symmetry
still hold. And following relations can be derived as [1]

D�D D 2�r (A.3a)
D D K (A.3b)

CD�
D �D; (A.3c)

where �r is the decay rates due to radiation into the ports. And these relations are still valid for
a lossy resonator system when considering the internal loss rate �i as a separate decay channel
which couples to continuum states [1, 2]. From theTCMTequations, wemay define a scattering
matrix S as

S �
sout

sin
D C C DŒ�i!I C i� C � ��1KT

: (A.4)

Considering a simple nonreciprocal resonating cavity with two ports symmetric with respect to
its midplane, without loss of generality, both modes can be either even or odd. The parameters
in the scattering matrix (Eq. (A.4)) are

� D

�
!1 0

0 !2

�
(A.5)
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� D �r C �i D

�

1 C ı1 
0


�
0 
2 C ı2

�
(A.6)

C D

�
r t

t r

�
(A.7)

D D

�
D11 D12

D21 D22

�
D

�
d11e�i�11 d12e�i�12

d21e�i�21 d22e�i�22

�
; (A.8)

where !1 and !2 are the two resonance frequencies and ı1 and ı2 are the intrinsic material
loss rates. 
1 and 
2 correspond to the modes decay rates to the ports, 
0 defines the coupling
between the two modes. The nonresonant complex reflection and transmission coefficients are
denoted by r and t , respectively. For the coupling matrix D, �ij is the phase angle of matrix
element Dij , and dij is the coupling amplitude. The first number i in the subscripts indicates
the port number and the second number j is associated to the mode. According to Eqs. (A.3)a
and (A.3)c, we have �

D�
11 D�

21

D�
12 D�

22

� �
D11 D12

D21 D22

�
D 2

�

1 
0


�
0 
2

�
(A.9a)�

r t

t r

� �
D�

11 D�
12

D�
21 D�

22

�
D �

�
D11 D12

D21 D22

�
: (A.9b)

These two equations can be broken down into following equations as

d 2
11 C d 2

21 D 2
1 (A.10a)
d 2

12 C d 2
22 D 2
2 (A.10b)

d11d12ei.�11��12/
C d21d22ei.�21��22/

D 2
0 (A.10c)
rD�

11 C tD�
21 D �D11 (A.10d)

rD�
12 C tD�

22 D �D12 (A.10e)
tD�

11 C rD�
21 D �D21 (A.10f )

tD�
12 C rD�

22 D �D22: (A.10g)

Given the assumption of a mirror symmetry of the system, each mode would have the same
coupling amplitude to the ports except the phase depending on the mode symmetry, i.e.,

d1i D d2i D
p


i (A.11a)
ei.�1i ��2i /

D ˙1 (A.11b)

ei.�11��12/
C ei.�21��22/

D
2
0

p

1
2

; (A.11c)

where i D 1; 2, and the plus sign in Eq. (A.11)b is for the even mode and the minus sign is for
the odd mode. Then the coupling matrix D can be reorganized as

D D

� p

1e�i�11

p

2e�i.�22�ˇ2/

p

1e�i.�11�ˇ1/ p


2e�i�22

�
; (A.12)
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where ǰ (j D 1; 2) is the phase determined by the symmetry of j th mode. For example, for
an even (odd) mode, ǰ = 0 (�), which means the mode property symmetric (anti-symmetric)
with respect to the ports. Based on Eqs. (A.10)d and (A.10)g, we can get the relations: e�i2�11 D

�.r C te�iˇ1/ and e�i2�22 D �.r C te�iˇ2/.With these relations, we can calculate the scattering
matrix as

S D C C DM�1DT; (A.13)
where

M D

�
L1 
0


�
0 L2

�
L1 D �i.! � !1/ C ı1 C 
1

L2 D �i.! � !2/ C ı2 C 
2:

Then
DM�1DT

D �DM�1D�CT

D
1

det.M/

�
X11 X12

X21 X22

� �
r t

t r

�
;

(A.15)

where

X11 D X22 D L2
1 C L1
2 � 
1
2.1 C eiˇ /

D P2
1 C P1
2

X12 D X21 D L2
1eiˇ1 C L1
2eiˇ2 � 
1
2.eˇ1 C e�iˇ2/

D P2
1eiˇ1 C P1
2eiˇ2 ;

where
P1 D �i.! � !1/ C ı1 C

1 � eiˇ

2

1

P2 D �i.! � !2/ C ı2 C
1 � eiˇ

2

2

ˇ D ˇ2 C ˇ1:

(A.17)

Finally, the scattering matrix is derived as

S D

�
r t

t r

�
�

1

det.M/

(
P2
1

�
1 eiˇ1

eiˇ1 1

�
C P1
2

�
1 eiˇ2

eiˇ2 1

�) �
r t

t r

�
: (A.18)
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