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ABSTRACT

A wide-angle, azimuthal angle-independent and dual-band metamaterial absorber in the mid-
infrared region is proposed which is made of copper and SiC. SiC dielectric is sandwiched
between a copper layer at the bottom and a design made of copper on the top. For the proposed
metamaterial absorber, simulation results show absorption peaks at two different wavelengths.
It is due to magnetic polariton modes produced at those two wavelengths of mid-infrared
region. Moreover, the simulation results also show a good impedance matching the
metamaterial absorber and the air (or vacuum). Good absorption by the proposed structure has
been observed for incident angles 6 spanning from 0° to 80° at azimuthal incident angle ¢ = 0°
and 90° for both TE and TM incidences. In addition, the proposed structure also shows good
absorption for azimuthal incident angles ¢ spanning from 0° to 180° at & = 45° because
perpendicular magnetic polariton modes were excited within the proposed asymmetric
structure. Therefore, the proposed structure can be used for applications in infrared

spectroscopy and imaging.
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1. INTRODUCTION TO METAMATERIALS
1.1 Introduction

Metamaterials are those materials which are engineered to have the property which is
not typically found in nature. The unit cell of the structure of a metamaterial is made in such a
way that its properties are due to its structure rather than the materials used. One thing is kept
in mind while making the metamaterial is that the unit cells of the metamaterial must be smaller
than the wavelength of the wave that they are required to manipulate. Metamaterials can be
made to manipulate many types of waves such as electromagnetic waves, seismic waves,
acoustic waves by either reflecting, absorbing, or bending waves. They have a large amount of
applications such as absorbing electromagnetic radiation either in broadband wavelength range
or narrowband, medical devices, sports equipment, optical filters, sensor detection, solar power
management, lasers, lenses for high gain antennas, shielding structures from earthquakes. They
can also be used in creating superlens which can tackle the diffraction limit and help us see
very small particles with high resolution which is not possible with a conventional microscope.
Even invisibility can be achieved with electromagnetic metamaterials if the structure of the unit
cell is made in such as way it bends light around it. The scope in metamaterials is very high.
More and more research is being done in this field.

In simple words, metamaterials are those electromagnetic materials which have
periodic dimensions smaller than the wavelength and exhibit unique properties which are not
found in natural materials [1]. They have uniquely engineered electric permittivity and
magnetic permeability [2]. They can be used for applications such as tunable negative
refraction [3,4], superlens [5], and optical cloaking [6]. In 2008, Landy et al. proposed the first
perfect metamaterial absorber for the microwave band [7].

Extensive research has since been conducted to improve and tailor metamaterial designs
across a broad range of frequencies. Metamaterials designed with tunable and broadband
characteristics have been demonstrated using various configurations including split-ring
resonators and near-zero index structures [8-11]. By using inherent loss, with the aid of suitable
structure’s design of metamaterial, perfect metamaterial absorbers are created for particular
wavelengths which ranges from the microwave region of the electromagnetic spectrum [7,12—
15] to the optical wavelength region [9,16,17], along with the infrared region [18,19] due to
the improved sensitivity in biological and chemical sensing applications [20-22]. By using a

cross-pattern metamaterial, Liu et al. had created a mid-infrared absorber for a single-band



[23]. However, single-band infrared absorbers face limitations in applications such as
spectroscopy and imaging [24], which motivates the development of dual-band or multi-band
infrared absorbers and emitters. Liu et al. further researched on an absorber which could absorb
two bands by setting up a sub-unit sidewise to the original unit cell having cross-pattern [19].
Chen et al. also researched on a perfect absorber which could absorb two bands by disturbing
the symmetrical shape of the cross-patterned structure [25]; however, such structures which are
asymmetric are typically sensitive to polarization angles for incident waves. Ankit et al. [26]
demonstrated a far-infrared metamaterial perfect absorber with dual-band performance and
sensing capability, employing a symmetric resonator geometry to achieve polarization
insensitivity while maintaining high absorption. Dual-band perfect absorbers have also been
developed using elliptical nano disks for near-infrared wavelengths [27], and electric-field-
coupled resonators for far-infrared waves [28]. In general, a symmetric structure [23,29] is
preferred to ensure polarization-independent absorption. Additionally, compound unit cells
[19,27,30-33], or multi-layered configurations [13,34,35] are often required to realize dual-

band or multi-band perfect absorption, which increases the complexity of fabrication.

1.2 History of metamaterials

Efforts to manipulate electromagnetic waves were started at the end of 19" century. In 1898,
JC Bose researched substances with chiral properties which could be considered as
metamaterials. In 1967, Victor Veselago first described theoretically about negative-index
metamaterials and proved that such materials could transmit light. In 1995, John M. Guerra
designed a transparent grating which had dimensions in sub-wavelength range i.e. dimensions
smaller than the wavelength. In 1999, John Pendry demonstrated that if a C-shaped split ring
is kept in such a way that the direction of its axis is along the propagation of the wave, we
could achieve permeability which is less than zero (n < 0 i.e. negative permeability). And in
2000, he was also the first one to find a method to design a left-handed metamaterial. According
to him, a metallic wire shows negative permittivity (¢ <0) if it is aligned along the direction of
propagation of a wave. In the same year, experimental demonstration of electromagnetic
metamaterials was reported by David R. Smith et al. He and his team horizontally stacked,
periodically, split-ring resonators and thin wire structures. As time passed, more and more
research were conducted in the field of metamaterials. In 2006, an invisibility cloak for

microwave region was realized which was not perfect but still it was a great achievement. Since



then, researchers took keen interest in developing invisibility cloak which could bend visible
light and make an object invisible. By 2007, many groups conducted experiments related to

negative refractive index.



2. TYPES OF METAMATERIALS

There are various types of metamaterials such as electromagnetic metamaterials, acoustic

metamaterials, elastic metamaterials, thermal metamaterials, structural metamaterials etc.

2.1 Electromagnetic metamaterials

Electromagnetic metamaterials are those metamaterials which can manipulate electromagnetic
waves due to its structure which is smaller than the wavelength of the wave that interacts with

it. There are many types of electromagnetic metamaterials. Some of them are given below.

e Negative-index metamaterials: These metamaterials have negative refractive index.
It means they don’t follow Snell’s law. Rather, the light after passing through the glass
slab, gets transmitted in the same side of the slab. If permittivity and permeability both
are negative for a metamaterial, then it is called a double negative metamaterial. But
negative refractive index happens only for a particular frequency range of light.

e Frequency selective surface-based metamaterials: The name itself indicates that
these metamaterials are those which are selective in nature. It means they have the
ability to select a specific frequency range and make it unable to pass through while
making other frequencies able to pass through.

e Electromagnetic bandgap metamaterials: These are those which can control light
propagation. They have a bandgap, which is the range of frequencies of electromagnetic
waves that cannot propagate through the material.

e Single negative metamaterials: These metamaterials either have negative relative
permittivity or negative relative permeability.

e Terahertz metamaterials: These are those metamaterials that interact with terahertz
frequencies (0.1 THz to 10 THz).

e Photonic metamaterials: These are those metamaterials which interact with mid-
infrared frequencies.

e Tunable metamaterials: These are those metamaterials which can be tuned for certain
frequencies by changing structural parameters, temperature, stretching, etc.

e Plasmonic metamaterials: These are those metamaterials in which when light interacts

with its structure, surface plasmons (collective electron oscillations) are produced



between the metal and dielectric interface which can then be used to achieve optical

properties which are not found in nature.

2.2 Elastic metamaterials

Elastic metamaterials are those metamaterials which have elastic properties such as bulk
modulus, Young’s modulus etc. They are also called mechanical metamaterials. These
metamaterials are designed in such a way that it can show negative Poisson’s ratio (auxetic
metamaterials in which stretching a structure leads to increase in size in every direction and
compressing a structure leads to decrease in size in every direction), negative stiffness, negative

compressibility etc.

2.3 Acoustic metamaterials

These metamaterials can manipulate sound waves. For example, these can allow certain

frequencies of sound waves to pass through while absorbing others.

2.4 Thermal metamaterials

These metamaterials can manipulate flow of heat. For example, if we want to make some parts
of a component of a system hotter than others, we can use these metamaterials to control the

flow of heat and direct it to the area where we want to make it hot.

2.5 Nonlinear metamaterials

Nonlinear metamaterials are those metamaterials which are designed to show nonlinear

behavior to electromagnetic waves. It means the response is not linear, rather it is nonlinear.



3. APPLICATIONS OF METAMATERIALS

Metamaterials have many applications. They can be used to create absorbers, antennas,
cloaking devices, superlens, seismic metamaterials, RCS (radar cross section) reducing

metamaterials etc.

3.1 Metamaterial antennas

These are designed to increase the radiated power of antennas even if the size of antenna is

small.

3.2 Metamaterial absorber

It is designed in such a way that it can absorb large amount of electromagnetic radiation. It can

be used for solar photovoltaic applications because maximum energy is absorbed.

3.3 Superlens

It is a 2D or 3D device which can achieve excellent resolution due to its negative refraction
properties that comes from metamaterials. It gets its high resolution because it overcomes the
diffraction limit. So, it can resolve very tiny particles and provide clear image which is not
possible with conventional microscope. Superlens uses the evanescent wave, which is a rapidly
decaying wave at the interface, to capture detailed information about the particle that is

magnified.

3.4 Cloaking device

This device is made in such a way that it bends the wave around it and let it go as if itis invisible

to the wave.
3.5 Radar cross-section (RCS) reducing metamaterials

These metamaterials are fabricated such that it can minimize the detection of objects by radar
systems. Basically, what it does is that is reduces the reflected light from the object which is to

be made detection free. These metamaterials are particularly used in stealth technology.



3.6 Seismic metamaterials

These can be used in structures such as buildings, bridges etc. to reduce the adverse effects of

seismic waves.

3.7 Acoustic metamaterials

These can be designed in such a way that it can absorb the desired sound frequencies. So, they

can be used to make a place sound proof.



4. DESIGN AND METHOD

Till now, a large amount of research work has been conducted by numerous scientists in
the field of metamaterials. But, what attracted my mind is the metamaterial absorbers. Using
COMSOL Multiphysics simulation software, I conducted a detailed study is done on an
asymmetric metamaterial absorber which has dual-band, wide-angle and polarization-
independent infrared absorption for both TE and TM incidences. By studying the z-component
of electric field distribution for the resonant wavelengths, it was found that the absorption of
those two wavelengths is due to magnetic polariton modes excited at two different resonant

wavelengths [36].

The design of the unit cell of the proposed metamaterial absorber is made using Finite
Element Method (FEM) based COMSOL Multiphysics Simulation software. lllustration of the
unit cell from the top and side view of the proposed design is depicted in Fig. 4.1. Copper
material is used to set the bottom metal layer and the top structural design. The reason for using
copper is that it is cheap and it has high conductivity of 5.998 x 107 S/m. Silicon carbide
(SiC) is used to create the dielectric substrate in the middle which has dielectric constant or
relative permittivity value 10.8 and loss tangent value 0.003, which makes it suitable for mid-
infrared applications. Moreover, it has high thermal conductivity and can withstand high
temperatures. Further, the operating range of wavelength is chosen to be from 5 um to 10 um
which lies in the mid-infrared region. The reason for using this wavelength range is that it
encompasses the low-wavelength end of the molecular fingerprint region where vibrational
modes of many solids, liquids, and gases occur. Moreover, it overlaps with the Earth’s
atmospheric window including the peak of blackbody emission for 300 K objects, making it

vital for chemical sensing and thermal imaging.
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Fig. 4.1. () Top view, (b) side view and (c) TE wave incident on the structure from x-z plane with an incident angle of 8 with

z-direction and azimuthal incident angle ¢ = 0° of the proposed unit cell of the metamaterial absorber.

The values of different geometrical parameters are given in the Table 4.1 in which P denotes
lattice period, tq denotes thickness of SiC, t,,, denotes thickness of copper layer, I, b, and w
denotes dimensions of C-shaped patch, r,, denotes outer radius of large split-ring resonator, r;
denotes inner radius of large split-ring resonator, r,s denotes outer radius of small split-ring
resonator, ris denotes inner radius of smaller split-ring resonator and wgggr denotes width of

split-ring resonator.
Table 4.1 Unit Cell Dimension

Parameter P tq tm | b w o1 Iy Tos | Tis | Wsgrr

Value

(um) 250 | 0.23 | 0.10 | 090 | 0.60 | 0.30 | 045 | 0.35| 0.25 | 0.15 | 0.10

In Fig. 4.1 (c), consider a transverse electric (TE) wave in the x-z plane falling on the structure
in which the incident wave makes angle 8 with the z-axis and azimuthal incident angle (angle
made by the projection of incident wave on x-y plane and x-axis) ¢ = 0° with the x-axis. The
electric field vibrations are along y-direction, and the magnetic field vibrations are in the x-z
plane. Similarly, the transverse magnetic (TM) wave would have magnetic field vibrations
along y-axis and electric field vibrations in x-z plane for ¢ = 0°. Boundary conditions which

are periodic are used for both x- and y-directions.



The thickness of the copper layer at the bottom is chosen larger than the typical skin depth
of copper so that the mid-infrared wave cannot pass through it. So, there would be no
transmission of the wave through it. Thus, only reflection would be there and no transmission.
The absorptivity formula is given as A = 1 - [S1af* - |S21%, in which [S11| denotes the absolute
value of reflection coefficient and |S21| denotes the absolute value of transmission coefficient.
But since |Sz1| = 0, therefore, we are left with A = 1 - |S11J°. Impedance matching condition is
also investigated. The formula for matching the impedance of the metamaterial absorber with
that of air or vacuum when there is 0 transmission is given by z = (1+S11)/(1-S11). If its real
component is close to 1, and imaginary component is close to 0, it means good impedance
matching is achieved. The wavelength range is chosen to be 5 um to 10 um which is in the

mid-infrared range.
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5. RESULTS AND DISCUSSION

The result of absorption spectrum of the proposed structure when infrared waves fall

perpendicular to the structure is given in Fig. 5.1 with impedance matching.
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Fig. 5.1. (a) Absorption response of the designed metamaterial absorber under normal incidence (8 = 0°), with

the electric field vibrations of the mid-infrared wave along the y-direction (E,) and x-direction (E,), (b) Real and
imaginary components of the effective impedance for y-polarized electric field, and (c) Real and imaginary

components of the effective impedance for x-polarized electric field.

Two absorption peaks reaching 90.90% at 5.62 um and 99.86% at 7.80 um in Fig. 5.1 (a) are
observed when electric field vibrations are in y-direction, while 95.99% at 5.60 pm and 98.21%
at 8.05 pum are observed when electric field vibrations are in x-direction. A slight hump can be
seen in Fig. 5.1 (a) at about 6.07 um for Ex but since its absorptivity is less as compared to the
peaks, so it can be neglected. A good impedance matching of the structure and the air (or
vacuum) can also be seen in Fig. 5.1 (b) and (c) in which the real component of the relative
impedance is very close to 1 at the wavelengths where the absorptivity is maximum, and it

helps to minimize reflection.
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Fig. 5.2. Z-component of electric field distribution at the resonant wavelengths of 5.62 pm and 7.80 pm under normal incidence

with electric field vibrations along the y-direction: (a) on the top copper layer at 5.62 um, (b) on the bottom copper layer at
5.62 um, (c) on the top copper layer at 7.80 um, and (d) on the bottom copper layer at 7.80 um.

To understand how absorption of the two wavelengths is happening, the z-component of
electric field’s distribution on top of the copper structure and on the copper layer at the bottom
is shown in Fig. 5.2 for both the resonant wavelengths when the electric field vibrations are in
y-direction. For the electric field vibrations in x-direction, the z-component of electric field
distributions are given in Fig. 5.3. In Fig. 5.2 (a), for resonant wavelength 5.62 um, we can see
that the magnitude of the z-component of electric field distribution is more at the ends of C-
shaped structures located in vertical direction. On the top of the copper layer at the bottom, in
Fig. 5.2 (b) it is noticed that the z-component of electric field distribution is opposite in sign as
compared to that on the top of the copper structural design. Moreover, in Fig. 5.2 (b), we can
see two regions red and blue with a large electric field. These things mean two current loops
are induced around the SiC dielectric substrate. It shows that magnetic polariton modes are

excited in the copper structural design which results in magnetic resonances [36] .
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Fig. 5.3. Z-component of the electric field distribution under normal incidence with the electric field polarized along the x-
direction: (a) on the top copper structure at the resonant wavelength of 5.60 um, (b) on the bottom copper layer at 5.60 pum,
(c) on the top copper structure at 8.05 um, and (d) on the bottom copper layer at 8.05 pm.

Similarly, for the wavelength 7.80 um, the resulting z-component of electric field distribution
is shown in Fig. 5.2 (c) and (d). From (c) and (d) we can see the blue, red, and yellow regions.
Red regions indicate the electric field direction towards us, and yellow regions indicate weak
electric field direction towards us, and blue regions indicate electric field direction away from
us. On the top of the copper layer at the bottom, in Fig. 5.2 (d) it is noticed that the z-component
of electric field distribution is opposite in sign as compared to that on the top of the copper
structural design. So, current loops are induced around the SiC dielectric substrate. It means
absorption at the two wavelengths is occurring due to excitation of magnetic polariton modes
at those wavelengths. When the electric field vibrations are in x-direction, the z-component of
electric field distributions are given in Fig. 5.3. By using the same logic as given in Fig. 5.2 we
can understand the cause of dual-band absorption from Fig. 5.3. Here too, the z-component of
electric field distribution are opposite in direction for (a) and (b), and (c) and (d) for both
resonant wavelengths, so current loops are induced around the SiC dielectric substrate. This

indicates that the dual-band absorption is due to different magnetic polariton modes excited at
the two wavelengths [36].
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Fig. 5.4. (a) Absorption spectra of the proposed metamaterial absorber under TE and TM polarized incidence at an oblique
angle (6 = 45°, ¢ = 0°); (b) and (c) show the corresponding real and imaginary parts of the effective impedance for TE and
TM polarizations, respectively.
We have further investigated the absorption spectra of the proposed structure at incident angle
6 = 45° and azimuthal incident angle ¢p = 0° for both TE and TM incidences as depicted in Fig.
5.4. The results of effective impedance are also shown. Two absorption peaks are observed
reaching 99.74% at 5.60 um wavelength, and 96.34% at 7.82 um for TE incidence (electric
field vibrations perpendicular to incident plane), while 82.09% at 5.82 um, and 96.05% at 8.00
um for TM incidence (magnetic field vibrations perpendicular to incident plane). For this case
too, a good impedance matching of the structure and the air (or vacuum) can be noticed in Fig.
5.4 (b) and Fig. 5.4 (c) in which the real component of the relative impedance is very close to
1 at the wavelengths where the absorptivity is maximum, and it helps to minimize reflection.
But, for the TM incidence, at the first peak at 5.82 um, impedance matching is not good as can
be seen in the graph in Fig. 5.4 (¢). That’s why, the absorptivity is low here. But still, 82.09%
absorptivity is also good.
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Fig. 5.5. Z-component of the electric field distribution for TE-polarized incidence at an oblique angle (6 = 45°, ¢ = 0°): (a)
on the top copper structure and (b) on the bottom copper layer at the resonant wavelength of 5.60 um; (c) on the top copper
structure and (d) on the bottom copper layer at the resonant wavelength of 7.82 pm.

To understand the absorption of the two wavelengths shown in Fig. 5.4, the z-component of
electric field’s distribution is shown in Fig. 5.5 for TE incidence, and Fig. 5.6 for TM incidence.
For both the cases, similar reasons apply as already explained before for perpendicular
incidence, i.e. induced current loops are formed around the SiC dielectric substrate, and hence,

excitation of different magnetic polariton modes occur at the two wavelengths [36].
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We have further investigated the absorption spectra of the proposed structure at incident angle
6 = 45° and azimuthal incident angle ¢ = 90° for both TE and TM incident wave as depicted
in Fig. 5.7. The results of effective impedance are also shown. Absorption peaks at two
wavelengths are observed reaching 99.37% at 5.60 um wavelength, and 99.28% at 8.02 um for
TE incidence, while 77.46% at 5.75 um, and 99.00% at 7.78 um for TM incidence. A slight
hump can be seen in Fig. 5.7 (a) at about 6.18 um for TE incidence but since its absorptivity is
less as compared to the peaks, it can be neglected. A good impedance matching of the structure
and the air (or vacuum) can be seen in Fig. 5.7 (b) and (c) in which the real component of the
impedance is very close to 1 at the wavelengths where the absorptivity is maximum, and it
helps to minimize reflection. But for the TM incidence case, the first peak at lower wavelength
is not high enough because the effective impedance is not close to 1 (impedance matching has
not been achieved perfectly) as can be seen in the graph of Fig. 5.7 (c). Moreover, for the TM

incidence case, it can be seen that there could be some other peak below the wavelength of 5
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um. But, here we are considering the operating wavelength range of 5 um to 10 um only for

the reason as already described before.
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Fig. 5.7. (a) Absorption spectra of the proposed metamaterial absorber under TE and TM polarized incidence at an oblique
angle (6 = 45°, ¢ =90°); (b) and (c) show the corresponding real and imaginary components of the effective impedance for
TE and TM polarizations, respectively.

To understand the absorption of the two wavelengths shown in Fig. 5.7, the z-component of
electric field’s distribution is shown in Fig. 5.8 for TE incidence, and Fig. 5.9 for TM incidence.
For both the cases, similar reasons apply as already explained before for perpendicular
incidence i.e. induced current loops are formed around the SiC dielectric substrate, and hence,

excitation of different magnetic polariton modes occur at the two wavelengths [36].

For the TM incidence case in Fig. 5.9 (a) and (b), the z-component of electric field’s
distribution is slightly different if we compare it with all other results shown previously. The
reason is that magnetic polariton modes are not excited properly. In simple tabular form, the

results of the absorptivity are given in Table 5.1.
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Fig. 5.8. Z-component of the electric field distribution for TE-polarized incidence at an oblique angle (8 = 45°, ¢ = 90°): (a)
on the top copper structure and (b) on the bottom copper layer at the resonant wavelength of 5.60 um; (c) on the top copper

structure and (d) on the bottom copper layer at the resonant wavelength of 8.02 um.

Table 5.1 Dual-band absorption at different incident angles

Angle of incidence Absorptivity at first Absorptivity at second
peak peak

0 =0°, Electric field vibrations 90.90% at 5.62 um 99.86% at 7.80 pum
in y-direction

0 =0°, Electric field vibrations 95.99% at 5.60 um 98.21% at 8.05 pm
in x-direction

0=45°, ¢ =0°, TE incidence 99.74% at 5.60 um 96.34% at 7.82 pm

0=45° ¢ =0°, TM incidence 82.09% at 5.82 pm 96.05% at 8.00 um

0=45° ¢ =90°, TE incidence 99.37% at 5.60 pm 99.28% at 8.02 pm

0=45°, ¢ =90°, TM incidence 77.46% at 5.75 um 99.00% at 7.78 um
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Fig. 5.9. Z-component of the electric field distribution for TM-polarized incidence at an oblique angle (6 = 45°, ¢ = 90°): (a)
on the top copper structure and (b) on the bottom copper layer at the resonant wavelength of 5.75 um; (c) on the top copper

structure and (d) on the bottom copper layer at the resonant wavelength of 7.78 pm.

Investigation of the stability of absorption of the two wavelengths with incident angle 6 varying
from 0° to 80° at ¢ = 0° was carried out as shown in Fig. 5.10 (a) and (b) for TE incidence, and
in Fig. 5.10 (c) and (d) for TM incidence. In TE incidence, a dual-band absorption of about
more than 85% is achieved when 6 varies from 0° to 60°. For larger than 60°, the absorption
peaks drop. The reason is that a magnetic field’s component should exist in the x-y plane for
the excitation of magnetic polaritons. But, here the magnetic field which is in the x-y plane is
H cos(6), (H denotes the magnetic field’s intensity), and since the magnetic field’s intensity
reduces quickly at 8 > 60°, therefore, there is a weak resonance of magnetic fields, and hence
magnetic polariton modes are not excited efficiently. In TM incidence, for some reason, the
absorptivity of smaller wavelength is only good for about 0° to 30°. And there is a blue shift
too which is outside the operating wavelength range for this study. The absorptivity of the
larger wavelength is more than 85% when 6 varies from 0° to 80°. The reason is that the

magnetic field vibrations are in the x-y plane for TM incidence for the whole range of 8 = 0°
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to 6 = 80°. In addition, there is a blue shift of the two absorption peaks as 6 tends to larger

value because of the off-phase oscillating effect in each unit cell [29].
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(a) for TE-polarized incidence, (b) corresponding colormap representation for TE incidence, (c) for TM-polarized incidence,

and (d) corresponding colormap representation for TM incidence. Absorption intensity is illustrated using the colormap scale.

Investigation of the stability of absorption of the two wavelengths with incident angle 6 varying
from 0° to 80° at ¢p = 90° is also carried out as shown in Fig. 5.11 (a) and (b) for TE incidence,
and in Fig. 5.11 (c) and (d) for TM incidence. In TE incidence, a dual-band absorption of about
more than 90% is achieved when 6 varies from 0° to 60°. For larger than 60°, the absorption
peaks drop. The reason is that a magnetic field’s component should exist in x-y plane for the
excitation of magnetic polaritons. But here the magnetic field which is in the x-y plane is H
cos(8), (H denotes the magnetic field’s intensity), and since the magnetic field’s intensity
reduces quickly at 8 > 60°, therefore, there is a weak resonance of magnetic fields, and hence
magnetic polariton modes are not excited efficiently. In TM incidence, for some reason, the
absorptivity of smaller wavelength is only good for about 0° to 30°, but it is less as compared

to the previous case of ¢ = 0°. And there is a blue shift too which is outside the operating
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wavelength range for this study. The absorptivity of the larger wavelength is more than 95%
when 6@ varies from 0° to 80°. The reason is that the magnetic field vibrations are in the x-y
plane for TM incidence for the whole range of 8 = 0° to 8 = 80°. In addition, there is a blue
shift of the two absorption peaks as 8 tends to larger value because of the off-phase oscillating

effect in each unit cell [29].

Table 5.2 Range of 6 in which absorptivity is satisfactory

Range Absorptivity at first peak Absorptivity at second
peak
At =0°,0 =0 to 80° More than 90% for 6 = 0° to 60° More than 93% for 6 = 0° to
in TE incidence 50°
Atgp=0°,0=0"to 80° More than 90% for 6 = 0° to 30° More than 95% for 6 = 0° to
in TM incidence 50°
At ¢ =90°,0 =0° to 80° More than 90% for 6 = 0° to 60° More than 90% for 6 = 0° to
in TE incidence 60°
At¢p=90°,0 =0 to 80° More than 84% for 6 = 0° to 30° More than 96% for 8 = 0° to
in TM incidence 60°
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Fig. 5.11. Absorption spectra of the proposed metamaterial absorber as the incident angle () varies from 0° to 80° at ¢ = 90°:
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(a) for TE incidence, (b) corresponding colormap representation for TE incidence, (c) for TM incidence, and (d) corresponding

colormap representation for TM incidence. Absorption intensity is illustrated using the colormap scale.
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Next, the results of the stability of absorptions of the two wavelengths at 6 = 45° with azimuthal
incident angles ¢p = 0° to 180° are given in Fig. 5.12 (a), (b), (c), (d) for TE incidence, and Fig.
5.13 (a), (b), (c), (d) for TM incidence. It can be noticed that the absorptivity of the two
absorption peaks is stable as ¢ varies from 0° to 180° for both TE and TM incidences.
According to Fig. 5.12, for the TE incidence case, the absorptivity of the smaller resonant
wavelength is above 97% and that of the larger resonant wavelength is above 95% for the whole
range of ¢ = 0° to 180°. According to Fig. 5.13, for the TM incidence case, the absorptivity of
the smaller resonant wavelength is above 76% and that of the larger resonant wavelength is
above 95% for the whole range of ¢ = 0° to 180°. The absorption by the proposed structure is
insensitive with ¢ because magnetic polaritons perpendicular to each other are produced within
the proposed structure at the resonant wavelengths [36]. For TE incidence, there is a small peak
at the right side of the first peak as can be seen in Fig. 5.12 (b) and (d), but that can be neglected
because it is small as compared to the first peak. For TM incidence, the first peak is small as

depicted in Fig. 5.13 (b) and (d) because the magnetic polaritons are not excited efficiently.
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Fig. 5.12. Absorption spectra for TE-polarized incidence at 6 = 45° as the azimuthal angle (¢) varies: (a) from 0° to 90°, (b)
corresponding colormap representation for ¢p = 0° to 90°, (c) from 90° to 180°, and (d) corresponding colormap representation
for ¢ = 90° to 180°. Absorption intensity is represented by the colormap.
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Fig. 5.13. Absorption spectra for TM-polarized incidence at 8 = 45° as the azimuthal angle (¢) varies: (a) from 0° to 90°, (b)
corresponding colormap representation for ¢p = 0° to 90°, (c) from 90° to 180°, and (d) corresponding colormap representation
for ¢ = 90° to 180°. Absorption intensity is represented by the colormap.

The results of Fig. 5.10 and Fig. 5.11 are given in Table 5.2. And the results of Fig. 5.12 and
Fig. 5.13 are given in Table 5.3.
Table 5.3 Range of ¢ in which absorptivity is satisfactory

Range Absorptivity at first peak Absorptivity at second peak
At 0 =45, ¢ =0°to 180° in More than 97% for the whole More than 95% for the whole
TE incidence range ¢ = 0° to 180° range ¢ = 0° to 180°
At0=45",¢ =0"to 180° in More than 76% for the whole More than 95% for the whole
TM incidence range ¢ = 0° to 180° range ¢ = 0° to 180°
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6. CONCLUSION

An asymmetric metamaterial absorber is proposed which shows dual-band absorption in the
infrared wavelength range 5 um to 10 um. The absorber consists of a SiC dielectric layer
sandwiched between an asymmetric structure made of copper and a copper ground. Z-
component of electric field distribution has also been studied for the copper structure at the top
and on the bottom copper layer which showed that the absorption of the two wavelengths is
due to magnetic polariton modes produced at those wavelengths. Impedance matching has also
been studied. Moreover, the proposed metamaterial absorber also exhibits good absorption
stability for a broad range of azimuthal incident angles ¢ and incident angles 6 for both TE
and TM incidence (especially for TE incidence). The absorption by the proposed structure is
insensitive with ¢ because magnetic polaritons perpendicular to each other are produced within
the proposed structure at the resonant wavelengths. So, the proposed metamaterial absorber
can have potential applications in chemical sensing, thermal detectors, and infrared imaging.
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