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Abstract: In this paper, an analytical and numerical study of a new type of 
electromagnetic absorber, operating in the infrared and optical regime, is 
proposed. Absorption is obtained by exploiting Epsilon-Near-Zero 
materials. The structure electromagnetic properties are analytically 
described by using a new closed-form formula. In this way, it is possible to 
correlate the electromagnetic absorption properties of the structure with its 
geometrical characteristics. Good agreement between analytical and 
numerical results was achieved. Moreover, an absorption in a wide angle 
range (0°-80°), for different resonant frequencies (multi-band) with a large 
frequency bandwidth (wideband) for small structure thicknesses (d = λp/4) 
is obtained. 
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1. Introduction 

In recent years, there has been an increasing interest in the area of electromagnetic wave 
absorbers. An electromagnetic absorber is a designed device that can inhibit the reflection (or 
the transmission) of the electromagnetic energy. Today, absorbers are crucial in several 
application fields: to reduce the antenna side lobe radiation [1], to absorb the electromagnetic 
interferences [2], for radar cross section reduction [3], or to develop selective thermal emitters 
[4]. The main and early interest in electromagnetic absorbers can be found in the microwave 
regime. Different kinds of absorbers have been implemented: the Salisbury screen, the 
Jaumann absorber [3], the Dallenbach layer [5], the crossed grating absorbers [6] and the 
circuit analog ones [7]. 

Despite such a plethora of devices, several issues are still present. First of all, the 
thickness: most of the above mentioned solutions require the thickness to be at least λ/4, 
where λ is the free-space wavelength at the resonant frequency. Secondly, it is difficult to 
control the specific absorption properties, due to the fact that it is not easy to find materials 
naturally impedance matched to free space. Finally, the restricted operative frequency range: 

#255709 Received 14 Dec 2015; revised 26 Jan 2016; accepted 1 Feb 2016; published 7 Mar 2016 
© 2016 OSA 21 Mar 2016 | Vol. 24, No. 6 | DOI:10.1364/OE.24.005763 | OPTICS EXPRESS 5764 



the aforementioned electromagnetic wave absorbers are typically developed in the microwave 
regime. 

Recently, the advent of metamaterials allows overcoming such issues. Numerous 
researches suggest a growing role for metamaterials as novel tools to develop electromagnetic 
wave absorbers, in the microwave, infrared and optical frequency range. Metamaterials 
permit to overcome limits that with conventional materials were considered insuperable. 
Their extraordinary characteristics derive from the possibility to design their effective 
electromagnetic parameters (electrical permittivity ε and magnetic permeability μ) to obtain 
specific required properties. 

Numerous experimental and numerical works on metamaterial-based absorbers can be 
found in literature. To have a complete view, we have to classify them for the different ranges 
of the electromagnetic spectrum. For what concerns the microwave region, they are typically 
implemented in array configurations with different particle geometries as unit-cell: metal 
wires [8], magnetic or electric resonators [9]. In such structures the absorption mechanism 
can be described by the coupling between the incident electric and/or magnetic field and the 
resonators themselves. In general, they demonstrated good absorption results close to the 
unity, up to high angle of incidence. Same results were achieved in the millimeter [10] and in 
the THz regime [11] especially for a wide angle range [12]. By scaling the dimensions of the 
unit cell and changing the geometry used, it was possible to obtain good results also in the 
mid-Infrared [13] and Infrared [14] regions, respectively. In this case the absorption is 
obtained due to plasmons trapped under the metallic structures. Instead, in the near-Infrared 
wavelengths region, another phenomenon is exploited to achieve absorption: the local 
excitation of the magnetic/electric dipolar plasmonic resonances between nanoparticles and 
metallic ground plane [15]. 

The visible regime represents a challenge; as a consequence experimental realizations in 
this region are not as many as in the previous cases. Recently, a broadband absorption in the 
visible spectrum was achieved in [16]. 

Other important issues, related to a good absorber, are the multi-band behavior and the 
operating frequency bandwidth. Multiple resonant structures can be obtained by using two or 
more separately resonating elements in the same array [17] or different sections of a single 
element that resonate at different frequency [18]. Instead, a broad resonant peak can be 
reached by using multiple resonating inclusions (whose frequencies are really close each 
other) in a single unit cell [19], by stacking multiple layers in which resonators share the same 
ground plane [20], or by incorporating lumped elements into the resonator [21]. 

From what we have seen so far, the major issues in electromagnetic absorber design 
concern satisfying the following requirements: 

• Small thickness: most of the presented absorbers require a thickness at least around λ/4 

• Broad angle range: the absorption is required at all angle of incidence 

• Broad bandwidth and multi-resonant behavior: wide the bandwidth of the single 
resonant frequency and/or create multiple resonant bands with the wider bandwidth 
possible 

• Scaling the structure: the possibility to replicate the same behavior and performances in 
all the electromagnetic spectrum frequency ranges. 

The main goal, not easily achievable, is to satisfy all the features listed above at the same 
time. 

Recently, several studies focused their attention on a particular kind of metamaterials 
entitled Epsilon-Near-Zero (ENZ) and on their particular electromagnetic properties. Such 
materials, characterized by low (mostly near zero) values of the real part of the relative 
permittivity, have several interesting applications such as tailoring the phase-front [22], 
confining electromagnetic fields [23], enhancing transmission [24], and focusing [25]. 
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ENZ materials can be found pretty easily in nature. A well-known example is an electron 
gas, characterized by a Drude-type dispersion model, which near its plasma frequency has 
permittivity near zero. In the same way, at infrared and optical frequencies some low loss 
noble metals, such as silver and gold [26], semiconductors [27], and polar dielectrics [28] 
may behave as ENZ materials near their plasmas frequencies. When such materials are not 
present naturally, they can be fabricated at a desired frequency as metamaterials by 
embedding specific inclusions in a host medium [29]. 

Recent evidence suggests that good absorption could be obtained by ENZs and Mu-Near-
Zero (MNZs) with low loss [30], thin anisotropic ENZ metamaterials [31] and high losses 
MNZ materials [32]. 

Considering all these issues, in this paper, by exploiting the particular properties of ENZ 
materials we propose the design of an electromagnetic wave absorber. The purpose of this 
paper is to satisfy all the mentioned requirements at the same time. Thus the paper’s central 
research objective is to obtain a good absorption level for different angles of incidence, at 
single and/or different resonant frequencies with the wider bandwidth possible, for small 
layer thicknesses. 

The article is structured as follows: first of all, the general operation pattern is presented 
and analytically described by the use of the Transmission Line Theory. This provides us the 
possibility to correlate the electromagnetic properties of the structure with its geometrical 
characteristics. Then a description of the main important features of the ENZ absorber is 
reported. Finally, two different design solutions are presented: a multilayer structure and a 
metasurface-based device implementation, respectively. 

2. The ENZ absorber analytical model 

The structure under study is shown in Fig. 1(a). An isotropic ENZ material slab with a 
thickness d is placed on top of an infinitely extended Perfect Electric Conductor (PEC) sheet. 
The top layer and the ENZ slab are entitled as region 1 and region 2, respectively. Let’s 
assume the region 1 as free space with electric permittivity ε0 and magnetic permeability μ0. 
The ENZ material is described by the electric permittivity εENZ(ω) = ε0(εr(ω)-jεi(ω)) and 
magnetic permeability μENZ = μ0μr with μr = 1 the relative magnetic permeability of the free 
space and ω = 2πf is the frequency (rad/s). The material in the ENZ region in terms of 
permittivity can be described by the following Drude model: 

 
2
p

ENZ 2

ω
ε 1

ω jωγ
= −

−
 (1) 

being ωp = 2πfp the plasma frequency and γ the damping frequency. 
It is well established that at microwave frequencies metals can be considered as PEC, 

instead by increasing the frequency, the thickness of the metal can no longer be neglected and 
metals are not ideal conductors any more [33]. At such frequencies, metals exhibit some 
losses and a dispersive behavior which can be represented in a given frequency range by the 
aforementioned Drude model [34]. In this work the PEC was chosen (instead of real metal) to 
simplify the analytical approach. Moreover, in [31] was shown that the transmittance of the 
interface ENZ-silver is near zero (around 10−10). In other words, the silver layer (underneath 
the ENZ material) can be either real metal or PEC. 

The structure is excited by an electromagnetic plane wave, having the electric field and 
the propagation vector k inclined to the ground plane with a generic Angle Of Incidence 
(AOI) α, as depicted in Fig. 1(a). 

By using the Transmission Line Theory (TLT) we developed an analytical approach to 
find the reflection coefficient r. This leads to the control of the absorption properties through 
the design of subwavelength materials using TLT, which is accurate and efficient. In this way 
the manipulation and control is no longer limited only to a single frequency but can be 
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extended to a broad range of frequency spectrum. In addition, the proposed approach can be 
applied to a broad range of materials and it can be extended to design them with arbitrary 
shapes and dimensions. 

In order to develop the analytical model, we consider each layer as a section of the 
transmission line, each of one characterized by their impedances, as depicted in Fig. 1(b). In 
particular, Z0 = η·cos(α) is the impinging wave impedance, dependent on the angle of 
incidence α with η the free space characteristic impedance (η = 120π). ZENZ is the impedance 
of the ENZ material, the PEC layer is represented by a short circuit. 

 

Fig. 1. (a) A plane wave impinges (with an angle α) on an isotropic ENZ (thickness d) - PEC 
bilayer; (b) Equivalent transmission line model. 

In this case, due to the presence of the PEC, the transmission coefficient T is zero, so the 
corresponding absorption A is related to the reflection coefficient r as A = 1-|r|2. As a 
consequence the absorption is obtained when the coefficient r approaches to 0. 

First of all we calculate the input impedance at the interface between air and the ENZ 
layer: 

 
( )2sin

1 tani ENZ
ENZENZ

Z d
c

αη ω ε
εε

 = −  
 

 (2) 

Then, we calculate the reflection coefficient by using the relation: 

 
2

0

0

i

i

Z Z
r

Z Z

−
=

+
 (3) 

where Zi is the total impedance of the ENZ and the PEC. 
After some mathematical manipulations [35], the corresponding reflection coefficient 

formula can be expressed as: 

 
3 2 3

3 2 3 2

2
1
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r
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 (4) 

being t = d/λp (where λp the ENZ material plasma wavelength) and the coefficients: 
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b
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επ α
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α ε ε
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 (5) 

The derived analytical model is crucial to design the structure in according with specific 
requirements for accurate and efficient design of electromagnetic wave absorbers. In 
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particular, the formulas are developed to relate the propagation characteristics of the 
impinging wave with both electromagnetic and geometric properties of the structure. 
Specifically, the (4) provides a powerful tool in order to link the absorption properties of the 
device (in terms of amplitude, magnitude and resonant frequency), to the electromagnetic 
ENZ material ones (εr and εi), the angle of incidence (α) and the thickness d of the ENZ layer. 

3. The absorption mechanism 

As shown in Eq. (4) the reflection coefficient is a function (not simple) of: frequency, angle 
of incidence α, real/imaginary part of the ENZ material permittivity and thickness d. By using 
the analytical models proposed, it is possible to study the effect of the geometrical (Angle Of 
Incidence (AOI) α and thickness d) and the electromagnetic parameters of the ENZ layer 
(electric permittivity in its real and imaginary part εr and εi, respectively) on the absorption 
characteristics of the structure. To describe the behavior of the structure under study with real 
materials, the Drude-like dispersive permittivity models for Aluminum Zinc Oxide (AZO, fp 
= 193THz), Gallium Zinc Oxide (GZO, fp = 217THz) and Indium Tin Oxide (ITO, fp = 
210THz) have been used [36, 37]. The structure absorption properties at different AOI, are 
evaluated for the following ENZ slab thicknesses: d/λp = 0.05, d/λp = 0.1, d/λp = 0.15, d/λp = 
0.2 and d/λp = 0.25 

Figure 2 shows the reflection coefficient r (color) plotted in a 2D domain of the AOI 
(degrees) and frequency (THz) for fixed thickness ratios d/λp of GZO (ENZ region for 190 
THz < f < 260 THz). The dispersion behavior for GZO is plotted in Fig. 2(e). Similar results 
can be achieved by using other materials, such as AZO and ITO. 

It is apparent from this data set that, for small thicknesses (0.05 ≤d/λ≤0.1), the best 
absorption possible is reached only for very small angle range (50°≤α≤70°). By increasing the 
thickness (d/λ≥0.2) two regions are present, in particular referring to Fig. 2(c), one (Region a) 
in the ENZ region and the other one (Region b) nearby it. 

For larger thicknesses (d/λ≥0.25) the two regions are already present, but they collapse in 
one. As a consequence the absorption is obtained for a larger AOI range (0°≤α≤60°). Beyond 
the 80° the absorption is no longer significant. 

For normal incidence the reflection coefficient is reduced only when the thickness is large. 
This can be explained in the following way. From boundary conditions at the interface AIR-
ENZ we have the continuities of the tangential components E1t = E2t, instead the normal 
components are related in the following manner ε1E1n = ε2E2n across the separation surface. At 
the interface ENZ-PEC we have the zero-tangential component of the electric field condition 
on the PEC plate surface. As a consequence, the most interesting result, is that at normal 
incidence (α = 0) the absorption can be exclusively attributed to the presence of both high 
losses and large thicknesses of the ENZ material. In this case the only component of the 
electric field is purely longitudinal and it doesn’t affect the absorption. 

Instead, for all the other AOI α>0 a normal component of the electric field exists inside 
the ENZ layer. Such component is magnified by the ENZ layer. It is well known from 
boundary condition for the normal component that E2n = (ε1/ε2) · E1n, where ε1 = 1 and ε2→0. 
As a consequence, when the normal component of the electric field is present, to obtain a 
good absorption thin thicknesses can be used. 
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Fig. 2. Reflection coefficient as a function of AOI (degrees) and frequency (THz) of GZO (fp = 
217 THz) for: (a) d/λp = 0.05, (b) d/λp = 0.1, (c) d/λp = 0.2, (d) d/λp = 0.25, (e) GZO 
Permittivity Dispersion Behavior. 

As mentioned above the reflection coefficient (consequently, the absorption) is also 
related to the ENZ electromagnetic characteristics. 

It is well known that the resonant frequency of the reflection is related to the real part of 
the permittivity (εr) of the ENZ slab, instead the magnitude and the amplitude width of the 
reflection is related to the imaginary part (εi). 

The correlation between r and εi is worth mentioning because, as expected, the reflection 
coefficient decreases when the ENZ losses grow. In this case, the absorption is relevant only 
for larger thicknesses, as also confirmed by Eq. (4). 

In particular, for normal incidence the reflection coefficient is at its minimum only when a 
large imaginary part of the ENZ material comes into play. Instead, for the AOI>0: 
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• In the maximum absorption areas (as also shown in Fig. 2) the real part is comparable 
(same magnitude order) to the imaginary one. In this case, the absorption is larger 
compared to the previous cases, as also confirmed by Eq. (4). 

• The angle range, to which the greatest absorption is reached, is a function of the 
imaginary part (εi) 

4. ENZ-based absorbers design 

Research has tended to focus on designing highly lossy structures to reach the best 
absorption. This is not a big deal in the microwave range, where thin structures with a large 
imaginary part can be implemented easily. One of the major drawbacks considering infrared 
and/or optical frequencies is that materials have very low losses compared to the ones in the 
microwave range. This represents an important limitation in designing a good absorber: as a 
consequence in order to achieve a great absorption, a greater ENZ layer thickness is 
necessary. Our goal is to obtain absorption for different AOI and a wide resonant frequency 
band by using thin thicknesses. 

In the following two alternative solutions, in order to overcome such a problem, are 
proposed: a multi-layer structure and a metasurface-based structure. Both solutions rely on 
the concept of confining the electric field in ENZ region, to exploit the absorption mechanism 
aforementioned. 

Simulations are performed by using a frequency domain solver, implemented by the finite 
integration commercial code CST Microwave Studio [38]. 

4.1 The multi-layer structure 

In [39] the reflection characteristics of a multilayer mushroom structure with thin material 
patches for new wideband absorbers is developed. By following a similar procedure, let’s 
consider a 3-layered structure depicted in Fig. 3 (a): a combination of High Permittivity Value 
(HPV) dielectrics and ENZ material. At the first interface HPV – ENZ: if the dielectric 
material with high permittivity value is the layer 1 (n1 is really large) and the ENZ material is 
the layer 2 (n2→0), we have (by applying the Snell’s law): sin (θ2) = (n1 / n2) · sin (θ1). As a 
consequence, for any angle of incidence α (not zero), exists always a normal component of 
the electric field in the ENZ layer (see Fig. 3 (b)). At the interface ENZ – HPV the ray curves 
towards the normal axis (dashed line), by applying the boundary condition we have that the 
normal component is still greater in the ENZ layer (see Fig. 3 (b)): E2n = (εHPV/εENZ)·E3n. In 
other words, the presence of the HPV, and consequently the huge contrast in the permittivity 
values, is crucial not only to ensure the presence of a normal electric field component, but 
also to confine the electric field in the ENZ layer. 

 

Fig. 3. Multi-layer device: (a) side-view, (b) Snell’s law for multi-layer structure. 

Results are reported in Fig. 4 for the AZO material. Similar results can be obtained with 
the other two materials (GZO and ITO). Let us fix the good absorption criteria when the 
resonant tip reaches the value of −10dB. From Fig. 4(a) it is possible to note how absorption 
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is achieved at all angles, from 0° to 80°; in particular at the same frequency in the angle range 
0°-30° and for α>30° the central resonant frequency blue shifts and the bandwidth enlarges 
(40°-70°). 

 

Fig. 4. Absorption properties for the 3-layered structure: (a) multi-frequency and wideband 
behavior (dtot/λp = 0.25); (b) multi-band behavior (dtot/λp = 0.5, with d1/λp = 0.05, d2/λp = 0.2, 
d3/λp = 0.25) 

By managing the thickness of the three different layers it is possible to reach absorption 
also at different resonant frequencies in the ENZ region of the material. An example for 
multi-band absorption is shown in Fig. 4(b). For AOI in the range 0° - 50° two different 
absorption frequencies are present; instead for α > 50° the absorption bandwidth enlarges 
significantly. 

4.2 The metasurface-based structure 

The structure under study is shown in Fig. 5(a). In addition to the structure considered in Fig. 
1(a), on the ENZ slab a metasurface is deposited. It consists of planar array of resonant 
metallic cross-shape structure, as depicted in Fig. 5(b). The reason to choose such a geometry 
is due to the fact that, the resonator can be excited by both the electric and magnetic field. 

 

Fig. 5. Metasurface-based electromagnetic absorber: (a) Side-View, (b) Unit-Cell. 

The metal inclusion, tuned to resonate in the ENZ region of the substrate material, permits 
to create additional electric field, not present before, between the strip and the ground plane. 

In Fig. 6 the reflection coefficient spectra for the proposed structure in the TE case and 
TM case is presented for the AZO material. Similar results can be obtained with the other two 
materials (GZO and ITO). It is possible to note how absorption is achieved at all angles, from 
0° to 80°; in particular at the same frequency in the angle range 0°‐30° and for α>30° the 
central resonant frequency blue shifts and the bandwidth enlarges (40°‐70°). It is interesting 
to note that for α>30° new absorption resonant frequencies (in the ENZ region and outside) 
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arise. It confirms the possibility to use the structure as a multi-band electromagnetic wave 
absorber. 

The main advantages in using the combination of metasurface and ENZ are the following: 

1. Absorption at normal incidence: Even thought at α = 0 the electric field component is 
purely longitudinal, due to the creation of additional electric field in the ENZ 
substrate layer at the resonance, a strong absorption can be achieved. 

2. Independence to impinging polarization: the structure resonate with both linear TE and 
TM electromagnetic waves. 

3. Rotational symmetry: the structure allow us to obtain absorption for oblique incidence 
up to 80° and for circular polarized impinging electromagnetic waves. 

 

Fig. 6. Absorption properties for the metasurface-based structure: (a) TE polarization and (b) 
TM polarization. 

5. Conclusions 

This paper investigated the potential role of ENZ materials to design a new electromagnetic 
absorber. Such a material, thanks to their peculiar properties, path new ways forward the 
design of electromagnetic absorbers, satisfying specific requirements. 

In this regard, first of all by using the Transmission Line Approach, a new analytical 
model, describing the electromagnetic absorption characteristics of the structure (in terms of 
magnitude, bandwidth and frequency position) is presented. The properties of the absorber 
were discussed. 

In addition to this, in order to enhance the absorption properties of the device, two 
possible designs were developed: a multi-layered configuration and a metasurface-based 
structure. In both cases, full-wave simulations have confirmed the ability of the proposed 
configuration to behave as a multi-band and broadband absorber in a wide range of angle of 
incidence (0° - 80°) for small thicknesses. 

The proposed structure offers great potential in a wide variety of practical application 
fields such as to build-up selective thermal emitters, for detection and sensing, for imaging 
and defense applications. 
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