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ABSTRACT: We present an optically transparent, flexible,
and polarization-independent broadband microwave absorber.
It is designed to possess two spectrally overlapped resonances
of a bow-tie array, which originates from the fundamental
resonance mode and the coupling between the neighboring
units. An Al wire gird is used to construct the bow-tie array to
induce high ohmic loss and broaden the bandwidth of the
resonances. As a result, the combined resonances lead to more
than 90% total absorption covering a wide frequency range
from 5.8 to 12.2 GHz. The transparent and flexible properties
provide more flexibility for absorber applications. The optical
transmittance of the whole structure is more than 62%.
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B roadband absorbers can reduce the reflection and
scattering of electromagnetic (EM) waves from the
structures over a wide frequency range. They can be exploited
to enhance the efficiency of photovoltaic devices"* and thermal
detectors® and can also render objects undetectable by EM
waves.* Absorbers can be designed by using classical electro-
magnetic wave theory or by engineered metamaterials.
Metamaterial absorbers have been designed by manipulating
the effective permittivity £(w) and permeability u(w) to match
the impedance to free space.’™ The transmitted power is then
absorbed by the structure due to the lossy components of
permittivity and permeability. Although metamaterial-based
absorbers offer the potential advantages of perfect absorption
and thinness, it is difficult to utilize them for practical
applications due to their very narrow bandwidths. In order to
improve the bandwidth, multiband absorbers have been
introduced that utilize multiple layered structures.'”'! How-
ever, not only are these multilayered structures thick but also
they require a complicated fabrication process. Classical
electromagnetic absorbers can be realized by placing one or
more additional resistive sheets in the structure in order to
generate losses to the incident field. A Salisbury screen is one of
the classic electromagnetic absorbers that have a resistive sheet
placed at A/4 over a ground plane.'” This absorber has some
drawbacks such as narrow bandwidth and relatively large
thickness. Another classical absorber is the Jaumann absorber,
which utilizes a multilayer structure to increase the
bandwidth.'*!* However, to obtain a broad bandwidth, the
structure becomes very thick and bulky. In addition, the
absorbers constructed from the conventional materials are
typically rigid and optically opaque. If the absorber can be made
optically transparent and structurally flexible, it can provide
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high design freedom for practical applications.'>'® For example,
an optically transparent and flexible absorber can be applied to
applications such as window glass and curved surfaces.

In this paper, we propose and demonstrate an optically
transparent, flexible, polarization-independent, and broadband
microwave absorber. The absorber is based on two principles:
(1) it utilizes resonant structure to provide the impedance
match to the air, such that EM energy can be coupled into the
structure with little reflection; (2) the resonator is made of an
Al wire grid to induce ohmic loss and effectively dissipates the
coupled EM energy to heat. We found that a bow-tie-shaped
resonator provides easy tunability of the resonance bandwidth.
The new structure is designed to possess two resonances
resulting from symmetric bow-tie structures as well as the
coupling between the neighboring bow-tie structures. There-
fore the bow-tie array collectively provides a broadband
response. The symmetric bow-tie structure also provides a
polarization-independent property. The proposed structure is
realized using an Al wire grid, a transparent and flexible
polyethylene terephtalate (PET) film, and polydimethylsiloxane
(PDMS) layers. The overall structure is transparent and
flexible, which makes it possible to apply to curved surfaces.
The fabricated absorber structure produces an absorption above
90% in the frequency range 5.8—12.2 GHz, and the bandwidth
is 71.1% of the center frequency.

B BROADBAND ABSORBER

Theoretical Consideration. In order to achieve the perfect
absorption, the impedance of the absorber is matched to the air
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and the transmitted waves are dissipated due to the loss
components of the structure. The previously reported experi-
ment of concealing an object by a carbon nanotube (CNT)
coating across the entire visible band follows the same
principle,'” where the aligned CN'Ts with low fill ratio provided
the index/impedance match to air and also absorb the light
energy coupled into the CNT layer. However, to extend the
approach to the microwave range, the required CNT thickness
would be impractically thick. Instead we will use an array of
resonant structures to achieve the impedance matching
function. Figure 1a shows the structure for achieving broadband
absorption. The total impedance of the structure is obtained
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Figure 1. Schematic of broadband absorber: (a) perspective view and
(b) top view (design parameters: w, = 4 mm, w, = 1 mm, [, = 4.2 mm,
=10 mm). (c) Simulated absorption at different widths of the bow tie
(w,) (the 90% absorption bandwidth at w; = 1 mm: 50.4%, at w, = 2
mm: 61.6%, at w, = 3 mm: 68.2%, at w, = 4 mm: 72%) The inset
shows the equivalent circuit model of the proposed absorber according
to the frequency.
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from the combination of the impedances of a metallic resonator
and a dielectric layer with the ground plane. The effective
impedance of the structure can be obtained from®

Zeff(a)) = \/ ”eff(a)) =

eg(®) B

(1+ 511)2 - 5221
(1-58,)" -85

(1)

where e4(w) and pg(w) are the effective permittivity and
permeability, respectively. The real and imaginary part of the
impedance are calculated from the simulated complex S-
parameters and plotted in Figure 2b. The effective impedance
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Figure 2. (a) Simulated and measured absorption according to the
frequency. (b) Calculated real and imaginary part of the impedance.

of the structure has two matched bands by the change of the
electric and magnetic response corresponding to the change of
permittivity and permeability. Thus, the reflected wave is
minimized.

The resonant structure having a high Q factor can be utilized
in applications such as narrow band filters and oscillators that
require high selectivity and low loss. To achieve broadband
absorption, the Q factor of the structure should be reduced.
This can be achieved by increasing the resistance, and the
increased resistance also has the additional benefit of dissipating
the energy, therefore resulting in minimized reflection over a
broad frequency range. To increase the resistance, a bow-tie
pattern of an Al wire grid is used to construct the resonant
structure. For our design, we used a bow-tie-shaped resonator
due to its symmetric configuration, which is less sensitive to the

dx.doi.org/10.1021/ph400172u | ACS Photonics 2014, 1, 279—284



ACS Photonics

polarization of the incident wave. More importantly, we will
show that the bow-tie shape can offer a broader response range
by exploiting not only its own resonance but also the coupling
between the neighboring unit cells in a periodic array via the
side of the bow ties. Regardless of the number of unit cells, the
resonant frequency of the cascaded circuit is determined by the
resonant frequency originating from the two kinds of equivalent
circuit. By merging the two resonances, we achieved a broad
bandwidth of 71.1% of the center frequency.

Realization of the Transparent and Flexible Structure.
The proposed absorber is composed of top Al wire grid metallic
patterned patches, PET, PDMS, and a metallic wire grid
ground. Figure 1 shows the schematic of the proposed absorber
consisting of an array of Al wire grid metallic bow-tie resonators
on a PDMS dielectric layer backed by a metallic wire grid mesh
ground plane. Figure 1a shows the proposed absorber arranged
in a periodic array, and Figure 1b shows the unit cell with the
design parameters. A flexible and transparent PET and PDMS
layer separate the two metallic layers. Such flexible polymer
layers with patterned bow-tie structures are optically trans-
parent and can be applied to any metallic surface to provide the
broadband absorption property.

In designing the broadband absorber, the geometric
parameters, including the thickness of metallic patterns, are
chosen to obtain the desired wave absorptions at two resonance
frequencies, and these parameters are further optimized so that
the two resonances are spectrally merged together to provide
broadband characteristics. As an example, Figure 1c shows that
as the base (w,) of the bow tie increases, the absorption band
extends to lower frequency range. Here, the length of the bow
tie and the spacing are fixed to / = 10 mm and t = § mm,
respectively. To reduce the reflection from the absorber
structure, good impedance matching to air is required. This
can be achieved by varying the spacing between bow-tie
structure and dielectric spacer layer thickness as well as using
the optimized metal thickness. In order to obtain greater than
90% absorption over the desired bands, the absorption
magnitudes and frequencies at the two resonances are
optimized by adjusting the thicknesses of the dielectric layer
(PDMS) and the surface impedance of the metallic wire grid
bow-tie resonator (aluminum). For the bow-tie-shaped
resonator made of Al mesh with a surface resistance of 30
€/sq, the optimized Al thickness is 62 nm, while the PDMS
layer with dielectric constant 2.25 and thickness 4.9 mm is
utilized for a spacer. The surface resistivity of the deposited
metal film was measured using a standard four-point probe
configuration. Furthermore, a transparent metal mesh ground
plane that provides optical transparency greater than 90%'® is
employed.

The RF reflectance and the transmittance are measured at
normal incidence. The measured reflectance is normalized with
respect to a metal plane with the same dimensions, while the
measured transmittance is normalized with respect to the
incident wave in free space. The measured transmission and
reflection are then used to obtain the absorption, which is
defined as A(w) = 1 — T(w) — R(w), where R(w) = 1S,,I* and
T(w) = IS,,I* are the reflectance and transmittance obtained
from the measured frequency-dependent complex S-parameter,
respectively. In principle, when the impedance of the structure
is matched to the air to minimize the reflection, a perfect
absorption can be achieved because the metallic ground plane
forbids any transmission through the structure. The simulated
and measured A(w) are plotted in Figure 2. As expected,
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transmission represented by S,,(®) is nearly zero in the entire
operating frequency range. To fabricate the absorber structure
having an area of 300 mm X 200 mm, a 62-nm-thick aluminum
layer was first deposited on a S50-um-thick PET film by
sputtering. The aluminum wire grid mesh was then patterned in
the shape of a bow tie by optical lithography and etching. Then
the PET film with patterned Al structure was attached to a
thicker and more flexible PDMS layer. A picture of the
fabricated bow-tie array on top of PET is shown in Figure 3a.
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Figure 3. (a) Fabricated metallic bow-tie array on top of a flexible and
transparent PET layer (scale bar = 100um). (b) Optical transmittance.

The inset in Figure 3a shows the zoomed view of the bow tie of
the Al wire grid mesh. The fabricated structure is optically
transparent and, when attached to a wire grid metallic ground
plane, forms a complete absorber structure. The absorber was
measured by using an HP 8720B network analyzer that covers
the range 0.13—20 GHz and two broadband horn antennas in a
microwave anechoic chamber. The wire grid mesh ground
plane can act as the metal plane at the microwaves. The
fabricated structure shows absorption greater than 90% in the
frequency range 5.8—12.2 GHz, and the bandwidth is 71.1% of
the center frequency. Figure 4 shows the measured absorptions
for different polarizations of the incident wave. The optical
transmittance of the total structure is more than 62%, as shown
in Figure 3b.

Dependence of Polarization. Due to the symmetric
pattern of the bow-tie structure, the absorption is almost
polarization-independent. The polarization angle (¢) is defined
as the angle between the electric field and x-axis. Figure 4
shows the measured absorption according to the polarization.
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Figure 4. Measured absorptions at different polarization angle ¢ (0,
30, and 45 deg).

As ¢ increases, the absorption magnitudes and resonance
frequencies of the absorber are nearly unchanged for different
polarizations (0, 30, 45 deg) of the normal incident wave,
demonstrating polarization-independence of the absorber
structure.

Double Resonances. As can be seen in Figure 24, there are
two absorption peaks; the low-frequency resonance is mainly
due to the coupling field between bow-tie structures, and the
high frequency resonance is due to the fundamental resonant
mode of the bow-tie structure as discussed below. To
understand the origin of these two absorption peaks, the
electrical field distribution and power flow are simulated and
analyzed by using Ansoft high frequency structure simulator
(HFSS) software. In the simulations, the top metallic wire grid
bow-tie resonators are modeled as an impedance sheet with a
sheet resistance of 30 €/sq, and the dielectric constant and loss
tangent of the dielectric spacer are 2.25 and 0.01, respectively.
A unit cell of the structure is simulated using periodic boundary
conditions along the x and y directions. For the proposed
absorber with w; = 4 mm, the absorber possesses two
resonances, one at 7.4 GHz and the other at 10.1 GHz. In
addition, as can be seen in Figure 2b, the calculated real and
imaginary part of the impedance are almost unity and nearly
zero between 7.4 and 10.1 GHz, respectively. Therefore
impedance matching with air was achieved, which minimizes
the reflection from the absorber. Figure Sa and b show the top
view of the simulated electrical field distribution of the absorber
structure at the two absorption peak frequencies (f; = 7.4 GHz
and f, = 10.1 GHz), while Figure Sc and d show the simulated
electrical field distribution at the central cross section. The
electric fields are strongly localized in the gap between the two
bow-tie structures at the low resonant frequency and are
localized around the edges of the bow-tie structure at high
resonant frequency. Figure Se and f show the power flow of the
absorber at two absorption peak frequencies. Figure 6a and b
show the schematic of the electrical fields and power flows
localized at low and high resonant frequencies, respectivelzr.
The behavior is similar to that of magnetostatic interference'”
in metallic slit structures, where the polarized electric charge
produces a strong localized E-field, which guides the Poynting
energy flow, as shown in Figure 6a and b. At low resonant
frequency, most incident power flows through the gap between
the bow-tie structures, while at high resonant frequency the
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Figure 5. (3, b) Electrical amplitude in the top view at 7.4 and 10.1
GHz, respectively, and power flow at 7.4 and 10.1 GHz. (c, d) The
colors represent the amplitude of the electric field and the arrows
represent the direction of the electric field in the central cross section
of the unit cell at 7.4 and 10.1 GHg, respectively. (e, f) The colors
represent the amplitude of the power flow and the arrows represent
the direction of the power flow in the central cross section of the unit
cell at 7.4 and 10.1 GHz, respectively.

power flow is toward the center of the bow-tie resonator. In
both cases, the energy flowing into the bow tie was eventually

dissipated due to the high ohmic loss of the Al wire grid that is
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Figure 6. (a) Schematic of electric field and Poynting vector localized
in the gap between the two bow-tie structures at the low resonant
frequency. (b) Schematic of electric field and pointing vector localized
around the edges of the bow-tie structure at high resonant frequency.

used to form the bow-tie structure. The above results verify that

the two absorption peaks are contributed by the fundamental (C) 1.0
resonance of the bow-tie structure and the coupling between
bow-tie structures, respectively. The merging of the two
resonances with overlap spectra ensures the broadband
performance of the proposed absorber.

0.8
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Bl CONCLUSION
Since the two absorption peaks are the result of energy flow
and loss in different positions of the absorber, these can be
adjusted by changing the width and length of the bow-tie
structure respectively. For example, in Figure 1c, as the width of 0.2 1
the bow tie increases from 1 mm to 4 mm, the absorption peak
at low frequency is shifted to the lower frequency range due to 0.01—. i , : , : ‘ . .
the increased coupling between the neighboring bow-tie 2 4 6 8 10 12 14 16 18 20
structures. Thus, the bandwidth to achieve more than 90% Frequency [GHz]
absorption can be extended by increasing the w,. The spectral
overlap of the two selected absorption bands broadens the
absorption bandwidth. In addition, owing to simple periodically
symmetric patterned structures, the absorber is independent of
the polarizations of the incident wave.

Finally we discuss methods to further increase the absorption
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Figure 7. Configuration of the multilayer absorber structure: (a)
perspective view; (b) top view; (c) simulated absorption (w,,, = 1.6
mm, w,, =22 mm, w3 =28 mm, [ ; =51mm,[,=108 mm,[ ;=
194 mm, ¢, = 2.4 mm, t, = 2.2 mm, and £, = 4 mm).

bandwidth. On the basis of the principle discussed above, even shown in Figure 7b, so that the resonant fields are less affected
greater bandwidth can be obtained by merging multiple by the presence of the neighboring layers. In the simulation, the
resonances with overlapped spectra. In order to achieve new bow-tie resonators in the first, second, and third layers from the
resonances, bow-tie resonators having different geometric ground plane are modeled with sheet resistances of 20, 20, and
parameters can be inserted in the dielectric spacer as 25 Q/sq respectively. Since the absorption peaks are located
intermediate layers. Each layer generates two resonant close to each other, the frequency range to achieve absorption
frequencies by a similar principle. By adding the patterned above 90% is 3.8—19.2 GHz, and, therefore, the bandwidth of
structures having different lengths at thicknesses of t), t; + t,, the three-layer absorber is enhanced to 133.9% of the center
and ;| + t, + t; respectively, different resonances can be frequency as shown in Figure 7c.

obtained to increase the bandwidth. For example, a three-layer The metal mesh structure used in our structure not only
absorber is designed as shown in Figure 7a. We avoided the provides optical transparency but also increases the resistance,
alignment of the patterned bow-tie structures in each layer as which is needed for the broadband application. The recently
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developed photo roll lithography can be used to create a large
area of such flexible absorbers in a roll-to-roll platform,lg’ 0
facilitating practical applications. With further development, we
anticipate numerous applications of such transparent and
broadband absorbers in the future, e.g., zero-reflected power
over a wide bandwidth for better aircraft stealth performance.
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