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FULL PAPER
A Polarization Insensitive Wide-Band Perfect Absorber
Habibe Durmaz,* Arif E. Cetin,* Yuyu Li, and Roberto Paiella
In this article, a wide-band and polarization-insensitive perfect absorber
composed of 4 sandwiched layers of dielectric and metal disks is introduced.
Compared to classical perfect absorbers, the system supports near-unity
absorption within a wider spectral window through multiple perfect absorp-
tion mechanisms that exist due to a constituting inter-metal disk, functioning
either as a dipolar antenna or a conducting ground for different perfect
absorption mechanisms. Circular shape of the antenna makes the working
mechanism of the system polarization insensitive. The working principle of
the system is investigated through near- and far-field calculations by finite
difference time domain (FDTD) simulations. A fine-tuning mechanism of the
wide-range perfect absorption window is introduced through geometrical
device parameters. The multilayer perfect absorber system is fabricated
through a high-quality fabrication method based on electron beam lithogra-
phy, lift-off method, and multi-step deposition of metal and dielectric layers.
The spectral behavior of the perfect absorber system is finally experimentally
investigated through Fourier transform infrared (FTIR) spectroscopy.
1. Introduction

Metamaterials (MMs) have strong potential due to their ability to
exhibit exceptional physical properties, for example, negative
refractive index,[1] invisibility cloaking,[2] and cross polarization
conversion.[3] Adjusting electric permittivity (e) and magnetic
permeability (μ) of MMs, it could be possible to match the
impedance of the MMs to the free space impedance,
z ¼ ffiffiffiffiffiffiffi

μ=e
p ¼ 1, to maximize the absorption. Particularly, MMs

with perfect absorption are very promising in a wide range of the
fields, that is, sensors,[4] pyroelectric detection,[5] solar energy
harvesting,[6] and optical filters.[7] Landy et al. have shown the
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first MM based perfect absorber (PA),
consisting of a metallic split ring and a
cut wire, with 88% absorbance.[8] Different
geometries have been designed to achieve
perfect absorption in different frequency
ranges from visible to microwave, for
example, nano-particles or apertures, ring
resonators.[9–11] Compared to these sys-
tems with perfect absorption in a narrow
spectral window, systems with perfect
absorption in a broad spectral range are
more favorable. Consequently, wide-band
MMs have been offered in different
frequency ranges, using nano-features
and cut-wires.[12–15] Wide-band perfect
absorption has been also achieved by
designing systems with multiple narrow
optical responses.[4,16–18] The bandwidth of
MM absorption spectra have been also
widened by other methods, such as using
resistive films,[19] loading with lumped
elements,[20] stacking multi-layer struc-
ture,[21] and applying magnetic medium.[22]
Recently, a silicon nanowire system has been proposed to
achieve near-unity absorption from far-UV to near-IR wavelength
ranges.[23] Perfect absorption has been even shown with sound
waves.[24]

Here, we introduced a wide-band and polarization-insensitive
PA system employing double dielectric spacers. The system
is composed of 4 sandwiched disks with the order of metal,
dielectric, metal, and dielectric on top of a conducting layer.
Possessing twoperfectabsorptionmechanismsthanks to the inter-
metal disk inbetweendouble dielectric spacer, functioning both as
a dipolar antenna and a conducting ground, the system supports
two absorption peaks. Tuning the constructive interactions
between the two absorption mechanisms, near-unity absorption
could be observed in a wider spectral window compared to the
conventional PA systems. The double-spacer PA system utilizes
disk antennas, symmetric in all direction, that is, the system is
polarization insensitive, eliminating the need for polarizers and
providing an alignment insensitive design that canutilize the total
power of the incident light.We theoretically investigated thewide-
band perfect absorption mechanism of the system through finite
difference time domain (FDTD) simulations. We showed the
dependence of the spectral behavior of the perfect absorption on
the geometrical device parameters. Finally, we fabricated the
system through multi-step deposition of dielectric and metal
layers, electron beam lithography (EBL), and lift-off process. We
investigated the experimentally realized double-spacer PA system
through Fourier transform infrared (FTIR) spectroscopy. Provid-
ing perfect absorption in a wider spectral range could be very
advantageous for applications demanding strong and consistent
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absorption at particular wavelengths, that is, bio-chemical
detection, band-pass filters, solar cells, or imaging.

In the literature, many different double-band PA platforms
have been introduced. For some of those structures, the overall
absorption response arises via the superposition of the two
independent absorption mechanisms (originating from 2
indecent plasmonic components) that yield two spectrally
isolated (spectrally apart from each other) and independently
tunable absorption peaks.[25] Moreover, other double-band PA
schemes are available, where the 2 absorption peaks are due to
2 plasmonic modes excited by the cavity modes of complex nano-
structures.[26–28] The absorption peaks of these modes are
spectrally isolated as the former one but could be tuned
simultaneously as the 2 plasmonic modes locally interact, that is,
this interaction could vary based on the tuning mechanism.
Here, the main difference between these systems and double-
spacer PA is the double-spacer PA system’s ability to allow
constructive or destructive interaction between two absorption
mechanisms, providing a near-unity absorption regime between
the absorption peaks.
2. Experimental Section

2.1. Working Mechanism of the Double-Spacer PA System

The unit cell of the compact structure is shown in Figure 1a. The
PA system is composed of sandwiched 4 layers, Al, SiO2, Al, SiO2,
on top of a thick Al layer. The disk shaped sandwiched layers have
thicknesses b1¼ 30nm, a2¼ 40nm, b2¼ 25nm, and a3¼ 40nm.
The thickness of the bottom Al film is a1¼ 200nm. Radius of the
disks and array periodicity is 400 and 1000nm, respectively.
The polarization and propagation directions of the incident wave
are along the x- and z-axes, respectively. The theoretical
calculations have been performed through FDTD simulations,
where periodic boundary conditions are usedperpendicular to the
x–y plane and perfectly matched layer (PML) boundary condition
is applied along the z-axis. In Figure 1B, the calculated absorption
spectra of a classical PA (with single spacer) and the double-spacer
PA are denoted with red and black curves, respectively. A near-
unity absorption was obtained at two different spectral locations
for double-spacer PA system, for example, λ1¼ 2800 and
λ2¼ 3500 nm with 99.98% absorption and for single spacer PA
system, only one near-unity absorption peak was observed at
3100 nm with 99.98% absorption.

In order to understand the physical origin of the two near-
unity absorption peaks, we computed the charge distributions at
these particular spectral locations. In classical PA systems, due
to the dielectric spacers, near-field couplings between the
metallic antennas and the bottom conducting layer induce
mirror image charges on the conducting layer, resulting in anti-
parallel currents that create a magnetic dipole. On the other
hand, the incident light radiation polarizes the antennas along
the opposite ends. The generated electric and magnetic dipoles
by polarization and current loop tune permittivity and
permeability to match with those of free-space, minimizing
reflection while transmission is prevented by the conducting
layer so that the near-unity absorbance is achieved.[29] In the
double-spacer PA system, the inter-metal disk functions as a
Adv. Eng. Mater. 2019, 1900188 1900188 (
dipolar antenna for the bottom conducting ground while
functioning as a conducting ground for the top metal antenna.
Therefore, in the double-spacer PA system, we have 2 classical
single-spacer PA systems, in other words 2 perfect absorption
mechanisms denoted as Ab.1 and Ab.2 in Figure 1B � inset,
interacting with each other. Figure 1C and D shows the cross-
sectional charge distributions calculated at the wavelengths λ1
and λ2, respectively. Themirror image charges of the top antenna
on the inter-metal antenna and the mirror image charges of
the inter-metal antenna on the conducting layer induce 2 anti-
parallel currents on 2 planes, generating two magnetic dipoles.
Having two electric dipoles with 2 magnetic dipoles generates
2 absorption peaks. As shown in the following sections, using
the geometrical device parameters we could tune the interfer-
ence between these dipoles, resulting in constructive or
destructive effects on the perfect absorption. The electric field
intensity distributions also show that the local electromagnetic
fields are concentrated at the bottom and top dielectric spacers
for the absorption peaks located at λ1 and λ2, respectively
(Figure 1E and F).
2.2. Fabrication of the Double-Spacer PA System

Figure 2A shows the fabrication scheme of double-spacer PA
system, which is based on electron beam lithography (EBL) and
lift-off process. The PA arrays were fabricated over a
100� 100 μm2 area on a Si chip. i) First, 5 nm Ti and 200 nm
Al were deposited onto the Si substrate with a E-beam evaporator
(Angstrom EvoVac). ii) For EBL, a positive resist, polymethyl
methacrylate (950 PMMA A6, MicroChem) was spin-coated over
the Al layer and EBL was performed with Zeiss SUPRA 40VP
electron microscope. The EBL patterns were developed with a
methyl isobutyl ketone (MIBK) � isopropanol (IPA) solution
(MIBK:IPA¼ 1:3). iii) Later, 30 nm SiO2, 40 nm Al, 25 nm SiO2,
and 40 nm Al, were deposited onto the developed substrate with
5 nmTi adhesion layer prior toAlfilm.Allmaterials are fromKurt
J. Lesker with 99.999% purity. iv) Finally, the layers on the resist
were lifted off with acetone and IPA leaving the patterned arrays
of 4 sandwiched dielectric and metal layers. Oxygen plasma
cleaning was performed with PVATed Pella America M4 plasma
asher to remove any remaining residues on the surface. Scanning
electron microscope (SEM) images of the fabricated samples
show well-defined sandwiched double-spacer PA structures
(Figure 2B). An atomic force microscopy (AFM) analysis
(Figure 2C) shows that the surface roughness is 7.5 nm (root
mean square). We are currently working on improving our
fabrication process to produce smoother films so that the
experimentally realized structures are closer to thedesignedones.
There are 2 main sources of roughness in the present samples.
The first one is the deposition of SiO2 with an E-beam evaporator,
whichcouldbe improvedwith commercially available techniques,
for example, low pressure chemical vapor deposition. The second
one is the grain size of Al in the metal deposition step.
3. Results and Discussions

In the classical PA systems, geometrical parameters are crucial
for obtaining perfect absorption and controlling their spectral
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 6)
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Figure 1. a) Schematic illustration of the double-spacer PA system. Propagation and polarization directions of the incident light source are indicated in
the figure. b) Calculated absorption spectra of the single- (red curve) and double-spacer (black curve) PA systems. Figure inset: Schematic illustration of
the 2 absorption mechanisms, playing the dominant role for the 2 absorption peaks in the double-space PA system (Ab.1 for λ1 and Ab.2 for λ2). Charge
distributions calculated at (c) λ1 and (d) λ2. The generated current loops between metal layers are indicated with gray arrows. Electric field intensity
distributions calculated at (e) λ1 and (F) λ2. The corresponding device parameters are a1¼ 200 nm, a2¼ 40 nm, a3¼ 40 nm, b1¼ 30 nm, b2¼ 25 nm,
radius of the disks¼ 400 nm, and array periodicity¼ 1000 nm. For the classical PA system, Al and SiO2 layers labeled with a3 and b2, respectively were
omitted from the double-spacer PA system and the rest of the geometrical parameters are common.
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positions as inter- and intra-unit interactions directly depend on
the dimension.[30] In our double-spacer PA platform, in addition
to these interactions, utilizing geometrical device parameters, we
can also tune the interference between the 2 perfect absorption
mechanisms, affecting the line-width and the shape of the
absorption spectra.
3.1. Tuning PA Response with Disk Radius

Spectral tuning could be done statically, for example, via varying
geometrical device dimensions[4] or dynamically, for example,
using phase changing materials.[31,32] In order to keep our
platform less complex, introducing such index-changematerials,
that is, phase changing materials or liquid crystal is omitted and
we tuned the optical responses by changing the geometry of the
PA system. In Figure 3, we investigate the effect of the disk
radius on the absorption spectra of the double-spacer PA system.
Figure 3a shows that increasing disk radius shifts both
absorption peaks toward longer wavelengths. Figure 3b shows
the linear correlation between disk radius and spectral position
Adv. Eng. Mater. 2019, 1900188 1900188 (
of the absorption peaks. A similar behavior has already been
shown before with nanorod and ring antennas, where the
resonance wavelength of the first order dipolar plasmonic
excitations has a linear correlation with the length of the rod or
ring radius (L), λres¼ 2LneffþC, where C is a constant and neff is
the effective refractive index of the surrounding medium
composed of the supporting substrate under the antennas
and the medium in the vicinity,[33,34] while the reflectance of the
nanorod increases with L. For smaller radius, as the 2 dipolar
antennas still function with lower reflection amplitude that
occur at lower wavelength, the two absorption peaks could be still
observed but lower absorption spectrally located at lower
wavelengths. Here, the slope of the spectral position � disk
radius relation for λ2 (Slope¼ 8.8) is larger than for λ1
(Slope¼ 8.3). In other words, the absorption peak at λ2 shifts
faster than the one at λ1, separating the two absorption peaks so
that the overall absorption spectrum is getting wider by
increasing disk radius. Like in the classical PA systems, in
our double-spacer PA system, the dimension of the nano-
antennas plays an important role to achieve the critical coupling
condition between the electrical andmagnetic dipoles for perfect
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 6)
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Figure 2. a) Schematic illustration of the fabrication method based on EBL, lift-off process, and consecutive steps of dielectric and metal deposition.
b) SEM image of the fabricated double-spacer PA system. c) AFM image of the system showing the surface roughness.
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absorptions.[30] Therefore, in addition to the aforementioned
effect, increasing the disk radius strengthens the absorption and
increases its amplitude, while widening its line-width up to disk
radius 400 nm. Here, 400 nm disk radius yields the optimal
perfect, where the intensity of the two resonance absorption
peaks is maximized. As shown in Figure 3a, after this disk
radius, absorption decreases as the overlap between electric and
magnetic dipole plasmon resonances decreases.
3.2. Tuning PA Response with Dielectric Spacers’
Thicknesses

In Figure 4, we investigate the spectral variations of the
absorption peaks with respect to the thicknesses of the 2
Figure 3. (a) Spectral variations in the calculated absorption spectra for diff
peaks (green dots: λ1 and red dots: λ2) with respect to disk radius, and linear f
line: λ2). The corresponding device parameters are a1¼ 200 nm, a2¼ 40 nm

Adv. Eng. Mater. 2019, 1900188 1900188 (
dielectric spacers. Figure 4a shows the variations with the
thickness of the spacer between inter-metal disk and the
conducting layer (b1) while b2 is kept constant at 25 nm.
Since the local electromagnetic fields concentrate at the bottom
spacer for the absorption peak at λ1, b1 variations mainly affect
this absorption peak, while the peak at λ2 shows negligible
changes. Here, the optimum b1 thickness was found as
40 nm, where the spectral dip between 2 absorption peaks is
maximized and the near-unity absorption was observed over a
wide range. Here, for the b1 thicknesses, for example, 15, 20, and
35 nm, due to the destructive interference between two perfect
absorption mechanisms, the dominant absorption peak at λ2
remains, while the mode at λ1 completely disappears.
Figure 4b shows the spectral variations of the absorption peaks
with b2, while b1 is kept constant at 30 nm. The figure
erent values of the disk radius. (b) Spectral locations of the 2 absorption
its to the spectral location–disk radius relationship (black line: λ1 and blue
, a3¼ 40 nm, b1¼ 30 nm, b2¼ 25 nm, and array periodicity¼ 1000 nm.
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Figure 4. Spectral variations within the calculated absorption spectra of the double-spacer PA system (a) with respect to b1, where b2 is kept constant at
25 nm, and (b) with respect to b2, where b1 is kept constant at 30 nm. The corresponding device parameters are a1¼ 200 nm, a2¼ 40 nm, a3¼ 40 nm,
radius of the disks¼ 400 nm, and array periodicity¼ 1000 nm.
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demonstrates the fact that the absorption peak at λ2 varies, while
the one at λ1 shows negligible variations since for the mode at λ2,
electric field localization is concentrated at the dielectric spacer
between the top and inter-metal disks. Here, for b2 from 15 to
25 nm, the interference between the 2 perfect absorption
mechanisms strengthens more such that the spectral dip
between the 2 absorption peaks increases. In addition, for b2
from 15 to 25 nm, increasing the thickness of the top dielectric
spacer also brings the system to the critical coupling state for
the second perfect absorption mechanism (Ab.2), increasing the
absorption for the mode at λ2.

[30] For b2 from 30 to 40 nm, the
mode at λ1 disappears and a single absorption peak was observed
at λ2. Finally, at b2¼ 45 nm, the constructive interference
between the two absorption mechanisms arises again and
results in two absorption peaks.
3.3. Experimental Investigation of the Double-Spacer PA
System

Finally, we performed FTIR measurements to experimentally
demonstrate the absorption capability of our double-spacer PA
system. The absorption spectra were measured with a Bruker
Vertex FTIR spectrometer that is coupled to a Hyperion 1000 IR
Figure 5. a) Absorption spectrum of the fabricated double-spacer PA system
(green), and unpolarized light sources (blue). The corresponding device
b2¼ 25 nm, radius of the disks¼ 400 nm, and array periodicity¼ 1000 nm.

Adv. Eng. Mater. 2019, 1900188 1900188 (
microscope with a mirror velocity of 20 kHz and 256 scans. The
measured optical response of the PA system was normalized to
the background signal obtained from an Al reference mirror. In
the experimental realization of the system (Figure 5a), we
observed a broad near-unity absorption peak with dramatically
improved line-width compared to the classical PA system. In
particular, the near-unity absorption spectral window (defined as
the range where the absorption drops below 97%) is found as
270 nm for the double-spacer PA system whereas it is 85 nm for
the conventionalPAsystem (not shownhere). The experimentally
observedbehavior ofFigure 5a (witha single broadpeak insteadof
two distinct features) is actually evenmore favorable than the one
calculated with FDTD simulations. Themain difference between
real and designed PA systems is the rounded shape of the disk
corners instead of sharp ones as in the designed system and the
surface roughness as explained before. On the other hand, in the
experimentally realized system, the fine-tuning mechanism of
the absorption spectra based on the interference between the 2
absorption mechanisms explained earlier could not be clearly
observed due to fabrication imperfections, that is, to control the
detailed shape of the absorption peaks is challenging with our
current fabrication process. Therefore, we are working on our
fabrication procedure to realize PA geometries confirming with
the designed structures used in the FDTD simulations.
. b) Raw reflection data of the PA system under x- (red) and y-polarized
parameters are a1¼ 305 nm, a2¼ 39.8 nm, a3¼ 38.9 nm, b1¼ 30 nm,
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Figure 5B shows the raw reflection data, where the reflected
light intensity is not normalized to that from the Al reference
mirror, for unpolarized incident light (blue) and in the presence
of a linear polarizer (red: x-polarized, green: y-polarized). These
data illustrate the ability of the present system to provide
polarization-independent near-unity absorption, which is a
direct consequence of the symmetric shape of the unit cells.
Here, the negligible differences between 2 polarization is the
small offset in our polarizer resulting in some discrepancies
from the assumed polarization angle. The fabricated structure is
also not a full circle instead 5% longer in diameter along the
x-axis, shifting the reflection dip toward longer wavelengths.
This feature of our system eliminates the need for polarizer so
that the total power of the incident light can be utilized. For
sensing applications, this property is very advantageous in the
presence of ultra-low concentrations of molecules needing large-
intensity incident light for strong light–matter interactions.
4. Conclusion

In conclusion, we have introduced a wide-band perfect absorber
system, where the plasmonic modes of the constituting antennas
do not depend on the polarization direction of the incident
light. The system consists of 4 sandwiched layers of dielectric
and metal disks. We investigated the working mechanism of the
perfect absorption through FDTD calculations. We showed that
a broad, near unity absorption peak, exists due to 2 absorption
mechanisms working simultaneously as the inter-metal disk
functions both as a conducting layer and a dipolar antenna. We
fabricated thePAsystemthroughafabrication techniqueconsisting
ofmultiple steps ofmetal and dielectric deposition, EBLand lift-off.
Finally, we showed the wide-band absorption capability of the
fabricated PA system through FTIR measurements.
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