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We present the design, characterization, and experimental demonstration of a polarization insensitive
and omnidirectional broadband near perfect planar metamaterial absorber (MA) in the near infrared
regime, which does not need to stack multilayer composite structures. Experimental result shows that
greater than 80% absorption is obtained across a wavelength range of 0.41 yum, which is in reasonable
agreement with the simulation. The electromagnetic response of the MA is theoretically investigated.
The broadband planar MA is polarization insensitive and the absorption remains high even at large

incident angles. © 2011 American Institute of Physics. [doi:10.1063/1.3670333]

Since perfect metamaterial absorber (MA) at microwave
frequency was demonstrated by Landy er al.,' research into
this topic has grown rapidly.>” Later, many efforts have
focused on this perfect MA to achieve polarization insensi-
tive absorption®” or wide angle absorption.®’ However,
most of these designs are based on strong electromagnetic
resonances to effectively absorb the incident light. Conse-
quently, the bandwidth of these perfect MAs is often narrow,
which limits the device applications of these absorbing struc-
tures. Recently, Wakatsuchi et al. demonstrated that highly
customizable broadband absorption for arbitrary polarization
is possible in the gigahertz regime by use of conductively
lossy cut wires (CWs) as MA.® Ye et al.® and Grant ez al.'®
also proposed a design by stacking multilayer composite
structures with different geometrical dimensions, which can
be used as a polarization insensitive broadband near perfect
MA in the terahertz range. However, the designs in Refs.
8—10 need to precisely align between the layers or stack sev-
eral composite structures, which complicate the fabrication
process. If we want to obtain more broadband MA, more
composite structures need to be stacked, so the fabrication of
such broadband MA is far complicated and inaccurate than
that of planar MA.

In this letter, we present the design, characterization,
and experimental demonstration of a broadband near perfect
planar MA in the near infrared regime composed of gold
CWs, a dielectric spacer and a gold plane layer, which does
not need to precisely align between the layers or stack sev-
eral composite structures. The bandwidth of absorption spec-
trum can be effectively expanded by hybridizing the electric
dipoles of the CWs. The broadband planar MA is polariza-
tion insensitive and the absorption remains high even at large
incident angles for both transverse electric (TE) and trans-
verse magnetic (TM) configurations, which provide more
efficient absorption for the nonpolarized and wide angle inci-
dent beams.

Y Author to whom correspondence should be addressed. Electronic mail:
jjtian@nankai.edu.cn.
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The designed and fabricated broadband planar MA is
shown in Fig. 1. It contains two metallic elements: an array
of 0.06 um thick gold structures and a 0.1 um thick gold
board, which are separated by 0.185 um thick Al,O; with
dielectric constant and loss tangent as 2.28 and 0.04.'" All
the three layers are fabricated on silicon substrate with per-
mittivity of 11.7. The optical constants of bulk gold in the
infrared spectral regime are described by the Drude model
with the plasma frequency w, = 1.37 x 10'%s7! and the
damping constant @, = 4.08 x 10"s~'.'? To more clearly
understand the effect of the CWs, we split the double layer
CWs into outer layer and inner layer CWs.

The optimized broadband planar MA structure was
obtained by using the finite element method based commercial
software comsoL Multiphysics 3.4."* We consider a single unit
cell with periodic boundary conditions in x and y planes, and
waveguide ports boundary conditions on the other boundaries.

FIG. 1. (Color online) (a) Schematic of the broadband planar MA. The ge-
ometry parameters are as: the repeat period p of 3.2 um, the outer and inner
layer CW length of /;=0.7um and [,=0.78 um, the CW width of
w=0.12 um, and dimensions g; =0.665 um, g, =0.3 um and d=1.08 um.
Top-view SEM images for (b) double layer, (c) outer layer and (d) inner
layer structures, respectively. Inset: Enlarged view.

© 2011 American Institute of Physics
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FIG. 2. (Color online) (a) Simulated and (b) experimental absorption spec-
tra of outer layer (red line), inner layer (green line), and double layer (blue
line) structures for normal incidence.

As the thickness of the ground plane is much larger than the
typical skin depth in the near infrared regime, the absorption
can be calculated using A(w) =1 — R(w). Considering an
incident beam normal incidence to the MA, the simulated
absorption spectra as a function of wavelength for three opti-
mized structures are shown in Fig. 2(a). Two metallic ele-
ments with CWs and a ground plane often show single band
perfect MA in infrared regime.'' However, by introducing
outer layer CWs with a fourfold rotational symmetry, the
bandwidth of absorption spectrum can be effectively
expanded. The absorption peaks of two resonances at 2.78 um
and 2.90 um are 92% and 96%, respectively. The structure
with inner layer CWs exhibits a single resonant peak at
3.15 um with 89% absorption. When the two separated struc-
tures are combined together, the resonant peaks of the two
separated structures are merged in the absorption spectrum
due to the hybridization of the electric dipoles. The resonant
absorption of 91%, 95% and 96% can be obtained for three
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resonant peaks 2.78 um, 2.90 um, and 3.13 um, respectively.
The bandwidth with absorption greater than 90% is 0.44 yum.

Standard E-beam deposition and E-beam lithography
techniques were used to fabricate the MA. First, a Ti (5 nm)/
Au (100 nm) metallic ground pane were deposited on a 3 mm
thick silicon substrate by E-beam deposition. This was fol-
lowed by E-beam deposition of a 185nm thick layer of
Al,O3. The top patterned layer was defined by the E-beam li-
thography. Then Cr (5 nm)/Au (60 nm) were evaporated, and
the pattern transfer was completed by metal liftoff. Figure 1
shows the scanning electron microscopy (SEM) image of the
fabricated MA. Bruker VERTEX 70 Fourier-transform IR
spectrometer was used to measure the reflection spectrum.
The reflection of the sample was recorded by averaging
measured data over 64 measurements in order to improve the
signal-to-noise ratio. For reflection measurements, the inci-
dent unpolarized light was inclined with an angle of about
30° with respect to the normal on the sample surface. Before
measuring the MA sample, the reflection was calibrated with
a gold plate. The experimentally obtained absorption spectra
of three designed structures are shown in Fig. 2(b). An appa-
rent broadband absorption is obtained, which is in reasonable
agreement with the simulated result. The bandwidth with
absorption greater than 80% is 0.41 um. There is a redshift
of 0.09 um between experimental and simulated results due
to the inaccuracy of the fabricated CW length. As the left
resonance is very sensitive to the outer layer CW length, the
left resonant absorption peak is unapparent, which is merged
with middle absorption peak.

To better understand the nature of this broadband planar
MA, we investigated the surface current and electric field
distribution through numerical simulation. The surface cur-
rent distribution and the electric field modulus in the surface
of the gold CWs at three absorption peaks are shown by red
arrows and colormaps in Figs. 3(a), 3(c), and 3(e), respec-
tively. Meanwhile, the surface current distributions in the
ground gold plane are also shown in Figs. 3(b), 3(d), and
3(f). For the left resonance, the surface currents are notice-
ably distributed in the horizontal gold CWs of the outer layer
and the electric field is strongly enhanced at the end of these
CWs. Strong electric dipole resonances exist in these CWs
resulting from charges accumulated at two sides of gold

FIG. 3. (Color online) The surface current distribution
(red arrows) and the electric field modulus (colormaps)
in the surface of the gold CWs at the wavelengths of (a)
2.78 um, (c) 2.90 um, and (e) 3.13 um. The surface cur-
rent distribution (red arrows) in the ground gold plane
corresponding to the wavelengths of (b) 2.78 um, (d)
2.90 pum, and (f) 3.13 um.
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FIG. 4. (Color online) (a) Experimental absorption spectra of composite
structure for different incident polarizations. Simulated angular dispersion
of the absorption spectra for both (b) TE and (c) TM configurations,
respectively.

CWs. For the middle resonance, the surface currents are dis-
tributed in the horizontal and vertical gold CWs of the outer
layer, thus the electric dipole resonances are excited in two
adjacent gold CWs. For the right resonance, the absorption
effect is due to the excitation of localized electric dipole
resonances in the horizontal gold CWs of the inner layer.
Therefore, the resonant peaks in both outer layers and inner
layers are merged in the absorption spectrum and forming a
broadband near perfect MA as the hybridization of the elec-
tric dipoles between two layers. In addition, the surface cur-
rents in the top gold CWs and the ground gold plane are
opposite to each other. The magnetic field accumulates in
the dielectric spacer between them. Magnetic dipole resonan-
ces are also contributed to the absorption effect.

The polarization insensitive performance is important in
practical applications. In some cases, most of possible light
needs to be absorbed, which may contain arbitrarily polar-
ized components. To demonstrate the polarization insensitive
behavior, we placed a near infrared polarizer in the beam
path so that the incident beam was linearly polarized. The
experimental absorption spectra of the composite structure
for different incident polarizations are shown in Fig. 4(a).
Results show that the absorption spectra of the fabricated
broadband planar MA are polarization insensitive. Our
designed broadband structure can also work as near perfect
MA over a wide range of incident angles 0. Figures 4(b) and
4(c) give the simulated angular dispersion of the absorption
spectra for both TE and TM configurations, respectively. For
the TE case, the broadband absorption characteristics can be
maintained with the increasing the incident angle. However,
when the incident angle is beyond 45°, there is a monotonic
decrease in the absorption and bandwidth. With the increas-
ing of the incident angle, the incident magnetic field between
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the two metallic layers becomes less and less, which can no
longer efficiently drive a strong magnetic resonance. For the
case of TM polarization, the broadband absorption character-
istics are nearly independent of incident angle. The absorp-
tion decreases slightly and the bandwidth narrows gradually
when the incident angles vary from 60° to 80°. In this case,
the magnetic field can effectively provide the strong mag-
netic resonance at all incident angles. These simulated
results reveal that the proposed broadband planar MA oper-
ates quite well for both TE and TM radiation over a wide
range of incident angles.

In conclusion, we have designed and fabricated a polar-
ization insensitive and omnidirectional broadband near per-
fect planar MA in the near infrared regime constructed with
gold CWs, a dielectric spacer and a gold plane layer. The
bandwidth of absorption spectrum can be effectively
expanded by hybridizing the electric dipoles of CWs. It can
be expected that not restricted to two layers but more layers
of CWs can be introduced to obtain a wider bandwidth of
near perfect MA. The proposed broadband near perfect MA
does not need to well align between the layers or stack sev-
eral composite structures, which simplifies the fabrication
process. It may find numerous applications ranging from a
thermal detector to a coating material to mitigate spurious
reflections.
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