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ABSTRACT: We experimentally and theoretically demon-
strate a broadband and polarization-insensitive truncated-
cone-type multilayer metamaterial absorber in the near-IR to
mid-IR range. Its fabrication process combines lithography
and ion beam etching techniques, which have the advantages
of both high throughput and nanoscale feature size. The
absorption band could be experimentally tuned from near-IR
to the mid-IR range by tailoring the geometric parameters,
that is, bevel angle and bottom diameter. In theory, this
multilayer structure can support the gap surface plasmon—
polariton (G-SPP) mode to confine the electric field in all
dielectric layers. Because of counter-propagating G-SPPs
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forming standing waves, the stronger electric field is confined in the dielectric layers like Fabry—Perot resonators. These
multisized Fabry—Perot-like resonators can trap multiwavelength incident light, giving rise to high and broadband absorption.
With the separation between two adjacent nanostructures decreasing , the leakage fields of G-SPP modes can couple with each
other in the air gap, leading to a stronger field and higher absorption. This broadband metamaterial absorber could lead to
various advanced applications, and its fabrication method provides a straightforward and mass-production strategy to fabricate

multilayer metamaterials.

B INTRODUCTION

Metamaterials, which are artificially engineered materials
composed of subwavelength meta-atoms, exhibit unusual
and exotic electromagnetic properties, such as negative
refraction,” superlens,’ plasmon-induced transparency,” and
strong polarization conversion® that are unavailable in naturally
occurring materials.” However, these properties of specially
designed metamaterials are limited by Ohmic losses, especially
for metallic metamaterials at the infrared and optical
frequencies. In contrast, metamaterials acting as perfect
absorbers could take full advantage of the Ohmic losses, and
the absorption performances could be significantly improved
by tailoring unit cells and optimizing geometrical parameters.

Since the first demonstration of metamaterial-based
absorbers by Landy et al,” metamaterial absorbers have
attracted tremendous research interest due to their great
potential applications, such as solar energy harvesting,”’
thermal detectors,'® and plasmonic sensors. ' " The unit
cell of a metamaterial absorber was usually a sandwich
structure that consisted of metallic patterns and metallic cut
wires (or metallic boards) separated by a dielectric layer. This
typical nanostructure array could achieve perfect absorption at
a certain frequency,ms_17 which limited its practical
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applications. Subsequently, metamaterial absorbers with multi-
band absorption have been developed by using building blocks
with different geometries.'®™>* When the differences in
geometrical parameters diminish, absorption resonances at
very close-by frequencies could overlap to realize the
broadband light trapping. Following this intuitive strategy,
multiple metallic resonators with different sizes were placed in
the same layer to increase the absorption bandwidth.*~*
However, the operation bandwidth of these metamaterial
absorbers is still limited by the density of absorption elements.
Therefore, an alternative method of vertically stacking metal—
dielectric pairs with slight size variation has been proposed to
effectively broaden the absorption bandwidth.”*~** Broadband
microwave multilayered metamaterial absorbers have been
fabricated by the milling process, whereas this method has
difficulty in miniaturizing the structure to nanoscale and
extending the absorption band to infrared regions.”*”’
Recently, focused ion beam (FIB)*® and self-mask deposition™*
methods were introduced to fabricate polarization-dependent
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Figure 1. Schematic of the fabrication process and SEM image of the truncated-cone-type metamaterial. (a) Stacked Au—ZnO multifilms by
magnetron sputtering. (b) Hole array in PMMA by lithography. (c) Aluminum tapered plate array on Au—ZnO multifilms by electron beam
evaporation and lift-off processes. (d) Ion beam etching to obtain truncated-cone-type multilayer nanostructures. (e) 52°-tilted SEM image of the

truncated-cone-type metamaterial with P = 1.5 ym and S-pair Au—ZnO.

tapered hyperbolic metamaterial (HMM) absorbers. However,
FIB technology has low fabrication efficiency and relatively low
etching resolution due to charging effect on dielectric
materials, whereas the self-mask deposition is limited by
precise control of shadow evaporation and is also difficult to
create various structural morphologies except for one-dimen-
sional periodic structures. Therefore, it is important to develop
an easily controllable and mass-production strategy to
experimentally implement HMM absorbers at nanoscale. The
broadband absorption of the multilayer tapered metamaterial
absorber has already been interpreted with electric and
magnetic resonant modes,”**73%  slow light effect,’’ and
HMM waveguide modes.*>** However, the essential reso-
nance mode and corresponding interaction mechanisms in the
multilayer nanostructure resonators has remained elusive.
Further, the metal—insulator—metal (MIM) structures have
been studied based on the gap surface plasmon—polariton (G-
SPP),’> %7 which can be reflected at the structure
terminations. Because of constructive interferences of
counter-propagating G-SPP modes, the MIM structure can
be considered as a Fabry—Perot-like resonator.”*~*° This
inspires us to apply Fabry—Perot-like resonance coupled by G-
SPP modes on the broadband multilayered metamaterial
absorber.

In this work, we demonstrate a flexible and mass-production
fabrication method to realize a broadband, polarization-
insensitive, and wide-angle truncated-cone-type metamaterial
absorber (TCMA). The TCMAs are fabricated by ion beam
etching (IBE) on a Au—ZnO multifilm, which has high
fabrication efficiency and flexibility. Based on this fabrication
technology, we design and fabricate a truncated-cone-type
multilayered nanostructure array, and its absorption bandwidth
could be effectively scaled and modulated from near-IR to mid-
IR range by modifying the process parameters. To explore the
essential resonance in the TCMA structure, it can be
decomposed into a series of assumptive MIM resonators
with varied diameters. These MIM resonators can support the
G-SPP mode with a large mode-index and strong confinement
in the dielectric layers. For tapered TCMA nanostructures, the
G-SPP modes excited by broad incident waves can be stood
due to the constructive interference between counter-
propagating G-SPPs in the multisized Fabry—Perot-like
resonators, giving rise to efficient trapping of broadband
incident light. In order to understand the period effect, the

field distributions of G-SPP modes in the interface between
TCMA nanostructure and air gap are studied. With the
separation between two adjacent nanostructures decreasing,
the leakage field of G-SPP modes in the interfaces can couple
with each other, leading to more electric field stored in the air
gap and realize higher absorption.

B EXPERIMENTAL METHODS

The truncated-cone-type multilayer metamaterials are fab-
ricated by etching on Au—ZnO-stacked multilayered films to
experimentally achieve broadband and polarization-insensitive
absorption. The schematic of the fabrication process is shown
in Figure 1. First, a gold film with a thickness of 100 nm was
deposited on silicon substrate by magnetron sputtering to
block light transmission. The ZnO and gold films were then
alternately sputtered until the desired layer number was
attained (Figure la). After spin-coating with resist, the
multilayered Au—ZnO film was exposed by electron beam
lithography, nanoimprint, laser direct writing, or ultraviolet
(UV) exposure to form the hole arrays, as shown in Figure 1b.
In the next step (Figure 1c), the hole pattern was transferred to
aluminum truncated-cone-type array by the electron beam
evaporation and lift-off processes. Subsequently, the IBE was
performed to transfer the truncated-cone-type nanostructure to
the Au—ZnO multilayered film (Figure 1d), whose bevel
angles are mainly dependent on the bevel angle and thickness
of deposited mask as well as the etching parameters of IBE
(e.g, etching incidence angle and ion energy). It is worth
noting that the tapered etching disk plays a pivotal role in
forming the truncated-cone-type Au—ZnO multilayered
nanostructures. Finally, the TCMA was obtained after
removing the residual aluminum by tetramethylammonium
hydroxide, which presents weak alkalinity and does not react
chemically with Au and ZnO. The method of etching on
multifilms can be effectively and flexibly applied to fabricate
the multilayer metamaterials besides truncated-cone-type
nanostructures. Comparing with other preparation methods
of multilayer metamaterial absorbers,””** the combination of
lithography and IBE fabrication processes could achieve high
throughput and create various structural morphologies
simultaneously. The scanning electron microscopy (SEM)
image of fabricated TCMA is shown in Figure le. The gold
layer has a thickness of ¢, and the thickness for ZnO layer is t4.
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Figure 2. Simulated absorption spectra. (a) Diagram of the TCMA structure. (b) Calculated absorption spectrum for the TCMA absorber with
number of metal—dielectric pairs, N = 10. Geometric parameters: t,, = 20 nm, t; = 40 nm, P = 1 ym, w = 800 nm, 6 = 68.2°. (c) Absorption spectra

for different incident angles.
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Figure 3. Measured (blue) and simulated (red) absorption spectra for multilayered TCMA absorbers with S-pair Au—ZnO. The parameters of
period, bottom diameter, and bevel angle for these samples are (a) 800 nm, 472 nm, 68.5% (b) 1.1 ym, 988 nm, 64.4°; (c) 1.5, 1.288 um, 62.2°,
respectively. The thicknesses of the metal and the dielectric are both fixed with t5 = t,, = 40 nm. Insets are 52°-tilted SEM images of the

corresponding samples. The scale bar is 500 nm.

The period, bevel angle, and bottom diameter are denoted as
P, 0, and w, respectively, as shown in the inset of Figure 1d.

B RESULTS AND DISCUSSION

The proposed TCMA is independent of the incident
polarization because of its inherent symmetry. For simplicity,
only y-axis polarization incidence is applied in this paper, as
illustrated in Figure 2a. Numerical simulations were performed
using the frequency domain solver of the commercial software
CST MICROWAVE STUDIO. The permittivity of gold (e,,)
is chosen by the Drude model with plasma frequency w, = 1.37
X 10" rad s™" and damping rate y = 4.08 X 10" rad s™".*' The
permittivity of ZnO (gg) is extracted from ellipsometric
measurements of ZnO films on silicon substrate. Periodic
boundary conditions on both x- and y-directions are applied to
characterize the periodic structures, and an open boundary is
imposed in the z-direction. A gold film with a thickness of 100
nm is placed beneath the proposed nanostructure to block the
transmission light, so the wavelength-dependent absorption
A(4) could be calculated by A(4) = 1 — T(4) — R(4), where
the transmittance T(4) = 0. Figure 2b shows the simulated
absorption spectrum for the TCMA with 10-pair plates using
Au (t, = 20 nm) and ZnO (t; = 40 nm) under normal
incidence. The period (P), bevel angle (), and bottom
diameter (w) are 1 ym, 68.2°, and 800 nm, respectively. The
simulated absorption spectrum indicates that the capability of
light harvesting for TCMA absorbers is excellent with
absorption higher than 90% covering the range from 1.7 to 3
um. It is worth mentioning that the perfect absorption higher
than 99% could be sustained over a broadband about 780 nm.
Furthermore, the angular absorption spectra (see Figure 2c)
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clearly show that high and broadband absorption can be
obtained even when the incident angle extends to 60°. It
indicates that the absorption performance of the TCMA can be
sustained in a wide incident angle range.

In order to confirm the design principle, we fabricate TCMA
absorbers targeting the near-IR to mid-IR spectral regions. The
absorption spectra are measured by a Fourier transform
infrared spectrometer (Bruker HYPERION/VERTEX 80v),
whose operating wavelength band is from 1.2 to 10 gm. The
experimental reflection spectra are normalized with respect to a
gold mirror. Here, the operating bandwidth of TCMA
absorbers is defined as the spectral range where the absorption
is higher than 70%. Figure 3 shows measured (blue) and
simulated (red) absorption spectra for 5-pair Au—ZnO TCMA
absorbers with different geometric parameters to trap light at
multiband. When the period, bottom diameter, and bevel angle
are 800, 472 nm, and 68.5°, respectively, the TCMA absorber
operates at near-IR range, as shown in Figure 3a. The observed
wavelength shift between experimental and simulation results
is mainly attributed to the Drude model diverging from
deposited materials in near-IR, where Au film suffers from high
nonradiative losses. The measured operating bandwidth is
from 1.32 to 2.13 pm with the absorption peak exceeding 94%.
By adjusting the period, bottom diameter, and bevel angle to
1.1 pm, 988 nm, 64.4°, respectively, the absorption band can
be extended to longer wavelength. It can be observed in Figure
3b that the experimental operating bandwidth is a band range
of 2.5—4.35 pum, which agrees well with the simulation results.
To further shift the absorption band to MIR range, the TCMA
absorber with larger geometrical sizes (the period, bottom
diameter, and bevel angle are 1.5, 1.288 ym, and 62.2°,
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Figure 4. The multilayer metamaterial can be considered as a set of G-SPP resonators. (a) Schematic for TCMA decomposed into a set of MIM
resonators; (b) Real part of the mode-index for G-SPP modes propagating primarily in a gap of thickness, f,, between two gold films; (c) Electric
field distributions in the plane of x = 0 at the wavelength of 2.4 ym, and the inset is the diagram of G-SPP mode in the individual MIM structure;
(d) Distributions of electric field components at y = 120 nm in the plane of x = 0 for GPP modes supported by TCMA at the wavelength of 2.4 ym

(tm = 20 nm and t; = 40 nm).

respectively) is fabricated. As shown in Figure 3c, the operating
bandwidth can be tuned to 3.61—4.87 um and the slight
deviation is observed due to the fabrication imperfections and
roughness of the prepared nanostructure. Through tailoring
these geometrical parameters (P, w, and 0), the absorption
bands of the TCMAs could be effectively extended to shorter
or longer wavelength band.

To understand how broadband incident light is trapped by
the TCMA, we will analyze the resonance modes and electric
field distributions in the TCMA nanostructures with 10-pair
Au—ZnO (t, = 20 nm and t; = 40 nm). There exist several
metal—dielectric interfaces in the designed multilayer struc-
tures, which can sustain bound SPPs in the individual
interfaces. As the thickness of the dielectric layer is smaller
than the decay length of SPPs into the dielectric layer,
interactions between SPPs result in coupled SPP modes in the
dielectric layer, called gap SPP (G-SPP).>>~*" Therefore, the
TCMA absorber can be considered as the combination of
several symmetric Au—ZnO—Au (MIM) configurations with
different sizes, as displayed in Figure 4a. The G-SPP existing in
MIM structures is a type of electromagnetic wave that
propagates parallel to the metal—dielectric interface and is
confined perpendicular to the interface:

E(y, 2) = B(z)e ™" (1)
where f is the propagation constant of G-SPP modes. The G-
SPP propagating in the MIM structure can be treated as a wave
propagating in a uniform medium with a mode-index, n =
Re(f3/k,), which is the real part of the effective refractive index
for G-SPP modes. The mode-index, as a function of the
dielectric layer, ty is shown in Figure 4b. The mode-index
increases with the t; decreasing, noting that the mode-index is
higher than the refractive index of the dielectric material even
when f4 60 nm. Figure 4c shows the electric field
distributions of TCMA at the wavelength of 2.4 ym, and the
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inset is the electric field diagram of the G-SPP mode in an
individual MIM structure. It indicates that the electric field
distributions of assumptive MIM resonators in TCMA are
consistent with those of G-SPP mode, proving that the G-SPP
modes indeed exist in all dielectric layers of TCMA. The
distributions of electric field components at y = 120 nm in the
plane of «x 0 displayed in Figure 4d indicate strong
confinement in all dielectric layers. Therefore, the TCMA
nanostructures can support G-SPP modes with large mode-
index and strong confinement in all dielectric layers. Comgared
with the previous theoretical analysis of slow-light modes,”" we
explain the high absorption from surface plasmon polariton in
the individual interface, which can help in fundamental
understanding of the absorption mechanism.

However, it’s notable that there exists the strongest electric
field distribution in a certain dielectric layer for a certain
incident wavelength. This phenomenon can be explained in
detail as follows. When the G-SPP modes reach the structure
termination along the y-axis, it will be efficiently reflected due
to the large mode-index and strong confinement. Constructive
interference between backward and forward propagating G-
SPPs results in standing-wave resonances, leading to larger
field enhancement. That is to say, the assumptive MIM
structure can operate as a Fabry—Perot-like resonator.
Therefore, its resonance wavelength (1) satisfies the following
equation’® ™"

2
DTEneff =mnr — ¢

@)

where 1. is dependent on the geometric parameters, D is the
average diameter of the Fabry—Perot-like resonator, ¢ is the
reflection phase shift at the resonator termination, and m refers
to the order of the resonance. Here, we focus on the lowest-
order resonance (m = 1). The standing-wave resonance of G-
SPP modes results in strong antiparallel electric field in the z-
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Figure S. Light trapping in the multisized Fabry—Perot-like resonators of TCMA nanostructures. Distributions of the power flow in the plane of x

= 0 at different wavelengths: (a) 2; (b) 2.4; and (c) 2.8 um, respectively.

axis, which is much stronger than that in the y-axis, as shown in
Figure 4c. The antiparallel electric field would form a circular
field and generate magnetic dipole resonance. That is to say,
the coupling of G-SPP modes in Fabry—Perot-like resonators
leads to the enhancement of both electric and magnetic fields,
which contributes to the high absorption. According to eq 2, it
can be found that the resonance wavelength of the Fabry—
Perot-like resonator has obviously monotonic correlation with
the average diameter. That is to say, the incident light with a
certain wavelength can be trapped by a Fabry—Perot-like
resonator with certain diameter. The absorption mechanism
based on Fabry—Perot-like resonators can well explain why the
slow-light modes can exist in previous theoretical analysis and
the wavelength of the resonance mode increases with the width
of the resonator. The distributions of power flow in Figure 5
indicate that the position where the power is confined and light
trapping occurs extends from top to bottom as the incident
wavelength increases from 2 to 2.8 ym. Until the light trapping
position extending to the bottom end, the cut-off of the
absorption band emerges. For multilayered tapered TCMA
nanostructures, the G-SPP modes excited by broad incident
waves can be stood due to the multisized Fabry—Perot-like
resonators, giving rise to efficient trapping of broadband
incident light.

Based on the understanding of the optical absorption
mechanism for TCMAEs, the effect of period on the absorption
performance is further discussed. As shown in Figure 6, the
operating bandwidth and peak intensity of absorption spectra
are both sensitive to the period. Higher absorptance and a
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Figure 6. The simulated absorption spectra for TCMA nanostructures
with different periods. The insets are the y-component electric field
distributions in the plane of x = 0 for P = 0.9 ym and P = 2 ym at the
incident wavelength of 2.5 um, respectively. The geometric
parameters are: N = 10, ty = 20 nm, t,, = 40 nm, € = 68.2°, and w
=1 pum.

broader absorption waveband are obtained by the smaller
period. According to the above analysis of G-SPP modes
supported in the TCMA structures, the G-SPP modes
propagate along the y-axis and reflect at the structure
termination. However, the energy of G-SPPs can be spatially
concentrated in a region very close to the interface between the
structure and air gap.*® The y-component electric field (E,)
distributions in the inset of Figure 6 indicate that the field
strength indeed concentrates in a region very close to the
interface when the period is 2 pm. With the separation
between adjacent unit cells decreasing, the leakage fields of
GPPs between adjacent interfaces can couple with each other.
It leads to the enhanced field distributions in the air gap and
high absorption in the spectra, as shown in the E, distributions
and simulated absorption spectra for P = 0.9 um. Therefore, it
can be concluded that the enhanced localized field from the G-
SPPs coupling in the air gap contributes to the high absorption
in a broad waveband.

B CONCLUSIONS

In conclusion, we have demonstrated a Au—ZnO-stacked
truncated-cone-type metamaterial, which exhibits broadband,
polarization-insensitive, and wide-angle absorption. The
TCMAs are fabricated by the combination of lithography
and IBE techniques, which are both easily controllable and
suitable for large-area fabrication. Because of the flexible
adjustability of lithography and IBE techniques, the absorption
band could be effectively tuned from near-IR to mid-IR range
by tailoring the geometrical parameters (e.g,, period, bevel
angle, and bottom diameter). The tapered TCMA can be
treated as a series of G-SPP resonators with varied diameters.
Due to counter-propagating G-SPPs forming standing waves,
stronger electric field is confined in the dielectric layers like
Fabry—Perot resonators. These multisized Fabry—Perot-like
resonators can trap multiwavelength incident light, giving rise
to high and broadband absorption. By decreasing the
separation of unit cells, the coupling between the leakage
field of G-SPP modes in the adjacent nanostructures leads to
strong electric field enhancement in the air gap, which
contributes to broad and high absorption. This proposed
metamaterial absorber offers various potential applications,
such as solar cells and thermal emitters. What is more, the
preparation method for TCMA provides a straightforward way
to fabricate multilayer metamaterials with various structural
morphologies.
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