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1. Introduction

Recently, metamaterial devices have
attracted substantial attention due to their
marvelous electromagnetic performance
in many applications such as antenna
systems,[1] electromagnetic cloaking,[2,3]

imaging,[4] ultrasensitive sensing,[5,6] and
refractive index engineering.[7,8] In these
domains, broadband strong absorption is
critical for performance. In the last
decades, extensive research has focused
on achieving multiband or broadband
absorption.[2,3,9–12] In the infrared band,
the general strategy to increase the absorp-
tion bandwidth is to use a supercell config-
uration that integrates multiple coplanar
resonators,[6,11,12] such as multiple sizes
of crosses, disks, and ellipses, to obtain
multiple localized surface plasmon reso-

nances (LSPRs). Another strategy is combining the LSPR and
propagating surface plasmon resonances (PSPRs) to realize
broadband strong absorption.[13–16] Another strategy is to use
nanostructured metals or even highly doped silicon that can
behave as black metasurfaces over ultrabroadband.[17] High-
performance broadband metamaterial absorbers (MAs) are
widely used in many practical applications, especially in improv-
ing the performance of hot electron devices.

There are currently extensive interests on the hot electron-
mediated photoconversion. However, the device quantum yield
is fundamentally low due to the existence of various hot electron
loss channels. The previous strategy was to distinguish the ther-
modynamic losses in hot electron devices to improve the perfor-
mance.[18] Plasmonic energy conversion has been proposed as a
promising alternative to conventional electron–hole separation in
semiconductor devices,[19–23] which plays a vital role in practical
applications in multiple fields, such as photodetectors,[23–27]

photovoltaics,[28–35] sensing,[36] photocatalysis,[37–41] and micro-
bolometers.[42,43] Spatially, concentrated absorption is conducive
to creating local hotspots to generate hot electrons with higher
energy than free electrons, which can be used in hot electron
devices to improve their performance.

In this article, we proposed a broadband, wide-angle, and
highly concentrated MA operating in near-infrared and midin-
frared bands. Firstly, we proposed a structure consisting of a
metal hemisphere embedded in insulator layer and a surface pat-
tern placed directly above the center of the hemisphere. The pro-
posed absorber exhibits broadband absorption of near- infrared
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Spatially concentrated absorption is able to form local hotspots and helps to
generate hot electrons with higher energy than free electrons, which can be used
to improve the performance of hot electron devices. Herein, a broadband, wide-
angle, and highly concentrated metamaterial absorber operating in near-infrared
and midinfrared bands is proposed. The absorptivity of the proposed absorber
exceeds 90% in the wavelength range of 2.0–5.4 μm, and the average absorptivity
at 2.0–5.4 μm reaches 93.5%. Moreover, the absorber can highly concentrate the
energy of the incident light on a point on the bottom surface of the device; the
area with concentrated energy only accounts for 1.4% of the total area of the
bottom, thus forming a hotspot. Meanwhile, the absorber can still maintain an
average absorptivity of more than 85% when the incident light angle of various
polarization directions reaches 60°. These characteristics enable the device to
provide a solution to improve the performance of hot electrons, energy collection,
and imaging devices.
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and midinfrared wavelength due to the excitation of surface plas-
mon polariton (SPP), LSPR, and gap plasmon resonance (GPR).
Next, we verified the contribution of the SPP mode, indicating
that it is able to couple the light into the air slot, which enhances
the GPR, further enhancing the absorption rate and absorption
bandwidth. Subsequently, we characterized the energy density of
the device in the x–z plane and x–y plane and found that it can
highly concentrate the energy of incident light on a point at the
bottom surface of the absorber. Specifically, the area with
concentrated energy only accounts for 1.4% of the total area
of the bottom, and the energy ratio between the bottom tangent
point and the bottom spherical center point (ERTC) is 3.2� 1011;
the energy of structure tangent point with surface pattern is
21.5% higher than that without surface pattern, and the ERTC
is 5.8 times that without a surface pattern, thus forming a hot-
spot, whose position is related to the polarization angle of the
incident light. Finally, we characterized the polarization and inci-
dent angle tolerance of the proposed absorber and proved that the
proposed device holds excellent characteristics of polarization
and incident angle insensitivity. These excellent characteristics
suggest that the proposed absorber has promising application
in high-performance plasmonic hot electron devices.

2. Modeling and Simulation

Figure 1a shows the proposed broadband MA with a magnified
unit cell. The proposed broadband metamaterial from bottom to
top consists of a titanium (Ti) hemisphere embedded in Al2O3

insulator and a Ti cube placed on the surface as a pattern directly
above the center of the hemisphere. The Al2O3 insulator is tan-
gent to the hemisphere, which means its length and width are
equal to the diameter of the hemisphere and its thickness is
equal to the radius of the hemisphere. The specific geometric
parameters to characterize the proposed MA are as follows:
the diameter of the hemisphere d¼ 2 μm, the length and width
of surface cube pattern l¼ w¼ 0.8 μm, and the thickness of sur-
face pattern t¼ 0.6 μm, respectively. Since the hemisphere is tan-
gent to the edge of unit cell, naturally, it is also tangent to the
adjacent hemispheres, which forms a compact hemispherical

array embedded in the insulator structure with surface patterns
directly above it. To verify the absorber’s performance, we per-
formed a simulation using the finite-difference time domain
method; other numerical algorithm methods are used for verifi-
cation, and the results are consistent.[44–46] The material param-
eters of Ti and Al2O3 were obtained from Rakić[47] and Querry,[48]

respectively. The light is vertically incident along the negative
direction of the z-axis, and the electric field propagates along
the x-axis. Periodic boundary conditions are used in x- and y-
directions, and perfectly matched layer (PML) boundary is used
in z-direction.

3. Optical Properties and Physical Mechanisms

The performance of the proposed MA is shown in Figure 1b. The
absorption spectrum of the absorber is calculated from the
reflectance and transmittance, obtained by simulation, using
A¼ 1-R-T, where R and T are reflectivity and transmissivity,
respectively. It can be seen from the spectrum that there are three
absorption peaks in the simulated wavelength band (Figure 1b
red line), respectively, located at 2.0, 2.6, and 4.5 μm, marked
as P1, P2, and P3. The absorption rate at P1, P2, and P3 reached
93.0%, 94.2%, and 95.7%, respectively. Meanwhile, the absorber
shows rather broadband absorption higher than 90% covering
the range from 2.0 to 5.4 μm, and the average absorptivity at
2–5.4 μm reaches 93.5%.

To further reveal the physical mechanism of the broadband
absorption, we calculated the distribution of the electromagnetic
field at the wavelengths of the absorption peaks in the x–z plane.
As shown in Figure 2a–c, it is clearly observed from the electric
field distributions that SPPs are excited in the metamaterial
structure where light is coupled into the air slot and localized
around the metal corners between the adjacent unit cells, creat-
ing the SPP-induced light absorption. Nevertheless, the distribu-
tions of the magnetic field are totally different. In specific, at the
short wavelength of P1 shown in Figure 2d, the magnetic field is
concentrated at the upper surface of the surface patterns as
well as the tangent point and its adjacent spaces between hemi-
spheres, indicating that LSPR and GPR are excited. As shown in

Figure 1. a) Schematic diagram of the proposed broadband MA. With the geometric parameters: d¼ 2 μm, l¼w¼ 0.8 μm, t¼ 0.6 μm. b) Absorption,
reflective, and transmission spectrum of the proposed absorber.
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Figure 2e, the magnetic field at P2 is concentrated at the tangent
points and their adjacent spaces between hemispheres and
between hemispheres and surface patterns. Furthermore, it is
obvious in Figure 2c,f that the electric and magnetic field at
P3 are highly concentrated at the tangent points and their adja-
cent spaces between hemispheres. Therefore, the broadband
absorption of our proposed MA is caused by hybrid mode of
SPP, LSPR, and GPR.

As optical impendence matching plays an important role in
areas of MAs, we retrieve the corresponding effective optical
impendence to get further insight into the proposed structure.
We calculated the equivalent impendence of the absorber by[49]

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ S11Þ2 � S221
ð1� S11Þ2 � S221

s

(1)

Here Z ¼ Z0 þ iZ 00. The equivalent impendence is calculated
from the scattering parameters S11 and S21, which denote the
scattering matrix coefficients of normal incidence reflection

and transmission in transverse magnetic (TM) polarization,
respectively. The impendence of air is considered to be
Zair ¼ 1. The real and imaginary parts of the equivalent impend-
ence both contribute to the absorptivity of the absorber; accord-

ing to R ¼ ðZ0�1Þ2þðZ 00Þ2
ðZ0þ1Þ2þðZ 00Þ2,

[49] perfect absorption occurs at the

wavelength where the equivalent impendence is perfectly
matched to air. Figure 3b shows the simulation results for the
normalized real and imaginary parts of the optical impendence
for the proposed absorber. It can be clearly seen that both the real
and imaginary parts are matched to the Zair values of 1 and 0 in
the wide absorption wavelength range, resulting in highly effi-
cient broadband absorption.

4. Influence of Surface Patterns on the
Performance of MAs

To additionally verify the contribution of SPPmode to broadband
absorption, we compare the absorption spectrum of the proposed

Figure 2. Electric field distribution of the proposed absorber at the a) absorption peak 1, b) 2, and c) 3 in x–z plane. Magnetic distribution of the proposed
absorber and the absorption peak d) 1, e) 2, and f ) 3 in x–z plane.

Figure 3. a) Absorption spectrum of the proposed absorber with surface pattern (red line) and without surface pattern (green line). b) The real part
(red line) and imaginary part (blue line) of equivalent impendence of the proposed absorber.
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structure without the surface patterns, where the hemispheres
and insulators are identical to those of the proposed one. The
spectra of both cases are shown in Figure 3a. It is not hard to
see that the structure without surface patterns has a stronger
absorption peak with an absorption rate of 98.0% at the
wavelength of 2.1 μm (green line), which is caused by the
GPR between the hemispheres. The reason why the absorptivity
of the proposed structure with surface patterns at this wavelength
is lower than that of the structure without surface patterns is that
the surface patterns blocks part of the light from reaching the
surface of the hemisphere to achieve energy concentration,
and LSPR and GPR have certain competition in light absorption.
In addition, the absorption of the proposed structure with surface
patterns at the rest of the wavelength band is higher than that
without surface patterns. Specifically, the average absorptivity
of the structure without surface patterns at 2–5.5 μm is only
88%, which is 5.5% lower than the proposed structure. The
reason for this part of enhancement is that SPP mode couples
light into the air slot directly above the hemisphere tangent
points, thus enhancing the GPR-dominated absorption mode
and widening the absorption bandwidth and enhancing the
absorption rate.

5. Analysis of Energy Concentration

Furthermore, we plotted the energy density of the proposed
structure in the x–y and x–z planes at the three absorption peaks
under the TM wave incidence condition (electric field is along the
x-direction), as shown in Figure 4. The different colors in the
figure represent the gradient of normalized energy intensity after
taking the logarithm. From Figures 4a–c, we can see that the
thermal is concentrated at the tangent point and its adjacent space
between the hemispheres. Meanwhile, from Figures 4d–f, it can
be seen that the thermal is highly concentrated at the tangent point
located at the bottom surface of the proposed device. Figure 5a,b

shows the normalized intensity of energy density on the x-axis
(at y¼ 1 μm) and y-axis (at x¼ 0 μm) on the bottom surface of
the proposed device at peak 3; it can be seen that there are strong
peaks of energy at the tangent point. Specifically, the area with
concentrated energy only accounts for 1.4% of the total area of
the bottom, and the energy ratio between the bottom tangent point
and the bottom spherical center point (ERTC) is 3.2� 1011; the
energy of structure tangent point with surface pattern is 21.5%
higher than that without surface pattern, and the ERTC is 5.8
times that without surface pattern. In the absorption process,
the metal has ohmic loss, while the insulator is photon–phonon
conversion, both of which result in heat generation. So the energy
of light is converted to thermal energy and highly concentrated at
the bottom surface to generate local hotspots to generate hot elec-
trons with higher energy than free electrons, which can be used in
hot electronic devices to improve their performance.

6. Polarization Sensitivity of Energy-Concentrated
Point

In addition, the proposed structure also shows that the position
of the thermal concentration point is sensitive to the polarization
angle. We simulated the energy density on the bottom surface of
the proposed structure at P3 under the polarization angles of 0°
(TM), 45°, and 90° (transverse electric (TE)), as shown in
Figure 6. Compared Figure 6a,c, the thermal concentration
points are significant at different positions. When the electric
field propagates along the x-direction (under TM mode), the
thermal concentration point is at the tangent points along the
x-axis. Correspondingly, when the electric field propagates along
the y-direction (under TE mode), the thermal concentration point
is at the tangent points along the y-axis. However, when the polar-
ization angle is 45°, it can be clearly seen from Figure 6b that the
thermal is concentrated at tangent points along both x-axis and
y-axis. When the proposed device is used in combination with

Figure 4. Energy density at the bottom surface of the absorber at the a) absorption peak 1, b) 2, and c) 3 in x–y plane. Energy density in x–z plane at the
d) absorption peak 1, e) 2, and f ) 3.
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thermistors below the tangent points, a unique time harmonic
current will be generated when a beam of dynamically changing
polarization light is incident on the device. Therefore, this device
can be used for dynamic polarization state detection, information
encryption, and other practical applications.

7. Wide-Angle Absorption

For practical applications such as thermal harvesting, cloaks, and
microbolometers, existing infrared devices often work under a
larger incident angle, so the ability to maintain high absorption

for unpolarized light within a wide incident angle range for the
absorber is usually required. To verify the polarization and inci-
dent angle characteristics of the absorber, we calculated the
absorption spectrum with a polarization angle of 0°–90° by scan-
ning at each step of 10°, as shown in Figure 7a. When the polari-
zation angle of the incident light changes from 0° to 90°, the
absorption spectrum did not change and shows the characteristic
of polarization insensitivity, which benefits from the symmetry
of our unit cell structure. Moreover, to characterize the depen-
dence of the absorber’s performance on the incident angle,
we performed scanning simulation with an incident angle of
0°–60° and a step angle of 10° under TM, TE, and unpolarized

Figure 5. a) Normalized intensity of energy density on the x-axis (at y¼ 1 μm) on the bottom surface of the proposed device at peak 3 under TM mode
(the electric field propagates along the x-direction). b) Normalized intensity of energy density on the y-axis (at x¼ 0 μm) on the bottom surface of the
proposed device at peak 3 under TM mode (the electric field propagates along the x-direction).

Figure 6. Energy density at the bottom surface of the proposed absorber at peak 3 under the polarization angles of 0° a), 45° b), and 90° c).
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light, as shown in Figures 7b–d. We can see in Figures 7b–d that
whether for TM, TE, or unpolarized light, with the increase of
incident angle, the absorptivity of the proposed absorber only
shows a slight decrease at the short-wavelength band, and the
average absorptivity under TM, TE, and unpolarized light still
remains above 88%, 85%, and 86%, respectively. It indicates that
the proposed absorber holds excellent characteristics of polariza-
tion and incident angle insensitivity.

8. Conclusion

In summary, we proposed a broadband, polarization, and inci-
dent angle-insensitive MA with energy highly concentrated at
the bottom surface and the absorption band covering two atmo-
spheric transparency windows. First, we proposed a structure
consisting of a metal hemisphere embedded in the insulator
layer and a surface pattern placed directly above the center of
the hemisphere. The proposed absorber exhibits broadband
absorption of near-infrared and midinfrared wavelength due
to the excitation of SPP, LSPR, and GPR. Moreover, we verified
the contribution of the SPP mode, which is able to enhance the
absorption rate and absorption bandwidth. Subsequently, we
characterized the energy density of the device in the x–z plane
and x–y plane and found that it can highly concentrate the energy
of incident light on a point at the bottom surface of the absorber;
the area with concentrated energy only accounts for 1.4% of the
total area of the bottom, and its position is related to the polari-
zation angle of the incident light, and the energy ratio between

the bottom tangent point and the bottom spherical center point
(ERTC) is 3.2� 1011; the energy of structure tangent point with
surface pattern is 21.5% higher than that without surface pattern,
and the ERTC is 5.8 times that without surface pattern. Finally,
we characterized the polarization and incident angle tolerance of
the proposed absorber and proved that the absorber can still
maintain an average absorptivity of more than 85% when the
incident light angle of various polarization directions reaches
60°. These excellent characteristics suggest that the proposed
absorber has promising application in high-performance plas-
monic hot electron devices.
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Figure 7. The dependence of the absorber’s performance on the a) polarization angle, b) TM-wave incident angle, c) unpolarized-wave incident angle,
and d) TE-wave incident angle.
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