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A B S T R A C T

We present a novel ultra-broadband, polarization-independent, and wide-angle metamaterial absorber whose
metal–insulator–metal cavities are embedded into bulk insulator nanodisks. The hybridization of multiple em-
bedded cavity modes generated by the combination of dielectric-loaded surface plasmon polaritons waveguide
and cavity modes contributes to large bandwidth and high absorption in the long wavelength infrared (LWIR)
region. The proposed structure exhibits more than 94% absorbance in the interval from 8 μm to 16 μm; and
more than 95% absorbance over the whole LWIR band (8–14 μm), which is superior than the initial MIM
structure (absorption greater than 90% from 8.10–14.33 μm) and similar kinds of metamaterial absorber based
on noble metal. In addition, a nearly perfect absorbance (more than 99%) is obtained in the 11.22–12.46 μm
and 13.26–14.59 μm wavebands. Moreover, results show that the resonant wavelength and operating bandwidth
can be adjusted flexibly by varying related geometry parameters. Thus, the wavelength-selective metamaterial
absorber is promising for thermal emitters, energy harvester and microbolometers.

1. Introduction

Plasmonic metamaterial absorbers have risen wide spread attention
due to their extraordinary electromagnetic property in many unprece-
dented applications such as microbolometers [1,2], super lenses [3],
thermal emitters [4,5], energy harvester [6–9], and chemical sens-
ing [10]. Unlike traditional absorbers determined by their intrinsic
absorbing properties, plasmonic metamaterial absorbers can realize the
impedance matching to that of free space by designing the artificial
‘‘meta-atoms’’. Due to the unique optical characteristics of strong local-
ized field enhancement and near-perfect absorption, various methods
for designing metamaterial absorbers appear an endless stream. The
first experimental metamaterial perfect absorber in the microwave
regime was proposed by Landy et al. in 2008 [11]. Subsequently,
the electromagnetic response-based method is widely applied in the
terahertz (THz) metamaterial absorbers [12]. While for infrared (IR)
region, due to the plasma resonance of metal in high frequency re-
gion, the typical metamaterial absorber is a periodic array of metal–
insulator–metal (MIM) resonator units which depends on the coupling
of incident light with surface plasmon resonance generated by the MIM
resonator [13–15]. During the last decade, metamaterial absorbers,
working in the IR spectral range, has continuously evolved due to the
explosion development of microbolometer [16–18].
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Plasmonic metamaterial absorbers often suffer from a narrow wave-
length bandwidth because their absorption originates in electric and
magnetic resonances. It considerably limits the application of the meta-
material absorbers in various fields where broadband or multiband
absorption is in demand. A series of methods to expand the absorp-
tion bandwidth have been proposed. A common strategy is to mix
multiple resonators in the same horizontal plane [19,20]. However,
it is difficult to control the distance between adjacent resonators and
sub-wavelength size. Another approach is to accumulate multiple res-
onators on the vertical surface [21,22], but the designs are not ap-
propriate to the compact structure because of the large thickness.
Besides, algorithms can be used to produce the broadband super-cell
units [23,24], but this method occurs complex iterations and fabrica-
tion. Recently, a novel ultrathin absorber design based on embedded
insulator–metal–insulator has been verified [25]. The broadband ab-
sorption is achieved in visible to near-infrared regime by the excitation
of both surface plasmon resonance (SPR) and localized SPR. In spite
of these achievements, the broadband absorption with high absorption
efficiency of the metamaterial absorbers operating in long-wavelength
infrared (LWIR) atmospheric windows (8–14 μm wavelength) are rarely
reported. Furthermore, in LWIR band, the material and shape of ab-
sorbers are need to be adjusted for broadband absorption with high
absorption efficiency.
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Inspired by previous research on broadening the bandwidth of
plasmonic metamaterial absorbers, we have proposed a broadband
absorber design which exhibits excellent absorption within the en-
tire LWIR band. We employed a bulk insulator nanodisk in substi-
tution for the air medium so that the traditional MIM structure is
immersed within a large insulator nanodisk. It is realized based on
the excitation of multiple embedded cavity modes generated by the
combination of dielectric-loaded surface plasmon polaritons waveg-
uide and cavity modes. The superiority of the embedded structure is
numerically investigated by comparing the physical mechanism and
the geometry effects of the two metamaterial absorbers. The modified
embedded structure appears to exhibit an average absorptivity greater
than 94% from 8.00 μm to 16.00 μm (greater than 95% absorbance
in the 8–14 μm waveband), which represents better performance than
the initial traditional MIM structure (absorption greater than 90%
from 8.10–14.33 μm). Moreover, the wavelength-selective metamaterial
absorber is realized by controlling the related geometry parameters.
This work provides the reference for the design of tunable broadband
LWIR absorbers. It is manifest that this design method can be extended
to medium wavelength infrared, very long-wavelength infrared, ter-
ahertz, or visible regimes. Furthermore, this absorber structure with
MEMS-COMOS technology compatibility will hold considerable po-
tential in thermal emitters, microbolometer, energy harvester, and
chemical sensing applications.

The paper is developed according to the following structure: In
Section 2, we present our initial absorber design and numerically in-
vestigated the physical mechanism and geometrical effect. In Section 3,
we modify our structure to further improve the absorption performance
by incorporating different resonance modes from the embedded metal–
insulator layer. Similarly, we numerically investigated the physical
mechanism and geometrical effect. Finally, conclusions are drawn in
Section 4.

2. Design and analysis of ultra-broadband metamaterial absorber

2.1. Ultra-broadband plasmonic absorber structure

The initial metamaterial absorber is designed as a metal–insulator–
metal (MIM) structure where the upper three layers are patterned.
The structure is given in Figs. 1(a) and 1(b). The absorber design
consists of a thick continuous Ti bottom layer, followed by a planar
Ge layer, the third layer of Ti nanodisk patterns, then another layer
of Ge nanodisk patterns, and the last layer is Ti nanodisk patterns.
The possible top layer structures for periodic micropatches are square
patches and circulars. Generally, the top layer structures have less im-
pact on absorption properties because of the common resonant modes.
In this article, we choose the circular top layer as an example to
design the broadband absorber. The absorption capability of the MIM
absorber can be described by the effective medium theory [26,27].
If the effective impedance of the absorber is perfectly matched with
free space, the reflection will be reduced at matching points. And the
effective impedance can be defined as follows:
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where, 𝜀 (𝑤) is the electric permittivity of the structure, and 𝜇 (𝑤) is
the magnetic permeability. 𝑆11 (𝑤) and 𝑆21 (𝑤) are the real part and
imaginary part of reflection coefficient and transmission coefficient,
respectively. The relationship between the reflection coefficient and
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𝑅 (𝑤) = |

|

𝑆11 (𝑤)|
|

2 =
|

|

|

|

𝑍 (𝑤) −𝑍0
𝑍 (𝑤) +𝑍0

|

|

|

|

2
(2)

with 𝑍0 being the impedance of free space. Thus, this arrangement
promotes the coupling effects of free space electromagnetic waves in

Fig. 1. Schematic illustration and simulation of the metamaterial absorber (a) 3-D
view. (b) side view. (c) Total absorption and absorption ability in different Ti metal
layers of the proposed absorber.

the infrared region to insulator layer. The reason behind this is that
the nanodisk insulator layer and the free space around the insulator
join together to form an effective medium, which makes the reflection
constant in this medium smaller than that in the free space and a planar
insulator [28]. As a result, the absorber can reflect less electromagnetic
power to the surrounding region leading to higher absorption.

The structure and parameters are analysed and optimized by numer-
ical parameter sweep based on finite difference time domain method.
The radius (r) of the lower and upper Ti nanodisk patterns are 𝑟11 =
0.80 μm and 𝑟12 = 0.55 μm, respectively. The radius of the Ge nanodisk
patterns is in consistent with the lower Ti nanodisk. The thicknesses
(t) of the Ti metallic layers from bottom to top are 𝑡11 = 0.25 μm, 𝑡12 =
0.025 μm, and 𝑡13 = 0.025 μm. The thicknesses of the planar Ge layer
and Ge nanodisk are 𝑑11 = 0.52 μm and 𝑑12 = 0.60 μm, respectively.
The repeat period (𝑝1) of the unit cell is 2.4 μm. Herein, Titanium (Ti) is
selected as the metallic material because of its lossy behaviour in the IR
region. Germanium (Ge) is employed as the lossless dielectric material
due to its transparent behaviour in the long wavelength infrared. The
complex dielectric constants of Ti and Ge are modelled by a Drude–
Lorentz fitting to tabulate the experimental data [29]. The thickness of
the bottom metal functional layer is considerably larger than the skin
thickness of electromagnetic waves in the long wavelength infrared and
will inhibit any incident light transmitted through the multilayer struc-
ture, leading to nearly zero transmission in the target band. A thinner Ti
metal layer is employed to guarantee sufficient coupling effects. Finite
difference time domain (FDTD) method has been used to simulate the
field distributions of ultra-broadband absorber. In the FDTD numerical
simulations, the periodical boundary conditions are adopted in the x
and y directions, and the perfectly matching layers (PML) are employed
in the z direction. Absorption (A) is usually calculated by the formula
𝐴 = 1 − 𝑅 − 𝑇 , where R and T represent reflection and transmission.
Transmission equals zero since the thickness of the bottom metal layer
is much larger than its skin depth to eliminate transmission, which
indicates that 𝐴 = 1 − 𝑅.

The total absorption spectrum is split into individual absorption
spectra of different Ti metal layers due to the highly lossy Ti. Absorp-
tion changes over the wavelength function plot are given in Fig. 1(c),
which shows that the structure has an average absorptivity that is
greater than 90% in the wavelength interval between 8.10 μm and
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Fig. 2. (a)–(b) current density distributions (colour bar in the x-z plane) at different resonant wavelengths. (c)–(d) Surface current distributions in lower Ti nanodisk (colour bar
in the x-y plane) at different resonant wavelengths. (e)–(f) Surface current distributions in upper Ti nanodisk (colour bar in the x-y plane) at different resonant wavelengths.

14.33 μm and greater than 99% absorbance in the 12.15–13.48 μm
wavebands. Two absorption peaks (9.35 μm and 12.91 μm) arise in a
separated location in the absorption spectrum. In addition, based on
the presented model, the absorption in Ti metal layers is dominant all
over the spectrum. This result implies that the energy loss in Ti results
in broadband absorption. Ti, which is a highly lossy metal, helps to
enhance the resistive effects, which in turn produces resonance with
a relatively lower quality factor and effectively expands the operating
bandwidth. Moreover, the role of the top metal layer is to bind the
incident light to the insulator layer by the evanescent wave propagating
through the top metal [30]. When the rigorous coupling condition that
is related to the permittivity and thickness of the metal is satisfied, the
incident light will be perfectly absorbed by excitation of the resonant
cavity modes. Thus, the top metal determines the coupling strength
between the incident light and the resonant cavity.

2.2. The mechanism of the broadband absorption of metamaterial absorber

To understand the resonance nature of the initial metamaterial ab-
sorber reported in this paper and the mechanism of the absorption, the
current density of the proposed structure at each resonant wavelength
are given in Fig. 2. As it seen from Figs. 2(a)–(b), electric current
mainly distributes in upper and lower Ti nanodisks, indicating that
energy loss is the cause of broadband absorption. The distributions
of surface current at each resonant wavelength for the lower and

upper layer are plotted in Figs. 2(c)–(d) and 2 (e)–(f), respectively.
Overall, the distributions of surface current in the upper and lower
layers are different, which means that the resonances in the upper
and lower layers are also different. As shown in Figs. 2(c)–(d), for the
lower thin Ti nanodisk layer, the surface currents widely distributed
in the left and right region of the Ti nanodisk. While for the upper
Ti nanodisk layer presented in Figs. 2(e)–(f), the surface currents are
mainly concentrated on the top and bottom edges of the Ti nanodisk.
For the short wavelength of 9.35 μm, the surface currents on the
lower layer mainly flow along the direction of the arrows, and on the
upper layer the surface currents are in the opposite direction. Thus,
magnetic dipoles originate from the excited antiparallel currents in
the upper and lower Ti nanodisk layers. For the long wavelength of
12.91 μm, electric dipoles are caused by the parallel currents between
two Ti nanodisk layers. The magnetic and electric resonance couple
with external electromagnetic fields and produces strong absorption
phenomena at different resonance wavelengths [9].

To further explain the physical mechanism of the absorber, the
electromagnetic field distributions at each resonant wavelength are
investigated, as shown in Fig. 3. Fig. 3(a)–(b) present the electric field
distributions of the x-z plane at different resonant frequencies. It can be
seen from the figure that electric field is strongly confined mainly in the
air-slot of the upper Ti nanodisk. The electric field distributions of the
x-z plane imply that the surface plasmon polaritons (SPPs) are excited
in the metamaterial absorber. Figs. 3(c)–(d) are the magnetic field
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Fig. 3. (a)–(b) Electric field |𝐸| distributions (colour bar in the x-z plane) at different resonant wavelengths. (c)–(d) Magnetic field |𝑀| distributions (colour bar in the x-z plane)
at different resonant wavelengths.

distributions of the x-z plane. Overall, two different resonant modes are
observed from Figs. 3(c)–(d). In order to understand the mechanism
of the absorption easily, the entire absorber can be regarded as two
parts: The upper part of the absorber comprises two Ti nanodisks and
an insulator layer in between. It forms a resonant cavity enclosed by
magnetic walls that supports cavity mode. In an individual MIM res-
onator, multiple waves in the upper and lower metal–insulator interface
reflected at the edges interfere with each other, and the destructive
interference produces the cavity mode, which causes cavity mode-
induced light absorption [31]; The lower part consists of a continuous
metal substrate and a planar Ge layer, which supports propagating
surface plasmon (PSP) mode between continuous Ti film and Ge spacer.
With respect to the short wavelength of 9.35 μm, the magnetic field
enhancement is considered to be the combination of the PSP mode
generated at lower part and cavity mode generated at upper part,
where the magnetic field is not only strongly confined in the gap
region underneath the upper Ti nanodisk, but also intensively enhanced
between the adjacent cells. With respect to the long wavelength of
12.91 μm, the magnetic field at resonance is greatly enhanced and
confined in insulator Ge nanodisk, which indicates that the resonant
cavity mode dominates the absorption.

2.3. Effects of geometry on absorption performance of metamaterial ab-
sorber

We next investigate the effect of some geometry parameters on
the performance of this metamaterial absorber. In Fig. 4, we illustrate
the important parameters that affect the performance of the initial
structure. Figs. 4(a)–(d) show the absorption efficiency as a function
of the thickness of the planar Ge layer (𝑑11), the thickness of the Ge
nanodisk (𝑑12), and the radius of the lower and upper Ti nanodisk
𝑟11 and 𝑟12, respectively. One can see from Fig. 4 that the resonant
frequency of these two resonances can be tuned by adjusting the
thickness of the insulator Ge layer and the radius of the Ti nanodisks. A
comparison between Figs. 4(a) and 4(b) reveals that the PSP resonant
wavelength takes on a remarkable redshift with increasing thickness
of the planar Ge layer (𝑑11). However, the PSP resonant wavelength is

less disturbed by the thickness of the Ge nanodisk (𝑑12). This can be ex-
plained by the fact that the energy of magnetic PSP is mostly confined
in the lower planar Ge layer rather than the upper Ge nanodisk, and
the phase change is enhanced with the increase of thickness of the
dielectric, thus leading to the reduction of the PSP resonant wavelength
to obtain the perfect interference condition at the Ge–air interface [32].
While for cavity mode, the resonant wavelength of cavity mode can
be affected by the thickness of the Ge nanodisk (𝑑12), but exhibits
less sensitivity to the thickness of the planar Ge layer (𝑑11). This is
because the cavity mode originates from the constructive interference
of coupled surface plasmons that is heavily influenced by the effective
cavity length [33,34]. On the other hand, the cavity mode can be
significantly affected by the radius of nano-disks, which is based on
the interference of multiple waves scattered by upper and lower Ti
nanodisks. As the radius of nanodisks increases, the MIM structure
exhibits the tendency of a continuous sandwiched film, which causes
a broader absorption bandwidth and lower average absorptivity [30].
Therefore, the cavity mode undergoes a marked redshift with increas-
ing radius of nanodisks. Furthermore, the radius of nanodisks is a
decisive factor which may determine the long wavelength limit of
absorption bandwidth with the other parameters fixed.

3. Modified embedded metamaterial absorber

3.1. Modified embedded structure

It is possible to expand the bandwidth of the metamaterial absorber
by embedding the MIM cavity into insulator layer. The adjoining
embedded structure can effectively tune reflection amplitude and phase
retardation, which plays an important role in the peak width and the
position of the resonant peak. Moreover, the hybridization of various
resonant modes in the operating band can be achieved by introducing
the embedded metal–insulator layer, which offers a probability to
enhance the bandwidth and absorption [25,34]. The modified structure
is illustrated in Figs. 5(a) and 5(b), the upper three patterned layers
are embedded into the insulator layer of a bulk Ge nanodisk so that
the original insulator nanodisk is incorporated into the insulator layer
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Fig. 4. Demonstration of the geometric effects on the absorption performances: (a) the thickness of the planar Ge layer (𝑑11), (b) the thickness of the Ge nanodisk (𝑑12), (c)–(d)
the radius of the lower and upper Ti nanodisk 𝑟11 and 𝑟12.

and the two metallic nanodisks are immersed in different levels within
a large insulator nanodisk. A relatively better absorption performance
of the embedded structure is possible to be achieved due to coupling
from different resonant modes. With the numerical parameter sweep,
the final optimal geometrical parameters are provided as follows: the
period of the unit cell is 𝑝2 = 1.97 μm; and the thicknesses of the Ti
metallic layers from bottom to top are 𝑡21 = 0.25 μm, 𝑡22 = 0.05 μm,
𝑡23 = 0.035 μm, respectively. The lower and upper Ti nanodisk patterns
and the bulk Ge nanodisk have different radius of 𝑟2i (i = 1, 2, 3),
including 𝑟21 = 0.50 μm, 𝑟22 = 0.30 μm, and 𝑟23 = 0.80 μm. The
thickness of the planar Ge layer is 𝑑21 = 0.44 μm. The face-to-face
distance between the two patterned metal layers is 𝑑22 = 0.25 μm,
and the distance between the upper Ti nanodisk and the top of the
bulk Ge nanodisk are 𝑑23 = 0.45 μm. The absorption ability spectrum
of different Ti metal layers in the embedded structure is displayed
in Fig. 5(c), including the bottom functional Ti layer, medium and
upper metamaterial ring layers. In Fig. 5(c), as seen in total absorption
spectrum, merged resonant peaks and more than 94% absorbance are
observed in the interval from 8 μm to 16 μm; and more than 95%
absorbance are observed in the interval from 8 μm to 14 μm. In addition,
a nearly perfect absorbance (more than 99%) is obtained in the 11.22–
12.46 μm and 13.26–14.59 μm wavebands. Three absorption peaks
are located at the wavelengths 𝜆1 = 9.39 μm, 𝜆2 = 11.81 μm, and
𝜆3 = 14.17 μm in the absorption spectrum. Moreover, almost all the
absorption occurs in the metamaterial ring layers, while moderately
affected by the bottom metal. The absorption peak at 9.39 μm attributes
to the lower metamaterial ring layer, while the absorption peak at
14.17 μm mainly originates from the upper metamaterial ring layer.
On the other hand, the absorption peak at the middle wavelength range
comes from the blending of discrete absorption peaks which come from
inductive and/or capacitive mutual resonance effect between the upper
metamaterial layer and lower metamaterial layer [35].

3.2. The mechanism of the modified embedded metamaterial absorber

Similar results of the current density are presented in Fig. 6 for the
modified embedded structure. As shown in Figs. 6(a)–(c), the response

Fig. 5. Schematic illustration and simulation of the Modified embedded metamaterial
absorber (a) 3-D view. (b) side view. (c) Total absorption and absorption ability in
different Ti metamaterial ring layers of the proposed absorber.

is very similar to the electric current distributions in Figs. 6(a)–(c),
electric current mainly distributes in upper and lower Ti nanodisks,
implying that electromagnetic energy is lost in the structure. The dis-
tributions of surface current at each resonant wavelength for the lower
and upper layer are plotted in Figs. 6(d)–(f) and 6(g)–(i), respectively.
Unlike with the initial structure, surface current distributions exhibit
the same resonance characteristics. As shown in Figs. 6(d)–(i), for
both lower and upper layer, the surface currents mainly distribute in
the left and right interface between metal and embedded insulator
layer, which indicates that the mode matching between the MIM cavity
and embedded layer occurs and a new resonant mode is generated.
Moreover, we also can observe that the incident waves can excite the
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Fig. 6. (a)–(c) current density distributions (colour bar in the x-z plane) at different resonant wavelengths. (d)–(f) Surface current distributions in lower metamaterial layer
(colour bar in the x-y plane) at different resonant wavelengths. (g)–(i) Surface current distributions in upper metamaterial layer (colour bar in the x-y plane) at different resonant
wavelengths.

parallel currents between lower and upper metamaterial layer at each
resonant wavelength, implying the induced parallel electric dipoles
play a main role in broadband absorption.

Similar results of field distribution are presented in Fig. 7 for the
modified embedded structure. The differences and similarities between
the absorption mechanisms of these two structures are obvious from
those figures. For the modified embedded structure, as observed in
Figs. 7(a)–(c), electric field is not only intensively enhanced around
of both upper and lower Ti nanodisks, but also localized around the
bulk Ge insulator disks between the adjacent unit cells. Judging from
the electric field distribution, the resonance is the electric dipole reso-
nances excited on the nanodisks, thus coupling the energy of light into
the slot between the Ti nanodisk corners and the surrounding Ge insu-
lator [36]. The magnetic field distributions of the x-z plane are further
presented in Figs. 7(d)–(f). Overall, the magnetic field magnitude is
greatly enhanced in different dielectric layers that are close to the metal
layers at resonant frequencies, which indicates that the resonances are
created within the insulator cavity separated by the upper and lower
metamaterial ring layers. Significant magnetic field enhancement at
the cavity signifies that a new dielectric-loaded metal waveguide mode
is coupled into the cavity. The combination of embedded insulator
layer and metallic nanodisks is often known as dielectric-loaded surface
plasmon polaritons waveguide [37]. Therefore, the hybrid embedded

cavity mode originates from the combination of dielectric-loaded sur-
face plasmon polaritons waveguide and cavity modes, which further
promotes the trapping and absorption of incident light. The magnetic
field shows the similar field profile at each resonant wavelength, which
indicates that the embedded cavity modes dominate the absorption. It is
worth noting that the resonances also originate from the hybridization
between the embedded cavity modes in the upper and lower cavities.

3.3. Effects of geometry and oblique incidences on absorbance of metama-
terial absorbers

We also carry out a similar numerical analysis of geometry effects
for the modified embedded structure. The influence of the thickness
of insulator spacer at different levels (𝑑21, 𝑑22 and 𝑑23), the radius of
the lower and upper Ti nanodisk (𝑟21 and 𝑟22) and the radius of the
bulk Ge nanodisk (𝑟23) on the absorption spectra is shown in Fig. 8.
Overall, as depicted in Figs. 8(a)–(c), nearly all the absorption peaks
produced by the hybrid embedded cavity modes undergo a redshift
with growing thickness of the insulator. This phenomena is well ex-
plained by the interference theory that the insulator thickness is a key
factor to control the absorption maxima and the reflection coefficient of
the metamaterial absorbers [38]. The absorption peak frequencies are
the result of multiple factors which involve the resonant frequencies
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Fig. 7. (a)–(c) Electric field |𝐸| distributions (colour bar in the x-z plane) at different resonant wavelengths. (d)–(f) Magnetic field |𝑀| distributions (colour bar in the x-z plane)
at different resonant wavelengths.

Fig. 8. Demonstration of the geometric effects on the absorption performances: (a) the thickness of the planar Ge layer (𝑑21), (b) the face-to-face distance between the two
patterned metal layers (𝑑22), (c) the distance between the upper Ti nanodisk and the top of the bulk Ge nanodisk (𝑑23), (d)–(e) the radius of the lower and upper Ti nanodisk 𝑟21
and 𝑟22, (f) the radius of the bulk Ge nanodisk (𝑟23).

of the metamaterial absorbers and a frequency shift determined by the
phase delay in the insulator layer. Therefore, absorption peaks and the
corresponding hybrid embedded cavity modes are slightly red-shifted
with the increase of the insulator thickness. Specifically, the thickness
of the Ge planar is mostly depended on embedded cavity modes at the
insulator substrate. Thus, all of the absorption peaks are affected by the
variation of 𝑑21. Analogously, the variation of 𝑑22 and 𝑑23determines

the resonances created within different cavities, which in turn tunes
the resonant wavelength. Specially, we noticed the function of the
top insulator cavity differed from previous research. We can observe
from Fig. 8(c) that as the thickness 𝑡3 increases, the structure shows
an intensive resonance mode, resulting in high average absorptivity
and well merged absorption peaks. The top insulator creates a tran-
sition between the free space and embedded metamaterial ring, which
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Fig. 9. Absorption varying with Ti nanodisks thickness and oblique incidences in the absorber structure: (a)–(b) the thickness of the lower Ti nanodisk (𝑡22) and upper Ti nanodisk
(𝑡23), (c)–(d) the incident angle for TE-polarized and TM-polarized, the dashed line represents the contour line with an absorption magnitude of 90%.

provides a better impedance matching condition between air and the
metamaterial absorber. On the other hand, as shown in Figs. 8(d)–(e),
the embedded cavity modes exhibit high sensitivity to the variation of
the radius of nano-disks, which is analogous with cavity modes based
on the constructive interference of coupled surface plasmons. As to the
impact of the radius of the bulk Ge nanodisk, it is seen from Fig. 8(f)
that the three absorption peaks undergo a uniform redshift and the
absorptivity remains substantially unchanged with increasing radius
of the bulk Ge nanodisk. This indicates that the wavelength-selective
metamaterial absorber is realized by controlling the radius of the bulk
insulator nanodisk.

It is obviously from the comparison between two structures reported
in this paper that the embedded metamaterial ring layers play an
important role in the absorption performance of the metamaterial
absorber. To better understand the absorption mechanism behind the
embedded structure, we selected the lower three layers which comprise
the bottom Ti functional layer, the planar Ge substrate, and the em-
bedded metal–insulator ring to research. In this condition, due to the
identical components, except the embedded metal–insulator ring, the
equivalent medium can be regard as a collection of the air, the bottom
Ti functional layer, and the planar Ge substrate. Since the bottom Ti
functional layer is thick enough to block all the transmission in working
waveband, the transmission (T ) and reflection (R) coefficients can be
obtained from the following equations [39]:

𝑅 =
𝜂 − 𝜂𝑒
𝜂 + 𝜂𝑒

(3)

𝑇 =
2𝜂

𝜂 + 𝜂𝑒
(4)

𝜂 ≃ (1 + 𝑗)
√

𝜔𝜇
2𝜎

= (1 + 𝑗) 1
𝜎𝛿𝑠

(5)

Where 𝜂 and 𝜂𝑒 are the intrinsic impedances of the embedded metal–
insulator ring and equivalent medium, 𝜔, 𝜇 and 𝜎 are the angular
frequency, magnetic permeability and electrical conductivity of the
embedded metal–insulator ring, respectively. The equations show that
the absorption performance of the embedded metamaterial absorber is
closely related to the thickness of the embedded metal–insulator ring.
The influences of the Ti nanodisks thicknesses (𝑡22 and 𝑡23) on absorp-
tion spectra are shown in Figs. 9(a) and 9(b). We note that embedded

metamaterial absorber professes great sensitivity to the thickness of the
Ti nanodisks. As increase with 𝑡22 and 𝑡23, the absorption peaks undergo
a blueshift and absorptivity fluctuation. It is in agreement with the
results obtained from theoretical analysis.

According to the symmetries of the structure, we additionally in-
vestigated the effects of the polarization and angle on absorption.
Absorptions with oblique incidences for both TE-polarized (x-polarized)
and TM-polarized (y-polarized) waves are shown in Figs. 9(c) and 9(d),
respectively. The incident angle is swept by a step of 6◦ from 0◦ to
60◦. One can see that, with incident angles up to 45◦, the average
absorption is almost unchanged for both polarizations. For larger inci-
dent angles, the structure takes on different behaviours for TE-polarized
and TM-polarized waves. Specifically, in case of TE-polarized wave,
the absorptivity and bandwidth gradually decrease for larger incident
angles. This is owing to that the horizontal component of the incident
magnetic field decreases with an increase in 𝜃, resulting in a decrease
in the strength of the coupling and the absorption. Regarding TM-
polarized wave, the figure shows that the bandwidth at the longer
wavelengths is slightly broaden and gains red shift. The dashed line
in Figs. 9(c) and 9(d) represents 90% absorption, which indicates
excellent absorption performance for both TM and TE polarizations.

4. Conclusion

In summary, we have proposed a novel ultra-broadband,
polarization-independent, and wide-angle metamaterial absorber based
on embedded metal–insulator metamaterial in the LWIR band. The
proposed structure exhibits more than 94% absorbance in the interval
from 8.00 μm to 16.00 μm; and more than 95% absorbance over the
whole LWIR band (8-14 μm), which is superior than the initial tradi-
tional MIM structure (absorption greater than 90% from 8.10-14.33 μm)
and similar kinds of metamaterial absorber based on noble metal. In
addition, a nearly perfect absorbance (more than 99%) is obtained in
the 11.22–12.46 μm and 13.26–14.59 μm wavebands. The outstanding
absorption performance of the metamaterial absorber mostly lies on the
excitation of multiple embedded cavity modes generated by the combi-
nation of dielectric-loaded surface plasmon polaritons waveguide and
cavity modes. The superiority of the embedded structure is numerically
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investigated by comparing the physical mechanism and the geometry
effects of the two metamaterial absorbers. Meanwhile, by varying
related geometry parameters, the resonant wavelength and operating
bandwidth can be adjusted flexibly to achieve the wavelength-selective
metamaterial absorber. This work provides the reference for the design
of tunable broadband LWIR absorbers. It is manifest that this design
method can be extended to medium wavelength infrared band, very
long-wavelength infrared, terahertz or visible regimes. Thus, we believe
our designed absorber with MEMS-COMOS technology compatibility
has many potential applications in thermal emitters, microbolometer,
solar-energy harvesting, and chemical sensing applications.
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