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A B S T R A C T

A wavelength-selective, ultrathin, broadband infrared metal–insulator–metal (MIM) absorber with multi-sized
Ti–Ge cubes is proposed. By flexibly combining different sizes of Ti–Ge cubes, stacking upward and reasonably
filling the border, all the resulting 3 structures that we propose show an average absorptivity of at least 90%
over a wide spectral range in the infra-red, extending from 6. 3 μm to 14.8 μm. The absorptivity is further
increased up to 99% when considering narrower spectral ranges such as 7.96-8.34 μm and 11.02-11.75 μm
wavebands, which is superior than the previous work in long wavelength infrared band based on the MIM
structure. Those characteristics vary depending on the 3 designs considered and studied in this work: single-
layer structure, double-layer structure and modified structure. The intrinsic strong energy dissipation caused
by highly lossy metal Ti (here Titanium) and excited low-Q cavity modes are key factors contributing to
such efficient broadband absorption. The polarization and angle insensitivity are demonstrated by analysing
the absorption performance with oblique incidences for both transverse electric wave (TE) and transverse
magnetic wave (TM). Moreover, flexible combinations of different resonators allow trade-offs between the
absorption bandwidth and the absorbance, which makes the operating waveband of the metamaterial absorber
adjustable through proper design. The proposed broadband absorbers have many potential applications,
including microbolometers, thermal emitters, and plasmonic sensors.

1. Introduction

Plasmonic metamaterial absorbers is attracting increased attention
due to their excellent properties in the absorption of electromagnetic
waves. Due to the strong absorption of light and the tunability of res-
onant wavelengths, plasmonic metamaterial absorbers have extensive
applications in microbolometers [1,2], thermal emitters [3,4], energy
harvesting [5–7], electromagnetic shielding [8,9] and sensors [10–13].
Various methods for designing metamaterial absorbers are emerging
in an endless stream. A perfect metamaterial absorber that is based
on the electromagnetic response in the microwave regime was the
first absorber to be proposed [14]. This absorber consists of a top
metallic layer with electric ring resonators (ERRs), a dielectric inter-
layer and a bottom metallic layer with cutting wires. A metamaterial
absorber, which has metal–insulator–metal (MIM) cavities [15–17] and
has been developed to subwavelength scales, can trap light beyond the
diffraction limit.
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The electromagnetic properties of the metamaterial absorber are
described based on the effective parameters. The absorption of the
target band can be maximized while minimizing unwanted reflections
via engineering of these effective parameters to obtain impedance
matching at the air–metamaterial absorber interface. However, the
difficulty of obtaining broadband absorption at a large wavelength
range considerably limits the application of the metamaterial absorber
in various fields. An efficient method for expanding the bandwidth is
to mix multiple resonators with adjacent resonant frequencies. Mix-
ing multiple resonators in the same horizontal plane for the infrared
frequency regime has been proven to enhance the absorption band-
width [18,19]. In addition, the accumulation of multiple resonators
on the vertical surface has been proven to increase the absorption
bandwidth from near-infrared and visible ranges [20–22]. Utilizing
metals with the high imaginary part of permittivity, such as tungsten
and titanium, can also effectively improve the absorption bandwidth [4,
23,24]. However, there are several disadvantages for such approach,
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such as low average absorption efficiency, discrete resonant peaks and
a complicated structure design [25–27].

Inspired by previous research on broadening the bandwidth of
plasmonic metamaterial absorbers, we propose an MIM absorber specif-
ically designed to operate in the mid and far infrared spectral ranges,
constructed with multi-sized Ti–Ge cubes. By flexibly combining dif-
ferent sized resonators, a single-layer absorber appears to exhibit an
average absorptivity greater than 90% from 6.26 μm to 13.55 μm, which
represents better performance than the noble metal structure reported
by Guo et al. (absorption greater than 90% from 7.8–12.1 μm) [22].
This finding is realized based on the excitation of the low-Q cav-
ity modes induced by the metal–insulator–metal resonant cavity. The
effects of the repeat period on the absorption performance of the
individual resonators and the supercell are investigated to study the
coupling effects within and out of each unit cell. Additionally, both the
bandwidth and the average absorption are enhanced with an increase
in the Ti–Ge bilayers due to the coupling of cavity modes in adjacent
Ge layers. The double-layer and modified structure have an average
absorptivity greater than 90% from 6.46 μm to 13.05 μm (and greater
than 99% absorbance in the 7.11–11.08 μm waveband), as they exhibit
excellent absorption and well merged resonant peaks. When the border
is reasonably filled with a suitable-sized resonator, the absorption
performance of the metamaterial absorber can be promoted. The pro-
posed structures have the advantages of low cost and easy fabrication
compared with previously reported studies, which employ noble metal
and a complicated cell pattern [25–27]. This absorber structure will
hold considerable potential in thermal emitters and microbolometer
applications.

2. Modelling and simulation

2.1. Design principle and structure of the broadband absorber

Metamaterial absorbers are often designed as a metal–insulator–
metal (MIM) structure that consists of a ground metal layer, a dielectric
layer, and a top layer of periodically patterned metal. The MIM ab-
sorber follows a similar principle: The entire absorber can be regarded
as a resonant cavity enclosed by magnetic walls that support cavity
modes, which causes cavity modes-induced light absorption [28]. When
incident light rips into the upper metal layer, the lower metal layer
acts as a mirror that can reflect the surface plasmon excited at the
lower metal–insulator interface. The destructive interference of the
surface plasmon between the upper metal–insulator interface and the
lower metal–insulator interface produces the cavity modes, which cause
the trapping and absorbing of light. It is possible to maximize the
absorption of the target band while minimizing unwanted reflections
by engineering the geometric parameters of the MIM absorber to ensure
sufficient energy coupling into the cavity modes. The thickness of the
bottom metal layer is considerably larger than the skin thickness to
prevent transmission. The thickness of the insulator layer should be
smaller than the radiant wavelength to enable effective coupling of
the surface plasmon between the upper metal–insulator interface and
the lower metal–insulator interface. However, if the thickness of the
insulator layer is too small, a high reflection will occur. A thinner top
metal layer guarantees a less lossy cavity, whereas a thicker top metal
layer implies a weaker coupling. Similar to a standard Fabry–Perot res-
onator, the resonance wavelength 𝜆 of MIM cavity can be adjusted by
controlling the length of particle situated above the insulator film. The
resonance condition for MIM resonant cavity can be written as [29]:

𝑤 2𝜋
𝜆
𝑛𝑐𝑚 = 𝑚𝜋 − 𝜑 (1)

where 𝑤 is the length of particle, 𝑛𝑐𝑚 is the effective index of the cavity
mode, 𝑚 is an integer determining the order of a resonant cavity mode,
and 𝜑 is the phase obtained by the reflection of the cavity mode at
the resonator terminations. Considering only the fundamental mode

(𝑚 = 1) and setting phase shift 𝜑 to zero, Eq. (1) can be transformed
to:

𝑤𝑛𝑐𝑚 = 𝜆
2

(2)

Thus, we can realize the ultra-high absorption in a broad spectral
range in long wavelength Infrared band through designing the length
of resonators.

In our design, an ultra-broadband absorber consists of a periodic
array of multi-size titanium–germanium (Ti–Ge) cubes and a thick
continuous Ti bottom layer, as shown in Fig. 1(a). Four resonators are
integrated into a unit cell that can be separated into four equal parts;
each resonator is placed in the centre of each section. The Ti–Ge cubes
have four different widths of 𝑤1i (i = 1, 2, 3, 4), including 𝑤11 = 1.02
μm, 𝑤12 = 1.12 μm, 𝑤13 = 1.26 μm, and 𝑤14 = 1.40 μm. The period of the
unit cell is 𝑝1 = 3.72 μm. Titanium (Ti), which exhibits lossy behaviour
in the IR region, is selected as the metal material. The thickness of
the bottom Ti layer is 𝑡1 = 0.25 μm, which is considerably larger
than the skin thickness to prevent transmission. Due to its transparent
behaviour in the Near Infra Red (NIR), which indicates that absorption
primarily occurs in the top metal layer, Germanium (Ge) is selected as
the insulator material. The thickness of the insulator is ℎ = 1.04 μm. The
thickness of the top metal layer is 𝑡2 = 0.03 μm. The complex dielectric
constants of Ti are modelled by a Drude–Lorentz fitting to tabulate the
experimental data [30], while Ge is considered to be lossless with a
constant refractive index of 4.01.

Finite difference time domain (FDTD) method has been used to sim-
ulate 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.

At first glance, the structure and principle of this proposed absorbers
seem similar to some previous reports, especially the published one
in [27]. However there also exist some obvious differences. Firstly, this
paper aims to represent a method to gradually improve the absorption
performance of the absorber, the absorber in [27] consists of three
structural layers (four upper gold patches, four insulator patches, and a
lower Au film); while the proposed absorbers here have three different
structures, including the single-layered structure, double-layer struc-
ture and modified structure. The modified structure is more compact in
structure and wider in bandwidth. The absorption performance is also
improved with the increase of the fill factor. Secondly, the simulations
of the field distributions and the coupling effects within and out of each
unit cell are performed to demonstrate that the cavity modes around
the dielectric patches excited by different sized resonators attribute
to the broadband absorption, while that in [27] do not elaborate on
resonance mechanism. Thirdly, the metallic material in [27] is Au and
the working bandwidth is narrow, while the designed absorber here
exhibits broadband and low-Q performance due to the highly lossy Ti.

2.2. Simulation results of the ultra-broadband single-layered plasmonic
absorber

The property of the single resonator has been explored. The trans-
mission line model and the simplified circuit model of the single
resonator are presented in Fig. 1(b). According to the transmission
line theory, the above metamaterial layer can be modelled as parallel
resonant modes with coupling effects. Specifically, the top metamate-
rial layer can be regarded as LC and dipole resonant modes coupled
by mutual inductance. The impedances of the LC and dipole resonant
modes (𝑍LC and 𝑍dipole) can be represented as [31]:

𝑍𝐿𝐶,𝑑𝑖𝑝𝑜𝑙𝑒 = 𝑅𝐿𝐶,𝑑𝑖𝑝𝑜𝑙𝑒 +
2𝜀𝑖

𝑤𝑐𝐿𝐶,𝑑𝑖𝑝𝑜𝑙𝑒(𝜀𝑟 + 1)2
+ 𝑖𝑤𝐿𝐿𝐶,𝑑𝑖𝑝𝑜𝑙𝑒
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Fig. 1. (a) Schematic of the single-layered metamaterial absorber structure. (b) Demonstration of the width of the Ti–Ge cell cube (𝑤) effects on the absorption performances of
the single resonator with a single-layer structure at normal incidence. (c) Simulated absorption spectra of the integrated structure and the single resonator at normal incidence.
The insets show the distribution of the normalized magnetic field Hy of the single resonator, in which the red colour and blue colour represent the maximum magnitude in the y
direction and −𝑦 direction, respectively.

+ 2
𝑖𝑤𝑐𝐿𝐶,𝑑𝑖𝑝𝑜𝑙𝑒(𝜀𝑟 + 1)

(3)

where 𝜀𝑟 and 𝜀𝑖 are the real and imaginary part of the relative per-
mittivity of the insulator, 𝑅𝐿𝐶,𝑑𝑖𝑝𝑜𝑙𝑒, 𝐿𝐿𝐶,𝑑𝑖𝑝𝑜𝑙𝑒, and 𝑐𝐿𝐶,𝑑𝑖𝑝𝑜𝑙𝑒 are the
resistance, inductance, and capacitance values for the top metamaterial
layer, respectively. The insulator layer is equivalent to a transmission
line with a length equal to the thickness of the spacer and shorted by
the ground plane, whose impedance can be described as:

𝑍𝑖𝑛 = 𝑖
√

𝜇𝑑
𝜀𝑑

𝑍0 tan(𝑘0
√

𝜀𝑑𝜇𝑑𝑑) (4)

where 𝑍𝑖𝑛 is the impedance of the shorted transmission line, 𝑘0 is the
free space wave number, 𝜇𝑑 and 𝜀𝑑 (𝜀𝑟+𝜀𝑖𝑖) are the relative permeability
and permittivity of the insulator, and d is the thickness of the insulator
layer. Based on the equivalent circuit model shown in Fig. 1(b), the
overall impedance of the metamaterial absorber can be written as:

𝑍𝑀𝐴 =
𝑍𝑀𝑀𝑍𝑖𝑛

𝑍𝑀𝑀 +𝑍𝑖𝑛
(5)

If the overall impedance of the absorber is perfectly matched with
free space, the reflection will be reduced and perfect absorption can be
achieved.

To explore the operating band of the individual resonators, the
influence of the cell cube width (𝑤) on the absorption spectra has been
investigated. As shown in Fig. 1(c), each resonator has two discrete
absorption peaks in the shorter wavelengths, which range from 6.10 μm
to 7.70 μm, as well as in the longer wavelengths, which range from
8.60 μm to 13.90 μm. They also show better broadband absorption
than noble metals because of the lossy Ti. Moreover, with an increase
in the cell cube width (𝑤), the structure develops by the tendency
of a continuous sandwiched film, which produces a wider absorption
bandwidth but a lower absorption. Thus, the distance between two
absorption peaks increases as the cell cube width increases. The inset
of Fig. 1c present the equivalent LC circuit, according to the LC circuit
model, each of the two capacities is formed by the continuous bottom
metal film and an upper or lower half of the cube. The capacitance
C can be approximated by two capacitors, and the inductance L of
the structure can be approximated by two parallel plates. Thus, the
resonant frequency of the plasmonic absorber can be described as [32,
33]:

𝐶 =
𝐴𝜀𝑟𝜀0𝑙2

2ℎ
(6)

𝐿 =
𝐵𝜇0ℎ
2

(7)
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Fig. 2. (a) Magnetic field |𝐻| distributions (colour bar in the x-y plane) at different resonant frequencies in the dielectric layer of the single-layered metamaterial absorber. (b)
Demonstration of the repeat period (p) effects on the absorption performance of the individual resonators at normal incidence. The dashed line represents the resonance wavelength.
(c) Demonstration of the repeat period (p) effects on the absorption performance of the integrated structure at normal incidence.

𝑓 = 1

2𝜋
√

𝐿𝐶
=

𝑐0
𝜋
√

𝐴𝐵𝜀𝑟

1
𝑙

(8)

where l represents the width of the cube, 𝑐0 represents the speed of light
in free space, h is the thickness of dielectric layer, and A and B are the
numerical factors. This analysis indicates that the resonant frequency
of the plasmonic absorber is inversely proportional to the width of
the resonator, but exhibits little sensitivity to the change of separation
distance h. The larger size resonators determine the resonant peaks
of the longer wavelength, whereas the resonant peaks of the shorter
wavelength are controlled by the smaller resonators. The resonator
with a width of 1.30 μm is selected to study the resonance property,
and two perfect absorption peaks (7.11 μm and 11.37 μm) arise in a
separated location [Fig. 1(d)]. The magnetic field distribution of the x–
z plane reveals that the magnetic field at the resonances is significantly
enhanced and restricted to different regions of the dielectric layer.
Based on the magnetic field distributions, two resonances comprise
both of the cavity modes excited on the dielectric layer, which are
attributable to the perfect absorption. However, two different cavity
modes are observed in the magnetic field distribution. The magnetic
field at 7.11 μm is strongly restricted above the interface between
the bottom metal and the dielectric layer, which indicates that the
constructive interference of coupled surface plasmons predominantly
occurs here and implies that typical cavity modes contribute to high
absorption. The magnetic field at 11.37 μm is actually confined below
the interface between the top metal and the dielectric layer. Although
the resonant cavity supports several cavity modes, only two modes
can be effectively excited; they can be regarded as the symmetric and
antisymmetric coupling of metal patches [34,35]. In this paper, only
the symmetric mode is observed at normal incidence.

Four resonators are arranged in a unit cell. Considering the inter-
action between each resonant cavity, the structure must be optimized
to obtain the broadband absorption of the target band. Absorption
changes over the wavelength function plot are given in Fig. 1(d), which
shows that the aligned structure has an average absorptivity that is
greater than 90% from 6.26 μm to 13.55 μm and greater than 99%
absorbance in the 7.96–8.34 μm and 11.02–11.75 μm wavebands. Four
absorption peaks are located at the wavelengths 𝜆1 = 6.46 μm, 𝜆2 = 6.88

Table 1
Comparation with the single-layered absorber reported by Guo et al. [22]

Dielectric
materials

Metallic
materials

Band of absorptance

Previous report ZnS Au 7.8–12.1 μm (over 90%)
Proposed absorber Ge Ti 6.26–13.55 μm (over 90%)

μm, 𝜆3 = 8.14 μm, and 𝜆4 = 11.37 μm in the absorption spectrum (see
Table 1).

To further understand the resonance nature of the absorber and
the mechanism of the absorption, the magnetic field distributions of
each resonant wavelength are investigated, as shown in Fig. 2(a). Each
resonance is caused by the interaction among the resonators with
an adjacent size. The magnetic field distribution of the resonance at
6.46 μm is primarily gathered in patches with widths of 𝑤1 and 𝑤2.
For the resonance at 6.88 μm, the magnetic distribution is focused
on patches with widths of 𝑤1, 𝑤2, and 𝑤3. Similarly, the magnetic
distribution of the resonance at 8.14 μm (or 11.37 μm) is focused on
patches with widths of 𝑤3 and 𝑤4 (or 𝑤2, 𝑤3, and 𝑤4).

The magnetic field distributions imply that the resonance peaks
correspond to the resonant cavity modes beneath patches of different
sizes. The power loss of the cavity modes accumulates at resonances,
where the energy is significantly coupled into the resonant cavity and
subsequently converted into thermal energy, thus leading to perfect
absorption. Note that the coupling effects between unit cells and the
interaction between each resonant cavity mode are the main factors
that influence the absorption of the absorber. Two sets of simulations
are performed to study the coupling effects within and out of each unit
cell on the properties of the absorption band. To reveal the effect of
the coupling effects between each unit cell on absorption, we examined
the influence on the absorption spectrum of the individual resonators
with a change of the repeat period (p), as depicted in Fig. 2(b). It is
clearly shown that the resonance in the shorter wavelength is much
less perturbed by the variation of p. For the other resonance in the
longer wavelength, the trend of this resonance undergoes a nonuniform
distribution with an increase in p because of the fringe effect. As the
resonant cavity enclosed by magnetic walls is not completely closed,
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when the surface plasmon is reflected at the edges, an additional phase
shift will occur due to the fringe effect. However, the cavity resonance
frequencies are almost constant, which indicates that the coupling
effects between each unit cell are negligible in this period range.
Thus, the interaction among the resonant cavity modes dominates the
absorption performance. To investigate the effect of the interaction
between adjacent resonances on absorption, we also calculated the
influence on the absorption spectrum of the supercell with a change
in the repeat period (p), as shown in Fig. 2(c). The figure reveals
that the absorption property of the absorber is sensitive to the repeat
period. Specifically, the smaller p corresponds to the broader absorption
bandwidth and the lower average absorptivity. To obtain a trade-off
between the absorptivity and the absorption bandwidth, we selected
the length of 𝑝 = 3.72 μm. Consequently, the width of the resonator
determines the position of the absorption peaks, and the repeat period
has the effect of smoothly connecting adjacent bands.

2.3. Effects of material and incident-angle-insensitive on absorption perfor-
mance

To highlight the advantages of introducing the cavity modes around
the dielectric patches, all dielectric Ge patches in the structure are
replaced by a continuous Ge layer. The thickness of each layer is
consistent with the previously mentioned structure. The comparison
of absorption spectra between Ge patches and Ge planar is presented
in Fig. 3(a). The absorption spectra exhibit narrow resonances ap-
proximately 5.69 μm and 6.08 μm, which are considered to be the
propagating surface plasmon (PSP) resonances between continuous Ti
film and Ge spacer [36]. We observe that within the analysed wave-
length area, the absorption of the Ge blocks structure is much better
than the Ge planar structure because of the cavity mode enhancement.
This finding corroborates that the cavity modes promote absorption
in this broadband wavelength range. For comparison, all Ti in the
structure is replaced by Au. Four sharp absorption peaks are observed in
the range of 6-12 μm, which correspond to the respective cavity modes.
The sharp absorption peaks indicate higher order cavity resonance
is excited, resulting in highly-efficient narrowband absorption. This
resonance exhibits higher Q factor compared to the fundamental cavity
resonance as the fundamental cavity resonance has higher radiative
loss [37]. The role of the top metal layer is to bind the incident light
energy to the dielectric layer. When the rigorous coupling condition
that is related to the permittivity and thickness of the metal is sat-
isfied, the incident light will be perfectly absorbed by excitation of
the resonant cavity modes. Thus, the top metal determines not only
the Q factor of the cavity mode but the coupling strength between
the incident light and the resonant cavity. In addition to the inherent
dispersion properties of metals, the Q factor of the cavity mode in the
structure of Au is relatively high, which indicates that the amplitude
of the resonance near the resonance frequency is large, whereas the
frequency range of the resonance is relatively small. Conversely, Ti,
which is a highly lossy metal, produces low-Q resonances, which can
effectively expand the operating bandwidth.

We next investigate the effect of some geometry parameters on the
performance of this metamaterial absorber. As regards the impact of the
thickness of the top metal, Fig. 4a indicate that a thinner top Ti ensures
a less lossy cavity whereas a thicker one implies a weaker coupling.
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. In order to obtain a
trade-off between the absorptivity of two main resonant wavelengths
(𝜆3, 𝜆4), we selected the thickness of 𝑡2 = 0.03 μm. Fig. 4(b) and (c)
represents the absorption spectra for different incident angle 𝜃 for the
TM and TE polarizations at 𝜑 = 0◦. The incident angle is swept by a
step of 6◦ from 0◦ to 60◦. For TM polarization, the absorption curve
undergoes only a slight change and exhibits a high overall absorptivity
when 𝜃 is less than 45◦. With an increase in the incident angle, the

Fig. 3. Simulated absorption spectra of the Ti (Au)-Ge patches structure and the Ti
(Au)-Ge planar structure at normal incidence.

ultra-broadband absorption response, which is attributed to the notion
that the coupling strength between the incident wave and the cavity
modes depends on the interaction between the horizontal component
of the incident magnetic field and the magnetic field of the cavity
modes25. The horizontal component of the incident magnetic field
remains invariable with different 𝜃, which indicates that the strength of
the coupling and absorption slightly varies. Regarding TE polarization,
the spectra exhibit an absorption dip in the investigated wavelength
range as the incident angle increases, which causes a lower absorption
efficiency and narrower bandwidth. This result is attributed to the
notion 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. The dashed line in Fig. 4 represents
80% absorption, which indicates excellent absorption performance for
both TM and TE polarizations.

3. Ultra-broadband dual-layered plasmonic absorber

Increasing the number of layers of upward stacked resonators can
further enhance absorption and expand the bandwidth of the metama-
terial absorber, including the microwave metamaterial absorber [38]
and the THz metamaterial absorber [39]. Wu et. Al [40] reported
that the infrared spectrum achieved a wavelength range from the
entire visible region and most of the solar infrared region with high
absorption. The hybridization of various resonances in the operating
band can be achieved by stacking the number of metal–insulator pairs.
A double-stack metamaterial absorber is described in Fig. 5(a). Two
pairs of alternating Ti–Ge cubes of four different sizes are assembled in
one unit cell. With the numerical parameter sweep, the final optimal
geometrical parameters are provided as follows: the period of the unit
cell is 𝑝2 = 6 μm; and the thicknesses of the Ti–Ge-Ti–Ge-Ti layers from
top to bottom are 0.04 μm, 0.66 μm, 0.025 μm, 0.92 μm and 0.25 μm,
respectively. Two pairs of Ti–Ge cubes have the same widths of 𝑤2i (i
= 1, 2, 3, 4), including 𝑤21 = 1.10 μm, 𝑤22 = 1.26 μm, 𝑤23 = 1.34 μm,
and 𝑤24 = 1.52 μm.

Similarly, we have investigated the property of the individual res-
onators. The influence of the cell cube width (𝑤) on the absorption
spectra is shown in Fig. 5(b). As depicted in Fig. 5(b), two absorption
peaks of a single resonator with a double-layered structure are effec-
tively merged and forms a continuous absorption band. The double-
layer resonator with a width of 1.30 μm is selected to reveal the
broadband absorption, two absorption peaks (𝜆1 = 7.90 μm, 𝜆2 =
9.62 μm arise in close position, which improves the overall absorption
compared with the single-layer structure. The magnetic field distribu-
tions of x–z plane show the analogous field profile with the cavity
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Fig. 4. The influence of geometric parameters on the performance of the absorber (a) the thickness of the top metal; (b) TM and (c) TE polarization. The dashed line represents
the contour line with an absorption magnitude of 80%.

Fig. 5. (a) Schematic of the double-layer metamaterial absorber structure. (b) Demonstration of the width of the Ti–Ge cell cube (𝑤) effects on the absorption performances of
single resonator with double-layer structure at normal incidence. (c) Simulated absorption spectra of the integrated and single double-layer metamaterial absorber structure at
normal incidence. The insets show the distribution of the normalized magnetic field Hy of the single double-layer resonator, in which the red colour and blue colour represent
the maximum magnitude in the y direction and -y direction, respectively.

modes in the single-layer structure, which implies that two different
cavity modes are excited in the metamaterial absorber. In addition, the
two resonances originate from the hybridization between the cavity
mode in the upper Ge layer and the cavity mode in the lower Ge
layer, which enhances the bandwidth and absorption. According to the
coupled oscillator model, the proposed structure can be interpreted as a
series of harmonic oscillators driven by external forces. The oscillators
represent resonant cavity modes in the Ge layers; with the increment
of Ti–Ge bilayers, the number of absorption peaks increases due to
the resonant cavity modes coupling between neighbouring Ge layers.
Consequently, these peaks are combined to form broadband absorption.
The absorption spectrum of the integrated structure is displayed in
Fig. 5(c). In the figure, merged resonant peaks and more than 90%
absorbance are observed in the interval from 6.46 μm to 13.05 μm. In
addition, a nearly perfect absorbance (more than 99%) is obtained from
7.11 μm to 11.08 μm.

The absorption properties of a bilayer structure are better than
the absorption properties of with a single-layer structure. Since the
cavities are assembled in a compact unit cell, degeneration between
two continuous peaks shrinks the operating bandwidth. To compensate
for an insufficient absorption of a long wavelength, a new resonator
has been introduced to the structure to rationalize the space of one unit
cell. The principle that the resonant frequency of a plasmonic absorber
is inversely proportional to the width of the resonator, which suggests
that a resonator with a relatively large width should be selected. The
interaction between adjacent resonators should be weakened while
taking advantage of the coupling effects between each unit cell. An
appropriate period is chosen to make the interaction between the
resonators negligible to the total absorption performance of the meta-
material absorber. In this case, the length of the cavity has an important
role in the absorption of the metamaterial absorber; the identical width
but different displacement of the resonators can provide a similar
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Fig. 6. (a) 3 × 3 array of the Ti–Ge cube metamaterial absorber structure. (b) Simulated absorption spectra with different repeat period (𝑝3).

Table 2
Comparation with the double-layered absorber reported by Guo et al. [22]

Dielectric
materials

Metallic
materials

Band of absorptance

Previous report ZnS/Al2O3 Au 5.3-13.7 μm (over 80%)

Proposed absorber Ge Ti 6.3–14.6 μm (over 90%)
8–14 μm (over 97%)

absorption. The typical combination is shown in Fig. 6(a): rectangular
resonators with a length of 𝑤4 and a width of 1/2𝑤4 are introduced to
the middle of four frames of a unit cell. To obtain a wider bandwidth,
we suggest that patch resonators with a width of 1/2𝑤5 be arranged at
four corners of a unit cell, which may improve the performance of the
metamaterial absorber (see Table 2).

As shown in Fig. 6(a), suitably sized resonators are introduced to the
border of a unit cell. The geometrical parameters after optimization are
provided, i.e., 𝑝3 = 7.4 μm, 𝑤31 = 1.10 μm, 𝑤32 = 1.26 μm, 𝑤33 = 1.34
μm, 𝑤34 = 1.51 μm, and 𝑤35 = 1.60 μm; and the thicknesses of the Ti–
Ge-Ti–Ge-Ti layers from top to bottom are 0.026 μm, 0.67 μm, 0.026 μm,
0.95 μm and 0.25 μm, respectively. The red line in Fig. 6(b) represents
the absorption spectra of the multi-sized unit cells, which implies that
this combination has an average absorption that exceeds 90% within
the range of 6.3 μm to 14.6 μm. We also examined the influence
on absorption with a change in the repeat period (p). The relative
smaller p indicates a larger filling factor, and the structure exhibits
the tendency of a continuous sandwiched film, which causes a broader
absorption bandwidth and lower average absorptivity. Conversely, the
structure with a relatively smaller filling factor shows an intensive
cavity mode resonance, and the absorbance increases at the expense
of an increase in p. This flexible combination can satisfy the desired
bandwidth and absorbance. When a wide absorption bandwidth is
not required, the number of identical sized resonators can be selected
to achieve high absorption. Similarly, broadband absorption can be
achieved by sacrificing the absorption efficiency of a certain band.
Moreover, this type of plasmonic absorber achieves a nearly perfect
absorbance (more than 97%) in the 8-14 μm waveband, which is
important for infrared devices, such as microbolometer and quantum
dot infrared photodetectors. The 8-14 μm waveband represents the long-
wave infrared atmospheric windows, which provide working bands
for detectors without interferences from dust, water vapour, or other
atmospheric influences. In addition, this waveband has been described
as the thermal imaging region, where sensors can obtain a completely
passive image of objects with temperatures that are slightly higher than
room temperature [41].

4. Conclusion

In conclusion, an ultrathin broadband infrared MIM absorber with
multi-sized Ti–Ge cubes has been proposed. The wavelength-selective
metamaterial absorber can be realized by flexibly combining different
sizes of Ti–Ge cubes, increasing the number of upward layers and
reasonably filling the border. The single-layer structure, double-layer
structure and modified structure have an average absorptivity greater
than 90% from 6.26 μm to 13.55 μm (greater than 99% absorbance in
the 7.96–8.34 μm and 11.02–11.75 μm waveband), 90% from 6.46 μm
to 13.05 μm (greater than 99% absorbance in the 7.11–11.08 μm wave-
band) and 90% from 6.3 μm to 14.8 μm (greater than 97% absorbance
in the 7.2–14.09 μm waveband), respectively. The strong energy dissi-
pation caused by highly lossy metal Ti and the excited low-Q resonance
cavity modes contribute to this broadband efficient absorption. In addi-
tion, the structure has the advantages of low cost and easy fabrication
compared with those discussed in previously reported studies that use
noble metal and a complex manufacturing process. This flexible com-
bination can satisfy the desired bandwidth and absorbance. If a wide
absorption bandwidth is not required, a certain number of identical
resonators can be selected to achieve high absorption. Certainly, the
operating band can be tuned to other frequency bands. This broadband
absorber has many potential applications in microbolometers, thermal
emitters, and plasmonic sensors.
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