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absorbers wide-angle compatible and polarization insensi-
tive [11–15]. However, the inherently resonant nature of 
metamaterials determines that the absorption bandwidths 
of MPAs are usually narrow, which limits their potential 
applications in many fields, such as high-efficiency solar 
cells and high-sensitivity photodetectors. A number of 
efforts have been made to extend the absorption bandwidth 
through the concept of multiresonances [16–19]. Multires-
onant broadband absorbers are generally realized using an 
elaborate blend of dimensionally dispersed metallic resona-
tors that are arranged either vertically or horizontally. Each 
resonator in the absorber resonates at a slightly different 
frequency to the other resonators, and the superposition 
of all these resonances results in broadband absorption. 
Randomly stacked gold nanorods have also demonstrated 
highly efficient broadband absorption in the 900–1,600 nm 
wavelength range [20]. The diversity of the gold nanorods 
and the multilayer configuration are major factors in the 
broadband absorption. The most extreme case of dimen-
sional dispersion is that of anisotropic broadband absorb-
ers [21–24], in which size-tapered waveguides were able to 
support the slow light mode, and the light can be absorbed 
over an unprecedentedly broad waveband. However, to 
date, almost all published research associated with band-
width extension has focused on engineering of the metallic 
resonator geometry, while the important role of the constit-
uent materials, and particularly the potential values of the 
dielectric spacers, has not been studied sufficiently.

In the field of antireflection (AR) coatings, multilay-
ered films with graded permittivities have been used for 
broadband elimination of Fresnel reflection [25, 26]. The 
incident light penetrates into the coating films with given 
permittivities and enters the substrate without meeting any 
distinct optical interface that may cause reflection. How-
ever, this kind of AR coating apparently could not work 

Abstract In this work, we demonstrate an ultra-broad-
band metamaterial absorber working in mid-infrared spec-
trum with a graded permittivity waveguide structure. The 
proposed absorber can achieve near-perfect absorption at 
wavelengths in the range from 3.4 to 5.8 µm. The absorp-
tion bandwidth is maintained quite well even at large 
angles of incidence. The gradually changing permittivity of 
the dielectric films in the multilayered absorber allows light 
capture through slow light mode and energy dissipation 
through localized electromagnetic resonance. The design 
approach presented here is effective for the construction 
of broadband absorbers and is also helpful as a theoretical 
support for the fabrication of other photonic devices.

1 Introduction

Artificial electromagnetic materials, including photonic 
crystals [1, 2], plasmonic structures [3], and metamate-
rials [4–6], have attracted considerable attention due to 
their unique ability to produce numerous exotic effects 
that are not obtainable in nature. These structures are able 
to manipulate light through use of their unit cell geom-
etries and compositions. One currently burgeoning field of 
research is that of metamaterial perfect absorbers (MPAs) 
[7–10]. After first demonstration of the microwave MPA 
[7], research interest in this topic has grown rapidly, and 
extensive follow-up work has been carried out to make 
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as a broadband absorber because of the high transmission 
of the structure. In this letter, by approaching the problem 
from another perspective, we demonstrate an absorber con-
structed of idealized dielectric films with graded relative 
permittivities in a multilayered MPA structure. The inci-
dent light is captured by vertically stacked metal/dielectric/
metal resonant stacks that work as a group of slow light 
waveguides, and the energy is dissipated in association with 
the excitation of localized electromagnetic resonance. The 
proposed structure can significantly enhance absorption 
and reduce reflection over an ultra-broad spectral range. 
Unlike the structures of previous studies [16–19, 21–24], 
the broadband absorption of this structure is tuned by the 
permittivity of the constituent dielectric film rather than the 
morphology or the arrangement of the metallic resonator.

2  Structure design and simulation setup

Figure 1 illustrates the schematic view of the proposed 
absorber. The structure consists of alternating layers of 
metal and dielectric thin films stacked on a bottom metallic 
mirror. The total number of metal/dielectric pairs (N) is 20, 
and the constituent metal/dielectric thin films are carved 
into one-dimensional periodic slits. All the metal thin films 
are made of aluminum, and the dielectric thin films are 
made of distinct materials with relative permittivities that 
taper linearly (the tuning difference between adjacent die-
lectric spacers is Δε = 0.5) from the bottom (εb = 11.5) to 

the top (εt = 2). The absorber has geometrical parameters 
of P = 1,400 nm, W = 700 nm, T = 800 nm, tm = 15 nm, 
and td = 25 nm, as shown in Fig. 1b. Numerical simula-
tions were performed using a finite-difference time-domain 
(FDTD) algorithm [27] to investigate the resonant behav-
ior of the proposed structure. In the simulations, the die-
lectric film is set to be lossless, and the complex permit-
tivity of Al is described by the Drude model with plasma 
frequency ωp = 2π × 2,895 THz and collision frequency 
ωγ = 2π × 15.5 THz [28]. Periodic boundary conditions 
were employed for the x–y plane, and a plane wave with 
TM polarization (magnetic field H perpendicular to the x–z 
plane) representing the excitation source was normally inci-
dent upon the structure. The frequency-dependent absorp-
tion was obtained from the S-parameters by A(ω) = 1 − T
(ω) − R(ω) = 1 − |S21|

2 − |S11|
2, where T(ω) and R(ω) 

are the frequency-dependent transmission and reflection, 
respectively. Because the 100-nm-thick bottom metallic 
mirror (the continuous Al film) is thick enough to suppress 
all light transmission (T(ω) = 0), the absorption calculation 
could then be simplified to A(ω) = 1 − R(ω). In this case, 
the broadband perfect absorber also acts as a broadband 
perfect antireflector.

3  Results and discussion

The calculated absorption and reflection spectra of the pro-
posed absorber for normal incidence are shown in Fig. 2a. 

Fig. 1  Schematic view of 
the proposed absorber: a the 
periodic arrangement; b the 
geometry of a single unit cell

Fig. 2  a Absorption and reflec-
tion spectra of the proposed 
absorber for light at normal 
incidence. b Angular dispersion 
of the absorption spectra
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Near-perfect absorption and near-zero reflection are 
achieved in the 3.4–5.8 µm wavelength range. This means 
that the incident light is almost entirely absorbed by the 
absorber, with no reflection within the waveband. Since 
the absorption bandwidth of single band MPAs is relatively 
narrow at typically no more than 20 % of the center fre-
quency, the proposed absorber exhibits excellent broadband 
absorption performance. Also, the absorption bandwidth of 
the proposed absorber is superior to that of the dimension-
ally dispersed broadband absorber [18, 19] and comparable 
to that of the size-tapered slow light broadband absorber 
[21]. Further simulations were carried out to evaluate the 
absorption performance of this structure for light at oblique 
angles of incidence. Figure 2b presents the angular disper-
sion of the absorption spectra. The broadband absorption 
characteristics are maintained quite well with increasing 
incident angle, and the bandwidth of 80 % absorptivity is 
retained up to 1.7 µm, even at an angle of incidence of 60°.

To understand the broadband absorption mechanism, 
the electric field and magnetic field distributions in the 
structure were observed at three different wavelengths. 
The wavelengths of 3.7, 4.7, and 5.7 µm represent the 
initial, middle, and end stages of the near-perfect absorp-
tion part of the absorption spectrum shown in Fig. 2a. As 
illustrated in Fig. 3, the enhanced electromagnetic fields 
are resonantly excited at specific parts of the absorber. For 
resonance at the short wavelength, λ0 = 3.7 µm (Fig. 3a, 
d), the energy is gathered at the upper part of the absorber, 
where the permittivities of the dielectric films are relatively 
small. However, for resonance at the long wavelength, 

λ0 = 5.7 µm (Fig. 3c, f), the energy is trapped in the lower 
part of the absorber, where the dielectric films have rela-
tively large permittivities. Correspondingly, for the reso-
nance at the middle of the absorption band at λ0 = 4.7 µm 
(Fig. 3b, e), the energy is harvested from the middle part 
of the absorber. These phenomena are primarily associ-
ated with the excitation of localized electric and magnetic 
dipole resonances [9, 22]. Moreover, because the metal film 
thickness (tm) is smaller than the skin depth of the metal 
within the frequency range under study, the enhanced elec-
tromagnetic field is not confined in the dielectric layer 
between two neighboring metal thin films, but diffuses into 
several nearby metal/dielectric layers. The diffusion effect 
indicates that the resonance in the absorber can be regarded 
as a hybrid mode that is supported by several adjacent reso-
nant stacks [16].

Further understanding of the electromagnetic physics 
can be explained as follows (using the absorption at wave-
length λ0 = 4.7 µm as an example). As shown in Figs. 3b 
and 4a, b, the enhanced electric field concentrates at both 
the lateral edges of the stacks and the air gaps between two 
adjacent unit cells. This is the evidence of the existence 
of a strong electric dipole resonance, which is caused by 
localized surface plasmon polaritons excited at the metal/
dielectric interface; thus, the charges are accumulated, and 
the localized electric field is enhanced [22, 29]. Meanwhile, 
the accumulated charges couple to their image charges 
on neighboring metal films in anti-phase (Fig. 4b). Con-
sequently, magnetic polaritons are formed, and magnetic 
dipole resonance is generated between the neighboring 

Fig. 3  Distributions of the 
electric field (top row), the 
magnetic field (middle row), 
and the energy flow (bottom 
row) in the x–z plane of the 
proposed absorber for three 
different wavelengths: a, d, and 
g are for λ0 = 3.7 µm; b, e, and 
h are for λ0 = 4.7 µm; and c, f, 
and i are for λ0 = 5.7 µm. The 
incident plane wave is normal to 
the absorber and is absorbed as 
shown in Fig. 2a



412 N. Zhang et al.

1 3

metal layers along the y-axis (Fig. 4c) [16, 22]. This strong 
electric resonance and magnetic resonance can couple 
efficiently to the incident light and dissipate the energy 
via ohmic losses within the metals (Fig. 4d), because the 
dielectric films are lossless [9]. In addition, the localized 
surface plasmon resonance wavelength increases linearly 
as the permittivity of the dielectric film increases [30]. In 
other words, a larger dielectric film permittivity produces 
a correspondingly smaller resonance frequency. Therefore, 
the proposed graded permittivity absorber can support the 
effective resonances over a wide frequency range, and thus, 
the collection of these resonances results in ultra-broad-
band absorption.

Plots of the Poynting vectors (S) (Fig. 3g, h, i) provide 
another physical image of the light absorption process. As 
shown in Fig. 3g, h, i, the incoming energy first propagates 
in the air gaps along the z-axis without penetrating into the 
structure until it reaches the position where the enhanced 
electromagnetic field is concentrated, and then the energy 
whirls into the stacks. Light propagation in this manner has 
already been demonstrated in the air–dielectric–metal slow 
light waveguide [31] and has been used to capture optical 
energy [22, 25]. Similarly, our broadband absorber also 
uses this slow light trapping mechanism to trap and harvest 
light. To further explore the nature of the slow light oper-
ated in the absorber, we investigated a non-gradient struc-
ture with the same geometrical parameters as that shown 
in Fig. 1, while the permittivity of all the dielectric films 
was fixed at a constant value (i.e., Δε = 0). According to 
effective medium theory, this stack of alternating layers 
of metal/dielectric thin films can be regarded as a homo-
geneous material with anisotropic permittivities that were 
described as follows [32]: ε// = fεm(ω) + (1 − f)εd, and 
1/ε⊥ = f/εm(ω) + (1 − f)/εd, where f = tm/(tm + td) is the 
filling ratio of the metal film. Then, the dispersion relation 

between the incident photon frequency (ωc = ω/c) and the 
propagation constant (β) of this waveguide can be calcu-
lated by solving the eigenequation of the Bloch mode [33]:

here, γ1 = (β2 − ωc
2ɛ1)

1/2, γ2 = (ωc
2ɛ⊥ − ɛ⊥β2/ɛ//)

1/2, and ε1 
is the relative permittivity of air.

The dispersion curves of the Bloch mode for the pro-
posed effective homogeneous waveguides are shown in 
Fig. 5a. When we consider the alternating metal/dielectric 
structure, the propagation characteristics of these wave-
guides are strongly confined by the permittivities of the 
dielectric films. In our calculations, the values of the per-
mittivities were chosen to be εd = 3, 5, 7, 9 and 11. We 
can see that the cutoff frequency (fc) is located at different 
positions for the different waveguides. For instance, when 
the waveguide is made of dielectric films with εd = 7, fc is 
approximately 57.7 THz, and the so-called slow light mode 
is generated at this frequency accordingly [22]. The wave-
lengths of the slow light mode (λc) that were obtained from 
the dispersion curves are shown in Fig. 5b. λc was found 
to increase linearly with increasing εd, and the slow light 
mode can be supported in the wavelength range from 3.3 
to 6.5 µm, with εd varying from 2 to 11. Therefore, the 
proposed absorber, with εd tapering linearly from the bot-
tom (εb = 11.5) to the top (εt = 2), can be regarded as a 
structure that is composed of a number of vertically stacked 
waveguides with graded permittivities (both ε// and ε⊥). As 
a result, light in the 3.3–6.5 µm waveband incident upon the 
structure would be trapped in the absorber by the collective 

(1)

exp(−iγ2w) − exp[γ1(P − w)]

exp(iγ2w) − exp[γ1(P − w)]
=

(

γ2ε1 + iγ1ε⊥

γ2ε1 − iγ1ε⊥

)2
exp(−iγ2w) − exp[−γ1(P − w)]

exp(iγ2w) − exp[−γ1(P − w)]
.

Fig. 4  Distributions of (a) 
z-component of the electric field 
at the metal/dielectric interface 
(height t = T/2 = 400 nm); b 
z-component of the electric 
field; c y-component of the 
magnetic field; and d energy 
dissipation of the proposed 
one-dimensional absorber. The 
chosen absorption wavelength 
was λ0 = 4.7 µm
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effect of all these waveguides working together. Simultane-
ously, the trapped light excites both the electric and mag-
netic dipole resonances, as described above. The relation-
ship between the slow light waves and the electromagnetic 
resonances can be confirmed further by extraction of the 
permittivity of the dielectric film at the energy center (simi-
lar to the three wavelengths used as examples in Fig. 3) for 
the absorption wavelength λ = λc. As shown in Fig. 5b, the 
electric and magnetic dipole resonances that are excited in 
the absorber are located exactly at the waveguides that have 
a slow light mode at the corresponding wavelength, except 
for those close to the bottom of the structure. The deviation 
between them is rooted in the simplification used for the 
dispersion calculation by converting the graded permittivity 
structure into a non-gradient structure, along with the addi-
tional impact from the bottom metallic mirror.

Thus, given the discussions presented above, we can 
determine that the excellent broadband absorption perfor-
mance of the proposed absorber results from its graded 
permittivity profile, which allows effective light trapping 
and dissipation. The short metal/dielectric/metal wave-
guide with its fixed dielectric permittivity offers light guid-
ing properties below the cutoff frequency (Fig. 5a), while 
the light that is guided into the structure would be trapped 
at a certain absorber position above the cutoff frequency 
for excitation of the slow light mode. The light trapped in 
the absorber would interact with the free electrons in the 

metals in terms of localized electromagnetic resonances, 
and the energy would be finally dissipated as ohmic losses. 
The graded permittivity profile of the absorber can support 
the slow light mode and localized electromagnetic reso-
nance over a broad waveband, and thus, ultra-broad absorp-
tion with excellent absorptivity can be achieved.

Since the ultra-broadband absorption is the tuning result 
of the constituent dielectric spacers, we then investigate the 
influence of the distribution of εd on the absorption per-
formance. As discussed above, long wavelength incident 
light is trapped at the lower part of the absorber, where the 
dielectric film permittivity is large. Thus, the end wave-
length of the absorption band is determined by εb when all 
the geometrical parameters and the top layer permittivity 
(εt = 2) are fixed. Figure 6a shows the simulated absorp-
tion spectra for εb = 11.5, 13.5, and 15.5. We see that as εb 
increases, the end wavelength of the absorption band also 
increases, but the initial wavelength of the absorption band 
remains almost fixed. Therefore, an increase in the absorp-
tion bandwidth is introduced. Also, with increasing εb, the 
oscillation of the absorption spectra becomes increasingly 
strong and undesirable small dips emerge. This behavior 
is attributed to the increase in Δε over the entire structure 
rather than the change in the material parameters in the 
dielectric layers. Because the frequency difference derived 
from adjacent resonant stacks is enlarged in this case, 
the coupling or the continuity between the neighboring 

Fig. 5  a Dispersion curves of 
the effective waveguides for 
various constituent dielectric 
films. b Red hollow square dots 
represent the cutoff wavelengths 
extracted from the dispersion 
curves; black solid circular dots 
represent the dielectric film per-
mittivity at the energy center, as 
plotted in Fig. 3 for the absorp-
tion wavelength λ = λc

Fig. 6  Influence of the εd 
distribution on the absorp-
tion performance. a Simu-
lated absorption spectra for 
εb = 11.5, 13.5, and 15.5, with 
all geometrical parameters 
and the top layer permittiv-
ity (εt = 2) fixed; b simulated 
absorption spectra for N = 5, 
10, and 20 with T = 800 nm, 
f = tm/(tm + td) = 0.375, εt = 2, 
and εb = 11.5
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resonant wavelengths deteriorates. Similarly, the initial 
wavelength of the absorption band can be tuned by εt with 
the end wavelength of the absorption band is fixed (not 
shown here).

However, if we suppose that εd is varied within a given 
numerical range, then the permittivity gradient in the pro-
posed absorber is determined by the number of metal/die-
lectric pairs (N). For T = 800 nm, f = tm/(tm + td) = 0.375, 
εt = 2, and εb = 11.5, Fig. 6b illustrates the absorption 
spectra of absorbers with N = 5, 10, and 20. When com-
pared with N = 20 (Δε = 0.5), the absorption spectrum for 
N = 10 (Δε = 1.06) is degraded over the entire absorp-
tion band with distinguishable oscillations and deep dips. 
A further reduction in the number of metal/dielectric pairs 
to N = 5 (Δε = 2.38) induces serious shrinkage in the 
resonance numbers and separation of the remaining reso-
nances, and thus, the continuous broadband absorption 
spectrum cannot be retained. Also, when N = 5, the metal 
films are very thick, and thus, the effective medium theory 
is not valid anymore. However, the absorption bandwidth 
of 70 % absorptivity is still available up to 1.2 µm in this 
case, which is better than the designs described in [24] with 
comparatively fewer tapered resonant stacks. Therefore, for 
the proposed graded permittivity absorber, an appropriate 
Δε value is of critical importance to ensure that the absorp-
tion band is both broad and flat.

For experimental realization of this ultra-broadband 
absorber, standard ultraviolet lithography and physical 
vapor deposition techniques can be used to fabricate the 
optimized device. Because all the resonant stacks have the 
same geometrical dimensions in the x–y plane, the lithog-
raphy step need only to be performed once to define the 
structure, and then the alternately deposited dielectric and 
metallic films can be shaped by the patterned photoresist. 
Dielectric films with graded permittivities can be achieved 
by using oblique-angle deposition [26]. The permittiv-
ity of the dielectric film can be varied controllably over a 
certain range by changing the incident vapor angle. There-
fore, if we elaborately select the dielectric materials (e.g., 
Ge, ZnSe, ZnS, Al2O3, SiO2, and MgF2) and control the 
angles of incidence of their vapors, then the permittivity of 
the dielectric film can be varied continuously over quite a 
wide range. In addition, although the absorber presented 
here can only absorb TM-polarized incident light, it could 
also easily be made to work as a polarization-independent 
absorber by curving the surface into symmetrical structures 
(e.g., circles or squares).

4  Conclusions

In conclusions, we have demonstrated an ultra-broadband 
metamaterial absorber for the mid-infrared spectrum that 

can efficiently absorb incident light over a wide waveband, 
even at large angles of incidence. The graded permittivity 
profile of the absorber offers ultra-broad absorption and 
permits engineering of the absorption spectrum. Achieving 
broadband absorption by tuning of the permittivity of the 
constituent dielectric films rather than the metallic resona-
tor provides another degree of freedom to construct broad-
band MPAs, which may be useful in cases that the geo-
metrical parameters of the absorber cannot be easily varied 
when it is integrated with other devices. The dimensional 
uniformity of the resonant stacks in the transverse plane 
makes that the entire structure can be shaped by just a sin-
gle lithographic step, which will simplify the nano-fabrica-
tion process. The design approach presented here also has 
multiple application values in relevant fields that include 
high-sensitivity detection, energy harvesting, and thermal 
modulation.
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