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Plasmonic absorption metamaterials have gained tremen-
dous interest during the past decades[1]. In the case of 
resonantly excited by an electromagnetic field, plasmonic 
absorption metamaterials have the properties of nearly 
perfect absorption[2,3], strong local field enhancement[4], 
and distinct spectral response[5]. Such optical properties 
promise potential applications for increasing the efficien-
cy of photovoltaic system[6], improving the sensitivity of 
biological sensors[7,8], and enabling the frequency selec-
tion of photoelectric detection[9]. The plasmonic absorb-
ers with either broad spectral features or narrow-band 
responses are both necessary. The broad absorption 
spectrum enables plasmonic absorbers blackbody-like 
behavior, which has promoted the techniques in fields 
such as sensitive photo-detection and solar harvesting[2,6]. 
Recently, perfect-absorber metamaterials (PAMs) with 
the property of multiplex-band spectral absorption at-
tracted great attention in many fields of potential tech-
nologies[7,10]. The multiplex-band spectral response and 
the consequently strong enhancement of local near-field 
intensity have improved the intrinsic absorption cross-
sections for the direct access to molecular vibrational 
spectra in the mid-infrared (MIR) region[8], the purpose 
of quantitative multiple spectroscopic bio-imaging[7,11], 
and the identification of pathogens fingerprinting[12]. 

In order to obtain the narrower multi-band absorp-
tion, variety of nanostructures with perfect absorption 
performance have been investigated at the wavelengths 
from gigahertz[13] and terahertz wave[14,15], to infrared[7,16] 
and even visible light[17]. Two types of structure conceiv-
ing mechanisms were employed to obtain multiplex-band 
resonances. One is one unit-cell structure with more 
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than one resonant frequency[18–21]. The other strategy is 
kinds of hybrid structures conceived to resonate at dual 
or multi-frequencies. Such hybrid absorbers were first 
performed in terahertz[22], and then in MIR region[23,24]. 
To obtain multiplex-band absorption spectra, our pre-
vious work proposed a type of dual cross-shaped PAMs, 
which had three distinct absorption peaks at the wave-
length ranging from 2.0 to 10.0 mm[25]. Here, the optical 
properties of the optimized configuration were investi-
gated on the assumption of homogeneous medium. The 
charge distributions excited by the resonant incident 
electromagnetic waves were calculated to explain the 
multiplex-spectral absorption. The optical parameters 
retrieved by the scattering parameters method[26] are 
still consistent with the Drude and Lorentz modes, 
which provide a qualitative description of the multiple 
band spectra responses.

The proposed PAMs follow the metal–dielectric–metal 
scheme, as shown in Fig. 1. The dielectric layer is sand-
wiched by the top metallic nanoantennas layer and the 
ground metallic layer. The top layer consists of a pe-
riodic array of dual cross-shaped nanoantennas, which 
form the polarization sensitivity. The bottom layer is 
a continuous thick metallic film. The PAMs exhibit 
the properties of electromagnetic selectivity and reso-
nance[25]. Au was used for both the top antennas and 
the ground conducting film. Al2O3 was chosen for the 
dielectric medium. In conjunction with the transmission 
blocking of the thick metallic film, the excitation of lo-
calized magnetic and electric dipole resonances produce 
nearly total perfect absorption at multiplex-specific 
frequencies[10].
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Fig. 1. Schematic representation of the PAMs: (a) metal-
lic–dielectric–metallic layers  and (b) two cross-shaped an-
tennas connected together  form the polarization sensitivity  
absorption. Fig. 2. (a) Normalized absorption spectra obtained from ex-

periments and the simulations and (b) top view SEM image of 
the fabricated PAM sample. 

The optimization of the configuration and the dimen-
sional size was performed for the maximum absorption. 
To achieve the optimized effect at multiplex wave-
lengths, we adopted one criteria equation as[16]
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where li is the target wavelength and ATM and ATE are 
the absorptivities in the conditions of Ex and Ey polar-
ized incident wave, respectively. The geometrical sizes, 
including the thickness of the dielectric layer and the 
arm lengths (Lx, Ly) were scanned to obtain the maxi-
mum electromagnetic absorption.

The electromagnetic response and the polarization 
properties of the proposed PAMs were investigated us-
ing commercially available finite-difference time-domain 
software (Lumerical Company). The permittivity of Au 
was modeled using a Drude expression with the plas-
monic frequency of 1.32 × 1016 rad−1 and the collision 
frequency of 1.2 × 1014 rad−1[27]. The absorption spectra 
of the PAMs exhibit three distinct resonance peaks as 
shown in Fig. 2(a). The resonant modes of M1 and M2 
are excited by the Ex polarized incident light, and the 
M3 mode by the Ey incident light. The metal–dielec-
tric–metal layers were deposited on a Si substrate in se-
quence, and the pattern of the nanoantenna array was 
fabricated by the electron beam lithography and then 
followed by a lift-off process[28]. A scanning electron mi-
croscope (SEM) image of the fabricated PAMs array 
is shown in Fig. 2(b). The absorption spectra of the 
PAMs samples were characterized by a Fourier trans-
form infrared spectrometer equipped with an infrared 
microscope with a normal incidence light. Although a 
slight difference between the theoretically calculation 
and experimentally measured data occurs due to the 

nanofabrication imperfections, the strong agreement 
between the experimental and the simulated absorption 
spectra proved that the PAM absorber has three dis-
tinct resonant wavelengths.

In contrast to polarization dependence on the absorp-
tion spectrum in Fig. 2, the thickness dependence of 
the dielectric layer on the resonant wavelengths was 
also investigated as shown in Fig. 3. The thickness of 
the dielectric layer plays a crucial role in determining 
the multiplex-band absorption. When the thickness of 
the dielectric layer is set to be from 20 to 65 nm, dual-
band absorption of M2 and M3 can be obtained with 
absorptivity over 70%. Resonance modes of M1 and M2 
can be achieved from 45 to 112 nm. In a narrow range 
of dielectric layer from 45 to 65 nm, the absorptivity 
bands at the triple resonance modes are greater than 
70%. In the sample shown in Fig. 2, we set the thick-
ness of dielectric layer to be 50 nm. In the condition of 
Lx = 2 × Ly longer than 0.8 mm, the red-shift trends of 
the three resonant wavelengths with the increasing arm 
lengths are obvious as shown in Fig. 3(b). 

To better understand the multiple band responses of 
the proposed PAMs, the charge density distribution in-
side the metallic layer, which was induced by the peak 
wavelengths, were calculated. As shown in Fig. 4, the 
formation of triple resonance responses is supported by 
different mechanisms. Excited by the peak wavelength 
at mode M1, the induced charge distribution inside the 
metallic antennas forms a pattern with positive charges 
accumulated at one end and negative charges at an-
other end. The same pattern but opposite arrangement 
occurs in the ground metal film. This characteristic is 
referred to the fundamental plasmonic resonance. Ex-
cited at the mode M3, the accumulated charges show 
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induced charges oscillate out of phase between the up-
per antennas and the lower metal layers, which produce 
antiparallel currents within the PAMs. In both Ey and 
Ex incident configurations, the antiparallel currents in-
duce magnetic field within the dielectric layer to coun-
teract the incident magnetic field, which corresponds to 
the magnetic resonance, and then results in the maxi-
mum absorption.

Optical properties of the materials present the theo-
retical background and interpretation between the me-
dium and the electromagnetic field passing through 
them. The medium theory in terms of the effective per-
mittivity and the effective permeability has described 
the macroscopic effective parameters of the metama-
terials and nanostructures array[10,30]. The effective op-
tical properties of the proposed PAMs were extracted 
from the transmission and reflection spectra using the 
robust scattering parameter retrieval method[26]. Figure 
5 shows the retrieved permittivity and permeability 
in the conditions of Ex and Ey polarization incident 
electromagnetic fields. Let us examine these retrieved 
parameters. When electromagnetic waves propagate 
through a magneto-dielectric medium, the dielectric 
properties of the medium can be expressed as a sum of 
the Drude and the Lorentz terms[31]: 
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where m∞ and e∞ are the static permittivity and perme-
ability at infinite frequency, respectively; wo is the reso-
nance frequency of the electric and magnetic dipole os-
cillators; g is the damping frequency; wp is the plasma 
frequency; the subscripts e and m represents electric and 
magnetic response, respectively. Above complex dielectric 
functions describe the intraband effects of the free-elec-
tron oscillation, and the interband effects of the bound-
electron oscillation[31]. From the data curves in Figs. 5(a) 
and (b), we fitted the high-order Drude–Lorentz model 
to describe the dispersion relations of our PAMs as
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where the unit of frequency is terahertz (× 1012 Hz). 
The assumption of em = 1.0 and mm = 3.0 implies 
the contribution of bound electrons. The quasi-static  

Fig. 3. (a) Dielectric layer thickness plays a crucial role in the 
multiple band absorption (Lx = 1.52 mm, Ly = 0.92 mm) and 
(b) absorption spectra are the functions of the arm lengths (Lx 
= 2 × Ly).

Fig. 4. Distribution of the induced charge density inside  
(a, c, and e) the top metal layer and (b, d and f) the bottom 
metal layer. The inductive charge distribute in the conditions 
of incident Ex polarized configuration at resonance wavelength 
M1 (a and b), M3 (c and d), and in the conditions of Ey in-
cidence M2 (e and f). The color map represents the charge 
density (C/m3), in which the blue and red colors stand for the 
positive and negative charges, respectively.

one “ − + − +” pattern within the top antenna and 
one “+ − + −” pattern within the bottom metal film. 
The charge pattern divides the electric field inside the 
PAMs into three parts. Following the naming custom in 
Ref. [29], this response is termed the third-order plas-
monic resonance. When the charge accumulation is ex-
cited at mode M2, the condition is absolutely different. 
The charge distribution shows the characteristic of the 
fundamental plasmonic resonance excited by the polar-
ized incident light Ey. At each resonant condition, the 
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PAMs vary sharply between adjacent unit cells, and 
the waves propagating through the medium are not 
smoothened.

In conclusion, we demonstrate a type of dual cross-
shape PAM for the purpose of achieving multiple 
band absorption spectra in MIR region. Stimulated 
by the Ex and Ey polarized incident electromagnet-
ic wave, the optimized PAMs display three distinct 
absorption peaks. In contrast to the earlier imple-
mentations of the polarization-independent prefect 
absorber, the polarization sensitivity of the proposed 
PAMs contributes to the achievement of multiplex-
band absorption spectra, which is revealed by the in-
duced charge density distribution within the PAMs. 
The retrieved optical properties of the PAMs describe 
the fundamental resonance modes and higher order 
modes, which are still consistent with the sum of the 
Drude and Lorentz model in the MIR region of wave-
lengths ranging from 2.0 to 10.0 mm. The determina-
tion of the key parameters in the Drude and Lorentz 
modes still needs further investigation in future work. 
The pronounced sharp and independent absorption 
spectra features enable the PAMs attractive applica-
tions in the label-free identification scheme to detect 
the structural binding characteristics of bio-molecu-
lar, and to identify the separated multiple molecular 
vibrational stretches[12].
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