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Abstract: We report a complementary metal oxide semiconductor (CMOS) compatible 
metamaterial-based spectrally selective absorber/emitter (MBSSAE) for infrared (IR) stealth, which 
has the low absorption/emissivity in the IR atmospheric transmission window (3 μm – 5 μm, 8 μm –    
14 μm) and ultra-high and broadband absorption/emissivity in the IR non-atmospheric window (5 μm – 
8 μm). We propose a novel method for the broadband absorption/emissivity in 5 μm – 8 μm with 
incorporation of an epsilon-near-zero (ENZ) material between the top patterned aluminum (Al) disks 
layer and the silicon oxide (SiO2) spacer layer. With an appropriate design, the peaks in the IR 
atmospheric transmission window can be suppressed while the peak intensity in the non-atmospheric 
window remains high. The optimized MBSSAE has an average absorption/emissivity less than 10% 
in 8 μm – 14 μm and less than 6% in 3 μm – 5 μm. And the average absorption/emissivity in 5 μm –   
8 μm is approximately over 64%. This proposed scheme may introduce the opportunities for the 
large-area and low-cost infrared stealth coating, as well as for the radiative cooling, spectral selective 
thermal detector, optical sensor, and thermophotovoltaic applications. 
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1. Introduction 

Stealth is an essential anti-reconnaissance 

technique to effectively blend objects into ambient 

environments and minimize the possibility of being 

detected. Based on the passive detection mechanism 

of the infrared imaging, dynamically controlling 

infrared radiative features of the object is critical in 

infrared stealth. According to the Stefan-Boltzmann 

law, the radiative power is related to the surface 

temperature and the emissivity of the objects. Thus, 

the focus of the past research in infrared stealth 

mostly was to control the temperature of the objects, 

and controlling the infrared emittance of objects is 

an alternative scheme for the stealth in the infrared 

spectrum [1–6]. Recently, the dynamical control of 

the thermal emission for adaptive infrared stealth 

has attracted extensive research interests [5, 7, 8]. 

There has been considerable progress in the 

spectrum, directionality, polarization, and temporal 
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response of thermal emitter using varied 

nanostructured materials, e.g., dielectric gratings  

[9, 10], photonic crystals [11–13], metamaterials/ 

metasurfaces [14–19], and multilayer films      

[20, 21]. 

For the infrared stealth application, most 

materials have the low emissivity over the entire 

infrared range and may increase the risk of being 

detected to some extent due to the gradually 

accumulated energy [21]. This problem can be 

effectively solved by utilizing the concept of 

radiative cooling, that is, the non-atmospheric 

window acts as a channel for the heat dissipation to 

design a wavelength-selective emitter with the high 

emissivity in the non-atmospheric window (5 μm –  

8 μm) and low emissivity in the atmospheric  

window (3 μm – 5 μm and 8 μm – 14 μm). 

Wavelength-selective thermal radiation is required 

for the ideal infrared stealth materials in order to 

avoid the accumulated energy risk and mitigate the 

thermal instability [1, 4, 22–24]. 

Metamaterials are artificially constructed 

materials, which consist of either periodic or random 

arrays of subwavelength elements (meta-atoms) 

whose spatially averaged response can be treated as 

that of an effective homogeneous medium with an 

effective permittivity (ε) and permeability (μ). This 

permits the optical properties of the metamaterials to 

be engineered deliberately. Such unusual properties 

of the metamaterials have enabled exciting 

applications such as perfect lenses [25] and 

electromagnetic invisibility cloaks [26]. Another 

important application of the metamaterials is the 

development of the perfect absorber, in which the 

metamaterials can result in near unity absorbance/ 

emittance over a desired frequency range (that is, 

spectrally selective perfect absorption/emissivity) 

[27–30]. This enables the metamaterials to offer 

more freedom degrees to tune the infrared radiative 

properties of targets, thus, a suitable candidate 

 

for satisfying the requirements of an ideal infrared 

stealth material. 

The metamaterial perfect absorber was first 

demonstrated by Landy et al. [27] at microwave 

frequencies using a combination of split-ring 

resonators (SRRs) and cut wire pairs to tune the 

electric and magnetic responses independently. 

Efforts to demonstrate the metamaterial spectral 

perfect absorber/emitter in the infrared have 

converged on a theme of simplified designs that 

essentially consist of a sub-wavelength-scale 

resonator separated from an optically thick metal 

film by an intermediate dielectric layer [1, 4, 14, 15, 

30–34]. 

However, unexpected resonances in 

metamaterial-based selective emitters could lead to 

exposure to the infrared dual-band detection systems. 

As shown in Fig. 1, the metamaterial-based selective 

emitter exhibits two absorption/emissivity peaks, 

and the peak lies in the band of 8 μm –14 μm could 

lead to degrading stealth performance. In this paper, 

we characterize the two absorption/emissivity peaks 

and figure out the origins of the two peaks. And then, 

we propose an optimized metamaterial-based 

spectrally selective absorber/emitter (MBSSAE) 

with incorporation of an epsilon-near-zero (ENZ) 

material between the patterned Al disks and the SiO2 

spacer layer. We show that the coupling of the 

magnetic polaritons to the ENZ mode [35, 36] can 

significantly broaden the absorption/emissivity in 

the band of 5 μm –8 μm. The optimized selective 

emitter can effectively suppress the thermal 

radiation in the two atmospheric windows and 

enhance the thermal radiation in the 

non-atmospheric window. The results of this study 

will contribute to a further understanding of the 

metamaterials for multi-resonance and mode 

coupling behavior, which enables further ideas for 

designing the narrow-band or broadband absorber/ 

emitter.



Jiacheng LI et al.: Coupling of Epsilon-Near-Zero Mode to Mushroom-Type Metamaterial for Optimizing Infrared  
Suppression and Radiative Cooling 

 

Page 3 of 13

 

Design I 

D 

Wy 
Wx 

t1 

t2 

t3 

 
(a) 

A
bs

or
pt

io
n/

em
is

si
vi

ty
 

(I) 

1.00 

0.75 

0.50 

0.25 

0.00 
 

Absorption/emissivity 
144 6 8 10 12 

(II) 

 
(b) 

Fig. 1 Prototype-design of MBSSAE structures: (a) three- 
dimensional (3D) schematic of the first designed (Design I) 
MBSSAE (the yellow patterns represent Al, and the grey 
patterns represent SiO2) and (b) simulated absorption spectra of 
the MBSSAEs. The geometric parameters of (a) are t1 = 50 nm, 
t2 = t3 = 100 nm, Wx = Wy = 2.6 μm, and D = 2.2 μm. The two 
absorption band peaks are labelled as I and II. 

2. Numerical simulation method 

To investigate the performance of our design 

numerically, we employ a commercial software 

package [lumerical finite difference time domain 

(FDTD)] [37] by utilizing the FDTD method. The 

schematic of the metamaterial-based spectrally 

selective absorber/emitter for infrared stealth is 

shown in Fig. 1(a), which consists of a patterned 

array of the Al disks and a layer of the Al film 

separated by a layer of SiO2. In the simulations, 

complex optical constants for SiO2 are taken from 

[38], and the optical properties for Al are taken from 

[39]. We select highly doped silicon (Si) as the ENZ 

material in the mid infrared (MIR), and the dielectric 

constant of doped silicon is described by a Drude 

model, as shown below: 

( )
2

Si 2 i
pω

ε ω ε
ω ωγ∞= −

+           (1) 

where ε∞ (= 11.7) is the permittivity of doped silicon 

at the high frequency, and ωp is the plasma 

frequency [ ( )2 2
0 effp dn e mω ε= ], in which nd is the 

doping density, meff is the effective mass of the 

carriers, e is the charge on an electron, ε0 is the 

permittivity of the vacuum), and γ is the collision 

frequency [ ( )eff ce mγ μ= ], where μc is the mobility 

of the carriers). 

The simulation region geometry is symmetrical 

in the xy-plane, so the boundary condition is chosen 

to be symmetric along the y-axis and anti-symmetric 

along the x-axis for faster simulation. The boundary 

condition along the z-direction is taken as a perfect 

matched layer (PML). The minimum mesh step is  

10 nm, and a mesh accuracy of 2 is taken. The 

simulation time is taken as 3 000 fs. We calculate the 

absorptivity (A) as follows: A = 1−R−T, where R is 

the reflectivity, and T is the transmittance. 

According to Kirchhoff’s law, the absorptivity is 

equal to the emissivity [40]. We can therefore 

determine the emissivity from the simulated 

absorptivity results. The thickness of the Al ground 

plane is larger than the skin depth of electromagnetic 

waves in the infrared regime and will block any light 

transmitted, leading to nearly zero transmittivity in 

the range of the interest. In the following simulation 

and discussion, the transmittivity is set to zero, and 

we calculate the absorptivity (A) as follows: A = 

1−R. 

3. Results and discussion 

3.1 Mechanism and prototype design 

Our prototype-design of MBSSAE structures 

consists of a three-layer system as follows: a layer of 

SiO2 is sandwiched between an optically thick layer 

of Al and a patterned layer of the square periodic 

array of Al disks, as shown in Fig. 1(a). 

The Al disk on the top acts as electric resonators 

driven by the electric field of the incident radiation 

[30]. And a magnetic resonance can be excited by 
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the antiparallel surface currents in the top Al disk 

and the Al ground plane. These two antiparallel 

currents act to form circulating current loops with a 

confined magnetic field. The induced circulating 

currents result in a magnetic dipole [30] moment 

which can strongly interact with the magnetic field 

of the incident radiation. 

A change in the top Al disk diameter will result 

in a shift of the electric resonance frequency and 

hence, result in a change of the effective dielectric 

permittivity ε(ω) of the system. In comparison, a 

change in the SiO2 layer thickness primarily affects 

the magnetic resonance and will control the effective 

magnetic permeability μ(ω) of the system. The 

capacitive coupling to the Al ground plane will also 

contribute to ε(ω), but to a lesser extent. When 

tuning the electric and magnetic resonance 

frequencies, their relative strengths can give rise to 

an optimal impedance matching for the incident 

radiation. Thus, the combination of the optimized 

diameter of the Al disk and the thickness of the SiO2 

spacer layer enables the impedance to match with 

the incident medium, thereby, giving rise to the 

perfect absorption of the radiation [28]. 

An early research [33] demonstrated that the 

primary resonance may rise from a localized surface 

plasmon, and we can consider such structure as a 

metal-insulator-metal (MIM) configuration where 

two semi-infinite slabs of the metal are separated by 

a thin and planar dielectric layer with the thickness 

of t2, and solve the dispersion relation for a 

transverse magnetic plasmon polariton. The primary 

resonance of a circular patch is then given by 
1 2

2

2
1

1.841 d
p

D c
n

t

πλ
ω

 
= +  

 
.        (2) 

In (2), the primary resonant (or fundamental 

mode) wavelength is proportional to the diameter D 

of the top metal disk and the primary resonant (or 

fundamental mode) wavelength is also proportional 

to the optical index nd of the intermediate dielectric 

layer. Equation (2) suggests a theoretical basis for 

designing the metamaterial-based absorber/emitter 

in the frequency of interest. 

First in our prototype designed MBSSAE 

(Design I), the thickness of the top patterned Al 

layer is 50 nm (t1 = 50 nm), the dielectric layer and 

bottom Al ground layer have the same thickness of 

100 nm (t2 = t3 = 100 nm), the period/pitch of the unit 

cell is Wx = Wy = 2.6 μm, and the diameter of the top 

Al disk is D = 2.2 μm, as shown in Fig. 1(a). The 

simulation result is represented as the black curve in 

Fig. 1(b). There are two absorption band peaks at  

5.8 μm and 10.4 μm. 

To understand the origins of the two resonance 

peaks shown in Fig. 1(b), we calculate the intensity 

of the magnetic and electric field distributions at 

different resonance wavelengths for Design I of the 

metamaterial-based absorber/emitter, as shown in 

Fig. 2. Figure 2(b) shows the magnetic field 

distribution in the unit cell at the wavelength of  

5.8 μm (Peak I in Fig. 1b), representing the 

first-order magnetic resonance, and both the electric 

field [Fig. 2(a)] and the magnetic field [Fig. 2(b)] 

represent localized mode features. As shown in   

Fig. 2(d), the magnetic field in the unit cell at the 

wavelength of 10.4 μm [Peak II in Fig. 1(b)] 

represents the same localized field distribution 

features with the case at the wavelength of 5.8 μm, 

which is also corresponding to the first-order 

magnetic resonance. 

The reason for the coexisting of these two 

first-order magnetic polariton resonances in such 

structure is attributed to the strong dispersion 

characteristic of SiO2 in the range from 7 μm to   

12 μm [as shown in Fig. 3(a)]. As shown in Fig. 3(b), 

Peaks I and II both redshift with an increase in the 

top Al disk diameter. Peak I gradually approaches 

the longitudinal optical (LO) phonon wavelength of 

SiO2, while Peak II gradually deviates from the 

transverse optical (TO) phonon wavelength of SiO2. 

Figure 3(c) depicts an anti-crossing behavior of the 

magnetic polariton resonance due to the coupling of 

the intrinsic material phonon resonance of SiO2 and 
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the diameter-dependent magnetic polariton 

resonance. The wavelength at permittivity near zero 

is called the epsilon-near-zero (ENZ) wavelength 

(λENZ), in which the ENZ mode can be excited. We 

can demonstrate that the strong coupling between 

the ENZ mode and magnetic polariton results in a 

significant Rabi splitting. Previous works have 

demonstrated similar results [41–43]. 
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Fig. 2 Simulated spatial profiles of the electric field intensity for the first designed MBSSAE at the incident wavelength of       
(a) 5.8 μm and (c) 10.4 μm, respectively and simulated spatial profiles of the magnetic field intensity for the first designed MBSSAE at 
the incident wavelength of (b) 5.8 μm and (d) 10.4 μm, respectively. 

To clarify the origin of the split absorption peaks, 

we perform a theoretical analysis of the coupled 

system, which can be written as [43] 

2 2
TO

2 2
MP

0
4

s

s

x

E

ωω ω ωω
ωω ω ω ε π∞

  −
=   −  

   (3) 

and the permittivity of SiO2 is written as 

2

2 2
LO TO

SiO 2 2
TO

2
s

2 2
TO

1+
i

1+
i

ω ωε ε
ω ω γω

ωε
ω ω γω

∞

∞

 −=  − − 
 

=  − − 

        (4) 

where E is the field amplitude, ωMP is the magnetic 

polariton frequency, ωTO is the TO phonon 

frequency, and ωLO is the LO phonon frequency. 

Note that the simpler coupled-harmonic-oscillator 

model does not show the ω-dependence of the 

off-diagonal terms and therefore cannot describe the 

polaritonic branches correctly. 

In the ultrastrong coupling (USC) regime at the 

crossing point of the magnetic resonant and TO 

phonon frequencies (ωMP = ωTO), as shown in     

Fig. 3(c), the exact frequencies of the two polaritonic 

branches are 

2
2 s s
TO 4 2

ω ωω ω± = + ± .          (5) 

And the splitting is calculated to be Δω = |ω+ − ω−| = 

ωs, the TO and LO phonon frequencies of SiO2 are 

32.24 THz and 36.4 THz, respectively, through 

which the value of ωs is calculated to be 16.9 THz. 

From Fig. 3(c), the coupling strength g (= Δω/2) is 

approximately 8.5 THz, which is consistent with the 
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half value of ωs. Moreover, the normalized coupling 

strength (η) is calculated by η = g/ωTO ≈ 0.264 > 

0.25, indicating that the systems are in the 

ultrastrong coupling regime [43]. 
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Fig. 3 Coupling of the intrinsic material phonon resonance of SiO2 and the magnetic polariton resonance: (a) real part of the 
permittivity of SiO2 as a function of the wavelength, (b) simulated absorbance of the first designed MBSSAE as a functions of the 
wavelength and the top Al disk diameter with other parameters t1 = 50 nm, t2 = t3 = 100 nm, and Wx = Wy = 2.6 μm (the two vertical 
white solid lines indicate the locations of the LO and TO phonon wavelengths of SiO2, respectively, and the white dashed lines 
represent the wavelength with the maximum absorption efficiency of the first designed MBSSAE), and (c) schematic illustration of the 
Rabi splitting (the red dashed line indicates the magnetic polariton mode, and the black dashed lines indicate the two polaritonic 
branches). 

3.2 Optimization of the structural design 

Based on the mode resonant mechanisms of the 

metamaterial-based absorber/emitter, we can further 

optimize the absorption/emission performance for 

the purpose of infrared stealth. The absorption 

spectra could be tuned by changing the diameter D 

of the disk. The dependence of absorption spectra on 

changes in the diameter of the disk is shown in   

Fig. 4(a). The significant changes in the 

absorption/emissivity intensity of Peak II are clearly 

shown in Figs. 4(b) and 4(c). Though the absorption 

intensity of Peak II is suppressed as a decrease in the 

Al disk diameter D, both Peaks I and II shift toward 

shorter wavelengths, which results in a lower 

emissivity in 5 μm – 8 μm and a much higher 

emissivity in 3 μm – 5 μm. 

For further optimizing our structure, we then 
propose the second designed (Design II) MBSSAE, 

as shown in Fig. 5(a). Figure 5(c) shows the 
dependence of absorption spectra on the SiO2 
cylinder diameter Ds. As can be seen, both Peaks I 

and II have slightly blue-shifts with a decrease in the 
SiO2 cylinder diameter, and Peak II is decreasing 
gradually and eventually totally disappears. This 

result can be explained with (6) as follows [34]: 

eff2r n Dλ =               (6) 

where neff is the effective index of the MIM 

waveguide, D is the diameter of the Al disk, and λr 
is the resonant wavelength. When the spacer layer is 
etched into an array of cylinder, the effective index 
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neff of the MIM waveguide slightly decreases, which 
results in the resonance wavelength shifts slightly to 
the shorter wavelength. Equation (6) can be thought 

of as a further simplification of (2), since the 
physical mechanism of the two formulas is 
consistent. 
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Fig. 4 Simulated absorbance of the first designed MBSSAE (a) as functions of the wavelength and the top Al disk diameter with 
other parameters t1 = 50 nm, t2 = t3 = 100 nm, and Wx = Wy = 2.6 μm. The white dashed line region corresponds to the non-atmospheric 
window (5 μm − 8 μm), the orange dashed line parallel to the x-axis represents the configuration with the disk diameter of D = 2.2 μm, 
and the corresponding spectrum is shown in (b), and the yellow dashed line parallel to the x-axis represents the configuration with the 
disk diameter of D = 1.66 μm, and the corresponding spectrum is shown in (c). 

Considering the limitation of the fabrication 

condition, it is hard to achieve a perfect cylinder 

shape in the etching process of the dielectric layer, 

so we replace the SiO2 cylinder with a circular 

truncated cone as the third design (Design III). We 

create the mushroom-capped structure [as illustrated 

in Fig. 5(b)] by additional fabrication processing: a 

predominately anisotropic reactive-ion-etching (RIE) 

or wet-etching with the slight isotropic component is 

carried out to remove the SiO2-spacer laterally at a 

slower speed than that of etching downward. For 

those circular truncated cones with a relatively small 

tilt angle, we probably need the lateral etching rate 

faster than the longitudinal etching rate. The etched 

shape can be controlled by the etching time and the 

choices of etching gas or solution. As discussed 

above, the resonance wavelength is approximately 

proportional to the effective index neff and the 

diameter of the Al disk D. Based on the effective 

medium theory (EMT), in our second and third 

design cases, the effective index neff depends on the 

volume duty ratio of SiO2. Here, we depict six 

different samples of the third designed MBSSAE, of 

which Samples (1) − (5) have the same volume duty 

ratio of the SiO2 truncated cone, to make sure that 

the effective index neff is consistent with that of 

Design II. In addition, Sample (6) has a little smaller 

volume duty ratio of SiO2 than else. The 

corresponding calculated values of Dt and Db are 

listed in Table 1. The period, Al disk diameter, and 

spacer thickness are fixed as Wx = Wy = 2.8 μm, D = 

2.6 μm, and t2 = 100 nm, respectively.

 



                                                                                             Photonic Sensors 

 

Page 8 of 13

Table 1 Detailed geometric parameters of Designs II and III. 

Sample Design II 
Design III 

(1) (2) (3) (4) (5) (6) 

Dt (μm) 1.8 1.6 1.4 1.2 1 2.5 1 

Db (μm) 1.8 2 2.172 2.34 2.5 1 1.4 

Volume duty ratio (%) 33 33 33 33 33 33 15 

Tilt angle (°) 90 27 15 10 8 8 27 
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Fig. 5 Second and third design schemes of MBSSAE structures: (a) 3D schematic of the second designed MBSSAE, the spacer 

layer is etched to be an array of the cylinder with a smaller diameter Ds than that of the top Al disk, (b) left: 3D schematic of the third 
designed MBSSAE and right: cross-section of Design III, in which the SiO2 spacer is etched to be an array of the circular truncated 
cone with a top diameter Dt and a bottom diameter Db, (c) simulated absorption spectra of the second MBSSAEs as functions of the 
wavelength and the SiO2 disk diameter Ds with other parameters t1 = 50 nm, t2 = t3 = 100 nm, Wx = Wy = 2.6 μm, and D = 2.2 μm,    
(d) simulated absorption spectra of the third designed MBSSAEs as functions of the wavelength and the SiO2 thickness t2 with other 
parameters t1 = 50 nm, t3 = 100 nm, Wx = Wy = 2.8 μm, D = 2.6 μm, Dt = 1 μm, and Db = 2.5 μm, and (e) calculated absorption spectra 
for Design II with Ds = 1.8 μm and Design III with varied values of Dt and Db, other parameters are fixed as t1 = 50 nm, t2 = t3 =    
100 nm, Wx = Wy = 2.8 μm, and D = 2.6 μm. All the curves are shifted by 50% in the y-axis direction for clarity. 

The simulated results are displayed in Fig. 5(e), 

for Samples (1) − (5), Peak I remains unchanged as 
the volume duty ratio of the SiO2 truncated cone 
stays the same, and it is furtherly demonstrated from 

the spectral curve of Sample (6) that a slight 
blue-shift of Peak I is due to the changes in the 
volume duty ratio of SiO2. 

By contrast, Peak II is much more sensitive to 
the geometric parameters of the SiO2 truncated cone. 
Here, we define the tilt angle θ as the angle between 

the hypotenuse and the long length of the truncated 

cone. Accordingly, the truncated cone in Sample (1) 

has a larger tilt angle, Sample (4) has a smaller tilt 
angle, and Sample (5) has an inverted truncated cone 
with a consistent tilt angle as that of the SiO2 

truncated cone from Sample (4). As can be seen 
from the curve of Sample (1) to that of Sample (4), 
Peak II is gradually suppressed and accompanied by 

a slight spectral blue-shift. As for the curve from 
Sample (5), the spectral curve is almost the same as 
that of Sample (4). As a result, the tilt angle θ of the 

truncated cone might be the key of the coupling 
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behavior between the metamaterial magnetic 
resonance and the SiO2 phonon resonance. 

Figure 5(d) depicts the dependence of the SiO2 
thickness on the absorption, there exists an 

optimized value of the SiO2 thickness to meet the 
critical coupling condition for perfect absorption, 
and we select the optimized SiO2 thickness to be t2 = 

100 nm. 
As for the result from Sample (6), the calculated 

average absorption is approximately 5.7% in 8 μm – 

14 μm and less than 5% in 3 μm – 5 μm. The average 
absorption in 5 μm – 8 μm remains 35.9% 
simultaneously, which is relatively low in the infrared 

stealth application. 

Further efforts have been made to broaden the 
absorption bandwidth of 5 μm – 8 μm. We utilize 
doped silicon as the ENZ material with the plasma 
frequency tuned by the doped concentrations. We set 

the n-doped concentration to Nn = 1.07 × 1020
 cm−3. 

In our simulation, the dielectric constant of n-doped 
Si is described by the Drude model with a plasma 

frequency of ωp = 1.12 × 1015
 rad/s and a collision 

frequency of γ = 5 × 1013
 rad/s. The resulted ENZ 

wavelength of our designed n-doped Si is near the 

wavelength of λ = 6 μm. The n-doped Si nanolayer 
is integrated between the top patterned Al disks 
layer and the SiO2 spacer layer, as shown in Fig. 6(a). 

Figure 6(b) shows that a nanofilm of n-doped Si can  

 
Wavelength (μm) 

(c) 

4 

D
ia

m
et

er
 (

μm
) 

2.4 

2.2 

6 8 10 13 14

1.8 

2.6 

Wavelength (μm) 

(b) 

4 6 8 10 12 14

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

E
N

Z
 la

ye
r 

th
ic

kn
es

s 
(n

m
) 

150

100

50

A
bs

or
pt

io
n/

em
is

si
vi

ty
 

1.0

0.8

0.2

0.6

0.4

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

5 7 12 11 9 

1.6 

3 

Design IV 

D 

 Wx 

t1 

t2 

t3

Design III (S6) 

Design IV 

 
Wavelength (μm) 

(d) 

4 6 8 10 13 145 7 12 11 9 

2.0 

0
3

Wy 

tENZ 

(a) 

 
Fig. 6 Fourth design scheme of MBSSAE structures: (a) 3D schematic of the fourth design, (b) simulated absorption spectra of the 

MBSSAEs with different designs, in which the red and black curves represent the third designed MBSSAE and the fourth designed 
MBSSAE, respectively (the geometric parameters of Designs III and IV are listed in Table 2), (c) simulated absorption spectra with the 
change of the top Al disk diameter D (the other parameters are t1 = 50 nm, t2 = t3 = 100 nm, tENZ = 80 nm, and Wx = Wy = 2.6 μm), and 
(d) simulated absorption spectra with the change of the thickness of the ENZ nanolayer (the other parameters are t1 = 50 nm, t2 = t3 = 
100 nm, Wx = Wy = 2.6 μm, and D = 2.1 μm). 
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significantly broaden the absorption band near the 

ENZ wavelength, which is attributed to the mode 

coupling of the ENZ mode and the magnetic 

polariton resonance [35, 36]. For the fourth designed 

(Design IV) MBSSAE, these simulations reveal that 

an average absorption of less than 10% is 

maintained over the 8 μm – 14 μm band and an 

average absorption of 6% over the 3 μm – 5 μm band. 

Two absorption peaks occur in the 5 μm – 8 μm band 

with an average absorption increased to 65.8%. 

We also investigate the impact of deviations in 

the geometry caused by fabrication tolerances, and 

the results are displayed in Figs. 6(c) and 6(d). As 

shown in Fig. 6(c), the top Al disk diameter has a 

significant effect on Peak I, and as the top Al disk 

diameter increases, Peak I shifts toward longer 

wavelengths and splits into two peaks near the ENZ 

wavelength of n-doped silicon; Fig. 6(d) shows that 

the thickness of the ENZ nanofilm has significant 

effects on both Peaks I and II. When the ENZ 

nanolayer thickness is less than 100 nm, an increase 

in the ENZ nanolayer thickness results in a higher 

and broadband emissivity in the 5 μm – 8 μm band. 

Table 2 Detailed geometric parameters of Sample (6) in 
Designs III, and IV. 

 Design III (S6) Design IV 

t1 (nm) 50 50 

t2 (nm) 100 100 

t3 (nm) 100 100 

tENZ (nm) / 50 

D (μm) 2.6 2.4 

Wx (= Wy) (μm) 2.8 2.8 

Dt (μm) 1 1 

Db (μm) 1.4 1.4 

 
Then, we consider the effect of non-uniform 

doping of n-doped silicon and build a physical 

model of a multilayer stacked structure to simulate 

the inhomogeneity of doping concentration 

distribution in n-doped silicon, as shown in Fig. 7(a), 

and the thickness of each layer is tENZ/5. As we 

assume that the doping concentration has a linear 

relationship with the doping depth N ∝ t, thus, we 

can conclude that the relationship between the 

plasma frequency of n-doped Si and the doping 

depth is given by 

p N tω ∝ ∝             (7) 

where t is the doping depth, and N is the doping 

concentration at the corresponding doping depth. 

In our multilayer stacked structure model, the 

plasma frequency of n-doped Si in each layer is 

shown in Table 3. The previous work by S. Basu   

et al. [44] has demonstrated that the carrier mobility 

will gradually decrease with the doping 

concentration, and when the doping concentration 

reaches a relative high value (> 1 × 1019
 cm−3), the 

carrier mobility changes slightly with the doping 

concentration. In our multilayer model, as the 

doping concentration difference is small between 

layers, we can assume that the carrier mobility is 

constant in each layer, thus, the calculated collision 

frequency γ is fixed at 5 × 1013
 rad/s. The calculated 

real and imaginary parts of the permittivity of 

doped-Si are shown in Figs. 7(b) and 7(c). 

Based on the multilayer stacked structure model, 

the simulated absorption spectra of the fourth 

designed MBSSAEs with non-uniformly 

doped-silicon are shown in Fig. 7(d), and the values 

of the calculated average absorption/emissivity over 

the band of 3  μm – 5 μm, 8  μm – 14 μm, and 5  μm – 

8 μm are 5.3%, 10.1%, and 64.1%, respectively. 

These results might contribute to the subsequent 

verification with experimental results. 

In addition, our structure also performs a 

polarization-independent behavior (not shown here), 

which is due to the circular symmetry in the x-y 

plane. Therefore, the results show that the infrared 

spectral behaviors of our designed MBSSAE satisfy 

the requirements of the IR stealth. 
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Fig. 7 Effect of non-uniform doping of the n-doped silicon layer: (a) schematic of the multilayer stacked structure model, the real (b) 

and imaginary (c) parts of the permittivity of doped silicon with five different doped concentrations as listed in Table 3, and        
(d) simulated spectra of the fourth designed MBSSAEs with uniformly doped-silicon (red solid line) and non-uniformly doped-silicon 
(black solid line).

Table 3 Multilayer model for the simulation of the carrier 
concentration inhomogeneity in highly-doped Si. 

Layers 1 2 3 4 5 

ωp 

(rad/s) 
1.12×1015 1.063×1015 1.02×1015 0.98×1015 0.95×1015

γ 

(rad/s) 
5 × 1013 5 × 1013 5 × 1013 5 × 1013 5 × 1013 

4. Conclusions 

In conclusion, we have designed and 

investigated four kinds of MBSSAEs for the purpose 

of infrared stealth. And the fourth designed 

MBSSAE possesses the best infrared stealth 

performance, which has an optimized infrared 

suppression spectral characteristic in the IR 

transmission atmospheric window (3  μm – 5 μm and 

8  μm – 14 μm) and an optimized radiative cooling 

spectral characteristic in the IR non-atmospheric 

window (5  μm – 8 μm). In this work, we have shown 

that the absorption bandwidth can be increased 

significantly through the introduction of an ENZ 

nanofilm. And we demonstrate characteristics of the 

tunable and polarization-independent absorption/ 

emission across the mid-infrared, which will also 

promote the implementation of high-performance 

sky radiative coolers. With a further acknowledge of 

the resonant mechanisms of the metamaterial-based 

absorber/ emitter, this work will provide an 

alternative approach for the narrow-band, dual-band, 

and even broadband perfect absorption, which has a 

promising potential for the application of spectrally 

selective thermal detection, optical sensor, 

thermophotovoltaic, radiative cooling, etc. 
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