38 3
2019 6

J. Infrared Millim. Waves

Vol. 38 No.3
June 2019

: 1001 -9014( 2019) 03 - 0315 - 06

DOI: 10. 11972 /j. issn. 1001 —-9014. 2019. 03. 010

Dual atmospheric windows infrared stealth research
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Abstract: A novel and simple design of dual-stop-band frequency selective surface( FSS) for infrared stealth appli—

cations is proposed and investigated. The proposed structure consists of three layers metallic four multiplexed cross

resonators as the front layer metal well-shaped structure as the bottom layer and a dielectric layer as the separator.

The simulated results show that the proposed dual-stop-band FSS has high reflectivity in the two atmospheric win-

dows (3.0~5.0 wm and 8.0 ~14.0 pm) for normal incidence waves and the transmissvity is suppressed com—

pletely below 0. 1. The influence of incident angle period size and dielectric thickness on reflection and transmis—

sion were investigated. The proposed structure also shows good transmission stability in a large incident angle 0 for

both TE and TM modes at azimuthal angle ¢ =0°. The stop-band principle of the proposed structure is formed not

only by the electric resonance but also by the magnetic resonance.
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Introduction

Low-emissivity infrared materials have been exten—
sively studied due to their potential applications of infra—
red stealth techniques. Low-emissivity coatings are typi—
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cally deposited on target for reducing the infrared radia—
tion intensity. The main characteristic feature of low-em—
issivity coatings is high infrared reflectance. In the past
decade several kinds of low infrared emissivity materials
such as core-shell composites multilayer structures and
nano-composite films have been developed '* . High re—
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flectance in the whole infrared band can significantly re—
duce the efficiency of electromagnetic waves transmis—
sion but it will result in a rapid rise of temperature espe—
cially for targets of high-temperature components. Tt
means that high temperature should be avoided in infra—
red stealth. However conventional materials generally
do not have frequency-selective characteristics. Since the
atmosphere can absorb some electromagnetic wave of the
infrared band and the infrared detecting instruments have
to work in the atmospheric transparency windows with
wavelength ranges of 3.0 ~5.0 um and 8.0 ~14.0 pm
the expectation of controllable electromagnetic waves ra—
diation has been a hot research topic for many years.

The spectral radiation signature such as absorp—
tion reflection and transmission could be modulated
by patterning the surface with conducting or dielectric
sub-wavelength elements. Spectral modifications have
been readily shown in the literature for millimeter wave
and infrared spectral regions and are well-known as fre—
quency selective surfaces ( FSS) . As a spatial filter on
the one hand FSS can be designed to demonstrate band-
pass band-stop low-pass or high-pass behavior **
On the other hand its frequency response is not only
function of frequency but also functions of incident an—
gle and polarization of the incoming electromagnetic
wave. With growing interests in infrared ( IR) stealth
remote sensing IR detection applications several FSS
designs have been fabricated and tested. J A Bossard ’
investigated dual band metallo-dielectric FSS and all-die—
lectric FSS  the all-dielectric FSS had dual stop-bands in
the midR at around 80 THz and 90 THz. M J Dicken *
demonstrated frequency tunable capability by using a
near-infrared FSS based on VO, phase transition princi—
ple. They proposed a sandwiched VO, active layer be—
tween an Ag split ring resonators ( SRRs) and sapphire
substrate  which could realize ~ 100 nm wavelength
modulation. Xiaotao Liang ° utilized the properties of a—
ligned nematic liquid crystal ( LC) cells in the design of
FSS. Metallo-dielectric FSS and an all-dielectric FSS
were optimized to have a narrow stop-band in the middR
that could be tuned over a wide range of frequencies by
an LC superstrate. However conventional infrared FSSs
are single layer structures which results in narrow stop—
band or pass-band. Zhixin Che and Changhui Tian "
designed an IR FSS that composed of different size ring
units. Consequently the four different size rings show
strong polarization sensitivity. In addition the structure
also has a narrow stop-band width of the long wavelength
band of 8 ~14 pm.

In this paper a dual-stop-band FSS for infrared
stealth applications was proposed. The simulation results
show that the proposed dual-stop-band FSS has high re—
flectivity in the two atmospheric windows (3.0 ~5.0 pum
and 8.0 ~14.0 wm) for normal incidence waves and
the transmissvity is suppressed completely under 0. 1. In
atmosphere absorption band of 5.5 ~7.6 um the FSS
exhibits high transmission. In addition there is an ab-
sorption band in the 5.5 ~7.6 pum which can passively
cool themselves through transmit emission of heat to outer
space. The structure is polarization independent.

1 Structure and design

The schematic of the designed dual-stop-band FSS
is shown in Fig. 1. As shown in Fig. 1(a) metallic four
multiplexed cross resonators consist of the top layer. The
bottom layer is a metal well-shaped structure as shown in
Fig. 1(b). The Fig. 1(c) shows the side structure of
the unit that middle layer is dielectric. The unit cell has
periodic dimensions of p =2. 8 pum in x5 plane the
width and the length of four crosses are w =0.2 pm [ =
1.3 um the width of well-shaped structure is w =0.2
pm. The employed metallic layer was the gold with Drude
model for the dielectric function "' £, (w) =1 - a)p2 lw
(w +iw,) Here the plasma frequency w, =27 x2.175
x10° THz and the collision frequency w, =21 X 6. 5
THz. SiN_ layer is chosen as the dielectric spacer with
dielectric constant 3. 8 and loss tangent 0. 025. The
thicknesses of the gold cross resonators layer and SilV,
layer are h; =0.3 pm and h, =1.4 pm respectively.
The thickness of gold well-shaped structure of the bottom
is h; =0. 1 pm. The scattering parameters of the pro—
posed structure are calculated from a commercial finite
difference time domain ( FDTD) method solver by CST
Microwave Studio. The unit cell has periodic boundary
conditions in x- plane and open for z direction.

Fig.1 The proposed FSS structure ( a) Top view and
(b) Bottom view (c) Side view

1 FSS (a) (b)
(¢)

2 Simulation results and discussion

The reflection transmission and absorption spec—
trum of the proposed FSS is shown in Fig. 2( a). The
simulated results show that the proposed dual-stop-band
frequency selective surface has high reflectivity in two at—
mospheric windows denoted as 3.0 ~5.0 pm and 8.0 ~
14.0 pm for normal incidence wave and the transmis—
sivity completely less than 0. 1. In the atmosphere ab-
sorption band of 5.5 ~7.6 pwm there is a broad trans-
mission band which leads to a high efficiency of electro—
magnetic wave transmission. It also can be seen from
Fig.2( a) in the atmosphere absorption band there is
an absorption band which leads to a high efficiency of
heat radiation and good stealth for objects according to
Kirchhoff” s law of thermal radiation. Fig. 2( b) shows
the reflection of a singleday FSS with cross structure
which has a high reflectance at 3-5 um. As the thickness
of the metal FSS screen increases the reflectivity of 3-5
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pm increases but the steepness of the reflection curve
decreases. Fig.2( ¢) shows the reflectivity of a single-day
FSS with well-shaped structure which has a high reflec—
tance at 844 pm. The reflectance of 8 ~ 14 pm is lower
than that of the dualdays FSS. As the thickness of the
well-shaped metal increases the reflectance of 8 ~ 14
pm increases. Moreover due to the symmetrical charac—
teristic of the structure it has almost the same response
to transverse electric ( TE) polarized light and transverse
magnetic( TM) polarized light for normal incidence the
proposed FSS is nearly polarization independent.

Fig.2
absorption spectrum of proposed FSS ('b) Reflec—

(‘a) Simulated reflection transmission and

tion of single layer FSS with multiplexed cross re—
sonators structures ( c¢) Reflection of single layer
FSS with well-shaped structures
2 (a) FSS N N
(b) FSS (¢)
FSS

We have further investigated the stability of trans—
mission of incident angles 6 varying from 0° to 80°. As

shown in Fig.3('a) and Fig.3( b) the incident light are
TE polarization and TM polarization at ¢ =0° respec—
tively. For TE polarization in the atmospheric absorp—
tion band of 5.5 ~7.6 pm with the incident angle lar—
ger than 30° the intensity of the transmission decreased
quickly. However in the atmospheric windows 3. 0 ~
5.0 pm and 8.0 ~14.0 pum the spectral transmissivity
is less than 0.1 the incident angle @ varies from 0° to
80°. For TM polarization with incident angles 6 varying
from 0° to 80° the transmission-band broadened in the
atmospheric absorption window and the intensity of the
transmission enhanced quickly.

Fig.3 The transmission as a function of inci—
dent angle for (a) TE and ( b) TM polarization
3 FSS (a) TE

(b) T™

There are many parameters that affect FSS spectral
behavior. Different structures of the conducting elements
( or apertures) lead to various resonant characteristics.
Also FSS spectral performance is related to the distribu—
tion of the FSS elements and the electrical parameters of
the surrounding media. The influence of these fundamen—
tal FSS parameters is discussed in the literature. The
thickness of the gold well-shaped resonators layer is hy =
0.1 wm keeping the other parameters unchanged and
changing the thickness of the thickness h; as shown in
Fig. 4( a) the value of h, increases the transmittance of
35 pm decreases and the peak of the transmission
curve shifts toward to the long wavelength. Similarly
keeping the other parameters fixed the thickness of the
gold crossed resonators layer is setting o, =0.3 pm. As
shown in Fig.4(b) the value of h, increases the width
of the transmission peak becomes narrower and the peak
of the transmission curve shifts toward to the short wave—
length.

Fig.5( a) shows the reflection spectra for different
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Fig. 4

(a) transmission spectra for different h,

(b) transmission spectra for different h,

4
hs

Fig.5

spectra for different periods

5

()

(‘a) The refection and ( b) transmission

()

hy

(b)

(b)

periods. It is apparent that the reflectivity in the two at—
mospheric windows (3.0 ~5.0 pum and 8.0 ~14.0 pwm)

decreases with the period increases. Fig.5( b) shows the
transmission spectra. It is apparent that the period has a
great influence on the transmission maximum. It shows
that the transmission maximum increases as period in—
creases. At the same time the width of transmission—
stop-band decreases obviously. The peak wavelength of
transmission experiences slight variation on small periods
due to the coupling of adjacent gold crosses. As the peri—
od increases the resonant wavelength is almost un-—
changed because the resonance condition does not change
much. Only the gap between adjacent gold crosses in—
creases leading to the increase in transmission of the at—
mosphere absorption band of 5.5 ~7.6 um. When the
thickness h, of the thin SiV, layer changes as shown in
Figs.6( a) and 6( b) the resonant wavelength under—
goes a red-shift while the transmission maximum almost
over 56% . The shift of resonance is related to the change
of SPPs wave vector for altering the dielectric environ—
ment > .

Fig.6 (a) The refection and ('b) transmission
spectra for different dielectric thicknesses

6 (a) ;
(h)

To better understand the principle of the resonant
behavior we monitored the surface current distributions
of A = 3.8 um and 12 um for the TE polarized incident
wave. The results are illustrated with Fig. 7 and Fig. 8.
It can be seen from Fig.7(a) at A = 3.8 pum the cur-
rent intensity of the top cross resonators are larger than
that of the bottom wellshaped structure. The current is
mainly concentrated on the top surface so the resonance
of FSS of A = 3.8 m is mainly caused by the resonance
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of the top layer cross unit. Fig.7( b) shows the distribu-—
tions of z-component electric field ( real ( Ez)) of cross
resonators. It also can be seen from Fig. 7( b) that oppo-
site charges accumulate at the edges of the four cross
which indicates the excitation of electric dipole resonance
on the metal films.

Fig.7
A= 3.8 um (b) Distributions of z-component elec—

(‘a) Side view of surface current distributions

tric field ( real ( Ez) ) of cross resonators
7 (a) A=3.8 pm
(b) Z

Fig. 8 shows the side view of surface current distri—
butions of A =12 pum the current is concentrated on the
bottom of well-shaped structure so the resonance for FSS
of A = 12 pum is mainly caused by the resonance of the
bottom layer wellshaped structure. In addition it can
be seen that the two electric field loops with opposite ori-
entations are formed into x-o-y plane at 12 pum. The sur-
face currents on the metallic pattern and the metal
groundsheet form current loops. Consequently magnetic
dipole is formed which induce strong magnetic responses
and cause strong enhancement of the magnetic field. Ac-
cordingly strong magnetic resonances dominate the reso—
nances. Therefore the transmission-stop-band of pro—
posed structure of A = 12 pm is caused by not only the
electric resonance of bottom layer wellshaped structure
but also the magnetic resonance between cross unit and
well-shaped unit.

In atmosphere absorption band of 5.5 ~7.6 um
the FSS exhibits an absorption band. In order to reveal
the mechanism of the resonant absorption behavior we
monitored the surface current distributions of resonant

Fig.8 Side view of surface current distributions A = 12 pum
8 A =12 pm

wavelength A = 5.8 pm. As shown in Fig. 9 surface
current distributed both the top and the bottom metal
structures. Moreover the metal cross and the metal well—
shaped structure have the same current direction so that
the coupling between the metal structure caused the ab-
sorbing at 5.8 pm.

Fig. 9 Side view of surface current distributions A =
5.8 pm
9 A =5.8 pm

3 Conclusions

In this paper we proposed a new dual-stop-hand
FSS for infrared stealth applications. Our metamaterial
structure is able to strongly suppress infrared radiation in
two atmospheric windows of 3.0 ~5.0 pum and 8.0 ~
14.0 pm and the transmissivity is completely less than
0.1 for normal incidence wave. In the non-atmospheric
window of 5.5-7.6 pum there is a broad absorption-band
and transmission-band which can passively cool them—
selves through radiative emission of heat to outer space.
Moreover due to the symmetrical characteristic of the
structure the intensity of transmission is stable varying
with different azimuthal angles from 0° to 85°. The prin—
ciple of the resonant the proposed structure is formed not
only by the electric resonance but also by the magnetic
resonance. The proposed structure shows promising po—
tential application for the infrared stealth.
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