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Dual-wavelength narrow-bandwidth dielectric metamaterial absorber
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Abstract: In order to reduce the manufacturing cost of the narrow-bandwidth Metamaterial Absorber (MA)
and broaden its application field, a dual-wavelength dielectric narrow-bandwidth MA, composed of Au sub-
strate, SiO, dielectric layer and Si dielectric asymmetric grating, is designed based on the finite-difference
time-domain method using dielectric materials. It is found by simulation that the proposed narrow-band-
width MA has ultra-high absorption efficiency at 4; = 1.208 52 um and 4, = 1.23821 um, and the FWHM is
only 0.735 nm and 0.077 nm, respectively. The main principle that MA achieves the narrow-bandwidth ab-
sorption at A; is mainly due to the formation of Fabry-Pérot (FP) cavity resonance in the SiO, layer, while the
narrow-bandwidth absorption of MA at A, is mainly due to the guided mode resonance effect of the incident
light in the asymmetric grating. The theoretical calculations show that the absorption characteristics can be

affected more significantly by changing the structural parameters of the MA.
Key words: metamaterial absorber; dual-wavelength; narrow-bandwidth; Fabry-Pérot cavity resonance;
guided mode resonance
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1 Introduction

Perfect absorption of electromagnetic waves is
required in many applications, such as solar cells,
thermal emitters, radiation cooling, communi-
cation!"*. However, the absorbers made of natural
materials can lead to impedance mismatch due to
the lack of magnetic response, and therefore they
cannot completely suppress light reflection, thus
reducing the light absorption capacity of the ab-
sorber®™. Therefore, metamaterial-based absorbers
have been proposed, and because the Metamaterial
Absorber (MA) has high absorption efficiency for
electromagnetic wave, and has the advantages of
compact size and settable operating wavelength, it is
gradually gaining attention and becoming one of the
research hotspots'™.

With further in-depth research, different types
of MA have been gradually designed and fabricated,
such as wide-bandwidth MA, narrow-bandwidth
MA, terahertz MA, and tunable MAU!. The reason
why narrow-bandwidth MAs have received atten-
tion is that narrow-bandwidth MAs are more effi-
cient in detection and thermal emitters compared to
wide-bandwidth MAs!'") and only narrow-band-
width in optical modulation, optical detection, and
tailoring of thermal radiation MA can meet the re-
quirementst'>"¥, Different structures of narrow-
bandwidth MA have been proposed, such as narrow-
bandwidth MA based on Split Ring Resonator
(SRR) arrays, metal/dielectric periodic gratings, and
metal/dielectric slits (narrow slits). In 2014, Min
Qiu et al. (KTH Royal Institute of Technology) pro-
posed etching metal grating on a silver (Ag) metal
substrate, and based on the surface plasmon exciton-

ic resonance formed by Ag grating and air medium

doi: 10.37188/C0.2021-0075

they successfully enabled MA with narrow-band-
width absorption at wavelength 1400 nm, and its
linewidth(FullWidthHalfMaximum,F WHM )canreach
0.4 nm™¥; in 2018, FENG A et al. (the Chinese Uni-
versity of Hong Kong) proposed a narrow-band-
width MA consisting of asymmetric metal grating
and metal substrate, and a SiO, transition layer was
added between the grating and the substrate, and the
narrow-bandwidth MA was found to achieve ultra-
narrow absorption in the optical communication
band with a FWHM of 0.28 nm"*; In 2019, KANG
S et al. (Southeast University) proposed to etch a
cross-shaped nanoarray composed of gold (Au) on a
silicon dioxide substrate, while growing a thin layer
of Au on the other side of the silicon dioxide to sup-
press transmission, and the MA was tested and
found to achieve narrow-bandwidth absorption in
the terahertz band!®.

From the above, it can be found that the materi-
als used in the micro-nano structures in these nar-
row-bandwidth MAs are metallic materials, but
metallic materials have ohmic losses and there are
processing problems for fine metallic materials at
high frequencies, both of which will affect the ap-
plication promotion of MAs in the future to some
extent. For this reason, some research groups have
proposed to design and fabricate narrow-bandwidth
MAs using dielectric materials. In 2019, Zhibin Ren
et al. (Harbin Institute of Technology) designed and
prepared MAs with narrow-bandwidth absorption in
the infrared band using silicon nitride and indium tin
oxide materials, which were tested to have a FWHM
of up to 2.6 nm!""%; in 2020, Yan Zhao et al. (Anhui
University) proposed a dielectric grating composed
of silicon material etched directly on a metal sub-

strate, and the FWHM of this narrow-bandwidth
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MA was calculated by simulation up to 0.38 nm!®l,
Although the design and preparation of narrow-
bandwidth MAs using dielectric materials can re-
duce fabrication costs and improve absorption effi-
ciency, and the absorption bandwidth can be main-
tained at the sub-nanometer level, it can be seen that
few MAs that achieve multi-wavelength narrow-
bandwidth (sub-nanometer level) absorption are cur-
rently available. This can limit the application of
narrow-bandwidth MAs in some applications, such
as in spectral detection and gas detection, where
multi-wavelength narrow-bandwidth MAs are more
efficient in improving their efficiency!"**". To this
end, a dual-wavelength narrow-bandwidth dielec-
tric MA consisting of an asymmetric dielectric grat-
ing, a dielectric transition layer, and a metal sub-
strate is proposed in this paper, and the MA is de-
signed and analyzed using the Finite Difference
Time Domain (FDTD) method. The differential
form of Maxwell's equations can be numerically
solved in the time domain through FDTD, in which
the differential quotient can be substituted for the
differential in the equation. In the solution, the elec-
tric and magnetic fields are alternately distributed,
and the electric and magnetic fields in the simula-
tion region are solved over time. Through simula-
tion calculations, it is found that the FWHM of the
dual-wavelength narrow-bandwidth MA is as low as
0.077 nm and the quality factor (figure of merit,
FOM) is up to 1524/RIU, and it can also be found
that the narrowest absorption bandwidth of the nar-
row-bandwidth MA designed in this paper de-
creased by an order of magnitude compared to the
reference [14-18]. This study can provide high-qual-
ity dual-wavelength narrow-bandwidth dielectric
MAs for biosensors, thermal emitters, light modulat-

ors, etc.

2 Device structure

A dual-wavelength narrow-bandwidth dielec-

tric MA, as shown in Figure 1, consists of an Au

substrate, a silicon dioxide (SiO,) dielectric layer,
and an asymmetric grating formed by silicon (Si)
material from the bottom up. The main function of
the Au substrate is to suppress light transmission, so
its thickness must be greater than the skinning depth
of the incident electromagnetic wave, and the thick-
ness of Au is set to 0.2 pm in this paper. It can be
seen from Figure 1 that there are two gratings with
the same height / but different widths, W, and W,,
in a period, and the distance between the gratings in
the same period is g, and the thickness of SiO, is ¢.
In the future practical device preparation, the pre-
paration process of the dual-wavelength narrow-
bandwidth dielectric MA in this paper is compatible
with the current micro-nano processing process.
First, SiO, and Si thin layers are grown success-
ively on the Au substrate by magnetron sputtering,
followed by spin-coating electron beam resist on the
Si thin layer, forming asymmetric grating patterns
on the resist after electron beam exposure and devel-
opment, and then debonding and transferring the
patterns to the Si thin layer using inductively
coupled plasma etching to finally prepare the dual-

wavelength narrow-bandwidth dielectric MARY,

Fig. 1 Dual-wavelength narrow-bandwidth dielectric MA

structure diagram

Bl 1 SOERA SN MA 2510

The dielectric constant of Au is represented by
the Drude model as shown in Equation (1), where
®,, y and w are the plasma frequency, damping

coefficient and incident light angle frequency, re-
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spectively. To ensure the correctness of the simula-
tion calculation results, w, and y are obtained from
the experimental data, and according to the refer-
ence [22], w,=1.32x10" rad/s, y=1.2x10" rad/s. The
refractive indices of SiO, and Si are ng;p,=1.45 and
nsi=3.45, respectively.

2
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3 Results and discussion

3.1 Realization of dual-wavelength narrow-
bandwidth and high absorption

Firstly, a two-dimensional physical model of a
single period of the dual-wavelength narrow-band-
width dielectric MA is established using FDTD, and
then periodic boundary conditions are added in the
x-direction, perfect matching layer boundary condi-
tions are added in the z-direction, and the y-direc-
tion is set to grating infinite length by default. Fi-
nally, a light source is added directly above the
dual-wavelength narrow-bandwidth dielectric MA,
the light source polarization is set to TE polariza-
tion, the incident angle is set to 0°, and the MA is
surrounded by air with refractive index n=1.

Figure 2 shows the absorption spectrum of the
dual-wavelength narrow-bandwidth dielectric MA,
where P=1.05 pm, /=1.2 pm, #=0.78 pm, W;=0.2 um,
W,=0.3 um and g=0.2 um. The above grating para-
meters were obtained based on FDTD optimization.
It can be seen from the figure that the MA has ultra-
high absorption efficiency at wavelengths A=
1.2085 um and 4,=1.2382 pm, respectively, and
the absorption linewidths FWHM are 0.735 nm
and 0.077 nm, respectively. By comparing with
references [14-15, 17], the linewidth of the dual-
wavelength narrow-bandwidth dielectric MA at
wavelength 4, is significantly decreased and narrow-
bandwidth absorption is achieved. All parameters
mentioned above were kept constant for subsequent

calculations if not otherwise stated.

ERVES
1.0
L 10 P
g 08
0.8 Zo6f FWHM=0.077 nm
—~ 2 L
:E ,2 0.4
&) 02}
0.6
g 12375 1.238 0 1238 5% 239
= g e Wavelength/um
g' 0.4 FWHM=0.735nm p_| 5 um
2 £=0.78 pm
< =12 um
0.2 W,=0.2 pm
W,=0.3 pm
2=0.2 um S

0
1.20 1.21 1.22 1.23 1.24 1.25
Wavelength/pum

Fig. 2 Absorption spectroscopy of dual-wavelength nar-
row-bandwidth dielectric MA
B2 XUBRAE G B MA BSOS

MA can achieve ultra-narrow bandwidth high
absorption at wavelengths 1,=1.2085 pm and A=
1.2382 um because the effective impedance of MA
at these two wavelengths just matches the free-space
impedance and thus the reflection of MA at
wavelengths 4, and 4, can be effectively suppre-
ssed®!, Because the absorption efficiency 4 of MA
can be expressed as 4=1-T-R, because the thickness
of Au substrate is greater than the skinning depth of
light, so 7=0, and when the reflection of MA at
wavelengths 1, and 7, is suppressed, the absorption
efficiency of MA at these two wavelengths can be
close to 1. The effective impedance Z of MA can be
expressed by Equation (2), where S}, and S, are the
scattering matrix coefficients of reflection and trans-
mission under vertical irradiation of TE polarized
light, respectively, and R=(S;)?, 7=(S,;)?, and since
T7=0, S,,=0. Figure 3 shows the effective impedance
of MA calculated by Equation (2).

From Figure 3(a), it can be seen that the real
part of impedance Z,, is close to 1 at wavelengths
A1 and 4,, while from Figure 3(b) it can be found that
the imaginary part of impedance Z;,, is close to 0 at

wavelengths 4; and 4,.

\/(14‘511)2_&51 3 1+S5;
T 1-S
A =81)* =83, !

Z= 2
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e ent light™! which also leads to a narrower band-
0sl width of the MA at wavelength 4,.
0.6 (@)
N
04+
0.2 ’/J u r//
0

1.15 1.20 1.25 1.30
Wavelength/pm
10
(b)
8
6
H
N
4
21
O 1 1
1.15 1.20 1.25 1.30
Wavelength/um

Fig. 3 Effective impedance of dielectric MA. (a) Real part
of impedance; (b) imaginary part of impedance

B3 Al MA A RERYT. (a) BHETSERS; (b) BHLETHERT

In order to explore the intrinsic physical mech-
anisms of MA achieving dual-wavelength narrow-
bandwidth absorption, the electric field distribution
of MA at wavelengths 4, and 4, respectively, is cal-
culated in this paper, as shown in Figure 4 (Color
online). From Figure 4(a), it can be seen that the
narrow-bandwidth dielectric MA has high narrow-
bandwidth absorption at wavelength 1; because
most of the light is confined in the SiO, dielectric
layer, and a small portion of the light is confined in
the asymmetric grating. It can be seen that the incid-
ent light forms a Fabry-Pérot (FP) cavity resonance
in the SiO, dielectric layer. Figure 4(b) shows the
electric field distribution of the narrow bandwidth
dielectric MA at wavelength 1,. Unlike the electric
field distribution at wavelength 4;, the light is no
longer confined in the SiO, dielectric layer, but in
the grating. Based on the electric field distribution,
it can be judged that this is due to the formation of a

guided mode resonance in the grating by the incid-

-1.5 -07 0.1 0.9
x/pm Au

Fig. 4 Electric field distribution of dual-wavelength nar-
row-bandwidth  dielectric MA  at different
wavelengths. (a) 4,; (b) 4,

K4 AR T/ B MA TEAS R AL B B35 53 4 o

(a)ds; (b)4,

3.2 Effect of structural parameters on absorp-

tion characteristics of MA

In order to investigate the effect of MA struc-
ture parameters on the absorption characteristics of
dual-wavelength narrow-bandwidth dielectric, the
effect of MA structure parameters on its absorption
characteristics is simulated and calculated in this pa-
per. Figure 5 (Color online) shows the effect of dif-
ferent SiO, dielectric layer thickness ¢+ on MA ab-
sorption characteristics. From Figure 5(a), it can be
seen that the absorption wavelength 1, of MA is red-
shifted as 7 increases, however, the change in ¢ has a
very weak effect on the absorption wavelength 4.

From Figure 5(b), it can be seen when ¢ increases
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from 1.2 um to 1.215 pm, the absorption wave-
length 4, is red-shifted from 1.2085 um to
1.2115 pum, an increase of 3 nm. The change in ¢ has
effect on the MA

wavelength 4,, which is due to the FP cavity reson-

a significant absorption
ance formed by the light in the SiO, dielectric layer
as seen in Figure 4(a). The relationship between FP
cavity resonance wavelength and SiO, layer thick-

ness ¢ is shown in Equation (3)®,
2oyt + Plip = NApp (3

where n, is the equivalent refractive index of FP
cavity, @ is the sum of the phases of the upper and
lower interfaces of the FP cavity, and N isan in-
teger, App is the resonant wavelength of the FP cav-
ity. According to Equation (3), it is known that an
increase in ¢ increases the FP cavity resonance
wavelength App which leads to a red shift in the ab-

sorption wavelength 4, of MA.

1.0

() 110 4
S 08|
0.8 g 0.6
Z 04
<02t
0.6 0

1.237 1.238 1.239 1.240

— =1.200 p.m\
—— =1.205 pm

Absorption (a.u.)
o
~

0.2 J —— =1.215 pm
|\
1.20 1.21 1.22 1.23 1.24 1.25
Wavelength/pum
12115} (b) N
12110f P=1.05um
h=0.78 um
12105+ w,=0.2 um
£ 12100} W03um
~ 2=0.2 um
12095} >
12090 /
1.2085F »
1.200  1.204  1.208 1.212 1.216
t/pm
Fig. 5 Effect of ¢ on the absorption characteristics of the

dual-wavelength narrow-bandwidth dielectric MA.
(a) Absorption spectra; (b) absorption wavelength
K5 o X RGRR AT T BT MA WOBCRAAERY 2R . (a) T
ok (o) Wk

However, the reason why the increase in ¢ has a

weaker effect on the absorption wavelength 4, of
MA is that the narrow-bandwidth and high-absorp-
tion of MA at wavelength A, are caused by guided
mode resonance, which can be seen from Figure
4(b). According to Ref. [26], the guided mode res-
onance wavelength is mainly related to the grating
parameters and the incident angle. However, the ab-
sorption efficiency of MA at the absorption wave-
length 1, will gradually decrease as ¢ increases,
which can be explained by Figure 6 (Color online).
Figure 6 is the electric field distribution of MA at
wavelength 4, when =1.205 pm. Comparing Figure
6 with Figure 4(b), it can be found that the electric
field focused in the grating in Figure 6 is signific-
antly lower than Figure 4(b). Therefore, the absorp-

tion rate of MA will decrease after ¢ becomes larger.

-1.5 -07 0.1 0.9
Xx/um

Fig. 6 Electric field distribution of MA at wavelength 4,

when ¢ = 1.205 pm
& 6 =1.205 pm Bf MA 7EI K 2, AR5 404

Figure 7 (Color online) shows the effect of
grating width | on the absorption characteristics of
dual-wavelength narrow-bandwidth dielectric MA.
It can be seen from Figure 7(a) that the absorption
wavelengths 4, and 1, of MA both have red shifted
as W, becomes larger, respectively. It can be seen
from Figure 7(b) that when W) increases from
0.2 um to 0.202 um, the absorption wavelength 4, of
MA is red-shifted by nearly 7 nm, while the absorp-
tion wavelength 4; of MA is red-shifted by 1.46 nm.
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Fig. 7 Effect of W, on the absorption characteristics of the
dual-wavelength narrow-bandwidth dielectric MA.
(a) Absorption spectra; (b) absorption wavelength
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WG (b) RIS

The change of W, can have an impact on the
absorption wavelength 1; because it can be known
that the change of the grating width will lead to a
change in the equivalent refractive index of the
asymmetric grating, and the equivalent refractive in-
dex of the FP cavity n is effectd by the equivalent
refractive index of the asymmetric grating n,,.
Moreover, it has been shown in Ref. [27] that the in-
crease of the grating width will lead to the increase
of the equivalent refractive index of the FP cavity
neq. From Equation (3), it is known that an increase
in n, will increase the FP cavity resonance
wavelength App. And the increase of App will lead to
the red-shift of the absorption wavelength 4; of MA.
Figure 8 shows n., varying with ¥, and it is calcu-
lated by FDTD. From Figure 8, it can be found that
when W increases from 0.2 pm to 0.202 um, n,, in-

creases from 1.510 to 1.512.

0.2000 0.2005 0.2010 0.2015 0.2020
W, /um

Fig. 8 Effect of W, on ng
B8 W, 4 ne BRI

The grating, SiO, layer, and air form an optical
waveguide, and according to the grating guided-
mode resonance theory, it is known that the grating
equivalent refractive index change will affect the
guided-mode resonance wavelength®, as shown in

Equation (4).
. A
ny =nsin 0+m— . (4)
P

where 4, is the guided-mode resonance wavelength
and m is the diffraction order of the grating. Accord-
ing to the equivalent medium theory, an increase in
W1 will increase the grating equivalent refractive in-
dex n,, and from Eq. (4), an increase in n,, will red-
shift the guided-mode resonance wavelength 4, and
thus the MA absorption wavelength 4, will red-shift.
The effect of W, on MA absorption characteristics is
not shown in this paper, because the effect of the
change in W, on MA absorption characteristics is
similar to that of , on MA, and the intrinsic phys-
ical mechanism of the effect is essentially the same.
The electric field distribution in Figure 4(b)
shows that a part of the electric field is distributed
among the slits of the dielectric grating, so it can be
seen that the change of the surrounding gas will
have an effect on the absorption wavelength 4, of
MA. Therefore, the narrow bandwidth dielectric
MA proposed in this paper can be applied in the
fields of gas or biological detection. In order to eval-
uate the performance of the narrow-bandwidth

dielectric MA in gas detection, two parameters,
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sensitivity and quality factor, are defined, and the
specific expressions are shown in equations (5) and
(6). Where S is the sensitivity of narrow-bandwidth
MA, An and AZ are the amount of change in re-
fractive index and the amount of change in absorp-

tion wavelength of the surrounding gas, respect-

ively!",
A
S = A_n . (5)
S
FOM = (6)
FWHM

From Figure 9 (a) (Color online), it can be seen
that the absorption wavelengths 4, and 4, of MA are
redshifted as n increases. This is because a larger n
leads to a larger refractive index n, of the grating's
low refractive index material, which in turn leads to
a larger equivalent refractive index of the grating for

different wavelengths. And from the previous de-

1.0
@ — 2=1.00
=101
08 =102
n=1.03

g
o

Absorption (a.u.)
o
N

e
[}

J

.20 1.22 1.24
Wavelength/pum

—o

12420 (b) .
P=1.05 pm o

12415 $=0.78 pm

124100 =02 um /
12405} W,=0.3 pm &

E12400f  g02pm /

3
12395} .

12390}

12385} /

&
1.2380

1.000 1.005 1.010 1.015 1.020 1.025 1.030
n

Fig. 9 Effect of n on the absorption characteristics of the
dual-wavelength narrow-bandwidth dielectric MA.
(a) Absorption spectra; (b) absorption wavelength
B9 n XY AR S0 BT MA ORI . (a)
WO (o) e 1<

scription, the grating refractive index will lead to a
larger equivalent refractive index n., of FP cavity,
so according to Equation (3), the increase of n will
lead to a red shift of MA absorption wavelength 4;.
Unlike the mechanism that causes the red shift of
MA absorption wavelength 4,, 4, is red-shifted as n
becomes larger, because the grating equivalent re-
fractive index n,, increases, which means that it in-
creases the refractive index of the central layer of
the optical waveguide, and this must lead to the red
shift of the grating guided mode resonance wave-
length according to the guided mode resonance the-
ory and Equation (4)™",

From Figure 9(b), when n increases from 1 to
1.03, the absorption wavelength 1, increases from
1.2382 pum to 1.2417 pum, which is red-shifted by
3.5 nm, and according to Egs. (5) and (6), S=
117.3 nm/RIU and FOM = 1524/RIU. It can be
found that the FOM in this paper is significantly im-
proved compared to the references [14-15, 18].

Finally, the effect of the asymmetric grating
period P on the absorption characteristics of the
dielectric MA was analyzed, and the specific results
are shown in Figure 10 (Color online). From
Figure 10, it can be found that the absorption
wavelengths 4, and 4, of MA are red-shifted with
the increase of P. When P increases from 1.05 um
to 1.1 um, the wavelength A, increases from
1.2085 pm to 1.2249 pm, while the wavelength 1,
increases from 1.2382 pm to 1.2525 pm. From
Equation (4) we can know the reason why the
wavelength A, increases with the increase of PPY,
When the period increases, if the guided mode res-
onance is to be maintained, the resonance
wavelength must be shifted to the long wavelength
direction.

As P increases, the phase @ of the FP cavity
decreases significantly because the effect of the
change of P on n is not as significant as the phase
@. Therefore, according to Equation (3), it is known

that the FP cavity resonance wavelength Agp in-
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creases with the increase of P, which leads to the
red-shift of the absorption wavelength 1, of MA.
The trend of the effect of P on the phase @ is calcu-
lated by FDTD and is shown in Figure 11, from
which it can be seen that @ decreases from 4.64 rad

to 0.22 rad when P increases from 1.05 pm to

[.1 pm.
1.0
—P=1.050 pm
—P=1.075 pm
08} ~—P=1.100 um
/:? t=1.2 ym
= 067 h=0.78 um
2 W,=0.2 um
& 04l W,=0.3 ym
ff 2=0.2 um

0 e n I I
1.20 1.21 1.22 1.23 1.24 1.25 1.26 1.27 1.28
Wavelength/pm

Fig. 10 Effect of P on the absorption characteristics of the

dual-wavelength narrow-bandwidth dielectric MA

K10 PSRRI G4 5T MA BORCRRPE R R

21 ®,
1 \

Cd

1.05 1.06 1.07 1.08 1.09 1.10
P/pm

Fig. 11 Effect of Pon @
Fl11 PR & 152

—— 3Ok Rl ——

e

1 3l

TEVEZ2 IO FH AR R T 0T R R S B 5 S
W, AR FHBE FL M . PR GEER | ARSIl AE
SFU. B R F AR T AE IR AL 181 I i A
PRk = g 7 S B TR I, I E TN RESE 42
O B, TR T Wi e I RE 1
PR, AT T AR gs, H Tt

4  Conclusion

In order to broaden the application field of nar-
row-bandwidth MA, a medium MA is designed in
this paper that can achieve dual-wavelength narrow-
bandwidth absorption in the infrared band based on
the finite-difference time-domain method. Through
simulation analysis, the narrow bandwidth dielec-
tric MA in this paper has ultra-high absorption effi-
ciency at wavelength 4, = 1.208 5 um and 4, = 1.238
2 pum, and the FWHM is only 0.735 nm and
0.077 nm, respectively. Because of the different
mechanisms of MA forming narrow-bandwidth and
high absorption on 4, and /,, the study found that 4,
is very sensitive to the change of the thickness ¢ of
the SiO, transition layer, while 4, is very sensitive to
the change of the dielectric grating width W,. With
the increase of ¢ and /¥, the absorption wavelengths
A1 and 1, of MA will red-shift respectively. When
the grating period P increases, the absorption wave-
lengths 1; and A4, of MA will shift to the long
wavelength direction at the same time. From the
electric field distribution of MA at 4,, a large part of
its electric field is distributed in the gap between the
gratings, so the change of air refractive index has a
significant effect on 4,. This allows it to be used in
the field of detection. It is calculated that the FOM
of the narrow-bandwidth dielectric MA in this pa-
per can reach 1524/RIU.

LI 5 (Metamaterial Absorber, MA ) X Hi, % 1%
HA mWoais, HEA BN, ATE TARR
KA, BT X EE TR A 2
__.[6]

LR, AT IFHl 5 TR 2R
) MA, T5a47 %8 MA, 45547 98 MA . K#Fgk MA.
ALPAE MA U0 247 58 MA 8 AT G 2
RZEHE E MA FHAESRIN AR A 59 4% 1 B A L
TFEH 9 MA RCRH =, i ARG R



1336 HE A

14 %

DU 0 5 3 8 b RO 284 9 MA A BRI 2 22
SR, HATE A AR5 287 58 MA B
th, Q03 T AR HIR 25 441 (Split Ring Resonator,
SRR) . 4 J& /4 Joe i W el . 4 J@ /A Bk 4% (nar-
row slits) % . 2014 4F-fi #1525 T 22 B i) Min-
Qiu 5 N 72 4R (Ag) & J@ 1 i b 2 ih 4 J@ 't
W, BT Ag Mt A3 A B B KT A5 R
POT IR B fH MA ZE 34K 1400 nm A SEEE T
A TE W, 42k 9% (Full Width Half Maximum,
FWHM) 7] LL3AF] 0.4 nm!"; 2018 475 ik S0k
210 FENG A 58 42 —Fh F A EXT PR 4 @ S
& JE A IR LA 7S 55 MA, T EL7E YCA A4 e
ZIEEIN T — 2 A eeEd V2, 288 A
PIZZE T T6 MA 7630 5 5 B0 T 88 28 i,
FWHM ¥ 4 0.28 nm!"; 20194F , K ¥ K %
KANG S 25 A48 78 A AL RERS IS - 20 P 4
(Aw) MBI R+ RO 5, 5 I s e —
AR — A K — 2 Au 2 MELE S, 2
KA L MA AT FE R 25 5 B S AE A TE R i)

ML EAIFGE AT LA B, 33X 85570 58 MA
TN BT 1l i A R R 4 T AR, (H2 48
AR AR R U BURE , 17 LA = A A G 41 4 A )
FEAEIN TR, X 23 7E— @ R EE 1520 MA 1E4%
KR e o R, —SE i A B2 R A I
PRRRTT i3S 20 98 MAL, 2019 ARG /R TE Tl
K2:() Zhibin Ren 55 A FHAACEE | E LB 4
BB T I £ 78 210 A1 B HAT 78 37 s W i)
MA, 281 F] 45 3% %5 4 56 MA 1Y) FWHM 7] 35
2.6 nm'7; 2020 4, ZHEK 22 H Yan Zhao 55 A
HTE A JE AT I b A 20 Dl pR A RS B A A
et LRI AT R AR W 58 MA /Y FWHM
Alik 0.38 nm!'¥,

R A B A Ak 35 T 25 748 70 55 MA 1]
DAREAT I 1 1A, v WSO, iy ELIR T i v
PRFFAE K, (0 H A S 2k KAy
T 7K LI A MA, %23 BRI 2 345 55 MA
FE—Sed A N, AN SRR . AR
ZWARAENTE MA T REAR = B AT TAERCR 2,
BEXT R TSR, A SCHE H lr AR X RRA B A
Jo A U 2 L A A JEC KA A I L K A A T A T
MA, Jf F| H B 5847 B 2% 43 7% (Finite Difference
Time Domain, FDTD) X} i% MA ¥ 17 1% i1 fil 43
Mo FDTD 7E 8 rhoxt 22 v =5 5 B4 i i o3 B

KT UK, DR R iy, 7
SKAF I HL 3 5 W3 288 43 A, Bl R I TE] A HERS K
fif T B XS L T o U35 A L
e K22 58 MA B9 FWHM #¢ % 7] 35 0.077 nm,
i J5i K1 2 (Figure Of Merit, FOM) AJ 35 1524/RIU,
1M H 2855 AT DA & BRAS SCITH Y 25 71 98 MA B
78 B WY B A b SRR [14-18] #F R R 17—
W AR EY LRSS R GES . Ot
PRI A B A R T B L K AR TE A T MA

2 BN

K1 2R 7S 54 B MA 45118, B B
T Bl Au#IR . AR AE (SI0) A | 6
(SO M BT B A XS BRICHEAL . Au RS IC A 32
BN HRAN DGR E ST, e i 8 B LR T
P LG U B R TR B, AR S Au 1Y JER R 1
02 pmo E 1 HRATLIE R, — AN FEBINEA
P[] B (h) L S TR) S B R e, e AT s B 43
S Wy kW, R JESH N Z 6] B e R g, 5
Hh Si0, MJEEE N o TERG R SEPR A6l 45, A
SCH R AT FE A T MA Wl & T2 5 84
BTN I T T2 e 25, 38 2k 4 0 S 7 Au 4o IS
AR Si0, il Si 2, B TE Si )R L
JRETR FL T SRPT R R, 28 L T AR B RN B S SR AE BT
TUE % BAEXTFR S R, 25 15 I 0] %+
GAFEFERZIME A, K KR R 2] Si )z L,
B2 A R AE A A BT MAPY,

Au 9 EH B Drude #RRIFER, J)

U.)2

L ) (D

W +iyw
L o, y Tl o 53R 5F B R0 | BHE R 3L
A GRS T IR IRl 45 R TE 1,
w, Iy B2 SIS B vh R A, AR SCik [22] AT
H, ©,71.32x10'" rad/s, y=1.2x10" rad/s, SiO, Fll
Si WHT TR 5300 Fingio,=1.45 Fing=3.45.

SAuzl—

3 %R 5t

31 BEKEGHESRUTAISCHL
A FDTD A 37 XU 7 7 S g
it MA BN — 4 3RS, SRS TE x J5 1)
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SR 3 B 5, E 2 7 S I o8 SE VL L2
NFFAT, y I BRI TC R o f5e 5 7R XL
WA A BT MA IE L B Ine s, SR e
WM TE fdik, AGFFh 00, 3 H MA FEIhZS
S PTE =1,

&1 2 e 78 1 2 U K 25 47 S84 BT MA [T
WG, e P=1.05 pm, =1.2 um, #=0.78 um,
W=0.2 um, W,=0.3 um, g=0.2 um, FiRFMEZEL
JE5T FDTD ik 5 3615 1 . K 2 el LI
F| MA 3 HIHEN K 1,=1.208 5 pm £ 1,=1.2382 pm
A BLA R i WO, IR Wk 5 FWHM 4351 4y
0.735 nm 1 0.077 nm. AH LT 3CHR [14-15, 17] 45
B KA Ta A T MA TR 4, A AYLE 55 B
WRRE, S T AT I . A TERR RN, iR
JIT A SRR

MA BE7ES K 2,=1.208 5 um 1 ,=1.2382 um
S IR 75 A B R R, 2 R R MA FE X AN
b A B BEBT RN G 5 E 23 B SR ARG L, 3 AT
A I MA X 4, 2, (RS, A
MA IR A W RN A A=1-T-R, BT Au %}
JUS 1R JEE BB R T O 9 R R B, i LA T=0, T >
MA TEPA 2y T 2 B9 SRS EINH S, MA XX
PP RIS R 1. MA A S BT
Z ] ih(2) R

JA+S° =83 14,

7 = :1 S . 2)
(A =811)* =83, oo

K Sy B Sy 4392 TE a6 B ST 5
138 B PR RO A B 22 80, o R=(S,))%,T=(S51)%
F 7=0, FrLL $,=0, & 3 &h(2) AR
MA i SBEHT, IR 3(a) ] %0 B3 Y 2 3
Zrea TEVEA 20 F1 2y AbHZIT N 1, T E] 3(b) Hm]
PLRIBABT HEER Zimag TEWAS A0 F1 4, M 0,

J TR MA SEBUBE A% 45 5 I
TEYTHLALS], AR SR T MA 3 BI7E K A,
Jo AR HL A0 A, LR 4O 1 WL L
WO BRI 4(a) AT 2847 547 it MA 22
BT AR Ay HH 378 0 v MR SRS B Ry K 43
TEREBR I AE Si0, A2 Y v, Ao e il ek
XTRRCME S . AT, ASHETE Sio, /2
MY R T ik A BL-H1% (Fabry-Pérot, FP) Jis It
P o B 4(b) TR B 02 25 4 98 A B MA 16 3 K

Jo B A0, 526K 2, B3 0 A AR TR,
A B B A S0, AR 2224 01, 5 T
SELE M0 404 P 43 1T DA 2 oy T
DS MR T SRR, 41y 54
SR S MA TEU K 2, AR GRS
32 GRS MA RIS

H T I KA T T MA 54 25
S W o A R A ORI T
MA 25 S5O RS B S, 1 S ORI,
I FH AR S S0, BRI £ % MA 1
WCHHEROREMT . MR S(a) sPATL, B £ B0,
MA MW 4 2 BT BT, (2 £ 0725
AERFUR IR K A B IRE 3 B55 . il S(b) T
5,24 0 A 1.2 pum BEIIE 1215 pm, WS K 4
M 1.2085 um 2L # 3] 1.2115 pm, /07 3 nm.
£ B A REAS R MA DRI K- 1, 4 B0, 2
KA K 4(a) AT HDGTE Sio, )2 IE L T
FP G 3tdR . FP I IEHRIE K15 S0, SRR ¢ 036
R,

2neqt + @/lFP = N/lFP s (3)

K, neq /2 FP EMAFRLAT T4, @ J2& FP I LR
FHHEAHDL Z N, N SR REEL, A /2 FP LRI .
HRHEC(3) AT ¢ 39 R 2 5 30 FP LRI K Aep
B, TS MA WIS I 2, IS

A&l 4(b) AT, MA FEH K 2, AbSEEAS A 5
1o RSO PR Sy S L RN, 1T AR A1 SRR [26] AT
M, SRR K RS A AEE
Koo (HIENTLLEBIBER ¢ O3 K, MA 7EWZ IS0
1K 2 MRS A8 25 10 W T R, X AT B 1AL 6 CRE L DL
WA TR R . 8 6 & =1.205 um Bf MA 7E
WA o A5 A, K 65 & 4(b) M EE, BT LA
RIAEE 6 v BRAETECME L 35 I WK T
K 4(b), Bt S8 MA 15 ¢ 28 KR BIIeR 2 Rk

7CR B WLIA R R BT 7 19 2 6 5
W R B R 2 R A BT MA WSCREME 9 5 )
H & 7(a) AT, BEE Wy 178 5, MA I ISC K
A RN 2o B I BT TR S . DR 7(b) AT,
2w, 0.2 pm BENF] 0.202 um, MA. H W 1 5
K A 208 TH5E 7 nm, 1 MA BRI K A, 20
#% 7T 1.46 nm,

W, SR RR A X IR Ay 77 A S e 2 ]
AR S 8 5 SR T A v R AR Ak 2 T3
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X BRI Y A5 A5 AT 3k AR AR Ak, T FP Y
ERATHR nog Z AR TR AT % n,, 1)
S i ELSCHR [27] tE AR, St 58 B 18 in
23 FP IESERAT I neg B R, = (3) AT %0,
Neq J R, FP S ILIR P K App WA IR o App 3
Kk RE MA WRICEK 4 408, Kl 8 &Y
W, U [RHERS no, MASFRIG O, ‘B /& FDTD it
BARAS . MWE 8 Al IR, 24 W, A 0.2 um 14
JNE) 0.202 pm, ne, WM 1.510 ¥EHNE] 1.512.

M, Si0, 2., A SIERL T IEH S, AR
SRR A AT, S AR AT S R A el AR R 2
M AR R R, |

A
ny =nsin 0+m—= . (4)
P

3 A 2 RRILIRIAS, m Ry SCME AT S B2
SR B AL, W, SR 2 O F 2T
S ny, MY, AR 2 (4) AT AL, ny, B DU
BEILAR PR 2, ZL88, NTTE MA BRI A, 21
¥ o TEARTCHZ B LA JE7R W) X MA IRSC
PRI, 2 K W, B2 AR MA SR Y
RS Wy Xk MA RS2 EA L, i EL AR B
LA )

i 4(b) AL A R, A — o B3
SRS BOCHREERT AR, Pl 0, A RO AR
PG 208 MA BRI Ay 7= A2 2R, RIS SC
$ A SE A BT MA AT R HITE AR AR PR
MAFGTC o O TG AR S BT MA RS
PRGN ) TAEPERE, 2 ST RABUE A B R
PIANZHL, I

AA
S=—, (5)
An
FOM = S (6)
FWHM

X S RAHTE MA FIRBUE, An FIAL 55
JE B AT 5 23R 140788 fh s R B 4 ) 728 f et

MIE 9Ca) CR T LI P 7 i) B L, Bl
n AN, MA ARSI 2, B A, #BH R T 2185
WIS . R n B RS FEOCHHSIT S =4 BT
SR AR K, T my A8 K A FBOEMI A [
(AR S 3 AR A, T R R DT AT, ST
SRR 23 33 FP ST neg B K, T LA
HRAE X (3) AT AL, n BRI 22 T30 MA I

M AF . 5B MA WK 4, LR LA
A, MA W 4, Z Fr LA SRS n A8 KL,
SRR AR T M ST 5 R ny,, 3% R Y
KT G TG 2 3T 538, MR S g
WA (4) AR, X0 2 T EOEMHR BRI
KALrF2

ML 9(o) T AL, 24 n JA 1 38 E] 1.03, Bk
WK 2, 23D\ 1.2382 pm #4113 1.2417 pum, 215
T 3.5 nm, #¥4E=X(5) F1=(6) W] 45, S=117.3 nm/RIU,
FOM=1 524/RIU, A FOM AHFGHR [14-15, 18]
BT RS,

S5 BT T AEXTFROEMEHE A P XA BT MA
W SCARR PR 52 e, ELARZE SR An 1] 10 CR2 1 DL 491 1)
HLFRR) T AL 10 Hml LR 3R, Bl P 3
T, MA BRI A B, BRPAE TR
2P A1.05 pm BEME] 1.1 pm 5, K A WA
1.2085 um 3 ANF] T 1.2249 pm, TP K 2, WA
1.2382 um ¥EANF] T 1.2525 um. f a0 (4) A 41,
WA Ay ZFTLAS B P A KA e, SR A
JE A3 R I B AR AR R, T2 fifi 15 2R R
W KR T 1B,

BE&E P 3G FP IS AL @ 45 3% T FE,
R PR ARAEXT neg B RZ W I TCAR @ 1) 183,
Fr RIS () WAL, Bl P A3 N FP & gk ik
K dep SRR, IMTFE MA WU 2, B
RIME ., PN @ B E 11 fr
TN, IR G H H FDTD 15345 2], K 11 Fhaf %02y
P M 1.05 pm 3K F] 1.1 pm, @ 22\ 4.64 rad F [
#0.22 rad.

4 % i

R T B TE MA B H ST, A ST
IS FR 25 it T AR A M B b m] S8t
KA FEMM A BT MA, 28B40 5387 2 B0, AR 3C
(4 78 4 B A BT MA TE B 24,=1.2085 pm il 1=
1.2382 um HA M @& IR, 1 H FWHM .43
A A 0.735 nm 1 0.077 nm. B F MA 7£ A,
Ay BTG LR 58 e MRS AL [, e D 284 S
W KB, Ay %t Si0, i I JZE A ISR ¢ A8 Ak AR
J B 2, ZDXEAY BOCHE SERE vy AR AR
B, FE ¢ F0 wy B9 3G I, MA By Wi 4,
A BRSSO I BRETRE G . TSGR P 3gm
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B, MA OIS Ay AT 4, 2[RI ] 3 K 1) SITEF R AT A, A B 25, X a] L
s, M MA 7E 2, ZbBg 37 A vl 0, g4 TEFRI R vh, A AT AR AR SO A8 47 S A T
— K A AR 2 ] A 2 B 2 v, (RS MA ) FOM HJ ik 1524/RIU,

References:

(1]

(2]

(3]

(5]

(6]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

(20]

[21]

[22]
(23]

AR, LR, 2B A ATRKHRRZZ SOt AR L], F B R4, 2014, 7(3): 349-364.

ZHANG J F, YUAN X D, QIN SH Q. Tunable terahertz and optical metamaterials[J]. Chinese Optics, 2014, 7(3): 349-
364. (in Chinese)

DUKK, LI Q, LV Y B, et al.. Control over emissivity of zero-static-power thermal emitters based on phase-changing
material GST[J]. Light, Science & Applications, 2017, 6(1): €16194.

HE X Y, LIU F, LIN F T, et al.. Tunable 3D Dirac-semimetals supported mid-IR hybrid plasmonic waveguides[J].
Optics Letters, 2021, 46(3): 472-475.

HE X Y, LIU F, LIN F T, ef al.. Tunable terahertz Dirac semimetal metamaterials[J]. Journal of Physics D: Applied
Physics, 2021, 54(3): 235103.

MOU N L, LIU X L, WEI T, et al.. Large-scale, low-cost, broadband and tunable perfect optical absorber based on
phase-change material [J]. Nanoscale, 2020, 12(9): 5374-5379.

LANDY N I, SAJUYIGBE S, MOCK 1] J, et al.. Perfect metamaterial absorber[J]. Physical Review Letters, 2008,
100(20): 207402.

TUAN T S, HOA N T Q. Numerical study of an efficient broadband metamaterial absorber in visible light region[J].
IEEE Photonics Journal, 2019, 11(3): 4600810.

PENG J,HE X Y, SHI CH Y Y, et al.. Investigation of graphene supported terahertz elliptical metamaterials[J]. Physica
E: Low-Dimensional Systems and Nanostructures, 2020, 124: 114309.

YAO G, LING F R, YUE J, et al.. Dual-band tunable perfect metamaterial absorber in the THz range[J]. Optics
Express, 2016,24(2): 1518-1527.

LIU N, MESCH M, WEISS T, ef al.. Infrared perfect absorber and its application as plasmonic sensor[J]. Nano Letters,
2010, 10(7): 2342-2348.

GREFFET J J, CARMINATI R, JOULAIN K, et al.. Coherent emission of light by thermal sources[J]. Nature, 2002,
416(6876): 61-64.

ZHU ZH H, EVANS P G, HAGLUND R F JR, et al.. Dynamically reconfigurable metadevice employing nanostructured
phase-change materials[J]. Nano Letters, 2017, 17(8): 4881-4885.

ANKER J N, HALL W P, LYANDRES O, et al.. Biosensing with plasmonic nanosensors [J]. Nature Materials, 2008,
7(6): 442-453.

MENG L J, ZHAO D, RUAN ZH C, et al.. Optimized grating as an ultra-narrow band absorber or plasmonic sensor[J].
Optics Letters, 2014, 39(5): 1137-1140.

FENG A S, YU Z J, SUN X K. Ultranarrow-band metagrating absorbers for sensing and modulation[J]. Optics Express,
2018, 26(22): 28197-28205.

KANG S, QIAN ZH Y, RAJARAM V, et al.. Ultra-narrowband metamaterial absorbers for high spectral resolution
infrared spectroscopy [J]. Advanced Optical Materials, 2019, 7(2): 1801236.

RRN ZH B, SUN Y H, LIN Z H, et al.. Ultra-narrow band perfect metamaterial absorber based on dielectric-metal
periodic configuration[J]. Optical Materials, 2019, 89: 308-315.

LIAO Y L, ZHAO Y. Ultra-narrowband dielectric metamaterial absorber with ultra-sparse nanowire grids for sensing
applications [J]. Scientific Reports, 2020, 10(1): 1480.

XU Z CH, GAO R M, DING CH F, et al.. Multiband metamaterial absorber at terahertz frequencies[J]. Chinese Physics
Letters, 2014, 31(5): 054205.

HU F R, WANG L, QUAN B G, et al.. Design of a polarization insensitive multiband terahertz metamaterial
absorber[J]. Journal of Physics D: Applied Physics, 2013, 46(19): 195103.

DING F, DAI J, CHEN Y T, et al.. Broadband near-infrared metamaterial absorbers utilizing highly lossy metals[J].
Scientific Reports, 2016, 6(1): 39445,

JOHNSON P B, CHRISTY R W. Optical constants of the noble metals [J]. Physical Review B, 1972, 6(12): 4370-4379.
LI W CH, ZHOU X, YING Y, et al.. Polarization-insensitive wide-angle multiband metamaterial absorber with a


https://doi.org/10.1364/OL.415187
https://doi.org/10.1039/C9NR07602F
https://doi.org/10.1103/PhysRevLett.100.207402
https://doi.org/10.1364/OE.24.001518
https://doi.org/10.1364/OE.24.001518
https://doi.org/10.1021/nl9041033
https://doi.org/10.1038/416061a
https://doi.org/10.1021/acs.nanolett.7b01767
https://doi.org/10.1038/nmat2162
https://doi.org/10.1364/OL.39.001137
https://doi.org/10.1364/OE.26.028197
https://doi.org/10.1002/adom.201801236
https://doi.org/10.1016/j.optmat.2019.01.020
https://doi.org/10.1038/s41598-020-58456-y
https://doi.org/10.1088/0256-307X/31/5/054205
https://doi.org/10.1088/0256-307X/31/5/054205
https://doi.org/10.1038/srep39445
https://doi.org/10.1103/PhysRevB.6.4370

1340

HE A F14%

double-layer modified electric ring resonator array [J]. AIP Advances, 2015, 5(6): 067151.

[24]  Z . FHIRTE K EHOAZ RS L[D]. Lifg: DIRET R, 2012: 44-46.
WANG Q. Study on the mechanism and characteristics of guided-mode resonance subwavelength device[D]. Shanghai:
University of Shanghai for Science and Technology, 2012: 44-46. (in Chinese)

[25] & &, %), 5RM L. BT Fabry-Perothd B3 7 i K 45 i B4R R 91 627 5 B S G 34 8l (1), 22 5
ik, 2012, 61(20): 200701.
ZENG ZH W, LIU H T, ZHANG S W. Design of extraordinary-optical-transimission refractive-index sensor of
subwavelength metallic slit array based on a Fabry-Perot model[J]. Acta Physica Sinica, 2012, 61(20): 200701. (in
Chinese)

[26] X34, Ti& T -FHEERIEE BT A LR L[D]. B E: A K, 2011: 18-22.
LIU W X. Design and characterization of controllable linewidth guided-mode resonance filter[D]. Nanchang: Nanchang
University, 2011: 18-22. (in Chinese)

[27] i ZAh, K Ae. OO R AISCECAR AT P A AT RIS (7], 432 53], 2021, 70(2): 027804
JIANG X W, WU H. Metamaterial absorber with controllable absorption wavelength and absorption efficiency [J]. Acta
Physica Sinica, 2021, 70(2): 027804. (in Chinese)

Author Biographics:

FANG Xiao-min (1985—), male, born in
Quzhou, Zhejiang, master, associate pro-
fessor. In 2010, he received a master's de-
gree from China Jiliang University. His
research focuses on metamaterials and op-
toelectronic devices. E-mail: zhjfangxiao
min@163.com

T GetH (1985—), 55, WriLAk N, A1,
RIH#%, 2010 4T o [ TR R A5
T2 r, FE NGO AR RO T AR
By #F %% . E-mail: zhjfangxiaomin@

163.com

WU Hua (1980 —), male, from Xiantao,
Hubei, Ph.D., associate professor. After
obtaining master's and doctoral degrees
from Guangdong University of Techno-
logy and Beijing University of Techno-
logy in 2006 and 2015, he is mainly en-
gaged in the research of micro-nano ma-
terials and semiconductor optoelectronic
devices. Email: wh1125@126.com

B A(1980—), B, WIALAIBE A, 1L,
R 4Z, 2006 4T AR Tk KA 3R AR
200, 2015 AR T AL R Tl R 244075
2t r, T E SRR AR RO
HL & 75 B9 A 5% . Email: wh1125@

126.com

JIANG Xiao-wei (1991—), male, born in
Jiangshan, Zhejiang, master, lecturer. He
received his master's degree from Beijing
Institute of Technology in 2016, and since
then he has focused on metamaterials and
optoelectronic devices. Email: Josephli-
angquzhi@126.com

TLA(1991—), 5, #WiiLyrihA, fil -1,
PRI, 2016 4F-F AL ut Tll KA A5 il -
AL, FENHOE BB EH T8
#f 5% . Email: JosephJiangquzhi@126.

com


https://doi.org/10.1063/1.4923194
https://doi.org/10.7498/aps.61.200701
https://doi.org/10.7498/aps.70.20201173
https://doi.org/10.7498/aps.70.20201173

