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We present a simple method for enhancing the bandwidth and absorptivity of metamate-
rial perfect absorber (MPA)-formed disk resonators. Utilizing low-conductivity polymer
and near-field coupling of multi-band resonances, a 6.8 GHz broadband MPA is achieved
with absorption over 90%. The proposed MPA also shows polarization-independent
absorption behavior. Furthermore, the structural design is useful for making broadband
MPA and can be applied to higher frequencies with a simple configuration.
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1. Introduction

Metamaterials (MMs) possess unique electromagnetic performance, which has a
lot of practical applications such as invisible cloaking,' perfect lens,? sensor,®*
and energy harvesting.>% Among them, metamaterial perfect absorber (MPA) has
attracted attention due to its various advantages in thinness and tailoring fre-
quency.”® Since the pioneering MPA was developed by Landy et al. in 2008,”
many MPAs have been demonstrated in different regions from microwave to optical
frequency.b ' Most of the traditional MPAs in metal-insulator-metal configura-

tion so far show a narrow absorption bandwidth, thus limiting their applications.
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1 To achieve broadband absorption MPA, great efforts have been proposed such as
. optimizing geometrical structure with multi-sized or multi-shaped resonators,!®~17
s multiple metal-dielectric layers,'® 29 electronic devices?! and plasmonic absorp-
4+ tion.'®16 However, the related processing techniques are more complicated and dif-
s ficult to fabricate the sample. Especially, the fabrication techniques are still a great
s challenge for operating in the optical frequency. Therefore, the finding of an MPA
7 structure that is simple and controllable to obtain broadband and high absorptiv-
s ity is necessary. In a previous study, we have successfully fabricated a broadband
s MPA based on conductive polymer.??

10 In this work, we propose a simple and new approach to create multi-band and
n  broadband MPA based on disk structure of a conductive polymer. Conceiving the
12 MPA design involves the conductivity of the polymer to obtain higher absorptivity.
13 By exploiting the near-field coupling of disk resonators, the broadband absorption
1 can be generated. The proposed MPA has achieved absorption over 90% in the fre-
15 quency range of 6.8 GHz. Furthermore, the absorption mechanism of the proposed
1 MPA is analyzed by using the electric field distributions and impedance matching
17 condition.

18 2. Structure and Design

1o Figure 1 illustrates the unit-cell design of the proposed MPA structure consisting
2 of two layers of FR-4 dielectric substrate and copper film with periodicity a =
2 20 mm. The FR-4 substrate has a dielectric constant of 4.0 and a loss tangent
» of 0.025. The copper film has an electric conductivity of 5.96 x 107 S/m. The
23 thicknesses of dielectric FR-4 layer and copper film are t; = 1.6 mm and ¢, =
2 0.036 mm, respectively. A patterned structure consists of four identical disks that
» are embedded in the FR-4 dielectric substrate. The disks are separated from each
s other with distance d, which have filled up with copper or a conductive polymer.
2z The radius and depth of the patterned disks are » = 2.4 mm and ¢, = 0.036 mm,

() b
) ]

_>| L_

t, 1,

Fig. 1. (Color online) A schematic diagram of the unit cell of MPA with the electromagnetic
wave: (a) 3-D view and (b) side view. a = 20 mm, ¢4 = 1.6 mm, ¢,, = 0.036 mm, r = 2.4 mm and
tp = 0.036 mm.
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Multi-band and broadband MPA

respectively. The electromagnetic (EM) wave with polarization angle ¢ and incident
angle 6 is shown in Fig. 1(a).

Numerical simulations are performed using CST Microwave Studio.?? Due to
the presence of the back layer as a copper film, the transmission Ss;(w) can be set
to zero. Therefore, the absorption can be calculated as A(w) = 1 —|S11(w)|?, where
S11(w) is the reflection parameters. Electric field distribution is also performed.

3. Result and Discussion

Figure 2 shows the absorption spectra of the copper disk and polymer disk MPAs
with d = 10 mm. It is clearly observed that the absorption spectra consist of two res-
onance peaks, located at around 13.6 GHz (f;) and 25.0 GHz (f2). These two reso-
nance peaks are slightly shifted to the lower frequency as the conductivity decreases.
The absorptivity of the copper MPA is lower than that of polymer MPA. When the
conductivity of the polymer is 100 S/m (solid line), the absorptivity of the polymer
MPA increases up to 99% (f1) and 95% (f2), respectively. It indicates that the con-
ductivity of polymer plays an important role to obtain higher absorptivity of MPA.

The absorption behavior can be explained by impedance matching condi-
tion.242% Figure 3 shows the real part and imaginary part of the impedance for
copper MPA and polymer MPA with the conductivity of 100 S/m, which are cal-
culated by using S-parameters as

Z:wusn)hsgl 1+ 51 "

(1—-811)2—53, 1-51°
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Fig. 2. (Color online) Simulated absorption spectra of the copper disk and polymer disk MPAs

with different conductivity of the polymer. a = 20 mm, t; = 1.6 mm, t,,, = 0.036 mm, r = 2.4 mm,
tp = 0.036 mm and d = 10 mm.
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Fig. 3. (Color online) The impedance of the (a) copper MPA and (b) polymer MPA at normal
incidence.

It indicates that the impedance of copper MPA is not well matched at both resonant
frequencies [Fig. 3(a)]. However, in the case of the polymer MPA, the real part and
imaginary part are approximately 1 and 0 at both resonances of 13.6 and 25.0 GHz,
respectively [Fig. 3(b)]. Therefore, the impedance matching between the polymer
MPA and free space has occurred, thus the near perfect absorption of the proposed
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Fig. 4. (Color online) Electric field distributions on the (a, b) polymer disks and (c, d) back
copper layer of the polymer MPA at (a, ¢) 13.6 GHz and (b, d) 25.0 GHz, respectively, when the
conductivity of polymer is 100 S/m.
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MPA is obtained.?%2> As the results from Fig. 2, show the change of electrical
conductivity induces the absorptivity is due to the changing effective impedance of
MPA. It demonstrates that the electrical conductivity of the polymer affects the
absorption behavior. The optimized value of electrical conductivity leads to the
best impedance matching and high absorptivity.

To understand the absorption mechanism of the polymer MPA, we analyzed
the electric field distribution at two resonant frequencies of 13.6 and 25.0 GHz as
illustrated in Fig. 4. Overall, these two frequencies are both the electric dipole reso-
nances excited on the polymer disks along the vertical direction [Figs. 4(a) and 4(b)].
However, the distribution on the copper film is significantly different. At the lower
resonant frequency f; = 13.6 GHz, the electric field is locating at the polymer
disk resonators [Fig. 4(c)]. However, the electric field is mainly concentrated on the
space between horizontal disks at the higher resonant frequency fo = 25.0 GHz
[Fig. 4(d)]. It indicates that the lower frequency is attributed to strong magnetic
resonance.'® While, at the higher frequency, the magnetic resonance is weak, and
the near-field coupling resonance between adjacent disks induces absorption.?5:27
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Fig. 5. (Color online) Influence of distance between adjacent disks d on the absorption spectra of

the (a) copper MPA and (b) polymer MPA. The impedance of the (¢) copper MPA and (d) polymer
MPA with d = 6.5 mm.

1950364-5



November 25, 2019  9:57 1JMPB 50217979219503648 page 6

L. D. Tuyen et al.

1 In order to obtain broadband MPA, the distance between adjacent disks d is
> explored to evaluate absorption behavior. The position of the disks is changed
s along the diagonal of the unit-cell square. Figures 5(a) and 5(b) show the corre-
+ sponding absorption spectra of the copper and polymer MPAs with different d.

Fig. 6. (Color online) Electric field distributions on (a)—(g) the polymer disk with conductivity
of 100 S/m and (h)—(n) back copper layer of the MPA at (a, h) 12.5 GHz, (b, i) 16.8 GHz, (c, j)
19.5 GHz, (d, k) 20.2 GHz, (e, 1) 21.9 GHz, (f, m) 23.4 GHz and (g, n) 25.4 GHz, respectively.
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1 For d = 10.0 mm, the disk position is center of each quadrant as discussed above. As
> d decreases from 10.0 to 6.5 mm, one can clearly observe seven prominent absorp-
3 tion peaks in both cases of the copper and polymer MPAs. For d = 6.5 mm, a
+ combination of the third to seventh peaks of the polymer MPA broadens an absorp-
s tion over 90% in the frequency range from 19.2 to 26.0 GHz, while the copper MPA
s is not. These can be explained by the impedance condition, as shown in Figs. 5(c)
7 and 5(d). In the case of the polymer MPA, the real part and imaginary part are
s approximately 1 and 0 in the absorption frequency range, respectively [Fig. 5(d)],
o while the impedance of the copper MPA is not well matched [Fig. 5(c)].

10 In addition, Fig. 6(a)-6(n) show the electric field distribution on the polymer
1 disks and back copper plane at the seven absorption peaks of 12.5, 16.8, 19.5, 20.2,
1 21.9, 23.4 and 25.4 GHz, respectively. The peaks at 12.5 GHz are fundamental mag-
13 netic resonances. However, at the higher frequency, other resonances are strong cou-
1 pling between adjacent disks, resulting in broadband absorption of multi-resonance
15 peaks. It indicates that the electric conductivity of polymer and near-field coupling
1 can significantly enhance the bandwidth and absorptivity of MPA.
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Fig. 7. (Color online) (a) Dependence of absorption spectra on the polarization angle ¢ for
TE mode at normal incidence. (b) Comparison of absorption spectra for TE and TM modes at
normal incidence. Dependence of absorption spectra on the incident angles for (¢) TE and (d) TM
polarizations.
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1 To evaluate the absorption behavior of proposed MPA, the dependence of
> absorption spectra on the different polarization under both transverse electric (TE)
s and transverse magnetic (TM) polarizations are investigated. Figure 7(a) presents
+ the absorption spectra at normal incidence for TE polarization with different polar-
s ization angles ¢ from 0° to 80°. Similarly, the absorption spectra at normal inci-
s dence for TM polarization in the same TE polarization are shown in Fig. 7(b). It
7 is not surprising that the polymer MPA shows polarization insensitivity due to its
s symmetry of structural design.

9 Furthermore, the dependence of absorption spectra on the incident angles for
1 both TE and TM polarizations is present in Figs. 7(c) and 7(d), respectively. The
AQ: Please 1n  polymer MPA exhibits a blue-shift of the multi-resonance peaks and displays other

approve edit. 12 absorption dips from 19 to 24 GHz when the incident angle increases, resulting

13 in lower absorption efficiency and narrower bandwidth. It indicates the near-field
1 coupling between adjacent disks is strongly dependent on the incident angle.

15 4. Conclusion

16 We have proposed a broadband and polarization-independence MPA based on con-
17 ductive polymer material with a simple configuration. Due to the low conductivity
18 of polymer, absorption is exceeding 90% with wide bandwidth from 19.2 to 26.0 GHz
v by near-field coupling resonances. The structural design can be applied to higher
2 frequencies and is useful for making broadband MPA with a simple configuration.
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