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Resistive plasmonic absorbing structures for stability

enhancement of broadband absorption
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Abstract: Broadband absorption performance in resistive metamaterial absorbers (MA) has always been dis-
turbed by its ohmic sheet element. We propose a comprehensive scheme based on integrating resistive MA
and plasmonic structure (PS) to enhance the stable absorption performance. Theoretical investigation indic-
ated that the PS can inspire multi-resonance based on dispersion engineering, and that the localized electric
field takes effect on the surface of the ohmic sheet accordingly. Simulation and experimental measurement
demonstrated that the proposed resistive plasmonic absorbing structures (PAS) can achieve stable and highly
efficient absorption within the frequency band from 7.8 to 40.0 GHz with the ohmic sheet ranging from 100
to 250 Q/sq. In conclusion, the proposed integration of PS and resistive MA provides an efficient pathway to

optimize performance for various applications.
Key words: metamaterial absorber; plasmonic structure; broadband absorption; dispersion engineering
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1 Introduction

Pursuing highly efficient broadband absorp-
tion performance has always been a central focus in
the electromagnetic absorbing materials and devices
community. Remarkably, metamaterials have pro-
vided unprecedented material options to achieve
near-perfect absorption performance due to their op-
timization of impedance-matching characteristics,
enabling extensive applications in the fields of

3-5

stealth technique!, energy harvesting®), thermal

1 and so on.

emission control'™®, image sensing'
Early research indicated that an MA-based metal-in-
sulator-metal configuration can flexibly control its
electric or magnetic resonance to achieve near-per-
fect absorption'”. Then, with the development of
subwavelength structure, a series of MAs with
single-, dual-, and multi-band absorption were
raised gradually, contributing to the continued boom
in MA research!*'.

Achieving broadband absorption has long been
an important goal in MA application. Remarkably,
the scheme of overlapping multiple absorption
peaks into continuous ones in a spectrum was first
proposed to achieve broadband MA. The multiple
resonators based on metal-insulator-metal configur-

22-25

ation were assembled in the same plane™*! or along

the vertical direction*

»1. however, when they were
adopted, they faced challenges in meeting both
broadband absorption requirements and maintain-
ing a lightweight design simultaneously. Mean-
while, it has been shown that dispersion engineer-
ing of multiple resonances by loading special mater-

ial can also provide an efficient approach to broad-

band MAPF™1 For example, using the standing-up
ohmic sheet as a subwavelength unit cell, no-planar
resistive MA can excite absorption peaks with a
smoother profile at adjacent frequencies in the ex-
tremely wide frequency band*?. Owing to its
strong ohmic loss, resistive MA based on an ohmic
sheet exhibits extreme broadband absorption while
remaining lightweight. However, the broadband ab-
sorption of resistive MA is easily disturbed by the
resistance value of the ohmic sheet. Meanwhile,
through further research on dispersion engineering,
a metallic PS based on gradually varied wire arrays
adhered to the side of a loss dielectric substrate has
been demonstrated to inspire spoof surface plasmon
polaritons (SSPPs) in microwave frequency, con-
tributing more diversified broadband and highly ef-
ficient absorption performance®*’.. By contrast, the
proposed PAS offers clear advantages in optimizing
broadband absorption performance comprehens-
ively.

In this paper, we attempt to add the PS on the
side of no-planar resistive MA to further improve
the operating bandwidth, absorption efficiency, and
performance stability. Our investigation shows that
the multiple resonances with the enhanced electric
field can be excited on the surface of the ohmic
sheet. Therefore, more ohmic loss takes effect in
resistive PAS by the efforts from the enhanced elec-
tric field and ohmic sheet, contributing to stability
enhancement in broadband absorption. At last, two
samples were fabricated according to the simulated
models, and the agreement between simulation and
measurement validated our comprehensive scheme.
With the aid of two absorbing mechanisms, our

strategy provides an efficient way to enhance the
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compositive absorption performance, enabling a
wide range of applications in radar stealth techno-
logy, electromagnetic shielding, energy harvesting,

and so on.

2 Design of no-planar resistive MA

As mentioned above, resistive MA based on an
ohmic sheet exhibits extreme broadband absorption
and is lightweight. Here, we will first discuss no-
planar resistive MA. As the schematic shows in
Fig. 1(color online), the dielectric substrate with the
thickness #; and height d was employed to achieve a
squared grid. The side length of each grid unit cell is
p. Then, four trapezoid ohmic sheets were printed
on the inside of the grid along the clockwise direc-
tion, and one side of each trapezoid ohmic sheet was
always close to the side of the dielectric substrate.
Each trapezoid ohmic sheet had the upper edge
length a;, the bottom edge length a,, the height d,
and the resistance value f,. The square metal plate
was employed as a backplane on the bottom. The

metal used was copper with an electric conductivity

(2) P

T

YES

—1 Metal
1 Dielectric
mmm Resistive film

Fig. 1

of 5.8x107 S/m, and the permittivity of the dielec-
tric substrate was 4.3(1—j-0.025). When giving the
aforementioned parameters as follows: p=6.0 mm,
d=5.0 mm, #=0.8 mm, a,=2.6 mm, a,=17.6 mm, and
;=250 Q/sq. The simulated result shows that the
proposed no-planar MA achieves broadband absorp-
tion at an efficiency of more than 90% in the fre-
quency band from 10.6 to 40.0 GHz under the nor-
mal incidence. Notably, the broadband absorption
performance of the proposed resistive MA is easily
affected by the resistance value of the ohmic sheet.
As shown in Fig. 1(c), with the increased f, from
100 to 250 Q/sq, the absorption bandwidth concen-
trating on lower frequency was accordingly de-
creased. Meanwhile, significant improvement of ab-
sorption efficiency was observed during the middle-
frequency band around 16.1-23.4 GHz. Moreover,
accurately controlling the resistance value of the
ohmic sheet in scale manufacturing is difficult, mak-
ing it hard to achieve stable and efficient broadband
absorption by relying solely on the resistive MA
method.

=1
S
2
3

2ot W —— f=100 Q/sq

: —— =150 Q/sq

0.6 /i —— £=200 Q/sq

i —— =250 Q/sq

0.5 —

5 100 15 20 25 30 35 40
Frequency/GHz

(a) Schematic of no-planar resistive MA unit cell; (b) prospective view of no-planar resistive MA; (c) simulated absorp-

tion spectra of no-planar resistive MA under the normal incidence

3 Design of bent-wire-shaped PS

Meanwhile, Fig. 2(a) (color online) shows the

schematic of the bent-wire-shaped structure made of
metal wire and a dielectric substrate. The unit cell of
the bent-wire-shaped structure was obtained by

bending the straight wire 90° at the center point;
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thus, the two components had the same length along
horizontal and vertical directions. The bent wire
with the total length /, width w, and thickness ¢, was
adhered to the dielectric substrate with the length a
and height d. Then, the structural parameters were
given as follows: ¢=6.0 mm, ¢=5.0 mm, #=0.4 mm,
t=17.0 um, w=0.1 mm. The dispersion relationship
of the bent-wire-shaped structure with a different
length / can be simulated by the eigenmode solver in
CST Microwave Studio. In the modeling process,
the metal was a perfect electric conductor, and the
substrate had a relative dielectric constant of 4.3. To
achieve an equivalent electromagnetic medium con-
sisting of the bent-wire-shaped unit cell, the period-
ic boundary conditions were used along x and y
while the plane wave with k-vector was incident

along z direction. As the simulated results shown in

(a) Metal
Dielectric

Fig. 2(b) (color online), the ordinate represents the
frequency change, while the horizontal coordinate
represents the normalized k-vector change. Under
the excitation of x-polarized waves, there are al-
ways two cut-off frequencies during the frequency
of 0-30.0 GHz. All of the dispersion curves drift
away from the light line and then approach their cut-
off frequency as the k-vectors increase. Moreover,
as shown in Tab. 1, with the increase in metal wire
length from 7.0 mm to 10.0 mm, the first cut-off fre-
quencies gradually decrease from 14.5 to 10.6 GHz,
while the second cut-off frequencies gradually de-
crease from 24.9to 20.4 GHz. This conclusively
demonstrates that by adjusting the length of the met-
al wire, the cut-off frequency can be flexibly con-

trolled in the bent-wire-shaped structure.

30

—a— /=7.0 mm (b)
25 k —e— [=8.0 mm

~de [=9.0 mm
20 —v—[=10.0 mm

15 light line

10

Frequency/GHz

0 0.2 0.4 0.6 0.8 1.0
kw/n

Fig. 2 (a) Schematic diagram and (b) dispersion relationship of the bent-wire-shaped structure

Tab.1 Cut-off frequencies of the bent-wire-shaped st-

ructure with different lengths !

F7.0mm [=8.0mm /=9.0mm /=10.0 mm

The first cut-off

frequency/GHz 14.5 13.1 11.8 10.6
The second cut-off
frequency/GHz 249 23.4 21.8 204

On illumination, multiple bent wires with
gradually varied lengths as well as fixed spacing
were adhered to each side of the dielectric grid.
Fig. 3(a) (color online) shows the longest bent wire
had the length /,=9.9 mm, comprised of a vertical
section of 4.9 mm and a horizontal section of
5.0 mm. The following twenty-four bent wires with

the same reduced length of 0.4 mm were also ad-

hered to the dielectric substrate. For each bent wire
array, the width, the period, and the thickness of the
meandered wire were w=0.1 mm, s=0.2 mm, and
t=17.0 um, respectively. The period of the adjacent
bent wire was always s=0.2 mm. Then, the achieved
metal-dielectric combinations were rolled up as
squared unit cells. The side length of the squared
one was p=9.2 mm. The dielectric substrate was
t~=0.8 mm thick and d=10.0 mm tall. The backplane
of bent-wire-shaped PS was air and the S-parameter
spectra were calculated by the commercial software
of CST Microwave Studio. As shown in Fig. 3(b)
(color online), there was broadband suppression of

more than 5 dB in the reflection spectrum from
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9.5 GHz to 40.0 GHz and transmission spectrum
from 17.0 GHz to 40.0 GHz under the normal incid-
ence. Accordingly, the absorption spectrum of bent-
wire-shaped PS can be obtained based on A(w) =
1=R(w)-T(w) = 1=|SP~|S1’, where A(w), |Sf,

and |S,|* are the absorbance, reflectivity, and trans-

(@) Metal
Dielectric

S-parameter

100 15 20 25 30 35 40
Frequency/GHz

missivity, respectively. As shown in Fig. 3(c), the
results demonstrate that bent-wire-shaped PS can
achieve almost continuous absorption with an effi-
ciency of more than 80% in the frequency band
from 10.3 to 40.0 GHz.

Absorption

5 10 15 20 25 30 35 40
Frequency/GHz

Fig. 3 (a) Schematic diagram of bent-wire-shaped PS; (b) reflection and transmission spectra of bent-wire-shaped PS under

the normal incidence; (c) absorption spectra of bent-wire-shaped PS

4 Designs and discussions

Owing to the enhancement of the electric field
inspired by dispersion engineering, bent-wire-
shaped PS was loaded into no-planar resistive MA
to further improve the operating bandwidth, absorp-
tion efficiency, and stable absorption profile. As
shown in Fig. 4 (color online), the trapezoid ohmic
sheet was printed on each side of the dielectric grid,
then the bent wire array was also printed on each
ohmic sheet. For each unit cell, there were four
ohmic sheets and four bent wire arrays which were
always arranged clockwise. The side length of each
unit cell was P. The thickness and the height of the
dielectric substrate were ¢ and d. For the trapezoid
ohmic sheet, the upper edge length, the bottom edge
length, the height, the thickness, and the resistance

value are a,, ay, d, and f,, respectively. For the bent
wire array, the width, the period, and the thickness
of the meandered wire are w, s, and 7. Each array
has twenty-five bent wires with lengths ranging
from /; to /,. When giving the aforementioned para-
meters as follows: p=6.0 mm, #=0.8 mm, d=5.0 mm,
a=2.6 mm, a,=17.6 mm, £,=250 Q/sq, w=0.1 mm,
s=0.2 mm, ¢#=17.0 um /;=0.2 mm and 5,=9.9 mm,
the simulated result shows that the proposed resist-
ive PAS can achieve broadband absorption with an
efficiency of more than 90% during the frequency
band from 7.8 GHz to 40.0 GHz, which is a signific-
ant improvement of lower-frequency absorption as
compared with resistive MA. Here, the comprehens-
ive evaluations of their broadband absorption can be
carried out by the figure of merit (FOM). Accord-
ing to the Rozanov limit“***"!, the FOM is calculated
following the relation FOM=d/(4,—4y), where d is
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the sample thickness, A; and Ay are the lower-bound
wavelength and high-bound wavelength of the ab-
sorption band. Hereby, the smallest value of FOM is
always expected for desired broadband absorption.
Calculated results show that the FOM values of res-
istive MA and resistive PAS are 0.24 and 0.16. The

resistive PAS proposed in this paper exhibits out-

(a) iy

Resistive film
= Dielectric

standing improvement in broadband absorption, es-
pecially for low-frequency absorption. Furthermore,
the simulated absorption spectra in Fig. 5(a) (color
online) show that the absorption bandwidth remains
almost constant as the resistance value f, decreases
from 250 €/sq to 100 Q/sq.

Absorption
o o
N o0

—— [=100 Q/sq
—— [=150 Q/sq
—— [=200 Q/sq
—— [=250 Q/sq

100 15 20 25 30 35 40
Frequency/GHz

g
o

Fig.4 (a) Schematic diagram of resistive PAS unit cell; (b) prospective view of resistive PAS; (c) simulated absorption spec-

tra of the proposed resistive PAS under the normal incidence

3100 GHz 15.0 GHz
(b)
—k, z
10.0 GHz 15.0 GHz
E,y H,x

LR

V/m
6 000

20.0 GHz 25.0 GHz 6000

V/m
120 000

120 000

25.0 GHz

20.0 GHz

Fig. 5 Electric field E distributions of (a) resistive PAS and (b) bent-wire-shaped PS in the y-z plane at the frequencies of

10.0, 15.0, 20.0, and 25.0 GHz

To better understand its absorption principle,
the electric field E, distributions of bent-wire-
shaped PS were monitored at the frequencies of
10.0, 15.0, 20.0, and 25.0 GHz in Fig. 5(b) (color
online). For the lower frequency of 10.0 GHz, one
resonance corresponding to several adjacent bent
wires was obtained, which contributed to the clear

enhancement of the local electric field. The en-

hanced electric field on the metal-dielectric inter-
face took effect with the loss from the dielectric
substrate, and highly effective absorption was
achieved following the relation P,,=1/2(we "+0o)|EP,
where @ was the angular frequency, ¢” was the ima-
ginary part of permittivity, » was the conductivity,
and E was the total electric field. For the higher fre-
quencies of 15.0 GHz, 20.0 GHz, and 25.0 GHz,
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there were always two kinds of resonances corres-
ponding to the entire wire on the top layer and the
remaining half wire on the bottom layer. The two
resonances worked together to contribute highly ef-
ficient absorption at each frequency. Each resonant
frequency was always consistent with the former
cut-off frequency. Also, the electric field E, distri-
butions of resistive PAS were also monitored at the
frequencies of 10.0, 15.0, 20.0, and 25.0 GHz, as
shown in Fig. 5(a). Owing to the dispersion engin-
eering of bent-wire-shaped PS, the inspired local-
ized surface-wave-like electromagnetic oscillation
took effect at those frequency points on the loss sub-
strate of the ohmic sheet, and thus broadband and
highly efficient absorption performance was achi-
eved. Therefore, it can be concluded that the resist-
ive PMA proposed in this paper achieves optimal
performance with comprehensive consideration of
the operating bandwidth, absorption efficiency, and
stable absorption profile.

5 Experimental validation

To validate the proposed resistive PAS, two
samples with the ohmic sheet of £,=100 Q/sq and
f,=250 Q/sq were fabricated, and the other structure
parameters remained exactly the same. As shown in
Fig. 6, one sample with the ohmic sheet £,=100 Q/sq
had the dimension of 140.0 mmx140.0 mm, includ-
ing of 196 unit cells. In the fabrication process, the

rectangular dielectric strips were cut with periodical

Absorption

0.6 —s=— Simualted
——4#— Measured

5 10 15 20 25 30 35 40
Frequency/GHz

grooves by a numerical control tool and then as-
sembled on the copper plane through a squared grid
method. On each side of the dielectric substrate, the
metallic bent wire arrays were printed at regular in-
tervals by circuit board printing technology. Mean-
while, the ohmic sheets with the resistance values of
=100 Q/sq and f;=250 €/sq were printed on the ul-
tra-thin dielectric films respectively by screen print-
ing technology and then adhered to the metal-dielec-
tric grid at regular intervals by epoxy resin. The ex-
perimental measurements of the two models were
performed in an anechoic chamber. The measure-
ment system was based on an Agilent 8720ET net-
work analyzer with five pairs of broadband antenna
horns working in the frequency bands of 58, 8—12,
12—18, 1826, and 26—40 GHz. Figs. 7(a) and 7(b)
(color online) present the measured absorption spec-
tra along with their simulated results. The strong
agreement between simulation and measurement

further validates the design concept outlined in this

paper.

Fig. 6 Fabricated sample of resistive PAS with the ohmic
sheet /=100 Q/sq

Absorption

061 —— Simualted
=—o— Measured

5 100 15 20 25 30 35 40
Frequency/GHz

Fig. 7 Simulated and measured absorption spectra of resistive PAS with an ohmic sheet (a) £,=100 Q/sq and (b) £,=250 Q/sq
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6 Conclusion

In summary, we describe the achievement of
resistive PAS based on a comprehensive scheme
that provided an efficient path to absorption per-
formance optimization, contributing more potential
applications. The proposed resistive PAS was ob-
tained based on the integration of no-planar resist-
ive MA and plasmonic structure. The theoreti-
cal investigation demonstrated that multi-resonance
can be excited based on spatial dispersion engineer-

ing of PS, causing the localized electric field to take

effect on the surface of the resistive ohmic sheet.
The proposed approach counters the defect of the
broadband absorption performance being easily af-
fected by its constituent ohmic sheet in resistive
MA. As proof, two samples were fabricated accord-
ing to the simulated models. The strong agreement
between simulations and experimental —measure-
ments demonstrates that resistive PAS can always
achieve broadband and highly efficient absorption
performance during the frequency band from 8.0 to
40.0 GHz with the ohmic sheet ranging from 100 to

250 Q/sq.
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