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ABSTRACT

Novel thin and flexible broadband electromagnetic microwave absorbers are
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to 17.2 GHz) by actively adjusting the resistance. The proposed absorbers are
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surface, a controllable sheet resistance, and thereby tunable wave absorption
performance, can be realized in a temperature-activated and dynamically
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stable manner. The results provide new dimensions for the design of active

electromagnetic devices by utilizing previously underestimated intrinsic

flexible electronics, properties of the artificial materials and the smart behavior of polymer-based

metamaterials, nanocomposites.
polymeric materials,

shape memory polymers

1 Introduction

Electromagnetic wave absorbers have been con-
tinuously undergoing rapid development for their
essential role in a variety of aerospace, mechanical, and
civil systems [1-3]. Although absorbers composed of
conventional materials have shown invaluable effects
in many electromagnetic systems, they suffer from
several disadvantages: They are very thick [4], have a

high rigidity, and provide an unsatisfactory perfor-
mance (e.g., limited resonant frequency and narrow
absorption bandwidth). Therefore, sustained and
innovative efforts have led to the development of
advanced electromagnetic wave absorbers made from
artificial materials, e.g., metamaterials and frequency
selective surfaces (FSSs), with an exceptional com-
bination of perfect absorption and thin configuration
[5-11]. Moreover, the wave absorption performances
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are tunable, allowing the designer to control the
resonant frequency and to even achieve broadband
properties [3, 12-15]. However, the reported wave
absorption performances were passively improved
by utilizing phase transition materials to break the
impedance matching condition [12], changing the
moisture content to determine the permittivity [16],
integrating ferrite to adjust the magnetic field [17], and
so on. Alternatively, the employed artificial materials
are sometimes active. Their intrinsic properties and
material behaviors are also tunable (which was
previously underestimated), hence representing an
active way to tailor and optimize the overall elec-
tromagnetic absorption performance.

The concept of active behaviors in materials,
especially nanocomposites, is not new, and the
mechanisms are often attributed to the prominence of
the structural complexity that external stimuli could
alter the micro/nanostructures and in turn their bulk
properties [18-20]. The most familiar examples are
in vivo biomaterials, whose structural complexities
could achieve various functions, such as mechanical
support, motility, and signal sensing, when interacting
with natural stresses, temperatures, and electricity.
As for biological materials, artificial nanomaterial-
based composites featured hierarchical structures
because of bottom-up fabrications and hence endowed
the macroscopic nanocomposites with an active
performance [20-23]. Examples include the extensive
reports on nanomaterial-based electromechanical
sensors [23] and temperature-, moisture-, and electricity-
activated actuators [24, 25]. Moreover, the outstanding
physical properties of the building blocks (e.g., various
nano-carbons and metal nanowires) further provide
the overall nanocomposites with a controllable con-
ductivity, mechanical stability, and multifunctional
performance, combining the ideal properties for
potential applications in electronics and electromagnetic
devices [26, 27]. Consequently, optimal integrations
of the intrinsically excellent properties and active
behavior offer a new dimension in the design of
electromagnetic wave absorbers. However, few reports
have addressed the active design of electromagnetic
devices.

In this article, we demonstrate a nanocomposite-based
absorber with the typically used FSS by integrating

multiple components with specific electromechanical
properties to achieve an ultra-wide tunability. Based
on the shape memory effects of the substrate and
piezoresistive effect of the nanocomposites, a tunable
sheet resistance (> 200 Q-sq™) and wave absorption
performance (resonant frequency tunability: > 7 GHz,
absorption bandwidth: ~ 11 GHz) could be temperature-
activated in a controlled, dynamically stable manner.
Theoretical analysis and electromagnetic simulation
are carried out to explore and validate the key
parameters (e.g., sheet resistance) for microwave
absorption of the proposed absorber.

2 Experimental

2.1 Preparation of the polycyclooctene (PCO)
composite film

PCO particles were melted in an internal mixer
(HAAKE Rheomix 3010 OS) at 70 °C for 10 min. The
stirring speed was set to 50 rpm after the PCO
completely melted. Then, a desirable amount of multi-
walled carbon nanotubes (MWCNTs) and a radical
initiator (2,5-dimethyl-2,5-di(tert-butylperoxy)-hexane)
were added to the melted PCO and mixed by stirring
for 20 min to obtain MWCNT/PCO composites. To
investigate the dielectric property of the sample, the
composites were compressed using a hot press
machine at 160 °C for 10 min and naturally cooled.
For the substrate of the proposed absorber, the tem-
perature of 70 °C (above the switch temperature (T,))
was used to model the film under compression of
20 MPa to obtain an uncrosslinked PCO composite
film with a thickness of 2 mm.

2.2 Construction of a resistive FSS array and ground
plane

Two kinds of inks were prepared to construct the
patterns on the uncrosslinked PCO composite film
through screen printing. For the resistive FSS array, a
silver nanoparticle (AgNP) ink (prepared in laboratory)
was mixed with a MWCNT ink (solvent: N-methyl-2-
pyrrolidone) and carbon black nanoparticles (CBNPs)
by magnetic stirring and ultrasonic treatment until a
homogeneous dispersion was obtained. For the ground
plane, a commercial Ag microflake ink was mixed
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with the MWCNT ink with the assistance of stirring
and ultrasonic treatment. The prepared inks were
used for screen printing using a nylon template with
a mesh number of 250 mesh per inch. The speed of
the doctor blade and squeegee was set to 300 mm-s™.
The printed sample was dried naturally without a
sintering treatment.

2.3 Fabrication of the absorber based on PCO

The uncrosslinked PCO composite film with a printed
resistive FSS array and ground plane was placed in
a mold on a plate vulcanizing machine at 160 °C for
20 min under compression of 20 MPa. Then, the sample
was quickly cooled to room temperature using water.
After peering from the mold, the absorber was obtained
and used for further tests.

2.4 Characterizations and analyses

The permittivity of the PCO composite film (22.86 mm x
10.16 mm) was measured in the frequency range of
8.2-12.4 GHz (X-band) within a waveguide method
using a vector network analyzer (Agilent E8363B
PNA-L). Scanning electron microscopy (SEM) images
were obtained using a JEOL SM-J7500F microscope
after sputtering a 5-nm-thick gold film. The resistance
variation was recorded using a semiconductor test
system (Keithley 4200-SCS) with the assistance of a
tensile hot stage at 90 °C with a speed of 0.1 mm-s™.
The sheet resistance of the conductive layer was
measured using a four-probe measurement system
(4-Probes Tech). The shape recovery time (f,) was
evaluated by placing stretched samples (dimensions
of approximately 15 mm x 9.5 mm x 2 mm) with a
strain of 0.8%-10% on a hot plate at approximately
60 °C. The reflectivity and transmissivity curves of
the proposed absorbers were extracted using a vector
network analyzer (Agilent E8363B PNA-L) equipped
with a pair of standard horn antennas (frequency
range: 8-18 GHz).

2.5 Simulation

The commercially available CST Microwave Studio
2014 software was used to simulate the absorption
performance of the proposed absorber, and the
results are shown in Figs. S7 and S9 in the Electronic

Supplementary Material (ESM). One single resistive
FSS unit cell was modeled in the simulation process.
The periodic boundary conditions are set along the x-
and y-axes, and the electromagnetic wave propagates
along the z-axis. A 50-um-thick plate with a conductivity
of 2,000 S-'m™ was placed on the back side of the unit
cell to prevent wave transmission. The dielectric
substrate had a thickness of 2 mm and permittivity of
4.1 + 0.2j. The square FSS patch of the unit cell had a
periodicity (p) of 4 mm, side length (/) of 3.3 mm, and
thickness of 50 um. During the simulation process,
the conductivity of the FSS patch was changed from
2,667 to 78 S'm™ (corresponding to a sheet resistance
change from 7.5 to 256 Q)-sq"). The S-parameters (e.g.,
511 and S21) were obtained at a given sheet resistance
and used to calculate the reflectivity and transmissivity.

3 Results and discussion

3.1 Scalable fabrication of nanocomposite-based
absorbers with shape memory polymers

We first demonstrate the effective and scalable
techniques used to fabricate the nanocomposite-based
absorbers (Fig. 1). We used specific functional nano-
materials to fabricate the FSS-type absorber, which was
typically comprised of three nanocomposite layers—a
resistive FSS array, a dielectric substrate, and a ground
plane —with optimized electrical properties and without
any loss of flexibility. Specifically, the uncrosslinked
MWCNT/PCO composite film was fabricated as the
substrate layer with a controlled permittivity and
thickness. We constructed the large pattern array
(thickness: ~5 um) and ground plane (thickness:
~5 um) on either side of the uncrosslinked MWCNT/
PCO composite substrate (Fig.1(a)) using different
types of inks, including the self-prepared AgNP/
MWCNT/CBNP and commercial Ag microflake/
MWCNT composite inks. The ink coating could be
effectively performed using the well-developed,
scalable, and low-cost screen printing technique. We
further compressed the patterned MWCNT/PCO film
at 160 °C to complete the crosslinking process and
then cooled it with water. The post-crosslinking
procedure is very important for interfacial adhesion.
As expected, unlike the ink coating on a crosslinked
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Figure 1 (a) Schematic illustration of the process for fabricating a microwave absorber based on a PCO composite film. The cross-section

micromorphologies of the printed layers on both sides of the substrate are shown in the enlarged view. (b) Photograph of the constructed
FSS array on the surface of the MWCNT/PCO composite. Scale bar represents 20 mm. (c) and (d) Sheet resistance distribution of the
FSS layer and ground plane. Scale bars represent 20 mm. (e) Shape memory effect of the fabricated absorber by stretching at a high
temperature, fixing a temporary shape at room temperature, and temperature-activated recovery to the permanent shape.

substrate, our post-crosslinking process exhibits an
undiscernible interfacial failure, such as debonding
or chipping on the printed patterns, even after 100
stretch-recovery cycles (Figs. S1(a)-S1(c) in the ESM).
Benefiting from the screen printing technique and
post-crosslinking procedure, the as-prepared 400 mm
x 400 mm x 2 mm absorbers with the patterned FSS
array (10* building blocks) and the uniform ground
plane were successfully manufactured (Fig. 1(b)). In
addition, the array layers show a uniform sheet
resistance distribution after measuring 6 x 6 unit cells,
and the averaged value is 16 + 2.4 Q-sq (Fig. 1(c)).
For the 5-um-thick ground planes, such uniformity
could also be observed in Fig. 1(d), and we also
achieved an excellent conductivity (sheet resistance
of 0.45 + 0.12 QO-sq"), preventing wave transmission
out of the absorber (Fig.52(a) in the ESM) and

guaranteeing high-performance wave absorption
(Fig. S2(b) in the ESM).

Then, the active strategies to tune the wave absorption
performance, including our novel demonstrations,
are introduced. The passive tunability is widely used
by modifying the impedance condition, geometry
size, and shape of the surface patterns and by
employing a substrate with a different permittivity;
this could be readily achieved by our fabrication
procedure and design of nanocomposites (as illustrated
later). Considering that the nanocomposites feature
hierarchical microstructures and thus endow electro-
mechanical behaviors that are extensively explored
in nanocomposite-based conductors, actuators, and
sensors [18-27], we can readily utilize these smart
properties and intrinsically tune the sheet resistance
of our composite-based components. We hence
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examined the electrical response of our absorbers to
mechanical deformation, which is believed to trigger
an electro-mechanical coupling mechanism for a
nanocomposite with conductive fillers and then allow
for control of the resistance and wave absorption
performance with the aid of deformations. We applied
the deformation onto the overall structures through
the temperature-activated method by utilizing the
shape memory effects of our PCO-based substrate in
Fig. 1(e). Shape memory polymers (SMPs) can proceed
to permanent shapes from a temporary shape in
response to various external stimuli, such as light,
heat, pH, pressure, and electric field [28-30]. SMPs are
different from elastomeric rubbers and other stretchable
substrates, which require a continuous mechanical
force to maintain a stable status [31, 32] and can retain
their temporary shape even after unloading the
stimulus. Temperature-activated recovery to a per-
manent shape can be observed when the stimulus
is reloaded. PCO, as a widely used SMP material, has
a relatively low T, which is sufficient to utilize the
shape memory effect around 60 °C, and the recoverable
strain could be up to 730% [33], offering an active
method to control the deformation and absorption
performance of our nanocomposite system.

3.2 Nanocomposites with controllable properties

We focused on the previously underestimated
deformation-induced resistance and absorption tuna-
bility. The PCO substrate has a large stretchability
(~ 700%), but only 10% strain was used to rule out the
effect of Poisson’s ratio (~ 0.51 for the substrate, see
Fig. S3(a) in the ESM) on the absorption performance
(Fig. S3(b) in the ESM) and explore the resistance
effects in a controlled manner. We first measured the
electrical properties of our nanocomposite-based
components (i.e., substrate, ground plane, and surface
FSS array) when subjected to strains (Fig. 2), which also
provides valuable guidelines for the nanocomposites
design with optimal functional fillers and performances.
For the substrate layers, the permittivity is one of
the most important properties that affects the overall
wave absorption performance. The original PCO, which
shows an excellent shape memory and deformation
controllability, always shows a poor permittivity

(dielectric constant of approximately 2.3 in the
X-band). After carefully comparing the typically used
nanofillers, such as inorganic nanoparticles [34] and
two-dimensional graphene sheets (Fig. 54 in the ESM)
[35, 36], we employed one-dimensional fillers, the
MWCNTs, to improve the permittivity of the PCO
film. Figure 2(a) shows that the permittivity of the
PCO composites could be effectively increased to 4.1
after only introducing 0.2 wt.% MWCNTs into the
substrate, and the permittivity can reach 11 with
1 wt.% MWCNT fillers. In the following demonstrations,
PCO composites with 0.2 wt.% MWCNTs are used
to consider the possible compromise in mechanical
properties at high-level content. Moreover, the high
permittivity of our MWCNT/PCO nanocomposites
could nearly be maintained to around 4.1 when
undergoing a 10% stretching strain (Fig. 2(b)).

For the ground planes, high conductivity after
deformation is essential to prevent wave transmission
and guarantee high-performance wave absorption. For
this purpose, we blended MWCNTs in commercially
available Ag microflake ink, which offers additional
conducting paths for the as-printed ground plane,
according to SEM observation (Fig. 1(a) and Fig. S5 in
the ESM). Consequently, in situ electro-mechanical tests
(see Fig.2(c) and the Experimental Section) indicate
that the sheet resistance of our composite ground
plane stably varies from 0.8 to 7.2 Q)-sq™ under an
applied strain of 10% (which is efficient for electro-
magnetic devices). We further reveal the generated
Joule heat of this highly conductive layer (Fig. 2(d)):
The relatively uniform temperature distribution
increased gradually to 50 °C under a direct current
(DC) voltage of 17V within 10 min and further
reached 60 °C under 21 V (this temperature is above
the T, of the PCO film). This result implies that we
could also employ a high-conductivity ground plane
as a heater to activate the stretch-recovery process of
the SMP substrate (Fig. 2(e)). The temperature-induced
shape recovery effect (t,) was investigated at 60 ‘C
(Fig. S1(d) in the ESM). The value of t, increases with
increased mechanical loading. The stretched sample
could recover from storage within 60 s with an applied
strain of 9.2%. If a higher temperature is achieved by
increasing the DC voltage, the recovery time might
be correspondingly short.
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Figure 2 Dielectric constant of (a) pure PCO and its composites with different amounts of MWCNTs, and (b) MWCNT/PCO
nanocomposites (with 0.2 wt.% filler) under strains of 0.8%, 2.1%, 3.9%, 6.2%, 9.2%, and 10%. (c) Sheet resistance of the ground plane
during stretch-recovery cycles under a 10% strain. (d) Joule heat of the highly conductive ground plane under DC voltages of 17 and
21 V. The inset shows the temperature distribution after 800 s. Scale bar represents 5 cm. (e) A schematic illustration of the working
principle of the absorber under an applied voltage to the ground plane. (f) The dependence of the sheet resistance of the FSS array on the
stretching cycles under a 10% strain. Inset shows a plot of the detailed sheet resistance variation versus the strain during one stretch
(filled) and recovery (open) cycle. The red lines are a linear fit of the stretch and recovery processes, with coefficient of determination

(R?) values of 0.997 and 0.998, respectively.

The electrical properties and geometry of the FSS
array are key to the entire wave absorption perfor-
mances, i.e., the frequency and bandwidth. Moreover,
both parameters can also be passively adjusted in our
procedures to tune the wave absorption performances
of the nanocomposite absorber. For instance, we
fabricated this array by screen printing a composite
ink; a variety of geometries could be effectively and
scalably achieved using this method. Meanwhile, the
electrical/electromechanical properties of the nano-
composites can also be tuned by the compositions or

the multi-scale structures. Here, to achieve an active,
ultra-wide tunability of the wave absorption frequency,
an FSS array with a large, stable sheet resistance
response with respect to deformation (less than 10%
strain) would be important. We compared a sample
with a different portion of nanofillers (Fig. S6 in the
ESM) and multilayered structures (Fig. S7 in the ESM).
By considering the microstructural homogeneity,
conductivity, and electromechanical performance,
we printed a single, uniform layer using a AgNP/
MWCNT/CBNP composite ink (10:1:0.035). By utilizing
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the temperature-activated shape memory effects of
the substrate to transfer the deformation onto the FSS
array, we measured the variation of the sheet resistance
of our FSS array in a tensile hot stage at 90 °C (Fig. S1(a)
in the ESM). Figure 2(f) demonstrates that the optimized
array shows a large sheet resistance change from 25
to approximately 280 ()-sq™' when a dynamic tension
strain of 10% is applied. Such electromechanical
coupling behavior is repeatable, even after more
than 100 cycles (Fig. S1(b) in the ESM). Moreover, the
nanocomposite conductive layer shows an excellent
stability after evaluating the variation in the sheet
resistance after exposure to ambient atmosphere for
more than 7 months (Fig. S1(c) in the ESM). These
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behaviors lead to a potential in the temperature-
activated, nanocomposite-based microwave absorber
with a wide and durable tunability.

3.3 Broadband microwave absorption with an active,
ultra-wide tunability

Benefiting from the high conductivity of the ground
plane and the shape memory effect of the substrate,
we can control the deformation and sheet resistance
of the FSS array by applying a voltage, as shown
in Fig.3(a). After applying the voltage to heat the
sample, the substrate recovery could be activated and
transferred to the arrays. A temporary shape could be
retained after removing the applied voltage to cool
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Figure 3 (a) Optical photographs of the FSS array under different strains above Ty,. The patterns become wider along the stretching
axis with increasing applied strain, and the scale bars represent 3 mm. (b) Summary of the five measured spectra with different sheet
resistance values, indicating a shift of the resonant frequency and broadening of the absorption bandwidth. The color represents the
experimental tunability (up to 7.2 GHz from 10 to 17.2 GHz for the resonant frequency) of the fabricated absorber. (c) Sheet resistance
dependence of the corresponding resonant frequency (open interior), and 90% absorption bandwidth (solid interior) of the fabricated
absorber before (squares) and after (circles) the stretch-recovery cycles. (d) Optical images of the resistive FSS with different
stretch-recovery cycles and different strains. The green cycles indicate the gap between cracks under 10% strain and 0% strain. The
yellow circles indicate new cracks after a 20% strain is applied to the substrate. (¢) The corresponding SEM images of the FSS layer
under a 10% strain, recovery, 20% strain, and recovery. All scale bars represent 100 pm.
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the SMPs to 30 °C before releasing the mechanical
stress. Consequently, the strain of the structures could
be controlled, one-way adjusted, and the increased
sheet resistance, as well as the resulted wave absorption
performance, could be simultaneously measured.
The free-space measurement system was used to
investigate the absorption performance of the fabricated
absorber. Figure 3(b) shows five typically measured
reflectivity curves with sheet resistances of 46, 77,
123, 180, and 256 Q-sq’. The minimum values of
the reflectivity, which are regarded as the resonant
frequency of the proposed absorber, shift to higher
frequencies with increasing sheet resistance. Specifically,
the relevant resonant frequency is 10 GHz at 46 Q-sq™,
10.8 GHz at 77 Q-sq’!, 14 GHz at 123 Q-sq', 15.9 GHz
at 180 Q-sq’, and 17.2 GHz at 256 Q-sq'. Similar
simulation results can also be observed in Fig. S8 in
the ESM. The tunability of the measured frequency
can reach 7.2 GHz, which is much wider than that
for recently reported tunable absorbers, such as the
absorber of liquid metal combined with a stretchable
substrate (0.15 GHz) [37], liquid-crystal-based absorber
(0.17 GHz) [38], magnetically tunable ferrite-based
absorber (0.28 GHz) [17], mechanical stress tunable
absorber (0.41 GHz) [31], microfluid absorber (0.45 GHz)
[39], and p-type/intrinsic/n-type (PIN) diode-based FSS
absorber (1.3 GHz in the range of 1-4 GHz) [3]. In
addition, our absorber also exhibits a broadband
absorption performance; the measured 90% absorption
bandwidth (corresponding to a reflectivity below 0.1)
increases from 1.5 to 11 GHz, which is broader than
most reported bandwidths for a similar thickness,
such as a square ring FSS array based absorber (3 mm
with 6 GHz) [40], dentric resistive FSS film-based
absorber (2 mm with 7.5 GHz) [41], and periodic pattern
surface-based absorber (3 mm with 4.2 GHz) [42].

We further examined the stability and repeatability
of the frequency tunability. The absorber recovered
to its original shape after removing the stress that
was applied to the MWCNT/PCO composite film;
we conducted more than 10 stretch-recovery cycles
at a strain of 10%. The substrate was then stretched
gradually to the strain level applied in the first cycle,
and the absorption performance was measured. The
reflectivity spectra before and after the stretch-recovery
cycles are shown in Fig. S9 in the ESM and summarized

in Fig. 3(c). Both the sheet resistance dependence
of the resonant frequency and the 90% absorption
bandwidth reflectivity after dynamic cycles show
nearly identical performances during the first cycle
(Fig. 3(b)), indicating the excellent stability and
durability of our nanocomposite-based absorber.
Such repeatability should be attributed to the stable
electromechanical performance of the FSS array
(Fig. 2(f)), which is called the piezoresistive effect of
nanocomposites with conductive nanofillers [22]. We
further present an in-depth study of the piezoresistive
effect in terms of the structural deformation (optical
images in Fig. 3(d) and SEM images in Fig. 3(e)). We
suggest that the increase in the sheet resistance is
caused by the 10% tensile strains, which can induce
localized deformation of the microstructure and
possibly increase the contact distance (tunneling
conduction theory) between the connected conductive
fillers and synergistically reduce the number of con-
ductive paths within the microstructures. Figures 3(d)
and 3(e) demonstrate that once the load is removed,
the microstructure of the nanocomposite array
returns to the pre-stretched configurations, allowing
them to spring back to their original shape and
resistance. Interestingly, these mechanisms can also
be observed under a strain of 20% (Figs. 3(d) and 3(e)),
implying a possible larger sheet resistance change and
wider frequency tunability without a loss in stability.

3.4 Theoretical analysis and simulations

To clarify the underlying mechanism for our observed
ultra-wide tunability, we present simulations and
analysis of the absorbing structure by a simple
equivalent circuit that allows a detailed explanation
of the key parameters (including the tunable sheet
resistance in our experiments) for the design of the
absorber. Figure 4(a) shows the proposed metal-
substrate-metal structure of the microwave absorber.
The resistive square array with a sheet resistance
of Ry, and geometry parameters (i.e., side length [
and periodicity p) were used as a unit cell of the FSS
in our design. A dielectric layer with thickness d,
permittivity ¢, and permeability p, was interbedded
between the FSS arrays and ground plane. The
corresponding equivalent circuit model of the proposed
absorber is illustrated in Fig. 4(b). According to the
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equivalent circuit theory, the expressed impedance
should match the free space impedance to obtain a
perfect absorption of the incoming signal. Thus, the
optimal sheet resistance can be obtained as

_ 377tan*(2nfdye, /) ( 1 jz 0
W tanz(Zchd\/z/c)+gr p

where fis the frequency of the incident wave, c is the
speed of light in a vacuum (refer to Section S1 in the
ESM) [5, 43, 44]. In addition, we also employed the
commercial CST Microwave Studio 2014 software to
simulate the absorption performance of the resistive
FSS unit cell used in our experiments (refer to the
Experimental Section and Figs. S2 and 510 in the ESM).

Equation (1) highlights the dependence of the
optimal FSS resistance on the thickness and permittivity
of the substrate. Unlike modifying the geometry
parameters (e.g., | and p) and properties of the
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substrate (e.g., ¢, and (), as done in previous reports
(refer to the Introduction), we focused on the tunability
of the microwave absorber based on the R,. According
to our fabrication details (Experimental Section), we
employed a dielectric substrate with a thickness of
2 mm, effective permittivity of 4.1, and geometry
parameters of the unit cell of p =4 mm and /=3.3 mm
for the calculations and simulations. Figure 4(c) shows
that the f increases gradually with the sheet resistance,
which is similar to the measured tunability. Specifically,
when we changed the sheet resistance from 7.5 to
256 Q-sq (Figs. 2(f) and 4(c)), a calculated tunability
of the resonant frequency with a range of about 15 GHz
(from 4 to 19 GHz, square symbols in Fig. 4(c)) can be
expected, which strongly agrees with our experiments
(Fig. 3(b)), and is far beyond the results of previous
reports [3, 16, 17]. In addition, the single resonant
characteristic of the proposed structure throughout
the 4-19 GHz range implies a single absorption peak

Reflectivity

8 12 16 20 24 28
Frequency (GHz)

Figure 4 (a) The designed absorber with a tunable frequency based on the resistive FSS. (a) A three-dimensional illustration of the
proposed structure. p is the periodicity of the unit cell, / is the side length of the FSS array, and d is the thickness of the substrate. (b) Sketch
map of the equivalent circuit model. Z;,, Zgss, and Z4 are the input impedance of the proposed absorber, the equivalent impedance of the
resistive FSS array, and grounded dielectric substrate, respectively. R, L, and C are the equivalent resistance, inductance, and capacitance
of the resistive FSS, respectively. (c) Simulated (circles), calculated (squares), and measured (stars) resonant frequencies as a function of
the optimal sheet resistance. Colored backgrounds indicate the predicted data acquired from Eq. (1). (d) The numerically simulated
reflectivity curves of the FSS absorber with three typical sheet resistances indicating the shift of the resonant frequency and broadening

of the absorption bandwidth.
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in the resonant frequency. Similar results can also be
observed in our electromagnetic simulation (circle
symbols in Fig. 4(c)) and experimental measurement
(star symbols in Fig. 4(c)). The simulated and measured
resonant frequencies under different sheet resistances
agree with our calculated results (Fig. 4(c)). Specifically,
in Fig. 4(d), the simulated reflectivity curves with three
typical sheet resistances of 46,123, and 256 Q-sq’1
reveal the shifts of the resonant frequency of 9.6, 12.9,
and 17.4 GHz, respectively, which are consistent with
the wide tunability in our experiments. In addition,
a broader band of absorption performance could also
be observed (e.g., 90% absorption bandwidths are
2.6, 6.9, and 7.7 GHz). Our theoretical analysis and
simulations could clearly validate the parameter of
sheet resistance used in the experiments and lead to
the promising potential of sheet resistance in achieving
an ultra-wide and controllable tunability of broadband
microwave absorption.

4 Conclusions

A novel frequency-tunable absorber based on
temperature-activated nanocomposite layers has been
developed. The resistive FSS array was constructed
on a PCO/MWCNT composite film with a desirable
permittivity and thickness. By applying a small strain
(e.g., 10%) to the substrate below 60 °C, the deformation
varies the sheet resistance, and the absorption
performance can be tuned with an ultra-wide range
because of the dependence of the resonant frequency
and absorption bandwidth on the sheet resistance.
With insignificant deviations between the measured
and simulated results, our proposed absorber exhibited
a frequency tunability of 7.2 GHz. Moreover, 90% of
the absorption bandwidth of the absorber reaches
11 GHz, while the thickness is only 2 mm. Our absorbers
also show an excellent stability after several stretch—
recovery cycles. Through theoretical analysis and
simulations, the experimental results can be clearly
validated, and the promising potential in achieving an
ultra-wide and controllable tunability of broadband
microwave absorption can also be achieved. The novel
design concept and excellent performance are expected
to open new opportunities for practical applications

of the electromagnetic absorber, interference shielding,
and stealth.
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