Materials & Design 206 (2021) 109768

ELSEVIER

journal homepage: www.elsevier.com/locate/matdes

Contents lists available at ScienceDirect

Materials & Design

Graphene-based anisotropic polarization meta-filter )

Cheng Zhang **, Chang Long”, Sheng Yin®, Rong Guo Song*‘, Bo Han Zhang <,

Check for
updates

Jing Wei Zhang?, Da Ping He ““*, Qiang Cheng ®*

2 Hubei Engineering Research Center of RF-Microwave Technology and Application, School of Science, Wuhan University of Technology, Wuhan 430070, China
b Aerospace Science and Industry Wuhan Magnetism-Electron Co. LTD, Wuhan 430080, China

€School of Information Engineering, Wuhan University of Technology, Wuhan 430070, China

dState Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan 430070, China

€ Department of Radio Engineering, State Key Laboratory of Millimeter Waves, Southeast University, Nanjing 210096, China

HIGHLIGHTS

« Graphene film with arbitrary sheet
resistance is fabricated and
characterized for flexibly design of
electronics.

« A graphene-based anisotropic meta-
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manipulate the valuable polarization
without redundant reflection.

« The proposed meta-filter shows a
wideband characteristic beyond the X
band.
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ABSTRACT

Artificially engineered metamaterials/metasurfaces provide an extraordinary strategy for tailoring the
electromagnetic properties of devices, which may break conventional limits in existing polarization fil-
ters. Hence, this paper presents an anisotropic graphene-based meta-filter that contains the features of
both a phase-gradient metasurface and an electromagnetic absorber, thereby enabling versatile beam
behaviors and low reflection loss under orthogonal polarization. In the meantime, our design offers an
idealized platform for polarization decomposition and manipulation. Three cases are presented to assess
the performance of the proposed meta-filter in the microwave band of interest and to demonstrate its
anisotropic nature and polarization-extraction functionality. The corresponding meta-filters are mean-
while characterized by numerical simulation and experimental measurement, the results of which are
in good agreement. In addition, the employment of novel graphene films endows the bi-functional
meta-filter a promising candidate for future electronic applications in special scenarios calling for excel-

lent environmental resistance and superb flexibility et al.
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1. Introduction

The flourishing development of wireless techniques,
particularly fifth- and even sixth-generation networks, Internet of
Things, or artificial intelligence, provides us with a convenient
and intelligent life [1]. With these developments, the spectral effi-
ciency and system capacity needed are ever-increasingly than
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before, and therefore polarization is multiplex-used to expand the
capacity of the network [2], resulting in a significant requirement
for polarization filtering and modulation. Besides, purity polariza-
tion control is also meaningful in many areas of scientific research,
including astronomy, chemistry, and biology [3-4].

Standard approaches for isolating a specific polarization involve
the adoption of a grating [5-6], a waveguide [7], or a photonic crys-
tal fiber (PCF) [8-10] to select the required incoming polarized
waves. However, these methods have several drawbacks that limit
their practical applications. For example, the polarization state of
interest can be feasibly selected by utilizing the traditional grating
or waveguide, but non-loss reflection occurs with regard to the
needless part. Thus, untreated extra electromagnetic (EM) energy
can cause EM interference in electronics disturbing their regular
operation. For PCFs being widely used in the terahertz, infrared,
and visible light regions, redundant polarization can be dissipated
due to its high loss property, and excellent polarization isolation is
simultaneously achieved once surface plasmon polariton (SPP)
modes are evoked. Although PCFs have been significantly
improved, they are rarely implemented in the microwave domain.
Hence, in analogy with PCF, spoof SPPs [11-13] are introduced to
create a band-pass filter within broadband, but the unique feeding
method makes a barrier for its development as well as the
polarization-sensitive characteristic. Needless to say, relevant
researches mainly focus on selecting the desired polarization,
whereas its post-manipulation is still lack of research. Additionally,
the treatment of superfluous portions is also urgently needed to
avoid secondary EM pollution.

Recently, there has been increasing interest in metamaterial/
metasurface [14-17], comprising sub-wavelength artificial unit
cells. With the appropriate design of the meta-atoms and
optimization of the aperture, some fascinating phenomena can
be successfully achieved such as holographic image [18-19], car-
pet cloaking [20-21], EM black hole [22-23], and anomalous
reflection/transmission [24-25], paving the way for dealing with
the problems mentioned above. For instance, anisotropic meta-
surfaces enable robust control of differently polarized EM waves
[26-27]. However, only non-loss random diffusion can be used
to suppress the backward scattering of redundant polarization.
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Due to their omnidirectional features, plenty of new EM radia-
tion sources are generated, leading to severe EM compatibility
problems. As an alternative scheme for restricting backward
reflection, metamaterial absorbers can get rid of this limitation
through dissipating the incident waves instead of scattering
[28-30]. For example, multilayered metallic-dielectric quadran-
gular frustum pyramids were put forward to realize a total
absorption of the incident wave over an ultra-wide spectral band
[31]. Unfortunately, it may not be a proper solution due to the
non-selectivity suppressing of arbitrarily polarized waves, giving
rise to the inevitable loss of partial carried-information. While
several absorbers that react only with limited polarized inci-
dences have been developed and investigated [32-34], manipu-
lation of the residual fields is rarely reported.

Inspired by the previous work, we raise a bold hypothesis: Is it
possible to build a meta-filter integrating the benefits of both
microwave metamaterial absorbers and diffusion metasurfaces?
Once achieved, the required polarized waves can be smoothly con-
trolled by modulating the phase-gradient surface [35-36], and the
surplus polarized energy can be absorbed and consumed through
ohmic loss [37-38] or dielectric loss [39]. Besides, as a remarkable
delegation of novel conductive material, there are ongoing
researches to discover the physical or chemical features of gra-
phene [40]. In particular, graphene film offers unique advantages,
including tunable conductivity over an extensive range, high-
temperature resistance, and flexibility et al. and shows enormous
potential for addressing the aggravating EM problem. To date, it
has been used in the investigation of antennas [41], energy har-
vester [42], filters [43], and radio-frequency identification (RFID)
technology [44-45] et al., due to its mechanical properties being
superior to those of metal materials. Therefore, our assumption
can be promoted to a high level of real-life applications by implant-
ing the graphene film instead of traditional metal and other semi-
conductor materials [46].

Herein, a graphene-based bi-functional metasurface (Fig. 1
(a —b))isdesigned for the first time of our best knowledge, to realize
the treatment of EM pollution with the simultaneous manipulation
of scattering behaviors, such as beam steering and the multiple
beams of valuable polarizations. When radiated by TE plane waves,
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Fig. 1. Schematics of the proposed Element 1 (a) and Element 2 (b). Inset: Illustrations of the incident waves. Reflection response of the typical unit cells under the

illumination of plane waves with TE (c) and TM (d) modes.
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EM energy is only dissipated by the meta-filter due to the ohmic loss
(Fig. 1(c)). In contrast, the reflected profiles of the incident TM waves
can be adjusted arbitrarily by predesigning the distribution of two
anti-phase meta-atoms across the aperture of the meta-filter
(Fig. 1(d)) [47]. These dual functions can be performed beyond
the X band (from 8.0 GHz to 12.4 GHz), showing considerable poten-
tial for practical applications. In addition, our design provides
another fantastic function, namely polarization decomposition,
whereby the TM component can be extracted from the total incident
linear- or circular-polarized fields with the help of our strategy, as
well as flexibly modulated. In the meantime, because of the excel-
lent attenuation of TE aspect, the proposed meta-filter does a noble
favor in certain particular application scenarios calling for excellent
cross-polarization isolation and high-purity single polarization.

2. Theory and design
2.1. Unit cell design

To realize the abovementioned two functions within one meta-
filter, unit cells are proposed, as depicted in Fig. 1(a — b), with their
corresponding geometry and size optimized through numerical
simulation. Aiming at easy design and implementation, two ele-
ments with 7w phase difference are introduced to simultaneously
control the spatial patterns of the selected polarization and elimi-
nate the orthogonal polarization. A sandwich structure is typically
optimal for bi-functional meta-atoms (Fig. 1(a — b)), with the top
layer of Element 1 being a non-shaped substrate, and Element 2
having an I-shape. In both elements, the middle layer consists of
arrayed graphene-based split-ring resonators (SRRs) (with a sheet
resistance of 35 Q/0) embedded in an F4B dielectric matrix (per-
mittivity: 2.65 + i0.001) backed by a graphene ground plane. Both
the I-shaped structure and ground layer consist of high-
conductivity graphene film, the sheet resistance of which may
reach 0.03 Q/01. The detailed structural parameters of the basic
unit cells are provided in Supplementary Note S1.

As shown in Fig. 1(c), our designs absorb more than 90% of TE
waves from 8.0 GHz to 14.2 GHz. With respect to orthogonally
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polarized incident waves (Fig. 1(d)), identical reflection amplitude
but opposite phase states (with a phase difference of 180° + 30°)
can be achieved between the two elements from 7.5 GHz to
12.4 GHz, facilitating to arbitrary control of the spatial EM waves.
(See Supplementary Note S2 for a detailed description of the
simulation method).

To explore the anisotropic performance of the proposed meta-
atoms, the transmission line (TL) theory is adopted [48]. With
regard to the TE case (Fig. 1(c)), the typical unit cells (Element 1
and Element 2) behave as simple TL models illustrated in Fig. 2
(a). Notably, the graphene ground layer is equivalent to a short-
circuit TL owing to its high conductivity. To reveal why the two dif-
ferent elements show similar and stable absorption performance,
we first define the middle layer of the designed unit cell as a black
box, of which the characteristic parameters are not cared about
here. For the same structural intermediate layers, the black box
for Element 1 is identical to that for Element 2. From Fig. 2(a), it
can be easily determined that the input impedance (Z,-T,f) of the
meta-structure is the total impedance of the parallel connection
between the surface impedance (Z) of the top layer and the black

box. Thus ZF is determined by Z™ obtained using the following
relation [49]:

e ZoSx
Zs = 1-25x

= and Z{f = Zy/cos0, (1)
where Z; is the wave impedance of the free space, 6 is the incident
angle, and S,; represents the transmission coefficient. Hence, by
substituting the corresponding S-parameters (Fig. 2(b)) into Eq.
(1), nearly identical ZI* values are obtained for Elements 1 and 2,

approving that Zj; yope, 1S approximately equal to Zj; popens- Once

ZIF has been derived, the reflection coefficients (R) of the essential
cells can be computed according to the following TL relations:

TE/TM TE/TM
— Zin — ZO

= JTE/TM TE/TM
Zin + ZO

(2)

in which Z{" = Zycos0. Based on the previous analysis and Eq. (2),
similar reflection coefficients for Elements 1 and 2 are determined,
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Fig. 2. Equivalent TL of the proposed meta-atoms (a — b) for TE mode incident waves. (b) Reflection characteristics of the upper structure of typical particles. Simulated
surface currents and power-loss densities of the graphene-built SRRs: (c) Element 1 at 10.5 GHz; (d) Element 2 at 10 GHz.
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which is consistent with the simulated predictions (Fig. 1(c)). To
further identify the source of EM absorption, the simulated surface
currents and power-loss densities of the graphene-built SRRs at res-
onance frequencies are presented in Fig. 2(c — d). It is worthy to
note that the strong absorption at 10.5 GHz (Element 1) originates
from electric resonances driven by the incident waves, since the
currents are tightly localized at the middle SRRs (left-side image
of Fig. 2(c)). The EM power can be dramatically dissipated in areas
where currents accumulate (right-side image of Fig. 2(c)), because
the surface currents lead to significant ohmic loss at the meta-
filter with Pjss = I°R, in which R is the surface resistance. A similar
phenomenon at 10 GHz (Element 2) is also readily observed in Fig. 2
(d), despite the different current intensities. Besides, the absorption
efficiency is also theoretically analyzed. Due to the high ohmic
resistance of the graphene-based SRRs, the Q factor sharply declines
when interacting with the incident waves, giving rise to a broad-
band performance shown in Fig. 1(c).

In the following, to uncover TM wave manipulation mechanism,
Elements 1 and 2 are modeled as the corresponding TL models
shown in Fig. 3(a — b). As such, the ABCD matrix for the TM case
can be written as

C D joye  cosk.d » and (3)

{A B] B cosk,d jZ,sink.d
Element1

A B 1 07]coskd jZ-sink.d

{C DL,emmz N {ZST"” 1} joyed cosk.d
cosk,d jZ,sink,d '

~ | ZMcosk.d + j sinked jZMZ,sink,d + cosp,d

(4)

where Z™ is the surface impedance of the top particle; d, Z, and k;
are the thickness, characteristic impedance, and the wavenumber of
the substrate, respectively. Based on the TL theory, the input impe-
dance can be calculated as

n Z,+D’
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in which Z, represents the load impedance. Due to the ultra-low

sheet resistance of backed graphene film (0.03 Q/OJ), Z; in our

design can be regarded as 0. Therefore, Eq. (5) can be simplified as
B

Z' = 5 (6)

By substituting Eqs. (3) and (4) into Eq. (6), the input impedance of

Elements 1 and 2 can be given as

Z;rxflemen[l = ]Zr tan krd 5 and (7)
7M jZ.tank.d ®

in,Element2 — m .

Comparing Eq. (7) and Eq. (8) shows that Z™ is the only factor that
determines the different reflection responses between Elements 1
and 2, based on Eq. (2). Thus, if we defined Element 1 as the initial
reflection state, its phase difference with respect to Element 2 can
be flexibly tuned by changing Z™ that is directly related to the geo-
metric structure of the top particle in Element 2. According to the
relevant research mentioned above, the I-shaped pattern can be
successfully selected by sweeping the structural parameters with
the commercial software — CST microwave studio 2019. Further-
more, the resonant feature of the predesigned meta-atoms is simul-
taneously invoked to explain the physical mechanism. The
simulated E-field distributions concerning Element 1 (Fig. 1(a))
and Element 2 (Fig. 1(b)) are provided in Fig. 3(c — d), respectively,
at the frequencies with 0 phase response. For Element 1 illuminated
with TM waves at 12 GHz, the E-field is barely coupled to the top
layer and middle SRRs (Fig. 3(c)), resulting in the ultra-low reflec-
tion loss (Fig. 1(d)). For Element 2, however, the top I-shaped struc-
ture can be regarded as an equivalent circuit model (inset of Fig. 3
(d)), of which the resonance is driven by an incident wave at
fr= an—ﬂ_c [49]. Due to the LC resonance at 7 GHz, the E-field local-

ized near the two arms can be dramatically driven (Fig. 3(d)) to
induce the reflection phase shift. In the meantime, similar to Ele-
ment 1, little E-field can be observed on the graphene-based SRRs

(d)

Fig. 3. Equivalent TL of the proposed meta-atoms (a — b) for TM mode incident waves. Simulated E-field distributions: (c) Element 1 at 12 GHz; (d) Element 2 at 7 GHz. Inset

of (d): equivalent circuit model of the top I-shaped structure.
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with relatively high sheet resistance (35 Q/O), thus achieving low
input loss as previously predicted in Fig. 1(d).

2.2. Aperture design

To evaluate the performance of the proposed meta-filter, an
example is presented to illustrate the polarization-dependent
functionality. This demonstrates that the required polarization
can be selected and manipulated, while simultaneously eliminat-
ing the surplus polarization. During the full-wave simulation, a
block of 8 x 8 identical elements is employed as the basic supercell
of the meta-filter, to mimic the periodic boundary condition for the
composing meta-atoms.

With regard to Case 1 shown in Fig. 4, a pseudorandom distribu-
tion of typical unit cells is preset to realize broadband random dif-
fusion of the reflected TM waves based on the generalized Sell’s
law [50] that favors anomalous scattering. In the meantime, the
TE waves can be dissipated due to the absorption feature of the
proposed meta-atoms (Fig. 1(c)). To demonstrate the above phe-
nomena, the simulated three-dimensional (3D) scattering patterns
of the meta-filter with the predesigned aperture are obtained. For
comparison, the 3D scattering patterns of a same-sized metallic
plate are also supplied. In Fig. 4(a — c), it can be seen that a dra-
matic reduction in the main beam is achieved under illumination
from TE plane waves at 9 GHz, 10 GHz, and 11 GHz, in contrast
to that of the metallic plate (Fig. 4(g — i)). Besides, by comparing
the second column (Fig. 4(d — f)) with the third column (Fig. 4
(g — 1)), it is easy to find that the rough surface enables the

-40 dBm [

M 0dBm
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backward reflection waves of the TM mode to be sharply sup-
pressed, via omnidirectional deflection of the incoming EM energy
to the upper space. Eventually, the broadband performances of our
design are also revealed in Fig. 4(j — k), and its excellent ability to
reduce the radar cross-section (RCS) by more than 10 dB is evident
at almost the same operating frequency band (8 GHz to 14 GHz) for
both normal incident TE (Fig. 4(j)) and TM (Fig. 4(k)) waves. To be
noted that because of the edge scattering effect, the effective work-
ing frequency band (where the RCS reduction is more than 10 dB)
of the array under normal TE waves (Fig. 4(j)) is slightly improved
in contrast to that of the unit cells in Fig. 1(c), where the absorptiv-
ity is greater than 90%.

Case 1 confirms that, as expected, echo-free polarization filter-
ing and manipulation can be conducted in a wide bandwidth. This
capability also offers a new route for the decomposition and mod-
ulation of incoming waves, such as linear- and circular-polarized
waves. Another two cases (Figs. 5 and 6) are presented to demon-
strate this feature.

In Case 2 shown in Fig. 5, the predesigned meta-filter is used to
split a normal linear-polarized incident wave into two orthometric
components (TE and TM parts). The corresponding E-field vector
travels along the diagonal direction (Fig. 5(a) and 5(d)). The first,
second, and third columns in Fig. 5 represent the total, TM part
and TE part 3D scattering patterns at 10 GHz, respectively. When
different unit cells are arranged as an interval distribution (Fig. 5
(a — ©)), a two-beam spatial pattern is generated in the total far
field as shown in Fig. 5(a). Similar two-beam splitting in terms of
TM component can be successfully extracted with little
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Fig. 4. Simulated 3D scattering patterns of the proposed meta-filter with the incidence of the TE (a — ¢) and TM (d — f) plane waves at 9 GHz (a, d), 10 GHz (b, e) and 11 GHz
(c, f), respectively. (h — i) Simulated 3D scattering patterns of the same-sized metallic plate. RCS reduction of the predesigned bi-functional meta-filter versus frequency for TE
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Fig. 5. Simulated 3D scattering patterns of the proposed meta-filter for linear-polarization decomposition and manipulation at 10 GHz: (a, d) illuminated with the 45°
polarized incident waves; (b, e) TM component; (c, f) TE component.
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Fig. 6. Simulated 3D scattering patterns of the proposed meta-filter for circular-polarization decomposition and manipulation at 10 GHz: (a, d) illuminated with left circular-
polarized incident waves; (b, e) TM component; (c, f) TE component.

deformation (Fig. 5(b)). In the meanwhile, due to the remarkable the same phenomena can be observed in Fig. 5(d — f) despite the
absorption ability of the typical meta-atoms (Fig. 1(c)), a sum beam different chess-board-like aperture. Thus, based on our proposed
is observed with ultra-low energy (Fig. 5(c)). In the other example, strategy, a classical four-beam splitting can be decomposed into



C. Zhang, C. Long, S. Yin et al.

a same-shaped TM part and a small pen-shaped single beam in the
TE mode.

Next, a more universal case is presented in Fig. 6 to demonstrate
the ability of the proposed method to break the circular polariza-
tion and control the needed part. When illuminated by a left
circular-polarized normal incident wave, the TM component
(Fig. 6(b) and 6(e)) can be extracted from the total 3D scattering
patterns (Fig. 6(a) and 6(d)) and flexibly manipulated based on
the array antenna theory [51]. Note that since the unit cell distri-
bution across the meta-filter is rotated by 90°, the simulated
two-beam patterns (Fig. 6(a — b)) are orthogonal with those in
Fig. 5(a — b). In addition, by comparing the second and third col-
umns of Figs. 5 and 6, the high isolation between TM and TE modes
can be achieved, proving that our strategy can pave a novel way to
realize polarization purification and manipulation.

3. Experimental section

3.1. Fabrication and characterization of graphene films with flexible
sheet resistance

Graphene film can be fabricated by reducing the graphene oxide
(GO) film. To achieve a film with high conductivity, the high-
temperature annealing method [52] is usually adopted under an
argon atmosphere to ensure maximum reduction. In this experi-
ment, Film 1 with the sheet resistance of 0.03 + 0.001 Q/OJ and a
thickness of 25 pm, is assembled at 3000 °C for 2 h (left-side image
of Fig. 7(b)). However, the sheet resistance of the fabricated gra-
phene film cannot be tuned easily based on this method as its
extent of reduction is not controllable.

To break this limitation, a chemistry method is put forward to
flexibly adjust the reduction process. Ascorbic acid aqueous solu-
tion is selected as the reducing agent without inducing environ-
mental pollution. To more accurately control the reduction
degree, we determine the conductivity range by analyzing the
effect of the concentration of the aqueous ascorbic acid solution
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and the reduction time on the reduction procedure (Fig. 7(a)).
The results indicate that arbitrary sheet-resistance values (from
15 Q/0O to 700 Q/O) of the synthesized graphene film can be suc-
cessfully realized by choosing the appropriate concentration and
reduction time. Thus, Film 2 is produced by reducing a GO film
in an aqueous ascorbic acid solution (100 mg/mL) for 3 h (Fig. 7
(a)). The measured sheet resistance of the 13-um Film 2 is
35 + 1 Q/O (right-side image in Fig. 7(b)). (See Supplementary
Note S3 for a detailed description of the fabrication method
for the reduced GO films)

Film 1 and Film 2 are characterized based on their scanning
electron microscopy (SEM) images (Fig. 7(b)), Raman spectra
(Fig. 7(c)) and X-ray diffraction (XRD) spectra (Fig. 7(d)). In Film
1, a strong G’ peak and weak D peak can be observed due to the
high-quality graphitization (red line in Fig. 7(c)), while the strong
D peak of Film 2 indicates more defects are present, leading to
the decrease of the conductivity (olive-green line in Fig. 7(c)). In
addition, it should be noted that the Ip/I¢ of Film 1 (1.356) is much
greater than that of Film 2 (0.051), indicating that Film 1 has more
sp? carbon restoration and higher conductivity. This can be further
demonstrated by the XRD spectra shown in Fig. 7(d). The full width
at half maximum (FWHM) of Film 1 is much smaller than that of
Film 2, indicating that Film 1 has a higher degree of reduction
and better crystallinity after the high-temperature heat treatment.
While the reduction degree of Film 2 is lower, thus lower degree of
sp? hybridization.

3.2. Fabrication and measurement of the sample

To verify the correctness of our design, the samples
(192 mm x 192 mm) for Case 1 (Supplementary Fig. S3(b)) and
Case 2 (first example, Supplementary Fig. S3(c)) are fabricated
based on the optimal structural parameters listed in Supplemen-
tary Table S1 and the spatial distributions of the meta-atoms
shown in Fig. 4(a — f) and 5(a — c), respectively. Details of the man-
ufacturing process can be found in Supplementary Note S4. The
practical polarization decomposition and control performance of
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Fig. 7. (a) Sheet resistance of the graphene film versus reduction time using different ascorbic acid concentrations. SEM image (b, insets: corresponding photographs), Raman

spectra (c), and XRD spectra (d) of the fabricated Film 1 and Film 2.



C. Zhang, C. Long, S. Yin et al.

w
o

o Measurement:
o®f . TE
2 Y
c20F
0 X
— 000T0g
S15} .u'. : .’o..‘
8 L ,.'o
] e -0y
2] s

0 L 1 A 1

6 8 14 16

10 12
Frequency (GHz)
(a)

Fig. 8. (a) Measured broadband RCS reduction performance of Case 1.

the samples are measured using the arch method in an anechoic
chamber. In the investigation region from 6 to 16 GHz, the exper-
iment is conducted on a vector network analyzer (VNA, Agilent
Technology N5247A to 40 GHz). The measurement environment
and custom-built setup are presented in Supplementary Fig. S3
(a). (See Supplementary Note S5 for a detailed description of
the measurement procedures)

4. Result and discussion

Concerning the sample (Supplementary Fig. S3(b)) in Case 1,
the anisotropic performance is measured. Under normal TE plane
wave, the measured RCS reduction performance (Fig. 8(a)) of the
sample is obtained from 6 GHz to 16 GHz, showing that the scat-
tering of gigahertz waves is fully controllable as desired. As a result
of the manufactural error and the inaccuracy of sheet resistance, a
slight red shifting in the operating frequency band can be observed
by comparing Fig. 8(a) with Fig. 4(j), which has no effect on the
overall performance. In the meantime, for the TM case, the meta-
filter shows excellent broadband properties, with RCS reduction
greater than 10 dB from 6.7 GHz to 14 GHz. Discrepancies com-
pared with the simulated result (Fig. 4(k)) can be mostly attributed
to inaccuracies in the multilayer alignment and measurement
errors. Even so, both the TE and TM cases demonstrate good corre-
spondence with the previous predictions (Fig. 4(j — k)).

With regard to the sample (Supplementary Fig. S3(c)) in Case
2, the TM part of the overall 2D scattering patterns at 10 GHz is
revealed in Fig. 8(b), when illuminated with the linear-polarized
incident plane wave, of which the E-field occurs along the diagonal
line (Fig. 5(a) and 5(d)). Two symmetric beams can be observed in
Fig. 8(b) based on Fig. 5(b). And the deflected angles can be suc-
cessfully predicted using the equation [50]: 0 = sin’l(z/l“), where
4 is the free-space wavelength at 10 GHz (30 mm), and T is the
periodicity of the minimum repeat structure (64 mm). It is obvious
that the simulated and the measured bending angles (Fig. 8(b))
agree well with the calculated one of + 27.95°. Besides, the mea-
sured 2D spatial patterns are consistent with the simulated one
in addition to the little discrepancy at the side lobes (Fig. 8(b)).
Note that due to the limitation of the test system, the scattering
patterns from — 6° to 6° cannot be obtained.

5. Conclusion

In summary, a graphene-built meta-filter is innovatively pro-
moted and investigated to carry out the treatment of useless polar-
ization energy, as well as feasibly control of other components. Our
finding reveals that the anisotropic meta-filter enables a strong
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ability to independently control EM waves under different polar-
izations. Incident TE waves are absorbed by middle-layered SRRs.
However, when exposed to TM waves, the bi-functional meta-
filter can implement flexible spatial patterns with almost no reflec-
tion loss. The abovementioned anisotropic performance can be
simultaneously achieved in the working frequency band from
8 GHz to 14 GHz. Importantly, our strategy also opens another door
to decomposing arbitrary incoming polarized states such as linear-,
circular-, and even elliptical-polarizations. In addition, taking
advantage of the home-made graphene film, we anticipate that
our design can contribute to resolving recent global EM issues in
extreme natural environment, severely threatening electronic
device operations and thus human life.
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