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ABSTRACT: This paper presents a novel absorption-scattering integrated multilayer metasurface (ASIMMS) designed to effectively con-
trol the propagation and absorption of electromagnetic waves. Special attention is paid to the efficient suppression of abnormal reflection
and parasitic reflection under oblique incidence conditions. The research achieved highly efficient beam coupling in the desired direction
by precise impedance modulation and excitation of an appropriate set of evanescent wave patterns. The high conductivity of multi-
walled carbon nanotube films (MWCNTFs) is used to enhance the localization of electromagnetic field within the metasurface, thereby
improving the absorption efficiency. The experimental results show that the designed ASIMMS achieves 86.8% electromagnetic wave
absorption, 11.1% expected directional reflection efficiency, and 97.9% absorption-scattering efficiency at the operating frequency of
10 GHz under 15° oblique incidence. This method proficiently controls both direction and magnitude of scattering while effectively
utilizing any diffraction order, paving the way for innovative applications in beam manipulation, stealth technology, and electromagnetic

shielding.

1. INTRODUCTION

ith the advancement of electronic information technol-
Wogy [1,2], electromagnetic warfare has propelled the
transformation of new military technologies [3]. In more
complex application environments, such as flat plate struc-
tures [4, 5], large conical structures, cabin structures [6], and
leading edges of wings, there are more intricate demands for
the absorption [7], reflection [8, 9], and transmission [10] of
electromagnetic (EM) waves. Consequently, extensive re-
search [12, 13] has been dedicated to the development of new
types of electromagnetic materials and design strategies to
achieve more efficient and covert control of EM waves [14].
Metasurfaces possess immense beam manipulation capabili-
ties [15—17], including the absorption of plane waves and the
reflection/refracting them into anomalous directions. This ne-
cessitates the meticulous design of subwavelength meta-atoms
in each period of the metasurface [18, 19], which ensures the
singular coupling to the desired Floquet-Bloch modes, or equiv-
alently, suppresses the parasitic reflection (i.e., the energy
of the incident electromagnetic wave coupling to the other
modes [20]). However, in reflecting, absorbing, and polarizing
EM waves with a given plane wave incident normally [21, 22],
the efficiency of traditional electromagnetic metasurfaces is
limited by the constraints of the materials used as per the gen-
eralized Snell’s law [23,24]. It is also highly sensitive to the
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incidence angle [25], and the control of high efficient beam can
achieve only at a limited reflection angle [26].

However, achieving large-angle anomalous reflection of EM
waves and dissipating parasitic reflection from other chan-
nels under oblique angles of incidence necessitates metasur-
faces with more flexible control capabilities for impedance
modulation, thereby increasing the complexity of their design.
By using lossy materials such as graphene, carbon nanotube
films, and ITO films in metamaterials, it is possible to achieve
highly efficient broadband absorbers [27] and multi-channel
absorbers [28]. Tan et al.’s [7] analytical design method for
a perfect absorber based on metagratings rigorously examines
the supercells of metagratings using established theory, derives
specific load impedance density expressions, and achieves ab-
sorption of over 90% of electromagnetic waves. However, the
absorber is still sensitive to the incidence angle, causing a de-
crease in the absorption efficiency. Perfect control of the beam
can be achieved by designing a complex multi-layer struc-
ture [29, 30], sandwich structures [31], etc. to obtain more de-
gree of freedom for impedance modulation [32,33]. In con-
trast, the introduction of evanescent wave mechanisms plays a
crucial role in the impedance design of high-performance meta-
surfaces. Epstein and Eleftheriades [34] proposed multi-layer
penetrable bi-anisotropic omega units and incorporated auxil-
iary fields to flexibly and efficiently achieve EM waves reflec-
tion, beam splitters, abnormal transmission, and other func-
tions. D[Jaz-Rubio et al. [35], based on leaky wave antenna
theory, designed appropriate leaky modes to effectively redi-
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rect the incident wave to the desired diffraction pattern, and
experimentally demonstrated an efficiency of 94%. Zhong et
al. [36], based on transmission line theory, optimized the admit-
tance matrix Fourier coefficients of the meta-grating to excite
a set of unidirectional evanescent wave modes to achieve co-
herent perfect absorption of shock waves from any asymmetric
direction. However, none of these studies considered situations
in which oblique incidence, the impedance mismatch, causes
parasitic reflection. In terms of electromagnetic properties, the
conductivity and EM wave absorption performance of carbon
nanotubes are intricately linked to their structure, morphology,
and defects [37]. Owing to their distinctive structure and prop-
erties such as high specific surface area, low density, and ex-
ceptional electromagnetic performance, Carbon nanotubes [38]
exhibit significant potential in the field of EM wave regulation.
Consequently, it is possible to use carbon nanotube materials,
with more accurate impedance modulation methods, to design
non-reciprocal or reciprocal, effective absorption-scattering in-
tegrated metasurfaces over an oblique angle of incidence.

In our study, to address the challenge of effectively sup-
pressing parasitic reflection and achieving high anomalous
reflection efficiency at large angles under oblique incidence of
electromagnetic waves, we proposed an absorption-scattering
integrated multi-layer metasurface (ASIMMS). We carefully
conducted a comprehensive analysis of the Floquet harmonic
power of all possible orders and carefully examined the
impedance density distribution of the metasurface. Through
this investigation, we have identified an optimal excitation
method for evanescent waves to improve the efficiency of
beam coupling and EM wave absorption. Based on this
theoretical foundation, we prepared a multi-walled carbon
nanotube film (MWCNTF) on a grounded dielectric substrate.
By utilizing its high conductivity and loss characteristics, as
well as changing the geometric parameters of the structure,
we enhanced the localization of the electromagnetic field on
the metasurface, thereby achieving finer control over it and af-
fecting its absorption and scattering properties. Our simulated
and experimental results show that our designed ASIMMS
achieves the EM wave absorption rate A = 86.8%, the effi-
ciency of 11.1% for expected direction reflection r = 62.5°,
and the absorb-scatter efficiency reaching 97.9% at a working
frequency of 10 GHz with 15° oblique incidence. This result
emphasizes the robustness of our semi-analytical approach
and confirms the effectiveness in designing multifunctional
absorb-scatter integrated electromagnetic metasurfaces. This
method proficiently controls both the direction and magni-
tude of scattering while effectively utilizing any diffraction
order, paving the way for innovative applications in beam
manipulation and control.

2. MATERIAL

Figures 1(a) and (b) depict a multi-walled carbon nanotube film
(MWCNTF) with dimensions of 380 mm x 220 mm and a thick-
ness of merely 20 um which is continuously deposited from
multi-walled carbon nanotubes (MWCNTs). The MWCNTF
can be regarded as a conductive network formed by the inter-
weaving of countless carbon nanotubes (Figure 1(c)), where
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individual MWCNTs consist of concentrically nested carbon
nanotubes. MWCNTs can possess a high degree of order and
three-dimensional crystallinity. Each cylindrical shell or wall
of MWCNTs is perfectly nested within the structure, with an
interlayer spacing similar to that between planes in crystalline
graphite. In MWCNTs, electron transport primarily occurs in
the outermost layer. Electrons in the inner layers can interact
with those in the outer layer through mechanisms such as tun-
neling effect, Coulomb drag, and diffusion scattering, although
these interactions are relatively weak. The internal fine struc-
ture of the carbon nanotube film was investigated through scan-
ning electron microscopy (SEM) characterization. The micro-
morphological characteristics of the MWCNTF are depicted in
Figure 1(d), illustrating how each MWCNT establishes con-
ductive channels as part of the overall conductive network.
Its conductivity is influenced by a range of factors, including
nanotube diameter, number of walls, defect density, and crys-
tallinity [39].

The ratio of the D peak to the G peak (Ip/Ig) serves as
a crucial parameter for evaluating the crystal purity and de-
fect density of carbon nanotubes, as depicted in Figure 1(e).
The presence of the D peak is indicative of defects within the
carbon nanotubes, while the G peak is representative of their
graphitic structure, reflecting the planar vibration mode of car-
bon atoms. The Raman IG/ID ratio for the MWCNT sample
stands at 0.42, signifying a relatively high level of purity with
only minimal defects such as irregularly arranged carbon atoms,
amorphous carbon, end points, and wall defects. These imper-
fections may contribute to additional interface polarization and
increased surface area, thereby providing more pathways for
electron transport and influencing electrical properties and con-
ductivity; heightened electron mobility and scattering centers
offer an abundance of pathways and interfaces that facilitate ab-
sorption and scattering of EM waves as they traverse through
the material.

MWCNTs possess high conductivity and absorption prop-
erties, which make them particularly effective at exciting sur-
face plasmon polarizations (SPPs) [40]. SPPs occur when EM
waves interact with the free electrons on the surface of mate-
rials, leading to an enhanced localization effect of the electro-
magnetic field. Based on the Drude model and binary Green’s
function [41] (Figures 1(f), (g)), the local electromagnetic char-
acteristics of MWCNTs were simulated. The distribution of
electric field intensity within MWCNTs, which are formed by
the random distribution of multiple roots, was simulated using
transition boundary conditions (with the material conductivity
setto 7x 10* S/m, wall thickness s = 0.34 nm, and the diameter
ofthe MWCNT d = 40 nm). Observing each multi-walled car-
bon nanotube, an electric field concentration effect is noted near
the surface and tip of the nanotube; between adjacent MWC-
NTs with a closely packed structure, a significantly high elec-
tric field intensity is observed, and the EM wave transmission-
reflection coefficient (T-R) of the MWCNT is substantially in-
fluenced by the distance (r) between neighboring tubes. This
localized electric field enhancement effect can improve the per-
formance of carbon nanotubes in applications such as electron
emission, sensing, and optoelectronic devices.
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FIGURE 1. Characterization analysis of carbon nanotube membrane: (a) digital image of lightweight MWCNTF; (b) measurement of the thickness of
the MWCNTF; (c) schematic diagram depicting the conductive network formed by interweaving MWCNTs; (d) SEM image showing the morphology
of the MWCNTF; (e) Raman spectroscopy results, including ID and IG values; (f), (g) electric field intensity diagrams simulated using COMSOL;
(h) electromagnetic interference shielding effectiveness (EMI SE), shielding effectiveness in absorption (SE 4 ), transmission (SEr), and reflection

(SER).

In the EMI shielding performance of MWCNTF, absorp-
tion efficiency (SE 4) is the main contributing factor, while
the effects of multiple reflections (SE);) and surface reflec-
tions (SER) are relatively minor. As shown in Figure 1(h),
the SE 4 value averages at approximately 32.6 dB within the
8.2-12.4 GHz frequency range, where the proportion of SE 4
in S Er is about 67.5%. However, the conductive properties of
a single MWCNT film can lead to the significant reflection of
incident EM waves, making it unsuitable for absorbing and at-
tenuating millimeter wave EM waves. To address this issue, the
MWCNT film is integrated into a metasurface design, leverag-
ing its high conductivity to enhance the absorption of EM waves
by exciting surface plasmon polaritons and subsequent localiza-
tion of the electric field. This design strategy not only reduces
reflective losses but also improves the overall EMI shielding ef-
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fectiveness of the MWCNTF. The high electrical conductivity
of the MWCNTF, in conjunction with its structured integration
into the metasurface, facilitates efficient absorption of EMI, at-
tenuation of incident waves, and reduction of electromagnetic
interference in diverse integrated optical applications.

3. DESIGN THEORY

Figure 2 illustrates the fundamental design concept of the
proposed absorption-scattering integrated multi-layer meta-
surface (ASIMMS) based on a lossy medium. In this work,
we use surface impedance model as the homogenization
model for the ASIMMS, which is an impenetrable recip-
rocal lossy metasurface with periodic modulation along
the z-direction of the surface, with a period of Dx. Let us
assume that an incident plane wave with a field (E;, H;)
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FIGURE 2. Reconfiguring the surface impedance analytically for a single period to achieve ASIMMS for both incident and reflected beams with

(0:,0:).

strikes the xoy plane at an angle 6;, and the energy is
distributed only into the channel at angle 6; = #6,, as a
reflected plane wave with a field (E,, H,). Assuming and
suppressing the e/“! time convention, the tangential com-
ponents of the total electric field at the plane z = 0 can be
written as Ey () = Ey (eijko sinfiz | A e—jkosin 9”””).
The corresponding total magnetic field reads Hiy: (z) =
% (cos ;e dkosinbiz _ cos 6, A, e~ Ikosintre) - where E, is
the E-field amplitudes for the incident plane wave, and A,
is the E-field amplitudes for the reflected plane wave, which
ranges between 0 and y/cos6;/cosf,.. Here, ko and 7 are
the wave number and impedance in free space. The desired
electromagnetic properties to achieve this ideal MMS can be
characterized by a nonuniform scalar surface impedance, which
defines the relationship between the surface average tangential
electric field and magnetic field on the metasurface. After
determining the incident field, reflected field, and transmitted
field of the metasurface, this surface impedance represents the
ratio of the tangential electric field to the magnetic field at the
surface Z; () = Fiot () /Hiot ().

It is worth noting that the surface impedance is typically a
complex function, composed of both real and imaginary parts.
As shown in Figures 3(a) and 3(b), we take a set of incidence
and reflection beams with (6;, 6,.) = (15°, 62.5°) as an example
to analyze the variation patterns of the real and imaginary parts
ofthe surface impedance with the change in the amplitude of the
reflected field. It can be clearly observed that both the real and
imaginary parts of the impedance surface decrease as the am-
plitude of the reflected field diminishes, causing the surface to
flatten along the period. The real part of the impedance period-
ically takes positive (corresponding to loss) and negative (gain)
values, while the variation of the imaginary part directly affects
the phase delay of the metasurface to the EM wave, which can
be used to design metasurface structures with specific phase re-
sponses, such as applications in holographic display or wave-
front control. Recently, study [42] has shown that, in principle,
metasurfaces capable of anomalous reflection can be realized,
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meaning that there is no parasitic reflection, scattering, or ab-
sorption.

In order to achieve perfect anomalous reflection, the power
carried in the desired direction should be equal to the power of
the incident plane wave. Therefore, the amplitude of the re-
flected wave can be calculated as A, = /cos 6;/ cos 0,.. Tak-
ing this condition into consideration, the surface impedance can
be expressed as

B n \/cos B, + y/cos B¢l ¢r (@)
~ \/cosB;cos0, \/cos B; — \/cos 0, eier(®)

Zs (x) (M

where ¢, () = ko (sinf; — sin6,.) x. The absorption of en-
ergy by the metasurface can effectively inhibit parasitic reflec-
tion, which is the result of the interaction between EM waves
and metasurface. This interaction causes reflection and scatter-
ing within the material, resulting in increased energy dissipa-
tion and ultimately a reduction in the amplitude of the reflected
field. Asadchy etal. [43] and Estakhri and Alu [23] showed that
when Er = Ei (Ar = 1), the solution of Maxwell’s equations
generates a corresponding surface impedance as:

1 + efor(@)
s = Z -
(@) 0 cos 0; — cos 0,eir (@)

2

As an example, we consider an incident wave with the inci-
dence angle of ; = 15°, and the incident power is reflected
into an anomalous reflection angle of §,, = 63°. Then, based
on the surface impedance given by Equation (1) and Equation
(2), we designed a lossless gradient metasurface (LGMS) and a
Lossy surface impedance modulated metasurface (LSIMMS).
As shown in Figure 3(c), the key idea is to retrieve the surface
impedance of the target device by matching the boundary con-
ditions on the metasurface with the incident and output waves.
The presence of periodic oscillations in R (Z (x)) indicates
that the local structural materials making up the metasurface
must be gain or loss materials, a feat that is exceedingly chal-
lenging to accomplish in practical applications [35].
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FIGURE 3. Under different reflection amplitudes A,., 6; = 15°, 6, = 62.5°, the distribution of surface impedance (a) real part; (b) imaginary part;
(c) the surface impedance curves corresponding to equations 1 and 2; (d) obtain the surface impedance curve of ASIMMS.

Now we discuss how the ASIMMS can excite the appro-
priate evanescent wave. Since the metasurface is periodically
modulated with the period Dx, the gradient surface will scat-
ter into an infinite number of Floquet harmonics. The tan-
gential wave vector of the Floquet modes can be written as
kyn = kosin®; + n (2w/Dzx), where n is the mode order of
the harmonic. The corresponding normal component of the re-
flected wave number equals k., = \/k3 — kZ,,. If |kpan| is
greater than the incident wavenumber, the wave is evanescent,
and it does not contribute to the far field. For the harmonic wave
satisfying |k,.n| < ko, krzn is real, and this wave is propagat-
ing. The evanescent harmonics will be dissipated by the lossy
surface, and the propagating harmonics will propagate into the
far zone at the angle 6,,, defined as

nA
Dz )
where ) stands for the wavelength.

To further analyze the mechanism by which evanescent
waves modulate the surface impedance of ASIMMS, we can
utilize the method reported in [44]: For incidence on a sin-
gle port, we define the scattering propagation modes in the de-

sired S-matrix and a set of evanescent harmonics with unknown
complex amplitudes. Here, we set the incident wave as the Oth

0, = arcsin (sin 0; + 3)
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order mode, and the reflected wave as the first-order mode of
the entire periodic system. We optimize the Fourier coefficients
of the impedance distribution until the optimized surface pro-
duces the required propagation harmonics upon multiple inci-
dences. The optimized surface activates a set of appropriate
auxiliary evanescent modes. Consequently, due to the spatial
periodicity of the surface, the surface impedance Zs(x) or ad-
mittance Ys(z) = 1/Zs(x) can be expanded into a Fourier
series, such as:

+oo
Zo@)= 3 cpeinina

m=—0oo

or

“4)

“+o0
Y (z) = Z gneijnﬁMz

m=—0o0

where c,, and g,, are the Fourier coefficients of the impedance
and admittance functions, respectively. We can see that the ad-
mittance matrix Y; is determined only by the Fourier coeffi-
cients of the modulation function, filled in the r and columns
Ys (r,¢) = gr—.. Alternatively, the surface can be character-
ized by the Toeplitz impedance matrix Zj, filling in the Fourier
term of Z, (x), i.e., Zs (r,¢) = ¢p—e.
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TABLE 1. Numerical results and comparison between the different design possibilities for metasurface. Power of waves sent into the respective
directions, absorption coefficient, and power efficiency.

Parasitic reflection ~ Desired reflection ~ Absorption  Efficiency

Lossless gradient

99.3% 0.7% 0% 0.7%
metasurface (by scheme 1)
Lossy surface modulated 40.55% 1% 58.45%  59.45%
metasurface (by scheme 2)
Al'asorptlon-scattermg %ntegrated 2 1% 1.1% 26.8% 97.9%
multi-layer metasurface (in scheme 3)

Next, We calculate the impedance matrix for the dielectric tion method to numerically optimize the surface impedance for
plate Z4. Since there is no modulation in the dielectric layer, a more precise profile, as illustrated in Figure 3(d), with red
there are no coupling terms (non-diagonal terms) in the char- and blue dots representing uniform reactive surface units. As
acteristic impedance matrix of the dielectric Z;. The matrix predicted by the aforementioned theory, capacitance is consis-
only contains diagonal terms Z4 (n, n) (rows and columns of tently present, increasing during one half of the cycle and de-
the matrix from —N to +N), where Z4 (n,n) represents the creasing during the other. The deviation in anticipated values
characteristic impedance of n harmonics. The characteristic from the analytical model can be attributed to its approxima-
impedance of TE polarization can be expressed as tion, primarily due to periodic boundary conditions applied to

cells resulting in a more complex evanescent field structure than
ZFE (n,n) = Howo. %) that assumed in the analytical analysis. The optimization of grid

d
ken impedance can be achieved by adjusting both resistance and ca-

pacitance values. Here, an MWCNTF with a sheet impedance
wave vector in the dielectric, and €4 and h are the permittivity 0f 0.7€2sq-1 was employed, enabling the customization of grid

and thickness of the substrate, respectively. The reflection ma- resistance and reactance separately through the creation of a
.. ’ —17 istent resistive film. During the design process, increasing

trix is calculated as T' = (Yo+Y,+Yy)  (Yo—Y.—Y, , where consister . > ? .
(Yo+V,+¥a) = (Yo—¥,—Ya) grid resistance can be achieved by reducing the width of strip

W. Additionally, control over patch width is possible by ad-
justing the length L between adjacent cells and changing the
patch gap between adjacent units. Therefore, the fine-tuning of
strip width W was used to correct the grid resistance. Follow-
ing these guidelines, these six unit cells were optimized one by
one. In accordance with these recommendations, the six unit
cells were individually optimized. The structural parameters
for each sub-cell can be detailed in Table S3 (Section S3). It is
evident that the impedances of all sub-cells closely align with
the target values.

where k¢, =+/wdeoeapi0—k2,, is the normal component of the

Y is the grid admittance matrix, which is a Toeplitz matrix de-
termined by the Fourier coefficients (see Equation (S23), Sup-
porting Information of [44]).

To achieve high beam coupling and absorption efficiency in
ASIMMS, it is essential to consider the fundamental parame-
ters of MWCNTF and the medium thickness as additional de-
sign variables. The complexity of matrix operations makes
it straightforward to solve for grid impedance and substrate
parameters, as the conduction of the foundation plate with
medium thickness is closely linked to the harmonic number.
Therefore, an optimal solution for grid impedance distribution
and substrate thickness can be obtained through a mathemat-

ical optimization algorithm based on scattering matrix analy- 4. PHYSICAL IMPLEMENTATION AND EXPERIMEN-

sis. In contrast to previous studies [12,45,46] on metamate- TAL VALIDATION
rials, the simultaneous achievement of expected performance
in ASIMMS is attributed to multi-wall carbon nanotube thin To demonstrate the absorption and scattering performance of
films (MWCNTFSs), surface impedance modulation (SIM), and the metasurface, we conducted full-wave simulations using the
appropriate evanescent wave excitation. This approach enables commercial software CST Microwave Studio 2020. As shown
the absorption of electromagnetic wave energy, complete sup- in Figures 4(a)—(c), for the three aforementioned schemes (see
pression of lateral lobe, and effective control of scattering beam Table 1), the period of the three different metasurfaces can
direction. be calculated as 64 mm, and the numbers of discretized units
The red and blue lines in Figure 3(d) represent the real and in the unit cells are 8, 6, and 6, respectively. All metasur-
imaginary components of the surface impedance distribution faces comprise 6 x 11 sub-arrays, with the same total size of
as defined by the equations Y, (z) = go + gre 72™/P=, 384 x 220mm?. The dielectric substrate in scheme 1 is SiO,
respectively, with g0 = (2.472 + 1.257) % 1073, g1 = with a relative permittivity of 3.94 and a loss tangent of 0.0002,
—(1.272 + 1.216) * 1073, frequency = 10GHz, 0; = 15°, and in the scheme 2 and 3 it is PMMA with a relative permit-
and 6, = 62.5°. However, the analytical estimation of the tivity of 2.65 and a loss tangent of 0.0057. At the operating fre-
ideal impedance curve is merely an approximation due to the quency of 10 GHz, Figures 4(d)—(e) display 2D far-field scat-
utilization of a uniform impedance model assuming homogene- tering patterns of the three different metasurfaces, with three
ity at wavelength scales. Therefore, we employ a discretiza- propagating channels at —21.5°, 15°, and 62.5°, and the corre-
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FIGURE 4. Schematic diagram of (a) LGMS; (b) LSIMMS; (c) ASIMMS; the scattering pattern of (d) LGMS; (¢) LSIMMS; (f) ASIMMS; real part

of the scattered electric field (g) LGMS; (h) LSIMMS; (i) ASIMMS.

sponding three theoretical diffraction patterns (n = —1, 0, and
1). For scheme 1, as shown in Figure 4(d), there are three di-
rections in the scattered wave beams, but most of the power is
reflected along the directions at —21.5° and 15° (n = —1, 0).
The energy of the incident wave cannot be coupled to the de-
sired direction, and as predicted, the energy of EM wave is also
not absorbed. This is because when the incident angle is oblique
and the reflection angle 0 (07 + 0r) > 75°, if the metasurface
design only considers the local response and phase factors of
the unit structure, then the reflection efficiency will be signif-
icantly reduced. However, in scheme 2, as shown in Figure
4(e), we designed a lossy metasurface with impedance periodic
modulation, which also has the same three theoretical diffrac-
tion channels. The energy in the mirror direction is reduced
by 10dB compared to scheme 1, and more energy is coupled
to the n = 1 order channel. This illustrates that the design of
the metasurface impedance distribution relies on the synergis-
tic control of amplitude and phase. By utilizing the absorption
capability of the lossy metasurface for EM waves, the energy
of parasitic reflections can be reduced, and more energy can be
coupled to the desired direction.

Therefore, by exciting the appropriate evanescent waves, the
ASIMMS can achieve efficient anomalous reflection and sup-
press side lobes, as shown in Figure 4(f). Most of the power is
reflected along the desired direction of 15° (n = 1), and the en-
ergy of other parasitic reflections (n = —1, 0) is negligible. The
results indicate the ability of surface waves to propagate along
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the ASIMMS to redirect energy and achieve the perfect ideal
“absorption-scattering integration” behavior. Furthermore, to
further analyze the influence of evanescent waves on the prop-
agation modes of the metasurface in near-field coupling, we
conducted a numerical simulation of the electric field distri-
bution of the designed metasurface. Figures 4(g)—(i) describe
the scattered electric field in the xoz plane of the EM wave
at a working frequency of 10 GHz, with #i=15° incidence for
LGMS, LSMMMS, and ASIMMS. 1t is clear that the LGMS
and LSIMMS designed according to scheme 1 and scheme 2
couple less energy to the desired direction, and parasitic reflec-
tions interfere with the desired reflection. The real part of the
scattered electric field of the LGMS is shown in Figure 4(g),
where the plane wave propagates along the mirror direction of
the incident wave. As shown in Table 1, the reflection effi-
ciency of this metasurface in the desired direction (n = 1) is

i

2
&= (%) cosb,./cosh;= 0.7%,; the efficiency of parasitic re-

flections (n = —1, 0) is f;: 99.3%; and the absorption effi-
ciency is A = 1—£,~—£;: 0%. The impedance given by Equa-
tion (2) is a complex number with some positive real numbers,
and its period is the same as the traditional design (by Eq. (1)).
The real part of the surface impedance represents the loss of the
metasurface, and the real part of its scattered electric field is
shown in Figure 4(h). We can see that waves in three directions
interfere with each other and fail to form a complete plane wave.
The reflection efficiency of this metasurface for n = 1 order is
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&= 1%; the efficiency for n = —1, 0 orders is &', = 40.55%;
and the absorption efficiency is A = 58.45%. When the meta-
surface is illuminated by an oblique incidence (i = 15°), only
Eq. (3) produces an almost perfect plane wave, whose propaga-
tion direction is indicated by a white arrow, and a surface wave
propagating along the surface can also be formed. The real part
of the scattered electric field is shown in Figure 4(i), where the
efficiency for n = 1 order is &, = 11.1%; the amplitudes of
the scattering propagation modes for n = —1 and 0 orders are
close to zero; their efficiency is £’ .= 2.1%; the absorption effi-
ciency is A = 86.8%; and the absorption-scattering efficiency
is 97.9%, meeting the expected functionality of the aforemen-
tioned ASIMMS.

In order to experimentally validate the aforementioned the-
ories, we fabricated three samples, A, B, C, corresponding to
the three schemes at 10 GHz using printed circuit board tech-
nology and laser etching technology (see Experiment Section),
as shown in Figures 5(a)—(c). Sample A contains a 6 x 11 array
with dimensions of 384 x 220 mm? (12.8 x 7.3\2). Copper foil
was deposited on an FR4 substrate with a dielectric constant of

e, = 4.2 via printed circuit board technology and pasted onto
a SiO5 board, with an aluminum board of the same size on the
bottom, as shown in Figure S1. Samples B and C also contain
6 x 11 arrays with dimensions of 384 x 220 mm?. We used a
copper foil/FR4 substrate and MWCNTF with a surface resis-
tance of 0.7 Qsq~!, supported by optically transparent PMMA
boards with thicknesses of hg = 12mm, ho; = 6 mm, and
hce = 5.4mm, as shown in Figures S2-S3. The continu-
ously grown MWCNTF was etched onto the optically trans-
parent PMMA board using laser etching technology, with an
aluminum board of the same size on the bottom. Far-field mea-
surements were conducted in a standard microwave anechoic
chamber, with the positions of the transmitting antenna, receiv-
ing antenna, and sampling shown in Figure 5(d). The operating
frequency band of the antenna is 8-12 GHz. Initially, the trans-
mitting antenna was fixed at a 15° position on the left side of the
bow-shaped support, while the receiving antenna moved along
the scanning trajectory on the right side of the bow-shaped sup-
port in 5° increments, especially at the angle of the desired di-
rection. The signal reflected from the metasurface was mea-
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TABLE 2. Comparison of ASIMMS with prior metasurface designs.

Absorption/Reflection

Incidence/Reflection

Reference ) Mechanism
Efficiency Angle Range
[7] absorption > 90% limited by normal incidence absorption
[23] reflection > 76% 0 = 88° reflection
[35] reflection = 94% 0 ="70° reflection
36] absorption — 99.95% the incidence angles were no simultaneous control of
TPHOR = 7777 45° and 0° absorption and scattering
[42] reflection = 91.2% 0 =170° reflection
97.9% (11.1% of 0 = 77.5° (und
This work b( °0 (under Integrates absorption and scattering

anomalous reflection)

15° oblique incidence)

sured by the receiving antenna at different angles. However,
due to the antennas not being able to move to the same side
of the bow-shaped support, the reflection signal at the negative
reflection angle of 15° incidence could not be measured, but
according to the simulation, these signals should be at a very
low level. As shown in Figures 5(e) and (f), the main reflection
peaks of the three metasurfaces both occur at 15° and 62.5°,
which are the expected results of the theory and simulation.

To estimate the amplitude efficiency of the metasurfaces
n = 0 and n = 1 order channels, we replaced the metasurface
with an aluminum plate of the same size and measured the re-
ceived signals of the specular reflection with incident angles of
6; = 15° and 39° (6/2). To find the reflection efficiency of the
metasurface under different channels, we normalized its signal
amplitude |59, | for 6/2 = 15° and |53, | for 6/2 = 39°.
Since the angle between the transmitting and receiving anten-
nas is the same as the reflection angle of the metasurface, the re-
flection signal amplitude of the reference uniform metal mirror
under different incident angles 6/2 was used for normalization.
Additionally, we divided the obtained amplitudes by the esti-
mated correction factor [35] {o=+/cos (0)/Mcos (6/2). The
correction factor & is less than 1, because, in this case, due
to the different relative directions with respect to the antenna,
the radiation effective area of an ideal wire plate is greater than
that of an ideal reflecting metasurface. As shown in Figures
5(g)—(i1), at the designed frequency of 10 GHz, the correction
factor is £y = 0.9, and the reflection efficiencies of the meta-
surfaces designed by the three schemes at 15° and 62.5° (n = 0,
n=1)are &, o = 77.4% and £, = 0.7%, &0 = 27.8% and
&p1 = 1.8%, &0 = 1.5% and & 1 = 10.2%, respectively. The
consistency between experimental results and simulation data
validates the rationality and effectiveness of the high-efficiency
ASIMMS design.

During the fabrication process, errors in processing may re-
sult in deviations between the true surface morphology of the
diffractive optical element’s microstructure and the specified
design parameters. Moreover, the edge period width of the mi-
crostructure surface is small, which introduces shading errors
when being obliquely incident, leading to deviations between
the measured diffraction efficiency and theoretical values. In
Scheme 3, the tested reflection efficiencies forn = Oandn = 1
orders are almost equal to the simulated results, validating the
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capability of the ASIMMS. This result further confirms that un-
der oblique incidence, the metasurface perfectly absorbs the en-
ergy of parasitic reflections and reflects all the remaining power
at the desired angle of 62.5°. As shown in Figure 5(i), when the
frequency is below 9 GHz, the MWCNT bars on the substrate
are weakly excited. Even at frequencies below 8.4 GHz, the
metasurface behaves as a conventional mirror, following sim-
ple reflection laws. This is because the abnormal reflection an-
gle in the n = 0 mode at oblique incidence depends on Eq. (3),
being 62.5° at 10 GHz and varying from 90° to 51.2° as the
frequency changes from 8 GHz to 12 GHz. Therefore, in or-
der to evaluate the reflection efficiency in the anomalous direc-
tion across various frequencies, we employed received signals
at different angles (Section S4). Despite minor fluctuations on
the curve due to discrete angle scanning steps during measure-
ment, the observed efficiency is consistent with the results of
numerical simulations.

Table 2 compares our results with those of previous studies.
The most prominent advantage of the proposed ASIMMS lies
in its ability to reduce parasitic reflections under oblique in-
cidence and achieve highly efficient integration of absorption
and scattering. Moreover, the scattering angle is larger than
that in previous works, and the absorption-scattering efficiency
reaches 97.9%, which is superior to other studies. Thus, the
outstanding performance of the proposed ASIMMS has been
verified.

5. CONCLUSION

In this study, we successfully designed and experimentally
verified a novel multifunctional ASIMMS, which can effec-
tively control the propagation and absorption of electromag-
netic waves by precise impedance modulation. MWCNTF is
used in metasurface design, using its high electrical conductiv-
ity to enhance the localization of electromagnetic fields within
the metasurface, thereby increasing absorption efficiency. The
experimental results demonstrate the effectiveness of the de-
signed ASIMMS and the application of the semi-analytical
method in engineering multifunctional absorption and reflec-
tion integrated metasurface. The method effectively utilizes the
evanescent wave mechanism to precisely control the direction
and amplitude of scattering, paving the way for innovative ap-
plications of beam manipulation and control.
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6. SUPPORTING INFORMATION

Supporting Information is available from the authors.

7. EXPERIMENTAL SECTION

Finite Element Simulation of Electromagnetic Properties: elec-
tromagnetic simulations of MWCNTF were conducted using
COMSOL Multiphysics 6.1 software. Transition boundary
conditions were employed to simulate the electromagnetic be-
havior of the metall MWCNT layer, utilizing complex wave
numbers and complex impedance to describe the local electric
field intensity distribution of MWCNTs, with material conduc-
tivity set to 7 x 10* S/m, wall thickness of s = 0.34nm, and
MWCNT diameter of d = 40 nm.

Microscopic Characterization: the microstructure of MWC-
NTF was characterized using scanning electron microscopy
(SEM) to obtain images of the MWCNTF and measure the di-
ameter of individual MWCNTF. Optical images were captured
using an industrial microscope. SEM images were acquired
using a ZEISS GeminiSEM 360 device. Raman spectra were
obtained using a RENISHAW INVIA0117-13 instrument with
532 nm laser excitation and a 50x objective.

Electrical and Electromagnetic Measurements: the resis-
tivity of the MWCNT film was measured using a four-point
probe resistivity measurement system (RTS-8). In the fre-
quency range of 8.2-12.4 GHz, the electromagnetic parame-
ters of MWCNTE, including dielectric constant, electromag-
netic reflectance, absorption, and transmittance, were evaluated
using a vector network analyzer (Ceyear 3672C-S) and waveg-
uide method.

Metasurface Design and Modeling: a metasurface proto-
type designed to operate at a specific frequency of 10 GHz
was created. The impedance sheet of the metasurface was dis-
cretized into multiple sub-cells, with each further divided into
smaller sub-sub-cells. The effective grid impedance of each
sub-sub-cell was retrieved from the simulated reflection co-
efficient (S71) using the locally periodic approximation and
transmission-line method approach. Numerical simulations
were carried out using a frequency-domain solver in CST Mi-
crowave Studio 2020, with excitations propagating along the
z-direction from port one, with the electric field along the y-
direction and the magnetic field along the z-direction to obtain
the S7; parameter. All elements in the unit cells were designed
and optimized one by one to fit the theoretically required sur-
face impedance. Once the dimensions of all elements in the unit
cells were determined, numerical simulations for 15° incidence
were performed. The complete unit cell simulation domain and
boundary conditions, along with Floquet ports, were set. The
scattered fields for 15° oblique incidence were calculated by
subtracting the incident waves from the total fields.

Fabrication and Measurement: the periodic array pattern of
the metasurface was fabricated on copper foil/FR4 and MWC-
NTF using printed circuit board technology and laser etch-
ing technology, respectively. The sample consists of multi-
ple unit cells with dimensions of 12.8\ x 7.3\ = 348 mm
x220 mm, adhered to a SiO, substrate with a dielectric con-
stant of € = 3.94(1 + j0.0002) and a PMMA substrate with
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a dielectric constant of € = 2.65(1 + j0.0057), backed by an
aluminum plate.

The designed metasurface was tested using a bow-shaped
support and a vector network analyzer. In the experiment, two
high-gain double-ridge horn antennas connected to a vector
network analyzer served as the transmitter and receiver. The
metasurface was positioned at a specific distance from both the
transmitting and receiving antennas, where the radiation from
the antennas can be approximated as a plane wave. The anten-
nas were moved along a scanning trajectory to measure reflec-
tions at different angles. Time gating was employed to filter out
all the multiple scattering noise signals received by the antenna.
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