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Metamaterial absorbers have demonstrated significant potential in mitigating electromagnetic pollution, yet
there is a dearth of research on absorbers that function effectively in extreme environments. In this work, a
highly reliable and ultra-wideband metamaterial absorber based on graphene-assembled films (GAFs) is pro-
posed. The presented absorber consists of four-layer structures, including a high-resistance GAF pattern layer, a
polyimide medium layer, an air layer, and a low-resistance GAF layer. The periodic ring structure made of high-
resistance GAF by screen printing with a sheet resistance of 57 Q/sq exhibits excellent characteristics of wide-
band absorption and broad incidence angle absorption. The GAF absorber demonstrates a measured absorption
efficiency exceeding 90 %, covering 4.24-17.90 GHz, and has a relative bandwidth of 123.4 %, which exhibits
good stability when electromagnetic waves are incident at 0-30°. More importantly, the GAF absorber maintains
excellent performance in various extreme conditions, including acid, alkali, salt spray, high-humidity, high-
temperature, and low-temperature environments. Therefore, the GAF absorber demonstrates consistent reli-
ability and stability under extreme conditions, which is significant for electromagnetic protection under
extremes.

1. Introduction Many methods have been proposed in recent years to expand the

working bandwidth of MMA, such as combining multiple resonant

Electromagnetic metamaterials, as an artificially designed sub-
wavelength structure capable of tailoring the electromagnetic
response, have a wide range of applications in electromagnetic stealth
and protection [1-3]. By meticulously designing the shape, size, mate-
rial, and arrangement, metamaterial absorbers (MMAs) can effectively
absorb electromagnetic energy on their surfaces and convert it primarily
into heat, minimizing reflection [4-6]. However, the narrow band
characteristics caused by resonant mechanisms have limited their
practical application in both civil and military fields [7-9]. Additionally,
there is an increasing demand for wideband metamaterial absorbers that
work reliably under extreme environmental conditions [10-12].
Consequently, the development of wideband MMAs that can meet these
demands remains a significant scientific and technological challenge.
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points, introducing concentrated elements, and adopting resistance
films [13-15]. To combine multiple resonance points, researchers have
expanded the working bandwidth of the absorber by arranging subunits
working at different frequencies in plane [16-19] and space [20-23].
Nevertheless, these methods increase the design complexity, the number
of conductor layers, as well as the profile and weight of the absorber.
Another common method is to load lumped elements such as resistors,
inductors, capacitors, and diodes, especially resistors, to reduce the
quality factor and increase the bandwidth of the absorption peak. Some
metamaterial absorbers loaded with lumped elements [24-27] also have
tunable features [28]. However, integrating equivalent lumps brings
challenges in maintaining miniaturization and a low profile. In addition,
there are three-dimensional structures that can be used to achieve
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broadband wave absorption [29,30]. Moreover, most absorbers are
composed of metals, which not only present challenges in realizing
ultra-broadband absorption but are also not resistant to extreme envi-
ronments such as acids, alkalis, salts, high humidity, and high and low
temperatures.

In this work, we propose a low-profile metamaterial absorber based
on graphene-assembled films (GAFs) with varying resistance to achieve
ultra-wideband working bandwidth and the ability to cope with extreme
environments. The high-resistance graphene-assembled film (HGAF)
pattern layer with a resistance of 57 Q/sq is prepared using graphene ink
through the screen printing process. The graphene-assembled film with
a low resistance (LGAF) of 0.03 Q/sq is utilized as the reflection layer.
Experimental results of the fabricated low-profile and ultra-wideband
MMA demonstrate good agreement with simulation results. It is worth
noting that the MMA displayed absorptance of over 90 % in the fre-
quency range of 4.24-17.90 GHz, with a relative bandwidth of 123.4 %.
Moreover, the MMA can retain its structural integrity and dependable
performance even in extreme conditions, exhibiting a relative band-
width of approximately 110 %.

2. Characterization of graphene-assembled films

Graphene, renowned for its two-dimensional structure, has proven to
be an incredibly versatile material, particularly in applications aimed at
electromagnetic protection [31]. In our research, the use of two distinct
types of impedance graphene-assembled films (GAFs) to design meta-
material absorbers is a strategic approach to enhancing their effective-
ness. The HGAF pattern layer made of graphene ink with a resistance of
57 Q/sq is purchased from Wuhan Hanene Technology Co., Ltd. by
screen printing, which has broad application prospects and is more
beneficial for mass manufacturing. In addition, the LGAF layer with a
resistance of 0.03 Q/sq is fabricated in our previous work [32-34].

Fig. 1(a) shows the physical appearance of the two kinds of GAFs,
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which are 10 x 10 cm and capable of large-scale production. As shown
in X-ray diffraction (XRD) patterns in Fig. 1(b), both GAFs exhibit sharp
and strong 002 diffraction peaks near 26.5°, and the corresponding
interlayer spacing is 0.335 nm, which is similar to the interlayer spacing
in graphite, indicating that the GAFs form a layered stacked structure
and have a high degree of graphitization. As illustrated in Fig. 1(c), the
D-peak of the LGAF is nearly zero at 1583 cm™! in Raman spectra,
indicating its high degree of graphitization and minimal defects.
Conversely, the HGAF displays an obvious D-peak, indicating the pres-
ence of amorphous carbon and defects. It is apparent from Fig. 1(d) and
(h) that both GAFs exhibit flexibility and can be easily bent. It can be
seen from the scanning electron microscope that the LGAF has no cracks
and holes (Fig. 1(e)), and the cross-section is dense, showing layers of
stacking structure (Fig. 1(f)), which is conducive to electron transport.
However, the surface of the HGAF has obvious holes (Fig. 1(i)), and the
cross-section presents a disordered stacking structure (Fig. 1(j)), which
is not conducive to the transmission of electrons, thereby reducing the
conductivity of the film.

3. Results and discussion
3.1. The design of the metamaterial absorber

Fig. 2(a) depicts the schematic of the GAF MMA and the geometry of
unit cell. The presented GAF absorber consists of four-layer structures,
including a HGAF pattern layer, a polyimide medium layer, an air layer,
and a LGAF layer. The HGAF pattern layer with polyimide (e, = 3.5,
tand = 0.0027) is placed on the top of the air layer. The geometrical
parameters shown in Fig. 2(a) were determined tobep =15, r =4, w =
3.2,d =5.8,t=0.05,and ¢ = 0.025(mm). The design and simulation of
the GAF MMA was performed using CST Microwave Studio. The unit cell
structure is simulated with periodic boundary conditions along the x and
y axes, while Floquet port excitations are applied along the z direction,
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Fig. 1. Characterization of the GAFs. (a) The digital photo of the HGAF and LGAF. (b) and (c) X-ray diffraction patterns (b) and Raman spectra (c) of the two kinds of
GAFs. (d) Flexible property of the LGAF. (e) Scanning electron microscope (SEM) image of the LGAF surface. (f) Cross-section SEM image of the LGAF. (h) Flexible
property of the HGAF. (i) SEM image of the HGAF surface. (j) Cross-section SEM image of the HGAF.



Y. Zhou et al. Carbon 229 (2024) 119534
a D b o ¢
> A 3 /.-.-.—-“\
—6 Polyimid E-10 %
A . 3] ﬂ-‘ﬁu\
e = ——— o —=— Rs =17 QIsq
e e §-30} | == Rs=37Qlsq
= == 8 —+— Rs =57 Q/sq
= .40l ~—* Rs=77QIsq
S & . . Rs=97Qlsq ., |
4 6 8 10 12 14 16 18 20
Frequency(GHz)
C 1.0 1.0 =
ool L. = . 0.9 M .....
- - =
S g 0.8 E s 0.8 H k'
s <= U.Or A =>4\
g g Ff (7] | lg 0.7 Et 6 @ =(°
5 § 0.7 80 L 0=15°
0.6 — 0.6 g =il
TE wave TM wave
0.5
4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
Frequency(GHz) Frequency(GHz) Frequency(GHz)
f i 20
8 1.0}
=
=
2 0.0}
E
-1.0}
el 4 6 8 10 12 14 16 18 20
Frequency(GHz)
YA YB
[ z L g ' o | |
20 ! R [ Z1 z2 | 215} '
| ] ] | § I I (Z 1)+'Z' l
Yin 1 | M | N M real=1) ¥l ImagI
1 L o I |short 1.0 | | I
] ] ] ] PR = - "
' c ‘ | circuit i | |
! (I I S05r 1\ I
] ] ] ]
L T ’ | | T 0.0
| I | | I “ 4 6 8 10 12 14 16 18 20
HGAF pattern Pl Air Frequency(GHz)

Fig. 2. (a). Schematic and unit cell geometry of the GAF MMA. (b) and (c) Simulated reflection coefficient (b) and absorption (c) of the GAF MMA for different values
of the HGAF resistance(Rs). (d) and (e) Simulated absorption at incident angles of 0°, 15°, and 30° for the TE radiation (d) and TM radiation (e). (f) and (g) Surface
current distribution of high-resistance graphene pattern layer at (f) 5.36 GHz and (g) 16.00 GHz. (h) Equivalent circuit of the GAF MMA. (i) and (j) The complex

impedance (i) and the |(Zreal — 1) + iZimag)| (j) of the proposed GAF MMA.

both above and below the unit cell.
The absorption of the designed wideband MMA can be calculated by
the formula

A(@)=1—-R(w) — T(@)=1 — |S11* — |Sn|? ¢))

where R(w) is the reflection, and T(w) is the transmission. The bot-
tom surface is a LGAF layer with nearly total reflection [35], so the weak
transmission can be ignored when calculating the absorption. To illus-
trate the effect of the HGAF pattern layer, the absorption responses of
the proposed MMA are studied for different values of the HGAF resis-
tance(Rs). It is observed from Fig. 2(b) and (c) that with the resistance of

HGAF increasing, the two absorption peaks move towards each other,
which increases the overall absorption level but simultaneously reduces
the absorption bandwidth. In order to balance absorption efficiency and
working bandwidth, the HGAF with resistance of 57 Q/sq is selected for
the surface ring pattern, thus resulting in the widest absorption band-
width (above 90 %). According to the simulation results, the absorption
rate of the GAF ultra-wideband MMA exceeds 90 % in the frequency
range of 4.24-17.90 GHz, and the relative bandwidth reaches 123.4 %.

In addition, the proposed GAF MMA is compared with representative
previous designs in terms of relative bandwidth and relative thickness.
The relative bandwidth (reflection coefficient of —10 dB, or absorption
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of 90 %) of the MMA is defined with respect to its center operation
frequency, while the relative thickness is defined as the ratio of total
thickness to the longest operation wavelength (A). As shown in Table S1,
the proposed GAF MMA achieves a remarkable relative bandwidth
approaching 124.3 % within a total thickness of 0.084 A. Notably,
compared with references [36-42], the GAF MMA demonstrates both
wider relative bandwidth and lower relative thickness simultaneously.

Fig. 2(d) and (e) show the simulated absorption of the proposed
MMA for both transverse electric (TE) wave and transverse magnetic
(TM) wave under normal incidence. For TE wave, with incident angle (6)
increases from 0° to 15°, the GAF MMA maintains an absorption of more
than 90 % over the working frequency band. The boundary value at the
high frequency of the absorption band is even widened to 18.93 GHz,
which provides a relative bandwidth of 126.9 %. As the incident angle
increased to 30°, the absorption of the proposed MMA slightly decreased
between 7.36 GHz and 11.08 GHz, with a minimum absorption of 87.83
%. For TM wave, while @ increases from 0° to 15°, the GAF MMA also
maintains an absorption rate of more than 90 %. As 6 continues to in-
crease to 30°, the working frequency range of the MMA moves to a
higher frequency overall. The absorption of the MMA for TM polarized
waves is greatly affected by the incident angle 0 but remains above 90 %
from 5.20 GHz to 19.75 GHz. As shown in Fig. S1, the absorption of TE
wave is better than that of TM wave in the low-frequency band at
oblique incidence. Under both TE and TM incidence conditions, ab-
sorption stays over 80 % for most frequencies and at oblique angles up to
50°. To analyze the mechanism of electromagnetic wave absorption, the
surface current distribution of the HGAF pattern layer at two absorption
peaks of 5.36 GHz and 16.00 GHz are shown in Fig. 2(f) and (g). Simi-
larly, the electric field, magnetic field, and power loss density distribu-
tion at the two absorption frequency points of the HGAF pattern layer
are shown in Fig. S2-4 respectively. At 5.36 GHz, the majority of surface
current is concentrated on the inner side of the ring pattern, while a
portion of current is uniformly distributed throughout the entire ring.
Moreover, the concentration of current on the inner side of the ring
pattern is higher at 16 GHz compared to 5.36 GHz due to the shorter
wavelength and dominance of inner resonance. Consequently, both
resonances lead to dissipation of incident electromagnetic wave energy
as a result of the high ohmic loss in HGAF pattern layer. In addition, the
HGAF pattern layer provides a lower quality factor and facilitates the
merging of the two absorptions, thereby achieving an absorption effi-
ciency of 90 % at the center frequency.

The equivalent circuit model of GAF MMA cell is presented in Fig. 2
(h). Fig. 2(f) shows that a strong current passed through the patterned
layer circle. Moreover, Fig. S2 shows the electric field distribution of
HGAF pattern layer at 5.36 GHz and 16.00 GHz, which suggests a strong
electric field exists between the two neighboring units. Consequently,
the HGAF pattern layer is characterized by a combination of resis-
tance-inductance-capacitance. The polyimide medium layer, the air
layer, and the LGAF layer are modeled as two transmission line segments
and a short-circuit wire respectively.

The reflection coefficient (I') of the circular can be calculated by

Yo - Y,

I'=
Y0+Yin

(2)

where Yy, Yi, is the admittance of the air and input admittance. When
Im([Yin] = 0, Re[Yin] = Re[Ya] =~ Y the reflection coefficient (I') is close
to 0 and the absorber can achieve perfect absorption. To illustrate the
accuracy of the proposed ECM with respect to the GAF MMA design
parameters, we adjusted the values of the ECM components in ADS to
produce compliant absorption bands. The parameters are optimized to
achieve the desired performance as follows: R = 190.64 Q, L = 2.5119
nH, C =0.1184 pF, Zyp = 377 Q,Z; = 148 Q, Z, = 377 Q, h; = 1.07 mm,
hy = 4.70 mm. As shown in Fig. S5, the reflection coefficient obtained
from ECM and full-wave simulator CST achieved a good fit.

To clarify the absorption mechanism of the GAF MMA clearly, the
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calculated equivalent impedance by the parameter inversion method is
shown in Fig. 2(i) and (j) Similarly, the matching degree between the
absorber and the free space is quantified by means of the following
formula

Z= {(Zreal - ]-) + iZimag| (3)

At the two resonant frequency points of 5.36 GHz and 16.00 GHz, the
value of formula (3) approaches zero, indicating the high matching with
impedance of free space and the low reflection of electromagnetic waves
into free space. Only a minimal portion of electromagnetic waves is
reflected to free space, resulting in an absorption efficiency of GAF MMA
exceeding 90 % across the entire frequency spectrum.

3.2. Fabrication and experiment

To verify the performance of the designed GAF ultra-wideband
MMA, a 20 x 20 cycle array is fabricated using graphene ink with a
sheet resistance of 57 Q/sq. The air layer in the middle is replaced by a
foam dielectric substrate with a dielectric constant of 1.07. The LGAF
layer comprises graphene-assembled films with a resistance of 0.03
Q/sq. The actual prototype, screen-printing machine, and screen plate
used in the experiment are shown in Fig. S6. During the printing process,
the platform, substrate, and screen remain fixed while the graphene ink
is printed to the polyimide substrate through the patterned mesh using a
scraper. Subsequently, the polyimide substrate with printed ring pattern
undergoes thermal treatment in an oven at 60 °C for half an hour,
exhibiting remarkable flexibility as depicted in Fig. 3(a). Finally, the
layers are securely assembled with double-sided tape to form GAF MMA,
which possesses a weight of 44.06 g (Fig. 3(b)) and exhibits a surface
density of 0.049 g/cm?. As depicted in Fig. 3(c), the fabricated GAF
MMA is measured in the anechoic chamber. The GAF MMA is placed 3 m
away from the standard gain horn antenna to comply with the far-field
measurement requirements. The measured results exhibit excellent
agreement with the simulated results, as depicted in Fig. 4(d). Within
the frequency range of 4.24-17.90 GHz, the GAF MMA demonstrates
absorption efficiency exceeding 90 %, resulting in a relative bandwidth
of 123.4 %. Specifically, absorption rates of 98.3 % at 4.75 GHz and
97.6 % at 16.43 GHz are achieved. The absorption of the fabricated GAF
MMA at different incident angles is shown in Fig. 3(e) and (f), both
simulated and measured. Within the incidence angle range of 0°-30°,
the absorber ensures over 85 % absorption within the working frequency
band (4.10-17.80 GHz), which proved that GAF MMA has good angular
stability.

3.3. Experiment for extremes

The chemical stability of graphene, as a type of carbon material, is
exceptionally remarkable. To evaluate the performance in extreme en-
vironments, the GAF MMA is treated in extreme scenarios of acidic,
alkaline, salt spray, high-humidity, high-temperature, and low-
temperature environments, and then measured. To provide evidence,
the GAF MMA is subjected to a 0.5 mol/L sulfuric acid solution, a 0.1
mol/L sodium hydroxide solution, and a 5 % concentration sodium
chloride solution for 72 h through spray deposition. Additionally,
another set of samples is exposed to a relative humidity exceeding 80 %
for the same duration. Two more groups of samples are subjected to
temperatures of 120 °C and —196 °C for 3 h each. Subsequently, all six
GAF MMA are rinsed with distilled water and air-dried before measuring
their performances. The absorption rates corresponding to these six
experimental groups are presented in Fig. 4.

Although there is a slight fluctuation observed in the absorption
curve within the operating bandwidth of the GAF absorbers treated with
sulfuric acid solution and the sodium chloride solution, they exhibit an
absorption rate of more than 90 % in the frequency band of 4.90-17.70
GHz. The relative bandwidth of the GAF MMAs in these experimental



Y. Zhou et al.

4
000

X
)
4

¢ Transmitting antenna

Carbon 229 (2024) 119534

rESAT==Y
1&g
CAE ST

-

Receiving antenna

d e 1.0
09 f-—-MpomesFr— - - — - A% ] 097 — B - e — -
s s
= 0. = 0.8
2 2
o o
20. 207
< ~—— " Simulated { < ~_— — Simulated
0.6 0.6
TE wave —— Measured TE wave — — Measured
0.5 - 5
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
Frequency(GHz) Frequency(GHz) Frequency(GHz)
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Fig. 4. The absorption of GAF MMA is measured under extreme acidic (a), alkaline (b), salt spray (c), high-humidity of 80 % (d), high-temperature of 120 °C (e), and

low-temperature of —196 °C (f).

groups is 113.3 %. Similarly, after treatment with sodium hydroxide
solution, the desired bandwidth of the absorber is 114.4 %, and more
than 90 % of the absorption frequency range is 5.20-19.10 GHz. In this
sample treated in a high-humidity environment, the GAF MMA operates
at a bandwidth of 5.10-17.30 GHz, with a relative bandwidth of 108.90
%. Furthermore, under high-temperature treatment, the GAF MMA
demonstrates an absorption efficiency exceeding 90 % across the fre-
quency range of 5.10-18.70 GHz, exhibiting a relative bandwidth of
114.3 %. Moreover, after low-temperature treatment, the GAF MMA has
more than 90 % effective absorption in 5.20-17.30 GHz with a relative
bandwidth of 107.5 %. All experimental results demonstrate the effec-
tive electromagnetic wave absorption capability of the designed GAF
MMA in various extreme environments, including acidic, alkaline, salt,
high-humidity, high-temperature, and low-temperature environments.
Although there are slight discrepancies between the working band-
widths observed in each group and those predicted by simulations,

overall consistency with simulation outcomes remains remarkably high.

4. Conclusion

In conclusion, a highly reliable and ultra-wideband metamaterial
absorber based on graphene-assembled films with varying resistances is
presented. The GAF MMA consists of four-layer structures: a high-
resistance graphene pattern layer, a polyimide medium layer, an air
layer, and a low-resistance graphene reflection layer. Simulation and
measurement results show that the absorption frequency band covers
4.24-17.90 GHz, and the relative bandwidth reaches 123.4 %. With the
incident angle of the EM wave increasing from 0° to 30°, the designed
GAF MMA also has the characteristics of large-angle stability. In addi-
tion, using graphene-assembled films allows the absorber to maintain
high absorption (90 %) in acid, alkali, salt spray, high-humidity, high-
temperature, and low-temperature environments. All results proved that
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the designed ultra-wideband MMA can efficiently absorb electromag-
netic waves and has great potential in applying electromagnetic pro-
tection under extreme conditions.
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