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ABSTRACT

For the sustainable development of beyond fifth-generation (B5G) or sixth-generation (6G) wireless communication technologies

operating in the sub-terahertz and terahertz range, it is highly desirable to utilize environmentally friendly materials in B5G/6G

devices. Here, we report a sub-terahertz absorbing sheet made of biodegradable cellulose-nanofiber (CNF), which can be useful for

achieving electromagnetic compatibility (EMC) in B5G/6G devices in a green manner. The absorber consists of one pure CNF layer

sandwiched between two layers of carbon-nanotube (CNT)-dispersed CNF layers. The CNT concentration is engineered to be low

(0.15 wt.%) in the layer on the wave-incident side and high (6 wt.%) in the layer on the opposite side, emulating the resistive and
reflective layers of a Salisbury screen absorber, respectively. The total thickness of our absorber is as thin as 120 um. Terahertz time-
domain spectroscopy (THz-TDS) reveals its good shielding effectiveness of 28.5 dB, low reflectance of 2.5%, and high absorptance
of 97.4% at 300 GHz. Additionally, an absorptance higher than 80% is achieved over a broadband frequency range from 250 to
480 GHz. Good agreement between the measured results and calculated results based on the ABCD matrix method confirms that

the cancellation of reflected waves is realized as designed.

1 | Introduction

The amount of wireless data traffic has increased dramatically
in recent years, and this trend is expected to continue growing
exponentially in the future [1, 2]. To increase the capacity and
speed of wireless communication, broader frequency bands are
required beyond the currently used range, which extends up
to tens of gigahertz. Therefore, in the next generation wireless
communication called beyond fifth generation (B5G) or sixth
generation (6G), the frequency range is planned to extend into
the sub-terahertz and terahertz regions [3-5]. In the develop-
ment of B5G/6G devices, electromagnetic compatibility (EMC)
for terahertz waves must be ensured: the waves emitted from
a B5G/6G transmitter should not cause malfunction in other

devices, and the communication should not be disrupted by
external electromagnetic noise reaching a B5G/6G receiver. For
EMC in B5G/6G devices, it is essential to appropriately block
unwanted terahertz waves. Although a conductive film such as
metal can shield terahertz waves, its high reflectance may cause
reflected waves to adversely affect the emitter itself or other
nearby devices. To avoid this problem, terahertz wave absorbers
with both good shielding effectiveness (SE) and low reflectance
are required.

In the sub-terahertz range used for B5G/6G communication,
absorbers based on magnetic responses using conventional mag-
netic materials are not applicable, highlighting the importance
of utilizing artificially structured materials. Various structures
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have been reported as terahertz wave absorbers, including those
consisting of metallic 2D [6-9] or 3D [10, 11] micropatterned
metamaterials, dielectric resonator arrays with spherical [12-
14] and pillar-shaped [15-17] geometries, magnetic materials
tailored for terahertz absorption [18, 19], carbon foams [20]
and polymer composites [21, 22]. Among these, a three-layer
sheet called the Salisbury screen absorber (SSA) [23] is notable
for its simple structure. An SSA consists of a front resistive
layer, a middle dielectric spacer layer, and a backside reflective
layer. The front layer is separated from the backside layer by a
quarter-wavelength of the absorbing frequency (1/4) so that the
waves reflected from these layers cancel each other out. SSAs
can achieve high absorptance without the need to synthesize
materials or micropattern metamaterials that resonate at the
target frequency. Due to its structural simplicity and scalability,
the SSA configuration is particularly attractive for integration into
compact B5G/6G devices. There have been reports on SSAs for
terahertz waves, including those that use a thin metal film [24],
graphene [25], or an organic crystal [26] as the front resistive layer.

From an environmental perspective, previously existing sub-
terahertz and terahertz absorbers have issues of concern. Most of
them are composed of a combination of metals and insulators,
which poses a problem in the disposal process: since metal is
non-burnable and separating the metal and insulator components
is difficult, these absorbers need to be landfilled in a whole
for disposal. This runs counter to worldwide efforts on waste
reduction and has a risk of generating microplastic particles
when the insulator part is made of plastic. Though there are
reports on all-dielectric terahertz absorbers [16, 17], they are made
of non-degradable semiconductors and plastics, and the above-
mentioned disposal problem still remains. To solve B5G/6G EMC
problems in a sustainable manner, we have set the objective
of our research as the development of an absorber made from
materials with a lower environmental impact than previous
approaches.

In this work, we developed a sub-terahertz absorbing sheet
consisting of cellulose nanofiber (CNF). CNF has received a lot
of attention in recent years because of its biodegradability, as well
as its lightweight, high mechanical strength, and heat resistance.
CNF is a nanoscale fiber of crystalline cellulose with a typical
width of 3-15 nm and can be extracted from natural wood [27,
28]. Various applications of CNF have been reported including
electronic devices such as displays [29] and sensors [30, 31], rein-
forcement of plastics [32, 33], moldings [34], and electrode coating
for circuit protection [35]. Herein, we designed and fabricated an
SSA-type absorber using thin films of carbon-nanotube (CNT)-
dispersed CNF (CNT:CNF) as resistive and reflective layers, and
pure CNF as a spacer layer. Owing to the excellent film-forming
ability of CNF, its dielectric function and loss tangent can be
widely tuned by incorporating a small amount of CNT, enabling
the design of absorbers with tailored electromagnetic properties.
Our absorber is targeted at the frequency range around 300 GHz
(0.3 THz), for which the IEEE 802.15.3d standard was released
as part of the standardization effort for 6G communication |36,
37]. Though CNF-based electromagnetic wave absorbers have
been reported so far [38-41], most of them are designed for
microwaves with a frequency range of several to several tens
of gigahertz, and their thickness exceeded 1 mm. While recent
studies have reported terahertz CNF-based absorbers incorporat-

ing structures such as metal-organic frameworks with MXene
[42] or graphene-based metamaterials [43], our absorber adopts
a simpler three-layer structure composed solely of CNF and CNT,
offering advantages in fabrication. Our sub-terahertz absorber
has a small thickness of 120 um, suitable for use in compact
devices, and still shows a good SE of 28.5 dB, low reflectance
of 2.5%, and a high absorptance of 97.4% at 300 GHz. The
novelty of our absorber lies in its combination of structural sim-
plicity, biodegradability, and thin-film scalability, demonstrating
the potential for practical, compact, and sustainable B5G/6G
devices.

2 | Results and Discussion
2.1 | Dielectric Functions of Single-Layer
CNT:CNF Films

As a preliminary step toward designing a three-layer absorber, we
first evaluated the dielectric functions of single-layer pure CNF
and CNT:CNF films using terahertz time-domain spectroscopy
(THz-TDS) [44, 45], the details of which are described in the
Experimental Section. The measured dielectric functions of the
CNF films with 0, 0.15, and 6 wt.% CNT are shown in Figure 1a.
The dielectric function of the CNF film without CNT was almost
independent of frequency, and the real part (¢') and loss tangent
(tan 8) are 4.4 and 0.05 at 300 GHz, respectively. When only
0.15wt.% CNT was mixed into CNF, the values of ¢’ and tan  were
remarkably increased to 10.0 and 0.63 at 300 GHz, respectively.
In addition, the incorporation of CNT resulted in a monotoni-
cally decreasing spectrum of ¢’ with increasing frequency. This
frequency dependence, also observed in previous reports for a
CNT-dispersed polymer [46, 47], reflects the damped-oscillator-
like behavior of the CNT’s dielectric function. When 6 wt.% CNT
was mixed into CNF, the ¢ and tan § were further increased,
reaching 270 and 1.6 at 300 GHz, respectively. The values of ¢’
and tan ¢ at 300 GHz are summarized in Figure 1b. These results
reveal that the terahertz dielectric properties of CNF films can
be tuned in a wide dynamic range by adding a small amount
of CNT.

2.2 | Design and Fabrication of the Three-Layer
Absorber

We designed an absorber schematically illustrated in Figure 2a.
A pure CNF layer is sandwiched between layers having
a low-concentration (LC)-CNT:CNF and high-concentration
(HC)-CNT:CNF. The sub-terahertz electromagnetic wave is
to be incident from the LC-CNT:CNF layer side. The LC-
CNT:CNF, pure CNF and HC-CNT:CNF layers were adopted
with the expectation that they would function as a resistive
layer, spacer layer and reflective layer of an SSA absorber,
respectively.

We investigated the specific design of the three-layer structure by
calculating the SE and reflectance with the ABCD matrix method,
which enables us to estimate the transmittance and reflectance
of a layered structure taking all the reflections at interfaces into
account [48, 49]. Since both the CNF and CNT are nonmagnetic,
the relative permeabilities of all the layers are considered to be 1.
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FIGURE 1 | (a)Dielectric functions of CNF films with 0 wt.% (top), 0.15 wt.% (middle) and 6 wt.% (bottom) CNT. The real part (¢") and loss tangent
(tan 9) of the dielectric function are shown on the left and right axis, respectively. The vertical dotted line and the numbers next to it indicate 300 GHz and
the values of ¢’ and tan § at 300 GHz, respectively. (b) ¢’ (top) and tan & (bottom) of the CNT:CNF films at 300 GHz as a function of CNT concentration
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FIGURE 2 | (a) Schematic of the absorber structure. LC- and HC-
CNT:CNF refer to CNF layers containing low and high concentrations
of CNT, respectively. (b,c) Photographs of the fabricated absorber taken
from the LC-CNT:CNF side and the HC-CNT:CNF side, respectively.

Then the ABCD matrix of the Ith layer (I =1, 2, 3) with complex
dielectric constant ¢, and thickness d, is given by

coshy,d, zsinh y,d1>

a0 = ®
C, D, (1/z;)sinhy,d; coshy,d,

with normalized characteristic impedance z; = 1/ \/s_, and propa-
gation constanty; = —i - 27 f \/s_l /c. Here, i is the imaginary unit,
fis the frequency of the electromagnetic wave, and cis the speed of
light. Then the ABCD matrix of the three-layer structure becomes

(A B) _ (A1 Bl> <A2 Bz) (A3 B3> @
CD C1 D] Cz DZ C3 D3

and the power transmittance T and reflectance R of this structure
can be calculated as

e 2 *  |A+B-Cc-DJ| 3
" |A+B+C+D|> " |A+B+C+D
The SE is calculated from the power transmittance T as
SE = —10log,,T )

Based on these formulas, we explored combinations of CNT
concentrations and layer thicknesses that would yield a high SE
and low reflectance at 300 GHz. We also aimed to keep the total
thickness of the absorber as small as ~0.1 mm for usability, while
ensuring that the thickness of each layer remained above 10 um,
taking the feasibility of fabrication into account. The optimization
was carried out with the help of the simulated annealing (SA)
algorithm, implemented in a data analysis software (Wavemet-
rics, Igor Pro). SA is a probabilistic optimization method that
helps explore the solution space to find near-optimal configura-
tions. In our study, the thicknesses of the three layers d,,d, and
d; were treated as variable parameters. The algorithm was run
repeatedly to identify combinations that simultaneously achieve
high SE, low reflectance, and small total thickness. From the
resulting candidates, we selected a promising configuration for
optimal performance, while rejecting solutions with excessively
thick or thin layers. As a result, it was found that a good SE of
~30 dB and a near-zero reflection can be achieved at 300 GHz
with the combination of 20-um-thick 0.15 wt.%-CNT:CNF layer,
74-um-thick pure CNF layer, and a 26-pum-thick 6 wt.%-CNT:CNF
layer. The total thickness of the 3 layers is 120 um. Note that
the optical path length of the pure CNF layer, calculated as
155 pm from its thickness and dielectric constant ¢’ = 4.4, is
shorter than the quarter of the wavelength at 300 GHz, 1/4 =
250 pum. This is because in our design the LC-CNT:CNF layer hasa
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non-negligible thickness, and waves can partially penetrate into
the HC-CNT:CNF layer as discussed later. Thus, these layers also
contribute to the effective spacer thickness in the SSA structure,
helping to satisfy the 1/4 condition.

The absorber sheet was fabricated by stacking the films of LC-
CNT:CNF, pure CNF, and HC-CNT:CNF as described in the
Experimental Section. The photographs of the absorber taken
from the LC-CNT and HC-CNT sides are shown in Figure 2b,c,
respectively. In appearance there is no clear difference between
these two sides. Figure Sla,b present microscale images of the
LC-CNT and HC-CNT side of the absorber acquired by a scan-
ning electron microscopy (JEOL, JSM-7400FS), respectively. The
surfaces appear flat, with no distinct microstructures observed.
The thickness of the absorber measured with a thickness meter
(Mitutoyo, 547-401. Resolution 1 pm) was ~120 um, agreeing
with the designed thickness. Cross-sectional SEM observation
further confirmed that the layer thicknesses were in accordance
with the design (Figure Slc). The thermal degradation behavior
and mechanical properties of the absorber were evaluated as
described in Experimental Section. As shown in Figures S2
and S3, the absorber exhibited thermal and mechanical stability
comparable to those of previously reported CNF films [50, 51],
indicating its applicability for practical use.

2.3 | Measurement and Simulation Results of the
Absorber Performance

We evaluated the performance of the fabricated absorber sheet
using THz-TDS (see Experimental Section). The solid red curves
in Figure 3a show the spectra of SE, reflectance, and absorptance
of the sample when the electromagnetic wave was incident from
the LC-CNT:CNF layer side. The SE (top panel in Figure 3a)
showed a tendency to increase with frequency, from 23.4 dB
at 150 GHz to 41.5 dB at 500 GHz. At 300 GHz it reached
28.5 dB, which corresponds to a transmittance of only 0.14%.
The reflectance spectrum (middle panel in Figure 3a) had a
broad dip around 330 GHz owing to the cancellation of reflected
waves in the three-layer structure. The reflectance at 300 GHz
was suppressed down to 2.5%. As a result of the high SE and
low reflectance, the absorptance at 300 GHz reached as high
as 97.4% (bottom panel in Figure 3a). For comparison, we also
show the spectra when the wave was incident from the HC-
CNT side as dashed blue curves in Figure 3. Though the SE was
virtually independent of the incidence side, the reflectance and
absorptance became much higher and lower, respectively, than
the case of LC-CNT:CNF layer side incidence. The reason for
this large dependence on the incidence side is discussed later.
Note that the observed performance of our absorber in the case
of LC-CNT:CNF layer side incidence is fairly good at frequencies
away from 300 GHz: SE higher than 25 dB and absorptance
higher than 80% are achieved across the frequency range from
250 to 480 GHz. In addition, the peak absorptance of our absorber
reaches 99.4% at 333 GHz, which is comparable to or even exceeds
those of previously reported SSA-based terahertz absorbers using
metal, with reported values of 99.4%, 97%, and 92.9% in References
[24-26], respectively. This is also better than those of previously
reported all-dielectric absorbers, 97.5% and 96% in References [16,
17], respectively.

To examine the measurement results, we compared them with the
results of numerical calculations. Figure 3b shows the calculated
SE, reflectance, and absorptance spectra calculated using the
ABCD matrix method described above. They are overall in good
agreement with the experimental results in Figure 3a, suggesting
that the absorber is functioning as it is designed. To gain a deeper
understanding of the working behavior of this absorber, we also
calculated the depth profile of the energy loss for the incident 300-
GHz electromagnetic wave with a power density of 1 W/m? using
the finite element method (Figure 4). When the wave impinges on
the absorber from the LC-CNT:CNF layer side (solid red curve), a
large energy loss occurs in the LC-CNT:CNF layer. This indicates
that this layer mainly dissipates the energy of the electromagnetic
wave into heat, as the resistive layer in ordinary SSAs does. The
energy loss in the pure CNF layer is small due to its small loss
tangent, showing that this layer mainly works as the spacer layer
of the SSAs. There is a non-negligible energy loss in the HC-
CNT:CNF layer, indicating that a portion of the wave penetrates
into this layer and loses its energy. In this sense, the HC-CNT:CNF
layer in our absorber functions not only as a reflective layer
but also partially serves as a spacer and resistive layer. On the
other hand, when the wave is incident from the HC-CNT:CNF
side (dashed blue curve), energy loss only occurs around the
surface of the HC-CNT:CNF layer, and the total amount of the
energy loss density is significantly smaller than in the case of
LC-CNT:CNEF layer side incidence. This is because the waves are
mostly reflected by the HC-CNT:CNF layer, while little can reach
the LC-CNT:CNF layer, and thus the cancellation of the waves
reflected from these layers does not occur. This result emphasizes
the importance of the first LC-CNT:CNF layer and the second
pure CNF layer of our absorber in achieving high absorption.

3 | Conclusions

We developed a CNF-based three-layer-type sub-terahertz wave
absorbing sheet. Excellent properties of 28.5-dB SE and 97.4%
absorptance at 300 GHz were achieved by the 120 um-thick
film consisting of only CNF and a small amount of CNT. The
environmental benefit of CNF is not only its biodegradability
but also its producibility from natural wood, which makes it a
sustainable material in contrast to petroleum-derived plastics.
The light and thin properties of our absorber will also contribute
to decreasing the weight and size of B5G/6G devices, thus
reducing the energy consumption necessary for their transport.
Our study demonstrated that CNF-based absorbers can provide
an eco-friendly choice for EMC achievement in the sub-terahertz
region and help pro-environmental development of B5G/6G
communication technologies.

4 | Experimental Section
4.1 | Sample Fabrication

CNT:CNF films for each layer of the absorber were prepared
as follows: 0.4 wt.% TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl
radical)-oxidized CNF (DKS Co., Ltd., RHEOCRYSTA I-2SX) /
water dispersion was used for film preparation. Single-walled
CNT (Kusumoto Chemicals, Ltd., WPB-043) was added to the
CNF/water dispersion at a ratio of 0.15 and 6 wt.% relative to
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CNF. The CNT/CNF/water dispersion was homogenized using an
ultrasonic homogenizer (Nissei Corp., US-300E) at 100% output
for 1 min. Then CNF/water dispersion and CNT/CNF/water

dispersion were dried at a temperature of 10°C and relative
humidity of 90% to form films. CNF and CNT:CNF films with
the desired thickness were prepared by adjusting the amount of
dispersion before drying. The lamination was performed using
the same procedure as previously reported in Ref. [51]. Namely,
to combine the films into a layered absorber, the films were
stacked and soaked in a mixture of equal amounts of water and
ethanol, in which 0.2 wt.% CNF was dispersed as an adhesive.
The stack was then hot-pressed under a pressure of 1 MPa and a
temperature of 110°C using a hot-pressing machine (Shinto Metal
Industries, Ltd., AYSR-5). The stacked films were then cut into
a circular shape through a laser cutting machine (Makeblock,
XTool P2).

4.2 | Thermal and Mechanical Stability

Thermogravimetric (TG) analyses of the absorber were carried
out by a thermogravimetric analyzer (TA Instruments, TGA
Q50) with nitrogen flow and heating rates of 60 mL min™" and
10°C min™, respectively. Tensile tests for the three-layer absorber
were performed using a universal testing machine (Shimadzu,
EZ-SX) equipped with a 500 N load cell. A sheet of the three-
layer absorber was conditioned under 23°C and 50% relative
humidity for 2 days in advance. This conditioned sheet was cut
into specimens with dimensions of 4 x 40 mm? by punching
with a razor blade. The tab length, gauge length, and test speed
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FIGURE 5 | (a)Schematic of the THz-TDS system used in this study. (b,c) Reference waveforms in the transmission and reflection configurations,

respectively. The insets show their power spectra.

were set to 10 mm, 20 mm, and 2.0 mm min, respectively. The
tab regions of the specimens were covered with sandpaper and
fixed with an adhesive. Three specimens were subjected to tensile
testing.

4.3 | Measurement of the Electromagnetic Wave
Responses

The schematic of the measurement setup for obtaining the
dielectric function, SE, reflectance, and absorptance is shown in
Figure 5a. This setup is based on a THz-TDS system with a pair of
photoconductive antennas (TOPTICA Photonics, TeraFlash pro).
The terahertz pulse emitted from a stripline photoconductive
antenna was directed using off-axis parabolic mirrors. The wave
transmitting a beamsplitter made of high-resistivity silicon was
focused onto the sample. The wave passing through the sample
was detected with a bowtie photoconductive antenna receiver
to obtain dielectric functions and SEs. On the other hand,
the wave reflected from the sample was partially reflected by
the beamsplitter and then detected by the receiver to obtain
the reflectance. To suppress water vapor absorption, the path
of the terahertz beam was purged with dry air. All the mea-
surements were done at room temperature. Figure 5b,c show
the reference time-domain waveforms in the transmission and
reflection configurations, corresponding to the signal transmit-
ted through the aperture without a sample and the signal
reflected from a silver mirror, respectively. Their insets show the
power spectra of the reference waveforms, ranging from 100 to
2000 GHz.

4.4 | Calculation of Dielectric Function, SE,
Reflectance, and Absorptance from THz-TDS Results

Dielectric functions of the CNT:CNF films were calculated from
the transmission THz-TDS measurement results in the following

way [52, 53]. The terahertz waveforms transmitting the sample
and the reference waveform without a sample were measured,
and their complex amplitudes (written as ET, and ErTef, respec-
tively) were computed with Fourier transform. The complex
transmission coefficient f can be obtained as

== (5)

On the other hand, the complex transmission coefficient f is
related to the complex refractive index 7i as

4 2n(i-Dfdl Y (/a-1\’
e B 1) o

m=0

m

Annfd
[+

(6)
here, M is the maximum number of multiple reflections inside
the sample in the measured terahertz waveform, and d is the
sample thickness. Solving Equations (5) and (6) provides the
complex refractive index 7. Since the films for dielectric function
measurements were thin, we took the limit of M — o to take
all internal reflections inside the film into account. The complex
dielectric function £ was calculated from the complex refractive
index as £ = /2. Finally, the real part ¢’ and loss tangent tan § of
the dielectric function were calculated as ¢ = Re(£) and tand =
Im(£)/Re(€), respectively.

The power transmittance T was calculated from the complex
transmission coefficient  in Equation (5) as T = |{|?, and the
shielding effectiveness SE can be calculated from T using
Equation (4). On the other hand, the reflectance R was calcu-
lated from the complex amplitude of the waveform reflected
from the sample EX, and the reference waveform reflected
from a silver mirror EX; as R = |E%,/EX,|>. Then, the absorp-
tance A was obtained as A = 1 — T — R. Note that the
reflectance and absorptance in the manuscript are expressed in
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percent, and the values are multiplied by 100 after the above
calculations.
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