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1. Introduction

Study on a high refractive index sensitivity
four-band tunable absorber based on AlCuFe
quasicrystals at terahertz frequencies

*b.c

Wen Gao,? Huafeng Zhang,*® Mengsi Liu,? Shubo Cheng?® and Zao Yi

Optical devices operating in the terahertz band have enormous potential applications, and research in this
band is attracting increasing attention from researchers. In this paper, an absorber based on AlCuFe quasi-
crystals is proposed in the terahertz band, accompanied by four perfect narrow peak absorptions. The
bottom layer of the model is gold, mainly serving a reflective function, above the gold is silicon dioxide,
with a Dirac semimetal AlCuFe quasicrystal microstructure with hollow spaces around its edges and
central region on the top layer. The finite element method is used for simulation calculation, followed by
data post-processing and analysis of the device performance. Analysis revealed that this absorber
achieved perfect absorption, with absorption rates exceeding 94% at frequencies of 4.99 THz, 6.138 THz,
7.846 THz, and 9.05 THz, with three of these frequencies reaching absorption rates above 97%. The
physical mechanism was analyzed in detail using cavity resonance (CR), impedance matching and equi-
valent circuit theories. The effects of geometrical parameters, electromagnetic wave incidence angle, and
the external environment's refractive index on the absorber were thoroughly investigated. The absorber’s
maximum value of the refractive index sensitivity S was calculated to be 2800 GHz RIU™Y, indicating high
detection accuracy. In the field of detection, the quality factor Q value of an absorber is used to measure
its energy loss and high selectivity, while the figure of merit (FOM) value plays a role in evaluating its
sensing performance. We calculated the Q value and FOM value, with maximum values of 117.1 and
20.42, respectively, demonstrating that the terahertz perfect absorber proposed in this paper possesses
exceptional detection performance.

hertz waves, for instance, their high transmittance and resolu-
tion, unique coherence, low energy, and transient and broad-

Terahertz waves (THz, 1 THz = 10" Hz, the photon energy is
4.1 meV) are electromagnetic waves with a specific frequency
range between 0.1 THz and 10 THz.' The material response
of electromagnetic devices mainly depends on the frequency
of electromagnetic waves. Devices operating at microwave or
lower frequencies can be analysed using electronics, while
devices operating at infrared and higher frequencies can be
analysed using photonics. However, the terahertz band
occupies a unique position, located between the infrared band
in the optical domain and the millimetre wave band in the
microwave domain, at the transition point between electronics
and photonics, and thus belongs to the cross-disciplinary field
between the two. Due to the many unique properties of tera-
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band characteristics, they stand out significantly compared to
electromagnetic waves,* and they show great potential in fields
such as biomedical detection, radar imaging, material identifi-
cation, biosensing, defence, astronomy, and scientific
research.”” However, the traditional materials used in tera-
hertz devices no longer meet practical requirements, which
has hindered related research progress.

Metamaterials, as a type of artificial composite material,
replace the microscopic units of natural materials with artifi-
cial resonant units, exhibiting remarkable electromagnetic
behaviors such as a negative index of refraction and electro-
magnetically induced transparency.®'° Metamaterials have a
strong response to electromagnetic waves, especially in terms
of their absorption, reflection and transmission character-
istics. They can effectively absorb electromagnetic waves in
specific frequency bands and can be fabricated in smaller
sizes while allowing for dynamic adjustment of electromag-
netic wave absorption. The outstanding performance of meta-
materials endows them with strong application potential in
various frequency ranges such as microwave and terahertz
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bands, and they are widely used in electromagnetically
induced transparency,'’ microwave reception,’” wireless
energy transmission,'® and hyperthermia technology.'* Among
the numerous metamaterials, Dirac semimetals have attracted
the attention of researchers due to their excellent optical
properties.’>” Dirac semimetals exhibit excellent response in
the terahertz band, with typical examples including AlCuFe,
Bi,Se;, and Na;Bi.'®'° Unlike traditional semiconductor
materials, Dirac semimetals can change their conductivity and
dielectric constant by altering the bias voltage and doping of
the alkaline surface, thereby enabling dynamic adjustment of
the Fermi level.* The application of external electric and mag-
netic fields, as well as chemical doping, can significantly influ-
ence a material’s conductivity, optical properties, and response
to terahertz waves. This is particularly evident in the high tun-
ability and adaptability of Dirac semimetals, enabling the
design of efficient devices for broadband, narrowband, and
dynamically adjustable absorbers.”® As one of the most
common Dirac semimetals, AlCuFe quasicrystals have a high
degeneracy factor and high electrical conductivity. Compared
with most Dirac semimetals, they show better application
potential. AlICuFe can be prepared by laser cladding, and the
preparation process is already quite mature.**?

The first metamaterial absorber membrane was designed
and proposed by Landy et al. in 2008,>* and since then, meta-
material absorbers have attracted increasing attention from
researchers. Metamaterial absorbers can achieve both broad-
band and narrowband absorption. Broadband absorbers are
often used in the design of filtering and stealth devices, while
narrowband absorbers are commonly employed in the design
of sensor devices.>® The terahertz band possesses unique
physical characteristics and broad application potential.
Compared with traditional absorbers, metamaterial absorbers
at terahertz frequencies can achieve more efficient energy
absorption and have a wider range of applications in fields
such as terahertz imaging, sensing, and detection. Researchers
are gradually turning their attention to the study of meta-
material devices in the terahertz band. In 2008, Tao et al. from
Boston University in the United States developed the first
single-frequency narrowband absorber for the THz band by
superimposing open rings and metal strip resonators, laying
the foundation for the development of metamaterial absorbers
in the terahertz band.?® However, in the terahertz band, absor-
bers designed based on metals cannot dynamically adjust
their absorption performance. To change the absorption per-
formance of the absorber, it is necessary to redesign the struc-
tural parameters of the absorber, which is extremely labor-
intensive and costly. Researchers are gradually turning their
attention to the study of absorbers that can be dynamically
tuned. Later, the introduction of graphene solved this
problem. As a two-dimensional material, graphene has a hon-
eycomb lattice structure and exhibits excellent optical
responses in the terahertz band. By changing the externally
applied voltage, the Fermi level of graphene can be dynami-
cally regulated. This characteristic enables the absorber with
graphene to have excellent tunability.”” However, graphene has
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a zero or near-zero band gap, which limits its application in
optical materials.>®?° In 2012, Young et al discovered that
B-quartz BiO, can simulate graphene in three dimensions.*
Since the bulk electrons of Dirac semimetals form a three-
dimensional Dirac-cone structure, the research on Dirac semi-
metals has gradually developed since then. The carrier mobi-
lity and the ability to resist the interference of the dielectric
constant of Dirac semimetals are much higher than those of
graphene, and Dirac semimetals can achieve more flexible
control over electromagnetic energy.’’ In 2013, Hu et al. pro-
posed an absorber with four narrow-band high-absorption
rates through full-wave -electromagnetic simulation. This
absorber is simple in design and has the advantage of being
polarisation-insensitive.>* In 2018, a tunable narrowband tera-
hertz absorber was designed by Liu and his team; they com-
bined Dirac semimetals with circular holes in a photonic
crystal plate to achieve perfect absorption.** A Dirac semime-
tal-derived absorber operating across four bands was designed
by Wu and colleagues in 2021, achieving over 95% absorption
efficiency and 122 GHz RIU™! sensitivity.>* In 2025, Zhou et al.
proposed a controllable perfect absorber by combining
vanadium dioxide and Dirac semimetals. The absorption rate
can be increased by 7.5% by changing the Fermi level and
temperature. It exhibits peak sensitivity and FOM levels of 555
GHz RIU" and 5, respectively, demonstrating excellent detec-
tion capabilities.>® An increasing number of studies indicate
that BDS-based metamaterial absorbers at terahertz frequen-
cies have entered a phase of accelerated development, demon-
strating versatility in applications ranging from biomedical
detection to precision sensing.

This paper proposes a four-band tunable absorber based on
the Dirac semimetal AlICuFe quasicrystal, which exhibits polar-
isation insensitivity when electromagnetic waves are incident
vertically because of the rotational symmetry of the absorber.
In the 4-10 THz band, there were three absorption peaks
above 97% and one above 94%. Through S-parameter inver-
sion, the relative impedance of the structure was calculated,
indicating that it complies with impedance matching theory.
By decomposing and analysing the top-layer structure resonant
cavity into blocks and performing a parametric scan analysis,
the results obtained validated that the top-layer pattern and
set parameters were the optimal design. At the same time, the
physical mechanism of the absorber’s operation was analysed
using electric field analysis. The absorber exhibits good tun-
ability through Fermi level modulation of the Dirac semimetal.
By changing the refractive index of the external environment,
analysis and calculation showed that the absorber has a high
refractive index sensitivity, reaching up to 2800 GHz RIU™Y,
demonstrating excellent sensing performance. At the same
time, the maximum quality factor Q value and figure of merit
(FOM) value of the absorber were calculated to be 117.1 and
20.42, respectively. Collectively, these findings lead to the
deduction that the designed device exhibits high selectivity
and exceptional detection performance, showcasing wide-
ranging applicability in diverse domains, including biomedical

sensing, environmental detection, communication, and
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further research on related absorbers. This study also provides
valuable references for future research.

2. Structural design and a single-cell
model

The design of a tunable absorber with sensing capabilities
based on the Dirac semimetal AlICuFe quasicrystals at terahertz
frequencies, as well as its top view and side view structures, is
shown in Fig. 1. The absorber exhibits identical periodicity in
both the X and Y directions. For a periodic unit, the unit side
length is denoted as P. The periodic unit consists of three
layers. From the top, electromagnetic waves are incident per-
pendicularly onto the absorber, inducing internal resonant
phenomena.

The absorber’s bottom layer is a gold substrate. Compared
to Cu, Ag, and Al, Au exhibits higher reflectance stability, con-
ductivity, and corrosion resistance.**® Let the thickness of Au
be set as ¢;, and the skin depth of terahertz waves in Au be é.
Using the formula 6 = \/2/wpoc to calculate the skin depth
(where w = 2=f, p is the permeability, and ¢ is the conductivity),
we can set the thickness of the Au layer to be much greater
than the skin depth of terahertz waves in Au, ensuring that the
terahertz waves are completely absorbed and reflected, with no
transmitted waves.>>*° The intermediate dielectric layer is
Si0,, with its relative permittivity and thickness defined as ¢ =
1.56 and ¢,, respectively. When the incident light enters the
absorption layer from the top, a portion of the light is directly
absorbed by the top layer, while the other part penetrates the
top layer and enters the medium layer. The light propagates in
the medium layer, reaches the bottom metal reflection layer
and is reflected back. The reflected light meets the light just
incident from the top layer. Under the condition of phase
matching, constructive interference occurs, forming a strong
localized electromagnetic field within the electric field, which
causes the light to be absorbed. The top-layer structure pattern
is shown in Fig. 1(b). At the centre of a square Dirac semimetal
AlCuFe quasicrystal with side length P, a three-circle overlap-
ping structure is etched, which can also be viewed as a res-
onant cavity formed by combining three two-third circles with

t3
t;
ty

AlCuFe
. Sio,
Au

Fig. 1 Geometrical model of the absorber. (a) 3D view; (b) top view;
and (c) side view.
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radius R. Four square resonant cavities with side length w, are
etched at the four corners, and four rectangular resonant cav-
ities with a width of w; and a length of w, are etched on each
of the four sides. The top layer structure has a thickness of ¢;.
Simulation calculations were performed using CST simulation
software,”’™** and the optimal parameters obtained were: P =
42 pm, ¢; = 0.25 pm, ¢, = 12 pm, 3 = 1 pm, wy; = 1.2 pm, w, =
16.6 pm, and R = 2.3 pm. The AlCuFe quasicrystal’s Fermi
energy level Er, which is dynamically adjustable, was set to
80 meV.'>1

The Kubo formula, applied within the random phase
approximation (RPA) theory, allows for the derivation of the
conductivity in AlCuFe quasicrystals:*®

Re{o(Q)} = %%99(9 -2) (1)
e’ gky [4 4E.*
Im{c(Q)} =" {5 ~4n (m) } .

where the Fermi momentum is expressed as kr = Ex/hvy, and
the Fermi velocity is expressed as vy ~ 10° m s™' Q2 = hw/Ep +
iht~"/Ey, where u is the carrier mobility, ht™" = vy/(kgu), 7 = 4.5
x 107" s, e. = E./Ep (E. is the cutoff energy), the degeneracy
factor is set to g = 40. The AlCuFe quasicrystal’s dielectric con-

stant can be obtained using a dual-band model and expressed
31,34
as:””

&= ¢p + io/weg (3)

where ¢, is the vacuum dielectric constant and the effective
background dielectric constant is ¢, = 1.

We set the Fermi level of AICuFe at 80 meV and used the
MATLAB programming software to edit the dispersion relation
of the complex dielectric constant of AlCuFe. Finally, the
edited text file was imported into the CST software, and the
unit and frequency range were set. The unit was set to pm, and
the frequency range was set to 4-10 THz. Then, modeling was
carried out. Periodic boundary conditions were set in the X
and Y directions. In the Z direction, the incident wave was set
as a Floquet port and an open boundary condition was
applied. An adaptive tetrahedral mesh was adopted to enhance
the accuracy of the numerical simulation. Subsequently, based
on the finite element method, the CST software’s frequency
domain solver was utilized to calculate the S parameters of the
model we designed. In the post-processing stage, the S para-
meters were substituted into the formula to calculate the
absorber’s absorption rate.**

In actual production, a series of processes can be used to
prepare the entire absorber designed in this paper. The prepa-
ration flowchart is shown in Fig. 2. AlCuFe quasicrystals can
be prepared using the laser melting method. The ultrapure
elemental Al/Cu/Fe powder blends are injected into the laser
focused area surrounded by high-concentration argon gas.
Subsequently, a thin layer of powder melted by the laser beam
was formed on the base, and after multiple scans, high-purity
AlCuFe quasicrystals can be obtained. In addition, a gold layer
was deposited on a single-crystal silicon wafer by electron

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Manufacturing process.

beam evaporation technology, and then a SiO, layer was de-
posited on the gold substrate by ion beam technology. The pre-
pared AlCuFe quasicrystal is deposited onto the SiO, dielectric
layer, and photolithography is used for etching to prepare an
AlCuFe top layer film with a predetermined pattern, thereby
completing the actual preparation of the entire device.*>*’

3. Results and discussion

The Au base layer, being much thicker than its skin depth, is
sufficient to ensure that the transmittance of the absorber we
designed is close to zero, with only reflection and absorption.
S-parameters related to the absorber were calculated using
CST software, where reflectance is R = |S;;|> and transmittance
is T = |S,4|>. From the absorption rate A = 1 — T — R and since
the transmittance T is close to zero, we know that A=1—-R=1
— |811]%.*®"° Guided by the above theoretical research and
computational analysis, we can obtain the absorption spec-
trum shown in Fig. 3(a). There are four perfect absorption
peaks between 4 and 10 THz, labelled Fy, F,, F5, and F,, with
corresponding resonance frequencies of 4.99 THz, 6.138 THz,
7.846 THz, and 9.05 THz, and corresponding absorption rates
of 97.4%, 94.7%, 97.9%, and 97.3%. According to the theory

(a)1.0 (b) 49 613 1816 905
N 4
0.8 D)
]
-§_ 0.6 -g 2 A
s 0.4 El I ~
2 0. o
< 2 0 \/
02 % ——LReal(Z)
E-2F —limag@)
0.0

4 5 6 7 8 9 10 4 5 6 7 8 9 10
Frequency(THz) Frequency(THz)

Fig. 3 (a) Absorption spectrum of the absorber and (b) schematic
diagram of the equivalent impedance of the absorber within the operat-
ing range.
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of impedance matching, the impedance of free space is 1.>"
Achieving impedance matching between the absorber and free
space (Z = Z,) results in zero reflectance (R = |Sy;|*> = 0), as
shown in eqn (4), ie, Z = 1, achieving impedance
matching.’** According to equivalent circuit theory, the
metamaterial structure is further equivalent to a circuit model.
When the incident electromagnetic wave is perpendicular to
the metamaterial device, the resonant unit will generate the
corresponding induced surface current after interacting with
the incident electromagnetic wave.> Based on the resonant
effect between the resonant unit and the incident electromag-
netic wave, the geometric and physical parameters of the struc-
ture are equivalent to circuit parameters, and the electromag-
netic induction phenomenon generated when the electromag-
netic wave is incident on the device is represented by the
corresponding circuit components, for instance, the equivalent
resistance R, equivalent inductance L, and equivalent capaci-
tance C, whose values can be determined by the structural
parameters and electromagnetic parameters of the meta-
material. Each layer of the metamaterial absorber is equivalent
to a circuit load, with air and dielectric layers both being equi-
valent to transmission lines. The top metal pattern resonant
layer is equivalent to an RLC series circuit. By paralleling the
impedance of the metal pattern resonant layer and the surface
impedance of the dielectric layer, the input impedance can be
equivalently derived, that is, the equivalent impedance Z.%%°7
Thus, it can be derived that the real and imaginary parts of the
equivalent impedance of the absorber represented by Real(Z)
and Imag(Z), respectively, can be obtained, and the reflection
coefficient |S;4| can be expressed as eqn (4) and (5).

1+ 5112 — Sy2
Z—+ + S11 21 (4)
1— 8112 — Sp2
7 — 7,
Sl = =
Sl \V'z+ 2z

When the real part of the equivalent impedance Z, Real(Z) =
Zy = 1, and the imaginary part, Imag(Z) = 0, |S1;| = 0.>® As
shown in Fig. 3(b), the equivalent impedance diagram of the
absorber is illustrated. At the corresponding absorption fre-
quencies of the four absorption peaks, Real(Z) is close to 1,
and the Imag(Z) is close to 0, satisfying impedance matching,
perfect absorption is achieved in all four modes.

The physical mechanism of perfect absorption is elucidated
through the electric field diagrams in the xy and xz directions
under each resonance mode plotted in Fig. 4. By comparing
Fig. 4(a)—(c), we can see that the electric fields at Fy, F,, and F;
are mainly concentrated within the rectangular frames along
the y-axis. This originates from both the cavity resonance
(CR) and the localized surface plasmon resonance (LSPR).
Electromagnetic waves undergo multiple reflections and inter-
ference in a resonant cavity, converging their energy in the
form of standing waves.>® Through destructive interference,
the energy of the electromagnetic waves is dissipated. At the
same time, an electric field also converges on the lower

[Real(Z) — Z,)* + [Imag(2)]?
[Real(2) + Z)” + [Imag(2)]*

(5)
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Fig. 4 (a)—(d) Electric field distribution in the xy direction for each reso-
nance mode from F; to F4. (e)—(h) Electric field distribution in the xz
direction for each resonance mode from F; to F4.

surface of the absorption layer, exciting localized surface
plasmon polaritons between the upper AlCuFe layer and the
SiO, layer. These plasmon polaritons resonate with incident
electromagnetic waves at frequencies Fy, F,, and F;, producing
a localised surface plasmon polariton resonance effect,°>°
which leads to an enhancement of the local surface field,
thereby significantly enhancing the absorber’s ability to
capture and absorb electromagnetic waves. Similarly, domi-
nated by CR and LSPR, in the F; and F, absorption modes,
non-negligible electric fields were also generated in the edge
rectangular resonator, the four-corner square resonator, and
the central three-circle resonator in the x direction. As can be
seen from Fig. 4(d), the electric field at F, is mainly concen-
trated in the three circular resonant cavities and is dominated
by CR. By observing the electric field distribution in the xz
direction in Fig. 4(e)-(h), most of the electric field in F; and F,
is also captured by the dielectric layer. In addition to the local
electric field generated at the interface of the absorbing and
dielectric materials, the energy of the electromagnetic wave is
dissipated through critical coupling via golden-ring resonance
(GMR),*>®* primarily depending on the propagation mode
within the dielectric material, leading to localised enhance-
ment of the electromagnetic wave rather than collective elec-
tron oscillations at the surface. Therefore, the strong electric
fields observed in the dielectric layer within F; and F, are pri-
marily dominated by GMR and LSPR.

In order to reveal the impact of the uppermost structure
changes on the absorption performance of the absorber, two
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Fig. 5 (a)-(d) 3D diagrams of different centre structures at the top

layer. (e)—(h) Absorption spectra of the absorbers corresponding to
cases 1-4, respectively.
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sets of structural patterns were discussed. As shown in Fig. 5
and 6, case 4 is the control group. Fig. 5 discusses the different
absorption performances of absorbers under different top-
layer centre pattern structures. The structure of the top edge
and four corners of the absorber remains unchanged, with
only the centre-etched resonator undergoing changes from
case 1 to case 4. As can be seen from the figure, when there is
no resonant cavity at the centre of the top layer, as shown in
case 1, only three absorption peaks Fy, F,, and F; are gener-
ated, with F; having the lowest frequency. When circular res-
onant cavities are etched at the center of the top layer, as in
cases 2 to 4, four absorption peaks appear in the absorption
spectrum. When a circle is etched at the center, the central fre-
quency of F; is at 7.93 THz with an absorption rate of 74.5%,
and the central frequency of F, is at 9.456 THz with an absorp-
tion rate of 76.6%. When two circles are etched at the center,
the central frequency of F; is at 7.8 THz with an absorption
rate of 96.5%, and the central frequency of F, is at 8.74 THz
with an absorption rate of 82%. In case 4, three circles were
etched at the center, resulting in four perfect absorption
peaks. The central frequency of F; was at 7.8 THz with an
absorption rate of 97.9%, and the central frequency of F, was
at 9.05 THz with an absorption rate of 97.3%. It can be seen
that the number of circular resonators increases from one to
three, the resonance of the resonators is enhanced, and the
absorption peak undergoes a slight redshift, the absorption
rates of F; and F, remained unchanged, while those of F; and
F, gradually increased. This proves that the central etching
pattern we designed is the optimal structure. As shown in
Fig. 6, we conducted further analysis and discussed the
absorption effects produced by each part of the resonant cavity
at the top layer of the designed absorber, In case 1, only the
edge of the rectangular resonant cavity was etched, which had
varying degrees of influence on F;-F,. As shown in Fig. 6(e), F;
and F, almost achieved perfect absorption under this resonant
cavity, and the absorption rates of F; and F, reached 64.9%
and 68.3%, respectively. As shown in Fig. 6(f), in case 2, the
absorption rate of F, reached 79.1% when only the four-corner
square resonant cavity was etched. It can be seen that the res-
onant cavity in case 2 plays a positive role in the absorption of
the F, mode. Case 3 represents the resonant cavity with central
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Fig. 6 (a)-(d) 3D diagrams of different top layer structures. (e)—(h)
Absorption spectra of absorbers corresponding to cases 1-4,
respectively.
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etching, which is in line with the conclusion discussed in
Fig. 5. It almost only affects F; and F,, with absorption rates
reaching 43.6% and 98.1%, respectively. When case 2 and case
3 are superimposed on case 1, the absorption spectrum corres-
ponding to case 4 demonstrates that F; and F, do not change
significantly because they are mainly affected by case 1. F; and
F, experience enhanced resonance due to the superposition of
different resonant cavities, resulting in increased absorption
rates and redshift. This improves overall absorption perform-
ance, achieving perfect absorption across four bands.®* This
discussion not only validates the rationality of the top-layer
pattern we designed and explains the role of each part of the
resonant cavity in producing different absorption peaks, but
also shows that the superposition of resonances from different
structural resonant cavities contributes positively to the
absorption performance of the absorber.®®

To further demonstrate the rationality, physical tuning, and
tolerance of the structural parameters of the absorber
designed in this paper, the control variable method was used
to analyse some key parameters. In Fig. 7(a)-(g), the red curve
represents the spectral diagram corresponding to the optimal
parameter values of the device. In terms of physical tuning, it
can be observed from Fig. 7(a) that as the radius R of the
central circle increased from 1.9 pm to 2.7 pm, F, experienced
a significant redshift, with the frequency center shifting from
9.316 THz to 8.714 THz, and the absorption rate gradually
increasing from 92.1% to 99.3%. F; underwent a slight red-
shift, with the absorption rate gradually rising from 89.5% to
99.4% and then dropping to 98.6%. F, and F, showed almost
no redshift or blueshift, but their absorption rates gradually
decreased. Considering F, to F, as a whole, the parameters we
set achieved the highest average absorption rate. In F; and F,,
strong CR was observed in both rectangular cavities. During
the process of increasing the radius R of the circle, the top
microstructure changed, which weakened and strengthened
the excitation effect of CR in the F, and F, modes, respectively,
resulting in a gradual decrease and increase in the absorption
rate of the F; and F, modes. In Fig. 7(b) and (c), the increase
in w, caused a noticeable blue shift in F, and F,, with the
absorption rate corresponding to F, gradually increasing and
the absorption rate corresponding to F, gradually decreasing.
In contrast to w;, when w, increased from 14.6 pm to 18.6 pm,
both F; and F, exhibited significant red shifts. The absorption
rate of F; gradually increased from 77.9% to 99.8%, while that
of F, decreased from 98.7% to 89.9%. This was due to the
change in w,, which led to the variation in the size of the BDS
boundary. As a result, the LSPR and CR effects of the F, and F,
modes within the rectangular resonant cavity were respectively
enhanced and weakened. However, the main excitation regions
of the F; and F, modes were different from those of the first
two modes. Therefore, when w; and w, changed, F; and F,
remained stable. When the cycle P was changed, as shown in
Fig. 7(d), all four absorption peaks underwent a certain degree
of redshift, and the corresponding absorption rates also
changed to some extent. During the process where P increases
from 41 pm to 43 pm, the absorption rate of F; rises from 95%

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
@10
0.8}
g
= 0.6
=
204
20.
<
02 |
7 \
0.0 =" * =
4 5 5 7 8 9 10
(V)
0.8}
g
S 0.6+
=
=3
204}
<
0.2
0.0
4
H1r0
0.8}
g
£0.6}
B
2
204
<
0.2
== S
6 7 8 9 10 4
Frequency(THz)
@10
| |
0.8
B
£0.6
=
=]
204
<
0.2
00"l ——~ 7,
4 5 6 7 8 9 10

Frequency(THz)

Fig. 7 (a) Absorption spectrum when the radius R is changed; (b)
absorption spectrum when w; is changed; (c) absorption spectrum
when w, is changed; (d) absorption spectrum when the period P is
changed; (e) absorption spectrum when the thickness tz of the AlCuFe
layer is changed; (f) absorption spectrum when the thickness t, of the
dielectric layer is changed; and (g) absorption spectrum when the thick-
ness t; of the gold layer is changed.

to 98%, while that of F, drops from 96% to 93.1%. The absorp-
tion rate of F3, which was 97.4%, initially decreases to 96.3%
and then continuously increases to 98.6%. The absorption rate
of F, experiences a slight increase. The increase in P lengthens
the oscillation period of the wave, which is beneficial for
better absorption of electromagnetic waves. However, at the
same time, the dimensions of each resonant cavity also
increase, affecting the excitation effects of LSPR and CR.°®%”
These combined effects result in different changes in the
absorption peaks under various modes. In Fig. 7(e), when the
thickness t; of the AlCuFe quasicrystalline layer was changed,
all four absorption peaks shifted to a certain extent towards
the blue end of the spectrum, and the corresponding changes
in absorption rate were almost the opposite of the changes in
the absorption rate when P was changed. In addition to analys-
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ing changes in the absorption spectrum when the parameters
of the absorption layer change, the impact of changes in the
medium layer ¢, on absorption performance was also dis-
cussed as shown in Fig. 7(f). When ¢, increased from 11.2 pm
to 12.8 pm, only F, underwent a noticeable red shift, with the
absorption peak first increasing and then decreasing, its
absorption rate increased from 96.2% to 97.3%, but then
decreased to 92%, showing an overall downward trend. As
shown in Fig. 7(g), when the thickness ¢; of the bottom metal
layer changes, the absorption spectrum graph remains almost
unchanged, demonstrating that the bottom metal layer merely
serves to prevent the electromagnetic wave from penetrating.
This also indicates that under the condition where the thick-
ness of the bottom metal layer is much greater than the skin
depth, the bottom metal layer has excellent process tolerance
in the actual manufacturing process. The above discussion
demonstrates that the absorber has physical tuning capabili-
ties, and that changes in different structural parameters have a
significant impact on different absorption peaks. These results
are highly consistent with the findings discussed earlier in
this paper regarding the effects of different structural com-
ponents of the top layer on different absorption peaks, further
validating the correctness of the absorber’s structural design.®®
At the same time, during the change process, the relatively
stable absorption peak that does not change with the design
parameters also reflects that the absorber has a certain toler-
ance.®® During the process of changes in the absorption rate
caused by parameter alterations, the parameters set in this
paper exhibit the highest average absorption rate, indicating
that the geometric dimensions of the device designed in this
paper are reasonable. In summary, this indicates that the
design of this absorber is reasonable and correct, and it has a
certain degree of physical tuning and tolerance.

To investigate the stability of the absorber designed in this
paper in actual complex -electromagnetic environments,
Fig. 8(a) and (b) discuss the changes in absorption perform-
ance under two polarisation modes and different electromag-
netic wave incidence angles 0, respectively. In this paper, the
polarization directions of TE and TM correspond to the X-axis
and Y-axis, respectively, and it can be seen in Fig. 8(a) that
spectral absorption in both polarization configurations shows
negligible discrepancies, demonstrating excellent polarisation
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Fig. 8 (a) Absorption spectra under different polarisation modes; (b)
changes in the absorption rate in the TE mode when incident at
different angles.
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insensitivity. This is due to the unit structure of the absorber
having a point-symmetric characteristic, which ensures that
the absorber absorbs electromagnetic waves almost identically
in different polarisation modes.”””" At the same time, as
shown in Fig. 8(b), in the TE polarisation mode, F; remains
stable throughout the range of incident angles 6 from 0° to
70°, with the absorption rate consistently above 90%.
Therefore, F, exhibits a certain degree of insensitivity to the
angle of incidence and has strong adaptability, making it
applicable to a variety of different electromagnetic
environments.”>”* However, with the incidence angle of elec-
tromagnetic waves progressively raised from 0° to 70°, the
absorption rate of F; gradually decreased to 0, and several
unstable new absorption peaks appeared due to the continuous
generation of new local fields around it. When 6 increases to
more than 10°, F, gradually disappears and a new absorption
peak appears due to membrane splitting. For F,, as  increases
from 0° to 25°, the absorption rate of F, remains above 90%, but
as @ continues to increase, the absorption rate gradually
decreases to approximately 40%, then gradually increases to
80%, and undergoes a certain amount of blue shift. Given the
diverse changes exhibited by F,, F,, and F; at different incident
angles, the absorber can be applied to certain studies with
specific environmental requirements. In summary, absorbers can
demonstrate a certain degree of stability and broad application
potential in actual complex electromagnetic environments.

Considering the peculiar optical properties of Dirac semi-
metals, the Ex of AlCuFe quasicrystals is controlled by chemi-
cal doping to regulate the absorption performance and explore
the chemical tunability of the absorber. Fig. 9(a) shows the
changes in the absorption spectrum as the Er of the Dirac
semimetal changes from 70 meV to 90 meV. As Er increased,
all four absorption peaks shifted towards blue, and the absorp-
tion rate changed but remained above 90%. The overall
absorption rate was optimal at Er = 80 meV. Fig. 9(b) shows the
displacement of each absorption peak as the Fermi level
increases, which more intuitively illustrates that all four
absorption peaks underwent a blue shift. This demonstrates
the absorber’s strong chemical tunability, enabling a wide
range of applications in the field of sensing and detection.

The four-band narrowband absorber proposed in this paper
is mainly used as a sensor component, and the key to evaluat-
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Fig. 9 (a) Absorption spectra of the AlCuFe quasicrystal at different
Fermi levels. (b) Displacement changes of F; — F,4 in the AlCuFe quasi-
crystal at different Fermi levels.
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ing the quality of a sensor component lies in the impact of
changes in the external refractive index, n. As can be seen from
the absorption spectrum in Fig. 10(a) when n changes from
1.00 to 1.15, all four absorption peaks underwent varying
degrees of red shift, and the absorption rates of the four
absorption peaks also underwent certain changes. Fig. 10(b)
shows the displacement changes of F;-F, when n changes,
clearly illustrating the varying degrees of red shifts of the four
absorption peaks. For further analysis, the refractive index sen-
sitivity S is used to intuitively describe the sensing perform-
ance of narrowband absorbers and is defined as:”*

S = Av/An (6)

where Ao represents the change in the resonance frequency,
An represents the change in the external refractive index, and
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Fig. 10 (a) Absorption spectrum when the external refractive index
changes; (b) displacement change diagram of F;—F4; when the external
refractive index changes; and (c) absorption rate change diagram of
F1—F4 when the external refractive index changes.
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the larger the S value, the better the sensing performance. The
absorption frequencies corresponding to F,-F, at various
refractive indices were organised and linear fitting based on
formula (6) was performed to calculate the refractive index sen-
sitivities S of F,-F,, which are S; = 1184 GHz RIU™Y, S, = 1306
GHz RIU™Y, §; = 466 GHz RIU™ !, and S, = 2800 GHz RIU™},
respectively. Among these, the highest refractive index sensi-
tivity reached 2800 GHz RIU', demonstrating excellent
sensing performance and offering significant application
advantages in relevant detection fields. As shown in Fig. 10(c),
the change in the refractive index n affects the absorption rates
of each absorption peak. As n increases, the absorption rates
of F, and F, continuously increase and decrease, respectively,
while the absorption rate of F, steadily increases and that of F;
decreases significantly, the absorption rates of F;-F, remain
above 90% throughout.

In addition, we summarize the important parameter values
under each absorption mode in Table 1 to facilitate a more
intuitive understanding of the relevant performance of the
absorber. Among them, the Q value used to evaluate the high
selectivity of the absorber and the FOM value used to evaluate
the sensing performance are calculated using eqn (7) and (8),
respectively.'>176273

Q = fo/FWHM )
FOM = S/FWHM (8)

Here, FWHM refers to the width of the absorption peak at
half of the maximum absorption rate, and f, represents the
central wavelength. The maximum Q value of the absorber is
117.1, and the maximum FOM value is 20.42. This demon-
strates the high selectivity and good sensing performance of
the absorber, showing certain application potential in the
fields of sensing and detection.

In Table 2, a comparison was made between the designed
four-band narrowband absorber and the narrowband absor-
bers reported in recent years. For instance, the absorber we
designed has the same number of layers as those in ref. 75 and
76, but it exhibits more absorption peaks and a greater refrac-
tive index sensitivity S and also features a more convenient
voltage tuning method. The absorber described in this paper
has certain advantages in terms of structural design and tun-
ability, and its high sensitivity makes it widely applicable in
the fields of biosensing and environmental detection. It also
provides insights into research on Dirac semimetal functional
devices in the THz band.

Table 1 The absorption rate, central frequency, Q value, FOM value
and refractive index sensitivity of the absorber in F1—F4 modes

fo FWHM s
Absorption  (THz) (THz) Q FOM (GHzRIU™Y)
F, 97.4% 4.99 0.1251 39.87 9.47 1184

F, 94.7% 6.138 0.1489 41.24 8.77 1306
F; 97.9% 7.846 0.067 117.1 6.96 466
F, 97.3% 9.05 0.1371 66 20.42 2800
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Table 2 Comparison between absorbers reported in recent years and the absorber designed in this paper

Ref. Number of peaks Wave band (THz) Tunable material Frequency modulation method Layers S (GHz RIU™Y)
75 2 0.8-1.4 Metal Structure 3 37

76 4 0-1.1 Graphene Voltage 14 50

77 5 0.3-2.5 BDS Voltage 3 134.75

78 1 1.0-2.2 Metal Structure 3 300

79 3 2-5 Graphene Voltage 2 1080

80 3 3.4-5.2 BDS Voltage 3 405

Proposed 4 4-10 BDS Voltage 3 2800

4. Conclusions Acknowledgements

This paper presents the design of a four-band tunable absor-
ber based on AlCuFe quasicrystals at terahertz frequencies.
The absorber exhibits four absorption peaks F;-F,, with three
peaks showing absorption rates above 97% and one peak
with an absorption rate above 94% in the 4-10 THz band. By
calculating the equivalent impedance of the absorber, it is
demonstrated that it complies with impedance matching
theory, thereby achieving perfect absorption. Furthermore, by
analysing the generation and distribution of electric fields,
the physical mechanism by which the absorber achieves
perfect absorption is explained. The effect and influence of
the top microstructure on the four absorption peaks were dis-
cussed in detail. Subsequently, by changing the structural
parameters, we further confirmed the rationality, physical
tuning, and tolerance of our designed absorber. By utilising
the unique optical properties of AlCuFe quasicrystals and
altering the Fermi level, the excellent chemical tunability of
the absorber is explained. Considering the actual situation,
the angle of electromagnetic wave incidence was changed to
study the resulting changes in absorption performance, and
it was found that F; and F, exhibit good adaptability to
complex actual environments. Finally, the changes in the
absorption spectrum due to changes in the external refractive
index are used to intuitively measure the quality of the absor-
ber as a sensor component using refractive index sensitivity
S, with a maximum S of up to 2800 GHz RIU™". In compari-
son with some recently reported studies, the absorber
designed in this paper shows obvious advantages in many
aspects. In summary, this device exhibits excellent perform-
ance, providing ideas for related absorbers and further
research, and has great application potential in the field of
sensing and detection.
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