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OPEN A high-performance ultra-compact

plasmonic metamaterial structure
for optical THz absorption

Mohammad Sarwar Raeen?, Anveshkumar Nella'* & Rabah W. Aldhaheri?**

This study presents the design and analysis of a high-performance metamaterial absorber for the
optical terahertz (THz) regime. The proposed absorber utilizes a unique nested flower-shaped structure
composed of nickel (Ni) and silicon dioxide (SiO,), achieving an average absorption exceeding
97.91% with a broad bandwidth of 1320 THz (180 THz — 1500 THz). A unit cell size of 66 nm X 66 nm
X 24 nm makes this design highly attractive for miniaturized devices. Strong absorption originates
from localized surface plasmon resonance (LSPR), where light interacts with the electrons on the Ni
surface. Notably, the design maintains excellent absorption performance even at oblique incident
angles up to 60° with polarization insensitivity. These results highlight the Ultra-Compact Plasmonic
Metamaterial (UCPM) absorber’s potential for diverse applications due to its broad spectral response,
high absorption efficiency, and minimal footprint, making it valuable for energy harvesting, infrared
imaging, and electromagnetic stealth technologies.
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Emerging from the field of metamaterials, a class of artificially engineered materials, lies a burgeoning area of
research with significant implications for sustainability. These materials exhibit a remarkable range of properties
dependent on their design, offering exciting possibilities in energy capture, stealth, and sensing applications.
Particularly noteworthy are metamaterial absorbers (MAs), first described by Landy et al.!. MAs leverage their
unique electromagnetic properties, including negative permeability and permittivity, to manipulate light at sub-
wavelength dimensions. This capability has fueled extensive exploration for applications in diverse fields like solar
energy harvesting, wireless communication, and sensors>~%. Among these applications, metamaterial perfect
absorbers (MPAs) have garnered particular attention due to their wide-ranging potential in optoelectronics,
spanning photovoltaics, solar cells, thermal radiation, and material detection. The inherent adaptability of
MPAs highlights their potential to revolutionize optoelectronic technologies and unlock a plethora of practical
applications. Research efforts are currently focused on optimizing key characteristics of these absorbers, such as
absorption efficiency, tunability, and unit cell size, paving the way for their future implementation®%,

Achieving broad absorption bandwidths in metamaterial absorbers is a key research focus. A prominent
approach utilizes the metal-insulator-metal (MIM) configuration, a well-established triple-layer structure
proven highly effective in plasmonic absorbers™®. MIM-based designs typically feature uniformly distributed
top resonators separated by a thin dielectric spacer. This spacer critically facilitates strong plasmonic coupling
between the top resonators and the underlying metal film. In essence, the entire absorber structure functions as
a resonator with a single input transmission line. Optimizing the dimensional parameters and shaping the top
metallic layer of this MIM-based resonator remain the primary strategies for maximizing both the intensity and
bandwidth of absorption in MAs.

Prior research has demonstrated successful designs for broadband light absorption using various geometries,
achieving near-perfect absorption across wide ranges in the visible and near-infrared spectrum e.g., triangular
prisms’, double-sized axe resonators®, nanodisk designs’. Lai et al.'s tri-layered Al-SiO, design achieved high
average absorptivity (450-600 nm) within the visible spectrum!’. Building on MIM configurations, Sultan et
al.‘s star-shaped resonator design offered broader visible range absorption (389-697 nm) with good angular
stability!!. Li et al.'s deep-subwavelength meander line antenna design achieved high infrared absorption
(11-14 pm) with a compact footprint'2. Plasmonic metamaterial absorbers (PMAs) achieve novel spectral
absorption through synergistic effects. These absorbers harness the strong interaction between plasmon
resonances and phonon vibrations within the material and material losses occurring within the dielectric
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spacer further contribute to absorption. The LSPR is the fundamental physical phenomenon that drives the
enhanced absorption characteristics in the metamaterials absorbers. PMAs, essentially arrays of subwavelength
metallic nanostructures, act as optical antennas, effectively concentrating and propagating light into regions
much smaller than the wavelength. This concentrated light is then efficiently converted into heat through the
LSPR phenomenon!*-1%, Bilal et al.‘s ultrathin tungsten nanowire absorber demonstrates the potential of this
approach, achieving over 80% absorption across a significant bandwidth (400-750 nm)*¢. However, the quest
continues for even broader absorption.

The ideal design would be a thin, broadband absorber exhibiting near-perfect absorption with minimal
sensitivity to the angle of light incidence. This study unveils a novel metamaterial absorber designed for
ultrahigh absorption across the entire optical spectrum. The design leverages a unique MIM configuration with
a captivating flower-shaped top layer. The key innovation lies in the meticulously arranged, concentric flower-
shaped rings surrounding a central flower. This precise control over the unit cell geometry, achieved through
ring size and spacing optimization, is crucial for achieving near-perfect, broadband absorption.

The paper adopts a meticulous organizational structure. It commences by introducing a groundbreaking
flower-shaped metamaterial absorber design, emphasizing its exceptional broad spectral absorption
encompassing the entire optical spectrum. Subsequently, the work delves into the fundamental mechanism
governing this remarkable light capture phenomenon. The focus then shifts towards the meticulously designed
optimization process for the absorber’s geometry, aiming to achieve maximum absorption efficiency. To gain
a deeper understanding of the light-trapping mechanism, the paper presents a detailed analysis of the field
distributions and surface current densities within the structure. Furthermore, the work explores the absorber’s
performance under a comprehensive range of parametric studies. These studies encompass the impact of incident
angle, polarization angle, variations in structural parameters, and even the utilization of different material
combinations for the metal-insulator-metal layers. Following these in-depth analyses, the paper presents a
comparative assessment, meticulously evaluating the proposed design against recent advancements within the
field. Finally, the work concludes by highlighting the significance of this design as an ultrathin, ultra-wideband
absorber with promising applications across various disciplines.

Proposed absorber design

This section meticulously dissects the unit cell structure of the Ultra-Compact Plasmonic Metamaterial (UCPM)
absorber. The UCPM adopts a metal-dielectric-metal (MDM) configuration, meticulously crafted using three
distinct layers. This article begins with a comprehensive exploration of the unit cell design, including the
material selection, dimensional parameters, and the unique flower-shaped geometry. This analysis delves into
the underlying absorption mechanism responsible for the UCPM’s exceptional performance. Subsequently, the
section explores the development of equivalent circuit models to represent the electrical behavior of the absorber.

Material, dimensions, and configuration

Figure 1 presents a schematic illustration of the proposed plasmonic metamaterial absorber’s unit cell design. The
design adopts a classic Metal-Insulator-Metal (MIM) configuration, featuring three distinct layers. The top and
bottom layers consist of thin metallic films made of nickel (Ni). Nickel possesses a high electrical conductivity
of 1.43 X 1077 S/m, ideal for efficient light absorption. These metallic layers sandwich a middle insulating layer
composed of silicon dioxide (SiO,). Silicon dioxide, with a permittivity of 2.25, serves as a spacer layer and
plays a critical role in controlling the light interaction within the structure. The periodicity, denoted by ‘p’ nm,
represents the repeating pattern of the unit cell across the entire metamaterial absorber.

The metamaterial is designed by depositing the metallic layers above and beneath the substrate of silicon
dioxide (SiO,) with optimum thicknesses. The top layer of Ni has multiple rings farming a nested flower-shaped
structure with a thickness of “t,”. The width of each ring and spacing between the two rings are taken to be
“b” At the middle of the arrangement, the SiO, base, a square-shaped of thickness “t,”. The bottom square-
shaped metallic layer of Ni has a thickness of “t,”. The proposed absorber exhibits resonance in the visible light
spectrum and expands the band in full optical radiation. The proposed plasmonic metamaterial absorber’s

(b © (d)

Fig. 1. Proposed plasmonic metamaterial absorber’s perspective of (a) unit cell periodic configuration-3D, (b)
frontal top view, (c) side view, and (d) bottom view [S-I].
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Symbol | p t t, t; b d, s
Space
.. | Periodicity of the | Thickness of the Thickness of the middle | Thickness of the ) . Diameter of center | between
Quantity 3 Width of each ring
unit cell top layer layer bottom layer flower Two
Rings
Value 66 nm 05 nm 12 nm 07 nm 2.5nm 10 nm 2.5nm
Table 1. Proposed metamaterial absorbers unit-cell dimension.
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Fig. 2. Proposed absorber performance characteristics (a) reflection coefficient (b) absorption [S-I] [S-II]
[S-II1].

unit cell periodic configuration is illustrated in Fig. 1a. Figure 1b-d show the proposed absorber’s frontal, side,
and bottom perspectives. Table 1 represents the optimal dimension of the proposed plasmonic metamaterial
absorber considering getting an average absorption of greater than 90% in the entire optical radiation spectrum.
The width of each ring and the gap between two rings in the nested flower structure are to be kept as b=2.5 nm.

Absorption mechanism
Absorption of electromagnetic waves is determined by what remains within the absorber structure after the
wave undergoes reflection and transmission. This principle can be briefly expressed as Eq. (1)!7!8. The reflection
coefficient encompasses both co-polarized and cross-polarized components. The co-polarized component arises
when both incident and reflected electromagnetic waves exhibit either TE or TM polarization. Conversely, the
cross-polarized component emerges when the incident wave is TE-polarized and the reflected wave is TM-
polarized, or vice versa.
A(N)=1=R(H =T =1=Su (AP =152 () M
where A(f), R(f), and T(f) are the absolute values of absorption, reflected, and transmitted powers respectively in
the operating frequency bands. When the transmitted and reflected powers reach zero, the absorption becomes
unity. In this situation, electromagnetic waves are perfectly absorbed. As mentioned in Eq. (1) the reflected
power R (f) =[Sy (f))*and T'(f) = |Sa1 (). To reduce the reflected power R(f), S,,(f) should be minimized,
which can be achieved by matching the impedances between the absorber and the environment. By putting the
bottom metallic layer as a full ground geometry, the transmission coefficients S, (f) go toward zero as a result
transmitted power is also nullified.

A(f)=1-R(fH=1-1Su (P @)
By this arrangement, the electromagnetic wave cannot pass through the bottom metallic layer reflected inside
the structure and remain absorbed by the structures at all. As a result, transmission becomes null, and thus the
absorption is then represented by the Eq. (2)"1°.

The proposed structure is simulated in electromagnetic simulation tool, HFSS and it is validated using CST
Microwave Studio. The reflection and absorption of this Ultra-Compact Plasmonic Metamaterial (UCPM)

absorber are presented in Fig. 2a,b respectively. A reflection coefficient is less than —10dB and an average
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absorption rate of over 97% for a frequency range of 180 THz to 1500 THz by HFSS, encompasses the optical
radiation window comprised of UV, Visible light, and IR range of frequencies.

Design and performance analysis

In this section first, discuss the design parameters and design steps that are involved in finding out the final
structure of the proposed NSS-PMA then show the impact of variation in incident angle and polarization angles
on the absorption results. This section also provides E-field, H-field, and Current distribution related to the
absorber geometry and their effect on absorption.

Optimizing unit cell geometry

The absorber’s design evaluations have been detailed to assess the effectiveness of each proposed configuration
in terms of absorption. Figure 3 illustrates six distinct designs to obtain the optimal design of the Ultra-Compact
Plasmonic Metamaterial (UCPM) absorber. Design-1, depicted in Fig. 3a, features a single flower-shaped
resonator positioned atop the insulating layer. In design-2, shown in Fig. 3b, an additional circular flower-
shaped ring is incorporated into design-1. Design-3, represented by Fig. 3¢, introduces two flower-shaped rings
to the structure of design-1. Subsequently, further structures are developed by adding more rings to the initial
design-1. These are presented as design-4, design-5, and design-6 in Fig. 3d-f respectively. The reflection and
absorption characteristics corresponding to each design are illustrated in Fig. 4a.,b.

The reflection and absorption characteristics corresponding to each design are presented in Fig. 3a-e is
illustrated in Fig. 4a,b respectively. Tables 2 and 3 represent the performance of different designs. Table 2 gives
the findings from the reflection coefficient curve of different designs aimed at achieving the final structure. Each
design, labeled from Design-1 to Design-6 with varying numbers of rings added to a flower-like structure. The
investigation into flower antenna designs demonstrates a noteworthy trend. As the number of rings increases,
the operational bandwidth widens, and the minimum S, value initially improves. However, adding rings
beyond Design 4 exhibits a detrimental effect, causing the S, value to degrade. This highlights the effectiveness
of the proposed design (Design 5), which achieves the superior combination of the broadest bandwidth and a
significantly improved minimum S, ; value at a favorable resonant frequency of 670 THz.

On the other hand, Table 3 represents the performance based on the absorption characteristics corresponding
to each design structure. The table outlines observations of absorption characteristics curve for various designs,
aiming to identify the final structure’s optimal performance. Each design, ranging from Design-1 to Design-6 with
incremental additions of rings to a flower-like structure, exhibits distinct bandwidths for absorption exceeding
95%, along with percentage average absorption and peak absorption frequency points in THz. Notably, the
evolution from Design-1 to Design-2, incorporating additional rings, demonstrates an expansion in bandwidth
and an enhancement in both percentage average absorption and peak absorption frequency point, culminating in
the Proposed Design. This design showcases the broadest absorption bandwidth, the highest percentage average
absorption, and a peak absorption frequency point of 670 THz, indicating superior absorption characteristics
suitable for the intended application.

6)) (b) (©
(d) (e) ®

Fig. 3. Design steps for obtaining proposed unit cell absorber (a) design — 1 (b) design - 2 (c) design —3 (d)
design — 4 (e) design — 5 (Proposed) (f) design - 6 [S-I].
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Fig. 4. Distinct design results (a) reflection coefficient characteristics (b) absorption characteristics [S-I] [S-
I1].
Designs Design1 | Design 2 | Design 3 | Design4 | Design 5 (Proposed design) | Design 6
Frequency range for S,; < -10 dB (THz) | 320-680 | 290-780 | 260-910 |220-1190 | 180-1500 150-1500
Minimum value of S, (dB) -11.26 -12.4 -14.79 -20.57 -37.4 -22.62
Bandwidth of operation (THz) 360 490 650 970 1320 1350
Resonant frequency (THz) 490 510 530 570 670 840
Table 2. S, for different design steps.
Designs Design 1 | Design 2 | Design 3 | Design 4 | Design 5 (Proposed design) | Design 6
Frequency range for absorption >90% (THz) 320-680 | 290-780 | 260-910 | 220-1190 | 180-1500 150-1500
Bandwidth of operation (THz) 360 490 650 970 1320 1350
Percentage average absorption in the band of operation (abs) | 80.69 84.12 88.71 94.14 97.91 97.32
Peak absorption frequency point (THz) 490 510 530 570 670 840

Table 3. Absorption for different design steps.

E & H-field distribution and current density analysis

This section meticulously analyzes the electric (E), magnetic (H) field, and surface current density distributions
within the UCPM absorber (Figs. 5, 6, 7) to gain deeper insight into its light absorption mechanisms. Scrutinizing
these distributions helps elucidate how the design effectively captures and dissipates incident electromagnetic
waves.

In this configuration, the electric field (E) aligns horizontally, while the magnetic field (H) aligns vertically.
At the resonant frequency of 670 THz, the nested flower rings exhibit notable charge redistribution, with charges
accumulating on the upper and lower sides as shown in Fig. 5a,b. This phenomenon induces an electrical dipole
resonance within the rings, fostering strong coupling with the underlying structure. The proposed design
leverages a synergistic interaction of electric and magnetic resonances to achieve efficient light absorption.
At the resonant frequency (670 THz), the nested flower rings exhibit a distinct electric dipole resonance due
to prominent charge redistribution (Fig. 5a,b). This phenomenon fosters strong coupling with the underlying
structure.

Additionally, a concentrated magnetic field distribution resides primarily within the intermediate dielectric
layer, induced by the magnetic resonance (Fig. 6). The accumulation of opposite charges on the flower ring
structures leads to the formation of reverse currents on the top and bottom metal layers. This current flow
generates a magnetic dipole resonance within the absorber. The surface current density at the interface between
the metal layers and the dielectric spacer directly influences the magnitude of these reversed currents and the
resulting magnetic resonance. A higher surface current density signifies a greater current concentration, leading
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Fig. 5. E-field distribution at resonance frequency of 670 THz in the (a) top metallic layer, and (b) the
substrate layer [S-I].
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Fig. 6. H-field distribution at the resonance frequency of 670 THz in the (a) top metallic layer, and (b) the
substrate layer [S-I].

to a stronger magnetic response and a more pronounced resonance effect as represented in Fig. 7a,b. In essence,
the interplay between electric and magnetic resonances, coupled with the influence of surface current density,
facilitates the effective absorption of incident electromagnetic wave energy within the intermediate dielectric
layer.

Effect of incident and polarization angles variation on the absorber performance

The proposed absorber demonstrates remarkable resilience to variations in incident angles. As shown in Fig.
8a, the reflection coefficient S, remains below — 10 dB (indicating low reflection loss) for incident angles up to
50°. Beyond 50°, the S, increases, suggesting a decrease in absorption. Moreover, the absorber exhibits excellent
polarization insensitivity as represented in Fig. 8b. Regardless of the TE wave’s polarization angle (the angle
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Fig. 7. (a) Surface current density distribution in the top layer, (b) Vector representation, at resonance
frequency of 670 THz [S-I].
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Fig.8. S, characteristics for (a) different incident angles and (b) different polarization angles [S-I][S-II].

between the electric field vector and the X-axis), the reflection coefficient spectrum remains consistent. This
confirms the absorber’s robust performance under various polarization conditions.

Effects of different structural parameters

Subsequently, the investigation delved into the influence of various structural parameters on the absorption
capabilities of the Ultra-Compact Plasmonic Metamaterial (UCPM) absorber. Specifically, scrutinized the
impact of altering the thickness (t,) of the top metallic layer on the absorber’s reflection coefficient, thereby
gauging its effect on absorption efficiency, as illustrated in Fig. 9a and Table 4. To elucidate this relationship, this
work systematically increased the thickness of t, from 3 nm to 11 nm in increments of 2 nm, while maintaining
a constant height for the dielectric layer at t,=12 nm. Upon careful examination of the reflection characteristic
curves for these variations, a significant observation was made. Each thickness shows a dip or resonance at
different frequencies, where the reflection is minimized (the material is more absorptive). Thicker layers tend
to shift the resonant frequencies towards lower values, and the sharpness of the resonance also changes. The
curve for t, =5 nm shows the lowest S, value (most negative), indicating the best impedance match around
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Fig.9. S,  characteristics for (a) different heights of the top layer and (b) for different heights of the substrate
layer [S-IJ[S-II].

Metallic layer thickness (nm) 3 5 7 9 11
Bandwidth for S;;, < -15dB (THz) | 330-1010 | 290-1130 | 270-1200 | 260-1190 | 260-1100
Minimum value of S, (dB) -23.52 -37.4 -30.74 -27.81 -30.2
Resonant frequency (THz) 640 670 650 460 430

Table 4. S, for different thicknesses of metallic layer with 12 nm thick insulator layer.

Metallic layer thickness (nm) 6 9 12 15 18
Bandwidth for S, < -15dB (THz) | 810-1500 | 380-1500 | 290-1130 | 270-840 | 250-670
Minimum value of S, (dB) -22.8 -23.3 -374 -50.32 -32.37
Resonant frequency (THz) 1500 940 670 470 400

Table 5. S, for different thicknesses of insulator layer with a 5 nm thick metallic layer.

670 THz. This phenomenon indicates that minimizing reflection leads to maximal absorption efficiency. This
article explored the impact of varying t, (thickness of substrate layer) from 6 nm to 18 nm in 3 nm increments,
while holding t, constant at 5 nm. Our analysis focused on observing the reflection characteristic curves for
these different heights, intending to identify minimum value of S|, (dB) and the frequency range wherein the
reflection coefficient remained below — 10dB. Notably, our findings, as depicted in Fig. 9b and Table 5, highlight
the optimal performance achieved when t, was set to 12 nm, characterized by the most favorable combination
of dips and bandwidth.

The thickness of a material plays a crucial role in determining its wave impedance, which in turn affects
the reflection of electromagnetic waves when they encounter different materials. When a wave travels through
a medium and reaches the boundary between two materials, part of the wave may be reflected, while another
part may be transmitted. The reflection is affected by the impedance mismatch between the materials and the
thickness of the second material layer. Each material has a characteristic wave impedance {Z, (f)}, which is
determined by its electrical properties, such as effective permittivity{e.;; (f)}, and effective permeability
{H, 55 (f)}***". This characteristic wave impedance {Z. (f)}, can be expressed by Eq. (3) as:

Ze () = \f tery (f) [eery () (3)

The effective refractive index {n.sy (f)} can be related with effective permittivity {€,;(f)}, and effective
permeability {i,; ()} as by Egs. (4) and (5) respectively as:

Hef s (f) =MNeff (f> X Ze (f) (4)
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ecrr () =mesr () /2. (F) (5)

Whereas the effective refractive index n_ g can be represented as per Eq. (6) When, f=frequency of operation; C
= velocity of light; L_ is transmission length (height of the metamaterial absorber structure).

) C . #1// in 'L"’
Ters () = T “ln(e" lesf(Damzle )} _ [ln(e-’ les (D gzl )} } (6)

The environmental impedance (Z,~377 Q) should be matched with the absorber’ effective characteristic wave
impedance for perfect absorption. The reflection coefficient S,, (dB) and transmission coefficient S,, (dB) can be
used to characterize the characteristic wave impedance {Z, (f)}, of the absorber as Eq. (7).

Zo (1) = /(1 S0)? = S3,/(1 — S — S, )

The material’s thickness influences the wave’s phase after it travels through the material. Depending on the
thickness of the material relative to the wavelength of the wave inside the material, constructive or destructive
interference can occur between the incident and reflected waves, significantly affecting the overall reflection. The
effect of material thickness comes into play because the wave may travel through the material and experience
multiple internal reflections. These reflections can interfere either constructively or destructively, depending
on the path length (related to thickness) and wavelength. The bottom and top metals generate capacitance with
the help of a dielectric layer. The capacitance of the structure depends strongly on the dielectric thickness and
is inversely proportional to the dielectric thickness. As the thickness increases, the capacitance decreases; thus
the absorption bandwidth moves linearly from left to right. Also, the dielectric layer confined most of the wave
within it and made a structure highly procurable for absorption.

Material selection for metal and insulator
The material selection for metal and insulators is characterized by calculating S,, parameters with different
combinations of metal and insulator layers. Firstly, to optimal choice of metallic layer, the proposed absorber
structure is designed and simulated with different combinations of metallic layer with SiO, insulating layer. The
S,, characteristics as depicted in Fig. 10a, show a minimum value of S,, (dB) < -38 dB and less than — 10dB for
a tull optical radiation spectrum with a Ni metallic layer. Correspondingly maximum absorption is achieved
for this metal and insulators a result gives the optimum choice of metallic layer as Ni. For the optimal choice of
insulating layer, the proposed absorber structure is designed with the different insulating layers with a Ni metallic
layer. The S, characteristics for the different insulating layers are depicted in Fig. 10b, showing a minimum value
of S, (dB) <-38 dB and having less than —10dB for a full optical radiation spectrum with SiO, insulating layer.
Correspondingly maximum absorption is achieved for this metal and insulators a result gives the optimum
choice of metallic layer as Ni.

Tables 6 and 7 present the electromagnetic and optical properties of various metals and dielectrics,
respectively. Among the metals in Table 6, Nickel (Ni) exhibits exceptionally high permeability, resulting in
greater absorption compared to other metallic layers within the optical radiation range. Similarly, in Table 7,
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Fig. 10. S, Characteristics for (a) different metallic layers (b) different materials of substrate layers [S-I][S-
I1].
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Material Conductivity (S/m) | Permittivity (&) Permeability (1) | Remarks

Gold (Au) ~4.1x107 Negative in the optical range | 1 (non-magnetic) | High reflectivity

Cobalt (Co) ~1.6Xx107 Moderate ~1.26 Magnetic properties influence absorption

Nickel (Ni) ~1.43x107 Moderate ~600 Absorption is significant at around 700 THz, due to high ferromagnetic material.
Titanium (Ti) | ~2.38%x10° Low ~1 High reflection occurs at the designed thickness in the given frequency range.
Tungsten (W) | ~1.79% 10’ ~1 High reflection occurs at the designed thickness in the given frequency range.

Table 6. Electrical and electromagnetic properties of metals in the THz range®>?*.

Material Loss tangent | Refractive index (7)) | Permittivity (¢) | Remarks
SiO, (Silicon Dioxide) 0.0004 ~1.45 ~39 Broad absorption, high transparency in the optical range.
AlZO3 (Alumina) 0.0001 ~1.77 ~9.4 Low loss, high dielectric strength, high reflection.
Si,N, (Silicon Nitride) 0.001 ~2.0 ~75 High dielectric strength high reflection.
GaAs (Gallium Arsenide) | 0.001 ~3.66 13.1 High electron mobility, significant reflection in lower THz region
Mica 0.0005 ~1.6-1.7 ~5-8 Flat reflection response
Porcelain 0.002 ~15 ~5-7 High dielectric strength, wide bandwidth but lesser than SiO,.
Table 7. Dielectric materials: permittivity, conductivity, and performance?>%.
Polarization
Operating | Bandwidth | independency
No. of frequency | of operation | and angular | % Average
Ref. | Top layer structure Unit cell dimension layers Material utilized | band (THz) | (THz) stability absorption
2 Square and cicular with short stubs | 375 nm X 375 nm X 465 nm | Four Ti, Si; N, 120-1070 950 Yes up to 60° | 98.19%
= Circular ring with square 300 nm X 300 nm X 195 nm | Three Ti, SiO, 375-750 375 Yes up to 60° | 98.11%
2 Staked pentagon with SiO, covering | 225 nm X 225 nm X 360 nm | Three W, SiO, 125-750 625 Yes up to 45° | 92%
27| Rectangular and squared multilayer | 750 nm X 750 nm X 550 nm | Multi-layer illtilglch/l Sci[;alilef gg:ggi ﬁg Yes up to 60° 2;22
2 Square ring with squared stub 300 nm X 300 nm X 190 nm | Three Mn, SiO, 374-750 375 Yes up to 60° | 94%
*P | Multiple flower ring shaped 66 nm X 66 nm X 26 nm Three Ni, SiO, 180-1500 1320 Yes up to 60° | 97.91%

Table 8. Comparative analysis of proposed work with various absorbers in the optical radiation regime. *P —
proposed work.

silicon dioxide (SiO,) shows low permittivity, contributing to broad absorption and high transparency in the
optical radiation spectrum.

Comparative analysis

In this section, the comparative analysis of this work is done with recently published works operating in the
optical radiation regime to show that this work outperforms the others. Table 8 summarizes the comparative
analysis of the proposed work with various absorbers in the optical regime. Existing absorbers!*~2* typically
utilize materials like Titanium (Ti) or Tungsten (W) and achieve high average absorption (over 90%) across
a range of terahertz frequencies. However, their unit cell sizes are relatively large (ranging from 225 nm to
750 nm). The proposed work explores a Nickel (Ni) based metamaterial with a significantly smaller unit cell
size (66 nm) while maintaining high average absorption (97.91%) across a broad bandwidth (1320 THz). This
suggests the proposed design offers a promising route for creating high-performance terahertz metamaterial
absorbers with a more compact design. This combination of a compact structure, extensive bandwidth, and
high absorption efficiency demonstrates the superior performance and potential application advantages of the
proposed work over the other designs listed.

Conclusion

This work presented a novel ultra-compact plasmonic metamaterial (UCPM) absorber designed for the terahertz
regime. The UCPM exhibits exceptional light absorption characteristics, achieving a maximum of 99.99% and
maintaining an average above 97.91% throughout the operating range (180 THz — 1500 THz). Furthermore,
the design offers remarkable resilience to both polarization and incident angles in TE and TM modes. The
paper delves into the underlying absorption mechanism by analyzing surface current distributions, electric and
magnetic field profiles, and the metamaterial’s properties. The design process, material selection, and the impact
of parameter variations are also comprehensively explored. The proposed UCPM boasts significant advantages
such as flexibility, polarization insensitivity, and stable absorption under oblique angles, making it highly suitable
for diverse applications. These include advancements in avionics stealth technology and energy harvesting for
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low-power Internet of Things (IoT) devices, due to its compact design and efficient terahertz wave absorption
within a flexible structure.

Data availability

The authors confirm that data supporting the findings of this study are available in the article. Software Used
to Create the Map in the Figures: S-I—Ansys HFSS-15 3D High-Frequency Structure Simulation Software.
S-II—MATLAB R2020. S-III—CST Microwave Studio.
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