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Abstract—Metamaterials (MTMs) have emerged as essential
components in high-performance electromagnetic devices, includ-
ing sensors and absorbers. This study presents a polarization-
insensitive nano-metamaterial sensor with exceptional angular sta-
bility and a wide operating range of 70 THz to 3 PHz. The sensor
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achieves an average absorption rate of 97% across this range, mak-
ing it highly suitable for applications in biomedical engineering. By
integrating microwave imaging (MWI) techniques, the sensor can
detect circulating cancer exosomes (CCEs) with high sensitivity,
effectively distinguishing them from normal exosomes. Exhibiting
double-negative MTM properties (negative permittivity and per-
meability) in the near-infrared (NIR) range (70 THz to 400 THz),
the sensor enhances sensitivity for early cancer detection. A detailed
analysis of its properties, including impedance (Z), phase, and S11

parameters (real and imaginary components), demonstrates its
superior performance. This non-invasive, label-free approach to
detecting cancer biomarkers represents a significant step forward
in advancing personalized healthcare.

Index Terms—Nano-metamaterial sensor, DNG MTMs NIR
sensor, exosome-based diagnostics, early-stage cancer diagnostics,
microwave imaging techniques.

I. INTRODUCTION

M ETAMATERIALS (MTMs) have garnered significant
attention due to their extraordinary electromagnetic

properties, particularly across microwave, infrared, and opti-
cal frequency ranges [1]. These engineered materials exhibit
unconventional traits such as negative permittivity, negative
permeability, and even a negative refractive index, which are not
typically observed in natural materials. The theoretical concept
of a negative refractive index was first introduced by V.G. Vese-
lago in 1968 [2], laying the foundation for the development of
MTMs. Unlike conventional materials, where electromagnetic
properties depend on composition, the unique characteristics of
metamaterials are derived from their engineered structures or
constituent materials [3]. This versatility has enabled a broad
spectrum of applications, including perfect lenses [4], chiral
scanning [3], optical cloaking [5], antennas [6], filters [7], holo-
grams [8], thermal imaging [9], sensors [10], and absorbers [11].
Metamaterials have also been instrumental in advancing GHz,
THz, and low-PHz biosensors [12], [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23], [24], [25], [26], [27], [28], [29],
[30], [31], [32], [33], [34], [35], [36], [37], driving innovation in
areas ranging from telecommunications to biomedical imaging
[38], [39], [40].
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Meta-surface-based absorbers represent a particularly com-
pelling application of metamaterials. The concept was pioneered
by Landy et al. in 2008 [41], showcasing highly engineered ab-
sorbers with unprecedented performance. Since then, numerous
MTM sensors and absorbers have been developed across elec-
tromagnetic wavebands, including microwave, terahertz, and
optical frequencies. These absorbers exhibit diverse function-
alities, such as narrowband, broadband, polarization-sensitive,
and polarization-insensitive designs, tailored for specific appli-
cations [42], [43], [44], [45], [46], [47], [48], [49], [50], [51].
Notably, the absorption spectrum of these devices can be signifi-
cantly enhanced by incorporating nanostructured metamaterials.
A widely used approach involves a three-layer metal-insulator-
metal (MIM) configuration, where the top metal layer acts as
a resonator, the ground metal layer absorbs electromagnetic
waves, and the intermediate dielectric layer establishes coupling
capacitance to boost performance [52].

Recent advancements in metamaterials have extended their
operational range into the infrared and visible frequencies [53].
A key focus in nanostructured metamaterial research is to
achieve wideband absorption with near-unity efficiency while
maintaining compactness and angular stability. For instance,
polarization-insensitive nanostructures made of Ni and SiO2

demonstrate absorption efficiencies of 95%, 91%, and 93%
with bandwidths of 1.29, 0.81, and 0.64 PHz, respectively [54],
[55], [56]. Similarly, W and SiO2-based absorbers with 92%
absorption and a 0.63 PHz bandwidth have been proposed [57].
Other designs incorporating W, Al2O3, and Ti layers achieve
absorption rates of 94% with a 0.44 PHz bandwidth, leveraging
surface plasmon resonance (SPR) and localized surface plasmon
resonance (LSPR) effects [58]. Polarization-sensitive absorbers
have also been developed, achieving 92% and 97% absorption
with bandwidths of 0.35 and 0.17 PHz, respectively [62], [63].

Cancer remains a leading cause of global morbidity and
mortality, and early detection is crucial for improving out-
comes. Current detection methods, such as MRI, PET, CT,
and histopathology, often suffer from limited sensitivity and
specificity, reducing their clinical effectiveness [64], [65], [66],
[67], [68], [69], [70], [71]. Exosomes, a type of extracellular
vesicle (EV), have emerged as promising biomarkers due to
their role in cancer progression. Once considered cellular debris,
EVs are now recognized for transferring bioactive molecules
(proteins, lipids, DNA, RNA, and microRNA) to recipient cells,
influencing cancer metastasis, drug resistance, and immune
evasion [66], [67]. Their presence in bodily fluids like blood
and urine makes exosomes ideal candidates for non-invasive
diagnostics [72].

The NIR frequency range (70 THz–400 THz) bridges elec-
tronics and photonics, offering unique advantages for safe,
non-invasive imaging of soft tissues. Techniques such as ter-
ahertz (THz) imaging enable high-resolution visualization of
tissue structure and hydration, making them valuable for cancer
diagnostics and other medical applications [73]. Metamaterial
perfect absorbers (MTMPAs) in the THz range provide a cutting-
edge approach for real-time, label-free detection of cancer-
related exosomes. These absorbers can trap light at specific
wavelengths, enabling sensitive detection of exosomes without
the need for labeling, unlike conventional methods like ELISA

Fig. 1. Structural design and incident field orientations of a recommended
perfect absorber; (a) schematic representation of the structural design and
incident field orientations of a perfect absorber, and (b) proposed design model.

[74], [75], [76], [77]. This real-time monitoring capability, even
at low exosome concentrations, is critical for early cancer de-
tection [78].

Developing a compact, ultra-thin absorber for infrared and
visible light with strong polarization and angular stability is
essential for real-time applications. This study introduces a
polarization-insensitive nano-metamaterial absorber with high
angular stability and a broad operating range from 70 THz to
3 PHz, achieving an impressive average absorption rate of 97%.
To illustrate its versatility, the spectrum is divided into sub-
ranges, each suited for distinct applications. In the near-infrared
(NIR) region (70 THz–400 THz), the sensor supports non-
invasive imaging techniques such as optical coherence tomogra-
phy (OCT) and near-infrared spectroscopy, both critical for early
cancer detection. In the visible spectrum (400 THz–770 THz), it
enables high-resolution imaging to identify cancer biomarkers.
Moving into the ultraviolet (UV) range (770 THz–1.5 PHz),
the absorber facilitates detailed molecular diagnostics, including
DNA and protein analysis. Furthermore, in the far-UV region
(1.5 PHz–3 PHz), it provides precise molecular fingerprinting
capabilities for studying cancer-related biomolecular changes.

The proposed sensor also integrates microwave imaging
(MWI) techniques to effectively detect circulating cancer ex-
osomes (CCEs) with high sensitivity, distinguishing them from
normal exosomes. In the NIR range, its double-negative prop-
erties further enhance sensitivity, making it particularly effec-
tive for early cancer detection. A comprehensive analysis of
impedance, phase, and reflection coefficient (S11) parameters
underscores the sensor’s potential as a non-invasive, label-free
tool for identifying cancer biomarkers. These advancements
position the sensor as a groundbreaking innovation in biomedical
engineering and personalized healthcare.

II. STRUCTURAL DESIGN AND INCIDENT FIELD ORIENTATIONS

This section discusses the key components of the proposed
metamaterial perfect absorber, as illustrated in Fig. 1. The design
follows the Metal-Insulator-Metal (MIM) configuration, utiliz-
ing sub-micrometer-sized structures placed on a fully developed
metallic backplane. The silicon dioxide (SiO2) layer, serving as
the insulator, has a relative permittivity of 3.9 and a loss tangent
of 10−4, ensuring low optical losses and high performance in the
absorber design.
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TABLE I
A COMPLETE LIST OF THE VARIABLES THAT HAVE BEEN ADJUSTED FOR THE

RECOMMENDED PERFECT MTMS ABSORBER

The selection of a circular ring structure with a median diam-
eter of 76 nm was investigated for its suitability in the frequency
range from 0 to 3 PHz to accommodate the first four modes.
Circular ring-shaped structures are particularly well-suited for
studying surface plasmon polaritons (SPPs) and resonance ef-
fects due to their symmetrical geometry and uniform field distri-
bution, which facilitate efficient electromagnetic coupling with
SPP modes. Additionally, the polarization-independent optical
properties of this structure reduce edge effects and enhance inter-
element coupling, making it highly effective for nanophotonic
applications [79].

The chosen size allows for strong electromagnetic wave
confinement and supports localized surface plasmon resonance
(LSPR), resulting in enhanced field intensities and energy trans-
fer [80]. Furthermore, this design is compatible with advanced
nanofabrication techniques, enabling practical manufacturabil-
ity. The covered frequency range, spanning the ultraviolet, visi-
ble, and near-infrared spectra, is crucial for applications such as
plasmonic sensing, where sensitivity to environmental changes
is critical, and spectroscopy, where enhanced field strength
improves detection efficiency. The compact size of the structure
facilitates integration into nanophotonic circuits, providing a
robust platform for advancing nanophotonic technologies and
enabling cutting-edge optical innovations [81].

Several material options were considered during the design
process. For the insulator, silicon and titanium dioxide were
evaluated, with silicon dioxide ultimately selected due to its
superior properties. For the conductive components, nickel,
silver, and gold were analysed. Nickel was chosen as the con-
ductive material because it met the wideband requirements,
ensured compatibility with the fabrication process, and offered
cost-effectiveness.

A variety of structural configurations were reviewed, and the
proposed solution was based on a streamlined approach utilizing
a single-ring structure. Fig. 1 illustrates the primary geometric
aspects of the designed perfect absorber and its orientation with
respect to the reference fields and incident angles used in this
study.

The metal resonator ring features an inner diameter of 62 nm,
an outer diameter of 90 nm, and is constructed on a thin
silicon dioxide layer with an average thickness of 14 nm.
Table I summarizes the dimensions of the final design, which was
optimized to maximize absorption while minimizing reflection
and transmission across a wide frequency band extending up to
3 PHz.

The perfect absorber was designed using an industry-standard
electromagnetic simulation suite and thoroughly evaluated. The
next section presents the main results and absorption spectra
obtained for the proposed metamaterial device.

Fig. 1 illustrates the structural setup and field orientation of the
nano-metamaterial perfect absorber, designed to operate within
the 70 THz to 3 PHz frequency range. High-frequency charac-
terization in this range poses challenges due to the limitations
of traditional electronic measurement techniques, which are
inadequate beyond 70 THz. However, alternative optical meth-
ods, such as petahertz time-domain spectroscopy (PHz-TDS),
LTEM, and thermal/pyroelectric techniques, provide feasible
solutions for performance measurement and analysis.

The metamaterial structure consists of a patterned nickel
layer on a SiO2 substrate, optimized for efficient absorption of
incident electromagnetic waves. The resonator design features a
single-ring nickel structure, which addresses nanoscale fabrica-
tion challenges while enhancing manufacturability and sensor
sensitivity. This single-ring setup also facilitates compatibility
with exosome analysis, a key technique for early cancer detec-
tion. Electromagnetic interactions with the absorber, represented
by the red arrow, occur at specific angles (θ and ϕ), with
directional indicators for the electric field (E), magnetic field (H),
and propagation vector (k) provided for assessing absorption
effectiveness, as shown in Fig. 1(a).

The simulation of the nanoscale petahertz (PHz) metamaterial
absorber was performed using CST Studio Suite, a high-fidelity
electromagnetic simulation tool designed for modelling materi-
als at sub-wavelength scales. To mitigate spurious reflections and
ensure accurate absorption characteristics, Perfectly Matched
Layers (PMLs) were applied as boundary conditions. These
layers effectively absorbed outgoing waves, while the simula-
tion domain was made sufficiently large to minimize near-field
boundary effects. A refined mesh was used, especially around
the intricate features of the metamaterial structure, to capture
the fine details of electromagnetic interactions at the nanoscale.

To characterize the absorption properties across the operating
frequency range of 70 THz to 3 PHz, plane wave sources served
as the primary excitation method. These sources were carefully
aligned with the polarization of the metamaterial to ensure
uniform illumination. Additionally, port sources were utilized
for specific simulations requiring directional excitation. Wave
source parameters, including frequency and polarization, were
chosen to match the resonant frequencies of the metamaterial,
enabling highly accurate simulation results.

Post-processing techniques were crucial for evaluating the
absorber’s performance. Key parameters such as the absorption
spectra, S-parameters (S11), and electric field distributions were
analysed to gain insights into the metamaterial’s electromag-
netic behaviour. These analyses confirmed the absorber’s high
absorption efficiency and sensitivity, making it highly suitable
for applications in non-invasive biosensing technologies. This
simulation methodology enabled the optimization of the meta-
material sensor, ensuring its capability to perform effectively in
real-world applications such as early-stage cancer detection.

By adjusting parameters such as geometry (Fig. 1(b)) and
the dielectric and metallic properties, the metamaterial can
achieve optimal resonant absorption. Functionalizing the surface
with biomolecular receptors further enhances its selectivity for
biosensing applications, enabling the detection of biomolec-
ular spectral fingerprints and facilitating real-time, label-free
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Fig. 2. Comparison of absorption properties between two distinct designs:
(a) Absorption properties of model 1, and (b) absorption properties of model 2.

analysis. These high-absorption metamaterials, particularly at
specific THz to PHz frequencies, hold significant potential for
medical diagnostics. They enable the detection of vibrational
signatures with ultra-sensitive resolution, driving advancements
in real-time biosensing applications.

III. ABSORPTION PROPERTIES AND CHARACTERISTICS

Model 1 and Model 2, shown in Fig. 2, represent two distinct
design structures aimed at achieving high absorptivity across
the frequency range of 70 THz to 3 PHz. Model 1 features
a layout of two concentric circles, designed to maintain high
absorptivity across a broad frequency spectrum. From 70 THz
to 0.8 PHz, the absorptivity remains consistently above 85%,
ensuring effective absorption of electromagnetic waves. Beyond
0.8 PHz, the absorptivity peaks at nearly 100% between 0.8 and
1.8 PHz, efficiently covering a significant portion of the higher
frequency spectrum. Although slightly reduced beyond 1.8 PHz,
the absorptivity remains high at approximately 90%, extending
up to 3 PHz, as shown in Fig. 2(a).

Model 2 employs a simpler single-ring structure with two
cuts. Despite its straightforward configuration, Model 2 exhibits
comparable absorptivity to Model 1 across the same frequency
range. From 70 THz to 1 PHz, the absorptivity is consistently
above 85%, ensuring effective absorption in this lower frequency
band. Between 1 and 1.5 PHz, Model 2 achieves maximum
absorptivity of 100%, indicating complete electromagnetic wave
absorption within this range. Beyond 1.5 PHz, the absorptivity
remains high at approximately 90%, extending up to 3 PHz, as
depicted in Fig. 2(b).

The comparison between Model 1 and Model 2 highlights a
balance between complexity and performance. Model 1 offers
a broader frequency absorption range due to its dual concentric
circle design, while Model 2 achieves similar performance with
a simpler single-ring structure. Engineers can select the appro-
priate model based on specific application requirements, such
as desired frequency range and absorption efficiency.

Model 3, shown in Fig. 3, features a single-ring structure
with four opposing cuts, optimized for effective absorption of
electromagnetic waves within specific frequency bands ranging
from 70 THz to 3 PHz. Between 0.25 and 0.5 PHz, Model
3 demonstrates absorptivity reliably above 85%, indicating
efficient performance in the lower frequency range. As the
frequency increases beyond 0.5 PHz, Model 3 achieves its
maximum absorptivity of approximately 100% between 0.5
and 1.5 PHz, effectively covering a significant portion of the

Fig. 3. Comparative analysis of absorption characteristics between two de-
signs: (a) Absorption characteristics of model 3, and (b) absorption characteris-
tics of model 4.

mid-range frequency spectrum. Beyond 1.5 PHz, the absorptiv-
ity decreases slightly to around 90%, extending up to 3 PHz, as
shown in Fig. 3(a).

Model 4, shown in Fig. 3, the proposed design, consists of a
simpler circular ring structure aimed at achieving high absorptiv-
ity across a broader frequency range. It maintains absorptivity
above 85% from 70 THz to 1.5 PHz, effectively covering the
infrared spectrum. In the frequency range of 1.5 to 3 PHz,
Model 4 achieves its maximum absorptivity of 100%, providing
complete electromagnetic wave absorption within the ultraviolet
range, as depicted in Fig. 3(b).

Comparison of Models 3 and 4 reveals distinct trade-offs
between complexity and performance. Model 3, with its sin-
gle ring and four cuts, provides optimized absorptivity within
specific frequency bands, offering versatility for applications
requiring targeted absorption. However, its absorptivity drops
beyond 1.5 PHz, limiting its performance in higher frequency
ranges. In contrast, Model 4 features a simpler design with
wideband absorptivity, covering a broader frequency range from
infrared to ultraviolet wavelengths. While Model 4’s perfor-
mance is not as finely tuned for specific bands as Model 3’s,
its absorptivity exceeds 85% across the entire spectrum from
70 THz to 1.5 PHz and reaches 100% from 1.5 to 3 PHz.
This wideband absorptivity, combined with its simplicity, makes
Model 4 a practical, cost-effective solution for applications
requiring precise absorption control across diverse wavelengths.
Its broad-spectrum performance reduces the need for complex
tuning, making it ideal for infrared and ultraviolet applications.

IV. METAMATERIAL STRUCTURE AND PARAMETER ANALYSIS

This section examines the design specifics of the proposed
metamaterial absorber (MMA) and evaluates how different pa-
rameters affect its performance. The focus is on understanding
the influence of variations in structural components and material
properties on the absorption characteristics and electromagnetic
responses of the MMA. Key aspects of the MMA structure
are analyzed, and its functionality is explored through detailed
simulations.

A. Absorption Spectra and Parameter Simulation

Fig. 4(a) compares the absorption responses of two sub-
strate materials, SiO2 and TiO2, over a broad frequency range.
The SiO2 substrate demonstrates exceptional performance, with
absorption rates exceeding 85% across the spectrum from
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Fig. 4. Absorption spectra of the proposed design under varying substrate and
resonator material conditions: (a) Absorption spectra under different substrate
materials, and (b) absorption spectra under different resonator materials.

70 THz to 1 PHz. Between 1 PHz and 3 PHz, SiO2 maintains
an impressive 100% absorption efficiency, ensuring effective
energy capture across this wide frequency range. This consistent
high absorption makes SiO2 an excellent choice for applications
requiring broadband energy absorption. In contrast, TiO2 ex-
hibits weaker performance in the lower frequency range (70 THz
to 2 PHz), where its absorption remains significantly lower than
that of SiO2. However, TiO2 shows a marked improvement
in the 2–3 PHz range, achieving absorption rates above 90%.
Despite this high-frequency performance, TiO2 falls short of the
wide-spectrum efficiency demonstrated by SiO2. These findings
emphasize the superiority of SiO2 as a substrate material for
broadband absorption applications.

Fig. 4(b) illustrates the absorption responses of three resonat-
ing materials: Nickel, Gold, and Silver. Nickel outperforms the
others with absorption exceeding 85% from 70 THz to 1 PHz and
reaching 100% absorption from 2 PHz to 3 PHz. In comparison,
gold and silver display lower absorption performance, with
peaks near 0.5 PHz (less than 80% absorption) and 2.5 PHz
(above 90% absorption). However, these peaks are narrow and
fail to deliver the broad-spectrum efficiency seen with Nickel.

The differences in absorption performance stem from the
inherent material properties. Nickel’s structure and composition
enable strong resonance and efficient absorption across a wide
frequency range, explaining its superior performance. Gold and
Silver, while effective at specific frequencies, lack the necessary
characteristics for broadband absorption, resulting in their com-
paratively weaker performance. These results highlight Nickel’s
potential as a resonating material for applications requiring
high absorption efficiency over diverse frequencies, while also
showcasing the limitations of Gold and Silver for such purposes.

The analysis investigates the electromagnetic properties of a
proposed metamaterial structure designed for ultra-broadband
absorption and sensing applications. The reflection coefficient
(S11) and complex impedance (z) are analysed to evaluate the
structure’s absorption efficiency and its suitability for applica-
tions like biomedical diagnostics. Fig. 5 illustrates the simulated
results, with Fig. 5(a) showing the real and imaginary compo-
nents of S11, and Fig. 5(b) displaying the real and imaginary
parts of the impedance. The S11 parameter, which characterizes
the reflection behaviour of the structure, is inherently complex.
Unlike resonant absorbers that exhibit sharp dips in S11 at
specific frequencies, this ultra-broadband absorber maintains a
consistently low S11 magnitude across a wide frequency range,

Fig. 5. The simulated responses of parameters of the proposed model: (a) S11

real and imaginary parts, and (b) impedance z.

ensuring efficient energy absorption. The real part of S11 repre-
sents the reflection magnitude, where a consistently low value
indicates minimal reflection and high absorption efficiency. The
imaginary part of S11, which corresponds to the phase shift
of the reflected wave, demonstrates a relatively stable phase
response across the bandwidth instead of sharp phase transitions.
Negative values in both components of S11 arise from the phase
of the reflected signal and impedance matching conditions, but
these values are distributed across the frequency range and
reflect the broadband absorption mechanism rather than being
concentrated at specific resonances.

The complex impedance further explains the absorption
mechanism. The real part of z represents resistance associated
with power dissipation, such as heat, and efficient broadband
absorption is achieved when the real part of z is close to unity, in-
dicating optimal impedance matching with the incident medium.
This minimizes reflection and maximizes energy coupling into
the structure. The imaginary part of z represents reactance,
capturing the structure’s capacitive and inductive characteristics,
and its smooth variation across the frequency range ensures
consistent impedance matching over a wide bandwidth. Negative
values in the impedance components, which are typical for
metamaterials, contribute to broadband impedance matching
and do not indicate unphysical behaviour but rather reflect the
engineered properties of the material.

The key characteristic of this structure is its ability to maintain
high absorption efficiency across a wide frequency range. This
is achieved through careful metamaterial design that ensures
broadband impedance matching, as evidenced by the smooth,
stable responses of both S11 and z without sharp resonances or
sudden variations. The negative values in both parameters, dis-
tributed across the bandwidth, enhance the structure’s broadband
absorption and sensitivity. This analysis confirms the structure’s
potential as a high-performance ultra-broadband absorber and
sensor, making it highly suitable for applications like biomed-
ical sensing, where signals may span a wide frequency range.
Its engineered response ensures efficient operation across di-
verse wavelength applications, fulfilling the demands of modern
nanophotonic and sensing technologies.

B. Permeability, Permittivity, and Simulated Responses

Permeability and permittivity are fundamental properties that
significantly influence the performance of absorbers in various
fields, including electromagnetic wave absorption, acoustics,
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and heat transfer. Permeability determines a material’s ability
to allow the penetration of specific fields or substances, while
permittivity governs its capacity to store electrical energy in
response to an applied electric field. These properties are partic-
ularly critical in electromagnetic absorbers, such as those used
in radar, communication systems, and stealth technology.

In absorbers, optimizing permeability enables efficient ab-
sorption across a desired frequency range. Materials with tai-
lored permeability can selectively absorb specific wavelengths
while allowing others to pass through, providing precise control
over absorption properties. Similarly, tuning permittivity allows
for manipulating reflection and absorption characteristics, en-
hancing the absorber’s performance in specific applications.
By engineering these properties, absorbers can be customized
for diverse purposes, including electromagnetic interference
shielding, antenna design, and energy harvesting systems. Thus,
understanding and manipulating permeability and permittivity
are essential for developing advanced absorbers with tailored
profiles and enhanced performance.

The permeability (μ) and permittivity (ε) of the proposed
absorber were retrieved following the widely used S-parameter
retrieval method, which is based on analyzing the reflection (S11)
and transmission (S21) coefficients obtained from simulations
or measurements. First, numerical simulations are performed
using tools such as CST Studio Suite where the absorber unit
cell is modeled with periodic boundary conditions to emulate
an infinite array. The S11 and S12 parameters are computed over
the desired frequency range to characterize the electromagnetic
response. Next, the effective impedance (Zeff) and refractive
index (neff) are calculated using the simulated S11 and S12 data.
The effective impedance is derived as

Zeff = ±
√[

(1 + S11)
2 − S2

21

]
/
[
(1− S11)

2 − S2
21

]
(1)

where the correct sign is chosen to maintain physical consis-
tency. The effective refractive index is determined from the phase
of S21 using the relationship

neff = arccos
[(
1− S2

11 + S2
21

)
/ (2S21)

]
/kd (2)

where k = 2π/λ is the wave number, and d is the thickness of
the absorber layer.

Once Zeff and neff are obtained, the effective permeability
(μeff) and permittivity (εeff) can be calculated using the relation-
ships μeff = neffZeff and εeff = neffZeff. This process provides
a detailed characterization of the absorber’s electromagnetic
properties, enabling validation and optimization of its design.

Fig. 6(a) depicts the real part of the permeability (μ) and
permittivity (ε) of the proposed structure, representing the ma-
terial’s response to applied electric and magnetic fields. The
real part values range from −200 to +135, indicating the struc-
ture’s strong magnetic and electric field responses. Additionally,
Fig. 6(a) illustrates the permittivity and permeability (ε and μ)
across the terahertz (THz) to petahertz (PHz) frequency range
(70 THz to 3 PHz). Within the infrared (IR) spectrum (70–
400 THz, or 0.07–0.4 PHz), the sensor exhibits double-negative
(DNG) properties, where both permeability and permittivity are
negative.

Fig. 6. Real and imaginary parts of permeability (μ) and permittivity (ε) for
the proposed absorber: (a) Real parts of μ and ε, and (b) imaginary parts of μ
and ε.

Fig. 7. Simulatd responses of parameters of the proposed model. (a) Phase,
and (b) the reflection spectrum and absorption spectrum of the absorber.

The DNG behavior within the IR range enables unique elec-
tromagnetic wave manipulation, such as negative refraction and
high absorption. This significantly enhances the sensor’s ability
to absorb incident waves, improving its sensitivity to weak sig-
nals. Such sensitivity is critical for detecting low-concentration
biomolecules like exosomes—small vesicles containing pro-
teins, lipids, and nucleic acids that serve as important biomarkers
for early cancer detection. The IR region is particularly suited
for identifying vibrational modes of biomolecules, and the DNG
sensor effectively captures exosome signatures due to their
unique spectral fingerprints.

Moreover, high absorption and specific resonance within the
DNG range minimize interference from non-target frequencies,
enhancing selectivity and reducing background noise, which are
both essential for accurate diagnostics. Fig. 6(b) shows the imag-
inary component of the permeability and permittivity response,
confirming the structure’s proper electromagnetic properties.

The scattering and phase responses up to 3 PHz are shown
in Fig. 7(a). The phase response exhibits a shift from positive
to negative up to 2.4 PHz, after which it changes behavior. A
peak return loss of −27 dB is observed at 1.52 PHz. Fig. 7(b)
illustrates the absorption and reflectance responses, which are
inversely related. Notably, the absorption exceeds 90% for fre-
quencies above 0.5 PHz.

V. METAMATERIAL STRUCTURE FIELD DISTRIBUTIONS AND

SURFACE CURRENT ANALYSIS

This section focuses on understanding the electromagnetic
behavior of the designed metamaterial structure. It begins
by analyzing the field distributions within the metamaterial,
examining both electric and magnetic field components. Sub-
sequently, the section delves into the investigation of surface
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Fig. 8. Visualization of metamaterial structure field distributions on a color
map: (a) Real parts of Ez-field, and (b) imaginary parts of Ez-field.

current distributions, providing insights into the charge flow
dynamics within the structure. Finally, the impact of angle
modifications, including both incidence and polarization angles,
on the absorption characteristics of the metamaterial is explored.

A. Metamaterial Structure Field Distributions

Fig. 8 depicts the electric field (Ez) distribution within a broad-
band, ultra-high-performance metamaterial perfect absorber de-
signed to operate across the terahertz (THz) to petahertz (PHz)
spectrum (70 THz to 3 PHz), spanning the mid-infrared (MIR) to
extreme ultraviolet (EUV) range. Fig. 8(a) and (b) respectively
illustrate the real and imaginary components of the Ez-field,
visualized using a color scale where red represents higher val-
ues and blue represents lower values. The concentric circu-
lar patterns suggest a structured, layered metamaterial design
that enhances interaction with incident electromagnetic waves,
ensuring efficient absorption across the specified frequency
range. Variations in color gradients and disruptions in the pat-
terns correspond to changes in material properties or structural
boundaries.

To gain deeper insights into the sensor’s performance, CST
Studio Suite is used to analyze the Ez-field distribution along
the z-axis. The real component of the Ez-field represents the
in-phase response, associated with energy storage and direc-
tional energy flow (positive for upward, negative for downward).
The imaginary component reflects energy loss due to material
properties such as resistance or conductivity, with positive val-
ues indicating absorption and negative values indicating energy
release. By examining both real and imaginary components, it
becomes possible to identify regions of high energy storage,
visualize energy absorption and loss, and assess the sensor’s
efficiency and potential heat generation.

Additionally, CST Studio Suites’ visualization tools enable
the analysis of Ez-field behavior across different planes and
frequencies, along with other field components such as the
magnetic field (H-field). This comprehensive approach provides
valuable insights into the sensor’s electromagnetic interactions,
functionality, and potential applications.

The absolute value of the electric field (�E�-field) distribu-
tion is a critical parameter for evaluating the performance of
metamaterial perfect absorber sensors. It quantifies the intensity
of the electric field at different points within the sensor structure,

Fig. 9. Visualization of metamaterial structure field distributions on a color
map: (a) Real parts of |E|-field, and (b) imaginary parts of |E|-field.

regardless of direction. By analyzing the �E�-field distribution,
researchers can identify high-intensity regions that are essential
for achieving efficient absorption and high sensitivity.

The �E�-field comprises both real and imaginary components.
The real part represents the strength and direction of the electric
field, while the imaginary part reflects energy dissipation or
absorption. These components are influenced by the metama-
terial’s properties, such as permittivity and permeability.

Fig. 9 visually depicts the �E�-field distribution within a nano-
metamaterial perfect absorber designed for a broad frequency
range. Fig. 9(a) illustrates the real part, highlighting areas of
strong electric field amplitude and direction. Fig. 9(b) shows the
imaginary part, indicating phase shifts and energy dissipation.
These visualizations provide valuable insights into the meta-
material’s interaction with electromagnetic waves, identifying
regions of energy concentration and loss. This understanding is
vital for optimizing the absorber’s efficiency and exploring ad-
vanced functionalities such as MTM sensors, directional control,
wavefront shaping, and cloaking.

To comprehensively understand light absorption in metama-
terial perfect absorber sensors, analyzing the magnetic field
(Hz-field) on the z-axis using CST Studio Suite is essential.
Like the electric field, the Hz-field is a complex quantity with
real and imaginary components. The real part represents the
in-phase component, indicating magnetic energy storage at var-
ious locations within the sensor. Positive values correspond to an
upward-pointing magnetic field, contributing to efficient energy
storage for light absorption. The imaginary part reflects energy
exchange influenced by material properties, with positive values
indicating light absorption and negative values signifying energy
release back into the field.

Fig. 10 provides a detailed visualization of the Hz-field dis-
tributions within the nano-metamaterial structure, designed for
broadband and ultra-bandwidth absorption across the 70 THz to
3 PHz range. Fig. 10(a) illustrates the real part of the Hz-field
using a color map transitioning from blue at the center to red
at the outer edges, representing magnetic field intensities from
0 A/m to 100000 A/m. The central blue area indicates lower field
intensity, which gradually increases toward the red periphery.
Fig. 10(b) depicts the imaginary part of the Hz-field with a
similar color scheme but features a more pronounced central blue
region and distinct, thicker concentric rings of green, yellow,
and red. This pattern highlights intensity variations and phase
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Fig. 10. Visualization of metamaterial structure field distributions on a color
map: (a) Real parts of Hz-field, and (b) imaginary parts of Hz-field.

Fig. 11. Visualization of metamaterial structure field distributions on a color
map: (a) Real parts of |H|-field, and (b) imaginary parts of |H|-field.

shifts within the metamaterial, crucial for electromagnetic wave
manipulation.

Compared to earlier visualizations of the electric field (Ez-
field), these Hz-field analyses provide complementary insights
into the magnetic field behavior. Together, they are essential for
optimizing the metamaterial’s absorption efficiency across the
specified spectral range, from infrared to ultraviolet.

Analyzing light absorption in metamaterial perfect absorber
sensors involves examining both the electric field (E-field) and
the absolute value of the magnetic field (�H�-field). While the
E-field primarily governs light absorption, the �H�-field offers
critical insights into magnetic behavior. Using CST Studio, the
real component of the �H�-field indicates the magnitude and
direction of the magnetic field, which is essential for efficient en-
ergy storage within the metamaterial. The imaginary component
reflects energy exchange due to material properties, with positive
values representing energy absorption and negative values indi-
cating energy release. By studying both components across the
MIR to EUV spectrum, researchers can optimize metamaterial
designs for enhanced electromagnetic wave manipulation and
absorption efficiency.

Figs. 11(a) and 11(b) illustrate the magnetic field intensity
variations within the nano-metamaterial structure using distinct
color maps. Fig. 11(a) shows a swirling pattern with concentric
shapes in blue, green, and yellow, representing variations in
magnetic field intensity. Fig. 11(b) displays a gradient pattern,
transitioning from red at the outer edges to bright yellow and
orange toward the center, indicating regions of elevated field
intensities. The color scales beside each figure quantify the
magnetic field intensity, ranging from 0 A/m to 400000 A/m.

Fig. 12. Surface current distribution of the recommended metamaterial:
(a) Real part, and (b) imaginary part.

In Fig. 11(a), the blue and green hues near the center indicate
lower magnetic field intensities, while the transition to yellow,
orange, and red shades toward the periphery suggests increasing
field strength. Similarly, in Fig. 11(b), the red outer edges corre-
spond to areas of high field intensity, gradually shifting to yellow
and orange tones at the center. These visualizations provide
valuable insights into the spatial distribution and strength of
the magnetic field within the metamaterial. Such analyses aid
in optimizing the design for specific applications, enhancing
absorption efficiency, and improving electromagnetic wave ma-
nipulation across the specified frequency range.

B. Surface Current Distribution and Angle Modification
Investigation

Fig. 12, depicting the surface current distribution of a nano-
metamaterial perfect absorber, complements the earlier Figs. 8
through 11 by providing a detailed visualization of the magnetic
field behavior, crucial for understanding the metamaterial’s elec-
tromagnetic properties.

Fig. 12(a) illustrates the real part of the surface current distri-
bution, with predominant red hues interspersed with blue, green,
and yellow, indicating variations in magnetic field intensity. The
real part is essential for assessing the in-phase component of the
magnetic field, which plays a key role in energy storage within
the metamaterial. The blue and green hues in the center represent
lower magnetic field intensities, while the red regions toward the
periphery indicate higher intensities.

Fig. 12(b) shows the imaginary part of the surface current
distribution, characterized by concentric circular patterns tran-
sitioning from red at the outer edges to bright yellow and orange
toward the center. These transitions highlight regions of higher
field intensities, indicating energy absorption and release. The
imaginary part reflects energy exchange due to material proper-
ties, with positive values representing absorption and negative
values indicating release.

The surface current distributions, ranging from 0 A/m to
100000 A/m, align with the earlier Fig. 8 through Fig. 11,
which depict magnetic field intensity variations in the nano-
metamaterial structure. The color gradients in these figures
provide a visual representation of field distribution, aiding in the
comprehensive analysis of the metamaterial’s electromagnetic
behavior. By comparing these visualizations, researchers can
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Fig. 13. Investigation of angle modification impact on absorption rate:
(a) Incidence angle modification impact, and (b) polarization angle modification
impact.

gain deeper insights into spatial patterns, intensity levels, and
the overall efficiency of the metamaterial in manipulating and
absorbing electromagnetic waves. These analyses facilitate the
optimization of sensor performance and functionality across the
specified frequency range.

Fig. 13 complements the earlier images by offering an in-
depth analysis of the angle-dependent absorption characteristics
of the nano-metamaterial perfect absorber. While Fig. 12(a)
and (b) focused on the surface current distribution, revealing
spatial variations in magnetic field intensity across the structure,
Fig. 13 examines the absorber’s efficiency concerning changes
in incident and polarization angles over the broad frequency
range of 70 THz to 3 PHz.

In Fig. 12(a) and (b), vibrant color variations indicated mag-
netic field intensity levels, with blue and green hues representing
lower intensities and red and yellow hues signifying higher
intensities. These visualizations highlighted regions within the
metamaterial where energy storage and exchange predominantly
occurred, offering critical insights into the field distribution
necessary for efficient light absorption.

Fig. 13(a) shifts focus to the absorber’s performance across
varying incidence angles. It demonstrates that the metamaterial
maintains high absorption (represented in red) across a wide
range of angles, particularly from 0 to 60 degrees. Even at angles
beyond 60 degrees, the absorption efficiency remains robust,
with only minimal sensitivity, as indicated by the transition
to green and yellow hues between 60 and 70 degrees. This
performance underscores the absorber’s capability to effectively
capture electromagnetic waves, even when the incident light
deviates significantly from normal incidence.

Fig. 13(b) extends this analysis to polarization angles, reveal-
ing consistent high absorption rates across all polarization states.
The uniform red coloration throughout indicates that the meta-
material’s design ensures robust and polarization-insensitive
performance, making it versatile for applications across the MIR
to EUV spectrum.

Together, Figs. 12 and 13 highlight the dual strengths of the
metamaterial: its detailed internal field distribution, facilitating
efficient energy manipulation (Fig. 12(a) and (b)), and its wide-
angle performance, ensuring high absorption efficiency under
varied incidence and polarization conditions (Fig. 13). This
comprehensive analysis underscores the optimized design of the

metamaterial for enhanced electromagnetic wave absorption and
functionality over a broad frequency range.

VI. METHODOLOGY FOR SENSOR REALIZATION

This section focuses on the theoretical design and analysis
of a polarization-insensitive nano-metamaterial absorber with a
broad spectral response ranging from 70 THz to 3 PHz. Although
the design has not yet been fabricated, the proposed method-
ology lays a robust foundation for real-world implementation.
It demonstrates strong potential for practical fabrication using
well-established nanotechnology techniques.

The design methodology incorporates advanced theoretical
modeling and the CST Studio Suite, a highly accurate industry-
standard numerical simulation tool based on finite element
method (FEM) analysis. CST Studio Suite was utilized to op-
timize key performance metrics, including polarization insen-
sitivity, double-negative permittivity (ε) and permeability (μ),
angular stability, and high absorption efficiency. Symmetric unit
cell geometries, such as split-ring resonators (SRRs) and com-
plementary structures, were iteratively refined to meet stringent
performance requirements. This methodology enabled the de-
sign to achieve impedance matching and an average absorption
rate of 97% across the targeted ultra-wide spectral range.

The material selection and structural design were carefully
guided by considerations of real-world fabrication feasibility.
Conductive materials such as gold (Au) and silver (Ag) were
chosen for their exceptional plasmonic properties and compat-
ibility with well-established deposition techniques. Likewise,
dielectric substrates like silicon dioxide (SiO2) and titanium
dioxide (TiO2) were selected for their low optical loss and me-
chanical stability, ensuring practical adaptability for fabrication
processes.

Although fabrication remains theoretical at this stage, the
proposed methodology aligns closely with existing nanofabrica-
tion techniques. Thin-film deposition can be precisely achieved
using methods such as electron-beam evaporation, sputtering, or
atomic layer deposition. Resonator structures can be accurately
patterned with electron-beam lithography (EBL) or nanoimprint
lithography (NIL), followed by techniques like reactive ion
etching (RIE) or focused ion beam (FIB) milling to define nanos-
tructures. These methods are well-documented, scalable, and
reinforce the sensor’s practicality for large-scale manufacturing.

The sensor’s compact design and simplicity further enhance
its feasibility for integration into advanced diagnostic systems.
Its compatibility with scalable techniques, such as roll-to-roll
nanoimprint lithography, positions it as a strong candidate for
real-world biomedical applications. Future research could ex-
perimentally validate the design and explore advanced materials,
such as graphene and 2D semiconductors, to enhance perfor-
mance and extend its operational range.

This work highlights the strong potential of the proposed
sensor for practical fabrication, laying the foundation for its
application in innovative biomedical technologies, particularly
in non-invasive cancer diagnostics.



5900215 IEEE PHOTONICS JOURNAL, VOL. 17, NO. 2, APRIL 2025

Fig. 14. Nano-Metamaterial biosensor configuration illustrating the distribu-
tion and interactions of electric and magnetic fields within both circulating
cancerous and normal exosomes.

Fig. 15. Nano-Metamaterial biosensor evaluation for distinguishing normal
versus cancerous exosomes over the spectral range from 70 THz to 3 PHz:
(a) Real component of S11, and (b) imaginary component of S11.

VII. DETECTION OF CIRCULATING CANCER EXOSOMES

Fig. 14 illustrates the configuration of the nano-metamaterial
biosensor designed for detecting circulating cancer exosomes. In
the figure, red spheres represent cancer exosomes positioned on
the sensor, emphasizing the interaction between the exosomes
and the sensor’s electric and magnetic fields. The sensor’s nano-
metamaterial layer is engineered to exhibit unique electromag-
netic properties, specifically negative permittivity and perme-
ability (double-negative properties) in the near-infrared (NIR)
range, spanning 70 THz to 400 THz. These double-negative
properties enable the sensor to interact strongly with electro-
magnetic fields in the target frequency range, enhancing its
sensitivity to subtle variations in exosome characteristics. Addi-
tionally, the sensor’s structure ensures polarization insensitivity,
allowing it to operate effectively regardless of the incoming
light’s polarization.

Fig. 15 presents the analysis of the S-parameter (S11) for
the nano-metamaterial biosensor, demonstrating its ability to
distinguish between normal and cancerous exosomes across
the spectral range of 70 THz to 3 PHz. The S11 parameter,
representing the reflection coefficient, indicates the amount of
electromagnetic wave reflected by the sensor.

Fig. 16. Microwave imaging (MWI) of the electric field (E-field) at 100 THz
as detected by the near-infrared biosensor, showcasing exosome analysis:
(a) Normal exosomes, and (b) cancerous exosomes.

Fig. 17. MWI visualization of the magnetic field (H-field) at 400 THz,
examining exosomes with the near-infrared biosensor: (a) Normal exosomes,
and (b) cancerous exosomes.

Fig. 15(a) displays the real component of S11, with the red
line representing cancerous exosomes and the blue line repre-
senting normal exosomes. Noticeable differences in the peaks
and troughs between the two lines reveal variations in how
the sensor interacts with cancerous versus normal exosomes.
This distinction highlights the sensor’s capability to differentiate
between the two types based on the unique electromagnetic
properties of cancerous exosomes.

Fig. 15(b) shows the imaginary component of S11 over the
same frequency range, illustrating distinct profiles for cancerous
and normal exosomes. These differences are significant because
the imaginary component of S11 is related to energy absorption
and loss, which vary between different exosome types.

By analyzing both the real and imaginary components of S11,
the sensor captures a comprehensive electromagnetic signature
of the exosomes. This dual-component analysis enhances the
sensor’s sensitivity and precision in distinguishing cancerous
exosomes from normal ones, making it a powerful tool for early
cancer detection.

Microwave imaging (MWI) offers a non-invasive approach
for detecting and differentiating cancerous exosomes by ana-
lyzing their interactions with electromagnetic fields. Figs. 16
and 17 illustrate the MWI analysis of the electric field (E-field)
at 100 THz and the magnetic field (H-field) at 400 THz, re-
spectively, for normal and cancerous exosomes. These images
reveal significant contrasts in field intensities, enabling clear
differentiation between the two.

In Fig. 16(a), the E-field distribution for normal exosomes
is relatively uniform and low in intensity (blue/green on a
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TABLE II
COMPARATIVE ANALYSIS WITH RELEVANT WORK

logarithmic scale), indicating weak electromagnetic interactions
at 100 THz. In contrast, Fig. 16(b) shows cancerous exosomes
with significantly higher E-field intensities (red areas), con-
centrated at the poles, reflecting their distinct electromagnetic
properties. These heightened interactions arise from differences
in dielectric properties, membrane proteins, and other molecular
components unique to cancerous cells.

Similarly, Fig. 17(a) depicts a low-intensity and uniform
H-field distribution for normal exosomes at 400 THz, indicating
minimal magnetic interactions. However, Fig. 17(b) reveals
markedly higher H-field intensities for cancerous exosomes,
particularly concentrated at the center. This enhanced magnetic
response results from unique molecular markers in cancerous
exosomes, such as altered protein content and conductivity.

The differences in E-field and H-field intensities are key
biophysical parameters for identifying cancerous exosomes.
Normal exosomes exhibit minimal field interactions, serving
as a baseline, while cancerous exosomes display heightened
electromagnetic responses.

MWI’s ability to visualize these distinctions makes it a
promising tool for early cancer diagnosis. The field intensity
variations provide critical diagnostic insights into the struc-
tural and molecular disparities between normal and cancerous
exosomes, paving the way for more precise and non-invasive
diagnostic methodologies.

VIII. ADVANTAGES OF THE PROPOSED DESIGN

The proposed polarization-insensitive nano-metamaterial
sensor offers several advantages over previously reported de-
signs, particularly in its application for detecting circulating can-
cer exosomes (CCEs). Operating across an ultra-wide frequency
range of 70 THz to 3 PHz, the sensor achieves an impressive av-
erage absorption efficiency exceeding 97%, as demonstrated in
Table II. This exceptional performance ensures high sensitivity
and accuracy in distinguishing the electromagnetic responses of
cancerous and normal exosomes, making it a highly effective
tool for early-stage cancer diagnostics.

In addition to its outstanding sensitivity, the sensor’s com-
pact and fabrication-friendly design, combined with its non-
invasive, label-free detection method, enhances its practicality
for real-world applications. Unlike many existing solutions, it

exhibits remarkable angular stability, maintaining reliable per-
formance under incident angles of up to 70°, as highlighted in
Table III. These distinguishing features, supported by detailed
performance comparisons provided in Tables II through V,
underscore the sensor’s potential as a significant advancement
in metamaterial-based diagnostic technologies.

IX. BENCHMARKING

Designing a broadband metamaterial absorber (MTMA) that
operates across the mid-infrared (MIR) to ultraviolet (UV)
spectrum while ensuring compactness, polarization insensitiv-
ity, high absorption rates, and angular stability is inherently
challenging. However, the proposed design demonstrates su-
perior performance compared to recently reported absorbers
(Table II). With an ultra-wide operating range of 70 THz to
3 PHz, the sensor achieves an impressive average absorption
rate exceeding 97% across the entire range (Table II). Its unique
design leverages double-negative metamaterial properties (neg-
ative permittivity and permeability) in the near-infrared (NIR)
range (70 THz to 400 THz), enhancing sensitivity for early-stage
cancer detection through exosome analysis.

The sensor’s applications extend across multiple spectral
regions, each supporting critical functionalities in biomedical
engineering, energy harvesting, and molecular diagnostics:
� NIR (70 THz–400 THz): Optimized for non-invasive imag-

ing techniques like optical coherence tomography (OCT)
and NIR spectroscopy, essential for early cancer detection.

� Visible Spectrum: Facilitates high-resolution imaging for
identifying cancer biomarkers.

� UV (near- to mid-UV range): Enables detailed DNA and
protein analysis for profiling cancer-specific biomarkers in
exosomes.

� Far-UV: Provides molecular fingerprinting for detecting
biomolecular changes associated with cancer.

The sensor’s consistent absorption performance at incident
angles between 0° and 70° ensures reliable functionality in
various practical applications, making it highly versatile for
diagnostic and environmental monitoring tasks.

These features position the nano-metamaterial absorber as a
leading candidate for applications ranging from personalized
healthcare to pollutant detection. Its superior bandwidth, sen-
sitivity, and angular stability not only surpass existing MTMA
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TABLE III
DISTINCTIVE FEATURES OF THE PROPOSED NANO-METAMATERIAL SENSOR DESIGN

TABLE IV
UNIQUE FEATURES OF THE PROPOSED NANO-METAMATERIAL SENSOR

TABLE V
DOUBLE-NEGATIVE CHARACTERISTICS OF THE PROPOSED SENSOR IN THE 70 THZ TO 400 THZ RANGE

designs but also align with recent advancements in 2024 stud-
ies, setting a benchmark for future innovations in broadband
metamaterial technology.

Key Advancements Highlighted in Tables III, IV, and V:
� Ultra-wide Operating Range (Table III): The sensor spans

70 THz to 3 PHz, covering NIR, MIR, and UV spectra,
making it suitable for diverse applications like imaging
and molecular diagnostics.

� High Absorption Efficiency (Table III): Achieves an ex-
ceptional absorption rate of 97%.

� Double-Negative Properties (Table IV): Negative permit-
tivity (ε) and permeability (μ) in the NIR range enable
enhanced wave manipulation and resonance behavior, cru-
cial for detecting circulating cancer exosomes (CCEs) with
high sensitivity.

� Polarization Insensitivity and Angular Stability (Tables III
& V): Maintains high performance up to a 70° incident
angle, ensuring reliability in practical scenarios.

� Non-Invasive and Label-Free Detection (Table III): Sim-
plifies workflows by eliminating the need for biopsies or
labeling agents, enhancing patient comfort.

� Scalability and Cost-Effectiveness (Table V): Features a
compact design suitable for cost-efficient production and
integration into portable diagnostic systems.

By uniting high performance, versatility, and practicality,
the proposed nano-metamaterial sensor establishes a new stan-
dard for biomedical applications, particularly in early cancer
detection.

X. FUTURE PERSPECTIVE

Future research will focus on exploring innovative materi-
als to enhance sensor performance, integrating metamaterial
absorbers (MTMAs) with nanophononics to develop compact
devices, and achieving dynamic tunability for adaptive appli-
cations. Key areas of interest include expanding functionalities
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for polarization control, nonlinear optics, and biosensing, while
addressing the challenges of large-scale manufacturing to enable
practical industry deployment.

A significant research direction will involve further exploring
the sensor’s potential in non-invasive cancer diagnostics, partic-
ularly through exosome analysis. Investigating its integration
with other diagnostic modalities, such as optical coherence
tomography (OCT) and near-infrared spectroscopy, could lead
to the development of more robust and precise systems for early
cancer detection. Scaling up the sensor design to support real-
time, high-throughput diagnostics could significantly enhance
its clinical applications.

Efforts to improve the sensor’s tunability across broader
frequency ranges, including the visible and far-ultraviolet re-
gions, could unlock new possibilities in molecular profiling and
environmental monitoring. Additionally, exploring the sensor’s
adaptability for personalized healthcare and pollutant detection
could drive its deployment in both medical and environmental
sectors. These advancements would establish the sensor as a ver-
satile tool for biomolecular analysis and real-time monitoring,
offering transformative applications across diverse fields.

XI. CONCLUSION

In this study, we present a polarization-insensitive nano-
metamaterial sensor designed for early cancer detection through
exosome analysis, operating across a broad spectral range from
70 THz to 3 PHz. The sensor uniquely combines double-negative
properties (negative permittivity and permeability) in the near-
infrared region, enabling enhanced sensitivity and specificity
for identifying circulating cancer exosomes (CCEs). By incor-
porating microwave imaging (MWI) techniques, we developed
a non-invasive, label-free detection method capable of distin-
guishing cancerous exosomes from normal ones based on their
distinct electromagnetic field responses.

To ensure the reliability of our findings, we employed state-
of-the-art computational techniques, including finite element
method (FEM) and finite-difference time-domain (FDTD) sim-
ulations. These well-established methods are widely used for an-
alyzing high-frequency electromagnetic phenomena. Our sim-
ulations were meticulously conducted using fine meshes and
advanced material models, ensuring high accuracy and repro-
ducibility of results.

Our results demonstrate that the sensor achieves an average
absorption rate of 97%, highlighting its ability to detect subtle
differences in both the electric (E-field) and magnetic (H-field)
interactions of exosomes at high frequencies. Analysis of the real
and imaginary components of the S11 parameter further under-
scores the sensor’s capability to distinguish between normal and
cancerous exosomes by capturing their unique electromagnetic
signatures. Validation through E-field analysis at 100 THz and
H-field analysis at 400 THz revealed significantly stronger field
responses for cancerous exosomes compared to normal ones.

This nano-metamaterial sensor represents a significant ad-
vancement in cancer diagnostics, providing a practical, non-
invasive approach for early cancer detection. Its high sensitivity
to the specific electromagnetic properties of cancerous exosomes

holds the potential to enable timely diagnoses, facilitate per-
sonalized healthcare strategies, and improve patient outcomes.
Future research could explore the sensor’s applicability across
different cancer types, further enhance its sensitivity, and inves-
tigate its integration with clinical imaging systems, establishing
it as a versatile tool for early-stage cancer diagnostics.
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