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Abstract:

A dual-function terahertz metasurface is designed under idealized (noise-
free, lossless) simulation conditions based on a copper-based resonator.
The meta-structure serves not only as a perfect narrowband absorber but also
as a highly sensitive refractive index sensor for analytes. The proposed meta-
structure features a compact, ultrathin, simple, single-material design
based on a periodic array of circular rings and disks. A near-perfect
absorption of 99.99% is demonstrated at the resonant frequency of 0.8 THz,
which can be configured over the span of 0.53-1.47 THz via geometric
parameters and dielectric permittivity adjustments. The meta-absorber
design is confirmed to be polarization-insensitive and also wide-angle,

preserving the absorption > 90% for a wide range of incident angles up to
45° (TE) and 75° (TM). The meta-absoriter functions as a high-performance
dual-mode metasensor, simulianecusly measuring both the analyte’s
thickness and refractive index. Unider TE polarization, it achieves a refractive
index sensitivity of 0.173 TiHz/RIU (with a FOM of 3.47 RIU-! and a Q-factor
of 12.76) for thick analytes, while also providing a thickness sensitivity of 14
GHz/pm for ultrathin analytes. This study presents a cost-effective and high-
performance platform for terahertz sensing applications. Its straightforward
fabrication can render it as a competitive alternative to more complex
metasurface designs.

1. Introduction

Perfect absorbers play a crucial role in achieving ultrasensitive detection
because they can entirely trap electromagnetic energy, creating strong local
fields necessary for examining small material changes. This capability is
applicable in the visible [1], infrared [2], and terahertz (THz) [3, 4] spectral
ranges. The THz regime enables the non-destructive, label-free analysis of
materials by probing their unique low-energy molecular vibrations and
rotations [5]. This ability supports high-specific sensing by identifying minute
changes in the refractive index of key analytes, including biomolecules such
as DNA [6] and RNA [7].



Metasurfaces, a class of subwavelength-thick planar meta-atoms, are
architected for a dual role, i.e., a resonant absorber employed as a highly
sensitive sensor [8, 9]. THz metasurfaces provide a compelling alternative to
conventional methods such as fluorescent labeling [10] and radioisotope-
based methods [11] for advanced biosensing applications. These surfaces
exhibit attributes such as strong field confinement, tunable resonances, and
enhanced light-matter interactions. Numerous studies have demonstrated
their potential as compact, cost-effective, and high-performance biosensors
capable of detecting minute chemical and biological analytes [12-21]. In
metasurface-based resonant cavities, key performance parameters—
including resonance frequency, quality factor (Q-factor), and electric field
confinement—are primarily dictated by the geometry, composition, and
dimensions of the meta-atom unit cell, as well as the surrounding medium
[22]. Metallic metasurfaces typically employ unit cells composed of common
or noble metals such as gold (Au) [23], aluminum (Al) [24], silver (Ag) [25],
and copper (Cu) [26]. These metals facilitate pronounced field enhancement
in air [27], where analyte interaction occurs, thereby enabling high sensitivity
[8, 28]. Nonetheless, their inherent ohmic losses significantly degrade the Q-
factor [22].

Among the various metasurface coifigurations, metasurface perfect
absorbers (MPAs) have emerged as promising platforms for THz biosensing
[8, 29-39]. These structures achieve near-unity absorption by simultaneously
suppressing reflection and transmission via impedance matching to free
space and through the iricorporation of a metallic ground plane, respectively.
This dual mechanism enables efficient confinement of incident THz radiation
within the metasurface, thereby amplifying its interaction with surface-bound
analytes and enhancing sensing performance. Pioneering work in THz
metasensors primarily utilized aluminum (Al) due to its low cost and
compatibility with flexible polymer substrates. Early designs demonstrated
the potential for high sensitivity of 139.2 GHz/RIU, enabled by its topology
for easy on-chip biosensing integration [32]. Subsequent Al-based work has
focused on multi-band absorption and polarization-insensitive operation,
achieving refractive index sensitivities in the range of 11-139.5 GHz/RIU |8,
21, 30, 32, 40-44]. A triple-band absorber on PET showed >86% absorption
with sensitivities up to 139.5 GHz/RIU [40], while fractal geometries such as
Pythagorean tree resonators were employed to enhance field localization,
yielding sensitivities of 0.118 THz/RIU and suitability for biomedical hybrid
sensing [8]. To improve plasmonic performance, researchers have shifted
toward gold (Au)-based designs due to its high conductivity. These structures



maintained high absorption (>99.5%) while offering geometrically tunable,
dual-band operation with competitive refractive index sensitivities,
exemplified by designs achieving up to 0.27 THz/RIU [9, 33]. On the other
hand, copper-based metastructures are anticipated to offer a compelling
alternative with enhanced functionality, owing to their higher electrical
conductivity as well as advantageous balance of cost and availability
compared to Au-based metastructures. It is important to note that
sensitivities exceeding 1 THz/RIU have been demonstrated in the
literature [16, 18, 39, 45-50]. These high-sensitivity designs typically
exploit Fano resonances [51] or quasi-BIC [52]. Moreover, such works
generally employ all-dielectric [45, 46, 50] or hybrid [39, 49]
resonators that operate at frequencies above 1.5 THz [16, 18, 39, 45-
48, 50] or require expensive fabrication processes.

This study introduces a THz metasurface, designed using a combination of
copper circular rings and disk patterns with duval functions: an ideal
ultrathin narrowband absorber and a simulated high-sensitivity (under
idealized conditions) refractometer, suitable for detecting the refractive
index of analytes. The proposed meta-stiucture is optimized to achieve
perfect absorption at 0.8 THz, with resonant frequencies that can be flexibly
tailored across 0.53 to 1.47 THz by modifying its geometric dimensions and
dielectric permittivity. The design exhibits stable performance under a wide
range of incident angles. To evaluate its sensing potential as a refractometer,
we characterized the refractive index sensitivity by depositing a 25 pm
analyte layer and then observing a significant resonance shift. Furthermore,
the metasensor performance was evaluated under different substrate
materials and through the replacement of copper with aluminum. This design
offers a cost-effective and competitive solution, standing as an alternative to
the more complex or less sensitive designs reported so far.

2. Structure design and simulation methods

The proposed THz metasurface absorber is illustrated schematically in Fig.
1. It features a periodic arrangement of circular-ring and disk-shaped copper
resonators combined with a continuous metallic reflector layer, separated by
a PTFE (Teflon) dielectric spacer (Cu|PTFE|Cu). This triple-layer structure
efficiently confines incoming electromagnetic energy, resulting in significant
field localization. Its simple design allows the metasurface to achieve near-
perfect absorption performance.
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Fig. 1. Schematic structure of the proposed THz narrowband metasurface absorber (Cu|PTFE|Cu). (a)
three-dimensional view of the meta-absorber, (b) top view, and (c) cross-section view of the unit cell.

The design parameters define the radii of the circular ring and disk as =13
pm, with a ring width of w=1 pym. The meta-structure unit cell period has
a compact size of P=110 pm,

0.296 Ay X 0.296 A, in which A\j denotes the wavelength corresponding

to the resonance frequency. Copper, with a conductivity of 5.8 x 107 S/m,
is used for both the patterned resonatcrs and the bottom reflector. The
thicknesses of the top and bottom copper layers are /=1.9 pm and {,=1 pm,
respectively. The dielectric spacer consists of a A=4.1 pm-thick PTFE film,
equivalent to approximately 0.011 Ay (i.e., 1/91 of the resonance
wavelength), with a relative permittivity €, = 2.1. The use of this 4.1 pm
dielectric substrate enables the resulting ultrathin architecture.

Numerical simulations were performed using CST 2021 Microwave Studio to
evaluate the abscorption and sensing characteristics of the proposed THz
metasurface. The S-parameters—reflection coefficient (S;1) and transmission
coefficient (S,7)—were computed applying unit cell boundary conditions
along the x- and y-axes, and open boundary conditions along the z-axis. The
metasurface was illuminated by a normally incident THz wave, and a
frequency domain solver was employed to resolve the electromagnetic

response. Due to the continuous metallic reflector, the transmittance (T =
|S>1]%) is effectively suppressed to zero, to ensure negligible wave
propagation through the structure. Thus, the absorption A is derived from the

reflection coefficient as A = 1 - R, where the reflectance R = |S;;]°.
3. Results and discussions

3.1. Copper-based Metasurface performance as a narrowband perfect
absorber



To optimize the performance of the proposed metasurface, a parametric
study was performed by systematically varying three key geometric
parameters: the unit cell period (7), the PTFE dielectric thickness (4), and
the copper resonator thickness (#). In each case, one parameter was varied
while the others were kept constant. The effect of the unit cell period is shown
in Fig. 2(a). As P increases from 110 pm to 150 pm, the absorption peak
undergoes a blue shift accompanied by a gradual decrease in intensity. This
behavior can be described using the equivalent LC resonant model
[53]. According to this model, the capacitance between two
neighboring unit cells decreases as the unit cell period, P, increases,
leading to a shift of the absorption peak toward higher frequencies.
The maximum absorption intensity is achieved at the minimum period of
P=110 pm. Figure 2(b) depicts the influence of the PTFE dielectric thickness,
h, on the absorption spectrum. As A varies from 3.5 pym to 4.7 pm, the
absorption is maximized at A=4.1 pm. A blue shift of the resonance
frequency is also observed with increasing dielectric thickness. This can
also be explained, within the framework ot the equivalent LC
resonance model, by the reduction irn capacitance between the
resonators and the metallic reflector layer [53]. The impact of the
copper resonator thickness, ¢ is illustrated in Fig. 2(c). The absorption
spectrum was analyzed for ¢ ranging from 0.7 pm to 2.7 pm, with peak
absorption occurring at #=1.9 pm. Notably, variations in all three structural
parameters of up to £10% result in minimal shift of the resonant frequency.
This insensitivity is advantageous, as it relaxes the fabrication tolerances
required for device realization. The structural parameters of the copper-
based THz metasurface optimized for maximum absorption are summarized
in Table 1.
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Fig. 2. Absorption of the proposed THz metasurface absorber versus the structural parameters, (a)

unit cell period (P), (b) PTFE thickness (4), and (c) copper resonator thickness (#), under TE

polarization.

Table 1. Optimized dimensions obtained for the proposed THz meta-absorber.

Parameter Value (pm) Description
iy 1 Thickness of copper ground plane
t 1.9 Thickness of copper resonator




h 4.1 Thickness of PTFE dielectric
substrate

P 110 Unit cell period

r 13 Disk and ring radius

w 1 Ring width

The optimal S-parameters and corresponding absorption spectra of the meta-
absorber under normal incidence are presented in Fig. 3(a) for both
transverse electric (TE) and transverse magnetic (TM) polarizations. The
overlapped response of the S-parameters and absorption for the two
polarization states clearly addresses the outstanding polarization
insensitivity of the meta-absorber, which could be attributed to its symmetric

geometry. Notably, perfect absorption (99.99%) is achieved at 0.807 THz (~
0.8 THz) (FWHM=0.0566 THz, Q=14.26), accompanied by return losses of
approximately 42.8 dB, which reflects the excellent performance
characteristics. This frequency lies within the 0.76-0.96 THz
atmospheric transparency window, where low water vapor absorption
enables practical operation in ambient air. To elucidate the physical
mechanism underlying perfect absorption, the distributions of electric and
magnetic fields and surface current at the resonance frequency of 0.8 THz
were simulated. Figures 3(b-d) present these distributions for both TE and
TM polarizations. The electric field is strongly localized at the upper and
lower edges of the horizontal disk patterns (Fig. 3(b)), exciting an electric
dipole resonance aligned with the y-axis. Concurrently, the magnetic field is
intensely concentrated in tlie gaps between adjacent resonators (Fig. 3(c)),
signifying the formation of a magnetic dipole resonance. The observed field
distributions are a direct consequence of the underlying current flow
patterns, which can be either parallel or antiparallel. This is further
corroborated by the surface current distribution (Fig. 3(d)), which forms
closed loops around the ring resonators, a signature of magnetic dipole
activity. Notably, the current density is maximum at the interfaces of the two
diagonal disks, indicating regions of strong coupling with the incident THz
waves. Furthermore, under TM polarization, the field distributions exhibit
rotational symmetry while preserving their intensity profiles, indicating the
polarization-insensitive behavior of the resonant frequency.
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Fig. 3. (a) S-parameter (S;1) and absorption spectrum of the proposed metasurface absorber for TE
and TM polarizations. (b) electric field, (c) magnetic field, and (d) top surface current distributions at
the absorption peak of 0.8 THz for TE and TM polarizations.

The physical mechanism underlying the proposed THz meta-absorber is
analyzed through impedance matching theory. For an MPA, optimal
absorption occurs when the effective impedance of the metasurface, Z(f,
matches the impedance of free space (Zp), therecby minimizing the reflection.
The relative impedance is defined as

2 (f) = Z(f) _ J(l + S31(f))?% - S212(f) (1)
r Zy (1 -531(f)2 - S212(f)
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Fig. 4. Effective parameter analysis of the proposed THz-MPA. (a) Real and imaginary parts of
relative impedance (which is magnified in (b)), under TE polarization.

As illustrated in Figs. 4(a,b), which presents the real and imaginary
components of Z.(f) under normal incidence, this matching condition is
achieved at the resonance frequency of 0.8 THz. At this point, the real part

of Z,(f) is 1.00, and the imaginary part is approximately zero. This near-unity



real part and negligible imaginary part confirm that the effective impedance
of the meta-structure is closely matched to that of free space. Consequently,
the incident THz wave is coupled efficiently into the meta-absorber, leading
to the observed near-perfect absorption at the resonance frequency.
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Fig. 5. (a) Schematic diagram of the polarization angle (¢) and the incidence angle (8). Absorption of
the proposed meta-absorber as a function of frequency at (b) various polarization angles from 0 to 90°
(the inset shows the corresponding color map), and various incidence angles from 0 to 75° for both (c)
TE and (d) TM polarizations. Maximum absorption at the resonance frequency and resonance frequency
shift spectra as a function of the incidence angle for both (e) TE, and (f) TM polarizations.

Figure 5(a) illustrates the schematic of the proposed THz metasurface
absorber, evaluated for various polarization states and under varying
incidence angles. As depicted in Fig. 5(b), the absorber exhibits complete
polarization insensitivity across the full range of polarization angles (¢ = 0°-
90°), which could be attributed to the symmetry of its circular-ring and disk
geometry. Figures 5(c) and 5(d) present the absorption spectra for TE and
TM polarizations, respectively, under incidence angles (6) ranging from 0° to
75° (in 15° increments). Notably, the meta-absorber maintains high
absorption (>90%) at the resonant frequency for 6 = 45° and 75° in TE and
TM polarizations, respectively. However, by increasing 0 in the case of TM
polarization, a secondary undesirable resonance appears at higher
frequencies. In fact, an ideal metasurface absorber should exhibit stable
absorption characteristics and minimal frequency shift across polarization
and incidence angles. Figures 5(e) and 5(f) quantify the maximum absorption
and resonant frequency shift as functions of 6 for TE and TM polarizations.
Minor deviations are observed at larger angles (6 45°-60°) in TE
polarization, likely due to impedance mismatch. Overall, the absorber



demonstrates robust performance, sustaining absorption levels above 80%
across a wide angular range in TE polarization. Remarkably, at 6 = 75° in TM
polarization, peak absorption exceeds 99%. The resonant frequency shifts
slightly with increasing 0, measured at 0.0014 THz for TE and 0.021 THz for
TM at 6 = 60° and 6 = 75°, respectively. These shifts remain well below the
spectral resolution of typical THz time-domain spectrometers (~0.03 THz or
~0.1 cm™?) [54], underscoring the meta-absorber’s angular resilience and
spectral stability.

We further investigated the influence of structural parameters on the
absorption characteristics of the proposed THz metasurface absorber. The
effects of geometric variables r (radius of ring and disk) and w (ring width)
were analyzed in Fig. 6(a) and 6(b), respectively. As r increases from 8 to
13.5 nm, the resonance absorption frequency exhibits a downward shift from
1.47 to 0.74 THz, corresponding to wavelengths of 204 and 405 pm.
Therefore, the resonance absorption frequency of the meta-absorber

exhibits an approximately inverse relationshin with the radius r, in
agreement with the LC model based on equivaient circuit theory [55,

1 1 . . .
x = « W, where rdenotes the ring radius and wis
2nVLC '

the ring width. An increase in © leads to a higher equivalent
inductance L, resulting in a progressive decrease of the resonance
absorption frequency. Conversely, increasing w from 0.5 to 10 pm results
in an upward shift in rescnance frequency from 0.78 to 0.94 THz, with
associated wavelengihs of 384 and 319 pm. We have confirmed that this
behavior can also be explained using the equivalent LC resonant
circuit model. Moreover, the resonance frequency can be adjusted via the
relative permittivity €, of the dielectric substrate, as illustrated in Fig. 6(c). A
decrease in resonance frequency is observed with increasing ¢,. This

behavior can also be explained using the equivalent LC resonant
1 1

ZHVE X Vs_r
substrate’s permittivity rises the capacitance between the resonator
and the reflector layer, consequently shifting the resonance frequency
to lower values. Figures 6(d-f) collectively demonstrate the structural
adjustability of the meta-absorber’s resonance frequency across the 0.53-
1.47 THz range by adjusting r; w, and €,. These results confirm that the meta-
absorber’s perfect absorption characteristics can be flexibly engineered
through precise control of its geometrical and material parameters.

56], given by f =

circuit model, given by f = [53]. An increase in the



09] —"80/(a) 09 09 IR =
—— 85 — ue05 :
08— =90 0.8 w10 08 78’2

— —
07— r=95 074 ue20 0.7 .
_5 0.6 r=100 _5 06— u=30 .s 0.6 £=30
B 054 =105 B 05 w40 -3 05 £=33]
=110 w50 &34
3 04+ r=11.5 4 04- 6.0 3 04 £=39
03| =129 031 u70 034 "2
02] =125 021 n=8.0 0.2 Er:q.s
— =139 - n=90 . e
014,35 0.1-| o 0.1 {//’ {//:» 7::4
0.0 - 00 : =
04 06 04 08 10 12
Frequency (TH2)
56
g 9 -
%) ] T, 52 - G}
9. 8% Fat § |
9%
E ¢ ] £ a4 b
= 4] E B 40/ -
] 8 6l o 26 .
. . 8 ] HIE: 32 B 0
10 - S 5] = 1 a 78910 -@ g i..@= 12 18 24 30 36 42 48 54
ga 4l . width (m) ° 9 28l . Didlectric permittivity ()
9 z 3 . ° ! g 24 ‘
8/ ) ? ° 2 .- --Q i i D 204 Q
i ; 1.0 i i 0 16 A 9
! i i ' -Q i ' il o . H
7 o —— — — 0-— T T T ey 12 ; 1 T T T R
07 08 09 10 11 12 13 14 15 078 0.80 082 0.84 086 0.88 090 092 04 050 055 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95

Resonance frequency (THz) Resonancefrequency (TH2)

Resonance frequency (TH2)
Fig. 6. Absorption of the proposed THz metasurface absorber versus ihe structure parameters (a)

(b) w, and (c) €, relative permittivity of the substrate. Dependence of (d) r, (e) w, and (f) € on the
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A performance comparison between the procposed THz meta-absorber and
several recently reported designs is summarized in Table 2. According to this
comparison, it could be concluded that the proposed structure shows
competitive performance among the selected reported works under
comparable simulation conditions —including similar resonator
materials (metals), frequency bands, and incidence angles (normal
incidence) —in terms of absorption efficiency, wide-angle stability,
adjustability, polarization independence, ultra-thin thickness, compact
unit cell, and geometric simplicity. These features could provide a robust
platform for sensing, imaging, and material characterization.
Furthermore, owing to its compact (0.296 Ay) and ultrathin (0.011 Aj)
profile, the proposed design is well-suited for miniaturized
integration.

Table 2. Comparison of various narrowband THz meta-absorbers. (Ao denotes the wavelength of
the lowest resonance frequency)

No. Absorpti Angular Polarizati | Adjusta Difficulty Ao Dielect | Periodic
Resonat | Frequen of 01?) stability on ble of (um) ric ity (pm) Referenc
or cy (THz) | peak insensitiv | structur | preparatio thickne e
average TE ™ .
S ity e n ss (pm)
Al 0.59 1 99.9% 3%'., Yes Yes Easy 508.12 0.016 Aq 0-295 Ao 2012 [57]
1.71, 0- 0- 175.317 | 2.85 g 0.285 Ag
356 2 99.94% 40 60° Yes No Rather easy 2011 [58]
Au 12%07 2 98% No Yes Rather easy 166.55 0.022 Ag 0.36 2o 2016 [59]
115 1| o99a3% | 2| & Yes No pifficutt | 29999 1 g 0255, | 930720 | 2017 (601




0.61,

491.46

0.244 )

1.68 99.1% - - No Yes Rather easy 0.0305 A 2022 [61]
0.72, o o Rather | 416378 | 0.6 A9 | 0.08 A
1.01 95% 30° | 30° Yes No difficult 2023 [62]
0.6,1.2 e | e Yes Yes Rather easy | 99-654 | 0.022% | 0284 | 53319
0- | o- 0.296 Prosent
Cu 0.807 99.99% | ,v. | 5 Yes Yes Easy 37149 | 0.011 A, Ao e

3.2. Copper-based Metasurface performance as an analyte sensor

To assess the biosensing capabilities of the proposed THz meta-absorber,
its absorption spectrum in the vicinity of an analyte was numerically
simulated. The analyte was regarded as a layer deposited on the top surface
of the meta-absorber, as illustrated in Fig. 7. The metasensor’s performance
was evaluated through a two-stage computational analysis. In the first stage,
the sensitivity was examined for various analyte thicknesses, while its
refractive index was kept fixed at n = 1.73, corresponding to typical
biological media [32]. In the second stage, refractive index sensitivity was
analyzed by sweeping n from 1.0 to 2.0 under a constent analyte thickness.
The performance of the metasensor is quantitatively characterized by three
key metrics: sensitivity (S), figure of merit (FoM), and quality factor (Q-
factor). The S defines the metasensor's responsivity to changes in the local
dielectric environment, which is calculated as the shift in resonant frequency
per unit change in the refractive index, as S = Af/An. Here Af denotes the
resonance frequency shift, and At is the change in the refractive index of the
analyte, measured in refractive index units (RIU). The FoM provides a more
comprehensive performance criterion by normalizing the sensitivity to the
resonance linewidth, thus accounting for the sharpness of the resonance as
FoM = S/FWHM. Finally, the Q-factor is a direct measure of the resonance
sharpness, defined as Q = f,/FWHM, where f,is the central resonant
frequency. This study presents numerical simulations conducted under
idealized lossless and noise-free conditions, with perfectly defined
layer interfaces. Therefore, the practical features of the sensor would
be affected in realistic biological conditions, which are typically lossy,
water-containing, and heterogeneous.

(b)

Copper resonator Analyte laver

It

Copper ground PTFE substrate



Fig. 7. Schematic diagram of the proposed THz meta-absorber for analyte sensing. (a) Copper-
based THz meta-absorber structure covered by an analyte layer (blue part), and (b) the cross-sectional
view of the metasensor.

3.2.1. Analyte’s thickness sensor

Detailed simulations were conducted to quantify the sensitivity of the
metasensor's resonance frequency to variations in analyte thickness
(d). The meta-absorber was coated with a dielectric overlayer (¢ = 3, n = 1.73)
with a thickness that was varied from 1 to 50 pym. As shown in Fig. 8(a),
increasing the analyte thickness induces a redshift in the resonant frequency,
as presented in Fig. 8(b). The resonant frequency saturates at an analyte
thickness of approximately 30 ym (orange part in Fig. 8(b)), indicating that
the electromagnetic field interaction is confined to a finite penetration depth.
The shift in resonant frequency (Af =fy-f4—0) as a function of analyte
thickness follows a bi-exponential saturation trend, fitted by
Af = 0.131 - [(0.05 x e9/237) + (0.079 x e9/845)] (THz). When the analyte
thickness is below 25 pm, the resonance frequency exhibits a rapid shift with
increasing thickness. Beyond this threshold, the metasensor demonstrates a
pronounced saturation effect, indicating diminished sensitivity gains.
Therefore, if this sensor were used in a practical application,
operating with an analyte thickiiess below 25 pm would yield higher
sensitivity, as the frequency shift per unit thickness is largest in this
regime. It is important to note that the saturation threshold is influenced by
both the structural design and the material composition of the metasurface
[14]. To evaluate tlie metasensor's sensitivity in the ultrathin regime
(below 5 nm), the relationship between resonant frequency shift and
analyte layer thickness was analyzed (green part in Fig. 8(b)). A linear
fit to the data yields the function Af = fy - f4_; = [(0.01403 x d) - 0.0118] (THz),
with a high coefficient of determination (R? = 0.988) (Fig. 8c). This
corresponds to a thickness sensitivity (the slope of the linear fitting function)
of 14 GHz/pm, much larger than those previously reported in the THz regime
[28, 29, 63, 64].
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Fig. 8. (a) Absorption spectrum of the metasensor for different @, thicknesses of the analyte layer. (b)
Relative change in resonance frequency of the metasensor with changing analyte layer thickness. The
blue dashed line shows the exponential fitting of the simulation results. (c) Resonance frequency shift
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simulated data.

3.2.2. Analyte’s refractive index sensor

To quantify the refractive index sensitivity of our design, a lossless analyte
layer with a refractive index varying from 1.0 to 2.0 was modeled. An analyte
layer thickness of 25 pm was selected to provide a near-perfect absorption
efficiency (> 99%) and ensure a strong resonani signal across the entire
index range. Figure 9(a) presents the simulation results, revealing a
significant redshift in the resonant frequency as the analyte's refractive index
increases from 1.0 to 2.0 in 0.1 increments under normal incidence. The
frequency shift, which directly reflects the sensitivity of the metasensor, is
plotted as a function of the analyte’s refractive index in Fig. 9(b). A linear
increase in resonance frequerncyv shift is observed, indicating a proportional
sensing response. To quantify this behavior, linear fitting was applied to the
data, yielding the expression Af = 0.173 x n - 0.172 (THz) with an R? value of
0.999. The maximum frequency shift reaches approximately 173 GHz for the

resonant mode, corresponding to a frequency sensitivity (S = i—f) of 173 GHz

per RIU. Figure 9(c) plots the FWHM and the Q-factor of the proposed
metasensor as a function of the analyte refractive index. A maximum Q-factor
of 14.29 is achieved for a refractive index of 1.0 (air), confirming a strong
electromagnetic interaction within the meta-structure. The Q-factor then
slightly decreases with increasing refractive index, reaching a minimum of
12.76 for TE polarization at n = 2.0. This trend indicates that radiative losses
are lowest in air and highest at n=2.0. Furthermore, at n=2.0, the metasensor
achieves a FoM of approximately 3.47, a value that is significantly
competitive among selected previous works [23, 30] and underscores its
effective performance even for high-index analytes. Figure 9(d) depicts the
frequency sensitivity as a function of the incident angle for both TE and TM
polarizations. The results indicate that the sensitivity remains largely stable
across the angular range from 0° to 75°, with the TE polarization exhibiting



superior angular stability. At normal incidence (0°), the sensitivity is higher
for TE polarization (0.173 THz/RIU) than for TM polarization (0.169
THz/RIU). The frequency shift resulting from variations in analyte thickness
(Fig. 8b) was used to evaluate the dependence of the sensor’s frequency
sensitivity on analyte thickness, as shown in Fig. 9(e). The frequency
sensitivity values exhibit exponential growth, described by the fitting function
S = 0.183-[(0.062 x e 91.51) 4+ (0.12 x e97-92)] with an R2? value of 0.998,

where d is the analyte thickness. Increases the thickness, the refractive index
sensitivity improves, reaching a maximum value of approximately 0.177
THz/RIU for thicknesses beyond 40 pm. However, this enhancement is
accompanied by a reduction in absorption amplitude, reflected in an
increasing amplitude difference. As illustrated in Fig. 9(f), the absorption
amplitude remains nearly constant up to 25 MM, which is a desirable
characteristic for sensing applications. However, between 25 and 50 pm, the
amplitude difference increases linearly, providing a potential basis for
designing sensors that exploit changes in absorption amplitude.
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Fig. 9. Sensing performance of the proposed copper-based meta-absorber
(Cu|PTFE|Cu|analyte). (a) Absorption spectra for various refractive indices from 1.0 to 2.0, and (b)
frequency shift (Af) versus analyte refractive index for the resonant mode for TE polarization. (c) FWHM
and quality factor of the proposed metasensor at different refractive indexes. (d) Frequency sensitivity
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sensitivity and (f) amplitude difference of the resonant mode as a function of the analyte thickness (the
inset shows the absorption spectra for analytes of different refractive indices at a fixed thickness (d =
50 pm)).



The sensing performance was further examined using two commercially
available and widely reported substrate materials: TOPAS (¢ = 2.35) and

polyimide (PI, € = 3.5). For each substrate, the analyte's refractive index was
varied from 1.0 to 2.0 in increments of 0.2 under TE polarization. For the
metasensor based on TOPAS substrate (Cu|TOPAS|Culanalyte), Fig. 10(a)
shows a significant redshift in resonant frequency with increasing refractive
index. The resulting frequency shift, plotted in Fig. 10 (b), yields a sensitivity
of 149 GHz/RIU. As shown in Fig. 10(c), the Q-factor decreases slightly as the
refractive index increases, reaching a minimum of 13.02. At this point, the
metasensor achieves a FoM of approximately 3.13. Similarly, for the
metasensor based on PI substrate (Cu|PI|Cu|analyte), a pronounced redshift
is observed in Fig. 11(a). The frequency sensitivity derived from Fig. 11(b) is
93.8 GHz/RIU. Figure 11(c) illustrates the corresponding FWHM and Q-factor
trends, with the Q-factor declining to a minimum of 13.55. The resulting FoM
at n= 2.0 is approximately 2.31. Overall, these results confirm that the
proposed copper-based metasurface employing a Teflon substrate exhibits
superior sensitivity and FoM compared to that with TOPAS and PI substrates,
thereby offering enhanced performance for biosensing applications.
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index for the resonant mode for TE polarization. (¢) FWHM and quality factor of the Cu|PI|Cu
metasensor at different refractive indexes.



3.3. Alternative candidate for copper-based metasensor

We have further examined the performance of the proposed meta-structure
when its metallic components were substituted with aluminum, which could
be motivated by its lower cost and accessibility. To achieve optimal
absorption, the dimensions of the aluminum-based design were kept identical
to those listed in Table 1, except the PTFE substrate thickness (4.2 pym) and
the Al resonator thickness (2.5 pum). Figure 12(a) presents the absorption
spectrum of the aluminum-based meta-absorber alongside that of its copper-
based counterpart. The Al-based structure resonates at 0.814 THz with a
FWHM of 0.0659 THz, yielding a Q = 12.35. The broader linewidth—and
correspondingly lower Q-—relative to the copper-based meta-absorber is
attributed to the higher ohmic losses inherent to aluminum. Figure 12(b)
illustrates the resonance shift of the aluminum-based metasensor when
covered with a 25 pm analyte layer (Al|PTFE|Al|analyte). The derived
sensitivity is 0.178 THz/RIU, nearly identical to that of the copper-based
metasensor. However, as shown in Fig. 12(c), both the Q factor and FWHM
degrade with increasing analyte refractive index, with Q dropping to 11.34.
The resulting FOM for the Al-based metasensor is 3.16. In summary, while
aluminum offers a viable alternative to copper in terms of sensitivity and
significant cost advantages, this substitution comes at the expense of reduced

Q factor and overall FOM, primarily due to the higher losses of aluminum. A
comparative summary with those in recent literature, shown in Table 3,
emphasizes the strong performance of the proposed copper-based THz
metasensor. Utilizing PTFE and TOPAS dielectrics, it delivers a noteworthy
combination of high sensitivity and FoM.

To ensure fair comparison, prior works were selected based on
similarity to our simulation conditions: (i) same resonator material
(e.g., metals), (ii) comparable frequency band ( = 1.5 THz), and (iii)
similar incidence angle (normal). Nevertheless, residual
inconsistencies remain across studies (e.g., analyte thickness).
Therefore, our claim is not superior but rather competitive
performance within the selected set under idealized conditions.
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Fig. 12. (a) Comparing the absorption spectra of Cu-based (Cu|PTFE|Cu) and Al-based (Al|PTFE|Al)
meta-absorbers. (b) Frequency shift (Af) versus analyte refractive index, (¢c) FWHM and quality factor
of the metasensor based on Al (fixed analyte thickness d=25 pm) at different refractive indexes under
TE polarization.
Table 3. Comparative performance metrics of prior refractive index metasensors (with similar
metal resonator, frequency band, and incidence angle) and the proposed metasurface design.

Meta-atom Substrate Resonance RI
Resonator configuration material frequency Sensitivity | FoM | Reference
g (THz) (THz/RIU)
Two-gap split ring Kapton polyimide 0.76 0.1392 - 2015 [32]
Outer square SRR &
inner circular SRR & Si 0.85 0.085 - 2019 [41]
two short bars
H-shape & U-shape Si 0.96 0.085 - 2020 [42]
Ring with a cross notch quartz 0.835 0.135 - 2021 [21]
Al Three concentric PET 0.718 0.1395 - 2021 [40]
square rings
Pythagorean tree PET 0.69 0.1182 - 2022 [8]
fractal
Asymmetric split rings SiO, 0.801 0.124 - 2022 [43]
Two isosceles triangles
& a rectangular Si 0.89 0.011 - 2022 [44]
connecting block
Multi ring PET 0.797 0.076 1.15 2023 [30]
o . 0.5 0.055 0.43
Split ring Si 116 0118 017 2017 [23]
. ¢ . 0.68 0.0489 0.543
Three-split ring Si 1627 0.0732 0191 2022 [65]
Au Two split-ring SiO, 0.828 0.103 - 2023 [15]
Circular-ring & cross- | benzocyclobutene
shape (BCB) 0.6 0.13 5 2023 [9]
Square ring with T- Si 1.36 0.037 3.3 | 2023[33]
shaped strips
Cu Split I-shape quartz 0.88 0.1246 - 2023 [26]
TE: 0.173 3.47
Cu Disk & rin PTFE 0.807 TM: 0.169 | 3.38 | Present
g TOPAS 0.768 TE: 0.149 | 3.13 work
Al PTFE 0.814 TE: 0.178 3.16

4. Conclusion

We have numerically demonstrated a dual-function THz metasurface
based on copper ring-disk resonators, serving as both a narrowband
ultrathin absorber and a refractive-index/thickness sensor. The meta-
structure achieves near-perfect absorption at 0.8 THz with



polarization insensitivity and wide-angle stability (up to 45° for TE,
75° for TM). Simulated sensitivity reaches 0.173 THz/RIU for
refractive index and 14 GHz/pm for thickness variations—competitive
with selected prior numerical studies. PTFE outperforms TOPAS and
PI as a substrate, while aluminum offers comparable sensitivity but
reduced Q-factor and FoM. This copper-based metasurface provides a
simple, cost-effective, and numerically promising platform for THz
sensing applications.

Data availability

Data underlying the results presented in this paper are not publicly available at this time but
may be obtained from the authors upon reasonable request.
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