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Abstract

Perfect absorbers operating in the terahertz (THz) band are key enablers for next-generation
wireless systems. However, conventional metal–dielectric designs suffer from Ohmic losses
and limited reconfigurability. Here, we propose an all-dielectric indium antimonide (InSb)
cylindrical pillar metasurface that achieves near-unity absorption at f0 = 1.83 THz with
a high quality factor of Q = 72.3. Critical coupling between coexisting electric and mag-
netic dipoles enables perfect impedance matching, while InSb’s low damping minimizes
energy loss. The resonance is tunable via temperature and magnetic bias at sensitivities of
ST ≈ 2.8 GHz · K−1, STE

B ≈ −132.7 GHz · T−1, and STM
B ≈ −34.7 GHz · T−1, respectively,

without compromising absorption strength. At zero magnetic bias (B = 0), the metasur-
face is polarization-independent under normal incidence; under magnetic bias (B ̸= 0),
it maintains near-unity absorbance for both TE and TM, while the resonance frequency
becomes polarization-dependent. Additionally, the 90 % absorptance bandwidth (∆ fA≥0.9)
can be modulated from 8.3 GHz to 3.3 GHz with temperature, or broadened from 8.5 GHz
to 14.8 GHz under magnetic bias. This allows gapless suppression of up to 14 consecutive
1 GHz-spaced channels. This standards-agnostic bandwidth metric illustrates dynamic
spectral filtering for future THz links and beyond-5G/6G research. Owing to its sharp
selectivity, dual-mode tunability, and metal-free construction, the proposed absorber offers
a compact and reconfigurable platform for advanced THz filtering applications.

Keywords: terahertz metasurface; perfect absorber; indium antimonide; high-Q resonance;
critical coupling; thermal tuning; magneto-optic effect

1. Introduction
Millimeter-wave (mmWave) operation in 3GPP Release 17 extends 5G NR beyond

the original 52.6 GHz limit [1]. Looking ahead, the wireless-research community foresees
sub-terahertz (100–300GHz) and terahertz (0.3–10 THz) carrier frequencies as a cornerstone
of sixth-generation (6G) systems, promising fiber-like data rates, centimeter-level localiza-
tion accuracy and joint sensing–communication capabilities [2–4]. Delivering those benefits
demands passive components like filters, absorbers, and detectors that can manipulate
THz waves with sub-gigahertz resolution while remaining compact, low-loss, and tunable.

Perfect absorbers (PAs) convert incident radiation into heat with nearly 100% efficiency,
eliminating reflections and transmissions at a designated resonance. The PA by [5] com-
bined electric and magnetic split rings on a metal ground plane, achieving unity absorbance
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in the microwave regime. When scaled to THz, however, such metallic architectures
suffer excessive Ohmic loss, limiting their loaded quality factors to Q ≲ 10 [6]. Replac-
ing metals with high-index dielectrics unleashes much sharper lineshapes. All-dielectric
metasurfaces supporting quasi-bound states in the continuum (quasi-BICs) have recently
reached Q > 1000 together with near-unity absorbance in the range of 0.4–0.9 THz [7].
Yet most high-Q dielectric absorbers remain static; active tuning is typically added by
overlaying graphene sheets or phase-change films, which re-introduce loss and fabrication
complexity [8,9].

Narrow-gap indium antimonide (InSb) offers a compelling monolithic route to tun-
ability. Its bulk plasma frequency naturally falls in the THz band, and its free-carrier
density, and therefore, permittivity, can be modulated thermally or with a modest static
magnetic field through the magneto-Drude effect [10,11]. Thermally tunable InSb metasur-
face absorbers have demonstrated frequency shifts of ∼ 2–4 GHz · K−1 at 1–2 THz but with
only moderate quality factors (Q < 30) [12]. Magnetically controlled counterparts have
reported sensitivities of about 16 GHz · T−1 and high Q-factors around 200, although they
often rely on multiple tunable materials to achieve such performance [13]. Moreover, most
existing devices rely on multilayer patterning or exhibit polarization sensitivity, which are
undesirable for large-scale, wafer-level fabrication.

Beyond intrinsic InSb, structurally similar THz absorbers have been realized with
other active media. Phase-change VO2 metasurfaces offer large on/off contrast and thermal
switching near 68 °C, but they exhibit first-order transition hysteresis and added loss, which
can limit continuous tuning and stability [14,15]. Graphene-based absorbers provide rapid,
reversible electrical control via Fermi-level gating, yet near-unity absorption typically
relies on multilayer/metal-backed designs and bias networks, and sheet losses can broaden
resonances [16,17]. In contrast, InSb combines very high mobility and an exceptionally small
effective mass, enabling strong, continuous permittivity tuning with modest temperature
or magnetic bias.

Recent demonstrations of THz metasurface and waveguide devices highlight compact,
actively tunable platforms and advanced fabrication routes. For example, hybrid plasmonic
waveguides have shown strong field confinement and electrical/thermal tunability at
THz frequencies [18,19], while two-photon 3D printing enables freeform, high-precision
prototyping of metasurface devices [20]. In contrast, this article introduces an all-dielectric,
single-layer InSb metasurface. By tailoring the pillar geometry, we achieve critical coupling
between electric and magnetic dipoles, enabling narrowband THz absorption with high
Q ≈ 72.3 and near-unity absorbance. The structure supports dual-mode tunability, ther-
mally and magnetically, while remaining polarization-independent under normal incidence
at B = 0; when a static magnetic bias is applied, the absorbance remains high for both TE
and TM, but the resonance frequency becomes polarization-dependent due to gyrotropic
anisotropy. This compact platform offers a promising route for reconfigurable THz devices.

The remainder of this article is organized as follows. Section 2 outlines the metasur-
face structure, including meta-atom geometry, material properties, and numerical imple-
mentation. Section 3 analyzes the electromagnetic response, covering absorption mecha-
nisms, field distributions, polarization behavior, and the impact of geometrical parameters.
Section 4 investigates the device’s thermal and magnetic tunability. Section 5 discusses
the implications of our results and compares them with state-of-the-art solutions. Finally,
Section 6 summarizes the key findings and contributions of this work.
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2. Structure Design
2.1. Meta-Atom Description

The metasurface under study is formed by a two-dimensional periodic array of identi-
cal unit cells arranged on a square lattice with lattice constants Px = Py = 150µm. Each unit
cell consists of an InSb cylindrical pillar resonator of intrinsic InSb (indium antimonide) of
radius R = 25µm and height t = 100µm, centrally embedded within a bulk InSb substrate
of thickness h = 70µm (see Figure 1). The cylinder axis is aligned along the z-direction,
with the pillar standing on the substrate surface.

A static magnetic bias B ∥ x̂ is applied during operation, imparting magneto-optical
anisotropy to the semiconductor and modifying its permittivity tensor via the Drude model.
This bias-induced anisotropy underpins the tunable response of the metasurface under
normally incident illumination.

(a) (b)

Figure 1. (a) Three-dimensional perspective of a single unit cell under normal incidence (θi = 0◦)
with a static magnetic field B ∥ x̂. (b) Top-view schematic of the same unit cell. The angles ΦTE and
ΦTM denote the orientation of the incident electric field for TE and TM polarizations, respectively,
measured relative to the bias direction.

2.2. Material Description
2.2.1. Isotropic Response (B = 0)

At room temperature, indium antimonide behaves as a narrow-gap semiconductor
whose terahertz dispersion can be approximated by the classical Drude model [12,21]:

ε InSb(ω) = ε∞ −
ω2

p

ω2 + iγω
, (1)

where ε∞ = 15.68 is the high-frequency permittivity, ωp is the bulk plasma frequency,
and γ = π × 1011 rad s−1 is the damping rate. Although γ ∝ 1/µ, with µ being the electron
mobility, experiments report a nearly temperature-independent mobility for InSb in the 1–3
THz window [22,23]; hence γ is taken as constant here. The plasma frequency accounts for
the intrinsic carrier population and reads

ωp =

√
Ne2

0.015 ε0me
, (2)

where e denotes the elementary charge, me the electron mass, and ε0 the vacuum permittiv-
ity. The equilibrium carrier density N is as follows [24]:

N(T) = 5.76 × 1020 T3/2 exp
[
−Eg/

(
2KBT

)]
, (3)
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where Eg = 0.26 eV and KB are Boltzmann’s constant. Substituting T = 295 K into (3)
yields the baseline N adopted in all simulations.

2.2.2. Magnetically Biased Response (B ∥ x̂)

Applying a static magnetic field B along +x breaks the cubic symmetry of InSb and
endows it with magneto-optical anisotropy. Within the magneto-Drude formalism [25,26],
the relative permittivity becomes a tensor:

ε InSb(ω) =

εxx 0 0
0 εyy εyz

0 εzy εzz

, (4)

whose non-zero elements are

εxx = ε∞ −
ω2

p

ω2 + iγω
, (5)

εyy = εzz = ε∞ −
ω2

p
(
ω2 + iγω

)
(ω2 + iγω)

2 − ω2
c ω2

, (6)

εyz = −εzy =
i ω ωc ω2

p

(ω2 + iγω)
2 − ω2

c ω2
, (7)

with the cyclotron frequency

ωc =
eB
m∗ , (8)

where m∗ = 0.015 me is the effective electron mass. Equations (5–(7) reduce to the isotropic
Drude expression (1) when B = 0, confirming the consistency of the model. Varying B,
thus, provides a convenient handle to tune the permittivity spectrum of InSb across the
THz band.

2.3. Numerical Implementation

All full-wave calculations were performed in CST Studio Suite (2025) using the
frequency-domain finite-integration solver. A hexahedral mesh was employed together
with periodic boundaries in the x–y plane and perfectly matched layers (PML) along
z. The material tensor of (4)–(7) was encoded via a user-defined dispersion model, en-
abling accurate assessment of magneto-optic effects under both TE and TM illumination.
The frequency-dependent absorbance of the proposed PA was obtained from [27,28].

A(ω) = 1 − R(ω)− T(ω) = 1 − |S11(ω)|2 − |S21(ω)|2, (9)

where S11(ω) and S21(ω) denote the reflection and transmission coefficients, respectively.

3. Electromagnetic Response Analysis
3.1. Absorption Mechanism and Impedance Matching

Figure 2a presents the simulated reflectance R(ω), transmittance T(ω), and absorbance
A(ω) of the proposed single-band perfect absorber (PA) at T = 295 K. An isolated and
sharp absorption peak with nearly 100% absorption is observed at the design frequency
f0 = 1.8317 THz. Throughout the 1.7–1.95 THz interval, T(ω) is practically zero, indicating
complete suppression of transmitted power, while R(ω) approaches zero at f0, so that
A(ω) nearly reaches unity and confirms the near-ideal absorbing behavior.
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The interaction can be interpreted with coupled-mode theory (CMT) [29,30], where an
incident plane wave is critically coupled to a single lossy eigenmode supported by the InSb
resonator. Under this framework the absorbance is

A(ω) =
4 δ γe

(ω − ω0)2 + (δ + γe)2 , (10)

where ω0 = 2π f0 denotes the angular resonance frequency, δ the intrinsic (Ohmic) loss rate,
and γe the external (radiative) coupling rate. When the critical-coupling condition δ = γe

is satisfied, R(ω0) = 0 and perfect absorption is achieved.
Non-linear least-squares fitting of the simulated A(ω) to Equation (10) gives identical

decay constants for the intrinsic and radiative channels, δ = γe = 3.9741 × 1010 rad s−1.
The corresponding quality factors are, therefore,

Qδ =
ω0

2δ
, Qγ =

ω0

2γe
= Qδ.

Employing the coupled-mode relation QCMT = QδQγ/(Qδ + Qγ) yields

QCMT =
Qδ

2
= 72.40,

which agrees closely with the numerical value Qsim = ω0/FWHM = 72.32 obtained from
the full-width-at-half-maximum (FWHM) of 0.0253 THz. The near-equality of Qδ and Qγ

confirms that the absorber operates in the critical-coupling regime, leading to reflection-free,
single-band perfect absorption.

(a) (b)

Figure 2. Frequency-domain response of the single-band perfect absorber illuminated by a TE
wave at normal incidence (θi = 0◦) and room temperature (T = 295 K). (a) Numerically obtained
reflectance Rsim, transmittance Tsim, and absorbance Asim, together with the absorbance predicted by
coupled-mode theory ACMT. (b) Retrieved effective impedance, displaying its real and imaginary
parts, Re{Zeff} and Im{Zeff}, respectively.

Figure 2b displays the retrieved normalized effective impedance Zeff. At f0, the
real part is nearly unity, Re{Zeff} ≈ 1, while the imaginary part vanishes, Im{Zeff} ≈ 0,
signifying exact free-space matching and confirming that the incident THz energy is fully
dissipated inside the resonator with minimal reflection.
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The impedance retrieval follows the conventional expression [31]:

Zeff =

√
(1 + S11)2 − S2

21
(1 − S11)2 − S2

21
, (11)

where S11 and S21 are the complex reflection and transmission coefficients obtained from
full-wave simulations.

3.2. Field Distribution and Resonance Characterization

To elucidate the operating principle of the absorber, the spatial distributions of the
electromagnetic (EM) fields were analyzed at room temperature (T = 295 K). Figure 3
illustrates the simulated (a) electric and (b) magnetic fields on the mid-planes of a unit cell
at the resonance frequency f0 = 1.8317 THz.

• Electric field, y–z plane—Figure 3a: The electric vector circulates around the InSb
cylinder, forming a closed loop that signifies the excitation of a magnetic-dipole mode.
The loop axis is oriented along x̂, i.e., parallel to the incident magnetic field.

• Magnetic field, x–z plane—Figure 3b: A vortex-like pattern appears, characteristic
of an electric-dipole resonance that is driven by the oscillating surface charges on
the cylinder.

Perfect absorption occurs when these electric- and magnetic-dipole resonances are
simultaneously excited, creating impedance matching to free space and ensuring that the
incoming THz energy is fully confined and dissipated inside the structure. The strong near-
field coupling between the InSb cylinder and the surrounding air enables the wavevector
of the fundamental dipolar mode to match that of the incident wave, thereby producing
the measured unity absorbance.

(a) (b)

Figure 3. Spatial field maps for the proposed perfect absorber excited by a TE-polarized plane
wave at normal incidence (θi = 0◦) and T = 295 K. Results are shown at the resonance frequency
f0 = 1.8317 THz: (a) electric-field distribution on the central y–z cross-section of the unit cell;
(b) magnetic-field distribution on the central x–z cross-section of the same unit cell.

3.3. Power Flow and Loss Distribution

To shed further light on the absorption mechanism, we calculated the power flow
(Poynting vector, S) and the power-loss density Ploss within a single unit cell at T = 295 K.
Figure 4a shows that, far from the structure, the incident THz energy propagates as nearly
parallel power streams. Approaching the absorber, the power-flow streamlines curve
toward the surface of the InSb cylinder, spiral around it, and concentrate within its central
core. Hence, the incoming power is efficiently funneled into the vicinity of the resonator
where it gradually decays.



Telecom 2025, 6, 70 7 of 15

Figure 4b confirms that the highest Ploss occurs along the sidewalls of the cylindrical
pillar, indicating that the simultaneous excitation of electric- and magnetic-dipole reso-
nances traps the electromagnetic energy and converts it to heat through Ohmic dissipation.
As a result, virtually no power is reflected. It is worth noting that the bulk InSb substrate
also adds to the overall damping because of its intrinsic semiconductor losses, further
boosting the absorber’s efficiency.

(a) (b)

Figure 4. Spatial distributions at the resonance frequency f0 = 1.8317 THz for the proposed perfect
absorber excited by a TE-polarized plane wave at normal incidence (θi = 0◦) and T = 295 K: (a) power
flow (Poynting vector) and (b) power-loss density within a single unit cell.

3.4. Polarization Robustness

No magnetic bias is applied (B = 0) in this section. Under these conditions the
absorber is insensitive to the in-plane polarization angle for both TE and TM at normal
incidence. To verify that the absorber retains its performance for any in-plane orientation of
the incident field, we fixed the incidence at θi = 0◦ and rotated the polarization angles ΦTE

and ΦTM from 0◦ to 90◦ for TE and TM illumination, respectively. Figure 5a,b display the
resulting absorbance spectra. Throughout the entire sweep, both the resonance frequency
and the absorbance magnitude remain essentially unchanged—evidence that the device is
insensitive to the orientation of the incident electric field. This behavior stems from the high
rotational symmetry of the unit cell, which renders its electromagnetic response identical
for any polarization direction in the x–y plane. Accordingly, the absorber can be regarded
as polarization-insensitive for both TE and TM modes under normal incidence.

(a) (b)

Figure 5. Simulated absorbance spectra of the proposed single-band perfect absorber at T = 295 K
and normal incidence (θi = 0◦). (a) TE polarization for ΦTE = 0◦–90◦; (b) TM polarization for
ΦTM = 0◦–90◦.
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3.5. Influence of Geometrical Parameters

To assess fabrication tolerances and provide design guidelines, we numerically varied
one geometrical parameter at a time while keeping all others fixed and monitored both the
absorbance lineshape and the peak resonance frequency f0 (Figure 6). All simulations were
carried out at T = 295 K under TE-polarized normal incidence.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 6. Simulated absorbance spectra of the proposed single-band perfect absorber under TE-
polarized illumination at normal incidence (θ = 0◦) and ambient temperature (T = 295 K), for varying
geometric parameters: (a) thickness h of the InSb substrate, (b) height t, and (c) radio length R of
the InSb cylindrical pillar structure. Subfigures (d–f) show the corresponding variation in peak
absorption frequencies ( f0) as functions of the respective parameters h, t, and R.
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(i) Substrate thickness h

Figure 6a shows that when the InSb substrate is thinner than the skin depth in the
1.7–1.9 THz band (δskin ≈ 20 µm), a small fraction of the THz power leaks through and the
peak absorbance drops to ∼ 85 % (case h = 10 µm). Once h exceeds the skin depth, both
the peak absorbance and the resonance frequency saturate [Figure 6d]. Beyond h ≈ 20 µm,
the substrate behaves as an optically thick backing, so further increases in thickness do not
influence the EM response.

(ii) Pillar height t

Varying the pillar height between 95 and 110 µm [Figure 6b] reveals an optimal value
near topt = 100 µm where the impedance is most closely matched to free space and the
absorbance reaches unity. For t < topt, the pillar is under-coupled and the peak absorbance
falls sharply; for t > topt, the absorbance also decreases and the resonance linewidth
broadens, while the center frequency continues to red-shift [Figure 6e]. This behavior can
be interpreted with a lumped LC model [32] in which the pillar height primarily tunes the
equivalent inductance L, so that f0 ∝ 1/

√
LC decreases as t increases.

(iii) Pillar radius R

Finally, sweeping the radius from 20 to 35 µm produces the strongest geometrical
tuning [Figure 6c,f]. A larger R increases the capacitive overlap between the displacement
currents and the surrounding field, thereby increasing the equivalent capacitance C and
driving a pronounced red-shift. The peak absorbance remains above 90 % across the entire
radius range, even though the center frequency moves by more than 140 GHz. Thus,
moderate lithographic deviations in R affect the spectral position of the resonance rather
than its strength and can later be compensated by magnetic or thermal tuning if precise
frequency registration is required.

Design insight. Once the substrate is thicker than the THz skin depth, the absorber’s
response is governed primarily by the aspect ratio of the InSb pillar. Varying the height
t changes the inductive path length and provides a fine tuning knob: a ±5 µm deviation
shifts the resonance by only a few GHz. However, moving away from the optimal height
(topt≈100 µm) also degrades the impedance match, causing the peak absorbance to drop
from 100% to ∼70% and broadening the linewidth.

Adjusting the radius R produces a coarse tuning effect. Because a larger R increases
the effective capacitance of the pillar, it red-shifts the resonance by tens of GHz. Conversely,
reducing R blue-shifts the response. Although the peak absorbance stays above 90 % across
the tested radius range, the center frequency moves by more than 160 GHz, so R must be
controlled carefully when a specific design frequency is required.

4. Tunability and Sensitivity
4.1. Thermal Tunability

The InSb resonator’s carrier density—and hence its plasma frequency—varies ap-
preciably with temperature. To quantify the resulting spectral shift, we simulated the
absorber at five ambient temperatures between 295 and 315 K under normal-incidence TE
illumination. The absorbance curves in Figure 7a reveal a clear blue-shift of the resonance
as T rises, while the peak magnitude remains above 95%.

The resonance frequency fres was extracted from each spectrum and plotted against
temperature in Figure 7b. A least-squares fit yields a linear relation:

fres(T) = f0 + ST (T − 295 K), (12)
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where f0 = 1.8317 THz and the thermal sensitivity is [33]

ST =
∆ fres

∆T
≈ 2.8 GHz · K−1.

The high coefficient of determination (R2 = 0.993) indicates that the frequency shift
scales almost perfectly linearly with temperature within the investigated range.

Such a sensitivity, combined with the absorber’s narrow linewidth (FWHM =

25.3 GHz at 295 K), translates to a figure of merit [34] FOM = S/FWHM ≈ 0.111 K−1,
demonstrating the device’s potential for compact THz thermometry or active thermal
tuning in reconfigurable metasurfaces.

(a) (b)

Figure 7. Temperature tunability of the proposed single-band absorber under normal-incidence
TE illumination. (a) Simulated absorbance spectra for five temperatures (T = 295, 300, 305, 310,
and 315 K), showing a blue-shift of the resonance as T increases. (b) Extracted resonance frequency
(red squares) versus temperature and the corresponding linear fit (black line), yielding a thermal
sensitivity of ST ≈ 2.8 GHz · K−1.

Concurrently, the 90% absorptance window (∆ fA≥0.9) reported in Figure 7a and Table 1
contracts smoothly from 8.3 GHz at 295 K to 3.3 GHz at 315 K. For comparison, we express
selectivity using an illustrative standards-agnostic sub-channel grid (1.0 GHz center-to-
center) to count how many contiguous channels fall within the 90% absorptance window.
Even under the more conservative 1 GHz spacing, the metasurface, therefore, suppresses
the following:

∆ fA≥0.9

1 GHz
= { 8.3, 7.0, 5.0, 4.0, 3.3 } −→ 8–3 consecutive channels (295–315 K).

At room temperature (295 K), the metasurface can, thus, absorb eight consecutive
1 GHz-spaced channels without leaving spectral gaps; even at the highest investigated
temperature (315 K), it still removes three full channels. This adaptability makes the
metasurface a promising passive front-end for reconfigurable THz links, where contiguous
sub-GHz selectivity is required.

4.2. Magnetic Tunability

Besides thermal control, the proposed absorber can be dynamically reconfigured by
a static magnetic bias, thanks to the gyrotropic response of InSb. To quantify this effect,
we simulated the structure at T = 295 K under normal-incidence TE illumination while
sweeping the bias field B ∥ x̂ from 0.1 to 0.4 T in 0.1 T steps. The corresponding absorbance
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spectra are displayed in Figure 8a. A clear red-shift of the resonance is observed as the field
strength increases, whereas the peak absorbance remains close to unity.

Table 1. Peak absorptance metrics of the metasurface versus temperature in the range 295–315 K.

T (K) Amax fmaxA (GHz) ∆ fA≥0.9 (GHz)

295 0.999 1832 8.3
300 0.997 1849 7.0
305 0.992 1864 5.0
310 0.984 1875 4.0
315 0.983 1888 3.3

Amax peak absorptance; fmaxA frequency of maximum absorption; ∆ fA≥0.9 90%-absorptance bandwidth.

The resonance frequency fres extracted from each curve is plotted against B in Figure 8b.
A linear least-squares fit yields

fres(B) = f0 + STE
B (B − 0.1 T), (13)

where f0 = 1.83 THz and the magnetic sensitivity [13] is

STE
B =

∆ fres

∆B
≈ −132.7 GHz · T−1.

The negative slope confirms that the resonance frequency decreases monotonically with
increasing bias, consistent with the increase in the transverse permittivity components of
magnetized InSb, which reduces the phase velocity of the mode and consequently shifts
the resonance to lower frequencies. The fit exhibits a high coefficient of determination
(R2 = 0.980), confirming the nearly perfect linear dependence of the resonant frequency on
the applied bias field.

Combining the magnetic sensitivity with the resonance linewidth (FWHM = 26.3 GHz
at B = 0.1 T) yields a figure of merit FOM = |STE

B |/FWHM ≈ 5.046 T−1, indicating that
the absorber can serve as an active component in magnetically tunable metasurfaces.

(a) (b)

Figure 8. Magnetic tuning behavior of the single-band absorber under normal-incidence TE illu-
mination with a static bias B ∥ x at T = 295 K. (a) Simulated absorbance spectra for four static
magnetic-field strengths B = 0.1, 0.2, 0.3, and 0.4 T, showing a progressive red-shift of the resonance
as B increases. (b) Resonance frequency extracted from each spectrum (red squares) and linear fit
(black line), yielding a magnetic sensitivity of STE

B ≈ −132.7 GHz · T−1 with R2 = 0.980.
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Under magnetic tuning, the 90 % absorptance bandwidth (∆ fA≥0.9) reported in
Figure 8a and Table 2 widens from 8.5 GHz at B = 0.1T to 14.8 GHz at B = 0.4T. With
a conservative 1.0 GHz center-to-center grid (standards-agnostic), the metasurface thus
eliminates the following:

∆ fA≥0.9

1 GHz
= { 8.5, 10.0, 11.8, 14.8 } −→ 8–14 consecutive channels (0.1–0.4 T).

A modest adjustment of the magnetic field allows the metasurface to broaden its
stop-band from eight to fourteen consecutive channels, without introducing spectral gaps.
This tunability highlights its use as a reconfigurable, channel-selective THz filter.

For TM illumination with E ∥ x̂ ∥ B, the tuning is weaker because εxx is magnet-
ically invariant in Equation (5). The extracted slope is STM

B ≈ −34.7 GHz · T−1 with
R2 ≈ 0.986, while the peak absorbance remains ≥ 0.99 across B = [0.1 − 0.4]T as shown
in Figure 9a,b. The contrast between STE

B and STM
B confirms that magnetic bias introduces

polarization-dependent frequency shifts, in agreement with the magneto-Drude tensor in
Equations (5)–(7).

(a) (b)

Figure 9. Magnetic tunability of the proposed single-band absorber under normal-incidence
TM illumination with a static bias B ∥ x at T = 295 K. (a) Simulated absorbance spectra for
B = 0.1, 0.2, 0.3, and 0.4 T, showing a slight red-shift of the resonance as B increases while the
peak absorbance remains ≥ 0.99. (b) Extracted resonance frequency f0 versus B and the linear fit
(black line), yielding a magnetic sensitivity of STM

B = −34.7 GHz · T−1 with R2 = 0.986.

Table 2. TE-polarized absorptance metrics vs. magnetic bias (0.1–0.4 T).

B (T) Amax fmaxA (GHz) ∆ fA≥0.9 (GHz)

0.1 0.999 1830 8.5
0.2 0.999 1820 10.0
0.3 0.997 1808 11.8
0.4 0.997 1790 14.8

Amax peak absorptance; fmaxA frequency of maximum absorption; ∆ fA≥0.9 90%-absorptance bandwidth.

5. Discussion
The preceding sections detail the electromagnetic response of an all-dielectric InSb

cylindrical pillar metasurface that operates as a single-band, high-Q terahertz (THz) ab-
sorber with two independent tuning mechanisms. Here, we interpret these findings in
light of earlier InSb absorbers, discuss the broader technological implications, and outline
promising research avenues.
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Table 3 benchmarks our InSb cylindrical pillar against representative single-band InSb
absorbers in the literature. Two salient advantages stand out.

Table 3. Performance comparison with representative single-band InSb-based THz absorbers from
the literature.

Reference Resonator/Tuning Method f0
(THz) Peak A (%) Q ST

(GHz/K)
SB

(GHz/T)
Pol.

Indep.

This work InSb cylindrical pillar/B and T tuning 1.832 ≈100 72.3 2.8 132.7 Yes
Luo & Cheng 2020 [12] InSb star-shaped/T tuning 1.430 99.9 26.9 9.6 — Yes
Cheng et al., 2021 [35] InSb micro-rod/T tuning 1.757 99.9 53.2 4.2 — Yes
Sharma et al., 2020 [36] Pixelated InAs/InSb/B tuning 2–4 95–99 — — 300 —
Binda et al., 2024 [37] Curved InSb microstrip/T tuning 1.846 99.9 — 16.1 — Yes

B and T denote magnetic-field and temperature tuning, respectively. Q is computed as f0/∆ f3dB. Sensitivities
ST and SB are defined as the absolute resonance shift per unit temperature or magnetic field. The first row
corresponds to the results of this work.

5.1. Spectral Selectivity

Our design attains a loaded quality factor of Q = 72.3, surpassing the best purely
dielectric metasurface reported by [35] (Q = 53.2) and more than doubling the Q of the
thermally tunable star-shaped absorber proposed by [12] (Q = 26.9). The marked im-
provement stems from critical coupling between electric- and magnetic-dipole resonances
co-supported by the solid InSb pillar. In contrast to split-ring or hybrid metal–dielectric
structures, the low-loss semiconductor host suppresses Ohmic damping, while the cylin-
drical symmetry minimizes radiative leakage for both TE and TM polarizations. Together,
these factors concentrate the electromagnetic energy and sharpen the absorption line,
a prerequisite for narrowband THz filtering.

5.2. Dual Linear Tunability

Most prior InSb absorbers exploit either temperature control [12,35,37] or static
magnetic bias [36]. By integrating both stimuli into a single, metal-free platform, our
metasurface enables bidirectional control of its spectral position. The resonance blue-shifts
at ST = 2.8 GHz · K−1 under heating and red-shifts at STE

B = −132.7 GHz · T−1 and
STM

B = −34.7 GHz · T−1 under magnetic bias. Although these coefficients are lower than
the record sensitivities reported for strictly monostimulus devices (9.6 GHz K−1 [12] and
300 GHz T−1 [36]), they are achieved with a simpler all-dielectric geometry that avoids
metal layers and parasitics, while providing a linear tuning range across accessible temper-
ature and magnetic field spans for THz spectral allocation.

6. Conclusions
We have designed and numerically validated an all-dielectric InSb metasurface that

functions as a high-Q (Q = 72.3), single-band perfect absorber at 1.83 THz. Critical
coupling between orthogonal dipolar resonances yields near-unity absorbance. Leverag-
ing the temperature-dependent carrier density and the magneto-optic response of InSb,
the resonance can be tuned linearly at ST = 2.8 GHz · K−1, STE

B = −132.7 GHz · T−1

and STM
B = −34.7 GHz · T−1 without compromising absorption strength under normal

incidence.
Beyond frequency tuning, the metasurface demonstrates channel-level control in the

90 % absorptance bandwidth (∆ fA≥0.9). Under temperature modulation from 295 K to 315 K,
∆ fA≥0.9 contracts from 8.3 GHz to 3.3 GHz, enabling suppression of 3–8 adjacent 1 GHz-
spaced channels. Under magnetic-field bias from 0.1 T to 0.4 T, the bandwidth expands
from 8.5 GHz to 14.8 GHz, corresponding to 8–14 consecutive channels. In both cases,
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the metasurface maintains gapless coverage, underscoring its potential as a reconfigurable,
channel-selective filter.

The combination of sharp spectral selectivity, dual-mode tunability, and a simple,
metal-free geometry positions the proposed metasurface as a promising component for
reconfigurable THz devices, particularly in dense beyond-5G/6G terahertz scenarios and
other THz links that demand contiguous sub-GHz spectral selectivity.
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