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Research on terahertz multitunable multifunctional
absorbers based on graphene and indium
antimonide

Baojing Hu, {2*2@ Changjin Cai,® Ke Li® and Weifeng Lu®

This article proposes a dual-band terahertz multi-functional absorber based on graphene and indium
antimonide (InSb), which can be electrically, thermally, and magnetically tuned. The results indicate that,
in the absence of an external magnetic field, the absorber exhibits two distinct absorption peaks based
on the bright-bright mode coupling of cross-shaped and circular InSb arrays, with an average
absorption rate of 99.8%. Meanwhile, its physical absorption mechanism can be theoretically analyzed by
the radiating two-oscillator (RTO) model and the distribution of electric field at absorption peaks.
Secondly, when the external magnetic field is applied along the X direction, the absorption frequency
and absorption rate of the absorber can be electrically tuned by changing the chemical potential of
graphene, and thermally and magnetically controlled by changing the temperature of InSb and the
magnitude of the external magnetic field. Afterwards, the effects of the length and width of the cross-
shaped InSb array, the radius of the InSb circle, and the thickness of the dielectric layer on the
absorption effect are discussed. Finally, further studies are conducted on the application prospects of the
absorber as a refractive index sensor, temperature sensor, and magnetic field sensor. This work provides
a theoretical basis for the design of multi-tuned absorbers and sensors.

Introduction

In recent years, terahertz waves have attracted significant
attention from the academic community due to their wide-
spread applications in wireless communication,' electron
devices,”> 6G application,® antenna,® magnetic shields,” and
quantum mechanical treatments.*” Meanwhile, terahertz
absorbers also have broad application prospects in electro-
magnetic absorption,® biosensing,” and energy harvesting.'®
However, for terahertz absorbers based on traditional materials,
once their geometric parameters are determined, their absorp-
tion performance is difficult to control, which severely limits
their practical applications.

With the continuous deepening of research, various tunable
metamaterial absorbers have been developed based on Dirac
semimetals (BDS),"*** graphene,”® vanadium dioxide
(VO,),"*?* strontium titanate (STO),**?* and indium antimonide
(InSb)**>* to achieve dynamic tuning characteristics. Among
them, graphene has many unique properties, such as dynamic
tunability, strong localization, and tight field confinement.
InSb, as a thermal and magnetostatic phase change material,
can undergo a state transition from isotropic to anisotropic
under the influence of an external magnetic field. Therefore,
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Zhou et al. proposed a dynamically tunable metasurface, which
enables radiative cooling, light detection and infrared camou-
flage.* Li et al. delved into a ground-to-unmanned aerial vehicle
(UAV) channel at 140 GHz, with a specific focus on the influence
of UAV hovering behavior on channel performance.** Meng
et al. proposed a framework for widely linear beamforming in
a coprime array with non-uniform noise.** Zhang et al. designed
an explainable and trust-aware Al-driven network slicing
framework for 6G IoT using deep learning.*” In addition, Jing
et al. designed a thermally and magnetically tunable terahertz
absorber based on InSb.** However, so far, the research on
electrically, thermally, and magnetically triple-tunable meta-
material absorbers based on graphene and InSb has not been
reported in public literature.

Therefore, this paper proposes a dual-band terahertz multi-
functional triple-tunable absorber based on graphene and InSb.
Firstly, based on the bright-bright mode coupling effect of cross
shaped and circular InSb arrays, two distinct absorption peaks
appear in the absorption spectrum of the absorber at 0.4482 THz
and 1.1211 THz, with absorption rates of 99.6% and 99.9%,
respectively. Secondly, the absorption mechanism can be theo-
retically analyzed through the radiating two-oscillator (RTO)
model and the distribution of electric field at absorption peaks.
Thirdly, by precisely adjusting the chemical potential of gra-
phene, the temperature of InSb, and the magnitude of the
external magnetic field, the absorption frequency and absorption
rate of the absorber can be electrically, thermally, and
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magnetically tuned. Afterwards, the variations of the absorption
spectra of absorber with the parameters are discussed in detail.
Finally, the possible uses of double-band absorber as refractive
index sensor, temperature sensor, and magnetic field sensor are
further discussed. This work provides potential basis for the
design of triple-tunable absorbers and sensors.

Materials

The surface conductivity of graphene can be expressed as
Ographene = Ointra T Ointer- The intraband and interband contri-
butions can be calculated as follow:**3*

jez Jw (afd(EnumT)
i (w — j2I) OE

fa(—E, p., T)
dT)E dE 1)

Ointra (UJ> M, F7 T) =

Uinter(w7 M)y F7 T) =

je(w —j2I) r a(E,pe, T)
oh* 0 (w —j2r)

fd( —E, ., ))dE @)

—4AE /1

here, fy(E, pe, T) = (¥ /8D + 1)~ is the Fermi Dirac distri-
bution function. w is the angular frequency of the incident light.
Kz and 7 represent the Boltzmann constant and reduced Planck
constant, respectively. e is the charge number of an electron.
The absolute temperature of the environment is set as 7. u,
represents chemical potential of graphene. E is the energy, and
I =27 ' is the phenomenological scattering rate. The electron-
phonon relaxation time is denoted as t which will be set as t =
0.025 ps in the following calculation.*

On the other hand, InSb can be regarded as an isotropic
medium, and its dielectric constant can be represented by the
Drude model, when the external magnetic field is absent:*”

2

@p
e =fw — —H5 3
InSb PR (3)
Among them, ., = 15.68, and v, = 7 x 10'" rad s~ repre-

sents damping constants. Furthermore, w,” = Ne*/gom* repre-
sents the bulk plasma frequency. m* = 0.015m, is the effective
mass of free charge carriers. m, = 9.109 x 10~*" kg indicates
electronic mass, and N represents the carrier concentration,
which can be expressed as:

_ 20 13/2 —E,

N =576 x 107 exp(ZKBT) (4)
where T is the external temperature, and E, = 0.26 €V represents
the band-gap energy.

In addition, as mentioned in the introduction, if an external
magnetic field is applied along X direction, the state of InSb will
change from isotropic to anisotropic, and the dielectric
constant of InSb can be expressed as a tensor &(w):*®

e 00
t)=10 & &: (5)
00— e

14084 | RSC Adv, 2026, 16, 14083-14091

View Article Online

Paper

2
Wp

—_ 6
w? 4 jwy, ©

Exx = Ex —

2 2 ;
6 = 6 = £ — — (@ £JOY0) @)
(0% +jwyy)” — (00

; 2
Jowcwy

(8)

S.V-' = . 2
(@ +jorvo) — P

w. = eBlm* 9)

The cyclotron frequency . is related to the applied magnetic
field B. Therefore, the dielectric constant of InSb can also be
adjusted by changing the magnitude of the applied magnetic field.

Fig. 1 shows the variations of the InSb dielectric constant
under different temperatures when the external magnetic field
is absent. As shown in Fig. 1, with the increase of external
temperature, the real parts of InSb dielectric constant gradually
decrease and the imaginary parts gradually increase. In addi-
tion, as the temperature changes, the real parts of the dielectric
constant of InSb are negative, indicating that InSb has metallic
properties in this frequency range.

Radiating two-oscillator (RTO) model

The absorption mechanism based on the bright-bright mode
coupling effect can be theoretically analyzed by using the radi-
ation two-oscillator (RTO) model.****
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Fig.1 The (a) real parts and (b) imaginary parts of dielectric constant
for InSb with different temperatures.
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here, the first and second bright mode resonators are denoted
as p4(t) and p,(¢), respectively. w, is the resonant frequency of
pa(t), and w, is the resonant frequency of p,(¢). The damping
factor of p4(¢) is denoted as 4, and the damping factor of p,(¢) is
denoted as vy,. Q exp(j$) is the complex coupling coefficient, ¢
is the phase shift between two resonant modes. In subsequent
calculations, we can assume that the external forces f;(¢) = f5(¢)
and phase shifts ¢ = 0, because both bright mode units are
illuminated by the same incident light.

By assuming p,(t) = p1 exp(—jwt), p.(t) = p, exp(—jwt) and f;(¢)
= f>(¢) = fexp(—jwt), in the frequency domain, eqn (10) and (11)
can be solved as follows:

Q + (w2 — w* — jwry,)

P = - - £ (12)
(1% — 02 = joy,) (0?2 — ©* — joy,) — Q*
P, = QZ + (wlz B wz 7.](1)71) f (13)
2 — N .
(1% — 02 = joy,)(w? — ©* — jwy,) — Q*

Furthermore, the relationship between surface conductivity

d. and current density J in thin structure can be described as:
J = —jnw(Py + P>) = g E; (14)
Among them, n, represents the average electron density. E is
the spatial average electric field on the current sheet. Under the

approximate conditions of f « Ej, the surface conductivity o,
can be solved by the following equation:

20° + (02 — & —jwyy) + (017 — & —jwr))
(0% — @ — joy) (02 — w0 — jor,) — &

(15)

0. = N0

When the o, is determined, the reflection and transmission
coefficients of metamaterial can be expressed as:

—Z()(Te
R=—"—"—""— 16
2 + Z()O'e ( )
2
= - 17
2+ Zyo. ( )

here, Z, is the wave impedance of incident light. Finally, the
reflectivity and transmissivity of the metamaterial absorber can
be obtained by fitting the corresponding |R|* and |T]% and the
absorptivity can be derived from 4 = 1 — |R|* — |T|*. Specifically,
if the transmissivity of absorber is zero, the absorptivity can be
calculated as A = 1 — |R>.*?

Theoretical model of triple-tunable dual-band absorber

Fig. 2 shows the model diagram of triple-tunable dual-band
absorber. The model consists of six layers: the top layer is
InSb thin film layer with a composite structure of cross shaped
and circular InSb arrays, which are used to achieve the dual-
band absorption effect and thermal and magnetic dual-tuning

© 2026 The Author(s). Published by the Royal Society of Chemistry
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characteristics. The length and width of the cross shaped InSb
film is L = 60 pm and w = 16 pm respectively. The radius of the
circular InSb film is Ry = 10 um. The thickness of them are 7, =
0.2 um. The dielectric layer is Teflon layer. Its thickness and
dielectric constant are /1, = 60 pm and éerenon = 2.1, respectively.
The bottom layer is a copper substrate layer with a thickness of
h; = 0.2 um and a conductivity of ¢ = 5.8 x 10 S m~'. The
period of the model is p, = p, = 80 pm.

Graphene, as a 2D material, is located between the InSb and
Teflon layers to achieve the electrically controlled characteris-
tics of the absorber. In addition, the Topas film is used as an
insulating spacer to connect graphene and InSb layers, and the
polysilicon layer can be used as an electrode to control the
chemical potential of graphene. The polysilicon and Topas
layers have almost no effect on the absorption performance
because their thicknesses are only 20 nm.

The incident light propagates in the —Z direction, and the
polarization is in the X direction. The numerical simulations are
conducted by utilizing the CST Microwave Studio. Also, the
simulation is carried out with 20 cells per wavelength, and
launching the adaptive meshing. The meshes are adjusted
numerous times to ensure obtaining consistent results. We set
the unit cell boundary conditions on both the x- and y-axes, and
the perfect matching layer on the z-axis, toward which the
electromagnetic wave propagates. At first, the applied magnetic
field is absent. Afterwards, the applied magnetic field is along
the X axis.

Discussion on the results of triple-tunable dual-band absorber

Fig. 3(a) shows the transmittance, reflectance, and absorptance
curves of the triple-tunable dual-band absorber when the
chemical potential of graphene is u. = 0 €V and the temperature
of InSb is T = 330 K.

Firstly, it can be seen from Fig. 3(a) that the absorptivity of
the absorber reaches 99.6% and 99.9% at 0.4482 THz and
1.1211 THz, respectively. The average absorptivity of the two
absorption peaks is 99.8%, achieving the perfect absorption.
Meanwhile, since the thickness of the copper substrate layer is
larger than the skin depth in the terahertz band, the trans-
mittance of the dual-band model is always zero within the
analyzed frequency range.

Secondly, as shown in Fig. 3(b), both the cross shaped and
circular InSb arrays exhibit Lorentzian line-shaped resonance,
indicating that they can be regarded as bright mode units that
can directly interact with incident light. At the same time, the
absorption frequencies of the cross-shaped and circular InSb
arrays are approximately equal to those at peak A and peak B.
Therefore, the dual-band absorption effect can be explained as
the result of bright-bright mode coupling between the cross-
shaped and circular InSb arrays.****

Thirdly, as mentioned in introduction, the absorption effect
resulted from bright-bright mode coupling can theoretically be
explained by using the RTO model. Hence, as shown in Fig. 3(c),
under different L and R,, the theoretical results of the RTO
model are consistent with the CST numerical simulation
results, which also confirms that the dual-band absorption

RSC Adv, 2026, 16, 14083-14091 | 14085
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Fig. 2 Model diagrams of the triple-tunable double-band absorber: (a) 3D view, (b) top view, and (c) side view.

effect is generated by the bright-bright mode coupling between
the crossed shaped and circular InSb arrays. The fitting proce-
dures are as follows: first, the formula for absorptance as
a function of wy, W, Y1, Yo, NsZo, and Q2 is derived in RTO
model. Then, the formula is used to fit the simulated data of
absorptance in Fig. 3(c) by using the software 1stopt, from
which the fitting curve of the RTO model can be obtained. The
fitting parameters of L = 60 pum, R, = 10 pm are shown in Table
1.

Finally, Fig. 3(d) shows the absorption spectra of the dual-
band model at different polarization angles. Due to the
symmetric characteristic of the model, when the polarization
angle increases from 6 = 0° to # = 90°, the absorption
frequencies and absorption rates at peaks A and B remain
basically unchanged, exhibiting the polarization-independent
characteristic.

Fig. 4 shows the electric field intensity distributions of dual-
band model at peaks A and B under X-polarized light and Y-
polarized light, respectively. Both the electric field intensity
distributions are analyzed in the X-Y plane.

Firstly, in Fig. 4(a), when the incident light is X-polarized, at
0.4482 THz (peak A), the electric field is mainly distributed near
the cross-shaped InSb film and exhibits a typical dipole mode
distribution. However, in Fig. 4(b), at 1.1211 THz (peak B), the
electric field spreads on the vicinity of both cross-shaped InSb
and circular InSb films, also showing a typical dipole mode
distribution.

Secondly, in Fig. 4(c) and (d), when the incident light is Y-
polarized, the electric fields in the X-Y plane are perpendicular
to those in Fig. 4(a) and (b), respectively, but the electric field
distributions are approximately consistent, due to the symmetry
of the model.*

The absorption effect of the dual-band absorber proposed in
this paper can be considered as being generated by the excita-
tion of the LC resonance mode, with the resonant frequency of
fi=1/2wy/L,C;. On the other hand, both the equivalent
capacitance C; and equivalent inductance L, are affected by the
model parameters. Therefore, Fig. 5 shows the changes in the

14086 | RSC Adv, 2026, 16, 14083-14091

absorption spectra of the dual-band absorber under different
parameters.

In Fig. 5(a), as the length of cross-shaped InSb array L
increases, the absorption frequencies at peak A gradually
decrease, undergoing a red shift, due to an increase in the
equivalent inducance L,.** Meanwhile, the absorption rates at
peak A first increase and then decrease. Besides, as the L
increases, its absorption rates at peak B increase continuously,
while the absorption frequencies at that remain basically
unchanged.

In Fig. 5(b), as the width of cross-shaped InSb array w
increases, the absorption frequencies at peak A gradually
increase, experiencing a blue shift, due to the equivalent
capacitance C; decreases.”® The absorption rates at that also
gradually increases. Additionally, at peak B, as w increases, the
absorption frequencies remain basically unchanged, and the
absorption rates gradually increase.

In Fig. 5(c), as the radius of the InSb circle R, increases, the
absorption frequencies at peak B gradually decrease, while the
absorption rates increase slowly. Meanwhile, as R, changes, the
absorption frequencies and absorption rates at peak A remain
basically unchanged.

Due to the InSb layer, Teflon layer, and copper substrate
layer construct an equivalent Fabry-Perot (F-P) resonator. The
thickness of the Teflon layer £, has significant influences on the
interaction between the InSb layer and incident wave. There-
fore, in Fig. 5(d), when the thickness of the 4, increases, the
absorption rates at peaks A and B first increase and then
decrease, with a more significant change at peak B, compared to
peak A. When the #, = 60 pm, the absorption rates at the two
absorption peaks reached its maximum value. Furthermore, as
h, increases, the absorption frequencies at peak A and peak B
remain approximately constant.

Fig. 6 analyzes the application prospects of the dual-band
absorber as a refractive index sensor. As the refractive index
of the surrounding medium increases, the effective permittivity
of the model increases accordingly. Meanwhile, according to
the perturbation theory,* when the permittivity increases, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The transmittance, reflectance, and absorption rate curves

of double-band absorber model, (b) the relationships between the
absorption spectra of cross-shaped, circular InSb arrays, and dual-
band model, (c) the comparison between CST simulations and RTO
results; (d) the variation law of absorption spectra under different
polarization angles.
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Table 1 The fitting parameters of RTO model

w; (THz)  w, (THz) v, (THz) v, (THz) nZ,(THz) Q*(THz)
0.4482 1.1211 0.001 0.001 0.226 0.04
MAX
\ X-polaried wave K \ X-polaried wave f'
(a) @0.4482 TH= (b) @1.1211 TH=
MIN

f \ Y-polaried wave ,’F

(d) @1.1211 TH=

\ Y-polaried wave
(c) @0.4482 TH:

Fig. 4 Electric field distributions under: (a) X-polarized wave at peak A,
(b) X-polarized wave at peak B, (c) Y-polarized wave at peak A, and (d)
Y-polarized wave at peak B.

resonant frequency of the absorber will decrease. Therefore, in
Fig. 6(a), as the background refractive index increases, the
absorption frequencies at peaks A and B show obvious red shift.
At the same time, the absorption rates at peak A decrease slowly,
while the absorption rates at peak B remain approximately
constant.

In addition, in Fig. 6(b), when the refractive index increases
from n = 1.0 to n = 1.5, the changes in the absorption
frequencies at peaks A and B show an approximately linear
relationship with the changes in the refractive index. By calcu-
lating the sensitivity S = Af/An. We conclude that the sensitivity
of peak A is S = 130.6 GHz per RIU and that of peak B is S =
378.8 GHz per RIU, demonstrating excellent refractive index
sensing performance. The comparison of sensing performance
between different metamaterial absorbers is shown in Table 2.

Electrically, thermally and magnetically tunable
characteristics

To verify the electrically, thermally, and magnetically triple-
tunable performances of dual-band absorber, Fig. 7 shows the
variations of the absorption spectra with different graphene
chemical potential, InSb temperature, and external magnetic
field magnitude.

Fig. 7(a) shows the variation trends of the absorption spectra
under different chemical potential of graphene. As shown in the
Fig. 7(a), when the chemical potential changes from u. =0 eV to
ue = 0.4 eV, the absorption rates at peak A decrease from 0.9961

RSC Adv, 2026, 16, 14083-14091 | 14087
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array; (c) circular radius of InSb circle; (d) thickness of Teflon layer.
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Table 2 The comparison on sensing performance

Refractive
References index Sensitivity
46 1.0-1.4 300 GHz per RIU
47 1.0-1.8 360 GHz per RIU
48 1.1-1.9 187 GHz per RIU
Paper 1.0-1.5 378.8 GHz per RIU

to 0.6063, and that at peak B decrease from 0.9992 to 0.6491. In
addition, the absorption frequencies at peak B decrease from
1.1211 THz to 1.0493 THz, while that at peak A remain almost
unchanged.

As shown in Fig. 1(a), when the temperature of InSb
increases, the real part of its dielectric constant gradually
decreases. Therefore, in Fig. 7(b), when the temperature of InSb
increases, the absorption frequencies at peak A change from
0.4156 THz to 0.4678 THz, and that at peak B vary from 1.0166
THz to 1.1734 THz. Meanwhile, as the temperature increases,
the absorption rates at peak A gradually increase from 96.1% to
99.5%, while the rate at peak B remains almost unchanged.
When T = 330 K, the average absorption rate at the two
absorption peaks reaches the maximum value.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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According to formulas (5)-(9), if external magnetic field is
applied, the state of InSb will change from isotropic to aniso-
tropic, and the dielectric constant of InSb can be adjusted by
changing the magnitude of the applied magnetic field. There-
fore, in Fig. 7(c), when the magnitude of the external magnetic
field increases from B = 0.2 T to B = 1.0 T, the absorption
frequencies at peaks A and B gradually decrease, resulting in red
shift. Meanwhile, the absorption rates at peak A gradually
decrease, and that at peak B remain approximately unchanged.
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Finally, Fig. (8) analyzes the application prospects of the
dual-band absorber as temperature and magnetic field sensors.
As shown in the Fig. 8, when the InSb temperature and the
magnitude of the external magnetic field change, the changes in
the absorption frequencies at peaks A and B also show an
approximately linear relationship with the changes in the
external temperature and magnetic field.

In Fig. 8(a), the temperature sensing sensitivity of the
absorber can reach S = 10.45 GHz K. In Fig. 8(b), the magnetic
field sensing sensitivity of the absorber can reach S = 203.2 GHz
T ". It also demonstrates good temperature and magnetic field
sensing performance.

Conclusion

This paper proposes a dual-band terahertz multi-functional
absorber based on graphene and InSb that can be electrically,
thermally, and magnetically tuned. Firstly, the absorber exhibits
two distinct absorption peaks at 0.4482 THz and 1.1211 THz,
with an average absorption rate of 99.8%. Secondly, by
analyzing the correlation between the absorption spectra of the
cross-shaped InSb array, the circular InSb array, and the dual-
band model, the high absorption mechanism can be ascribed
to the bright-bright-mode coupling effect between the two InSb
arrays. Furthermore, this mechanism is theoretically confirmed
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by the RTO model and the electric field distribution at the two
absorption peaks. Thirdly, when the graphene chemical
potential, InSb temperature, and external magnetic field
change, the absorption rate and absorption frequency at the
absorption peaks can be dynamically changed accordingly.
Finally, it can be found that when the model is used as refractive
index sensor, temperature sensor, and magnetic field sensor, its
sensitivities can reach 378.8 GHz per RIU, 10.45 GHz K, and
203.2 GHz T~ ' respectively. This work provides potential basis
for the design of triple-tunable absorbers and sensors.
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