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A B S T R A C T   

Graphene plasmons have attracted great interest for constructing high-performance functional metamaterial 
devices, among which graphene-based narrowband metamaterial absorbers are valuable in numerous applica-
tions. In this paper, a graphene-dielectric-metal hybrid structure is proposed to achieve dual-band excellent 
absorption and high-performance refractive index sensing. Numerical simulations show that the designed 
structure exhibits a high Q factor of 277.8 at 1.945 THz, which is higher than most previously-reported results. 
The sensitivity of the proposed structure can be up to 1.84 THz/RIU when the analyte thickness is 80 μm, and it 
exhibits promise for sensing thin-film biomolecule and thick biologic tissues. The electromagnetic field distri-
butions show that the electromagnetic energy is highly confined in the structure at the higher order plasmon 
resonance, which plays an important role in achieving the excellent characteristics of the proposed structure. The 
tunability of the proposed structure is realized via changing the gate voltage applied to the graphene and the 
angles of the incident THz wave. In addition, we reveal that the proposed structure can be switched between 
single-band, dual-band, and 3-band absorption by tuning the incident angle under TM and TE polarization. 
Further results demonstrate that the proposed device possesses good thermal stability, polarization insensitivity, 
and outstanding fabrication tolerance. We believe that the proposed dual-band narrowband absorber can serve as 
a good example for other devices based on plasmons, such as selective sensors, modulators, and optical detectors.   

1. Introduction 

Metamaterials (MMs), with artificially designed subwavelength unit 
cells, are a type of hybrid structure composed of natural materials. The 
electromagnetic properties exhibited by MMs are determined by the 
geometry of the unit cell, rather than by the inherent electromagnetic 
properties of the constituent materials [1]. Therefore, MMs possess 
unusual electromagnetic properties that do not exist in natural mate-
rials, such as negative refractive index [2], super lens [3], electromag-
netic stealth [4], and super absorption [5], which have attracted great 
attention from researchers. Owing to the development of MMs fabrica-
tion technologies, they have promising applications in filters [6], ab-
sorbers [7–11], and sensors [12–15]. Terahertz (THz) wave (0.1 THz −
10 THz) is located between the far-infrared and microwave that exhibits 
unique properties, such as low energies, wide bandwidth, and excellent 
penetrability [16]. However, there are few THz devices (switches, fil-
ters, modulations, and polarizers) that can function suitably due to the 

inherently low response of natural materials to THz wave, which 
significantly hinders the development and applications of THz 
technology. 

Fortunately, the emergence of MMs can address the above- 
mentioned shortcomings; therefore, many functional THz devices 
based on MMs have been developed [17]. THz MM absorbers (TMAs) 
stand out among the many functional devices due to their excellent 
performance in biosensing detection [13], energy harvesting [18], THz 
modulation [19], and thermal imaging [20]. Thus, various super- 
absorbing structures have been proposed in the terahertz band, 
including broadband and narrowband MAs. Specifically, narrowband 
MAs, which have strong electromagnetic field confinement and sharp 
resonance features, have outstanding applications in sensing detection. 
Saadeldin et al. proposed a TMA structure based on defective metallic 
patches for sensing applications [21]. In ref. [22], a dual-band TMA 
using two identical square patches was designed for sensing applica-
tions. In ref. [23], an optically semiconductor metamaterial sensor for 
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solute concentration sensing was designed based on plasmonically 
induced transparency effect. A six-band TMA with a metallic cross-cave- 
patch structure was proposed in ref. [24] for temperature sensing ap-
plications. However, in the above-mentioned conventional “metal- 
dielectric-metal” TMA structures, the high inherent loss of the metal and 
dielectric materials decreases the Q value of the resonance response, 
which degrades the sensing performance of the structure. By contrast, 
graphene is widely favored by researchers as an advanced plasmonic 
material for THz sensing due to its highly-confined surface waves and 
low losses [25–27]. In addition, tunability is usually achieved by 
changing the structural parameters in conventional structures; thus, 
once a structure has been fabricated, the structure cannot be actively 
tuned. Fortunately, dynamic tunability can be obtained by graphene, 
which can be used to design tunable devices. 

Graphene, a 2D carbon material with a hexagonal honeycomb lat-
tice, has aroused extensive attention due to its excellent electrical and 
optical properties [28,29]. Particularly, the chemical potential of gra-
phene can be tuned by changing the gate voltage applied to the structure 
[30]. Therefore, graphene is considered to be the most promising surface 
plasmon material and tunable material in the THz band and is exten-
sively used to construct tunable metamaterial sensors. Islam et al. pro-
posed a tunable plasmon-metasurface composed of a graphene sheet as 
the middle layer and a graphene pattern at the top layer, which served as 
a sensor [31]. Xu et al. demonstrated a simple biosensing platform by 
integrating a monolayer graphene on a THz metamaterial absorber 
cavity to achieve ultrahigh sensitivity biosensing [26]. A 3D graphene 
metamaterial structure consisting of dielectric pillar arrays covered by a 
graphene monolayer was proposed in ref. [27] and used as a multi- 
channel sensor. While several previous studies have reported sensors, 
they possessed fabrication problems due to their multilayered and 3D 
structures. 

In this work, we propose a dual-band TMA based on graphene 
plasmons that consists of three layers: a graphene elliptical pattern at the 
top layer, a dielectric spacer layer, and a metal ground. Numerical 
simulation results show that the proposed structure displays an excellent 
absorptivity, high Q, and significant sensitivity. Physical insight into the 
absorption and dual-band realization mechanisms is discussed. The re-
sults show that excellent surface impedance matching is achieved in the 
two resonant peaks of the proposed structure. Due to the higher-order 
plasmon resonance in the structure, a sensitivity of 1.84 THz/RIU is 
obtained when placing an 80 μm thick analyte on the structure, which is 
higher than most previously reported results [21,31–35]. Finally, we 
show that the proposed TMA also exhibits outstanding tunability, po-
larization insensitivity, excellent fabrication tolerance, and thermal 
stability. The proposed dual-band narrowband absorber can serve as a 
good example for other devices based on plasmons, such as selective 
sensors [36–38], modulators [36], and optical detectors [39]. 

2. The geometry model 

The proposed dual-band narrowband metamaterial absorber 
(DNMA) with stacked structure is schematically depicted in Fig. 1. The 
first component is formed by patterned graphene-silicon oxide (SiO2)- 
Silicon (Si) layers structure (four symmetrically arranged elliptical 
graphene sheets operating as the resonator); the second is a dielectric 
spacer layer with a permittivity of εd = 3.9 + i0.0078, combined with a 
ground metal plate to prevent the transmission of the incident wave. In 
the graphene-SiO2-Si layers structure, the patterned graphene is placed 
on a finite-thickness (t3 = 20 nm) SiO2 on top of the Si wafer (t2 = 200 
nm). As shown in Fig. 1(a), we fabricated a metal electrode on patterned 
graphene and gated the graphene using a Si back gate. The permittivity 
of SiO2 and Si are εSiO2 = 3.9 and εSi = 11.9, respectively, based on the 
commonly used data in [40,41]. Dispersive gold (Au) is selected as the 
ground material, whose optical property can be expressed by the Drude 
model with εAu = ε∞ - ωp

2 / (ω2 + iωγ). Here, the value of constant 
permittivity ε∞, plasma frequency ωp, and collision frequency γ are set to 
1, 1.37 × 1016 rad/s, and 1.23 × 1013 Hz, respectively [31]. A Si wafer, 
which has no effect on the performance of the proposed absorber and 
has high transmission characteristics at the THz band, is chosen as a 
substrate to support the metamaterial structure. 

Graphene is considered as the key material in our proposed structure 
due to its remarkable electromagnetic properties, which play significant 
roles in realizing the excellent characteristics of the proposed absorber. 
The electromagnetic properties of graphene can be characterized by its 
complex permittivity εg = 1 + jσg / ε0ωdg, where ε0 is the vacuum 
permittivity, dg is the thickness of graphene, and σg is the graphene 
conductivity, which is composed of two parts: the interband conduc-
tivity σinter and the intraband conductivity σintra. According to the Pauli 
Exclusion Principle, the interband conductivity can be neglected, and σg 
can be expressed by the Drude model in the terahertz band [42]: 

σg(f , μc, τ,T) ≈ σintra(f , μc, τ,T)

=
e2μc

πħ2
j

(2πf + jτ− 1)
(1)  

where e is the electron charge, μc is the chemical potential of graphene, T 
is the temperature in Kelvin (usually set to 300 K), and ħis the reduced 
Planck constant. τ = μμc / evf

2 is the relaxation time of graphene, where 
vf = 1.0 × 106 m/s is the Fermi velocity, and μ = 5 m2/Vs is the electron 
mobility. Following the literature [43], the measured mobility of the 
graphene obtained by micromechanical cleavage of graphite is higher 
than 200000 cm2/Vs; therefore, graphene with high mobility can be 
easily obtained. The chemical potential of graphene is first set to 0.5 eV, 
which is referred to [44,45]. We assume the parameters shown in Fig. 1 
are t1 = 14.78 μm, p = 180 μm, and w = 5 μm, respectively. 

The ability to control electromagnetic properties of the graphene by 
externally applied voltage is at the heart of the tunability of graphene. 

Fig. 1. (a) Schematic diagram of the proposed graphene-based structure. (b) The top view of the unit cell of the proposed structure.  
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As shown in Fig. 1(a), the gate voltage is applied between the third 
doped silicon slab and the electrode on the top graphene layer. For an 
isolate graphene monolayer, the chemical potential is determined by the 
carrier density (n). The carrier density of the graphene, and thus, the 
chemical potential of the graphene, can be tuned by tuning applied 
voltage (Vg). The relationship between n and Vg can be expressed as 
[40]: 

n =
ε0εSiO2 Vg

et3
(2) 

The chemical potential of graphene and n satisfy the following 
relationship [46]: 

μc = ħvf
̅̅̅̅̅̅̅̅
|n|π

√
(3)  

Therefore, changes in the chemical potential can be achieved by elec-
trostatically changing the carrier density of graphene, thereby tuning 
the optical conductivity of graphene. The relationship between the 
carrier density of graphene, the chemical potential of graphene, and the 
applied gate voltage is plotted in Fig. 2. Based on this characteristic, the 
performance of our proposed dual-band absorber can be dynamically 
tuned over a wider range of applications (this is further discussed in 
section 4). 

3. Results and physical mechanism 

3.1. Results analysis 

As shown in Fig. 1(a), the proposed MA can be excited by the inci-
dent THz source, which illuminates the surface of the MA vertically from 
the top. All numerical simulations are conducted using the frequency 
solver in the CST Studio Suite. The unit cell boundary condition is set in 
both the × and y directions to mimic an infinite array, and Floquet ports 
are employed in the z-direction to form a cavity. The absorption (A) is 
obtained by A = 1 – R – T, where R =|S11|2 is the reflectivity of the 
absorber, and T =|S21|2 is the transmission of the absorber. S11 and S21 
are the reflective and transmission coefficients, respectively, which can 
be directly obtained by CST. The transmission of the proposed MA is 
zero in both polarization modes because the presence of the metal 
ground completely prevents transmission. Thus, the absorption of the 
proposed structure can be simplified as A = 1 – R. We numerically 
simulated the absorption/transmission spectra of the proposed structure 
for both transverse magnetic (TM) and transverse electric (TE) polari-
zations, as shown in Fig. 3(a). 

As shown in Fig. 3(a), two resonant peaks are obtained by the pro-
posed TMA structure. The resonant frequencies of the two peaks are 
1.615 THz (peak 1) and 1.945 THz (peak 2), respectively. The 

absorption of the two peaks reaches 99.4% and 92.7%, respectively. Due 
to the symmetry of the proposed structure, the absorption/transmission 
spectra are identical under TM and TE polarizations. Thus, only TM 
polarization is calculated to explain the absorption mechanism in a later 
section. The effective impedance of the proposed structure is calculated 
and is shown in Fig. 3(b). At the two absorption peaks, the real and 
imaginary parts of the effective impedance are approximately 1 and 0, 
respectively, showing satisfactory impedance matching. 

In addition, to further analyze the underlying mechanism of dual- 
band absorption, we split the proposed graphene pattern into trans-
verse and longitudinal parts. Numerical simulations are performed on 
the two structures under both TE and TM polarizations. As shown in 
Fig. 3(c) and (d), the absorption spectra of all the split structures exhibit 
single-band absorption, i.e., under TM polarization, the longitudinal 
elliptical graphene pattern (LEGP) contributes to the low-frequency 
absorption and the transverse elliptical graphene pattern (TEGP) con-
tributes to the high-frequency absorption, while the opposite is true for 
TE polarization. Dual-band absorption is obtained by combining the 
transverse and longitudinal elliptical graphene patterns, and a slight 
frequency shift occur due to the coupling of the two parts. 

3.2. Generation of surface plasmon resonance 

To determine the absorption mechanism, we investigate the elec-
tromagnetic field distributions of the proposed structure, as shown in 
Fig. 4. As shown in Fig. 4 (a) and (b), a strong electric field is concen-
trated at the edges of the elliptical graphene, and a weaker electric field 
is distributed on the surface of the elliptical graphene. Strong electric 
plasmon resonance occur at the surface of the proposed DNMA [47], and 
magnetic plasmon resonance is also induced in the proposed DNMA. 
From the magnetic field distribution under TM polarization, the mag-
netic fields are highly confined in the dielectric spacer between the 
upper graphene layer and the lower metal ground. That is, magnetic 
moments are induced inside the spacer layer, which gave rise to a 
magnetic response to the incident electromagnetic field. 

Analogous to electric plasmon resonance in the graphene layer, 
magnetic oscillation inside the spacer layer is defined as magnetic 
plasmon resonance. Surprisingly, the magnetic moments are different at 
1.615 THz and 1.945 THz, which reveals that magnetic dipole resonance 
is induced at a lower frequency, while higher-order magnetic plasmon 
resonance occurs at a higher frequency [48,49]. These results show that 
the excellent absorption characteristics of the proposed DNMA are 
caused by both electric plasmon and magnetic plasmon resonances. 

Fig. 2. (a) Calculated carrier density (n) of graphene as a function of chemical potential of graphene. (b) The chemical potential of graphene as a function of gate 
voltage at 300 K. 
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3.3. Generating higher-order resonance modes 

To further explain the absorption mechanism, we also analyzed the 
electric plasmon resonance modes in the proposed DNMA. Fig. 5 dis-
plays the z-component of the electric field distributions of the proposed 
DNMA at two resonant frequencies. Higher resonance modes are 
generated on the surface of graphene. For comparison, the z-component 
of the electric field distributions of the proposed single-band MAs with 

LEGP and TEGP at corresponding resonant frequencies for TM polari-
zation are displayed in the insets of Fig. 3(c). There are 8 nodes in the 
electromagnetic field distribution of the TEGP. Based on the relation 
between the node number (n) and the order number of the mode (m) of n 
= 2 m, the order number of the electromagnetic resonance can be 
expressed as 2 m. Thus, a 16-order electromagnetic resonance is pro-
duced in the TEGP. Furthermore, the electromagnetic distribution in-
dicates that a dipole resonance occurs in each elliptical graphene sheet 

Fig. 3. (a) The transmission and absorption spectra of the proposed dual-band absorber for TM and TE polarizations. (b) The effective surface impedance of the 
proposed dual-band absorber. The absorption spectrum of the designed structure based on a unidirectional elliptical graphene pattern for (c) TM polarization and (d) 
TE polarization. 

Fig. 4. Electric field distributions of the proposed structure at resonance frequencies of (a) 1.615 THz and (b) 1.945 THz for TM polarization. Magnetic field dis-
tributions of the proposed structure at frequencies of (c) 1.615 THz and (d) 1.945 THz. 
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of the LEGP. 
By comparison, we find that the order number of resonance (16- 

order) on the transverse graphene pattern in the proposed DNMA is the 
same as that of the proposed single-band MA with TEGP. Simulta-
neously, the coupling between the longitudinal and transverse graphene 
patterns in the proposed DNMA leads to a red shift in the resonance 
frequency of the single-band MA with TEGP; thus, the second resonant 
frequency of the proposed DNMA occurs at 1.945 THz. In addition, a 4- 
dipole resonance is produced in each elliptical graphene sheet in the 
proposed DNMA at 1.945 THz. For absorption peak 1 (1.615 THz), the 
resonance order on the longitudinal graphene pattern in the proposed 
DNMA does not change compared with that of the proposed single-band 
MA with LEGP. Due to above-mentioned coupling reason, the second 
resonant frequency is obtained by a blue shift in the resonant frequency 
of the single-band MA with LEGP. An 8-order electromagnetic resonance 
is excited in the transverse graphene pattern in the proposed DNMA at 
1.615 THz. Therefore, multiple plasmonic resonance modes can be 
excited by the proposed DNMA, which are supported by the graphene 
resonant layer [50]. 

4. Further discussion 

4.1. Tunability analysis 

Fig. 6 shows the numerically simulated absorption spectra of the 
proposed DNMA in which the graphene chemical potential varied from 
0.35 eV to 0.65 eV for TM polarization. As a tunable 2-D material, the 
chemical potential of graphene can be modulated by varying the gate 
voltage that is applied to the graphene sheet and the bottom ground 

layer (Fig. 1(a)). As shown in Fig. 6, both resonant frequencies blue shift 
as the graphene chemical potential increased from 0.35 eV to 0.65 eV. 
From the insets of Fig. 6, the absorptivity of peak 1 remained > 90% as 
the graphene chemical potential changes, and the absorptivity of peak 2 
remained over 96% when the graphene chemical potential increases 
from 0.5 eV. Therefore, the proposed DNMA exhibits dynamic 
tunability, which is useful in the detection of different substances. In the 
conventional metal structures, such tuning can be achieved by changing 
the structural parameters, which is no longer possible once a device has 
been fabricated, however, the structure proposed in our paper can avoid 
this drawback with dynamic tuning, which has wide applications in 
sensing and electromagnetic interference. 

As an alternative strategy, tuning can also be achieved in our pro-
posed DNMA by changing the angle of incidence of the THz wave. As 
shown in Fig. 7(a), for TM polarization, the frequency of peak 1 red 
shifts as the incident angles increasing from 10◦ to 50◦, while the fre-
quency of peak 2 shifts to a higher frequency as the incident angles 
change from 10◦ to 30◦. As the incident angles continue to increase, a 
red shift phenomenon then occurs. Surprisingly, as the incident angles 
increase from 0◦ to 20◦, the number of bands switch between dual-band 
and 3-band, which can meet a wider range of application requirements. 
For TE polarization, due to the dominance of transverse graphene 
resonance, only absorption peak 1 is excited as the incident angles in-
crease. The frequency of peak 1 possesses a blue shift when the incident 
angles increase from 10◦ to 50◦. When the incident angle reaches 40◦, 
flexible switching from 2-band to single-band absorption occurs when 
TM polarization is switched to TE polarization. When the incident angles 
reach 50◦, dual-band absorption is also excited at a higher frequency. 
The absorptivity remains high for large incident angles. Therefore, as the 

Fig. 5. Normalized z-complement electric field distributions of the proposed structure at frequencies of (a) 1.615 THz and (b) 1.945 THz. The cutting plane is 1 nm 
above the bottom of the patterned graphene. 

Fig. 6. The spectral absorbance of the proposed DNMA with different graphene chemical potentials for TM polarization, where the electron mobility μ is fixed at 5 
m2/Vs. 
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incident angles change in the proposed DNMA, dynamic tunability is 
observed in the absorption spectra and the number of absorption bands 
can be flexibly switched. This gives the proposed DNMA superior 
application prospects in frequency-selected sensing and polarization 
detection. 

4.2. Thermal stability analysis 

In the THz band, the Drude model is used to express the conductivity 
of graphene, which neglects the influence of temperature, but the in-
fluence of temperature on the conductivity of graphene cannot be 
ignored during its processing. Therefore, it is necessary to study the 
temperature dependence of the absorption in the proposed DNMA. As 
shown in Fig. 8, the frequency shifts in both bands are negligible, which 
implies the conductivity of graphene shows a negligible change as the 
temperatures increase from 250 K to 400 K. The maximum absorptivity 
of both peaks remains over 97% and 96%, respectively. All results show 
that our proposed graphene DNMA possesses excellent thermal stability 
on absorption performance. That is, it is very weakly dependent on the 
working temperature. 

4.3. Fabrication robustness analysis 

Due to the limitations of processing technology, structural imper-
fections will be inevitably introduced during fabrication processes. 
These imperfections commonly involve the structural period (P), the 
thickness of the dielectric spacer (t1), and the geometric parameters of 
patterned graphene (P and w), which will influence the absorption 
performance of the proposed DNMA. As shown in Fig. 9(a), an 

acceptable shift in absorption frequency occurs as P changes from 176 
μm to 184 μm with a step of 1 μm. As shown in Fig. 9(b) and (c), as t1 
changes from 14.5 μm to 15.0 μm and w changes from 4.5 μm to 5.5 μm, 
the proposed structure displays no changes in either its absorption 
resonant frequency or absorptivity. Therefore, the fabrication deviations 
of the proposed structure have no prominent impact on its absorption 
performance. That is, the proposed DNMA possesses excellent fabrica-
tion robustness. 

Fig. 9(d) illustrates the absorption contour, where the graphene 
electron mobility is changed from 4.5 m2/Vs to 5.5 m2/Vs, which is 
highly related to the graphene quality. Changes in the graphene electron 
mobility have an imperceptible influence on the absorption performance 
of the proposed DNMA. The resonant frequency of absorption does not 
exhibit any drift, and the maximum deviation of both absorption peaks 
are 1.2% and 2%, respectively, which shows that their influence on the 
proposed structure is negligible. Therefore, our proposed structure is 
highly insensitive to deviations in this parameter. 

4.4. Application of analyte thickness and refractive index sensing 

Sensing characteristics are significant performance indicators of 
narrowband absorber devices, which are widely used for microbial, 
cancer cell, and nutrient detection. As shown in Fig. 1(a), an analyte is 
overlaid on its surface to investigate the sensing performance of the 
proposed DNMA. Thus, it is important to discuss the analyte thickness 
and refractive index (RI) sensing. We first investigate the frequency shift 
in the proposed DNMA under different analyte thicknesses, where the 
analyte RI is set to 1.6 (See Fig. 10). It is observed that the frequency 
shift of peak 1 saturates when the analyte thickness exceeds 60 μm, 
while the frequency shift in peak 2 nearly saturates at an analyte 
thickness of 120 μm. Thus, peak 2 has a better ability to sense thicker 
biological tissues in material detection applications due to the excitation 
of higher-order plasmon resonance modes. The simulation data can be 
fitted by exponential functions, which can be expressed as FS1 = 601 – 
597 exp(-0.04ta) with fit goodness (R2) of 0.999, and FS2 = 823 – 844 
exp(-0.022ta) with R2 = 0.997, respectively, where ta represents the 
analyte thickness. The maximum frequency shift of the two peaks rea-
ches 593.4 GHz, and 755.3 GHz, respectively. With its high frequency 
shift, the proposed structure is suitable for sensing systems with 
different analyte thicknesses. 

We further investigate the influence of the analytes with different RIs 
on the frequency shift and sensitivity of the two absorption peaks, as 
illustrated in Fig. 11. For comparison, we calculate the frequency shift 
and sensitivity with analyte thicknesses of 14 μm, 42 μm, and 80 μm. The 
analyte RI ranges from 1.0 to 1.8, which covers numerous important 
materials and biomolecules used in THz sensing applications. For peak 
1, the fitting curve of the frequency shift is no longer a straight line, and 
the simulated data are best fitted to exponential functions with high R2 

Fig. 7. The absorption spectra of the proposed structure as a function of the incident angle and operating frequency for (a) TM polarization and (b) TE polarization.  

Fig. 8. The curves of the resonant frequency (shown by the red line) and 
maximum absorptivity (shown by the bule line) of the two bands at different 
temperatures. 
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of 0.996, 0.999, and 0.998, respectively. For peak 2, the fitting curve of 
the frequency shift can be expressed by a linear function with an analyte 
thickness of 14 μm. When the analyte thicknesses are 42 μm and 80 μm, 
the fitting curves are still non-linear. The nonlinear relationship between 
the frequency shift and the analyte RI becomes stronger as the analyte 
thickness increases. This nonlinearity might indicate that stronger 
coupling occurs between the proposed DNMA and the overlayered an-
alyte, and outstanding sensitivity can be obtained. 

Since the fitting curves of RI sensing are nonlinear, the RI sensitiv-
ities at a fixed analyte thickness are also dynamic as the analyte RI 
changes. As shown in Fig. 11(c) and (d), a significant increase in the 
sensitivity is observed as the analyte thicknesses increase from 14 μm to 
80 μm. The maximum sensitivities of peak 1 and peak 2 are 1.66 THz/ 
RIU, and 1.84 THz/RIU, respectively, for an analyte with a thickness of 
80 μm. Even for a thinner analyte, the sensitivities of two peaks are also 
excellent. When the analyte thickness is 42 μm, the RI sensitivity of peak 

Fig. 9. The absorption performance contours concerning the structural parameter tolerances of (a) structural period, (b) dielectric spacer thickness, and (c) 
imaginary axis of elliptical graphene sheet for the proposed DNMA. (d) Contour plot of the influence of the graphene electron mobility on the absorption performance 
of the proposed DNMA. 

Fig. 10. Frequency shift with different analyte thicknesses at two absorption peaks of (a) peak 1 and (b) peak 2, where the analyte refractive index is set to 1.6. The 
green spheres represent the simulation data, and the red dash lines are the exponential fitting of the simulation data. 
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1 gradually decreases from 1.27 THz/RIU to 0.715 THz/RIU, and the RI 
sensitivity of peak 2 gradually decreases from 1.25 THz/RIU to 0.779 
THz/RIU. The RI sensitivity changes between 0.4 THz/RIU and 0.69 
THz/RIU for peak 1 with an analyte thickness of 14 μm, and the RI 
sensitivity for peak 2 is approximately fixed at 0.35 THz/RIU based on 
the linear relationship between the frequency shift and analyte RI. All 
results show that the proposed structure can be used in high sensitivity 
sensing systems, and it can sense thin-film biomolecule and thick bio-
logical tissues. 

4.5. Sensing performance comparison 

To indicate improvements in the performance of the proposed 
DNMA, we compared our calculated results with previously reported 
results regarding main indicators like Q-factor and sensitivity, as shown 

in Table 1. Our proposed DNMA based on the higher-order plasmon 
resonance shows a significantly higher Q-factor and sensitivity, which 
are important indicators for high-performance sensing applications. 

5. Conclusion 

A DNMA structure based on elliptical graphene sheets with thin 
thickness is proposed in this paper for dual-band absorption and sensing. 
Numerical simulations show that the absorptivity of the two bands can 
be up to 99.4% and 92.7%, respectively. The field distributions in the 
graphene pattern show that the excited high-order plasmon resonances 
at the two resonant frequencies play a significant role in achieving high 
absorptivity and narrowing the line-width. The sharpest absorption peak 
with a high Q of 277.8 is obtained at 1.945 THz. The proposed DNMA 
exhibits high-performance refractive index sensing with the highest 
sensitivity of 1.84 THz/RIU when the analyte thickness is 80 μm. Further 
investigation reveals that the resonant frequencies of the designed 
structure can be tuned by changing the angles of the incident THz wave. 
Changing the incident angles also results in switching between single- 
band, dual-band, and 3-band absorption. The proposed structure can 
also be tuned by changing the chemical potential of graphene. Through 
numerical simulations, the proposed DNMA displays many outstanding 
characteristics, such as good thermal stability, polarization insensitivity, 
and excellent fabrication robustness. The device in this study can be 
used in many potential applications, such as narrowband selective 
sensors, absorbers, and modulators. 
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Fig. 11. The frequency shift versus the analyte refractive index at (a) peak 1, and (b) peak 2, with different analyte thicknesses of 14 μm, 42 μm, and 80 μm, 
respectively. (c)-(d) The refractive index sensitivities of the proposed structure with a 14 μm, 42 μm, and 80 μm thick analyte layer. 

Table 1 
Comparison of the proposed dual-band structure with other reported designs.  

Refs. Structure of the 
devices 

Resonant 
frequency 

Q Sensitivity (Max 
Value) 

[21] Metal resonant 
structure 

2.249 THz 22.05 0.3 THz/RIU 

[31] Graphene resonant 
structure 

– – 0.066 THz/RIU 

[32] Graphene resonant 
structure 

3 THz – 0.834 THz/RIU   

6 THz – 1.57 THz/RIU 
[33] Metal resonant 

structure 
1.55 THz – 0.387 THz/RIU   

0.93 THz – 0.15 THz/RIU 
[34] Metal resonant 

structure 
– 237 1.75 THz/RIU 

[35] 3-D metal resonant 
structure 

1.731 THz 60.09 0.595 THz/RIU 

Proposed Graphene resonant 
structure 

1.628 THz 100.5 1.563 THz/RIU   

1.959 THz 268.4 1.9 THz/RIU  
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