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Abstract: In contrast to noble metals, graphene exhibits significantly lower loss, especially useful for
optical sensing applications that require ultrahigh Q factors, and offer wide range tunability via an
adjustable Fermi level. However, precise graphene patterning is difficult, especially for large areas,
severely limiting its applications. Here, a tunable terahertz metamaterial absorber (TMMA) with
ultrahigh Q factors consisting of a continuous, pattern-free graphene is demonstrated. A graphene
sheet is overlaid on an Al metal array, forming a structure that supports strong localized surface
plasmon polaritons (LSPPs) with fields tightly confined in the graphene, minimizing loss. Theoretical
results show that this TMMA exhibits an ultrahigh Q factor of 1730, a frequency sensitivity of
2.84 THz/RIU, and an excellent figure of merit (FoM) of 365.85 RIU~!, independent of polarization.
A tunability from ~2.25 to ~3.25 THz is also achieved by tuning E; of graphene from 0.3 to 0.7 eV.
The proposed graphene-based TMMA holds many potential applications, particularly in the field
of sensing.
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1. Introduction

Metamaterial, an artificially engineered composite material, demonstrates extraordi-
nary optical properties absent in natural materials [1-3]. It proves to be a promising candi-
date in various applications, including negative refraction, perfect lens, electromagnetic
stealth, and absorbers [4-7]. A noteworthy application of metamaterials is the metamaterial
absorber (MMA), extensively employed across electromagnetic bands from microwaves to
optical frequencies [8]. Due to the limited interaction of natural materials with THz waves,
metamaterial has opened up a new way to interact with THz waves. Recently, a variety
of terahertz metamaterial absorbers (TMMAs) have been devised for applications in com-
munication, security, imaging, and sensing [9-13]. Particularly, TMMAs are increasingly
recognized for their potential as highly-sensitive sensors. However, achieving heightened
sensitivities and lowered detection limits often necessitates a high quality factor (Q factor)
in the absorber [14]. At present, there are two main methods to improve the Q factor.
One effective strategy involves the cascading of multiple layers, but it usually introduces
complexity into the design, increases costs, and limits applicability [15]. Another approach
involves employing asymmetric structures to induce Fano-type resonance [16]. However,
these asymmetric structures operate only under specific polarizations. Hence, the way to
obtain an easily fabricated, polarization-insensitive TMMA with an ultrahigh Q factor is
still lacking.

Graphene, as a typical representative of 2D materials, has significant contributions to
improving the Q factor and detection sensitivity of TMMA sensors, owing to its outstand-
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ing characteristics [17-20]. The utilization of graphene in TMMA facilitates the efficient
absorption of THz wave energy [21-23], attributed to the high confinements of the elec-
tromagnetic resonance excited in graphene [24]. In contrast to noble metals, graphene
exhibits heightened sensitivity to environmental changes with lower loss [25]. It has been
demonstrated in our previous work that the use of graphene can effectively enhance the
Q factor of TMMA. The designed graphene-enhanced TMMA exhibited a maximum Q
factor of 133.12, accompanied by a corresponding figure of merit (FoM) reaching 18.28 per
refractive index unit (RTU!) [26]. Furthermore, adjusting the conductivity of graphene
is achievable by applying a biased gate voltage to modify its Fermi level. This property
enables graphene-based TMMAs to attain dynamic tunability [27,28].

Recently, various types of graphene-based TMMA have been proposed. In 2020,
Barzegar-Parizi et al. designed a multi-band plasmonic absorber by employing a patterned
graphene as its metamaterial resonator. When used for sensing, the proposed structure
exhibited a theoretical sensitivity of 0.11 THz/RIU while attaining a Q factor of 50 and a
maximum figure of merit (FoM) of 5.3 RIU~! [29]. In 2020, Rezagholizadeh et al. intro-
duced a THz refractive index sensor using periodic arrays of graphene disks. It exhibited
a numerically simulated sensitivity of 1.57 THz/RIU, coupled with a Q factor of 80 and
a maximum FoM of 24.5 RITU~! [30]. In 2023, Ma et al. proposed a tunable graphene
TMMA as a bifunctional sensor. This sensor demonstrated a theoretical frequency sen-
sitivity of 1.43 THz/RIU, accompanied by a maximum Q factor of 57.53 and an FoM of
9.65 RIU~! [31]. In the same year, Ma et al. proposed a highly sensitive terahertz sensor
based on graphene layers featuring a circular air hole in the center. Simulation results
revealed maximum sensitivity, Q factor, and FoM values of 2.372 THz/RIU, 179.95, and
64.62 RIU~!, respectively [32]. Note that the TMMAs mentioned above all rely on graphene
patterning. However, achieving precise graphene patterning is quite difficult, especially for
large areas. Jia et al. designed an actively tunable graphene-based metal-insulator-metal
(MIM) TMMA, utilizing a continuous graphene layer to eliminate the graphene patterning
process. However, the fields are mostly constrained in the metal, leading to a limited Q
value of 32 and an FoM of 33 RIU 1 [33].

Here, a TMMA consisting of a continuous, pattern-free graphene with ultrahigh,
polarization-independent Q factors reaching above 1700 is demonstrated. The graphene
sheet is overlaid on an Al metal array, forming a two-dimensional graphene layer that
supports strong localized surface plasmon polaritons (LSPPs) whose fields are tightly
confined in the graphene, minimizing loss. Polarization independency is achieved with
structural rotational symmetry. The simulation also highlights the capacity of the TMMA for
refractive index sensing, with an outstanding FoM of 365.85 RIU~!. A dynamic tunability
of the resonance frequency from ~2.25 to ~3.25 THz is also achievable with the change E;
of graphene. The presented TMMA shows great potential in biological, chemical, and gas
sensing.

2. Design of the TMMA

A schematic representation of the proposed graphene-based TMMA is shown in
Figure 1. The absorber is based on a graphene-covered MIM metamaterial structure with
monolayer graphene, an array of cubic Al resonators, a SiO, dielectric layer, and an Al
ground plane. The refractive index of the SiO, dielectric layer is 2.0 + 0.025i [34]. Geometric
parameters are defined as follows: P = 65 pm, a = 40 pum, t,, = 0.1 um, {5 = 4.2 um, and
te = 0.2 um. Here, ‘P’ represents the unit cell periodicity, ‘a” is the length of a cubic Al
resonator, ‘f;,” indicates the thickness of the cubic Al resonators, and ‘t;” denotes the
thickness of the SiO, dielectric layer. The bottom ground plane employs an Al plate with
a thickness of t; = 0.2 um, serving as a reflecting mirror. This ensures the comprehensive
reflection of the impinging terahertz wave, effectively suppressing its transmission. The
proposed graphene-based TMMA can be conveniently manufactured utilizing advanced
micro- and nanofabrication processes. At first, a layer of Al is deposited onto a Si wafer to
function as the ground plane. Next, the Al ground plane is covered with a SiO, dielectric
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layer through plasma-enhanced chemical vapor deposition. Subsequently, lithography
and electron beam evaporation techniques are employed to create the array of cubic Al
resonators. Finally, monolayer graphene is transferred onto the Al resonators through a
wet transfer method to form the whole structure [35].
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Figure 1. Structure schematic of the proposed graphene-based TMMA. Structural parameters:

P =65 um, a =40 um, and t,; = 0.1 um.

In the THz range, the conductivity of graphene (0g) is composed of the intra-band and
inter-band contributions [36]:

O¢ = Uintra =+ Cinter 1)
ie’kpT E; _

Tintra = A (w00 kT +2In(e ®T +1) 2)
ie? Z‘Ef‘—ﬁ((U'i'iT_l)

Ointer = 72 In ®)
47T 2By + Bl + T 1)

where i is the imaginary unit, e is the elementary charge, kg refers to the Boltzmann
constant, and T is the ambient temperature.  refers to the approximate Planck’s constant,
w is denoted as the angular frequency of the incident light, E; represents the Fermi level
of the graphene, and 7 is the carrier relaxation time of graphene. Previous studies have
indicated that at bands at low optical frequencies, e.g., THz, the E; of graphene is much
larger than 7w, resulting in the negligible contribution of ¢;s,,. Therefore, the conductivity
of graphene can be simplified as follows [37]:

ez‘Ef‘ i
h? (w+it—1)

O¢ = Ointra = (4)
In this study, the initial physical parameters of graphene are Ef = 0.5 eV, T = 1.0 ps, and
tgr = 0.34 nm [38,39].

3. Results and Discussions

The finite element method is employed using COMSOL Multiphysics version 5.5
to simulate the absorption and sensing characteristics of the proposed graphene-based
TMMA. Periodic boundary conditions are used to simulate periodicity. The excitation
plane wave upon the TMMA is at normal incidence. In order to eliminate non-physical
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reflections, A perfectly matched layer (PML) is employed in the Z-direction. The mesh size
is adjusted to meet convergence and accuracy requirements. According to the principle of
energy conservation, the absorption rate A can be calculated as follows [40]:

A=1—-R-T ®)

where R represents the reflectance rate. T represents the transmittance rate. As the bottom
Al ground plane entirely impedes the transmission of THz waves (T = 0), the overall
absorption is computed as A =1 — R. Another key metric for absorber assessment is the Q
factor, expressed as follows [41]:

__f
Q= FWHM ©)

where FWHM is the full width at half maximum of the resonant absorption peak. The f is
the resonant frequency of the absorption peak. In general, a metamaterial absorber with a
large Q value indicates considerable potential for applications in the sensing field [42].

3.1. Analyses of Resonance Modes

The numerically simulated absorption spectrum of the graphene-based TMMA is
depicted in Figure 2a. There are three absorption peaks at 1.86 THz (Peak 1), 2.55 THz
(Peak 2), and 2.84 THz (Peak 3). Notably, Peak 3 exhibits the highest absorption rate of
97.71%. The inset provides a magnified view near Peak 3, revealing that it has a narrow
FWHM of 1.64 GHz. The corresponding Q factor of Peak 3 is 1730, surpassing that of
Peak 1 and Peak 2 by more than 25 and 35 times, respectively. Additionally, for purposes
of comparison, the absorption spectra of Al-5i0;-Al and graphene-SiO;-Al metamaterial
structures are investigated under identical conditions, as depicted in Figure 2b. The Al-5iO,-
Al metamaterial structure exhibits a single absorption peak at 2.24 THz, with a relatively
low absorption rate of 34.20%. Its FWHM is calculated to be 228.46 GHz, corresponding
to a low Q factor of 10. Conversely, the graphene-5i0,-Al structure does not exhibit a
resonance absorption peak.
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Figure 2. (a) Simulated absorption, reflection, and transmission spectra of the graphene-based TMMA.
The inset is the zoom-in plot of the Peak 3, showing a narrow FWHM of 1.64 GHz. (b) Simulated
absorption spectrum of the Al-5iO;-Al (orange line) and graphene-SiO;-Al (blue line) structures.

To attain a more profound understanding of the absorption mechanism for the pro-
posed graphene-based TMMA, Figure 3a—c plot the | E/Eg | electrical field enhancement
distribution for Peak 1, 2, and 3, respectively. The electrical fields are concentrated near
the graphene for all three modes. Additionally, for Peak 1 and 2, part of the fields is
constrained in the Al resonators, indicating more loss, which accounts for their much lower
Q factors compared with that of Peak 3. Moreover, the interference patterns in the graphene
are expected to be caused by the interference of the LSPPs. Their different periodicity
corresponds to different resonance frequencies. Note that for Peak 3, although most of
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the fields are concentrated near the graphene, the Al array is essential for exciting the
resonance, as is shown by Figure 2b that no resonance is excited when the Al resonators are
absent. The primary function of the Al array is to adjust the plane wave vector component
through interaction with incident light. This adjustment facilitates the achievement of
wave vector matching within the two-dimensional graphene metasurface, leading to the
excitation of strong LSPPs. Hence, ultrahigh Q factors are achieved without the need for
graphene patterning. Furthermore, for Peak 3, due to the rotational symmetry of the mode,
the absorption properties exhibit insensitivity to the polarization angles, as is illustrated in
Figure 3d. Owing to the excellent properties of the resonance mode at Peak 3, subsequent
investigations in this study are predominantly concentrated on Peak 3.
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Figure 3. (a—c) Plotted | E/Ey | field distributions of the graphene-based TMMA at (a) 1.86 THz (Peak
1), (b) 2.55 THz (Peak 2), and (c) 2.84 THz (Peak 3). Upper part is the top view of the electrical field
distribution at the surface of graphene; lower part is the cross-sectional view of the electrical field
distribution, extracted along line a-a in the upper part. (d) Simulated absorption spectra with varying
polarization angles of electrical fields from 0° to 90°.

3.2. Tunability of the Graphene-Based TMMA

As is known, the absorption capabilities of TMMAs are significantly influenced by
their structural parameters [43,44]. Here, the impact of the dielectric layer thickness (t;),
unit cell period (P), and side length of the metal resonator (2) on the performances of the
graphene-based TMMA is systematically investigated.

Figure 4a illustrates the numerically simulated results on the absorption properties of
the graphene-based TMMA versus the thickness of the SiO, dielectric layer (¢;). The absorp-
tion efficiency maintains high as t; increases, accompanied by a blue shift of the resonant
frequency due to changes in the overall effective refractive index of the absorber [45,46].
Figure 4b displays the simulated FWHMSs and Q factors corresponding to different ¢;.
When the dielectric thickness is 4.2 um, the FWHM reaches its minimum at 1.96 GHz, while
the Q factor attains its maximum at 1540. Similarly, the impact of varying the period P of
the graphene-based TMMA is explored (t; = 4.2 um). Simulation results are illustrated
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in Figure 4c,d. When period P increases from 64 to 68 um, a red shift happens due to
geometric scaling. When the period P reaches 65 um, the minimum FWHM and maximum
Q factor is 1.64 GHz and 1730, respectively. Figure 4e,f exhibit the variation in absorption
characteristics as the side length of the cubic Al resonator (a) is increased from 36 to 44 pm
(t4 =4.2 pm, P = 65 pm). A red shift of the resonance frequency is observed, and the
absorption rate of the resonance peak changes notably. Despite the FWHM decreasing
to 1.43 GHz and the Q value increasing to 2017 at a side length of 38 um, the absorption
rate markedly drops to 71.23%. Thus, the optimal structural parameters are determined as
follows: t; = 4.2 um, P = 65 um, and a = 40 um.
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Figure 4. Simulated absorption spectra of the graphene-based TMMA with different (a) SiO; dielectric
thickness t4, (c) period P, and (e) side length of the cubic Al resonators a. (b,d,f) calculated FWHMs
and Q factors corresponding to (a), (b), and (c), respectively.

Additionally, the absorption properties of the graphene-based TMMA are notably
affected by the Fermi level E; of graphene, which can be adjusted via chemical doping or
electrical gating [19,25]. As is shown in Figure 5a, when Ey increases from 0.3 to 0.7 eV,
a blue shift from ~2.25 to ~3.25 THz is observed in the resonance peak, accompanied
by significant variations in absorption rates. Figure 5b shows that when Ef =0.5¢eV, the
FWHM attains its minimum value of 1.64 GHz, corresponding to the highest Q value of
1730. The adjustment of the Fermi level E; inherently implies the modulation of graphene’s
carrier concentration. Through electronic injection or depletion, the changes in carrier
concentration can further influence the complex refractive index of graphene, thereby
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inducing alterations in its absorption characteristics [47]. This opens the possibility of the

dynamic tuning of the TMMA.
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Figure 5. (a) Simulated absorption spectra of the graphene-based TMMA with different Fermi
levels Ey of graphene. (b) Calculated Q factors and FWHM s corresponding to the modes in (a) with
different Ey.

3.3. Sensing Capabilities of the Graphene-Based TMMA

Here, simulations are conducted to investigate the sensing applicability of the pro-
posed graphene-based TMMA. The gas sensing characteristics of the proposed graphene-
based TMMA are initially explored by adjusting the refractive indices (145) of the sur-
rounding environment. Typical gases demonstrate refractive indices ranging from 1.00 to
1.01 [48,49]. Therefore, ng,s is varied from 1.00 to 1.01, with intervals of 0.002. Figure 6a
illustrates, as g5 increases from 1.00 to 1.01, the resonance absorption peak experiences a
red shift, while the absorption rate remains nearly constant. To quantify this absorption
peak shift, the frequency sensitivity (S), as a crucial index for assessing sensing capabilities,
is calculated as S = Af/An. Here, Af and An represent the variation in the resonant
frequency and refractive index, respectively. Another crucial index used to estimate the
sensing performance is the FoM, which is expressed as FoM = S/FWHM. As illustrated
in Figure 6b, for sensing gas, the sensitivity S is 0.60 THz/RIU, and the FoM could reach as
high as 365.85 RIU~!.

Subsequently, the potential for the graphene-based TMMA to serve as liquid- or bio-
sensors is explored. Prior studies indicate that refractive indices of liquids, biomolecules,
and cells typically range from 1.3 to 2.0 [36,41,47,50]. Assuming an overlayer thickness ¢,
of 0.2 um, the refractive indices n, of the overlayer analytes are adjusted within the range
of 1.2 to 2.0 at an interval of 0.2. The absorption spectra are numerically simulated, as
shown in Figure 6c. It can be observed that the resonance peak exhibits a red shift with
increased n,. Figure 6d shows that its frequency sensitivity and FoM are 0.05 THz/RIU and
28.01 RIU~!, respectively. Compared with gas sensing, the frequency sensitivity S and FoM
exhibit relatively smaller values, which is attributed to the finite thickness of the analyte
layer. The finite analyte volume results in a weaker light-matter interaction. To further
explore this phenomenon, the frequency sensitivity S and FoM are calculated for different
thickness analyte layers. The results are shown in Figure 6e,f. The resonance peak also
exhibits a red shift with increased f,. As demonstrated in Figure 6f, the implementation of
small values for analyte thickness leads to a swift degradation in sensitivity S and the FoM,
whereas an increase in analyte thickness displays a tendency toward saturation.

Table 1 compares the previously proposed graphene-based sensors with the presented
TMMA sensor [29-32,51-53]. It can be observed from the table that the Q value and FoM
of the graphene-based TMMA sensor is substantially higher due to field confinement in the
graphene. Meanwhile, the polarization insensitivity of this sensor facilitates its practical ap-
plication. Consequently, the presented graphene-based TMMA demonstrates outstanding
sensing performance, offering promising prospects in future sensing applications.
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Figure 6. (a) Simulated absorption spectra of the graphene-based TMMA in environments with

different refractive indexes r1g45. (b) Resonance frequency versus nggs. (c) Absorption spectra obtained

with an overlayer of analytes with different refractive indexes n,. (d) Resonance frequency versus #,.

(e) Simulated absorption spectra with overlayers of different thicknesses t; (1, = 1.4). (f) Sensitivity

and FoM versus {,.

Table 1. Absorption performance comparisons of different graphene-based TMMA reported in

previous works.

Structure Year Fr?%;ezr)\cy (RFI(I)JI\:II) Q Factor Ref
Monolayer graphene ring 2021 5.55 8.75 27.75 [51]
Graphene and Au SRR 2021 2.5 9.48 49.2 [52]
Graphene disks 2020 5.9 53 50 [29]
Circular graphene disks 2015 9.01 6.57 59 [53]
Graphene disks 2020 6 24.5 80 [30]
Graphene and InSb cylinder 2023 8.53 9.65 59.53 [31]
Graphene layer with circular holes 2023 2.372 64.62 179.95 [32]
Al resonators with unpatterned graphene 2.84 365.85 1730 This work
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4. Conclusions

In conclusion, a tunable TMMA with ultrahigh Q factors consisting of a continuous,
pattern-free graphene sheet is proposed and investigated. The monolayer graphene is
covered on an Al cube array, without the graphene patterning, which is beneficial for
simplifying the preparation process. The structure supports strong LSPPs highly confined
in the graphene, minimizing loss. Additionally, its resonance modes of absorption peaks
can be flexibly adjusted via modifications in geometric parameters or by tuning the E; of
graphene. Theoretical results indicate that the graphene-based TMMA exhibits a maximum
Q factor of 1730, a frequency sensitivity of 2.84 THz/RIU, and an FoM of 365.85 RIU~!. Due
to rotational symmetry, its absorption properties are insensitive to the polarization angles.
The presented graphene-based TMMA exhibits superior sensing properties and versatility
for both gas and liquid sensing, offering promising prospects in future sensing applications.

Author Contributions: Conceptualization, Y.C. and K.W.; methodology, Y.C. and G.S.; validation,
Y.C,; formal analysis, Y.C. and G.S.; investigation, Y.C., G.S., ] W. and Y.M.; resources, ].W., YM. and
W.Z.; data curation, Y.C.; writing—original draft preparation, Y.C.; writing—review and editing, K.W.
and Q.W,; supervision, KW. and Q.W.; project administration, Q.W.; funding acquisition, Q.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Shelby, R.A.; Smith, D.R.; Schultz, S. Experimental verification of a negative index of refraction. Science 2001, 292, 77-79. [CrossRef]

2. Pendry, ]. Negative refraction makes a perfect lens. Phys. Rev. Lett. 2000, 85, 3966-3969. [CrossRef]

3. Schurig, D.; Mock, J.].; Justice, B.J].; Cummer, S.A.; Pendry, ].B.; Starr, A.F,; Smith, D.R. Metamaterial electromagnetic cloak at
microwave frequencies. Science 2006, 314, 977-980. [CrossRef]

4. Smith, D.R,; Padilla, W.J.; Vier, D.C.; Nemat-Nasser, S.C.; Schultz, S. Composite medium with simultaneously negative permeabil-
ity and permittivity. Phys. Rev. Lett. 2000, 84, 4184—4187. [CrossRef]

5. Grady, N.K,; Heyes, ].E.; Roy Chowdhury, R.; Zeng, Y.; Reiten, M.T.; Azad, A K,; Taylor, AJ.; Dalvit, D.A.R.; Chen, H. Terahertz
metamaterials for linear polarization conversion and anomalous refraction. Science 2013, 340, 1304-1307. [CrossRef]

6. Pendry, J.; Schurig, D.; Smith, D. Controlling electromagnetic fields. Science 2006, 312, 1780-1782. [CrossRef]

7. Landy, N.L; Sajuyigbe, S.; Mock, J.J.; Smith, D.R.; Padilla, W.]J. Perfect metamaterial absorber. Phys. Rev. Lett. 2008, 100, 207402.
[CrossRef]

8. Abdulkarim, Y.I; Mohanty, A.; Acharya, O.P; Appasani, B.; Khan, M.S.; Mohapatra, S.K.; Muhammadsharif, FF,; Dong, J. A
review on metamaterial absorbers: Microwave to optical. Front. Phys. 2020, 10, 893791.

9.  Chen, C,; Chai, M.; Jin, M.; He, T. Terahertz metamaterial absorbers. Adv. Mater. Technol. 2022, 7,2101171. [CrossRef]

10. Carranza, LE.; Grant, ].P.; Gough, J.; Cumming, D. Terahertz metamaterial absorbers implemented in CMOS technology for
imaging applications: Scaling to large format focal plane arrays. IEEE . Sel. Top. Quant. 2017, 23, 4700508.

11. Wang, B.; Huang, W.; Wang, L. Ultra-narrow terahertz perfect light absorber based on surface lattice resonance of a sandwich
resonator for sensing applications. RSC Adv. 2017, 7, 42956-42963. [CrossRef]

12.  Kazanskiy, N.; Khonina, S.; Butt, M. Recent Development in Metasurfaces: A Focus on Sensing Applications. Nanomaterials 2023,
13, 118. [CrossRef]

13. Rastgordani, A.; Kashani, Z. Robust design method for metasurface high-sensitivity sensors and absorbers. J. Opt. Soc. Am. B
2020, 37, 2006-2011. [CrossRef]

14. Wang, J.; Hu, C,; Tian, Q.; Yu, W.; Tian, H.; Li, L.; Liu, J.; Zhou, Z. Ultrahigh-Q and polarization-independent terahertz
metamaterial perfect absorber. Plasmonics 2020, 15, 1943-1947. [CrossRef]

15. Reiten, M.T.; Roy Chowdhury, D.; Zhou, J.; Taylor, A.J.; O’'Hara, J.E; Azad, A K. Resonance tuning behavior in closely spaced
inhomogeneous bilayer metamaterials. Appl. Phys. Lett. 2011, 98, 131105. [CrossRef]

16. Xie, Q.; Dong, G.; Wang, B.; Huang, W. High-Q Fano resonance in terahertz frequency based on an asymmetric metamaterial
resonator. Nanoscale Res. Lett. 2018, 13, 294. [CrossRef]

17.  Mikhailov, S.A.; Ziegler, K. New electromagnetic mode in graphene. Phys. Rev. Lett. 2007, 99, 016803. [CrossRef]

18. Bonaccorso, F; Sun, Z.; Hasan, T.; Ferrari, A.C. Graphene photonics and optoelectronics. Nat. Photonics 2010, 4, 611-622.

[CrossRef]


https://doi.org/10.1126/science.1058847
https://doi.org/10.1103/PhysRevLett.85.3966
https://doi.org/10.1126/science.1133628
https://doi.org/10.1103/PhysRevLett.84.4184
https://doi.org/10.1126/science.1235399
https://doi.org/10.1126/science.1125907
https://doi.org/10.1103/PhysRevLett.100.207402
https://doi.org/10.1002/admt.202101171
https://doi.org/10.1039/C7RA08413G
https://doi.org/10.3390/nano13010118
https://doi.org/10.1364/JOSAB.386320
https://doi.org/10.1007/s11468-020-01221-8
https://doi.org/10.1063/1.3566978
https://doi.org/10.1186/s11671-018-2677-0
https://doi.org/10.1103/PhysRevLett.99.016803
https://doi.org/10.1038/nphoton.2010.186

Nanomaterials 2024, 14, 605 10 of 11

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Sang, M.; Shin, J.; Kim, K.; Yu, KJ. Electronic and thermal properties of graphene and recent advances in graphene based
electronics applications. Nanomaterials 2019, 9, 374. [CrossRef]

Oh, J.; Kim, K.; Yeom, G. Graphene doping methods and device applications. ]. Nanosci. Nanotechnol. 2014, 14, 1120-1133.
[CrossRef]

Cheng, Y.; Zhao, H.; Li, C. Broadband tunable terahertz metasurface absorber based on complementary-wheel-shaped graphene.
Opt. Mater. 2020, 109, 110369. [CrossRef]

Chen, E; Cheng, Y.; Luo, H. A broadband tunable terahertz metamaterial absorber based on single-layer complementary
gammadion-shaped graphene. Materials 2020, 13, 860. [CrossRef]

Nagandla, P.; Pokkunuri, P.; Madhav, B. Graphene metasurface based broad band absorber for terahertz sensing applications.
Meas. Sens. 2023, 30, 100927. [CrossRef]

Alexandrou, K.; Petrone, N.; Hone, J.; Kymissis, I. Encapsulated graphene fieldeffect transistors for air stable operation. Appl.
Phys. Lett. 2015, 106, 113104. [CrossRef]

Li, K;; Ma, X,; Zhang, Z.; Song, J.; Xu, Y.; Song, G. Sensitive refractive index sensing with tunable sensing range and good
operation angle-polarization-tolerance using graphene concentric ring arrays. J. Phys. D Appl. Phys. 2014, 47, 405101. [CrossRef]
Chen, Y.; Sun, T.; Wei, J.; Zhang, W.; Wu, K.; Wang, Q. Graphene-enhanced polarization-independent high-Q terahertz metamate-
rial absorber with tunability for sensing applications. Opt. Commun. 2024, 557, 130311. [CrossRef]

Low, T.; Avouris, P. Graphene plasmonics for terahertz to mid-infrared applications. ACS Nano 2014, 8, 1086-1101. [CrossRef]
Landy, N.L; Bingham, C.M.; Tyler, T.; Jokerst, N.; Smith, D.R.; Padilla, W.J. Design, theory, and measurement of a polarization-
insensitive absorber for terahertz imaging. Phys. Rev. B 2009, 79, 125104. [CrossRef]

Barzegar-Parizi, S.; Ebrahimi, A. Ultrathin, polarization-insensitive multi-band absorbers based on graphene metasurface with
THz sensing application. J. Opt. Soc. Amer. B 2020, 37, 2372-2381. [CrossRef]

Rezagholizadeh, Q.; Biabanifard, M.; Borzooei, S. Analytical design of tunable THz refractive index sensor for TE and TM modes
using graphene disks. J. Phys. D Appl. Phys. 2020, 53, 295107. [CrossRef]

Ma, S.; Wen, S.; Mi, X.; Zhao, H.; Zhao, ]. Bifunctional terahertz sensor based on tunable graphene metamaterial absorber. Opt.
Commun. 2023, 532, 129254. [CrossRef]

Ma, S.; Zhang, P; Mi, X.; Zhao, H. Highly sensitive terahertz sensor based on graphene metamaterial absorber. Opt. Commun.
2023, 528, 129021. [CrossRef]

Jia, Y,; Yin, H.; Yao, H.; Wang, J.; Fan, C. Realization of multi-band perfect absorber in graphene based metal-insulator-metal
metamaterials. Results Phys. 2021, 25, 104301. [CrossRef]

Alves, F.; Kearney, B.; Grbovic, D.; Lavrik, N.V.; Karunasiri, G. Strong terahertz absorption using SiO, / Al based metamaterial
structures. Appl. Phys. Lett. 2012, 100, 111104. [CrossRef]

Yoon, M.; Kim, C.; Kim, J.; Lee, H.; Kim, K. Surface properties of CVD-grown graphene transferred by wet and dry transfer
processes. Sensors 2022, 22, 3944. [CrossRef]

Ye, Z.; Wu, P,; Wang, H ; Jiang, S.; Huang, M.; Lei, D.; Wu, E. Multimode tunable terahertz absorber based on a quarter graphene
disk structure. Results Phys. 2023, 48, 106420. [CrossRef]

Chen, M.; Xiao, Z. Metal-graphene hybrid terahertz metamaterial based on dynamically switchable electromagnetically induced
transparency effect and its sensing performance. Diam. Relat. Mater. 2022, 124, 108935. [CrossRef]

Xu, K; Li, J.; Zhang, A.; Chen, Q. Tunable multi-band terahertz absorber using a single-layer square graphene ring structure with
T-shaped graphene strips. Opt. Express 2020, 28, 11482-11492. [CrossRef]

Han Lyn, F.; Nur Hanani, Z. Graphene-based polymer nanocomposites in food packaging and factors afecting the behaviour of
graphene-based materials: A review. |. Nanopart. Res. 2022, 24, 179. [CrossRef]

Banerjee, S.; Nath, U.; Dutta, P; Jha, A.V.; Appasani, B.; Bizon, N. A theoretical terahertz metamaterial absorber structure with a
high quality factor using two circular ring resonators for biomedical sensing. Inventions 2021, 6, 78. [CrossRef]

Wang, D.; Xu, K.; Luo, S.; Cui, Y.; Zhang, L.; Cui, J. A high Q-factor dual-band terahertz metamaterial absorber and its sensing
characteristics. Nanoscale 2023, 15, 3398-3407. [CrossRef]

Chen, T.; Zhao, R.; Wang, B. Theoretical investigation of a simple design of triple-band terahertz metamaterial absorber for
high-Q sensing. Appl. Sci. 2019, 9, 1410. [CrossRef]

Qin, E; Chen, Z.; Chen, X,; Yi, Z.; Yao, W.; Duan, T.; Wu, P; Yang, H.; Li, G.; Yi, Y. A tunable triple-band near-infrared metamaterial
absorber based on Au nano-cuboids array. Nanomaterials 2020, 10, 207. [CrossRef]

Zou, H.; Cheng, Y. Design of a six-band terahertz metamaterial absorber for temperature sensing application. Opt. Mater. 2019,
88, 674-679. [CrossRef]

Xu, Y; Qiu, P; Mao, J.; Jile, H.; Jiang, P. Dual-band narrow-band absorber with perfect absorption peaks in mid-infrared and
near-infrared based on surface plasmon resonance. Diam. Relat. Mater. 2023, 132, 109624. [CrossRef]

Zhou, E; Qin, F; Yi, Z.; Yao, W.; Liu, Z.; Wu, X.; Wu, P. Ultra-wideband and wide-angle perfect solar energy absorber based on Ti
nanorings surface plasmon resonance. Phys. Chem. Chem. Phys. 2021, 23, 17041-17048. [CrossRef]

Guo, X.; Hu, H,; Zhu, X,; Yang, X.; Dai, Q. Higher order Fano graphene metamaterials for nanoscale optical sensing. Nanoscale
2017, 9, 14998-15004. [CrossRef]

Appasani, B.; Srinivasulu, A.; Ravariu, C. A high Q terahertz metamaterial absorber using concentric elliptical ring resonators for
harmful gas sensing applications. Def. Technol. 2023, 22, 69-73. [CrossRef]


https://doi.org/10.3390/nano9030374
https://doi.org/10.1166/jnn.2014.9118
https://doi.org/10.1016/j.optmat.2020.110369
https://doi.org/10.3390/ma13040860
https://doi.org/10.1016/j.measen.2023.100927
https://doi.org/10.1063/1.4915513
https://doi.org/10.1088/0022-3727/47/40/405101
https://doi.org/10.1016/j.optcom.2024.130311
https://doi.org/10.1021/nn406627u
https://doi.org/10.1103/PhysRevB.79.125104
https://doi.org/10.1364/JOSAB.396266
https://doi.org/10.1088/1361-6463/ab85e6
https://doi.org/10.1016/j.optcom.2022.129254
https://doi.org/10.1016/j.optcom.2022.129021
https://doi.org/10.1016/j.rinp.2021.104301
https://doi.org/10.1063/1.3693407
https://doi.org/10.3390/s22103944
https://doi.org/10.1016/j.rinp.2023.106420
https://doi.org/10.1016/j.diamond.2022.108935
https://doi.org/10.1364/OE.390835
https://doi.org/10.1007/s11051-022-05558-5
https://doi.org/10.3390/inventions6040078
https://doi.org/10.1039/D2NR05820K
https://doi.org/10.3390/app9071410
https://doi.org/10.3390/nano10020207
https://doi.org/10.1016/j.optmat.2019.01.002
https://doi.org/10.1016/j.diamond.2022.109624
https://doi.org/10.1039/D1CP03036A
https://doi.org/10.1039/C7NR05919A
https://doi.org/10.1016/j.dt.2022.06.016

Nanomaterials 2024, 14, 605 11 of 11

49.

50.

51.

52.

53.

Shruti; Pahadsingh, S.; Appasani, B.; Srinivasulu, A.; Bizon, N.; Thounthong, P. A reconfigurable terahertz metamaterial absorber
for gas sensing applications. Crystals 2023, 13, 158. [CrossRef]

Yahiaoui, R.; Strikwerda, A.C.; Jepsen, P.U. Terahertz plasmonic structure with enhanced sensing capabilities. IEEE Sens. J. 2016,
16, 2484-2488. [CrossRef]

Zhang, B.; Xu, K. Dynamically switchable terahertz absorber based on a hybrid metamaterial with vanadium dioxide and
graphene. J. Opt. Soc. Amer. B 2021, 38, 3425-3434. [CrossRef]

Sadafi, M.M.; Karami, H.; Hosseini, M. A tunable hybrid graphene-metal metamaterial absorber for sensing in the THz regime.
Curr. Appl. Phys. 2021, 31, 132-140. [CrossRef]

Zhang, Y.; Li, T.; Zeng, B.; Zhang, H.; Lv, H.; Huang, X.; Zhang, W.; Azad, A K. A graphene based tunable terahertz sensor with
double Fano resonances. Nanoscale 2015, 7, 12682-12688. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/cryst13020158
https://doi.org/10.1109/JSEN.2016.2521708
https://doi.org/10.1364/JOSAB.439150
https://doi.org/10.1016/j.cap.2021.07.020
https://doi.org/10.1039/C5NR03044G

	Introduction 
	Design of the TMMA 
	Results and Discussions 
	Analyses of Resonance Modes 
	Tunability of the Graphene-Based TMMA 
	Sensing Capabilities of the Graphene-Based TMMA 

	Conclusions 
	References

