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Abstract: The paper proposes an ultra-narrow band graphene refractive index sensor, consisting of a
patterned graphene layer on the top, a dielectric layer of SiO2 in the middle, and a bottom Au layer.
The absorption sensor achieves the absorption efficiency of 99.41% and 99.22% at 5.664 THz and
8.062 THz, with the absorption bandwidths 0.0171 THz and 0.0152 THz, respectively. Compared with
noble metal absorbers, our graphene absorber can achieve tunability by adjusting the Fermi level and
relaxation time of the graphene layer with the geometry of the absorber unchanged, which greatly
saves the manufacturing cost. The results show that the sensor has the properties of polarization-
independence and large-angle insensitivity due to the symmetric structure. In addition, the practical
application of testing the content of hemoglobin biomolecules was conducted, the frequency of first
resonance mode shows a shift of 0.017 THz, and the second resonance mode has a shift of 0.016 THz,
demonstrating the good frequency sensitivity of our sensor. The S (sensitivities) of the sensor were
calculated at 875 GHz/RIU and 775 GHz/RIU, and quality factors FOM (Figure of Merit) are 26.51
and 18.90, respectively; and the minimum limit of detection is 0.04. By comparing with previous
similar sensors, our sensor has better sensing performance, which can be applied to photon detection
in the terahertz band, biochemical sensing, and other fields.

Keywords: graphene; ultra-narrow band; refractive index sensor; terahertz waves

1. Introduction

Surface plasmons (SPs) are two-dimensional plane waves propagating along the
interface between metal and dielectric, which can confine subwavelength of the electric
field in the direction perpendicular to the dielectric for the purpose of controlling light [1,2].
Surface plasmon resonance (SPR), as an embranchment of SPs, is excited by the coupling
of photon-electron resonance when the wave vector of the incident light matches that
of the surface plasmon wave [3]. The resonance frequency can be tuned by changing
the geometric parameters and material of the metal layer, etc [4]. SPR-based biosensors
are popular research topics in recent years and have been playing an important role in
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biological diagnosis and environmental detection on account of its high sensitivity and real-
time response [5–8]. For example, one of the most common applications of SPR sensors is
the detection and characterization of different biochemicals, including antibodies and other
proteins [9,10]. The conventional SPR sensor is a three-layer dielectric structure proposed
by Kretschmann, where a metal film is usually attached to the beveled edge of the prism
to adsorb biological or chemical molecules [11]. Since the resonant frequencies of metals
must be in the visible spectral range, gold or silver is generally chosen as the material for
metal thin films. However, both materials have some defects that cannot be improved (for
example, silver is easily oxidized, reducing performance and life of devices; the absorption
capacity of biomolecules on gold is poor, and the sensitivity and performance of sensors is
limited), thus limiting the effective use of the sensing performance of the devices [12,13].
Therefore, it is essential to find a new material to enhance the sensing performance.

Electromagnetic metamaterial is a new type of artificially designed composite material
with a structural size smaller than the wavelength of external incidence, which has peculiar
optical properties such as a negative refractive index and a negative magnetic permeability.
In addition, the desired metamaterial properties can be achieved by designing subwave-
length structures [14,15]. Currently, one of the most promising types of metamaterials for
application is graphene, which is a lattice material composed of hexagonal carbon atoms.
Graphene has excellent optical characteristic such as high optical transparency, strong elec-
trical conductivity, and strong biosorption due to its special electronic structure [16–20]. It
has been found that the optical characteristics of graphene change significantly on the SPR
curve, and the graphene increases the sensitivity of the device to changes in the refractive
index compared to conventional metallic materials [21]. On the other hand, similar to
metals, graphene can support the propagation of surface plasma waves in the mid-infrared
and terahertz bands [22]. However, unlike conventional metal SPR, the plasma of graphene
is tunable and exhibits dynamic tunability with the method of adjusting the Fermi level
and relaxation time of graphene by electrostatic or doping [23–26]. Using the feature, the
actual manufacturing cost of the device is greatly saved, and the device performance can
be tuned more easily and quickly.

Based on the advantages of the above properties of graphene materials, it is possible
to achieve optimization of sensor performance. In real life, optical sensors of graphene-
based SPR can be used for bio-detection such as single cells, antigen antibodies, proteins
and so on [27–29]. In recent years, a wide variety of graphene absorption sensors with
different properties have been proposed. However, most of these absorbers are single-
frequency absorbers with complex fabrication steps and poor performance in sensing
detection [30–33]. Therefore, the emergence of a sensor with a simple configuration, dual-
frequency absorption and high refractive index sensitivity is an inevitable trend.

Terahertz waves lie between 0.1 and 10 THz, and are mainly excited by intramolecular
and intermolecular vibrations [34,35]. Although the terahertz wave band has not yet
been fully explored in the electromagnetic spectrum, it has now shown great potential for
applications in communication, security, medical, and military, and is of great research
value [36–39]. Actually, there has been some research progress in the combination of
graphene absorption sensors and terahertz waves in recent years, but the majority of
these works are only one resonance mode or do not achieve perfect absorption [40–42],
hindering the expansion of application ranges of devices. Based on this, a novel ultra-
narrow band graphene THz absorption sensor structure is designed in this paper. The
absorption efficiency of the absorber is first calculated by simulation, and its intrinsic
electric field distribution and impedance matching principle are analyzed. Then the effects
of the Fermi level, relaxation time, polarization angle, and incident angle on absorption
are discussed separately. Next, the sensing performance is analyzed and compared with
similar ultra-narrowband absorber structures. Finally, the sensor capability is investigated
for the detection of biomolecules in the biomedical field. The results show that the designed
sensor has dynamic tunability, polarization-independence, large-angle insensitivity, and
good sensing characteristics.
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2. Model Structure

Our proposed ultra-narrowband absorber structure consists of a patterned graphene
layer on the top, a dielectric layer of SiO2 in the middle, and a bottom metal layer, as shown
in Figure 1. The chosen dielectric SiO2 has a relative permittivity of εd = 1.4 and a thickness
of ts = 28 µm. The structural period of the basic cell is P = Px = Py = 15 µm. The bottom
metal layer adopts lossy Au with conductivity σ = 4.09 × 107 S/m and the ply ta = 0.5 µm,
which can block the transmission of terahertz waves efficiently [43,44]. The inner ring radii
r1 and r2 of the top patterned graphene are 1 µm and 3.5 µm, respectively, and the outer
ring radii r3 and r4 are 5 µm and 7 µm, respectively. Based on this structure, the simulation
was conducted by using FDTD (Finite difference time domain) solutions software [45].
During the process, in x- and y-directions, periodic boundary conditions are used. In the z-
direction, perfect matching layer (PML) 24 layers is applied. The simulation temperature in
our work is set to 300 K. In the simulations of this paper, the thickness of the monolayer
graphene is set to 1 nm. By modulating the material parameters of the graphene layer, it
was found that the optimal absorption efficiency of this absorber in the terahertz band was
achieved when EF = 0.7 eV and τ = 0.7 Ps.
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form of the absorber.

The total conductivity of graphene we used can be obtained from σg = σintra + σinter,
with σintra represents intra-band conductivity, σinter is inter-band conductivity. According
to Kubo formula, the conductivity of graphene can be described by [46,47]:

σintra =
ie2kBT

π}2(w + iτ−1)

{
EF

KBT
+ 2 ln

[
exp(− EF

KBT
) + 1

]}
(1)

σinter =
ie2

4π}2 ln
[

2|EF| − }(w + iτ−1)

2|EF|+ }(w + iτ−1)

]
(2)

where the charge of electron e = 1.6 × 10−19 C, KB refers to the Boltzmann constant, h̄
represents the approximate Planck constant, T, ω refers to the ambient temperature and
angular frequency of the incident wave, respectively. EF and τ refer to the Fermi level and
relaxation time of the graphene layer, respectively. The σinter of graphene is negligible since
EF >> h̄ω in the terahertz band, and the surface conductivity of graphene depends mainly
on intra-band contribution. Therefore, the total conductivity of graphene can be simplified
as Drude formula [48]:

σ(ω) =
ie2|EF|

π}2(ω + iτ−1)
(3)

From the above equation, it is clear that the graphene optoelectronic devices can
achieve active adjustability by means of regulating the Fermi level and relaxation time.
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The property simplifies the design of optoelectronic devices and increases the flexibility in
different cases.

3. Results and Analysis

As displayed in Figure 2, the patterned graphene absorber achieves ultra-narrow band
perfect absorption in the incident frequency ranges of 5~9 THz, and absorption efficiency
of 99.41% and 99.22% are achieved at 5.664 THz and 8.062 THz, respectively. And these
results were calculated and simulated by 3D-finite difference time domain method in FDTD
software. The Q-factors of two resonant frequencies, defined as Q = f0/∆f [49], are 171.64
and 196.63, respectively.
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resonance frequency f and absorption bandwidth Bw marked on the graph.

To calibrate the bandwidth level of the absorber, the parameter relative absorption
bandwidth Bw is used, which is expressed as the ratio of total bandwidth to center frequency,
and defined as [50]:

Bw = 2× ( fmax − fmin)

( fmax + fmin)
× 100% (4)

where fmax and fmin are the highest and lowest frequencies, respectively. If Bw is less than
1%, it is considered narrowband. If Bw is in the range of 1~25%, it is considered wideband,
and if Bw is greater than 25%, it is considered ultra-wide band. In our work, the absorption
bandwidths of the two resonant frequencies where the absorption efficiency remains above
80% are 0.0171 (5.6552~5.6723 THz) and 0.0152 (8.0551~8.0703 THz), respectively. Therefore,
according to equation (4), the relative absorption bandwidths Bw at the two resonant
frequencies were calculated to be 0.0301% and 0.0188%, respectively. Bw is much less than
1%, so the absorber is ultra-narrow band absorption. The total absorption bandwidths are
0.033 THz and 0.041 THz, respectively.

To investigate the intrinsic mechanism of perfect absorption of the absorber, we set
separate frequency-domain field monitors at 5.664 THz and 8.062 THz respectively in x-y
plane first, then observed and plotted the cross-sectional electric field distribution diagram,
as demonstrated in Figure 3. It is worth noting that the electric field we calculated was
normalized, different colors represented different intensities of electric field, and the electric
field became stronger and stronger from blue to red. The intensity values of electric field
corresponding to different colors is presented in the color bar of the electric field. Obviously,
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the electric field distribution patterns at the two perfect absorption bands were different.
For the electric field at 5.664 THz, it was mainly distributed at the upper and lower sides of
the outer ring. And at 8.062 THz, not only the graphene SPR of outer ring excited an electric
field, but also the inner ring contributed the electric field component. It can be attributed to
the coupling of the vibrational frequency of the patterned graphene layer with the terahertz
waves in these two frequency bands and providing electric dipole resonance, forming
different resonance modes that greatly consumed the energy of the incident light, and the
ultra-narrow graphene absorber achieved a perfect match with the free-space impedance in
the two resonance frequency bands, finally realizing the perfect absorption of the absorber.
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The impedance matching principle is a significant theoretical basis to achieve per-
fect absorption of the absorber. The equivalent impedance Z can be calculated by the
Equation (5) [51]:

Z =

√√√√ (1 + S11)
2 − S2

21

(1− S11)
2 − S2

21

(5)

Here, S11 and S21 were the scattering parameters related to the reflectance and trans-
mittance, respectively. Derived from the effective impedance matching theory, we could
obtain the equivalent impedance Z of the absorber from the simulation results, as suggested
in Figure 4. When the effective impedance Z of the absorber matched with the free space,
i.e., the real part (Re(Z)) of the effective impedance Z of the system had a value close to 1,
and the imaginary part (Im(Z)) was close to 0, so the reflection (S11 = 0) could be greatly de-
creased, for which a perfect absorption was acquired. According to Figure 4 and combined
with the absorption spectra, it could be found that the absorber achieved a perfect match
with the free-space impedance at the resonance wavelengths of 5.664 THz and 8.062 THz,
and obtained 99.41% and 99.22% perfect absorption, respectively. The values of real parts
of impedance at the two absorption peaks were 0.042 and 0.087, the values of the imaginary
part of impedance were 2.16 and −0.096. The resonance around 8.5 THz in the absorption
response was because that the impedance we discussed was effective impedance, which
was different from impedance. When the Re(Z) and Im(Z) of the effective impedance Z
deviated from 1 and 0, respectively, the absorption efficiency decreased sharply. It proved
that the proposed graphene SPR ultra-narrow perfect absorption was due to the impedance
matching at the frequencies of 5.664 THz and 8.062 THz.
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Based on the tunability of graphene materials, the changes of absorption spectra of the
absorbers were next investigated by regulating the Fermi level and relaxation time of the
graphene layers, respectively, as shown in Figure 5. The equation for the external voltage
regulation of graphene Fermi level EF is as follows [52,53]:

EF = VF

√
πε0εrVg/e0ts (6)

where Vg, e0, VF and ts is external voltage, electron charge, Fermi velocity and the ply
of SiO2 layer, respectively. Among them, Vg can be modulated by adjusting the external
voltage or chemical doping. Besides, ε0 and εr denotes the vacuum permittivity and
relative permittivity, respectively. Figure 5a demonstrates the blue shift of both absorption
peaks of the absorber as the Fermi level incremented from 0.50 eV to 0.9 eV, and the
modulation ranges of the resonant frequencies are 5.389~5.951 THz and 7.680~8.474 THz
with modulation depths of 0.562 THz and 0.794 THz, respectively. The optimal absorption
efficiency is achieved as EF = 0.7 eV.
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where EF, ν is the Fermi level, carrier mobility of graphene, respectively. e is the electronic
charge, and VF = 106 m/s. The absorption spectra of the absorber illustrated in Figure 5b
as relaxation time τ increased from 0.7 Ps to 5 Ps. The results showed that the absorption
efficiency changed gradually and the resonance frequency remained unchanged. Another
interesting phenomenon that appears in Figure 5b is the significant fluctuations around
the two absorption peaks, which can be attributed to the variation of relaxation time
of graphene. The carrier’s plasmonic oscillations can be enhanced with the increases
of τ, and the strong plasmonic oscillations will interact with the surrounding medium,
resulting in fluctuations around the two absorption peaks. The modulation ranges of the
absorption efficiency were 87.83% to 99.41% and 95.45% to 99.22%, and the modulation
depths were 11.58% and 3.77%, respectively. Therefore, graphene absorbers could achieve
the tunability of the absorption spectrum by regulating the Fermi level and relaxation time
of the graphene layer with the geometry of absorber unchanged, which had a higher value
than conventional metal absorbers in more actual fields.

In real life, vertical incidence plane wave was just one of these cases. The real situation
was more complicated and volatile. Therefore, the studies on the insensitivity to oblique
incidence of absorber were necessary [54–57]. Based on this, the variation of the sweep
spectra of the absorber under TE (Transverse Electric) polarization and TM (Transverse
Magnetic) polarization by changing the incident angle from 0◦ to 70◦ were investigated.
The TM polarization and TE polarization were defined in terms of whether the electric
or magnetic field only had a transverse component. The electromagnetic waves were
propagating along the z- axis, when the electric field only had a horizontal component
in the x-y plane, it was called TE waves. When the magnetic field only had a horizontal
component in the x-y plane, it was called TM waves [58]. Figure 6a is the sweep spectra of
the absorber under TE and TM polarization with the incident angle of the source increasing
from 0◦ to 70◦. The results revealed that when the incident angle was in the range of 0◦−70◦,
the absorption of TE polarization and TM polarization was the same, i.e., the absorber has
the polarization-independent property, and a similar conclusion can also be obtained from
the fitted spectrograms of TE and TM in Figure 6b. In addition, the phenomena in Figure 6a
also manifest that the ultra-narrow absorber was insensitive to the incidence angle in the
ranges of 0◦ to 70◦.
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The sensor capability is explored in Figure 7. The curves in Figure 7a suggest that
the frequency bands of the two resonance modes were blue-shifted and the absorption
efficiency decreased as n increased, which, indicating the resonance modes, were sensitive
to the refractive index. We then measured the sensor capability quantitatively by calculating
the parameters of S (Sensitivity) and FOM (Figure of Merit). According to the sensitivity
Formula (8) [59,60]:

S = ∆ f /∆n (8)
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where ∆f and ∆n are the changes in resonance frequency and ambient refractive index,
respectively. Figure 7b fits the sensitivity calculated for the two resonance frequencies of
this absorber, and the sensitivity at mode A (at 5.664 THz) and mode B (at 8.062 THz) were
875 GHz/RIU and 775 GHz/RIU, respectively. Then, the FOM of our sensor was obtained
from Formula (9) [61–63]:

FOM = S/FWHM (9)

where S (Sensitivity) had been given above, and FWHM (Full Width at Half Maximum)
was the full width of the half-peak at the resonance frequency. The value of FWHM
represents the peaks’ width in the position of the half of absorption efficiency, and can be
calculated according to the simulation data. Figure 7c,d calculate FWHM and FOM at the
two resonance frequencies, respectively, and these results show that the maximum FOM of
mode A = 26.51 and the maximum FOM of mode B = 18.90. In addition, the detection factor

P=FWHM/S (10)

is introduced to assess the sensing performance of our sensor quantitatively since the limit
of detection (LOD) is proportional to FWHM/S [64]. And according to formula (10), the
calculated detection factors P of the two resonance modes were 0.04, 0.05, respectively. The
smaller detection factor exhibited a higher refractive index sensitivity and better sensing
characteristics of our sensor. After comparing with the works of those who came before us,
our absorption sensor had the advantages of dual-band absorption, dynamic tunability,
high refractive index sensitivity, and good sensing performance, as shown in Table 1 [65–68].
The results demonstrated that the absorber had better sensing performance and broader
application prospects. The results demonstrated that the absorber had better sensing
performance and broader application prospects.
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Table 1. Comparison of various performance of similar absorption sensors.

References [65] [66] [67] [68] Presented

Resonance mode One Two Three Two Two
Wave band 0.508 THz 0.4–0.8 THz 1–2.4 THz 23–36 THz 5–9 THz

Couple mode Guided
Resonance EIT-like Plasmon PIT Plasmon

Tunability No No Yes Yes Yes
Sensitivity

(GHz/RIU) 23.08 96.2 152.5 26.6 875

FOM(1/RIU) ~ 7.8 4.26 ~ 26.51

Finally, we investigated the sensing performance of our absorption sensor applied in
real time. Figure 8 suggests the changing curves when the sensor was designed to measure
the content of hemoglobin molecules in organisms [69]. The functionalization of the sensing
surface was adsorption. Meanwhile, the problem of nonspecific adsorption was considered.
When detecting hemoglobin molecules with our sensor, modifying the sensor with anti-
protein nonspecific adsorption material was very significant. The material could effectively
prevent nonspecific adsorption of protein on the surface of the device, so as to improve the
compatibility of our sensors. Commonly used anti-protein nonspecific adsorption materials
are PEG, PEG derivative, and polysaccharide, etc [70]. The shift of frequency is a sign of
refractive index changes. And when our sensor detected materials, a different content of
hemoglobin molecules can cause different frequency offset, showing the different refrac-
tive index of materials. Then, we can find the corresponding content of the hemoglobin
molecule by consulting the refractive index libraries of substance. Thus, different content of
hemoglobin molecules can be determined. When the content of hemoglobin biomolecules
increases successively from 10 g/L (n = 1.34), 20 g/L (n = 1.36), 30 g/L (n = 1.39) to 40 g/L
(n = 1.43), the two resonance modes both show a blue shift. The resonance frequencies of
first resonance mode shifts from 5.604 THz to 5.587 THz, and the resonance frequencies of
second resonance mode shifts from 8.009 THz to 7.993 THz. Compared with the former
works, for example, Pang et al. experimentally designed a sensing strategy for specific
recognition of hemoglobin with the limit of detection (LOD) as low as 2 [71]. Our sensor
achieved the minimum limit of detection of 0.04. These phenomena prove that the sensing
system we developed had good sensing performance in specific applications, and it is
expected to be applied in more practical fields.
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4. Conclusions

In this paper, ultra-narrow perfect absorbers in the 5–9 THz band were obtained based
on the single-layer graphene SPR structure. By designing the structure, perfect absorption
was obtained at 5.664 THz and 8.062 THz with absorption efficiencies of 99.41% and 99.22%
and absorption bandwidths of 0.0171 THz and 0.0152 THz, respectively. The relative
absorption bandwidths Bw at the two resonant frequencies were calculated to be 0.0301%
and 0.0188%, and the Q-factors were 171.64 and 196.63, respectively. Associating with the
dynamic tunability of graphene, the resonant frequency bands can be modulated efficiently
by adjusting the Fermi level and relaxation time of the top graphene. The polarization-
independence and wide-angle insensitivity characteristics of the absorber were studied
by changing the polarization mode and incidence angle of the incident light. Finally,
the sensing characteristics of the absorption sensor were investigated. The calculated
sensitivities of the sensor were 875 GHz/RIU and 775 GHz/RIU, quality factors FOM
(Figure of Merit) were 26.51 and 18.90, and the minimum limit of detection was 0.04. In
addition, the practical application of testing the content of hemoglobin biomolecules was
conducted, and the results show that our sensor had good sensing performance, which can
be expected to be applied in optical detection, medical imaging, biosensing, and other fields.

Author Contributions: Conceptualization, Q.S., Z.C. and H.Y.; data curation, Q.S., Z.Y. and W.Y.;
formal analysis, Q.S. and H.Y.; methodology, S.C., H.Y., W.Y., X.W., P.W., Z.Y. and S.W.; resources, Y.Y.;
software, Q.S., Z.C., X.W., Z.Y. and P.W.; data curation, Q.S.; writing-original draft preparation, Q.S.;
writing-review and editing, Q.S., H.Y., X.W., S.W. and P.W. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors are grateful to the support by National Natural Science Foundation of China
(No. 51606158, 11604311, 61705204, 21506257); the Funded by the Scientific Research Fund of Si Chuan
Provincial Science and Technology Department (2020YJ0137; 2020YFG0467; 2021JDRC0019); the
Funded by the Open Fund of The Key Laboratory for Metallurgical Equipment and Control Technol-
ogy of Ministry of Education in Wuhan University of Science and Technology (No. MECOF2020B02);
the Funded by the Undergraduate Innovation Fund Project Precision Funding by Southwest Univer-
sity of Science and Technology (No. JZ20-025); the College Students’ innovation and entrepreneurship
training program (S202110619073; S202110619069; S202110619100); the Postgraduate Innovation Fund
Project by Southwest University of Science and Technology (No. 18ycx034); the Funded by Southwest
University of Science and Technology Students Innovation Fund project (No. CX20-031).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study. This data can
be found here: [https://www.lumerical.com/] (accessed on 1 January 2020).

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

References
1. Zheng, Z.; Luo, Y.; Yang, H.; Yi, Z.; Zhang, J.; Song, Q.; Yang, W.; Liu, C.; Wu, X.; Wu, P. Thermal tuning of terahertz metamaterial

properties based on phase change material vanadium dioxide. Phys. Chem. Chem. Phys. 2022, 24, 8846–8853. [CrossRef] [PubMed]
2. Chen, J.; Nie, H.; Tang, C.; Cui, Y.; Yan, B.; Zhang, Z.; Kong, Y.; Xu, Z.; Cai, P. Highly sensitive refractive-index sensor based on

strong magnetic resonance in metamaterials. Appl. Phys. Express 2019, 12, 052015. [CrossRef]
3. Zhao, F.; Lin, J.; Lei, Z.; Yi, Z.; Qin, F.; Zhang, J.; Liu, L.; Wu, X.; Yang, W.; Wu, P. Realization of 18.97% theoretical efficiency of 0.9

µm thick c-Si/ZnO heterojunction ultrathin-film solar cells via surface plasmon resonance enhancement. Phys. Chem. Chem. Phys.
2022, 24, 4871–4880. [CrossRef] [PubMed]

4. Gu, Y.F.; Guo, B.B.; Yi, Z.; Wu, X.W.; Zhang, J.; Yang, H. Synthesis of a Self-assembled Dual Morphologies Ag-NPs/SrMoO4
Photocatalyst with LSPR Effect for the Degradation of Methylene Blue Dye. ChemistrySelect 2022, 7, e202201274. [CrossRef]

5. Cai, L.; Zhang, Z.; Xiao, H.; Chen, S.; Fu, J. An eco-friendly imprinted polymer based on graphene quantum dots for fluorescent
detection of p-nitroaniline. RSC Adv. 2019, 9, 41383–41391. [CrossRef]

6. Lv, P.; Xie, D.; Zhang, Z. Magnetic carbon dots based molecularly imprinted polymers for fluorescent detection of bovine
hemoglobin. Talanta 2018, 188, 145–151. [CrossRef]

https://www.lumerical.com/
http://doi.org/10.1039/D2CP01070D
http://www.ncbi.nlm.nih.gov/pubmed/35356962
http://doi.org/10.7567/1882-0786/ab14fa
http://doi.org/10.1039/D1CP05119A
http://www.ncbi.nlm.nih.gov/pubmed/35136890
http://doi.org/10.1002/slct.202201274
http://doi.org/10.1039/C9RA08726E
http://doi.org/10.1016/j.talanta.2018.05.068


Sensors 2022, 22, 6483 11 of 13

7. Liu, Y.; Bo, M.; Yang, X.; Zhang, P.; Sun, C.Q.; Huang, Y. Size modulation electronic and optical properties of phosphorene
nanoribbons: DFT–BOLS approximation. Phys. Chem. Chem. Phys. 2017, 19, 5304–5309. [CrossRef]

8. Li, J.; Jiang, J.; Xu, Z.; Liu, M.; Tang, S.; Yang, C.; Qian, D. Facile synthesis of Ag@Cu2O heterogeneous nanocrystals decorated
N-doped reduced graphene oxide with enhanced electrocatalytic activity for ultrasensitive detection of H2O2. Sens. Actuators B
Chem. 2018, 260, 529–540. [CrossRef]

9. Ertürk, G.; Uzun, L.; Tumer, M.A.; Say, R.; Denizli, A. Fab fragments imprinted SPR biosensor for real-time human immunoglobu-
lin G detection. Biosens. Bioelectron. 2011, 28, 97–104. [CrossRef]

10. Luo, W.H.; Cao, W.X.; Bruijnincx, P.C.A.; Lin, L.; Wang, A.Q.; Zhang, T. Zeolite-supported metal catalysts for selective hy-
drodeoxygenation of biomass-derived platform molecules. Green Chem. 2019, 21, 3744–3768. [CrossRef]

11. Han, L.; Xu, C.Y.; Huang, T.Y.; Dang, X.Y. Improved particle swarm optimization algorithm for high performance SPR sensor
design. Appl. Opt. 2021, 60, 1753–1760. [CrossRef] [PubMed]

12. Wang, D.Y.; Yi, Z.; Ma, G.L.; Dai, B.; Yang, J.B.; Zhang, J.F.; Yu, Y.; Liu, C.; Wu, X.W.; Bian, Q. Two channels photonic crystal fiber
based on surface plasmon resonance for magnetic field and temperature dual-parameter sensing. Phys. Chem. Chem. Phys. 2022.
[CrossRef]

13. Wu, X.; Zheng, Y.; Luo, Y.; Zhang, J.; Yi, Z.; Wu, X.; Cheng, S.; Yang, W.; Yu, Y.; Wu, P. A four-band and polarization-independent
BDS-based tunable absorber with high refractive index sensitivity. Phys. Chem. Chem. Phys. 2021, 23, 26864–26873. [CrossRef]
[PubMed]

14. Zheng, Z.; Zheng, Y.; Luo, Y.; Yi, Z.; Zhang, J.; Liu, Z.; Yang, W.; Yu, Y.; Wu, X.; Wu, P. A switchable terahertz device combining
ultra-wideband absorption and ultra-wideband complete reflection. Phys. Chem. Chem. Phys. 2022, 24, 2527–2533. [CrossRef]

15. Zhou, F.; Qin, F.; Yi, Z.; Yao, W.-T.; 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]

16. Tang, N.; Li, Y.; Chen, F.; Han, Z. In situ fabrication of a direct Z-scheme photocatalyst by immobilizing CdS quantum dots in the
channels of graphene-hybridized and supported mesoporous titanium nanocrystals for high photocatalytic performance under
visible light. RSC Adv. 2018, 8, 42233–42245. [CrossRef]

17. Lin, X.; Li, Y.J.; Chen, F.T.; Xu, P.; Li, M. Facile synthesis of mesoporous titanium dioxide doped by Ag-coated graphene with
enhanced visible-light photocatalytic performance for methylene blue degradation. RSC Adv. 2017, 7, 25314–25324. [CrossRef]

18. Cheng, Z.; Liao, J.; He, B.; Zhang, F.; Zhang, F.; Huang, X.; Zhou, L. One-Step Fabrication of Graphene Oxide Enhanced Magnetic
Composite Gel for Highly Efficient Dye Adsorption and Catalysis. ACS Sustain. Chem. Eng. 2015, 3, 1677–1685. [CrossRef]

19. Li, J.; Jiang, J.; Zhao, D.; Xu, Z.; Liu, M.; Liu, X.; Tong, H.; Qian, D. Novel hierarchical sea urchin-like Prussian blue@palladium
core–shell heterostructures supported on nitrogen-doped reduced graphene oxide: Facile synthesis and excellent guanine sensing
performance. Electrochim. Acta 2020, 330, 135196. [CrossRef]

20. Yang, X.; Zhang, F.; Hu, Y.J.; Chen, D.Z.; He, Z.Q.; Xiong, L.Z. Gold nanoparticals doping graphene sheets nanocomposites
sensitized screen-printed carbon electrode as a disposable platform for voltammetric determination of guaiacol in bamboo juice.
Int. J. Electrochem. Sci. 2014, 9, 5061–5072.

21. Cai, R.; Rao, W.; Zhang, Z.; Long, F.; Yin, Y. An imprinted electrochemical sensor for bisphenol A determination based on
electrodeposition of a graphene and Ag nanoparticle modified carbon electrode. Anal. Methods 2014, 6, 1590–1597. [CrossRef]

22. Sang, T.; Dereshgi, S.A.; Hadibrata, W.; Tanriover, I.; Aydin, K. Highly efficient light absorption of monolayer graphene by
quasi-bound state in the continuum. Nanomaterials 2021, 11, 484. [CrossRef] [PubMed]

23. Parmar, J.; Patel, S.K.; Ladumor, M.; Sorathiya, V.; Katrodiya, D. Graphene-silicon hybrid chirped-superstructure bragg gratings
for far infrared frequency. Mater. Res. Express 2019, 6, 065606. [CrossRef]

24. Zaky, Z.A.; Ahmed, A.M.; Shalaby, A.S.; Aly, A.H. Refractive index gas sensor based on the tamm state in a one-dimensional
photonic crystal: Theoretical optimization. Sci. Rep. 2020, 10, 9736. [CrossRef] [PubMed]

25. Zhang, Z.; Cai, R.; Long, F.; Wang, J. Development and application of tetrabromobisphenol A imprinted electrochemical sensor
based on graphene/carbon nanotubes three-dimensional nanocomposites modified carbon electrode. Talanta 2015, 134, 435–442.
[CrossRef] [PubMed]

26. Chen, H.; Chen, Z.; Yang, H.; Wen, L.; Yi, Z.; Zhou, Z.; Dai, B.; Zhang, J.; Wu, X.; Wu, P. Multi-mode surface plasmon resonance
absorber based on dart-type single-layer graphene. RSC Adv. 2022, 12, 7821–7829. [CrossRef] [PubMed]

27. Patel, S.K.; Parmar, J.; Kosta, Y.P.; Charola, S.; Zakaria, R.B.; Nguyen, T.K.; Dhasarathan, V. Graphene-based highly sensitive
refractive index biosensors using C-Shaped metasurface. IEEE Sens. J. 2020, 20, 6359–6365. [CrossRef]

28. Li, R.; Zheng, Y.; Luo, Y.; Zhang, J.; Yi, Z.; Liu, L.; Song, Q.; Wu, P.; Yu, Y.; Zhang, J. Multi-peak narrow-band perfect absorber
based on two-dimensional graphene array. Diam. Relat. Mater. 2021, 120, 108666. [CrossRef]

29. Long, F.; Zhang, Z.H.; Wang, J.; Yan, L.; Lu, P.P.; Yang, Z.X. Magnetic graphene modified imprinted electrochemical sensor for
detection of 4-Octylphenol. Chin. J. Anal. Chem. 2016, 44, 908–914.

30. Yan, Z.; Lu, X.; Du, W.; Lv, Z.; Tang, C.; Cai, P.; Gu, P.; Chen, J.; Yu, Z. Ultraviolet graphene ultranarrow absorption engineered by
lattice plasmon resonance. Nanotechnology 2021, 32, 465202. [CrossRef]

31. Long, F.; Zhang, Z.; Wang, J.; Yan, L.; Zhou, B. Cobalt-nickel bimetallic nanoparticles decorated graphene sensitized imprinted
electrochemical sensor for determination of octylphenol. Electrochim. Acta 2015, 168, 337–345. [CrossRef]

32. Chen, J.; Chen, S.Y.; Gu, P.; Yan, Z.D.; Tang, C.J.; Xu, Z.J.; Liu, B.; Liu, Z.Q. Electrically modulating and switching infrared
absorption of monolayer graphene in metamaterials. Carbon 2020, 162, 187–194. [CrossRef]

http://doi.org/10.1039/C6CP08011A
http://doi.org/10.1016/j.snb.2018.01.068
http://doi.org/10.1016/j.bios.2011.07.004
http://doi.org/10.1039/C9GC01216H
http://doi.org/10.1364/AO.417015
http://www.ncbi.nlm.nih.gov/pubmed/33690514
http://doi.org/10.1039/D2CP02778J
http://doi.org/10.1039/D1CP04568G
http://www.ncbi.nlm.nih.gov/pubmed/34821236
http://doi.org/10.1039/D1CP04974G
http://doi.org/10.1039/D1CP03036A
http://doi.org/10.1039/C8RA08008A
http://doi.org/10.1039/C7RA02198D
http://doi.org/10.1021/acssuschemeng.5b00383
http://doi.org/10.1016/j.electacta.2019.135196
http://doi.org/10.1039/C3AY42125B
http://doi.org/10.3390/nano11020484
http://www.ncbi.nlm.nih.gov/pubmed/33672919
http://doi.org/10.1088/2053-1591/ab0b5d
http://doi.org/10.1038/s41598-020-66427-6
http://www.ncbi.nlm.nih.gov/pubmed/32546751
http://doi.org/10.1016/j.talanta.2014.11.040
http://www.ncbi.nlm.nih.gov/pubmed/25618690
http://doi.org/10.1039/D2RA00611A
http://www.ncbi.nlm.nih.gov/pubmed/35424732
http://doi.org/10.1109/JSEN.2020.2976571
http://doi.org/10.1016/j.diamond.2021.108666
http://doi.org/10.1088/1361-6528/ac1af9
http://doi.org/10.1016/j.electacta.2015.04.054
http://doi.org/10.1016/j.carbon.2020.02.032


Sensors 2022, 22, 6483 12 of 13

33. Cen, C.L.; Lin, H.; Huang, J.; Liang, C.P.; Chen, X.F.; Tang, Y.J.; Yi, Z.; Ye, X.; Liu, J.W.; Yi, Y.G.; et al. A tunable plasmonic refractive
index sensor with nanoring-strip graphene arrays. Sensors 2018, 18, 4489. [CrossRef] [PubMed]

34. Deng, Y.; Cao, G.; Wu, Y.; Zhou, X.; Liao, W. Theoretical Description of Dynamic Transmission Characteristics in MDM Waveguide
Aperture-Side-Coupled with Ring Cavity. Plasmonics 2015, 10, 1537–1543. [CrossRef]

35. Liu, J.L.; Li, X.; Jiang, R.R.; Yang, K.Q.; Zhao, J.; Khan, S.A.; He, J.C.; Liu, P.Z.; Zhu, J.F.; Zeng, B.Q. Recent progress in the
development of graphene detector for terahertz detection. Sensors 2021, 21, 4987. [CrossRef] [PubMed]

36. Song, H.J.; Nagatsuma, T. Present and future of terahertz communications. IEEE Trans. Terahertz Sci. Technol. 2011, 1, 256–263.
[CrossRef]

37. Gu, Y.F.; Guo, B.B.; Yi, Z.; Wu, X.W.; Zhang, J.; Yang, H. Morphology modulation of hollow-shell ZnSn(OH)6 for enhanced
photodegradation of methylene blue. Colloids Surf. A Physicochem. Eng. Asp. 2022, 653, 129908. [CrossRef]

38. Li, L.; Sun, X.; Xian, T.; Gao, H.; Wang, S.; Yi, Z.; Wu, X.; Yang, H. Template-free synthesis of Bi2O2CO3 hierarchical nanotubes
self-assembled from ordered nanoplates for promising photocatalytic applications. Phys. Chem. Chem. Phys. 2022, 24, 8279–8295.
[CrossRef]

39. Tantiwanichapan, K.; Durmaz, H. Herbicide/pesticide sensing with metamaterial absorber in THz regime. Sens. Actuators A Phys.
2021, 331, 112960. [CrossRef]

40. Cai, Y.; Guo, Y.; Zhou, Y.; Huang, X.; Yang, G.; Zhu, J. Tunable dual-band terahertz absorber with all-dielectric configuration
based on graphene. Opt. Express 2020, 28, 31524–31534. [CrossRef]

41. 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]

42. Nickpay, M.R.; Danaie, M.; Shahzadi, A. Highly sensitive THz refractive index sensor based on folded split-ring metamaterial
graphene resonators. Plasmonics 2022, 17, 237–248. [CrossRef]

43. Li, J.; Cheng, Y.Z.; Li, X.C. Terahertz transmission-type metasurface for the linear and circular polarization wavefront manipulation.
Adv. Theory Simul. 2022, 1, 2200151. [CrossRef]

44. Cheng, T.; Gao, H.; Liu, G.; Pu, Z.; Wang, S.; Yi, Z.; Wu, X.; Yang, H. Preparation of core-shell heterojunction photocatalysts by
coating CdS nanoparticles onto Bi4Ti3O12 hierarchical microspheres and their photocatalytic removal of organic pollutants and
Cr(VI) ions. Colloids Surf. A Physicochem. Eng. Asp. 2021, 633, 127918. [CrossRef]

45. Deng, Y.; Cao, G.; Yang, H.; Zhou, X.; Wu, Y. Dynamic Control of Double Plasmon-Induced Transparencies in Aperture-Coupled
Waveguide-Cavity System. Plasmonics 2018, 13, 345–352. [CrossRef]

46. Zhu, X.Z.; Cheng, Y.Z.; Fan, J.P.; Chen, F.; Luo, H.; Wu, L. Switchable efficiency terahertz anomalous refraction and focusing
based on graphene metasurface. Diam. Relat. Mater. 2022, 121, 108743. [CrossRef]

47. Lin, X.; Li, M.; Li, Y.J.; Chen, W. Enhancement of the catalytic activity of ordered mesoporous TiO2 by using carbon fiber
support and appropriate evaluation of synergy between surface adsorption and photocatalysis by Langmuir-Hinshelwood (L-H)
integration equation. RSC Adv. 2015, 5, 105227–105238. [CrossRef]

48. Cheng, Y.Z.; Zhu, X.Z.; Li, J.; Chen, F.; Luo, H.; Wu, L. Terahertz broadband tunable reflctive cross-polarization convertor based
on complementary cross-shaped graphene metasurface. Phys. E 2021, 134, 114893. [CrossRef]

49. Sandberg, R.; Mølhave, K.; Boisen, A.; Svendsen, W. Effect of gold coating on the Q-factor of a resonant cantilever. J. Micromech.
Microeng. 2005, 15, 2249–2253. [CrossRef]

50. Zhu, J.; Wu, C.; Ren, Y. Broadband terahertz metamaterial absorber based on graphene resonators with perfect absorption. Results
Phys. 2021, 26, 104466. [CrossRef]

51. Cao, G.; Li, H.; Deng, Y.; Zhan, S.; He, Z.; Li, B. Systematic Theoretical Analysis of Selective-Mode Plasmonic Filter Based on
Aperture-Side-Coupled Slot Cavity. Plasmonics 2014, 9, 1163–1169. [CrossRef]

52. Chen, P.; Liu, F.; Ding, H.; Chen, S.; Chen, L.; Li, Y.-J.; Au, C.-T.; Yin, S.-F. Porous double-shell CdS@C3N4 octahedron derived by
in situ supramolecular self-assembly for enhanced photocatalytic activity. Appl. Catal. B Environ. 2019, 252, 33–40. [CrossRef]

53. Li, Y.; Li, M.; Xu, P.; Tang, S.; Liu, C. Efficient photocatalytic degradation of acid orange 7 over N-doped ordered mesoporous
titania on carbon fibers under visible-light irradiation based on three synergistic effects. Appl. Catal. A Gen. 2016, 524, 163–172.
[CrossRef]

54. Xiao, L.; Zhang, Q.I.; Chen, P.; Chen, L.; Ding, F.; Tang, J.; Li, Y.J.; Au, C.T.; Yin, S.F. Copper-mediated metal-organic framework as
efficient photocatalyst for the partial oxidation of aromatic alcohols under visible-light irradiation: Synergism of plasmonic effect
and schottky junction. Appl. Catal. B-Environ. 2019, 248, 380–387. [CrossRef]

55. Zhang, C.; Yi, Y.; Yang, H.; Yi, Z.; Chen, X.; Zhou, Z.; Yi, Y.; Li, H.; Chen, J.; Liu, C. Wide spectrum solar energy absorption
based on germanium plated ZnO nanorod arrays: Energy band regulation, Finite element simulation, Super hydrophilicity,
Photothermal conversion. Appl. Mater. Today 2022, 28, 101531. [CrossRef]

56. Li, L.; Gao, H.; Liu, G.; Wang, S.; Yi, Z.; Wu, X.; Yang, H. Synthesis of carnation flower-like Bi2O2CO3 photocatalyst and its
promising application for photoreduction of Cr(VI). Adv. Powder Technol. 2022, 33, 103481. [CrossRef]

57. Zheng, Y.; Wu, P.; Yang, H.; Yi, Z.; Luo, Y.; Liu, L.; Song, Q.; Pan, M.; Zhang, J.; Cai, P. High efficiency Titanium oxides and
nitrides ultra-broadband solar energy absorber and thermal emitter from 200 nm to 2600 nm. Opt. Laser Technol. 2022, 150, 108002.
[CrossRef]

58. Dong, G.Y.; Shi, Y.S.; Wang, Y.L. Discrimination of TE/TM polarization mode in transmission systems. J. Univ. Chin. Acad. Sci.
2016, 33, 347–353. [CrossRef]

http://doi.org/10.3390/s18124489
http://www.ncbi.nlm.nih.gov/pubmed/30567404
http://doi.org/10.1007/s11468-015-9971-9
http://doi.org/10.3390/s21154987
http://www.ncbi.nlm.nih.gov/pubmed/34372224
http://doi.org/10.1109/TTHZ.2011.2159552
http://doi.org/10.1016/j.colsurfa.2022.129908
http://doi.org/10.1039/D1CP05952A
http://doi.org/10.1016/j.sna.2021.112960
http://doi.org/10.1364/OE.409205
http://doi.org/10.1007/s11468-020-01221-8
http://doi.org/10.1007/s11468-021-01512-8
http://doi.org/10.1002/adts.202200151
http://doi.org/10.1016/j.colsurfa.2021.127918
http://doi.org/10.1007/s11468-017-0519-z
http://doi.org/10.1016/j.diamond.2021.108743
http://doi.org/10.1039/C5RA21083F
http://doi.org/10.1016/j.physe.2021.114893
http://doi.org/10.1088/0960-1317/15/12/006
http://doi.org/10.1016/j.rinp.2021.104466
http://doi.org/10.1007/s11468-014-9727-y
http://doi.org/10.1016/j.apcatb.2019.04.006
http://doi.org/10.1016/j.apcata.2015.01.050
http://doi.org/10.1016/j.apcatb.2019.02.012
http://doi.org/10.1016/j.apmt.2022.101531
http://doi.org/10.1016/j.apt.2022.103481
http://doi.org/10.1016/j.optlastec.2022.108002
http://doi.org/10.7523/j.issn.2095-6134.2016.03.010


Sensors 2022, 22, 6483 13 of 13

59. Li, L.; Gao, H.; Yi, Z.; Wang, S.; Wu, X.; Li, R.; Yang, H. Comparative investigation on synthesis, morphological tailoring and
photocatalytic activities of Bi2O2CO3 nanostructures. Colloids Surf. A Physicochem. Eng. Asp. 2022, 644, 128758. [CrossRef]

60. Cao, W.X.; Lin, L.; Qi, H.F.; He, Q.; Wu, Z.J.; Wang, A.Q.; Luo, W.H.; Zhang, T. In-situ synthesis of single-atom Ir by utilizing
metal-organic frameworks: An acid-resistant catalyst for hydrogenation of levulinic acid to gamma-valerolactone. J. Catal. 2019,
373, 161–172. [CrossRef]

61. Lin, X.; Du, S.W.; Li, C.H.; Li, G.J.; Li, Y.J.; Chen, F.T.; Fang, P.F. Consciously constructing the robust NiS/g-C3N4 hybrids for
enhanced photocatalytic hydrogen evolution. Catal. Lett. 2020, 150, 1898–1908. [CrossRef]

62. Long, F.; Wang, J.; Zhang, Z.; Yan, L. Magnetic imprinted electrochemical sensor combined with magnetic imprinted solid-phase
extraction for rapid and sensitive detection of tetrabromobisphenol S. J. Electroanal. Chem. 2016, 777, 58–66. [CrossRef]

63. Liu, H.; Wang, Q.; Zhang, F. Preparation of Fe3O4@SiO2@ P(AANa-co-AM) Composites and Their Adsorption for Pb(II). ACS
Omega 2020, 5, 8816–8824. [CrossRef] [PubMed]

64. Chao, C.Y.; Guo, L.J. Design and optimization of microring resonators in biochemical sensing applications. J. Lightwave Technol.
2006, 24, 1395–1402. [CrossRef]

65. Wang, Y.; Cheng, W.; Qin, J.; Han, Z. Terahertz refractive index sensor based on the guided resonance in a photonic crystal slab.
Opt. Commun. 2019, 434, 163–166. [CrossRef]

66. Pan, W.; Yan, Y.; Ma, Y.; Shen, D. A terahertz metamaterial based on electromagnetically induced transparency effect and its
sensing performance. Opt. Commun. 2019, 431, 115–119. [CrossRef]

67. Li, Z.Y.; Yi, Z.; Liu, T.T.; Liu, L.; Chen, X.F.; Zheng, F.S.; Zhang, J.G.; Li, H.L.; Wu, P.H.; Yan, P.G. Three-band perfect absorber
with high refractive index sensing based on an active tunable Dirac semimetal. Phys. Chem. Chem. Phys. 2021, 32, 17374–17381.
[CrossRef]

68. Huang, H.L.; Xia, H.; Guo, Z.B.; Li, H.J.; Xie, D. Polarization-insensitive and tunable plasmon induced transparency in a
graphene-based terahertz metamaterial. Opt. Commun. 2018, 424, 163–169. [CrossRef]

69. Parmar, J.; Patel, S.K. Tunable and highly sensitive graphene-based biosensor with circle/split ring resonator metasurface for
sensing hemoglobin/urine biomolecules. Phys. B Phys. Condens. Matter 2022, 624, 413399. [CrossRef]

70. Chapman, A.P. PEGylated antibodies and antibody fragments for improved therapy: A review. Adv. Drug Deliv. Rev. 2002, 54,
531–545. [CrossRef]

71. Pang, S.; Liu, S.; Su, X. A novel fluorescence assay for the detection of hemoglobin based on the G-quadruplex/hemin complex.
Talanta 2014, 18, 118–122. [CrossRef] [PubMed]

http://doi.org/10.1016/j.colsurfa.2022.128758
http://doi.org/10.1016/j.jcat.2019.03.035
http://doi.org/10.1007/s10562-020-03118-x
http://doi.org/10.1016/j.jelechem.2016.07.027
http://doi.org/10.1021/acsomega.0c00403
http://www.ncbi.nlm.nih.gov/pubmed/32337443
http://doi.org/10.1109/JLT.2005.863333
http://doi.org/10.1016/j.optcom.2018.10.061
http://doi.org/10.1016/j.optcom.2018.09.014
http://doi.org/10.1039/D1CP01375K
http://doi.org/10.1016/j.optcom.2018.04.060
http://doi.org/10.1016/j.physb.2021.413399
http://doi.org/10.1016/S0169-409X(02)00026-1
http://doi.org/10.1016/j.talanta.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24274278

	Introduction 
	Model Structure 
	Results and Analysis 
	Conclusions 
	References

