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Abstract: All-dielectric metasurfaces have been widely used in nanophotonics because
of their properties, such as negligible Ohmic loss, stable properties, and flexible fabrication
techniques. We propose an all-dielectric metasurface consisting of subwavelength particles,
which supports a “trapped” mode after the introduction of adequate symmetry-breaking
in the silicon meta-atoms. Coating the metasurface with monolayer graphene enables the
adsorption of nucleic acids such as DNA and RNA. We compare the resonant states in
the transmission spectrum and find that the proposed metasurface is ultra-sensitive to the
surrounding environment and exhibits excellent biosensing performance. Our conclusions
indicate that all-dielectric metasurfaces can be a promising platform to realize ultra-sensitive
bio-sensors.

Index Terms: Metasurface, bio-sensor, graphene.

1. Introduction

Metasurfaces are artificial two-dimensional materials and have attracted significant interest be-
cause of their unique electromagnetic properties, which surpass natural material properties. They
are 2D counterparts of metamaterials and are capable of manipulation of light propagation. There-
fore, they have been widely used in cloaking, ultra-sensitive sensors, nanolasers, and nanoanten-
nae. Notably, metasurfaces consisting of metal have been widely explored because of their ability
to confine light, which results in strong light-matter interaction. This intense light concentration can
be utilized for the development of refraction index sensing [1].

High-sensitivity sensors based on the combination of metamaterials and graphene have also
been actively reported [2]-[4]. However, the plasmonic metasurfaces inevitably suffer from severe
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obstacles in realizing highly sensitive detection, particularly when operating at visible and infrared
wavelengths [5], [6]. For instance, metal-based metasurfaces usually have very complex shapes,
and there are significant technical problems associated with fabrication at the nanometer scale.
Another serious issue is the intrinsic Ohmic losses at optical frequencies. The increase in parasitic
absorption can induce a significant thermal effect, significantly altering the measured properties of
objects and even destroying their structures [7], [8]. Additionally, for nanoscale plasmonics, metal
surfaces are easily oxidized, substantially changing the resonant mode and sensing properties.
This induces a broadened resonant peak, reduces the sensitivity, and limits the practical application
of the entire sensory system.

A promising method to mitigate the losses and surmount the obstacles associated with metallic
metasurfaces involves the concept of all-dielectric metasurfaces [9]. All-dielectric metasurfaces
demonstrate several unique advantages compared with metallic metasurfaces, such as low para-
sitic loss, thermal stability, and flexible fabrication techniques, even for higher-frequency operation
[10], [11]. In all-dielectric metasurfaces, the subwavelength dielectric meta-atoms are appropriately
arranged. Each particle functions as a single resonator, maintaining a set of electrical and magnetic
multipole modes called Mie-type resonances [12], which are extremely sensitive to the surround-
ing environment. Furthermore, the adoption of monolayer graphene on the metasurfaces can
effectively enhance the organic molecular detection sensory platform’s sensitivity. Graphene has
several advantages: stable chemical properties, large specific surface area, and potent antioxidant
capacity. The surface of single-layer graphene is easy to handle and can enhance the adhesion
of organic matter, while the interlayer coupling of bilayer and trilayer graphene, whose surface is
not easy to handle, which reduces the detection sensitivity. Besides, nucleic acid inclusions can be
effectively absorbed on the graphene surface through the 7-7 stacking interaction of the hexagonal
carbon ring structure and organic molecular carbon-based ring structure [13], [14]. These resonant
particles generally have simple geometric shapes that make fabrication at the nanoscale easy.
Thus, all-dielectric metasurfaces integrated with graphene have promising applications in the field
of biological and chemical sensors.

Currently, among the various available metasurface designs, structures with strong resonance
responses generated by trapped mode excitation are of particular interest. This mode has also
been referred to as the “dark” state [15]-[17]. The excitation of the trapped mode is caused by
the asymmetry of the subwavelength particle structure. The degree of asymmetry determines
the intensity of electromagnetic coupling between the incident field and the current generated
by the electric field inside the metasurface particle. Each particle serves as an independent
dielectric resonator, whereas their antiphase displacement current can induce strong electromag-
netic coupling within the system. The excitation of the trapped mode induces a highly confined
electromagnetic field within the metasurface and produces an intense resonance. Coating the
metasurface with graphene leads to the loss of a fraction of the electromagnetic energy due
to graphene parasitic absorption; however, it enhances the specific resonance peak intensity by
mode coupling between graphene and the dielectric resonator. Additionally, the graphene layer
effectively promotes the adsorption of the analyte, thereby increasing the detection sensitivity
[18]-[20].

In this article, we propose an all-dielectric metasurface consisting of subwavelength particles,
which supports the “trapped” mode after introducing adequate symmetry-breaking in silicon meta-
atoms. By integrating the metasurface with monolayer graphene, the combined nanostructure
enables the adsorption of nucleic acid inclusions such as DNA and RNA [21]. We compare the
resonant state in the transmission spectrum and find that the proposed metasurface-based platform
is ultra-sensitive to the surrounding environment and exhibits excellent bio-sensing performance.
Our study demonstrates that the particles in the metasurface serve as independent dielectric
resonators, supporting a set of electrical and magnetic modes [22]. The proposed hybrid structure
reveals that the all-dielectric metasurfaces coated with graphene have natural advantages for
sensory applications.
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Fig. 1. Fragment of an all-dielectric metasurface with monolayer graphene. Particles have a cylindrical
eccentric penetration hole, and the entire particle array is placed on the dielectric layer. The left inset
illustrates the details of the cross-sectional-view of the xoz plane, and the right inset shows the top view
of the unit cell. The entire structure is generally exposed to incident electromagnetic waves along the
x-component of the electric field vector E.

2. Design and Simulation

The designed metasurface can be regarded as a collection of open volumetric dielectric resonators
with a unified structure. The electromagnetic response of an individual resonator is the same as
that of the overall metasurface collective resonance, but the latter becomes considerably stronger
than that of a single resonator [20]. Generally, increasing the volume of a dielectric resonator or
using optical materials with a high refractive index (RI) for metasurface fabrication can be used to
decrease the operating frequency of a resonator effectively. According to the metamaterials theory
[10], the size of a single resonator must be smaller than the wavelength of the incident wave;
therefore, materials with high contrast should be used to manufacture a metasurface that operates
in near-infrared light.

We study a metasurface consisting of cylindrical silicon particles that are periodically arranged
in the xoy plane. The lattice size is the same in both x- and y- directions, i.e., Ly =L, = L. The
dielectric metasurface is sandwiched between a monolayer graphene sheet and a SiO2 substrate.
The diameter of the silicon meta-atom is W, and the thickness is hy (the left inset in Fig. 1 illustrates
the details of the cross-sectional view). Unlike the use of solid cylindrical particles, the off-centered
round air hole is introduced in each silicon lattice, where the diameter of the air hole is set as / and
the height is hy;. The off-centered air hole shifts along the y-axis in the negative direction by a
distance § to produce the appropriate asymmetry (the right inset in Fig. 1 illustrates a top view of
the unit cell).

Thus, the silicon meta-atom exhibits asymmetry relative to the lines drawn through their center
parallel to the x-axis, whereas it is still symmetrical along the y-axis. The silicon materials are
magnetically lossless with a permittivity of e = 12.11 , and the monolayer graphene-coated on the
cylindrical array of the silicon particles has a thickness of 0.34 nm[22]. The thin quartz substrate
(thin relative to the wavelength of an incident wave) with a permittivity of ¢ = 2.19 and thickness
hs = 100 nm is located beneath the silicon layer. Finally, the monolayer graphene, silicon array, and
silica substrate form an integrated metasurface.
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Graphene is widely used in biological and chemical experiments because of its strong ad-
sorption, electronegativity, stable chemical properties, and relatively excellent water solubility[13].
However, the frequency-independent intrinsic light absorption rate of monolayer graphene is 2.3%,
which slightly reduces the transmission of various modes in an all-dielectric metasurface[14].
Nevertheless, the introduction of graphene into the sensory platform can significantly enhance the
sensitivity of detection as a result of the =-7 stacking interactions between graphene and nucleic
acids. The surface conductivity of graphene has been adopted to model the monolayer graphene
in simulation. According to Kubo’s formula, the surface conductivity of graphene is the sum of
interband and intraband contributions[18], expressed as

Og=20 (w, e, T, T) = Ointer (@, e, Ty T) + oiptra (0, pie, T, T) (1)

where w is the angular frequency, 1. is the chemical potential, " is the scattering rate, and T is the
temperature, which is specified in the range of 300 K to 390 K in our study. When u, > kg, where
kg is the Boltzmann constant, the graphene interband and intraband terms can be approximately
expressed as:

()

_iq2
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—ie?kgT
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where & is the reduced Plank constant, and g is the electronic charge. The permittivity of
graphene can be presented as:

(4)

Here, ¢ is the vacuum permittivity, and monolayer graphene has a thickness of £= 0.34 nm.

The graphene layer is patterned on top of the silicon array to ensure that the sensing dielectric
film containing biomolecules can have immediate contact with the graphene. An incident wave
irradiates the metasurface from the top with the component along the x-axis. The wavelength at
transmission resonance can be expressed as [26]:

%p = Re <2i0ﬂ8oW (er + 8r2)>

Gy
where 4, is the resonance wavelength of the graphene film, cis the velocity of light in a vacuum,
L is the width of the unit cell, and ¢,.; and ¢,4 are the permittivities of the fillers above and under the
graphene, respectively. n is a dimensionless constant representing the electrodynamic response
of the metasurface. As the surface conductivity is related to the graphene Fermi energy level (Ep,
approximately equal to the chemical potential 11.) and the wavelength of the electromagnetic wave,
the resonance wavelength can be derived as given below:

.- \/2nhc (neow (er + s,2>> ©)
q He

Equation (6) shows that 1, shifts with a slight change in the permittivity ¢,; of the detected
material. Thus, the biomolecules can be detected by observing the change in resonant spectra.

There are two main parameters, i.e., the sensitivity and detection accuracy, that are used to
assess the performance of a biosensor. The sensitivity (S) is defined as the ratio of the amount
of change in the resonant wavelength (A,) to the change in Rl in the sensing material (Ans, ns =

VE 1).
_ Akp  2mnhe oW 2ns + An @)
A GV e J(2 o)+ /(0 + AN + 610
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Fig. 2. Variation of transmission spectra as functions of the height of a single particle and the incident
wavelength. (a) Without carved hollow and (b) with an etched hole in the center.

The detection accuracy is usually represented as the reciprocal of the full width at half-maximum
(FWHM) of the resonance spectrum. The figure of merit (FOM) can comprehensively evaluate the
performance of a biosensor and is defined as:

S
- FWHM

The purpose of our study is to produce a unique resonance state known as the trapped
mode (also known as the dark mode in reference [16]), generated when the element of a
metasurface possesses specific symmetry-breaking. Therefore, we use the high-quality factor of
the trapped mode and the strong adsorption of nucleic acid inclusions by graphene to design a
high-performance sensor platform. The strategic design of introducing eccentric holes in surface
particles usually leads to structural symmetry-breaking. In the array structure, such an asymmetry
arises in the xoy plane along the x-axis (x-polarization). To excite the trapped mode, the vector
of electric field strength E should have a nonzero component along the x-axis. Thus, the incident
waves in our study unconditionally excite the resonance modes along the x-axis.

We primarily study the transmission spectra within the range of 1-2 um to improve the accu-
racy of the Mie resonance-based sensor proposed above [23], [24]. We used a semi-analytical
electromagnetic algorithm called rigorous coupled-wave analysis (RCWA) to study the all-dielectric
metasurface’s electromagnetic scattering. The variations of the transmission efficiency with the
wavelength and the thickness of the silicon dielectric layer are shown in Fig. 2. By comparison
of the spectra of a solid dielectric and central perforated dielectric lattices, we observed that the
transmission efficiencies of the two structures reach the maximum at a thickness of 0.21 um, which
shows that the transmission efficiency between the EH;,, and HE,;, modes of the two structures
are the highest. Therefore, the thickness of the silicon dielectric layer is set at 0.21 um in the study.

FOM (8)

3. Results and Discussion

We systematically demonstrate the resonant properties of the trapped mode in metasurfaces with
symmetrical and asymmetric unit cells. The accuracy of the study is first guaranteed by simulating
the electromagnetic response of a metasurface with symmetric and asymmetric inclusions in this
section. Despite the structure of the particles, the resonant conditions that occurred in the meta-
surface rely primarily on the modal composition of individual dielectric resonators that constitute
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Fig. 3. (a) Transmission efficiency of two symmetrical structures. Blue solid lines represent solid
particles, while red dotted lines indicate the structure with a central hole. (b) Cross-sectional patterns
of electromagnetic field distribution of Mie and trapped modes at corresponding resonance frequencies
for electric (black arrow) and magnetic (white arrow) fields; hs = 0.1 um, W = 0.693 um, / = 0.18 um,
and L = 0.9 um, the positions of the four resonance peaks correspond to 1.33 xm, 1.368 um, 1.485
um, and 1.675 um respectively.

the metasurface, instead of the electromagnetic coupling of each dielectric resonator on the entire
metasurface. Thus, we study the internal electromagnetic field mode and the distribution of the
displacement electromagnetic current inside the particle at the particular resonant frequency. We
use a semi-analytical algorithm that naturally correlates the resonant state of the metamaterial with
the inherent electromagnetic mode of a single cylindrical resonator.

3.1. Symmetric and Asymmetric Particles

First, we calculate the electromagnetic response of a metasurface with asymmetric structure. The
transmission spectra of two symmetrical structures are shown in Fig. 3(a), where the blue solid
line and red denote data for a hole-free solid cylindrical dielectric block (I/W = 0) and a centrally
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perforated cylindrical dielectric block (/W = 0.26) dashed line, respectively. The two resonance
states are distinguished and indicated by black and white arrows at the bottom of the figure. The
trough in the transmission curve denotes that the electromagnetic wave at this frequency point will
be primarily reflected by the metasurface, while the peaks of the transmission curve indicate that
most of the electromagnetic waves can pass through the metasurface. Because of the symmetrical
properties of the metasurface, the transmission spectrum remains unchanged when the incident
wave is incident from the x- and y-directions. This indicates polarization insensitivity for the incident
wave. In other words, the transmission spectrum remains unchanged under a TE- or TM-polarized
wave [25].

If a cylindrical air hole is introduced in the center of the single resonator, the proposed new
structure can still produce a similar resonant state. The improved perforated resonator has a
resonance wavelength at the corresponding resonance peak. The transmission spectrum of the
perforated resonator undergoes a definite blue shift compared with that of the solid cylindrical
disk. The introduction of air holes effectively reduces the permittivity of the metasurface, and the
electromagnetic field strength at the corresponding peak is slightly reduced.

The hybrid modes are azimuthally dependent; for HE modes, the H, component is relatively
small compared to the E, component. The other field components for HE modes can thus be
derived from a knowledge of the E, component only. The reverse is true for EH modes[27]. In
the representation of the hybrid mode, the subscripts correspond to the amounts of change in the
electromagnetic field in the azimuthal, radial, and longitudinal directions inside the resonator. In
the third subscript, the index p + v (p = 01, .. .) specifies the number of half-wavelengths along the
z-axis with v = (2hd /Ag — p) < 1, and Ag is the resonant wavelength corresponding to different
Mie modes for the cylindrical dielectric resonator [27]. The hole splits the magnetic field peak of the
surface, which further enhances the resonance peak EH,1, mode. The quality factor is significantly
increased because the hole at the EH;;, resonance peak is located precisely at the maximum of
the electric field.

The cross-sectional patterns exhibited by the electric and magnetic fields in the perpendicular
xoz or yoz plane and horizontal xoy plane are analyzed at specific frequencies. The displacement
current and magnetic current distributions of the single cylindrical dielectric resonator are shown in
Fig. 3(b). It can be inferred that the specific electromagnetic coupling among the linear polarized
incident wave and the lowest-order (dipole) magnetic mode (first Mie resonance) and electric mode
(second Mie resonance) [20] are associated with HE;;,-mode and EH;;,-mode electromagnetic
resonance. It can be concluded from reference [13] that the mode of a cylindrical resonator is
similar to that of a cylindrical resonator. In fact, among the parameters of the resonator, the resonant
wavelength of the HE11v-mode is mainly determined by the disk height, whereas that of the EH11v-
mode depends primarily on the disk radius. Therefore, these resonance modes may have different
orders depending on the height and radius of the resonator.

Fig. 4(a) demonstrates the transmittance of a single dielectric disk with an asymmetric structure
at two different perforation offset distances for §= 75nm and § = 150 nm respectively. It can be
found that when the offset distance is 150nm, the resonance displacement and detection accuracy
are relatively suitable through comparison; therefore,150nm is selected as the subsequent step
sensor application research. The resonant state of the modified structure is similar to the previous
resonant peak, but there is an additional resonant peak near 1.8 um. An intrinsic resonance causes
this resonant peak resulting from the asymmetry of the structure, and only the x-polarization wave
can excite the trapped mode. At the EH;;,, TE(1, resonance peak, the displacement current
at the xoy cross-section of this mode is a typical circular pattern revolving around the center
of the metasurface unit cell. The circular flow generates a magnetic moment along the z-axis,
appearing in the visible and infrared spectra. This further shows that the all-dielectric metasurface
can achieve artificial magnetism, and the full resonant trap mode can be conveniently used for
sensory applications, biological treatment, and other fields [28].

In the TEq;, resonance peak, the presence of the component parallel to the x-axis antiphase
oscillates because of the displacement current around the particle. This produces a scattering field
with very low electromagnetic coupling with the linear x-polarized incident wave, which significantly
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Fig. 4. (a) Transmission efficiency diagram of two asymmetric structures with different offsets. (b)
Cross-sectional patterns (total field) of electromagnetic field distribution of Mie and trapped modes
at corresponding resonance frequencies for electric (black arrow) and magnetic (white arrow) fields;
hg =0.21 um, hs = 0.1 um, W = 0.693 um, I = 0.18 um, and L = 0.9 um, the positions of the three
resonance peaks correspond to 1.337 um, 1.557 um, and 2.012 um respectively.

diminishes the radiation loss. This electromagnetic mode used to describe the weak coupling to
free space is called the trapped mode. The intensity of the induced internal field strength in the
trapped mode can reach an intense level, thereby ensuring a strong resonance response. The
resonant peak of the trapped mode has an exceptionally high-quality factor compared with the
typical Mie resonance peak.

3.2. Sensing Application

Graphene sensory platforms with asymmetric structure can be used for tumor diagnosis because
they can detect tumor biomarkers such as protein, DNA, and RNA. According to the displacement
of the transmission peak of the trapped mode, the metasurface structure shows higher sensitivity
than conventional silver nanocrystals[21]. As a tumor suppressor, miRNAs have been found in
many human cancer specimens, especially lung cancer specimens, where miRNA-21 can be used
as a biomarker for the diagnosis and treatment of cancer. The structure designed in this article
can rapidly detect trace amounts of miRNA-21 at low concentrations and can be used for the early

Vol. 13, No. 3, June 2021 4600446



IEEE Photonics Journal Bio-Sensor Based on Trapped Mode All-Dielectric

diagnosis of lung cancer [24]. It has been reported that miRNA can hybridize with the thiolated
single-stranded DNA (ssDNA) molecule with a specific sequence [21].

The hybridization will significantly influence the RI of the surrounding solution such that the Rl
will dramatically change from 1.37 to 1.72. The increase in the Rl of the structure’s surface will
directly cause a redshift in the various transmission peak positions, among which the redshift of
the trapped mode is the most obvious. This makes it possible to detect DNA and RNA molecules
with high sensitivity on metasurface particles.

The metasurface with monolayer graphene sensory platform designed here was placed in H,O,
after which ssDNA as a probe molecule was added to the solution. The ssDNA will be naturally
adsorbed to the graphene surface, equivalent to the particle being covered with a dielectric layer
because of the strong adsorption of graphene. A small amount of graphene oxide was added
to the solution; graphene oxide possesses several functional groups that lead to combining with
nucleic acid inclusions more quickly so that they can adhere to Si because of graphene oxide’s
electronegativity [29], [30]. This causes a slight change in the Rl of the surrounding solution, leading
to a redshift in the transmission peak. When a bio-extract solution containing miRNA, it will be
superimposed on the metasurface; this will also increase the thickness of the organic molecular
layer on the upper surface, thereby changing the Rl around the top solution. In the simulation, the
thickness of the ssDNA layer is set to 10 nm, and the Rl is 1.57. The ssDNA and miRNA combine
in 90°C solutions to form a new dielectric layer with a thickness of 20 nm and an Rl of 1.72, where
the RI of the solution of pure water is 1.33. The reaction process diagrams |, Il, and Il are shown in
Fig. 5(a), and the transmission spectrum is drawn under three conditions represented by different
curves in Fig. 5(b).

As shown in the transmission spectrum in Fig. 5(b), a redshift in the transmission curve occurs
with a change in the Rl of the upper solution, especially for the TEq; , peak, because the trapped
mode produces great resonance accompanied by a tangential electric field that is extremely
sensitive to the change in the RI. The strength of the tangential electric field produced by the
EH,., peak is significantly weaker than the electric field produced by the trapped mode; therefore,
the redshift phenomenon caused by the trapped mode is the most apparent shift. The mode of
the HE;;, peak produces an electric field parallel to the particle surface, which is the weakest.
Therefore, the redshift effect caused by the change in Rl is the lowest.

From case | to case Il, the resonance wavelength A, of the trapped mode shifts from 1.979 um
to 2.031 um; from case |l to case lll, the 1, of the trapped mode shifts from 2.031 xm to 2.079 pum.
The corresponding sensitivity (S) values obtained for TEg;, are 216 nm/RIU and 320 nm/RIU,
respectively. The corresponding FOM values are 24000 RIU" and 35556 RIU™, respectively.
The successful simulation of nucleic acid inclusions by the 1, shift in the transmission spectrum
exhibited higher sensitivity than that of previously reported biosensors [21], [24]. it can be found
that the reported resonant peak shift of the silver-nanocrystalline biosensor [21] is about 20nm,
and the sensitivity is about 83.3 nm/RIU,133. 33 nm/RIU, the corresponding quality factors are
0.1904RIU-1, 0. 3048RIU-1 respectively. Compared with the reported silver nanocrystal biosensor,
the structure proposed in this article has greatly improved performance. Fig. 5(c) displays the
electromagnetic field figure at the HE;; , peak and the electric field at the EH;;, peak and TEq; ,. It
can be concluded that the TEy; , peak has an intense circular displacement current that generates
a vertical downward magnetic force and thus is extremely sensitive to changes in the surrounding
environment. The cross-sectional field value patterns created by the resonance peaks in the three
cases are similar; therefore, only the second case is shown here.

Although our simulation considers the near-infrared band, the measurements can be easily
extended to shorter or longer wavelengths by decreasing or increasing the size of the silicon
meta-atom. Such expandability to various frequencies has been experimentally demonstrated;
therefore, our sensor platform has the potential to be applied in visible, infrared, or terahertz
bands. Thus, with the complete development of nanophotonics, the all-dielectric graphene sensory
platform of the asymmetric structure has broad applications in biosensing, biomedical, and other
related fields.
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4. Conclusion

In conclusion, we demonstrate a novel platform for biosensing based on an all-dielectric meta-
surface engineered with monolayer graphene. This all-dielectric metasurface provides excellent
sensitivity because of the sharp resonant spectrum of the trapped mode of the asymmetric meta-
atom, resulting in the strong coupling between the metasurface and the test sample. Compared
with biosensors based on plasmonic metamaterials, the biosensing platform that consists of silicon
and graphene is more stable, sensitive, and harmless to biological samples, the sensitivity of the
all-dielectric sensor designed is up to 320 nm/RIU. Besides, the operational frequency of the
biosensor that corresponds to the resonant frequency of the metasurface can be flexibly tuned
by scaling the dimensions of the all-dielectric meta-atom. Our observations provide a promising
method to realize ultra-sensitive bio-sensors based on all-dielectric metasurfaces.
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