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Abstract: Toroidal dipole (TD) with weak coupling to the

electromagnetic fields offers tremendous potential for

advanced design of photonic devices. However, the exci-

tation of high quality (Q) factor TD resonances in these

devices is challenging. Here, we investigate ultrahigh-Q

factor TD resonances at terahertz frequencies arising froma

distortion of symmetry-protected bound states in the con-

tinuum (BIC) in all-dielectric metasurface consisting of an

array of high-index tetramer clusters. By elaborately ar-

ranging the cylinders forming an asymmetric cluster, two

distinct TD resonances governed by BIC are excited and

identified. One is distinguished as intracluster TD mode

that occurs in the interior of tetramer cluster, and the other

one is intercluster TD mode that arises from the two

neighboring clusters. Such TD resonances can be turned

into ultrahigh-Q leaky resonances by controlling the

asymmetry of cluster. The low-loss TD resonances with

extremely narrow linewidth are very sensitive to the

change in the refractive index of the surrounding media,

achieving ultrahigh sensitivity level of 489 GHz/RIU. These

findings will open up an avenue to develop ultrasensitive

photonic sensor in the terahertz regime.

Keywords: all-dielectric metasurface; bound states in the

continuum; terahertz sensing; toroidal dipole.

1 Introduction

Terahertz (THz) technology has made great achievements

in a large number of applications including biomedical

diagnosis [1], security screening [2], and wireless commu-

nication [3] in recent years. The most important and

promising applications of THz technology are in nonde-

structive imaging and label-free sensing due to the its

peculiar properties of strong penetrability in non-

conducted materials, low photon energy, and spectral

fingerprints for biomolecules [4–6]. In THz region, most

molecules exhibit strong absorption and dispersion due to

their rotational and vibrational transitions. These transi-

tions are rendered as spectral fingerprints that are specific

to the molecule, thus achieving the molecular detection

and reorganization [4, 7]. However, the limited sensitivity

of THz technology has already restricted and hindered its

further application in sensing. According to this problem,

several routes have been proposed as THz signal amplifi-

cation approaches to attain competitive sensitivity for

sensing applications [8–10]. Among them, THz sensors

based on all-dielectric metamaterial structures show a

remarkable sensitivity due to their lower intrinsic losses

and higher quality (Q) factors. All-dielectric metamaterial,

artificial completely nonmetallic materials consisting of

periodically arranged subwavelength elements, exhibit

unique electromagnetic properties [11]. As a promising

alternative to metallic metamaterial, all-dielectric meta-

material can support Mie resonances with small dissipa-

tion and low thermal conductivity [12, 13], providing a good

platform for highly efficient THzdevices [14–16]. The strong

confinement of electromagnetic field in the all-dielectric

metamaterial enhances the light–matter interaction and

enables the sensitive detection of analytes. Therefore, all-

dielectric metamaterial has received special attention and

beenwidely studied for ultrasensitive sensing recently. Mie

resonances such as electric dipole (ED) and magnetic

dipole (MD) can be easily excited in all-dielectric meta-

material structures [13]. However, the excitation of toroidal
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dipole (TD) in these systems is still challenging. The TD can

be viewed as a circular head-to-tail arrangement of mag-

netic or electric dipoles that are squeezed into a single

point [17]. It is the virtually unknown third family of elec-

tromagneticmultipole, the toroidalmultipole, which along

with the familiar magnetic and electric multipole is

necessary for the complete multipole representation of an

arbitrary radiating source [18, 19]. The essence of TD can be

divided into magnetic TD and electric TD according to the

polarization currents distribution. The magnetic TD is

created by polarization currents flowing on a surface of a

torus along its meridians, and is represented head-to-tail

magnetic moments, while the electric TD is produced by

the ring of the polarization current flowing along the

toroidal direction, and is represented as a ring of the

electric dipole moments configuration [20]. Owning to its

relatively weak coupling to the incident electromagnetic

wave, TD is naturally masked by much stronger electro-

magnetic effects, so its excitation is very difficult to be

detected. However, the use of metamaterial concept makes

the observation and detection of TD response possible

[21–24]. This concept enables us to access to exotic and

novel optical phenomena of TD by artificially structuring

media on a subwavelength scale [25, 26]. The TD response

in metamaterial was theoretically proposed [27], and then

experimentally demonstrated at the microwave regime by

using the metallic metamaterial composed of three-

dimensional (3D) resonators [21]. It was recently discov-

ered that even two-dimensional (2D) metallic or all-

dielectric metamaterial (i.e., metasurface) structures

could support strong TD resonances in the microwave

[28, 29], THz [30, 31], infrared [32, 33], and visible [34, 35]

regions. Compared to the 3D metamaterial structures, the

fabrication of 2D metasurface structure is simpler and

easier, which promotes the research and utilization of TD

response. The TD resonances in all-dielectric metasuface

are high-Q in nature, and could provide sufficiently large

field confinement necessary for a variety of applications

due to the low material loss of all-dielectric materials.

Strong TD excitations were observed in all-dielectric met-

asurface consisting of clusters of subwavelength high-

index dielectric cylinders. Its electric field was concen-

trated in the dielectric-free regions of the unit cell in a spot

smaller than λ/5, which makes the metasurface a viable

platform for sensing or enhancement of light absorption

[30]. A high-index microtube-based all-dielectric meta-

surface structure was proposed, and a low-loss TD reso-

nance could be obtained with a high-Q factor of 118 as well

as a strong local field enhancement in the deep sub-

wavelength scale, offering application potentials such as

sensing, energy harvesting, and nonlinear optical effects

[36]. It was demonstrated that all-dielectric metasurface

composed of properly arranged cluster could excite strong

TD resonancewith high-Q feature, each cluster consisted of

two pairs of dielectric nanodisks with different radii. Such

TD response originated from a trappedmode that appeared

due to the symmetry breaking in the cluster. The unique

field configuration of TDmode enabled this metasurface to

serve as a tool for efficient light–matter interaction for

enhanced absorption, nonlinear response, and sensing

[32]. By arranging two pairs of high-index disks with

different heights in a cluster, the out-of-plane symmetry

breaking was introduced to the metasurface structure. In

this case, a strong TD resonance with an ultrahigh-Q factor

of 3189 could be excited. The electric field was intensively

confined in the gap between the disks for the TD mode,

indicating the strong interaction between the THz waves

and analytes. The simulated refractive index sensing

sensitivity of 438 GHz per refractive index unit (RIU) could

be obtained [37]. The TD resonances in all-dielectric met-

asurface structures have gained widespread attention and

have inspired a new wave of research in the field of optical

device design. However, the current research on this topic

is mainly focus on the intriguing phenomena in the pres-

ence of TD excitations, while little has been done on the

sensing applications using TD resonances.

For sensing applications, high-Q factor resonance that

has extremely narrow linewidth is typically desired, which

shows ability in detection of a small frequency shift that

arises due to the trace analyte or the weak environmental

variation. Moreover, the intensity of the resonance should

be strong enough to be easily detected in a noisy envi-

ronment [38]. One particularly effective approach to ach-

ieve extremely high-Q resonance is based on the bound

state in the continuum (BIC). The BIC that originally ap-

pears in quantum mechanics represents a general wave

phenomenon observed in acoustics, hydrodynamics, and

optics. Later, it was explained in terms of destructive

interferencewhen the coupling constantswith all radiating

waves vanish accidentally by continuous tuning of pa-

rameters. If the coupling constants vanish due to the

symmetry, such BIC is symmetry-protected [39]. A true BIC

exist only in ideal lossless infinite structures or extreme

values of parameters, and shows an infinite-Q factor and

vanishing resonance linewidth [40, 41]. In practice, BIC can

be realized as quasi-BIC by creating a leaky resonance

through symmetry breaking, where both Q factor and the

resonance linewidth become finite. The concept of

manipulating the transition between the symmetry-

protected BIC and leaky resonance was first proposed for

metallic metamaterial composed of split-ring resonators

[42], and then it was developed for all-dielectric
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metasurface [43–46]. It was revealed that all-dielectric

metasurface with symmetry breaking of unit cell can sup-

port high-Q factor Fano resonances [41, 43] or TD reso-

nances [44, 45] arising from the distortion of symmetry-

protected BIC. Such a BIC-inspired mechanism makes it

possible to access extremely high-Q resonances and giant

enhancement of electromagneticfields [47], realizingmany

useful functionalities including lasing [48], polarization

[49], and sensing [50]. Fano resonances are famous for

supporting enhanced sensitivities, but they fail in detect-

ingmolecules at extremely low-level concentrations. It was

reported that TD resonances could bridge this gap in the

field of sensing and showed the exotic ability to detect

extremely low-weight biomarkers at ultralow densities

[22, 51]. However, limited attention has been paid to

sensing utilizing TD resonances at THz frequencies gov-

erned by BIC that will provide a more efficient platform for

ultrasensitive sensors.

In this paper, we demonstrate ultrasensitive sensing

based on TD resonances driven by BIC at THz frequencies

in an all-dielectric metasurface structure with a periodic

array of asymmetric tetramer clusters. The excitation of two

TD modes is achieved through introducing symmetry

breaking and forming spatial asymmetric tetramers. It is

confirmed from the displacement current and field patterns

that the two TD resonances are derived from intracluster TD

and intercluster TD, respectively. By controlling the

asymmetric parameter a, the TD resonances can transform

from symmetry-protected BIC into quasi-BIC with ultra-

high-Q factor of 1.2 × 105 at a = 0.4 μm, revealing that these

resonances are driven by BIC. The detection of analyte

thickness indicates that the all-dielectric metasurface

function better in sensing thin analyte, and it is applicable

to the detection of trace analyte. The refractive index

sensing shows that the sensitivity of our structure can

reach up to 489 GHz/RIU that corresponds a corresponding

figure of merit (FoM) of 25,352, and this sensitivity is higher

than that of the previous reported all-dielectric metasur-

face THz sensors [8, 37]. Our findings present an effective

approach for realizing ultrasensitive sensing at THz

frequencies.

2 Structure design

Figure 1A illustrates the schematic of the THz asymmetric

all-dielectricmetasurface structure. It consists of a periodic

array of tetramer clusters arranged in a square lattice. Each

cluster (unite cell) contains four high-index cylinders

deposited on a quartz substrate (refractive index being

n = 2). The geometric parameters of the unit cell are

presented in Figure 1B. Here, the lattice constant is

Px = Py = P = 63 μm, the cylinder radius is r = 11 μm, the

cylinder height h = 11 μm. Figure 1C shows the top view of

the unit cell in the x–y plane to more clearly illustrate the

asymmetry of the structure. The asymmetric parameter a

represents the distance that the two cylinders move in the

opposite direction along y-axis. Specifically, a = 0 means

there is no movement for the two cylinders, and the unit

cell is symmetric in the x–y plane. In this case, the centers

of four cylinders are arranged in a square with a length of

L= 26 μm (shown aswhite dashed lines). For a ≠0, it means

the introduction of symmetry breaking in which two cyl-

inders of the tetramer move a distance of a in the opposite

direction along y-axis, while the positions of the other two

cylinders are fixed in their original positions. We define

a > 0 to represents the two cylinders both move away from

the x-axis, while a < 0 refers to the two cylinders bothmove

close to x-axis. Lithium tantalate (LiTaO3) is chosen as

building material for the tetramer clusters due to its

negligible dissipation loss at THz frequencies [30]. The

complex dielectric permittivity of LiTaO3 can be expressed

as the Lorenz-type dispersion ε = ε∞ (ω2
− ωL

2
+ iωγ)/

(ω2
− ωT

2
+ iωγ). Here, the frequency of transverse optical

photons is ωT/2π = 26.7 THz, the frequency of longitudinal

optical photons is ωL/2π = 46.9 THz, the damping factor is

γ/2 = 0.94 THz, and ε
∞

= 13.4 is the limiting value for

frequencies much higher than ωL, the permittivity of

LiTaO3 can be set as 41.4 when the frequencies are lower

than ωL. Numerical simulations on the electromagnetic

properties as well as the spectral responses of all-dielectric

metasurface were performed using finite element method

(FEM) with the commercially available Comsol Multi-

physics (Version 5.3) [52], where the Floquet-periodic

boundary conditions were imposed on four sides of the

unit cell, and the excitation field was a y-polarized plane

wave propagating along the z-axis.

For an all-dielectric metasurface structure consisting

of an array of equidistantly spaced subwavelength dielec-

tric cylinders, each cylinder behaves as an individual

resonator supporting a set of electric and magnetic multi-

pole modes [30]. Electromagnetic coupling of these modes

to the field of the incident wave can become a resonant

response for thewholemetasurface,which is depending on

the geometric parameters of the cylinders, their dielectric

constant, and the polarization of the incident wave. The ED

andMD resonances are two basicmodes that can be readily

excited in the metasurface structure. However, the excita-

tion of TD response is challenging, and it needs to engineer

a structure that is able to support a loop of magnetic or

electric moments configuration [32]. In our present study,

such structure is formed by periodically arranging tetramer
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clusters and each cluster itself appears as a resonator

where four dielectric cylinders are assembled closer to each

other. In this case, the overall metasurface response is

mainly determined by the electromagnetic coupling be-

tween the resonators inside the cluster rather than by the

individual cylinders. Besides, the mutual influence of

neighboring clusters also has an effect on the electro-

magnetic response [28, 45]. As a result, it will turn out to be

a complex collective behavior of modes being very

different from that of the ED and MD modes of individual

cylinders.

3 Results and discussions

As the first step, we demonstrate the existence of TD reso-

nances in our asymmetric all-dielectric metasurface struc-

ture for y-polarization. In this case, theTHzwave is vertically

incident on the metasurface along the z-direction with an

electric field polarized along the y-axis. For the symmetric

structure (a = 0 μm), only one resonance can be observed at

2.08 THz in the transmission spectrum. It is evident from

displacement current and field patterns that this resonance

corresponds to the MDmode and thus is marked as MD [32],

as shown in thefirst column inFigure 2D. ThisMD resonance

is distinguished as a collective response of four longitudinal

MDs, the displacement currents at the resonance exhibit a

circular behavior twisting around the center of each cylinder

in the x–y plane and induce four magnetic moments inside

the cylinders that oscillate in antiphase along z-axis. The

electric field at the MD resonance is confined at the center

part of the cluster, which indicates the MD mode existing

inside this area. As symmetric breaking is introduced to this

metasurface structure (a = 0.4 μm), as shown in Figure 2B,

besides the MD resonance previously discussed, two addi-

tional ultrasharp resonances located at 2.25 and 2.41 THz

that originate from TD modes appear in transmission spec-

trum, which are marked as TD1 and TD2, respectively. The

larger versions of transmission spectra for these two reso-

nances are also plotted in the insets of Figure 2B for a clearer

view. The displacement current and field enhancement

patterns of these two resonances were also calculated, and

are plotted in the second and third columns in Figure 2D to

gain insight into their nature. For TD1, the displacement

currents thread all four cylinders of a tetramer cluster and

are distributed in a closed loop, themagnetic field is located

inside the cylinders and at the center part of the tetramer

with circular patterns inside each cylinder, see the inset of

second column in Figure 2D. In this case, a particular vortex

of electric field within the cluster can be generated, and

producing the electric TD mode. Figure 2C (left) illustrates

the conceptual description of TD1, the green circles with

arrows show the magnetic field, the red circles with arrows

represent the displacement currents, and the blue arrows

are the excited TD moments (T). Obviously, the magnetic

field flows on a surface of a torus along its meridians, such a

flow can induce a distinct electric vortex with head-to-tail

configuration encircling the center of the cluster along the

toroidal direction,which excites TDmodewithin the cluster.

Therefore, we distinguish TD1 as intracluster TD resonance

because it is produced in the interior of tetramer cluster. As

for TD2, the displacement currents do not have a closed loop

arrangementwithin the cluster, but it rather appears amode

distributed between two neighboring clusters. The

displacement currents penetrate four cylinders of two

neighboring clusters, forming a particular vortex of electric

field between them. In this case, the magnetic field distrib-

utes outside the area formedby the twoneighboring clusters

with circular patterns inside each cylinder, see the inset of

third column inFigure 2D. The conceptual description of TD2

is shown in Figure 2C (right), it can be see that the magnetic

field circulates on a surface of a torus along its meridians

Figure 1: (A) Schematic of the THz

asymmetric all-dielectric metasurface

structure. (B) Unit cell with the geometric

parameters. The lattice constant is

Px = Py = P = 63 μm, the cylinder radius is

r = 11 μm, and the cylinder height is

h = 11 μm. (C) Top view (x–y plane) of the

unit cell. The distance between cylinders is

L = 26 μm, and the asymmetric parameter is

a = 0.4 μm.
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between these two neighboring clusters (green circles with

arrows), such a circle induces a distinct head-to-tail pattern

of electric fieldwreathes the center of the area formed by the

two neighboring clusters along the toroidal direction, which

excites TD mode between two neighboring clusters. There-

fore, TD2 stems from the intercluster coupling of cylinders

from two neighboring clusters and can be recognized as

intercluster TD resonance. These results show that these two

TD modes possess far stronger electric filed enhancement

compared with the MDmode. More importantly, the electric

filed for TDmodes are concentrated at the gaps between the

cylinders (i.e., the air area). In this case, more analytes will

be covered by the electric field at the TDmodes, achieving a

better spatial overlap and stronger light–matter interactions

than the MD mode.

To quantitatively estimate the dominant TD resonance

in TD1 and TD2 of our proposed structure, we perform a

multipole decomposition under the Cartesian coordinate

[53, 54]. Five terms, namely, electric dipole P, magnetic

dipole M, electric quadrupole Qe, magnetic quadrupole

Qm, and electric toroidal dipole T were taken into account

(higher orders of the multipole expansion were neglected in

the computations due to their very small contribution), and

the decomposition results for the unit cell (Type 1, the red

dashed box in Figure 3A) are shown in Figure 3B. It can be

seen from the inset of Figure 3B that TD1 (2.25 THz) can be

observed, and it is dominated by the electric toroidal dipole

T although the contribution from the magnetic quadrupole

Qm is fairly great. However, the electric dipole P, magnetic

dipole M, and electric quadrupole Qe are dramatically

suppressed in this case. For TD2 (2.41 THz), since this reso-

nance is a result of the intercluster coupling, it does not

appear in the multipole decomposition performed for the

unit cell (Type 1). Therefore, it needs tobe identified from the

electromagnetic distribution (Figure 2D). To demonstrate

each multipole and their contributions to the TD2, the

multipole decomposition for the other unit cell (Type 2, the

blue dashed box in Figure 3A) was also performed, and the

results are shown in Figure 3C. In this case, TD2 can appear

and for this resonance, electric toroidal dipole T is domi-

nant, with a secondary contribution of the magnetic quad-

rupole Qm. Similarly to the TD1, the electric dipole P,

magnetic dipoleM, and electric quadrupoleQe are strongly

suppressed. Under the condition of the metasurface con-

sisting of this unit cell (Type 2), TD1 is from the intercluster

coupling, thus it cannot be observed in the multipole

decomposition performed for Type 2. These results again

demonstrate that TD1 and TD2 are both electric TD reso-

nances, the former is derived from intercluster while the

latter is from the intracluster.

Figure 2: Transmission spectra of themetasurfacewith an asymmetric parameter (A) a=0μmand (B)a=0.4μm, the insets are larger versions

of transmission spectra for TD1 and TD2, respectively. (C) The conceptual descriptions of intracluster TD and intercluster TD, the dashed

box indicates the unit cell of the metasurface, the green circles with arrows show the magnetic field, the red circles with arrows represent the

displacement currents, and the blue arrows are the excited TD moments. (D) Cross-sectional patterns of displacement currents (arrows

represent the directions of displacement currents), electricfield enhancement, andmagneticfield enhancement at the three resonances in the

x–y plane with z-axis corresponding to the half-height of the cylinder. The insets in (D) show the cross-sectional patterns of magnetic field in

x–y plane with y-axis corresponding to the position of white line in the distribution of the magnetic field enhancement in the x–y plane,

the red arrows show the directions of magnetic field. The gray line refers to the boundary of the two neighboring clusters.
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To demonstrate that the two TD resonances for the

asymmetricmetasurface structure (a = 0.4 μm) appear only

in the condition of y-polarization, the incident electric field

polarized along the x-axis is also investigated, and the

comparative results of transmission spectra for x- and

y-polarization are shown in Figure 4A. It is confirmed that

the two TD resonances exist under y-polarization condition

(black solid line), andwill disappear for x-polarization (red

dashed line). Under the condition of x-polarization, only

one resonance can be excited, which is at exactly the same

position as MD resonance is in the case of y-polarization.

The analysis for the displacement current and field

enhancement patterns of this resonance show that it is

derived from the MD mode and can be recognized as the

collective response of four longitudinal MDs. As can be

seen in Figure 4B, like that ofMD resonance in the case of y-

polarization, the electric field at this resonance is mainly

located in the center part of the tetramer. The displacement

currents show a circular behavior encircling around the

center of each cylinder. This ring-like displacement cur-

rents’ pattern produces four magnetic moments oriented

along the z-axis. Also note that the displacement currents

inside the lower left and upper right cylinders encircle in

the opposite direction to those of their corresponding cyl-

inders for y-polarization, see the inset in Figure 4B. Thus,

the magnetic moments inside these two cylinders oscillate

in the opposite direction compared to the case of y-polar-

ization. These results demonstrate that theMD resonance is

polarization-insensitive, and it appears in the transmission

spectra for both y-polarized and x-polarized electric fields.

It is also confirmed that the excitation of TD modes under

y-polarization ismainly because of the symmetry breaking.

To further study these two TD resonances, we calcu-

lated the transmission spectra of thismetasurface structure

with different asymmetric parameter a ranging from −1.6 to

1.6 μm, and the results are shown in Figure 5A. Clearly, MD

resonance can be spotted for all a values, and its frequency

position as well as linewidth remains almost constant.

However, the two TD resonances both slightly shift toward

lower frequency with a close to 0 μm, and their linewidths

are both becoming narrower. When a equals to 0 μm, these

two TD resonances vanish, which means no leaky energy

from the bound state to the free space and demonstrates

the existence of two symmetry-protected BICs [39]. As a

continues to increase or decrease, these two resonances

appear againwith a visible linewidth. This is due to the fact

that the movements of two cylinders within a cluster per-

turb the in-plane symmetry of the metasurface structure

and transform the above symmetry-protected BICs to

quasi-BICs. As a result, two obvious TD resonances that

originate from the interference between discrete states

supported by the tetramer array and the continuum free-

space radiation can be produced [44]. For a > 0 μm, the two

TD resonances both have a slight red shift, and their line-

widths become wider as a increases. However, these two

TD resonances appear to be robust for a < 0 μm, showing a

weak reshaping of the resonance when a decreases. This

phenomenon is due to the difference in electric field

enhancement distribution between a > 0 μm and a < 0 μm,

as shown in Figure 5B and C. It can be seen that for

a = 1.6 μm, the electric fields of TD1 and TD2 are mainly

concentrated between the two nonperturbed cylinders.

When a = −1.6 μm, their electric fields are largely localized

between the two perturbed cylinders (indicated as the

white solid circles), thus their resonance characteristics are

more sensitive to the perturbation in these two cylinders.

The symmetric metasurface structure (a = 0 μm) sup-

ports two symmetry-protected BICs with disappeared

resonance linewidths and infinite-Q factors. For asym-

metric metasurface structure, the corresponding-Q factors

Figure 3: (A) Top view (x–y plane) of the asymmetric metasurface structure, the red dashed boxes indicate the unit cell of Type 1, and

the blue dashed boxes indicate the unit cell of Type 2. The scattering powers of multipole decomposition for (B) the unit cell of Type 1 and

(C) the unit cell of Type 2, where P, M, Qe, Qm, and T are the ED, MD, electric quadrupole, magnetic quadrupole, and electric toroidal

dipole, respectively. The insets are larger versions of the scattering powers for TD1 and TD2.
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of TD1 and TD2 at different asymmetric parameter a are

calculated, the Q factor here is defined as f0/∆f, where f0 is

the frequency of the resonance, and ∆f is the full width at

half-maximum (FWHM) of the resonance. Figure 6A and B

shows the log-log plot of the-Q factor versus the absolute

value of asymmetric parameter a (|a|) for TD1 and TD2,

Figure 4: (A) Transmission spectra of the asymmetric metasurface structure (a = 0.4 μm) under the y-polarization (black solid line) and

x-polarization (red dashed line). (B) Cross-sectional patterns of displacement currents, electric field enhancement, and magnetic field

enhancement at MD resonance for x-polarization in the x–y plane with z-axis corresponding to the half-height of the cylinder.

Figure 5: (A) Transmission spectra of all-dielectricmetasurfacewith different asymmetric parameter a. The cross-sectional patterns of electric

field enhancements for TD1 and TD2 at (B) a = 1.6 μm and (C) a = −1.6 μm in the x–y plane with z-axis corresponding to the half-height

of the cylinder, the white solid circles represent the perturbed cylinders.

Y. Wang et al.: Ultrasensitive terahertz sensing 1301



respectively, the orange circles represent the case of

a > 0 μm, and the green squares are the case of a < 0 μm. It

can be seen that for two structures with an equivalent |a|

value, their TD resonances have nearly the same Q factors

although these two cases form different metasurface

structures with resonance frequencies lying at different

positions. The evolution of Q factor on the asymmetric

parameter |a| follows the inverse quadratic lawQ =Q0 |a|
−2,

where Q0 is a constant determined by the metasurface

being independent of |a| [39, 41]. The Q factor for TD1 in-

creases to an ultrahigh value of 1.28 × 108 as |a| approaches

to 0 μm, and is becoming infinite at a=0 μm. TheQ factor of

TD2 has a similar variation trend as that of TD1 and reaches

an ultrahigh value of 2.3 × 108 near |a| = 0 μm, and achieves

an infinite Q factor at a = 0 μm. These results confirm that

the two TD resonances are both BIC-inspired and thus are

governed by BIC. The cluster with symmetry breaking is

necessary to obtain a sharp TD quasi-BIC resonance where

its frequency position and linewidth can be controlled by

the asymmetric parameter. The excitations of such TD

quasi-BIC resonances with ultrahigh-Q factor are associ-

ated with the strong near field enhancement. Figure 6C–F

shows the electric field and magnetic field enhancements

of TD1 and TD2 in a log scale at a location of z-axis

Figure 6: The log-log plot ofQ factors as a function of the absolute value of asymmetric parameter |a| for (A) TD1 and (B) TD2, the orange hollow

circles represent the case of a > 0 μm, and the green hollow squares are the case of a < 0 μm. The gray lines show the inverse quadratic

dependence of |a|. The field enhancement in a logarithm scale of electric field for (C) TD1 and (D) TD2 andmagnetic field for (E) TD1 and (F) TD2 at

a location of z-axis corresponding to the half-height of the cylinders with respect to the asymmetric parameter a.
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corresponding to the half-height of the cylinders at

different asymmetric parameter a, respectively. When |a|

decreases from 1.6 to 0.4 μm, all fields enhance gradually.

Continuing to decrease |a|, field enhancements greatly in-

crease to reach an extremely high value. At |a| = 0.01 μm,

the electric field enhancements are 24,200 and 30,024 for

TD1 and TD2, and the corresponding magnetic field en-

hancements can be as high as 48,200 and 53,400, respec-

tively. It can be found that the field enhancements of TD2

are larger than that of TD1. Such strong fields are mainly

distributed in the gaps among the cylinders where they can

effectively interact with analytes, which will have huge

advantages in sensing application.

To study the dependence of transmission spectra on

different geometric parameters, we calculate the trans-

mission spectra of the asymmetric metasurface structure

with different geometric parameters when the asymmetric

parameter a is set to 0.4 μm, other geometric parameters

are the same as the parameters used in Figure 2 except the

variable parameter shown in each figure. All the geometric

parameters change with a step of 1 μm, and the results are

shown in Figure 7. It can be seen that all resonances,

including MD, TD1, and TD2 experience a red shift while

their linewidths are little changed as h increases from 7 to

11 μm, see Figure 7A, and the shift for TD2 is the most

nonobvious among the three resonances. The increase of r

from 7 to 11 μm also results in a red shift of all resonances,

as shown in Figure 7B, and the shifts for all three reso-

nances are more pronounced than those of increasing h.

Slight red shifts for TD1 and TD2 can be observed with P

increasing from 61 to 65 μm due to the increase of effective

refractive index of the structure, see Figure 7C. However,

the position ofMDkeeps almost unchanged in this case. On

the contrary, all resonances show a slight blue shift when L

increases from 24 to 28 μm, and their intensities become

weaker due to a weaker coupling effect between the cyl-

inders with L increasing, see Figure 7D. It is worth noting

that the shifts for MD and TD2 are so slight as to be almost

unchanged. Comparing the impacts of different geometric

parameters on the transmission spectra of the asymmetric

metasurface structure, it can be seen that the position of

these three resonances is more sensitive to r and h, while

Figure 7: Transmission spectra of the asymmetric metasurface structure (a = 0.4 μm) with different (A) height h, (B) radius r, (C) period P, and

(D) distance L.
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their resonance intensities are mainly affected by L. How-

ever, all the three resonances appear to be robust for P than

other geometric parameters. More specifically, the r and h

of cylinder have a far greater influence on MD resonance

than the parameters L and P. This is due to the fact that MD

mode, as a basic set of magnetic multipole mode, its

resonance characteristic mainly depends on the geometric

parameters of cylinder. For TD mode, as a complex col-

lective response, the influence of parameter r on it is greater

than those of other geometric parameters. Based on these

results, the TD resonances of the asymmetric metasurface

structure can be easily tailored by adjusting different

geometric parameters.

The significance of sensing using THz spectroscopy

lies in the fact that biomolecules such as DNA have vibra-

tional resonances located in the THz domain [4, 6]. The

refractive index of biomolecule usually varies from 1.4 to

2.0, which can induce the detectable resonance shift of the

metasurface structure. According to the analysis of field

enhancement, the frequency shift of TD2 resonance is

selected as an indicator to evaluate the sensing perfor-

mance of this asymmetric metasurface structure

(a = 0.4 μm). Here, the analyte with a refractive index of 1.6

is deposited on the surface of the asymmetric metasurface

structure, and the dependence of frequency shift of TD2 on

the analyte thickness is investigated and presented in

Figure 8A. As the analyte thickness increases from 0 μm

(without analyte) to 10 μm, TD2 experiences a red shift, and

the corresponding frequency shift increases almost line-

arly from0 to 292 GHz. Frequency shift here is calculated as

f (t) − f (t0), where f (t) is the resonance frequency with

analyte thickness t, and f (t0) is the resonance frequency

with the analyte thickness t0 = 0 μm. However, continuing

to increase the analyte thickness from 10 to 20 μm, the

frequency shift slowly increases to a saturated value of

15 μm and since then no obvious change can be observed,

shown as the green shaded area. The sharp increase of

frequency shift for the lower thickness is because the an-

alyte is located in the gaps of the cylinders in which the

electric field is intensively confined. In this case, the

interaction between the electric field and the analyte gets

stronger that causes an increasing red shift as the thickness

increases. The saturation of frequency shift for the higher

thickness is due to the fact that part of the analyte is situ-

ated in an area where fringing electric field mainly dis-

tributes. Once the fringing electric field above a certain

height from the metasurface surface disappear, there is no

interaction between the fringing electric field and the an-

alyte, and thus no red shift can be observed even with the

increase of analyte thickness. These results demonstrate

that the asymmetric metasurface structure is extremely

sensitive to the small change in thickness of thin analyte

and thus enhance its application potential for the deter-

mination of small volume of analyte. We also analyzed the

sensitivity (S) of TD2 used for the detection of thin analyte

by varying the refractive index of analyte, and the sensi-

tivity is compared with that of MD. Figure 8B shows the

changes in frequency shift of TD2 with the increasing

refractive index for three cases, the dashed lines are the

linear fittings. As the refractive index of analyte with a

saturated thickness of 15 μm increases from 1.0 to 2.0, the

frequency shift of MD increases to 89 GHz, while the fre-

quency shift of TD2 can reach 486 GHz. The corresponding

sensitivities for MD and TD2 are 92 GHz/RIU and 489 GHz/

RIU, respectively. In this case, the sensitivity of TD2 has

enhanced by 5.3 times compared to that of MD. For the

analyte having thin thickness of 4 μm, the frequency shift

of TD2 reaches up to 134 GHz as the refractive index

Figure 8: (A) The frequency shift of TD2 versus the thickness of analyte (n = 1.6), the green shaded area is saturated region. (B) The frequency

shifts of TD2 with 15 μm analyte (the black balls) and 4 μm analyte (the red balls), and of MD with 15 μm analyte (the blue balls) deposited

on the asymmetric metasurface surface versus the refractive index of analyte, the dashed lines are the linear fittings. (C) The FoMs

of TD2 with 15 μm analyte deposited on the asymmetric metasurface surface versus the refractive index of analyte.
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increases from 1.0 to 2.0, which corresponds the sensitive

of 135 GHz/RIU. It is noteworthy that this sensitivity is still

higher than that of MD in the case of 15 μm analyte depo-

sition. In this case, the equivalent sensitivity of TD2 for per

micrometer thickness of the analyte can be calculated as

34 GHz/RIU. Note that a high sensitivity cannot ensure an

excellent sensing performance if the linewidth of reso-

nance is board. Given that, we estimate the FoM to quan-

titative evaluation the performance of TD2 for the sensing of

15 μm thick analyte. Figure 8C shows the change of FoM

with the refractive index of analyte increasing, the FoM is

defined as FoM = S/FWHM = S × Q/f (n) [55], where S is the

sensitivity, and f (n) is the resonance frequency with the

analyte refractive index n. The calculated FoM decreases

from 25,352 to 360 with refractive indices increasing from

1.0 to 2.0. Ultimately, a comparison of the performance of

our proposed metasurface to those of state-of-the art THz

metasurface sensors [8, 37, 38, 56–60] is presented in Ta-

ble 1. Obviously, our structure having high sensitivity and

ultrahigh FoM shows its great superiority in sensing

application over the previous works. It is worth noting that

the sensitivity of THz metasurface based on spoof surface

plasmons [60] is higher than that of our structure, however,

its FoM is much lower than our structure. The FoM is more

meaningful to evaluate the performance of the sensor

because it is concerned about not only the sensitivity but

also the Q factor. For sensing application, a high-Q factor

feature is typically desired to detect a small frequency shift

that arises due to the low volume of the analyte or the weak

environmental variation. Therefore, with its high sensi-

tivity and ultrahigh FoM, our proposed asymmetric meta-

surface structure has prominent superiority and huge

potential ultrasensitive sensing application at THz fre-

quencies. Therefore, with its high sensitivity and ultrahigh

FoM, our proposed asymmetric metasurface structure is

suitable for ultrasensitive sensing application at THz

frequencies.

4 Conclusion

We propose an ultrasensitive THz sensor based on TD

resonance governed by BIC in asymmetric all-dielectric

metasurface structure. By elaborately perturbing two

cylinders and forming a spatially asymmetric tetramer

cluster, two TD resonances that are derived from intra-

cluster TDmode and intercluster TDmode can be excited.

The electromagnetic field at resonances is intensively

confined in the gaps among the cylinders. These TD res-

onances exhibit a typical symmetry protected BIC char-

acter and have an infinite lifetime. They could transform

into TD quasi-BIC resonances with ultrahigh-Q factor of

1.2 × 105 via manipulating the asymmetric parameter. The

sensing of analyte shows that the sensitivity of TD reso-

nance in this THz sensor is 489 GHz/RIU for analyte

thickness of 15 μm, and is 135 GHz/RIU for analyte

thickness of 4 μm, which are higher than previously re-

ported THz all-dielectric metasurface sensor, and the

corresponding FoM is up to 25,352. Significantly, our

asymmetric metasurface structure with ultrahigh-Q fac-

tor is competent to detect a minute frequency shift that

arises due to the low volume of the analyte and thus is

applicable to detect trace analyte. Moreover, compared to

the reported asymmetric metasurface structure realized

by making the cylinder height different, our asymmetric

metasurface structure is achieved by moving two cylin-

ders, reducing the complexity of the device fabrication.

We believe that the proposed metasurface structure can

perform superior performance for label-free sensing in

the THz region.

Table : The list for the performances of THz metasurface sensors including type of metasurface, material of structured layer, analyte,

sensitivity, and FoM of the developed systems.

Ref. Type of metasurface Material of structured layer Analyte Sensitivity (GHz/RIU) FoM

[] TD resonance Aluminium Dielectric layer .

[] Fano resonance-BIC Silicon Dielectric layer  .

[] Fano resonance Gold Dielectric layer  .

[] Perfect absorber Aluminium Dielectric layer .

[] EIT resonance Graphene Dielectric layer . .

[] EIT resonance Silicon Dielectric layer  .

[] TD resonance LiTaO Dielectric layer  

[] Spoof surface plasmons Gold Dielectric layer  .

This work TD resonance-BIC LiTaO Dielectric layer  ,

EIT, electromagnetically induced transparency.
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