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A quasi-bound state in the continuum (QBIC) has unique attraction in optical switch, nonlinearity, communi-
cation, and sensing due to its ultrahigh radiation quality (Q) factor. The QBIC observed in metasurfaces also
provides a feasible platform to achieve in-plane strong light-matter interaction, as well as to develop ultrasen-
sitive biosensor. However, the existing metasurface designs are difficult to realize highly efficient excitation and
high-performance sensing of QBIC in terahertz (THz) band. Here, we manipulate the interference coupling be-
tween electric quadrupole and magnetic dipole by introducing an asymmetry o into the metallic metasurface
structure, which excites ultrahigh quality QBIC resonance with Q factor of up to 503. Correspondingly, light field
energy constrained by the metasurface and effective sensing area achieved enormous increases of about 400%
and 1300%, respectively, which greatly expands the spatial extent and intensity of light-matter interaction.
Simulations and experiments show that the proposed QBIC metasurface deliver a high refractive index sensitivity
reaching 420 GHz/RIU, where RIU is the refractive index unit, and its direct limit of detection (LoD) for trace
homocysteine (Hcy) molecules is 12.5 pmol/pL. Its performance is about 40-times better than that of the classical
Dipole mode. This work provides a new avenue to achieve rapid, precise, and nondestructive sensing of trace
molecules, and has potential applications in the fields of biochemical reaction monitoring, photocatalysis and

photobiomodulation.

1. Introduction

The metasurface is an ultrathin, patterned artificial surface consist-
ing of optical subwavelength resonantors, so called meta-atoms, ar-
ranged in a periodic fashion [1-5], which has been widely applied as an
ideal platform for studying and tailoring light, and has made a number
of breakthrough achievements in hologram or computational imaging
[6,7], communication [8], near-field microscopy [9], and sensors
[10-12]. By combining or tailoring meta-atoms, various optical reso-
nance phenomena can be manipulated and induced, such as surface
plasmon resonance (SPR) [13], super-lattice resonance [14-16], elec-
tromagnetic induced transparency (EIT) [17,18], Fano resonance
[19-21], Mie resonance [22,23], etc. These can be used to explore
technological innovations and applications in the frontiers of optics and
even physics research, including laser nonlinear effect [24], biochemical
molecule sensing [25], light storage and operation [26,27], and smart
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labeling [28]. Recently, THz technology has attracted great interest in
the field of chemistry and biomedicine due to its unique advantages such
as strong penetration, nonionizing, and non-destructive [29-31]. The
rotation and vibration of a large number of biomolecules also provide
spectral fingerprints in terahertz band for identification [32-35]. The
combination of metasurfaces and terahertz sensing technology owns the
advantages of both label-free and high sensitivity, and it can enhance the
coupling between analyte and the electromagnetic wave [36]. The
design flexibility of metasurfaces also supports customized sensing of
various samples [37,38]. Although several terahertz biosensing methods
based on metasurfaces have been reported, which can identify analytes
with specific refractive index according to the resonance shift, such as
cells [39], proteins [40], viruses [41], etc. However, previous metallic or
dielectric metasurfaces biosensors generally have low sensitivity.
Because their resonant modes naturally have a low Q factor [42,43], and
are further attenuated by the influence of ohm or radiation loss, which
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makes the detection capability of biosensors into a bottleneck. In addi-
tion, many biological samples obtained in clinical practice are usually
trace (<nmol level), and some disease biomarker molecules even cannot
rely on the nanoparticle-antibody system to amplify signals [44,45],
which further increases the difficulty of identifying such samples by low-
Q metasurface biosensors.

Fortunately, the concept of bound state in the continuum (BIC) has
been introduced into the design of metasurfaces in recent years [46-48].
In photonic systems, BIC behaves as a special mode characterized by
energy being bound in a continuum, and unable to couple with free
space radiation. Theoretically, it delivers ultrahigh or even infinite ra-
diation Q factor and infinite lifetime [49,50], which has the non-
radiative property of spectral linewidth disappearance. But the
introduction of external perturbations can make BIC produce limited
leakage and become an observable quasi-bound state in the continuum
(QBIC) [51-53]. The properties of QBIC include extremely narrow
linewidths observed in the far field, and the ability to capture more
electromagnetic energy for longer time in the resonant cavities, which
can achieve strong enhancement of the local light field, and led to its
numerous optics applications [54-57]. Currently, potential applications
of optical metasurface biosensors based on BIC in the field of
biochemical sensing have begun to be explored, including fingerprint
spectrum acquisition, molecular recognition, circular dichroism (CD)
enhancement, flexible metasurfaces, and microfluidic refractive index
sensing [58-65]. However, these works mainly focus on theoretical
studies, and all predict that there may be a huge Q factor attenuation of
the fabricated metasurfaces. This is caused by the inevitable Ohmic loss
or radiation loss, as well as limitations of existing instrument accuracy,
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and especially the latter suppresses the robustness of QBIC [66]. In
addition, the explanations of QBIC sensing mechanism in existing
research are not in-depth and, more importantly, lack experimental
verification. Therefore, theoretically and experimentally, exploring the
optical sensing mechanism of QBIC, especially studying its constraint
law on electromagnetic field energy and realizing the controllable
amplification of the strong light-matter interaction, will be helpful to
solve the challenges in the development of high-Q metasurface
biosensors.

In this work, we proposed a ’ring chain’ metasurface based on QBIC.
Under the excitation of THz pulse, the introduction of structural asym-
metry will lead to interference coupling between electric quadrupole
and magnetic dipole, and the QBIC resonance can be observed in the far
field, which has ultrahigh or even infinite Q factor. Based on theoretical
simulation, we found that QBIC has better sensing performance than
eigen Dipole resonance. This is due to the following two points: 1) the
huge increase in the effective sensing area realized by the spatial
coupling of electromagnetic fields; 2) the strong light field constraints
determined by high Q factor, which greatly expand the spatial extent
and intensity of in-plane light-matter interaction. We can also control
the Q factor and resonance intensity of QBIC by optimizing the asym-
metry, which depends on different biological samples and system reso-
lution. Here, our proposed QBIC metasurface exhibits ultrahigh Q factor
of up to 503, and the theoretical sensitivity is up to 420 GHz/RIU. It can
realize high performance sensing near 2 THz, and the direct limit of
detection (LoD) for biomarker homocysteine (Hcy) can reach the pmol
level. Our results show that this QBIC metasurface biosensor can serve as
a strong and powerful tool for high performance sensing of trace
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Fig. 1. The design concept of our proposed QBIC metasurface biosensor. (a) The schematic diagram of QBIC metasurface excited by THz wave and the geometric
parameters of the lattice. (b) The fabricated metasurface biosensor and micrograph of bare metasurface structures. (Scale bar = 50 pm). (c) The sensing advantages of

the proposed metasurface for trace molecules are introduced.
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biomolecules, and can be generalized to cross wavelength regions
beyond the THz band.

2. Material and methods
2.1. Design strategy of the metasurface biosensor

Fig. 1a shows the schematic diagram of our proposed metallic QBIC
metasurface biosensor. It consists of a periodic array of two ring chain
resonators with different gap widths machined on a rectangular lattice.
For the convenience of distinction, we define these two resonators as up
ring chain resonator (U-RCR) and down ring chain resonator (D-RCR).
Under the excitation of THz pulse, there is a pair of reverse current os-
cillations in the loops of resonators (blue arrows), and each generates a
circular magnetic field (purple arrow). They are coupled at resonator
cavities and the large gap region between resonators, thus showing a
wide-area and super-strong binding behavior to the incident light field
(Fig. 1a, left). The resonator and substrate materials are gold and quartz,
respectively. For the geometric parameters of the lattice, the periods
along the x- and y-directions are Py = 37 pm and Py = 74 pm, and
thickness of substrate is T = 500 pm. In the x-y plane, L = 30 pm, W =5
pm, S = 7 pm, Gy = 2 pm, Go = 3 pm. It should be noted that the gap
width G of D-RCR is variable to introduce asymmetry and the other
parameters remain unchanged (Fig. la, right). For studying electro-
magnetic characteristics of the excited QBIC resonance, we define gap
width difference AG = G,-G; and the asymmetry a = AG/G;. The pro-
posed metasurface first deposits chromium and gold films on a double-
sided polished quartz substrate, and then uses conventional lithog-
raphy technology for patterning. It should be noted that chromium is
used as a bonding layer. The schematic diagram of the fabricated
biosensor is shown in Fig. 1b, and the structure is locally magnified for
observing.

In order to demonstrate the sensing advantages of the proposed
metasurface biosensor for trace molecules, we described its details in
Fig. 1c. In the THz sensing method based on metasurfaces, the reagent
containing the sample molecules contacts the biosensor surface by
dropping samples. After drying, the sample molecules will be freely
distributed and attached to the biosensor surface in the form of films or
small clusters. For many small biomarker molecules, including Hcy, the
clinically obtained samples are usually trace (nmol or even pmol level)
and have the characteristics of random distribution on the biosensor
surface (Fig. 1c, left). In addition, unlike many viruses or nucleic acids,
some biomarker molecules are even difficult to amplify signals by means
of nanoparticle hybridization. Therefore, the detection results are highly
dependent on the Q factor of the biosensor and the size of the effective
sensing area. For the traditional THz metasurface biosensors, the light
field is confined in their resonant cavities with small area, the proba-
bility of the sample molecules falling inside the resonant cavities is low.
And their resonance modes usually have a lower Q factor, thus losing the
ability to identify trace samples. However, for our proposed QBIC met-
asurface biosensor, it has a wide-area and ultra-strong photoactive re-
gion to *capture’ more sample molecules, and its sharp resonance peak is
enough to distinguish trace level samples (Fig. 1c, middle & right).

2.2. Numerical simulations

In order to study the potential resonance mechanism and spectral
responses of our proposed QBIC metasurface, numerical calculations
were carried out using Comsol Multiphysics (version 5.4). Floquet pe-
riodic conditions were set in free space along the x- and y-directions, a
perfect match layer (PML) was taken in the z-direction as the absorption
boundary. The excitation field was an x- or y-polarization plane wave
propagating along the z-direction. Convergence results were obtained by
setting the grid smaller than the critical structure minimum size. The
dielectric constant of the quartz substrate was 3.9. The resonator ma-
terial can be set as a perfect conductive (PEC) to simplify the operation.
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2.3. Sample preparation and testing

In order to demonstrate the trace molecular sensing performance of
QBIC metasurface biosensor, we selected the low concentration Hcy
aqueous solution as the test object. The pure Hcy used here is provided
by Sigma-Aldrich and the solvent is ultrapure water. It should be noted
that our previous work has proved the stability of Hcy in aqueous so-
lution [45]. In the experiment, we uniformly configured 6 groups of Hcy
samples with different concentrations (the corresponding concentra-
tions were 0.0125, 0.05, 0.5, 2.5, 10 and 40 nmol/uL, respectively). The
amount of each group of samples dropped on the biosensor is 20 pL (the
corresponding Hcy contents were 0.25, 1, 10, 50, 200, 800 nmol,
respectively). We promoted random and uniform distribution of mole-
cules through rapid drying treatment. The sample testing was carried
out with a commercial terahertz spectrometer (Advantest TAS7400).
The effective spectral range is from 0.5 to 4 THz, and the spectral res-
olution is about 7.6 GHz. In order to suppress the interference of water
vapor, all our tests were carried out at room temperature of 23 °C and
relative humidity of less than 3 %. All samples are tested repeatedly to
ensure the robustness of the results, and Fourier transform was used to
obtain the frequency domain signals (see Supplementary Material S1 for
details).

3. Results and discussion
3.1. QBIC characteristics and metasurface performance optimization

In order to analysis the formation mechanism of the excited QBIC, we
calculated the transmission spectra under x- and y-polarized THz waves
with the D-RCR gap width Gy varying from 0.5 to 10 pm (o = 0.25 ~ 4).
As shown in the top panels of Fig. 2a & b, QBIC resonances can be
excited under both x- and y-polarized THz waves, and the BIC positions
are consistently located at 2.025 THz. When o = 0, the resonances at the
BIC position in the transmission spectra disappear simultaneously, at
which point the structure is in the symmetry-protected BIC state with
infinite Q factor and the energy is bound here without leaking into the
free space. With the increase of a, the linewidth of resonance gradually
decreases, and blue shift occurs. This is because when a # 0, the struc-
tural symmetry is broken, and the symmetry-protected BIC state begin to
transform into QBIC with finite leakage rate. In the bottom panel of
Fig. 2a, the blue shift evolution of two resonance modes (Dipole mode
and QBIC mode) is observed under x-polarized THz waves. It is obvious
that the introduction of asymmetric perturbation breaks symmetry-
protected BIC state and evolves to QBIC resonance with extremely
narrow linewidth on both sides, after which followed a trend from
narrow to wide. While in the bottom panel of Fig. 2b, under y-polarized
THz waves, only the evolution of QBIC mode can be observed. Although
the QBIC resonance linewidth at this position seems to be very narrow,
its resonance amplitude and linewidth are mutually constrained,
resulting in poor resonance intensity and difficult to observe, which is
very unfavorable for experimental sensing. In addition, we investigated
the relationship between the resonance Q factor and the asymmetry a.
And fitted the transmission spectra with a typical Fano lineshape for-

b

—wetj;| 1O extract the Q factors [49], where

mula Tpgne = |@ +Hjaz +

a;. ap and b are real constant factors, wg and y are the resonance fre-
quency and damping rate, respectively, and the Q factor can be calcu-
lated by Q = wo/(2y). Note that all unknown parameters are specified in
the interval [0,1]. In Fig. 2¢ & d, the divergence trajectory of the Q factor
is mapped by different a. When o tends to 0, the Q factor of QBIC sup-
ported by x- and y-polarized terahertz waves is close to infinity. And for
two structures with equivalent |a| values, they all have almost the same
Q factor, and the dependence of Q factor on « also follows the inverse-
quadratic o2, Research shows the BICs excited in metasurfaces are
mainly divided into symmetry-protected BIC and accidental BIC
[67-70], the former exists at the center of the Brillouin zone and is
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excited by an in-plane symmetry mismatch, while the latter is usually
excited an isolated band of the accidental in-plane wave vector. Inter-
estingly, they all obey the inverse-square law Q = Qo|a|? formulated by
Koshelev et al., which reflects the increase in the asymmetry of the
system (a) leading to the Q factor attenuation of the resonance, where
Qo is a constant independent of |«| and is determined by the metasurface
itself [71,72]. These evidences indicate that the QBIC resonance studied
in this work is excited by symmetry-protected BIC.

Next, we optimized the metasurface performance parameters based
on the evolution of QBIC. In Fig. 2e, the evolution trend of QBIC reso-
nance intensity under x-polarized incidence is opposite to that of the Q
factor, because there exists mutual constraint between the resonance
intensity and the linewidth. In addition, the corresponding resonance
intensity under y-polarized incidence is generally weak. The parameter
I=|T;-Ty| is to describe the transmission intensity of QBIC resonance,
where T; corresponds to the peak value of the asymmetric lineshape and
To corresponds to the inclination position, as shown in the inset of
Fig. 2e. Furthermore, a general figure of merit (FoM) [62] is introduced
to obtain the best tradeoff between Q factor and resonance intensity, and
here FoM = Q x I So as to evaluate the optimal performance of the
metasurface at different o. In Fig. 2f, under x-polarized incidence, the
QBIC resonance excited by the metasurface at « = 0.5 corresponds to
FoMpax = 209 and has an ultrahigh Q factor of 503, which is an ideal
parameter for optimizing metasurface performance. In addition, the
structure of this parameter also excites an eigen Dipole resonance of Q =
15 at low frequency position. It can be found that the Q factor of the
excited QBIC resonance is at least one order of magnitude higher than
that of the eigen Dipole resonance, which is an extremely surprising
result. It is worth noting that linewidth of Dipole resonance becomes
consistently narrowed as a increases until it tends to stabilize (Fig. 2a,
bottom panel), which implies that the introduction of asymmetric
perturbation also improves the quality of Dipole resonance (see

(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article.)

Supplementary Material S2 for details). In Fig. 2g, the optimal meta-
surface structure parameters and polarization conditions corresponding
to FoMp,ax (0 = 0.5) are also drawn for viewing. Since the position and
performance of QBIC resonance can be easily controlled by the asym-
metry o, we can flexibly customize the corresponding optical manipu-
lation and sensing platform for different optical application scenarios
and actual detection conditions.

3.2. Wide-area and intense light-matter interaction supported by QBIC

Different from the classical Dipole mode, QBIC has unique electro-
magnetic field manipulation law and optical sensing mechanism. Based
on the proposed metasurface, we have explored this in depth and
demonstrated the wide-area and intense light-matter interaction sup-
ported by QBIC, which will lead to QBIC resonance having stronger
sensing performance than that of Dipole resonance. The metasurface at
o = 0.5 under x-polarized incidence is discussed here because it is an
optimized ideal structure. Firstly, we study the influence of electro-
magnetic field coupling between U-RCR and D-RCR on the sensing, and
the corresponding a is 0 and 0.5, respectively. For Dipole resonance, the
electric field enhancement in the x-y plane is mainly distributed in the
inner part of resonant cavities and its side edge, and the formed annular
electric field flows in the same direction clockwise. There is no obvious
coupling between U-RCR and D-RCR at this time (Fig. 3a, left), and the
simulation results of single resonator and double resonator arrays
further prove this deduction (see Supplementary Material S3 for details).
Accordingly, the magnetic field enhancement in the y-z plane of Dipole
resonance is mainly limited to the near surface of resonators. The
annular magnetic fields at two resonators are distributed in the same
direction along the Z axis, and there is no obvious coupling between
them. The spatial distribution volume of magnetic field is small and the
magnetic field intensity is weak (Fig. 3c, left). But for QBIC resonance,
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Fig. 3. The manipulation of the light field
by Dipole mode and QBIC mode under x-
polarized incidence. (a) The displacement
electric field density distribution in x-y
plane corresponding to Dipole resonance
(1.665 THz) and QBIC resonance (2.065
THz). Green masks represent the effective
sensing areas. Red frames represent the
magnetic field interaction regions. (b)
Extracted the electric field intensity distri-
bution corresponding to probe AB in x-y
plane when o = 0 and o = 0.5. (c) The
spatial magnetic field density distribution in
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the electric field enhancement in the x-y plane is not only distributed in
the inner part of resonant cavities and its side edges, but also exists in the
large gap region between U-RCR and D-RCR. We speculate that this
position forms a large ’photoactive region’ (Fig. 3a, right). And the
magnetic field distribution in the y-z plane indicates that there are two
extremely strong annular magnetic fields at the resonant cavities. They
are distributed counterclockwise and clockwise along the z-direction
respectively, and start to decay when they are far away from the reso-
nator. Interestingly, these two magnetic fields are closely superimposed
in the intersecting region and coincide with the presumed photoactive
region’. This strong coupling means that the interaction between elec-
tromagnetic field and matter will be much stronger than that of Dipole
resonance (Fig. 3c, right). It can also be found that the magnetic field
region of QBIC resonance shows a larger extension range than that of
Dipole resonance from the z-direction, which is more conducive to the
full interaction between light field and analytes. In Fig. 3b & d, we set
the probe AB in the x-y plane to extract the electric field and magnetic
field intensity distribution in the large gap region between U-RCR and D-
RCR of two modes. It can be found that the corresponding electric and
magnetic field intensities of QBIC mode have super-strong distribution
characteristics in the spatial domain, and have complementary overall
responses. Therefore, the presence of this large range photoactive region
induced by QBIC can be confirmed, which greatly expands the spatial
extent of the in-plane light-matter interaction and means a huge increase
in the effective sensing area. The calculated total sensing area of QBIC
resonance is increased by about 1300% compared with eigen Dipole
resonance (the area marked by the green mask in Fig. 3a is the effective
sensing area).

Next, we compare the ability to constrain the electric field energy of
Dipole resonance and QBIC resonance excited by metasurface at a =
0 and 0.5. In Fig. 3e, the electric field energy constrained by QBIC
resonance is much stronger than that of Dipole resonance, and the dis-
tribution is very concentrated, which increases by about 400 % (the

1

75
Frequency (THz)

200 225 250

inset gives the enlarged version of Dipole resonance position). This
result means that the light field at the QBIC resonance position stores
more electromagnetic energy for coupling with the analyte, which will
greatly expand the intensity of the in-plane light-matter interaction and
can detect more ultrathin samples. In Fig. 3f, we calculated the total
frequency domain distribution of electric field energy constrained by the
metasurfaces at different a. Interestingly, its distribution law is consis-
tent with the bottom panel of Fig. 2a. When o = 0, there is no electric
field energy leakage, which corresponds to the symmetry-protected BIC
state. When a # 0, a large increase in electromagnetic energy can be
observed at nearby QBIC position. With the increase of a, the electro-
magnetic energy attenuates, which is caused by the increase of the
leakage rate. This degeneration phenomenon can also be confirmed by
the inverse-quadratic law a2 obeyed by the Q factor in Fig. 2c. In
addition, for Diploe resonance, the constrained electromagnetic energy
always increases with the increase of o, and tends to be stable near o« = 4
(see Supplementary Material S4 for details).

The qualitative and quantitative evidences in the above analysis
show that wide-area and intense light-matter interaction supported by
QBIC makes the proposed metasurface become an ideal platform for
manipulating light and realizing highly sensitive biochemical molecular
sensing. Since the analyte is usually randomly distributed on the meta-
surface, the larger effective sensing area means that the greater proba-
bility of analyte falling into it. Furthermore, considering that in the
practical sensing, even if the interference of human factors is ignored,
the probability of the molecule to be measured at nmol level falling into
the effective sensing area will only be lower [41], which is extremely
unfavorable for the detection of trace molecules (such as pmol level).
Therefore, this QBIC metasurface not only increases the probability that
the molecule to be measured falls into the effective sensing area, but also
promotes the interaction between electromagnetic energy and matter
due to its super-strong optical field constraint. This will greatly enhance
the sensitivity of the metasurface biosensor and produce more
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significant resonance frequency shift for fewer samples. As far as we
know, a few reported references claim that QBIC resonance has stronger
sensing performance [61-63], but they usually attribute it to the higher
Q factor of QBIC resonance according to the simulation results, and lack
of relevant experimental verification. Therefore, our detailed analysis
and interpretation of the light field manipulation and sensing mecha-
nism of QBIC in this work are still the first time in the existing research,
which fills the gap in the previous research.

3.3. Multipolar decomposition and resonance mode analysis

We take the metasurface structure of « = 0.5 as the research object to
quantitatively analyze the dominant components of QBIC resonance.
Here, the THz electric field is polarized along the x-direction (Fig. 4a,
inset). we performed the Cartesian multipolar decomposition for the far-
field scattering power of the metasurface, which mainly includes electric
dipole (ED), magnetic dipole (MD), electric quadrupole (EQ), magnetic
quadrupole (MQ) and ring dipole (TD) (see Supplementary Material S5
for details). Here, we ignored the high-order components of multipole
expansion in calculation because their contributions are very small. In
Fig. 4a, the symmetry-protected BIC state in the continuous spectrum is
broken at 2.065 THz, and an observable very narrow QBIC resonance is
formed. This QBIC mode is mainly controlled by EQ, and the contribu-
tion of MQ cannot be ignored. These two components interfere with
each other and other multipolar components are strongly inhibited. The
mode distribution of QBIC resonance is also plotted (Fig. 4b, right).
Under the perturbation of asymmetry, both U-RCR and D-RCR excite the
reverse current distribution, and jointly form the strong EQ mode, which
proves that there is a strong coupling between them and also supports
the conclusion in Fig. 3. At the same time, the strong MD mode can be
found in the z-direction, which produces an ultra-narrow subradiant
mode under mutual interference with the ED oscillation, resulting in the
leakage of the energy, and behaves as a an extremely narrow linewidth
Fano lineshape in the continuous spectrum. In addition, the multipolar
decomposition results corresponding to o = 0 show that its eigen Dipole
resonance is dominated by ED (see Supplementary Material Fig. S6). For
eigen Dipole mode, U-RCR and D-RCR excite a pair of co-directional
current oscillations, and there is no obvious coupling between them.
The corresponding MD mode is significantly weaker than that of QBIC
state (Fig. 4b, left). And when in the symmetry-protected BIC state, U-
RCR and DRCR each excites two pairs of reverse current oscillations
respectively, which support the radiation-free EQ mode and correspond
to the weak magnetic field distribution (Fig. 4b, middle).

3.4. Sensing performance analysis

In the above analysis of the sensing mechanism of QBIC resonance,
we give the theoretical inference that QBIC resonance has stronger
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sensing ability than that of Dipole resonance. Here, we simulated a thin-
layer analyte on the metasurface (x = 0.5) and quantified the sensing
performance of these two resonances by changing the refractive index
(1.0 ~ 2.0 RIU) and thickness of the analyte (0 ~ 20 pm), where RIU is
the refractive index unit. The refractive index range used here covers a
series of important biological or chemical materials for THz sensing
application. As shown in Fig. 5a & b, when the analyte thickness remains
constant, as the refractive index increases, the frequency shift of Dipole
resonance and QBIC resonance all increase linearly. Here, the frequency
shift is calculated as A f=f(t) —f(to), where f(t) is the resonant frequency
when the analyte thickness is t pm, and f(ty) is the resonant frequency
when the analyte thickness is 0 pm (bare metasurface). We also intro-
duce S = A f/A n to describe the refractive index sensitivity of the
biosensor, where A n is the unit change of the analyte refractive index,
and calculated that Sopic = 420 GHz/RIU and Spjpele = 340 GHz/RIU.
Fig. 5c shows that for QBIC resonance, when the refractive index of the
analyte is fixed at 2 RIU, with the analyte thickness increases from 0 to 5
pm, A f increases rapidly from 0 to 380 GHz. When the analyte thickness
increases from 5 to 15 pm, A f grows slowly and eventually reaches
saturation at 20 pm. The existence of the saturation region here is
because that as the increase of the analyte thickness, the upper part of
the analyte gradually approaches or even exceeds the edge of the bound
light field. Correspondingly, its out-of-field part is difficult to interact
with the electromagnetic energy constrained by the metasurface, which
resulting in frequency shift saturation. For Dipole resonance, its A f is
always significantly lower than that of QBIC resonance, and also reaches
saturation at 20 pm. It is worth noting that for thin-layer analyte of 5 pm,
the frequency shift of QBIC resonance (Af = 380 GHz) increase by at
least 100 GHz compared to that of Dipole resonance (Af = 280 GHz),
which means that the QBIC metasurface is more sensitive to ultrathin
analyte. Therefore, these results further verify that QBIC resonance has a
better sensing performance. In addition, the corresponding sensing re-
sults of when ultrathin analyte completely or partially covers the met-
asurface unit are also considered. The results show that the frequency
shift provided by the effective sensing area of QBIC mode is equivalent
to 76% of that of the entire metasurface unit, although the area of the
former is about 10% of that of the latter (see Supplementary Material S6
for details).

3.5. Measurement and performance comparison of metasurface samples

We select the metasurface structure of a = 0.5 for processing and
measurement, because it has been proved to have the ideal compre-
hensive performance. The measured spectra in Fig. 6a show Dipole
resonance at low frequency (1.753 THz) and QBIC resonance at high
frequency (2.103 THz), respectively. Considering the limitation of in-
strument accuracy, we also refer to the structural parameters for simu-
lation feedback. The comparison results show that the measured QBIC
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Fig. 4. Multipolar decomposition and mode distribution of the QBIC metasurface. (a) Multipolar decomposition result for the far-field scattering power of the
metasurface at a = 0.5. The inset gives the corresponding structure and polarization conditions. (b) The surface current distribution in the x-y plane and the z
component of the magnetic field in the y-z plane corresponding to Dipole mode, BIC state and QBIC mode, respectively.
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resonance position is basically consistent with the simulation result, and
the measured Dipole resonance has a slight blue shift. Here, the
measured Q factor of QBIC resonance is 58 (Fig. 6b). It is well known
that the experimental value of Q factor is usually lower than the simu-
lated value, so this measurement result does not reach the optimal state.
Our research suggests that there may be many factors that jointly cause
the degeneration of Q factor: 1) Non-vertical incident terahertz waves
will cause the intensity attenuation and broadening of QBIC resonance
(Fig. 6¢), and we also found the influence of additional BIC states excited
by angular asymmetry; 2) The influence of polarization angle will make
QBIC drowned in the background (Fig. 6d); 3) The manufacturing
tolerance of micro-nano fabrication technology tends to show a
Gaussian distribution, thus affecting the robustness of resonance
(Fig. 6e); 4) Sample materials, rough surfaces and impurities will lead to
inevitable Ohmic, scattering and impurity losses (Fig. 6f); 5) The reso-
lution ratio limitation of the terahertz spectrometer used cannot observe
the QBIC lineshape that should have been narrower. In Fig. 6g, we
further fabricated the metasurface samples of a = 0, 0.5, 1 and 1.5, and
the spectral measurement results clearly show the evolution trend of
QBIC. In Fig. 6h, for the series of excited QBIC, although the Q factor and
the resonance intensity have a certain degeneration, the variation trend
is consistent with that of Fig. 2c & d, and the evolution of the Q factor
still follows the inverse-square law o 2. The results in Fig. 6i further
prove that the metasurface of a = 0.5 can be used as an ideal biosensing
platform because it has the best FoM value. Therefore, we experimen-
tally demonstrated the QBIC characteristics of the proposed
metasurface.

In Table 1, we also listed the performance parameters of this work
and that of the recently reported metasurface biosensors. We compared
the Q factor and refractive index sensitivity of these metasurfaces, and
pay more attention to whether they have been experimentally verified.
It can be found that the maximum measured Q factor of the reported
metasurface biosensor is 25, and the maximum refractive index sensi-
tivity is 200 GHz/RIU, which are far lower than the index in our work. It
should be noted that the THz metasurfaces in the table mainly excites
resonance near or below 1 THz, and its larger resonator structure can
weaken the influence of manufacturing tolerance. However, their per-
formance may further degrade when scaled to high frequencies. The
excellent performance of our fabricated metasurface at high frequency
position also proves its high tolerance margin for manufacturing. The
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comparison results show that the QBIC metasurface biosensor in our
work can realize high sensitivity sensing near 2 THz, and has the best
comprehensive performance in Q factor and refractive index sensitivity.

3.6. Trace molecular sensing supported by QBIC metasurface

We use the proposed QBIC metasurface biosensor to challenge the
detection of trace Hcy molecules to demonstrate its ability for clinical
application. Hey is the key biomarker molecule produced in the human
body that reflects cardiovascular and cerebrovascular diseases, Alz-
heimer’s disease, schizophrenia, inflammatory diseases, etc. The
detection of Hcy concentration is of great significance for the diagnosis
of these clinical diseases (for the introduction of Hcy, see Supplementary
Material S1 for details). Here, we used the field emission scanning
electron microscope (ZEISS Gemini SEM) to characterize the dried Hcy
samples (Fig. 7a), and obtained the representative sample distribution
image (Fig. 7b). It can be found that the dried Hcy molecules are
randomly attached to the metasurface in the form of films, and the
probability of the sample molecules falling in the B region (QBIC sensing
range) is much larger than that in the A region (Dipole sensing range).
Considering wide-area and intense light-matter interaction supported by
QBIC resonance and the low-density distribution of trace samples, QBIC
resonance is more likely to capture and detect the presence of trace
molecules than Dipole. The sensing results of QBIC resonance and Dipole
resonance in the THz band are given in Fig. 7c. It can be found that with
the increase of the sample molecular concentration, the Dipole reso-
nance and QBIC resonance occur red shift. In Fig. 7d, we intuitively
compared the frequency shift between these two modes at different
sample concentrations. Among them, QBIC resonance shows more sig-
nificant frequency shift sensing performance when detecting samples at
lower concentrations, and its direct Lod for Hey is 12.5 pmol/pL, which
is at least 40-times better than that of Dipole resonance (0.5 nmol/pL).
Therefore, we have realized the pmol level detection of Hcy based on
QBIC metasurface biosensor for the first time, and verified the excellent
performance of the proposed metasurface in trace molecular sensing
both theoretically and experimentally. It should be noted that the LoD
obtained is constrained by the spectral resolution (7.6 GHz) of the in-
strument currently used, although the proposed metasurface may have
potentially better performance. Of course, we also plan to develop and
select materials with lower loss to improve the actual performance of the

Table 1
List for performance parameters of recently reported metasurfaces.

Resonator Resonance type Resonance position Analyte RI sensitivity Q factor Ref.

material

Gold EIT-like resonance 1.02 THz Dielectric layer 131.05 GHz/RIU 10 (Sim.) [38]
8.5 (Exp.)

Gold LC resonance 0.75 THz Dielectric layer 123.45 GHz/RIU 100 (Sim.) [44]
25 (Exp.)

Graphene LSP resonance 1.55 THz Dielectric layer 66 GHz/RIU 32 (Sim.) [13]
None (Exp.)

Aluminium Lattice-Enhanced Resonances-BIC 0.96 THz / / >59 (Sim.) [14]
None (Exp.)

Gold LSP resonance 512.7 nm Dielectric layer 183 nm/RIU None (Sim.) [25]
10.3 (Exp.)

Aluminium Guided mode resonance 0.6 THz Dielectric layer 60 GHz/RIU 10 (Sim.) [37]
6 (Exp.)

Gold TD resonance-BIC 1.17 THz Dielectric layer 165 GHz/RIU >100 (Sim.) [21]
16 (experiment)

Gold + Ge Fano resonance-BIC 0.66 THz Dielectric layer 24.5 GHz/RIU >75 (Sim.) [62]
6.45 (Exp)

Stainless-steel Anapole resonance 0.26 THz / / 14.5 (Sim.) [73]
8.67 (Exp.)

Gold Dipole resonance 0.84 THz Dielectric layer 200 GHz/RIU 2.1 (Sim.) [74]
1.7 (Exp)

Graphene Fano resonance 0.39 THz / / 6.83 (Sim.) [75]
4.88 (Exp.)

Gold Fano resonance-BIC 2.065 THz Dielectric layer 420 GHz/RIU >503 (Sim.) This work

58 (Exp.)
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metasurface, and make it become a general platform for trace
biochemical molecular sensing, and further explore the application of
combining flexible substrates and microfluidic channels in clinical
diagnosis. In addition, many biological and chemical reactions are
usually accompanied by changes in the environment refractive index
[76,77], and our proposed ultrasensitive biosensor can be used to
monitor the entire process of these reactions. In the latest research, THz
waves at specific frequencies could be used to induce hydrogen bond
cleavage of DNA bases, thus establishing an efficient method for
remotely driving in situ assembly of DNA origami [78]. Therefore, this
work may have new and important applications in the fields of photo-
catalysis and photobiomodulation due to its efficient light field modu-
lation ability. And related research work is currently under way and will
be reported in the future.

4. Conclusion

In summary, we show a new QBIC metasurface and its sensing
application. By manipulating the interference coupling between the
electric quadrupole and the magnetic dipole, the ultrahigh quality QBIC
resonance can be excited, and it will support wide-area and intense light-
matter interaction. Specifically, by introducing asymmetry in the met-
asurface, we break the symmetry-protected BIC state and form an
extremely narrow lineshape QBIC resonance. In this mode, the con-
strained electromagnetic energy and the effective sensing area will be
greatly increased by about 400 % and 1300 %, respectively. The formed
wide-area and ultra-strong photoactive region will greatly improve the
capture probability of the biosensor for trace molecules and promote the
coupling of the light field energy with the sample molecules. Simulated
and experimental results show that the QBIC metasurface has an ultra-
high Q factor of 503 and a high sensitivity of 420 GHz/RIU, which can
realize direct detection of trace molecules at pmol level. Its LoD also
improves by at least 40 times than that of the classic Dipole mode.
Compared with the reported references, this new QBIC metasurface has
the best comprehensive performance. Its structure is simple and easy to

10 40

25
Concentration (nmol/pL)

be fabricated, which is not only suitable for THz band, but can also be
expanded and applied to the medium or near infrared bands through
simple structural scaling. More exciting, the combination of advanced
metasurface-nanoparticles system is expected to push the application of
this new QBIC metasurface to a new height. Our work will be helpful to
realize high precision sensing of trace biochemical molecules and pro-
mote the development and application of optical nonlinear platform
with ultrahigh Q factor.
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