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Lithium niobate’s substantial nonlinear optical and electro-optic coefficients have recently thrust it into the lime-
light. This study presents a thorough review of bound states in the continuum (BICs) in lithium niobate meta-
surfaces, also suggesting their potential for sensing applications. We propose an all-dielectric tunable metasurface
that offers high Q factor resonances in the terahertz range, triggered by symmetry-protected BICs. With excep-
tional sensitivity to changes in the refractive index of the surrounding medium, the metasurface can reach a sen-
sitivity as high as 947 GHz/RIU. This paves the way for ultrasensitive tunable terahertz sensors, offering an
exciting path for further research. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.501124

1. INTRODUCTION

Terahertz (THz) radiation, electromagnetic radiation with
frequencies spanning from 0.1 to 10 THz, holds a wealth of
spectral information ripe for exploitation in molecular finger-
print spectroscopy [1,2]. Recently, the intersection of terahertz
technology and metasurface technology has been a focus of re-
search, yielding significant practical implementations in com-
munication [3], security screening [4], and biosensing [5].
Metamaterials, artificial composite materials first proposed
by Walser in 2001 [6], are often constituted by periodically
arranged, sub-wavelength structural units of diverse shapes, en-
abling unique and custom properties. As the field evolved, the
creation of negative refractive index materials through metama-
terials was not the terminal achievement. Scientists have ma-
nipulated the geometric shape and constituent materials of
structures to regulate properties such as polarization, phase,
and amplitude of electromagnetic waves, catalyzing the rapid
development of novel devices for polarization control, beam
shaping, and holography [7–10]. In the present state of affairs,
terahertz metasurfaces represent a burgeoning research area,
pointing to a promising future in diverse applications.
Research on metasurfaces can be categorized into two types:
metallic metasurfaces [11–13] and dielectric metasurfaces
[14–16]. While the inherent Ohmic losses of metals restrict
their applications [17], dielectric metasurfaces, boasting supe-
rior thermal properties and compatibility with complementary

metal oxide semiconductor (CMOS) processes, hold promise
for low-loss photonics [18,19]. As a result, an increasing num-
ber of scholars are turning their attention to the study
of dielectric metasurfaces. Metasurfaces can support various res-
onance modes, including Mie resonance [20], Fano resonance
[21], and SPR resonance [22]. These resonance modes can
produce localized field confinement, which enhances the inter-
action between light and matter, leading to improved perfor-
mance parameters such as nonlinear conversion efficiency
and sensing sensitivity [16]. The quality factor (Q) has become
an important indicator in resonance mode analysis [23]. For
sensing applications, a high Q resonance mode, indicating a
narrow linewidth, signifies the capacity to detect slight
frequency shifts.

In recent times, the phenomenon of bound states in the
continuum (BICs) has garnered considerable interest in pho-
tonics, owing to their potential to attain low-loss, high Q res-
onances [24]. Originating from quantum mechanics, bound
states in the continuum were first introduced by Von
Neumann and Wigner in 1929 [25]. However, their relevance
in the realm of optics was only recognized in 2008 [26]. In
theoretical terms, BICs are entirely decoupled from incident
radiation, lacking any outlets for radiation escape, resulting
in infinite Q factors [27,28]. These are also identified as
trapped modes, embedded eigenvalues, or dark states [29].
Metamaterial applications involve the classification of BICs
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into two categories: symmetry-protected BICs and accidental
BICs, characterized by their design and excitation principles.
Symmetry-protected BICs are achieved by tilting the incident
angle or breaking the structural symmetry [30], while acciden-
tal BICs are unexpectedly generated by adjusting one or more
structural parameters, allowing for continuous tuning of the
system parameters while being decoupled from the radiation
continuum [31]. In current research on BIC-based metasurfa-
ces, silicon and relatively low-loss materials such as quartz are
frequently used [32–34]. As research advances, other
low-loss dielectric materials like lithium tantalate [35,36]
and lithium niobate are being explored more extensively.

Lithium niobate, often referred to as “optical silicon,” is a
significant material in photonics due to its remarkable
acousto-optic, piezoelectric, and second-order optical nonline-
arity properties [37]. It possesses stable properties and low
losses, which have attracted extensive research in fields such as
optical fiber communication [38], quantum communication
[39], and microwave photonics [40]. There are two primary
applications of LiNbO3-based metamaterials based on BICs:
nonlinear applications [41–43] and electro-optic modulation
[44–46]. Hence, while we acknowledge and discuss the already
established uses of lithium niobate metasurfaces, our study
seeks to shed light on their untapped potential in the field of
sensing, pushing the boundaries of what is currently achievable
in this area. Current terahertz tunable metasurfaces predomi-
nantly rely on graphene [47–49] and phase-change materials
such as vanadium dioxide [50]. However, lithium niobate ma-
terials provide a wider electro-optic modulation range, faster
response times (enabling nanosecond-level modulation), and
additional benefits, including stable properties and low losses.

In this paper, we innovatively introduce BICs into the sens-
ing application of lithium niobate metasurfaces. By utilizing a
high refractive index, and stable chemical and physical proper-
ties of lithium niobate materials, we present two strategies.
These encompass disrupting both physical structural symmetry
and material refractive index symmetry, which culminate in
ultra-high Q factor resonances excited by symmetry-protected
BICs within the terahertz range. The presented simulation

results analyze the performance of the resonator, with a particu-
lar focus on refractive index sensing. This structure exhibits a
refractive index sensitivity of up to 947 GHz/RIU and a Q
factor of 6.56 × 104. The findings reveal an effective method
for achieving ultra-high sensitivity sensing applications of lith-
ium niobate in the terahertz frequency range. Additionally,
manipulating the electro-optic properties of lithium niobate
to control the frequency shift of the transmission peak is a
promising strategy for the optimization of metasurface sensors.
This approach provides new insights into the design and manu-
facturing of terahertz metasurface sensors.

2. DESIGN AND SIMULATION

The schematic structure of the terahertz lithium niobate meta-
surface is shown in Fig. 1(a). The metasurface is composed of
dimer cluster periodic arrays arranged in a square lattice, with
cylinders made of LiNbO3 and a substrate made of quartz sub-
strate. The proposed unit structure, including two lithium nio-
bate cylinders of identical radius, is delineated in Fig. 1(b) along
with its geometric parameters. The lattice constants are
Pz � 60 μm and Py � 45 μm, the radius of the cylinders is
r � 11 μm, the height of the cylinders is h � 15 μm, and
the separation between the two cylinders is Pz ∕2, which is
30 μm. To highlight the structural asymmetry, a top view
of the unit cell on the y-z plane is presented in Fig. 1(c).
A geometric parameter d is introduced to represent the distance
that the right cylinder moves along the z-axis. When d � 0,
the right cylinder remains stationary, resulting in a unit cell that
is symmetric on the y-z plane. When d ≠ 0, it indicates sym-
metry breaking, where the right cylinder of the dimer cluster is
displaced by a distance of d along the z-axis while the position
of the left cylinder remains unchanged. The refractive index of
LiNbO3 is set to 5.2 within the studied terahertz frequency
range [51], while the refractive index of quartz is identified
as 2. To analyze the spectral responses and electromagnetic
properties, the frequency-domain solver in CST Studio Suite
2022 is used. The unit cell boundary conditions are applied
in both the z direction and y direction, while open boundary

Fig. 1. Schematic and parameters of THz LiNbO3 metasurface. (a) Structure schematic. (b) Unit cell with geometric parameters including lattice
constants Pz � 60 μm and Py � 45 μm, cylinder radius r � 11 μm, and cylinder height h � 15 μm. (c) Top view (y-z plane) of the unit cell with
d � 2 μm.
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conditions are used in the x direction during the simulation,
and a tetrahedral mesh type is selected. The plane wave with
y-polarization and propagation along the x-axis is used as the
excitation field.

Lithium niobate can be etched to a scale ranging from tens
of micrometers using capacitively coupled plasma reactive ion
etching (CCP-RIE) [52] and inductively coupled plasma reac-
tive ion etching (ICP-RIE) [53], to hundreds of micrometers
using a femtosecond laser [54,55]. Figures 2(a) and 2(b) depict
simplified processing flowcharts. The proposed structure is
manufacturable with standard micro-nanofabrication equip-
ment, and its performance can be assessed using terahertz
time-domain spectroscopy (THz-TDS) [56]. During practical
etching processes, the sidewalls of the lithium niobate struc-
tures obtained exhibit certain slope angles. To address this, we
implemented a conical dimer metasurface to simulate the im-
pact of this experimental error on sensing performance. The
slope angle of the sidewall is denoted as “θ” and used to cal-
culate the Q factor and figure of merit (FOM) of the structure
with step sizes of 2° in the range of 74°–80°. Encouragingly, the
simulation results of the conical dimer metasurface also reveal
quasi-BIC transmission peaks. Furthermore, You et al. [57]
similarly underscored the limited influence of nanodisk geom-
etry on BIC within dimer metasurface structures. The results
indicate that the Q factor of the conical dimer metasurface
structure reaches a minimum of 3.55 × 104, with the lowest
FOM being 2656. These values confirm the structure’s robust
and significant sensing performance.

3. RESULTS AND DISCUSSION

A true BIC is a mathematical entity characterized by an infinite
Q factor and vanishing resonant width. Breaking the symmetry
of the structure converts the BIC into a quasi-BIC, which is
also referred to as a supercavity mode. In this state, both
the resonant width and Q factor become finite [58]. We begin
our analysis by examining the transmission spectrum of the
structure, and the results indicate that the resonant peak is ab-
sent in the transmission spectrum when the geometric param-
eter d is adjusted to 0 μm in Fig. 3(a). This is due to the

non-radiative feature of the BIC generated in the symmetric
structure. As depicted in Fig. 3(b), setting the geometric param-
eter d to 2 μm disrupts the symmetry of the crystal cell, en-
abling the establishment of a radiative channel that connects
the BIC to free space. A sharp Fano feature is observed at
4.144 THz in the transmission spectrum, representing a
quasi-BIC response. To analyze the transmission spectrum
qualitatively, the Fano equation is utilized to fit it:

T Fano �
�
�
�
�
a1 � ia2 �

b
ω − ω0 � iγ

�
�
�
�

2

: (1)

Here, a1, a2, and b denote numerical constants, γ represents
the entire damping rate, and ω0 represents the center frequency
of the Fano response. The Q factor is calculated using the fol-
lowing formula: Q rad � ω0∕�2γ� [59]. The excellent agreement
between the numerically computed spectrum and the fitted spec-
trum (red dashed line) depicted in Fig. 3(c) confirms a high level
of accuracy. Thus, the Q factor of the Fano resonance at
4.144 THz is established as 6.56 × 104. To reveal the existence
of BICs in cylindrical dimer metasurface structures, we employed
a rigorous computational approach based on band structure
analysis. The results were obtained using the commercial finite
element software COMSOL Multiphysics, utilizing lateral
Floquet periodic boundary conditions. All numerical models
are built with 3D structures. In Fig. 3(d), curves composed of
solid circles depict dispersion curves along the X 0Γ and ΓX di-
rections within the structure. The eigenmode with an infinite Q
factor at the Γ point exhibits a frequency of 4.136 THz [60].

To delve deeper into the physical mechanisms driving the
resonance, we performed a multipole decomposition of the in-
duced current density, extracted in a Cartesian-coordinate sys-
tem. This approach is a common method used to elucidate the
physical mechanisms of BICs [61]. In the calculation, we dis-
regarded higher-order components with negligible contribu-
tions, focusing on five terms: the toroidal dipole (TD),
magnetic quadrupole (MQ), electric quadrupole (EQ), mag-
netic dipole (MD), and electric dipole (ED). Figure 4(a) illus-
trates that the dominant factor contributing to the resonance is

Fig. 2. Sample fabrication process and robust assessment of LiNbO3 metasurface. (a) Process steps for CCP-RIE. (b) Process steps for ICP-RIE.
(c) Q factors and FOMs for conical dimer metasurface with varying slope angle of the sidewall θ.
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the MQ resonance, followed by the TD resonance. This is due
to the fact that the presence of MQ and TD in the multipole
decomposition analysis often leads to a pair of MDs oriented in
opposite directions [62]. The EQ also plays a role in the res-
onance response, while the MD and ED are significantly
attenuated. Based on the aforementioned findings, it can be
inferred that the observed sharp resonance is attributable to
the MQ resonance. The prominent existence of TD indicates
that this resonance simultaneously exhibits the advantages
linked with TD resonances, including high Q characteristics
and enhanced nonlinear responses. This result aligns with prior
multipole decomposition findings for cylindrical dimer [57,63]
and tetramer cluster [35] metasurface structures. At the same
time, the prevalence of MQ resonance concentrates the electric
field enhancement in the gaps of the structure rather than inter-
nally. The symmetric distribution of the electric field in the y-z
plane around the center of the cylindrical dimer in Fig. 4(b)
further confirms the presence of the MQ resonance at the res-
onant frequency, and the enhancement of the field inside the

cylindrical dimer cluster is greater than that between adjacent
structures. This phenomenon facilitates the enhancement of
light–matter interactions, proving advantageous for subsequent
sensing applications [64]. As depicted in Fig. 4(c), the magnetic
field distribution in the y-z plane points to the existence of a
strong magnetic vortex current within the cylinder, which gen-
erates a robust resonance following the right-hand rule around
the center of the dimer.

To gain a deeper understanding of the MQ resonance, we
computed the transmission spectra while varying the geometric
parameter d within the range of 0–4 μm. The results, as illus-
trated in Fig. 5(a), reveal that when d � 0, the resonance dis-
appears from the transmission spectrum, suggesting an absence
of energy dissipation from the bound state into the surrounding
free space. As the geometric parameter d increases, the line-
width of the resonance broadens and experiences a blue shift.
This indicates that when d ≠ 0, the symmetry of the structure
is broken, and the symmetry-protected BIC transitions to a
quasi-BIC. The radiation channel of the nanostructure

Fig. 3. Transmission spectra and bandgap structure analysis of the LiNbO3 metasurface. (a) d � 0 μm and (b) d � 2 μm. (c) Theoretical spectra
using the Fano formula with the geometric parameter d � 2 μm (shown as red dashed line). (d) Dispersion curves for modes supported by the
LiNbO3 metasurface.

Fig. 4. Multipole decomposition and field distributions of LiNbO3 metasurface. (a) Scattering powers of electric dipole (ED), magnetic dipole
(MD), toroidal dipole (TD), electric quadrupole (EQ), and magnetic quadrupole (MQ) with larger versions of MQ shown in the inset.
(b) Distribution of electric field in the unit cell at resonance in the y-z plane. (c) Distribution of magnetic field in the unit cell at resonance
in the y-z plane. The arrows, colored to indicate the magnitude of electromagnetic field intensity, demonstrate their respective directions.
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expands, resulting in an increase in radiation energy leakage
[65]. We define d > 0 to mean that the right cylinder is closer
to the y-axis, while d < 0 means that the right cylinder is
farther away from the y-axis. The correlation between the Q
factor of the MQ resonance and the asymmetric parameter
α � 2d∕Pz was also examined, as depicted in Fig. 5(b).
The Q factor is determined by Q � f 0∕FWHM, where f 0

signifies the resonant frequency, and FWHM is the full width
at half maximum. The Q factor and asymmetric parameter fol-
low the relationship Q rad ∝ α−2, implying that this Fano
resonance, stimulated by the BIC, can have its frequency
response’s position and width adjusted through the manipula-
tion of the asymmetric parameter [66]. The excitation of this
MQ quasi-BIC resonance with an ultra-high Q factor is asso-
ciated with a robust near-field enhancement. Berté et al. [67]
experimentally validated the attainment of BICs in metasurfa-
ces by breaking the in-plane symmetry in the permittivity of the
comprising materials. Their study also demonstrated the equiv-
alence between permittivity-asymmetric qBICs and geometri-
cally asymmetric qBICs. Building on these findings, we further
studied the electro-optic modulation properties of LiNbO3 to

explore a simpler adjustable mechanism to break the symmetry
of the metasurface. By applying an external voltage to change
the refractive index of the material, the permittivity symmetry
of the structure can be further disrupted, thus achieving high Q
factor quasi-BIC resonances. In this structure, we use x-cut
LiNbO3. Along the x and y axes, the refractive index no cor-
responds to the ordinary light (o-light) refractive index, while
along the z-axis, the refractive index ne corresponds to the
extraordinary light (e-light) refractive index [37]. Notably,
the refractive index change is at its maximum when the direc-
tion of the electric field aligns with the z-axis of the LiNbO3

crystal. Therefore, in the construction of metal electrodes
corresponding to the metasurface, we opt to apply an external
voltage along the z-axis to achieve maximum electro-
optic modulation. When an electric field Ez exists between
the two electrodes, the change in the refractive index along
the z direction is Δnz � −n3e γ33Ez∕2, where γ33 is a compo-
nent of the LiNbO3 electro-optic tensor matrix. The electric
field intensity Ez � V ∕G, where V is the driving voltage,
and G is the gap between the electrodes; hence Δn can be
represented as

Fig. 5. Transmission spectra and Q factors of the proposed metasurface structure. (a) Transmission spectra with varying geometric parameters d
while other parameters remain unchanged as shown in Fig. 1. (b) Log–log plot of Q factors for MQ resonances as a function of the absolute value
of asymmetric parameter α. Red dots represent calculated data points. (c) Transmission spectra with varying external voltage V (d � 0 μm).
(d) Log–log plot of Q factors for quasi-BIC resonances as a function of the absolute value of asymmetric parameter β. Blue dots represent calculated
data points.
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Δn � n3e
2
γ33

V
G
: (2)

From this, it is clear that the change in the refractive index of
LiNbO3 material is induced by the externally applied voltage.
Moreover, for a given material and electrode structure, the mag-
nitude of this change is entirely controlled by the external volt-
age [68]. For the study, we simulated the transmission spectra
of LiNbO3 metasurface structures under various external volt-
age conditions, while preserving the structural symmetry by
keeping the structure parameter d at zero. We applied the ex-
ternal voltage to the outer sidewall of the LiNbO3 cylinder on
the right in the z-axis direction, while keeping the ne_left refrac-
tive index of the LiNbO3 material on the left cylindrical side
constant at 5.2, as illustrated in the inset of Fig. 5(d). The ex-
ternal voltage was varied in steps of 100 V within the range of
0–400 V (with the refractive index ne_right of LiNbO3 changing
between 5.2 and 5.24). By directly modulating the refractive
index ne_right of the LiNbO3 material, we simulated the effect
of the applied external voltage on the structure’s transmission
spectrum. As illustrated in Fig. 5(c), when ne_right � ne_left, the
resonance disappears from the transmission spectrum. As the
external voltage V increases, consequently resulting in a higher
ne_right, it leads to an expansion of the linewidth for the trans-
mission peak. This suggests that when ne_right ≠ ne_left, the sym-
metry of the structure is disrupted, transitioning the symmetry-
protected BIC to quasi-BIC. Contrary to the conventional
methodology of disrupting structural symmetry by modifying
geometric parameters, a substantial red shift of the transmission
peak is observed when the refractive index symmetry of the
structure is altered. This phenomenon arises as modifications
in the refractive index parameters of the structure lead to
changes in the system’s optical path length, thereby adjusting
the resonant frequency of the system. Consequently, when
changes in the refractive index of the structure occur, the dis-
tribution and propagation speed of the light field within the
medium are altered, which in turn changes the electromagnetic
mode of the system. This has implications for the resonance
condition of the system, including the resonant frequency
and quality factor. In this instance, we define the asymmetric
parameter β � �ne_right − ne_left�∕ne_left, and concurrently inves-
tigate its correlation with the Q factor, as illustrated in
Fig. 5(d). Despite the Q factors being an order of magnitude
lower than when the structural parameter d is adjusted, they
consistently exceed 103. It follows the relation Q rad ∝ β−2 with
the asymmetry parameter β. The acquired Fano resonances,
stimulated by an externally applied voltage altering the refrac-
tive index, are also generated by BIC. The positions and line-
widths of their frequencies can be modulated by varying the
external voltage, thereby bypassing the necessity to modify
the physical structural parameters. This innovative approach
sets the stage for realizing high Q quasi-BIC resonances.

To examine how the transmission spectrum varies with
changes in the structure’s geometric parameters, transmission
spectra were computed for the asymmetric metasurface struc-
ture using a range of different geometric parameters, while
maintaining a constant asymmetric parameter of d � 2 μm.
Except for the variable parameters shown in each figure, the

other geometric parameters used in the analysis are identical
to those presented in Fig. 1(a). The geometric parameters were
adjusted in increments of 1 μm, and the corresponding results
are illustrated in Fig. 6. According to Fig. 6(a), by adjusting the
periodic constant along the z-axis Pz from 58 to 62 μm, the
MQ resonances experience a red shift, and their linewidth
broadens with increasing Pz . This is because as Pz increases,
the effective refractive index of the structure also increases, re-
sulting in a smaller effective area occupied by the structure
within a unit cell. This decrease in the effective area reduces
the interaction between adjacent cells, leading to a weakening
of the overall influence between the structures. A similar effect
is observed when the periodic constant along the y-axis Py is
adjusted within the range of 43–47 μm, which also results
in a red shift of the resonance peak, as illustrated in Fig. 6(b).
As the radius r of the two lithium niobate cylinders increases
from 9 to 13 μm, the resonance peak linewidth gradually nar-
rows, and the frequency position experiences a red shift, as
shown in Fig. 6(c). Similarly, when the thickness h of the cylin-
drical dimer increases from 13 to 17 μm, a red shift of the res-
onance peak is observed, and the linewidth gradually broadens
due to the weakening of the coupling strength between the cyl-
inders, as shown in Fig. 6(d). A comparison of the effects of
various geometric parameters on the transmission spectra of
the asymmetric metasurface structure reveals that the location
of the MQ resonance is particularly responsive to changes in
the structural parameters r and h of the cylinders, and the res-
onance peak position can be further fine-tuned by adjusting the
structural parameters.

In the current research, the conventional method for tuning
the transmission peak in the transmission spectrum involves
altering the parameters of the metamaterial structure
[69–71]. However, this approach often introduces significant
manufacturing complexities, which consequently limit the
widespread application of metasurface sensors [16]. To address
this challenge, we have explored a simpler, adjustable mecha-
nism based on the electro-optic modulation properties of
LiNbO3, offering enhanced adaptability for sensing needs
under different environmental conditions. Our findings reveal
that the proposed LiNbO3 metasurface demonstrates remark-
able tunability in the realm of optical metasurfaces. For the
study, we simulated the transmission spectra of asymmetrical
metasurface structures under a variety of external voltages,
while maintaining the consistency of other structural parame-
ters as per Fig. 1. The external voltage V was varied in steps of
20 V within the range of −40 to 40 V (with the refractive index
ne of LiNbO3 changing between 5.196 and 5.204). We applied
the external voltage along the z-axis direction to the outer side-
wall of the two LiNbO3 cylinders in the unit structure, as illus-
trated in the inset of Fig. 7(a). By directly modulating the
refractive index ne of the LiNbO3 material, we simulated
the effect of the applied external voltage on the structure’s trans-
mission spectrum. Figure 7(a) reveals that an increase in exter-
nal voltage causes a blue shift in the transmission peak. Given
the constancy of the structural asymmetry parameters, the spec-
tral line shape and linewidth remain largely unaffected. This
observation validates the robustness and controllability of
the LiNbO3 electro-optic effect, allowing for precise tuning
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of the transmission peak. Further, the transmission spectra at
different voltages were fitted with Fano profiles, yielding cor-
responding Q factors that demonstrate a consistent high-fitting
performance. As depicted in Fig. 7(b), theQ factor exhibited an

increase from 60,493 to 73,984, indicating that the structures
maintained high sensing performance under varying external
voltages. The adoption of LiNbO3 substantial electro-optic
coefficient for refractive index control via an electric field

Fig. 6. Transmission spectra for LiNbO3 asymmetric metasurface structure with varying structural parameters (d � 2 μm). (a) Period along the
z-axis, Pz ; (b) period along the y-axis, Py ; (c) radius r; (d) height h.

Fig. 7. Transmission spectra and Q factors for LiNbO3 asymmetric metasurface structure with varying external voltage. (a) Transmission spectra
with varying external voltage V while other parameters remain unchanged as shown in Fig. 1. (b) Q factors and refractive index ne of LiNbO3 for
quasi-BIC resonances with varying external voltage V .
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facilitated the frequency tuning of the transmission peak. This
strategy bypasses the complexities associated with adjusting
physical structural parameters. This innovative tuning method
not only mitigates the manufacturing complexity of terahertz
metasurface sensors, but also provides the prospect of achieving
a multitude of intricate optical functions.

As is well known, the terahertz band contains a large amount
of molecular vibration information, and the use of terahertz
spectroscopy for sensing and detection has significant advan-
tages that cannot be ignored [72,73]. To investigate the pos-
sible applications of the high Q factor LiNbO3 metasurface, we
analyzed its performance in sensing applications. Initially, we
deposited an analyte with a refractive index of 1.2 onto the sur-
face of the asymmetric LiNbO3 metasurface structure to deter-
mine the saturation analyte thickness. As depicted in Fig. 8(a),
when the thickness of the analyte varies in the range of 0–
40 μm, the resonance peak of the structure exhibits a significant
frequency shift, almost showing a linear increase. This results
from the enhanced electric field of the structure, primarily con-
centrated in the gap between the cylinders, which amplifies
the coupling between the incident light and the analyte.
Nevertheless, once the thickness surpasses a certain threshold,
the frequency shift stabilizes, as illustrated in the red shaded
region, indicating that the saturation thickness of the analyte
on the metasurface is 40 μm. The stabilization can be attributed
to the fact that as the analyte thickness increases, the analyte
located on the top moves closer to the region where the edge

field is present. Since the edge field and the analyte do not in-
teract with each other, the frequency shift of the transmission
peak will not increase any further. Therefore, the thickness of
the analyte is 40 μm, which is chosen to analyze the refractive
index sensitivity of the structure. Figure 8(b) illustrates the res-
onance frequency shift (red dots) of the metasurface at various
analyte refractive indices, with a linear fit shown by the dashed
line. The MQ frequency shift increases to 93 GHz as the re-
fractive index of the analyte increases from 1.2 to 1.3, using the
transmission peak frequency shift as a means of assessing the
sensing performance of the LiNbO3 metasurface. The structure
sensitivity is given by the formula S � Δf ∕Δn, where
Δf � f − f 0, f is the resonance frequency when the refrac-
tive index of the analyte is n, and f 0 is the resonance frequency
of the metasurface without the analyte. The refractive index
sensitivity of the MQ resonance is 947 GHz/RIU, which ex-
ceeds those reported in prior studies as summarized in Table 1,
suggesting our structure exhibits higher sensitivity. The excel-
lent refractive index sensitivity demonstrates that the LiNbO3

metasurface is sensitive to variations in the refractive index of
the analyte, making it suitable for sensing and detection appli-
cations. However, in practical applications, the figure of merit
(FOM) is often used as a performance indicator for sensing.
FOM is a comprehensive indicator that can simultaneously
consider multiple factors such as sensitivity, resolution, and
response speed of the sensor [78]. FOM is defined as
FOM � S∕FWHM, where S is the sensitivity. Figure 8(c)

Fig. 8. Frequency shifts and FOMs of MQ resonances on the LiNbO3 metasurface. (a) Frequency shift of MQ resonance dips versus analyte
thickness (n � 1.2) with red dots connected by smooth red curves. (b) Frequency shifts of MQ resonance dips versus analyte refractive index with
40 μm analyte on the LiNbO3 metasurface, with dashed lines representing linear fittings. (c) FOMs of MQ resonance dips (red dots) versus analyte
refractive index with 40 μm analyte on the LiNbO3 metasurface.

Table 1. Properties of THz Metasurface Sensors, Including Structure, Material, Type of Resonance, Q Factor, FOM, RI
Sensitivity, and Tunability

Structure Material Type of Resonance Q Factor FOM RI Sensitivity Tunability Reference

Cuboids Silicon BIC (MD resonance) 1.2 × 105 32,984 465 GHz/RIU Non-tunable [32]
Elliptical cylinders Silicon Fano-resonance 2219.1 424.8 79.3 GHz/RIU Non-tunable [33]
Cylinders LiTaO3 BIC (TD resonance) 1.2 × 105 25,352 489 GHz/RIU Non-tunable [35]
SRR Aluminum BIC (TD resonance) 1016 284 775 GHz/RIU Non-tunable [74]
Nanoantennas Polyimide Perfect absorber 94 431 360 GHz/RIU Non-tunable [75]
Bars Silicon Fano-resonance 1000 11.1 77 GHz/RIU Non-tunable [76]
SRR Silicon EIT resonance 54.1 64.7 266 GHz/RIU Non-tunable [77]
Cylinders LiNbO3 BIC (MQ resonance) 6.56 × 104 9458 947 GHz/RIU Tunable This work

Research Article Vol. 11, No. 12 / December 2023 / Photonics Research 2175



depicts the reduction in FOMs of MQ from 9458 to 5735 as
the refractive index changes from 1.2 to 1.3, while still main-
taining a relatively high FOM value over the studied range.
These findings demonstrate the exceptional sensing capabilities
of the proposed all-dielectric metasurface in the terahertz
range, characterized by ultra-high refractive index sensitivity
and high FOM values. Indeed, the practical fabrication of
this structure presents challenges that warrant careful consider-
ation. For example, the incorporation of metallic electrodes
can increase structural losses, interfere with the quality of res-
onance peaks, and introduce optical signal interference,
impacting sensing performance, among other considerations.
Nonetheless, by dynamically tuning resonance peaks through
external electric field application, rather than traditional struc-
tural parameter adjustments, device fabrication complexity is
significantly reduced. Moreover, this structure has proven to
be robust during validation, affirming its potential for critical
applications such as biochemical detection and label-free
sensing.

4. CONCLUSION

In summary, we investigated and compiled literature on lithium
niobate metasurfaces based on bound states in the continuum
that have been published to date. We introduced an ultrasen-
sitive terahertz sensor that utilizes MQ resonance controlled by
BICs within an asymmetric lithium niobate metasurface struc-
ture. By designing cylinder clusters to form asymmetric clus-
ters, we achieved ultra-high Q factor resonance excited by
symmetry-protected BICs in the terahertz band, with a maxi-
mum Q factor of 6.56 × 104. Leveraging the exceptional
electro-optical characteristics of lithium niobate, a method
was proposed to disrupt its structural symmetry by altering
the refractive index. This adjustment led to the realization
of ultra-high Q factor resonance, reaching a peak of
3.64 × 104, which can be effectively regulated by voltage modu-
lation. By adjusting structural parameters such as the spacing
and radius of the two cylinders in the unit structure, we also
obtained quasi-BICs with controllable Q factors. Furthermore,
we studied the physical mechanism of this quasi-BIC using
multipole decomposition methods. The electromagnetic field
at the resonance is strongly enhanced and confined within
the gap between the cylinder clusters. With a sensitivity of
up to 947 GHz/RIU, the metasurface exhibits high sensitivity
to variations in the refractive index of the surrounding medium,
surpassing that of previously reported terahertz all-dielectric
metasurface sensors. These findings provide a new approach
to the development of ultrasensitive terahertz sensors.
Considering the significant potential of lithium niobate, future
research endeavors in this area could yield transformative ad-
vancements in sensor technology, thereby broadening the hori-
zon of applications in various domains.
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