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Article
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Metasurface
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School of Electronics and Information Engineering, Beihang University, Beijing 100191, China
* Correspondence: wangxf@buaa.edu.cn

Abstract: Fano-resonant silicon metasurfaces exhibit extreme planar chirality, offering tremendous
potential for miniaturized optical devices. However, achieving ultra-high quality factor (Q) resonance
in such devices remains challenging. Here, we construct a fractal pentamer all-dielectric metasurface,
of which the scale factors of second-order fractals are designed differently to introduce asymmetry.
This asymmetry transforms symmetry-protected bound states in the continuum (BIC) into quasi-BIC
(QBIC), achieving ultra-high Q factor Fano resonances.Magnetic dipole (MD) and transverse dipole
(TD) BIC can be supported in this system, thus produce extremely narrow linewidth Fano resonances.
By optimizing the asymmetric state, ultrahigh Q factor up to 4 × 104 is reached. We numerically obtain
bulk sensitivities of 1.905 µm/RIU and figures of merit (FOM) up to 5625.5. The constructed resonances
are insensitive to x and y polarizations due to the specific layout of clusters proposed here. Therefore,
the proposed all-dielectric metasurface demonstrates good performance in refractive index sensing,
which inspires the development of new high Q factor refractive index sensors for the nondestructive
identification in the far-infrared regime.

Keywords: BIC; dielectric metasurface, Fano resonance, polarization insensitivity

1. Introduction
BICs are localized states without radiation in the continuous spectra. An ideal BIC only exists in

lossless infinite structures. It can be regarded as zero leakage, zero linewidth resonance, and an infinite
Q factor [1–4]. And it cannot be excited directly owing to its decoupling from the radiative wave.
In practice, it will be first converted into quasi-BIC with finite but still high Q factors to be excited
by external sources. Due to such advantages BICs have found various applications, including beam
steering [5], refractometric sensing [6–9], chiral enhancement [10–12], non-linear harmonic generation
[13–15], field enhancement , photodetection [16–18] and imaging [19–22], since its experimental
demonstration[23–25].

Based on the physical mechanisms of formation, BICs can be generally classified into three
types of which the most direct type is the symmetry-protected BIC. The electromagnetic energy in
symmetry-protected BIC cannot couple outward because the spatial symmetry of a mode does not
match the spatial symmetry of radiation[1]. Since symmetry-protected BIC can be excited at the Γ
point of Brillouin zone in periodic structures with symmetries, metasurfaces which is composed of
periodic unit cells artificially are used to construct symmetry-protected BIC[23]. By breaking the
symmetry in various ways, they can be transformed into QBICs with high Q factors. To achieve
this transformation, excitation field symmetry or the structure symmetry should be broken. The
symmetry of excitation is usually broken through oblique incidences [23,26]. And the common method
of breaking structural symmetry is deforming the unit of metasurface to break in-plane symmetry
[27–31]. Thus, symmetry-protected BICs can be constructed and transformed into QBICs within
metasurfaces.
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In sensing applications, high Q factor are desirable performance goals. Initially, benefiting from
the development of surface plasmon theory, various kinds of metal-based metasurface sensors finds
widely application due to their high field concentration [32–36]. For instance, in [32], by adjusting the
gap between two metallic resonant rings, a quasi-BIC resonance with a Q factor of approximately 143
is achieved in the terahertz range. However, the above works based on metallic metasurface inevitably
suffer from significant ohmic loss problem especially at ultra-high frequency, which severely degrade
the Q factor. To solve this problem, all-dielectric metasurfaces are used to sensing due to their lower
intrinsic losses. These resonators with high Q factors have extremely narrow resonance linewidth,
enabling detection of small frequency shifts caused by subtle changes. All-dielectric metasurfaces
are usually composed of structured high index dielectric materials, thus fano resonance with high
Q can be supported. Fano resonance is asymmetric spectral profile produced by the destructive
interference of continuous states and discrete localized states. Fano resonances in metaurfaces are
usually realized through symmetry breaking and can be described in terms of interactions between
bright and dark modes. The bright mode is excited by the incident light and is highly radiative,
while the dark mode is subradiant and is only accessible through the near field excitation by the
bright mode[37].Recently, Fano resonances of metasurfaces have been linked to BIC. The frequency
dependence of the transmission is described rigorously by the Fano formula, and the Fano parameters
are expressed explicitly through the material and geometrical parameters of the metasurface. Fano
parameter becomes ill-defined for a true BIC thus corresponding to a collapse of the Fano resonance
when any features in the transmission spectra disappear, and the resonant mode is transformed
into dark mode, which does not manifest itself in scattering spectra.[27]. In metasurfaces, the Fano
lineshape can be optimised by decreasing the structural asymmetry of the unit to give a sharp spectral
response. Its sharp spectral characteristic can provide high Q, meanwhile, its significant near-field
enhancement can supply high sensitivity.

In the last few years, many all-dielectric metasurface sensors have been demonstrated for optical
sensing [8,38–46]. For example, in [39], dual-band symmetry-protected BICs are proposed based on the
hybridization of surface lattice resonances (SLR) in periodic silicon bipartite nanodisk arrays of which
the in-plane structural symmetry is broken by displacing the central nanodisk from the center of the
unit cell. The hybridization of Mie SLRs results in dual-band electric quadrupole (EQ) and MD BICs.
The spectral separation and the quality factors of these two quasi-BICs can be conveniently tuned by
varying the nanodisk diameter or the lattice period. Its highest Q factor can reach 1240 and FOM can
reach 1200. In [41], the unit is composed of a pair rotated rectangular silicon nanobar. The excited
quasi-BIC mode exhibits a dominant TD and EQ resonant property with a strong near-field confined at
the surface of nanobar width, indicating strong interaction between the incident light and samples.
Such design results in a near-infrared sensor with a Q factor of 2500, and sensitivity of 612 nm/RIU.
In[8], the all-dielectric metasurface based on asymmetric silicon square tetramer is designed. Such
metasurface can induce TD and MD resonances which produce multi-extremely narrow linewidth
Fano resonances governed by QBIC. It get maximum sensitivity reaches up to 1.43 µm/RIU and
Q factor up to 2.23 × 104. These studies utilized all-dielectric metasurfaces to obtain sensors with
relatively high Q factors and FOMs.

In this work, we proposed ultra-high Q resonance at far infrared frequencies driven by BIC in
all-dielectric metasurface structure with a periodic array of asymmetric second-order fractal clusters.
By tuning the second-order fractal factor, in-plane symmetry of the unit cell is broken. Three sharp
Fano resonance with modulation depths approaching 100% can be achieved by adjusting the structural
dimensions and asymmetry parameter. By controlling the asymmetric parameter α, the resonance
reach a maximum Q factor of 4× 104. Cartesian multipole decomposition and electric field distribution
show that three resonances mainly arise from MD1, MD2 and TD respectively. Besides, the polarization
dependence of this metasurface is studied. Finally, the refractive index sensitivity analysis of the
proposed sensor demonstrates the highest sensitivity of 1.905µm/RIU and a FOM of 5625.5. The
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designed sensor provides a method for refractive indices sensing for liquid samples in the far-infrared
range.

2. Materials and Methods
The schematic diagram of the proposed asymmetric metasurface is depicted in Figure 1. The

metasurface unit consists of a second-order fractal silicon nanodisk (refractive index n = 3.45) arranged
on a Potassium Bromide (KBr) substrate (refractive index n0 = 1.5). Si and KBr are chosen as the
materials for the dielectric nanodisk and substrate respectively because their losses can be neglected
in the operating wavelength range of this sensor. The refractive indexes and losses of Si and KBr are
obtained from Palik [47].

Figure 1. (A)3D schematic diagram of the asymmetric metasurface with geometric parameters P = 10µm, h =

4.25µm, m = 0.5µm. (B)Top view of the unit cell of metasurface, where L = 9.5µm, s1 = 0.315, s2 = 0.2, s3 = 0.24.

The geometric parameters of the unit cell are presented in Fig .1(A) and (B). Here, the period is
P = 10µm, the height of nanodisk is 4.25µm and the height of substrate is 0.5µm. The fundamental
structure is a square with side length of L = 9.5µm. In first-order fractal iteration, small squares with
a side length of L · s1 are removed from the center of each side, where s1 = 0.315 is the first-order
scaling factor. This iteration rule is then applied to each side of the first-order fractal to obtain the
second-order fractal. This fractal structure can be infinitely repeated to obtain increasingly complex
self-similar structures.

As shown in Figure 1B, when performing the second-order fractal, the squares in the northeast
and southwest corners are with the scaling factor s2 = 0.2, while the other two squares are with factor
s3. When s2 = s3, the unit is symmetric in the x-y plane. When s2 ̸= s3, in-plane symmetry breaking
is introduced. The difference between s2 and s3 is denoted as δ = s3 − s2. We simulate the proposed
metasurface structure using the finite element method. The x and y directions are set with periodic
boundary conditions. The excitation source is a x-polarized plane wave propagating along the -z
direction.
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3. Results and Discussion
3.1. Transmission Spectra and Field

We analyze the the transmission spectra under different fractal factor difference δ while keeping
s2 = 0.2 constant during simulation. The results are shown in Figure 2. Firstly, for δ = 0 (symmetric
structure), there is only one Fano resonance peak at 17.21 µm. As δ increases, the in-plane symmetry
is broken, the BIC energy can be radiated outside, leading to transition between BIC mode and
the continuum free space, which produce additional Fano resonance. Thus, two extra resonances
appear in the transmission spectra. Among the three resonances, we refer the one with the longest
wavelength as mode3, the one with the shortest wavelength as mode1, and the rest as mode2. It can be
observed that mode3 has ultra-narrow resonance, indicating ultrahigh Q factor. Mode1 and mode2
have wider resonance linewidths, suggesting that the symmetry breaking increases the radiative
channels at the resonance, resulting in more energy leakage and corresponding decrease in the Q factor.
Additionally, as δ increases, the asymmetry of metasurface increases, leading to increasing linewidths
of the three resonances, accompanied by a blue shift in the resonance wavelength. Besides, the distance
between mode1 and mode2 also becomes significantly larger. For mode3, the asymmetry caused
by the difference of fractal scale factors at diagonal positions compensates for the spatial symmetry
mismatch between the BIC mode and the incident excitation. A radiative channel is formed between
the metasurface and free space, allowing the BIC energy to radiate outside, thus transforming the
BIC mode into a quasi-BIC mode with high Q factor and finite linewidth. The smaller the symmetry
breaking is, the narrower the radiative channel is, resulting in higher Q factor. However, when δ

becomes too small, the linewidth of resonance is extremely narrow, but its modulation depth is also
low, resulting in difficulty in sensing applications under the case that there is external interference.
On the other hand, when δ is large, the linewidth of resonance increases rapidly resulting in lower Q
factor. To make a trade-off, we choose δ = 0.04 as the operating parameter for this sensor.

Figure 2. The transmission spectra under various fractal factor difference δ.

According to the simulation results, all three resonances are of Fano resonance profile. To calculate
Q factor of the fano resonances, we fit transmission spectra with Fano model by using the classical
Fano formulation (1) [48,49].

T(ω) = T0 + A0
[q + 2(ω − ω0)/γ]2

1 + [2(ω − ω0)/γ]2
(1)

where ω0 represents the resonant angular frequency, γ is the resonance linewidth, T0 refers to trans-
mission offset, A0 means the continuum-discrete coupling constant, and q is the Fano parameter
determining the asymmetry of the resonance profile.

Figure 3 shows the fitted results under δ = 0.04. It can be observed that the fitted results match
the simulated curve closely. The fitted parameters of mode 3 are T0 = 0.0017, A0 = 0.9683, q = 0.1699,
and γ = 2.3051. Then the resonant Q factor of mode3 is calculated as 40793 by ω0/γ. Similarly,
fitted results of mode1 and 2 show the linewidths of 35.48 and 58.50, Q factors of 2054.2 and 3112.9
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respectively. Therefore, it can be concluded that the resonance linewidth of mode3 is significantly
smaller than the others, resulting in the highest Q factor. Thus, mode3 is chosen as the main operating
mode for the sensor proposed.

Figure 3. Comparison of the Fano fitting and simulation results. (A), (B), and (C) are Fano fittings of mode1,
mode2 and mode3 when δ = 0.04. The solid curves are simulation results, and the dashed curves are Fano fitting
results

We further investigate the relationship between the Q factor of mode3 and the asymmetric
parameter α, which is defined here as the ratio of area difference (∆S) between original second-order
fractal square and its symmetrically broken square to area (S) of original second-order fractal square.

α =
∆S
S

=

∣∣(1 − 4s2
2
)
−

(
1 − 4s2

3
)∣∣(

1 − 4s2
3
) (2)

where s2 and s3 are shown in Figure 1.
Based on previous studies [27], the Q factor of the symmetry-protected quasi-BIC exhibits an

inverse quadratic law with the asymmetric parameter of metasurface (Q ∝ α−2).
In similar way, we calculate Q factors for a serious different asymmetric parameters α=0.0416,

0.0654, 0.091, 0.12, 0.151, 0.185, 0.223, 0.265, 0.312 and 0.422. The results is shown in Figure 4. As α

approaches zero, the resonant Q factor tends to infinity. The relationship between Q factor of mode3
and the asymmetric parameter follows the inverse quadratic law. It indicates that the resonance of
mode3 is excited by the symmetry-protected quasi-BIC resulting from the symmetry breaking.

Figure 4. The log-log plot of Q factors as a function of the asymmetric parameter α of mode3. Solid black dots
represent Q factors extracted from simulated spectra and the orange line shows the fitted inverse quadratic.

To further investigate the physical mechanism of all resonances under symmetric and symmetric
broken cases, the electric and magnetic fields of the metasurface at the resonance wavelength are
calculated and shown in Figure 5(A) to 5(L). Figure 5(A), 5(E) and 5(I) are the electric and magnetic
fields under symmetric case. As shown in the figures, the electric field vector forms annular distribution
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surrounding the axis of the dielectric nanodisk along y, which generates a magnetic moment in y
direction. MD mode is excited. Under asymmetric cases, the fields at the three resonances are shown
in the Figure 5(B), 5(F), 5(J), Figure 5(C), 5(G), 5(K) and Figure 5(D), 5(H), 5(L). The electric field vectors
of mode1 (Figure 5(F)) and mode2 (Figure 5(G)) still exhibit annular distribution, indicating MD mode
resonances. However, unlike that in symmetric case under which the axis of annular electric field
is along y. The axis of annular electric field for mode1 (Figure 5(B)) is rotated 45 degrees clockwise
from y axis (Figure 5(A)). Similarly, axis of annular electric field of mode2 is approximately orthogonal
to mode1 (Figure 5(C)), rotating 45 degrees counterclockwise from y axis. Besides, as is shown in
Figure 5(A), 5(B) and 5(C), the electric field intensity for three resonances above is confined in the
left and right gaps of the unit cell in the horizontal direction. While Figure 5(E), 5(F) and 5(G) show
the electric field intensity concentrates at the upper and lower ends of the nanodisks in z direction.
Such concentrated field distribution provides higher sensitivity for the sensor proposed. According to
their annular distribution feature of electric field vector, all the three resonances above are MD mode
resonance. Therefore, when symmetry is broken, the original single resonance under symmetric case is
transformed into two resonances as shown in Figure 2.

Figure 5. Electromagnetic field distributions for different resonance modes. (A)-(H) cross-sectional patterns
of electric field vector and enhancement in different plane for symmetric mode, mode 1, mode 2 and mode 3
respectively. (I)-(L) cross-sectional patterns of magnetic field vector and enhancement for above four modes.
Cross-sectional patterns in x-y plane correspond to the height of highest electric field intensive with z-axis; those
in x-z plane correspond to y = 0 and those in y-z plane correspond to x = 0.

However, Figure 5(D), 5(H) and 5(L) shows the electric and magnetic field of mode3. In this
case, the electric field vectors form two adjacent loops which rotates in opposite directions in y-z
plane (Figure 5(H)), which develop two magnetic moments along x axis, but in opposite direction.
Consequently, they provide an annular magnetic field in x-z plane (Figure 5(L)). Such magnetic field
can be effectively represented as magnetic dipoles arranged end-to-end along the circumference of
the loop, resulting in a TD moment in y direction. Therefore, mode3 resonance is different from MD
resonances discussed above since it is excited by TD. Besides, the magnetic field enhancement is much
lager than that of other modes. Thus, it can suppress radiation loss effectively, resulting in a large Q
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factor. Besides, Figure 5(D) shows the electric field intensity of mode3 is confined in the up and down
gaps of the unit cell in the horizontal direction. While electric field intensity concentrates at the middle
of the nanodisks in z direction as shown in Figure 5(H). Such concentrated field distribution provides
higher sensitivity for the sensor proposed.

3.2. Multipole Decomposition

In order to further understand the properties of each resonance, we use multipole decomposition
in the Cartesian coordinate system for quantitative analysis. Firstly, we extract the displacement current
density based on the electric field J = iωε0(ε̃r − 1)E. Here, ε̃rrepresents the relative permittivity at the
position vector r. By integrating the current density within the dielectric, we can calculate the multipole
moments. Then, we calculate the far-field scattering power spectra of each multipole moment. By
summing up scattering powers of all multipole moments, we obtain the total scattering power spectra.
For this metasurface, higher order multipole moments can be ignored, so we calculate eight types
of multipole moments as follows: p, m, T, Qe, Qm, QT , Oe and Om, which represent electric dipole,
magnetic dipole, toroidal dipole, electric quadrupole, magnetic quadrupole, toroidal quadrupole,
electric octupole, and magnetic octupole. The formulas for calculating each multipole moment are as
follows[50,51]

pα =
1

iω

∫
d3rJα (3)

mα =
1
2c

∫
d3r[r × J]α (4)

Tα =
1

10c

∫
d3r

[
(r · J)rα − 2r2 Jα

]
(5)

Qe
α,β =

1
i2ω

∫
d3r

[
rα Jβ + rβ Jα −

2
3

δα,β(r · J)
]

(6)

Qm
α,β =

1
3c

∫
d3r[r × J]αrβ + {α ↔ β} (7)

QT
α,β =

1
28c

∫
d3r

[
4rαrβ(r · J)

−5r2(rα Jβ + rβ Jα

)
+ 2r2(r · J)δα,β

] (8)

Oe
α,β,γ =

1
i6ω

∫
d3r

[
Jα

( rβrγ

3
− 1

5
r2δβ,γ

)
+rα

( Jβrγ

3
+

rβ Jγ

3
− 2

5
(r · J)δβ,γ

)]
+ {α ↔ β, γ}+ {α ↔ γ, β}

(9)

Om
α,β,γ =

15
2c

∫
d3r

(
rαrβ −

r2

5
δα,β

)
· [r × J]γ

+ {β ↔ γ, α}+ {α ↔ γ, β}
(10)

Here, r represents the position vector, c is the speed of light, ω refers to the angular frequency,
and α, β, γ represent the x, y, z directions respectively. For the quadrupole and octupole moments, a
simplified notation is used. For example, {β ↔ γ, α} indicates that the second term (right side of the
arrow) is obtained by interchanging the subscripts β and γ in the first term (left side of the arrow)
while keeping α unchanged.The far-field scattered power of the multipole moment can be calculated
as[51]
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I =
2ω4

3c3

∣∣∣P⃗∣∣∣2 + 2ω4

3c3

∣∣∣M⃗∣∣∣2 + 2ω6

3c5

∣∣∣T⃗∣∣∣2 + ω6

5c5 ∑
∣∣∣Q⃗E

αβ

∣∣∣2
+

ω6

20c5 ∑
∣∣∣Q⃗M

αβ

∣∣∣2 + ω8

20c7 ∑
∣∣∣Q⃗T

αβ

∣∣∣2
+

ω8

105c7 ∑
∣∣∣O⃗E

αβ

∣∣∣2 + ω8

425250c7 ∑
∣∣∣O⃗M

αβ

∣∣∣2
(11)

The results of the multipole decomposition are shown in Figure 6. It can be observed that the
dominant multipole mode contributing to mode3 is the TD, with a subsequent contribution from
the magnetic quadrupole. On the other hand, the dominant multipole mode contributing to mode1,
mode2 and symmetric mode is MD, with a subsequent contribution from the electric quadrupole.
These results are consistent with the electric and magnetic field distributions presented in Figure 5.

Figure 6. The normalized scattered power by different multipole moments for (A)mode 3 and (B)mode1 and
mode 2 (C)symmetric mode

3.3. Polarization and Dimension Influence

To analyze the performance of the designed metasurface under different liner polarization, the
transmitted spectra for x and y polarizations are shown in Figure 7. The dashed line is the case of
x-polarized wave incidence, while the solid line represents the case of y-polarized wave incidence.
From the results, it can be observed that the two MD resonances and one TD resonance can be excited
under both polarization. Besides, there is almost no difference in their modulation depth and resonance
wavelengths. It indicates that the obtained resonances are insensitive to x and y polarization.

To analyze the influence of geometric parameters on transmission spectra, we calculate the
transmission spectra for various thickness of substrate m=0.4µm, 0.6µm, 0.8µm, various height of
nanodisk h=4µm, 4.25µm, 4.5µm and various period P=9.75µm, 10µm, 10.25µm. The corresponding
results are shown in Figure 8(A), 8(B) and 8(C) respectively. We set fractal factor difference δ=0.04, and
other geometric parameters the same as the parameters used in Figure 1 except the variable geometric
parameter.

It can be seen that as the height of dielectric nanodisk h and the thickness of substrate m increase,
all three resonances have a redshift, while the resonance linewidth remains relatively unchanged.
Among them, mode 3 exhibits a larger variation in resonance wavelength when changing m, while
modes 1 and 2 show a larger variation when changing h. Generally, h has a more significant effect on
the resonance wavelength. When period P increases, all three resonances have a blueshift. Furthermore,
the resonance linewidth of mode 3 varies less than mode1 and mode2 versus P. Linewidth is the
least at period P=10µm. In conclusion, compared with linewidth, resonant wavelength of these three
resonances is more sensitive to geometric parameters. Besides, the linewidth of mode 3 changes
less than mode1 and mode2. The modulation depth of these three resonances keeps stable. Since
only wavelength varies significantly with geometric parameters for resonance of mode 3, it provides
possibility for adjusting resonance wavelength by manipulating geometric parameters.
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Figure 7. Transmission spectra under x-polarization and y-polarization for(A)mode 3 (B)mode 1 and mode 2.
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Figure 8. Transmission spectra of the asymmetric metasurface structure with different(A) thickness of substrate m
(B) height of nanodisk h and (C) period P

3.4. Refractive Index Sensing

The all-dielectric metasurface sensor proposed based on second-order fractal can excite high Q
Fano resonances. Thus, it is well suited to detecting minimal wavelength shift which can be used to
measure refractive index of liquid.

Firstly, we studied the relationship between the sensor’s wavelength shift caused by microliquid
sample and its height. We calculate wavelength shift by assuming that the gaps among silicon nanodisk
are filled with water (refractive index n = 1.333). The variation of wavelength shift versus the height of
water sample is achieved in Figure 9. As the height of water sample increases from 0µm (unloaded) to
4.25µm, redshift of mode3 occurs. Wavelength shift increases slowly when the height of sample is less
than 1 µm and increases quickly between sample height of 1µm and 3.5µm. Then, tends to a constant
when the sample height is larger than 3.5µm, which is close to the height of silicon nanodisk. Such
characteristic can be attributed to the distribution of electric field intensity of mode 3 in z direction
(Figure 5(H)). Wavelength shift increases quickest at middle range of nanodisk height where electric
field has greatest concentration. Similarly, when the height of sample is near to the top of nanodisk
(4.25µm), the wavelength shift becomes much smaller. Thus, the height of sample should be close
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to top range of nanodisk so that influence of sample height on refractive index measurement can be
ignored.

Figure 9. Wavelength shift of mode3 versus height of water sample

To investigate sensing performance of the sensor proposed, we choose five different liquid
samples with refractive indices ranging from 1.333 to 1.489 and develop simulation model to retrieve
the refractive index. According to discussion above, the height of liquid samples are set to the same
as height of nanodisk of 4.25µm to avoid influence of sample height on refractive index results. The
liquid samples chosen have refractive indices n as follows: water sample with n = 1.333, ethanol
sample (C2H5OH) with n = 1.357, pentanol sample (C5H11OH) with n = 1.401, carbon tetrachloride
sample (CCl4) with n = 1.453, and benzene sample (C6H6) with n = 1.489. We compare sensitivity for
the three resonance modes. Transmission spectra loaded with different liquid samples are shown in
Figure 10(A) (for mode3) and 10(B) (for mode1 and mode2). The results indicate that the larger the
refractive index of the liquid sample is, the larger the resonance wavelength shift is for all the three
resonances. Here, the refractive index sensitivity (Sn) is defined as the resonance wavelength shift
caused by a unit change in refractive index, i.e Sn = ∆λ/∆n. Besides, to quantitatively describe the
sensing performance of the sensor, we define FOM=Sn·γ/2πc=Sn · Q/λ0, which concerns sensitivity,
Q factor and resonance wavelength. where λ0 is the resonant wavelength, linewidth γ is obtained by
fitting the transmission spectra loaded with liquid sample using equation (1).For each resonance mode,
average linewidths at five refractive indices are used to calculate FOM.

Figure 10. Refractive sensing performance of metasurface sensor. Transmission spectra of (A)mode 3, (B)mode1
and mode 2 with different refractive indices. (C) Resonance wavelength shift of three modes with different
refractive indices

Figure 10(C) shows linear fitting results on resonance wavelength shift versus corresponding
refractive index. Based on that, refractive index sensitivity and FOM results for the three modes are
listed in Table 1. It shows that mode3 has the highest FOM among the three modes.
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Table 1. refractive index measurement performance of sensor proposed

Mode Sensitivity(µm/RIU) FOM
Mode1 2.404 724
Mode2 2.475 1123
Mode3 1.905 5625

Ultimately, We compare the performance of presented metasurface sensor with some other sensors
in Table 2. It shows that our sensor has a great sensing performance.

Table 2. Comparison of Q factor and FOM for meatasurface sensor

Reference Resonance Wavelength(nm) Q factor FOM
[42] 6440 1916 820.44
[41] 1450 2532 85
[8] 6774 22320 4707

[43] 911.4 884.8 732
[39] 1523 1240 1106
[52] 1410.3 2612 385

This work 20032 40793 5625.5

4. Conclusions
A fractal all-dielectric metasurface sensor proposed here can generate TD quasi-BIC resonance,

which perform high Q factor. By manipulating the second-order fractal scale factor of fractal structure,
spatially symmetry is broken and high Q quasi-BIC resonance can be excited. Multipole decompo-
sition and near-field distribution confirm the dominant role of the TD response. Such TD resonance
exhibits typical symmetrically protected BIC characteristics, achieving a Q factor of approximately
4 × 104 by controlling the asymmetric parameter. Additionally, this structure exhibits nearly identical
transmission spectra for x and y-polarized incident planewaves, meeting the polarization-insensitive
requirements in practical applications. Simulation results for refractive index sensing of five different
liquid samples demonstrate a refractive index sensitivity of approximately 1.789 µm/RIU and an
FOM of 5625.5, indicating superior performance of the sensor. Our all-dielectric metasurface sensor
exhibits high Q resonances, enabling detection of tiny wavelength shift. Thus, it holds great potential
for non-destructive sensing and detection applications across various fields.
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