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Fig. 1. Rectangular all-dielectric metasurface: (a) Schematic diagram of the array structure; (b) two-dimensional planar graph of the

unit cell in the zy-plane; (c) cell structures under four types of breaking modes; (d) schematic diagram of the time-coupled model

theory.
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Fig. 2. Simulation results and theoretical analysis of the metasurface tuned by Mode I: (a) Two-dimensional planar graph of the

unit cell in the zy-plane; (b) the simulated transmission spectra and fitting curves at different symmetry breaking angles 6; (c) rela-

tionship between the @ factor and the resonance wavelength as a function of the rotation angle 6; (d) relationship between the @

factor and the asymmetric parameter o; (€)—(f) when § = 6° and 6 = 12°, the electric field distribution in the zz section at the cen-

ter of the silicon rod at QBIC resonance.
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Fig. 3. Simulation results and theoretical analysis of the metasurface tuned by Mode II: (a) Two-dimensional plane graph of the unit

cell in the zy-plane; (b) simulated transmission spectra and fitting curves under different symmetry-breaking refractive index An;

(c) relationship between the @ factor and the resonance wavelength as a function of the refractive index An; (d) relationship

between the @ factor and the asymmetric parameter «; (e)—(h) when An = +0.3 and An = +0.4, the electric field distribution in

the zz cross section at the center of the silicon rod at QBIC resonance.
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Fig. 4. Simulation results and theoretical analysis of the metasurface tuned by Mode III: (a) Two-dimensional planar graph of the

unit cell in the zy-plane; (b) simulated transmission spectra and fitting curves under different symmetry-breaking widths Aw;

(c) relationship between the @ factor and the resonance wavelength as a function of the width Aw; (d) relationship between the @

factor and the asymmetric parameter «; (e)—(h) when Aw = +30 nm and Aw = +40 nm, the electric field distribution in the zz

cross section at the center of the silicon rod at QBIC resonance.
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Fig. 5. Simulation results and theoretical analysis of the metasurface under the control of Mode IV: (a) Two-dimensional planar

graph of the unit cell in the zy-plane; (b) simulated transmission spectra and fitting curves at different symmetry-breaking heights

Ah; (c) variation of the @ factor and the resonance wavelength as a function of the width Ah; (d) relationship between the Q factor

and the asymmetric parameter «; (e)—(h) when Ah = 430 nm and Ah = 440 nm, the electric field distribution in the zz section at

the center of the silicon rod at QBIC resonance.
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Fig. 6. Multipole decomposition analysis of the QBIC mechanism. Mode I control: (a) Different polar scattering powers; (b) the elec-

tric field distribution in the zy section of the cell; (¢) when the asymmetry parameter is 0.1, the multipole moment contributions

under the four breaking modes.
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Fig. 7. When the asymmetry parameter o = 0.1, the sensing performance of the metasurface under four damage modes is studied:

(a) Transmission spectra of QBIC resonance under four different breaking modes; (b) transmission spectra of the metasurface in dif-

ferent refractive index sensing media in Mode I broken mode; (c) relationship between the QBIC resonance wavelength and the am-

bient refractive index in four broken modes; (d) sensitivity under four breaking modes; (¢) FOM values under four breaking modes.

Bl 7(c) gt R M (17) XA (18) n LA
THIAL 2 T A9 1 R BURE A FOML, Anf&] 7(d)
K 7(e) IR B s, mE 7(d) FIEL 7(e) AT L
FE| Mode T —IV &t 8 2 1f 19 R A JLT-
JeZH], #ALT 400 nm/RIU BT, 1H Mode IIT—
IV i S B R 2% T 1Y) FOM. B i %2 K F Mode I-11
IE, 225 ik 103 B g, H Mode T iR
KK FOM ek, £ 1429 RIU L. f[& 7(a) A]
AL YA FRBE o = 0.1 BF, Mode T >
A QBIC LR T bb At JL AR i ik e 4R 4 5 T
78, FEARYE (18) FnT i, 3 1miAE 7 BUE KEUHE
BT, F=4E QBIC RS L S kkAs, SR Y
FOM K. [AItk, 38 5o 5 B e B8 sl 4,
LEE— L BETHER R 1 AL B R

R T 2 R R R 2 A R e
(4 5% R, 396 3% 38 2o A A 25 /) R 98 425 1) Mode
M—IV 4T TIRABIGE. Mode T4 R A48 1H
TE Aw M—40 nm ZHHEINE] 40 nm B, R HE 2
P TR FOM 256 FIHE F R,
1 HAEAR R ERE T, IE s FOM 22K
T B FOM, WA 8(a) Fias. N TR Fik
LR RE R AR fRa %, X Aw = 440 nm A} QBIC

FARPG A AL B R 2y, vz 80 B IZGIHAT TR
AL IR NE 8(b)—(e) Frn. MR HZ B IR
M7 R ZAEAE S, 1 Sy HEARIY 22 i ifl, HLIE )
MEERET (Aw = 40 nm) B HL 58 B2 B B KT 67 n)
ek (Aw = —40 nm) LI . Tl Aw
—40 nm ZEHEINE] 40 nm B, PIFEA 22 55 1 1 AR
HaoR, T H v A b SR AR Y R i B R SR 3K PR THI
HRHG R 1 R T 548 5 R L B R B A B,
JIr DA R ASRE B sl k. ok, AR S 3.3 o
AN, BEE | Aw] 38K, 8 2 T I e 1Y) 5E f2 4 K
P AR QBIC H 4R 25 By 2 i 34 B L Aw MK
40 nm BTN F] 40 nm B, PR TR LR Seuss )N
JE¥ER. PR (18) A py o R AT A, i Y
FOM 4 - FHiE . SR AR R R ST A IE | 47 [m)
ety AR A SRR AR W 4230, i AT I 1) 1 i) il ke
) FOM K T 1 ] i ik 9 FOM. 4n &l 8(f) FioR,
Mode IVI¥E T BB R TTE Ah 3R 30 R Y
BEZE M, FOM %¢ BTG FREMIE, IF HAE
AHIFIRBEER R, TE [k ) FOM KT 47 [ fi fik
1) FOM. 4n&l 8(g)—() fri7~, H Ah = +£40 nm
i QBIC MR KA R T 2y, oz B 7 THHA
P ZE AT, BOR MR A A S, AT S, AT

197801-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 19 (2025) 197801
420 4 Aw = —40 nm Aw =40 nm
(a) HE S HH FOM

0 —~
D 400t -
2 2
g ~
Z . L o
= 380 S
S <
2 =
T 360 2
[
n

340

Aw/nm
420 4
(f) Il S Il FOM

0 —~
D 400 -
G =
E =
= . L o
= 380 S
S <
2 =
% 3601 Q
[
0

340

—40 —20 —10 10 20
Ah/nm

B8 IE . ffu ) M ik x) E 2 1HA% B BE 1Y S M. Mode T 45

40

(a) EREMERE S DEBREE Aw CR; (b)—(e) Aw = £40 nm B,

QBIC IR A0 A 1A PR 14y ~F 180 A2 IHT Y 2z 37 10 A9 FL 3% 93413 . Mode IV iRE (f) 12 B RE S BB AR IR R (2)—() Ah =
+40 nm B, QBIC 4R A0 {4 A ) vy P T A2 T B9 o2 33t THT FR) R 32 20 A

Fig. 8. Effect of positive and negative breaks on the sensing performance of the metasurface. Mode III regulation: (a) Relationship

between sensing performance and Aw; (b)—(e) when Aw = +40 nm, the electric field distribution in the zy plane inside the cylinder

and on the 2z end face of the surface at QBIC resonance. Mode IV regulation: (f) Relationship between sensing performance and

Ah; (2)-(j) when Ah = +40 nm, the electric field distribution in the zy plane inside the cylinder and on the zz end face of the sur-

face at QBIC resonance.
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Table 1.  Comparison of sensing performance of the rect-

angular all-dielectric dimer metasurface with previous

studies.

/?zif‘g}’[‘;yl) Qfactor  FOM/RIU! Ref.
305 1.78x 102 68 [13]
160 8.43x10° 575 [14]
122 4.15x10? - [15]
262 1.01x10* 2183 [16]
136 4.16x10° 145 (23]
395 1.75% 10" 3502 This work

5% s ‘L@
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QT &Ik 1.75 x 10* () QBIC 4. BLAh, Xiid
FMMWIE , F B EbB AT TN, B R
A3, Mode TT—IV A4 R IE mak sk QBIC 3
PRALR, Mnnisy QBIC HRA R . 78R 45
W B Z 80T, T W A 1 QBIC 4R 45 1Y
QHFH K. LAk, XF 4 Fpik sy IS T iy %
T A% MR REEAT THF5E. RXFRZH o = 0.1
Af, T R AR AR AL T 400 nm/RIU Fffir, HiE
Tt VR AR AR B Bl R R PR AR QBIC SR (1
FOM f5 5 . fieJrr, 1 e o A A 0 B el B 381 42 14
Mode Ml F1 Mode V#8877, #t—2E880 1 B Gk
TR o} A 2 T A5 SRR RE S . 25 SRR 7E AT
Tl R T, 2 T ) A P 19 R R T FOM
{EHB S T m k. 24 Ah = 10 nm B, LN
FRAPE A 395 nm/RIU, FOM ik 3502 RIU .
5 HATHGE R QBIC MR ARSI, AR
BRI R Sy b THLRE 1, ZEAL B I s LA
T RE AR AT . O TR 2 SH0M R e 7
LULRAE . i sk oy X 0Tie, XHE SRR QBIC
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Abstract

All-dielectric metasurfaces based on bound states in the continuum (BIC) are widely used in the field of
micro-nano biosensors due to their ultra-high quality factor (@), which can effectively enhance the interaction
between light and matter. In this paper, a rectangular all-dielectric dimer metasurface based on BIC is
proposed. The finite element method is used for simulation, and time-domain coupled mode theory is employed
for theoretical analysis. For the parameters of the two rectangular components in the metasurface, such as their
angles, refractive indices, widths, and heights, four different symmetry-breaking modes are designed. All of these
modes realize the transformation from symmetry-protected BIC (SP-BIC) to quasi-BIC (QBIC), with the
maximum @ factor reaching 1.75 x 10% These four breaking methods cover the current common SP-BIC
breaking methods and provide choice for designing devices. After introducing the same asymmetric parameters,
the QBIC resonance excited by the metasurface under the four control modes is dominated by magnetic dipoles.
The sensitivity of the designed sensor device is almost at the same level, while the difference in figure of merit
(FOM) can reach three orders of magnitude. In addition, under the same control mode, the sensitivity and
FOM of the metasurface with positive breaking are higher than those with negative breaking when the absolute
values of the breaking parameters are equal. After optimization and adjustment, the sensitivity and FOM of the
metasurface reach 395 nm/RIU and 3502 RIU !, respectively, and its comprehensive performance index is better
than those in most of existing studies. The metasurface provides an effective means for sensing detection in the
biological and medical fields. At the same time, this research offers a new insight into the design of refractive
index sensors based on BIC.

Keywords: all-dielectric metasurface, bound states in the continuum, refractive index sensing, sensitivity
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