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Fig. 1. (a) Schematic diagram of the all-dielectric metasur-
face composed of semicircular cylinder pairs; (b) top view of

a unit cell.
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Fig. 2. Transmission spectrum of the symmetric metasur-
face. Red solid line corresponds to the incidence of a-polar-
ized light, the blue solid line corresponds to the incidence of
y-polarized light. Circles in the figure represent the real
part of the complex eigenwavelengths of the four QNM ei-
genmodes, and the QNMs corresponding to the red, green,
blue and purple circles are denoted as M,, BIC2, M, and
BIC1, respectively.
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Fig. 3. (a) Electric-field distributions of the two BIC modes in the @y plane (z = d;, on the side of z < d,), with the white arrows
indicating the direction of the electric field vector; (b) magnetic-field distributions of the two BIC modes in the 2~y plane (z = d;),
with the white arrows indicating the direction of the magnetic field vector; (c) electric-field distributions of the two BIC modes in
the y-z plane (z = 0); (d) magnetic-field distributions of the two BIC modes in the y-z plane (z = 0). The superimposed black solid

lines show the boundary of the symmetric metasurface. The E, and H, represent the electric-field and magnetic-field vectors of the

incident plane wave, respectively.
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Fig. 4. (a) Schematic diagram of the all-dielectric metasurface when the in-plane asymmetric parameter « = sz —s1 #0;

(b) transmittance spectra for z-polarized incident light and different asymmetric parameters «; (¢) @Q-factors of the four eigenmodes
plotted as functions of the asymmetric parameter «; (d) Q-factors of QBIC1 and QBIC2 plotted as functions of 1/a?.
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Fig. 5. Distributions of magnetic-field amplitude for BIC1 (or QBIC1) in plane z = 0 when (a) o = 0 nm, (b) @ = 20 nm, (¢) o =
40 nm, and distributions of magnetic-field amplitude for BIC2 (or QBIC2) in plane z = 0 when (d) @ = 0 nm, (e¢) & = 20 nm, (f) a =

40 nm. The superimposed black solid lines show the boundary of the structure. The H, represents the magnetic-field vector of the

incident plane wave.
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Fig. 6. (a) Schematic diagram of the all-dielectric metasurface when the in-plane asymmetric parameter =11 —ro #0;
(b) transmittance spectra for y-polarized incident light and different asymmetric parameters 3; (¢) Q-factors of the four eigenmodes
plotted as functions of the asymmetric parameter 3; (d) @-factors of QBIC1 and QBIC2 plotted as functions of 1/3%
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Fig. 7. (a) Schematic diagram of the all-dielectric metasurface when the out-of-plane asymmetric parameter v =d2 —d1 #0
(b) transmittance spectra for y-polarized incident light and different asymmetric parameters v; (¢) Q-factors of the four eigenmodes
plotted as functions of the asymmetric parameter 7; (d) Q-factors of QBIC1 and QBIC2 plotted as functions of 1/72.
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Fig. 8. When the refractive index n of the tested liquid changes, the transmittance spectra of different modes. Only the asymmetric
parameter o = 8 nm (8 = 7 = 0) is introduced, and the incident light is a-polarized: (a) M,; (b) M,; (c) QBIC2; (d) QBICI.
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R RRBRAFRSER IR 3 R 45
Table 1.  Calculation results of the four modes for refractive-index sensing with different asymmetric parameters.
AR BH gzt SR K /om PR A E /(nm RIU ) Q FOM
M, 906.01 123 86 11.7
o= 8 um My 917.51 139.2 88 13.4
(B=7v=0) QBIC1 985.28 194.7 30125 5953
QBIC2 912.97 161.5 28097 4970
M, 906.08 128 83.4 11.8
My 917.45 141 80.5 124
8= 6nm
(a=7=0) QBIC1 984.01 174 45829 8197
QBIC2 911.69 160.3 6639 1143
M, 908.63 134 72.8 10.7
S 9 mm M, 922.01 138 78.7 11.8
(a=pB=0) QBIC1 991.35 172 41417 7186
QBIC2 915.35 170 7572 1406
SRR A BE ST sk /)N 201, AR 22 s i s O B Y
S B, L R S K S R, Lot® B,
ST AR AR, I 355 505 B FC R 19 HL R I N g
(BB S ) SRS, PR, A R T 1 S onmb ko200
R SRR 0 i (n = 1, By 4D : “on=sk=2sx107 |
F), - H kAR HIE /N, T 57 3 A AR A 5 4ok f
H k2. FHEPL a=8nm (8= =0) WHE 0o
MBI 4 n =18, 78 QBICT 1 QBIC2 iR
KB, B B PT S R R k= 2.26 x 1073 29, 012 013 914 91% 985 986
5 k= 040k (W% 1), QBICI il QBIC2 (3L Wavelength n/nm
WAL, BJE QLM 1679 F1 4347, X n & = =%
W17 I Bk = 1.5 x 1076 23 1] QBICT 1 QBIC2 T
IR KR 7 = 10 17 5, Q5 cosl |0 LT
16755 i1 31041, FEURGHEIT k= 0 HHBCE. 4 E o ( C
n= 3K Bk = 2.5 x 109 29, 1] QBIC1 1 QBIC2 | b a
MR P KR n = LY 3 4%, Q41K Eoar ) 20 o
20567 A1 20451, $EE k = 0 BFAO%K(E. kit 02} ( ) ! :
BRI PRI 4 = 1312, MW O o N
HEUIEE 9(a) B, LIALESRARYT, HEA L5 no e T o
IR LA RN KRR M), SR IR 23
0 (a) % HEREBHEHILEE, UM K ANAEHIR 4 - =

AR K, R Q EB WA, Htt, WARYE T
VEBE G R A% B PR RE BRI A BRI T L IS
BEAR, 2 BN TR 25 XHE IR AR R i 52 il f51)
m, %Ea=8nm (B=7=0), k=0HEE, &
W TN TR 25, AN B A 1 2142 O 2 1 T HE
r =1y = 225 nm. L r; = n, = 223 nm, NI QBIC1
F1 QBIC2 AYAHARIEA 5371124 983.045 1 911.3 nm,
Q 5354 28085 H1 22782. Ml r; = 7, = 227 nm,

1, 1.7 7 3 B, AR IRER 0B 5T R (b) 42 B AR 242
o= 1y = 223, 225 F1 227 nm B, £ A 1Y B TR, R
FH BEFIB AT % 0 = 1.312

Fig. 9. (a) Transmittance spectra of the sensor with the
wavelength and all geometrical sizes scaled by a factor of n =
1, 1.7 and 3, and with the material loss of silicon being con-
sidered; (b) transmittance spectra of the sensor when the
two semicircular cylinders’ radii are r, = r, = 223, 225 and
227 nm. In the calculation, the refractive index of the meas-
ured liquid is n = 1.312.
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AE. WIABEREEARLYE I 0 C—100 C, #BAHE
T F 7 KRBT n = 1.312. J5 3CHFE (4) R,
B n#1.312 (BIFE (4) 1 An=n—1.312 £ 0),
T AL SRR A (PR 5 R (6) A v R B 25 51
T BUR n = 1.312 X R (TR AL B A5

TUUGIAARKHRSEL B = 6 nm B (o =7 =
0), W y 4R G A ST, 884 3 10 1% 5T 358 n
B10 Fim. th P25 RSE/IN, Rk = 800] LL 22
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Fig. 10. Spectral curves of transmittance for different tem-
peratures T and the asymmetric parameter 8 = 6 nm (o =
7 = 0). The refractive index n of the aqueous solution is set

to 1.312, and the incident light is y-polarized.

REU k5 SCRICH MR n BETEE T 1978
E, Bl k= (n —no) /(T — To) , Hirht ng ASHIREE
To Xt AT S 3. % T Si, B k=1.84x104 /K20,
Ty = 25 °C, ny = 3.5. WIEMHOLF R B /T
Si, ATIEALECA 0.

K11 BoR T QBICI F1 QBIC2 WY E(LERA
B, 43904 6.81 pm/°C Fil 23.19 pm/C, AILLE
B, TR IR A ARO 5C R BLAT RAF Ik
Frrk. [FEE, WX YGIA o = 8 nm B{Y = 2 nm Hf
QBIC1 Fl QBIC2 1 il B AL B R U AT T 15
a = 8 nm, z [RIREASET, QBICT 1 QBIC2 ¥
YL A5 S R A 43 ) A 7.27 1 23.19 pm/°C; Y =
2 nm, y AMIREASTR QBICT A1 QBIC2 i E
TR ABE /33 R 7.77 Al 24 pm/C.
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(a) m QBIC1
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Fig. 11. Resonance wavelengths of QBIC1 and QBIC2 at
different temperatures and their linear fit when the asym-
metric parameter 3 = 6 nm (o = 7 = 0). The refractive in-
dex of the aqueous solution is n = 1.312, and the incident

light is y-polarized.
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JEALIE, B o 5 B AW, TR AL R B
G TEAUTIARKN RSy I, BEE v AW
BB/, AR IR AR R IR

# 2 ARPAXTFRSEOT R iR 1% R R
MR R

Table 2. Calculated temperature-sensing sensitivit-
ies for different asymmetric parameters.

[ =2nm 13.19 23.5

[ =4nm 12.51 23.3

[ =6 nm 6.81 23.19

a =3 nm 7.43 23.39

a =5nm 7.43 23.31

o = 8 nm 7.27 23.19

Y =2 nm 777 24.0

7 =3 nm 8.0 24.31

7 =5 nm 8.27 24.69

YA AT L5 W K R AT B AR BRI
TRLRE [RIIN 6 A= AR At a0 1> QBIC A5y
PRI, FH AR 55 AR A2
WOC AR, AT LASE B 5 R BE 1 WS AR IR,
T S50k G B 6 A<M B 2 18] Fy S 4L

Xt TR AR USRI, AR 1Y
AR A

A)\l An
= ) (4)
Ao AT
£ 3 XT YRR S B IER, HE RS T 25
Table 3.

for the refractive index and temperature dual-parameter sensing.

Horr o A F AN, 73 54K ER QBICL #1 QBIC2 1Y
MR KA B An FT AT 20 BRI 5 R A
FEMAS L. A AR ERRBUEAERE, & SN

An An
A12 AT2

Hidr Jo& Ay, A 435483 QBICT X Rz 94T 5
FAG IR R AT TR AL IR R T, A, Ap 5L
2 QBIC2 XJ I T 5 A% J % 08 AR R A% R R

B, LB = 6 nm i, HOBC(E B 28 Ao
CE]
1 ()

.

WRIETTRE (4), PrirRAR L A2 (LR B R
KA

: ()

174.0 nm/RIU  6.81 pm/°C
160.3 nm/RIU  23.19 pm/°C

An
AT

AN
Aldg

FIRTRE (7), BIATZEM AR5 AN AT AN, IS,
TS E] An FLAT DT SE AT 55 FR ) X
SRR, TR, N (7) TR K
FME A AR, XM TEORME A (55 147,
55 2 ATERAMETEIE, HLR ML 2 R I 4 X T
TELE MRS 56 2 %) T QBICT Al QBIC2 S HLAA]
R,

Bz Ok, B UEXT FRAM 68 14 2 T REA [ il
IR R AN . ARSI RN T =R R

( Ay Fl ATe ) AR ( Arger Hl ATaer ) Z I EL

-1

: (7)

Comparison between the matrix-theory predictions ( Angy and ATg, ) and the preset values ( Ange and ATy )

AXIFRSEL Anet ATt/ C AXi/nm AXz/nm Ancy AT/ C on or
0.015 20 2.52 3.06 0.0149 20.57 -0.67% 2.85%
0.02 20 3.35 3.945 0.0202 19.56 1% -2.2%
B =6 nm 0.01 40 1.84 2.66 0.0097 41.99 -3% 4.975%
0.02 40 3.50 441 0.0202 38.70 1% -3.25%
0.01 60 1.99 3.12 0.00984 60.82 -1% 1.37%
0.015 20 2.615 3.085 0.0148 20.758 -1.33% 3.79%
0.02 20 3.475 3.97 0.0201 19.23 0.5% -3.85%
a =8 nm 0.01 40 1.92 2.67 0.0098 41.35 2% 3.375%
0.02 40 3.63 4.43 0.0202 38.33 1% -4.175%
0.01 60 2.07 3.13 0.00981 60.79 -1.9% 1.317%
0.015 20 2.72 3.08 0.01482 20.90 -1.2% 4.5%
0.02 20 3.61 3.96 0.020 19.84 0% -0.8%
Y =2nm 0.01 40 2.01 2.69 0.0098 41.05 2% 2.625%
0.02 40 3.78 4.44 0.0201 38.93 1% -2.675%
0.01 60 2.17 3.17 0.00984 60.76 -1.6% 1.27%
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Abstract

Refractive index sensors based on metal metasurfaces are commonly limited by their low quality factors due
to significant Ohmic losses in the metal material. In contrast, sensors based on all-dielectric metasurfaces can
overcome this disadvantage. Currently, all-dielectric metesurface sensors based on symmetry-protected bound
states in the continuum (BIC) have aroused intense research interest due to their ability to achieve ultrahigh
quality factors. Such a metasurface sensor is mainly based on single BIC and single form of symmetry breaking.
There are few studies on metasurface sensors of multiple BICs and multiple forms of symmetry breaking. In
additon, the refractive-index sensors commonly neglect the influence of temperature fluctuation and thus suffer
the crosstalk between the refractive index and temperature of the environment.

In this work, an all-dielectric metasurface composed of a periodic array of asymmetric semicircular-cylinder
pairs is designed and two quasi-bound states in the continuum (QBIC) with high quality factors are obtained.
By choosing three different forms of symmetry breaking (two in-plane and one out-of-plane), two robust QBIC
modes can be generated in the selected near-infrared frequency band, and their resonance wavelengths, quality
factors and polarization dependences exhibit different characteristics. Full-wave simulation results show that by
measuring the resonance wavelengths of the two QBICs (denoted by QBIC1 and QBIC2), two-parameter
sensing of refractive index and temperature can be achieved, which then solves the problem of crosstalk between
the refractive index and temperature of the environment in refractive-index sensing. The dependence of quality
factor on asymmetric parameters follows an inverse quadratic relation for the two QBICs. By adjusting the
asymmetric parameters, the quality factor can be theoretially increased to any value, so that the sensing
performance can be improved and adjusted. For refractive-index sensing, the QBIC1 can achieve a sensitivity of
194.7 nm/RIU and a highest figure of merit (FOM) of 8197 (corresponding to a quality factor of 45829); the
QBIC2 can achieve a sensitivity of 170 nm/RIU, and a highest FOM of 4970 (corresponding to a quality factor
of 28097). For temperature sensing, the QBIC1 can achieve a sensitivity of 7.77 pm/°C, and the QBIC2 can
achieve a sensitivity of 24 pm/“C.

Keywords: metasurface, quasi-bound states in the continuum, symmetry breaking, refractive index sensing,

temperature sensing

PACS: 78.67.Pt, 07.07.Df, 78.20.Bh DOI: 10.7498/aps.73.20231514
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