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Abstract

Conventional symmetry-protected bound states in the continuum (BICs) suffer from polarization sen-
sitivity and limited robustness. In this work, we propose a mirror-coupled WS: nanopillar arrays
metasurface, enabling a highly robust mirror-coupled quasi-BICs (QBICs) and systematically inves-
tigating the strong light-matter coupling with intrinsic WSz excitons. Multipole decomposition and
near-field analysis reveal that the QBIC mode is dominated by a magnetic dipole resonance. Owing
to the strong electric field confinement induced by the metallic mirror, a large Rabi splitting energy
of up to 183.65 meV is achieved, confirming the formation of exciton-polaritons. Benefiting from the
rotational symmetry of the mirror-coupled structure and its independence from symmetry breaking,
the strong coupling system exhibits polarization-insensitive behavior and remains stable under
oblique incidence from -20° to 20°. Furthermore, by tuning the nanopillar diameter, flexible control
of the coupling strength is realized, highlighting the critical role of near-field localization in strong
coupling. This work provides a robust strategy for manipulating strong light-matter interactions un-
der unpolarized excitation, with promising applications in low-threshold lasers, polaritonic devices,
and nonlinear optics.
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1. 5|8

BEE 9K T IO R R, 650 2 18] (R 50 AR A IR RO 24 B e SRS W EE 5 0 2 1) LT
RIT W Z— LGNS YA RAR TR R 2RI TR, RSB RO IS &7, b+
5T 2 I I RE A e R R AR IR R, R R R ARG, R R AR ——
F A TG (Exciton-Polaritons, EPs) [1][2]. % “ W07 IR 1RG50 H AR 3 52 R T HEE R (3]
WA BTG B[4 S AR TS AR RME OG5 (5] BT 6 T (6] 2 N A i R B H 2%

BT A BT BRI T e s, DA SR BRIE R A R g . H AT Rt Mpos s
SR EEZ RN RS &8, 20 PTOEIRESE N HIFEE R BN, SCREm R R TR, (Hi54
WHE @ H 59T &85 WBUTE ), BRE] 7RSS R [2] LR, B UT ik RIBUER R 3 R 4R 7],
R A RS BUR Z MR EAER 8] A T H AL /IR 2EA0RE, TRA MR Wl A R GK kL - SR
ZERJ(NPOM)BEFE Y, AT E LR FF ARG IR UAC 1) [R] BN 2 (L 37 39 5 [9] [ 1070 IR &5 44) LA U S AT DA S IR 1 56
()34 Fa & (anapole) 20 1]y KILIR[2] K ik A B - 1% 438 K 25 45 (Fabry-Pérot BIC, FP-BIC) [12]%,

PSR S (BIC) T HAE B b H A TG PRI i K7 DL A S FL 7 SR AR 7, BT 12 A A S
S0 - VIR G I BRAED G AR [ 13] [14]. SRTT, A 28T BIC H5RARE MO FRERIF LA, X Z5H)
s BN S e e FEUER, e DOE H T e IR EOR 3 (W AR SR R 5. i, Beliiil & g5 g
FIFFyzdsg 7 BIC A3, FLAFRHUEIZRLT 9245 B - 312 BIC, 383 B3 4540 A S H 48 3 18 (A0 T4
M, ATHI RS IRAE[12]. FHEAE G FR R BIC, %2R a0k A BUSK FL7E S5 M sh R e o T 4
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[15]. [, @i gl g s E 48T 7t - YRR, kg rsm il SR at macrt.

R, e REAALYI(TMDs) R 45 & RE K IR 7 95 i J 5 T B R AR &% 32 5RTE [ 16]
[17] JEHZZ JZ 8K TMDs A1}, FEAEH B0 A A AT 5T 3, CBo Ry g e P R R 1 1 IR 4% ) B AR
15328 o X SR EE R BEAE [F] — 1A Z IR SEBDE 2730k 5 8 B ey, RTS8l —# () B s fe . )R T TMD
AT LR T — R AR, (A2 LR TXFRRS 8 BIC 0, £1%F FP-BIC [AHSCHE T ATIAH
X Z . ik TMD S8R & A E FP-BIC, A BONITAE - VB BAF Al S 4L AR i A2

ABEFTA, FATHRE T —Fh Z AL (WS) QUKL MRS R R R 454, 28 BT &R Rz L,
JFEN AN R S SRR . TR WS, B TR, AT ASEHILARR (i (0 SR R 2 S
X HHEBRGWSEINAREEAR D AR 5, TR H ISR I 2 fEE 2L OR 225 (Quasi-BIC,
QBIC). % QBIC #3115 WS, MIAMEF T om M &, s & K T - etk Boc. b4t Ra
EFRFEE, 1% QBIC AME BRI MR RFrE, HAEBNER S, PR T - RALBoTFE
TRFERIRAGUR . BhAh, TERINGT A RO QBIC BRI R AT (& ik . @I —25 7744
KAEEAR, AT CASEHURAR & 90 L ) RE 2 . 45 A0 R o S e A EAE I b, A48 148
0 BLE LA BN . W SO - AL BOTIR Bt T M S T &, IR S
L TER IR RS N .
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Figure 1. (a) Schematic illustration of the mirror-coupled metasurface. The inset shows the exciton-optical mode interaction,
where the optical resonance (%iwsic) is coupled to the exciton (fiwex) with coupling strength /ig. The side view depicts the geometric
parameters of unit cells; (b) Functional relationships of the real (blue) and imaginary (red) parts of the refractive index as a
function of wavelength
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25N AR [17] [19]-[21]:
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E=¢,

Hr, BENEEEN 6=26, IRTFIBIE =02, WTFRTHE Ee=2eV, BTN N Fee=50meV.
Xof L PRI AR A L R BB L 1(b) BT, Her i e fh 4R FROR SIS, LU ZR RN B AR, A B TR
BB HURE S ISR FEAT 9 o TEARSCOTE IR VG BN, AR RG22 N EZE A BT (~2.0eV) 1T,
1M BT (~2.4 eV) [22]H TReEN B R WM, STRGma] DLZK . FFR, EEmAST, Sk Ws,
(105 1) SR P X & SRR /)N D UL 220 25 A RN % ) S P AN 4 2 MO R 5 R

2.2, KFEHR

I BOE fo=0, FHE WS, WA TEI T I i dr S 2R IR ES o 8 L AE S SRR 2% T B B AL A B
YURFEEAR D AR K4 i SO B B AR AL R 56 36 LB (PEC), 45 RUUB AT 14 2(a) . AAESIZE
SHBE D BRI, fE D=111nm &b, BHAE, fESHFEEEME], TR T iR E & T 55 W
BIC #3X . [4 2(b) 7R 1 Wi 82 5 5 R 7 A8 46O = Re(w)/2Im(w)). BT FARARS BE R, &5 R T To ik
FITT R ESEBRR T, FIEE BB FE, AIESURE PEC ISTEMA A%, Wi 2(o)fs, (HH
HiRAE A B L AFAE RS IME, KR BIC TR R B . TESIEIETE T, R e/ IME Bt B 1 it 5
IR AR R FE ML 22 R M AE 2 D = 148 nm, W1/ 2(d)FTw.
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Figure 2. Theory research of mirror-coupled BIC. (a) (¢) Nanopillar diameter-dependent eigenfrequencies for (a) perfect elec-
tric conductor (PEC) substrate and (c) gold mirror. In the simulations, the SiO> thickness is 28 nm. The inset shows the schematic
diagram of the coupling between the resonance mode and its mirror image; (b) (d) Corresponding quality factors (Q factor) as a
function of nanopillar diameter for (b) PEC substrate and (d) gold mirror; (e) (g) Eigenfrequency evolution and (f) (h) Q factors
as a function of the SiOz thickness for (e) (f) PEC substrate and (g) (h) gold mirror. Here, the nanopillar diameter is fixed at 152 nm
[ 2. $RI5H#EE BIC BIBIRHIR. (a) (o) FAfE(a) FTEERSFFPEC)FEM(c) IREFHT, MEIEMBEHREER
HEUXR. EEF, ZSUEGSO)EEEZERN 28 nm. FBERRTIEREXSERGEZEANBEREE; 0) W@ &
HIFTRL(b) PEC #EFA(d) €REFZRMT, MmREFQ BFREMREERNTL; (o) () AMEMERUUAR® (h) Q
FhE SiO: EEMELXR, NAIRTR(e) () PEC #EM(g) (h) £REIER . I, PREEREER 152 nm

BE— DI EARMERBEN BUZ B JE s (0340, BAUSSIIE BIC HITEM. W& 2(e) 1A 2(g)&aR, SKHE
HEFB AR 515 2(a) FTE 2(c)MH{Bh: 7E PEC 5B A A E LT, MEEE AI7E 58 nm Al 32 nm 4bik
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MR RT, BE NEFERTSEI NSRRI, AHAE T T REASRESHuhR. RE
SPGB AR RS2 [ A BRFE PR, ANEAR VL e R R R, (HER S I A R, s i
T REZARSEHFEIR G . %m s Iy, IEIRERS A S AR, X042 BIC By gAY
VIELRRAE .

NI B TAR & BIC [EEALH, A SCHEBAR TCHFE NS 0 T K I IR S BB EAT 4. K58
BB N ERAESIRSE, RGN T BT RR R1EE A 20 (A R AR AR B IR T (1 Ak A e
ZEHMERE), W 2 B R. ZEAETEREN, WK 75 AR ORI SR IE R R R
WRTG, BB IR T IRME o 0 b AR IRV A0 AT B an R R B FE IR [12] [15]:

g al [[o, «] iy 1 —2 [ q
lat{b}__{[Ki ah} 2 {-eﬂ“ 1 }}{b} @

Hf, wo TR PMEIRBE I ARMEIRINE, y R, kR EIRA AL REEE, « RRIEH G .
R BE RGN 0. = o, + & +iy[ texp(i2kl)-1] , AAEFI Ry =[1,+1] « T 20k
R RELR PN EIR T DR R OIR S, DRIRRAE ) b — A A ™ = [1,1] R ASAEAE
o, =@, +x+iy[exp(i2kl)—1] o AR 260 2T 2m FVBBCATRS, RRALEEIAS AT, HES B
A, TERGEERAR BIC. ARAL WS (2 27 BEER%, BIC WAL AA PR B T 1) QBIC. %M
B2 =8 2 s B0 D RS Am SIS PRI, K I BRI 3R, R 0 O S B0 T R T BRI
BEAh, ARAE K 415 21K BIC REAE AR AT RSO i i 52 o A3 B 5GAUE o 4] 3(a)~(c) B, s 5 A
HUZJERE s« 9OKAE @ H M EAS D, R0 S 3R KR A8 B s A, SO el Lo
KIGHN: 2 s=28nm I, SIRFHMETE WK, RYRGLT BIC RS . SSHE T AT 3ol 0 FHE R
FHIE, RS H B AEAERREAC . FEE s B#THE K, BIC B¥HHE LA QBIC, JFEFi R I HA R
B S FEARME N . B, 42 H A D I RGA AR, BIC 205t IAE H=152nm M1 D=148nm 4.
BRSO G5 S 4, TSR SR 2R TR B DR B, AN 2T QBIC FIME,
5 WS, By RIsE SR g vl I R
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Figure 3. Reflection spectra evolution and the formation of BIC as a function of structural parameters. (a)~(c) Simulated reflection
spectra as a function of (a) dielectric spacer thickness s, (b) nanopillar height H, and (c) nanopillar diameter D, respectively. The
white circles indicate the regions where the reflection features vanish, signifying that the system supports a Bound State in the
Continuous (BIC) under these parameter conditions

E 3. REIEMLEHSEINENR BIC B, (a)~(c) RETHENRGIEE, 53kE@) NEEEE s\ (b) 4
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N T SRAEE LR S SR E ML, MEMSEREN s=28nm M H=152nm, FFXIZHL
D HHT RS R W 485 R R, fE D=144nm 4, QBIC HIILIRIES WS, P ik & & . BiJa,
RN B QBIC MUK R S EE IR, $2HL 1 620 nm AL 1%, FFRHA Fano BAYHUA[2]:
S bj7jei¢j

T(w)=a,+),

70—, +iy;

3)

K, o) NEIRTE, S8 by F g 20 0 RS (1 SCRME SRR BEJE 28 (s a4 58 1) — ) FIAH A .
N A j 43 Sl Rom el b (LR B MR P 4. Fano BEAL LA 45 SR A0 1] 4(b) s,  FELLE S 5 Fano
LA G .
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ZIIREL MD A E T, HERE—E R TD Mgy Nit— D BRI, ASCE Ay it AL
e HR ARG 26 0 25 (R RFAE BEAT 70 M o B 4(d)~(DPR, IH— L Rt Ak, B G kAL G
LAY MRS IR ARG LR o B 4(d)EoR, x-z P N IALAS B A & 380, AE TR B y-z “F 1
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Figure 4. (a) Reflectance spectra as a function of nanopillar diameter D; (b) Simulated (solid lines) and fitted (dashed lines)
reflectance spectrum at zero detuning; (c) Cartesian multipole decomposition results of the QBIC resonance spectrum at 620
nm; (d) Electric field distribution of QBIC resonance at x-z plane; Magnetic field distribution of QBIC resonance at y-z plane
(e) and at (f) x-y plane
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Figure 5. (a) QBIC modes considering only optical resonance under zero-detuning conditions and strongly coupled reflectance
spectral lines that simultaneously account for exciton effects; (b) Absorption spectrum results of the coupled system from numer-
ical simulations (solid lines) and Fano line curves (dashed lines); (c) The absorption spectra of the self-hybrid system between
QBIC resonance and exciton as a function of nanopillar diameter D, the distinct anti-crossing feature confirming the formation
of strong coupling; (d) The QBIC resonance and exciton fractions in the UP and LP states as a function of nanopillar diameter
D; (e) The absorption spectra of the self-hybrid system between QBIC resonance and exciton as a function of nanopillar height
H; (f) The QBIC resonance and exciton fractions in the UP and LP states as a function of nanopillar height #

[ 5. (a) FRIEFHTNEEAFIRE QBIC HAKENE BT EMREHEE RHFIEL; (b) BEEMBERSE
HIMRUELE SR (£ 2%) 5 Fano ZBIHLL(FE4k); (o) QBIC HIR S HF Y B U R GHIRUSLIEREMKRITERE D BITHL,
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Rt — LR RS H QBIC 5T M EAEHERE, AICRHAAEGIRE #54 (coupled oscillator
model, COM) &AL & 51 E[23]:

(EEXC _Zh}/Exc hg ](aj:E [aj (4)
hg EQBIC _ihVQBIC B * B

N, Eqeic M Eexe 73512871 QBIC AT HIFLIRAE R - yomic F e AR H HIFERIE - 24 hg #or QBIC
AT Z B IR G . o M B IR ZRALS AL E R B (Hopfield %), Hai 2 H— %A IF ke 1 #
T I AER 7 SR . BEAh, ELdp Axt BT B AL SEoT(UPYAT M ARAL T (LP) R R A {E . FEJS
ALK AE COM AEFE, 152 RGNRFLIE E- Q1T

E. +E

E, =Bt T ZyQBIC i\/(hg)2 %(A"' (h7e ~h7asc)) ©)

Hrt, A= |Egeic — Eec[fURRERKLME, HEH B RAEREE SO A = 0 I B 720305 TR 7232
218 [ 52 /) RE B T g -
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Q= \/4}‘12 &~ (M qme — h;/EXC) (6)

BT SR ITRA RS, R R L 24HE QN 185.53 meV, AT 5 QBIC HIFHE %
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hg > h @®)

) :Q/(7Exc+7QBIC)>1 (10)
3% 1 =3.7308 H ¢, =3.7309, HHEFIEZMFEIFTF R ci>1 K> 1, Hik#HERE RGhTmfs

X3
PR, Pl QBIC B35 B 15 5 A x4 A& B AR s ik, MR 7 F2(4) 4= Y Hopfield %K.
Horbr, R Ea MR 735 EAL T UP A1 LP K7 4170 5 QBIC 414y, JHFREAWF:
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2 1 A
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D FI380n, UP 4y &N QBIC A NETE S, LP M. EFRIEZMFET, R4+ QBIC 5
P ILPRTE UPL LP B DTk 5 HE 50%.

[FIEE, 5] 5(e)H LAE E AR P ] 1 R WSS BE 99 KA = 5 H (AN 120 nm 2] 184 nm) AR 4L B4 . $2HUT
LP 5 UP 733 13 #h 28 2 I BA B 10 [ 28 SURFAE, R RSFFH COM BB, thabh, B S(HERT LP 5
UP /33215 QBIC [ 5 LUBE H 17840, FRREDIE T 5048 A 4 R e 28 e 1 0 B A5

UeAh, NEAAB RS, FATEETHEGAES QBIC-HTHRG RG kBl IH LB 24E 5 ik
TE A TMDs 58 &4 RIEAT 7O LR 1) —MRIMT S, $J2 TMDs 5065 U s & 7= 28 1037 1)
BTG, HRL B ZUE AR T I M B A RATAERAK, RAET I RZESTUENT L TIX— 8. #F—F
H, FATRGIXTEL T WSez MoS, il MoTex AN A A EHEAS [ - IR 5 201 SP-QBIC . anapole /2 GMR
) N H EEBE R . RS R, A TAESLEL T 186.13 meV M4 LU RME, X —BME7E AT LLE )
TMDs SEfAAR KRB RIS, FEAR T4 8 450 5 NI R IG5 RN, i &5 7 6 59
JR A HAEH o

Table 1. Comparison of rabi splitting properties in TMDs based on different optical resonance modes

1. ETAREFHIRIEH TMDs M8 EE S S EEER

Materials Optical Resonance TMDs Structure Rabi Splitting (meV) Reference
WSz SP-QBIC monolayer 65 [13]
WSz SP-QBIC monolayer 33.83 [24]
WSe2 anapole bulk 90.95 [25]
WS2 anapole bulk 122.3 [25]
WS2 SP-QBIC bulk 120 [26]
WS2 SP-QBIC bulk 150.13 [27]
WS2 GMR bulk 162.6 [27]

MoTe2 SP-QBIC bulk 132 [28]
WSz Mirror-coupled QBIC bulk 186.13 Our work
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Figure 6. (a) Reflectance spectra of QBIC resonance and (b) absorption spectra of the strong coupling system (UP and LP
branches) as a function of polarization angle ¢ from 0° to 90°; (c) Reflectance spectra of QBIC resonance and (d) absorption
spectra of the strong coupling system (UP and LP branches) as a function of incidence angle 8 from —20° to 20°
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Figure 7. (a) The reflectance spectrum of the QBIC-exciton coupled system at zero detuning as a function of the nanopillar diameter
D; (b) System coupling strength (violet curves and dots) and the damping rates (orange curves and dots) of the QBIC as a function of
D; (c) The average electric field strength (Eave) and the maximum electric field strength (Ena) as a function of D; (d) The electric field
distribution in the x-z plane with different diameters D
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Figure 8. Effect of structural perturbations on strong coupling characteristics. (a)~(c) Schematic diagrams of nanopillar dis-
placement Ax, diameter variation AD and height variation AH; (d)~(f) Absorption spectra under corresponding perturbations
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