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ABSTRACT: Optical bound states in the continuum (BICs) offer
strong interactions with quantum emitters and have been extensively
studied for manipulating spontaneous emission, lasing, and polariton
Bose−Einstein condensation. However, the out-coupling efficiency of
quasi-BIC emission, crucial for practical light-emitting devices, has
received less attention. Here, we report an adaptable approach for
enhancing quasi-BIC emission from a resonant monocrystalline
silicon (c-Si) metasurface through lattice and multipolar engineering.
We identify dual-BICs originating from electric quadrupoles (EQ)
and out-of-plane magnetic dipoles, with EQ quasi-BICs exhibiting
concentrated near-fields near the c-Si nanodisks. The enhanced
fractional radiative local density of states of EQ quasi-BICs overlaps
spatially with the emitters, promoting efficient out-coupling. Furthermore, coupling the EQ quasi-BICs with Rayleigh anomalies
enhances directional emission intensity, and we observe inherent opposite topological charges in the multipolarly controlled dual-
BICs. These findings provide valuable insights for developing efficient nanophotonic devices based on quasi-BICs.
KEYWORDS: radiation efficiency, optical bound states in the continuum, dielectric nanoantenna array, multipolar control,
collective resonances, polarization-vortex emission

Optical bound states in the continuum (BICs) have
become crucial for designing optoelectronic devices in

the past decade.1−11 BICs are a type of resonances that can be
confined within the radiation continuum using periodic
photonic structures like photonic crystals, metasurfaces,
gratings, and waveguides.2,12−17 Through destructive interfer-
ence or symmetry protection, BICs prevent resonance from
radiating into free space, offering infinite quality (Q) factor and
topological protection via polarization singularity.12,13,15,18

Operating in the “quasi-BIC” zone, devices can achieve high
Q-factors, enabling strong interactions with quantum emitters
such as dye molecules and quantum dots within their leakage
channel.19

Recent research has extensively explored the utilization of
quasi-BICs for manipulating spontaneous emission and
lasing.20−24 These quasi-BICs, arising from coherent oscil-
lations of electric and magnetic multipoles within periodic
photonic systems, have enabled low-threshold lasing with
multiple topological vortex options and a wide range of
wavelengths.25−27 Strong coupling with excitons has even
facilitated polariton Bose−Einstein condensation.6 Structural
symmetry breaking has been employed to split the topological
charge carried by BIC into two halves, resulting in high-purity
and directionally chiral light emission.7,9 These advancements
have significantly enhanced our understanding of manipulating

topological and chiral emission as well as reducing lasing
thresholds, driven by the infinite Q-factors of BICs. However,
the practical implementation of light-emitting devices, like
light-emitting diodes and lasers, requires careful consideration
of the out-coupling efficiency, which determines how efficiently
generated light is extracted and emitted into free space in the
desired direction. To the best of our knowledge, there is a
noticeable lack of research focused on enhancing the out-
coupling efficiency of quasi-BIC emission.
Here, we demonstrate simultaneous control over quasi-BIC

emission from a resonant monocrystalline silicon (c-Si)
metasurface through lattice and multipolar engineering. By
analyzing wave-vector resolved extinction spectra and near-
field properties, we identify the presence of dual-BICs
originating from electric quadrupoles (EQ) and out-of-plane
magnetic dipoles (MDz). The near-fields for EQ quasi-BICs
are concentrated in the proximity of the c-Si nanodisks,
resulting in an elevated fractional optical local density of states
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(LDOS) for emitters. By differentiating the wavelengths
between Rayleigh anomaly (RA) resonances and quasi-BICs,

we observe directional emission from quasi-BICs with a
defined wave-vector, achieving an ∼90-fold photoluminescence

Figure 1. Resonant c-Si metasurfaces. (a) Schematic of the sample. (Bottom) The left panel is the bright-field microscope image of three array
samples and the right one is their photoluminescence (PL) image. (b) Top-view SEM image of the sample. (c) PL spectrum of the dye molecules
(DAEr) doped in PMMA. Inset shows the molecular structure of DAEr. (d) Spontaneous emission of molecular dipoles drives the collective Mie-
resonances of the nanodisks in terms of the near-field coupling. The multipoles inside the nanodisks re-emit the light to the free space. Due to the
symmetry protection in electric/magnetic quadrupoles (EQ/MQ) or out-of-plane electric/magnetic dipoles (EDz/MDz), their radiation channel
normal to the metasurface is fully suppressed, leading to the bound states in the continuum (BICs). Scale bars: (a) 50 μm and (b) 200 nm.

Figure 2. Verification of dual symmetry-protected BICs. (a,d) The wave-vector resolved extinction spectra measured and simulated with TE-
polarized light. The periodicity of the array sample herein is 405 nm. The circles at the Γ-point represent the resonances for two BICs in panel a.
The white-dashed lines represent the angular dispersion for the resonances of RA in panel d. (b,c) Analysis of the quality factors (orange triangles)
and resonance wavelength (gray circles) as a function of the incident wave-vectors around BIC1 and BIC2 resonances. The fitted curves are shown
with different colors. The black vertical line indicates the Γ-point. (e,f) Top view and side view of the field intensity enhancement in a unit cell. The
calculated resonances are close to the BICs, namely, quasi-BICs. The yellow arrows on the top-view distribution represent the real components of
the electric vector field projected in the xy-planes. Scale bar: 100 nm. (g,h) The corresponding weights of the multipolar composition for the two
resonances shown in panels e and f.
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enhancement (PLE) at 680 nm, which is significantly more
efficient than previous studies involving plasmonic and Mie
surface lattice resonances (SLRs),28−31 as well as the recently
reported quasi-BICs in photonic crystals.23,24 Using an
accurate Stokes parameters method, we also observe inherent
opposite topological charges in the multipolar controlled dual-
BICs. These findings offer insights for developing efficient,
sensitive, and multifunctional nanophotonic devices.
First, we successfully fabricated a metasurface with c-Si,

featured with low loss and high refractive indices in the visible
light range.32−35 The metasurface is transferred onto a quartz
substrate using a “floating off” technique and fixed on quartz by
dangling bonding at the interface between c-Si and quartz, and
a 300-nm-thick PMMA polymer doped with 0.1 wt % high-
quantum-yield dye molecules [diarylethene red (DAEr)] is
spin-coated onto the surface (Figure S1).36 The bright-field
and fluorescence microscopy images of three array samples are
shown at the bottom of Figure 1a. Uniform diameters of the
nanodisks (D = 200 nm) and periodicity of the array (P = 405
nm) are confirmed with SEM (Figure 1b), and the normalized

PL spectrum and compound structure of DAEr are also
illustrated in Figure 1c. The DAEr emits light at a central
wavelength of 600 nm with a line width of 80 nm, which
coincides with the resonances of quasi-BICs that will be
discussed further below. We exploit the strong near-field
confinement properties of BICs to enhance fluorescence. By
arranging the periodicity of a square lattice below the first
orders of RA, we create favorable conditions for collective Mie
resonances within the array plane. This promotes strong light−
matter interactions in the emitting layer covering the c-Si
metasurface. Upon excitation, DAErs act as point dipoles,
triggering near-field electromagnetic resonances (EQ and MDz
modes) in the c-Si nanoparticle meta-atoms. These meta-
atoms form a C2 symmetric square lattice, lacking any radiation
channel in the normal direction.37 Consequently, two
symmetry-protected BICs (BIC1 and BIC2) emerge (Figure
1d).
To identify the symmetry-protected BICs located at the Γ-

point, we utilized back-focal-plane imaging to measure the
wave-vector resolved extinction spectra of the samples. The

Figure 3. (Top) Multipolar control of polarization-vortex emission. Stokes parameters S0 (a,e), S1 (b,f), S2 (c,g), and the polarization angle (d,h)
for the emission signals around BIC1 and BIC2, which are measured in the wave-vector space. (Bottom) Corresponding simulation results based on
reciprocity. The polarization singularity for two BICs are characterized by the topological charge of q = −1 and +1, respectively.
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spectra (Figure 2a) revealed the presence of two “dark modes”
characterized by zero extinction at k∥/k0 = 0 (Γ-point), while
gradually increasing in extinction away from the center while
still maintaining some scattering capacity. The regions
corresponding to these “dark modes” are highlighted with
yellow and green circles, respectively. We performed FDTD
simulations to reproduce the extinction spectra (Figure 2d).
The RA (±1, 0), responsible for the periodic lattice resonance,
was calculated using the first-order grating equation and is
represented by linear white-dashed curves in Figure 2d.
Interestingly, in the short-wavelength region (600−650 nm),
the extinction bands below the RA curves exhibit a narrower
and cleaner profile, whereas above the RA curves, the bands
extend across a continuum and a broad spectral background
(Figure 2a and d).
To investigate the “dark modes” in detail, we calculated the

extinction spectra across a range of wave-vectors from k∥/k0 =
0 to 0.2. The resonance wavelengths and Q-factors of the two
dark modes are then determined as a function of incident
wavevectors (Figure 2b and c). For the short-wavelength dark
mode, the Q-factor remains constant as the wave-vector
decreases until it reaches 0.095, corresponding to the RA(1, 0)
order. At this point, the influence of the radiation channel
induced by the RA leads to a significant increase in the Q-
factor residing within a clean background of zero extinction.
The data fitted with Q ∝ 1/θ2 (orange-dashed curves) indicate
that the Q-factor approaches infinity as the incident wave-
vector approaches the Γ-point, where radiation losses are fully
suppressed. The “dark mode” at longer wavelengths follows a
similar trend but exhibits a more rapid increase in the Q-factor
as the wave-vector decreases. Based on the pronounced
divergence of the Q-factors near the Γ-point, we primarily
deduce that both dark modes correspond to symmetry-
protected BICs, labeled BIC1 and BIC2 (Figure 2a and d).
BIC1 is influenced by the RA and exhibits distinct character-
istics compared to BIC2, including significant variations in the
Q-factors and resides within a distinct region of zero extinction.
To gain a deeper understanding of the mode characteristics,

we conducted simulations to analyze the electric field intensity
profiles of the two quasi-BICs located at the dye layer position.
The field intensity enhancement, relative to the incident plane
waves, is represented in color as a function of spatial
coordinates on the midheight (xy-plane) and cross-section
(yz-plane) of the nanoparticles. The yellow arrows indicate the
real components of the electric vector field in the xy-plane.
Although the incident plane wave has k∥/k0 = 0.03, the
resonance wavelength differs. A nonzero value of k∥/k0 is
chosen to ensure the non-negligible extinction of the dual
quasi-BICs. The simulation results reveal that the quasi-BIC1
mode at 621 nm exhibits an EQ pattern in the xy-plane with
four lobes in the diagonal directions of the nanodisk (Figure
2e). Additionally, the pattern suggests that the strong electric
field enhancements are located outside the nanoparticle, but
with subwavelength confinement out of the plane. In contrast,
the quasi-BIC2 mode at 765 nm displays a loop electric field
inside the nanodisk in the xy-plane, corresponding to a MDz
resonance (Figure 2f). The yz-plane exhibits a spatial
distribution of the electric field both inside and at the edges
of the nanodisk. Importantly, the stronger electric field
distribution of the quasi-BIC1 mode allows for the design of
field overlap with an ensemble of emitters distributed in a
spatially extended volume within the lattice plane. This
prompts the question of why the field intensity enhancement

of quasi-BIC1 near the RA resonance is nearly 2 orders of
magnitude higher than that of quasi-BIC2.
Furthermore, we performed mode decomposition to

calculate the individual contributions of multipole moments
to the total scattering cross-section for both BIC modes
(Figure S4). The results show that quasi-BIC1 at k∥/k0 = 0.03
is predominantly composed of EQ, MQ, and EDy, while BIC2
is mainly derived from the contributions of MQ, EDy, and
MDz. We extract the scattering cross-sectional spectra for each
mode and calculate the relative weights of the multipole
attributes (Figure 2g and h). The scattering contribution from
EQ represents the highest proportion in quasi-BIC1, earning it
the designation of EQ-BIC. Conversely, quasi-BIC2 predom-
inantly originates from the scattering contribution of MDz, and
thus it can be referred to as MDz-BIC. We further conducted
precise measurements using the Stokes parameters method to
analyze the polarization properties of the emitted light in the
vicinity of the dual-BICs (see the details in S6 of SI). The two
BICs in Figure 3a and e exhibit a “donut” PL intensity
distribution with suppressed far-field radiation at the Γ-point.
Quasi-BIC1 shows a square-shaped far-field pattern surrounded
by four RA band lobes (white-dashed curves). In Figure
3b,c,f,g, the two quasi-BICs exhibit consistent polarization in
S1/S0, but opposite polarization in the diagonal directions in
S2/S0, indicating different linear vortex features. The rotation
of linearly polarized vortices is observed in Figure 3d and h
(gray double arrows), displaying clear topological polarization
characteristics of two BICs with opposite topological charges
of −1 and +1, respectively.
Our investigation focuses on the influence of the multipolar

characteristics of quasi-BICs on emission enhancement. In our
experiment, we employed an extended source with a central
wavelength of 450 nm to excite the sample. We recorded wave-
vector resolved PL spectra in the Fourier space and evaluated
the out-coupling efficiency improvement using the PLE by
comparing the PL intensity from the array to that from the
bare dye film (Figure S5). The dispersion pattern of PLE
(Figure 4a and c) qualitatively matches that of the extinction,
indicating that the emission of the molecules couples to the
multipole resonances of the c-Si metasurface. The PLE
spectrum lacks a continuum and broad background due to
the different excitation conditions between extinction and PLE
measurements. Extinction is governed by interference between
incident and scattered fields, while PLE is influenced by local
field enhancements at the emitter positions.38 In addition,
Figure 4a,c demonstrates a significant emission from quasi-
BIC1 as the normalized wave-vector deviates from 0 to 0.095.
In contrast, quasi-BIC2 exhibits a negligible PLE value due to
its relatively low near-field enhancement near the c-Si
nanoparticles (mentioned in Figure 2f). Note that the presence
of an SLR between the two BICs, resulting from enhanced
radiative coupling between the nanoparticles through RA. The
PLE of the SLR is higher than that of BIC2 but lower than that
of BIC1.
To ensure the reliability of the PL measurement, we

performed simulations to calculate the average near-field
enhancement in the PMMA region surrounding the c-Si
nanodisks. These simulations provide information about the
fractional radiative LDOS and are connected to the experi-
ments through reciprocity theorem, where the emission
direction of a local source is favored when the local field at
the source’s position is highest for a plane wave incidence from
that direction.30,39 The simulation results in Figure 4b closely
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match the experimental data, although the simulated PLE
values are higher than the measurements. Experimental
limitations, such as imperfections in geometrical parameters
and finite array size, may contribute to lower PLE factors in
experiments compared to simulations.40 The PLE of quasi-
BIC1 is affected by RA resonances, resulting in significant PLE
differences inside and outside the RA band boundary.
Next, we extract the PLE spectra from the experimental and

simulated results at different incident wave-vectors, focusing on
quasi-BIC1, as shown in Figure 4c and d. The experimental
data (dotted-dashed lines) are well-fitted with the Lorentz
function to mitigate the influence of spectral noise. The
emission spectrum of the bare dye film is significantly tailored
by coupling to the quasi-BIC resonances (Figures S5 and S8c).
We calculate the Q-factors and PLE as a function of wave-
vectors from the resonant peaks in Figure 4c,d and present
them in Figure 4e. The trend of the Q-factor of BIC1 with
wave-vectors aligns closely with Figure 2b. PLE exhibits an
increasing and then decreasing trend in the range of wave-
vectors 0−0.095, reaching a maximum PLE around k∥/k0 =

0.03. Once the wave-vectors exceed the RA resonance
(indicated by the vertical-dashed line in Figure 3e), the PLE
tends to stabilize. To analyze the factors affecting PLE
variation, we conducted calculations of normalized scattering
cross-sections for total and multipolar contributions (EQ, EDy,
and MQ) with respect to incident wave-vectors, as shown in
Figure 4f. Below the RA (±1, 0), EQ scattering contributes
significantly and exhibits a trend comparable to that of the total
scattering cross-section. As the wave-vector surpasses the RA
resonance, the total scattering cross-section is predominantly
influenced by EDy and MQ resonances, which exhibit a gradual
increase contrasting with the trend observed in PLE. It
suggests that while quasi-BIC1 is influenced by EQ, EDy, and
MQ scattering, the PLE is solely associated with EQ scattering.
By employing multipole decomposition, we have gained

valuable insights into the significant role of the EQ resonance
in the pronounced emission of quasi-BIC1. However, the
distinct variations in the PLE of quasi-BIC1 above and below
the RA band remain unexplained. To further investigate this
phenomenon, we conducted experiments and simulations
involving continuous tuning of P from 360 to 540 nm, while
keeping D constant at 200 nm (Figure S6). Our results,
presented in partial experimental and simulated data (Figure
5a−c and g−i), along with complete wave-vector resolved PL
spectra (Figures S7 and S9), shed light on the relationship
between P and PLE of quasi-BIC1. They reveal that as P
increases from 360 to 460 nm, the RA band gradually
approaches quasi-BIC1, resulting in a narrower range of wave-
vectors within the RA bands for quasi-BIC1 (Figure 5a−c and
g−i). Despite this decrease, the maximum PLE of the sample
continues to rise. However, once P exceeds 460 nm, the
strongest PLE of quasi-BIC1 starts to decline. At this point, the
MD-SLR, which resembles a dispersion pattern of the RA (0,
±1) band below BIC1,

35 gradually couples with quasi-BIC1,
leading to energy transfer between the quasi-BIC1 resonance
and MD-SLR. This ultimately results in high PLE of MD-SLR.
We further analyzed the wave-vector resolved PL spectra

obtained from different periodicities, focusing on the spectra
corresponding to the maximum PLE. The experimental and
simulated spectra are shown in Figure 5d and j, respectively.
We calculated the Q-factor, maximum PLE value, resonance
wavelength of quasi-BIC1, and wavelength difference (Δλ)
relative to the RA resonance at the Γ-point for various
periodicities, as summarized in Figure 5e,f,k,l, respectively. A
positive correlation is observed between the Q-factor and the
maximum PLE, indicating that quasi-BIC resonances with low
losses are a necessary condition but not sufficient for achieving
highly efficient out-coupling of emission. Both parameters
initially increase and then decrease as the periodicity of the
lattice increases. In the experimental data (Figure 5e and f),
when P = 460 nm, with Δλ = 9 nm, the line width of quasi-
BIC1 resonance is 1.1 nm, suggesting that the maximum Q-
factor is ∼600, while the maximum PLE is ∼92 at P = 440 nm.
Simulation results (Figure 5k and l) show a maximum Q-factor
of 1000 at P = 480 nm with a corresponding maximum PLE of
∼180 at P = 460 nm. Note that the Q-factor and PLE do not
reach their maximum values at the same periodicity, possibly
due to the influence of the coupled MD-SLR. The resonance
wavelength of the RA resonance at the Γ-point and the
maximum PLE for quasi-BIC1 gradually redshift as P increases,
with the resonance redshift slope slightly larger than that of
quasi-BIC1. As a result, the wavelength difference (Δλ)
between the two resonances (black squares in Figure 5f and

Figure 4. Multipolar control of enhanced light emission. (a,b) The
wave-vector resolved emission enhancement corresponding to panels
a and d in Figure 2. (c,d) The measured and simulated emission
spectra for quasi-BIC1 obtained by cutting through the dispersion
curves in panels a and b. The experimental data points were fitted to a
curve and displayed in various colors in panel c. (e,f) Analysis of the
quality factors, photoluminescence enhancement (PLE), and the
normalized scattering cross-section of the multipoles as a function of
the incident wave-vectors around BIC1 resonances. The total, EQ,
MQ, and EDy components are depicted as solid circles in different
colors in panel f.
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l) gradually decreases and approaches zero. This observation
highlights the positive role of the resonance at the Γ-point in
enhancing the near-field of quasi-BIC1, which is achieved
through the collective coupling of EQ modes of the silicon
nanoparticles enhanced by in-plane diffraction (see the near-
field plots in Figure S10). This amplifies the field confinement
of quasi-BIC1 and enhances the PL emission from the dye
molecules in the surrounding environment. By employing the
concept of collective resonances, we can elucidate the
previously mentioned issue as well regarding the significant
variations in field intensity between quasi-BIC1 and quasi-BIC2.
Considering the out-coupling efficiency of an extended

emitting layer, we extracted the absorption enhancement of the
emitters from the measured PLE data. Our PLE measurements
show that in the off-resonance spectral region (Figure S8a), the
PL is enhanced by a factor of 1.4−2.2 (Figure S8b). This
enhancement arises from the excitation of localized Mie
resonance at the nanoparticles.28,30,31 The resonant energy is
more effectively absorbed by the dye molecules, leading to
increased PL. Accounting for this absorption enhancement,
our study achieves a remarkable maximum out-coupling
efficiency enhancement of ∼41-fold using quasi-BIC at a
defined wave-vector of k∥/k0 ∼ 0.025 (θ = 1.4°). To the best of

our knowledge, this directional emission enhancement
represents one of the highest reported in the literature for
extended emitting layers with a thickness beyond 100 nm
(Supplementary Table S1).23,28,30,31,39,41−46

In summary, our work successfully achieves directionally
enhanced vortex light emission from a layer of doped highly
efficient molecules covering low-loss c-Si metasurfaces in the
visible band. We extensively analyze and compare the mode
properties of dual-BICs arising from EQ and MDz resonances
in c-Si meta-atoms. The symmetric EQ resonance generates a
highly enhanced near-field outside the c-Si nanodisks, leading
to a significant increase in the optical LDOS of the extended
emitting layer. Additionally, we show that the Q-factor of the
EQ resonance-induced quasi-BIC can be finely tuned to 1000
in the visible band by coupling with RA, which further boosts
the near-field spatial overlap with the emitters and the emission
enhancement of quasi-BICs. Our findings have implications for
developing lighting, lasing, and sensing devices.
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Figure 5. Lattice control of enhanced light emission. (a−c) The wave-vector resolved emission enhancement spectra measured at P = 380, 420, and
460 nm. (d) The emission spectra for quasi-BIC1 obtained by cutting through the maximum PLE dispersion curves in panels a, b, and c. (e,f)
Varying the periodicity of the square lattice to tune the quality factors (orange triangles in panel e) corresponding to the maximum of PLE (orange
rhombus in panel f) in the dispersion for quasi-BIC1. The black circles and triangles in panel e represent the resonance wavelengths for quasi-BIC1
and RA, respectively, and the black squares in panel f represent their discrepancy (Δλ). (g−l) Simulation results corresponding to the
measurements in panels a−f.
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S1 Sample fabrication 

The monocrystalline silicon (c-Si) metasurfaces were fabricated on SOI wafers (ShinEtsu 

Inc.) using a "floating off" technique to transfer the nanoparticle arrays (NPAs) onto transparent 

quartz substrates (Figure S1).1 The fabrication process involved dry etching of c-Si NPAs on 

SOI wafers using electron beam lithography (EBL) patterning. A ∼500 nm thick polymethyl 

methacrylate (PMMA) layer was then coated on the NPA. The sample was immersed in 

hydrofluoric acid (HF) to etch the oxide layer of SOI, followed by transfer to deionized water. 

The c-Si NPAs enclosed in the PMMA slab floated on the water surface, and the soft PMMA 

slab was placed onto a quartz substrate. After drying in the ambient environment, the PMMA 

slab adhered to the quartz by baking the sample on a hotplate at 160 ℃ for 15 minutes. The 

PMMA slab was removed by immersing the sample in acetone and ethanol, resulting in the c-

Si metasurfaces on quartz. Finally, another 300 nm thick PMMA slab doped with 0.1 wt% DAEr 

dye was spin-coated onto the metasurface. The fluorescent dye was synthesized following the 

recipe described in the literature.2 

 

Figure S1 Schematic of the fabrication processes for preparing emitting metasurfaces combing c-

Si nanoparticle arrays and highly efficient dye molecules.  

 

S2 Optical characterizations 

We employed a home-built Fourier imaging setup (Figure S2), integrated with an inverted 

microscope (Nikon Ti2-U) equipped with a pair of objectives with the same optical parameters 

(Plan Fluor ELWD 60x, NA = 0.7, Nikon), to measure the extinction dispersion curves. The 

extinction spectrum of the sample is given by 1− T Treference⁄ , with T being transmission into 

forward direction from the NPA, and Treference is from the bare dye film. The collimated white-

    
    

     

                               

                      

                                 

                               

                          

    

      

                                     

                                

                     

                              

                          

                                       

                                     
              

      

      

    

             

                           

                                  

                                      

                       

                               



light beam was focused onto the sample through the objective (OL1), and the transmitted light 

was collected by the second objective (OL2). A Fourier lens (FL) replicated the back focal plane 

image (Fourier image) of the objective (OL2) to infinity. A tube lens (TL) focused this image 

onto the slit of the spectrometer (Shemrock 500i), which was coupled to an electron-multiplying 

charge-coupled device camera (EMCCD, iXon Ultra 888). A linear polarizer between the FL 

and TL determined the polarization of the light beam. 

 

Figure S2 Schematic of Fourier imaging setup for extinction dispersion curves measurement. 

OL: objective lens, FL: Fourier Lens, DL: delayed lens, TL: tube lens, LP: linear polarizer, PM: 

parabolic mirror, NA: numerical aperture, BFP: back focal plane. 

 

We carried out the PL dispersion using another Fourier setup (Figure S3). The sample was 

illuminated by a blue LED, and its spectrum was cut by a band-pass filter with a center wave- 

length of 450 nm and a line width of 10 nm. The emitted and scattered light from the sample 

was collected by the objective (OL) and filtered by a long-pass filter before being sent into the 

spectrometer. The emitted light with the selected wavelength was analyzed in the Fourier space. 

We continued to quantitatively investigate the emission pattern using the technique of Fourier 

imaging, i.e., back-focal-plane imaging. An objective with NA = 0.7 was used to collect the 

emission from the sample. An additional pair of lenses copied and sent the back-focal-plane 

image inside the body of the objective to the EMCCD. The PL intensity distribution PL (kx/k0, 

ky/k0 ) recorded at the back-focal-plane of the objective was transformed into the angular 

distribution of the PL intensity PL (θ, ϕ) following the equations:3 

    
  

  

    

            

       

     

  
  

   

     

      

      

     

      

   

   



                      PL(kx/k0, ky/k0) = PL(θ, ϕ) cos-1 θ (1) 

 kx =  sin θ cos ϕ            (2) 

ky =  sin θ sin ϕ            (3) 

where the standard apodization factor cos-1 θ  in equation (2) is introduced to preserve the 

projected energy on the back-focal-plane,4 k0 represents the wave-vector in free space, and θ 

and ϕ  correspond to the elevation and azimuth angles defined in spherical coordinates, 

respectively. The maximum elevation angle θ  for collecting the PL is determined by the 

numerical aperture (NA) of the objective.  

Its polarization is analyzed in terms of Stokes parameters (S0, S1, S2, and S3) by rotating a 

quarter-wave plate (QWP) relative to a fixed polarizer in front of the detector. For each given 

angle β of the QWP, the intensity of the emission signal can be calculated as a function of Stokes 

parameters as,5 

I (β, δ) =
1

2
{ S0 − (S1 cos 2β − S2 sin 2β) cos 2β

                                  + [(S2cos 2β − S1sin 2β)cos δ + S3sin δ]sin 2β}

             (4) 

where δ is the phase retardation angle of the QWP, the dispersion of which is calibrated by 

Thorlabs. The intensities here were recorded with the QWP rotated every 10° from 0° to 180°. 

This leads to an overdetermined equation system consisting of nineteen equation sets for 

solving four unknown parameters (S0, S1, S2, and S3). This approach minimizes the random 

errors for determining the azimuthal angle of QWP and polarizer. Consequently, it improves 

the accuracy of the polarization analysis. After obtaining the Stokes parameters, we can 

calculate the orientation angle ψ [ ψ = 
1

2
arctan(

S2

S1
), −

π

2
 ≤ ψ ≤

π

2
 ]  and the ellipticity 

angle χ [  χ = 
1

2
arcsin(

S3

S0
), −

π

4
 ≤ χ ≤

π

4
 ] of polarization ellipse. 

 

Figure S3 Schematic of Fourier imaging setup for measuring PL dispersion curves and Stokes 

parameters in momentum space. QWP: quarter-wave plate. 

 

   

     

      

            

     

          

     

      

    

   



S3 Numerical simulations and multipole decomposition 

Numerical simulations. All simulation data were obtained using a finite-difference time-

domain (FDTD) solver with the commercial package Lumerical. Plane waves were used to 

excite both extinction dispersion and near-field simulations. To simulate an infinite array, a 

single cell was employed with Bloch boundary conditions set in the in-plane direction. The 

refractive index and absorption coefficients of c-Si were determined using an ellipsometer.1 The 

quartz substrate and PMMA were considered non-dispersive media with refractive indices of 

1.45 and 1.49, respectively. Additionally, the multipole decomposition approach was applied to 

determine the Cartesian components of multipoles within the nanodisks based on near-field 

calculations. 

Angle-dependent emission spectra were simulated based on the Lorentz reciprocity 

theorem.6,7 Specifically, we calculated the enhancement factors of the electric field intensity in 

the molecules on the structure compared to off the structure. The metasurface was excited by a 

plane wave in the same direction as the measured emission signals. Considering the random 

distribution of molecular dipole orientations, the directional emission enhancement [IE(λ, θ, ϕ)] 

of the dipole sources was proportional to the calculated field intensity enhancement factors, 

IE(λ, θ, ϕ) =
∫ |E (x, y, z, λ, θ, ϕ)|

2
dV

V

∫ |𝐸ref (x, y, z, λ, θ, ϕ)|
2
dV

V

(5) 

where λ is the wavelength. The volume integrals specifically consider the region outside the c-

Si disk within a unit cell of the square lattice. 

 

Multipole decomposition. To assess the characteristics of different Mie scattering modes 

produced by the polarization of the c-Si metasurface under optical fields, we determine the 

Cartesian components of the multipoles excited within the nanoparticles using multipole 

decomposition with TE polarization. We employ FDTD to capture the electric field amplitude 

E within a unit cell of the metasurface under excitation by a plane wave. From this data, we 

calculate the scattering current density induced in the particles by the incident field, as 

expressed by the following equation 

𝑱 = ―𝑖𝜔휀0(휀―휀𝑑)𝑬 (6) 



Based on the scattering current density on the Cartesian basis, we calculate the electric, 

magnetic, toroidal dipole moments (𝑝𝛼 , 𝑚𝛼 , 𝑇𝛼), quadrupolar moments (𝑄𝛼𝛽
𝑒 , 𝑄𝛼𝛽

𝑚 ,  𝑄𝛼𝛽
𝑇 ),: 

 𝑝𝛼 =
𝑖

𝜔
∫ 𝑗𝛼𝑑3𝑟

𝑉
 (7) 

 𝑚𝛼 =
1

2
∫ (𝒓 × 𝒋)𝛼𝑑3𝑟

𝑉
 (8) 

 𝑇𝛼 =
1

10
∫ [(𝒋 ⋅ 𝒓)𝑟𝛼 − 2𝑟2𝑗𝛼]

𝑉
𝑑3𝑟 (9) 

 𝑄𝛼𝛽
𝑒 =

𝑖

𝜔
∫ [𝑟𝛼𝑗𝛽 + 𝑟𝛽𝑗𝛼 −

2

3
𝛿𝛼𝛽(𝒓 × 𝒋)]

𝑉

𝑑3𝑟 (10) 

 𝑄𝛼𝛽
𝑚 =

1

3
∫ [(𝒓 × 𝒋)𝛼𝑟𝛽 + (𝒓 × 𝒋)𝛽𝑟𝛼]

𝑉
𝑑3𝑟 (11) 

 𝑄𝛼𝛽
𝑇 =

1

42
∫ [4(𝒓 ⋅ 𝒋)𝑟𝛼𝑟𝛽 + 2(𝒋 ⋅ 𝒓)𝑟2𝛿𝛼𝛽 − 5𝑟2(𝑟𝛼𝑗𝛽 + 𝑟𝛽𝑗𝛼)]

𝑉
𝑑3𝑟 (12) 

where the spatial position in Cartesian coordinates is defined by 𝒓, so that 𝛼 (or 𝛽) refers to 𝑥, 

𝑦, 𝑧. In addition, we also consider the mean-square radii of the dipole or quadrupole 

(𝑀𝑎
⟨2⟩

,  𝑇𝑎
⟨2⟩

,  𝑄𝛼𝛽
𝑚⟨2⟩

 ) distributions: 

 𝑀𝑎
⟨2⟩

=
𝑖𝑤

20
∫ 𝑟2(𝒓 × 𝒋)𝛼 𝑑3𝑟

𝑉
 (13) 

 𝑇𝑎
⟨2⟩

=
1

280
∫ [3𝑟4𝑗𝛼 − 2𝑟2(𝒓 ⋅ 𝒋)𝑟𝛼] 𝑑3𝑟

𝑉
 (14) 

 𝑄𝛼𝛽
𝑚⟨2⟩

=
𝑖𝜔

42
∫ 𝑟2[(𝒓 × 𝒋)𝛼𝑟𝛽 + (𝒓 × 𝒋)𝛽𝑟𝛼]𝑑3𝑟

𝑉
 (15) 

Subsequently, we can calculate the scattering cross-section for the electric/magnetic dipole 

and quadrupole resonances for the c-Si metasurface by the following equations:1 

    𝐶𝑠𝑐𝑎
𝐸𝐷 =

𝑘0
4

6𝜋𝜀0
2𝐸0

2 ∑
𝛼

|𝑝𝛼 +
𝑖𝑘0𝜀𝑑

𝑐
𝑇𝛼 +

𝑖𝑘0
3𝜀𝑑

2

𝑐
𝑇𝛼

⟨2⟩
|2 (16) 

 𝐶𝑠𝑐𝑎
𝑀𝐷 =

𝜂0
2𝑘0

4𝜀𝑑

6𝜋𝐸0
2 ∑

𝛼
|𝑚𝛼 +

𝑖𝑘0𝜀𝑑

𝑐
𝑀𝛼

⟨2⟩
|2               (17) 
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where 𝐸0, 𝑘0 are the electric field amplitude and wave vector of the incident wave, respectively, 

and 𝜂0 is the impedance of free space. 

The scattering cross-section of the multipole under TE polarization is depicted in Figure 

S4. Panel a presents the normalized total scattering intensity, while panels b-f illustrate the EDy, 

MDx, MDz, MQ, and EQ resonances, respectively. These results align with Figures 2g and h in 



the main text. Quasi-BIC1 arises from the combined scattering contributions of EQ, MQ, and 

EDy resonances, with EQ being the dominant component. Quasi-BIC2 primarily originates from 

the MDz resonances, with negligible scattering contributions from MQ and EDy. 

 

 

Figure S4 Multipole decomposition. Normalized scattering cross-sections of multipole of 

samples with D = 200 nm and P = 405 nm under TE polarization, including the total scattering 

intensity (a), the scattering cross-section of EDy (b), MDx (c), MDz (d), EQ (e), and MQ (f), 

respectively. The BIC1 is marked by white-dashed circle in panel a from the scattering 

contributions of EQ, MQ, and EDy, while the BIC2 is indicated by white-dashed circle at long 

wavelength from the scattering contributions of MDz, MQ, and EDy. 

 

S4 Absorption enhancement and wave-vector resolved PL spectra 

To validate the measurement of the PL dispersion curve and the calculation of PL 

enhancement (PLE), we extracted the raw PL intensity spectra from the peak PLE at k‖/k0 = 

0.05 (Figure 4a). These spectra include the light-emitting metasurface and the bare dye film, as 

shown in Figure S5. At the quasi-BIC emission peak (λ = 623 nm), the photon counts for the 

metasurfaces and the bare dye film are 29540 and 6816 (magnified 10×), respectively. The 

measured maximum PLE is ~44 fold, aligning with the data presented in Figure 4c. 

         

   

           

       

   

   



 

Figure S5 PL intensity spectra of the emission from metasurface (red) and bare dye film (blue, 

magnified 10×) taken from PL dispersion curves at k‖/k0 = 0.05. 

 

Figure S6 The bright-field microscope image (a) and PL image (b) of array samples with fixed 

D of 200 nm and varying P from 360 to 540 nm. Scale bars: 50 µm. 

 
Figure S7 The wave-vector resolved PL spectra measurements of samples with fixed D of 200 

nm and varying P from 360 to 540 nm. 

 

The out-coupling efficiency of the extended emitting layer is influenced not only by the 

resonance metasurfaces but also by the absorption enhancement of the emitters to the pump 

beam. This enhancement is achieved through the excitation of localized Mie resonances on the 

nanoparticles using a focused pump beam at a center wavelength of 450 nm. The absorption 

enhancement can be quantified by analyzing the off-resonance spectral region in the PLE 
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spectrum, as depicted in Figure S8a. The off-resonance spectra in the range of 620-660 nm 

indicate the extent of absorption enhancement of the emitters. The absorption enhancement 

factors for different periods range from approximately 1.4 to 2.2, as summarized in Figure S8b. 

 

Figure S8 Pump absorption enhancement analysis. (a) PLE spectra taken from samples with P 

= 460 nm under normal incidence, the gray dashed box represents the off-resonant spectral 

region; (b) Absorption enhancement at P = 380-500 nm, equivalent to average PLE of the off-

resonant spectral region; (c) PL intensity spectra of the emission from metasurface (red) and 

bare dye film (blue, magnified 10×) from PL dispersion curves at k‖/k0 = 0.014. 

 

Figure S9 The wave-vector resolved PL spectra simulation of samples with fixed D of 200 nm 

and varying P from 360 to 540 nm. 

 

S5 Near-field intensity enhancement for quasi-BICs 

 

Figure S10 Multipole field intensity enhancement of quasi-BIC1 and quasi-BIC2. Top view of 

field intensity enhancement in the lattice for quasi-BIC1 (a) and quasi-BIC2 (b) at P = 405 nm, 

as well as quasi-BIC1 at P = 460 nm (c). Scale bars: 202.5 nm (a), 202.5 (b), and 230 nm (c). 
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S6 Polarization vortex emission surrounding dual-BICs 

We have obtained efficient quasi-BIC emission through multipole and lattice control. Here, 

we investigate the polarization vortex emission of quasi-BICs in wave-vector space. To 

accomplish this, we employed a PL Fourier imaging setup, as depicted in Figure S3, to measure 

the Stokes parameters of the PL emission in the k-space. The intensity distributions of quasi-

BICs in k-space are recorded using filters with central wavelengths of λ = 621 nm and 765 nm 

and a bandwidth of 10 nm. By optimizing the measurements of the Stokes parameters (see the 

details in S2), we can determine the polarization state of the emitted light at different 

frequencies. We calculate the normalized total PL intensity distribution S0 for BIC1 and BIC2 in 

the wave-vector space. Figures 3a and e show that both BICs exhibit a "donut" intensity 

distribution. At the polarization singularity (i.e., Γ-point, kx = ky = 0), where BICs are 

completely decoupled from the radiative continuum in free space and no far-field emission is 

generated, they exhibit a dark state. When departing from the Γ-point, the region corresponding 

to the quasi-BICs demonstrates a balanced radiation characteristic, indicating the features of 

symmetry-protected BICs. Additionally, we calculate the near-field intensity distribution in the 

wave-vector space for both types of quasi-BICs using the reciprocity theorem in FDTD, which 

is presented in the subsequent row of experimental results. All the salient features observed in 

the experiment are reproduced in the simulation results. Quasi-BIC1 exhibits a total intensity of 

S0 that is surrounded by four Rayleigh anomaly band lobes (indicated by white-dashed curves 

in the simulation data of Figure 3a), resulting in a roughly square-shaped far-field radiation 

pattern. 

We then shift our focus to the polarization characteristics of the bright ring surrounding 

the BICs. Both BIC1 and BIC2 exhibit intensity distributions in S1/S0 and S2/S0, indicating linear 

polarization in specific directions, namely, fully linear polarization in the horizontal, vertical, 

45°, and 135° directions. Notably, both types of quasi-BICs display the same polarization 

direction in S1/S0. However, in S2/S0, they exhibit opposite polarization states in the diagonal 

directions. The red region along the 45° polarization direction for BIC1 corresponds to the blue 

region along the 135° polarization direction for BIC2 in S2/S0, indicating the presence of linear 

vortex features of the two BICs in different directions. 



To determine the direction of the polarization vortex of the quasi-BICs, we calculate the 

directional angle ψ of the polarization state using the equation ψ = (1/2)arctan (S2/S1) and 

present it in Figures 3d and h. In the plot, the extreme value of ψ is represented in black, while 

the range of directional angles from 0° to 180° is depicted using red and blue colors. The white 

region corresponding to the Γ-point in wave-vector space indicates an undefined value of 

"NAN", suggesting the uncertainty of the BICs’ polarization at the Γ-point. Furthermore, the 

simulation results illustrate the vortex variation of linear polarization using grey double arrows. 

The polarizations of quasi-BIC1 and quasi-BIC2 complete one periodic rotation around a 

polarization singularity and return to the origin, demonstrating clear topological polarization 

characteristics. Thus, both of these quasi-BICs possess topological charges. The topological 

charges of BIC1 and BIC2 are calculated as − 1 and + 1, respectively, using the equation          

q =
1

2π
∮ dk

C
∙ ∇ψ,8 as the polarization vector of the two BICs rotates around the singularity in 

opposite directions. 

In addition, we investigated the circular polarization characteristics by measuring and 

simulating S3/S0, which represents the degree of circular polarization, and the ellipticity χ. Due 

to the fully C2 symmetric nature of the metasurfaces, the PL emission from the two symmetry-

protected BICs is predominantly linearly polarized without circular polarization components. 

This results in a very small value of 0.1 for S3/S0 (Figures S11a and d), probably due to the 

mirror symmetry breaking of the structure under oblique incident angle. The ellipticity, χ, 

calculated from the experimental results by χ = (1/2)arcsin(S3/S0) , also indicates a weak 

polarization distribution for both BICs, as shown in Figures S11b and e. Similarly, the 

simulation results demonstrate an undetermined polarization state at the Γ-point representing 

the BICs, with a negligible circular polarization component observed in the vicinity of the BICs 

(Figures S11c and f). 



 

Figure S11 Stokes parameter S3/S0 and ellipticity of PL in k-space for Circular polarization 

emission. The measured (a) and simulated (c) of BIC1 bands correspond to the Stokes 

parameters S3/S0 representing the circular polarization characteristics, and the BIC2 bands 

correspond to panels (d) and (f), respectively. Panels (b)(e) show the ellipticity angles χ 

calculated from panels (a) and (d). 

 

S7 Comparison of directional emission enhancement characteristics with the reported 

results from literature 

 

Table S1 provides a summary of representative research efforts in the past decade focused 

on enhancing out-coupling efficiency of the extended emitting layer. The table includes studies 

involving Ag and Al nanoparticle arrays that support plasmonic resonances, as well as dielectric 

nanostructures exhibiting Mie resonances (e.g., Si, TiO2, and GaN). Note that the results 

presented in this work are in bold. Previous reports (Ref.17-20) have demonstrated PL 

enhancements of up to ~103, but these enhancements are not solely attributed to directional 

emission provided by the structures. Specifically, the directional emission enhancements 

achieved in Refs. 10, 12, and 16 are only around 10-fold. In contrast, our work has achieved a 

directional emission enhancement that is increased up to four times through the control of 

multipole resonances and lattice periodicities. The maximum directionality enhancement 

attained in our study is approximately 41-fold, thereby advancing the development of efficient 

micro and nanoscale light sources as well as low-threshold lasers.  

    

 

   

    

 

        

 

    

 
 
   
 
 

     

    

 

   
           

    

 

   

    

 

        

 

    

 
 
   
 
 

          
       

          
       

    

    

          
       

    

 

   

     

    

    

    

    

    

    

   

   



 Table S1 A comparison of the PL enhancement characteristics with literatures 

 

Structures Resonances 
Integrate 

emitters with 
structure 

Emitting 
layers 

Emission 
wavelength 

Directional 
emission 

enhancement 
(PLE) 

Reference 

c-Si 
nanoparticle 

arrays (NPAs) 
Quasi-BICs 

Covering the 
NPAs with 

emitters 

300 nm 
dye film 

675 nm 
41-fold 

(92-fold) 
This work 

Quartz hole 
arrays 

Quasi-BICs 
Fill the holes 
with emitters 

30 nm 
perovskite 

films 
539 nm (17-fold) 9 

Al nanoparticle 
arrays 

Plasmonic 
SLRs and 

quasi-guided 
modes 

(QGMs) 

Covering the 
NPAs with 

emitters 

650 nm 
dye film 

608 nm 
10-fold 

(60-fold ) 
10 

Al nanoparticle 
arrays 

Plasmonic 
SLRs and 

QGMs 

Covering the 
NPAs with 

emitters 

700 nm 
dye film 

638 nm (14-fold) 11 

Poly-Si  
nanoparticle 

arrays 
Mie SLRs 

Covering the 
NPAs with 

emitters 

300 nm 
dye film 

640 nm 10-fold 12 

a-Si 
nanoparticle 

arrays 

Mie 
resonances 

Covering the 
NPAs with 

emitters 

3 nm 
quantum 

dots 
790 nm (1.45-fold) 13 

Polymer 
nanoparticle 

arrays on DBR 
mirror 

Mie 
resonances 

Covering the 
NPAs with 

emitters 

~ 10 nm 
perovskite 

nanocrystals 
650 nm (16-fold) 14 

Si nanoparticle 
arrays 

Mie SLRs 
 

Placing the 
NPAs on glass 

substrate 

defects of 
glass 

850 nm 
4-fold  

(28-fold) 
15 

TiO2 
nanoparticle 

arrays 

Rayleigh 
anomaly  

Placing the 
NPAs on 
phosphor 
substrate 

105 m 

phosphor 
substrate 

520 nm 12-fold 16 

GaN 
nanowire array 

Hybrid of 
Guiding 

modes and 
Mie 

resonances 

Embedding 
the emitters 
inside the 
nanowires  

3 nm InGaN 
Quantum 

wells 
540 nm (100-fold) 17 

a-Si nanogap 
arrays 

Mie 
resonances 

Filling the 
monolayer in 
the nanogap 

Monolayer 
molecules 

530 nm 
2.45-fold  

(1200-fold) 
18 

a-Si hole array 
Mie 

resonances 

Embedding 
the emitters 
inside the 

metasurface 

8 nm 

Ge quantum 
dots 

1507 nm (1097-fold) 19 

a-Si 
nanoparticle 

arrays 
Quasi-BICs 

Embedding 
the emitters 
inside the 

metasurface 

30 nm Er-
doped silica 

1540 nm (100-1000 fold) 20 

Disordered Ag 
nanoparticles 

Plasmonic 
resonances 

Placing the 
particles on 

emitting layer 

Commercial 
blue LED 

450 nm (~1.7-fold) 21 

Ag 
nanoparticle 

arrays 

Plasmonic 

SLRs 

and Fabry-
Perot cavity 

Placing the 
emitting layer 
on top of the 
planarized 

NPAs 

Commercial  
OLED 

450 nm, 530 
nm, 630 nm 

(~ 2-fold) 22 
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