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Abstract

Formation and dynamic control of strong coupling among cavities are essential to realize advanced functional
photonic and quantum circuits. Especially for cavities at distant distance or arbitrary locations. Conventional
approaches suffer from short coupling distance, poor controllability, fixed locations and low wavelength uniformity,
significantly restricting the scalability of photonic and quantum networks. Here, we exploit the intrinsic advantages of
optical bound state in the continuum (BIC) and demonstrate an all-in-one solution for long-range coupled cavities. BIC
metasurface can support a series of finite-sized quasi-BIC microlasers at arbitrary locations. The quasi-BICs microlasers
have the same wavelength and are inherently connected through BIC metasurface. Consequently, the coupling
distances in experiment increase significantly from subwavelength to tens of micrometers. Such long-range
interaction in BIC metasurface enables scaling to two-dimensional architectures and ultrafast control of internal laser
actions, e.g., non-Hermitian zero-mode lasing. This research shall facilitate the advancement of scalable and

reconfigurable photonic networks.

Introduction

Coupled arrays of advanced photon sources are critical
to advances in optical computing and quantum informa-
tion processing'~’. Such arrays usually consist of a large
number of micro- or nano-sized cavities linked with their
mutual coupling. Over the past decades, there has been
rapid progress in individual photonic devices. High quality
(Q) factors, small effective mode volume, and the corre-
sponding light-mater interactions have been intensively
explored in both classical and quantum regimes® "
Nonetheless, the scaling from discrete sites to large-scale
photonic or quantum networks, is strongly hampered by
the short interaction distance. Tight confinement of light
in each resonator improves the performance of individual
nanophotonic devices, but also strongly limits its coupling

Correspondence: Can Huang (huangcan@hit.edu.cn) or

Qinghai Song (ginghai.song@hit.edu.cn)

"Ministry of Industry and Information Technology Key Lab of Micro-Nano
Optoelectronic Information System, Guangdong Provincial Key Laboratory of
Semiconductor Optoelectronic Materials and Intelligent Photonic Systems,
Harbin Institute of Technology, Shenzhen, China

Pengcheng Laboratory, Shenzhen, China

Full list of author information is available at the end of the article

These authors contributed equally: Haijun Tang, Can Huang.

© The Author(s) 2025

to adjacent nodes within a fraction of wavelength®™”.
Several recent techniques utilizing zero-refractive index
materials'?, hyperbolic metamaterial %, and Weyl point in
engineered nanostructures'® have demonstrated the the-
oretical potential to improve the coupling distance and its
dynamical control. Practically, they still face the severe
challenge of the trade-off between coupling range and
strength'*. One exception is the waveguide that can
extend the interaction range far beyond evanescent field
without compromising the strength'>'®, However, con-
ventional waveguides are limited to one-dimensional
configuration, and the resonators involved typically have
fixed locations and suffer from inevitable wavelength
detuning, severely restricting the realization of reconfi-
gurable and scalable networks.

In searching for strategies for controllable long-range
coupling mechanism, we turn to the optical bound state in
the continuum (BIC)'”. BIC refers to the state that
remains localized despite residing in the continuum
spectrum of radiation. Optical BICs have been intensively
studied in a variety of nanophotonic structures due to
their extremely high quality (Q) factors and unprece-
dented capability in controlling the topological structures

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Light Sci Appl | 2025 | Vol 14 | Issue 10 | 2991 LSA



Tang et al. Light: Science & Applications (2025)14:278

in momentum spacelg*zl. In principle, BIC require the
engineered nanostructures to be infinitely large in at least
one dimension'”””, This requirement is generally regar-
ded as a major drawback of BIC, seriously affecting the
integration density and internal light-matter interaction of
BIC devices. The inherent advantages of optical BIC in
long-range interactions and coupled photonic arrays,
however, have been simply overlooked for a very long
time. Here, we take quasi-BIC microlaser as an example to
demonstrate a new platform for controllable long-range
coupling and scalable photonic circuits. We show that the
BIC metasurface enables two-dimensional coupling with
arbitrary resonator placement and uniform wavelengths,
overcoming the constraints of coupling distance and
strength in traditional methods.

Results
The working principle of distant coupling

The schematic of our metasurface is depicted in Fig. 1a.
It is composed of an active membrane with a thickness
h; =100 nm on a glass substrate. The membrane is cov-
ered with a 150 nm polymer film that is periodically pat-
terned with square-lattice air holes. The lattice size and
diameter of hole are [/=333nm and D =167 nm,
respectively. For the case of infinite period, numerical
simulation (see Methods and Supplementary Note-1)
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reveals that two resonances with transverse magnetic
(TM, where E is perpendicular to the plane) polarization
appear within the gain spectrum of active layer (shadowed
area in Fig. 1b). The lower branch corresponds to the
well-known symmetry-protected BIC at I'-point. The
coherent destruction of scattering waves confines elec-
tromagnetic field as guiding waves in the active mem-
brane. As a result, the Q factor increases exponentially
approaching I'-point and reaches a maximal value of 10'°
(Fig. 1c¢).

The ideal BIC degrades to quasi-BIC when the meta-
surface is excited by a laser beam of finite size (Supple-
mentary Note-1)'". The electromagnetic waves at the BIC
wavelength are amplified and lasing in the pump regions.
Such quasi-BIC microlasers produce vector beams in the
vertical direction. Their in-plane radiations are less con-
fined and propagate to distant places through the non-
radiative BIC mode (top panel in Fig. 1d). The situation
becomes very intriguing when two or more pump beams
are applied (bottom panel in Fig. 1d). Different from
conventional photonic systems, the quasi-BIC microlasers
are defined by the external excitations and can be gen-
erated at arbitrary locations of BIC metasurface. On one
hand, the laser systems can be easily reconfigured. On the
other and, their operation wavelengths are determined by
the lattice size and are naturally the same. Such quasi-BIC
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Fig. 1 Interactions between quasi-BIC microlasers. a Schematic of the BIC metasurface. Inset shows the near-field mode profile in x-z plane.

b Band structure of the BIC nanostructure. The gain spectrum is marked with a shadowed area. ¢ Q-factors of resonances within the gain spectrum.
d Schematic of long-range photon propagation (top) and long-range interaction (bottom) via BIC waveguide. (e, f) Show the real and imaginary parts
of the eigenvalues of two coupled quasi-BIC resonators. For simplicity, we define wo = 0,y, = 4, Joa = Jap = 1, Ka = K = 3.4. The lasing threshold is
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microlasers are inherently linked with the non-radiative
BIC mode. Then the trade-off between coupling range
and strength is simply broken and a complex network can
be constructed in the two-dimensional BIC metasurface.
Therefore, BIC metasurface can be an ideal platform
scalable and reconfigurable photonic circuits.

For simplicity, we consider the interaction between two
quasi-BIC microlasers. When the excitation is not far
above the laser threshold, the gain saturation is absent and
the interaction can be expressed as:

d

id—j: woa +i(y, — Ka)a + Jpab (1a)
db

i = wob+i(yy — )b+ Japa (1b)

Here a and b are the amplitudes of two quasi-BICs with
the same angular frequency of wy. y,, and x,, represent
the gain and loss coefficients, respectively. The coupling is
mediated by the BIC waveguide and its coefficients are
defined as J,, and J,, (here we set J,, = Jp, = /). Then
the eigenvalues are given as:

0: = @0+ i(y g —K) £/ = (877 )
where Ay = (7, = 74)/2 Yayg = (Ya +7,)/2 and k, =
kp = k. The entire system operates as a single quasi-BIC
microlaser when y, is tuned only and y, is fixed as zero.
The coupling occurs when the gain coefficients y,, is kept
at above the threshold and y, becomes nonzero. With the
increase of y,, the imaginary parts of eigenvalues (/m(w.))
approach one another and merge at Ay = J, whereas the
real parts (Re(w.)) remain at their initial values and
bifurcate (Fig. le, f). Then the coupled quasi-BIC
microlasers can be considered as a quasi-parity-time
symmetric system and reaches the exceptional point (EP)
at Ay = J>7%,

In the BIC metasurface, only the waves propagating to
beam B are involved in the mode interaction (Supple-
mentary Note-1). The other outgoing waves only con-
tribute to optical loss and give a relatively large loss factor
k. As a consequence, EP can appear at relatively large y,,,
and below the threshold line. One example is illustrated in
Fig. 1f). The imaginary part of the lasing mode (Im(w) > 0)
decreases with the increase of gain coefficient at beam B
(y,) and eventually both /m(w.) are below the threshold
line (the shadowed region). This process corresponds to
the well-known phenomena of lasing self-termination and
even lasing death®”’. Further increases of y, can make
the coupled system lase again (/m(w.) > 0). Under such a
situation, the bifurcation in real parts (Re(w.)) lead to an
obvious mode splitting in emission spectrum (Fig. le).
Therefore, the lasing self-termination and mode splitting
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can be two important criteria for exploring and deter-
mining the interaction of quasi-BIC microlasers.

Experimental demonstration of long-range coupling at BIC
Based on the above analysis, we have fabricated the
designed BIC metasurfaces on a K9 glass substrate with a
standard electron-beam (E-beam) lithography process
(see Methods and Supplementary Note-2)***". Periodic
air holes are patterned in a 150 nm E-beam resist E-beam
resist (ZEP520A) and the optical gain is provided by the
underneath Quasi-2D perovskite (N,Fg) film with a
thickness of 100nm. The overall sample size is
100 x 100 um®. Figure 2a depicts the top-view scanning
electron microscope (SEM) image of the BIC metasurface.
Similar to the thicknesses, both the hole diameter and the
lattice size follow the design well. Then BIC mode and the
corresponding lasing actions can be expected.

The optical characteristics of BIC metasurface are
explored by exciting it with a frequency doubled femto-
second laser under a home-made pump-probe system (see
Methods and Supplementary Note-3). The yellow solid
lines in Fig. 2b summarize the recorded emission spectra
under different pump fluences of beam A only (P4, here
Py =0). The diameter of excitation beam is fixed at D=5
pm in this research. Broad photoluminescence peak is
achieved at low pump fluence and a sharp peak emerges
when P, is around 250 nJ cm™. The sharp spike slightly
shifts to shorter wavelength due to the band filling effect
(left panel in Fig. 2c). Its intensity increases dramatically
and dominates the spectrum at higher pump fluence.
Such behaviors are associated with the slope change in
log-log plot of light-light curve (left panel in Fig. 2d) and a
donut beam appears in far field (inset in Fig. 2d). All these
observations confirm the quasi-BIC microlaser with a
threshold of Py, =250 nJ cm™ in our metasurface. Then
the location of excitation beam varies and the corre-
sponding lasing actions are recorded. The good uni-
formity in both lasing wavelength and threshold are
confirmed experimentally (Supplementary Note-3). The
quasi-BIC laser mostly propagates in-plane along x- and
y- directions (inset of Fig. 2d) and has restricted loss.
Therefore, BIC metasurface can be an ideal platform to
explore the proposed distant interaction.

Then we fix the power of beam A at P4 =1.2 P;;, and
turn on beam B, which is 30 pm (center to center dis-
tance, d,p) away from beam A along x-direction. While
two beams are widely separated (~50\), we can still see
the changes in lasing characteristics with the increase of
pump power Pp. The emission wavelength shifts to
shorter wavelength and the emission intensity decreases
with the total pump fluence (P, = Pa + Pp) (blue solid
lines in Fig. 2b). When Py is above 0.6 Py, the lasing mode
disappears and only a broad photoluminescence remains.
The broad photoluminescence peak above the laser
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Fig. 2 Long-range coupling between dual quasi-BIC microlasers. a Top-view SEM image of the perovskite-based BIC metasurface, featuring a
square-lattice nanohole array patterned in ZEP520A resist. b Emission characteristics under varying pumping intensity: the yellow solid lines display
the emission spectrum of an isolated quasi-BIC microlaser, while the blue solid lines show spectral evolution with increasing pumping intensity of
beam-B (with beam-A fixed at 1.2 Py,). ¢ Two-dimensional spectral mapping comparing single-beam and dual-beam pumping conditions. The

theoretical fit employs these parameters: Re(wp) = 3462 THz, y, = 16 THz, 0 < y,, < 16 THz, /=4 THz, k= 14 THz. d Integrated output intensity versus
pumping intensity for both single-beam (yellow) and dual-beam (blue) operation modes. Insets present corresponding near-field and far-field profiles
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threshold is well preserved over a large power range of Pg
from 0.6 P,;, to 0.85 Py, (1.8 Py, < P,pa < 2.05 Pyy,). With a
further increase of Pg, the lasing peak re-emerges and a
doublet can be clearly seen in the emission spectrum. The
wavelengths and intensity of lasing modes are summar-
ized in right panels of Fig. 2c, d. The reduction in inten-
sity, disappearance of lasing mode, and mode spitting can
be more clearly seen, consistent with the theoretical
model of lasing self-termination very well. Due to the
relatively large power difference between the two beams,
we note the exceptional point (EP) was submerged within
the lasing self-termination region. In fact, the virtual EP in
the PT-symmetric system can be approached by adjusting
the relative power difference between the two beams
(Supplementary Note-5). Meanwhile, the separation dis-
tance d4p = 30 pum is orders of magnitude larger than the
carrier diffusion length in perovskite film**, The long-
range interaction between two quasi-BIC microlasers can
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thus be confirmed. Besides, we found that even if both
pump beams are below the threshold, coupled lasing
emission can still occur when their distances are close
(Supplementary Note-4).

Quasi-BIC microlasers are defined by excitation beam at
arbitrary locations of metasurface. Then the coupled
system can be reconfigured by changing the separation
distance between two beams and the maximal coupling
distance can be experimentally determined. Here two
beams reach the sample simultaneously and their pump
fluences are 1.2 P, and 0.8 P, respectively. We experi-
mentally vary the position of beam B along x-direction
and all the results are summarized in Fig. 3a. Two pump
beams are obviously separated when d4p is larger than
9 um. Under such a situation, strong coupling occurs and
a lasing doublet can be observed. With the increase of
dap, two lasing modes approach one another and gradu-
ally disappear at d4p > 30 um. The lasing peak reappears

LSA



Tang et al. Light: Science & Applications (2025)14:278

Page 5 of 9

~
a Atag = Ops
70 34
65.43 pm

12

0
a702um]? =
50 . um_ 2 5
3 @,
- 44 <
_é'g 12.52 um 1, 5
c
30 0 £

44

7.93 um

\) u ] 2

10 . L 0

540 542 544 540 542 544 546

Wavelength(nm) Wavelength (nm)
\

b dg = 30um

Fig. 3 Tunable long-range coupling between two quasi-BICs. a Distance-dependent coupling control. Left: Two-dimensional spectral map
showing emission as a function of beam separation (dag). Right: Emission spectra at selected distances dag = 7.93 um, 12.52 ym, 37.02 um, 65.43 pm.
b Delay-dependent coupling dynamics. Left: Two-dimensional spectral map versus time delay (At4p) between excitation beams. Dashed curves
represent theoretical fits based on coupled-mode theory. Right: Emission spectra at key delays (Atag =-30 ps, 0 ps, 20 ps, 42 ps)

42 ps’]

A
PV

4

2

0
20ps]4 5
0 12 8
RS 0
K 0ps’] 4=
| 12 2

0

-30 ps ] 4

42

A\ 0

-40 1 1
540 542 544 540 542 544 546

Wavelength (nm) Wavelength (nm)

at dsp>45 pm. It becomes a single mode again and its
intensity gradually increases with d4p. All these observa-
tions are also attributed to the mode interaction. In
experiment, the propagation in perovskite film is affected
by the material loss and exponentially decay with the
distance. Taking the position dependent J into accounted,
the eigenvalues have been calculated and plotted as
dashed lines in Fig. 3a. Both the doublet at short distance
and the lasing self-termination phenomenon can be
reproduced (Supplementary Note-4). When the separa-
tion distance d4p is above 60 um, we find that the emis-
sion intensity of coupled system saturates at the value of a
single microlaser with a pump fluence of 1.2 P,. This
shows that the lasing self-termination effect is negligibly
small at dyp > 60 um. Then we know that the quasi-BIC
microlasers can at least interact each other with a
separation distance up to ~ 110A. Notably, since the
finite-size effect influences the quality factor of quasi-BIC,
also the coupling distance. We observed that a larger spot
size leads to a longer coupling distance between the quasi-
BIC resonators (Supplementary Note-1 and Note-4).
Another important feature between long-range inter-
action from evanescent coupling is its dynamic controll-
ability. According to Eq. (2), the eigenvalues of hybrid
states can also be controlled with the difference in gain
coefficients of two quasi-BICs (Ay = (yafyb) /2). In
principle, the gain coefficients y, and y, are closely
related to the population inversion. For the case of
ultrafast excitation, it is essential to note that y, and y,
are no longer time invariant. Instead, they change as a
function of time due to the evolution of population
inversion after the ultrafast excitation (Supplementary
Note-5). As a consequence, even though the fluences of
two excitation beams are fixed, the difference in gain
coefficient (Ay) can still be time dependent if they reach

the sample at different time. This simply triggers the
possibility of dynamically controlling the distant coupling
with a delay time between two beams (At p =t — 4, the
negative value means that beam B arrives earlier).

Then we verify this possibility in experiment. Here two
beams are separated with a distance of dsp =30 um and
their fluences are fixed at 1.2 Py, and 0.8 Py, respectively.
The delay time At4p is controlled by a delay line (Sup-
plementary Note-3). The emission spectra at different
At4p have been recorded and analyzed in Fig. 3b. The gain
coefficient (Ay) increases as a function of At,p. According
to Eq. (2), the interaction between two modes increases
too and the lasing self-termination phenomenon occurs.
This analysis has been experimentally confirmed with the
trend of laser intensity. It decreases with the increase of
At,p at the beginning. Further increase of At,z can fully
suppress the lasing mode at At g = —4.5 ps, leading to the
well-known lasing self-termination effect. Similarly, the
lasing mode reappears at At,p > 5 ps and an obvious laser
doublet can be seen. Therefore, we confirm that the long-
range interaction in our metasurface can be dynamically
and ultrafast controlled. The corresponding emission
spectrum can be switched from single-mode laser emis-
sion to photoluminescence and mode splitting within a
delay time around 10 ps.

Multiple coupled quasi-BIC microlasers and the ultrafast
control

One BIC metasurface is able to support a series of
quasi-BIC microlasers with near-zero detuning at arbi-
trary locations. This characteristic associated with the
long-range reconfigurable interaction, enables the cou-
pling between multiple nodes. In this sense, although
there is no topological origin in the structure, the long-
range coupling properties of BIC metasurface allow us to
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conveniently study more non-Hermitian (NH) topological
optical phenomena. Compared to topologically protected
edge states, the NH zero modes protected by non-
Hermitian particle-hole symmetry are not restricted to
interfaces and can be excited in different regions of a
coupled photonic array, including both the bulk and
edges®. In other words, by pumping different sites of the
BIC metasurface, we can generate the zero modes in
coupled quasi-BICs with designed coupling coefficients.
Due to experimental setup limitations, here we take the
three-site interaction as examples to illustrate this
potential. In principle, the system can be described with a
3 x 3 non-Hermitian Hamiltonian:

wo + i()/a - ka) ]ub ]ac
H= Jba wo + i(y, — kp) Joe
]ca ]cb @0 + l(Yc - kC)

where y; and k; (i = a, b, ¢) are the gain coefficients and
loss factors of each resonator, J;(i,j = a, b, c;i#j) are the
coupling factor between different resonators. We first
consider a simple co-linear configuration of three-body
interaction, where beam C locate in the middle between A
and B. Figure 4a, b show the eigenvalues as a function of
Y. (See details in Supplementary Note-6). When y, < 2.2
(y, < k¢, below the threshold), only imaginary part of w,
exceeds zero, and the real part of w, situated between w;
and w3, indicating that the system entered in the zero-
mode lasing region. With the increase of y,, the real parts
of the eigenvalues separate into three distinct values at
large y, while the imaginary parts of all eigenvalues
remain positive, indicating the occurrence of three-mode
lasing.

In contrast to evanescent coupling between traditional
optical cavities, the long interaction distances allow indi-
vidual control of pump intensity and their relative delay
time (Atap, Atsc, Atpc), enabling the precise control of
zero-mode lasing action. In experiment, we set the pump
intensity of the three beams as Py = Py =Pc=1.1 Py, and
their separation distances are set as dyc=dpc =15 pm.
The coupled system produces three lasing peaks when
three beams pump the sample simultaneously, i.e., —10 ps
< Atyc<10ps, as seen in Fig. 4d, e. Then we adjust
the time delay between the middle beam (beam C) and the
other two beams (At,z = 0 ps and Aty = Atpc) to explore
the lasing behaviors. The whole emission spectrum is
summarized in Fig. 4e. For the case of At c< —10 ps, the
gain of beam C (y,) is small since beam C pumping the
sample earlier than the other two beams, consequently,
the system entered in the zero-mode lasing region. As
shown in bottom panel of Fig. 4d, e, three lasing peaks
collapsed into the central single mode. When beam C
pumping the sample later, (i.e., At4c> 10 ps), the excited-
state carriers generated by beam C gradually decay, the
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dominant interaction occurs between A and B. It can be
seen that only the split double peaks appear in the spec-
trum, and the spectrum exhibits a blue shift due to the
band renormalization caused by the gain carriers gener-
ated by beam C.

In addition, to rule out the emission spectrum is caused
by large detuning between the resonators, we further
verified the emission spectra of the three beams when
pumped individually and coupled in pairs, as shown in
Fig. 4f. When the three beams are pumped individually
(labeled as A, B, C in the figure, respectively), only single-
mode lasing emission exhibited, while when two beams
pumped, the system exhibits a split double peak, indi-
cating the strong coupling between any two resonators.
Notably, the splitting is relatively small for beam A and
beam B pumped simultaneously (labeled as AB in the
figure) compared to the situation of AC and BC due to the
furthest distance between A and B. Furthermore, when
the three beams are pumped simultaneously (labeled as
ABC, At c= —0.6ps), the system shows two additional
peaks on either side of the original single-mode peak,
forming three-mode lasing. When C is pumped earlier
than A and B (labeled as ABC, Atyc = —29 ps), the cou-
pled three-mode laser degenerates into a single-mode
laser, and the position of the single-mode lasing peak
almost coincides with the original single-beam pumping,
once again confirmed that the system lasing at zero-mode.

Finally, since the symmetry protected BIC resonant
along both I'-M and I'-X direction near I' point, the two-
dimensional BIC metasurface allows for more complex
coupling compared to one-dimensional waveguides. We
show that when the three sites are not collinear, the
system can still maintain a coupled state and achieve
dynamic switching between three-body coupling and two-
body coupling by adjusting the delay (Supplementary
Note-7). All these experimental results demonstrate the
advantage of distant coupling in a BIC metasurface, which
facilitates the realization of large coupled laser arrays.
Notably, for more complex networks, additional direction
coupling may be required. In practice, our etching-less
fabrication process can be extended to higher-order
symmetric structures, such as Cgy symmetric structures
(Supplementary Note-1). This advancement holds great
potential for large-scale optical computing and reconfi-
gurable photonic neural networks.

Discussion

In summary, we demonstrate that BIC metasurface can
function as an ideal platform for the controllable long-
range interaction. The uniform lasing wavelength and
two-dimensional BIC metasurface greatly increase the
interaction distance up to tens of micrometers, which
introduces the dynamic control of mode coupling and
enables the construction of scalable and reconfigurable
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photonic circuits. Our concept can be extended to a large
array of coupled microlasers and even passive cavities. It is
thus able to empower the researches of topological pho-
tonics®®??, supersymmetry*®*', reservoir computing®”’,
and quantum network®” with precisely controllable cou-
pling constants.

Due to experimental setup limitations, in this paper we
only demonstrated the three-site interaction as an
example to illustrate long-range interactions among
multiple nodes. Future work should overcome limitations
in material losses and adopt scalable fabrication techni-
ques like nanoimprinting to achieve longer coupling dis-
tances while maintaining strong interactions, thereby
enabling scaling to larger networks. Additionally, inte-
gration with topological photonic structures may create
much more functional hybrid systems combining our
platform’s reconfigurability with topological protection.
Ultimately, this research represents a new paradigm for
scalable coupled systems, bridges the gap between nano-
photonic integration and large-scale programmable net-
works. and shall revolutionize the optical computing and
quantum information processing.

Materials and methods
Numerical simulation

The band structures, Q-factors, and the corresponding
field pattern were calculated with a finite-element method
using commercial software (COMSOL Multiphysics).
Periodic boundary conditions are applied in the x- and y-
directions to mimic the infinite large periods. Perfectly
matched layers are used the z direction to fully absorb the
outgoing waves. Optical constants of the active layer and
top polymer are obtained from experimental results of
Quasi-2D perovskite and ZEP520A resist, which are
measured by ellipsometry. The refractive index of glass
substrate is set as 1.45.

Sample Fabrication

The BIC metasurface is fabricated on a 13nm ITO
coated glass substrate by a combined process of spin-
coating of Quasi-2D perovskite film and electron
beam lithography. The precursor solutions of N,Fg
((NMA),FA,_{Pb,Brz, 1, n = 8) was prepared by solving a
25% molar ratio of 1-naphthylmethylamine bromide
(NMABr) into a mixture of HC(NH,),Br (FABr) and
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PbBr, (1:1 ratio) in DMF at 0.4 M and stirred at 60 °C for
12 h. The mixtures were then spin-coated on the ITO
layer at 5,000 r.p.m. for 30 s. During spin coating, 0.3 ml of
ethyl acetate was dropped onto the perovskite precursor
layer. The substrates were baked on a hotplate at 85 °C for
15 min. Then 100 nm ZEP520A was spin-coated onto the
film and patterned with electron-beam lithography (Raith
e-LINE). After developing in N50 for 60 s, the metasurface
was eventually achieved.

Optical characterization

The sample was optically excited by a frequency-
doubled Ti:Sapphire laser (400 nm, repetition rate 1 kHz,
pulse width 100 fs). The incident laser was first divided
into three beams, two of which passed through two delay
lines respectively. Three beams were then combined and
focused onto the surface of the sample using an objective
lens (40X, NA =0.65). The spatial positions and delay
times of three beams are controlled by spatial deviations
and delay lines, respectively. The experimental details
have been summarized in Supplementary Note-3.
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