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1 Detailed material and structure design

We begin by detailing the material composition and structural design of our InP-based twisted
bilayer metasurface system. Notably, our structure features two symmetric membrane sheets
made from InGaAsP multiple quantum wells (MQWs) suspended in air, with each sheet pat-
terned by square-lattice periodic air holes defined by the lattice constant a, hole radius r, and
membrane thickness /. The two sheets rotate and overlay as a twisted bilayer system, depicted

by twist angle 6 and gap distance g.

Each suspended membrane is composed of an upper cladding layer (246.5 nm InGaAsP),
an active region (129 nm in total), and a lower cladding layer (246.5 nm InGaAsP). The active
region consists of six compressively strained InGaAsP quantum wells (7.5 nm thick each) and
seven lattice-matched, tensile-strained barriers (12 nm thick each). Beneath the MQWs lies a
1000 nm GalnP sacrificial layer, which is removed via wet etching to suspend the structure.
The air holes are etched completely through each slab, maintaining z-axis symmetry in both
layers. We design the metasurface with 50 X 50 air holes at a lattice constant a = 540 nm with
the depth and radius of the circular hole being 4 = 622 nm and » = 153 nm, respectively. The
gap distance between the upper and lower sheets is designed as g = 100 nm. As mentioned in
the main text, the twist generates a Moiré pattern, leading to the formation of a supercell with
a real-space size L = Na (Fig. 1d). The twist angle 6 determines the size of the supercell as
N = 1/(V2sin(8/2)). At a twisted angle of 22.62° in our design, the supercell size of the Moiré
pattern is 5/ V2a x 5/ V2a.



2 Quadratic and isotropic dispersion of Moiré supercell

When twisted metasurfaces form a Moiré€ lattice, the interlayer coupling alters the band disper-
sions. As outlined in the main text, our investigation focuses on the TE-A band near the I" point,
which exhibits fundamentally different behaviors from the reported flat-band effect in lasing, at
which the coupling flattens the bands in the vicinity of the K point [1, 2]. In our design, we
employ a moderately sized supercell (5/ V2a x 5/ V2a) with a relatively large twist angle of
6 = 22.62°. Numerical simulations (COMSOL Multiphysics) reveal that the TE-A band in the
individual layer hybridizes into two distinct modes with opposite z-symmetry, referred to as the
odd and even bands (Fig. Sla). We further analyze the band dispersion near the BZ center
of the Moiré supercell, which remains notably quadratic rather than flat. Additionally, the dis-
persion is found to be highly isotropic in reciprocal space, as evidenced by the nearly circular

i1so-frequency contours as shown in Fig. S1b.
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Figure 1: The dispersion of our Moiré supercell. (a) The band structure near the BZ center of
the supercell with quadratic dispersions. (b) The corresponding iso-frequency contours, show-

ing the dispersions are isotropic. (c) The real space H, distribution at the supercell’s BZ center.



The quadratic and isotropic dispersion of our Moiré supercell gives rise to a unique col-
lective oscillation behavior [3]. As shown in Fig. Slc, unlike the flat-band effect [4, 5, 6, 7],
the hybridized mode extends across the entire supercell rather than being confined to a few
unit-cells. This delocalization occurs because the group velocity is nonzero upon the quadratic
band. As a result, light can propagate through multiple supercells as “bulk guided resonances,"
which can further support collective guided resonances (CGRs) when confined within an ef-
fective cavity region. Second, the isotropic band dispersion reflects rotational symmetry at any
angle. Combined with the circular shape of the effective cavity, the resulting CGRs modes also
possess continuous rotational symmetry, rotating in either clockwise (CW) or counterclockwise

(CCW) directions, respectively, showing as twofold degeneracy in a single layer.

3 Radiation suppression in Moir¢ lattice

To support lasing oscillation, optical modes must achieve a sufficiently high quality factor (Q).
Unlike reported Moiré lattice cases where modes reside at the K point [1, 2], our mode operates
atthe I" point. As aresult, it naturally couples to free space and tends to radiate energy. However,
this radiation loss can be suppressed through the strategic arrangement of bound states in the
continuum (BICs). The simplest way is to utilize the symmetry-protected BIC at the I" point.
By decreasing the twist angle, it was reported that the Moiré mode at the BZ center gradually
evolves into a near-perfect BIC, whose radiation losses are significantly reduced [8]. However,
the twist angle in our design needs to be relatively large to support quadratic dispersion. In this
case, the radiation loss can be almost eliminated by aligning multiple topological polarization
charges across all diffraction channels, to enable robust radiation suppression across the entire

Moiré band. In physics, diffraction from Moiré lattices generates multiple diffracted waves,
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Figure 2: Radiation suppression of Moiré lattice. (a) For a Moiré supercell N = 6 and
membrane thickness & = 1.14a (upper panel), the radiation pattern in reciprocal space (lower
panel) include multiple diffraction orders. (b) By shrinking the supercell size to N = 5 while
keeping h = 1.14a (upper panel), only a few diffraction orders remain but are still leaky (lower
panel). (c) By increasing the thickness to 2 = 1.21a while keeping N = 5 (upper panel), the
arrangement of BICs suppresses most radiation, evidenced by a darker radiation pattern. (d)
The TE-A mode’s Q in a single metasurface on varying the thickness /4, showing the optimal Q
reaches 2.5 x 107. (e) The Qs of Moiré supercell modes in the reciprocal space, indicating the

optimal design is achieved when the BICs match with the diffracted momentum.
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some of which fall within the light cone (Fig. S2a). These components lead to out-of-plane
energy leakage, thereby reducing the Qs of the optical modes. To suppress this radiation loss,

we adopt a two-step approach in designing the geometric parameters as follows:

First, we chose a relatively large twist angle to shrink the supercell’s size. Accordingly,
only a few diffracted orders were left in the light cone. At 6 = 22.62° with N = 5 that compro-
mises the quadratic and isotropic dispersion requirement mentioned above, only four diffracted
orders remain radiative that are residing at the X and Y directions in the momentum space,
showing as light bright spots in the far-field (Fig. S2b). Second, we apply tunable BICs to
further suppress the radiation. Specifically, we fine-tune the slab thickness to & = 1.21a (Fig.
S2c). The BICs that carry integer topological charges evolve along the X and Y directions in the
momentum space until they coincide with the diffraction orders. Combined with the symmetry-
protected BIC at the BZ center, the residual radiations are effectively suppressed. As shown in

the lower panel of Fig. S2c, the entire light cone becomes considerably dark.

We verified our design via numerical simulations (COMSOL Multiphysics), indicating
that the Q at the supercell BZ center reaches 2.5 X 107 at & = 1.21a (Fig. S2d), which is high
enough to support the lasing action. The Qs of the TE-A band in the Moiré supercell are plotted
in Fig. S2e for two different slab thicknesses, clearly showing the effectiveness of the BIC

arrangement.



4 Laguerre-Gaussion modes in a round effective cavity

As discussed in the main text, the combination of isotropic dispersion and a rotational invari-
ant cavity leads to twofold degenerate modes. In this section, we analytically solve the wave
equation in polar coordinates and demonstrate that such modes can be described by Laguerre-

Gaussian functions when a round gain-guided effective cavity is introduced.

When the twisted metasurface on the MQWs wafer is optically pumped, carrier diffusion
results in a spatially non-uniform gain profile, which in turn modifies the refractive index. As
an example, we consider a circular pump beam, which produces an isotropic refractive index
distribution as:

n(p) = n(0) = nyp? (SD)
where p is the radial position, n; and n, are coeflicients dependent on the material and pump
power. Furthermore, due to the finite size of the incident pump spot, the variation in carrier
density (and thus the change in refractive index) in the unpumped regions can be neglected. As
a result, the pump spot effectively imposes a circular boundary condition on the optical mode

under gain-guided operation. Substituting Eq.S1 into Maxwell’s equations

T L0 L0 R - @ = o) (52)
R _— [ —a =

a2 pop  prage | oe0 TP = P

where ¢ is the azimuth angle; a = +2n;(0)ny/ky = a, + ia; is determined by the material
properties. With such a refractive index profile, the finite-size modes follow slowly varying

envelope approximation, in forms of Laguerre-Gaussian functions[9]:

Ui, $) = P exp(=p;/2)LI(o7) exp (il) (S3)

where p, = Vkoap is a dimensionless radial position, and L'Iﬂ'(pz) represents the generalized

Laguerre polynomial with radial index p and azimuthal index [. Further, the corresponding
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eigenvalues are:

B2 = K2éo(z) — 2ko@(2p + |l + 1) (S4)

By comparing with the standard expression of Laguerre-Gaussian vortex beams carrying the

orbital angular momentum (OAM)[10, 11]:

] 2 )
wpl(r,@:c‘[ﬁ) L”'( )exp(—”—)exp( ilg) (S5)
W

wy 0
where C is a normalized constant and w, is the beam waist radius, we notice our solution of
Eq. S3 is exactly the Laguerre-Gaussian function. Therefore, the gain-guided effective cavity
indeed enables in-plane confinement, and minimizes scattering at the outer boundaries of the

cavity.

The above result stems from the isotropic dispersion and geometry of our twisted meta-
surface system. In our device, both the gain profile, boundary conditions, and band dispersions
are isotropic, obeying rotational symmetry at an arbitrary angle. Recall the fact that the bulk
guided resonances that participate in the collective hybridization need to align with the isofre-
quency contour in momentum space. Under the omnidirectional scattering enforced by the
circular boundary conditions, each component contributes with equal weighting, thus creating

Laguerre-Gaussian profiles as we solved.

5 Helical and non-Hermitian couplings in twisted bilayer metasurface

The twisted metasurface’s inherent chirality gives rise to a specific coupling scenario. As men-
tioned in the main text, we consider Laguerre-Gaussian functions |wC”‘;Vl ccow» 1n the upper and
lower sheets as the unperturbed basis, which can rotate in CW or CCW directions. The cou-

pling paths can be categorized into three distinct types, namely intra-layer cross-coupling (/<mt”l ,
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inter-layer cross-coupling (Kilrj;er), and inter-layer direct-coupling (Kg;gt). Here, the terms “cross"
and “direct" refer to the couplings occurring between modes with opposite or identical rotating
directions, respectively. We note that all these couplings are intrinsically non-Hermitian due to

the presence of radiation and material gain/loss, while the cross couplings are helical owing to

the chiral nature of the twisted metasurface.

We first discuss the intralayer cross-coupling effect. As schematically illustrated in Fig.

S3, we consider the modes in the lower metasurface, namely W’clw) and |1,//C’CW>. In this case,

the upper one can be regarded as an asymmetric scatterer in real space. Seeing from the lower

one, the upper metasurface breaks its mirror symmetry, meaning the system cannot be mapped

onto its mirror image, so the coupling becomes directional to the helicity. Moreover, the cou-

pling process involves radiation, absorption, and gain, rendering the coupling inherently non-

Hermitian, revealing that the coupling coeflicients are complex numbers. Specifically, for the

lower metasurface, we describe the presence of the upper one as a perturbed Hamiltonian AH.

The intralayer coupling between CW and CCW modes in the lower metasurface can be ex-
pressed as:

K" = Kiocow = WeewlAHWew) = | Weew@Uew(@AHR)dz (S6)

upper
Here, the integral is applied to the upper membrane region where the asymmetric scatter resides,

and tﬁ?lcw(z)wlcw(z) presents the overlap in such a region. Since the AH is non-Hermitian and

: intra __ ,intra intra _ ,intra
helical, we got K™ = Koy _cow # Kicewoew = K

A similar argument holds for interlayer cross-coupling. We consider the CW mode in
the upper metasurface [ %, ) coupled with the CCW mode in the lower one IL//CICW> (Fig. S3),

and we treat one sheet as an asymmetric scatterer to the other. The coupling coefficient can be



written as:

mer int int ol !
Klln er _ K}?Ci}r‘/aCCW + Klurjg‘r/VeCCW - <l//CCW|AH|',Dch> + <lr//zCW|AH|l//CW>

= Vet QU ew(@AH(2)dz + Vet w@Wew(@AH(2)dz (S7)

upper lower

which shows that the coupling simultaneously happens at both upper and lower sheets, creating

: 43 : : inter _ ,inter inter _ inter
helical and non-Hermitian coupling coeflicient as ™" = &\ cw_cow # Kivicew—cw = Ko -

The third coupling path is the direct coupling between different layers while the mode has
the same helicity. We take the CW mode for example, the coupling coefficient is given by:

Kt = koW cw = WewlAHW ) = Yoy @QWew(DAH(2)dz (S8)

entire

Because the compound twisted bilayer system has the same average permittivity under mirror
: inter __ ,inter _ ,inter : : : :
operation, we got k= = Koyl ow = Kecwocews Showing the direct couplings are not helical

but non-Hermitian.

The above discussion reveals that our twisted bilayer metasurface system is intrinsically
chiral and non-Hermitian. This leads to more complex dynamics, including asymmetric cou-
pling rates between modes and the spawn of exceptional points for chiral lasing as elaborated

in the following section.
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Figure 3: Helical and non-Hermitian coupling processes in the twisted bilayer metasur-
faces. For instance, from the perspective of the lower metasurface, the upper one breaks its mir-
ror symmetry, which makes the coupling process helical. Besides, the system possesses out-of-

plane radiation and material gain/loss, so the coupling processes are generally non-Hermitian.
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6 The emergence of exception points and intrinsic orbital chirality

According to the coupling paths and their strengths derived above, we write an effective Hamil-
tonian to depict the interplay of the four Laguerre-Gaussian functions in the upper and lower
metasurfaces as the basis [12], as V = [ /p)s W&, Wiewds Wiy, which is a 4 x 4

coupling matrix corresponding to the following eigenvalue problem:

intra inter inter

QO Ky Kdireet K1

Kll’ltrd Q Kmter Kmter
2 0 2 direct ,

H.sV = vV=QV (89)

inter inter intra

Kdlrect Kl QO K 1

Klnter Klnter Klntra Q
2 direct 2 0

Here, € is the unperturbed frequency of W‘;,f cows & 1s the eigenvalue of the hybridized states
through the couplings. The coupling coeflicient configuration is consistent with the system’s
symmetry, where the upper and lower metasurfaces are identical but twisted relative to each

other by a twist angle 6. By solving this eigenproblem, we get four eigenvalues as follows:

Q’l — QO + Kiiril;zrct \/ ( Kmtrd + Kmter) ( Kmtrd + Klnter ( S 10)
'2 =Q + Kiiril;zrc . \/ ( Kmtra + Kmter Kmtra + Kiznter (S11)
QO _ 1r:;eert . \/ ( Kmtra nter) ( Klntl‘d Kiznter ( S 12)

— QO _ Kiiril;zrct \/ ( Kmtra mter) ( Klntrd 1nter ( S 13)

which corresponds to eigenvectors, respectively:
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mtrd inter
+ K

T
| mtra + K mter ] (814)

lflll — Kmtrd + Klnter \/ Kll’ltl"d + Kmter’

1T

l//Z — \/ Kmtrd + Kmter’ \/ Kmtra + 1r1ter’ \/ Klntrd + Klnter \/ Kll’ltrd + Klnter (Sl 5)

2

l//3 \/ Kmtrd _ 1nter \/ KlIltl‘d _ mter \/ Klntrd _ 1nter
— intra 1nter intra 1r1ter intra __ 1nter intra __ 1nter

da=| - - - e - K (s17)

Kll’ltrd _ 1nter ( S 16)

From the eigenvalues of the effective Hamiltonian, we found that the collapse of eigen-

intra inter __

inter _
‘|‘K1 or Ky =

vectors corresponding to four distinct independent conditions, namely, «|

+/<‘2mra When any one of these conditions is satisfied, two of its eigenvectors become degenerate,

namely forming exceptional points (EPs). As an example, we discuss the EP at K‘mer = Kllmrd
At this point, the eigenvalue and eigenvector are given by
(2= Q0+ Kiiree (S18)
Qg 4 - QO Kg::zz:t + \/2K1ntra( intra Kiznter (819)
with
Y12 =1[0,1,0,11" (S20)
w} 4= [ \/2 Kmtra’ _ \/ intra K12r1ter’ + \/2 Kllntra’ \/ Klzntrd K12nterJ (821)

Such a solution reveals that the hybridized eigenmodes are divided into two branches,
separated by the direct coupling strength of Kidrilg:t as presented in Fig. 3b in the main text, while

the imaginary parts of their eigen-frequencies are different due to the non-Hermitian nature of

coupling. From Eq.S6-8, we found the magnitude of Kfﬁfct is significantly larger than Kil‘}tfr and

13



Kifjga because the direct coupling counts on the average permittivity but not the perturbation of
asymmetric scatter, while the former is stronger than the later one. As a result, the lower branch
is more lossy, making the upper branch favorable for lasing. Fig. S4 illustrates how the system
moves away from the EP by varying «"™, which represents the asymmetric coupling strength

between the CW and CCW modes. Notably, the CW mode acquires a higher Q, rendering it

more favorable for lasing.
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Figure 4: Complex bands as a varying coupling coefficient "™, The real part (left) and the

imaginary part (right) of the eigenfrequency.

At the EP, the two eigenmodes in the upper branch turn out to be degenerate, correspond-
ing to the same eigenvector of V = [0, 1,0, 1]7. Therefore, they represent a collective mode that
rotates in a CW direction in both the upper and lower layers. We define the degree of chirality

(DoC) as
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_ lacwl® = laccwl®
lacwl? + laccw!?

(S22)

Acp

as the contrast between the CW and CCW components, in which ., varies from [—1, 1] with +1
representing the pure helicity in CW or CCW directions, respectively. Thus, the above solved
state exhibits the maximum degree of chirality of 1. The condition of /<i1““"r = —/<i1mral indicates
a perfect balance between the interlayer and intralayer coupling strength, which is difficult to
control in experiments because of the complexity of asymmetric scattering. When Kilntra deviates
from the ideal EP within the shaded region in Fig. 3b in the main text, the real parts of the
eigenfrequencies remain almost degenerate. However, the difference in their imaginary parts
allows one mode to prevail in the mode competition, thus enabling single-mode lasing. As a
supplement, we calculate the DoC near the EP region as shown in Fig. S5, showing that the las-

ing emission can still be considerably chiral in the non-ideal case, corresponding to observable

fork patterns through self-interferences.

'ntra)

Imag. (K'

1

0.55

0.04

intra 0.09
Real (K}™)

Figure 5: The chirality near the non-Hermitian degeneracy of EP as varying Kil““a. The

degree of chirality (DoC) a,, of the eigenmode.
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7 Detailed measurement system for orbital chiral lasing

The detailed experimental setup is illustrated in Fig. S6, featuring a confocal microscopy system
that utilizes a free-space laser as the incident light source. To ensure optimal alignment, a
height-adjustable mount is placed in front of the laser, enabling precise tuning of the beam along
the optical axis of the setup. The laser employed is a pulsed source operating at 1064 nm (MPL-
N-1064-200u]), with a repetition rate of 10 kHz and a pulse duration of 2 ns. For illumination, a
halogen lamp is used in conjunction with a lens L, (f = 150, mm) positioned in front of it. This
lens is confocal with the objective lens, providing accurate and stable illumination for sample

alignment.

Twist Objective BS Filter BS Laser

U i

L1 L4

L2
Halogen
L3
Filter
Monochromator
BS M1
M2 BS e

IE' Camera

Figure 6: The detailed experiment setup. The illumination is performed by using the Halogen

light source. The Lens parameters are given in the Method section.
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8 Characterization of the gain-induced effective cavity

As discussed, the lateral light confinement in our design is achieved through a gain-induced
cavity. In this section, we present experimental evidence showing that the spatial localization

of the lasing mode is governed by the pump beam profile.

First, we observed that the lasing mode consistently aligns with the position of the pump
beam. To verify this, we hold the pump beam fixed while translating the sample by using
a motorized stage. We ensured that the pump spot remained within the metasurface region
throughout the measurement. Notably, the position of the lasing mode stayed stationary despite
the movement of the sample. This behavior indicates that the lasing mode is confined by the
gain-induced effective cavity created by the pump beam, rather than by the physical boundaries

of the metasurfaces. Detailed results are provided in the Supplementary video.

Second, we varied the pump beam’s size and found that the lasing beam’s size changed
accordingly. As shown in Fig. S7a, we let the camera operate with fixed exposure time and gain
settings to avoid automatic adjustments, which might interfere accurate measuring of beam
sizes. We recorded the near-field profiles of the lasing mode after filtering out the pump light.
As the pump beam expanded, the lasing mode also exhibited a corresponding increase in size.
This trend was also evident in the far-field measurements. By removing lens L,, we switched the
system to a far-field configuration and observed that the far-field pattern became more focused
(shrinking in angular spread) as the pump beam expanded. These results confirm that the size

of the lasing mode is directly governed by the size of the incident pump beam.

Furthermore, we varied the pump energy while keeping its size and position fixed. Specif-

ically, we opt for incident pump powers of 3.5 uW, 8 uW, and 18 uW, and the corresponding

17



b c
Incident Light Near Field Far Field

Figure 7: Effect of changing pump beam size on the lasing beam size. (a) The pump beam
with different sizes observed from the COMS camera. (b) The near-field images of the lasing
beams at different pump sizes. (c) The far-field patterns of the lasing beam at different pump

sizes.

mode profiles were recorded under identical camera exposure and gain settings. As shown in
Fig. S8, the lasing mode area increases slightly with higher pump power. This observation is
consistent with the theoretical expectation that increased pumping enhances carrier diffusion,
thereby enlarging the effective gain region available for lasing. Nevertheless, the expansion in

mode size is relatively modest.
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3.5 yw 8 W 18 W

Incident Light

Near Field

Figure 8: Effect of changing pump beam power on the lasing beam. The upper and lower
panels show the CMOS camera images of the pump beam and lasing beam in real space, re-
spectively. The boxes visually indicate the physical boundary of the TBPhC sample. Different

pump powers are applied for (a) 3.5 uW, (b) 8 uW, and (c) 18 uW.
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9 The detailed observation of the lasing process

The experimental results presented in Fig. 5 in the main text reveal that our twisted metasurface
operates in a single-mode oscillation regime. As a supplement, we provide additional data to

further confirm the establishment process of single-mode lasing behavior.

We begin with a low pump power of 72.5 kW/cm? below the lasing threshold, with its
spectrum shown in Fig. S9a. At this stage, the amplified spontaneous emission (ASE) noise
is prominent, nevertheless, two adjacent peaks can still be identified. These peaks correspond
to the nearly degenerate eigenstates of the upper branch, as discussed in the previous section.
The lower branch remains undetected due to its inherently lossy nature. This observation also

suggests that our twisted metasurface system operates close to an EP condition.

As the pump power is increased to 72.8 kW/cm?, both peaks become more pronounced
and coexist (Fig. S9b), indicating that the two modes are still competing for lasing. Upon
further increasing the pump power to 74 kW /cm?, the mode competition resolves, and a single
mode dominates the spectrum, as shown in Fig. S9c. This transition indicates that only the
most favorable mode with a sufficient gain can surpass the lasing threshold to lase, while the
competing mode is fully suppressed. During this lasing process, no external perturbation (such
as asymmetric pumping we reported [13]) was applied, showing that the twisted metasurface

system inherently supports mode-selection for chiral emission.
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Figure 9: The detailed lasing process through increasing the pump power (a) Two al-
most degenerate modes appear on the ASE noise floor at the pump power of 72.5 kW/cm?
which is below the lasing threhold. (b) The lasing oscillation is established at the pump power
of 72.8 kW/cm?, evidenced by significant suppression of ASE emission, but the two quasi-
degenerate modes still exist. (c) The lasing transitions into single-mode lasing at the pump

power of 74 kW/cm?, only one clear lasing peak exists.
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