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Abstract: The development of classical and quantum information processing technology calls for
on-chip integrated sources of structured light. While integrated vortex microlasers have been
demonstrated earlier, they remain static and possess relatively high lasing thresholds, thus being
not suitable for high-speed optical communication and computing. We introduce perovskite-based
vortex microlasers, and demonstrate their application to ultrafast all-optical switching at room
temperatures. By exploiting both mode symmetry and far-field properties, we reveal that the vortex
beam lasing can be switched to linearly polarized beam lasing or vice versa with switching time
of 1-1.5ps and energy consumption orders of magnitude lower than in the previously demonstrated
all-optical switching. Our results provide an approach to break the long-standing trade-off between
low-energy consumption and high-speed nanophotonics, introducing the vortex microlasers
switchable at terahertz frequencies.
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Owing to their mutual orthogonality, vortex beams with different topological charges have been
suggested as an effective approach to revolutionize classical and quantum communications (1-8).
Vortex beams with well-defined topological charges have been developed by using external phase
elements such as spiral phase plates, computer generated holograms, and metasurfaces (5-8, 9, 10).
Recently, being driven by the demand for compact displays and high-density integration, on-chip
vortex microlasers have attracted much attention (5-7, 11). The compact vortex microlasers are
usually realized by transforming conventional optical cavities into spiral waveguides (6) or
micropillar chains (7), and modulating them with additional asymmetric scatterers (5). Although
the reported performance in both directional output and generation efficiency of orbital angular
momentum (OAM) beams is impressive, the Q factors of such vortex microlasers are strongly
reduced by scattering losses and thus their energy consumption is large (5-7, 12). In addition, on-
chip integrated vortex microlasers are either static (5, 6) or controllable in emission chirality via
the circularly polarized optical pump (7), thus being not suitable for ultrafast optical networks (8).
Most importantly, due to the rundown time of an optical resonance, there appears a trade-off
between low-energy consumption and high modulation speed in nanophotonics, restricting the
application in modern optical computing and optical communications.

Here we solve all these problems by employing bounded states in the continuum (BICs) which
represent special solutions of the wave equation whereby the wave function exhibits localization
in a radiation band (13,14). In optical systems, BICs appear through interference between
localized resonances and radiation modes, and they have been observed in the form of quasi-BIC
in many systems ranging from isolated nanoparticles to periodic structures (14-19). In addition to
ultra-high Q factors and low-threshold lasing, it was predicted that the BIC modes can possess
vortex behaviors with different topological charges, important for vector beams (20-22). These
findings make BICs very attractive for application in active photonics. Here we employ the specific
characteristics of the topologically-protected optical BICs and demonstrate the ultrafast control of
perovskite-based vortex microlasers at room temperatures.

Our metasurface is created using a 220 nm lead bromide perovskite (MAPbBr3) film patterned
with a square array of circular holes (Fig. 1A). The whole structure is placed on a glass substrate
(nsub=1.5) and coated with PMMA (npmma=1.49). The radius of air holes is R=105 nm, and the
lattice spacing is p=280 nm. We calculate the resonances of the transverse magnetic (TM)
polarized field within the perovskite metasurface (Fig. 1B). The mode-1 has appreciable Q factor
within the gain spectral range of MAPDbBr3 perovskites (Fig. 1C). By changing the radius of the
hole, we preserve the Q factor of the mode-1 throughout the operational range. This mode
represents the topology-protected BIC with an embedded polarization vortex, which has been
discussed previously (20, 23-26).

The perovskite metasurfaces was fabricated from MAPbBrs with a combined process of electron-
beam lithography and reactive ion etching (27). Figure 2A shows the top-view scanning electron
microscope (SEM) image of the sample. To realize the designed BIC vortex lasers, we optically
pump the perovskite metasurface at room temperature with a frequency-doubled Ti: Sapphire laser.
Figure 2B shows the evolution of the emission spectrum at different pumping densities. A broad
spontaneous emission peak of lead halide centered at 520 nm is observed at low pumping density.
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With an increase of the pumping power, a single peak appears at 552 nm (being the resonant
wavelength of the mode-1 in the normal direction) and quickly dominates the emission spectrum
at higher pumping fluence. Figure 2C shows the output laser intensity as a function of the pumping
density, and it confirms the onset of lasing with the characteristic S-shape curve.

The vortex characteristics of the emission are studied from the far-field angular distributions by
the back-focal-plane imaging technique (27) (see Fig. 2). The intensity of perovskite laser emission
is spatially distributed in a donut shape with a dark zone at the center (Fig. 2D). The dominant
bright ring corresponds to the far-field angle of 8rr=2°. The dark center is caused by a topological
singularity at the beam axis. Figure 2D shows the self-interference pattern of a donut beam (27),
where a fork-shaped interference pattern can be seen. In the profiles of the donut beam behind a
linear polarizer (Figs. 2E-2H), two lobes are observed and their direction follows with the axis of
linear polarizer, demonstrating the radial polarization. These experimental results for the beam
profiles, self-interference patterns, and polarization states confirm the onset of the vector vortex
lasing at the BIC mode (28). The BIC vortex microlasers are robust to global changes. It has been
reproduced for more than 10 samples (27), and it has proven to be robust to a change of the
excitation power. The donut-shaped laser beams and fork-shaped interference patterns are well
preserved from the laser threshold to gain saturation (see Fig. 2D).

Vortex emission is typically produced by real-space chiral structures (9), which are absent in our
experiment. Instead, in our system, the topology that protects the BICs manifests itself as the
rotation of polarization along the beam axis in the far field (28, 29). Acting alone, it impacts an
OAM in the cross-polarized transmission of circularly polarized beams (29). Together with the
transverse spin angular momentum introduced in real samples, we observe the emergence of the
effective Pancharatham-Berry phase (27).

More interestingly, the laser emission at the symmetry protected BICs can be controlled all-
optically. While the BIC lasers are robust to a global change, they are extremely sensitive to
symmetry-breaking perturbations (14,21) and thus easily controllable. In passive systems, such a
control is realized via a deformation of nanostructures (26) or the Kerr nonlinearity, which not
suitable for post-fabrication control or require strong optical excitation. The laser systems can
solve this problem in a simpler way. The exceptional gain corresponds to the imaginary part of
refractive index (n”’), which is a new parameter to control the symmetry. One example is illustrated
in Fig. 1D and (27) where a regular change of n” of a laser system in a selected region can break
the 4-fold rotational symmetry of the system. As a result, the resonance at the I'-point degrades
from BIC to quasi-BIC, and the corresponding Q factor is reduced by orders of magnitude. In this
sense, the pumping geometry can provide more flexible approach to control the performance of
the vortex BICs lasers.

To demonstrate this kind of all-optical control of the vortex microlasers, the perovskite
metasurface is pumped with a circular laser beam, the symmetry is protected, and thus a donut-
shaped beam is generated (Fig. 3A). Once the pumping region is transferred from a circle to an
ellipse (Fig. 3B), the symmetry protection becomes broken, and two linearly diffracted beams are
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produced (30). Similar symmetry-breaking can also be realized with a two-beam configuration.
As depicted in Fig. 3C, one circular beam with density above a threshold (1.2 P+w) is applied onto
the perovskite metasurface. The second circular beam with 0.8 Py, is pumped on the same sample
with 10 pm lateral shift. The second beam does not produce laser emission but it could pump an
overlapping region far above the threshold. In microlasers, a small change in the pumping density
above a threshold can induce an appreciable variation in the gain coefficient. Consequently, the
symmetry at BICs becomes broken, and two linearly polarized beams without OAM are generated
along the radial direction (27).

In addition to the spatial deviation, the two-beam configuration can also allow a time delay t (Fig.
4A), which can record the temporal behavior of the transition process. To accurately characterize
the switching time, we introduce the parameter K = (I; —I,)/I, and study precisely its
dependence on t. Here 112 correspond to the intensities in the regions marked as 1 and 2 in Fig.
4A. When the nanostructure is pumped only by the first beam, the output is a uniform donut and
the normalized ratio is K~0. Once the second beam overlaps temporally with the first beam, the
optical symmetry becomes broken. Correspondingly, the intensity at region-2 decreases, almost
vanishing (27) and giving the ratio of K~1 (see Fig. 4B). The switching time from a vortex lasing
to a regular linearly polarized lasing is only about 1.5 ps. By changing the asymmetric pumping
beam to a circular beam, the two linearly polarized beams can be switched back to the vortex lasers
with a similar transition time ~ 1.5 ps (Fig. 4C).

The switching “on” and “off” at the quasi-BIC mode is intrinsically different from the formation
of short laser pulses. The latter is usually restricted by the build-up time and cannot repeat with a
high speed. To illustrate directly this difference, we apply the third pump beam to recover the
symmetry. As depicted in Fig. 4D, the donut-lobes-donut states can be combined within a single
process. Thus the transition time is not limited. Because of a strong relationship between the output
beam and the symmetry, the emission beam only has two states, i.e. donut and two lobes (27).
Considering the transition time, such a binary transition is reliable for applications to all-optical
switching.

Note that the transition time of the BIC lasers is orders of magnitude faster than that observed
earlier for any conventional directly modulated microlasers and the lifetime of our BIC lasers (27).
Such a surprising improvement is attributed to the far-field characteristics of BICs. In principle,
the BICs are formed by destructive interference at the radiation channels. The transition from BIC
vortex lasers to linear lasers represents a re-distribution of the laser emission instead of a direct
switching of the lasing mode. In this sense, we don’t need to wait for the rundown of an initial
laser mode, and thus the trade-off between high-Q values (Q « wt, relates to a low threshold) and
high-speed operation («x1/t) can be broken. Nonlinear all-optical switching can have similar or
even shorter transition time. But here the exceptional gain coefficient makes the energy
consumption (122 W for peak power) orders of magnitude lower. We also notice that this approach
allows to remove the fundamental limitation for microlasers, and the energy consumption can be
further reduced by fully exploiting the extremely high Q factor at the BICs (18).
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The high sensitivity to symmetry-breaking perturbation and far-field characteristics of the BIC
mode associated with the exceptional optical gain make these BIC lasers controllable all-optically,
with ultra-low energy consumption and simultaneously ultra-high speed. Breaking of traditional
trade-off between low energy and high speed with the BIC lasers provides a route to develop high-
speed classical and quantum communication systems.
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Q factor Wavelength (nm)

Q factor

Figure 1: Design and control of the quasi-BIC modes. (A) Schematic of the designed perovskite
metasurface. The metasurface is pumped by a blue laser light producing a green vortex beam in
the vertical direction. (B) Dispersion relation around 550 nm for laser resonances in both the I'X
and I'M directions. The inset shows the first Brillouin zone of the square lattice. (C) Calculated Q

factors of four resonances. (D) Reduction of the Q factor for the quasi-BIC mode with a growth of

the imaginary part of the refractive index An”.
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Figure 2: Demonstration of vortex perovskite microlasers. (A) SEM image of the fabricated
perovskite metasurface following the design of Fig. 1. (B) Evolution of the normalized emission
spectrum with pumping density. (C) Integrated output intensity as a function of pumping density.
The “S-shape” curve shows a laser threshold at around 4.2 p/cm?. Inset shows the laser
polarization within the plane of the device. (D) Far-field patterns and corresponding self-
interference at different pumping densities. Numbers (3) to (5) denote the spectra plotted in (B)
and (C), respectively. (E-H) Measured intensity distribution of the vortex laser beam after a linear
polarizer with polarization orientations along 0°, 45°, 90°, and 135°. The scale and color bars are
the same across the panels (3) to (5) in Figs. 2D.
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Figure 3: Optically-controlled far-field vortex lasing. (A-C) Schematics of the experiments (top)
and experimentally measured far-field patterns (bottom). (B, C) Same as in (A) but when the shape

of the pumping laser beam is changed to an ellipse, or the sample is pumped with two circular

beams.
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Figure 4: Ultrafast control of the quasi-BIC microlasers. (A) Schematic of two-beam pumping
experiment. Two beams are spatially detuned with a distance d < 2R, being shifted temporally with
a delay time t. The insets show the far-field emission patterns from the perovskite metasurface
under both symmetric and asymmetric excitations. (B) Transition from a BIC microlaser to a
linearly-polarized laser. 112 are the intensities at the marked region in the insert to (A). Insets show
the corresponding beam profiles. (C) Reverse process of (B). (D) Transition from a donut beam to
two-lobe beam and back within a few picoseconds. Red curves are guiding lines for the calculation

of the transition time.
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MATERIALS AND METHODS

1. Preparation of samples

As described in the main text, the perovskite photonic structures are prepared by
standard lithographic processes with electron-beam lithography (EBL) and reactive ion
etching. The main fabrication steps are shown in Fig. S1. First, MAPbBr; perovskite
film is prepared by spin-coating the MAPbBr3; precursor onto the k9 glass substrate,
which is coated with Au electrode surround for the next EBL process. The MAPbBT13
precursor is obtained by dissolving PbBr. and CH3NH3Br (99.999 %, Shanghai
MaterWin New Materials Co.) with a 1:1 molar ratio in dimethylsulfoxide. 35ul 1.2 M
CH3NH;3PbBr3 precursors are spin-coated onto the substrate at 4000 r.p.m for 60 s. 70
uL of chlorobenzene is then quickly dropped on the film (when remain 37 s) to promote
the formation of a lead-halide-perovskite film. All above processes are conducted in the
glovebox with Arz gas at room temperatures. The synthesized perovskite films have the
average roughness of 5.43 nm, which is smooth enough for the nanostructure

fabrication.

Spin coating
- A... A

Figure S1. Sample fabrication process.

Then 400 nm electron-beam resist (ZEP-520A) is spin-coated ( at 4000 r.p.m for 60 s)
onto the perovskite film, and then patterned by an electron beam writer (Raith E-line)
with a dose 90 C/cm? under an acceleration voltage 30 kV. After developing in N50 for

50 s and MIBK solution for 10 s, the pattern of metasurface is generated in the E-beam

2



resist. The pattern is then transferred to MAPbBr3; perovskite with an etching process
(Oxford Instruments, PlasmaPro ICP180). MAPbBr3 film is etched by chlorine gas with
5 sccm flow rate C4Fg with 10 sccm flow rate is used as protective gas. Finally, the
sample is placed in in a low-pressure chemical vapor deposition (LPCVD) system to
replace the chlorine ion in the sample, which is produced in the etching process, by
bromide ion (CH3NH;3Br powder). The CH3NH3Br powder is placed at the center of a
CVD furnace and central heating zone is increased to 125 °C for 20 mins. After CVD
process, the whole system is coated with a layer of PMMA in a negative pressure

environment for 10 mins.

PMMA used here avoided the contact between air and a perovskite film, which
could protect the perovskite nanostructure to maintain optical properties for a long time.
To verify this, we measure the stability of perovskite nanostructure with or without
PMMA layer, as shown in Fig. S2. The pumping density in experiments is maintained
as 1.1 Pw (1.1 times threshold, repetition rate 1 kHz, pulse width 100 fs). For the sample
covered with a PMMA layer, the output laser intensity is not decreased for 220 minutes.
However, the laser intensity decreased rapidly in 30 minutes for the sample not covered
with a PMMA layer. In fact, the PMMA covered samples can keep the optical properties

for more than 5 months up to the author's submission date.
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Figure S2. Stability of perovskite nanostructures with or without a PMMA layer.



As the key parameters for the design of optical bounded states in the continuum
(BICs), the real and imaginary parts of the refractive index of the perovskite film have
been measured by ellipsometry, as shown in Fig. S3. We can see that the real part of the
refractive index (n) is well above 2 in the visible spectrum. Such a high value of the
index is high enough to support guiding modes and collective resonances in the
designed nanostructure. Meanwhile, the recorded light extinction coefficient (k) is
almost vanished in the spectral range above 545 nm. This is also important for the

realization of BICs and BIC lasers.
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200
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:1E:-[:- 500 600 700 BOO SO0 1000
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Figure S3. Experimentally measured refractive index (n) and light extinction

coefficient (k) of the synthesized perovskite film.

2. Numerical approach

The band structure and quality factor of perovskite nanostructure are calculated
using three-dimensional finite-element method (COMSOL). The model is built with a
unit cell, consisting of a square (with index of perovskite) hollowed out a round hole
(with index of PMMA). Period boundary conditions in both are x and y directions and
perfectly matched layers (PML) along the z-direction are constructed. The band
structure is then calculated using eigen-frequency solver with gradual change of the
angle of incidence. Figure S4 shows the TM (transverse magnetic, with E perpendicular
to the plane) and TE (transverse electric, with E in plane) band structure near the I'-
point and the corresponding electric field, respectively. The green shading region is the

spectrum range for an optical gain of perovskite film, and we can see that only TM;
4



mode could experience enough gain for the designed nanostructure. On the other hand,
comparing the electric fields for the TE modes and TM modes, we observe that the
electric field of the TM modes is confined with the perovskite film, while for the TE
modes, the electric field is confined within the air hole. This indicates that the
polarization of the output laser beam should be TM polarization, barely consistent with

our experimental results.

Wavelengt
wvi
2

540

0.15 MI 0 I'Xx 015 0.15 MI

Figure S4. Numerically simulated band structures for the TM and TE polarized modes.

As mentioned in the main part of the manuscript, the symmetry-protected BICs
are extremely sensitive to the symmetry-breaking perturbation. In the manuscript, we
show that the Q factors of the resonance mode 1 and 4 decrease rapidly with a slight
change on the imaginary part of the refractive index (see Fig. S5a). When An” is on the
order of conventional optical pumping'?, the field within the slab retributes and forms
two modes. This clearly shows the deviation of the system from BIC conditions. As n”
can be simply tailored via the pump beam profile, it is thus a better parameter to control
the BIC system. Figure S5b shows the corresponding resonant wavelengths. It is easy
to see that the wavelengths keep well. Therefore, compared with the wavelength shift
and simple intensity measurement, the lasing actions that is closely related to the Q
factors and the other characteristics can be a better candidate for monitoring and

controlling BICs.
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Q factor of the mode-1 as a function of the deformation parameter €. Inset shows the
electric field pattern of the mode-1 with £€=0.4. (d) Resonant wavelength corresponding

to (c).

In addition, BICs can also be changed by the geometry of the unit cell. Similar
deviation from the BICs conditions studied by Noda et al*!'. Here, we define the shape
of a hole in perovskite film with the equation p(6) = R(1 + ecosf), where R and ¢ are
the size and deformation parameters. The limacon shape (¢ > 0) only has one mirror
reflection symmetry in one direction, and thus it can break the symmetry protection at
the I'-point. Figure S5(c) shows the simulated Q factor of the mode-1 as a function of
the deformation parameter. With the increase of € from 0 to 0.49, we observe that the
Q factor is reduced by orders of magnitude. Associated with the Q factors, Fig. S5(d)
shows the corresponding resonant wavelength, which also changes with the increase of
the deformation parameter. This is different from the results of Figs. S5(a) and Fig.
S5(b), and it shows that a strong modification is required to deviate the system from the

BIC conditions. In this sense, the modification of the real part of the refractive index is



not only un-suitable for the post-fabrication control, but requires also much stronger
perturbation. In this sense, considering a close relationship between the gain and optical

pumping, the optical control through the gain coefficient can be a much better approach.

In the main manuscript, we have mentioned the square lattice at BICs can produce
the winding structure in the momentum space, which provide a phase vortex in cross-
polarized transmission of circularly polarized beams. Below we derive the associated
OAM using the transmission matrix. We excite the symmetry-protected BIC at the T'-
point with a circular polarized light [see Fig. S6(a)]. For left-handed plane wave, it can
be described by the Jones electric-field vector Ej,, = Ey[1,i]7, where T denotes the
matrix transpose. The transmitted wave is given by E,,; =T - E;;,, where T is the
transmission/Jones matrix due to both the direct and BIC-assisted processes in the
temporal coupled mode theory?3!. The BIC-assisted process, with a few assumptions,
includes a cross-polarized part:

cos2q¢p  sin2q¢ )
M« (sin 2q¢p —cos2qp)

Here q is the winding number or topological charge of the polarization vector C =
(Cx, Cy) in the transverse plane of the far-field, defined using ¢ = Arg[Cy + iC, ]

and a loop integral

1
q =§¢Vk¢k'dk

that encloses the origin in the momentum space. We find ¢ = 1 for both radially and
azimuthally polarized far-field of BICs. Then the transmitted waves with cross

polarization becomes
i 1
Eout = E0912q¢> [_i]s

which indicates that the cross-polarized transmitted wave has acquired a phase factor
exp(ilgp) with topological charge | = 2q.*! With this analysis, we have simulated
numerically the transmission of light around BICs. The results are shown in Fig. S6(b).

After passing the periodic nanostructure, the crossed-polarized transmitted light

7



carrying OAM with the topological charge [ = 2. This is consistent with the intrinsic

topological charge ¢ = I of our radially polarized BIC state.

Fig. S6. (a) Schematic for the transmission study. (b) The phase profile of transmitted

light with a crossed polarization

The above analysis shows that the topologically protected BIC can provide a
winding structure in the momentum space. Interestingly, the excitation of such a BIC
under special conditions can also produce a phase vortex in the coordinate space,
leading to a lasing mode carrying nonzero orbital angular momentum. This was first
noticed by Kante et al (see Ref. 28 of the main text) and has been discussed by Zi et al
(see Ref. 29). Some related theory has also been discussed in Refs. 32 and 33. For our
case of BIC laser emission in the Gamma point, we believe the emergence of the phase
vortex is also tied to the non-zero transverse spin angular momentum o¢. Considering
a system with the total angular momentum J and transverse spin angular momentum o,
the OAM L is now given by | —o. The transverse spin angular momentum is
produced by additional sidewall scattering introduced in the fabrication process, which
produces a small azimuthal component as well in the far-field. Some additional

theoretical explanations have been provided in Refs. 34 and 35.



OPTICAL CHARACTERIZATION
1. Laser characterization

Photoluminescence of the sample is excited with a frequency doubled Ti:Sapphire
laser (400 nm, using a BBO crystal) from a regenerative amplifier (repetition rate 1 kHz,
pulse width 100 fs, seeded by Mai Tai, Spectra Physics). The pumping laser is focused
by using a 20xobjective lens onto the top surface of the sample. Emitted light and
corresponding fluorescence microscopy image are collected by the same objective lens
coupled with a CCD (Princeton Instruments PIXIS BUV) coupled spectrometer (Acton
SpectroPro SP7501) and a camera, respectively. An attenuator and an energy meter are
used to tune and measure the pumping density, and a set of filters are employed to filter

out 800 nm laser.

The light scattering from the perovskite metasurfaces has been described in the
manuscript. Figure 2a in the main manuscript shows the evolution of the emission
spectrum at different pumping densities. A broad spontaneous emission peak of lead
halide centered at 520 nm is observed at low pumping density. With an increase of the
pumping power, a narrow peak appears at 556 nm, and it quickly dominates the
emission spectrum at higher pumping fluence. Figure 2b in the main text summarizes
the output laser intensity as a function of the pumping density. A “S-shape” curve is
observed in the log-log plot, demonstrating the transition from spontaneous emission
to amplification and finally to gain saturation. Meanwhile, we also observe that the full
width at half maximum (FWHM) reduces significantly from ~ 30 nm to 0.1 nm, which
is the resolution limit of our spectrometer. All of these observations confirm the
properties of perovskite generated by the periodic lattice. The threshold value is around
3.7 wJ/em?, which is also consistent with previous reports on single-crystalline

perovskite lasers.
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Figure S7. (a) Single-mode laser operation with an extinction ratio of 20 dB for the
BIC laser. (b). Laser emission spectrum observed from other samples with different
radius, here the periods of these samples are all 280 nm, but with a slight thickness
deviation around 220 nm. Insets shown the corresponding donut-shape beams in the
back-focal-plane (left column) and fork-shaped interference patterns (right column).
The variation in the sizes of dark zones in (b) is relatively random and is mainly caused

by the pumping power and the imperfections of samples.

Owing to the BIC effect, the single-mode laser operation is well preserved above
the threshold. As shown in Fig. S7a, when pumping density is increased to 2*Pu,
another laser peak ~554 nm appears besides the main laser peak ~552 nm. The
calculated extinction ratio is more than 20 dB. These results show that the BIC vortex
microlasers are quite robust to perturbations. We also show that the BIC laser and the
vortex lasers can be repeated in many samples. Figure S7b shows the experimental
results by changing the air radius from 105 nm to 70 nm. We observe the lasing
wavelength redshift from 552 nm to 560 nm. Besides, the single-mode laser operation,
the donut-shape beam in back-focal-plane and the fork-shaped interference pattern are

all well preserved in these samples.
2. Back-focal plane imaging

The setup for back-focal plane imaging is shown in Fig. S10. A frequency doubled
Ti:Sapphire laser beam (400 nm, using a BBO crystal) generated from a regenerative

amplifier (repetition rate 1 kHz, pulse width 100 fs, seeded by Mai Tai, Spectra Physics)
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used to excite the sample. A white light source and a CCD are used here to monitor
pumping positions on the sample. Laser output emission is collected by a 20x (NA=0.6)
object lens and a long focal length lens. The sample and another CCD are put in the
focal points of collective object lens and the long focal length lens, respectively. The
sample, object lens, long focal length lens and the CCD form 4f system. And a 520 long
pass filter is used to filter out the pumping signal. The experimental results are shown

as insets in Fig. S8.

800 nm

BBO .
Beam splitter

| Gy

lens Sample
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)

Figure S8. Optical setup for measuring back-focal-plane images.

3. Self-interference optical setup

The self-interference experimental setup is shown in Fig. S9, where modified
Mach-Zehnder interferometer is used. A frequency doubled Ti:Sapphire laser light (400
nm, using a BBO crystal) from a regenerative amplifier (repetition rate 1 kHz, pulse
width 100 fs, seeded by Mai Tai, Spectra Physics) is used to excite the sample. The
sample is first pumped by the 400 nm femtosecond pulse laser through a 40x object
lens, and then the emission is collected by a 20x object lens. The emitted laser beam is
splitted into two donut beams (50:50) and reach the same observation plane via two
different paths. Then the interference pattern could be monitored by a CCD camera. In

order to ensure a temporal overlap between the two paths, one of the paths is adjusted
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using a delay line, when observing the interference patterns, and beams are shifted to
make the dark center of one donut overlap a bright ring of the other beam. A white light

source and a CCD camera monitor pumping positions on the sample.

400 nm e D P

: splitte{\‘,‘,\ \’

Beam
splitter
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filter
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Figure S9. Optical setup for self-interference measurements of the vortex emission.

4. Optical switching

A setup for optical switching experiments is based on the pump-probe
configuration, as shown in Fig. S10. A frequency doubled Ti:Sapphire laser light (400
nm, using a BBO crystal) from a regenerative amplifier (repetition rate 1 kHz, pulse
width 100 fs, seeded by Mai Tai, Spectra Physics) is used to excite the sample. The
pumping beam is divided into two paths, a delay line and a compensate line. An
attenuator is used before the beam splitting to tune the exciting energy above threshold,
and another attenuator in the compensate line can adjust the pumping density below a
threshold. Then the beam is combined together through a beam splitter. The frame of
the last beam splitter is adjustable, which can tune the overlapping position of two
beams. Two CCDs used here could simultaneously monitor the back-focal-plane
imaging and pumping. And a white-light source used here could monitor pumping

positions on the sample.
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Figure S10. Optical setup for switching measurements.

When one circular Gaussian beam (pumped above threshold) irradiates onto the
perovskite nanostructure, due to its symmetric configuration, a donut-shaped laser
beam can be recorded at far field, as shown in the manuscript. In fact, if we simply
change the pumping configuration, for example, by using a line-shape aperture before
beam pumping onto the sample, the far-field emission pattern would change into two
lobes form the donut shape. Then one circular beam (radius ~20 pm, 1.2 times threshold)
is focused onto the perovskite nanostructure. As shown in the main text, because the
optical pumping is above the threshold and symmetric, a donut shape laser beam is
recorded at far field. Then the second laser beam with delay time 7t is pumped onto the
same perovskite nanostructure. And its position is laterally shifted ~10 um, and the
pumping density is adjusted at 0.8 times threshold, as shown in Fig.S11a. The second
beam won’t produce any laser emission, but it can make the overlapping region of two
beams to exceed the threshold. Then the pumping region becomes asymmetric, and the

symmetry protection of BICs is broken. Consequently, a donut-shaped laser beam

transforms to two linearly polarized lobes.
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Figure S11. Schematic of the pumping configuration (upper row) and the
corresponding far-field pattern (middle row), and the self-interference patterns (bottom
row). (a). Two circle Gaussian beam are pumped onto the sample and corresponding
far field pattern (b) Line shape beam(1.2 Pw) and its complementary shape beam
pumping onto the sample and corresponding far-field pattern. Here the delay time

between two pulses 1 is 0.

On the other hand, if we put a line-shape aperture on delay line (pulse-1) and a
complementary aperture on the compensate line (pulse-2), as shown in Fig. S11b, the
pumping density in the delay line becomes above threshold (1.2 times threshold), and
pumping density in compensate line recovers below the threshold (0.8 times threshold).
The CCD in the back- focal plane of the collecting object lens would first record two
lobes when delay time t < 0. When delay timet = 0, the far-field pattern changes into
a quasi-donut shaped pattern. The transition time is about 1.5 ps, as shown in the

manuscript. Here, due to diffraction effects, the light intensity distribution of the pulse-
14



1 on the sample is not uniform. Although the light intensities of pulse-1 and pulse-2 are
not equal, due to their complementary shape and the diffraction effect, the excited states
population distribution on the sample is nearly uniform. Consequently, the far-field

pattern would change from two lobes to a donut shape again.
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Fig. S12. (a) Schematic picture for another possible configuration of beam profile
switching. Two integrated regions are marked by the dashed circles. (b) The absolute
values of integrated intensities in region-2 marked in A as a function of time. The

reduction of intensity is contrast to the conjecture in A.

If we only consider the shape of two lobes, they are also possibly formed another
mechanism, i.e. “a new mode gets excited and overlaps the original vortex laser
emission”. This mechanism is schematically plotted in Fig. S12(a). To directly exclude
this possibility, we have experimentally measured the absolute value of the integrated
intensities within position-2 (marked by a circle in Fig. S12(a)). If the change in laser
beam is caused by the overlap between a vortex beam and a newly generated beam, the
integrated intensities of position-1 of course increase. The integrated intensities of
position-2 shall also increase slightly or at least be kept at the same. Figure S12(b)
shows the absolute value of integrated intensities of position-2 as a function of time. It
is easy to see that the integrated intensity within the position-2 significantly reduces
from 70,000 to 10,000 when the emission beam changes from a donut to two lobes.
This experimental is completely different with the above conjecture and can be direct

proof for the redistribution of the laser beam during the ultrafast switching process.
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Another proof to exclude this possibility is the interference pattern. If two donuts
are formed by the overlay a new mode instead of switching away from BIC, the original
vortex information should also be kept. However, as shown in the bottom panel of Fig.
S11(a), the self-interference pattern only shows linear interference lines. For a direct
comparison, we have also studied the self-interference pattern of the vortex beam
passing through a linear polarizer. As depicted in the main text, the vortex beam also
becomes two lobes with similar profiles. However, if we look at the interference pattern
(bottom panel of Fig. S11(b)), clear inverted folks can be seen. As the linear polarizer
doesn’t change the phase information, this is another proof for the carried phase
information in the donut beam. This also shows that the transition from a donut to two
lobes in Fig. 3 and Fig. 4 of the main text is caused by the switching from the BICs

instead of overlaying a newly excited mode.

Circle beam Square beam Stripe beam

Input

beam Q

Output
beam

Fig. S13. Profiles of the output beam vs. the incident beam profile. With the change of
the pumping profile from a circle to pentagon, square, and line, the output beam profile

remain as a donut until the rotational symmetry degrades to two-fold (line pumping).

One interesting question is about the relationship between the input beam and
output laser beam. To check this relationship, we change the incident beam from a circle
to hexagon, pentagon, and square with a spatial light modulator (SLM). As shown in

Fig. S13 below, no matter the pumping profile is circle or square, the output beams
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always have donut-ring shapes. Only when the system is pumped with a stripe, the
output beam changes to two lobes. This kind of a binary transition is consistent with
the theoretical model for the generation of vector vortex beam. The real system is
determined by the pumping profile with a finite size. In the case of circular to square
pumping profiles, the overall symmetry is larger than 2-fold rotational symmetry. As
the result, the singlet at the I'-point is maintained at the BIC conditions with winding
structures in the momentum space. Once the pumping profile changes to a stripe or
ellipse, the rotational symmetry becomes 2-fold and the resonance quickly degrades

from the BIC conditions.

We have also studied the variation of output beam profile as a function of incident
beam profile. Here we use an elliptical beam with semi-major (b) and semi-minor axes
(a). Figure S14 shows the intensity in region 2 of Fig. 4 of the main text. When the
pump profile changes from the symmetric case, the output quickly degrades to two
lobes. This is also consistent with the topologically protected BIC emission well. Note
that the transition between donut and two lobes mainly utilizes the decay channels at
BICs. It is not limited within vortex microlaser and can be extended to other emissions

such as vector microlasers.

15000 4 ©

1.0 1.2 1.4
b/a

Fig. S14. Transition from a donut beam to a two-lobe beam with the power variation.
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5. Transient output laser response

In the manuscript, we demonstrate that the symmetry-breaking perturbations of
the [ -point BIC would influence the far-field emission pattern. The key information
is that the transition time is only 1-1.5 ps (orders of magnitude faster than directly
modulated microlasers) while the pumping power is orders of magnitude lower than
that for nonlinear optical switching. Such a kind of impressive results come from the
far-field characteristics of the optical BICs, which makes the system is independent to
the lifetime of the initial laser mode. Therefore, it is also important to confirm

experimentally that the initial laser can last longer than 1.5 ps and the trade-off is indeed

broken.
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Figure S15. (a) Transient absorption spectra of the CH3;NH3PbBrs; perovskite
nanostructure at different delay times; here the pumping beam is 400 nm with energy
at laser threshold. The dash line indicates bleach recovery. (b) Fitting kinetic profiles of

530 nm bleach recovery in a, the fitted life time is about 85 ps.

In order to confirm this, we study the transient absorption of the BICs microlasers.
The working principle is that the transient absorption at the lasing wavelength is closely
related to the population inversion. A transient absorption curve can reflect the
population on the upper level and the corresponding lifetime. With a similar pump-
probe setup, the lifetime of our BIC vortex laser has been recorded, and it is shown in

Fig. S15. Itis easy to see that the transition AT/T decreases exponentially with the delay
18



time 1. The fitted experimental curve shows that the lifetime is around 85 ps. This value
is consistent with the previously reported measurement with the commercial systems>®,
and it is much longer than the transition time from the vortex to linear polarization beam.
Then we know that the far-field characteristics of optical BICs make all-optical
switching is not limited by the ringdown time anymore. Therefore, the long-standing
trade-off in both directly modulated microlasers and all-optical switching has been

solved with the new concept of optical BICs.
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