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Lead halide perovskite vortex microlasers
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Lead halide perovskite microlasers have been very promising for versatile optoelectronic
applications. However, most perovskite microlasers are linearly polarized with uniform
wavefront. The structured laser beams carrying orbital angular momentum have rarely been
studied and the applications of perovskites in next-generation optical communications are
thus hindered. Herein, we experimentally demonstrate the perovskite vortex microlasers with
highly directional outputs and well—controlled topological charges. High quality gratings have
been experimentally fabricated in perovskite film and the subsequent vertical cavity surface
emitting lasers (VCSELs) with divergent angles of 3° are achieved. With the control of
Archimedean spiral gratings, the wavefront of the perovskite VCSELs has been switched to be
helical with topological charges of g = —4 to 4. This research is able to expand the potential
applications of perovskite microlasers in hybrid integrated photonic networks, as well as
optical computing.
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n optical vortex is a light beam with helical phase rotating

azimuthally around its optical axis, characterized by a

phase singularity with vanishing intensity at the center! 4.
The vortex nature makes the structured beams essential for
optical manipulation and the developments of molecular
machines. Recently, vortex beams with different topological
charge g are found to be mutually orthogonal and can therefore
be multiplexed®7. As a result, the generation of on-chip inte-
grated orbital angular momentum (OAM) microlasers has been
recognized as an effective approach to address the exponentially
growing demand for worldwide network capacity®-11. In the past
few years, great success has been achieved in on-chip integrated
vortex microlasers. Highly directional laser emissions with well-
defined topological charge have been experimentally achieved
from microring with asymmetrical scatters and the chain of
microdisks. In spite of the rapid breakthroughs, the current III-V
semiconductor microlasers face the difficulty of being imbedded
into modern Si or Si;N, based photonic integrated circuits (PIC),
significantly restricting their practical applications!?.

The solution-processed lead halide perovskites have the
potential to tackle this problem!3-18. Their intrinsic advantages
such as long carrier diffusion length and low defect density have
ensured the exceptional optical gain of lead halide
perovskites!9-21, Meanwhile, lead halide perovskites are compa-
tible with many material types, including flexible substrates and
metal electrodes?2-24, This characteristic, associated with its high
refractive index, allows a direct incorporation of a perovskite
microlaser onto a SizNy-based PIC. In the past 5 years, many
types of perovskite lasers have been experimentally demonstrated,
e.g., whispering gallery modes lasers, Fabry-Perot lasers, spasers,
distributed feedback Bragg lasers, vertical cavity surface emitting
lasers (VCSEL), and polariton lasers®19-22.24-41 The corre-
sponding applications are also extended to speckle-free illumi-
nations, sensors, all-optical switch, and sub-diffraction limit
imaging®3%42-44, Despite of the continuous success, the current
perovskite microlaser usually produces a stream of linearly
polarized photons with uniform wavefront. The dependence on
the complicated nanostructures and the inferior material prop-
erties have hindered the development of perovskite vortex
microlaser, especially for the cases with topological charge |q| > 1.
Herein, we employ the Archimedean spiral gratings and explore
the perovskite VCSELs with well-defined topological charge. On-
chip integrated vortex microlasers with g =0, 1, 2, and up to 32
have been experimentally demonstrated.

Results

The preparation of MAPbBr; perovskite nanostructures. The
lead halide perovskite film was deposited with the vapor assisted
spin-coating technique (see “Methods”)3°. The subsequent X-ray
diffraction spectrum, energy dispersive spectroscopy (see Sup-
plementary Figs. 2 and 3) are consistent with the previous report®
and confirm the formation of MAPbBr; perovskite films. The
thickness of perovskite film is controllable between 200 and
400 nm via the concentration of MAPbBr; precursor or the spin-
coating speed. For simplicity, the thickness of MAPbBr;
perovskite film is fixed at 300 nm with 20 nm variations in the
following experiments. The atomic force microscope measure-
ments show that the root mean square roughness of perovskite
film is less than 6.15nm (see Supplementary Fig. 1), good for
optoelectronic devices.

The nanostructures were fabricated within the MAPDBr;
perovskite films with a combined process of electron beam
lithography and inductively coupled plasma etching (see
“Methods”™). In contrast to the previous reports®2>4>, the etching
gas Cl, is replaced with a mixture of H, and Ar. This change

brings two improvements. On one hand, the ion exchange
process between Cl~ and Br~ has been eliminated. The
corresponding photoluminescence measurement shows that the
emission characteristics have been perfectly preserved during the
etching process (see Supplementary Fig. 5). On the other hand,
the etching rate can be well controlled to ~21 nm/s with a depth
control accuracy of 20nm (see Supplementary Fig. 6), which
enables the shallow etching and will be essential for on-chip
applications. The above information has been further confirmed
with a perovskite grating. The period (p) and gap size (g) of the
grating are 282 and 84 nm, respectively. The etching depth is
controlled to around 200 nm. As shown in the Supplementary
Fig. 9, single-mode laser emission has been simply obtained at
540 nm. This is consistent with the numerical design and
confirms the precise control of our nanofabrication process.

The Bullseye VCSELs. While directional outputs and single-
mode operation can be achieved with conventional gratings, such
perovskite microlasers only produce the Gaussian beams, similar
to the previous VCSELs31-3>, To meet the requirements of bio-
logical imaging and optical manipulation, we study the lasing
actions in two-dimensional grating, which is schematically shown
in Fig. la. It is a circular Bragg grating on a 13 nm indium tin
oxide (ITO)-coated glass substrate, also known as Bullseye grat-
ing. The period of Bullseye grating is p=282nm and the duty
ratio is 0.7. The grating is also shallowly etched 200 nm and
covered with another 300nm PMMA film. An air defect is
designed at the center of the bullseye. The resonances in the
bullseye were calculated with three-dimensional numerical
simulation (see “Methods”). As depicted in Fig. 1b, only one
mode with relatively high Q factor was achieved in a wide spectral
range. The corresponding field pattern (see Supplementary Figs. 9
and 10) shows that this mode is mainly confined within the
perovskite waveguide. By controlling the size of air defect, a phase
difference of 7 can be introduced to the waves between gratings
on both sides of the defect. In this case, the far-field vertical
radiation along Ogr =0 is destructively canceled (See Fig. lc).
Owing to the rotational symmetry of the bullseye, the far field
radiation can thus be the desirable donut beam with high
directionality.

Then the bullseye circular grating was fabricated experimen-
tally. The top-view scanning electron microscope (SEM) image is
depicted in Fig. 1d. The lattice size, duty ratio, defect size and the
etching depth all follow the design well. The optical properties of
the perovskite bullseye were characterized via optical pumping
with a femtosecond laser (see “Methods”). At low pump power,
only a broad photoluminescence peak centered at 536 nm can be
seen (black line in Fig. 1e). With the increase of pump fluence, a
sharp peak appears at the 545nm (blueline in Fig. le). The
intensity of the sharp peak increases dramatically with further
increase of pump fluence and rapidly dominates the emission
spectrum (brown line in Fig. le). Such a change can be more
clearly seen in the log-log plot of the dependence of integrated
output intensity on the pump fluence. As the dots shown in
Fig. 1f, the slope of output intensity increases from ~0.98 to 3.13
and back to 1 with the increase of pump fluence. Simultaneously,
the full width at the half maximum (FWHM) reduces from ~24 to
0.4 nm, consistent with the numerical calculation in Fig. 1. These
experimental observations confirm the single-mode laser opera-
tion with a threshold of 19.58 pJ/cm? in the perovskite bullseye.
The single mode operation is well preserved from the laser
threshold to the gain saturation.

The far field patterns of the Bullseye microlaser was studied
with the back focal plane imaging technique (see Supplementary
Fig. 11). Figure 2a shows the beam profiles of bullseye lasers in
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Fig. 1 The Bullseye VCSELs. a The schematic of the bullseye VCSEL. b The resonances in the perovskite bullseye. Here, the size parameters are

p =282 nm and g = 84 nm. ¢ The mode profile and its far field emission of the high Q mode in (b). The divergence angle is around 3°. d The top-view SEM
image of the perovskite bullseye nanostructures. e The evolution of emission spectrum with the increase of pump fluence. f The output intensity (black
dotted line) and the FWHM (purple dotted line) as a function of pump fluence.

Fig. 2 The far-field characteristics of perovskite bullseye VCSELs. a The
beam profiles of bullseye VCSEL recorded in the forward direction and
backward direction. The white dashed circles represent 10° and 20° as an
angular scale bar. b The polarization state of the donut shaped laser beam
after a linear polarizer. ¢, d The self-interference patterns of the forward
and backward donut, respectively. The white dashed circle corresponds to
the angle of 4 degree. Here the pump fluence is 20.5 pJ/cm?2.

forward (left panel) and backward (right panel) directions,
respectively. As expected, donut shaped laser beams can be
clearly seen in both directions. The laser intensity at the center
vanishes and the bright rings are around 3.5° from the normal
direction (see Supplementary Fig. 13). These donut beams
demonstrate vertically emitting characteristics of Bullseye micro-
lasers very well. The polarization states of the Bullseye VCSELs
were also characterized with a linear polarizer. As shown in
Fig. 2b, the donut shape changes to two lobes and the direction of
two lobes follows the linear polarizer, indicating the radial
polarization of the Bullseye VCSELs. These unique characteristics
make the bullseye VCSELs essential for some particular
applications such as biological imaging and optical manipula-
tion#®. Figure 2c, d shows the self-interference patterns of
Bullseye VCSELs. In both directions, only interference fringes
have been observed. Therefore, the radially polarized donut from
the perovskite VCSELs is a vector beam. The perovskite VCSELs
also have very nice stability. No obvious reduction of the laser
emission intensity has been observed after 3.6 x 10° continuous
pump with a fluence of 37 uJ/cm? (see Supplementary Fig. 20 in
the Supplementary information).

The vortex microlasers with different topological charges. To
impose the OAM to the perovskite VCSELs, we have replaced the
circular Bragg gratings with the Archimedean spiral grating. The
inner and outer boundaries of the spiral grating are defined in
polar coordinates following the equations p(8) = p(O + %) and

p(8) = p(f +£). Here, p, f and [ are the lattice size, duty ratio,
and the number of arms, respectively. The starting points of
multiple arms are 0 = 0, 27/, (I — 1)2n/l, respectively. Compared
with the Bullseye, the Archimedean spirals have very special
features. Taking the Archimedean spiral with I =1 as an example,
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Fig. 3 The laser characteristics of Archimedean spiral gratings. a The top-view SEM image of the MAPbBr; perovskite Archimedean spiral grating. b The
emission spectra of spiral grating at different pumping powers. ¢ The dependence of output intensity (solid line) and FWHM (open squares) on the pump
fluence. d The corresponding far field laser profiles in the forward direction and backward direction. The white dashed lines represent the angles of 10° and

20°, respectively.

it is a grating with fixed grating lattice size p in the radial
direction. In the azimuthal direction, the spiral shape can impose
a 27 phase shift along a circle. Consequently, the Archimedean
spiral gratings can endow a phase singularity to a resonant mode
within the radial gratings and thus produce the vortex beams
carrying the OAM.

With the above analysis, the Archimedean spiral gratings were
experimentally fabricated within the 300 nm MAPbBr; perovskite
film. Figure 3a shows the top-view SEM image of one
Archimedean spiral grating. Due to the difference in thickness,
here the grating with lattice size of p =288 nm and duty ratio of
0.7 can match the gain spectral region of MAPDbBr;. The
MAPbBr; spiral grating was optically excited to explore its laser
performances. The results are summarized in Fig. 3b. With the
increase of pump fluence, there is also a clear transition from a
broad photoluminescence peak a single spike at 548 nm. The
dependence of the integrated output on the pump fluence (see
Fig. 3c) shows a clear “S” shaped curve. The slope changes from 1
to 4.31 and back to 1.13. This information, associated with the
dramatic reduction of the FWHM at ~19.13 pJ/cm?, confirms the
onset of lasing action in the perovskite Archimedean spiral. Note
that the Archimedean spiral grating also supports the single mode
operation. The ration between the laser peak and the photo-
luminescence is more than 10 dB at the largest pump fluence (see
Supplementary Fig. 21 in the Supplementary information).

With the above threshold excitation, highly directional laser
emissions from the Archimedean spiral grating have been
achieved in both of the forward and backward directions.
Figure 3d shows the far field beam profiles. Similar to the
Bullseye VCSELs, the Archimedean spiral laser emissions are
perpendicular to the grating plane. They are also donut shapes

with vanishing centers. The divergent angles are around 3.7°,
demonstrating the VCSELs characteristics well.

Figure 4a shows the experimentally recorded polarization states
of the Archimedean spiral VCSEL. The donut laser beam
becomes two lobes after passing a linear polarizer. The direction
of two lobes follows the direction of linear polarizer, indicating
the radial polarization with a singular point at the center. All of
these observations are similar to the Bullseye VCSELs and
confirm the successful generation of vector laser beams. The
interesting phenomena happened in the self-interference experi-
ments. Figure 4b shows the self-interference pattern of the
forward laser beam. Different from the Bullseye VCSELs, there
are a pair of inverted forks, which is a direct confirmation of the
phase singularity within the Archimedean VCSELs. Figure 4c
shows the self-interference pattern of the backward laser beam.
There are also a pair of inverted folks with completely opposite
directions to the forward ones. Therefore, we conclude that
Archimedean spiral can produce two laser beams with OAM g =
—1 and +1, respectively. Such a phenomenon is consistent with
the geometry of the Archimedean spiral. The retrieved phase
from the corresponding numerical calculation using Lumerical
FDTD analysis shows a phase singularity at the center of the
beam (see Fig. 4d). The phase shift along a circle surrounding the
singularity is 27. As a result, vortex microlasers with reversed
topological charge g = *1 are obtained in two directions.

According to the equations, the arm number [ of the
Archimedean spiral is controllable. With the increase of I from
1 to 4, the Archimedean spiral starts to have 2-fold, 3-fold, and 4-
fold rotational symmetries. The phase shift along a circle thus
becomes 47, 67, and 87, respectively. As the lattice size and duty
ratio are kept as the same, the lasing wavelength of the grating are
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Fig. 4 The far field characteristics of the Archimedean VCSELs. a The polarization states of the laser beam. The divergence angle are marked with dashed
lines. b, ¢ The measured self-interference patterns of the laser beams in the forward direction and in the backward direction, respectively. Here, the pump
fluence is 21 uJ/cm2. d The numerically calculated phase profile of emission from the Archimedean spiral grating. The white dashed lines represent the

angle of 10°.

also well preserved. As a result, the OAM of the laser emission
from the Archimedean spiral gratings also becomes controllable,
whereas the lasing wavelength can be pretty much preserved. We
then fabricated a series of Archimedean spiral gratings with arm
numbers of [ =2, 3, 4.

Figure 5a shows the top-view SEM images of these gratings,
associated with the SEM images in Figs. lc and 3a. The
corresponding laser characteristics of the Archimedean spiral
gratings have been studied under optical excitation. The
corresponding laser spectra and thresholds can be seen in the
Supplementary Figs. 16-18. The far field laser beam profiles from
the perovskite spiral gratings are shown in Fig. 5b. With the
increase of arm number from 0 to 4, the far field laser beams are
all directional donut beams. The center of the donut gets larger
and the divergent angles are 3.15° 3.7°, 4.46°, 5.35°, 6.07°,
consistent with the profile equation of OAM beam?0, The
corresponding self-interference patterns of the forward beam in
Fig. 5¢c show 2-4 pairs of inverted forks when /=2, 3, 4. These
results, associated with the numerically calculated phase profiles
in Fig. 5d, confirm that the topological number of OAM increases
from 2 to 4 with the increase of arm number. These results are
retrieved through Lumerical FDTD analysis after matching the
simulated result to experiment. The self-interference patterns of
the backward beams have also been measured. As shown in
Supplementary Fig. 12, the directions of inverted forks are all
opposite to the ones in Fig. 5¢, demonstrating the topological
numbers from —2 to —4 as well. Therefore, with the control of
the bema number, the perovskite-based Bullseye and Archime-
dean spiral VCSELs have the capability of producing vortex laser
beams with OAM g = —4 to 4.

It is important to note that the difference between Archime-
dean spiral and the bounded states in the continuum. While both
of them can produce vortex laser emission. The topological
charge is limited to small value due to the complicated
nanostructures. In contrast, the topological charge of Archime-
dean spiral is determined by the arm number. With the increase

of arm number, perovskite VCSELs with topological charge g =
8, 16, 32 have also been experimentally demonstrated (see
Supplementary Figs. 22-24 in the Supplementary information).
Such a large range of topological charge makes perovskite
VCSELs essential for high density mode division multiplexing.

Discussion

In summary, we have experimentally fabricated a series of Bull-
seye grating and Archimedean spiral grating with different arm
number of /=1, 2, 3, and 4. With the precise control of nano-
fabrication, the lasing wavelengths are well preserved at around
540 nm, whereas the topological charge of the highly directional
laser beams can be precisely tuned from q = —4 to g =4. This is
the first time that perovskite VCSELs can carry OAM with larges
topological charges. The developed method can be expanded to
larger topological charge by fabricating Archimedean spiral with
more arms or spiral ring grating with more notches (see Sup-
plementary Figs. 22-24 in the Supplementary information). We
believe this research shall route a way of perovskite optoelectronic
devices to on-chip optical network, biological sensing, quantum
optics, and optical manipulations as well.

Methods

Numerical calculations. The numerical calculation is based on a commercial finite
element method package (COMSOL Multiphysics 5.1). Eigenfrequency analysis
module is used to obtain the resonance mode diagrams. Owing to the rotational
symmetry, only the cross section along the radial direction is calculated. The
material refractive indices are measured by ellipsometer and shown in Supple-
mentary Fig. 4 in the Supplementary information.

The preparation of perovskite thin film. The 1.4 mM/mL MAPbX; precursor was
obtained by dissolving PbBr, and MABr (99.999%, Shanghai MaterWin New
Materials Co.) with a 1:1 molar ratio in dimethyl sulfoxide for 6 h stirring (with
density of 1.4 mM/mL). The 13 nm ITO coated substrate was hydrophilic treated
with oxygen in a plasma cleaner (Femto) of 60 W power for 3 min. Then the
MAPbBr; precursor solution was spin-coated onto the substrate for 90's. At the
twenty-third second, 70 uL chlorobenzene solution was casted onto the film to
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Fig. 5 The MAPbBYr; perovskite VCSELs with different topological charges. a The top-view SEM images of the Archimedean spiral gratings with /=0
M, I=1AD, =2 ), =3 (IV),and I =4 (V). b The corresponding far field beam profiles of the perovskite VCSELs. ¢ The corresponding self-interference
patterns of emission beams in the forward direction. Here, the pump fluence is 21 uJ/cm2. d The corresponding phase distribution simulation results. The

white lines represent the angle of 10°.

form dense and uniform film. The thickness of perovskite film was controlled to
300 nm.

Nanofabrication. The MAPbBr; perovskite film was coated with 150 nm electron
beam resist (ZEP520 A) and patterned by electron beam lithography (Raith Eline
150Plus). To avoid degrading the film quality, the acceleration voltage was con-
trolled at 30 kV and the dose was around 70 uC/cm?. The designed nanostructures
were generated in the resist after developing in N50 for 50 s. Then the nanos-
tructures were transferred into the perovskite film via the reactive ion etching
(Oxford PlasmaPro 800Plus). After the etching process, the sample was quickly put
into the glove box and spin-coated with 300 nm PMMA resist under negative
pressure. The PMMA resist fills the gap regions and cover the whole sample
very well.

Laser characterization. The sample was mounted on a three-dimensional trans-
lation stage under a home-made microscope, and excited by a frequency doubled
laser (400 nm, using a BBO crystal) from a regenerative amplifier (repetition
ratel kHz, pulse width 100 fs, seeded by MaiTai, Spectra Physics). The pump light
was focused to a 20 micron in diameter spot on the top surface of the sample
through a 40x objective lens. The pump laser beam is roughly half of the perovskite
grating (see Supplementary Fig. 15 in the Supplementary information). The
emitted laser light was collected by the same objective lens and coupled to a
spectrometer (Princeton Instruments, PIXIS UV-enhanced CCD) coupling spec-
trometer (Acton SpectroPro s2700) through a multimode fiber.

Self-interference experiment. The pump laser was the same as the above and the
setup was shown in Supplementary Fig. 12. During the measurement, the laser
emission was divided into two beams with equal intensities. A delay line was added
to the optical path of one beam. By adjusting the delay line, the two optical paths
had the same length and two beams thus met again. By tuning the bright ring of
one beam overlap with the dark center of the other one, the self-interference
patterns were produced.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All relevant data can be obtained from the corresponding author under reasonable
request.

Received: 19 April 2020; Accepted: 1 September 2020;
Published online: 25 September 2020
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