This document is downloaded from DR-NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

High-Quality Whispering-Gallery-Mode Lasing
from Cesium Lead Halide Perovskite
Nanoplatelets

Zhang, Qing; Su, Rui; Liu, Xinfeng; Xing, Jun; Sum, Tze Chien; Xiong, Qihua
2016

Zhang, Q., Su, R,, Liu, X., Xing, J., Sum, T. C., & Xiong, Q. (2016). High-Quality
Whispering-Gallery-Mode Lasing from Cesium Lead Halide Perovskite Nanoplatelets.
Advanced Functional Materials, 26(34), 6238-6245.

https://hdl.handle.net/10356/84080

https://doi.org/10.1002/adfm.201601690

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. This is the author created version
of a work that has been peer reviewed and accepted for publication by Advanced
Functional Materials, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. It incorporates
referee’ s comments but changes resulting from the publishing process, such as
copyediting, structural formatting, may not be reflected in this document. The published
version is available at: [http://dx.doi.org/10.1002/adfm.201601690].

Downloaded on 26 Aug 2022 03:42:00 SGT



O 0O NOOTUL B WN P

W WWWWWWNRNNNNNNNNNRPRPPRPREPRRRERRR
O U WNRPOWOVONNIOTUDNWNROOOORNOODU DN WNRO

w W
oo

w
Y]

S
o

ADVANCED
Submitted to MATERIAI.S

DOI: (Please add manuscript number)
Avrticle type: Communication

High Quality Whispering-Gallery-Mode Lasing from Cesium Lead Halide Perovskite
Nanoplatelets

By Qing Zhang, Rui Su, Xinfeng Liu, Jun Xing, Tze Chien Sum*, Qihua Xiong *

[*]

Dr. Q. Zhang, R. Su, Dr. J. Xing
Division of Physics and Applied Physics, School of Physical and Mathematical
Sciences, Nanyang Technological University, Singapore 637371

Dr. X. F. Liu

Division of Physics and Applied Physics, School of Physical and Mathematical
Sciences, Nanyang Technological University, Singapore 637371,

National Center for Nanoscience and Technology, Chinese Academy of Sciences,
Beijing 100190, China.

Prof. T. C. Sum

Division of Physics and Applied Physics, School of Physical and Mathematical
Sciences, Nanyang Technological University, Singapore 637371,

Energy Research Institute @ NTU (ERI@N), Nanyang Technological University, 50
Nanyang Drive, Singapore 637553;

Singapore-Berkeley Research Initiative for Sustainable Energy, 1 Create Way,
Singapore 138602, Singapore.

Email: tzechien@ntu.edu.sg

Prof. Q. H. Xiong

Division of Physics and Applied Physics, School of Physical and Mathematical
Sciences, Nanyang Technological University, Singapore 637371,

NOVITAS, Nanoelectronics Centre of Excellence, School of Electrical and Electronic
Engineering, Nanyang Technological University, Singapore, 639798

Email: Qihua@ntu.edu.sg

Keywords: Cesium Lead Halide; Perovskite; Nanolaser; Whispering-Gallery-Mode; Van der

Waals Epitaxy; Microcavity;


mailto:tzechien@ntu.edu.sg
mailto:Qihua@ntu.edu.sg

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ADVANCED
Submitted to MATERIAI.S

The fundamental and technological progress in materials sciences and condensed matter
physics has led to the revolution and evolution of a variety of functional devices that
modernize our society and social life. Further advances, however, will largely depend on
novel materials, especially emergent materials with multifunctionality and their advanced
applications. Recently, lead halide perovskite has regained attentions for its big success in
photovoltaic.! As a direct band-gap semiconductor, lead halide perovskite family exhibits
outstanding optical and emission properties, which are promising for flexible, low-cost
photonic devices including laser, light-emission devices and photodetector, etc.l*®! Through
structural engineering and composition tuning, the emission colour of lead halide perovskite
can be tuned from UV to NIR as well as a large scale of exciton binding energy tailorable
from several to several hundreds of meV.!* ® 1 Together with well-controlled exciton
behaviour, the cubic lattice of the type of materials promises the achievement of high-quality
factor single crystalline Fabry-Pérot and whispering-gallery-mode cavities.* ' In this regard,
lead halide perovskite not only provides a perfect platform for us to study exciton-photon
interaction from weak to strong region in fundamental level, but also opens a new territory of
functional and high-efficient optoelectronic devices to complement traditional inorganic
semiconductorst* > 2 131,

Single crystalline semiconductor optical micro/nano-cavities with high quality factor (Q)
and small modal volume are important for development of microscopic coherent laser source
for on-chip optical communications, high-density storage and super-resolution imaging in life
sciences.™  Semiconductor nanostructures, such as single crystalline nanowires and
microdisks, can serve as both gain media and optical microcavities confined by their facets,
which is particularly promising for high-quality small size laser sources.'>™8 However,
constrained by exciton binding energy and thermal fluctuation, only handful wide-band

traditional semiconductors such as ZnO and GaN have stable and active excitons at room
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temperature (Supporting Information, Fig. S1). In visible luminescent 1I-VI/I1I-V
semiconductors such as CdSe, ZnTe, etc, exciton dislocates at room temperature because of
thermal fluctuation and thus free carrier emission dominates which has larger optical loss than
exciton emission. In several ionic systems such as Cu,O™%, CuCl and CuBr, E is as large as
80-100 meV, while emission energy is still beyond 3.2-4.0 eV. The spectra coherence, one of
the most important characteristic of a laser device, is evaluated by lasing linewidth. According
to Schawllow-Townes equation, the lasing linewidth is constrained by cavity Q and gain
value of semiconductor, and the coupling efficiency of spontaneous emission into lasing
process.”®! Till now, the lasing linewidth 81, of visible nano/microlaser based on single
crystalline 11-VI semiconductor compounds nanostructures is lower than ~0.25 nm
(Supporting Information, Tab. S1; Supporting Information Note 1)1**2*24 Although two-
dimensional transition metal dichalcogenide has recently been shown with exciton binding
energy on the order of ~ 1 eV at visible region, the thickness of mono- or few-layer structures
(sub-5 nm) is far below diffraction limit and unable to support a low-loss active cavity by
themselves®. The lasing of two dimensional materials was achieved at low temperature (~
130 K) and other optical cavities were necessary, which limits the technologically
applications of the lasers™®. In organic semiconductors, Frenkel excitons are dominated with
binding energy of several hundreds meV, while the materials stability and poor crystallinity
are big concerns.[?® %71

Recently, a room temperature lasing from single crystalline organic-inorganic
CH3NH3PbBr3; perovskite nanowires was proved. The lasing linewidth 64, ~ 0.21 nm and 0.23
nm at 520 and 790 nm respectively, ™ ™ which is slightly higher than that of 1I-VI/11I-V
luminescent semiconductor compounds. Compared with the organic-inorganic lead halide
perovskitest® " & all-inorganic lead halide, such as CsPbXs (X=I, Br, Cl), exhibit better

stability, relatively larger exciton binding energy and higher emission efficiency (~ 90%)?% 2,

3
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which promises for coherent and quantum light sourcel®. Nonetheless, solution-processing
synthesized colloidal CsPbX3 quantum dots (CQDs) film random laser still suffers from low
spectra linewidth 84, ~ 5 nm, caused by significant scattering loss®”. The lasing spectra
coherence is improved (o4~ 2 nm) through embedding the CQDs into whispering-gallery-
mode silica spheres cavities; however the spontaneous emission coupled into the lasing
processes is not sufficient and the spontaneous emission background is still a problem for real
applications®. A single crystalline cesium lead halide microcavities functioned as both gain
materials and optical feedback suppliers can address both problems simultaneously. However,
till now most of CsPbX3 perovskite nanostrctures (nanocrystals, nanowires and nanosheets,
etc) were prepared by solution processing methods and the sample thickness is smaller than
20 nm.BB3 According to optical diffraction law, the CsPbX3 nanostructures cannot form
effective optical cavities and provide effective optical feedback to support amplification and
lasing actions by themselves.

In this work, we synthesized high-quality single crystalline all-inorganic cesium lead
halide CsPbX3 (X=CI, Br, I) nanoplatelets with micro-scale edge length and sub-wavelength
thickness using vapour-phase van der Waals epitaxy method. The as-grown luminescent
perovskite show intense, narrow-band, tunable absorption and emission properties in the
whole visible spectra region. Temperature-dependent absorption spectroscopy studies
demonstrate that the exciton binding energy for CsPbCls, CsPbBrs3 is 72 meV and 38 meV
respectively. Multi-colour (400-700 nm), low-threshold (~ 2.2 pJ/cm?), high quality lasing
action is realized in the naturally formed single crystalline WGM microcavities. The lasing
mode linewidth is ~ 0.14-0.15 nm, which is so far the highest among single crystalline
semiconductor microcavities in visible region.

Cesium lead halide CsPbX3 perovskite nanoplatelets were grown on muscovite mica
substrates using vapor transport chemical vapor deposition (CVD) method as previous

4
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literature works introduced.®**! Fig. 1a illustrates typical optical images of CsPbBrs
nanoplatelets grown on mica substrate. The nanoplatelets are featured with well-defined
square shapes which are determined by the crystalline structure of CsPbBr;. The predominant
square shapes of nanoplatelets originate from intrinsic cubic phase under high temperature
(i.e., > 400 K)P¥\. The square nanoplatelets are well oriented at multiples of 90°, which
suggest the epitaxial nature of CsPbBr; crystals on mica. The growth mechanism is believed
to be van der Waals epitaxy, which has been previously discussed in detail in planar and
nonplanar structures grown on van der Waals substrates such as mica, graphene or boron
nitride by vapor phase or solution methods!'® 343 3842 The |ateral dimension of the
perovskites nanoplatelets are ranging from 1.0 to 20.0 um. Due to diffraction between the top
and bottom facets, the perovskite nanoplatelets show rich colors dependent on the thickness
ranging from 50.0 to 300.0 nm, which can be correlated from the optical images and atomic
force microscopy (AFM) (Fig. 1b). The size distribution may be due to the surface non-
uniformity of mica substrate. The perovskite nanoplatelets also show a highly smooth surface
with a surface roughness of only ~2.0 nm as indicated by AFM measurement (Fig. 1b), which
is perfectly flat in optical level. Similar well-defined structures can also be obtained on
CsPbX3; with halide composition modulation, such as by altering CI/Br ratio to obtain
CsPb(CI/Br); nanoplatelets and Br/l ratio to obtain CsPb(Br/l); nanoplatelets. The detailed
growth condition is summarized in Supplementary Table 2. These CsPbX3 nanoplatelets were
further characterized by powder X-ray diffraction (XRD) (Fig. 1c) in 6—6 geometry, which
means that only planes parallel to substrate surface contribute to XRD patterns. Three peaks,
which correspond to (100), (110) and (200) planes, can be well indexed to the cubic phase of
CsPbXj3 perovskites, while the other peaks originate from the mica substrate and the source
materials. Furthermore, these three peaks show blue shifts from CsPbCl; to CsPbls, which is

due to the increasing lattice constant. Three types of crystalline structures are reported in
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CsPhX3, including orthorhombic, tetragonal (ie., 88°C for CsPbBrs), and cubic polymorphs
(ie.,130°C for CsPbBr3).** *! While only cubic phase expected to exist above 400 K, is
observed for all the samples even at room temperature. In CsPbX3 quantum dots, similar
phenomenon was found which was attributed to high growth temperature and large surface
energy.?!

All the cesium lead halide perovskites are direct band gap semiconductors. In CsPbX3
perovskites, band edge states are mainly determined by inorganic PbXg" octahedron. The
conduction and valence band forms due to hybridization states between cation Pb and anion X
orbital™. When the halide elemental weight increases from CI to I, the bond strength
between Pb and X decreases and then the valence and conduction band moves closer, which
leads to the decreasing of optical band gap from 412 nm (CsPbCl3) to 700 nm (CsPbls) (Fig.
1d).** %®1 The as-synthesized CsPbCls;, CsPbBr; nanoplatelets show a strong and narrow
excitonic absorption peak with full width at half maximum (FWHM) of 80.0 meV (7.0 nm)
and 65.0 meV (15.0 nm) at room temperature, respectively, which implies a large exciton
binding energy. The room temperature PL spectra and image reveal that CsPbCl;, CsPbBrs3,
and CsPblz emit light at 3.00 eV (412 nm, FWHM ~ 8.0 nm, blue), 2.35eV (527 nm, FWHM~
20.0 nm, green), and 1.77eV (700 nm, FWHM ~30.0 nm, red), respectively. For given
material, apart from intrinsic exciton transition and exciton-phonon scattering the exciton
linewidth can be broaden by disorder, surface, defects, etc. " *! The PL FWHM (8.0-30.0
nm) of CsPbX3nanoplatelets is smaller than that of highly luminescent CsPbX3; CQDs (12.0-
42.0 nm) at room temperature, which suggests the high quality and good optical/excitonic

properties of as-grown nanoplatelets’®® ** 0,

Bandgap engineering is achieved by
compositional modulation, specifically, by tuning the CI/Br ratio for the 410-527 nm range,
and Br/l ratio for 527-700 nm range, which almost covers the entire visible spectral region

(Supporting Information, Fig. S2).
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A detailed temperature-dependent absorption spectroscopy was conducted to study the
exciton dynamics of the inorganic semiconductor perovskites. Fig. 1e shows the band edge
absorption spectroscopy of CsPbCl; as the temperature decreases from 350 to 77 K as a
typical example. Temperature dependent absorption spectroscopy of CsPbBrs; could be
obtained in Supporting Information (Fig. S3). Strong exciton peak near the band edge can be
resolved even at 350 K. In general, spectra linewidth of exciton absorption can be attributed to
inhomogeneous and homogenous broadening.” ! The inhomogeneous broadening mostly
due to disorder is temperature-independent, which will not be considered here. On the other
hand, the homogenous broadening includes two contributions: 1) nature population relaxation
of excited states including both of radiative and non-radiative recombination; 2) elastic
scattering events such as exciton-exciton, exciton-phonon processing. As shown in Fig. 1f,
when the temperature decreases from 310 to 77 K, the exciton absorption peak becomes
narrower; the peak intensity increases (supplementary information Fig. S3). The phenomena
suggest that exciton dislocation is predominated by exciton-phonon inelastic scattering.[*?!

Based on the model, the linewidth of exciton absorption peak can be written as a function of

temperature via oV = oV, +VTe7EB/kBT. In the equation, oV, Vo Vi, B, Ks s the bandwidth of
exciton peak, temperature-independent broadening, temperature dependent broadening,
exciton binding energy and Boltzmann constant, respectively.®! As shown in Fig. 2a, the
FWHM of exciton peaks for CsPbCl; and CsPbBr3 are extracted out, which can be well fitted
by the above equations (Fig. 1f, Supporting information Fig. S3). Exciton binding energy E,
evaluated from fitting is 38 + 3 meV and 72 + 3 meV for CsPbBr3; and CsPbCls, respectively.
The value is in good agreement with previous calculation results.””! Since exciton absorption
peak of CsPbls could not be resolved at room temperature, a calculation value of ~ 20 meV
from previous work was adopted in this work.”?” The binding energy decreases from 73 to c.a.
20 meV with the increase of halide elemental weight and the reduction of band gap from ClI to

7
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I, which could be simply explained by perturbation theory.’] The large exciton binding
energy (Ep, > 25 meV) confirm that in the as-grown all-inorganic lead halide perovskites
exciton is stable and does not ionize into free carriers at room temperature, which well
explains the observations of sharp exciton absorption peak and narrow band emission in
absorption and emission spectroscopy (Fig. 1). The exciton binding energy of CsPbX;
perovskite is relatively higher than I1-VI and I11-V semiconductors in the same spectra range
(Supporting Information, Fig. S1). The underline reason is still unclear and further studies are
needed.

The CsPbXj; crystals with sub-wavelength thickness and uniform square shape naturally
form high-quality whispering-gallery-mode microcavities. To probe the cavity performance
for amplification and oscillations, we conducted lasing characterization with the nanoplatelets
as schematically shown in Fig. 2a. At low pump fluence the band edge emission (FWHM: 20
nm, center wavelength: 527 nm) is too weak to be resolved in the same scale of the spectra
taken above lasing threshold (Fig. 2a). When the pump fluence increases (~1.5 pd/cm?),
narrow oscillation peaks can be observed around A =530.0 nm, which are the optical modes
selectively amplified by the optical feedback in the square cavity. At a pump fluence of 2.5
ul/cm? per pulse, the oscillation peak intensity increases sharply together with the further
narrowing of peak width 84, indicating the occurrence of lasing action. As the pumping
fluence reaches 3.0 pJ/cm?, the lasing linewidth (FWHM) is as small as 54 = 0.15 nm . The
laser linewidth is relatively smaller compared to previous reports in semiconductor
microscavities (4~ 0.2 nm). (Supporting Information, Tab. S1). The peak emission intensity
versus excitation power (input-output curve) shows a typical “S” shape which confirms lasing
action based on a multi-mode laser theory (Fig. 2d). The linear region at low pumping power
is attributed to spontaneous emission, the superlinear increase region above 2.2 pJ/cm?

suggests amplified spontaneous emission while the further linear increase region at higher
8
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pump fluence demonstrates a full lasing action. The transition of linear region (spontaneous
emission) towards nonlinear region (stimulated emission) occurs at P = 2.2 pJ/cm? which can
be assigned as the lasing threshold. The carrier density at the threshold c.a., ~ 1.5 x10""cm™,
which is smaller the Mott density of CsPbBr; (~ 1.8 x10'cm®), suggesting that the
amplification of radiation is corresponding to excitonic lasing.®? The slight blueshift of ~ 0.5
nm under intense pumping may be due to the reduction of refractive index.® The detailed
mechanism needs further investigations.

Further investigations into the remarkable performance of the CsPbBr; platelet are
conducted with time-resolved photoluminescence (TRPL) measurements (see Fig. 2e). The
spontaneous emission lifetime is as long as zspe ~4.2 ns at low excitation (~0.1Py, navy dots).
The zpe decreases to ~3.0 ns at higher excitation fluence (~0.8Py). When the excitation
fluence is above the threshold (~1.2Py,), very fast time decay (< 30 ps, limited by the streak
camera instrument response) dominates the kinetic process, further signifying the stimulated
emission process and supporting the lasing occurrence in the square cavity.

We explore the optical modes inside the cavity. At the thickness of 180 nm, both of
Fabry-Pérot (FP) mode oscillation between two facets and WGM oscillation among the four
facets are possible. However, the gain threshold of FP mode is much larger than that of WGM
oscillation. Therefore, primarily the lasing observed in experiment is considered to be due to
WGM lasing. Further photoluminescence/lasing image and field calculations are conducted.
Fig. 3a-3b shows the photoluminescence image of individual CsPbBr3 below and above lasing
threshold, respectively. When the excitation fluence is lower than the lasing threshold, the
whole platelet body exhibits green color, suggesting the unidirectional out-coupling of
spontaneous photoluminescence emission. While the excitation fluence is higher than the
lasing threshold, the spontaneous emission is selected and confined by the whispering-gallery-
mode cavity, large amount of photons can only emit from the square cavity edges, resulting in

9
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a significantly stronger emission at the nanoplatelet edge and particularly at the corners. This
pattern agrees very well with the electric field distributions of transverse mode (TM)
calculated based on whispering-gallery-mode cavity using a finite domain time difference
(FDTD) package (Fig. 3c). The calculation shows that the optical field at the resonance mode
is well confined inside the microcavity in the form of WGM oscillation. The field has more
leakage at four corners; therefore experimentally far-field emission image shows strong
intensity in these areas.

We further investigate the lasing mode as a function of the nanoplatelet edge. With the
increasing of nanoplatelet edge length L from 9.0 to 29.0 um, the spacing between two
adjacent mode decreases from to 3.0 nm to 0.9 nm (Fig. 3d). To rule out the influence of
thickness difference on effective index around diffraction limit, CsPbBr; nanoplatelets with
similar thickness (180+20 nm) were selected. The mode spacing extracted from Fig. 3d

exhibit is linear proportional to the inverse of edge length (Fig. 3c-d). In a cubic WGM

resonator, the mode spacing &4, can be written ast™:

_ A
o 2\/§Lng’

A group refractive index ng of ~ 3.7 is extracted out through the fitting, which show good
agreement with previous studies, suggesting the achievement of whispering-gallery-mode
lasing.”” The lasing peaks usually locate at the lower energy side of spontaneous emission,
which is widely observed in I1-VI and I11-V semiconductor microlasers. The phenomenon is
assigned to exciton self-absorption during the photon propagation process along the cavity.™*
With the increasing of edge length, a small redshift of lasing peaks (~ 1.0 nm) was observed

through compared the center frequency of the lasing modes, which also supports the

occurrence of self-absorption.

10
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Multi-color lasing actions can be realized in ternary and quaternary perovskite square-
shaped platelet crystals at room temperature, as shown in Fig. 4a. When spontaneous emission
colour of gain materials is tuned from blue to red through element modulation, the lasing
threshold is around ~2.0-10.0 wJ/cm?, which is comparable with traditional semiconductors
and smaller than CsPbX; QDs WGM laser with much larger size as reported recently™® 2,
The PL images (inset, Fig. 4a) above lasing threshold clearly show the predominance of
whispering-gallery-modes lasing. The lasing peak is much stronger than their spontaneous
emission background, indicating that large amount of spontaneous emission participates in
lasing process. The high quality of square cavity and emission quantum yield are sustained for
quaternary CsPbX3 compounds. Fig. 4b displays zoom-in spectroscopy of one lasing mode for
quaternary lead halide CsPb(Br/l); perovskite with a centre emission wavelength of ~ 680 nm
(Fig. 4b). In the solid state crystalline lasers, inhomogeneous broadening, such as Doppler and
pressure broadening could be neglected.®” The homogenous broadened lasing peak could be
well fitted by a Lorentz function with FWHM of 0.14 nm."® The slight asymmetric profile is
due to background subtraction. The laser linewidth is smallest among any single crystalline
inorganic semiconductors and other perovskite microcavities in this spectra range (Supporting
Information, Tab. S1). It should be noted that the laser linewidth of the as-grown perovskites
is compared with or slightly lower than that of microlasers manufactured by embedding the
semiconductor nanostructures into other ultra-low loss optical cavities such as silica
whispering-gallery-mode cavities or distributed Bragg reflector cavities.® It could be
predicted that the laser linewidth of the all-inorganic perovskite micro-laser can be further
promoted via introduction of the other high-Q passive optical cavities using similar methods.
The high spectra coherence performance of as-fabricated microlaser can be attributed to
room-temperature stable exciton as a result of large exciton binding energy, naturally formed

cubic WGM mode resonator and promising highly luminescent gain materials.

11
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To conclude, we demonstrate all-inorganic whispering-gallery-mode crystalline micro-
cavities using van der Waals epitaxy cesium lead halide CsPbX3 (X=ClI, Br, I), which show
intense, high quality room-temperature spontaneous emission lasing tuned over the entire
visible region (410-700 nm). Multi-colour, low-threshold lasing is realized in individual all-
inorganic perovskite microcavities with promising spectra coherence. More efforts should be
put on light-emission and electrically driven nanolaser sources development and also
fundamental studies in macroscopic quantum optics such as exciton-photon polariton and

polariton lasing.

12
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Experimental Section

Synthesis of CsPbX3 and characterization

The compounds CsPbX3 perovskite nanoplatelets were grown by a vapour transport method
using a home-built chemical vapour deposition (CVD) system. The substrate muscovite mica
is cleaned by acetone and put inside the downstream of a quartz tube mounted in a single zone
furnace (Lindberg/Blue MTF55035C-1). The source is mixed powder of lead halide PbX; and
CsX with molar ratio 1:1. After the substrate and sources are placed inside the quartz tube, the
quartz tube is pumped down with a setting base pressure of 50 mTorr, which is followed by a
30 sccm flow of high purity N, (99.999 %). The temperature and pressure inside the quartz
tube are then set and stabilized for 20 minutes. For CsPbCl;, CsPbBrs, CsPbls, the
temperature and pressure are 625 °C and 100 Torr, 575 °C and 50 Torr, 550 °C and 100 Torr,
respectively. After the synthesis, the tube is cooled down naturally. The crystalline structure
of as-grown nanoplatelets is characterized by x-ray diffraction (XRD, Bruker D8 advanced
diffractometer, Cu Ka radiation). The size and thickness of the nanoplatelets are measured by
scanning electron microscopy (SEM, JEOL JSM-7001F) and atomic force microscope (AFM,

Veeco Dimension V).
Optical characterizations

The absorption spectroscopy of absorption spectroscopy was conducted on PerkimElmer
Lambda 950 UV/VIiS/NIR spectrometer. Steady-state photoluminescence was performed on a
confocal micro-spectrometer using reflective symmetry (Horiba-JY T64000). For CsPbBr; to
CsPbls sample, A solid state diode laser 473 nm was focused by an objective (100x, NA: 0.9)
to excite the samples. The pumping power is 22 uW. For CsPbCl; and CsPb(CI/Br)3, a UV
325 nm laser is focused by 20x UV objective as excitation source (power: 10 uW). The lasing

and time-resolved PL spectroscopy was carried out on a home-built far-field epi-fluorescence

13
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microscope at room temperature in a vacuumed atmosphere. A 400 nm pulsed laser was used
as the excitation source, which was frequency doubled by a BBO crystal from an amplifier
laser source (Libra, Coherent company, center wavelength: 800 nm, repetition rate: 1 kHz,
pulse width: 50 fs). The pump light was focused by a microscopy objective (20x, NA: 0.45)
and excited on the samples. The excitation laser spot was expanded (around 25 um in
diameter) to excite the whole nanoplatelets to minimize heat and optical damage at high
energy pumping condition and promote energy injure efficiency. The emission signal was
collected the same objective and analyzed by a Acton spectrometer (Spectra Pro 2500i)
equipped with a Princeton Instrument liquid helium cooled CCD (Pixis 400B) for lasing
measurement. For time-resolved photoluminescence measurement, the signal was analyzed by

an Optronis Optoscope streak camera system with an ultimate temporal resolution up to ~ 10

ps.

Numerical calculations

The cross-section waveguide mode properties including effective indices and field
distributions of nanoplatelet on top of mica were calculated using finite element method
(Lumerical FDTD). To simplify the system from 3D to 2D, we introduce the effective index
of refraction, mainly the planar waveguide model. Then, we simulate the mode distribution in
2D system using the effective index rather than the index of the material. The refractive index

of mica and perovskite can be obtained from previous literature.™

14
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Figure 1 Cesium Lead Halide Perovskite Nanoplatelets. (a) Optical image of CsPbBr;
nanoplatelets showing square or rectangular shapes and rich colors. (b) AFM characterization of
individual CsPbBr; nanoplatelets with different colors. (¢) XRD pattern of as-grown CsPbXj
nanoplatelets showing cubic phase. (d) Optical absorption (dash line) and PL spectra (solid line) of
CsPbCls, CsPbBr; and CsPbls nanoplatelets. Inset: PL image of CsPbCls, CsPbBr; and CsPbl; (left to
right). (e) Temperature dependent absorption spectra of CsPbCls. The temperature for the curve from
bottom to up is from 350 K, 330 K, 320 K, 296 K, 260 K, 230 K, 210 K, 200 K, 160 K, 120 K and 77
K, respectively. (f) The full width at half maximum (FWHM) of the curve or the bandwidth of the
exciton peak dependent on temperature for CsPbBr; (pink) and CsPbCl; (navy). A single exponential
decrease function (lines) is used to fit the experimental data (dots). The exciton binding energy

evaluated from the fitting for CsPbBr; and CsPbCl; is 38 meV and 72 meV, respectively.
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Figure 2 Lasing Characterization of Cesium Lead Halide Nanoplatelets. (a) Schematic of a
CsPbX;(X= CI, Br or 1) plate on mica substrate pumped by a 400 nm laser excitation (~50 fs, 1 kHz).
The yellow line indicates the light propagation inside the cubic WGM cavity. (b) Emission spectra at
five different optical pump fluencies, showing the transition from spontaneous emission to amplified
spontaneous emission and to lasing. Inset: 2D pseudo-color plot of the plate emission spectra under
different pump fluence (P) showing a broad SPE peak below the threshold (Py) of ~2.2 pd/cm®pulse
and a series narrow lasing peaks above the threshold. (¢) A Lorentz fitting of a lasing oscillation mode.
The FWHM is 0.15 nm. (d) Nonlinear response of laser output power with increasing pump fluence,
showing threshold region as a ‘kink’ between the two linear regions of spontaneous emission and
lasing (Inset). The lasing energy at the ‘kink’ (Py) is of ~ 2.2 pnJ/cm?.pulse. (e) TRPL decay kinetics
after photoexcitation with pump fluence below (P ~0.8Py,) and above threshold (~1.2 Py,), showing a
~3.0 ns SPE decay process below Py, and a <30 ps lasing process above Py, A lifetime of ~4.2 ns is

shown at relatively low pump fluence (~0.1 Py,).
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Figure 3 Whispering-Gallery-Mode Characterization and Numerical Calculation. (a-b)
Photoluminescence emission image captured by a charge coupled detector using a reflective symmetry
below (a) and above (b) lasing threshold for an individual CsPbBr; perovskite nanoplatelet. The
thickness and the edge length of the nanoplatelet is around 180 nm and 9 um, respectively. The scale
bar is 3 um. The excitation laser is a femto-second laser with wavelength of 400 nm and spot size is
large enough to illuminate the whole nanoplatelet. The green color shows photoluminescence coupled
out from the nanoplatelet. Below the lasing threshold, the whole body of nanoplatelet is in green,
indicating unidirectional spontaneous emission. Above the lasing threshold, the edge emission is much
stronger than the center area and the four corners have strongest emission, suggesting the confinement
effect and mode selection by the whispering-gallery-mode cavity. (¢) Simulated electric field
distribution inside the square perovskite cavity under a transverse magnetic resonant mode. The
pattern shows that whispering-gallery-mode is supported by the cavity. Four corners show the
strongest out-coupling or leakage compared with the other places. (d) Multi-mode lasing spectroscopy
of four nanoplatelets with different edge length from 9 to 29 um. The oscillation number of lasing
mode (9 um) is indicated along with the spectroscopy. The edge length is indicated nearby each
spectroscopy. The selected four nanoplatelets have similar thickness nanoplatelets are almost the same

(£20 nm). The spacing between two adjacent modes decreases with the increasing of edge length. (e)
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The mode spacing is extracted out and plotted as a function of the inverse of edge length. Navy dots

are experimental data. Navy line is the linear function fitting of the experimental data.
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Figure 4 Multi-color whispering-gallery-mode microlaser based on inorganic
perovskites with high-quality factor. (a) Lasing spectroscopy and image of individual
CsPbXj3 perovskite nanoplatelet with different halide ion. Left to right shows the halide X
varies from Cl,Brs.,, Br to Brals.;. The emission images above lasing threshold are inset from
ClaBrs.5, Br to Brals.,, in according with lasing spectroscopy. (b) Zoomed in spectroscopy of a
lasing mode of CsPbBr,ls,. The dots and line are experimental data and Lorentz function

fitting curve, respectively. The full width at half maximum of the laser mode is 0.14 nm.
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