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ABSTRACT

We report on the synthesis and optical gain properties of regularly shaped lead iodide
(Pbl2) platelets with thickness ranging from 10 to 500 nm using chemical vapor
deposition (CVD). The as-prepared single crystalline platelets exhibit a near band
edge emission of ~500 nm. Whispering gallery mode (WGM) lasing from individual
hexagonal shaped Pblz platelets is demonstrated in the temperature range from 77 to
210 K — where the lasing modes are supported by platelets as thin as 45 nm. The
FDTD simulation and the edge-length dependent threshold confirm the planar WGM
lasing mechanism in such hexagonal shaped Pbl: platelet. Through a comprehensive
study of power-dependent photoluminescence (PL) and time-resolved PL
spectroscopy, we ascribe the WGM lasing to be biexcitonic in nature. Moreover, for
different thickness of platelet, the lowest lasing threshold occurs in platelets of ~120
nm, attributing to the formation of a good Fabry-Pérot resonance cavity in the vertical
direction between the top and bottom platelet surfaces that enhance the reflection. Our
present study demonstrates the feasibility of planar light sources based on layered
semiconductor materials and their thickness dependent threshold characteristic is

beneficial for the optimization of layered material based optoelectronic devices.

KEYWORDS: Whispering gallery mode (WGM), lasing, layered materials, lead
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INTRODUCTION

Lead iodide (Pbl2), which consists of a repeating unit of a hexagonally closed-packed
layer of lead ions sandwiched between two layers of iodide ions (layered material),
has some unique optical and electronic properties, which is quite different from
traditional semiconductor gain material such as, CdS, ZnO and GaN et al.!> In these
layered semiconductor materials (Pblz, Bils, Hgl>, Bi2S3, and Sb2S3), spatial
confinement of charge carriers in multilayered or multi-quantum-well structures has
many potential utilities in photovoltaic, detectors, sensors and photo catalysis.! &7
Additionally, this kind of layered material would provide us with an ideal system to
investigate the fundamental properties of excitons in a highly ionic environment and
low dimensionality, where the exciton-phonon coupling is expected to be
unprecedented compared with conventional semiconductors.> *

On the other hand, Pbl> has been extensively employed as a stable nuclear
radiation detector.®!® It converts the X-ray or y-ray photons directly to electric
charges (current carriers) that are stored in a capacitor in each pixel that improves the
quality of the image compared with the traditional phosphorous layer. Working as a
scintillation detector, many electron-hole pairs are firstly generated and thermalized in
the conduction and valence band after the absorption of the X-ray or y-ray. Then
electron and holes migrate through the material, trapping at defects may occur, energy
losses are probable due to non-radiative recombination. Therefore, understanding the
behavior of electron and hole under strong light excitation is beneficial to the design

of the photo-detector under relatively strong X or y-ray exposure intensities.
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Moreover, Pblz is one of the precursors to synthesize lead halide perovskites,
which have shown tremendous advances in photovoltaics for the past few years, and
have also been demonstrated as a promising optical gain material for amplified
spontaneous emission (ASE) or lasing.!'!® Deep investigations of the lead halides
precursor (e.g., lead iodide) are important towards the understanding of the
photo-physics of the inorganic-organic perovskites and their applications in emergent
devices.!* 15 From previous literature, the optical and excitonic properties of single
crystalline Pbl> films and thin layers have been previously investigated by
steady-state and ultrafast spectroscopy techniques.” 2% As for their synthesis, several
special experimental methods have been developed involving sol-gel method,?® vapor
deposition method,?! and Bridgman’s method for growth of Pbl: single crystals.> ??
However, challenges pertaining to the synthesis of regular-shaped single crystalline
Pbl> crystals with sub-wavelength thickness, ideal for on-chip optical amplifier and
lasers integration with planar optoelectronic devices, remain daunting. Despite of a
few researches on linear optical properties, the studies focusing on the recombination
and amplification of photon emission in layered Pblz platelets under strong optical
excitation are still limited. 2> %*

In this work, we have synthesized regular-shaped Pbl> platelet with thickness
ranging from 10 to 500 nm using chemical vapor deposition (CVD) method. The
as-prepared single crystalline platelets exhibit a near band-gap emission ~500 nm at
77 K. Whispering gallery mode (WGM) lasing from Pblz is demonstrated from

individual platelet at temperatures from 77 to 210 K. Lasing modes are supported in
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Pbl> platelets as thin as 45 nm, which is the thinnest planar laser ever reported.
Through a comprehensive power-dependent photoluminescence (PL) and
time-resolved photoluminescence (TRPL) study, we establish unambiguously that the
lasing mechanism originates from biexcitonic recombination. Thickness-dependent
lasing measurements reveal that the lowest lasing threshold occurs when the platelet
thickness is ~120 nm. We attribute this thickness dependent behavior of lasing
threshold to the reflection between the top and bottom surfaces of Pblz that forming
the Fabry-Pérot resonance cavity in the vertical direction. Our experiment results
demonstrate the feasibility of planar light sources based on layered semiconductor

materials.

RESULTS AND DISCUSSION

The synthesis procedure of Pblz single crystals can be found in the methods part. The
as-grown Pblz platelets exhibit well-defined triangular or hexagonal structures with
thickness ranging from 10 to 500 nm and the edge lengths from several to tens of
micrometers (hexagonal shaped Pbl: platelet was our main focus in this work). Figure
la-d exhibits the optical images of four typical shaped as-grown Pbl: platelets. Their
thicknesses are around 40, 70, 105 and 500 nm, respectively, which is determined by
the atomic force microscopy (AFM) data (supporting information Figure S1). The
average surface roughness of these Pblz platelets is ~2 nm, which is perfectly flat on
an optical level. The flat surface is an essential criterion to achieve a high quality
optical cavity. X-ray diffraction pattern shown in Figure S2 suggests the 2H

hexagonal crystalline structure. Raman spectroscopy characterization of the
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as-prepared sample in Figure S3 also suggests the forming of Pblz crystals. More
detailed characterization was also carried out using transmission electron microscopy
(TEM) and a scanning TEM (STEM) to assess the structure, crystallinity and
elemental composition of the as grown Pblz sample. Figure le is a typical TEM image
of the Pblz platelet; Figure 1f and g give the corresponding Pb and I mapping images
obtained by energy dispersive x-ray spectroscopy. They confirm the elemental
uniformity of the as-grown Pbl: platelet over the whole platelet. The high resolution
cross-sectional TEM image (see Figure 1h) of the platelet shows that the interlayer
space is around 0.703 nm, which is in good agreement with the (0001) plane spacing
theoretical value.?>2° The atomic structures of the layer atoms in planar view are also
studied by high resolution TEM (HRTEM). Figure 1i is the HRTEM image of the
layer Pbl2, where the middle inset overlapping the structure corresponds to the
simulated HRTEM image. Notice that red and blue dashed circles represent the
positions of top/lower-layer of iodine atoms, which are indistinguishable from the
HRTEM images, according to the image simulations performed. In the center position
encircled by these iodine atoms is the Pb atom, which is relatively brighter compared
to the iodine atoms, also in good agreement with our HRTEM image simulations.
Figure 11 bottom inset shows the corresponding Fast Fourier Transform (FFT) pattern
of the HRTEM image showing the six-fold symmetric diffraction spot, which is
consistent with our XRD results. All these characterizations attest the high
crystallinity of these as-synthesized Pblz platelets, which is an important factor for
achieving photon amplification in these naturally-formed whispering gallery cavities.
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An individual Pbl> platelet was optically pumped using 400 nm wavelength
femtosecond laser pulses at 77 K. The optical pump configuration is schematically
shown in Figure 2a. The pump laser was focused to a spot size of ~40 um using a 20%
objective. Figure 2b shows the power-dependent emission spectra of a typical Pblz
hexagonal platelet (thickness ~150 nm; edge length ~13 um). A broad spontaneous
emission band centered at 500 nm with a full width at half maximum (FWHM) of
ArwHM ~ 6 nm can be observed under relatively lower pump fluence excitation (e.g.,
P<100 uJ/cm?). With increasing the pump fluence (~200 uJ/cm?), a relatively sharp
peak centered at around 502 nm with a Arwum of ~3.5 nm appears at the longer
wavelength side of the main spontaneous emission peak. When the pump fluence is
further increased (P > 200 pJ/cm?), the emission peak intensity increases sharply and
the FWHM of the emission peak reduces to ~1.4 nm — exhibiting lasing action.?”- 28
Figure 2b inset shows the peak emission intensity as a function of excitation intensity
(light input - light output, or ‘L - L curve’ — right axis) and the FWHM of the platelet
emission (left axis). At the lasing threshold Pu ~200 pJ/cm?, we observed a clear
change in gradient in the L - L curve with a concurrent sharp decrease in FWHM.
Beyond the threshold, the lasing peak intensity increases linearly with excitation
fluence. It should be noted that only one peak is observed in the micrometer cavity,
which is probably the results of broadening of lasing modes due to these different
modes share almost the same threshold at low temperature range. Time-resolved PL
study is employed (see Figure 2c-d) to further validate the occurrence of the lasing

action. Below the threshold, an Auger-limited spontaneous emission lifetime of ~70
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ps is obtained. Above the threshold, the PL dynamics at the emission peak shows a
dominant ultrafast decay channel with a lifetime of ~10 ps (limited by the system
response of the streak camera over the time window) and a small spontaneous
emission component with a lifetime of ~70 ps.

To prove that whispering gallery mode (WGM) lasing occurs in the hexagonal
shaped Pbl» platelet, optical mode simulations are performed to study the field
distribution in the resonant cavity modes. Optical simulations are performed using
commercial finite-difference time-domain (FDTD) simulation software (Lumerical) to
study the mode distribution in Pblz platelet grown on mica substrate. 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. In Figure 3a shows an optical
image of a reprehensive hexagonal Pblz platelet with thickness ~150 nm and edge
length ~13 wm, respectively. The PL emission image (the excitation laser was filtered
out by a long pass filter) of the same hexagonal Pbl> platelet above the lasing
threshold can be clearly seen in Figure 3b. The bright spots at the hexagonal corners
indicate the out coupling of the laser pulses at these locations. It suggests that a good
mode confinement in the platelet plane is obtained, leading to an in-plane emission.
Figure 3c-d shows the simulation results on the absolute electric field distribution
inside the hexagonal platelet (thickness ~150 nm; edge length ~13 wm) when the
transverse magnetic (TM, effective index ~2.18) and transverse electric (TE, effective
index ~1.97) modes dominate respectively. In these two scenarios, the optical fields
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are well confined inside the cavities and reflections between the hexagonal
facets/corners results in the formation of the WGMs. However, compared to the TE
mode, the TM mode has a larger effective refractive index (the TM and TE modes
should be not the same order due to the effective index is generally higher for TE than
TM mode of the same order) and relatively strong filed intensity, thus a lower lasing
threshold can be expected from the TM mode.? This is evident from the similarity
between the optical image (see Figure 3b) and TM mode simulations (see Figure 3c).
To experimentally prove our simulation result, using confocal microscopy system, we
measured the polarization dependent lasing intensities. The measured polarization
dependent lasing intensity is exhibited in Figure S4. It can be seen that the lasing
intensity shows a maximum when the polarization is along with the 0 degree axis,
which suggests that the TM mode dominates the signal (if the TE mode dominates,
the maximum signal happens when the polarization angle is in 90 degree direction).
Another evidence to confirm the WGM mode lasing rather than Fabry-Pérot lasing in
the vertical direction is the 1/L? relationship between the platelet edge length (L) and
the lasing threshold. The related data and discussion will be shown in the later part.

To elucidate the lasing mechanism, pump fluence dependent time-integrated PL
of a single Pblz platelet at 77 K is performed and the results are given in Figure 4a.
The inset shows a representative PL spectrum (with a pumping fluence ~40 pJ/cm?)
with two dominant peaks labeled as Peak X and Peak XX which are deconvolved
from the Gaussian fitting of the broad emission peak. The intensity of Peak X
(centered at 498 nm) is linearly proportional (slope ~0.95) to the excitation fluence
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when it is below ~90 pJ/cm?, and then increases as the square—root of the excitation
fluence above that. On the other hand, Peak XX (centered at 505 nm) exhibits a
quadratic dependence with excitation fluence up to ~20 uJ/cm? and then increases
almost linearly proportional (with slope ~0.9) to the excitation fluence up to ~200
ul/cm?. Beyond that, the Peak XX increases superlinearly with pump fluence to yield
a lasing action. Such pump fluence dependent emission characteristics of Peak X and
XX closely resembles those of exciton and biexciton luminescence reported for Si,
GaN/AIN and perovskite materials, respectively.**? Therefore, we attribute the
emissions at Peak X and XX to originate from the single exciton and biexciton
emission, respectively.>® Radiative recombination of a biexciton produces a photon
(hwyy ) and an exciton ( Ey ) and hence, hay, = Eyy - Ey = E, + Ay, where Exx is
biexciton recombination energy and 4xx is the biexciton binding energy.’* 3 The
biexciton binding energy, ~32 meV, can be deduced from the energy difference
between the single exciton E, (%@, ) and bioexciton 7Za,, , which agrees with the
value of ~30 meV reported previously.*® The PL decay transients of the single
excitons (Peak X) and the biexcitons (Peak XX) both exhibit a mono-exponential
decay behavior (see Figure 4b) and can be well-fitted with a single recombination
lifetime of ~83 44 ps and 473 ps for the excitons and biexcitions, respectively.®’: 38
The ratio of biexciton lifetime versus that of the exciton is ~1.8; which is very close to
the intuitive relation of 7, /7., = 2 where a biexciton is treated like a system of two
weakly coupled excitons with half the exciton’s lifetime.>% 4°

After validating the lasing mechanism to be biexcitonic in origin, we turn our
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attention to the intrinsic lasing properties (i.e. wavelength and threshold) as a function
of temperature. Figure 4c shows the normalized emission spectra recorded at the
above threshold for a single Pblz platelet from 77 to 210 K, with the pumping fluence
of 0.25, 0.4, 0.7, 1.2 and 2.5 mJ/cm?, respectively. When the temperature increases to
be higher than 210 K, the lasing action ceases for the Pbl: platelet. As the lattice
temperature varies, the dominant lasing peak redshifts (see Figure 4d) from 496 nm to
510 nm, suggesting a bandgap narrowing.*-*> Furthermore, the lasing peak is always
located at the longer wavelength side of the broad emission peak. It means that the
lasing behavior is always related to the biexciton formation and recombination at this
temperature range (77-210 K). The lasing threshold increases from ~200 pl/cm? to
~2.3 mJ/cm? when the sample temperature increases from 77 to 210 K (see Figure 4d).
This behavior can be fitted by an exponential function (lasing threshold ~ exp™T)
describing the thermal broadening of the gain spectrum, and we obtain a characteristic
temperature of To= 45 K for the Pbl: platelet laser (see Figure 4d). This characteristic
temperature is the description of the thermal stability of this material, which explains
why no lasing can be obtained at room temperature. On the contrary, some
conventional semiconductors exhibit higher characteristic temperatures, e.g., 90-130
K for ZnO and 160-246 K for GaN.*>#*

As the different platelet size (i.e. edge length L) affects the mode confinement
and hence the lasing threshold,*> we carefully conducted this study using a series of
hexagonal Pbl> platelets with similar edge lengths (ie. 20 = 2 pm), while

investigating the thickness dependent lasing properties. Figure 5 a-d show the PL
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spectra from four typical Pbl. platelets with different thickness when they are
optically pumped by a pulsed laser at 77 K. The thicknesses of Pbl: in Figure 5 a-d
are 40, 120, 200 and 300 nm, respectively. At lower pump fluence, the PL spectra are
broad; however, as the pump influence increased above the lasing threshold, a sharp
peak at around 500 nm occurs with a FWHM of 1 nm. A plot of the intensity peak
versus pump fluence (insets of Figure 5a-d) shows the transition from spontaneous to
stimulated emission. The corresponding thresholds for the 40, 120 and 300 nm thick
Pbl: platelets are 442, 54 and 280 uJ/cm?, respectively. Figure Se summarizes the Pbl,
lasing threshold with different thickness ranging from 45 nm to 300 nm. It is very
interesting that the lowest lasing threshold occurs when the layer thickness is ~122
nm. In addition, another local minimum is observed at ~245 nm.

To investigate the layer thickness dependence of the lasing threshold, the
parametric threshold gain, G, , is used here to describe our current system. The
expression of G, is defined as follows, G, = 27n, /(T AQ), where n,, A, Ty,
and Q are group index of the material, resonant wavelength, energy confinement
factor and quality factor, respectively.*® As this expression originates from the general
gain and loss balance conditions for the rate equation, it is valid for all types of cavity
modes. In the case of Pblz platelets, the group index and resonant wavelength can be
treated approximately independent on the platelet thickness. Furthermore, the lasing
modes of Pbl> for different thickness have almost the same peak width (~1 nm),
indicating comparable @ factors. Therefore, the energy confinement factor I';
should play as the dominant role in our scenario. Due to the large edge length (~20
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um) of Pblz, the WGM loss in the planar direction can be negligible compared to the
loss in the vertical direction owes to sub-wavelength thickness ranging from 40 to 300
nm. However, in the vertical direction, the top and bottom surfaces of the Pbl platelet
function as mirrors, forming a Fabry-Pérot (F-P) cavity itself. This naturally formed

F-P cavity holds maximum energy confinement when the cavity length (D) satisfies

the following equation, DXny, =mXA/2(see the figure Se inset), where A and
ny,, are resonant wavelength and refractive index, respectively, while m is an
integer.*”*8 Considering that the lasing wavelength is ~505 nm and refractive index of
Pblz at 505 nm is ~2.1, Pblz platelets with thickness of ~120 nm and ~240 nm would
possess the maximum energy confinement (I";) for thickness in the range from 45 to
300 nm range, then leading to the lowest threshold at these two thickness. This is in
good agreement with our experimental observations of the two lowest threshold pump
fluences at 122 nm and 245 nm (see Figure 5e). Furthermore, another prove is the
biexciton lifetime measurement (with the same excitation power of ~40 pJ/cm?) for
the Pblz platelets of varying thicknesses, as shown in Figure 5f. It is interesting to
note that the 120 nm thick Pbl> platelet exhibits the longest biexciton lifetime.
Intuitively, this agrees well with the occurrence of the lowest pump threshold as the
longer lived biexciton population would facilitate the population inversion and the
build-up of lasing in photonic mode lasing conditions. Moreover, the maximum PL
intensity for 120 nm thick Pbl: platelet (see Figure S5) further supports our argument.
Therefore, we can conclude that the lasing behavior in hexagonal Pblx structure is
predominately determined by the planar WGM modes, and also partially affected by
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the thickness of the platelet.

Lastly, a plot of hexagonal Pbl: platelet edge length (L) versus lasing threshold is
shown in Figure 6. To minimize the effect of different thickness, a series of Pblz
platelets with comparable thickness (~200 nm) but different edge lengths (from 14 to
40 um) are selected for this study (see inset in Figure 6). The best-fit line (red curve)
is approximately 1/L?, which indicates the lasing threshold is dominantly dependent
on the parameter of Pbl: platelet edge length. Previous studies have shown that both
WGM quality factor (Q) and confinement factor (I") depend critically on disk
diameter.*®*- 3 Since lasing threshold is inversely proportional to Q and T', a 1/L?
relationship is expected for platelet edge length and lasing threshold. Considering the
thickness-dependent threshold discussion, we know that the lasing threshold scales
inversely with the power of platelet edge length, rather than with platelet thickness.
This provides clear evidence of WGM lasing rather than Fabry-Pérot lasing in the
vertical direction. This conclusion is consistent with our previous simulation results as

shown in Figure 3c.

CONCLUSIONS

In summary, we have demonstrated WGM lasing in single crystalline hexagonal Pblz
platelet fabricated using CVD method. Through power-dependent PL and TRPL
studies, we establish that the lasing mechanism originates from biexciton
recombination. Platelet thickness dependent lasing measurements reveal that the
lowest threshold of lasing occurs when the thickness of the platelet is ~120 nm for a

series of Pbl> platelets with comparable edge length. This thickness dependent
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behavior of threshold can be well explained by the reflection enhancement in the
Fabry-Pérot resonance cavity in the vertical direction as validated by the lifetime
measurements. Our results demonstrate the feasibility of planar coherent light sources
based on layered semiconductor materials, and the thickness-dependent threshold
study is of vital importance for the optimization of layered material based

optoelectronic devices.
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METHODS

Pbl; Synthesis process

Lead iodide powder (Aldrich, 99.999%) was the reaction source and placed into a
quartz tube which is amounted on a single zone furnace (Lindberg/Blue M
TF55035C-1). Fresh cleaved muscovite mica substrate (1x3 cm?) was cleaned by
acetone and then placed in the downstream region inside the quartz tube. The quartz
tube was evacuated to a base pressure of 2 mTorr, and then followed by a 30 sccm
flow of high purity Ar premixed with 5% H2 gas. The temperature and pressure inside
the quartz tube were set and stabilized to desired values for each halide (380 °C &
200 torr). The synthesis process was finished within 20 minutes and then the furnace

cool down to room temperature naturally.

Steady-state and Time-resolved Photoluminescence Spectroscopy

The excitation pulses (wavelength, 400 nm) are double frequencies from the Coherent
Libra™ regenerative amplifier (50 fs, 1 KHz, 800 nm) which is seeded by a Coherent
Vitesse™ oscillator. The pump laser is focused onto samples by a 20x objective. The
laser spot is ~40 um in diameter after objective. For lasing images of the sample, the
PL emission signals are imaged on a CCD camera using a long-pass filter to block the
laser line. For spectrum measurement, the emission signals from an area (~5 pm x5
um) pass through an aperture and are analyzed by a spectrometer equipped with a
TE-cooled CCD. For TRPL measurement, the PL emission was collected and
dispersed by a 25 cm spectrometer using a 150 g/mm grating. The signal was resolved
using an Optronis Streak Camera system (Optoscope™), which has an ultimate

temporal resolution of ~10 ps.

Numerical simulation
Cavity simulations are performed using commercial finite-difference time-domain
(FDTD) simulation software (Lumerical) to study the optical feedback mechanism

allowing laser oscillation in Pbl: platelet grown on mica substrate.’! To simplify the
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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 Pblz can be obtained from literatures.'”> >
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FIGURES AND CAPTIONS
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Figure 1 Chemical-Vapor-Deposited Pbl, platelets and characterization. (a)-(d)
Optical images of four representative Pbl> platelets with different thickness of
40,70,105 and 500 nm. These platelets show planar, well-defined, polygonal
structures. The angles between the polygonal edges are 30°, 60° or 120°, consistent
with the atomic structures of Pblz. The scale bar is 5 um. (e) Transmission electron
microscope (TEM) image of a Pblx platelet. (f)-(g) The element mapping images
obtained by energy energy-dispersive X-ray spectroscopy show the uniformity of the
platelet of Pbl. (h) HRTEM structural analysis of the cross section of
single-crystalline Pbl platelet, which shows a layer spacing of around 0.703 nm. (i)
STEM-ADF image showing the hexagonal structure of the Pbl2, red dash circle
(bright spot) is the top-layer iodine atom, blue dash circle (dim spot) is the
lower-layer iodine atom, the center position is the Pb atom. Top inset is a sketch of the
Pbl: structure from the top view, bottom inset is the Fast Fourier Transform pattern
from the STEM-ADF image.
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Figure 2 Lasing Characterizations of whispering-gallery-mode hexagonal Pbl;
platelet. (a) Schematic representation of a single Pblz platelet excited by a focused
femtosecond pulse laser. (b) The evolution from spontaneous emission to lasing in a
typical Pbl> hexagonal platelet, the pumping flunece increased from 40 to 400 wJ/cm?.
The inset shows power dependence of the integrated intensity and linewidth of the
dominant emission feature, which gives a threshold of ~200 uJ/cm?. (c) A streak
camera image of Pblz platelet when the excitation fluence is above the threshold. (b)
The decay profiles of the SE and lasing action are fitted using a mono-exponential
decay function yielding lifetimes of 6843 and 9+1 ps for SE and lasing, respectively.
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Figure 3 FDTD simulation of the electric distribution inside the cavity for
hexagonal Pbl; platelet. (a) The optical image of a hexagonal platelet with thickness
of ~150 nm and edge length ~13 um. The scale bar is 5 um. (b) The optical image in
the CCD after filtering the pump laser line for a pump fluence of ~ 350 uJ/cm? (above
threshold). (¢)-(d) Simulated field distribution at resonant cavity mode of the typical
hexagonal Pbl: platelets using TM (c) and TE mode (d).
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Figure 4 Lasing mechanism and intrinsic properties of Pbl, platelet. (a)
Excitation power dependent emission intensities of Peak X (open triangles) and Peak
XX (open squares) in Pblz platelet at 77 K. Inset is the Gaussian fitting of PL spectra
(at excitation fluence of ~40 pJ/cm?) of Pbly, the black fitting curve is band X and the
red fitting line is band XX. (b)Time-resolved PL spectra of Peak X and XX and the
inset is the corresponding time-energy two dimensional image of the PL emission.
The pump flunece is fixed at ~40 pJ/cm? at 77 K. The decay profile of Peak X and
XX are fitted with a mono- exponential function and the lifetimes are 83+3 ps and
4742 ps, respectively. (c) The lasing spectra of a Pblx platelet at different
temperatures (from 77 to 210 K). (d) Temperature dependent lasing threshold and
lasing wavelength of Pbl> are summarized. The blue line is the linear fitting and the
red curve is the exponential function fitting result.
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Figure 5 Thickness dependent lasing thresholds in hexagonal Pbl: platelets.
(a)-(d) Pbl2 hexagonal platelets emission spectra with increasing pump fluence from
below threshold to above threshold, inset left is the plot of versus emission intensity,
which shows the threshold of the sample, inset right is the optical image of the
hexagonal platelet. The thickness of the platelet in a, b and ¢ is ~45, 120, 200 and 300
nm, respectively. To reduce the influence of edge length of hexagonal platelet to the
threshold of lasing, hexagonal platelets with nearly the same edge length are carefully
selected for the study. The scale bar is 10 um. (e) Thickness dependent lasing
threshold in a triangular Pblz platelet, two dips or minima located at 122 nm and 245
nm are observed for low pump thresholds. (f) Decay profile of the biexciton peak
(Peak XX) of the Pbl> hexagonal platelet with different thickness when excited at the
same pump fluence of ~60 pJ/cm?.
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Figure 6 Lasing thresholds versus edge length of the hexagonal Pbl: platelets.
Pbl> hexagonal platelets lasing thresholds (black triangles) are plotted as a function of
edge length. The red curve is the fitting to a 1/L? trend. Inset are the optical images of
a group of Pblx triangular platelets with different edge lengths but comparable
thickness of 20020 nm, the scale bar inside is 15 um.
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