
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1wileyonlinelibrary.com

C
O

M
M

U
N

IC
A
TIO

N

 All-Inorganic Colloidal Perovskite Quantum Dots: A New 
Class of Lasing Materials with Favorable Characteristics 

   Yue    Wang     ,        Xiaoming    Li     ,        Jizhong    Song     ,        Lian    Xiao     ,        Haibo    Zeng     ,   *       and        Handong    Sun   *   

  Y. Wang, L. Xiao, Prof. H. D. Sun 
 Division of Physics and Applied Physics 
 School of Physical and Mathematical Sciences 
 Nanyang Technological University 
  Singapore    637371  ,   Singapore   
E-mail:  hdsun@ntu.edu.sg    
 X. M. Li, Dr. J. Z. Song, Prof. H. B. Zeng 
 Institute of Optoelectronics & Nanomaterials 
 College of Materials Science and Engineering 
 Nanjing University of Science and Technology 
  Nanjing    210094  ,   China   
E-mail:  zeng.haibo@njust.edu.cn    
 X. M. Li 
 State Key Laboratory of Mechanics and Control of Mechanical Structures 
 College of Materials Science and Engineering 
 Nanjing University of Aeronautics and Astronautics 
  Nanjing    210085  ,   China    
 Prof. H. D. Sun 
 Centre for Disruptive Photonic Technologies (CDPT) 
 Nanyang Technological University 
  Singapore    637371  ,   Singapore   

DOI: 10.1002/adma.201503573

I), which were very recently reported as a high effi ciency lumi-
nescent materials. [ 19 ]  We observed low-threshold, wavelength-
tunable, and ultrastable stimulated emission (SE) from these 
IPQDs at room temperature under atmospheric environment. 
The SE mechanism in these IPQDs was unambiguously mani-
fested to originate from the recombination of biexcitons with 
high biexciton binding energy of ≈50 meV, which is defi nitely 
advantageous over the electron–hole recombination. Through 
detailed spectroscopy study, we attribute the physical origin of 
SE in these CsPbX 3  IPQDs with such a low threshold to the 
combined effects of high photoluminescence quantum yield 
(PL QY), ultrafast buildup of population inversion and subse-
quent optical amplifi cation, the high absorption cross-section 
and the large Stokes shift of the SE peak. Notably, the SE wave-
length of our IPQDs can be tuned across the whole visible spec-
tral range by facilely manipulating either dot size or constituent 
stoichiometry, thus the optoelectronic properties can be further 
boosted by appropriate bandgap engineering. The attributes of 
fl exibility and advantageous optical gain properties of colloidal 
CsPbBr 3  IPQDs were validated by demonstration of an opti-
cally pumped whispering gallery mode (WGM) microlaser. Our 
results indicate that these innovative IPQDs are emerging as a 
new research paradigm in photonics and will compete favorably 
with both conventional CdSe-based QDs and organic–inorganic 
hybrid halide perovskites as optical gain media. 

 The CsPbX 3  IPQDs adopted here were fabricated following 
a recipe slightly modifi ed from the literature (see details in 
Experimental Section). [ 19 ]  We have synthesized a series of 
IPQDs samples with different halide compositions and/or dot 
sizes. First we focus our systematic investigation on CsPbBr 3  
IPQDs with an edge size of ≈9 nm. The UV–vis absorption 
and PL spectra are presented in  Figure    1  a and the transmis-
sion electron microscope (TEM) image is shown in Figure  1 b. 
The inset in Figure  1 a illustrates the cubic perovskite struc-
ture of CsPbBr 3  IPQDs, which is confi rmed by X-ray diffrac-
tion measurements (Figure S6b, Supporting Information). The 
corresponding composition analysis by scanning transmission 
electron microscope (STEM) is shown in Figure S1 (Supporting 
Information). To explore the SE, the close-packed thin fi lm of 
CsPbBr 3  IPQDs was pumped at optical wavelength of 400 nm 
via standard stripe pumping confi guration (SPC) (inset in 
 Figure    2  a) with femtosecond laser pulses (100 fs, 1 kHz) (see 
fi lm preparation and characterization in Supporting Informa-
tion and optical characterization in Experimental Section). 
Figure  2 a shows the evolution of PL spectra from the thin fi lm 
of CsPbBr 3  IPQDs under varying pump intensities. It is found 
that the PL spectra under low pump intensities (<≈22 µJ cm −2 ) is 
dominated by the relatively broad spontaneous emission located 
at 514.5 nm (full-width of half maximum (FWHM): ≈23 nm), 
while a narrower emission band located at 524.5 nm with 

  Semiconductor quantum dots (QDs) have been recognized as 
an advantageous optical gain material over bulk and quantum 
well counterparts. [ 1–5 ]  By virtue of the 3D quantum confi ne-
ment effect, QDs possess size-tunable emission wavelength, 
well-separated delta function-like density of states and large 
optical oscillator strength, which promises a low-threshold 
and temperature-insensitive optical gain. [ 1,6–9 ]  Such quantum-
mechanics-governed materials can be envisioned to develop 
single-photon sources and to be used as qubits in quantum 
computing. [ 10 ]  

 So far, the best developed and studied colloidal QDs have 
been fabricated from metal chalcogenide semiconductors 
whose crystal structure is either zinc blend or wurtzite. [ 7,11,12 ]  
While materials with perovskite structure have long been found 
to exhibit fascinating physical properties including super-
conductivity, ferroelectricity, and colossal magnetoresistance, 
etc., [ 13 ]  but they have never demonstrated impact in the fi elds of 
photonics and optoelectronics. Recently, hybrid organic–inor-
ganic halide perovskites (CH 3 NH 3 PbX 3 , X = I, Br, Cl), which are 
emerging as the most promising photovoltaic materials, [ 14,15 ]  
were discovered to be potential optical gain media. [ 16–18 ]  How-
ever, these organic–inorganic halide perovskites are extremely 
sensitive to oxygen and moisture, which incurs constraint of a 
critical environment for storage, fabrication, and device opera-
tion, [ 17,18 ]  commonly notorious in organic photonic materials. 

 Here, we present a new class of lasing materials with out-
standing optical gain signatures of combined advantages of 
both QDs and halide perovskites: the colloidal all-inorganic 
cesium lead halide perovskite QDs (IPQDs) (CsPbX 3 , X = Cl, Br, 
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FWHM of ≈5 nm appears on the longer wavelength side when 
the pump intensity exceeds ≈22 µJ cm −2 . The plot of the inte-
grated intensity of the sharp peak as a function of the pump 
intensity (Figure  1 b) exhibits a super-linear increase behavior, 
indicating the development of SE in these CsPbBr 3  IPQDs. [ 20 ]  
The pump threshold is derived to be as low as ≈22 µJ cm −2 , 
which stands among the lowest value for colloidal QDs [ 7,20–22 ]  
and is nearly one order of magnitude lower than those of CdSe-
based QDs emitting at similar spectral range. [ 7,11 ]  The model 
gain coeffi cient of the CsPbBr 3  IPQDs thin fi lm was estimated 
to be ≈98 cm −1  by the variable stripe length (VSL) method [ 7,23 ]  
under pump intensity of 57.0 µJ cm −2  (Figure S3b, Supporting 
Information), which is comparable to or even better than the 
traditional QDs [ 1,7,24 ]  (≈95 cm −1  for red-emitting CdSe/ZnCdS 
QDs at 120 µJ cm −2  and ≈60 cm −1  for green-emitting counter-
parts at 155 µJ cm −2 ). [ 7 ]    

 It is worth mentioning that the solution-processed hybrid 
organic–inorganic perovskites (CH 3 NH 3 PbX 3 , X = I, Br, Cl) 
degrade rapidly when exposed to oxygen and/or moister, thus, 
critical working conditions are required. [ 17,18 ]  For instance, the 
SE from CH 3 NH 3 PbX 3  fi lms and lasing from CH 3 NH 3 PbX 3  
nanowires were observed in vacuum and nitrogen atmos-
phere, respectively. [ 17,18 ]  In contrast, our CsPbBr 3  IPQDs are so 
robust that the SE could sustain in atmospheric environment. 
Remarkably, even after being exposed to air for 3 weeks, the 
pump threshold of our sample is found to only slightly increase 
(Figure S3a, Supporting Information). Moreover, the SE from 
these CsPbBr 3  IPQDs shows an excellent stability upon unin-
terrupted laser irradiation. Figure  2 c displays the SE peak 
intensity as a function of laser shots under pump intensity of 
57.0 µJ cm −2  and the corresponding PL spectrum is presented 
in the inset. The SE intensity could retain nearly 90% of its ini-
tial value after 1.6 × 10 7  laser shots (≈4.5 h), which represents 
more than one order of magnitude longer than those of con-
ventional colloidal QDs, [ 25,26 ]  indicating the exceptional photo-
stability of these CsPbBr 3  IPQDs. 

 Generally speaking, there are two likely SE mechanisms 
for colloidal QDs, namely, the single-exciton and the biexciton 
gain. [ 1,7,21 ]  The observed largely red-shifted SE peak in our 
CsPbBr 3  IPQDs with respect to the corresponding sponta-
neous emission maximum might suggest the biexcitonic SE in 

origin. [ 1,7 ]  To verify that the SE in these CsPbBr 3  IPQDs stems 
from the light amplifi cation of biexciton emission, we investi-
gate the PL from these CsPbBr 3  IPQDs using quasi-continuous 
wave pumping, [ 27,28 ]  in which the pulse-width (5 ns) of the laser 
source is far longer than the Auger lifetime (≈105 ps as shown 
later) so as to prolong the duration of biexciton emission. 
Therefore, the weight of biexciton emission intensity in PL 
spectra is dramatically boosted. [ 27 ]  Moreover, we employed the 
backscattering confi guration (inset in  Figure    3  a) and kept at low 
excitation intensity to avoid the complication of re absorption 
and amplifi cation effects, and the measurements were per-
formed at 10 K to suppress thermal broadening in order to 
better distinguish the biexciton emission from PL spectra. 
Figure  3 a shows the excitation intensity-dependent PL spectra 
from the thin fi lm of CsPbBr 3  IPQDs. Under relatively low exci-
tation intensities (<≈3.4 mJ cm −2 ), the PL is dominated by the 
typical exciton emission (Band A). With the gradual increase of 
excitation intensity, a new emission band (Band B) appears on 
the low-energy side and its weight relative to Band A increases 
with excitation intensity. To spectrally separate the Band A and 
Band B, the PL spectra are fi tted by a two-peak Voigt function 
following the procedure similar to Moreels et al. [ 29 ]  as shown in 
Figure  3 b. Figure  3 c displays the extracted spectrally integrated 
intensities of Band A and Band B as a function of excitation 
intensity from 1.2 to 17.2 mJ cm −2 . The linear and quadratic 
dependences of PL intensities of these two bands on the excita-
tion intensity unambiguously confi rm the exciton emission and 
biexciton emission, respectively. [ 29–31 ]  The biexciton binding 
energy is derived to be as high as ≈50 meV based on the 
energy separation between exciton and biexciton peak positions 
(Figure  2 b), [ 27,29,30 ]  which is consistent with the carrier confi ne-
ment effect in a QD. [ 11,31,32 ]  Back to the SE spectra shown in 
Figure  2 a, the energy separation of the spontaneous and stimu-
lated emission bands matches well the two bands presented in 
Figure  3 , thus it can be safely concluded that SE indeed origi-
nates from biexcitonic recombination.  

 In view of the thermal energy of ≈26 meV at 300 K, the 
binding energy of 50 meV in our IPQDs allows for biexciton 
state to survive well above room temperature, [ 11,29 ]  which is 
defi nitely advantageous for stimulated emission over electron–
hole recombination. Moreover, the large biexciton binding 
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 Figure 1.    a) Absorption and emission spectra of CsPbBr 3  IPQDs in solution. Inset: Cubic perovskite structure of CsPbBr 3  IPQDs: Medium spheres in 
the centers of the cubic faces: Br; Small sphere in the center of the cubic: Pb; Large spheres in the cubic corners: Cs. b) TEM image of CsPbBr 3  IPQDs. 
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energy in these CsPbBr 3  IPQDs results in the large red shift of 
the SE peak, which would reduce the detrimental reabsorption 
loss and contribute to the low threshold. [ 29 ]  

 The superb optical gain properties of the CsPbBr 3  IPQDs 
makes them competitive as new quantum materials for lasing, 
especially for green and blue spectral range, where the conven-
tional II–VI group QDs show much poorer gain performance 
than their red counterparts. [ 11 ]  Naturally, an essential question 
lies in why SE could occur in these IPQDs with such a low 
threshold. First, the PL QY is known to strongly impact the gain 

performance and a high PL QY for 
a gain medium will contribute to a 
lower pumping threshold due to the 
reduced loss by nonradiative carrier 
trapping. [ 7,17,26 ]  The PL QY of the 
CsPbBr 3  IPQDs is measured to be 
as high as 90% in solution. The PL 
decay of CsPbBr 3  IPQD solution 
under low pump intensity shows a 
nearly single exponential decay with 
lifetime of ≈3.6 ns ( Figure    4  a), indi-
cating that the nonradiative carrier 
trapping process is insignifi cant in 
these IPQDs. [ 7,20 ]  When self-assem-
bling the IPQDs into close-packed 
thin fi lm, the single-exciton life-
time slightly decreases to be ≈3.1 ns 
(Figure  4 a), which suggests that up 
to ≈85% of their PL QY of CsPbBr 3  
IPQDs are able to be preserved 
when transferred from solution to a 
thin fi lm. [ 7 ]  The high PL QY of the 
CsPbBr 3  IPQD thin fi lm stands sev-
eral times higher than those of the 
hybrid organic–inorganic perovskite 
fi lms and crystals as well as conven-
tional II–VI group semiconductor 
QD fi lms [ 1,16,17,33 ]  and  certainly 
should be one of contributing fac-
tors towards the low-threshold SE 
in these IPQDs. On contrary, the 
low PL QY in the above-mentioned 
other materials, especially the 
bulk polycrystalline fi lms, implies 
fast nonradiative recombination, 
thus more unfavorable heat will 
be generated, which plagues their 
optical properties and complicates 
thermal manage ment for device 
operation. [ 2,6 ]   

 On the other hand, the rapid 
nonradiative Auger recombination 
occurring at high excitation inten-
sities has been recognized to be 
the main channel dissipating the 
population inversion in QDs, [ 1,34 ]  
thus hindering the optical ampli-
fi cation. To explore Auger recom-
bination in these CsPbBr 3  IPQDs, 

the excitation intensity-dependent time-resolved PL measure-
ments were performed on CsPbBr 3  IPQDs in solution (see 
details in Experimental Section). As shown in Figure  4 b, the 
PL decay of the CsPbBr 3  IPQDs is dictated by relatively slow 
single-exciton recombination under low excitation intensi-
ties (<4.5 µJ cm −2 ), then a fast decay process emerges as the 
excitation intensity increases, corresponding to the Auger 
recombination. [ 1,7,35 ]  The lifetime of the Auger process in 
these CsPbBr 3  IPQDs is derived to be ≈105 ps (Figure S4, 
Supporting Information). Compared to those of CdSe QDs 
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 Figure 2.    a) Pump intensity-dependent PL spectra from thin fi lm of CsPbBr 3  IPQDs. The inset shows 
the stripe pumping confi guration used in this measurement (excitation beam (EB), cylindrical lens (CL), 
collection lens set (CLS), charged coupled device (CCD)). b) The FWHM of the PL spectra (solid circles) 
shows abrupt narrowing and the spectrally integrated PL intensity of the sharp peak (solid squares) exhibits 
a threshold behavior with respect to pump intensity. The spontaneous emission peak (hollow squares) 
experiences saturation as the pump intensity increases. c) Plot of stimulated emission peak intensity as a 
function of laser shot. The inset shows the PL spectrum at beginning. 
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emitting in similar spectral range (τ Auger  = ≈50 ps for CdSe QDs 
with diameter of ≈5 nm), [ 11,35 ]  the Auger loss is somewhat miti-
gated in these CsPbBr 3  IPQDs. Deeper insights are obtained 
from the PL dynamic measurements on thin fi lm of CsPbBr 3  
IPQDs via SPC.  Figure    5  b,e, and h show the time-resolved PL 
spectrograms of CsPbBr 3  IPQD thin fi lm under pump inten-
sity of 0.8, 11.5, and 25.0 µJ cm −2 , respectively, and the spec-
trally integrated PL decay curves extracted from the spectro-
grams are presented in Figure  5 c,f,i, respectively. Under low 
pump intensity (0.8 µJ cm −2 ), the PL decay follows the single-
exponential excitonic recombination (Figure  5 c). As the pump 
intensity increases (11.5 µJ cm −2 ), the rapid Auger recombina-
tion emerges in the spectrogram as the bright vertical stripe 

and is also seen from the PL decay curve (Figure  5 f). The tran-
sient PL spectrum (0–50 ps) in Figure  5 d redshifts compared 
to that integrated over the whole time window (0–6.0 ns), 
while those (Figure  5 a) under low pump intensity are nearly 
identical, which coincides with the presence of biexciton emis-
sion under high pump intensity (11.5 µJ cm −2 ). [ 7,29 ]  While as 
the pump intensity (25.0 µJ cm −2 ) just exceeds the threshold, a 
narrow emission band appearing on the longer wavelength side 
manifests as an intense ellipse spot in the spectrogram and, 
concomitantly, a much faster PL decay is observed (Figure  5 i), 
indicating the development of SE. Importantly, the PL decay of 
the SE peak is so fast that the access of its precise time con-
stant is limited by the resolution of the streak camera system 
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 Figure 3.    a) Excitation intensity-dependent PL spectra from thin fi lm of CsPbBr 3  IPQDs at 10 K under nanosecond laser excitation (pulse-width: 5 ns). 
b) Separation of Band A and Band B from the PL spectrum. c) Spectrally integrated PL intensity of Band A and Band B as a function of excitation 
intensity. The lines are the linear fi tting curves with slopes of 1.01 and 1.99, which confi rms the exciton and biexciton emission for Band A and Band 
B, respectively. 
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(≈50 ps). The transient spectra within the initial 50 ps displays 
a pronounced SE peak, while the PL spectra integrated over 
the subsequent temporal window (50 ps–6.0 ns) only show the 
broad spontaneous emission (Figure  5 g), evidencing that the 
buildup of optical gain and the subsequent SE in these IPQDs 
takes place within a ultrashort timescale (<50 ps). In fact, as 
shown in the VSL measurements (Figure S3b, Supporting 
Information), the SE intensity saturates at long pumping stripe 
lengths. From the measured saturation length (≈0.07 cm) of the 
SE intensity, the gain depletion time is estimated to be ≈5 ps, 
more than one order of magnitude shorter than Auger lifetime, 

which is just induced by the ultrafast SE. [ 1,7 ]  Therefore, even 
though Auger recombination may dissipate the excited carriers, 
the effi cient SE developed in these IPQDs could easily outper-
form the Auger recombination.  

 Optical absorption is also an important factor infl uencing 
optical pumping threshold. For colloidal QDs, the intrinsic 
property of optical absorption ability is characterized by absorp-
tion cross-section. However, to directly extract the absorption 
cross-section of our IPQDs is very challenging due to the size 
and composition inhomogeneity and the disturbance of the 
indispensable surface ligands. Here we attempt to estimate the 
absorption cross-section (σ) of our CsPbBr 3  IPQDs following a 
well-established method for colloidal QDs. [ 36,37 ]  Based on the 
fact that the fast Auger recombination completes within the ini-
tial hundreds of ps (τ Auger  = ≈105 ps), all of the excited CsPbBr 3  
IPQDs will only contain single exciton at long-time delays, 
which is demonstrated by the parallel decay lines under both 
high and low excitation intensities without taking into account 
the early hundreds of ps (Figure  4 b). [ 28,37 ]  It is well established 
that the probability of the number of excitons generated in QDs 
follows the Poisson distribution, [ 11 ]  thus, the PL intensity with 
long delay time is proportional to the probability of the excited 
QDs in the ensemble, given by 1− P  0 , where 0

/P e I I= σ σ ω− − �  is 
the probability of the non-excited QDs,  I  is the excitation inten-
sity and ω�  is the photon energy at 400 nm. [ 37 ]  As shown in 
Figure  4 c, the excitation intensity-dependent PL intensity with 
delay time of 400 ps could be well fi tted according to above anal-
ysis, from which the absorption cross-section is extracted to be 
≈2.5 × 10 −14  cm 2 , which is much larger than those of CdSe QDs 
emitting at similar green range [ 11 ]  but reasonable considering 
the big dot size and the intrinsic large absorption coeffi cient of 
the halide perovskites, thus contributing to the low threshold 
SE of our IPQDs. The physical reasons for both the large biex-
citon binding energy and the large absorption cross-section of 
CsPbBr 3  IPQDs may be related to the common intrinsic prop-
erties of perovskite materials [ 17,18 ]  and quantum confi nement 
effect, [ 9,32 ]  the detail of which remains further investigation and 
is beyond the scope of this work. 

 One of the most important hallmarks of QDs is the size-
tunable emission wavelength due to quantum confi nement 
effect. [ 11 ]  Correspondingly, the SE wavelength of these CsPbX 3  
IPQDs could potentially be tailored via facile size control. 
 Figure    6  a displays the PL spectra from CsPbBr 3  IPQDs with 
edge length of ≈5.5 nm (see TEM image in Figure S5a, Sup-
porting Information) under varying pump intensities. Com-
pared to the 9 nm sized sample, 5.5 nm sized CsPbBr 3  IPQDs 
exhibit blue-shifted spontaneous (≈490 nm) and stimulated 
(≈502 nm) emissions, demonstrating the feasibility of size-
tunable SE in these CsPbX 3  IPQDs. Besides, it is known that 
the bandgap of lead halide perovskites could be engineered by 
changing their constituent stoichiometries. [ 17,18 ]  Here, we show 
that the SE from these CsPbX 3  IPQDs could be tuned across the 
whole visible spectral range by halide substitution. Figure 6b,c 
display the blue and red SE from CsPb(Br/Cl) 3  (Br:Cl = 1.15:1) 
and CsPb(I/Br) 3  (I:Br = 2.7:1) IPQDs, respectively, validating 
that blue, green, and red SE could be achieved from these stoi-
chiometry controllable IPQDs. Therefore, taking advantage of 
both the halide perovskite nature and quantum confi nement 
effect, [ 1,18 ]  we showed two separate ways for the manipulation 
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 Figure 4.    a) Single-exciton recombination lifetime of CsPbBr 3  IPQD 
solution and fi lm. b) Excitation intensity-dependent PL decay traces of 
CsPbBr 3  IPQDs in solution, resolving the Auger recombination under 
high excitation intensities. c) PL intensity at time delay of 400 ps as a 
function of excitation intensity. The curve is the best-fi tting line based 
on Poisson distribution of the number of excitons upon photoexcitation. 
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of SE wavelength in these CsPbX 3  IPQDs, which is inspiring 
for both fundamental and applied research.  

 Given the superb optical gain performance of these CsPbX 3  
IPQDs, lasing could be readily achieved by introducing a suit-
able cavity resonator. [ 7,38 ]  Thanks to their colloidal nature, these 
IPQDs are compatible with various kinds of cavities so as to 
achieve lasing with different types of optical feedback. [ 7,38 ]  As 
a demonstration, we fi lled the CsPbBr 3  IPQDs into a capillary 
tube and solid fi lm around the inner wall was formed after the 
evaporation of solvent as has been demonstrated for traditional 
QDs. [ 24,39 ]  Figure  6 d presents the pump intensity-dependent PL 
spectra from a CsPbBr 3  IPQDs infi ltrated capillary tube (see 
details in Experimental Section). The emergence of evenly-
spaced spikes as pump intensity increases and super-linear 
increase of the integrated intensity with respect to pump inten-
sity confi rm the occurrence of lasing action, and the longitu-
dinal optical modes can be well-assigned based on WGM model 
(Figure S7, Supporting Information), indicating the WGM 
lasing mechanism. [ 24,39 ]  

 In conclusion, we discover that the newly engineered CsPbX 3  
IPQDs possess superior optical gain properties, representing a 
new class of solution processed, low-threshold, truly stable and 
wavelength-tunable gain materials. The solution processability 
of these IPQDs also makes them applicable for device fabrica-
tion from simple and cost-effective printing and spraying tech-
nologies. We envisage that these CsPbX 3  IPQDs will become a 
new research paradigm and hold new opportunity for optoelec-
tronics in the near future.  

  Experimental Section 
  Fabrication of CsPbX 3  IPQDs : Typically, a mixture of 0.8 g Cs 2 CO 3 , 

2.5 mL of oleic acid (OA), and 30 mL of octadecene (ODE) was 
degassed under argon fl ow in a 100 mL four-neck fl ask at 130 °C for 
1 h. Then the reaction was kept at 150 °C for another 0.5 h until all 
the Cs 2 CO 3  have reacted with OA. After cooling to room temperature 
naturally, the Cs-precursor was kept in a glovebox. ODE (10 mL), OA 
(1 mL), oleylamine (OAm, 1 mL), and 0.36 mmol of PbX 2  (X = Cl, Br and 
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 Figure 5.    a–c) Time-integrated PL spectra, spectrogram, and PL decay curve under pump intensity of 0.8 µJ cm −2 , respectively. d–f) Time-integrated 
PL spectra, spectrogram, and PL decay curve under pump intensity of 11.5 µJ cm −2 . The red-shifted PL spectrum (0–50 ps) indicates the emergence of 
biexciton emission. The fast Auger recombination manifests as the bright vertical stripe in the spectrogram. g–i) Time-integrated PL spectra, spectro-
gram, and PL decay curves of spectrally integrated over the full spectrum and over the stimulated emission peak under pump intensity of 25.0 µJ cm −2 . 
The prominent stimulated emission for transient PL spectrum (0–50 ps) and broad spontaneous emission for that of 50 ps–6.0 ns suggest that the 
stimulated emission only takes place within the initial 50 ps upon photoexcitation.
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I) or their mixture were mixed and degased under argon at 130 °C for 
1 h. After complete dissolution of PbX 2  salts, the temperature was raised 
to 160 °C and kept for another 10 min. Then, 1 mL of the Cs-precursor 
was swiftly injected into above hot mixture and the reaction was stopped 
with ice bath after 5 s. The nanocrystals were precipitated by adding 
excess acetone and washed with a solvent combination of toluene 
and acetone by centrifugation. Finally, the as prepared products were 
redispersed in toluene for further use. Nanocrystal size was tuned by 
changing the injection temperature. 

  Optical Measurements : For the SE measurements, a femtosecond 
amplifi ed laser system was employed as the pumping source. The 
optical wavelength of 400 nm was generated by frequency-doubling of 
output pulse (Wavelength: 800 nm, Repetition rate: 1 KHz, Pulse-width: 
100 fs) from regenerative amplifi er using β-barium borate (BBO) crystal. 
The laser beam was focused vertically onto the IPQD thin fi lm with 
dimension of ≈0.1 × 3 mm 2  via a cylindrical lens with focal length of 
75 mm, and the emission from the edge of the fi lm serving as the optical 
waveguide was vertically collected by a silicon charged coupled device 
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 Figure 6.    a) Stimulated emission from small sized-CsPbBr 3  IPQDs, showing blue-shifted stimulated emission wavelength. b) Blue stimulated emis-
sion from CsPb(Br/Cl) 3  IPQDs. c) Red stimulated emission from CsPb(I/Br) 3  IPQDs. d) Pump intensity-dependent PL spectra from CsPbBr 3  IPQDs 
with edge length of ≈9 nm infi ltrated into a capillary tube with inner diameter of ≈50 µm. The left inset displays the spectrally integrated PL intensity 
over the lasing peaks with respect to pump intensity. The optical images of the IPQDs infi ltrated capillary tube below (upper image) and above (lower 
image) the lasing threshold are presented as the right insets. Scale bar is 20 µm. 
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(CCD) equipped with a 320 mm monochromator. For the time-resolved 
PL measurements, the solution of CsPbBr 3  IPQDs was stored in 1 mm 
thick quartz cuvette and the conventional backscattering confi guration 
was adopted for the PL collection, while those of IPQD fi lm is the same as 
used in SE measurements. The emission was detected and analyzed by 
an Optronics streak camera system with optimized temporal resolution 
of ≈50 ps. In biexciton emission investigation, the IPQD fi lm was fi xed in 
a helium close-cycled cryostat and cooled down to 10 K. The excitation 
beam (400 nm, 5 ns, 20 Hz) from a wavelength-tunable nanosecond laser 
system was loosely focused onto the sample with diameter of ≈1 mm. 
The PL was dispersed by a 750 mm monochromater and recorded by 
a silicon-CCD. For the lasing measurements, a home-built micro-PL 
system was utilized. The pumping source and collection instruments are 
the same as those used in biexciton emission investigation.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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