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ABSTRACT: Halide perovskite materials have attracted
intense research interest due to the striking performance in
photoharvesting photovoltaics as well as photoemitting
applications. Very recently, the emerging CsPbX3 (X = Cl,
Br, I) perovskite nanocrystals have been demonstrated to be
eﬃcient emitters with photoluminescence quantum yield as
high as ∼90%, room temperature single photon sources, and
favorable lasing materials. Herein, the nonlinear optical
properties, in particular, the multiphoton absorption and
resultant photoluminescence of the CsPbBr3 nanocrystals,
were investigated. Notably, a large two-photon absorption
cross-section of up to ∼1.2 × 105 GM is determined for 9 nm sized CsPbBr3 nanocrystals. Moreover, low-threshold frequencyupconverted stimulated emission by two-photon absorption was observed from the thin ﬁlm of close-packed CsPbBr3
nanocrystals. The stimulated emission is found to be photostable and wavelength-tunable. We further realize the three-photon
pumped stimulated emission in green spectra range from colloidal nanocrystals for the ﬁrst time. Our results reveal the strong
nonlinear absorption in the emerging CsPbX3 perovskite nanocrystals and suggest these nanocrystals as attractive multiphoton
pumped optical gain media, which would oﬀer new opportunities in nonlinear photonics and revive the nonlinear optical devices.
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strength,13−15 contributing to the high photoluminescence
quantum yield (PL QY) and low-threshold and temperatureinsensitive optical gain.16−19 Moreover, exceptional nonlinear
optical properties including strong two- and three-photon
absorption are discovered from metal chacogenide nanocrystals,11,20,21 which promises high-resolution bioimaging and
eﬀective frequency/wavelength conversion.21,22
Very recently, the highly luminescent (PL QY of up to 90%)
all-inorganic colloidal nanocrystals of cesium lead halide
perovskites (CsPbX3, X = Cl, Br, I) are emerging as a new
optoelectronic material in perovskite family.23 Compared to the
traditional metal-chalcogenide nanocrystals, these emerging
perovskite nanocrystals exhibit even broader (400−700 nm) PL
wavelength tunability via either composition and size
manipulation inherited from both halide perovskite and
quantum dot; moreover, the PL wavelength tuning can be

alide perovskites have attracted researchers’ intensive
attention due to the strikingly high light-harvesting
eﬃciency in photovoltaic in the last several years. 1,2
Surprisingly, this new kind of semiconductors is also found to
be excellent light-emitting materials, which manifests superb
performance in electrically driven light-emitting diodes (LEDs)
and optically pumped lasers.3−5 Until now, most of the optical
studies on the halide perovskites are focusing on the linear part;
however, the corresponding nonlinear optical properties are
scarcely revealed.3,4,6−8 In contrast to linear absorption and
emission, the multiphoton analogues feature several merits
including a large penetration depth, high spatial resolution, and
little damage to the targeted samples.9−11
Recently, Sargent et al. have demonstrated the feasibility of
two-photon absorption in CH3NH3PbBr3 perovskite bulk
crystal and suggested the perovskite crystals as potential
nonlinear absorbers and emitters.12 Quantum conﬁned nanocrystals have long been recognized as advantageous luminescent
materials thanks to the stable excitons at room temperature,
large absorption cross sections, and strong oscillator
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Figure 1. (a) Linear absorption spectrum and one-, two-, and three-photon excited PL spectra from solution of CsPbBr3 nanocrystals. The inset
shows the corresponding TEM image; the scale bar is 20 nm. (b) PL decay traces of CsPbBr3 nanocrystals based on one-, two-, and three-photon
excitation. The inset illustrates the whole process of one-, two-, and three-photon excited PL for CsPbBr3 nanocrystals.

Figure 2. (a) Excitation intensity dependent PL from CsPbBr3 nanocrystals. The inset shows the photograph of solution of CsPbBr3 nanocrystals
when 800 nm laser beam passed through. (b) Plot of spectrally integrated PL intensity as a function of excitation intensity from CsPbBr3
nanocrystals. (c) Open aperture Z-scan responses of CsPbBr3 nanocrystal solution and the pure solvent. The red curve is the best-ﬁtting curve
according to Z-scan theory.

emission, and a two-photon absorption cross-section as high as
∼1.2 × 105 GM at 800 nm was determined for the 9 nm-sized
CsPbBr3 nanocrystals. Furthermore, low threshold frequencyupconverted stimulated emission from the close-packed thin
ﬁlms of the CsPbBr3 nanocrystals pumped by simultaneous
two- and three-photon absorption was observed. The
stimulated emission is favorably stable, and the wavelength
could be easily tuned by halide substitution. Our results reveal
that the emerging CsPbX3 nanocrystals are preferred nonlinear
optical materials and multiphoton pumped optical gain media,
which would provide a new platform in nonlinear photonics
and renovate nonlinear devices.

achieved by the simple mixing-induced anion exchange at room
temperature.23−25 Subsequently, the favorable optical gain and
lasing attributes of these perovskite nanocrystals were
demonstrated by our group and Kovalenko’s group, respectively.26,27 Simultaneously, the electrically driven LEDs based
on these inorganic perovskite nanocrystals were demonstrated
by Zeng’s group.28
In this work, we, for the ﬁrst time, investigate the nonlinear
optical properties of these emerging CsPbX3 nanocrystals,
which would be of importance for both fundamental physics
interest and practical applications.29 We found that the
CsPbBr3 nanocrystals exhibit strong nonlinear absorption and
B
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Figure 3. (a) Pump intensity dependent frequency-upconverted PL spectra from thin ﬁlm of CsPbBr3 nanocrystals under excitation wavelength of
800 nm. The inset shows the plot of PL intensity as a function of pump intensity. (b) Photograph of the stripe pumping conﬁguration adopted here.
The pump beam was focused by a cylindrical lens into a stripe and passed through the sample. A white paper was used to better show the 800 nm
pump beam.

will relax to the same lowest excited state where the radiative
recombination (spontaneous emission) occurs. The whole PL
processes are schematically illustrated in the inset of Figure 1b.
To quantitatively determine the two-photon absorption cross
section of the CsPbBr3 nanocrystals, the Z-scan measurement
was carried out (see experimental details in Experimental
Section).30,32 The calibration of our Z-scan system was
performed by using the liquid carbon disulﬁde as a
reference.9,29 Figure 2c displays the Z-scan response of the
solution of CsPbBr3 nanocrystals with concentration of ∼3.4 ×
10−5 mol/L as determined by the inductively coupled plasma
atomic absorption spectroscopy (ICP-AAS) (see Experimental
Section) and that of the pure solvent (toluene) under input
intensity of 20 GW/cm2 at optical wavelength of 800 nm. The
ﬂat Z-scan curve of the toluene suggests that the nonlinear
absorption of the solvent is negligible and that the deep groove
response in the Z-scan curve of CsPbBr3 nanocrystal solution,
corresponding to the signal of nonlinear absorption, completely
originates from the CsPbBr3 nanocrystals.29 By ﬁtting the
nonlinear absorption response curve based on Z-scan theory,
the two-photon absorption coeﬃcient of the CsPbBr3 nanocrystal solution is derived to be ∼0.097 cm/GW.11,32
Correspondingly, the two-photon absorption cross-section
(σ2) of these CsPbBr3 nanocrystals is estimated to be 1.2 ×
105 GM, which is nearly two-order of magnitude higher than
those of conventional green-emitting metal-chalcogenide QDs
and comparable to or even larger than those of the best largesized red-emitting ones. 9,11,20,33 The high two-photon
absorption cross-section observed for these CsPbBr3 perovskite
nanocrystals may be attributed to the relatively large dot size
and the intrinsic strong two-photon absorption of lead halide
perovskite.12,33,34 Such a large two-photon absorption crosssection of these all-inorganic perovskite nanocrystals makes
them potential candidates as nonlinear absorbers and related
nonlinear photonic media.
Inspired by the strong two-photon absorption and twophoton excited spontaneous emission from these CsPbBr3
nanocrystals, we attempt to explore the two-photon pumped
stimulated emission from these nanocrystals. In doing so, the

The CsPbX3 nanocrystals investigated here were synthesized
following a recipe reported by Protesescu et al. with slight
modiﬁcation.23 Detailed fabrication process can be found in ref
26. The transmission electron microscope (TEM) image (inset
of Figure 1) illustrates the cubic shape of the CsPbBr3
nanocrystals with an edge length of ∼9 nm. Figure 1a shows
the linear absorption spectrum of CsPbBr3 nanocrystals in
solution, where the linear absorbance is negligible from
wavelength longer than ∼520 nm. However, when 800 nm
laser beam passed through the solution of CsPbBr3 nanocrystals, bright green emission was observed as displayed in the inset
in Figure 2a, indicating that the CsPbBr3 nanocrystals are
indeed multiphoton active. The PL spectra from CsPbBr3
nanocrystals in solution excited by optical wavelength of 400,
800, and 1250 nm, which correspond to one-, two-, and threephoton excitation, respectively, are shown in Figure 1a. To
further verify the two- and three-photon absorption and
emission process in these CsPbBr3 nanocrystals, we performed
the excitation intensity dependent PL measurement at optical
wavelengths of 800 and 1250 nm. As shown in Figure 2b and
Figure S1, the quadratic and cubic dependence of the spectrally
integrated PL intensity on the excitation intensity clearly
conﬁrms the two- and three-photon absorption and emission
process under excitation wavelength of 800 and 1250 nm,
respectively.9,29 It is found that the PL spectra induced by one-,
two-, and three-photon absorption are nearly identical. The
slight red-shift of two- and three-photon excited PL spectra
with respect to that of one-photon counterpart can be
attributed to the size inhomogeneity and reabsorption eﬀect,9,30
which has been commonly observed in traditional semiconductor quantum dots (QDs).31 To gain more insight into
the photocarriers, the dynamics based on one (400 nm), two
(800 nm), and three-photon (1250 nm) excitation are probed.
Figure 1b presents the PL decay curves of CsPbBr3 nanocrystals, which shows that the decay traces for all of the three
excitation mechanisms are almost the same. According to the
above results, we can come to the conclusion that the
photocarriers excited by either linear absorption or simultaneous two- and three-photon absorption through virtual states
C
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Figure 4. (a) Time-resolved PL spectra from the thin ﬁlm of CsPbBr3 nanocrystals under pumping intensity of ∼2.7 mJ cm−2. (b) PL decay curves
from CsPbBr3 nanocrystal thin ﬁlm under varied excitation intensities.

faster than the corresponding broad spontaneous emission,
which is consistent with the signature of stimulated emission.8,9
Finally, the spontaneous emission dominates the PL spectra for
long delay times. Figure 4b illustrates the spectrally integrated
PL decay curves from CsPbBr3 nanocrystal thin ﬁlm under
varied excitation intensities spanning from spontaneous
emission to stimulated emission. For excitation intensity of
far below the threshold, the PL decay trace follows the single
exponential decay, corresponding to the single exciton
recombination. With increase of excitation intensity, a fast
decay path appears, which relates to the multiexciton Auger
recombination. When the pumping intensity exceeds the
threshold, the PL decay suddenly collapses into <50 ps,
featuring the ultrafast stimulated emission process (see Figure
S3 for spectrograms and the corresponding analysis in the
Supporting Information). The precise determination of the
stimulated emission time scale is hindered by the temporal
resolution of our streak camera system (∼50 ps). As a result,
both the time-integrated and time-resolved spectroscopy
studies indicate that the frequency-upconverted stimulated
emission could be successfully achieved from these CsPbBr3
nanocrystals by direct two-photon absorption with a low
threshold.
An important character of an optical gain material is the
photostability under pumping laser irradiation.9,22 To access
the photostability of our CsPbBr3 nanocrystal thin ﬁlm by twophoton pumping, the stimulated emission peak intensity was
monitored as a function of pump laser pulses at 800 nm. As
shown in Figure 5a, the stimulated emission peak intensity
could be readily sustained over more than 6 × 10 6
uninterrupted laser shots (∼1.7 h), which is nearly threeorder of magnitude longer than that of traditional two-photon
pumped dyes and comparable to those of semiconductor
quantum dots.22,36
Having manifesting the stimulated emission by two-photon
absorption from the thin ﬁlm of CsPbBr3 nanocrystals, we
move forward to investigate the three-photon pumped
stimulated emission, which could oﬀer even greater advantages
over the two-photon analogues.9,21 In order to observe the
stimulated emission by simultaneous three-photon absorption,
the favorable stripe pumping conﬁguration was again employed.
Figure 5b displays the pumping intensity dependent PL spectra
from the CsPbBr3 nanocrystal thin ﬁlm under excitation
wavelength of 1250 nm. The appearance of narrow peak under
high excitation intensities and the threshold behavior of the
plot of the integrated PL intensity over the narrow peak with

CsPbBr3 nanocrystals were drop-casted onto a glass substrate,
and then, a close-packed solid thin ﬁlm with thickness of ∼5
μm as determined by scanning electron microscopy (SEM)
(Figure S2) was obtained. To pump the sample, a 800 nm laser
beam with pulse width of 100 fs and repetition rate of 1000 Hz
was focused onto the thin ﬁlm by a cylindrical lens (focus
length: 75 mm) with dimension of ∼100 μm × 5 mm to form
the stripe pumping conﬁguration, which is favorable to develop
stimulated emission thanks to the waveguide eﬀect (see Figure
3b).14,27 The PL signal collected from the edge of the sample
was dispersed by a 320 mm monochromator and detected by a
silicon charged coupled device (CCD). Figure 3a shows the PL
spectra from the thin ﬁlm of CsPbBr3 nanocrystals under varied
pumping intensities. It is found that, under relatively low
excitation intensities (< ∼2.5 mJ cm−2), the PL spectra are
dictated by the broad spontaneous emission with full width at
half-maximum (fwhm) of ∼22 nm. Strikingly, with the further
increase of pumping intensity, a new narrow peak emerges,
indicating the achievement of frequency-upconverted stimulated emission by two-photon absorption.9 The plot of
spectrally integrated PL intensity over the narrow peak as a
function of pumping intensity exhibits abrupt rising from
certain point, further suggesting the development of twophoton pumped stimulated emission from CsPbBr3 nanocrystals.15 The spectral position of the new peak with respect to
spontaneous emission is analogous to that under one-photon
pumping,26 which suggests that two-photon induced stimulated
emission is similarly originated from the biexcitonic recombination.13,26 The stimulated emission threshold is derived to be
as low as 2.5 mJ cm−2, which stands several times lower than
those of the state-of-art red-emitting CdSe-based QDs and may
be attributed to the large two-photon absorption cross-section
of these CsPbBr3 nanocrystals.9,20,35 Based on the equation ⟨N⟩
= f 2σ2/τ,35 where f is the pump ﬂuence (photons/cm2) and τ is
the pulse width, the average number of excitons per nanocrystal
at stimulated emission threshold is estimated to be ∼1.2, which
agrees well with the biexcitonic stimulated emission mechanism.13 To further study the two-photon induced PL dynamics
of CsPbBr3 nanocrystals under diﬀerent excitation intensities,
the time-resolved PL measurements under excitation wavelength of 800 nm was performed using a streak camera system.
Figure 4a displays the time-resolved PL spectra from the thin
ﬁlm of CsPbBr3 nanocrystals under pumping intensity of ∼2.7
mJ cm−2, which stays just above the threshold. It can be seen
that the narrow stimulated emission peak dominates the PL
spectra just after photoexcitation. However, it decays much
D
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frequency-upconverted stimulated emission in the halidemixed nanocrystals. Therefore, it is signiﬁcant to investigate
the feasibility of wavelength-tunable stimulated emission from
these perovskite nanocrystals based on two-photon pumping.
To this end, we gradually augment the ratio of Cl/Br in
CsPb(Cl/Br)3 nanocrystals so that the spontaneous emission
peak keeps blue-shifted. By following the same thin ﬁlm
preparation method and pumping conﬁguration for these
halide-mixed nanocrystals as mentioned above, we observed the
two-photon pumped stimulated emission from these perovskite
nanocrystals with wavelength tunable by halide substitution as
shown in Figure S4. The realization of two-photon pumped low
threshold, photostable, and wavelength tunable stimulated
emission in these perovskite nanocrystals indicates that the
emerging perovskite nanocrystals are favorable frequencyupconverted optical gain media.
In conclusion, we have investigated the nonlinear absorption
and emission properties of the emerging all-inorganic CsPbBr3
nanocrystals. A large two-photon absorption cross-section of up
to ∼1.2 × 105 GM is determined for 9 nm sized CsPbBr3
nanocrystals. Low-threshold, photostable, and wavelength
tunable frequency-upconverted stimulated emission by twophoton absorption was observed from these CsPb(Cl/Br)3
nanocrystals. For the ﬁrst time, we realize the three-photon
pumped green stimulated emission from colloidal nanocrystals.
Our results reveal that the newly emerging CsPbX3 perovskite
nanocrystals are attractive frequency-upconverted optical gain
media, which may provide new opportunities for nonlinear
photonics.
Experimental Section. Mole Concentration Determination of CsPbBr3 Nanocrystals. The mole concentration of
CsPbBr3 nanocrystals are determined by the inductively
coupled plasma atomic absorption spectroscopy (ICP-AAS,
IRIS Intrepid II XSP, Thermo Electron, USA). First of all, 10
μL of the nanocrystal dispersion was diluted with 2 mL of
toluene. Then, concentrated nitric acid (40%, vol.) and distilled
water were added into above dispersion to form a nitric acid
solution (8%, vol.). The solution was shaken on a shaker for 2
days to dissolve the ions thoroughly. After standing, 10 mL of
the lower solution was taken out for ICP-AAS measurement,
and the concentration was decided from the result of lead.
Optical Measurements. A femtosecond ampliﬁed-pulsed
laser system was adopted as the laser source. The output
wavelength can be continuously tuned from 250 nm to 2.6 μm
through an optical parameter ampliﬁer. The pulse-width and
repetition rate are 100 fs and 1 kHz, respectively. For the Zscan measurements, the laser beam was divided into two parts
by a beam splitter. One acted as the reference, and the other
one was focused onto the 1 mm thick quartz cuvette ﬁlled with
solution of CsPbBr3 nanocrystals by a circular lens (focus
length: 20 cm) and detected by a Si biased detector equipped
with standard lock-in ampliﬁer technique. The sample was
controlled by a step motor to travel along the laser beam back
and forth. In doing the time-resolved PL measurements, the
solution of CsPbBr3 nanocrystals was ﬁlled into a quartz cuvette
with thickness of 1 mm. The backscattering conﬁguration was
employed to collect the PL signal by an Optronis streak camera
system. For the measurement of dynamics of thin ﬁlms of
CsPbBr3 nanocrystals, the PL signals were vertically collected
from the edge of the sample and analyzed by the Optronis
streak camera system with temporal resolution of ∼50 ps.

Figure 5. (a) Plot of stimulated emission peak intensity versus pump
laser shot. The inset displays the PL spectrum and the photograph of
the sample under excitation of focused 800 nm laser beam with
pumping intensity of 3.4 mJ/cm2. (b) Three-photon pumped PL
spectra from CsPbBr3 nanocrystals under excitation wavelength of
1250 nm and varied pump intensities. The inset shows the plot of
corresponding integrated PL intensity as a function of pump intensity.

respect to excitation intensity unambiguously establish the
development of three-photon pumped stimulated emission
from these CsPbBr3 nanocrystals.9 The stimulated emission
threshold (∼5.2 mJ/cm2) is found to be even lower than that of
deliberately designed CdSe/CdS/ZnS core/multishell QDs
emitting in red spectral range.9 It should be noted that the
stimulated emission in green region from semiconductor QDs
by direct three-photon pumping has not yet been observed
until now, which is mainly ascribed to the smaller multiphoton
absorption cross sections and the faster nonradiative Auger
recombination for the traditional green-emitting QDs than
those of red-emitting ones.9,15 Our result represents the ﬁrst
realization of three-photon pumped green stimulated emission
from colloidal QDs, which may oﬀer new possibilities in
biophotonics.9
In previous work, we have demonstrated the facile stimulated
emission tunability by changing the halide composition under
one-photon pumping.26 However, the threshold is found to
increase when substituting the Br by Cl or I for wavelength
tailoring, which might be attributed to the increased carrier
trapping defects in the halide-mixed nanocrystals.26,27 Since the
multiphoton pumped stimulated emission threshold is typically
orders of magnitude higher than that of one-photon counterpart,9 the increased carrier trapping loss may lead to
photodamaging the sample before the achievement of
E

DOI: 10.1021/acs.nanolett.5b04110
Nano Lett. XXXX, XXX, XXX−XXX

Letter

Nano Letters

■

(13) Wang, Y.; Leck, K. S.; Van Duong, T.; Chen, R.; Nalla, V.; Gao,
Y.; He, T.; Demir, H. V.; Sun, H. Adv. Mater. 2015, 27 (1), 169−175.
(14) Wang, Y.; Yang, S.; Yang, H.; Sun, H. D. Adv. Opt. Mater. 2015,
3 (5), 652−657.
(15) Klimov, V. I.; Mikhailovsky, A. A.; Xu, S.; Malko, A.;
Hollingsworth, J. A.; Leatherdale, C. A.; Eisler, H. J.; Bawendi, M.
G. Science 2000, 290 (5490), 314−317.
(16) Moreels, I.; Raino, G.; Gomes, R.; Hens, Z.; Stoeferle, T.;
Mahrt, R. F. Adv. Mater. 2012, 24 (35), OP231−OP235.
(17) Grim, J. Q.; Christodoulou, S.; Di Stasio, F.; Krahne, R.;
Cingolani, R.; Manna, L.; Moreels, I. Nat. Nanotechnol. 2014, 9 (11),
891−895.
(18) Zhang, F.; Zhong, H.; Chen, C.; Wu, X.-g.; Hu, X.; Huang, H.;
Han, J.; Zou, B.; Dong, Y. ACS Nano 2015, 9 (4), 4533−4542.
(19) Kazes, M.; Lewis, D. Y.; Ebenstein, Y.; Mokari, T.; Banin, U.
Adv. Mater. 2002, 14 (4), 317−321.
(20) Todescato, F.; Fortunati, I.; Gardin, S.; Garbin, E.; Collini, E.;
Bozio, R.; Jasieniak, J. J.; Della Giustina, G.; Brusatin, G.; Toffanin, S.;
Signorini, R. Adv. Funct. Mater. 2012, 22 (2), 337−344.
(21) Yu, J. H.; Kwon, S. H.; Petrasek, Z.; Park, O. K.; Jun, S. W.;
Shin, K.; Choi, M.; Park, Y.; Park, K.; Na, H. B.; Lee, N.; Lee, D. W.;
Kim, J. H.; Schwille, P.; Hyeon, T. Nat. Mater. 2013, 12 (4), 359−366.
(22) Zhang, C. F.; Zhang, F.; Cheng, A.; Kimball, B.; Wang, A. Y.;
Xu, J. Appl. Phys. Lett. 2009, 95 (18), 183109.
(23) Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.;
Caputo, R.; Hendon, C. H.; Yang, R. X.; Walsh, A.; Kovalenko, M. V.
Nano Lett. 2015, 15 (6), 3692−3696.
(24) Nedelcu, G.; Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.;
Grotevent, M. J.; Kovalenko, M. V. Nano Lett. 2015, 15 (8), 5635−
5640.
(25) Akkerman, Q. A.; D’Innocenzo, V.; Accornero, S.; Scarpellini,
A.; Petrozza, A.; Prato, M.; Manna, L. J. Am. Chem. Soc. 2015, 137
(32), 10276−10281.
(26) Wang, Y.; Li, X.; Song, J.; Xiao, L.; Zeng, H.; Sun, H. D. Adv.
Mater. 2015, 27 (44), 7101−7108.
(27) Yakunin, S.; Protesescu, L.; Krieg, F.; Bodnarchuk, M. I.;
Nedelcu, G.; Humer, M.; De Luca, G.; Fiebig, M.; Heiss, W.;
Kovalenko, M. V. Nat. Commun. 2015, 6, 8056.
(28) Song, J.; Li, J.; Li, X.; Xu, L.; Dong, Y.; Zeng, H. Adv. Mater.
2015, 27 (44), 7162−7167.
(29) He, G. S.; Tan, L. S.; Zheng, Q.; Prasad, P. N. Chem. Rev. 2008,
108 (4), 1245−1330.
(30) He, T. C.; Rajwar, D.; Ma, L.; Wang, Y.; Lim, Z. B.; Grimsdale,
A. C.; Sun, H. D. Appl. Phys. Lett. 2012, 101 (21), 213302.
(31) He, G. S.; Yong, K. T.; Zheng, Q. D.; Sahoo, Y.; Baev, A.;
Ryasnyanskiy, A. I.; Prasad, P. N. Opt. Express 2007, 15 (20), 12818−
12833.
(32) Sheikbahae, M.; Said, A. A.; Wei, T. H.; Hagan, D. J.;
Vanstryland, E. W. IEEE J. Quantum Electron. 1990, 26 (4), 760−769.
(33) Scott, R.; Achtstein, A. W.; Prudnikau, A.; Antanovich, A.;
Christodoulou, S.; Moreels, I.; Artemyev, M.; Woggon, U. Nano Lett.
2015, 15 (8), 4985−4992.
(34) Achtstein, A. W.; Hennig, J.; Prudnikau, A.; Artemyev, M. V.;
Woggon, U. J. Phys. Chem. C 2013, 117 (48), 25756−25760.
(35) Jasieniak, J. J.; Fortunati, I.; Gardin, S.; Signorini, R.; Bozio, R.;
Martucci, A.; Mulvaney, P. Adv. Mater. 2008, 20 (1), 69−73.
(36) He, G. S.; Zhao, C. F.; Bhawalkar, J. D.; Prasad, P. N. Appl. Phys.
Lett. 1995, 67 (25), 3703−3705.

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nanolett.5b04110.
Detailed information on the scanning electron microscopy (SEM) characterization of thin ﬁlm of CsPbBr3
nanocrystals, time-resolved spectrograms of CsPbBr3
nanocrystals under two-photon excitation, and the
wavelength-tunable frequency-upconverted stimulated
emission from halide-mixed CsPb(Cl/Br)3 nanocrystals
(PDF)

■

AUTHOR INFORMATION

Corresponding Authors

*E-mail: hdsun@ntu.edu.sg.
*E-mail: zeng.haibo@njust.edu.cn.
Author Contributions

Y.W. and X.L. contributed equally to this work.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This research is supported by the Singapore National Research
Foundation through the Competitive Research Programme
(CRP) under Project No. NRFCRP6-2010-02, the Singapore
Ministry of Education through the Academic Research Fund
under Projects MOE 2011-T3-1-005 (Tier 3) and Merlion
under Project. No. 2.02.13, National Basic Research Program of
China (grant number 2014CB931700).

■

REFERENCES

(1) Green, M. A.; Ho-Baillie, A.; Snaith, H. J. Nat. Photonics 2014, 8
(7), 506−514.
(2) Liu, M.; Johnston, M. B.; Snaith, H. J. Nature 2013, 501 (7467),
395−398.
(3) Xing, G.; Mathews, N.; Lim, S. S.; Yantara, N.; Liu, X.; Sabba, D.;
Gratzel, M.; Mhaisalkar, S.; Sum, T. C. Nat. Mater. 2014, 13 (5), 476−
480.
(4) Zhu, H.; Fu, Y.; Meng, F.; Wu, X.; Gong, Z.; Ding, Q.;
Gustafsson, M. V.; Trinh, M. T.; Jin, S.; Zhu, X. Y. Nat. Mater. 2015,
14 (6), 636−642.
(5) Tan, Z.-K.; Moghaddam, R. S.; Lai, M. L.; Docampo, P.; Higler,
R.; Deschler, F.; Price, M.; Sadhanala, A.; Pazos, L. M.; Credgington,
D.; Hanusch, F.; Bein, T.; Snaith, H. J.; Friend, R. H. Nat. Nanotechnol.
2014, 9 (9), 687−692.
(6) Deschler, F.; Price, M.; Pathak, S.; Klintberg, L. E.; Jarausch, D.D.; Higler, R.; Huettner, S.; Leijtens, T.; Stranks, S. D.; Snaith, H. J.;
Atatuere, M.; Phillips, R. T.; Friend, R. H. J. Phys. Chem. Lett. 2014, 5
(8), 1421−1426.
(7) Sutherland, B. R.; Hoogland, S.; Adachi, M. M.; Wong, C. T. O.;
Sargent, E. H. ACS Nano 2014, 8 (10), 10947−10952.
(8) Liao, Q.; Hu, K.; Zhang, H.; Wang, X.; Yao, J.; Fu, H. Adv. Mater.
2015, 27 (22), 3405−3410.
(9) Wang, Y.; Ta, V. D.; Gao, Y.; He, T. C.; Chen, R.; Mutlugun, E.;
Demir, H. V.; Sun, H. D. Adv. Mater. 2014, 26, 2954−2961.
(10) He, G. S.; Markowicz, P. P.; Lin, T. C.; Prasad, P. N. Nature
2002, 415 (6873), 767−770.
(11) Wang, Y.; Yang, X.; He, T. C.; Gao, Y.; Demir, H. V.; Sun, X.
W.; Sun, H. D. Appl. Phys. Lett. 2013, 102 (2), 021917.
(12) Walters, G.; Sutherland, B. R.; Hoogland, S.; Shi, D.; Comin, R.;
Sellan, D. P.; Bakr, O. M.; Sargent, E. H. ACS Nano 2015, 9 (9),
9340−9346.
F

DOI: 10.1021/acs.nanolett.5b04110
Nano Lett. XXXX, XXX, XXX−XXX

