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Linear and nonlinear optical characteristics of all-
inorganic perovskite CsPbBr3 quantum dots
modified by hydrophobic zeolites†

Ruxue Li,a,b Zhipeng Wei,*a Haixia Zhao,a Hongrui Yu,a Xuan Fang,a Dan Fang,a

Junzi Li,c Tingchao He, c Rui Chen *b and Xiaohua Wanga

All-inorganic perovskite quantum dots (QDs) have been considered as outstanding candidates for

high-performance optoelectronic device applications. However, the chemical and optical stabilities

restrict their device applications. In this paper, hydrophobic zeolites were proposed to modify CsPbBr3
QDs to prevent water influence while achieving good dispersion. These hybrid luminescent materials

possess high internal quantum efficiency (IQE, ∼81%@3.52 W cm−2) and low dissociation levels that

give rise to improved optical stability in terms of temperature and time. More interesting, it is found that

this nanocomposite is able to maintain its optical limiting performance under intensive laser illumina-

tion. This paper discusses the linear and nonlinear optical characteristics of CsPbBr3 QDs, which would

be of great importance for both fundamental physics investigation and practical multiphoton

applications.

1 Introduction

Halide perovskites have attracted researchers’ intensive atten-
tions due to their strikingly high light-harvesting efficiency in
photovoltaics in the past several years.1,2 Compared with tra-
ditional semiconductor nanocrystals, perovskite nanocrystals
exhibit excellent optical properties which manifest superb per-
formance in electrically driven light-emitting diodes and opti-
cally pumped lasers.3–7 Very recently, all-inorganic colloidal
nanocrystals of cesium lead halide perovskites (CsPbX3, X = Cl,
Br, I) with high photoluminescence (PL) quantum yield (QY)
up to 90% have been synthesized.8,9 Among them, the all-in-
organic perovskite CsPbBr3 quantum dots (QDs) have been
recognized as advantageous luminescent materials due to
their large absorption cross-section and high exciton binding
energy.3,4 Though both the hybrid and all-inorganic perovskite
QDs are reported to possess excellent optical properties, the

latter ones exhibit better stability and most of the attention
has been paid to them.3 However, compared to the classical
chalcogenide QDs, all-inorganic perovskite QDs are highly
ionic in nature and sensitive to many polar solvents, especially
water and moisture.5,10,11 Therefore, the structural and optical
stabilities of the material are the most important issues for
practical applications of this new kind of functional material.

Many strategies have been proposed to solve the pro-
blems,12 such as encapsulating perovskite QDs by organic or
inorganic materials.3,13–18 However, surface coating of thick
shells around the QDs will influence their performance as
luminescent materials, electrical injection and light extraction.
Moreover, it has been reported that photo-induced regrowth of
perovskite QDs will result in relatively lower PL QY, which is
due to the decrease of exciton binding energy and the increase
of defects. Therefore, the perovskite QDs also need good dis-
persion in order to achieve high optical performance. It has
been proposed that mesoporous silica could be a protective
shell for perovskite QDs and was beneficial to improve their
dispersibility.19,20 But, this strategy only considered the disper-
sibility of the QDs, while the waterproof property was ignored.

Meanwhile, until now, most of the optical studies on the
CsPbBr3 QDs have been focusing on the linear part. In com-
parison, their corresponding nonlinear optical properties are
scarcely discussed. In contrast to linear absorption and emis-
sion, the multiphoton feature possesses several merits includ-
ing a large penetration depth, high spatial resolution, and
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little damage to the targeted samples.6,21–24 In addition, in the
perovskite CsPbBr3 it has been found that its triplet states are
active.25 The triplet states play a key role in optical limiting
(OL) performance, and the capability of OL depends on the
photo-generation of highly absorbing the triplet states.26,27

Thus, the nonlinear optical applications are one of the most
important aspects of the CsPbBr3 QDs, and their stability
requirements are more crucial due to higher excitation.
Therefore, new strategies are needed to improve the optical
stabilities of CsPbBr3 QDs.

In this work, hydrophobic zeolite was proposed for CsPbBr3
QDs to effectively depress their optical degradation. It was
found that such hydrophobic zeolite provides an effective
hydrophobic surface for CsPbBr3 QDs to prevent the influence
of polar water molecules. In addition, the enlarged surface
tension induced by hydrophobic zeolite can improve the dis-
persion of the CsPbBr3 QDs. It is necessary to mention that
our modification does not affect the light extraction efficiency
compared to the encapsulation method. Thus, the modified
perovskite can be used as a light emitting material like phos-
phor. As a result, the CsPbBr3 QDs demonstrate very high
optical, temperature and nonlinear OL stability, which was ver-
ified by systematic optical measurements. This strategy is uni-
versal to other halide perovskite materials, and it also opens
the window of perovskite-based multifunctional composites
(replacing other superhydrophobic materials, luminescent
materials, and so on). In addition, it would be of importance
regarding both fundamental physics interest and practical
multiphoton and multifunctional applications.

2 Results and discussion

In Fig. 1a and b are the schematics of CsPbBr3 QDs without
and with the hydrophobic zeolite. As shown in Fig. 1a, the
CsPbBr3 QDs are directly spin coated on Si, while in Fig. 1b,

most of the CsPbBr3 QDs are distributed on the outer surface
of hydrophobic zeolite. It is very clear to see that a part of the
CsPbBr3 QDs without hydrophobic zeolite collapses while the
CsPbBr3 QDs with hydrophobic zeolite have a completely neat
structure. As mentioned above, all-inorganic perovskite
CsPbBr3 QDs are very sensitive to water and moisture.10 In the
schematic diagram shown in Fig. 1a, it can be seen that the Cs
ions occupy the vertices of cubes, while Pb and Br ions assem-
ble into octahedra (PbBr6

4−) in the center of the framework
formed by Cs. These materials degrade because they are highly
ionic structures and therefore dissociate in polar solvents,
such as water,8,9 and then the CsPbBr3 QDs will pile up and a
part of their structure will collapse and regrow during the
spin-cast procedure before the hydrophobic layer is coated,
which are shown in Fig. 1a. These properties will limit its prac-
tical applications based on this new kind of functional
material. To solve the problem, in this paper a kind of relative
hydrophobic zeolite was proposed to enhance the hydrophobi-
city and dispersibility of CsPbBr3 QDs, and some natural
water-barriers can be formed that keeps CsPbBr3 QDs away
from water and moisture, as shown in Fig. 1b. Therefore, both
the moisture-induced structural and optical degeneration in
CsPbBr3 QDs can be solved.

Three kinds of commercially available zeolites are chosen
for discussion in this paper, which are named SBA-15,
MCM-41 and SAPO-34. The water contact angles (CAs)28,29 of
the three zeolites were measured to be 0°, 58° and 96°, respect-
ively, and the pictures are shown in Fig. S1.† Hydrophobicity
implies a water contact angle above 90°,30 so that this result
indicates that only SAPO-34 is the hydrophobic one among
these three zeolites, and we have confirmed in our experiments
below that hydrophobic zeolites can improve the optical pro-
perties of perovskite.

To investigate the morphologies of CsPbBr3 QDs, scanning
electron microscopy (SEM) and high-resolution transmission
electron microscopy (HRTEM) characterization studies were

Fig. 1 The synthesis process of hybrid luminescent materials of CsPbBr3 QDs with hydrophobic zeolite and the mechanism of forming natural
water-barriers to maintain a well-defined crystalline structure.
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carried out and are shown in Fig. 2. From the SEM images in
Fig. 2a, it can be clearly seen that the CsPbBr3 QDs are cubic
in shape with diameters of about 10 nm, while the zeolites
demonstrate cuboid or cubic shape with about 2–3 μm length.
Before the TEM measurements, the CsPbBr3 QDs are respect-
ively mixed with different zeolites and then stored at room
temperature for about two weeks. Detailed procedures can be
found in the Experimental sections. For convenient discus-
sion, the CsPbBr3 QDs without and with zeolites (mixtures of
SBA-15-zeolite-CsPbBr3 QDs, MCM-41-zeolite-CsPbBr3 QDs and
SAPO-34-zeolite-CsPbBr3 QDs) are named 1#-WOZ, 2#-S15, 3#-
M41 and 4#-S34 QDs, respectively. In the TEM images of
Fig. 2b, it can be seen that all the samples with zeolites are
well distributed around the zeolites, which is due to the
organic ligands on the surface of CsPbBr3 QDs and the lipo-
philicity of zeolites.10 Although the QDs are all distributed
around the zeolites, it can be seen from the HRTEM images of
Fig. 2c that different hydrophobic zeolites have different influ-
ences on the morphologies of the CsPbBr3 QDs. It is shown
that both the 1#-WOZ and 2#-S15 samples have blurred shapes
with a high degree of aggregation, while the 3#-M41 and 4#-
S34 samples demonstrate clear shapes and the QDs are well
separated from each other. This indicates that the hydrophobic
zeolite is beneficial for the better dispersion of CsPbBr3 QDs
and they will have a more uniform size and bigger diameter.
Furthermore, this is also confirmed by the histogram of the
size distribution of the samples in Fig. S2.† The diameter of
1#-WOZ distributes in a relatively wider range of 6–13 nm with
an average diameter of 9.55 nm, while the diameters of the 2#-
S15 to 4#-S34 samples distribute in a relatively narrower range
and a bigger size. Here, the change of QD size is caused by the
subsequent dissociation due to the influence of water. The
insets of Fig. 2c are close-up TEM images of one single
CsPbBr3 QD and its corresponding Fourier transform (FFT)
patterns. Clear lattice fringes with a lattice plane distance of

∼0.58 nm in all samples can be observed. Strong and bright
diffraction spot arrays indicate that the QDs possess a well-
defined crystalline structure.3,31 The distance of the diffraction
spot arrays of the FFT patterns is ∼1.75 1 nm−1, which is con-
sistent with the lattice plane distance. According to different
synthesis temperatures and the surface energies (related to the
distortion of the PbBr6

4− octahedra), CsPbBr3 QDs are known
to have orthorhombic, tetragonal, and cubic crystal struc-
tures.2,8,9,31 The cubic phase is different from orthorhombic
and tetragonal phases. However, it may difficult to distinguish
the latter two based on our obtained information.
Nevertheless, it is needed to mention that the crystal structure
will not be influenced through modification by the hydro-
phobic zeolite, and it is not the focus of our work. It is found
that all CsPbBr3 QDs in this paper are the same phase at room
temperature (about two weeks after being synthesized), which
is also confirmed by the selected area electron diffraction
(SAED) patterns in Fig. S3 and Table S1.† And the powder X-ray
diffraction (XRD) data (Fig. S4†) also show that these four
samples are in the same phase at room temperature.

Room temperature photoluminescence (RTPL) spectra of
CsPbBr3 QDs without and with zeolites are shown in Fig. 3.
The PL peaks were found at 514.4, 515.69, 516.29 and
517.59 nm for 1#-WOZ, 2#-S15, 3#-M41 and 4#-S34 QDs,
respectively. Optical absorption spectra of the zeolites are
shown in Fig. S5,† indicating that all the zeolites have no
absorption in the visible region and the emissions only come
from the CsPbBr3 QDs. It can be seen that the values of the PL
peak of the samples with zeolites (the inset) are redshifted
gradually, which may be caused by quantum confinement
effects. The average radius of CsPbBr3 QDs is estimated using
the following eqn (1) by the quantum confinement effect:32

EðRÞ ¼ Eg þ ℏ2π2

2R
1
m*

e
þ 1
m*

h

� �
� 1:8e2

εR
ð1Þ

Fig. 2 a. SEM images of the QDs and SBA-15, MCM-41, and SAPO-34 zeolites. b. TEM images of the CsPbBr3 QDs without and with different
zeolites. c. HRTEM images of 1#-WOZ to 4#-S34 samples, and insets are close-up TEM images and Fourier transform patterns.
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where E(R) is the effective band gap energy, Eg is the band gap
energy of bulk CsPbBr3 semiconductor (Eg = 2.3 eV),33,34 and R
is the radius of the CsPbBr3 QDs. The second term is the
kinetic energies of the electron and hole that increase as the
particle size decreases. The third term is the screened
Coulomb interaction which stabilizes the electron–hole pair.
The m*

e and m*
h are the effective mass of the electron and hole,

which are found to be 0.15me and 0.14me at room tempera-
ture.9,32 The average radii of CsPbBr3 QDs formed in 1#-WOZ,
2#-S15, 3#-M41 and 4#-S34 QDs were found to be 5.38, 5.53,
5.61 and 5.78 nm, respectively. This trend is consistent with
the histogram of the size distribution, and also confirmed that
the hydrophobic zeolite contributes to the good dispersion of
CsPbBr3 QDs.

Internal quantum efficiency (IQE) is important for lumines-
cent materials and can be used to analyze the degree of
defects in different CsPbBr3 QD samples.35 It can be deter-
mined from power-dependent PL measurements (Fig. S6† and
Fig. 4). IQE is related to the nonradiative recombination An
and bimolecular radiative recombination Bn2 (the excitation
power used during our experiment is lower than that used in
the literature;35 therefore, the Auger nonradiative recombina-
tion is ignored in this paper), where A and B are the respective
recombination coefficients and n is the carrier concentration.
Thus, the generation rate and the IQE at steady state can be
estimated using the following eqn (2) and (3):35

G ¼ Rtotal ¼ Anþ Bn 2 ð2Þ

IQE ¼ Bn2

Anþ Bn
¼ Bn2

G
ð3Þ

and the integrated PL intensity can be estimated as eqn (4)

IPL ¼ ηBn2 ð4Þ

where η is a constant determined by the volume of the
excited active region and the total collection efficiency of
luminescence. By eliminating n in eqn (2) and (4), the gene-

ration rate in terms of integrated PL intensity can be
expressed as:

G ¼ Affiffiffiffiffi
Bη

p þ 1
η
IPL ð5Þ

The connection between theory and experiment is completed
by noting that the generation rate can be separately calculated
from experimental parameters using

G ¼ Plaserð1� RÞαl
ðAspotlhvÞ ¼ Plaserð1� RÞα

Aspothv
ð6Þ

where Plaser/Aspot is the power density of the laser ranging from
0.4 to 26 W cm−2, R is the Fresnel reflection (18%), hv is the
photon energy of the laser (2.774 eV), and α is the linear
absorption coefficient of CsPbBr3 at 447 nm (0.6 × 105 cm−1).36

The value of G for the four CsPbBr3 samples should be the
same or similar under the same measured conditions;
however, the nonradiative recombination effects will make
them have different IQE values. Therefore, using eqn (5) [elimi-
nating IPL using eqn (2)] and eliminating a value of B at room
temperature of 1 × 10−10 cm3 s−1,37,38 the IQE and the non-
radiative recombination coefficient A can be obtained. From
Fig. 4a, it can be seen that the carrier concentration of
CsPbBr3 QDs in this paper is about ∼1017 cm−3. However, in
Fig. 4b, the most hydrophobic 4#-S34 sample demonstrates
the highest IPL under the same value of G. It implies that the
nonradiative recombination effect in the 4#-S34 sample may
be very low. In Fig. 4c and d, the values of the nonradiative
recombination coefficient A and the IQE of the samples are
provided. The hydrophobic 4#-S34 sample demonstrates the
lowest value of A and the highest value of the IQE (80.7% at
3.52 W cm−2), indicating the 4#-S34 sample possesses the
lowest defect level. Therefore, the hydrophobic zeolite is con-
ducive in maintaining a better-defined crystalline structure in
CsPbBr3 QDs, and will give rise to a very strong competitive
advantage regarding its stability in performance.

In order to discuss their optical stability, temperature
dependent PL (TDPL) and the measurements of photostability
were carried out. As shown in Fig. 5a and b, pseudo-color
maps of the TDPL spectra and the normalized intensity of PL
emission with temperature from 10–300 K were plotted. From
Fig. 5a, the full width at half maximum (FWHM) of the 3#-
M41 and 4#-S34 samples are narrower than that of the 2#-S15
sample. In addition, compared with the 2#-S15 and 3#-M41
samples, the most hydrophobic 4#-S34 sample possesses a
higher intensity. Although the 1#-WOZ sample has higher
intensity than the 4#-S34 sample in the low temperature range,
its PL intensity decreases more than 2 orders of magnitude
from 10 to 300 K, while the emission intensity from the 4#-S34
sample changes only about 2.5 times under the identical temp-
erature range. Therefore, it implies that the hydrophobic
zeolite is conducive to the emission of CsPbBr3 QDs, and can
greatly suppress the surface trapping and nonradiative recom-
bination process, which enables broad emission.39 This result
is consistent with power-dependent PL measurements, and

Fig. 3 Room temperature PL of the CsPbBr3 QDs without and with
different zeolites. Inset is the PL peak positions of the samples.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2018 Nanoscale, 2018, 10, 22766–22774 | 22769



such kinds of composite materials should be very useful for
high-performance optoelectronic device applications.40

The measurements of photostability were carried out under
strong and continuous laser (447 nm, 3.52 W cm−2)
irradiation. All the samples were dispersed on a Si substrate
and exposed to laser light directly at room temperature, and
the measurement period ranged from 0 to 45 days. The
samples were stored in the surrounding environment, and the
measurement was tested once every day. In Fig. 6, the intensity
of the emission of the 1#-WOZ sample decreased to 0.1% after
45 days, while the intensity of the samples with zeolite
remained almost constant, especially the 4#-S34 sample. An
industrial camera (Point Grey, Canada) was used to collect
digital photographs of the luminescence of the samples,
which clearly shows the trend of the optical degradation
during testing, as shown in the insets of Fig. 6. From the

Fig. 4 a. The experimental results for the integrated PL and carrier concentration. b. Generation rate G as a function of IPL obtained using eqn (4)
and (6). c. Internal quantum efficiency (IQE) as a function of carrier concentration. d. Nonradiative coefficient A as a function of IQE.

Fig. 5 Pseudo-color maps of temperature-dependent PL spectra of the CsPbBr3 QDs without and with different zeolites. b. Normalized intensity of
PL emission with increased temperatures.

Fig. 6 Photostabilities of the CsPbBr3 QDs without and with different
zeolites. The inset is the digital photographs collected using an industrial
camera (Point Grey).
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figures, it can be seen that the optical degradation of the 1#-
WOZ sample is very serious, while the 4#-S34 sample main-
tains its brightness after 45 days. Therefore, it indicates that
zeolites with stronger hydrophobic effect are able to effectively
improve the optical degradation in CsPbBr3 QDs and give
superstability under continuous pumping.

The ultra-stable CsPbBr3 QDs modified by hydrophobic zeo-
lites enable the investigation of the nonlinear optical property
of the materials. Fig. 7a and b show the OL performance of the
1#-WOZ and 4#-S34 samples and their nonlinear photostabil-
ities. The blue stars line represents the linear transmittance,
which corresponds to no nonlinear effect in the CsPbBr3. It is
the slope of the normal transmittance of CsPbBr3 under low
power femtosecond laser irradiation. The inset is the digital
photograph of the 4#-S34 sample, which indicates the uni-
formity and transparency of the film. Femtosecond pulses (100
fs and 1 kHz) at 720 nm were used as the OL excited source.
Detailed procedures can be found in the Experimental sec-
tions. The two-photon absorption (TPA) can give access to
large transient absorption effects, which is similar to the
carrier transmission path of reverse saturable absorption.26 As
shown in Fig. 7a, both the 1#-WOZ and 4#-S34 samples show
OL performance. Considering that the linear absorption
beyond 480 nm was absent for the studied CsPbBr3 QDs, the
observed OL was thus attributed to TPA. Based on the results
of fitting open-aperture Z-scans (Fig. S8†), the TPA coefficients
of 1#-WOZ and 4#-S34 samples are determined to be 2.79 and
3.01 cm per MW, respectively.41 In addition, from Fig. 7b, it
can be seen that the nonlinear photostability of the 4#-S34
sample has been improved, while the 1#-WOZ sample is
damaged in such a high excited source at 0.6 GW per cm2.
This is because that a part structure of the 1#-WOZ sample has
been destroyed by moist surroundings and its defect states will
hinder the photo-generation of transient absorption effects. It
is needed to emphasise that for nonlinear multiphoton optical
limiting, extremely high-power femtosecond pulses and a thin
sample for better transmittance are usually used. To character-
ize the optical stability, the time of the sample under intensive

laser will be counted, as shown in Fig. 7 (the measurement is
sustained for about 10 min, identically 105 laser shots, and the
bare sample was destroyed after 45 seconds when the transmit-
tance is larger than 1). This is the general and reasonable
measurement time-scale that has been reported.41 Therefore,
this measurement can largely demonstrate that the zeolite
modified CsPbBr3 sample has better photostability. The non-
linear multiphoton optical limiting values for different
materials are shown in Table 1. There are different inorganic
materials including II–VI semiconductor nanocrystals,42,43 II–
VI core–shell semiconductors,44 2D transition metal dichalco-
genide mono-/few-layers,45 2D/3D perovskite films,45 perovs-
kite single crystals,46 and CsPbBr3 QDs.

47 It can be clearly seen
that all of these nanomaterials are considered to possess non-
linear optical absorption effects and the nonlinear multipho-
ton optical limiting transmittance values are about 70%–90%.
In our work, compared to the CsPbBr3 QDs sample, the hydro-
phobic zeolite modified sample has maintained the nonlinear
photostability for more than 10 times longer in time, and
reduced by ∼25% in transmittance, which are a very good
result in the field of nonlinear multiphoton optical limiting.
This is the best result in the current research field. Therefore,
the nanocomposite of the CsPbBr3 QDs with the hydrophobic
zeolite possesses a low dissociation level that gives rise to
improvement of the optical stability in terms of temperature
and time, and for the benefit of its practical applications.

3 Experimental section
3.1 Preparation of zeolite-perovskite luminescent composites

The synthetic procedure of CsPbBr3 is similar to what was
reported previously.3,9,10 All the chemicals were purchased
from Aladdin and used without further purification.
Subsequently, the CsPbBr3 QDs were dispersed into hexane
with a concentration of ∼50 mg mL−1. For the preparation of
hybrid luminescent materials of CsPbBr3 QDs with the hydro-
phobic zeolite, 0.2 mL of the green CsPbBr3 QDs (∼50 mg

Fig. 7 a. The OL performance of 1#-WOZ and 4#-S34 samples. b. Nonlinear photostability of the materials. The inset is the image of the transpar-
ent sample.
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mL−1 in hexane) was mixed with 5 mg of zeolite powder. The
resulting solution was stirred for 10 min. Afterward, the
mixture was spin-cast on the Si substrate at 1000 revolutions
per minute (rpm) for 30 s in air followed by 500 rpm for 5
s. This procedure was repeated multiple (2–3) times to build
up 100–400 nm thick CsPbBr3 QD films and 2–3 μm zeolite-
CsPbBr3 QD layer.

3.2 Characterization

The microstructures of the products were investigated using
field emission scanning electron microscope (FESEM) (Hitachi
S-4800) equipped with an energy-dispersive X-ray (EDX)
spectrometer (GENE SIS 2000 XMS 60S, EDAX, Inc.). The par-
ticle size and shape of the samples were characterized through
transmission electron microscopy (TEM) with an FEI Tecnai
G2 F20 microscope operated at 200 kV. TEM grids were pre-
pared by dropping a dilute colloidal solution of QDs in hexane
onto the carbon coated copper grids. The room temperature
photoluminescence (RTPL) spectra were obtained using a
Horiba iHR550 spectrometer at an excitation wavelength of
447 nm, working with a 1200 g mm−1 grating. The power of
the excitation laser is 0.1 mW, and the spot size is ∼0.002 cm2.
The temperature dependent PL (TDPL) and photostability
measurements are carried out at 10–300 K in a vacuum
chamber, and the temperature was controlled using a conven-
tional backscattering geometry in a closed-cycle He cryostat.

3.3 Nonlinear optics and optical limiting performance
measurement

For the preparation of the solid film, the samples were drop-
casted on a pre-cleaned 1 mm thick and 10 mm length square
quartz substrate. The spin-cast procedure was performed at
5000 rpm for 30 s followed by 1000 rpm for 5 s. A femtosecond
amplified laser system was adopted as the laser source. The
pulse-width and repetition rate were 100 fs and 1 kHz, respect-
ively. The laser wavelength at 720 nm was used as the two-
photon excited source. For the Z-scan measurements, the laser
beam was divided into two parts by a beam splitter. One acted
as the reference (the open aperture), and the other one was

focused onto the film by a circular lens (focus length: 50 cm)
and detected by a CCD camera. The sample was controlled
by a step motor travelling along the laser beam back and
forth.

4 Conclusions

In conclusion, hybrid luminescent materials of CsPbBr3 QDs
with the hydrophobic zeolite were created in this paper. The
QDs can be simply synthesized and are suitable for industrial
manufacturing. The hydrophobic zeolite can provide an
effective hydrophobic surface for CsPbBr3 QDs to prevent the
influence of polar water molecules, and its’ enlarged surface
tension can improve the dispersion of the CsPbBr3 QDs. Thus,
the CsPbBr3 QDs give rise to improved temperature-insensitive
and superlinear and nonlinear optical stability. This strategy is
universal to other halide perovskite materials, and it also
opens the window to perovskite-based multifunctional compo-
sites and would be of importance regarding both fundamental
physics interest and practical multiphoton and multifunc-
tional applications.
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Table 1 Nonlinear multiphoton optical limiting for different materials

Material Laser Thickness Nonlinear absorption T% Ref.

ZnO nanoparticles 700 nm, 130 fs 5–10 nm SA/TPAa,b 80% 36 and 37
ZnO nanoparticles 800 nm 100 fs 5–10 nm TPA N/A 36 and 37
CdS nanocrystals 140 fs, 1 kHz 1.8 μm SA/TPA 83% 36 and 38
CdTe/CdS QDs 515 nm, 340 fs, 1 kHz N/A SA/TPA 84% 39
WS2 monolayer 800 nm, 40 fs, 1 kHz 0.75 nm TPA 92.21% 36 and 40
WS2 multilayer 800 nm, 40 fs, 1 kHz 20 nm TPA 88.98% 36 and 40
MAPbI3 film 800 nm, 100 fs, 1 kHz 1 μm SA 73% 36 and 40
MAPbBr3 film 800 nm, 100 fs, 1 kHz 0.38 μm SA/TPA 76% 36 and 40
MAPbBr3 single crystals 1064 nm, 30 ps, 50 Hz N/A SA/TPA ∼90% 41
CsPbBr3 single crystal 1000 nm, 30 ps, 50 Hz N/A SA/TPA ∼90% 41
CsPbBr3 QDs 515 nm, ∼340 fs, 1 kHz N/A SA/TPA 93% 42
CsPbBr3 QDs film 720 nm, 100 fs, 1 kHz 20–50 nm SA/TPA 85% This work
CsPbBr3 QDs-zeolite film 720 nm, 100 fs, 1 kHz 20–50 nm SA/TPA 62% This work

a TPA, two-photon absorption. b SA, saturable absorption.
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