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A B S T R A C T   

Perovskite nanocrystals are regarded as next-generation functional materials for display applications, especially 
for flexible liquid crystal displays (LCDs). As a potential component of flexible LCD backlights, perovskite 
nanocrystal films are facing a challenge issue of deformation-induced shift of photoluminescence, leading to an 
image distortion. To date, most synthesis methods have involved the use of organic solvent in precursor solu
tions, such as N,N-dimethylformamide and dimethyl sulfoxide, which poses a potential threat to the environ
ment, health and security. In this work, we demonstrate the feasibility to produce microsized CsPbBr3 crystals 
with deionized water as the precursor solvent via an environmental-friendly and cost-efficient approach and 
CsPbBr3 nanocrystals with green (~522 nm) and blue (~493 nm) emissions from the microsized CsPbBr3 crystals 
in toluene under sonication. The blue-emitting nanocrystals exhibit a photoluminescence (PL) quantum yield of 
80%, much larger than 61.4% of the CsPbBr3 nanocrystals made by an anti-solvent method; the green-emitting 
nanocrystals exhibit better stability than those made by the antisolvent method over 9 days. Using the green- 
emitting CsPbBr3 nanocrystals, we prepare a bilayer structure with a poly(methyl methacrylate)-CsPbBr3 
nanocrystal film on a polyethylene terephthalate plate. The films exhibit bending-endurable photoluminescence, 
i.e. the wavelength of the PL peak remains unchanged, for local radius of curvature of the bilayer up to 10.07 mm 
under bending. This study opens a new avenue to potentially produce microsized perovskite crystals without 
harmful organic solvents and bending-endurable backlight films for the applications in flexible display.   

1. Introduction 

Semiconductor nanocrystals (NCs) with outstanding characteristics 
of color tunability and high quantum yield have promising applications 
in a variety of fields, including lighting and display [1–4], solar cells 
[5,6], bio-imaging [7,8], etc. To date, the most investigated NCs are 
cadmium-based chalcogenides NCs, whose further commercialization, 
however, has been hindered mainly by cost issue [9], associated with 
complex and expensive fabrication processes to form core-shell structure 
at high reaction temperatures, and structural stabilities [6,10,11]. 

Lead halide perovskite nanocrystals (PeNCs) with high brightness, 
wide color gamut, high color purity, high defect tolerance and a lower 
cost than the conventional cadmium-based chalcogenides NCs have 
attracted great interest for their potential applications in next- 
generation high-performance lighting [12] and vivid color display 

[13]. The progress in the synthesis of PeNCs, including the combination 
with polymers [14], has led to rapid advancement in optoelectronic field 
[9,15–22], especially, NC-backlight embedded flexible LCD (NC-LCD) 
[23]. However, this technology is suffered from the image-distortion 
issues caused by local deformation in the NC-based backlight films 
[24–28], which has been a burning question needed to be solved. 

There are many efforts on the strain effect on the PL (photo
luminescence) characteristics of perovskites. For example, Li et al. [24] 
reported that compressive strain introduced during the cooling caused 
red shift of the PL peak and reduced the stability of the CsPbBr3 thin-film 
crystals. Zhong et al. [28] observed a remarkable PL shift of CsPbBr3 
quantum dots under hydrostatic pressure. It needs to be pointed out that 
there are few reports focusing on the effects of bending and tensile 
deformation. All the reported findings have revealed the PL shift of 
perovskites under mechanical deformation, which is detrimental to the 
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applications in high-quality display. There is a great need to develop 
backlight materials with deformation-endurable PL characteristics. 

Currently, most studies for the synthesis of PeNCs have been 
concentrated on high temperature injection (HI) [29] and room- 
temperature antisolvent processes [9,30], which exhibit critical draw
backs. The vacuuming of a rection vessel, when alternated with an inert 
gas inflation, makes HI an intricate, time consuming and high-cost 
process. The gas inflation can cause a suck-back of liquid/solution, 
which is extremely detrimental to the system and dangerous during the 
synthesis. These methods also pose a significant threat to the environ
ment, since the solvents used for the preparation of precursor solutions, 
such as octadecene (ODE) [29], dimethyl formamide (DMF) [9,30,31], 
dimethyl sulfoxide (DMSO) [30,32] and so forth, are volatile-organic 
and toxic. Using environmentally benign solvents/liquids in the syn
thesis of PeNCs is the best option from the viewpoint of sustainability 
[32]. Note that Li et al [31]. reported an aqueous method to prepare 
PeNCs, of which the PL intensity maintained ~80% of the initial value 
after 1 week storage at room temperature, while it requires a compli
cated ice-water bath process and the use of DMF. Recently, Cao et al. 
[33] reported an approach for the synthesis of CsPbBr3 films via a two- 
step spin coating using water as solvent. However, the use of volatile, 
environmentally hazardous DMF in their work faded the “so-called” 
green-route method. Also, they did not discuss how the reaction led to 
the formation of CsPbBr3 films. 

To address these challenges, we developed a green route to 
environmental-friendly synthesize inorganic CsPbBr3 crystals of micro
sizes with deionized (DI) water instead of organic solvents for the first 
time and CsPbBr3 PeNCs in toluene from the microsized CsPbBr3 crystals 
under sonication. The hydrochromic properties of the CsPbBr3 NCs were 
realized from the “reversible” transformation between a green lumi
nescent CsPbBr3 (emission wavelength of ~522 nm) and a non- 
luminescent Cs4PbBr6 in water. We derived blue-emitting CsPbBr3 
PeNCs (emission wavelength of ~493 nm) from the green-emitting 
CsPbBr3 via a powerful ultrasonication and centrifugation at room 
temperature consequently. The CsPbBr3 NCs prepared by the ultra
sonication exhibited superior optical stability to those prepared by an 
anti-solvent method, which can be attributed to the reduced specific 
surface area (SBET) and trap state density of the NCs. Using the green- 
emitting CsPbBr3 NCs, we prepared bilayer structures consisting of a 
poly(methyl methacrylate) (PMMA)-CsPbBr3 NC film on a polyethylene 
terephthalate (PET) plate. The PMMA-CsPbBr3 NC films exhibited su
perior optical stability without optical degradation over a period of 30 
days and retained ~100% of the initial PL intensity. The bending 
deformation of the bilayer structure did not cause the PL shift of the 
PMMA-CsPbBr3 NC films for the local radius of curvature of the bilayer 
up to 10.07 mm, corresponding to a tensile strain of 3.97% in the films, 
and after “full” recovery to the un-deformed configuration. 

2. Experimental methods 

2.1. Materials 

CsBr (99.9%, Beantown Chemical), PbBr2 (>98%, Strem Chemicals 
Inc.), N,N-dimethylformamide (DMF) (VWR), oleic acid (OA) (Ward’s 
Science), oleylamine (OAm) (>50%, TCI America), toluene (VWR) and 
DI water were used in the synthesis of CsPbBr3 NCs. All the chemicals 
were used as received without further purification. 

2.2. Water-driven CsPbBr3 NCs 

The CsPbBr3 NCs were derived from CsPbBr3 powders via ultra
sonication. For the preparation of CsPbBr3 powders, placing CsBr and 
PbBr2 in DI water at room temperature produced white precipitates 
(Cs4PbBr6 and PbBr2). The white precipitates were coated on the surface 
of a glass substrate of 2.5×2.5 cm2 by a blade coater to form a white-thin 
layer, as shown schematically in Fig. 1a. The glass with the white-thin 

layer was placed on a hot plate, heated to 40◦C and maintained at 
40◦C for a certain time period (Fig. 1b). The white-thin layer after 16 
min heating changed to a yellow-thin layer, which emitted green light 
under UV light (365 nm, same hereinafter). Further heating the coated 
thin layer for a total of 60 min led to the change of the white-thin layer to 
a brown-thin layer, which emitted green light (Fig. 1c). Such behavior is 
in sharp contrast to the nonluminous white one and suggests a phase 
transformation or the formation of new material during the heating. 

The brown powders, as shown in Fig. 1d, were collected by scraping 
the brown film from the surface of the glass substrate. The PL spectrum 
of the brown powders exhibits a single PL peak centered at ~522 nm 
(Fig. 1e), confirming the formation of CsPbBr3 [34]. Ultrasonicating the 
as-obtained brown powders in toluene for various durations in an ul
trasonic bath (Reliance Sonic 550), we obtained CsPbBr3 NCs. 

2.3. Synthesis of CsPbBr3 NCs by antisolvent method 

Following the methods reported in the literature [9,30], we prepared 
CsPbBr3 NCs by an antisolvent method. Briefly, a solution consisting of 
DMF (10 mL), OA (1 mL), OAm (0.5 mL), CsBr (0.4 mmol) and PbBr2 
(0.4 mmol) was stirred at 30◦C overnight to form a precursor solution. 1 
mL of the prepared precursor solution was quickly placed in toluene (10 
mL) under vigorous stirring at 30◦C to form CsPbBr3 NCs. 

Fig. 1. Scheme for the preparation of CsPbBr3 powders: (a) schematic for the 
preparation of a layer of CsPbBr3 powders on a glass slide from white pre
cipitates (Cs4PbBr6 and PbBr2), (b) optical images showing the change of a 
white layer to a brown one under white light at two instants, (c) optical images 
corresponding to the ones in b under UV light of 365 nm, (d) optical images of 
brown powders under white light (left) and UV light of 365 nm (right), and (e) 
PL spectrum of the brown powders excited under of UV light of 365 nm. 
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2.4. Preparation of PMMA-NC films from water-driven CsPbBr3 NCs and 
antisolvent-prepared CsPbBr3 NCs 

PMMA powders (Mw = 35000) (Fisher Scientific) were dissolved in 
toluene to form a PMMA solution of 0.02 g/ml in concentration. Purified 
CsPbBr3 NCs made from the ultrasonication and antisolvent methods 
were added respectively into the as-prepared PMMA solution to obtain 
corresponding PMMA-NC solutions (0.32 g/ml). Coating the PMMA-NC 
solutions onto PET plates of 0.80×6.66×72.62 mm3 in dimensions led to 
the formation of corresponding PMMA-NC films of ~0.03 mm in 
thickness on PET plates. 

2.5. Production yield of the water-driven CsPbBr3 NCs 

The sonication of a suspension consisting of 15.9439 g CsPbBr3 
powders, 50 μL OA, 25 μL OAm and 5 mL toluene in a glass vial for 100 
min led to the production of green-emitting CsPbBr3 NCs. The CsPbBr3 
NCs were dried on a hot plate at 40◦C. The final weight of the CsPbBr3 
NCs was 15.5517 g. Using these weights, the production yield of the 
CsPbBr3 NCs was calculated (Fig. S1 in Supplementary Information). 

2.6. Materials characterization 

XRD (X-ray diffraction) measurements were performed on an X-ray 
diffractometer (Siemens D500). The imaging of the CsPbBr3 NCs/pow
ders was carried out on an inverted confocal microscope (Leica SP8). 
TEM (transmission electron microscopy) and HRTEM (high resolution 
transmission electron microscopy) (Thermo-scientific Talos F200X TEM 
operated at an accelerating voltage of 200 kV) analyses were conducted 
to analyze the structures and morphologies of the CsPbBr3 NCs. The 
brown CsPbBr3 powders were further analyzed on an energy dispersive 
X-ray (EDX) spectroscope (Thermo-scientific Super-X System with four 
windowless silicon-drift-detectors (SDD) installed on a Talos F200X 
TEM). The PLQY and TCSPC measurements were carried out on a 
spectrofluorometer (FluoroMax-Plus-C) with an excitation wavelength 
of 390 nm. 

2.7. PL and TCSPC (time correlated single photon counting) 
measurements 

PL spectra were collected on a Horiba Scientific Fluoromax Plus-C 
fluorometer using 2 nm entrance and exit slits and an integration time 
of 0.1 s for both excitation and emission scans. PL decay measurements 
were performed using a DeltaHub™ high throughput TCSPC controller 
and a NanoLED-390 pulsed excitation source (excitation wavelength 
393 ± 10 nm). TCSPC curves were collected at 425 and 465 nm emission 
with 5 nm bandpass at a repetition rate of 1 MHz over a measurement 
time of 200 ns. The instrument response function (IRF) was determined 
by measuring the scattering of the excitation source with a ludox sample. 
The fitting of decay curves was done using the Horiba Scientific decay 
analysis software DAS6. 

2.8. UV-VIS absorption spectrum 

UV-Vis absorption measurements were carried out on a Thermo 
Scientific Evolution 201 UV-Visible spectrophotometer. The samples 
were scanned in the wavelength range of 300–800 nm with a bandwidth 
of 1 nm and 0.1 s integration time. 

2.9. PLQY (absolute photoluminescence quantum yield) measurements 

PLQY measurements were carried out using an integrated sphere 
connected to the Horiba Scientific Fluoromax Plus-C fluorometer. The 
excitation wavelengths, which give the maximum emission, were used 
in the PLQY measurements. The parameters of 0.5 nm slit width and 0.1 
s integration time were used. The PLQY calculations were done using the 

Horiba Scientific FluorEssenceTM software. 

2.10. PL measurement of the PMMA-NC films with and without bending 

The bilayer structure was mechanically bent on a center open vise. 
The PL measurement of the the PMMA-NC films with and without 
bending was perfomed at various postions using a laser beam of 405 nm 
in wavelength. A reflective optical fiber was used. More detailed infor
mation on the bending state is given in Fig. S2 and Table S1 in Sup
plementary Information. 

3. Results and discussion 

The crystallographic structure of the white precipitates and brown 
powders shown in Fig. 1b were determined on an X-ray diffractometer 
(XRD) (Bruker D8). The XRD patterns are depicted in Fig. 2. The lower 
XRD pattern, which matches the standard JCPDS card (PDF#73-2478) 
and ICSD# 98-002-5124, indicates that the white precipitates are 
Cs4PbBr6 of hexagonal structure [34–37]; the middle XRD pattern, 
which matches the standard JCPDS card (PDF#72-7929), confirms that 
the brown powders are CsPbBr3 of orthorhombic structure with small 
trace of Cs4PbBr6 and PbBr2 (JCPDS card (PDF#85-0189)). The re
siduals of Cs4PbBr6 and PbBr2 can be attributed to the incomplete re
action of Cs4PbBr6 with PbBr2 to form CsPbBr3. The elemental 
composition of the brown powders was further analyzed on an energy 
dispersive X-ray (EDX) (FEI Quanta 250 Features) and presented in 
Fig. S3 and Table S2 of Supplementary Information. The elemental ratio 
of Cs:Pb:Br is 16.42:17.78:65.80, which is compatible with the stoichi
ometry of CsPbBr3 and in consistence to the XRD result. 

Fig. 2. XRD patterns of fresh white precipitates (purple curve), brown powders 
(blue curve) from fresh white precipitates heated at 40◦C for 1 h, and CsPbBr3 
NCs (brown curve) from CsPbBr3 brown powders by ultrasonication method for 
100 min without centrifugation. The XRD patterns are well coincident with PDF 
card#73-2478 and ICSD# 98-002-5124 of Cs4PbBr6, PDF card#72-7929 of 
CsPbBr3, and PDF card#85–0189 of PbBr2, respectively. The XRD pattern 
(brown curve) of the CsPbBr3 NCs is coincident well with PDF card#72–7929. 
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Using the Scherrer equation and the XRD pattern, we obtain the 
crystallite sizes of Cs4PbBr6, CsPbBr3 and PbBr2 as 40.6, 22.7 and 29.6 
nm, respectively, and the relative weight fractions of Cs4PbBr6 and 
PbBr2 in the white precipitates as 56.9%, and 43.1%, respectively. The 
corresponding molar fractions of Cs4PbBr6 and PbBr2 in the white pre
cipitates are 28.5% and 71.5%, respectively, which gives the molar ratio 
of Cs4PbBr6 to PbBr2 as ~1:3. This result is consistent with the molar 
ratio of Cs4PbBr6 to PbBr2 remained in the brown powders. 

For comparison, the XRD pattern of the CsPbBr3 NCs (brown curve) 
derived from the as-obtained CsPbBr3 powders via ultrasonication of the 
toluene suspension consisting of OA and OAm is also presented in Fig. 2. 
The sonication time was 100 min. It is evident that the peaks correspond 
to the (002), (110), (020), (004), (220), (132) and (224) planes of 
orthorhombic CsPbBr3 (PDF card#72-7929). Such a result suggests that 
there are no Cs4PbBr6 NCs presented after the ultrasonication. Note that 
the concentration and sizes of CsPbBr3 NCs/nanoparticles in toluene are 
dependent on the duration of ultrasonication and the weight fraction of 
CsPbBr3 powders. 

Fig. S4 in Supplementary Information shows the XRD pattern of the 
CsPbBr3 NCs derived from the as-obtained CsPbBr3 powders after 400- 
minute ultrasonication and 5-minute centrifugation at 4000 revolution 
per minute (rpm). The XRD peaks of the obtained CsPbBr3 NCs remain 
the same as the one (brown curve) in Fig. 2, suggesting that long 
ultrasonication up to 400 min did not introduce new phases. The 
CsPbBr3 NCs are orthorhombic (JCPDS card (PDF#72-7929). 

The reactions involving the processes of forming the CsPbBr3 pow
ders are illustrated in Fig. 3 and below. 

CsBr(s) + PbBr2(s)→Cs+(aq) + Pb2+(aq) + 3Br−(aq) (1)  

Cs+(aq) + Pb2+(aq) + 3Br−(aq)→CsPbBr3(s) (2)  

CsPbBr3(s) + 3CsBr(s)→Cs4PbBr6(s) (3)  

Cs4PbBr6(s) + 3PbBr2(s) ̅→
40◦C 4CsPbBr3(s) (4) 

First, mixing CsBr and PbBr2 powders in DI water leads immediately 
to the formation of brown CsPbBr3 in water (Fig. S5a and b in Supple
mentary Information). Note that the solubility of PbBr2 in water is much 
smaller than CsBr in water. The brown CsPbBr3 precipitates in water, 
leading to the dissolution of more PbBr2 and the formation of more 
CsPbBr3 in water. The brown CsPbBr3 then reacts with CsBr in water at 
room temperature to form white Cs4PbBr6 precipitates, which is 
different from the work reported by Zhai et al. [38] (Fig. S5c in Sup
plementary Information). The reaction results in the residual of PbBr2 
precipitated in water. The heating of the mixture of Cs4PbBr6 and PbBr2 
at 40◦C leads to the formation of CsPbBr3 of orthorhombic structure 
(Fig. 1b) [37]. 

According to the reaction of (4), the ratio of the stoichiometric co
efficients of Cs4PbBr6 to PbBr2 to form CsPbBr3 is 1:3. Such a ratio is in 

accord with the XRD results in Fig. 2 that the relative weight fractions of 
Cs4PbBr6 and PbBr2 in the white powders, as obtained directly from the 
water suspension, are 56.9%, and 43.1%, respectively, corresponding to 
~1:3 for the ratio of the molar fractions of Cs4PbBr6 to PbBr2 in the 
white powders. This result supports the reaction of (4) indirectly. 

Fig. S6 in Supplementary Information presents optical images of the 
same toluene suspension with CsPbBr3 NCs/particles after three 
different durations of ultrasonication under white and UV light. It is 
evident that the concentration of CsPbBr3 NCs/particles increases with 
the increase of the ultrasonication time. More and more small CsPbBr3 
particles were produced during the ultrasonication, which was 
confirmed by subsequent observation on a Leica SP8 inverted confocal 
microscope (Fig. S7 in Supplementary Information). According to 
Fig. S7 in Supplementary Information, the ultrasonication reduced the 
average size of CsPbBr3 particles from ~35 µm (without ultrasonication) 
to ~200 nm (after 100 min ultrasonication). The PL spectra (Fig. S8 in 
Supplementary Information) reveals that increasing the ultrasonication 
time caused the increase of the PL intensity. 

The decrease of the average size of CsPbBr3 particles with the 
ultrasonication time can be attributed to the force on the CsPbBr3 par
ticles by ultrasonic wave. It is known that the force on a particle due to 
an ultrasonic wave is proportional to the volume of the particle [39]. 
The longer the ultrasonication time, the more is the energy absorbed by 
particles of larger sizes. This trend leads to the disintegration of particles 
of larger sizes to particles of smaller sizes. Especially, the increase in the 
energy absorbed in CsPbBr3 particles can cause the nucleation and 
growth of cracks, leading to the breakage of the particles when the 
cracks grow through the particles [40] and the production of smaller 
CsPbBr3 particles. This behavior results in the increase of the concen
tration of CsPbBr3 particles, which causes the increase in the fluores
cence intensity, as shown in Fig. S8 in Supplementary Information. 

A simple calculation revealed that the yield of the CsPbBr3 NCs 
derived from the CsPbBr3 powders is up to 98% (Fig. S1 in Supple
mentary Information). This is favorable for large-scale production of 
CsPbBr3 NCs. Also, both the white power in water (Fig. S5c) and brown 
CsPbBr3 powders in air (Fig. 1b) can be stored longer than half of a year. 

The morphologies of the CsPbBr3 NCs/particles were further char
acterized on a transmission electron microscope. The CsPbBr3 NCs/ 
particles were from a toluene suspension, which was ultrasonicated for 
400 min and centrifuged at 1000 rpm for 5 + 1 min, and a toluene 
suspension, which was ultrasonicated for 400 min and centrifuged at 
4000 rpm for 5 min. Fig. S9a in Supplementary Information shows a 
TEM image of the CsPbBr3 particles. The average size is ~35 nm. The 
HRTEM image inserted in Fig. S9a exhibits a lattice spacing of 5.64 Å, 
corresponding to (100) plane of CsPbBr3 [41]. Increasing the centrifu
gation speed to 4000 rpm, we obtained CsPbBr3 NCs of 3–5 nm in size 
(Fig. S9b). These results demonstrate that one can use ultrasonication to 
form CsPbBr3 NCs from the CsPbBr3 powders and the crystalline quality 
of the CsPbBr3 NCs are comparable to the ones prepared from an 

Fig. 3. Crystal model illustrating the formation of orthorhombic CsPbBr3 and hexagonal Cs4PbBr6. Step I: reaction between CsBr and PbBr2 in water to form CsPbBr3; 
step II: reaction of CsPbBr3 with CsBr to form Cs4PbBr6; step III reaction of Cs4PbBr6 with PbBr2 to form CsPbBr3. 
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antisolvent process (Fig. S9c). Note that the size of the CsPbBr3 NCs 
prepared by an antisolvent process is in a range of 8 – 11 nm. 

The optical characteristics of the CsPbBr3 NCs prepared by the 
ultrasonication and antisolvent processes were investigated. Here, the 
CsPbBr3 NCs prepared by the antisolvent process are used as a bench
mark. Fig. 4a and 4d depict the PL and absorption spectra of the CsPbBr3 
NCs in toluene, which was ultrasonicated for 100 min without centri
fugation. There is a PL peak centered at ~522 nm, and the PLQY is 
16.7%. The absorption peak is centered at ~519 nm, and the Stokes shift 
is ~3 nm. It is interesting to note that the PL spectrum of the CsPbBr3 
NCs in the toluene suspension, which was ultrasonicated for 400 min 
and centrifuged at 4000 rpm for 5 min, exhibits a PL peak at ~493 nm 
and the PLQY reaches up to 80% (Fig. 4b). The PLQY of 80% is larger 
than 61.41% of the CsPbBr3 NCs prepared from the antisolvent process 
(Fig. 4c), and the wavelength of the PL peak is less than ~512 nm of the 
CsPbBr3 NCs from the antisolvent process. There exists a blue shift, 
which can be attributed to the size effect of NCs [42] – the smaller the 
size of a NC, the shorter is the emission wavelength. 

Fig. 4e presents the absorption spectrum of the CsPbBr3 NCs in the 
toluene suspension, which was ultrasonicated for 400 min and centri
fuged at 4000 rpm for 5 min. There is a weak absorption peak at ~490 
nm, revealing a Stokes shift of ~3 nm. Fig. 4f displays the absorption 
spectrum of the CsPbBr3 NCs in the toluene suspension, which was 
prepared from the anti-solvent method, and the Stokes shift is ~3 nm. 
The results of the Stokes shifts of the three samples indicate a compa
rable depth of trap states among the three samples [43]. The size vari
ation of the ultrasonication-prepared CsPbBr3 NCs is in accordance with 
the result reported by Erol et al. [44] that the PL of NCs experiences a 
blue shift upon a decrease of the NC size. All the results suggest that the 
CsPbBr3 NCs prepared by the ultrasonication possess superior optical 
performance to the ones by the antisolvent process. 

According to the theory of quantum confinement, the confined 
ground-state excitonic energy (Eex) as a function of the average size of 
NCs can be expressed approximately as [42,45,46] 

Eex = Eg −
13.6
meε2

r

m∗
em∗

h

m∗
e + m∗

h
+

2π2ħ2
(
m∗

e + m∗
h

)
R2

a
(5)  

where Eg is the band gap of bulk semiconductor, εr is relative dielectric 
constant, m∗

e and m∗
h are the reduced masses of electron and hole, 

respectively, me is the mass of electron, ħ is the Planck constant, and Ra is 
average size of NCs. The correlation between the excitonic energy and 
the emission wavelength is 

Eex =
1240

λ
(6)  

whereλis the emission wavelength in the unit of nm. Substituting Eq. (6) 
in Eq. (5) yields 

1240
λ

= Eg −
13.6
meε2

r

m∗
em∗

h

m∗
e + m∗

h
+

2π2ħ2
(
m∗

e + m∗
h

)
R2

a
(7) 

Fig. S10 in Supplementary Information shows the variation of λ-1 

with R−2
a . It is evident that there exists a linear relation between λ-1 and 

R−2
a in good accord with Eq. (7). The blue shift in the emission wave

length is due to the size effect of the CsPbBr3 NCs. 
The time-resolved PL decays of the water-driven CsPbBr3 NCs were 

studied at a wavelength of 390 nm at room temperature to determine the 
photogenerated carrier’s lifetime of the CsPbBr3 NCs [47]. Fig. 4g-i 
presents TCSPC curves of the prepared CsPbBr3 NCs. The curves were 
fitted with a short decay component, τ1, and a long decay component, τ2 
[47], corresponding to the interactive state (surface) and non- 
interactive state (core) of the CsPbBr3 NCs, respectively [48–51]. For 

Fig. 4. Optical characteristics of the CsPbBr3 NCs prepared by ultrasonication and antisolvent: (a)-(c) PL spectra, (d)-(f) absorption curves, and (g)-(i) TCSPC curves.  
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comparison, the fitting curves are also included in Fig. 4g-i. The ratio of 
the long decay component to the short decay component is 4.01, 4.00 
and 3.98 for the CsPbBr3 NCs with 100 min ultrasonication and no 
centrifugation, with 400 min ultrasonication and 5 min centrifugation at 
4000 rpm and from the antisolvent with 5 min centrifugation at 4000 
rpm, respectively. There is statistically no difference between the ratios, 
suggesting almost the same fraction of trapping defect states. Note that 
the nonradiative decay is determined by trapping defect states [52]. 

According to Fig. 4g-i, the characteristic time for the long-lived 
radiative component is 66.6, 9.6 and 17.9 ns for the CsPbBr3 NCs with 
100 min ultrasonication and no centrifugation, with 400 min ultra
sonication and 5 min centrifugation at 4000 rpm and from the anti
solvent with 5 min centrifugation at 4000 rpm, respectively. Such large 
differences in the characteristic times can be attributed to the effect of 
the NC size. The larger the NC size, the larger is the characteristic time 
for the long-lived radiative component. This is because the surface-to- 
volume ratio decreases rapidly with the increase of NC size, which re
sults in lower surface defect states due to dangling bonds [53] and/or 
vacancy complexes [54] for NCs of smaller sizes. A lower surface defect 
state causes the decrease of the short-lived nonradiative component and 
slows the charge-carrier decay, which may lead to longer PL lifetime 
[55]. 

Table S3 in Supplementary Information summaries the optical 
characteristics of the CsPbBr3 NCs obtained in this work. Table S4 in 
Supplementary Information lists the PLQYs and the corresponding PL 
peaks of CsPbBr3 NCs reported in the literature as well as the PLQY and 
the PL peak obtained in this work. It is evident that the 80% PLQY ob
tained in this work is comparable or even superior to the results reported 
in the literature. 

The PL stability of the prepared CsPbBr3 NCs without centrifugation 

was evaluated over a period of 9 days at room temperature under 
ambient condition. The CsPbBr3 NCs were spin-coated on the surface of 
indium tin oxide (ITO) substrates. The excitation wavelength of the UV 
light was 365 nm. Fig. S11 in Supplementary Information shows the PL 
spectra of the CsPbBr3 NCs, which were made respectively by ultra
sonication from the brown powders with the sonication time of 100 min 
and by the antisolvent method, over a period of 9 days. The PL peak of 
the CsPbBr3 NCs made by ultrasonication is centered at ~522 nm over 
the test period, and the PL peak of the CsPbBr3 NCs made by the anti
solvent method shifts slightly from ~510 nm to ~514 nm over the same 
period. The red shift of the PL peak reveals that the CsPbBr3 NCs made 
by the antisolvent method experienced agglomeration and/or growth 
over the period likely due to the easy separation of ligands from the 
surface of the NCs [56]. Such behavior suggests that the CsPbBr3 NCs 
made by the ultrasonication process are relatively more stable than 
those made by the antisolvent method. The temporal variation of the 
corresponding PLQYs of the CsPbBr3 NCs over the same period is shown 
in Fig. S12 in Supplementary Information. The PLQYs of both the 
CsPbBr3 NCs exhibit a decreasing trend, and the decay rates are rela
tively comparable. Note that there is an abnormal drop of the PLQY at 
the fifth day for the CsPbBr3 NCs made from ultrasonication. The reason 
for such a drop is unclear. 

Using the water-driven CsPbBr3 NCs, we prepared PMMA-NC films 
on flexible PET plates of 0.80×6.66×72.62 mm3 in dimensions. The 
thickness for PMMA-NC films is 30±2.95 μm, as revealed by the optical 
image of the cross-section of a PMMA-NC film on a PET plate shown in 
Fig. S13 in Supplementary Information. 

Fig. 5a-b shows optical images of the as-prepared films under a UV 
light (365 nm) without bending (Fig. 5a) and with bending (Fig. 5b). The 
PL spectra, as shown in Fig. 5c, reveal no PL shift of the CsPbBr3 NCs 

Fig. 5. Optical images of the PMMA-CsPbBr3 NC films (2.5 cm × 2.5 cm) on PET plates under a UV light (365 nm) without bending (a) and with bending (b); (c) PL 
spectra of CsPbBr3 NCs and PMMA-CsPbBr3 composite, indicating no PL shift, and (d) PL spectra of fresh PMMA-CsPbBr3 NC film on PET and the same film placed in 
air for 30 days. 
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after being embedded in PMMA matrix. The PL stability of the PMMA- 
NC films on PET is depicted in Fig. 5d over a period of 30 days in air 
(22.0◦C and 80% RH). There are no changes in the PL peak and the peak 
intensity, suggesting excellent PL stability of the PMMA-NC films made 
from the water-driven CsPbBr3 NCs. 

The effect of the bending deformation on the PL characteristics of the 
PMMA-NC films on PET was examined. Fig. 6a depicts the schematic of 
the experimental setup for the PL measurement of the bent PMMA-NC 
films on PET, in which a holder was used to support a reflective opti
cal (RO) probe during the measurement; Fig. S2 in Supplementary In
formation shows an optical image of a bent PMMA-NC film made from 
the water-driven green-emitting CsPbBr3 NCs. The PL measurement was 
conducted at eleven different spatial positions labeled as 1, 2, …, 11 in 
Fig. 6a. For comparison, we also prepared a set of PMMA-NC films on 
PET plates of the same geometrical configuration, in which the CsPbBr3 
NCs were synthesized by the antisolvent method, and characterized the 
PL characteristics of the corresponding PMMA-NC films at the same bent 
state. 

Fig. 6b–d and 6e-g present the PL spectra of the PMMA-NC films at 
the eleven spatial positions, which are denoted as R1, R2, …, R11, at the 
pristine, bent and “full” recovery states for the films made from the 
water-driven green-emitting CsPbBr3 NCs and antisolvent-prepared 
green-emitting CsPbBr3 NCs, respectively. It is evident that there are 
no observable PL shifts and differences at all the eleven spatial positions 
between the three different states for the PMMA-NC films made from the 
water-driven green-emitting CsPbBr3 NCs, which is supported by the 
excitation-emission contour (mapping) as shown in Fig. S14 (Supple
mentary Information). The PMMA-NC films made from the water-driven 

green-emitting CsPbBr3 NCs exhibited excellent bending-endurable PL 
characteristics and is likely a preferable candidate for flexible display. 

For the PMMA-NC films made from antisolvent-prepared green- 
emitting CsPbBr3 NCs, all the PL peaks at the eleven spatial positions at 
the pristine state are centered at 523 nm, similar to the PMMA-NC films 
made from the water-driven green-emitting CsPbBr3 NCs. At the bent 
state, the PL peaks exhibited red shifts of 1 nm (from 523 nm to 524 nm 
at R4 and R5) and 2 nm (from 523 nm to 525 nm at R6); at the “full” 
recovery state, the PL spectra remained the same as the corresponding 
ones at the bent state. The red shift of the PL peaks reveals the effect of 
the bending deformation on the PL characteristics of the PMMA-NC films 
made from the antisolvent-prepared CsPbBr3 NCs, which might hinder 
the applications of antisolvent-prepared CsPbBr3 NCs in flexible display. 

The red shift of the PL peaks likely reveals the change of band gap for 
the antisolvent-prepared green-emitting CsPbBr3 NCs in the PMMA-NC 
film at tension state, which can be attributed to the deformation of the 
[PbBr6]4− octahedral framework and the variation of Pb-Br-Pb bond 
angle in CsPbBr3 crystal [57,58]. The change in the spatial positions of 
atoms in the crystal structure causes the change of band gap [57]. In 
contrast, the PL peaks of the PMMA-NC films made from the water- 
driven green-emitting CsPbBr3 NCs remain unchanged at tension for 
tensile strain less than a threshold value. This behavior might be due to 
the larger size of the water-driven NCs than the antisolvent-prepared 
NCs, since the strain dependence of the band gap of nanostructures 
varies with the dimension of the nanostructures [59]. 

From the optical images of the bent bilayer structures, such as Fig. S2 
in Supplementary Information, the local radius of curvature at the 
eleven spatial positions are determined and listed in Table S1 in 

Fig. 6. (a) Schematic of the set up for the PL measurement of the PMMA-NC films at the bent state (Inset: optical image of real objects). The 11 spatial positions 
(numbered 1, 2, …, 11) are marked for the PL measurement. (b-d) PL spectra of the PMMA-NC film made from water-driven CsPbBr3 NCs, and (e-g) PL spectra of the 
PMMA-NC film made from water-driven CsPbBr3 NCs. 
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Supplementary Information, and used to estimate local tensile strain on 
the PMMA-NC film. According to the bending theory [60], the PMMA- 
NC films experienced tensile stress/strain, as shown schematically in 
Fig. 7a. Considering that the thickness of the PMMA-NC film (0.03 mm) 
is much less than the PET thickness (0.8 mm), the tensile strain on the 
PMMA-NC film at the bent state is estimated as 

ε = y/R = 0.4/R (8)  

with ε as the tensile strain on the PMMA-NC film, y as the half thickness 
of the PET plate, and R as the local radius of curvature in the unit of 
millimeter. Using Eq. (8) and the local radius of curvature, the tensile 
strains at the eleven spatial positions are calculated and listed in 
Table S1. The largest tensile strain at the bent state (Fig. S2 in Supple
mentary Information) is 3.97% at the center of the PMMA-NC film. 

It needs to be pointed out that the effect of the PMMA-NC thin film on 
the spatial distribution of the mechanical strain in the film is negligible. 
For the NC thin film of 0.03 mm, the largest tensile strain can be esti
mated to be (0.4 + 0.03)/R, i.e. the tensile strain of the NC thin film at 
the bent state is in a range of 3.97% to 3.97% (1 + 0.03/0.4). It is evident 
that the strain in the PMMA-NC films can be approximated to be uni
form, and the thickness effect on tensile strain is negligible. 

To verify the calculation of the local tensile strain, we performed 
finite element simulation of the bending deformation of the PET plate 
using commercial software of ANSYS (ANSYS, Inc, Canonsburg, PA). We 
assumed that the effect of the PMMA-NC film on the PET bending is 
negligible in the simulation. The Young’s modulus, Poisson’s ratio and 
yield stress used in the simulation were 5.2 GPa, 0.405 and 45 MPa, 
respectively. Fig. 7b shows the simulation result of the deflection profile 
of the PET plate at the bent state. For comparison, the deflection profile 
of the bilayer structure at the bent state, which is extracted from the 
optical image of Fig. S2, is also included in Fig. 7b. It is evident that the 

numerical results are in good accord with the experimental results. The 
simulation results reveal that the largest tensile strain is 3.74%, which is 
quantitatively in agreement with the estimation from the deflection 
profile of the bilayer structure. 

Fig. 7c shows the variation of the shift of the PL peak with the local 
strain of the PMMA-NC films at the bent state. It is evident that there is 
no observable shift of the PL peak for the PMMA-NC films made from the 
water-driven CsPbBr3 NCs for the tensile strain less than 3.97% and for 
the PMMA-NC films made from the antisolvent-prepared CsPbBr3 NCs 
for the tensile strain less than or equal to 3.41%. 

It is known that PMMA experiences brittle fracture around a tensile 
strain of 5% at room temperature [61]. Therefore, the deformation of 
the PMMA-NC films can be approximated as elastic for the largest local 
tensile strain of 3.97%. The Young’s modulus of the PMMA-NC films 
generally increases with the increase of the concentration of NCs. For a 
small concentration of NCs, the Young’s modulus of the PMMA-NC films 
is a linear function of the concentration of NCs. Note that there likely 
exists the effect of surface stress on the elastic modulus of nano
composites [62]. Here, we use the Youngs modulus of PMMA (3.3 GPa) 
in the estimation of the stress acting on the PMMA-NC film and obtain a 
tensile stress of ~13.2 MPa. 

Assume that the NCs can be approximated as spherical particles and 
bonded to the PMMA matrix. Without mismatch strain, the stress con
centration, K, can be calculated as [63,64] 

K =
3
2

[

1 −
1 − ν

2E

(
1 + ν

2E
+

1 − ν′

2E′

)−1
]

(9)  

with E and E′ as the Young’s moduli of PMMA and NC, respectively, and 
ν and ν′ as the Poisson’s ratios of PMMA and NC, respectively. Thus, the 
largest tensile stress acting on the NCs is less than 19.8 MPa. For the 
tensile stress less than or equal to 19.8 MPa on the water-driven green- 

Fig. 7. (a) Schematic of the strain state in the PMMA-NC film for the bent bilayer structure, (b) deflection profile of the bent bilayer structure, and (c) variation of the 
shift of the PL peak with local tensile strain in the PMMA-NC films. 
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emitting CsPbBr3 NCs in the PMMA-NC film, there is no observable shift 
of the PL peak. 

The excellent long-term stability and bending-endurable PL charac
teristic of the PMMA-NC films made from the water-driven green- 
emitting CsPbBr3 NCs represents a notable progress in the production of 
semiconductor nanocrystal films (Table S5 in Supplementary Informa
tion) and PMMA-NC films (Table S6 in Supplementary Information). 
These unique feature of the PMMA-NC films can be attributed to the 
large size of the CsPbBr3 NCs, which leads to a lower level of trap state 
density [65] and the improvement in the PL stability (Fig. S11 in Sup
plementary Information). This is because the capture and scattering of 
the charge carriers through the Shockley–Read–Hall (SRH) recombina
tion during transport is reduced [66]. 

It is known that the holes and electron defect (trap) states hinder the 
radiation recombination of electrons and holes and the luminous effi
ciency of nanocrystals decreases with the increase of the holes and 
electron defect states [53,68]. For NCs, the surface-to-volume ratio and 
the fraction of the atoms on surface to those inside increase with the 
decrease of NC size, which leads to the increases of the fractions of holes 
and electron defect (trap) states on the surface of NCs with the decrease 
of NC size [67]. As discussed above, the average size of the green- 
emitting CsPbBr3 NCs prepared from the anti-solvent method is 
smaller than those prepared from the ultrasonication. Thus, the green- 
emitting CsPbBr3 NCs prepared from the anti-solvent method suffer 
from more fractions of holes and electron defect states, which reduces 
the luminous efficiency. 

We also performed a series of tests to examine the effects of the 
bending deformation on the crystal structure, TCSPC and absorption 
behaviors of the PMMA-NC films from the CsPbBr3 NCs prepared by the 
ultrasonication and antisolvent methods, respectively. Fig. S15 in Sup
plementary Information depicts the XRD patterns, TCSPC and absorp
tion curves of the PMMA-NC films prior to the bending deformation and 
after being recovered to the initial-geometrical configuration from the 
bending deformation. There is no change in the XRD pattern of the 
corresponding PMMA-NC films (Fig. S15a and b) after the bending 
deformation, suggesting that the bending deformation did not introduce 
any changes to the crystal structure of the CsPbBr3 NCs. From the TCSPC 
curves (Fig. S15c and d), we note that both the short-lived nonradiative 
component (τ1) and the long-lived radiative component (τ2) exhibit 
slight decreases for both the PMMA-NC films after the bending defor
mation. However, the changes are much smaller than the corresponding 
components and are negligible. There is no significant change in the 
lifetime for both the PMMA-NC films. According to Fig. S15e and f, there 
is a red shift of 1 nm for the absorption of the PMMA-NC films from the 
CsPbBr3 NCs prepared by the anti-solvent method, and there is no shift 
for the absorption of the PMMA-NC films from the CsPbBr3 NCs prepared 
by the ultrasonication. Such a result is in good accord with the depen
dence of the PL peak on the bending deformation, as shown in Fig. 6. 

4. Conclusion 

In summary, we have developed a facile route for the green synthesis 
of microsized CsPbBr3 crystals for the first time without conventional, 
harmful orgonic solvent in precursor solutions, such as N,N- 
dimethylformamide and dimethyl sulfoxide. The chemical reaction be
tween CsBr and PbBr2 in DI water leads to the formation of Cs4PbBr6 
white precipitates, which then react with PbBr2 to form CsPbBr3 pow
ders, as supported by XRD. The ultrasonication and/or centrifugation of 
the CsPbBr3 powders in toluene with a small amount of oleic acid and 
oleylamine reduce the size of the CsPbBr3 powders, resulting in CsPbBr3 
NCs of nanosizes. 

The TEM analysis of the morphologies of the CsPbBr3 NCs illustrates 
that one can use the combination of ultrasonication and centrifugation 
to derive blue-emitting (~493 nm) CsPbBr3 NCs of ~3 nm in size from 
the CsPbBr3 powders. It is the ultrasonic wave that interacts with the 
CsPbBr3 powders and causes the disintegration of the CsPbBr3 powders 

to form CsPbBr3 NCs. The CsPbBr3 NCs prepared by the ultrasonication 
possessed slightly fewer surface defects than those by the antisolvent 
method and exhibited better long-term PL stability than those by the 
antisolvent method. The PMMA-NC films prepared from the water- 
driven CsPbBr3 NCs exhibited excellent bending-endurable character
istic without the PL shift for the local radius of curvature larger than or 
equal to 10.78 mm, corresponding to a tensile stress of ~19.8 MPa. 

The method developed in this work provides a green technique to 
synthesize microsized CsPbBr3 crystals. Such a method opens a new 
avenue to potentially produce inorganic halide perovskite powders 
without the use of harmful organic solvents, which will further benefit 
for the eco-friendly manufacture of anti-distortion backlight films for 
flexible LCD applications. 
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