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ABSTRACT: Metal halide perovskite nanocrystals (PeNCs) are promis-
ing candidates for achieving Rec. 2020 with high color purity. However,
the stability of PeNCs is inferior to that of conventional inorganic quantum
dot emitters. Here, we developed a simple method using perhydropoly-
silazane (PSZ) to synthesize chemically stable CsPbBr3 PeNCs while
simultaneously encapsulating them in a SiO2 matrix. During the synthesis,
PSZ converts to SiO2, encapsulates PeNCs, and forms stable Pb−O bonds
with the orthorhombic CsPbBr3 crystal. Unlike cubic CsPbBr3 PeNCs
synthesized by conventional colloidal synthesis, this encapsulation-assisted
in situ synthesis provided orthorhombic CsPbBr3 crystals with good
control over the crystallization and with an average crystal size of 34.7 nm.
Surprisingly, the resulting PeNC−PSZ composites showed a high
photoluminescence quantum yield (PLQY) of 84.7% even without the
use of organic ligands surrounding the PeNCs. The orthorhombic CsPbBr3 PeNCs in situ-synthesized using PSZ assistance showed
higher chemical stability than cubic CsPbBr3 PeNCs synthesized by the conventional hot-injection method during storage under
ambient conditions and in water and under continuous external energy (100 °C hot plate, UV excitation). Contrary to the common
belief regarding the low stability of ionic perovskites in water, orthorhombic CsPbBr3 PeNC in situ-synthesized using PSZ assistance
retained >60% of the initial PL intensity even after long storage in water for >1100 h, which is more than 600 times longer than
those of emitters that use PeNCs synthesized using the conventional hot-injection method.

1. INTRODUCTION
Metal halide perovskite nanocrystals (PeNCs) are light emitters
that have greater color purity than conventional light emitters
(organic, traditional inorganic quantum dots) and facile color
tunability over the whole range of visible light.1−4 As a result, the
use of PeNCs may result in the wide color gamut of the Rec.
2020 standard. Owing to their optical properties, perovskite
light emitters for down-conversion applications have been
rapidly developed.5−9 One possible strategy to obtain highly
efficient PeNCs is colloidal synthesis, which exploits organic
ligands.10−14 Organic ligands control the growth of the PeNC
during colloidal synthesis and passivate the surface of the
resulting PeNC. Therefore, excitons can be spatially confined in
the small crystal without quenching at surface defects; thus, the
photoluminescence quantum yield (PLQY) of red-, green-, and
blue-emitting perovskites has been increased to near-unity.15,16

However, PeNCs have low chemical stability, which is the
major impediment to their commercialization for down-
conversion applications. Perovskites are ionic crystals and have
low formation energy, so they are vulnerable to decomposition
and ion migration.17,18 In addition, although organic ligands
surrounding PeNCs increase the PLQY, the bonds between
PeNCs and organic ligands are unstable due to the dynamic
nature of the ligand binding.19,20 Therefore, PeNCs often
degrade with ligand loss during exposure to external energy (e.g.,

UV light and heat).21,22 Moisture induces the hydration of
ligands23 and can facilitate the aggregation and degradation of
PeNCs. Aggregation shifts their PL emission wavelength
(λPEAK). All these mechanisms are related to the instability of
PeNCs in solid films under ambient and various harsh
conditions.
The chemical stability of PeNCs can be increased by

encapsulating them in an inorganic polymer such as SiO2 or
TiO2, which can form a steric barrier to penetration by moisture
or oxygen.24−27 For example, PeNCs that were extremely stable
in a harsh environment were synthesized using the SiO2 matrix
crosslinked from silane precursors.5 Chemically crosslinked
matrices prevent excess water penetration and thereby reduce
the hydrolysis of PeNCs and exploit the water passivation
effects.5 Even though the inorganic encapsulation can effectively
reduce or delay the reaction of moisture and perovskite crystal,
only the encapsulation method cannot be the fundamental
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solution to these effects. Penetrating chemical species can still
degrade PeNCs, and acid−base reactions of PeNC ligands can
inherently limit their stability.20,28 Therefore, a method that
simultaneously controls the crystal growth of PeNCs and
encapsulates them can overcome these difficulties without
sacrificing the PLQY.
Here, we developed a simple one-step in situ synthesis and

encapsulation method using perhydropolysilazane (PSZ) with-
out the use of conventional small-molecule ligands such as oleic
acid or oleylamine. PSZ is a SiNx inorganic polymer that easily
reacts with moisture in ambient air to form SiO2.

14,24,29 Simple
mixing of the CsPbBr3 precursor and PSZ followed by thermal
annealing at mild temperature (100 °C) yielded CsPbBr3−SiO2
inorganic polymer composites (CsPbBr3−PSZ). Crystallization
of the CsPbBr3 was controlled by the formation of a stable
covalent bond between Pb in the CsPbBr3 precursor and O in
silicon oxide, so the resulting crystallized orthorhombic CsPbBr3
was surrounded by an inorganic SiO2 polymer. Therefore,
orthorhombic CsPbBr3 can be synthesized without the use of

organic ligands, and thus, the instability of PeNC that comes
from acid−base reactions can be overcome. Unlike CsPbBr3
synthesized by the conventional hot-injection method, synthe-
sized CsPbBr3 have an orthorhombic crystal structure and their
in situ encapsulation enables them to achieve high PL efficiency
and stability. Synthesized CsPbBr3−PSZ composites showed a
high PLQY of ∼85% and highly prolonged stability under
ambient conditions, under high temperature, and in water,
compared with those of cubic CsPbBr3 emitters that use PeNCs
synthesized using the conventional hot-injection method.

2. EXPERIMENTAL SECTION
2.1. Materials. CsBr (99.9% trace metals basis), CsI (99.9% trace

metals basis), PbBr2 (≥98%), and PbI2 (99%) were purchased from
Sigma-Aldrich. Perhydropolisilazane (product number: CISD-15001,
18.6 wt % in dibutyl ether) was obtained from Samsung SDI.
2.2. Synthesis of Perovskite-PSZ Composites. To form a

perovskite precursor, 0.2 mmol of CsBr and PbBr2 were dissolved in 1.0
mL of dimethyl sulfoxide (DMSO). This precursor was mixed with PSZ

Figure 1. In situ synthesis of CsPbBr3−PSZ composites (PSZ ratio 75 wt %). (a) Schematic illustration of the PSZ induced in situ synthesis of the
CsPbBr3 perovskite crystal and (b) resulting CsPbBr3−PSZ composites. The red line represents covalent bonding between CsPbBr3 and PSZ, and the
blue background represents the SiO2matrix. (c) Photograph of CsPbBr3−PSZ under UV light excitation. (d) XRD of CsPbBr3−PSZ. (e,f) TEM image
of CsPbBr3−PSZ. (g) High-resolution TEM image of the CsPbBr3 crystal. (h) EDS elemental mapping of CsPbBr3−PSZ (scale bar: 100 nm).
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solution dispersed in dibutyl ether at ratios of 35−85 wt % PSZ. The
mixed solution of the perovskite precursor and PSZ was dropped on a
substrate that had been pre-heated to 100 °C. Evaporation was
performed to remove the solvent to leave a green powder in <1 min.
The powder was further annealed at 100 °C for 30 min to completely
remove the solvent and convert PSZ to SiO2. To produce CsPbI3−PSZ
composites, the solution was annealed at 180 °C instead of 100 °C.
Perovskite-PSZ composites were finely ground using a mortar; then, 10
mg of powder wasmixed with 0.2mL of PSZ solution and drop cast on a
glass substrate to form film samples for PL measurement. The solvent
was completely removed by annealing at 100 °C for 30 min.
2.3. Hot-Injection Synthesis of CsPbBr3 Nanocrystals.

CsPbBr3 nanocrystals were synthesized by the hot-injection method
using a previously reported method with a slight modification.11 Cs-
oleate was prepared by dissolving 0.161 g of Cs2CO3 in 8 mL of pre-
degassed 1-octadecene (ODE) mixed with 0.5 mL of oleic acid at 120
°C under N2 conditions. Then, 0.069 g of PbBr2 was dissolved in a
mixture of 5mL of ODE, 0.5mL of oleic acid, and 0.5mL of oleylamine,
and the mixture was then degassed for 30 min. Then, 0.4 mL of Cs-
oleate solution was swiftly injected at 170 °C, and the reaction was
quenched in an ice bath after 5 s. The solvent was exchanged with
toluene by centrifugation.
2.4. Photoluminescence and Photoluminescence Quantum

Yield Measurements. Photoluminescence (PL) spectra were
measured using a JASCO FP8500 spectrofluorometer. To measure
the PLQYs, a 100 nm integrating sphere (ILF-835) was attached to the
same spectrofluorometer; PLQY values were calculated by Jasco
SpectraManager II Software.
2.5. Time-Correlated Single-Photon Counting Measure-

ments. PL lifetime and excitation-dependent measurements were
measured using a FluoTime 300 fluorescence spectrometer. A
picosecond-pulse laser head (LDH-P-C-405B, PicoQuant) was used
to excite the samples at a wavelength of 405 nm. A photon-counting
detector (PMA Hybrid 07) and a time-correlated single-photon
counting (TCSPC) module (PicoHarp, PicoQuant) were used to
detect the PL lifetime from samples.
2.6. Transmission Electron Microscopy Measurements.

Transmission electron microscopy (TEM) images of CsPbBr3−PSZ
composites were obtained using a JEOL-JEM 2100F microscope
operating at an acceleration voltage of 200 kV.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Crystal Structure of Perovskite.

Perovskite-PSZ composites were synthesized by in situ
crystallization of PSZ and CsPbBr3 (Figure 1a,b). CsPbBr3
precursor was dissolved in DMSO, and PSZ was dissolved in
dibutyl ether; then, the two solutions were mixed. The PSZ ratio
in CsPbBr3−PSZ was fixed as 75 wt %. CsPbBr3−PSZ
composites were synthesized after solvent evaporation of the
mixture by annealing at a mild temperature of 100 °C. The
synthesized CsPbBr3−PSZ emitted bright-green fluorescence
under UV light (Figure 1c). This in situ crystallization method
using PSZ can be used to achieve different compositions by
changing the precursor [CsBr to CH3NH3Br (MABr) to yield
theMAPbBr3 perovskite (PSZ 75 wt %); CH2(NH2)2Br (FABr)
to achieve the FAPbBr3 perovskite (PSZ 60 wt %); PbBr2 to PbI2
to yield the CsPbBr1I2 perovskite (PSZ 45 wt %); and CsBr to
CsI and PbBr2 to PbI2 to yield the CsPbI3 perovskite (PSZ 45 wt
%)], and all showed PL emission (Figure S1). However, it
should be noted that we encountered difficulties in synthesizing
CsPbCl3 using our method, which could be attributed to the
inherent defect intolerance of CsPbCl3.

30,31

To confirm the formation of the CsPbBr3 perovskite crystal
and to check for the existence of side products, we conducted an
X-ray diffraction analysis (XRD) (Figure 1d). XRD data showed
only peaks that correspond well to a diffraction peak of the
orthorhombic CsPbBr3 crystal, i.e., none that corresponded to

residual CsBr or PbBr2, or to possible side products such as
Cs4PbBr6.

32−34 Unlike the cubic CsPbBr3 crystal synthesized by
the conventional hot-injection method, CsPbBr3 synthesized by
PSZ assistance showed an orthorhombic crystal structure.11,33

Typically, the peak at 2θ = 21.7°, which corresponds to the
(200) plane of orthorhombic CsPbBr3, showed the highest
intensity and full width at half-maximum (FWHM) of 2θ =
0.305°. From this (200) XRD peak of CsPbBr3, the average
crystal size was calculated using the Scherrer equation

L
K
cos

=

where L [nm] is the average size of the crystalline domain, K is
the shape factor, assumed to be 0.9, λ [nm] is the X-ray
wavelength, β [rad] is the FWHM of the XRD peak, and θ [rad]
is the Bragg angle. The average calculated L was 26.6 nm.
Crystallization of CsPbBr3 perovskite crystals was further

confirmed by TEM and high-resolution (HR)-TEM images
(Figure 1e−g). The film consisted of crystalline regions of ∼100
nm size, surrounded by amorphous regions. The crystalline
regions consisted of multiple single crystals with an average size
of 31.7 nm (Figures 1f and S2), which is similar to the average
crystal size of 26.6 nm calculated from the XRD data. It is
noteworthy that every crystal observed in HR-TEM is larger
than the exciton Bohr diameterDB ( ∼ 7 nm) of CsPbBr3. In the
beyond quantum size regime where the crystal size >DB, the
emission wavelength and thus the FWHM of the crystal
ensemble are not affected by the crystal size.11,35 Single crystals
showed a clear 4.1 Å interplanar distance, which corresponds to
the (200) plane of the orthorhombic CsPbBr3 crystal in HR-
TEM images (Figure 1g). Cs, Pb, and Br atoms were
concentrated in the crystalline region, whereas Si and O atoms
were evenly distributed over the whole amorphous region in
energy-dispersive spectroscopy (EDS) images; this result
indicates that the orthorhombic CsPbBr3 crystal is encapsulated
by the amorphous SiO2 inorganic polymer (Figure 1h).
3.2. Chemical Binding in CsPbBr3−PSZ Composites.

Fourier-transform infrared (FT-IR) results (Figure 2a) were
obtained by reflectance mode for the pure PSZ film before
annealing and for CsPbBr3−PSZ. The results of PSZ before
annealing showed sharp peaks at wavenumbers 3370 cm−1 (N−
H) and 2150 cm−1 (Si−H), but they completely disappeared
after the formation of CsPbBr3−PSZ composites, while a broad
peak at 3500−3000 cm−1 (−OH) was generated. The decrease
of another broad absorption at 1000−560 cm−1 (related to Si−
N−H and Si−N−Si bonds) and the appearance of a new sharp
peak at 1040 cm−1 (Si−O−Si) suggests that the silicon nitride
PSZ converted to SiO2 inorganic polymers during the formation
of CsPbBr3−PSZ composites by hydrolysis and condensation
reactions.
To further analyze the chemical binding in CsPbBr3−PSZ

composites, we measured X-ray photoelectron spectroscopy
(XPS) (Figures 2b and S3). XPS showed two major peaks of Pb:
Pb 4f7/2 at 137.7 eV and Pb 4f5/2 at 142.6 eV, which can be
deconvoluted to two peaks that differed in energy 1.1 eV, i.e., a
small high-energy peak that can be attributed to Pb−O and a
large low-energy peak that can be attributed to Pb−Br. This
result indicates that crystallization of CsPbBr3−PSZ composites
induces binding between the CsPbBr3 perovskite crystal and
SiO2 inorganic polymers. The direct covalent bonding between
the CsPbBr3 crystal and the stable SiO2 matrix in CsPbBr3−PSZ
composites is distinguished from the previous study in which
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PeNCs are bound to ligands and crosslinked with silane
precursors to increase their stability.5

To quantify how binding between the CsPbBr3 crystal and
SiO2 inorganic polymers affects CsPbBr3−PSZ crystallization,
CsPbBr3−PSZ composites with PSZ ratios of 35−85 wt % were
synthesized. The Pb components of the CsPbBr3−PSZ
composites with different PSZ ratios were analyzed using XPS
(Figure S4a), and the resulting spectra were successfully

deconvoluted into two distinct peaks corresponding to Pb−O
and Pb−Br bonding. By calculating the relative ratio of Pb−O
bonding to Pb−Br based on the XPS data, we observed a gradual
increase in this ratio as the PSZ ratio increased (Figure S4b).
This result indicates that the increase in the ratio of PSZ in
CsPbBr3−PSZ composites increases the number of binding sites
between PSZ and PbBr2 per mole CsPbBr3 and therefore can
decrease the average crystal size. Therefore, adjusting the PSZ
ratio in CsPbBr3−PSZ composites allows for control over the
crystal growth and size of perovskite while simultaneously
enabling control over the average SiO2 thickness surrounding
perovskite crystals in the resulting composites.
The composite powder was further dispersed in PSZ and drop

cast to fabricate thin films of the CsPbBr3−PSZ composite. As
the ratio of PSZ in the CsPbBr3−PSZ composite was increased
from 35 to 85 wt %, λPEAK gradually blue-shifted from 520 to 513
nm (Figure 3a); this result indicates increased exciton
confinement as the crystal size decreased. PL lifetime trends
were well correlated with steady-state PL results (Figure 3b).
The abrupt PL peak wavelength shift in the 85 wt % sample is
possibly related to the non-linear relationship between crystal
size and the PL wavelength.1,35 Time-resolved PL data were
fitted by the tri-exponential decay model to calculate the average
lifetime (Table S1). As the PSZ ratio was increased, the average
PL lifetime τaverage gradually decreased from 70.34 to 15.52 ns
due to an increase in the strength of exciton confinement35

(Table S1). Based on the PLQY and PL lifetime, we calculated
the radiative recombination rate Kr and non-radiative recombi-
nation rate Knr using the following equations (Figure S5).

K K
K

K K
1

, PLQYaverage
nr r

r

nr r
=

+
=

+

With increasing PSZ ratio, both Kr and Knr gradually
increased, indicating faster radiative recombination with
stronger spatial confinement of exciton and faster non-radiative

Figure 2.Chemical binding in CsPbBr3−PSZ composites (PSZ ratio 75
wt %). (a) FT-IR data of PSZ before annealing and CsPbBr3−PSZ
composites. (b) Partial XPS result of Pb components of CsPbBr3−PSZ.

Figure 3. PL emission of CsPbBr3−PSZ composites. (a) Steady-state, (b) time-resolved PL, and (c) CIE coordinate of CsPbBr3−PSZ composites with
different PSZ ratios ranging from 35 to 85 wt %. (d) PL emission spectra of CsPbBr3−PSZ composites with excitation wavelengths ranging from 280 to
500 nm.
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recombination resulting from a larger surface-to-volume ratio in
the smaller crystal.35,36 Due to the trade-off effect between
exciton confinement and surface-defect non-radiative recombi-
nation, CsPbBr3−PSZ synthesized using 75 wt % of PSZ showed
the highest PLQY of 84.7%. The trend in PLQY also matches
well with the binding energy of Pb−Br calculated from the XPS

results (Figure S5a). The correlation between Pb−Br binding
energy and the PLQY further supports the influence of binding
characteristics on the optical properties of the CsPbBr3−PSZ
composite.
CsPbBr3−PSZ composites synthesized using 75 wt % of PSZ

have λPEAK = 518 nm, which corresponds to the CIE coordinate

Figure 4. Excitation power-dependent PL emission of CsPbBr3−PSZ composites. (a) Excitation power-dependent PL spectrum and (b) integrated PL
intensity of CsPbBr3−PSZ composites synthesized using 75 wt % PSZ. Data were fitted with IPL ∼ Lex

k, whereas Lex is the excitation laser intensity, IPL is
the integrated PL intensity, and k is the recombination factor (red line). (c) Contour plot of excitation power-dependent time-resolved PL. The color
scale is set to a log scale. (d) Excitation power-dependent average PL lifetime and box plot of average PL lifetime of CsPbBr3−PSZ.

Figure 5. Stability of CsPbBr3−PSZ composites synthesized using PSZ assistance and using the conventional hot-injection method. Relative PL
intensity change when CsPbBr3−PSZ composites using PSZ assistance and using the conventional hot-injection method: (a) stored under ambient
conditions, (b) dipped in DI water, (c) annealed at 100 °C (top) and 200 °C (bottom), and (d) irradiated by 12.5 mW cm−2 laser diode.
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(0.128, 0.776) and a narrow FWHM of 25 nm (Figure 3c and
Table S2). Combined with an ideal red emitter [CIE coordinate
(0.71, 0.29)] and blue emitter [CIE coordinate (0.13, 0.05)],
this CIE coordinate value could enable a wide color gamut area
that can cover 133.3% of the NTSC standard and 99.6% of Rec.
2020 and a wide color gamut coverage of 92.9% of Rec. 2020
(Table S2). λPEAK and FWHMof CsPbBr3−PSZwere consistent
over excitation wavelengths 280 nm≤ λex ≤ 500 nm (Figure 3d).
To analyze the recombination dynamics, we also measured

the dependence of steady-state PL of CsPbBr3−PSZ composites
on laser excitation power Lex (Figure 4a,b). λex was fixed at 405
nm, and the excitation laser power Lex was increased from 1.24×
10−3 to 8.35 × 10−1 mW cm−2. Integrated steady-state PL
intensity IPL was related to Lex as IPL ∼ Lex

k, where k is the
recombination factor.37,38 The CsPbBr3−PSZ composites had k
= 1.01, which indicates that the emission in the CsPbBr3−PSZ
composites is mainly a result of excitonic recombination, in
which the PL intensity is proportional to the exciton
concentration.
As Lex increased, IPL increased linearly, but the PL lifetime

remained constant with an average lifetime of 33.1 ns and a
standard deviation of 2.4 ns (Figure 4c,d). This independence of
Lex and time-resolved PL results indicate that in the range of Lex
tested, excitonic recombination is dominant rather than
bimolecular recombination of free carriers. Excitonic-dominant
recombination may originate from the fine control of the crystal
growth of the CsPbBr3 perovskite by binding of CsPbBr3 and
PSZ (average crystal size <40 nm) and is well-correlated with
high PLQY (∼85%).
3.3. Stability of CsPbBr3−PSZ Composites. To compare

the stability of orthorhombic CsPbBr3−PSZ composites, cubic
CsPbBr3 PeNCs were synthesized using the conventional hot-
injection method with oleic acid and oleylamine ligands;11 then,
they were used to fabricate CsPbBr3 films by identical methods
to those used to fabricate films of CsPbBr3−PSZ composites.
Orthorhombic CsPbBr3−PSZ composites and the hot-

injection-synthesized cubic CsPbBr3 PeNC sample were kept
under ambient conditions with an average temperature of 25 °C
and a relative humidity (RH) of 60% (Figure 5a) or immersed in
deionized water at 25 °C (Figure 5b), and in all cases, the time
L60 taken for the PL intensity to decrease to 60% of the initial
intensity was measured. Orthorhombic CsPbBr3−PSZ compo-
sites showed no noticeable degradation after >1200 h under
ambient conditions, whereas the cubic PeNC sample had L60 =
990 h. Typically, orthorhombic CsPbBr3−PSZ composites
showed remarkably improved stability against the water with
L60 ∼1135 h, which is ∼600 times longer than that of cubic
PeNCs synthesized by the hot-injection method, which showed
rapid degradation in water with L60 <2 h.
To test the thermal stability of the CsPbBr3−PSZ composites,

their steady-state PL was measured while changing the
temperature from 300 to 410 K and back in increments of 10
K (Figure S6). To stabilize the CsPbBr3−PSZ at each
temperature and observe the effect of temperature, the
composites were kept for>10 min at each temperature. The
temperature did not cause a noticeable change in the λPEAK, but
the PL intensity gradually decreased, and at 410 K, it was 6.4% of
the original intensity at 300 K, but the loss was completely
recovered after the temperature was lowered again to 300 K. The
PL intensity decrease at high temperature may be a result of
thermal dissociation of excitons, but temperatures ≤410 K did
not cause irreversible degradation of CsPbBr3−PSZ in a short
time of ∼10 min.

To further test the stability of CsPbBr3−PSZ composites, the
samples were exposed to continuous external energy of 100 and
200 °C heating (Figure 5c) and 12.5 mW cm−2 laser irradiation
(Figure 5d). For the thermal stability measurement, we kept our
sample at the set temperature on a hot plate but measured the PL
intensity at room temperature to avoid thermal dissociation of
the excitons. At 100 °C of heating, the orthorhombic CsPbBr3−
PSZ sample showed a small and slow overshoot (109% of initial
intensity during 72 h), retained 95% of the initial intensity
during 336 h, and had L60 at 100 °C of >400 h. In contrast, cubic
CsPbBr3 synthesized by hot injection showed severe initial
overshoot of PL intensity to 127% of the original PL intensity
during 7 h of applied heating, but then the PL intensity
decreased abruptly (L60 ≈ 50 h). Initial overshooting of PL
intensity can be attributed to the increased crystallinity of PeNC
during the annealing process;39 reduced PL overshooting in
CsPbBr3−PSZ composites supported stable binding between
PeNC and SiO2, reduced the ion migration, and increased the
crystal stability against thermal energy. At an annealing
temperature of 200 °C, which exceeded the preparation
temperature, neither of the samples exhibited any PL over-
shooting, while the CsPbBr3−PSZ composites showed a
significantly prolonged L60 lifetime of 48.1 h, which was 8.8
times longer compared to that of CsPbBr3 synthesized via hot
injection (L60 ∼ 5.44 h).
For photo-stability measurements, we measured the PL

intensity in situ during continuous excitation using a 405 nm
laser at 12.5 mW cm−2. The orthrhombic CsPbBr3−PSZ had a 6
times prolonged L60 of ∼5.73 h, whereas cubic CsPbBr3
synthesized by hot injection had L60 <1 h.

4. CONCLUSIONS
We in situ-synthesized efficient and stable CsPbBr3 perovskite
crystals with assistance of PSZ by simple mixing of PSZ and the
perovskite precursor. The synthesized CsPbBr3−PSZ compo-
sites exhibited a high PLQY of ∼85%. The PL spectrum of the
synthesized CsPbBr3−PSZ composite can be easily tuned by
changing the mixing ratio of PSZ and the perovskite precursor.
The synthesized CsPbBr3 PeNCs have an orthorhombic crystal
structure unlike cubic CsPbBr3 PeNCs synthesized by the
conventional hot-injection method. The orthorhombic CsPbBr3
crystal can achieve high PLQY and stability by in situ formation
of stable covalent bonds and encapsulation despite their
different crystal structure. During the synthesis, PSZ converts
to SiO2 inorganic polymer and forms stable covalent Pb−O
bonds that can overcome the dynamic nature of the ligand
binding. Simultaneously, the inorganic polymer SiO2 encapsu-
lates the CsPbBr3 perovskite crystal. Consequently, the
synthesized CsPbBr3−PSZ composites showed high stability
under ambient and harsh conditions. Contrary to the common
belief regarding the low stability of PeNCs in water, CsPbBr3−
PSZ showed outstanding stability in water (>60% of initial PL
intensity after 1100 h). This lifetime is more than 600 times
longer than those of emitters that use cubic CsPbBr3 PeNCs
synthesized using the conventional hot-injection method; in situ
synthesis and encapsulation using PSZ have provided a route to
overcome the intrinsic instability of PeNCs.
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