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Silica coating enhances the stability of inorganic
perovskite nanocrystals for efficient and stable
down-conversion in white light-emitting devices†

Fei Zhang,a Zhi-Feng Shi, *a Zhuang-Zhuang Ma,a Ying Li,a Sen Li,a Di Wu,a
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Recently, inorganic halide perovskite (CsPbX3, X = Cl, Br, I)

quantum dots (QDs) have attracted tremendous research interests

because of their great potential for application in the fields of low-

cost light sources and displays. However, the unsatisfactory struc-

tural and chemical stabilities of such materials are the main

obstacles hindering reliable device operation significantly. In this

study, we successfully prepared CsPbBr3/silica QD composites

through a simple sol–gel reaction by using tetramethoxysilane as a

single molecule precursor. The as-prepared CsPbBr3/silica QD

composites demonstrated substantially improved stability against

heat, light, and environmental oxygen/moisture. Besides, a relatively

narrower photoluminescence linewidth and higher quantum yield

were achieved compared with that of fresh CsPbBr3 QDs.

Furthermore, the CsPbBr3 QDs/silica composites were applied as

color-converting layer curing on blue light-emitting diodes (LEDs) for

white LED applications. Finally, a high power efficiency of 63.5 lm W−1

was obtained and the light emission could be efficiently sustained

over 13 h without any decay in the continuous current mode, demon-

strating remarkable operation stability than that reported previously. It

can be anticipated that the excellent properties and facile processing

technique used here will make perovskite QDs/silica composites

attractive for applications in optoelectronics and industrial fields.

Introduction

Nowadays, nearly 25% of the global electricity consumption is
used for lighting, which is responsible for more than 6%

carbon dioxide emissions each year.1,2 To change the way we
light our houses and businesses under this circumstance, white
light-emitting devices (WLEDs) are becoming prevalent because
of their higher power efficiency than the frequently used fluo-
rescent lamps and incandescent bulbs.3 Besides, other advantages
offered by WLEDs include high luminous efficiency, fast
response, long lifetime, and compact size.4–6 At present, the com-
mercialization route for WLED production involves the combi-
nation of a blue-emissive LED chip with the Y3Al15O12:Ge

3+ phos-
phor because it has the advantages of low cost, simple structure,
and high luminous efficiency.7 However, this strategy lacks the
red and green light components and is not sufficient to produce a
wide color gamut as it relies solely on the blue light and the wide
yellow spectrum.5,8

Recently, inorganic halide perovskite (CsPbX3, X = Cl, Br, I)
quantum dots (QDs) have attracted tremendous research inter-
ests because of their exceptional optoelectronic properties,
demonstrating great application potentials in the fields of
low-cost light sources and displays.9–17 In 2016, Snaith and
colleagues pioneered an approach for white light sources by
using perovskite QDs as the down-conversion phosphors.18

Since then, the progress of this strategy has been developing in
the past two years. However, the well-known instability issue
of halide perovskites is the major obstacle for their commercia-
lization and mass production. Especially, perovskite QDs have
to be processed into a layer or composite, and they also have to
be exposed to an external illuminant source for a long period.
Therefore, the development of a manufacturing process that is
simple, easy, and repeatable to improve the material stability
while retaining high optical quality is highly desired and
certainly worth exploring.19 A straightforward approach to
enhance the stability of perovskite QDs is to coat the QD core
with an inert and robust shell, and it has made significant pro-
gress very recently. Palazon and colleagues demonstrated an
approach to improve the stability by cross-linking the CvC
double bond structure of the surface ligands by X-ray
irradiation of perovskites.20 Kanaras et al. proposed to increase
the chemical and optical stability of perovskite QDs by the syn-
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thesis of poly(maleic anhydride-alternate-1-octadecene) to QDs.21

Also, there are some methods for encapsulating perovskite QDs in
organic polymers, such as polymethyl methacrylate, to achieve
good processability and compatibility with typical packaging
methods.12,15,22,23 However, under certain conditions, such as
ultraviolet (UV) light, organic polymers have relatively poor stabi-
lity and lose their ability against photo-oxidation after a short
time.24 In contrast, an inorganic matrix has better mechanical
properties and tightness. Because of the low diffusion rate of
atoms or ions, inorganic silicon oxide, aluminum oxide, and tita-
nium oxide have been frequently employed as barriers to protect
organic LEDs and phosphors from moisture/oxygen
degradation.25–28 More recently, some examples of perovskite QD
encapsulation have been demonstrated successfully. For instance,
the mesoporous CsPbX3/silica QD nanocomposites prepared by
Liu’s team showed good light stability and thermal stability.29

Zeng et al. prepared CsPbBr3@Cs4PbBr6/SiO2 QD nanocomposites
with an improved stability and further demonstrated their appli-
cations in anti-counterfeiting.30 Loiudice et al. reported the
enhancement of material stability against environment oxygen/
moisture, light and heat by encapsulating CsPbBr3 QDs within an
alumina matrix by atom layer deposition.31 However, in their
cases, most of the products were characterized by large aggregates
with multiple perovskite QDs encapsulated into one oxide shell,
inevitably hindering some important applications required for the
use of monodisperse particles.32

Following this line of thought, we developed a facile
approach to substantially improve the stability of CsPbBr3 QDs
by in situ addition of tetramethoxysilane (TMOS) as a single
molecule precursor at room temperature (RT). The obtained
CsPbBr3/silica QD composites are characterized as uniformly
distributed monodisperse particles without the formation of
large aggregates. Compared with the results of fresh CsPbBr3
QDs, a substantially enhanced material stability against heat,
light, and environmental oxygen/moisture was achieved.
Besides, a narrower photoluminescence (PL) linewidth and a
higher PL quantum yield for silica-coated CsPbBr3 QDs were
demonstrated. Furthermore, the obtained CsPbBr3/silica QD
composites were employed as solid state phosphors in WLED
fabrication, and the device performance was remarkable with
a high power efficiency of 63.5 lm W−1. More importantly, the
proposed WLEDs demonstrated remarkable operation stability
in the continuous current mode. Even when operated in air
ambience, the light emission could be efficiently sustained
over 13 h without any decay, which was much superior to the
results of the reference device with bare CsPbBr3 QD powder
as green phosphors. The results obtained prove that our strat-
egy is an effective strategy for enhancing the material stability
for perovskite QDs, thus opening up enormous opportunities
for their applications in lighting and display fields.

Experimental

Here, a simple processing approach was employed to prepare
silica-coated CsPbBr3 QD composites at RT and normal

pressure conditions, and the corresponding processing pro-
cedures are illustrated in Fig. 1. First, PbBr2 (0.2 mmol), CsBr
(0.4 mmol), oleic acid (OA, 0.5 mL), and oleylamine (OAm,
0.25 mL) were added to N,N-dimethylformamide (DMF, 5 mL)
under 400 rpm stirring to form a precursor solution. Please
note that OA and OAm serve as the surfactants in the synthesis
process to control the dimension and surface states of the pro-
ducts, allowing the formation of zero-dimensional CsPbBr3
QDs with a high PL quantum yield. Second, 0.5 mL of the pre-
cursor solution was rapidly injected into toluene solution
(5 mL) under 700 rpm stirring, forming CsPbBr3 nanocrystals
immediately. Third, the CsPbBr3 QD solution was centrifuged
at 7000 rpm for 10 min, and the resulting precipitate was redis-
solved in toluene solution. Following this, a certain amount of
TMOS solution was added into the CsPbBr3 QD solution and
allowed to stand in a natural environment for 72 h. It is gener-
ally recognized that the cross-linking can enhance the stability
of QD-silica monolith, especially after thermal annealing treat-
ment, which is associated with a more densely cross-linked
structure that acts as a barrier to effectively prevent oxygen and
moisture from reaching QDs.33 Therefore, in our case,
CsPbBr3/SiO2 QDs were pre-annealed for half an hour at 40 °C.
Through this process, CsPbBr3 QDs were successfully incorpor-
ated into the SiO2 monolith by a simple sol–gel method. In
this case, the “waterless” toluene solution played a crucial role
mainly considering the following three aspects: (1) The
toluene solution can be considered to have anti-solvent com-
patibility as it aids the formation of zero-dimensional CsPbBr3
QDs. (2) A low-water content (analytical grade, H2O content
0.0184%) in the toluene solution favors the hydrolysis reaction
of TMOS, thereby enabling the formation of an SiO2 layer on
perovskite QDs. Thus, the SiO2 monolithic material was pre-
pared without adding any catalyst in the solution, as rep-
resented by the following reaction:

SiðOCH3Þ4 þ 2H2O ! SiO2 þ 4CH3OH ð1Þ
(3) The compatibility of non-polar toluene with CsPbBr3

and TMOS facilitates the encapsulation of QDs in SiO2 without
the need for aggregation. In previous studies, tetramethyl
orthosilicate (TEOS) was frequently employed as the precursor
to achieve SiO2 coating on the perovskite QDs by a hydrolysis

Fig. 1 Schematic diagram illustrating the coating process for the prepa-
ration of CsPbBr3/SiO2 QDs.
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reaction.34 However, most efforts failed because the perovskite
QDs were easily decomposed by water before SiO2 generation,
which is due to the higher hydrolysis rate of TMOS than that
of TEOS. Therefore, TMOS is a better choice for coating silica
onto perovskite QDs without degrading their original optical
and structural properties. Experimentally, TEOS-treated
CsPbBr3 QDs were prepared, and clearly decreased PL intensity
after treatment and poor moisture stability of CsPbBr3/silica
QD composites indicated that TEOS is not suitable for silica
coating (Fig. S1, ESI†).

The microstructures of CsPbBr3 QDs before and after TMOS
coating were examined by transmission electron microscopy
(TEM). Fig. 2a shows typical TEM images of the as-synthesized
CsPbBr3 QDs, which are characterized as uniformly distributed
cubic particles. The diameter of CsPbBr3 QDs is in the range
of 7.5–13.6 nm with an average size of 11.7 nm, as shown in
Fig. 2e. From the high-resolution TEM image presented in
Fig. 2b, a well-defined crystalline structure with a characteristic
lattice plane distance of ∼0.58 nm can be observed, corres-
ponding to the d-spacing of (200) crystal plane of cubic
CsPbBr3. The corresponding Fourier transformation (FFT)
image shown in Fig. 2c confirms the single-crystalline nature
of CsPbBr3 QDs. After the TMOS coating process, the cubic
shape of CsPbBr3 QDs remains unchanged and the dispersion
of QDs is almost unaffected (Fig. 2d). However, the average

size of these cubes increases from 11.7 to 12.8 nm (Fig. 2f),
implying that the silica coating has taken effect. Other possible
factors causing an increase in size cannot be unambiguously
ruled out at present; for instance, excess TMOS that is not
removed completely by the purification process is also prone
to attach to the surface of QDs, and/or the continuous growth
of the nanocrystals with unreacted precursors before the SiO2

matrix is complete in this sol–gel reaction process.35 In any
case, the substantially improved stability of the CsPbBr3/silica
QD composites against environmental oxygen/moisture, light
and heat as discussed later manifests that this method pro-
vides a successful surface protection strategy for perovskite
QDs. Please note that the microstructure characteristics of
CsPbBr3/silica QD composites cannot be distinguished well
from the TEM results unlike other previous results.35,36 This is
because CsPbBr3 QDs in our case are characterized by a cubic
shape and have a lower surface energy than CsPbBr3 QDs with
a spherical shape. In the present case, during TMOS coating,
SiO2 oligomer remains in solution instead of growing on the
surface of large nanocubes, forming free silica. For spherical
CsPbBr3 QDs, SiO2 oligomers tend to grow on the surface of
QDs because of their relatively higher surface energy and the
absence of the self-assembly effect. In addition, the chemical
composition of CsPbBr3 QDs before and after TMOS coating is
determined by energy dispersive X-ray spectroscopy (EDS)

Fig. 2 (a) TEM images of fresh CsPbBr3 QDs. (b) High-resolution TEM image of CsPbBr3 QDs showing a characteristic lattice plane distance of
0.58 nm. (c) FFT image corresponding to (b). (d) TEM images of CsPbBr3/SiO2 composites. Histograms for the size distribution of the CsPbBr3 QDs
(e) before and (f ) after TMOS coating. EDS spectra of (g) CsPbBr3 QDs and (h) CsPbBr3/SiO2 QDs. (i–n) Elemental mapping analysis showing the
elemental distribution of silicon, oxygen, cesium, lead, and bromine, respectively.
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measurements. As shown in Fig. 2g and h, in addition to the
well-known compositions of Cs, Pb, Br, Cu, and O, Si is also
identified, confirming the formation of CsPbBr3/silica QD
composites. Further analysis of the EDS elemental mapping of
the CsPbBr3/silica QD films is performed by employing Si, O,
Cs, Pb, and Br as detection signals. It is apparent that the five
target elements are uniformly distributed throughout the
selected square area marked in Fig. 2i, thus demonstrating
that CsPbBr3 QDs are successfully and uniformly encapsulated
in the silica matrix.

Furthermore, we compared the optical properties of
CsPbBr3 QDs before and after TMOS coating by UV-visible
absorption and PL measurements at RT. As shown in Fig. 3a,
the absorption spectra of the two samples showed no signifi-
cant changes, but a clear red-shift of 4.5 nm of the PL emis-
sion peak was observed after TMOS coating. The full-width at
half-maximum (FWHM) value of the emission peak was
slighted reduced by 13.6 meV after TMOS coating, and the
symmetric spectra shape could be maintained without any
noticeable sub-bandgap emission associated with the defects
in perovskites. Besides, the emission intensity of CsPbBr3/
silica QD composites increased by 30% in comparison with
that of the fresh counterpart, which may be due to the reduced
charge-carrier trapping states after silica passivation, which
are generally used as relaxation pathways. Excellent emission
performance with improved color purity is a signature of high-
quality CsPbBr3/silica QD composites with low defect density,
making the materials suitable as effective green emitters for
luminescent device applications. Please note that the red-shift
phenomenon in the PL emission for the TMOS-treated
CsPbBr3 QDs is difficult to understand because the quantum

confinement effect exists even after silica coating. Also, FWHM
narrowing and PL enhancement for CsPbBr3/SiO2 QD compo-
sites have confirmed this view. Herein, we consider that two
factors can be responsible for the red-shift behavior of PL
emission. On the one hand, during the TMOS coating process,
continuous growth of CsPbBr3 core with unreacted precursors
can occur before the SiO2 matrix is completely formed in the
sol–gel reaction process. Even if the continuous growth of
CsPbBr3 core is not clear, a slight red-shift of the PL emission
will be induced, as reported in Sun’s study.35 On the other
hand, some other previous studies have recognized that the
increased re-absorption effect of CsPbBr3/SiO2 QD composites
can also induce a PL red-shift.37,38 To gain more insights into
the carrier recombination dynamics of the perovskite pro-
ducts, time-resolved PL measurements were performed. Fig. 3b
presents the PL decay curves of CsPbBr3 QDs before and after
TMOS coating, which can be well-fitted to a bi-exponential
decay function. The average lifetime (τave) of CsPbBr3/silica QD
composites was calculated to be 7.8 ns, which was longer than
that of the fresh CsPbBr3 QD counterpart (4.3 ns). The longer
lifetime after TMOS coating indicates efficient suppression of
nonradiative recombination paths by surface passivation. In
other words, the trapping of excited electrons by the surface
states is inhibited. Thus, the efficient usage of excited carriers
is favored, resulting in a high PL quantum yield as well as a
long lifetime.

Fig. 3c displays the X-ray diffraction (XRD) patterns of as-
synthesized and silica-coated CsPbBr3 QDs. It can be seen that
both samples showed a cubic perovskite structure; character-
istic and dominant diffraction peaks corresponding to (100),
(110), (200), (210) and (321) planes were observed. This indi-
cated that both the samples preferentially assembled in the
(200) and (210) planes during film formation, and CsPbBr3
QDs did not change significantly during the sol–gel reaction
with TMOS addition. Fig. 3d presents pure CsPbBr3 QD
solution (powder) before and after TMOS coating. After
being wrapped by silica, the color of the solution gradually
changed from green to kelly green, and the corresponding PL
quantum yield increased slightly from 55% to 72%, which was
consistent with the above discussions on steady/transient-state
PL results. Moreover, the pure CsPbBr3 QD powder was yellow
and that with TMOS treatment was pale yellow. The relatively
dark and light colors are probably due to the sensitivity of
CsPbBr3 QDs to the surrounding environment and the SiO2

matrix.37

To better understand the optical recombination mecha-
nisms of CsPbBr3 QDs before and after the TMOS treatment,
temperature-dependent PL measurements were further
obtained in the temperature range of 10–300 K. As presented
in Fig. 4a and b, with the increase in temperature, only one
emission peak can be resolved for two samples, implying that
no structural phase transition occurs within the heating
process (10–300 K). Besides, the emission intensities of both
samples exhibit a decreasing trend accompanied by a monoto-
nous blue-shift of the emission peak. It should be mentioned
that the blue-shift phenomenon is unusual and may be related

Fig. 3 (a) Comparison of the absorption and PL spectra of fresh
CsPbBr3 QDs and CsPbBr3/SiO2 QD composites. (b) Time-resolved PL
decay and fitting curves of fresh CsPbBr3 QDs and CsPbBr3/SiO2 QD
composites. (c) XRD patterns of CsPbBr3 QDs before and after TMOS
coating, and the standard XRD patterns of the cubic phases of CsPbBr3.
(d) Solutions and powders of fresh CsPbBr3 QDs (left) and CsPbBr3/SiO2

QD composites (right).
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to the thermal expansion of the crystal lattice through the
process of increasing temperature and electron–phonon renor-
malization. The temperature quenching behavior of the PL
emission intensity for two samples can be due to the thermally
activated nonradiative recombination process, and the inte-
grated PL intensity values can be well-fitted by the following
formula:39

IðTÞ ¼ I0

1þ A exp � EB
KT

� � ð2Þ

Here, I0 is the emission intensity at 10 K, EB is the exciton
binding energy, A is the fitted constant, and K is the
Boltzmann constant. As displayed in Fig. 4c and d, the fitting
curves produce EB values of 35.78 ± 3.53 meV and 58.57 ±
6.30 meV for fresh CsPbBr3 QDs and CsPbBr3/SiO2 QD compo-
sites, respectively. Therefore, after encapsulation by silica, EB
of perovskite QDs increases. In theory, relatively higher EB
than the thermal ionization energy at RT (∼26 meV) ensures
the survival of excitons well above RT and a high rate of recom-
bination. Thus, the excitonic emission can be efficiently sus-
tained even when the CsPbBr3/SiO2 QD composites are excited
at a higher temperature; this suggests improved temperature
tolerance of CsPbBr3 QDs after TMOS coating and indicates
additional potentials of such materials in exciton-related opto-
electronic devices. In addition, detailed analysis on the temp-
erature-dependent PL peak broadening behavior can provide
information on the exciton–phonon interaction in perovskite
QDs. As shown in Fig. 4e and f, the FWHM values of PL emis-

sion peaks at different temperature points were fitted using
the independent Boson model:40

ΓðTÞ ¼ Γ0 þ σT þ Γop

expðħωop=KTÞ � 1
ð3Þ

Here, Γ0 is the non-uniform linewidth, which does not
change with temperature and depends on the shape, size, and
composition of inhomogeneous QDs; σ is the exciton–acoustic
phonon interaction, Γop is the exciton-optical fitting coefficient
(contribution to FWHM broadening), and ħωop is the optical
phonon energy. From the equation, one can observe that Γ0 is
the main contributor to Γ(T ) at low temperatures, and the con-
tribution from acoustic and optical phonons is larger than Γ0

at relatively higher temperatures, which ultimately leads to a
nonlinear increase in FWHM. Finally, the ħωop values of fresh
CsPbBr3 QDs and CsPbBr3/SiO2 QD composites were fitted to
be 23.5 and 30.74 meV, respectively. Therefore, after silica
coating, the optical phonon energy of CsPbBr3 QDs increases.
The relatively stronger exciton–phonon interaction of the
CsPbBr3/SiO2 QD composites indicates improved and desired
thermal antiquenching effects required at high tempera-
tures.41 Thus, the silica-coated perovskite QDs can be expected
to operate with good stability.

As is well-known, the stability of halide perovskites has
always been criticized as the main obstacle hindering their
potential applications significantly. In this study, the environ-
mental stability of CsPbBr3/SiO2 QD composites was assessed
by investigating the effects of heat, water, and UV light
irradiation on the optical properties of TMOS-coated products.

Fig. 4 Temperature-dependent PL spectra of (a) the CsPbBr3 QDs and (b) CsPbBr3/SiO2 QD composites taken from 10 to 300 K. The relationship
between the integrated PL intensity and the reciprocal temperature from 10 to 300 K for (c) CsPbBr3 QDs and (d) CsPbBr3/SiO2 QD composites.
FWHM of (e) CsPbBr3 QDs and (f ) CsPbBr3/SiO2 QD composites as a function of reciprocal temperature.
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To compare the thermal stability of CsPbBr3 QDs before and
after TMOS coating, thermal cycling measurements were per-
formed in the temperature range of 20–120 °C, and the inte-
grated PL intensity was normalized for comparison. As shown
in Fig. 5a and b, the relative PL intensity decreased gradually
with increasing temperature owing to fluorescence quenching
(heating process, cycle I) for both samples, but their decay
extents were radically different. In contrast, the emission
intensity of fresh CsPbBr3 QDs decreased sharply with increas-
ing temperature, and a rather large emission decay of ∼51.1%
was observed after the cooling process (cooling/cycle 1),
whereas that of silica-coated CsPbBr3 QDs was only ∼12.94%.
The unrecoverable behavior of the PL performance may be
related to the additional structural defects in fresh CsPbBr3
QDs and CsPbBr3/SiO2 QD composites caused by heating;
thus, the radiative recombination probability of photo-gener-
ated carriers was reduced accordingly. An additional obser-
vation is that the magnitude of PL intensity decay slightly
decreased after the cooling processes of cycles 2 and 3. After
three successive heating/cooling measurement cycles, the PL
intensity showed 15.5% decay altogether for CsPbBr3/SiO2 QD
composites. Compared with the larger decay above 66% for the
fresh CsPbBr3 QDs, a substantially improved thermal stability
was demonstrated for the silica-coated sample, thus opening
up enormous opportunities for obtaining high-performance
optoelectronic devices with good temperature tolerance. Even
after six heating/cooling measurement cycles, ∼82% of the
initial emission intensity was maintained for CsPbBr3/SiO2 QD
composites. As summarized in Fig. 5d with two representative
temperature points (20 and 120 °C), clearly superior perform-
ance of silica-coated QDs was observed compared to that of
fresh CsPbBr3 QDs, in which only 25% of the original emission
was retained (Fig. 5c). Because TMOS plays a positive role in

deactivating the defect states on the surface of perovskite QDs,
it seems reasonable that the luminescence quenching
phenomenon of the CsPbBr3/SiO2 QD composites is effectively
suppressed.

To further assess the moisture stability of CsPbBr3 QDs
after TMOS coating, 20 μL of deionized water was added into
the QD solution (1 mL, toluene), and the corresponding PL
intensity was monitored at time intervals of 10 min. For com-
parison, the measurement results of fresh CsPbBr3 QDs were
also obtained. As shown in Fig. 6a, fresh CsPbBr3 QDs experi-
enced rapid fluorescence quenching after the addition of de-
ionized water into the toluene solution, retaining only 15% of
the initial intensity after 3 h storage. In sharp contrast, when
the CsPbBr3/SiO2 QD composites were exposed to the same
volume of deionized water, nearly 95% of the original PL per-
formance was retained over 3 h of continuous test, which was
much superior to that of fresh CsPbBr3 QDs. Fig. S2 (ESI†)
shows the corresponding PL spectra of the two samples
recorded before and after the 3 h moisture stability test; except
for the difference in their intensities, the peak position and
FWHM of PL spectra were almost unchanged. The above
results suggest that the moisture stability of CsPbBr3 QDs after
TMOS coating has been significantly enhanced. This is
because the desirable SiO2 shell encapsulates CsPbBr3 QDs to
achieve very low water permeability, thus preventing water
molecules from entering the CsPbBr3 QD core surface.
Conversely, bare CsPbBr3 QDs were easily decomposed owing
to the hypersensitivity of lead perovskite materials in water or
even in air with low moisture content.

Moreover, the photostability of the CsPbBr3/SiO2 QD com-
posites was investigated by continuously illuminating the
sample with a portable UV lamp with 10 cm distance, and the
time interval for obtaining spectra was 1 h. As shown in

Fig. 5 Three thermal cycling measurements showing the thermal stabi-
lity of (a) the fresh CsPbBr3 QDs and (b) CsPbBr3/SiO2 QD composites.
Plots of the normalized emission intensity of (c) fresh CsPbBr3 QDs and
(d) CsPbBr3/SiO2 QD composites at two representative temperature
points (20 °C and 120 °C) over six thermal cycling measurements.

Fig. 6 (a) The relative PL intensities of fresh CsPbBr3 QDs and CsPbBr3/
SiO2 QD composites after adding 20 μL deionized water into the solu-
tion (1 mL, toluene). (b) Photostability test of fresh CsPbBr3 QDs and
CsPbBr3/SiO2 QD composites under continuous UV light irradiation
(365 nm, 20 W). (c) Photographs of fresh CsPbBr3 QDs (right) and
CsPbBr3/SiO2 QD composites (left) at different time periods under UV
light irradiation.
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Fig. 6b, after irradiation for 5 h under a UV light, the CsPbBr3/
SiO2 QD composites maintained ∼72% of their initial perform-
ance. However, the relative emission intensity of fresh CsPbBr3
QDs decreased to 8.2% of the original value (purple dotted
line). Fig. 6c displays the corresponding photographs of fresh
CsPbBr3 QDs (right) and CsPbBr3/SiO2 QD composites (left) at
different time periods under UV light irradiation. Although
slight weakening of the emission intensity could be seen for the
CsPbBr3/SiO2 QD composites, the sample was still strongly fluo-
rescent. In comparison, fresh CsPbBr3 QDs lost most of the
brightness after 5 h UV light irradiation, gradually changing from
green to transparent, corresponding to the above discussions on
spectra (Fig. 6b). This is presumably because bare CsPbBr3 QDs
started to decompose gradually by photo-oxidation. As deduced
from previous studies on core/shell structured II–VI semi-
conductor QDs,42 the formation of a passivation shell can
prevent undesirable photo-oxidation over continuous UV light
irradiation. This suggests the great potential of silica-coated
CsPbBr3 QDs in reliable and environmentally friendly lighting
applications. Please note that the TMOS coating method pro-
posed in this study is also applicable to other CsPbX3 QDs. We
have employed this sol–gel reaction to coat CsPbCl3 and CsPbI3
QDs with TMOS, and substantially improved stability against
heat, light, and environmental oxygen/moisture was also
achieved, as presented in Fig. S3–S5 (ESI†).

To demonstrate the potential applications of CsPbBr3/SiO2

QD composites as down-conversion phosphors, a WLED was

fabricated by encapsulating a mixture of the green-emissive
CsPbBr3/SiO2 QD powder, red-emissive K2SiF6:Mn4+ (KSF)
phosphors and organic polymer silica gel above a blue-emis-
sive LED chip, as shown in Fig. 7a. This packaging process is
similar to the commercial packaging process. Please note that
such a non-contact configuration for WLED fabrication in the
present case has unique benefits compared with that of electri-
cally driven LEDs that follow carrier injection mechanism; the
phosphor layer is separated from the excitation LED p–n junc-
tion, and very less heat released from the bottom LED chip
can be imposed on the upper phosphor because of the
appreciable distance between the phosphor and LED chip.
Moreover, the integrity of the p–n junction in the bottom LED
could be effectively protected owing to the absence of undesir-
able disturbances caused by directly touching the phosphors.
Therefore, generally, high-efficiency light emission can be sus-
tained over a long time for such devices with a non-contact
configuration. Fig. 7b and c show the emission of the down-
conversion WLED operated at 6 mA. The overall emission
appears white and is bright enough to be clearly observed by
the naked eye in a normal light environment. The
Commission International de I’Eclairage (CIE) color coordi-
nates of the WLED are (0.32, 0.30), which are close to the
optimal white light positioning, as displayed in Fig. 7d.
Besides, other key device parameters including the color ren-
dering index (CRI), color temperature (CCT), and power
efficiency were measured to be 83.3, 7425 K, and 63.5 lm W−1,

Fig. 7 (a) Image of the WLED device fabricated using CsPbBr3/SiO2 QD composites, KSF phosphors and a blue LED chip. (b) Photograph of the
WLED operated at a driving current of 6 mA. (c) A logo of Zhengzhou University under WLED illumination. (d) CIE color coordinates of the WLED. (e)
Emission spectrum of the WLED operated at 6 mA. (f ) Emission spectra of WLEDs obtained after different running periods under the same bias and
measurement conditions.
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respectively. The efficiency value (63.5 lm W−1) achieved here
was much higher than those of the incandescent lamp
(17 lm W−1) and CdSe/SiO2 QD monolith (47 lm W−1).34,43

Fig. 7e presents a typical emission spectra of the studied
WLED at a driving current of 6 mA; three emission peaks at
460, 520 and 630 nm were resolved with no overlapping por-
tions between them. The three emission components were in
good correlation with the solid state PL peaks of the respective
powders (Fig. S6, ESI†). On increasing the driving current from
6 to 36 mA, the green and red emission components increased
accordingly, which implied that both phosphors demonstrate
no saturation toward blue light excitation, as presented in
Fig. S7 (ESI†).

It is generally accepted that long-term operation stability of
perovskite-based optoelectronic devices has always been a chal-
lenge. To evaluate the device stability, the emission spectra of
the WLED were obtained at different running periods in
ambient air (25 °C, 35–50% humidity) with a fixed driving
current of 6 mA. As shown in Fig. 7f, after 13 h continuous
operation, the emission peak and spectra shape of the WLED
remained unchanged, and the intensities of the three emis-
sion components were almost constant, thus demonstrating
remarkable long-term stability. Fig. S8 (ESI†) displays a series
of emission spectra of another reference WLED, in which the
CsPbBr3/SiO2 QD powder was replaced by bare CsPbBr3 QD
powder. A sharp drop of the green emission component over
running time could be observed, whereas the blue and red
emission components remained unchanged. As a result, the
CIE color coordinates of the reference WLED changed con-
siderably after 13 h continuous operation (Fig. S9 and
Table S1, ESI†). The above observations imply that the bare
CsPbBr3 QD powder is more sensitive to the blue excitation
light than CsPbBr3/SiO2 QD composites, which is consistent
with the above discussions on their photostability.
Furthermore, the excellent device performance suggests that
the CsPbBr3/SiO2 QD composites are better and reliable down-
conversion phosphors for WLED applications.

Conclusions

In conclusion, CsPbBr3/silica QD composites were successfully
prepared through a simple sol–gel reaction with TMOS as the
molecule precursor. Compared with the results for fresh
CsPbBr3 QDs, substantially improved material stability against
heat, light, and environmental oxygen/moisture was achieved.
Moreover, the silica-coated CsPbBr3 QDs possessed narrower
PL linewidth and a higher PL quantum yield. These advan-
tages allowed us to use the CsPbBr3/silica QD composites as
solid state phosphors for WLED applications. Finally, white
light emission with CRI of 83.3, CCT of 7425 K, CIE coordi-
nates of (0.32, 0.30), and high power efficiency of 63.5 lm W−1

was obtained. More importantly, the proposed WLEDs demon-
strated remarkable operation stability in ambient air in the
continuous current mode. After a continuous operation for
13 h, no emission decay was observed, which was greatly

superior to that of the reference device using bare CsPbBr3 QD
powder as the green phosphor. We believe that our study
reported herein provides an effective strategy for improving the
material stability of perovskite QDs, thereby endowing them
with promising potentials in lighting and display applications.
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