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The green light emission of CsPbBr; quantum-dots
microcrystals with different concentrations of F~ doping
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CsPbBr; quantum-dots were successfully prepared in fluorine doped borosilicate microcrystals with different concentrations.
The crystal structure of the perovskite quantum-dots was determined by XRD. The morphology of perovskite quantum-dots
was characterized by TEM. The fluorescence characteristics were analyzed by fluorescence spectrum and CIE chromaticity
coordinate. The XRD patterns show that the perovskite quantum-dots microcrystals were successfully doped in the
borosilicate microcrystals. The TEM results show that CsPbBr; quantum-dots are uniformly distributed in borosilicate
microcrystals. Under the excitation of 360 nm ultraviolet light, the CsPbBr; quantum-dots exhibit strong green emission at
519 nm. The lifetime decay of quantum-dot crystallites increased from 4.04 ns to 14.42 ns, and the PLQY reached 44.81%.
Therefore, the obtained quantum-dots can be used in the powder solid-state light-emitting devices with high light efficiency

and long-life span.
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1. Introduction

Lead halide perovskite has become an advanced
material in photovoltaic field due to its significant
luminous efficiency ~ [1].  In  previous  studies,
organic-inorganic hybrid perovskite materials were mostly
selected to improve the conversion efficiency of solar cells,
such as lead methy lammonium iodide (MAPbI3) and lead
formamidine iodide (FAPbI;) [2-3]. However, due to the
extremely unstable cations, the hybrid perovskite has
obvious disadvantages in thermal stability, which hinders
its development [4]. In the further exploration, the
inorganic perovskite was successfully prepared by
replacing the organic component with inorganic Cs cations
[5]. Nowadays, all inorganic CsPbX; (X = CI, Br, I)
perovskite quantum-dots(QDs) have become hot research
topics among luminescent materials, due to its excellent
optical properties, such as low exciton binding energy,
tunable light emission, narrow emission linewidth, high
photoluminescence (PL) efficiency, light absorption and
high photoluminescence quantum yield (PLQY) [6-14]. In
addition, CsPbBr; perovskite QDs are widely used in solar
cells [15-18], light-emitting diodes [19-22], lasers [23-26],
photodetectors [27], polarizers [28] and displays [29].
Comparing with the organic-inorganic hybrid perovskite,
all types of inorganic perovskite exhibit better stability.
However, in more complicated environments like air or
high temperature, the stability of CsPbX; (X = ClI, Br, 1)
perovskite remains unsatisfied. In 2016, Bing Ai prepared
CsPbBr; QDs in phosphate glass by traditional melting
guenching and heat treatment methods, showing excellent
luminescent performance [30]. In addition, CdS, CdSe and

PbSe QDs were successfully prepared in glass, which
proved that glass can promote the formation of internal
QDs, greatly promoting the thermal and chemical stability
of QDs [31-33].

In this study, for the low luminous efficiency and
poor PLQY of perovskite QDs, by doping with fluoride, a
uniform distribution of perovskite QDs crystallites in a
glass matrix was successfully prepared. The amorphous
structure of the glass inhibits the growth inside the QDs.
Fluorinated glass changes the internal network structure of
glass. The introduced F enters the network structure by
breaking the Si-O bond, and produces the bridging oxygen
ion structure, which provides enough space for ion
diffusion, thus promoting the precipitation of CsPbBr;
QDs in the glass and improving the PLQY [34].

Compared with the perovskite QDs microcrystals that
were not doped with fluoride before, the introduction of
fluorine can effectively change the internal defects of
borosilicate and promote the rapid growth of QDs [35].
Under the fluorescence spectrum and CIE chromaticity
coordinate analysis, the sample showed excellent
luminescence performance and better stability. This is an
insightful discovery in the field of solid perovskite
luminescent materials.

2. Experimental

2.1. Sample preparation

The reagents needed in the experiments are lead
bromide (PbBr,, 99%), cesium carbonate (Cs,CQO3, 99%),
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strontium carbonate (SrCOs;, 99%), strontium fluoride
(SrF,, 99%), sodium bromide (NaBr, 99%), boric acid
(H3BOs, 99%), silica (SiO,, 99%) and zinc oxide (ZnO,
99%). The raw glass and perovskite materials are fully
grounded in the glove box, so as to isolate from the air
during the whole process. The prepared sample was heated
to 1180 °C under alumina at a heating rate of 10 °C / min

and for 10 min, then cooled to room temperature (about
20 °C) by different cooling methods at a precooling rate of
10 °C / min. Finally, the sample was calcined for a second
time and kept warm for 5 h until cooled to room
temperature. Fig. 1 shows the schematic illustration of the
CsPbBr; QDs microcrystalline preparation process.
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Fig. 1. CsPbBr; QDs microcrystalline preparation process diagram (color online)

2.2. Materials characterization

X-ray diffraction (XRD) was measured by Bruker-D8
advance measurement, equipped with a Cu Ko radiation
flux, with voltage of 40 kV, current of 30 Ma, velocity of
002 ©°S* and boundary of 10°-70° (26). The
microstructure of QDs was characterized by JEM-2100
field emission Transmission electron microscopy (TEM).
The photoluminescence excitation spectrum and emission
spectrum (slit: 1.0) of CsPbBr; QDs microcrystals were
measured by 150 W xenon lamp fluorescence
spectrometer F-7000 (220-240 V). The thermal stability of
the material was measured by heating in KSL-1200X
muffle furnace for 5 h. The yield and lifetime were
obtained by a fluorescence spectrometer (FL-920). CIE
chromaticity coordinates was used to represent the
position of material chromaticity coordinates.

3. Results and discussion
3.1. XRD pattern of CsPbBr;

The XRD diffraction patterns of CsPbBr; QDs
microcrystals doped with different concentrations of F are
shown in Fig. 2. The change trend of crystal structure of
QDs doped with different concentrations of fluorine under
heat treatment at 460 °C are shown in Fig. 2(a). Without F
doping, the sample does not show obvious diffraction
peaks. With the increase of F concentration, when the
concentration is SrCOj: SrF, = 3:7, the sample highlights
weak diffraction peaks in the (200) and (211) planes.
When all are replaced by pure SrF, doping, the sample
shows obvious diffraction peaks. This reveals that

perovskite QDs are inhibited in the growth of borosilicate
microcrystals. Due to the structural defects of borosilicate
microcrystals, it is difficult for QDs to break through the
internal network structure. Therefore, the diffraction peak
of CsPbBr; QDs microcrystals is covered by the signal of
disordered borosilicate microcrystals, so it is difficult to
show obvious diffraction peaks. Fig. 2(b) is an XRD
diagram of pure SrF, doped microcrystalline samples. It is
found that the positions of the strongest diffraction peaks
at 21.31°, 30.41° and 37.51° correspond to the planes of
(110), (200) and (211) of CsPbBr; cubic phase standard
card (PDF#54-0572). It is confirmed that the
microcrystalline of CsPbBr; QDs formed in F-doped
borosilicate microcrystals. Therefore, F doping can
change the internal network structure of borosilicate
microcrystals, providing enough space for ion diffusion
and effectively promoting the formation of QDs. When
calcined at 440 °C ~ 460 °C for 5 h, no diffraction peak
was found. However, when the temperature gradually
increased to 480 °C ~ 500 °C, there were obvious
diffraction peaks. This is because the perovskite QDs fail
to grow inside borosilicate microcrystals when the
temperature is too low, most of them grow on the surface
of microcrystals. With the increase of temperature, the
radius of QDs cell increases and the growth gradually
takes shape, which makes the vyield of QDs
microcrystalline in borosilicate increase. As shown in Fig.
2(b), at 500 °C, the microcrystalline diffraction peak of
QDs is intense and narrow, which means that the PLQY is
the highest. When the temperature is further increased, the
diffraction peak is no longer obvious, because the high
temperature leads to the extinction between the QDs, thus
reducing the yield.
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Fig. 2. XRD images of CsPbBr; QDs microcrystals under different concentrations (a) and temperatures (b) for 5 h heat
treatment (color online)
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Fig. 3. (a) Schematic of the cubic perovskite lattice of CsPbBr3; (b) TEM image of CsPbBr; QDs with heat treatment at 460 °C for 5 h.
Inset: CsPbBr; QDs particle size distribution; (c) SEM image of CsPbBr; QDs; (d-h) The element distribution mapping of CsPbBr; QDs;
(i) EDS spectrum of the CsPbBr; QDs (color online)
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3.2. TEM and EDS pattern of CsPbBr;

Fig. 3(a) shows the schematic of the cubic perovskite
lattice of CsPbBrs. Fig. 3(b) shows the TEM images of the
green-emitting CsPbBr; QDs that were heat-treated at
460 °C for 5 h. QDs microcrystalline are widely
distributed in the mixed fluoride glass substrate, and the
average size of CsPbBr; QDs after statistics is 3.11 nm.
Fig. 3(c) shows the SEM images of the green-emitting
CsPbBr; QDs that were heat-treated at 460 °C for 5 h.
TEM and SEM have demonstrated that QDs are
successfully formed in the glass matrix. At the same time,
as shown in Fig. 3(d-h), the uniform distribution of
Cs/Pb/Br/F in the same particle region is confirmed by the
energy dispersion spectrum element mapping. Fig. 3(i) is
the QDs energy dispersion spectrogram. It can be clearly
seen from the figure that doping F success fully promotes
the growth of CsPbBr; QDs in the glass matrix.

3.3. Temperature-dependent luminescence
properties

To explore F doped with different concentrations of
spectral adjustable, Fig. 4 shows the different
concentration of F in the spectrum of two kinds of heat
treatment temperature movement regularity. Fig. 4(a) is an
emission spectrum of different concentrations of F-doping
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under heat treatment at 500 °C. It is obvious from the
figure that under the irradiation of 365 nm ultraviolet light,
the green light emission of the sample is the strongest
when the concentration ratio is SrCO5;: SrF, = 3:7.
Moreover, with the increase of fluorine ion concentration,
the emission peak position of QDs microcrystalline shifts
significantly. When the concentration is from pure SrCO;
to SrCOa: SrF, = 7:3, the emission peak blue shifts. When
the F-concentration gradually increases to pure SrF,
doping, the emission peak position has a clear red shifts,
and the wave peak position moves to 524 nm, as shown in
Fig. 4(b). In addition, in Fig. 4(a), when the concentration
of F gradually increases, the emission peak protruding
around 460 nm gradually dissipates and tends to be stable.
This may be due to the uneven particle size of CsPbBr;
QDs [36]. Surprisingly, when the temperature is controlled
at 460 °C, as shown in Fig. 4(c), the pure SrF, doped
emission peak intensity shows obvious advantages.
Compared with the previous at 500 °C optimal
concentration (SrCOs: SrF, = 3:7), it is found that the pure
SrF, doped emission peak intensity is about 5 times,
showing strong green emission. Fig. 4(d) shows the
excitation spectrum at 460 °C. It can be seen from the
figure that the CsPbBr3; QDs microcrystals show a 300-500
nm wide excitation band, and the excitation peak intensity
of pure SrF, doping is much higher than that of other
F-doped QDs.
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Fig. 4. (@) PL emission spectra of CsPbBr; doped with different F-at 500 °C heat treatment for 5h; (b)The emission peak position vertex
chart; (c) PL emission spectra of CsPbBr; doped with different F~ at 460 °C heat treatment for 5 h. Inset: other concentrations PL;
(d) PLE at 460 °C heat treatment (color online)



The green light emission of CsPbBr; quantum-dots microcrystals with different concentrations of F doping 549

In order to further understand the excellent
fluorescence properties of pure SrF, doped CsPbBr; QDs
microcrystals, the spectra at different heat treatment
temperatures are shown in Fig. 5. From the emission
spectrum can be seen that the QDs coated with pure SrF,
doped borosilicate microcrystals show a narrow emission
peak after heat treatment for 5 h, as shown in Fig. 5(a).
When the heat treatment temperature is 460 °C, the
emission peak is the highest, and the green emission at 519
nm is the strongest, as shown in Fig. 5(b). When the
temperature rises from 440 °C to 500 °C, the position of
the PL peak first moves from 498 nm to 525 nm, and the
FWHM is 21-24 nm, indicating that the size distribution
of the prepared sample is narrow. Besides, the peak shift
reaches the limit at 480 °C, when the temperature rises to
500 °C, the peak shift does not occur, but the intensity of
the peak decreases. When the temperature continues to rise
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to 520 °C, the emission peak moves from 525 nm to 520
nm with blue shifts [37]. The reason why the red shift
occurs first is that when the temperature is low, the growth
of QDs microcrystals in borosilicate is slow, the
crystallinity is low and the reaction is not sufficient,
generating the poor PLQY. When the temperature
increases gradually, the reaction rate of QDs in the
borosilicate matrix accelerates, which effectively promotes
the formation of crystal and increases the PLQY. When
the temperature is too high, the defects of the QDs will be
guenched, which reduces the luminous efficiency, leading
to the lower PLQY and the spectrum blue shift. Therefore,
CsPbBr; QDs microcrystals the highest degree of
crystallinity when heat-treated at 460 °C, which shows
strong green light.
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Fig. 5. (a) CsPbBr; QDs microcrystals emission spectra under different heat treatment for 5 h; (b) Emission peak
location map for heat treatment at different temperatures (color online)

3.4. CIE chromaticity coordinate analysis

Fig. 6(a) is a picture of CsPbBr; QDs microcrystals
excited by ultraviolet light at 365 nm after secondary
heating. It can be seen that the luminescent intensity of
QDs are blue-green after no treatment and low
temperature (440 °C) treatment. With the increasing of
temperature (440 °C ~500 °C), the luminescent intensity
of QDs increases significantly. Especially when the
temperature is 460 °C ~480 °C, the QDs microcrystals
emit dazzling green light. It is confirmed that the
emission peak intensity of the emission spectrum is
high when the temperature is 460 °C ~480 °C, and the
microcrystals begin to decrease when the temperature is
further increased. Fig. 6(b) shows the chromatogram
coordinates of CsPbBr; QDs microcrystals. When the
temperature is too low, the color coordinates are displayed
in the cyan blue region. At 440°C, the color coordinates
are (0.0711,0.4394). At this time, the green light intensity
of quantum-dot microcrystals is low. With the increase of

temperature, the quantum-dots grow rapidly. At 450 °C,
the color coordinates shift to the light green region, and
the coordinates are (0.0721,0.9049). When the heat
treatment temperature is 480 °C~500 °C, the color
coordinates move to (0.1472,0.7771) and (0.1486,0.7713).
At this time, the color coordinates are in the dark green
area, which has purer green light emission than the color
coordinates of 440 °C~ 460 °C. When the temperature
rises to 520 °C, the color coordinates move to
(0.1049,0.6983), and the color coordinates are still in the
green emission area. By studying the fluorescence decay
lifetime of the samples, we can further understand the
effects of different concentrations of Fdoping on their
photo physical properties. Fig. 6(c) is the time-resolved
lifetime curves of CsPbBr; QDs microcrystals doped with
different F concentrations are fitted by a double
exponential decay model. The model is calculated
according to the following equation:
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F(x)=A* exp(—é) + A, sexp(-2) +C
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The lifetime of pure SrF, doped microcrystals
increases from a minimum of 4.04 ns to 14.42 ns, which
enhances the lifetime decay time. Fig. 6(d) shows the
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PLQY of different concentrations of F~ doping (record the
samples as S1 ~ S5). When the concentration is pure SrF,
doping, the quantum-yield is 44.81%, reaching the highest.
It emits strong green light under 365 nm UV irradiation.

Therefore, the microcrystals of CsPbBr; QDs doped
with fluorine can still emit green light with high intensity
even at high temperature, which shows that such materials
can still maintain their own excellent luminescent
properties at high temperature, lying a foundation for the
preparation of high-power, long-life powder solid-state
luminescent devices in the future.
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Fig. 6. (a) CsPbBr; QDs microcrystals physical picture at different temperatures; (b) CIE chromaticity coordinate diagram;
(c) Time-resolved PL decay profiles of F-doped CsPbBr; QDs microcrystals; (d) The PLQY of CsPbBr;: F QDs
microcrystals (color online)
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4. Conclusions

The effect of different concentrations fluorine doped
borosilicate microcrystals on the optical properties of
CsPbBr; QDs was investigated by a novel melting and
cooling technology. XRD results confirmed that the QDs
crystallites were successfully doped inside the borosilicate
crystallites. TEM shows that the QDs are effectively
formed in borosilicate microcrystals, and the average size
of CsPbBr; QDs after statistics is 3.11 nm. The spectrum
can be adjusted by controlling different reaction
temperature, and the emission peak of QDs is extremely
high at 460 °C. It can be seen from the CIE chromaticity
coordinate diagram that when the temperature is between
480 °C and 500 °C, the fluorine doped borosilicate
microcrystals exhibits strong green emission. When the
temperature rises even higher, the color coordinates
remain in the green emission region, which demonstrates
the thermal stability of CsPbBr; QDs. The lifetime of pure
SrF, doped microcrystals increases from a minimum of
4.04 ns to 14.42 ns, which enhances the lifetime decay
time, and the PLQY increased to 44.81%. CsPbBr; QDs
microcrystals show excellent luminescent properties and
thermal stability, revealing great development prospect in
the field of high-power, long-life powder solid-state
lighting.
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