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Abstract: Owing to their composition-tunable and narrow emissions and high photoluminescence
quantum yield (PLQY), inorganic halide perovskite quantum dots (IPQDs) are a promising option for
wide color gamut displays. However, their practical applications have been limited by their lattice
structure instability and surface defect states. Herein, CsPbBr;:KBF,@SiO, with improved stability
and optical properties is successfully synthesized with a two-step optimization of fluorine (F) anion
doping and SiO; in situ coating. Compared with bromide (Br), higher electronegativity and a smaller
radius of F lead to stronger binding energy with Pb?*. Also, F anions can occupy surface Br vacancies.
Then, benefiting from the acidic environment provided by BF;~ hydrolysis, tetraethyl orthosilicate
(TEQOS) can be more easily hydrolyzed on the CsPbBr3:KBF, surface to generate SiO, coating, thus
further passivating lattice defects and improving environmental stability. Importantly, the PLQY of
CsPbBr3:KBF4@SiO; achieves 85%, and the stability has been greatly improved compared with pure
CsPbBr;. Finally, CsPbBr3:KBF4@SiO, /PDMS, CsPbl; /PDMS, and CsPbCls /PDMS composites with
narrow emissions are applied to replace traditional phosphors as color converters for direct-view light-
emitting diode (LED) displays or liquid crystal display (LCD) backlights. The color gamut reaches
118.22% under the NTSC standard. Concerning the display field, it suggests likely applications in
the future.
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1. Introduction

Sought after in the world of semiconductor nanomaterials are metal halide perovskites
(MHPs) comprising an ABXj3 structure [1-4]. For optoelectronic devices, inorganic per-
ovskite quantum dots (IPQDs), among MHPs, are especially fitting due to their extraordi-
nary features, including low excitonic binding energy, narrow emission spectra, and high
photoluminescence quantum yields (PLQYs), among several others [5,6]. There has been
much interest in these properties, leading to an expansion in the research regarding their
applications, namely displays [7,8], solar cells [9,10], photodetectors [11,12], light-emitting
diodes (LEDs) [13,14], sensors [15,16], and so forth.

However, perovskite nanocrystals (NCs) may undergo lattice decomposition when in
contact with oxygen, moisture, or high temperature due to their lattice structure instability
and surface defect states [17,18]. Therefore, strategies to improve stability are pivotal to
their commercial application [19-21]. Many attempts have been presented to confront these
issues [22,23]. Some widely used strategies are surface modification [24], coating [25], or
doping [26], etc. According to Li et al., compared with the inner nanocrystal core, fluorine
(F)-rich surfaces have a larger energy gap, resulting from post-synthesis treatment with F
anions. This achieves efficient charge injection, enhanced thermal stability, and suppressed
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carrier trapping [10]. With an outmost PS shell, an intermediate layer of the SiO, shell, and
an inter-core of CsPbBr3, organic-inorganic double-shell CsPbBr;@SiO,@polystyrene (PS)
NCs were synthesized through a practical approach, as reported by Hong et al. Under
85% relative humidity (RH) in 85 °C or irradiation with a UV lamp for a month, over 90%
of the initial PL intensity of the CsPbBr;@SiO,@PS NCs was preserved [27].

In this work, we successfully synthesized CsPbBr3:KBF;@SiO; NCs with improved
performance and stability with a two-step optimization of F anion doping and SiO; in
situ coating. The presence of BF4~ provides an environment that is more conducive to the
hydrolysis of silica monomers (tetraethyl orthosilicate, TEOS). The results show that the
synthesized CsPbBr;:KBF,@SiO, exhibit an enhanced PLQY of 85% and environmental
stability. Beyond that, CsPbBr;:KBF,@SiO, /PDMS, CsPblz /PDMS, and CsPbCl; /PDMS
composites with narrow emissions can replace traditional phosphors as color converters.
The three-primary-color (TPC) LEDs provide a wide color gamut of 118.22% under the
NTSC standard. In the display field, this is anticipated to demonstrate great applications.

2. Experimental Section

Materials: The materials included cesium carbonate (99.9%, Sigma-Aldrich, St. Louis,
MO, USA), oleic acid (90%, Sigma-Aldrich, St. Louis, MO, USA), octadecene (90%, Sigma-
Aldrich, St. Louis, MO, USA), oleylamine (80%~90%, Aladdin, Seattle, WA, USA), lead
(II) bromide (99%, Aladdin, Seattle, WA, USA), polydimethylsiloxane (Mw = 25,000, Dow-
corning, Midland, MI, USA), toluene (99%, Sigma-Aldrich, St. Louis, MO, USA), tetraethyl
orthosilicate (99%, Aladdin, Seattle, WA, USA), and potassium tetrafluoroborate (99%,
Aladdin, Seattle, WA, USA).

Synthesis of CsPbBr3 nanocrystals: First, CsCO3 (0.203 g), ODE (10 mL), and OA (1 mL)
were mixed extensively into a 50 mL three-necked flask under nitrogen. Then, the mixture
was treated by vigorous magnetic stirring for 1 h at a temperature of 120 °C. Then, PbBr,
(0.0745 g) and ODE (12 mL) were added into a dry 50 mL three-necked flask, and argon
was passed into the flask at 80 °C for 1 h. Then, the temperature was raised to 120 °C.
Oleic acid (0.5 mL) and oleamine (1.5 mL) were added at a ratio of 0.5:1.5. When the PbBr,
was completely dissolved, the temperature was raised to 180 °C, and 1 mL cesium oleate
was quickly added. After reaction for 1 min, the liquid was cooled in a water bath. After
cooling to room temperature, a three-neck flask was taken out, and the reaction mixture
was poured into a dry centrifuge tube. And the mixed solution was centrifuged several
times at a speed of 8500 for 8 min. The supernatant after centrifugation was re-dispersed in
toluene and stored for later use.

Synthesis of CsPbBr3:KBF4 nanocrystals: The synthesis procedure is the same as the
above synthesis method, except that 0.0012 g KBF, is added to the precursor solution.

Synthesis of CsPbBr3:KBF,@5i0;: 0.13 mL silica precursor (TEOS) was added to the
prepared CsPbBr;:KBF,; nanocrystal solution and stirred at room temperature with the lid
open for 12 h.

Synthesis of CsPbBr3:KBF@5i0,/PDMS: The prepared CsPbBr;:KBF,@SiO; were mixed
with PDMS copolymer solution under stirring for 30 min to obtain a uniform viscous
solution. The resulting solution was then poured onto a temporary Teflon mold and placed
in a vacuum drying oven to evaporate the solvent until a yellow composite gel was formed.
Finally, the composite material was peeled off for further use.

Characterization: The TEM observations were performed with a FEI TECNAI G2 F20
(FEI Corporation, Hillsboro, OR, USA). The ultraviolet—visible (UV-vis) absorption and
photoluminescence (PL) spectra were tested with F-4600 (Hitachi, Tokyo, Japan) and UV-
3600 (Shimadzu, Japan), respectively. The X-ray diffraction (XRD) patterns were collected
by using DY1602/Empyrean (Panaco, Dutch, Beersel, Belgium). The Fourier transform
infrared (FTIR) patterns were collected by using Nicolet iS50 (Thermo Fisher Nicolet,
Waltham, MA, USA). X-ray photoelectron spectroscopy (XPS) patterns were collected
by using Escalab 250 (VG, Seattle, WA, USA). Time-resolved photoluminescence (TRPL)
readings were collected with FLS980 (Edinburgh Corporation, Scotland, UK).
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3. Results and Discussions
3.1. Preparation and Characterization

Through the traditional hot injection method, we prepared the CsPbBr; nanocrystals.
Prior to allowing them to grow after cooling, the QDs were nucleated at a high temperature
as a core principle [28]. Specifically, this can be summarized as follows: the pre-prepared
Cs-oleate precursor solution was injected into the ligand solution at a high temperature,
and then nucleation was achieved in a very short time. The preparation process of CsPbBrs:
KBF,4@Si0O, is shown in the picture in Figure 1 below. F-doped IPQDs were firstly syn-
thesized in Step I and Step II, and then TEOS was added for in situ coating (shown in
Step III). The difference between CsPbBr3 and CsPbBr3:KBF, in the synthesis step is that
KBF; is added in the preparation of the precursor of Cs-oleate precursor, where the ratio
of bromide (Br) to F is around 8%. It has been suggested in the literature that further
overuse of F precursors leads to the degradation of the perovskite structure [10]. Then,
the precursor solution was quickly injected into the PbBr; solution at a high temperature,
and the CsPbBr;:KBF, solution was obtained after cooling. In order to further stabilize
the lattice and passivate the defects, we added monomer TEOS to CsPbBr3:KBF, to obtain
CsPbBr3:KBF4@SiO;. It is worth mentioning that the modification of KBF4 on the surface
of CsPbBrj is more conducive to the hydrolysis of TEOS to SiO,. The reason for this is that
BF;~ shows an acidic environment under the action of water molecules, and TEOS is more
easily hydrolyzed to SiO, under acidic conditions [29]. Provided by acid, the protons will
merge with water molecules to produce hydrated protons. Then, accordingly, under acidic
conditions, the tangs of the alkoxy group will first encounter this group’s electrophilic
attack. It must be noted that, in the TEOS molecules, this alkoxy group has relatively
high electron cloud density. Facilitating the breaking of Si-OR bonds in TEOS molecules
is the protonation of the whole alkoxy group due to the abovementioned process. With
a positive charge, H" is fundamentally a proton. The Lewis acid-base theory postulates
the tendency of hydrogen ions to accept pairs of electrons. In this case, H" can combine
with water molecules with a pair of lone electrons to form a stable hydrogen bond and
generate hydrated protons, also known as antimony ions, which are conducive to attacking
alkoxy groups.
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Figure 1. The preparation flow chart of the CsPbBr;:KBF;4@SiO;.

As shown in Figure 2, the morphologies and structures of CsPbBr3, CsPbBr3:KBF;,
and CsPbBr3:KBF,@S5iO; were characterized by TEM and high-resolution TEM (HRTEM),
respectively. The synthesized CsPbBr; and CsPbBr;:KBF4 show an approximately cubic
shape with a lattice spacing of 0.58 nm, corresponding to the (100) plane of cubic CsPbBrs.
The CsPbBrj; core of CsPbBr;:KBF4@SiO; also has a lattice spacing of 0.58 nm, indicating
that the CsPbBr; did not undergo lattice shrinkage during the coating process. The stability
differences between CsPbBrjs, CsPbBr;:KBF,, and CsPbBr;:KBF,@SiO, can also be seen
from the behavior of the three samples under an electron microscope. Firstly, the small black
dots in Figure 3a are heavy metal elements (Pb) damaged by the electron beam, while the
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black dots in Figure 3b,c gradually decrease, indicating that the samples are becoming more
and more stable to the electron beam. Secondly, by comparing their HRTEM images, we
can find that part of the lattice of the CsPbBrs will be broken down under the bombardment
of high-energy electron beams (red dashed coil), resulting in lattice loss. The lattice fringes
of CsPbBr3:KBF, and CsPbBr3:KBF,@SiO; are clearly visible under high-power lenses and
are not easily decomposed by electron beams. From the side, we can judge the difference in
stability of the three materials.

Figure 2. TEM images of (a) CsPbBrs, (b) CsPbBr3:KBF,, and (c) CsPbBr3:KBF,@SiO;. (d—f) show
the corresponding HRTEM images of CsPbBr3, CsPbBr;:KBF,, and CsPbBr3:KBF4@SiO,.

Figure 3. The elemental mappings of CsPbBr;:KBF,@SiO;.
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The compositional distributions of the NCs were further investigated by energy-
dispersive X-ray spectroscopy (EDS). The energy spectrum (Figure S1) and elemental
mapping images (Figure 3) show that Cs, Pb, Br, B, F, K, Si, and O elements were all
detected, thus proving the formation of CsPbBr3:KBF4 and CsPbBr;:KBF;@SiO;. Among
them, the element distribution profile of the boron (B) element is not sufficiently obvious;
this may be because the relative mass of the B element is too light, and the detection
accuracy is not high [10]. However, the B element exists in the form of BF;~, and the
element distribution of F is clear, which can explain the doping of KBF, well. The same
phenomenon has been observed for the Si element, possibly because of the substrate used
for the test. The reason why the element mapping figures have a certain blurriness may be
described as follows: (1) The organic ligands on the surface of NCs will carbonize under
electron beam bombardment for a long time, which will cause blurred vision. (2) The
perovskite material itself is not stable enough under the bombardment of the electron beam
for a long time, so the accuracy of the test is reduced.

XRD was used to monitor the structural evolution of the NCs during the synthesis
process (Figure 4a). The CsPbBr; NCs show main diffraction peaks at 15.2°, 21.5°, and
30.7°, which correspond to the diffraction of the cubic CsPbBr3 (100), (110), and (200) planes
(PDF#75-0412), respectively. In CsPbBr;:KBF; and CsPbBr3:KBF4@SiO;, it is possible to
observe each of these diffraction peaks, implying that throughout the coating process
no phase change transpires, and good phase stability and crystallinity are exhibited by
the sharp peaks of CsPbBr;:KBF,@SiO, composites [30]. In addition to this, potentially
associated with the high crystallinity of CsPbBr; NCs are the unobtrusive characteristic
peaks of a limited quantity of amorphous silica. The half-height and width of the diffraction
peaks gradually narrow, indicating high crystallinity and good crystal quality. These results
verify the significance of the F doping and coating strategy from the side [31].

R Y, —
b) ——
-
G
CsPbBr, KBF, 3
MLMM =
s
p=1
(110) (002) £
CsPbBr, KBF,@Si0, | 2
-1
= SLOH |
T e HO-S1 -pbBr,:KBF,@SiO,
10 20 30 40 50 60 500 1000 1500 2000 2500 30'001 3500 4000
260 (°) Wavenumber (cm )

Figure 4. (a) XRD patterns and (b) FTIR spectra of the CsPbBr;, CsPbBr3:KBF4, and CsPbBrj:
KBF,4@SiO;.

The FTIR spectra of CsPbBr3, CsPbBr;:KBF,, and CsPbBr;:KBF,@SiO, are shown in
Figure 4b. Each red star represents the functional group corresponding to the wavenumber
at that position. The N-H stretching vibration at 3420 cm~! and the C=O stretching
vibration at 1720 cm ™! should be attributed to the oleic acid and oleylamine surface ligands.
The characteristic FTIR absorption band of B-F is in the range of 1000-1100 cm~?, which
proves the successful doping of the F element. For CsPbBr3:KBF4@SiO,, Si-O-Si and Si-OH
stretching vibrations can be observed at about 1050 cm ! and 960 cm ! [10]; the coating of
5i0; is also further proved.

Figure 5 shows the UV-vis absorption and PL spectra of the prepared CsPbBrs,
CsPbBr;:KBF,, and CsPbBr;:KBF,@SiO, dispersed in toluene solution. With 17.2 nm as
the full width at half maxima (FHWM) and 514 nm as the peak wavelength, CsPbBr3 has a
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symmetric and unique PL spectral peak. Moreover, the PL spectral peak of CsPbBr3:KBF, is
located at 515 nm, and the FHWM is 16.1 nm. The PL spectral peak of CsPbBr;:KBF,@S5iO,
is located at 517 nm, and the FHWM is 17.9 nm. The reason for the wavelength redshift
and the FHWM widening before and after the SiO, coating is the partial agglomeration of
NCs [32]. The SiO;, is easy to agglomerate in the treatment process due to the large surface
energy. The reason for the redshift of the emission spectrum compared with the absorption
spectrum is that the excited molecules undergo vibration relaxation and internal conversion
before the emission of fluorescence and lose part of their energy [33]. Here, it is worth
mentioning that we believe that the phenomenon of the inclined rise of the absorption
spectrum in Figure 5¢c may be attributed to the introduction of polymer impurities. Through
numerous experimental tests, we found that if the NCs are not purified or there are other
impurities in the surfaces of NCs, the baseline tilt will rise.

(a) CsPbBr, (b) \ CsPbBr,:KBF,
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Figure 5. UV-vis absorption and PL spectra of the prepared (a) CsPbBr3, (b) CsPbBr3:KBF,, and
(c) CsPbBr3:KBF4@SiO,. (d) Comparative relationships between the PLQY of CsPbBrj, CsPbBr3:KBF,,
and CsPbBr3:KBF,@SiO,.

The PLQYs of the CsPbBrz, CsPbBr3:KBF,, and CsPbBr3;:KBF,@SiO, are 46%, 64%,
and 85%, respectively. Figure 5d shows the comparative relationships between the PLQY of
CsPbBrj;, CsPbBr;:KBF,, and CsPbBr3:KBF;@SiO,. We can find that CsPbBr;:KBF,@SiO,
with an improved PLQY can be successfully prepared with the two-step (Step I and Step II)
optimization of F anion doping and SiO; in situ coating.

3.2. Performance and Stability Analysis

By comparing the PLQY of the CsPbBr3, CsPbBr;:KBF,, and CsPbBr;:KBF,@Si0O,, it
can be found that they have two steps of promotion. F doping provides the first step of
optimization, and SiO, coating provides the second step of promotion.

Figure 6 shows the XPS measurement of CsPbBr;, CsPbBr;:KBF,;, and CsPbBrj:
KBF4@SiO, and the corresponding Pb4f high-resolution spectra. The full spectrum of
the CsPbBr3;:KBF, shows Cs, Pb, Br, C, O, K, B, and F elements, verifying the doping of
KBF4. CsPbBr3:KBF,@SiO, shows Si, O, and C elements. The elements of Cs, Pb, and Br
cannot be detected in the whole spectrum, and the content of the O element increases,
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indicating the in situ coating of S5iO;. One of the standardized surface analysis techniques
is known as XPS. While X-rays can go deep into the sample, only photoelectrons that come
from a thin layer near the sample’s surface can escape. That may be the reason why Cs,
Pb, and Br cannot be detected in CsPbBr3:KBF;@SiO,. The high-resolution XPS spectra of
Pb4f for three samples are shown in Figure 6d—f. We used the Gaussian Lorentz mixing
function to fit the Pb4f orbit by peaks, where the white circle points are the measured data
and the solid lines are the fitted data. The Pb?* 4f; /2 and Pb?* 4f5 /2 binding energies of
CsPbBr3 and CsPbBr3:KBF, decrease from 138.32 and 143.22 eV to 138.15 and 143.05 eV,
respectively. The low energy shift indicates that the electron density is increasing. The BF4~
group eliminates the possibility of exciton trapping the vacancies of the Br, which firmly
binds to the exposed Pb2* to form a stable bond, and the Pb2* obtains electrons, so that the
binding energy is shifted to the low energy, that is, its electron density is increased [34,35].

(a) Cls (b) Cls (C) 01s
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Figure 6. XPS spectra of the prepared (a) CsPbBrj, (b) CsPbBr;:KBF,, and (c) CsPbBr;:KBF,@SiO;.
Pb4f high-resolution XPS spectra of (d) CsPbBr3, (e) CsPbBrs:KBFy, and (f) CsPbBr;:KBF,@SiO;.

In order to further verify the passivation of defect states by F doping and SiO, coating,
the TRPL of CsPbBrj, CsPbBr3:KBF,, and CsPbBr;:KBF;@5iO, were recorded. Figure 7
illustrates the findings, and Table 1 itemizes the obtained parameters. The biexponential
equation offers a great fit to the PL decay curves. The decay times 11 are 9.2, 8.6, and 7.9 ns,
and T2 are 36.8, 39.6, and 43.9 ns for CsPbBr3, CsPbBr3:KBF,, and CsPbBr;:KBF,@SiO,,
respectively. In sequence, 18.2, 21.0, and 25.8 ns were the average decay times. Linked
to the long-lasting radiation recombination process [36,37], the 12 values post-F doping
rose to 39.6 ns from 36.8 ns. Then, post-SiO; coating, they increased to 43.9 ns from 39.6 ns.
By contrast, T1 displayed a different transformation, specifically during post-SiO, in situ
coating and post-F anion doping, where a significant suppression of the nonradiative
recombinations occurred. It has been documented that a decrease in surface traps results
in longer lifespans [1,14]. F anion doping and SiO; in situ coating were optimized in two
steps. Afterward, concerning the CsPbBr; NCs, their surface defects were passivated, as
indicated by the changes in t1 and 2.
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Figure 7. (a) TRPL decay curves of CsPbBr3, CsPbBr3:KBF,, and CsPbBr3:KBF,@SiO;. (b) Defect
state passivation diagram of CsPbBr;:KBF,@SiO;.

Table 1. TRPL data for CsPbBr3, CsPbBr3:KBF,, and CsPbBr3:KBF,@SiO,.

Fitting Parameter CsPbBr3 CsPbBr3:KBF, CsPbBr3:KBF;@SiO,
71 (ns) 9.2 8.6 7.9
T2 (ns) 36.8 39.6 439

As previously analyzed, the doping of F and the coating of SiO, can not only form a
strong combination with Pb?* but also occupy the passivation defects of Br vacancies. This
two-step performance optimization improves luminescence performance and also stabilizes
the lattice to improve stability. We placed the three samples in the environment for 30 days
and observed the environmental stability of the three samples. As shown in Figure 8, for
CsPbBrs3, the PL decays to 34% of its original value; for CsPbBr3:KBF,, the PL decays to
71% of the original; for CsPbBr3:KBF,@SiO;, PL decays to 83% of the original. It is worth
mentioning that CsPbBr;:KBF;@SiO; had a phenomenon of fluorescence enhancement at
the initial stage, which is mainly due to the certain degree contact between the NCs and air.
The surface defects on the surface of the NCs can be passivated by an oxidation reaction, so
that the electrons can be re-filled in the conduction band, thus enhancing the fluorescence
characteristics. This phenomenon is commonly known as photoactivation [38,39]. Due
to steric hindrance of the organic ligand and the weak bond between the raw material
compound in the process of perovskite synthesis, there are many defects and overhanging
bonds on the surface of NCs. In addition, the magnetic agitation process during hydrolysis
to generate SiO;y, as well as the interaction between protic solvents, may also lead to the
separation of some ligands from the surface of the NCs. When exposed to light, water, or
oxygen, the surface of the nanomaterial is photooxidized, and some surface defects are
passivated through an oxidation reaction, resulting in a certain degree of improvement in
fluorescence efficiency. However, this phenomenon generally only exists in the contact of
trace amounts of water and oxygen with NCs, which plays a positive role in perovskite
materials. CsPbBr; and CsPbBr3:KBF, did not show a similar photoactivation phenomenon,
which is mainly because NCs without SiO; coating protection are exposed to more water
and oxygen, destroying the core of the lattice and causing it to degrade. As time goes on,
regardless of whether there is a SiO; coating, the NCs will come into contact with more
and more water and oxygen and will also show a decrease in fluorescence. This may be the
reason why the fluorescence of CsPbBr; and CsPbBr;:KBF, continues to decline over time,
while the fluorescence of CsPbBr3:KBF,@SiO; first increases and then decreases.
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Figure 8. PL stability of (a) CsPbBr3 (b) CsPbBr3:KBF,, and (c) CsPbBr;:KBF,@SiO;.

3.3. LED Application

In LCD backlights or direct-view LED displays, perovskite materials are viable alter-
natives for color conversion [40,41]. The difference is that the direct-view LED display is
usually self-emissive, and the LCD requires an LED backlight. Furthermore, high-color-
purity LED sources are essential. To address this, the three-primary-color-converted LED
sources were prepared. CsPbBr3:KBF;@5iO, was used as the green color conversion mate-
rial. CsPbl; and CsPbCl; were obtained from our previous work as the red and blue color
conversion materials. For this experiment, the color conversion layers were prepared for
bare UV LEDs by mixing polydimethylsiloxane (PDMS) and TPC PQDs [42]. The corre-
sponding pictures when lit up and the spectra of the TPC LEDs are depicted in Figure 9a—c.
Using the 1931 chromaticity diagram of the Commission Internationale del’Eclairage (CIE),
the prepared LEDs and their chromaticity coordinates are shown in Figure 9d. Concerning
the color gamut of the TPC LED sources, the National Television Standards Committee
(NTSC) standard was utilized for a more exhaustive assessment. The combination of the
long dashed line and the solid line forming triangles stands for the 100% NTSC standard
and the color gamut of the LED display, respectively. The NTSC standard allows the color
gamut to reach 118.22%, showing promise for prospective applications in the display sector.

Due to the strong sensitivity of perovskite materials to environmental factors, the
stability of devices based on these materials also needs to be improved. Compared with
bare CsPbBrs, this work has improved the stability of green NCs through the two-step
optimization of F doping and SiO; coating. The combination of PQDs and PDMS is equiva-
lent to providing PQDs with another physical barrier to resist performance degradation
caused by environmental factors. Figure 9e evaluates the working time of manufactured
three-color LEDs. The UV LED itself can provide a working time of more than 30,000 h, so
the effective working time of the color conversion LEDs depends on the perovskite color
conversion layers. The current and operating voltage of the LED in this experiment were
roughly 200 mA and 2.2 V. The fluctuations in the light intensity of LEDs can be tracked
to discover their working life. The dashed line marks the effective working time when
the light intensity falls to half of the initial rate, which is known as T5sy. Additionally, the
Tso of the red, green, and blue LEDs was measured to be 21 min, 39 min, and 13 min,
respectively. Figure 9e shows a photograph of the lighting device (initial status and Tsg
status). Considering the actual application scenarios of LEDs, the high-temperature en-
vironment at work is an important factor that threatens their performance. As a result
of lattice instability, perovskite materials make phase separation easily accessible when
exposed to prolonged UV excitation and high temperatures, leading to the quenching
of fluorescence and a decrease in light intensity. Blue, green, and red LEDs have a final
effective life of 24 min, 66 min, and 41 min, respectively.
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Figure 9. (a—c) The spectra of the three-primary-color LEDs and their working photographs. (d) The
CIE chromaticity diagram of the LEDs compared with the NTSC. (e) The operation stability of the
blue LED, red LED, and green LED. Under a drive current of 200 mA and 3.2 V, the devices in the air
were activated or lit. (f) Photograph of the lighting device (initial status and T status).

4. Conclusions and Outlook

In summary, CsPbBr;:KBF,@SiO, with improved stability and optical properties is
successfully synthesized with a two-step optimization of F anion doping and SiO, in
situ coating. F anions have stronger chemical binding with Pb?*. Also, F anions can
occupy surface Br vacancies and reduce surface defects. Then, benefiting from the acidic
environment provided by BF;~ hydrolysis, SiO; forms a coating on the surface to further
stabilize the lattice and passivate surface defects. The PLQY of CsPbBr3:KBF4@SiO, reached
85%, and the stability was greatly improved compared with pure CsPbBr3. In the end, color
converters replaced traditional phosphors through the CsPbCl; /PDMS, CsPbl;/PDMS,
and CsPbBr3:KBF,@SiO, /PDMS composites with narrow emissions. The NTSC standard
yielded 118.22% in terms of color gamut. This work may shed some new light on the
high-performance LED display and LCD backlight field.

Compared with organic polymers, oxides have better thermal stability and mechanical
properties, especially SiO,, so it is often used as an excellent coating material to improve
the stability of perovskite NCs. However, there are also tough problems in the application
process that need to be further improved: (1) Due to the large surface energy of SiO,,
it is easy to agglomerate in the treatment process, forming large aggregates, which will
reduce the optical performance and stability of perovskite materials [43]. (2) SiO; is a
hydrophilic material [44]; in this case, improving the internal perovskite material’s water
stability necessitates additional hydrophobic treatment.

Given their remarkable photoelectric properties, a promising future in the field of
photoelectric display awaits all inorganic cesium lead halide perovskite NCs, specifically
regarding their wide range of possible applications. However, the realization of high-quality
and high-stability optoelectronic devices towards commercial applications still needs to
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be further studied in terms of material properties and the luminescence mechanism in
the future.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/photonics10101113/s1, Table S1: Full title and abbreviation; Figure S1:
EDS energy spectrum of the CsPbBr3:KBF4@SiO,.
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