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Abstract: Nowadays, the excellent performance of metal halide perovskite quantum dots (PQDs) has
been demonstrated, but the stability is still a perplexing issue. In this paper, the CsPbBrs QDs were
assembled into SBA-15 for the first time. The thermal stability and photoluminescence (PL) intensity
of SBA-15@CsPbBr; QDs were improved. The PL spectra of pure CsPbBrs QDs have red-shift (~6 nm)
with the increasing temperature. However, that of SBA-15@CsPbBr; QDs have almost no red-shift.
The PL intensity of SBA-15@CsPbBr3 QDs decreased slightly after heating and cooling for several
times. By comparison, the PL intensity of pure CsPbBrs QDs decreased more significantly. The
experimental results showed that SBA-15 played a significant role in improving the thermal stability
of PQDs, which will have an excellent potential for the application of PQDs in the future.

Keywords: CsPbBr3 QDs; SBA-15; thermal stability

1. Introduction

Recently, the global demand for lighting, display and other fields has increased
sharply [1]. It has been found that semiconductor light-emitting diodes (LED) are more
energy efficient than traditional lighting display devices [2-4]. However, LED devices
made from conventional inorganic semiconductor materials need to strictly control the
preparation conditions, and their production and efficiency are limited by high production
costs and high ohmic contact resistance [5-7]. Organic light-emitting diodes (OLED), by
contrast, greatly improve the relevant performance, but their efficiency will be reduced
at high current densities [8]. Therefore, perovskite has been widely concerned in the
field of optoelectronics due to its advantages of tunable band gap, high light absorption
coefficient, small exciton binding energy and high charge mobility. It is generally believed
that perovskite materials an ideal direct band gap semiconductor as raw material for light-
emitting devices [9]. Metal halide perovskites (MHPs) have become a new generation of
light-emitting materials due to their fantastic optoelectronic properties, such as high color
purity, tunable band gaps, bipolar conduction, etc. [10].

Semiconductor quantum dots (QDs) are becoming the focus of research due to their
unique properties [8,11-13]. Quantum limiting effect is the most significant characteristic
of QDs [14,15]. The three-dimensional (3D) quantum limiting effect of carriers in quantum
dots is caused by low density of state and high energy level sharpness, which also changes
the electrical and optical properties of quantum dots [16]. Semiconductor QDs have an
excellent promise for wide application such as in single electronic devices, memory devices
and various optoelectronic devices due to the properties above [17].

Metal halide perovskite quantum dots are zero-dimensional nano materials, which
have tunable emission spectrum, high light stability and long fluorescence lifetime due to
quantum limiting effect [18]. Especially, lead halide perovskite nanocrystals are suitable for
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solid-state lighting and high-definition display applications due to their wide color gamut
(NTSC = 140%) [19,20], high color purity [21], as well as facile synthesis methods [22-25].
The external quantum efficiency (EQE) of LEDs based on perovskite quantum dots mainly
depends on the quality of the luminescent layer, and the quality can be improved by
optimizing the preparation method and adjusting the composition [26-30]. Compared with
2D and 3D perovskite, the perovskite quantum dot films have many advantages, such as
high color gamut, pure color, stable performance and so on. Therefore, the photovoltaic
devices based on the perovskite quantum dot films will have better performance [31].
However, the thermal stability of PQDs has been restricting their development [32].

There are many factors which are affecting the thermal stability of PQDs, the most
important is the uneven grain size distribution [33], which leads to the increase of defects
in the crystal. During the continuous heating process, the internal stress inhomogeneity
of PQD lattice begins to produce, which makes the lattice distorted until the perovskite
structure begins to collapse [34]. Therefore, we believe that the fundamental way to solve
this problem is to adopt a new method to synthesize quantum dots [35-37], so that their
grain distribution is more uniform with good dispersion. Template synthesis is one of the
feasible methods at present, which is using mesoporous materials as template to make the
synthesized PQDs’ grains have better dispersion, thus reducing the internal defects of the
crystal lattice, greatly reducing the internal stress of the crystal lattice and improving the
thermal stability [38,39].

SBA series mesoporous silicon materials are named from the University of California,
Santa Barbara, which is the abbreviation of Santa Barbara amorphous [40]. Among them,
SBA-15 is more famous. SBA-15 is a mesoporous silica with a fine pore diameter arrange-
ment and controllable pore diameter between 5 to 15 nm [41]. SBA-15 compared with
older mesoporous silica has larger pores and thicker walls (3.1-6.4 nm), these make SBA-15
yields with good thermal, mechanical stability and chemical resistance properties [42]. The
structure of SBA-15 is an ordered hexagonal and it was also synthesized using triblock
copolymer. The surface area of neat SBA-15 could be up to 650 m?/gr [43,44].

In this paper, we synthesized the PQDs by ligand assisted precipitation (LAPR)
method at room temperature and using SBA-15 as a template. By using SBA-15 as a
template, the growth of PQDs during the preparation process was strictly controlled
to make its crystallization more uniform, thus improving the thermal stability and the
intensity of PL spectra of PQDs.

2. Materials and Methods
2.1. Experimental Materials

Cesium bromide (CsBr, 99.9%, Aladdin Industrial Corporation, Shanghai, China),
lead (II) bromide (PbBry, 99.0%, Aladdin Industrial Corporation, Shanghai, China), oleic
acid (OA, 90%, Aladdin Industrial Corporation, Shanghai, China), oleylamine (OLA, 90%,
from Aladdin Industrial Corporation, Shanghai, China), N,N-dimethylformamide (DMF,
99.9%, Sigma-Aldrich, Shanghai, China), hexane (99%, Aladdin Industrial Corporation,
Shanghai, China), ethyl alcohol (99.7%, Aladdin Industrial Corporation, Shanghai, China),
1-octadecene (ODE, 99.5%, Aladdin Industrial Corporation, Shanghai, China) SBA-15 (6-
11nm, Jiangsu XFNANO Materials Tech, Nanjing, China), KnNaj-,((AlO2)12(5i03)12)-xH,O
(molecular sieves, 3 A, Aladdin Industrial Corporation, Shanghai, China). DMF (Sigma-
Aldrich, Shanghai, China), hexane (Aladdin Industrial Corporation, Shanghai, China),
ODE (Aladdin Industrial Corporation, Shanghai, China) and ethyl alcohol (Sigma-Aldrich,
Shanghai, China) are added to KnNajz.n((AlO2)12(S5i02)12)-xHO.

2.2. Synthesis of CsPbBrs; QDs

As shown in Scheme 1, perovskite nanocrystals were synthesized by LAPR method at
room temperature; 0.043 g (0.2 mmol) CsBr and 0.073 g (0.2 mmol) PbBr, were dissolved in
DMEF (5 mL), OA (0.5 mL) and OLA (0.25 mL), and the precursor solution was obtained. The
precursor solution was stirred until all the solids were dissolved and a clear solution was
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obtained; 1 mL of the precursor mixture was injected into 10 mL of hexane in a centrifuge
tube, adding 10 mL of anhydrous ethanol and centrifuged at 6000 rpm for 6 min. Finally, the
supernatant was dumped and the CsPbBrs QDs was collected for further characterization.

0.2 mmeol CsBr
0.2 mmol PbBr2

c " 0015 g SBA-15
5ml DMF - ’
0.5 ml OA
025 ml OLA
[ stir until elarified
Y Precursor Add | mL ofthe
. - above mixture to 10
< mL of n-hexane
. '.- .
- g s » '

centrifugation

Supernatant liquor Add 10 ml
under UV anhydrous ethanol

PQDs are filled in
the mesopore

Scheme 1. Schematic illustration of formation of SBA-15@CsPbBr; QDs.

2.3. Synthesis of SBA-15@CsPbBr; QDs

Solutions containing SBA-15@CsPbBrz QDs were prepared using the method de-
scribed in Section 2.2. Then, 0.015 g of SBA-15 was added to the precursor and the mixture
was stirred until all the solids were dissolved completely. Following, 1 mL of the mixture
was injected into 10 mL of hexane. The products were centrifuged at 6000 rpm for 12 min.
Finally, the supernatant was dumped and the SBA-15@CsPbBr; QDs was collected for
further characterization.

2.4. Characterizations

The X-ray diffraction (XRD) patterns of the CsPbBrs QDs and SBA-15@CsPbBr; QDs
were measured by a Cu K« radiation using XRD-6100 (X'Pert PRO, PANalytical, Amster-
dam, The Netherlands). Fourier Transform Infrared (FTIR) spectra were performed using
KBr tablets and a Nicolet iS50 FI-IR Spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA). The transmission electron microscope (TEM) images were recorded by a transmis-
sion electron microscope (JEM 2100F, JEOL, Tokyo, Japan). For the characterization of
TEM, the samples were formed film on the ultra-thin carbon film. The Energy Dispersive
Spectrometer (EDS) spectra were measured by scanning electron microscope (SEM), (UHR
FE-SEM SU8000, Hitachi High-Technologies, Tokyo, Japan). Absorption spectra were
measured by a UV-Vis spectrophotometer (UV-2700, Bruker, Karlsruhe, Germany). The
samples were dissolved in hexane. Photoluminescence (PL) spectra were measured by
a fluorescence spectrophotometer (Omni PL-BH, Zolix, Beijing, China), a 405 nm laser
was used as the excitation source. All tests above were done at room temperature. For
temperature-dependent PL spectra, the samples were dissolved in 1-octadecene.

3. Results and Discussion

The absorption and PL spectra of CsPbBrz QDs and SBA-15@CsPbBr; QDs were
shown in Figure 1. As shown in Figure 1a, the absorption peaks of CsPbBr; QDs and SBA-
15@CsPbBr3 QDs were 498 nm and 515 nm, respectively. The red-shift of the absorption
peaks was due to the adsorption of QDs on the surface of SBA-15 and the formation of
slightly bigger particles. The PL spectra of CsPbBrz QDs and SBA-15@CsPbBr; QDs at
the same concentration was shown in Figure 1b. At the excitation wavelength of 405 nm,
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the PL intensity of CsPbBrs QDs was slightly lower than SBA-15@CsPbBr; QDs, and the
latter produced a slight red-shift. The emission wavelength of pure CsPbBr; QDs and
SBA-15@CsPbBr; QDs were 515 nm and 519 nm, respectively. A red-shift of 4 nm occurred;
this might be due to the increased size of SBA-15 when it was assembled with CsPbBr; QDs.
Additionally, their narrow full width at half maxima (FWHM) were around 22 nm and
23 nm, respectively. There was no significant change in FWHM due to the introduction of
SBA-15. The photoluminesence quantum yield (PLQY) of CsPbBrz QDs was 50% and that
of SBA-15@CsPbBr3 QDs was 60%. The PLQY and temperature dependence PLQY have
been measured. The PLQY of the two samples at different temperatures was compared. The
quantum efficiency with different temperatures have been measured. The PLQY of CsPbBrs
QDs remained ~7% of initial PLQY at 70 °C. In contrast, the PLQY of SBA-15@CsPbBr3
remained ~21% of initial PLQY at 70 °C. The mesoporous of SBA-15 are open channel.
Therefore, the air and water also can influence the PL intensity of SBA-15@CsPbBr3 QDs.
However, as a template, SBA-15 can inhibit the agglomeration of quantum dots during
heating, which can be proved from the fact that the position of PL peak hardly changes
with the increasing temperature.

800000
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—— SBA-15@CsPbBr,
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Figure 1. (a) UV-Vis absorption of pure CsPbBrs QDs (black) and SBA-15@CsPbBr3 QDs (red); (b) PL
spectra of pure CsPbBr3 QDs (black) and SBA-15@CsPbBr; QDs (red).

The TEM photographs were shown in Figure 2a,b, which indicate the particle sizes of
CsPbBr; QDs and SBA-15@CsPbBrs QDs which were 3 and 6 nm, respectively. The size
and distribution of CsPbBr; QDs and SBA-15@CsPbBr; QDs were shown in Figure 2¢,d.
In Figure 3, the energy-dispersive spectroscopy (EDS) elemental mapping of the CsPbBrs
QDs and SBA-15@CsPbBr; QDs films are shown. As shown in Figure 3i,j, from which a
distribution of Si elements in the selected square area was clearly seen, the EDS peak of Si
has been observed in SBA-15@CsPbBr; QDs. The mole fraction of each element in CsPbBrj
QDs and SBA-15@CsPbBr; QDs was shown in Table 1. The mole fraction of Si was 0 in
CsPbBr; QDs and 30.7 in SBA-15@CsPbBr; QDs.

For further research, FTIR spectra of pure CsPbBr; QDs and SBA-15@CsPbBr; QDs
were measured, as shown in Figure 4. The peaks at around 3414 and 1626 cm~! were
found in the FTIR spectra of pure CsPbBr; QDs and SBA-15@CsPbBr3 QDs, and there
were the symmetric stretching of N-H bond and the asymmetric of NH", respectively.
The peaks at 2853 em~—1/2857 ecm~! and 2923 cm~1 /2927 cm~! were attributed to C-H
tensile vibrations of the ligands of pure CsPbBrs QDs and SBA-15@CsPbBr3 QDs. For
the red curve in Figure 4, there were two obvious peaks at 797 and 1095 cm™~!, which
correspond to the symmetric and anti-symmetric tensile vibration modes of the Si-O-Si
group of SBA-15@CsPbBr; QDs. A peak of 1390 cm ™! was corresponded to CHj; vibration
mode. The peaks of 968 cm ! and 1651 cm ! were related to vibration of Si-OH and H-OH
group. The existence of H-OH bond indicated that the CsPbBr; QDs were dispersed in the
mesoporous channels of SBA-15.
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Figure 2. TEM images and distribution of grain size of pure CsPbBr; QDs (a,c) and SBA-15@CsPbBr3
QD:s (b,d).
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Figure 3. The EDS images of CsPbBr; QDs (a—d) and SBA-15@CsPbBr; QDs (e-h). The elemental
proportion of CsPbBrs QDs (i) and SBA-15@CsPbBr; QDs (j).
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Table 1. The elemental mole fraction of CsPbBr;z QDs and SBA-15@CsPbBr; QDs.

Atoms CsPbBr3 (mol%) SBA-15@CsPbBr3 (mol%)
Cs 224 20.9
Pb 36.9 16.2
Br 40.7 322
Si 0 30.7

pure-CsPbBr,
—— SBA-15@CsPbBr,

C-H

Transmittance (a.u.)

Si-O-Si
3414 “ 1095

T T
2000 1000

Wavenumber (cm-1)

T
4000 3000

Figure 4. FTIR of (black) CsPbBrz QDs and (red) SBA-15@CsPbBrz QDs.

The XRD images of pure CsPbBr; QDs and SBA-15@CsPbBr; QDs were shown in
Figure 5. The black curve of pure CsPbBr; QDs showed strong diffraction peaks at 15.19°,
21.55°,30.65°, 34.37°,37.77° and 43.89°, corresponding to cubic CsPbBrs (PDF#00-054-0752)
(100), (110), (200), (210), (211) and (220) planes, respectively. Comparing to the two XRD
curves, it was found that all the characteristic peaks of pure CsPbBr; QDs could be found
in the curve of SBA-15@CsPbBr; QDs, which indicated that the structure of pure CsPbBrs
QDs was preserved without destruction after assembling into SBA-15.

Figure 6 showed the temperature-dependent PL spectra of pure CsPbBr; QDs and SBA-
15@CsPbBr; QDs at room temperature—100 °C under the same environment conditions.
The PL spectra of SBA-15@CsPbBr3 QDs decreased less than that of CsPbBr; QDs with
increasing temperature, especially at lower temperature, although the PL intensity of both
materials decreased significantly. The peak position of pure CsPbBrz QDs moved from
515 nm (RT) to 521 nm with the increasing temperature. Nevertheless, the peak position of
SBA-15@CsPbBr; QDs was 519 nm and there was almost no red-shift in the peak position.
The data above proved that the thermal stability of SBA-15@CsPbBr; QDs was better than
that of pure CsPbBrz QDs.
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Figure 5. XRD pattern of pure CsPbBr3 QDs (black) and SBA-15@CsPbBr3 QDs (red).
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Figure 6. PL spectra of (a) pure CsPbBr; QDs and (b) SBA-15@CsPbBr3 QDs from room temperature
to 100 °C; PL spectra of (c) pure CsPbBr3 QDs and (d) SBA-15 CsPbBr; QDs at 80, 90, and 100 °C.

The PL spectra of the pure CsPbBrz QDs and SBA-15@CsPbBrz QDs with the number
of cycles were shown in Figure 7. The PL spectrum was measured after PQDs was raised
to 100 °C and cooled to room temperature. As shown in Figure 7a, the PL intensity of
pure CsPbBr3 QDs falling back to room temperature after the second rise to 100 °C was
about a quarter of that of the first. In addition, the PL intensity decreased significantly
after each heating and cooling cycle, and the luminescence was very weak which was
shown in Figure 7c. By contrast, the PL intensity of SBA-15@CsPbBr; QDs was a third
of the first after two times of heating to 100 °C and cooling to room temperature which
was shown in Figure 7b. The PL intensity of CsPbBr; QDs and SBA-15@CsPbBr3 QDs
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decreased significantly mainly due to the falling of ligands (OA or OLA) from the surface
of QDs and the additional structural defects caused by the first thermal cycle. Therefore,
the PL intensity after first thermal cycle decreased more significantly than that of second,
third and fourth time thermal cycle. Compared with CsPbBr; QDs, the PL intensity of
the SBA-15@CsPbBr; QDs experienced a relatively slower decrease after second, third
and fourth time thermal cycle. The mesoporous of SBA-15 are open channel. Therefore,
the air and water also can influence the PL intensity of SBA-15@CsPbBr; QDs. However,
as a template, SBA-15 can inhibit the agglomeration of quantum dots during heating,
which can be proved from the fact that the position of PL peak hardly changes with the
increasing temperature.

—— First

——First 150,000 -
120,000 4 (a ) —— Second (b) Second
Third Third
—_ ——Forth 120000 Forth
= 90,000 =
© ©
S S
> > 90,000
= =
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Figure 7. The PL spectra of (a) pure CsPbBrs QDs and (b) SBA-15 CsPbBr3 QDs after heating and
cooling cycle. The PL spectra of (c) pure CsPbBrz QDs and (d) SBA-15@CsPbBr3 QDs’ heating and
cooling cycle for the last three times.

As shown in Figure 8, it was found that all the characteristic peaks of pure CsPbBr;
QDs and SBA-15@CsPbBr; QDs could be found after heating and cooling cycle, which
indicated that the structure of pure CsPbBr; QDs and SBA-15@CsPbBr; QDs was preserved
without destruction. The PL intensity of pure CsPbBr; QDs decreased significantly mainly
due to the falling of ligands (OA or OLA) from the surface of QDs and the additional struc-
tural defects caused by the heating. In contrast, the PL intensity of the SBA-15@CsPbBrj
QDs experienced a relatively slower decrease.

The liquid-type fluorescent LED based on SBA-15@CsPbBr; QDs has been fabricated
as shown in Figure 9. For the typical fabrication process of LED devices as follows: two
large pieces of glass (the size is 1.7 cm X 1.7 cm with the thickness of 0.1 cm) and four thin
stripes (two of them: 1.7 cm X 0.3 cm and the other: 1 cm x 0.3 cm) were cut and then
cleaned by deionized water and ethanol. These four thin stripes were sandwiched between
two large pieces of glass, and a liquid-type glass tank with the size of 1 cm x 1 cm was left.
In addition, the two gaps with the width of 0.1 cm were left in order to make the air get out
of the glass box when liquid-type QDs were loaded. Then the glass box was filled with QD
solution and sealed all the gaps with epoxy-based glue. Finally, monochromatic QD-LEDs
were fabricated by integrating the sealed glass box with UV LED chip (emission peak at
365 nm).
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Figure 8. XRD pattern of pure CsPbBr3 QDs and SBA-15@CsPbBr; QDs after heating and cooling.
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Figure 9. The process flow of liquid-type QD-LEDs and the picture of LED sample with green
emission color operated at 3.2 V under a dark condition.

The luminance of the LED is shown in Figure 10 which was worked on2.6 V, 2.8 V,

30Vand 3.2 V.
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Figure 10. The luminance of SBA-15@CsPbBr3 QD-LED at different voltage.
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4. Conclusions

In summary, by using SBA-15 as the template, the growth of CsPbBr3z QDs is con-
trolled in this paper, and the stability of the PQDs is improved by uniform crystallization.
Compared with pure CsPbBr; QDs, the thermal stability of SBA-15@CsPbBr3 QDs was
better. In the heating experiment, the PL intensity of pure CsPbBr; QDs decreased rapidly
and greatly. However, that of SBA-15@CsPbBr3 QDs decreased more slightly, especially
at high temperature. The PL spectra of pure CsPbBrs QDs has red-shift (~6 nm) with the
increasing temperature, but did not occur at that of SBA-15@CsPbBrz QDs. In addition, the
PL intensity of SBA-15@CsPbBr3 QDs decreased less than that of CsPbBrs QDs significantly
after four times of heating and cooling. The results showed that this method can solve the
problem of improving the thermal stability of perovskite, which shows a broad prospect
in the stability of perovskite. Although the results given in this paper are not perfect, it
can provide a new research idea of PQDs based on SBA-15, which will make a significant
contribution to improving the stability and practical application of these kinds of materials
in the future.
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