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Owing to their superior optical and electronic properties, all inorganic metal halide CsPbX3 (X = Cl, Br, and I)
perovskite quantum dots (QDs) are regarded as excellent candidates for various optoelectronic applications.
However, the instability of such materials greatly hampers their practical applications. In this work, silica-coated
didodecyldimethylammonium bromide (DDAB) capped CsPbBr3 QDs are prepared via a facile method at room
temperature. The as-prepared DDAB-CsPbBr3/SiO2 QDs composites demonstrate an effectively improved pho
toluminescence quantum yield (PLQY) and stability against ethanol and heat. Moreover, the green DDABCsPbBr3/SiO2 QDs composites and red InAgZnS QDs are applied as color-converting layers on a blue LED chip for
warm white light-emitting diodes (WLEDs). Such WLEDs exhibit an excellent luminescent performance with a
color rendering index (CRI) of 88, a color coordinate of (0.41, 0.38), a correlated color temperature (CCT) of
3209 K, and a high power efficiency of 63.4 lm W− 1. Besides, such WLEDs are used for visible light commu
nication (VLC), exhibiting a typical low-pass frequency response, with a corresponding − 3 dB bandwidth of
about 1.5 MHz. By applying orthogonal frequency division multiplexing (OFDM) with a bit loading, a maximum
achievable rate of the VLC system reaches 5.9 Mbps, which is almost four times of their measured − 3 dB
bandwidth. These results demonstrate the potential of prepared DDAB-CsPbBr3/SiO2 QDs composites not only in
high-performance WLEDs, but also as an excitation light source to achieve VLC.

1. Introduction
Recently, all-inorganic metal halide CsPbX3 (X = Cl, Br, and I)
perovskite quantum dots (QDs) have been regarded as one of the most
promising materials for lighting and display applications, owing to their
high absorption coefficient, tunable emission band-gap [1–4], high
photoluminescence quantum yield (PLQY) and low-cost [5–15]. Espe
cially, CsPbBr3 QDs have a higher PLQY and a smaller FWHM compared
to CsPbCl3 QDs and CsPbI3 QDs, which is due to the less formation of
deep defect states in Br based perovskites [13]. The so-called HelmholtzKohlrausch effect states that high saturation of colors caused by small
FWHM, which ensure a high CRI of WLEDs based on CsPbBr3 [14].
Therefore, CsPbBr3 QDs have been incorporated into warm white lightemitting diodes (WLEDs) to act as luminescent components and to
improve the performance of white emission [7,16,17]. Unfortunately,

although the reported CsPbBr3 QDs have a high PLQY due to its defecttolerant nature, the ability of such defect-tolerant is limited, and QDs
were generally vulnerable to moisture, oxygen, heat and light [18–20],
limiting their practical applications. In recent years, various strategies
have been proposed to improve the stability of CsPbBr3 QDs through
chemical and physical methods [21–25], i.e., the widely studied ligands
modification [25–33]. Oleylamine (OAm) and oleic acid (OA) are
traditional ligands used to synthesize CsPbBr3 QDs, however, the ob
tained QDs suffer issues of low PLQY and poor stability due to the li
gands loss. To solve this, Pan et al. realized highly efficient perovskitequantum-dot light-emitting diodes by using stable films of CsPbX3 QDs
capped with a halide ion pair [25]. Zhang et al. used octylphosphonic
acid (OPA) to replace OAm and OA ligands, and successfully synthesize
high performance CsPbBr3 QDs [26]. Imran et al. proposed a postprocessing ligand exchange strategy involving the displacement of
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Scheme 1. A schematic of reaction process showing the formation of DDAB-CsPbBr3/SiO2 QDs composites.

both cationic and anionic ligands on native model systems of CsPbBr3
QDs, exhibiting both an excellent heat stability over 3 weeks and a nearunity PLQY [27]. Our group reported an effective ligand-modification
method using 2-hexyldecanoic acid (DA) to synthesize CsPbBr3 QDs,
resulting in an improved PLQY and a high stability over two months
[28]. Zeng et al. synthesized CsPbBr3 QDs with only dodecylbenzene
sulfonic acid (DBSA), achieving a PLQY higher than 90%, a high flux
photo irradiation, and maintaining a stable performance even after
being stored in air for more than five months [29]. However, the abovementioned synthesis processes are quite complex and require high
temperature treatments, which are not conducive to commercial
applications.
Alternatively, stable perovskite QDs could be achieved by coating
with oxide materials, such as SiO2 [10,34–39], TiO2 and Al2O3 [40,41].
Among them, SiO2 is a good choice because of its low-cost, high
controllability and easy integration with other applications [42–44].
Furthermore, the whole synthesis process is simple and can be done
entirely at room temperature, making it quite suitable for commercial
applications. Based on this, Song et al. reported the mono-dispersed
perovskite QDs@SiO2 composites synthesized by low temperature
method [44]. Zhang et al. reported a facile one-pot approach to syn
thesize CsPbBr3@SiO2 core-shell nanoparticles, showing an enhanced
long-term stability both in humid air and against ultrasonication in
water [45]. Our group also introduced a facile strategy for making
monodispersed SiO2 coated Mn2+ doped CsPbX3 QDs (X = Br, Cl),
showing an improved thermostability and water resistance [46]. How
ever, since the reaction processes require the adding of water or catalyst,
a decomposition of QDs by water might occur even before the genera
tion of oxides, and hence causing a low PLQY in QDs prepared using the
above-mentioned methods. To solve it, it is of great importance to

develop a benign strategy to uniformly encapsulate the CsPbBr3 QDs.
In this work, we report a facile strategy to synthesize DDAB-CsPbBr3/
SiO2 QDs composites at room temperature in air. As shown in Scheme 1,
we employ didodecyldimethylammonium bromide (DDAB) as surface
ligands to exchange OAm and OA ligands for modification of CsPbBr3
QDs, and then coat QDs with SiO2 by adding tetramethoxysilane
(TMOS), resulting in a high PLQY of 82% for the obtained DDABCsPbBr3/SiO2 QDs composites as well as a substantially improved sta
bility against heat and polar solvent. Finally, high performance WLEDs
and visible light communication (VLC) systems based on such encap
sulated CsPbBr3 QDs are realized. The fabricated WLEDs exhibit an
excellent luminescent performance with a color rendering index (CRI) of
88, a color coordinate of (0.41, 0.38), a correlated color temperature
(CCT) of 3209 K, and a high power efficiency of 63.4 lm W− 1. By
applying orthogonal frequency division multiplexing (OFDM) with a bit
loading, the maximum achievable rate of the VLC system reaches 5.9
Mbps, which is almost four times of their measured − 3 dB bandwidth.
2. Experimental
2.1. Materials
Cesium Bromide (CsBr, 99.99%, from Xi’an Polymer Light Technology Cor.), lead (II) bromide (PbBr2, 99.99%, from Xi’an Polymer
Light Technology Cor.), oleic acid (OA, 90%, from Aladdin reagent),
oleylamine (OAm, 80–90%, from Aladdin reagent), N, N-dime
thylformamide (DMF, 99.9% from Sigma-Aldrich), didodecyldimethylammonium bromide (DDAB, 99.8% from Aldrich reagent), Tetrame
thoxysilane (TMOS, 99.5% from Aldrich reagent), toluene (anhydrous,
99.5%).
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Fig. 1. (a) Absorption spectra and PL spectra of DDAB-CsPbBr3 QDs with different molar ratios of Pb:DDAB. (The insets show pictures of DDAB-CsPbBr3 QDs
without/with UV light) (b) PLQY and (c) PL decay curves of DDAB-CsPbBr3 QDs with different molar ratios of Pb: DDAB., (d) PLQY values as a function of TMOS
concentration. (e) Photographs of DDAB-CsPbBr3/SiO2 QDs composites with different amount of TMOS (0, 5, 10, 15, 20 and 30 μL) under UV light.

2.2. Synthesis of pure CsPbBr3 QDs and DDAB-CsPbBr3 QDs

2.6. Characterizations

The precursor solution was obtained by first dissolving PbBr2 (0.4
mmol) and CsBr (0.4 mmol) in DMF (12 mL), followed by the adding of
OAm (0.2 mL) and OA (0.8 mL) into the mixture. Then, it was stirred for
half an hour to obtain a clear solution. After that, 0.5 mL precursor so
lution was quickly added into 10 mL toluene under vigorous stirring at
1500 rpm for 20 s to synthesize pure CsPbBr3 QDs. DDAB-CsPbBr3 QDs
were synthesized by adding DDAB into obtained fresh pure CsPbBr3 QDs
under vigorous stirring at 1500 rpm for 2 min to achieve ligands
exchange.

The X-ray diffraction (XRD) patterns of all samples were measured by
a Cu Ka radiation using XRD-6100, (SHIMADZU, Japan). Fourier
Transform Infrared (FTIR) spectra were performed using KBr tablets and
a Nicolet iS50 FT-IR Spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). X-ray photoelectron spectroscopy (XPS) spectra were ob
tained using an ESCA Lab220I-XL. The TEM images were recorded by a
transmission electron microscope (Libra 200 FE, Zeiss, Germany). Ab
sorption spectra were enforced by a UV–vis spectrophotometer (UV–vis:
UV-2100, SHIMADZU, Japan). Photoluminescence spectroscopy was
implemented by a fluorescence spectrophotometer (Agilent Cary
Eclipse, Australia), using a Xe lamp as an excitation source with optical
filters. Time-resolved fluorescence spectra were performed by a GL-3300
fluorescence lifetime spectrofluorometer, (Photon Technology Interna
tional Inc, USA), PL QY was measured using a FLSP920a spectrofluo
rometer (Edinburgh Instruments Ltd., United Kingdom). The optical
parameters of the fabricated WLEDs were performed using a spectro
graph of PR670 with an analyzer system. All tests were done at room
temperature.

2.3. Synthesis of DDAB-CsPbBr3/SiO2 QDs composites
Solutions containing DDAB-CsPbBr3 QDs were prepared using the
method mentioned in 2.2. Then, TMOS was added into 10 mL of such
solutions under a vigorous stirring at 300 rpm for 6 h to grow DDABCsPbBr3/SiO2 QDs composites.
2.4. Fabrication of WLEDs

3. Results and discussion

10 mg polymethyl methacrylate (PMMA) and 20 mg DDAB-CsPbBr3/
SiO2 QDs composites (1:2) (Pb:DDAB = 1:1) were dissolved in15mL
toluene and stirred for 1 h. Similarly, 10 mg PMMA and 20 mg AgInZnS
QDs were dissolved in 15 mL toluene and stirred for 24 h. To fabricate
WLEDs, the above obtained two solutions were dropped on a commer
cially available blue chip and then annealed at 50 ◦ C for 30 min.

To explore the influence of DDAB on the optical performance of
CsPbBr3 QDs, photoluminescence (PL) and absorption spectra of DDABCsPbBr3 QDs synthesized using different molar ratios of Pb:DDAB were
performed. Fig. 1a shows that the increase of DDAB amount leads to a
blue-shift of both PL emission peak position (from 517 to 515 nm) and
absorption peak position (from 512 to 508 nm), which might be due to
the adsorption of DDAB on the surface of QDs and the formation of
slightly smaller particles. This is consistent with the photograph under
the UV light (the inset of Fig. 1a). Figure S1a shows the optical prop
erties upon the excess of DDAB treated CsPbBr3 QDs, in which the PL
peak is located at 515 nm while the absorption peak is difficult to
observe, suggesting that the excess of DDAB ligand might lead to a
degradation of the CsPbBr3 QDs (Figure S1b). Also, as shown in Fig. 1b,
the increase of Pb : DDAB molar of ratio to 1:1 causes the significantly
increase of PLQY from 11.02 to 72.75%, which might be due to the
exchange of OA and OAm by DDAB on the QDs surface. This exchange
process might contribute to two functions in QDs. On one hand, similar
to what were reported previously [25], the exchange process could

2.5. Measurements of the VLC system
The electrical AC signal is generated by an arbitrary waveform
generator (AWGRigol DG4102), which is further combined with a 3.0 V
DC bias via a bias-T (Mini-Circuits Bias-Tee ZFBT-6 GW + ). The com
bined signal is then used to drive WLEDs with DDAB-CsPbBr3/SiO2 to
generate white light. At the receiver side, a photodetector (PD) (DHGDT-D020V) with a − 3 dB bandwidth of 10 MHz is used to convert the
optical signal into an electrical signal. The resultant electrical signal is
further sampled by a digital storage oscilloscope (DSO) (LeCroy Wave
Surfer 432) and the obtained digital signals are processed offline via
MATLAB.
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Fig. 2. (a) XRD patterns and (b) FTIR of CsPbBr3 QDs, DDAB-CsPbBr3 QDs and DDAB-CsPbBr3/SiO2 QDs composites.

enhance the affinity of Br− ions to Pb2+ or Cs+ on the surface of QDs, on
the other hand, the addition of DDAB offers extra Br− ions and therefore
suppresses the negative exciton trapping effects of surface halide va
cancies [47]. However, the further increase of the ratio to 1:2 cause the
PLQY dramatically decrease to 1.21%, which is accordance with the
phenomenon on Figure S1b.
The time-resolved PL decay curves are shown in Fig. 1c, from which
average PL decay times (τave) of 23.60, 43.88, 39.81, and 23.87 ns can be
obtained for the ratio values of 1:0, 1:0.25, 1:0.5 and 1:1, respectively.
Compared with pure CsPbBr3 QDs, the PL lifetimes of the DDAB-CsPbBr3
QDs are relatively prolonged, indicating the successfully passivation of
surface defects using DDAB. The radiative (kτ) and nonradiative (knτ)
rate constants of these sample were then estimated from the PLQY value
and average PL lifetimes according to ref [48]. As summarized in
Table S1, the maximum kτ value of DDAB-CsPbBr3 QDs (3.0 × 10− 2)
increases by an order of magnitude compare with that in pure CsPbBr3
QDs (4.6 × 10− 3), which is in agreement with the growth trend of PLQY
curves. In addition, the concentration of TMOS also affects the PLQY of
QDs. When the concentration of TMOS is low, inorganic silica can cover
the dangling bonds and defects exposed on the surface of QDs. However,
the hydrolysis reaction needs long time and produces a small quantity of
alcohol, When the concentration of TMOS is high, more water would be
involved in the reaction and the quantity of by-product alcohol would
increase, which might cause that the performance of QDs degrade, thus
PLQY declines slightly. As confirmed by Fig. 1d. a highest PLQY of 82%
is achieved with the adding of 5 μL TMOS to coat the QDs, which is
consistent with the observed phenomena under UV light (Fig. 1e).
To analyze the phase structures and composition of the QDs, X-ray
diffraction (XRD) patterns and Fourier transform infrared spectroscopy
(FTIR) were then performed. Fig. 2a shows the X-ray diffraction (XRD)
patterns of pure CsPbBr3 QDs, DDAB-CsPbBr3 QDs (the molar ratio of
Pb:DDAB = 1:1) and DDAB-CsPbBr3/SiO2 QDs composites (TOMS = 5
μL). While CsPbBr3 QDs exhibit diffraction peaks at 15.23◦ , 21.55◦ ,
30.43◦ , 34.42◦ , 37.86◦ and 43.82◦ , which correspond to (1 0 0), (1 1 0),
(2 0 0), (2 1 0), (2 1 1) and (2 0 2) planes of CsPbBr3 QDs (PDF#18-0364),
respectively. Similar diffraction peaks are found for both DDAB-CsPbBr3
QDs and DDAB-CsPbBr3/SiO2 QDs composites, indicating that both the
treatment with DDAB and coating with SiO2 have a negligible influence
on the crystalline. A broad peak is found at around 20◦ in the coated
QDs, which is related to the formation of amorphous SiO2 and is similar
to silica-coated nanomaterials reported previously [49].
To further study it, Fourier Transform Infrared (FTIR) spectra of pure
CsPbBr3 QDs, DDAB-CsPbBr3 QDs and DDAB-CsPbBr3/SiO2 QDs com
posites were measured, as shown in Fig. 2b. A peak at 3500 cm− 1 and a
peak at around 1650 cm− 1 were found in the FTIR spectra of DDABCsPbBr3 QDs and DDAB-CsPbBr3/SiO2 QDs composites, which may be
due to the symmetric stretching of N-H and asymmetric NH3+

Fig. 3. TEM and HRTEM images of CsPbBr3 QDs (a and b), DDAB-CsPbBr3 QDs
(c and d) and DDAB-CsPbBr3/SiO2 QDs composites (e and f).

deformation [50], respectively. A new peak assigned to the stretching
modes of C-N+ of DDAB is found at 1070 cm− 1 in DDAB treated CsPbBr3
QDs (Figure S2) [51], indicating the successful capping of DDAB on the
surface of QDs. Besides, DDAB-CsPbBr3/SiO2 QDs composites show two
additional strong peaks at 1050 cm− 1 and 795 cm− 1 compared with
other two QDs, which correspond to Si–O–Si bonds and Si-OH bonds,
respectively, demonstrating the successful coating with SiO2. To further
confirm this, X-ray photoelectron spectroscopy (XPS) measurement was
performed to explore the surface chemical states, as shown in Figure S3.
The presence of Cs, Pb, and Br elements is confirmed by the represen
tative survey spectra of the three samples (Figure S3a). Figures S3b and
4
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Fig. 4. PL spectra of (a) pure CsPbBr3 QDs, (b) DDAB-CsPbBr3 QDs and (c) DDAB-CsPbBr3/SiO2 QDs composites under a continuous heating at 60 ℃ with the insets
showing photographs of the QD films under UV light) (d) The corresponding normalized PL intensity as a function of heating time.

S3c show the chemical states of Cs+ and Pb for all three QDs. The
symmetric XPS peaks and the stable binding energy of three samples
demonstrate a weak interaction (non-bonding states) between Cs+ and
the [PbX6]4− octahedron [47]. After treating with DDAB, Pb 4f peak
shifts slightly to a higher binding energy, which might be attributed to
the bonding of surface Pb ions from CsPbBr3 QDs with Br ions from
DDAB [47,52]. Besides, the Si 2p peak (102.8 eV) and O 1s peak (531.8
eV) originate from SiO2 could only be observed in the XPS curves of
DDAB-CsPbBr3/SiO2 QDs composites, suggesting the successful coating
of DDAB-CsPbBr3 QDs surface with SiO2.
To intuitively observe the microstructures of all three QDs, trans
mission electron microscopy (TEM) and high resolution TEM (HRTEM)
were used to analyze their morphology features, as shown in Fig. 3. It is
found that the shape of CsPbBr3 QDs undergoes no obvious change
before and after the DDAB treatment, both presenting a cubic shape and
monodisperse. Also, as shown in Fig. 3b and 3d, CsPbBr3 QDs treated
with and without DDAB have same crystal lattices with a lattice spacing
distance of 0.42 nm, which corresponds to the plane lattice spacing of
(1 1 0). The coating of the QDs with silicon dioxide is confirmed
distinctly by the TEM image in Fig. 3e, and the coated CsPbBr3 QDs
exhibit a lattice spacing distance of 0.41 nm, as shown in Fig. 3f.
Figure S4 shows the Energy-dispersive spectroscopy (EDS) elemental
mapping of the DDAB-CsPbBr3/SiO2 QD composite films, from which a
uniform distribution of Si and O elements in the selected square area is
clearly seen, confirming the successful and uniform encapsulation of
DDAB-CsPbBr3 QDs with silicon dioxide.
The instability of halide perovskites greatly hampers their practical
applications in optoelectronic devices. To pursue whether the DDAB
modification and silica capping improve the stability of CsPbBr3, we
here studied their chemical stability. As a comparison, the chemical
stability of pure CsPbBr3 QDs and DDAB-CsPbBr3 QDs was also studied.
First, the thermostability was examined by heating the QDs at different

temperature in a same ambient condition. As shown in Figure S5, QDs
without coated by silica suffer a rapid fluorescence quenching, initially.
In contrast, the PL intensity of silica-coated DDAB-CsPbBr3 QDs com
posites begins to decrease when annealing temperature reaches 60 ◦ C
and remains ~ 50% of its initial intensity at 100 ◦ C. To further study
heat resistance, The relative time-dependent PL curves of these QDs
being heated at 60 ◦ C in same ambient condition were studied. The
change of the relative PL intensity alone with heating time for three QDs
are shown in Fig. 4a-c. A rapid fluorescence quenching is found in the
pure CsPbBr3 film after being heated for 15 min and retains only ~ 22%
of its initial intensity, mainly due to the falling of ligands (OA or OAm)
from the surface of QDs and the additional structural defects caused by
the heating. In contrast, the PL intensity of the DDAB-CsPbBr3 film ex
periences a relatively slower decrease and remains 52% of the initial
intensity after being heated for 80 min, owing to the steric hindrance of
DDA+ on the surface of the QDs [53]. A further increase of the PL in
tensity is found in DDAB-CsPbBr3/SiO2 film, which maintains approxi
mately 70% of its initial intensity after being heated for 80 min, as
shown in Fig. 4d, suggesting the effective passivation using SiO2 shells.
Polar solvents, such as ethanol might easily damage QDs, leading to
fluorescence quenching. To study it, we here tested the stability of our
QDs against ethanol. While the PL intensity of pure CsPbBr3 QDs and
DDAB-CsPbBr3 QDs maintain only 26% and 51% of their initial in
tensity, respectively, with the increase of ethanol amount from 0 to 250
μL. DDAB-CsPbBr3/SiO2. QDs composites remain a high PL intensity of
90% of their initial value, as shown in Figure S7. The relative timedependent PL curves of these QDs after adding 200 μL ethanol into 3
mL QDs solutions were also studied, as shown in Fig. 5a-c. Clearly, the
PL intensity of pure CsPbBr3 QDs quickly weaken and even almost
quench within a short time of 30 min, in agreement with the photograph
under UV light (Fig. 5a inset). Moreover, it is found that a new peak
appears after 15 min, which might be related to the decomposition of
5
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Fig. 5. PL spectra of (a) pure CsPbBr3 QDs, (b) DDAB-CsPbBr3 QDs and (c) DDAB-CsPbBr3/SiO2 QDs composites in ethanol. The insets show pictures of the QD
solutions under UV light. (d) Normalized PL intensity as a function of treated time in ethanol.

Fig. 6. PL spectra of WLEDs based on (a) pure CsPbBr3 and AgInZnS QDs, (b) DDAB-CsPbBr3 and AgInZnS QDs, and (c) DDAB-CsPbBr3/SiO2 and AgInZnS QDs. The
insets show photographs of working WLEDs at a driving voltages of 2.6 V. (d) CIE color coordinates of all three WLEDs.
6
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chemical stability of CsPbBr3 QDs has significantly enhanced by forming
the silica coating layer on the DDAB-treated CsPbBr3 QDs.
To demonstrate the potential of DDAB-CsPbBr3/SiO2 QDs compos
ites as green-emitting components in commercialized warm white
lighting source, AgInZnS QDs synthesized by a hot-injection synthesis
strategy as the red-emitting component with pure CsPbBr3 [54], DDABCsPbBr3 and DDAB-CsPbBr3/SiO2 were dropped on InGaN blue chips to
realize white emission, respectively. Fig. 6a-c present the PL spectra of
WLEDs based on pure CsPbBr3, DDAB-CsPbBr3 and DDAB-CsPbBr3/SiO2
QDs composites at a driving voltage of 2.6 V, respectively. Fig. 6d shows
that the CIE color coordinates of three WLEDs locate at (0.36, 0.27),
(0.39, 0.36) and (0.41, 0.38), respectively. The PL intensity of DDABCsPbBr3 and DDAB-CsPbBr3/SiO2 QDs composites are higher than pure
CsPbBr3 QDs, which might be the reason for the shift of color co
ordinates towards green region. Other key parameters of WLEDs
including color rendering index (CRI), color temperature (CCT), and
power efficiency are summarized in Table 1. Clearly, WLEDs based on
SiO2-coated DDAB-CsPbBr3 QDs exhibit the best performance, including
a CRI of 88 and a power efficiency of 63.4 lm W− 1. Such an enhanced
performance as compared with their counterparts might be related to
the higher PL intensity and the higher PLQY of DDAB-CsPbBr3/SiO2 QDs
composites.
To further analyze the performance of three WLEDs, PL spectra of
three WLEDs under different driving voltages (2.5–3.0 V) were studied,
as shown in Figures S8-S10. The rise of chip temperature causes the
thermal quenching effect of QDs, resulting in a slight shift of CIE coor
dinate towards red region. Meanwhile, the CRI of pure CsPbBr3 based
WLEDs is only 47 at 3.0 V, which is ascribed to the weaker thermal
resistance (Table S2). A small change of CRI is found in both DDAB-

Table 1
Optical performance of WLEDs obtained by combining of blue chips, AgInZnS
QDs and pure CsPbBr3 or DDAB-CsPbBr3 or DDAB-CsPbBr3/SiO2.
Samples

Pure CsPbBr3 +
AgInZnS
DDAB-CsPbBr3 +
AgInZnS
DDAB-CsPbBr3/SiO2 +
AgInZnS

CCT
(K)

CRI

Power efficiency (lm
W− 1)

CIE
coordinates
x

y

3592

72

20.1

0.36

0.27

3629

84

41.8

0.39

0.36

3209

88

63.4

0.41

0.38

CsPbBr3 QDs. Although the PL intensity of DDAB-CsPbBr3 QDs experi
ence a relatively slower decrease compared with the pure CsPbBr3 QDs
case, still only 33% of their initial intensity remains after 60 min. In
sharp contrast, DDAB-CsPbBr3/SiO2. QDs composites present a better
tolerance to ethanol and maintain nearly 89% of their initial intensity
even after 60 min. Such an improvement is considered mainly due to the
effective silica- capping of DDAB-CsPbBr3 QDs, which defends the
damage from ethanol. Moreover, considering that the application con
ditions of QDs are not in the vapor of ethanol but in water, the moisture
stability of QDs is studied by adding 0.5 mL water into 2.5 mL CsPbBr3,
DDAB-CsPbBr3, and DDAB-CsPbBr3/SiO2, respectively. As shown in
Figure S6, the rapid fluorescence quenching is found after 60 min and
30 min in the pure CsPbBr3 and DDAB-CsPbBr3, respectively. However,
the PL intensity of the DDAB-CsPbBr3/SiO2 QDs composites remains
50% of the initial intensity after 210 min, which demonstrates SiO2 shell
can protect QDs from water effectively. All results suggest that the

Fig. 7. (a) Schematic diagrams of the VLC system. (b) EOE frequency response, (c) received SNR as a function of frequency, (d) waveform and eye diagram, (e) bit
loading profile. (f) BPSK constellation. (g) 4 QAM constellation, (h) 8 QAM constellation and (i) 16 QAM constellation
7
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CsPbBr3 and DDAB-CsPbBr3/SiO2 based WLEDs, suggesting a better
thermal stability of such materials. DDAB-CsPbBr3/SiO2 based WLEDs
maintained a high CRI of 86 under a driving bias of 3 V while those
based on DDAB-CsPbBr3 show a CRI of only 73. (Tables S2 and S3),
demonstrating that DDAB-CsPbBr3/SiO2 based WLEDs exhibit the best
performance among all three types of WLEDs.
Besides lighting, WLEDs can also be used as optical sources to
transmit data in VLC systems. Here, we studied the communication
performance of WLEDs based on DDAB-CsPbBr3/SiO2 QDs composites
using the measurement setup shown in Fig. 7a. Fig. 7b shows the
electrical-optical-electrical (EOE) frequency response of the VLC system
using such a WLED under a DC bias of 3.0 V. Clearly, the WLEDs exhibit
a typical low-pass frequency response with a corresponding − 3 dB
bandwidth of about 1.5 MHz. The received signal-to-noise ratio (SNR) of
the VLC system is shown in Fig. 7c, from which a gradually decrease of
SNR with the increase of frequency is found. A typical square wave with
a frequency of 2 MHz was then transmitted using such a WLED and
Fig. 7d presents the measured waveform and eye diagram. Clear eyes
can be obtained, indicating that DDAB-CsPbBr3/SiO2 based WLEDs are
capable of working properly at a frequency of 2 MHz. In order to explore
the maximum transmission data rate of such a WLED based VLC system,
an orthogonal frequency division multiplexing (OFDM) with a bit
loading was transmitted according to the measured SNR performance
given in Fig. 7c. The obtained bit loading profile is shown in Fig. 7e and
the received corresponding constellation diagrams, including binary
phase shift keying (BPSK), 4-ary quadrature amplitude modulation (4
QAM), 8 QAM and 16 QAM, are plotted in Fig. 7f-i. By applying OFDM
with a bit loading, the maximum achievable rate of 5.9 Mbps is found in
the VLC system, which is approximately 4-fold of the measured − 3 dB
bandwidth.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cej.2021.129551.
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