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Cs4PbBrg/CsPbBrs; perovskite composites for
WLEDs: pure white, high luminous efficiency and

tunable color temperature
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Cs4PbBre/CsPbBrs perovskite composites are fabricated by room-temperature one-pot mixing synthesis,
which is short in time, free from inert gases and delivers a high product yield. Temperature-dependent
photoluminescence shows that a larger exciton binding energy of 291.1 meV exhibits better thermal

stability compared with that of pure Cs4PbBrg and CsPbBrs materials. The CIE chromaticity coordinates

(0.1380, 0.7236) of green LEDs designed with Cs4PbBrg/CsPbBrs perovskite composites show almost no
variation under driving current changing from 5 to 30 mA. Furthermore, the ground Cs4PbBre/CsPbBrs
perovskite composites mixed with red emitting K,SiFg:Mn** phosphor are dropped and casted on

a blue-emitting InGaN chip. The white light emitting diodes (WLEDs) are presented, which have good

luminous efficiency of 65.33 Im W~* at 20 mA, a correlated color temperature of 5190 K, and the white
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gamut with chromaticity coordinate of (0.3392, 0.3336). According to the state of art, these excellent

characteristics observed are much superior to the reported results of conventional perovskite-based
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1 Introduction

An increasing awareness of the necessity for energy conservation
has directed scientific research to develop various energy-saving
materials and techniques for use in displays and lighting appli-
cations.” In this context, white light emitting diodes (WLEDs)
promise great potential to replace traditional incandescent white
light sources because of their significantly economic and techno-
logical advantages in energy conservation. On all counts,
commercial WLEDs have been adopted as a combination of an
InGaN blue chip with a YAG: Ce®*" yellow phosphor.? The red and
green phosphors are used to realize a high color rendering index
and color tuning with adding red and green phosphors for
trichromatic LEDs.? Traditional phosphors, delivering up to 150-
230 Im W' of luminous efficiency LEDs,* rely solely on using
combinations of rare-earth ions.>® The use of these rare-earth
based phosphors is restricted by some intrinsic optical defects,
limited and hard preparation conditions, high cost, toxicity and
pollution in mining and refining, as well as the requirement of
limited resource.”® Accordingly, an immense and challenging
assignment concernful to modern solid-state lighting is the
discovery of highly efficient phosphors free of rare-earth elements.®

“School of Electronic Engineering, Heilongjiang University, Harbin, Heilongjiang,
150080, China. E-mail: wuwenzhi@hlju.edu.cn

School of College of Arts and Sciences, Northeast Agricultural University, Harbin,
Heilongjiang, 150030, China

42430 | RSC Adv, 2019, 9, 42430-42437

WLEDs, which demonstrate the immense potential and great prospect of CssPbBre/CsPbBrs perovskite
composites to replace conventional phosphors in lighting devices.

Recently, luminescent metal-halide perovskite semi-
conductors have attracted enormous attention owing to their
excellent optoelectronic properties such as high quantum
yield,"** chromatogram purity,"> wide wavelength (400-800
nm) tunability and narrow emission linewidth,*>** which enable
them to achieve promising applications in phosphor-converted
LEDs,**¢ solar cells'”*® and photodetectors."** Among them,
cesium lead bromine has emerged as a promising optoelec-
tronic material and attracted an enormous amount of interests.
It is a medium-bandgap semiconductor which can be synthe-
sized cost-effectively on large scales through simple solution-
based processes.”>* In particular, the rapid advances in
perovskite materials are drawn significant attention to nano-
crystals (NCs) based on the perovskite for use in WLEDs. For
example, both CsPbBr; NCs** and Cs,PbBre/CsPbBr; nano-
composites*® as the visible color emitting materials are
combined with a blue LED chip and conventional phosphors
such as CaAlSiN;:Eu**. Unfortunately, colloidal CsPbBr; NCs
are found to show relatively poor thermal stability because of
the damage of ligands and the ensuing particle aggregation or
fusion at elevated temperature, reflected by the rapid PL
quenching and ripening of the NCs.>® CsPbBr; NCs imbedded in
a Cs,PbBrs host matrix achieve photoluminescence quantum
yield (PLQY) up to 90% (ref. 26) in contrast to very low light yield
from bulk single crystal or polycrystalline CsPbBr;.”” The
thermal stability of PL for CsPbBr; NCs is enhanced due to the
passivation of Cs,PbBrs host matrix.***® In these senses,
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Cs4PbBrs/CsPbBr; perovskite composites are promising candi-
dates to replace ordinary phosphors for future solid-state
lighting technology. The optical performance of these perov-
skites is impressive, several challenging issues, such as the
ability to perform large-scale synthesis as well as the product
yield, remain inevitable obstructions for practical applications
in optoelectronic devices. Furthermore, in the WLEDs working
process, the influence of operating time and driving current is
obvious. Although the luminous efficiency and CIE coordinates
of perovskite-based WLEDs are reported, to the best of our
knowledge, there are no comprehensive reported on parameters
in these regards.

In this work, we use a facile and rapid approach for the
synthesis of high-yield Cs,PbBrs/CsPbBr; perovskite
composites at room temperature. The strong green PL from
Cs,PbBrs/CsPbBr; composites is observed, and the charac-
terization and temperature-dependent PL of them are inves-
tigated. Here, pure and stable WLED devices are fabricated by
combining the highly Iluminescent Cs,PbBrs/CsPbBr;
composites as green emitters and commercial K,SiFg:Mn**
phosphors as red emitters with blue-emitting InGaN chips.
Moreover, the optoelectronic characteristics of the WLEDs
under different driving current and treating time are investi-
gated in detail.

2 Experimental technique

2.1 Materials and chemicals

Lead bromide (PbBr,, 99%, Macklin), cesium acetate (CsAc,
99%, Aladdin), HBr water solution (48% by weight in H,O,
Macklin), Dimethyl sulfoxide (DMSO, 99.8%, Macklin),
K,SiFg:Mn*", silicone gel A and B, and blue LED chip (460 nm,
1 W, looking long). All of these chemicals are used without any
further purification.

2.2 Preparation of perovskite composites

Here, the perovskite composites are prepared based on the
modified one-pot mixing method through the reaction of CsAc
and PbBr, powder in DMSO with aqueous HBr solution.” In
detail, 0.22 mmol of PbBr, and 0.88 mmol of CsAc are dissolved
in 0.9 mL of DMSO, which are stirred in a closed beaker for 30
minutes at room temperature to form the precursor solution.
Then, 0.1 mL of aqueous HBr solution is slowly injected into the
precursor solution to induce the reaction via stirring. Limited
by the solubility of CsBr in DMSO, in order to obtain a higher
concentration of precursor solution, we use CsAc with higher
solubility instead of CsBr as the Cs source and PbBr, as the Pb
source. Meanwhile, aqueous HBr solution is used to make up
for the deficiency of Br in CsAc. Immediately, yellow-green
precipitates can be observed in the mixed solution, which is
stirred 6 h at room temperature. The precipitation is separated
from the mixed solution by centrifugation at 4000 rpm for 5
minutes and washed once with 0.2 mL DMSO. After this puri-
fication process, the powder is collected and dried at 50 °C for
12 h under vacuum. The solvent (DMSO) used in this work is
0.9 mL unless otherwise noted.

This journal is © The Royal Society of Chemistry 2019
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2.3 Construction of WLEDs

The perovskite composites are used as phosphors to fabricate
WLEDs. A blue LED chip, emitting at 460 nm, is attached on the
bottom of the reflector cup by using conductive silver paste. In
a typical procedure, 0.05 g perovskite composites with peak
wavelength centered at 521 nm are mixed with 0.05 g
K,SiF:Mn*" phosphors emitting at 630 nm, then mixing them
with 1 mL silicone gel A and B (0.2 mL of A, 0.8 mL of B).
Afterward, removing the bubbles in the silicone gel in a vacuum
chamber and overcoating the mixture on the chip. After that,
capping the reflector cup with an optical lens. Finally, the chip
is dried at 50 °C for 2 h.

2.4 Characterization

Powder X-ray diffraction (XRD) pattern is recorded with
a powder diffractometer (Dmax2500, Rigaku) using Cu Ko
radiation (A = 0.154 nm). Photoluminescence (PL) spectra are
recorded on a spectrometer (HR4000CG-UV-NIR, Ocean Optics).
The temperature-related PL of Cs,PbBre/CsPbBr; composites is
evaluated using a vacuum liquid-nitrogen cryostat (Cryo-77,
Oriental Koji) and a continuous-wave (CW) laser (UV-FN-405-
200 mW, CNI) at 405 nm with the capability to give the
temperature variation from 100 to 400 K. The PL dynamics are
excited by 200 ps laser pulses at 450 nm and measured by
a time-correlated single photon counting (TCSPC) system from
Boston Electronics with the time resolution of 200 ps to reveal
the process of exciton recombination. Photoelectric parameters
including electroluminescence (EL) spectra, luminous -effi-
ciency (LE), color rendering index (CRI), correlated color
temperature (CCT), and Commission Internationale de
L'Eclairage (CIE) chromaticity coordinates are evaluated using
the spectrometer connected to an integrating sphere (HP30,
Hopoo) with an optical fiber under the different operating
current.

3 Results and discussions

3.1 Synthesis and characterization of Cs,PbBrs/CsPbBr;
composites

Herein, we use a one-pot reaction strategy to realize the high
yield room temperature synthesis of novel perovskite-related
Cs,PbBrs/CsPbBr; semiconductors. As shown in Fig. 1a, the
high product yield of 86.2%, 80.1%, 70.9%, 67.5%, and 59.3%
are obtained by adding different amounts (0.6, 0.7, 0.8, 0.9, 1.0
mlL, respectively) of DMSO solvent. It's commonly known that
DMSO is a good solvent for CsPbBr; NCs but not for micron-
sized Cs,PbBrs, so after washing with DMSO, the precipitation
is Cs,PbBre/CsPbBr; perovskite composites.’*® The possible
conversion reactions can be the following:

PbBr, + 4CsAc + 4HBr — Cs,PbBryg (1)

PbBr, + CsAc + HBr —
CsPbBr; (rarely, embedded in Cs4PbBrg) (2)

RSC Adv, 2019, 9, 42430-42437 | 42431
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Only the micron-sized Cs,PbBrs and the very small amount
of nano-sized CsPbBr; embedded therein exists in the target
product, which makes it easy for us to calculate the yield by
element conservation of lead and assuming that the obtained
product is all Cs,PbBrs. Here, we emphasize again that this
approach of synthesizing perovskites has a high yield, which
can be calculated using the following equation, certainly indi-
cating its promising applications in the industry field.

Actual production
Theoretical production

Yield = 3)

The perovskite composites are characterized using the
scanning electron microscope (SEM), which shows irregular
morphology and size of Cs,PbBrs/CsPbBr; perovskite compos-
ites on the micrometer scale as shown in Fig. 1b. The inset is
observed on 200 nm scale to study more detailed structures.
Fig. 1c shows the X-ray diffraction (XRD) pattern of the resulting
composites powder. The XRD pattern of the sample matches
well with that of rhombohedral Cs,PbBrs crystals with no
obvious difference observed. It should be noted that the
unavoidable coexistence of CsPbBr; NCs with Cs,PbBr, crystals
and the detection limit of XRD measurements is about 5 wt%,
the content of CsPbBr; NCs in Cs,PbBrs/CsPbBr; composites
can't be accurately measured. Consequently, further discussion
is much needed to clarify the origin of highly green emission in
zero-dimensional Cs,PbBrs crystals. To our knowledge, no
explanation is given for the absorption in the green region for
supposedly pure Cs,PbBrg.** The extreme similarity of wide
bandgap Cs,PbBrs green emission with that of CsPbBr; NCs,
and the green PL in Cs,PbBrg is often reported to have a very
narrow FWHM, this narrow PL matches that of CsPbBr; NCs. It
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is believed that the embedded CsPbBr; NCs are responsible for
the highly efficient PL. This viewpoint is further strengthened
by direct imaging of CsPbBr; NCs in Cs,PbBrs.** In the PL
spectrum of the Cs,PbBrs/CsPbBr; composites, a narrow emis-
sion band centered at 521 nm (2.38 eV) with the full width at
half maximum (FWHM) of 25 nm (116 meV) are observed at 290
K as seen in Fig. 1d. The result obtained for PL spectrum is
similar to CsPbBr; NCs.>® UV-vis absorption spectrum of the
composites shows that absorption onset at 550 nm and a strong
absorption peak at 310 nm. Moreover, the PLQY of Cs,PbBrg/
CsPbBr; perovskite composites is determined using a spectro-
fluorometer equipped with an integrating sphere under the
excitation of 365 nm illumination. The result of 32% is obtained
for the product when the volume of the solvent (DMSO) is
0.9 mL.

3.2 Photophysical properties of Cs,PbBrs/CsPbBr;
composites

To explore the PL mechanism of Cs,PbBrs/CsPbBr; perovskite
composites, temperature-dependent PL spectra are recorded at
the temperature ranging from 100 to 400 K as seen in Fig. 2a.
The PL peak at 100 K is as narrow as 13.5 nm and exhibits
a temperature-sensitive evolution, i.e., monotonously decreases
as the temperature is elevated. The important physical param-
eter of exciton binding energy, which is vital for excitation and

recombination processes of semiconductors, can be estimated
according to temperature-dependent PL behavior using Arrhe-
nius equation:**
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Fig. 1

(a) Images of the Cs4PbBrg/CsPbBrs perovskite composites under daylight (top) and UV light (365 nm) (middle). The bottom from left to

right is the product yield of 86.2%, 80.1%, 70.9%, 67.5%, 59.3%, respectively. (b) SEM image, (c) XRD pattern and (d) absorption, PL spectra of

Cs4PbBre/CsPbBrs perovskite composites.
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Fig. 2 (a) Temperature-dependent PL spectra of Cs4PbBrg/CsPbBrs perovskite composites. (b) Integrated PL emission intensity (top), FWHM
(bottom). (c) Emission peak as a function of temperature, the inset shows the related process of a thermally-induced exciton emission blue-shift.
(d) Wavelength-dependent time-resolved PL.
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Fig. 3 (a) CIE coordinates of the green pero-LEDs, the inset shows the related photograph of the working LED. (b) Optimized CIE chromaticity
coordinates of pero-WLEDs. (c) EL spectra of the constructed pero-WLEDs operated under different driving current, the inset shows overall
luminous characteristics at 20 mA. (d) The changes of EL integrated intensity of green band in pero-WLEDs at 5 and 10 mA, respectively. The
short dash and square symbols represent our repetitive experiments to increase reliability. The inset shows the EL spectra of the constructed
pero-WLEDs operated under 5 mA, which has barely changed within five hours.
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where I(T) and I, are the integrated PL intensities at temperature
T and 0 K, respectively, E}, is the exciton binding energy, and kg is
the Boltzmann constant. The corresponding exciton binding
energy of Cs,PbBrs/CsPbBr; perovskite composites is experi-
mentally obtained as 291.1 meV in Fig. 2b, which is higher than
pure CsPbBr; and Cs,PbBr, crystal,® and close to that of similar
Cs,PbBrys/CsPbBr; composites,® Such a large exciton binding
energy confirms that PL of Cs,PbBrs/CsPbBr; perovskite
composites mainly occurs through exciton recombination rather
than free carrier recombination.”” Interestingly, a significant
broadening of the FWHM is observed with an increase of
temperature as shown in Fig. 2b, which can be fitted as:*®

Iy

I(T)=Ty+oT+ Gl ]

(5)
where I'(T) is the FWHM at temperature 7, and I, is the inho-
mogeneous broadening contribution, which is ascribed to the
scattering of excitons by defects or doped carriers and is
temperature-independent. ¢ and Iy, are the coupling coeffi-
cients of exciton-acoustic phonon and exciton-optical phonon,
respectively. The fitting result is shown in Fig. 2b, which indi-
cates that the optical phonon is dominant for the exciton-
phonon interactions in the present Cs,PbBrs/CsPbBr; perov-
skite composites. Accordingly, the optical phonon energy (o)
involved in the exciton recombination is determined to be 138.9
meV, confirming strong exciton-phonon interactions and weak
nonradiative transition for exciton recombination. Finally, an
obvious blue-shift of the emission peak position is observed
during the temperature increasing from 100 to 220 K as shown
in Fig. 2c. It is well known that the excitons will occupy a lower
discrete energy state below the conduction band at low
temperature. As the temperature is elevated, electrons may
migrate from lower energy states to higher ones with the
assistance of phonons, resulting in a blue shift in the emission
band.*® The related process is shown in the inset of Fig. 2c. But
when the temperature gradually from 220 rises to 400 K, the
emission band of Cs;PbBrs/CsPbBr; perovskite composites
remains steady. This reveals that composites are less sensitive
to relatively high temperature. To further unravel the excitonic
recombination mechanism, wavelength-dependent time-
resolved PL of Cs,PbBrs/CsPbBr; perovskite composites are
performed. Based on nonlinear least squares fitting, the
measured PL decays are fitted and calculated. It can be seen
from Fig. 2d that the exciton PL decays are single-exponential,
indicating the existence of one emission centers in Cs,PbBrg/
CsPbBr; perovskite composites. As is commonly known, the
morphology and the size of crystals influence their optical
properties.** The lifetime decay component becomes longer
from 4.2 to 6.4 ns with the change of detection wavelength from
500 to 540 nm, which exhibits the PL lifetime increases steadily
with increasing NCs size embedded in Cs,PbBrs microcrystals
consistent with the reported CsPbBr; NCs.*

3.3 Applications of Cs,PbBrs/CsPbBr; composites on WLEDs

In order to study the color stability of perovskite materials, the
ultraviolet LEDs with the peak emission at 360 nm and Cs,-
PbBre/CsPbBr; perovskite composites are used to fabricate

42434 | RSC Adv, 2019, 9, 42430-42437
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green perovskite LEDs (green pero-LEDs). The CIE chromaticity
coordinates of the green pero-LEDs (0.1380 + 0.0035, 0.7236 +
0.0026) are overlapped as displayed in Fig. 3a, and no obvious
change with the increasing driving current (5-30 mA), indi-
cating greater color stability of output light.

From the viewpoint of application exploration, the strong PL
emission and color stability from Cs,PbBrs/CsPbBr; perovskite
composites are inspired their use in light-emitting applications.
EL spectra of perovskite WLEDs (pero-WLEDs) under various
driving current are indicated in Fig. 3c, showing three peaks
centered at 460, 521 and 630 nm, corresponding to the emission
of blue LED chip, Cs,PbBrs/CsPbBr; perovskite composites and
K,SiFe:Mn*" phosphors, respectively. Blue and green-red emis-
sion intensities steadily raise with increased current, revealing
that LEDs had stable light-conversion and color quality. The
optical parameters of pero-WLEDs at different driving current
are shown in the inset of Fig. 3c. With increase in driving
current, the CCT of pero-WLEDs is changed from 5554 to 3701
K. Although a slight decrease in luminous efficiency from 32.08
to 25.64 Im W' is observed when driving current increases
from 10 to 40 mA. After optimization, the maximum luminous
efficiency of 65.33 Im W' at 20 mA can be obtained by
changing the mass ratio of perovskites and K,SiFg:Mn*" on 1 : 2
(in detail, 0.05 g of Cs,PbBrs/CsPbBr; perovskite composites,
0.10 g of K,SiFe:Mn*", both are uniformly mixed in 1 mL of
silicone gel A and B (0.2 mL of A, 0.8 mL of B)). These results
show that the white light generated from the pero-WLEDs has
high color chromatics stability against the increase of driving
current, which is consistent with the high photostability of our
perovskite materials. We do know that the device performance
is comparable to some states of the art WLEDs based on
conventional perovskite MCs or NCs, which are summarized
and compared with other research groups as shown in Table 1.
First, such high luminous efficiency is inseparable from the
high PLQY of the product, work has reported that the latter can
be further improved by optimizing perovskites structure such as
doping of lanthanide ions* or forming a quasi core/shell
structure.*” Second, the PL line-widths of our product are

Table 1 Parameter comparisons of WLEDs based on Cs4PbBrg/
CsPbBrs perovskite composites and conventional perovskite MCs/
NCs-based LEDs

Emitting materials LE (Im W™ ')  CIE coordinate ~ References
Mn-doped 29.7 (0.3327, 0.3688) 43
CsPbBrg 51, 5 NCs

Cs4PbBr, MCs 9.79 (0.3623, 0.3765) 12
Cs,PbBrs MCs 13.91 (0.2879, 0.2434) 44
CsPbBr; NCs — (0.33, 0.30) 23
CH,NH,PbBr;/NaNO;  22.39 (0.28, 0.32) 45
CH,NH,PbBr,@POSS 38 (0.30, 0.33) 46
CsPbBr;@NH,Br — (0.36, 0.35) 47
CsPbBr; NCs — (0.33, 0.36) 48

CsPb (Br/1);/POSS 14.1 (0.35, 0.38) 49
CH,NH,PbBr,/Si0O, 60.5 (0.26, 0.25) 50
CH,NH,PbX; NCs/SiO,  61.2 (0.33, 0.33) 51
Cs,PbBrgs/CsPbBr; 65.33 (0.3392, 0.3336)  This work

This journal is © The Royal Society of Chemistry 2019
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Table2 Overall luminous characteristics with different treating time at
20 mA

Time (h) E(Im W) CRI CCT (K) CIE coordinate
0 30.40 63.1 5256 (0.3379, 0.3369)
1 30.29 63.8 5014 (0.3392, 0.2876)
2 29.41 62.1 4555 (0.3442, 0.2742)
3 28.42 60.3 4375 (0.3454, 0.2671)
4 28.27 54.3 4253 (0.3461, 0.2632)

obviously narrower, which is significant for wide color-gamut
display. Third, as we known that the CIE coordinates accu-
rately represent the color of the light source, when mass ratio of
Cs4PbBre/CsPbBr; perovskite composites and K,SiFg:Mn*" is
between 1:2 and 1: 3, optimized color coordinates is gener-
ated and reached (0.3392, 0.3336) at 20 mA as shown in Fig. 3b,
this value of CIE is almost equal to the standard white light
(0.33, 0.33). Last but not the least, high-quality Cs,PbBrs/
CsPbBr; perovskite composites can be formed at room
temperature even relatively low temperature, within short time,
free from inert gas and injection operation.

Optical stability under operation time is one of the key
factors to evaluate the performance of a light emitting device.
From Fig. 3d, the EL intensity of the pero-WLEDs still maintains

View Article Online

RSC Advances

stability of the initial value after 5 h of continuous operation at 5
mA. When the driving current reaches 10 maA, its relative
emission intensity declines slowly to 88% after 2 h and then
tends to remain constant. In order to further explore the optical
performance of pero-WLEDs after working for a period of time.
The result in Table 2 illustrates the luminous efficiency dropped
by only ~7% after 4 h of operation at 20 mA, the CIE color
coordinate and CCT show the changes from (0.3379, 0.3369) to
(0.3461, 0.2632) and 5256 to 4253 K, respectively. Because more
current addition will cause mixture stronger emitting of the red
versus blue color, and relatively weaker green color in WLEDs
due to loss green light. These results demonstrate the highly
optical stability of the pero-WLEDs at low current. Additionally,
the CRI is measured for this WLEDs with warm perception. It is
approximately 60 dues to the deficiency in yellow wave band,
and we believe it can be improved further after optimization
over the concentrations of phosphors or used the phosphor
with a wider band®* in the WLEDs.

Obviously, the color temperature of these WLEDs can be
tuned through controlling the composites ratio of green and red
components. To confirm the change of white target, the Cs,-
PbBrs/CsPbBr; phosphor is composited with K,SiFg:Mn**
phosphor with the mass ratioof 1:x(1:0,1:0.5,1:1,1:2,
1:3 and 1:4) as shown in Fig. 4a. With an increasing
composite ratio, generated warm-white light due to the addition
of the red component, this perfect combination of green and
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M 9 b it A, ~
£ Ak 2o8r iy
E -~ Sso )
S 30k - g 0.6 k- . Cold white ACTRY
da Qo =
g S
3 20k | Té 0.4}
=
S 10k} =050 .
= 10k 0 & 2 02 | Warm white
&) Cold white Y
okl Pure white Warm whig 0.0 ) L 1 L L
0 1 2 3 4 300 320 340 360 380
X Temperature (K)
(©s (d) -
33K A h i
JM 50} \ 17k
Z.|353K A 2= )
Sab . - _
2.|333K I u {5k =
= 2k — :‘E/40 - Sk Q
g = {ax®
=1 313K = 35| ~— .
L =@-Luminous efficiency
293 K AJ; e 1
o 30 -@-CcCT
400 450 500 550 600 650 700 3(‘]0 320 34‘10 3&0 3&0 o
Wavelength (nm) Temperature (K)

Fig. 4

(a) Color temperatures of pero-WLEDs as a function of mass ratio of green-to-red materials, where x comes from 1: x. The insets show

the related photograph of the working WLEDs. (b) Normalized intensity of green emission peak of the constructed pero-WLEDs operated under
different drying temperature of silicone gel and phosphors. (c) EL spectra operating at different temperatures. (d) The changes of LE and CCT with

drying temperature.
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red components is suitable for lighting technology. These
results indicate that the relatively low intensity of green color
compared to that of red color is suitable for a warm color. And
the intensity of green should be stronger to achieve a cool color.

Considering the sensitivity of the perovskite materials to
heat, degrees raise in temperature would be remarkably influ-
enced for the stability of the perovskites. As we change the
drying temperature of silicone gel and phosphors from 293 to
373 K and keeping the drying time for 2 h, the integrated
intensity of the green emission peak of pero-WLEDs decreases
as shown in Fig. 4b. Fig. 4c is the EL spectra operating at
temperatures 293, 313, 333, 353, 373 K, respectively. We know
that perovskite materials are generally unstable at high
temperatures, with increasing temperature, the thermal distri-
bution will become worse as more non-emissive NCs generation
around could hinder the thermal re-emission. From Fig. 4d, the
luminous efficiency of pero-WLEDs decreases from 53.76 to
30.88Im W~ " and CCT from 8077 to 2866 K at 20 mA on account
of the unstable characteristics of the Cs,PbBrs/CsPbBr; perov-
skite composites at high temperature.

4 Conclusion

In summary, the Cs,PbBrs/CsPbBr; perovskite composites are
synthesized using a one-pot mixing method, and boast large-
scale production possibility. The prepared perovskites show
the behavior of excellent luminous properties (PLQY = 32%)
with narrow FWHM (25 nm) and large binding energy of 291.1
meV. The optimal device for WLEDs shows favorable white light
characteristics with the CIE coordinates, CCT and LE of (0.3392,
0.3336), 5190 K and 65.33 Im W', respectively. What is more,
excellent optical stability is demonstrated with increasing
driving current from 10 to 40 mA. And high device stability is
also proved after working 5 h. More importantly, this is
a comprehensive report for perovskite-based WLEDs and would
provide a new pathway toward low cost, high product yield, and
highly efficient perovskites applicable for high-performance
WLEDs. We anticipate that further improving the stability of
perovskite at high temperature, which will make more leaps and
bounds in perovskite phosphors-based WLEDs.
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