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Ultrathin, Core-Shell Structured SiO, Coated Mn?*-Doped
Perovskite Quantum Dots for Bright White Light-Emitting

Diodes

Xiaosheng Tang, Weiwei Chen, Zhengzheng Liu, Juan Du,* Zhigiang Yao, Yi Huang,
Cheng Chen, Zhaoqi Yang, Tongchao Shi, Wei Hu, Zhigang Zang, Yu Chen,*

and Yuxin Leng*

All-inorganic semiconductor perovskite quantum dots (QDs) with
outstanding optoelectronic properties have already been extensively
investigated and implemented in various applications. However, great
challenges exist for the fabrication of nanodevices including toxicity, fast
anion-exchange reactions, and unsatisfactory stability. Here, the ultrathin,
core—shell structured SiO, coated Mn?* doped CsPbX; (X = Br, Cl) QDs

are prepared via one facile reverse microemulsion method at room
temperature. By incorporation of a multibranched capping ligand of
trioctylphosphine oxide, it is found that the breakage of the CsPbMnX; core
QDs contributed from the hydrolysis of silane could be effectively blocked.
The thickness of silica shell can be well-controlled within 2 nm, which gives
the CsPbMnX; @SiO, QDs a high quantum yield of 50.5% and improves
thermostability and water resistance. Moreover, the mixture of CsPbBr;
QDs with green emission and CsPbMnX; @SiO, QDs with yellow emission
presents no ion exchange effect and provides white light emission. As a
result, a white light-emitting diode (LED) is successfully prepared by the
combination of a blue on-chip LED device and the above perovskite mixture.

The as-prepared white LED displays a high luminous efficiency of 68.4 Im W-!

and a high color-rendering index of Ra = 91, demonstrating their broad future
applications in solid-state lighting fields.

1. Introduction

White light-emitting diodes (LEDs) exhibit
long operational lifetime, fast response
time, and remarkable energy conserva-
tion efficiency, which have received sub-
stantial applications in current solid-state
lighting and display.l'®! The typical white
LEDs are mainly made of a blue-emitting
InGaN or GaN chip and Ce-doped yttrium
aluminum garnet phosphor, which can
efficiently convert the blue emission to a
quite broad yellow emission.*®! Finally,
white light is formed by combining the
blue and yellow lights. However, most
of the white light achieved by this color-
conversion strategy lacks of red and green
components in the emission spectrum,
which results in low color rendering index
(CRI < 80), limited luminous efficiency,
as well as high correlated color tempera-
ture (CCT) and hampers our pursuit of
light quality.l®”] Fortunately, alternative
quantum dots (QDs) material shares a
common feature of narrow and finely
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tunable emission band, making them one suitable candidate in
the fabrication of white LEDs with satisfactory luminous quality.

As an attractive optoelectronic material, all-inorganic semi-
conductor perovskite CsPbX; (X = Cl, Br, I) material has aroused
extensive interest in the applications of solar cells, lasing, photo-
detector, and LEDs owing to their high absorbance coefficient,
tunable photoluminescence (PL) spectrum, as well as high PL
quantum yield (PLQY) and solution processing capabilities.[513]
However, this perovskite material contains an environment
unfriendly element of Pb and displays low stability of crystal-
line structure. This phenomenon results from the strong ionic
crystal feature of perovskite material itself in nature, which
seriously restricts their further commercial application.['*-16 To
reduce the toxicity of perovskite QDs, great numbers of efforts
have been devoted to reduce or substitute lead with nontoxic
elements (Ge, Sb, Bi, Sn,).l'”l Nevertheless, for the majority
of the lead-free perovskite QDs, they often have limitations of
low PLQY and poor stability to be applied to regular solid-state
lighting, especially under the circumstance of high humidity,
high temperature, or irradiation. For example, the reported
CsSnX; QDs exhibited a maximal PLQY of only 0.14% and
could only keep for several hours.['8! Additionally, nearly all the
perovskite QDs have serious self-absorption problem resulting
from the small Stokes shift. Therefore, by introducing transi-
tion metal ions, e.g., Mn?*, into semiconductor QDs to generate
new optical and electronic properties to the host QDs, such as
large Stoke shifts, high excited state lifetime and environmental
stability have been broadly explored.®?% Recently, through the
control of the CsPbCl; QDs bandgap around 3.1 eV, Dong’s
group demonstrated that the Mn?* doped CsPbCl; QDs exhibit
two PL emission peaks located at 410 and 600 nm and one
absorption peak around 400 nm.*!l Moreover, the reduced lead
element in the doped perovskite QDs makes them more envi-
ronmental friendly. Thus, the Mn?* doped perovskite QDs can
be identified as one of the promising down conversion phos-
phors for white LEDs. However, serious ion-exchange effect
will occur when these perovskite materials with different com-
position are directly mixed in solution or in the solid state.?>23]
Therefore, it is highly desired to seek an effective strategy for
enhancing the stability and preventing ion exchange simultane-
ously for perovskite QDs, which could solve the crucial prob-
lems for their application in white LEDs.

Recent researches concentrate on establishing a variety of
materials with coating technology to improve the stability of
perovskite QDs against the UV-light and moisture.?*28 For
example, Alivisatos’s group integrated the polymer matrices
into the synthesis of the colloidal CsPbBr; QDs,??l and their
water and light stability were significantly improved. But much
more stable coatings using inorganic materials are preferred
if possible. Zheng and co-workers prepared CsPbBr;@TiO,
core—shell nanocrystals, which presented super stability for
three months storage in water with identical optical features
remained. Whereas the crystallization process of TiO, required
high temperature assist (300 °C), which resulted the quenching
of perovskite QDs.% Except these above materials, encapsu-
lating QDs with silica shell has been recognized as one fantastic
approach to improve the stability for perovskite QDs, because
silica as an optical transparent, chemical inert, and nontoxic
material can prevent the core materials from the release of toxic

Small 2019, 1900484

1900484 (2 of 11)

www.small-journal.com

ion as well as chemical degradation. Actually, coating perovskite
QDs with silica has been widely investigated.?'*3l All those
silica coating composites not only maintain almost all the prop-
erties related with perovskite QDs but also achieve reduced
chemical sensitivity and enhanced thermal and photostability.
For example, the silica shell has improved the luminescent fea-
ture and prolonged the photostability of CH;NH;3;PbBr; QDs in
both solution and powder forms.?* Our group further demon-
strated that CsPbBr; QDs displayed enhanced emissive proper-
ties, as well as humidity and thermal stabilities through a well-
defined structure of silica coating.?>! Both studies have also
revealed that employing silica shell can terminate the anion-
exchange effect occurred in perovskite QDs with different halo-
gens. These unique properties of silica coated perovskite QDs
provide an idea to fabricate white LEDs by involving the mix-
ture of red and green emitting QDs and a commercially avail-
able blue or UV chip.B!

Different approaches have been established for the prepara-
tion of SiO, coated perovskite QDs. Generally, only thick shell
(50-100 nm) could be produced using traditional silica coating
technology, and core—shell structured perovskite QDs in which
only each individual QD is separately coated by silica was rarely
reported. A thick shell will gather a large volume of QDs and
induce QDs aggregation in one single SiO, sphere or a large
size that may be bulkier than desired. As a result, most of the
PL spectra were shifted and/or broadened, accompanied with
reduced PLQY and surface scattering signal.?1¢37] Whereas an
ultrathin silica shell that is thin enough coated on QDs has been
demonstrated to be an effective way to avoid above defects and
enhance luminescence features along with chemical stability.*®!
Great research efforts have been made to reduce the thickness
of silica layer capped on QDs and the results are inspired. For
example, Philipse et al. demonstrated that the thin layer of SiO,
could be obtained by exposing the silica and QDs to a dilute
alkaline solution of sodium silicate for 2 h.’% Hui et al. used
citrate and nitrate salts as precursors and obtained hydrophilic
citrate-capped Fe;0, QDs.[*% Both above methods rely on the
use of either some sort of pretreatment or an appropriate addi-
tive for the uncoated QDs, which introduce additional steps
and increase the complexity of the process. Joo et al. reported
that the Pt@SiO, core—shell QDs can be prepared by changing
the concentration of silane source.*!l This strategy makes us
aware of the possibility to obtain the ultrathin layer, monodis-
persed, core—shell structured silica coated perovskite QDs on
the nanometer scale.

In this present work, we introduced a facile strategy for
making monodispersed SiO, coated Mn?" doped CsPbX; QDs
(X = Br, Cl) via a versatile sol-gel method at room temperature.
This method involves the hydrophilic groups of trioctyl-phos-
phine oxide (TOPO) and 2-methoxyethanol (2-ME), which are
surfactants present on the QDs surface. Subsequently, a certain
amount of tetraethoxysilane (TEOS) was selected as silica pre-
cursor for the production of SiO, shell. The SiO, shell of =2 nm
can effectively passivate the CsPbMnX; QDs core, inducing a
high PLQY of 50.5%, low toxicity, and admirable optical sta-
bility. More importantly, anion-exchange can be completely
prevented after SiO, coating. Owing to those excellent proper-
ties, one promising white LED device was fabricated by using
the CsPbMnX;@SiO, and CsPbBr; QDs as novel luminescent
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Scheme 1. Schematic illustration of the procedure for synthesizing CsPbMnX; @SiO, core—shell QDs.

materials. The as-obtained white LED produced excellent-
quality white light with a high luminous efficiency of 68.4 Im
W1 and a high CRI of 91 at a driving current of 10 mA, guar-
anteeing their potential practical application.

2. Results and Discussion

The ultrathin, core—shell CsPbMnX;@SiO, QDs were synthe-
sized via two steps as schematically shown in Scheme 1. At the
first step, we prepared CsPbMnX; QDs by using the emulsion
and demulsion reprecipitation technology, which was usually
adopted to fabricate pure organometal halide perovskite QDs.[*!
The N,N-dimethylformamide (DMF) precursor solution con-
taining PbBr,, PbCl,, MnBr,, and CsBr was injected into toluene
at room temperature. In this process, orthorhombic CsPbMnX;
QDs were formed. To reduce the hydrolysis reaction of TEOS,
TOPO acting as surfactant was selected as ligands to modify the
QDs’s surface. Last, TEOS as silane was added to the obtained
QDs solution. After hydrolysis reaction of TEOS, the SiO,
layers were directly formed on QDs. As known to all, the ligands
on the surface of QDs play a crucial role in the fabrication of
SiO, coated QDs. For example, Selvan And Tan involve the oil
group of TOPO and Igepal, which are surfactants present on
the QDs surface to facilitate the formation of CdSe@SiO,.[*}]
In our previous work, TEOS acting as a single ligand was
directly added in the CsPbBr; solution for the fabrication of
CsPbBr;/SiO, QDs, which shows a large amount of CsPbBr;
QDs embedding into one silica sphere.** This is because a large
amount of TEOS would directly contact with water molecule,
and this contact would accelerate hydrolysis reaction rate of
TEOS. After being added with the oil group of TOPO in the
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CsPbMnX; QDs solution, the interaction between the QDs and
water molecule can be reduced and the hydrolysis reaction of
TEOS can be sufficiently low. Besides, the presence of water
molecule from air is sufficient to realize the hydrolysis reaction,
and the 2-ME acting as a catalyst can help the achievement of
Si—O—Si matrix around the QDs surface. Therefore, we can
obtain the ultrathin, core-shell structured CsPbMnX;@SiO,
QDs. The reaction process includes the hydrolysis of silane
precursor (Si(OR);) (Equation (1)) and oxolation of hydrolytic
product after reaction with water (Equation (2))

Si(OR), +3H,0 = Si(OH), + 3R — OH (1)
Si—OH+HO-Si=Si-0-Si+H,0 2)

After purification, the obtained products are dispersed in
hexane and characterized. The elaborate experimental proce-
dure is described in the Experimental Section.

Figure 1a,b present the typical transmission electron micros-
copy (TEM) and high resolution TEM (HRTEM) images of the
obtained CsPbMnX; QDs, respectively, showing that the Mn
element does not affect the crystal formation of perovskite
QDs. The good dispersity of the CsPbMnX; QDs exhibits
quasi square shaped with an average diameter of 11 £ 1.0 nm,
which is similar with the undoped ones (Figure S1, Supporting
Information). HRTEM observation reveals that the as-obtained
QDs have legible crystal lattices with an interplanar distance
of 5.69 A. Representative TEM micrograph of the as-prepared
core—shell structured CsPbMnX;@SiO, QDs is presented in
Figure 1c, where each Mn?" doped perovskite QD is encaged
within a silica shell, suggesting that the SiO, shell has isotropic
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Figure 1. a) TEM and b) HRTEM micrographs of the typical CsPbMnX; QDs. c) Representative TEM and d) HRTEM micrographs of CsPbMnX; QDs
individually encapsulated within SiO; shells. Inset of (a) and (c) are the photographs of pure and silica coated CsPbMnX; QDs dispersed in hexane

illuminated by a UV lamp, respectively.

growth with slightly smooth surface. Compared with the emis-
sion of CsPbMnX; QDs (inset of Figure 1a), CsPbMnX;@SiO,
QDs solution shows the similar PL emission under UV light
(inset of Figure 1c). The photograph of CsPbMnX3; QDs shows
an almost completely transparent toluene solution under room
light (Figure S2, Supporting Information). While, it is worthy
to note that the color of the CsPbMnX;@SiO, QDs exhibits a
slight milk-white color, and this phenomenon can be explained
that the solubility of the SiO, coated QDs is worse than that
of uncoated ones. HRTEM micrograph of CsPbMnX;@SiO,
QDs is shown in Figure 1d, the core—shell boundary can be
clearly observed and the thickness of silica shell is measured
to be =2 nm. The continuous lattice fringes throughout the
whole QDs reveal their high crystallinity. In the meantime, the
average diameter of these core-shell QDs is around 15 nm,
which is apparently larger than the TEM observation of initial
Mn?* doped QDs. Moreover, no blur and breakage are observed
in Figure 1d for the CsPbMnX; QDs core parts and their cubic
morphology are completely preserved, indicating that the dis-
solution of CsPbMnX; QDs can be effectively avoided from the
ammonia solution in silica. However, because of the surface
properties of these QDs, the coated QDs cannot be remained
homogeneous during the hydrolysis process of silane.
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The as-prepared CsPbMnX;@SiO, QDs were further charac-
terized by using the X-ray energy dispersive spectroscope (EDS)
as shown in Figure 2a. Elements of caesium, lead, manganese,
bromine, chlorine, silicon were clearly detected, which is in
agreement with the provided components. The X-ray photo-
electron spectroscopy characterization was also performed to
explore the valence states of the constituent elements in the
as-synthesized CsPbMnX;@SiO, QDs (Figure S3, Supporting
Information). It could be confirmed that the valence of the QDs
elements are Cs*, Pb?", Br~, CI~, and Mn?*, and the Si 2p peak
appeared due to the presence of SiO, shell layer. In the survey-
scan of Fourier transform infrared spectroscopy spectrum of the
final obtained CsPbMnX;@SiO, QDs (Figure S4, Supporting
Information), peaks appeared at 1125 and 960 cm™ due to
Si—O—Si vibrations and Si—OH twisting vibration, respectively,
indicating the hydrolysis condensation of TEOS and demon-
strating the formation of a cross-linked silica matrix. Figure 2b
depicts the X-ray diffraction (XRD) patterns of CsPbMnX; and
core—shell CsPbMnX;@SiO, QDs, and both of the two samples
belong to the same orthorhombic CsPbX; phase (JCPDS
54-0752), verifying the silica layer has almost no impact on the
crystallinity of perovskite. In addition, the peak intensity ratio of
(200) at 32° and (110) at 23.1° changes from =1.07 in CsPbMnX;
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Figure 2. a) EDS spectra, b) XRD patterns, c) PL spectra, and d) PL lifetime decays of Mn?" emission for the CsPbMnX; QDs (blue lines) and
CsPbMnX;@SiO, QDs (red lines), respectively. Note: the PL spectra of the two samples in (c) are normalized, and the spectrum of CsPbMnX;@SiO,

QDs is overlapping with the one of CsPbMnX; QDs.

QDs to 1.53 for CsPbMnX;@SiO, QDs, and the slight increased
relative peak intensity of (200) diffraction for CsPbMnX;@SiO,
QDs suggests the growth of the QDs along the (200) plane.*
It should be noted that in the presented work the solution
processing method can be recognized as one of the most effi-
cient approaches to prepare CsPbMnX;@SiO, core—shell QDs.
However, this approach is usually accompanied by material
inhomogeneity, and some of the CsPbMnXj particles are grown
up (Figure 1c), which may result in the changes of diffraction
peaks intensity in their XRD pattern. The normalized PL spectra
of the above two samples are displayed in Figure 2c. Compared
with the PL spectrum of the CsPbMnX; QDs, no obvious shift
for the PL peaks of CsPbMnX;@ SiO, QDs is observed. Con-
sidering that QDs aggregation and interdot energy transfer will
lead to a shift of PL peaks, our result demonstrates good dis-
persibility and suppressed aggregation of QDs in SiO, shell,
which can separate the perovskite QDs individually. Additionly,
owing to the contribution of passivation effect from SiO,, the
relative emission intensity at 607 nm is decreased as compared
to the uncoated QDs. The PLQY of SiO, coated CsPbMnX; QDs
is found to be a slightly lower (50.5%) than that of the corre-
sponding uncoated CsPbMnX; QDs (54.7%). This result can be
manifested by a faster exciton decay as illustrated in Figure 2d
for Mn?" emission decay and Figure S5 in the Supporting Infor-
mation for exciton emission decay. Comparison of the Mn?*
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doped CsPbX; QDs, significant change in the fluorescence
lifetimes after coating has been observed both for the excitonic
PL located at 446 nm and the Mn?" PL located at 607 nm. The
CsPbMnX;@SiO, QDs show a shorter average PL lifetimes
(15.7 ns for excitonic emission and 0.7 ms for Mn?" emission
(Tables S1 and S2, Supporting Information)) than the Mn?*
doped CsPbX; QDs (23.5 ns for excitonic emission and 0.82 ms
for Mn?" emission), indicating that the addition of TEOS can
remove the surface ligands during the hydrolysis process of
silane and leads to a presence of surface traps and additional
nonradiative channels resulting from them.

On the basis of the aforementioned analyzation, an essential
process is required to penetrate into the fundamental formation
process of the novel core—shell SiO, coated CsPbMnX; QDs.
Therefore, the reaction system for synthesizing CsPbMnX;@
SiO, QDs with different proportion of TEOS was examined. By
content-dependent TEM studies, the morphology of this type of
QDs can be controlled. If the content of TEOS is decreased to
100 uL compared with the amount required for the optimized
condition of 200 uL, the silica shell cannot be formed and large
amount of amorphous silica existed (Figure 3a). Increasing
the TEOS content to 200 pL, core-shell structure is formed
and each CsPbMnX; QDs is exactly incorporated in one SiO,
(Figure 3b). When the amount of TEOS is increased to 300 puL,
the formation of CsPbMnX;@SiO, QDs and amorphous silica

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. TEM images of product prepared at different TEOS contents: a) 100 uL, b) 200 pL, and c) 300 pL. d) Corresponding PL spectra and e) time-
resolved PL lifetimes for e) the excitonic emission decay and f) Mn?* emssion decay of the as-obtained CsPbMnX;@SiO, QDs. Note: the PL spectra
of the three samples in (d) are normalized, and the spectra of CsPbMnX;@SiO, (200 puL) and CsPbMnX;@SiO, (300 pL) QDs are overlapping with

the one of CsPbMnX; @SiO, (100 pL) QDs.

in TEM image is observed as shown in Figure 3c. For the con-
tent of TEOS to 400 uL, huge SiO, microsphere containing a
large amount of CsPbMnX; QDs is obtained (Figure S6, Sup-
porting Information), and this configuration is consistent with
our previous report about CsPbBr;@SiO, nanocrystals.3%! The
PL features of CsPbMnX;@SiO, QDs were collected to explore
the silane effect. As shown in Fugure 3d, varying the content
of TEOS does not effect the peaks location for the obtained

Small 2019, 1900484 1900484

CsPbMnX;@SiO, QDs. However, after the excitonic emission
intensity is normalized, the relative intensities of Mn?" emis-
sion were decreased along with the TEOS added. Meanwhile,
the emission colors under UV excitation were changed from
brilliant yellow for uncoated QDs to dark yellow (100 uL),
brilliant yellow (200 puL), and dark yellow (300 puL) (Figure S7,
Supporting Information). This phenomenon can be explained
that SiO, could restrain the activated nonradiative deactivation
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of Mn?** and exciton emissions in the CsPbX; QDs.*] The
absolute PLQYs of 54.7%, 47.9%, 50.5%, and 33.5% for the
pure CsPbMnX;, CsPbMnX;@SiO, (100 pL), CsPbMnX;@
SiO, (200 uL), and CsPbMnX;@SiO, (300 uL), respectively,
are obtained. The highest PLQY is ascribed to the lowest trap-
ping possibility of excitons and least defects. When the con-
tent of TEOS is less than 200 pL, a small quantity of inorganic
silica for covering the dangling bonds is deficient and defects
exposed on the surface of the CsPbMnX; QDs are existing, thus
the PLQY is reduced. Whereas, if the content of TEOS is more
than 200 uL, large amount of TEOS connected with the QDs
surface leads to the formation of spatial steric hindrance, which
results from the hydrolysis of TEOS strengthening, and such
steric hindrance can bring on defects, thus PLQY declines.[*647]

To further investigate the defects passivation effect of silane
on PL behaviors of the CsPbMnX;@SiO, QDs, fluorescence
lifetimes of the coated QDs obtained at different TEOS contents
in the range of 100-300 uL were characterized. The PL lifetime
curves are presented in Figure 3e for the excitonic emission at
446 nm and Figure 3f for the Mn?* emssion at 607 nm. In gen-
eral, the PL relaxation of the three samples can be described
by an equation: I () = A; exp (—t/T)) + A,exp(—t/1,), where T;
and 1, represent the decay time of the PL emission and A,
and A, are the fractional contributions of the decay compo-
nents. The PL relaxations can be decomposed into fast and slow
decay components. The mean lifetime () can be determined
according to the equation: ¢, = AT+ AT The fitting and cal-

AT+ AT,

culated results are displayed in Tables S3 and Table S4 in the
Supporting Information for excitonic emission decay and Mn?*
emssion decay, respectively. For the CsPbMnX;@ SiO, (100 uL),
CsPbMnX;@Si0, (200 pL), and CsPbMnX;@SiO, (300 L),
the excitonic decay times are (t; = 5.6ns, 7, = 17.1 ns),
(t1 = 7.7ns, 1, = 20.6 ns), and (r; = 1.86ns, 7, = 12.8 ns),
respectively, the Mn?* emission decay times are (7, = 0.27 ms,
7, = 0.66 ms), (1, = 0.32ms, 7, = 0.92 ms), and (7, = 0.13 ms,
7, = 0.62 ms), respectively. The average lifetimes for the exci-
tonic decay times are 11.3, 15.7, and 7.9 ns, respectively,
and for Mn?* emssion decay times are 0.5, 0.7, and 0.21 ms,
respectively. It is observed that using 200 uL TEOS to prepare
CsPbMnX;@SiO, QDs exhibits a longer lifetime. The PL life-
time is decreased for the CsPbMnX;@SiO, (100 uL) QDs, and
further decreased for CsPbMnX;@SiO, (300 uL) QDs. The
long lifetime (200 uL) usually indicates that the nonradiative
decay is suppressed, which is beneficial for the recombination
of the generated excitons and results in a high PLQY. All those
results demonstrate that the concentration of TEOS plays a cru-
cial role in controlling the morphology and optical properties of
CsPbMnX;@$iO, QDs.

For practical application in photoelectronic devices such as
white LEDs, thermostability issue of perovskite QDs is one
of most significant factors needed to be considered, since the
obtained QDs would suffer from high temperatures during
LEDs working. We first measured the surface temperatures of
GaN LED chip under different driving currents as presented in
Figure S8 in the Supporting Information. When the operating
current is 200 mA, the surface temperature of the LED chip
reaches 67.4 °C. Thus, we investigated the optical features of
CsPbMnX; QDs and CsPbMnX;@SiO, QDs films and both
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were annealed at 67 °C under vacuum condition for 1 h. It can
be found that the PL intensity of Mn?" emission is decreased
after the uncoated QDs annealed (down to 73%) (Figure S9a,
Supporting Information). Nevertheless, the Mn?' emission
of CsPbMnX;@SiO, QDs could maintain as high as =95% of
their initial intensity (Figure S9b, Supporting Information).
It is known that GaN chips with different model may exhibit
different surface temperatures, and high annealing tempera-
tures can result in PL quenching.*®# For the preservation of
the perovskite QDs, the annealed temperatures were often less
than 50 °C.P% It is generally accepted that silica matrix can act
as buffer to effectively prevent damage from thermal effect,
which is associated with a more dense structure of SiO,. There-
fore, a high experimental temperature (for example, 100 °C)
is essential to explore their thermal stability for perovskite
NCs.B151 Based on this, we investigated the optical features
of CsPbMnX; QDs and CsPbMnX;@SiO, QDs films and
both were annealed at 100 °C under vacuum condition for
1 h. The PL intensity of CsPbMnX; QDs film was obviously
decreased (down to 50%) (Figure 4a). Whereas the emission of
the CsPbMnX;@SiO, films could maintain as high as =90%
of their initial intensity (Figure 4b). In addition, slight red
shift was presented for the PL peaks location of CsPbMnX;
QDs after thermal annealing, which was caused by the crystal
growth or aggregation of QDs. By contrast, with the protection
provided by SiO, shell showed almost no red shift for the PL
peak of CsPbMnX;@SiO, QDs, which demonstrated a higher
thermal stability for the CsPbMnX;@ SiO, QDs in comparison
to the CsPbMnX; QDs.

To evaluate the stability related to water resistance,
CsPbMnX; and CsPbMnX;@SiO, QDs powders were dis-
persed in water and then stirred for six days. Color and PLQY
variation for both two samples were recorded. As illustrated
in Figure 4c, the bright emission for uncoated CsPbMnX;
QDs was sharply dropped along with the storage time and
completely disappeared after 6 days stirring (top four pic-
tures). By contrast, the orange-yellow light emission from the
SiO, modified CsPbMnX; QDs in water solution presented
almost no change after being stored for 6 days (bottom four
pictures). The PLQY of CsPbMnX;@SiO, QDs can maintain
=90% of the initial efficiency even being stored for 6 days in
water (Figure 4d). While the PLQY for the CsPbMnX; QDs
is obviously decreased in the first day and almost declined
to zero after storage for 6 days. The XRD patterns of the two
samples have been recorded after 1 min and 6 days storage.
The crystal structure of CsPbMnX; QDs was completely dete-
riorated and the corresponding XRD signal was almost dis-
appeared after being stored with these QDs in water for six
days (Figure S10, Supporting Information). On the contrary,
CsPbMnX;@SiO, QDs exhibited much higher stability in
water. As presented in Figure S11 in the Supporting Informa-
tion, only a slight decrease of the intensity of XRD signal can
be observed, and all the characteristic peaks belong to perov-
skite can be specifically determinated, verifying the excellent
water stability of CsPbMnX;@8SiO, QDs in water. We have
reported that the water stability of the Mn?" doped CsPbX;
QDs is much higher than the undoped ones.’¥ TEM images
of CsPbMnX; and CsPbMnX; @ SiO, QDs during and after the
6 days in water are provided. As displayed in Figure S12 in the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. PL spectra of a) CsPbMnX; and b) CsPbMnX;@SiO, QDs before and after thermal treatment at 100 °C for 1 h. c) The photographs of
CsPbMnX; and CsPbMnX; @SiO, QDs in water solution under UV light; the pictures were taken once a day (the top four for pure CsPbMnX; QDs and

the bottom four for CsPbMnX; @SiO, QDs).

Supporting Information, CsPbMnX; QDs with gradual deg-
radation in water can be clearly seen. On the contrary, TEM
images of CsPbMnX;@ SiO, QDs with basic morphology are
maintained during stoage in water for six days (Figure S13,
Supporting Information). While, the size of the some of QDs
is obviously increased in the first day and further increased
to 100 nm after storage for 6 days. The reason for the QD’s
size increase and QD’s shape evolution can be explained by
the interaction between the QDs and water. Even though the
SiO, is fully covered on the QDs surface, minor amounts
of H,0 molecules can still be in contact with the QDs due
to their long time soaking and stirring in water. Water mole-
cule as a polar solvent can help to activate the QDs surface by
replacing their surface capping ligands (oleic acid (OA), n-oct-
ylamine (OLE), and TOPO) with H;0* and OH~, which are
ionized from water with the help of OA (or OLE, TOPO).P3l It
has been reported that the length of the adopted ligands can
affect the growth of QDs. For example, Deng and co-workers
have demonstrated that CsPbBr; QDs, nanocubes, nanorods,
and nanowires can be fabricated by employing different acid
and amine ligands.” Here, H;0" and OH™ ions can act as
surface ligands and influence the growth orientation of
perovskite QDs to form nanoplatelets.’>] Besides, these QDs
are still coated by a thin SiO, layer. The result indicates that
the silica as protective shell achieves effective protection for
the CsPbMnX; QDs from water and thus presents ultrahigh
water stability.
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In a further experiment for fabricating traditional white
LEDs, the QDs composite solution containning green and
red emissive QDs is deposited on a commercially available
UV/blue LED chip. On account of the ion exchange effect
of halogen elements in perovskite QDs, the perovskite QDs
cannot be simply mixed as cadmium-based QDs do. The
spectra of green CsPbBr; QDs and the CsPbMnX; QDs under
excitation are presented in Figure 5a. The peak at 500 nm
is from CsPbBr; QDs (seagreen line, basic morphology,
and optical features are shown in Figure S14 in the Sup-
porting Information), and that at 446 and 607 nm are from
CsPbMnX; QDs (purple line). Their mixture spectrum is also
illustrated in Figure 5a (blue line). The blue and green spec-
trum regions strongly shift to one cyan region. Besides, the
relative intensity of the peak at 607 nm is suppressed and
that leads to the cyan emission (inset of Figure 5a). Due to
the strong ion-exchange effect, these pure QDs cannot be
applied on white LED devices. Subsequently, green CsPbBr;
QDs were mixed with CsPbMnX;@SiO, QDs to avoid the
ion-exchange effect. The resulted spectra are presented in
Figure 5b. No spectra shift occurred and the spectral shapes
were perfectly preserved, indicating that the ion-exchange
effect has been completely blocked with the isolation by SiO,.
Thus, we obtained the white emissive mixture QDs (inset of
Figure 5b). Taken together, all these advantages suggest that
the CsPbMnX;@ SiO, QDs have great potential applications in
practical lightings and displays.
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Figure 5. a) PL spectra of CsPbBr; QDs (seagreen), CsPbMnX; QDs (purple), and mixture of them (blue) under UV light excitation. Inset: cyan emissive
photograph of CsPbBr; and CsPbMnX; QDs mixture under UV light. b) PL spectra of CsPbBr; QDs (seagreen), CsPbMnX; @SiO, QDs (pink), and mix
of them (blue) under UV light. Inset: white emissive photograph of CsPbBr; and CsPbMnX;@SiO, QDs mixture under UV light.

Although it was recently reported that the perovskite QDs
were used to fabricate white LEDs, many researchers relied on
the combination of green emitting CsPbBr; QDs with red-emit-
ting Cd-based QDs or commercial phosphor (K,SiFgMn**).>6->7]
Our SiO, coated Mn?* doped perovskite QDs are suitable for
the generation of warm white LEDs, because they have dual
emission spectra of blue and yellow colors and can effectively
prevent ion exchange by the presence of SiO,. Therefore, The
white emissive mixture of CsPbMnX;@SiO, and CsPbBr; QDs
can be directly utilized as phosphor casting on a UV GaN LED
for the preparation of white LED device. Figure 6a presents
the EL spectra of the fabricated white LED, which are recorded
under different driving currents and display no saturation
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characteristic. Besides, ascribing to the thermal quenching effect
of QDs, the color coordinate shows a slight shift to blue region
with the driving current increasing (Figure 6b). It well known
that the increase of forward current comes with the rise of chip
temperature, and this raise could lead to thermal quenching for
the emissive QDs. Figure 6¢ depicts the luminous efficiency vari-
ation with the increasing forward current from 10 to 200 mA.
The attained maximum luminous efficiency is 68.4 Im W~ at
10 mA. The efficiency is decreased gradually with the increase of
the forward current (from 68.4 Im W' at 10 mA to 41.9 Im W~!
at 200 mA). This decreasing trend is caused by the combining
effects of thermal degradation of green and yellow emissive
QDs and the intrinsic efficiency drop of the blue LED chip

100 150 200

Current (mA)

0 50

Figure 6. Evolution of a) EL spectra, b) CIE color coordinates, c) luminous efficiency, and d) CRI and CCT of the white LED device under different driving
currents ranging from 10 to 200 mA. Inset of (b) shows a digital camera image of the fabricated white LED device under forward current of 20 mA.
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itself. Figure 6d illustrates the detailed CRI values and correlated
CCT variation under different driving currents. Values of CCT
increase from 3857 K at 10 mA to 5934 K at 200 mA, and this
variation is in consistence with the shift of CIE color coordinates.
Small changes of CRI are observed (from 91 to 87) in the range
of applied current, which suggests a high stability of the obtained
white LED device against the current variations. These results
will further promote the applied progress of CsPbMnX;@SiO,
QDs in some fields such as display and solid-state lighting.

3. Conclusions

To summarize, we have successfully presented a facile syn-
thetic route to prepare the ultrathin, core-shell structured Mn?*
doped CsPbX; QDs coated by ultrathin SiO, layer at room tem-
perature for the first time. The SiO, morphology was system-
atically investigated and optimized to achieve a highest PLQY
of 50.5%. Thermal stability and water resistance results sug-
gest that the CsPbMnX;@SiO, QDs were notably stable than
the uncoated ones. Besides, after mixing CsPbMnX;@SiO,
with CsPbBr; QDs solution, we can obtain white emissive QDs
composite solution. We further used the composite integrated
with a UV LED chip to fabricate white LED device, which dis-
played excellent-quality white light with a high CRI value of =91
and a luminous efficiency of 68.4 Im W! at a forward current
of 10 mA. We anticipate that our present work can be further
applied in myriad areas such as biological imaging, medical
diagnosis, and optoelectronic devices.

4. Experimental Section

Materials: CsBr (99.9%, from Xi'an Polymer Light Technology
Corp.), PbBr; (99%, from Xi'an Polymer Light Technology Corp.), PbCl,
(99%, from Xi’an Polymer Light Technology Corp.), MnBry(H,0),
(98%, from Aladdin-reagent), DMF (99%, from Aladdin-reagent),
OLE (98%, from Aladdin-reagent), OA (90%, from Aladdin-
reagent), 2-ME (98%, from Aladdin-reagent), dimethyl sulfoxide (DMSO,
99.7%, from Aladdin-reagent), TOPO (95%, from Aladdin-regent), and
TEOS (99%, from Aladdin-reagent) were used. All the chemicals were
used as received.

Preparation of CsPbBr; QDs: CsPbBr; QDs were synthesized following
previously reported procedures.’! Briefly, the precursor solution was
prepared by mixing 0.4 mmol of PbBr,, 0.4 mmol of CsBr, 1 mL of DMF,
1.5 mL of OA, and 0.25 mL of OLE. Then, 10 mL of toluene was added drop-
wise into the precursor solution with vigorous stirring. Green emission was
observed immediately under 365 nm ultraviolet light after the injection.

Preparation of Mn?* Doped CsPbMnX; QDs: MnBr,/PbX,—
DMSO composite was first prepared by mixing 0.4 mmol PbX,
(PbBr,:PbCl, = 1:1), 0.8 mmol MnBr,, and 2 mL DMSO with vigorous
stirring for 12 h. Then, toluene solution (20 mL) was added. After
centrifugation, the obtained white powder (MnBr,/PbX,~DMSO) was
dried at 80 °C for 12 h. For the synthetization of Mn?*-doped CsPbX;
QDs, the aforementioned MnBr,/PbX,~DMSO composite and 0.4 mmol
of CsBr were dissolved in 10 mL DMF with T mL of OA and 0.5 mL of
OLE. The mixture was vigorously stirred to a clear solution. Upon mixing
with toluene, yellow emissive QDs solution under 365 nm ultraviolet
light was observed.

Preparation of the SiO, Coated CsPbMnX; QDs: To obtain the best
result of CsPbMnX;@SiO, QDs, we examined the effect of TEOS
contents in our work. The content of TEOS should be calculated
precisely. The molar mass and density of the TEOS are 208.33 g mol™
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and 0.94 g mL™", respectively. For the sake of simple calculations, we
assume that the QD’s surface is completely covered by the silane, and
no condensation or steric hindrance was considered. We assume that
the obtained SiO, is cubic, from which its edge length and surface
area can be derived. Separately, the volume and surface area of a
single CsPbMnX; QD with cubic shape can be determined by its edge
length (11 nm). Thus, we can yield the amount of silane demanded to
coat the QDs with one monolayer. First, 1 mL TOPO and 500 uL 2-ME
were added into 5 mL of the CsPbMnX; QDs (=6 mg mL™") solution in
a three-necked flask, then the mixture solution was stirred for 30 min
under room temperature. Then, 200 uL TEOS was added without sealing
and stirred for another 30 min in the air with temperature of 25 °C and
relative humidity of 65%. After that, the obtained QDs solution was
centrifuged for 10 min at 8000 rpm and the precipitate was collected.

Preparation of White LED Device: To fabricate the white LED devices,
a GaN blue LED (A = 392 nm) was used as an excitation source, and
CsPbBr; QDs with green emission and CsPbMnCl;@SiO, with yellow
emission solutions in chloroform were blended with silicone binder
and stirring. A hot plate (70 °C) was used to evaporate the chloroform.
Subsequently, the final mixture was dropped on the top of the GaN
LED. The device was further thermally annealed at 60 °C. After 1 h, the
temperature was raised to 150 °C for another 1 h.

Characterizations: PL spectroscopy was obtained by a fluorescence
spectrophotometer (PL: Agilent Cary Eclipse, Australia), which includes
a Xe lamp as an excitation source with optical filters). Absorption
spectrum was measured by a scan UV-vis spectrophotometer
(UV=vis: UV-2100, Shimadzu, Japan). PLQY measurements were
performed by Edinburgh fluorescence spectrometer FS 5. TEM was
recorded using a ZEISS LIBRA200FE microscope. XRD patterns were
characterized by Shimadzu/6100 X-ray diffractometer, using a Cu Ko
radiation source with wavelength at 1.5405 A. The properties of white
LED were collected by a PR-670 Spectra Scan spectrophotometer
(Photo Research).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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