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Room temperature synthesis of Sn>* doped highly
luminescent CsPbBrz quantum dots for high CRI
white light-emitting diodes
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With a high photoluminescence quantum yield (PLQY) being able to exceed 90% for those prepared by
the hot injection method, CsPbBrsz quantum dots (QDs) have attracted intensive attention for white light-
emitting diodes (WLEDs). However, the whole process is carried out in a 3-neck flask via air isolation and
at a relatively high temperature. In addition, CsPbBrs QDs suffer from poor stability under ambient atmo-
sphere. In this work, an effective strategy through doping of Sn®* ions at room-temperature is proposed
to improve the emission efficiency and stability of CsPbBrs QDs. Compared with pure CsPbBrs QDs, a
higher PLQY and a better stability are obtained. The detailed physical mechanism for this performance
enhancement is discussed and described. An optimum result is found at an Sn* doping amount of 20%,
which shows a high PLQY of 82.77%. WLEDs based on these 20% Sn®" doped CsPbBrs QDs are also
studied, exhibiting a high color rendering index of 89 and a correlated color temperature (CCT) of 3954.
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Introduction

All-inorganic perovskites (CsPbX;, X = Cl, Br, and I) have
aroused a great deal of interest in various optoelectronic appli-
cations, including solar cells,"* lasers,”” light-emitting diodes
(LEDs),*** photodetectors,”>™” and other areas,"®?° owing to
their outstanding optical properties, namely, tunable and
narrow-line width photoluminescence (PL) through the entire
visible spectrum,”* high defect-tolerance,” and high photo-
luminescence quantum yield (PLQY).>* In the mentioned appli-
cations, white-light emitting diodes (WLEDs) based on CsPbX;
quantum dots (QDs) possess unique characteristics of wide
colour tunability and good properties of lighting devices.
WLEDs typically consist of emitting chips with a coating of
green or red perovskite QD materials. Over the past few years,
substantial progress has been made in CsPbX; QD based
WLEDs.”*** Chen et al.*® employed CsPbX; QDs to successfully
fabricate WLEDs, showing a correlated colour temperature
(CCT) of ~5700 and a luminous efficacy of 20 Im W', Ren and
co-workers”” prepared WLEDs based on Mn>'-doped CsPbX;
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CsPbBrz QDs, which might have promising potential in the lighting fields.

QDs. The fabricated WLEDs showed a CCT of 1918 K and an
efficiency of 24 Im W, Despite this, CsPbX;-based WLEDs still
face the challenge of commercialization.”® Among CsPbX; QDs,
CsPbBr; QDs are the most suitable ones in the lighting fields as
they possess a higher PL quantum yield (QY) than CsPbCl; and
CsPbl; QDs. However, the gradual decomposition and prompt
quenching under various environmental conditions still limit
their practical applications. One effective method to improve
the stability of CsPbBr; QDs is doping. In the past few years,
various impurity dopants including Na*,>* Cu®>*,*® and Ce** (31)
have been reported to enhance the properties of CsPbBr; QDs.
However, the above doping-related methods need heat treat-
ment, inert gas, or pivotal injection operation, and they are not
conducive to large-scale fabrication. Hence, it is quite urgent to
exploit a room-temperature (RT) synthesis method.

The ionic character of CsPbBr; QDs allows for doping ions
at room temperature. One promising alternative is Sn**, which
has a similar electronic structure and radius to Pb>" cations,
making the doping or alloying of Sn in Pb-based perovskite
QDs easy.* It has been reported that Sn*>" doping only narrows
the band gap slightly.>® In addition, Sn>" ions are environmen-
tally friendly and have been reported to replace lead in
CsPbBr; QDs through hot injection (HI) or other complicated
methods. Jellicoe®® and coworkers have successfully syn-
thesized CsSnBr; QDs using a hot injection method. However,
due to the easy oxidation from Sn** to Sn*" as described by the
electron-half-equation Sn*" — Sn** + 2e”, CsSnBr; perovskite
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QDs are extremely unstable with a poor optical performance.’
Also, the hot injection method used above requires a high
temperature and an inert atmosphere. The required heating
temperature might further cause changes in Sn®" ions.
Therefore, it is necessary to develop a facile method to syn-
thesize high quality CsPbBr; QDs at room temperature using a
doping strategy. Although there are some published studies on
WLEDs based on CsPbBr; QDs,***! there is no report on how
to achieve high color rendering index (CRI) WLEDs based on
B-site doped CsPbBr; QDs using a facile doping strategy.
Among various doping techniques for CsPbBr; QDs, the
most commonly used ones are hot-injection (HI)*" and ligand-
assisted reprecipitation (LARP).>° These strategies may
improve the stability or optical properties of CsPbBr; QDs to a
certain extent. However, these doping methods still suffer
from obvious disadvantages. While the HI method requires
high-temperature, and gas protection and might result in high
defect formation energy,”” LARP consumes a large amount of
toluene and N,N-dimethylformide (DMF), which might result
in low stability, mixture of morphologies, and broad PL
spectra.’® Herein, we present a facile method to obtain Sn**
doped CsPbBr; QDs under ambient conditions without adopt-
ing most commonly used toluene as an anti-solvent and using
a mixed solvent with isopropanol/hexane. To the best of our
knowledge, we report here the first demonstration of Sn**
doped CsPbBr; QDs prepared by a facile method under these
solvent conditions. With an optimized doping amount of
about 20%, the highest PLQY of 82.77% is obtained. The PL
thermostability of this 20% Sn** doped CsPbBr; QD film is
also enhanced significantly, maintaining 93% of the initial
intensity even after being heated at 80 °C for 105 min. WLEDs
using the obtained Sn*" doped CsPbBr; QDs and red AgInZnS
QDs as light emitters were also fabricated, exhibiting excellent
properties, including a high CRI value of 89 and a CCT of
3954. The facile room temperature methods might also be
applicable to other low-toxicity perovskite QDs for enhancing
the optical performance and preparing WLEDs at a low cost.

Results and discussion

Fig. 1a shows the CsPbBr; QD solutions with different doping
ratios of Sn>" under both daylight and UV light. The solutions
first show an increased brightness with an increase of doping
percentage from 0% to 20% and then become turbid and dark
upon further increasing the dopant percentage. In order to
further analyse the phenomenon, PLQY measurements were
performed, as shown in Fig. 1b. While pure CsPbBr; QD solu-
tion exhibits a PLQY value of 54.32%, the doping of Sn**
induces first an increase and then a decrease of the PLQY
values. The highest PLQY value of 82.77% is obtained for an
Sn** doping amount of 20%, which is enhanced by 50% com-
pared with the undoped case. Such an improvement might be
due to the reduction of defects in Sn**-doped CsPbBr; QDs,
resulting in a more ordered local environment and the homo-
geneous distribution of the QDs.*® Furthermore, the Sn*" ions
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Fig. 1 The comparison of CsPbBr; QDs with different doping ratios of
Sn?*. (a) Solutions under daylight (upper) and UV light (below). (b) PLQY;
(c) XRD patterns for different doping ratios of Sn®*. (d) PL spectra, (e)
absorption spectra, and (f) time-resolved PL decays of CsPbBrs QDs.

have been introduced into CsPbBr; perovskite QDs to replace a
part of Pb** ions, resulting in enhanced PLQY and stability,
similar to what were reported previously using other dopant
ions."®*! Fig. 1c shows the X-ray diffraction (XRD) patterns of
the pure and Sn*" doped CsPbBr; QDs. Three diffraction peaks
at 30.7°, 37.9° and 44.1°, corresponding to the (200), (211) and
(200) planes, are found in pure CsPbBr; QDs,** indicating a
typical cubic structure as suggested by the standard card
(JCPDS: 18-0364). With the increase of the Sn>" doping
amount from 0 to 50%, no new diffraction peaks appear in the
XRD patterns, indicating that the doping has a negligible
effect on the structure of QDs. However, when the doping ratio
reaches 60%, diffraction peaks at 37.9° and 44.1° disappear,
suggesting that the crystallization could be affected if excess
Sn** is used. PL and absorption spectra of the pure and Sn**
doped CsPbBr; QDs were then recorded to investigate their
optical performance. As shown in Fig. 1d, while the PL peak
position is at 515 nm with a full width at half maximum
(FWHM) of 22 nm (118 meV) for undoped CsPbBr; QDs, for
the doped QDs with x = 10%-60%, the PL peaks are located at
514.3, 512.9, 514.2, 515.9, 516.8, 518.3 nm, respectively. A blue
shift in PL spectra is found in the initial stage. This effect is
ascribed to the contraction of the original CsPbBr; QD lattice,
resulting in lower absorption abilities and wide band gaps.*?
However, the excess doping and impurity can cause a change
of the cubic shape and agglomeration, resulting in a red shift
of the spectra on further increasing the Sn doping amount.**
The corresponding absorption edge values of the samples are
507.9, 503.7, 500.4, 504.6, 507.1, 511.3 and 513.7 nm for x =
0%-60%, respectively, which are in good agreement with the
change trend in the PL spectra (see Fig. 1e). The PL decays of
pure and Sn** doped CsPbBr; QDs as a function of Sn**
doping concentration are shown in Fig. 1f. The PL decay
curves are fitted by a bi-exponential decay function, which con-

Nanoscale, 2021,13, 9740-9746 | 9741


https://doi.org/10.1039/d1nr01492g

Published on 27 April 2021. Downloaded by Y unnan University on 8/23/2025 8:59:28 PM.

Paper

sists of a fast-decay component (¢;) and a slow-decay com-

1(t) =
Aje"i + Aje ™ is generally used for the fitting,'®" from which,
the average lifetime (r..) can be obtained
At + A2
Aty + Asty
times (7,g) are presented in Table 1, from which an increase of
Tavg at an Sn** doping concentration less than 20% and a
decrease of 7., at an Sn** doping concentration larger than
20% are clearly seen. The longest average lifetime of 25.26 ns
is found in CsPbBr; QDs doped with 20% Sn**. In other
words, the presence of 20% Sn>* ions increases the radiative
recombination channel of CsPbBr; QDs.

The cubic morphologies of the doped and undoped
CsPbBr; QDs were then studied using transmission electron
microscopy (TEM), as shown in Fig. 2 for doping amounts of 0
and 20%. Both samples possess a cubic morphology (see
Fig. 2a and b), which is similar to that of previously reported

ponent (¢,). A Dbi-exponential fitting function,

using

Tavg = The corresponding calculated average life-

Table 1 The average lifetimes of Sn®>* doped CsPbBrz QDs

Doping amount of x% Sn Ay ty A, t, tavg

0 0.59 4.51 0.41 22.9 18.84
10 0.48 5.11 0.52 27.06 23.8
20 0.52 7.27 0.48 29.98 25.26
30 0.49 7.21 0.51 28.84 24.65
40 0.62 7.17 0.38 27.67 21.58
50 0.62 6.78 0.38 24.99 19.4
60 0.65 6.66 0.35 21.88 16.38

5
CsPbBr; QDs 20% Sn doped CsPbBr; QDs

~8.3 nm 15}F ~8.18 nm

4 6 8 10 12 14 16 5 6 7 8 9 10 11 12
Diameter (nm) Diameter (nm)

20 nm 20 nm 20 nm

Fig. 2 TEM images of (a) pure CsPbBrs QDs and (b) 20% Sn>* doping
samples, (c) the average size of the pure CsPbBrs QDs, and (d) 20% Sn?*
doping samples. (e) The EDS mapping of 20% Sn doped CsPbBrz QDs.
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CsPbBr; QDs synthesized from a ligand-assisted reprecipita-
tion method at room temperature.'” No obvious change in the
lattice spacings of the two samples is found, indicating that
the amount of Sn*" ion doping here is not enough to change
the lattice constant. Fig. 2c and d show the particle size distri-
butions of both samples, from which an average size of 8.3
and 8.18 nm for pure CsPbBr; QDs and Sn*" doped CsPbBr;
QDs, respectively, are clearly seen. The slightly reduced size
here with the doping might be due to the reduced growth rate
of the Sn** doped CsPbBr; QDs during the reaction, which is
similar to the case of perovskite QDs doped with other ions
reported previously.*> In addition, Fig. 2e shows the corres-
ponding EDS mapping of the 20% Sn** doped CsPbBr; QDs,
demonstrating the presence of Cs, Pb, Br and Sn elements in
Sn-doped CsPbBr; QDs. Fig. S11 shows the corresponding EDS
mapping of pure CsPbBr; QDs. Furthermore, X-ray photo-
electron spectra (XPS) of both CsPbBr; and 20% Sn doped
CsPbBr; QDs were obtained, as shown in Fig. S2.f The XPS
results of 20% Sn doped CsPbBr; clearly demonstrate peaks at
~490 eV, which correspond to Sn 3d and suggest the presence
of Sn** in the lattice.

Stability is one of the most important characteristics in rea-
lizing commercialization, and to study it, PL stabilities of pure
CsPbBr; QDs and 20% Sn*" doped CsPbBr; QD samples were
studied at a temperature of 80 °C in air, as shown in Fig. 3.
The PL intensity of the pure CsPbBr; QD film drops to 14% of
the initial value when heated at 80 °C for 105 min (Fig. 3a). In
contrast, the PL intensity of the doped sample shows a slow
decrease under the same test conditions, maintaining about
93% of the initial value after 105 min (Fig. 3b), with nearly no
redshift being found in the peak position. Such an enhanced
thermostability of Sn** doped QDs might be due to the
effective passivation of surface defect states through the Sn**
ion doping into CsPbBr; QDs.

According to our previous reports, CsPbBr; QDs with
improved stability are conducive to optical device fabrication,
including WGM lasers and LEDs.***® The high PLQYs and the
excellent thermal stability make doped CsPbBr; QDs attractive
candidates as pure green constituents in white LEDs (WLEDs).
To demonstrate this, WLEDs using green CsPbBr; QDs (doped
and undoped), red emissive phosphor AgInZnS QDs, and blue
InGaN chips were fabricated. The same amount of green QDs

&
=3

CsPbBr; QDs 20% Sn doped CsPbBr; QDs

= Initial
—15
—_30
—d5
—G0
—_—T5
—90
—105
min

= Initial
—15
—30
—A5
—60
—T5
—90

Under 80 °C 5 195 | Under 80 °C
min

in air in air

450 475 500 525 550 575 450 475 500 525 550 575
Wavelength (nm) Wavelength (nm)

Intensity (a. u.)
Intensity (a. u.)

Fig. 3 PL stability of (a) pure CsPbBrs QDs and (b) 20% Sn?* doped
CsPbBr; QDs at 80 °C.
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with the same concentration of 15 mg ml™" was used in the
fabrication process to ensure nearly the same thickness. The
spectra of WLEDs based on pure CsPbBr; QDs and Sn** doped
CsPbBr; QDs are shown in Fig. 4a and b. The ratio of the
green ingredient in 20% Sn** doped CsPbBr; QD-WLEDs is
obviously higher than that of pure CsPbBr; QD-WLEDs, owing
to the high PLQY in 20% Sn®>" doped CsPbBr; QDs. Both
devices show peaks at 450, 520 and 610 nm, corresponding to
blue InGaN chip, CsPbBr; QDs and AgInZnS QDs, respectively.
WLEDs based on pure CsPbBr; QDs show a luminous
efficiency of 32.8 Im W' with an international de L’Eclarage
(CIE) colour coordinate value of (0.38, 0.34) at a driving voltage
of 2.5 V, as shown in Fig. 4b. In contrast, WLEDs based on
Sn** doped CsPbBr; QDs show a higher luminous efficiency of
43.2 Im W' with a CIE colour coordinate value of (0.41, 0.48)
(see Fig. 4c). The CRI of WLEDs based on Sn>" doped CsPbBr;
QDs is also found to be much higher than those based on
pure CsPbBr; QDs. The detailed parameters of the fabricated
WLEDs are presented in Table 2. The performance of the fabri-
cated WLEDs was then compared with those of other CsPbBr;

o

WLEDs based on CsPbBr, QDs c 0.9

| u
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Wavelength (nm)
'WLEDs based on 20% Sn doped CsPbBr, QDs
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Fig. 4 PL spectra of WLEDs based on (a) CsPbBrz QDs and (b) 20% Sn>*
doped CsPbBrzQDs. (c) CIE chromaticity diagram of both WLEDs.

Table 2 Optical parameters of WLEDs based on CsPbBrz QDs

CCT  Efficiency CIE coordinates

Groups CRI  (K) Imw™)  (X,7)
CsPbBr; 80 3556 32.8 (0.38, 0.34)
20% Sn doping CsPbBr; 89 3954  43.2 (0.41, 0.48)
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QD-based WLEDs, as shown in Table 3. It is found that the
CRI value of our optimized WLEDs here is the highest value
compared to those in other reported publications.

The properties of WLEDs with an increase of driving vol-
tages were also studied, as shown in Fig. S3 and S4.f While
pure CsPbBr; QD based WLEDs show a decrease of the green-
to-blue intensity ratio from 0.95 to 0.67 with the increase of
driving voltage from 2.5 to 2.8 V, for those with Sn*" doped
CsPbBr; QDs it increases from 6.6 to 9.4 (Fig. S47). Also, the
blue light excited by InGaN chips is absorbed by the Sn**
doped CsPbBr; QDs. WLEDs based on pure CsPbBr; QDs show
CIE colour coordinates of (0.38, 0.34) at a driving voltage of 2.5
V and (0.37, 0.31) at 2.8 V, suggesting a low stability. In con-
trast, WLEDs based on Sn** doped CsPbBr; QDs exhibit more
stable CIE behaviours with the increase of driving voltages,
suggesting less degradation of CsPbBr; QDs under strong illu-
mination. The results therefore clearly suggest that Sn*" doped
CsPbBr; QDs have advantages over regular CsPbBr; QDs for
applications in WLEDs.

Conclusions

In summary, we report a facile room temperature method to
synthesize Sn*" doped CsPbBr; QDs without using most com-
monly used toluene as an anti-solvent. The optimized QDs
showed a high PLQY of 82.77% and a significantly enhanced
thermal stability. Such modified QDs were also studied in
WLEDs by combining with red AgInZnS QDs on InGaN blue
chips, and they showed excellent luminescence performance,
including colour coordinates of (0.41, 0.48), a high colour ren-
dering index of 89 and a power efficiency of 43.2 Im W™
These Sn ** doped CsPbBr; QDs and the preparation method
might have great potential in the optical fields where low cost
and high performance are required.

Experimental section

Chemicals and reagents

Lead bromide (PbBr,, 99.99%), cesium carbonate (Cs,COs3,
99.9%), tin(u) bromide (SnBr,, 99.2%), oleylamine (OAm,
90%), N,N-dimethylformamide (DMF), 2-propanol (IPrOH,
99.5%), propionic acid (PrAc, 99.5%), hexane (HEX, 95%), and
OAm (>90%, Aladdin) were used. silver nitrate (AgNO3, 99.8%,
Aldrich), zinc stearate (Zn(St),, 90%, Aldrich), n-dodecylthiol

Table 3 Comparison of the main optical parameters in WLEDs based on CsPbBr; QDs

Color-converting materials Method Power efficiency (Im W) CRI CCT Refs.
CsPbBr;@glass + CsPbBr,Il@glass Melting (700 °C) 20 84 5700 26
CsPbBr; + BaGe Oq:Eu”* phosphors HI 38.89 — 4033 49
CsPbBr; + CsPb(Br/I); HI 14.1 81 — 50
CsPbBr; + Cs,GeFg:Mn** HI 27.3 81.4 — 51
Al:CsPbBr; + CdSe@ZnS HI 21.6 — — 52

Sn>" doped CsPbBr; + AgInZnS RT 43.2 89 3954 This work

This journal is © The Royal Society of Chemistry 2021
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(DDT, 99.8%, Aladdin), sulfur (S, 99.9%, Aldrich), and indium
acetate (In(Ac)z, 99.9%, Aldrich) were used without further
purification.

Synthesis of CsPbBr; QDs and Sn doped CsPbBr; QDs

The Sn>" ion doping strategy has been developed based on a
modification of the synthesis method reported by Akkerman.>?
First, 3 mL of hexane was added into 3 mL of 2-propanol to
form a mixed solution (solution 1). Cs-PrAc precursor solution
was prepared by dissolving 0.9 mmol of Cs,CO; in 0.5 ml of
PrAc followed by stirring for 30 min to obtain a clear solution
of the mixture (solution 2). PbBr, precursor solution was pre-
pared by dissolving 0.105 mmol of PbBr, in 1 ml of 1:1:1
IPrOH : PrAc : DMF (solution 3). To prepare CsPbBr; QDs, solu-
tion 2 was added into solution 1, followed by an injection of
solution 3 into the mixture to react for 5-10 s. The preparation
was done entirely at room temperature. The synthesis of Sn**
doped CsPbBr; QDs was similar to that of CsPbBr; QDs, except
that SnBr, and PbBr, with a specific molar ratio were mixed in
the above solution 3.

Synthesis of AgInZnS QDs

0.4 mmol of In(Ac); and 0.1 mmol of AgNO; were added into
a mixture solution of ODE (4 mL), OA (0.2 mL) and dodeca-
nethiol (0.75 mL) in a 50 mL three-neck flask 1 and heated to
60 °C under a nitrogen gas flow. Meanwhile, 0.5 mmol of
sulfur was dissolved in a mixture solution of OAm (0.5 mL)
and ODE (0.5 mL) in bottle 1. Zn(St), (0.5 mmol) was dissolved
in a mixture solution containing OAm (0.5 mL) and ODE
(0.5 mL) in bottle 2. After 30 min, the mixture solution in flask
1 was heated to 90 °C for 10 min, followed by a quick injection
with the solution in bottle 1. Flask 1 temperature was then
raised to 115 °C, with the Zn(St), precursors in bottle 2 slowly
added dropwise. The reaction solution was kept at 115 °C for
35 min to allow the growth of AgInZnS QDs. Upon completion,
the crude solution was cooled to room temperature. For purifi-
cation, the crude reaction solution was centrifuged at 9500
rpm for 10 min after adding some toluene. The obtained
supernatant was added into ethanol solvents with a volume
ratio of 1:3 and precipitated again, and the supernatant was
discarded to obtain the purified AgInZnS QDs.

Characterization of materials

The crystallinity was tested by powder XRD (XRD-6100,
Shimadzu, Japan) with monochromatized Cu Ka radiation.
TEM images were obtained using an electron microscope
(Libra 200 FE, Zeiss, Germany). Absorption spectral measure-
ments were performed by using a UV-vis spectrophotometer
(UV-vis: UV-2100, Shimadzu, Japan). PL spectroscopy was per-
formed using a fluorescence spectrophotometer (PL: Agilent
Cary Eclipse, Australia). FTIR analysis (KBr pellet method) was
performed with a Nicolet iS50 FT-IR spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) to characterize the
product structure of EJTLE. TRPL decay curves were obtained
using an Edinburgh FLS1000 system. XPS analysis was per-
formed using an Escalab 250 Xi system. The performances of
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the fabricated WLEDs were measured using a spectrograph of
PR670 with an analyzer system.

Fabrication of white LED devices

10 mg of polymethyl methacrylate (PMMA) and 20 mg of
CsPbBr; QDs were dissolved together in 20 mL of toluene and
stirred for 24 h. Similarly, both PMMA (10 mg) and AgInZnS
QDs (25 mg) were dissolved in 20 mL of toluene and stirred for
24 h. The WLEDs were fabricated by using the above two solu-
tions on the InGaN chip.
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