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A B S T R A C T   

CsPbX3 (X = Br, Cl, and I) perovskite quantum dots (QDs) have become promising materials for phosphors and 
solar cells due to their remarkable photovoltaic properties. However, the high defect density and sensitivity to 
the surrounding environment have hindered the commercial application of the materials in the field of opto-
electronics. Core-shell structures have been proved to be an effective method for passivating surface defects and 
improving stability. However, the complex post-processing tends to dissolve the CsPbX3 QDs, causing the 
strategy to remain relatively underdeveloped. Here, we present an improved hot-injection method that can 
facilitate the epitaxial growth of CsPb2Br5 shell on the surface of CsPbBr3 QDs, and, by doping Sr2+ ions to 
passivate the defects of the QDs, CsPbBr3@CsPb2Br5:Sr core-shell microplates have been obtained. The com-
posites have enhanced optical properties and stability. Density Functional Theory (DFT) calculations show that 
this is benefited from the introduction of Sr which widens the bandgap of CsPbBr3 and CsPb2Br5, leading to the 
formation of a quantum well structure between the two, significantly improving the quantum yields of the 
samples. Finally, the white light emitting diodes prepared using the composite have high luminous efficiency and 
long-term operational stability.   

1. Introduction 

Cesium lead halide (CsPbX3 (X = Cl, Br, I)) perovskite quantum dots 
(QDs) have attracted great interest from researchers due to their 
outstanding optical properties [1–4]. The material has a high photo-
luminescence quantum yield (PLQY) and tunable optical properties, 
making it suitable for various optoelectronic applications such as lasers 
[5], high-efficiency light-emitting diodes (LEDs) [6] and solar cells [7]. 
However, defects such as high defect state densities, easily desorbed 
surface ligands, and worrisome stability have hindered the commer-
cialization of CsPbX3 QDs [8–10]. The core-shell structure provides 
options for improving the stability of CsPbX3 QDs [11,12]. However, 
this strategy will easily deteriorate the optical properties of the QDs, 
because the presence of heterogeneous shells tends to lead to 
self-absorption/reabsorption effects [13], and, the complex 
post-processing often decomposes the fragile CsPbX3 QDs [14,15]. 

The introduction of impurity ions to improve the optical properties of 
CsPbX3 QDs has been proved to be an effective means [16,17]. For 

example, Pan et al. obtained perovskite nanocrystals with unit quantum 
yield by doping various lanthanide ions into the lattice of CsPbCl3 [18]. 
In addition, it has been shown that impurity ions such as Sn [19,20], Cd 
[21,22], and Zn [23,24] can all significantly improve the luminous ef-
ficiency of CsPbX3 QDs. Except for the improvement of quantum yield, 
impurity ions also enable the versatility of CsPbX3 QDs. For example, 
Mn2+ dopants that have been widely reported, in which the PbCl2 and 
MnCl2 precursors are mixed in desired ratio, can obtain perovskite 
nanocrystals with Mn2+ emission [25–27]. However, all such doping 
strategies face an unavoidable problem: due to ionic radius and surface 
charge differences, impurity ions have the potential to cause the host to 
lose its inherent crystal structure and emission [28]. Therefore, a 
convenient improvement strategy is needed to enhance the radiative 
recombination efficiency of CsPbX3 QDs while maintaining the stability 
of the perovskite crystal structure. 

In this work, we present an improved thermal injection method to 
epitaxially grow CsPb2Br5 shell on the surface of CsPbBr3 QDs, which 
significantly enhances the stability of the QDs. Further, through the 
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introduction of Sr2+ impurity ions, CsPbBr3@CsPb2Br5:Sr core-shell 
microplates with high PLQY (96 %) are obtained. This strategy bal-
ances stability and luminous efficiency and avoids complex post- 
processing. Our study demonstrates that Sr2+ widens the band gap of 
CsPbBr3 and CsPb2Br5 promoting the formation of type-I hetero-
junctions between them. This allows more carriers to recombine in the 
energy band of the CsPbBr3 QDs, which significantly improves the 
radiative recombination efficiency of the samples. Benefiting from the 
advantages of high luminous efficiency and high stability of the com-
posites, the prepared white light-emitting diodes (WLED) maintain more 
than 90 % of the PL intensity after 15 h of continuous operation in high 
temperature environment (105 ◦C). Our work provides many new pos-
sibilities for the application of CsPbX3 perovskite quantum dots. 

2. Results and discussion 

2.1. Morphology and crystal structure of the CCS composites 

In this paper, Sr-doped CsPbBr3@CsPb2Br5 core-shell microplates are 
obtained in one step by using the conventional hot-injection method 
through extending the reaction time and controlling the ratio of pre-
cursors. Specifically, a total of 0.3 mmol of SrBr2 and PbBr2 was dis-
solved in 1-octadecene. Subsequently, low concentrations of Cs+ (≈0.1 
mmol) were injected at 170 ◦C for 1 h of reaction. The epitaxial growth 
of CsPb2Br5 on the surface of CsPbBr3 was induced by Pb-rich environ-
ment to obtain CsPbBr3@CsPb2Br5:Sr core-shell microplates (denoted as 
CCS composites). The detailed procedure could be found in the experi-
mental section of the supporting information. 

First, we observed the morphology of the samples at different reac-
tion times to reveal the growth process of CsPb2Br5 on the CsPbBr3 
surface. In the first 5 S of the reaction, scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) observed the sample 
was uniform cubic CsPbBr3:Sr QDs (Figs. S1a and b), tentatively sug-
gesting that the introduction of Sr2+ would not alter the inherent crystal 
structure of CsPbBr3 QDs. Further, when the reaction time was extended 
to 30 min, these CsPbBr3:Sr QDs were no longer uniformly spread out on 
the silicon substrate, but gradually agglomerated into circular sheets 
with a size of about 5 μm (Fig. 1a1). High-resolution SEM images 
showed that circular sheets consisted of the 2D thin film-like substrate 
and a large number of QDs embedded inside it (Fig. 1a2). The substrate 
was identified as CsPb2Br5 by X-ray diffraction (XRD) (Fig. S2). Subse-
quently, TEM displayed this embedded structure clearly, and it could be 
found that the external CsPb2Br5 had completely encapsulated the in-
ternal QDs, insulating them from the surrounding environment 
(Fig. 1a3). Finally, when the reaction time was extended to 1 h, these 
circular sheets no longer adhered to each other, but evolved into 
monodisperse octagonal microplates (Fig. 1b1) with an average size of 
5.36 μm (Fig. S3a). Moreover, in contrast to the samples reacted for only 
30 min, these octagonal microplates had smooth surfaces, tentatively 
inferring that all QDs were completely encapsulated inside CsPb2Br5 
(Fig. 1b2). The corresponding TEM images showed that the CsPb2Br5 
formed a dense shell, with thicknesses ranging from 14 to 36 nm 
(Fig. 1b3), and numerous tiny CsPbBr3:Sr QDs existed in the interior of 
microplates, with an average size of 14.66 nm (Fig. S3b). Finally, 
elemental mapping of the sample showed that Cs:Pb:Sr:Br was 
1:1.3:1:3.6, with no aggregation due to prolonged high temperatures or 
Pb-rich environments (Fig. 1c and Table S1). It was worth noting that 
since Sr was uniformly distributed in the whole grain, the CsPb2Br5 shell 
was also partially doped with Sr2+ ions, which was also proved by the 
subsequent XRD results. 

Subsequently, we analyzed the crystal structures of the CCS com-
posites by high-resolution TEM (HRTEM). First, the composites could 

Fig. 1. (a) SEM and TEM images of the samples after 30 min reaction. (b) SEM and TEM images of the sample after 1 h reaction. (c) Elemental mapping of 
CCS composites. 
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easily distinguish two different lattice fringes. Among them, 0.76 nm 
corresponds to the (002) plane of the tetragonal (β) CsPb2Br5; 0.59 nm 
corresponds to the (100) plane of the cubic (α) CsPbBr3 (Fig. 2a). The 
corresponding selected-area electron diffraction (SAED) image consisted 
of clear single-crystal diffraction spots and polycrystalline rings 
(Fig. 2b), suggesting that the structure of the CCS composites was a 
CsPb2Br5:Sr single-crystal shell encapsulating a large number of 
CsPbBr3:Sr QDs, and they both had excellent crystallinity. Further, X-ray 
photoelectron spectroscopy (XPS) was used to determine the chemical 
composition of the CCS composites (Fig. 2c). Firstly, compared with 
CsPbBr3, both CsPbBr3:Sr and CCS composites showed significant Sr 
signals, demonstrating that Sr2+ successfully replaced Pb2+ in the lattice 
(Fig. 2d). In addition, the Cs 3d, Pb 4f, and Br 3d signals of CsPbBr3:Sr 
were almost unchanged, indicating that the effect of doped Sr2+ on the 
binding energy of the samples could be negligible (Fig. 2e–g). However, 
the signals of Pb 4f, Cs 3d, and Br 3d of the CCS composites were slightly 
shifted toward higher binding energy (ΔeV≈0.2–0.3 eV), suggesting 
that after passivation of the CsPb2Br5 shell, the electron density of the 
CsPbBr3 cores was decreased. This phenomenon was consistent with 
previous reports, attributing it to the strong sharing of Pb atoms between 
0D CsPbBr3 and 2D CsPb2Br5 [29,30]. Similarly, we compared the XRD 
patterns of CsPbBr3 QDs, CsPbBr3:Sr QDs and CCS composites. The re-
sults showed that the CsPbBr3 and CsPbBr3:Sr QDs were cubic CsPbBr3 
(PDF#54–0752) with no other phases due to Sr doping (Fig. 2h). But the 
CCS composites exhibited a diffraction peak of the tetragonal CsPb2Br5 

(002) plane at 11.66◦ (PDF#25–0211), and the peak had a sharp shape 
which was consistent with the micrometer grain size of the samples. 

Finally, we compared the PL spectra and time-resolved PL decays of 
the three to demonstrate that the CCS composites had the best optical 
properties. First, PL spectra showed that after doping with Sr2+, the PL 
peak position of CsPbBr3 QDs was blue-shifted from 519 nm to 502 nm, 
whereas the PL peak position of the CCS composites was red-shifted to 
505 nm, exhibiting enhanced optical properties (Fig. 2i). Among them, 
the blue shift of the PL position due to Sr2+ might be related to the 
energy band change, which was subsequently discussed in the calcula-
tion part; while the red shift of the CCS composites was caused by the 
increase of the QDs size due to the prolonged high-temperature reaction. 
Further, the time-resolved PL decays showed that the PL lifetime of 
CsPbBr3:Sr QDs was enhanced from 17.79 ns to 20.50 ns; whereas the PL 
lifetime of the CCS composites was 46.38 ns, which was ~2.6 times for 
CsPbBr3 QDs and ~2.3 times for CsPbBr3:Sr QDs (Fig. 2j). This phe-
nomenon demonstrated that both Sr2+ and CsPb2Br5 shells were effec-
tive in prolonging the PL lifetimes of CsPbBr3 QDs, improving the 
radiative recombination efficiency [31]. 

2.2. Optical properties and stability of the CCS composites with different 
Sr2+ doping concentrations 

Further, we investigated the optical properties of the CCS composites 
with different Sr doping concentrations in order to find the optimal 

Fig. 2. (a) HRTEM image and (b) SAED pattern of CCS composites. (c) Comparison of XPS spectra of CsPbBr3, CsPbBr3:Sr and CCS composites. High-resolution XPS 
spectra of (d) Sr 3d, (e) Pb 4f, (f) Cs 3d, and (g) Br 3d. Comparison of (h) XRD patterns, (i) PL spectra (λ = 365 nm) and (j) time-resolved PL decays of CCS composites, 
CsPbBr3:Sr QDs and CsPbBr3 QDs. 
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doping ratio. First, the PL spectra showed that the peak position of the 
CsPbBr3 cores was blue-shifted (518 nm→500 nm) with increasing Sr2+

concentration, and the PL intensity peaked at Sr/Pb = 0.8, then followed 
by a decreasing trend (Fig. 3a and Table S2). The corresponding PLQY 
has similar results, where the CCS composites with Sr/Pb = 0.8 
exhibited a high quantum yield of 96 % (Fig. 3b). Compared to the 
CsPbBr3 QDs (Sr/Pb = 0), PLQY was enhanced by 43 % (PLQY = 53 %); 
compared to CsPbBr3:Sr (Sr/Pb = 0.6), PLQY was enhanced by 29 % 
(PLQY = 67 %). Subsequently, the corresponding XRD results showed 
that two kinds of diffraction peaks were clearly distinguished for all 
sample, corresponding to the cubic CsPbBr3 and the tetragonal CsPb2Br5 
(Fig. 3c). This phenomenon proved that these "foreign" atoms would not 
affect the inherent crystal structure of CsPbBr3 or CsPb2Br5 even at high 
Sr doping concentration (Sr/Pb = 1.0). Moreover, all the diffraction 
peaks of CsPbBr3 and CsPb2Br5 were slightly shifted to the large angle 
direction with the increase of Sr2+, and this lattice shrinkage proved that 
Sr2+ was existed not only in the internal CsPbBr3 but also in the CsPb2Br5 
shell. Further, the time-dependent PL decays showed the effect of doping 
concentration on the carrier recombination process. The PL decay curves 
for all samples could be fitted well by bi-exponential decay model. 
Among them, the fast decay was related to trap-assisted recombination, 
while the slow decay was related to the radiative recombination. 
Analysis of the fitted data revealed that the radiative recombination 
efficiency A2 was enhanced with increasing Sr2+ concentration, peaking 
at Sr/Pb = 0.8 (Fig. 3d and Table S3). At this point, the CCS composites 
possessed the longest PL lifetime (46.38 ns). This result was almost 
consistent with the trend of PLQY, further confirming that the intro-
duction of Sr2+ was beneficial to improve the PLQY of the samples. With 
the further increasing of Sr2+ concentration (Sr/Pb = 1.0), the non- 
radiative recombination efficiency A1 was significantly increased, 
attributed to the excess doping leading to the additional interstitial 
atoms, which elevated the density of trap states. 

Finally, we evaluated the stability of the CCS composites (Sr/Pb =
0.8) to demonstrate that the materials had the basis for practical ap-
plications [32]. First, the thermal stability results showed that after six 

heating-cooling cycles (25–140 ◦C), the CCS composites could retain 
93.3 % of the initial PL intensity; CsPbBr3@CsPb2Br5 could retain 91.8 
% of the initial PL intensity; whereas the CsPbBr3 QDs remained only 
34.9 % (Fig. S4a). The photostability had similar results (Fig. S4b). After 
passivation of the CsPb2Br5 shell, the irradiation resistance of the sam-
ples was significantly improved. Further, the CCS composites possessed 
a larger water contact angle than the CsPbBr3 and CsPbBr3@CsPb2Br5 
films, making the samples more hydrophobic and the water could not 
easily penetrate into the materials (Fig. 3e). Therefore, the CCS com-
posites and CsPbBr3@CsPb2Br5 retained more than 95 % of the initial PL 
intensity after 12 days of immersion, whereas the CsPbBr3:Sr QDs were 
almost quenched after a few hours of immersion (Fig. 3f). It was 
attributed to the high enthalpy of decomposition of CsPb2Br5 in water, 
which resulted in the surprising water stability of the CCS composites 
[33,34]. 

2.3. Energy band structure of the CCS composites 

Since Sr2+ was uniformly distributed in the CsPbBr3 and CsPb2Br5 
shell, we calculated the electronic structures of the two materials doped 
with Sr2+, and explained the effect of photo-enhancement of the Sr2+

ions and the CsPb2Br5 shell through the perspective of energy bands. 
Fig. 4a–d showed the calculated models for the two materials, respec-
tively, with a doping concentration of Sr/Pb = 0.8, and, considering the 
symmetry of the crystal structure, the Sr2+ ions were set as far away 
from each other as possible. Subsequently, Fig. 4b exhibited the elec-
tronic structure of CsPbBr3:Sr. The material had a band gap of 2.74 eV, 
which was significantly increased compared to undoped CsPbBr3 (1.80 
eV, Fig. S5a). Meanwhile, the projected density of states indicated that 
the valence band maximum (VBM) of CsPbBr3:Sr was mainly composed 
of Br p orbitals, with a slight contribution from Pb s orbitals; while the 
conduction band minimum (CBM) was mainly composed of Pb p or-
bitals, with a negligible contribution from Sr orbitals (Fig. 4c). Previous 
reports suggested that the band gap of ABX3 perovskite might be 
widened by the decrease in electronegativity of the B-site cations 

Fig. 3. Comparison of (a) PL spectra (λ = 365 nm), (b) PLQY, (c) XRD patterns, and (d) time-resolved PL decays of CCS composites with different Sr2+ doping 
concentrations. Where, Sr/Pb = 0 represented the non-Sr2+ doped CsPbBr3@CsPb2Br5 composites. Comparison of (e) water contact angle and (f) water stability of 
CsPbBr3:Sr QDs (Sr/Pb = 0.8), CsPbBr3@CsPb2Br5 composites and CCS composites (Sr/Pb = 0.8). Normalized Intensity = I/I0 × 100 %, where, I was PL intensity of 
samples after immersion and I0 was the initial PL intensity before immersion. 
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[35–37], where the electronegativity of Sr2+ (0.99) was weaker than the 
electronegativity of Pb2+ (1.55), which might be one of the reasons. 
Further, the substitution of Sr2+ (ionic radius: 118 p.m.) for Pb2+ (ionic 
radius: 119 p.m.) would result in reduction of the unit cell volume, and 
the Pb–Br bond became shorter, which enhanced the interaction be-
tween the Pb and Br orbitals. Since the CBM of CsPbBr3 was composed of 
the antibonding combinations between Pb (6p) and Br (4p) orbitals, it 
would shift to higher energies with stronger interactions, resulting in a 
wider band gap [38]. In summary, the electronegativity increase and 
lattice contraction collectively lead to the band gap broadening of Sr2+

doped CsPbBr3 without the introduction of defective energy levels. 
Calculations for the CsPb2Br5 shell were in agreement with them, with 
an increase of 0.29 eV in the band gap after Sr2+ doping (undoped: 3.04 
eV, Fig. S5b; doped: 3.33 eV, Fig. 4e). Moreover, the Sr orbitals barely 
contribute to both CBM and VBM, and the increase in band gap was 
equally attributed to the increased electronegativity and lattice 
contraction (Fig. 4f). Therefore, we could obtain the whole energy band 
structure of the composites. The results showed that the CBM of 
CsPb2Br5 was higher than the CBM of CsPbBr3; the VBM of CsPb2Br5 was 
lower than the VBM of CsPbBr3. A typical type-I heterojunction was 
formed between the two, which effectively confined the electrons and 
holes in the energy band of CsPbBr3, improving the quantum yield 
(Fig. S6). 

2.4. Optical properties and stability of WLED 

Currently, the WLED is one of the most important applications of 
CsPbX3 perovskite QDs, and the optical properties of the device de-
termines the prospect of material [39,40]. We used the CCS composites 
with Sr/Pb = 0.8 as green light source and the CsPb(Br/I)3@CsPb2(-
Br/I)5:Sr composites with 624 nm emission by anion exchange method 
as red light source. Subsequently, two phosphors were made into poly-
mer films and integrated onto a 450 nm blue chip to fabricate WLED 
(denoted as Sr-LED). Futher, we also prepared WLED using CsPbX3 QDs 
for comparison (denoted as QDs-LED). 

First, the PL spectra of the Sr-LED showed that the device could 

clearly distinguish the emission of blue (450 nm), green (505 nm), and 
red (624 nm) phosphors (Fig. 5a), corresponding to the 450 nm blue 
chip, the CCS composites, and the CsPb(Br/I)3@CsPb2(Br/I)5:Sr com-
posites, respectively. The chromaticity coordinate of the Sr-LED were 
(0.318, 0.326), exhibiting pure white light emission (Fig. 5b). Further, 
the highest luminous efficiency of the Sr-LED was 132.61 lm/W (26 
mA); the highest color rendering index (CRI) reached 97 (20 mA) 
(Fig. 5c and d). In contrast, the highest luminous efficiency of the QDs- 
LED was only 85.17 lm/W, and the CRI gradually decreased with the rise 
of the drive current, eventually leaving only 39. Finally, since opto-
electronic devices inevitably generated high temperatures during 
continuous operation, this could lead to thermal decomposition of 
CsPbX3 QDs [41,42]. Therefore, we recorded the surface temperature 
and PL spectra of Sr-LED at different operating times to demonstrate that 
the CCS composites had long-term operational stability. The results 
showed that the surface temperature of the Sr-LED increased to more 
than 100 ◦C after only 1 h of work, and remained at 100–106 ◦C for the 
following 3–15 h (Fig. 5e). Obviously, such high temperature environ-
ments would dramatically deteriorate the optical properties of QDs. 
However, the PL intensity of Sr-LED retained more than 90 % of the 
initial PL intensity after 15 h of continuous operation (where, the PL 
intensity of red light decayed by ~9.1 %; the PL intensity of green light 
decayed by ~5.4 %), and the peak position had no significant shift 
(Fig. 5f). To conclude, CsPbBr3 QDs passivated by Sr2+ and CsPb2Br5 
shell could provide a new option for the application of perovskite ma-
terials in the field of optoelectronics. 

3. Conclusions 

We presented an improved hot-injection method to obtain 
CsPbBr3@CsPb2Br5:Sr microplates with the core-shell structure by 
controlling the precursor ratio and the reaction time. After the co- 
passivation of Sr2+ and CsPb2Br5 shell, the composites exhibited 96 % 
PLQY and excellent stability, which was in sharp contrast to the unim-
proved CsPbBr3 QDs. Subsequently, DFT calculations showed that the 
Sr-doped CsPbBr3 and CsPb2Br5 bandgaps were obviously increased and 

Fig. 4. (a) Atomic model, (b) electronic structure and (c) projected density of states of Sr-doped (Sr/Pb = 0.8) CsPbBr3 core. (d) Atomic model, (e) electronic 
structure and (c) projected density of states of Sr-doped (Sr/Pb = 0.8) CsPb2Br5 shell. 
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the PL peaks were blueshifted, which were attributed to the increased 
electronegativity and lattice contraction induced by the substitution of 
Sr2+ for Pb2+. Further, typical type-I heterojunctions were formed be-
tween CsPbBr3 and CsPb2Br5, which significantly improved the radiative 
recombination efficiency of the QDs. Finally, the WLED fabricated using 
the composites possessed the luminous efficiency of 132.61 lm/W and 
the color rendering index of 97, and the PL intensity remained above 90 
% after 15 h of continuous operation in 105 ◦C high-temperature envi-
ronment. This high luminous efficiency and high stability of 
CsPbBr3@CsPb2Br5:Sr core-shell microplates are beneficial for realizing 
various applications in optoelectronics. 
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