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All-inorganic lead halide perovskites nanocrystals (NCs) have been demonstrated to be promising candi-
dates for optoelectronic devices, but preparing perovskite NCs with high photoluminescence quantum
yields (PLQYs) and excellent stability has been a challenge. In this work, CsPbBr3/Cs4PbBrg core/shell NCs
with a PLQYs of 87.23% and long-term stability in ambient environments was prepared by room tem-
perature inverse microemulsion method. The excellent stability of the sample was attributed to the pro-
tection of Cs4PbBrg, and higher PLQYs could be owing to the passivation effect of the core/shell structure. To
illustrate the distribution of photogenerated carrier in the core/shell structure, a confined excitons model
was proposed based on time-resolved PL and temperature dependent PL measurements. Femtosecond
time-resolved transient absorption spectra measurements were performed upon different excitation wa-
velength to unveil the photogenerated carrier dynamics in core/shell NCs. Upon 300 nm excitation, a carrier
transfer process with the time of 3.18 ps from shell to core layer was observed. Furthermore, both two- and
three-photon absorption PL was discovered in core/shell NCs, further verifying the carrier transfer process.
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1. Introduction

Over the last decade, colloidal all-inorganic lead halide per-
ovskite nanocrystals (CsPbX3 NCs, X = Cl, Br and I) have rapidly
emerged as one of the most promising materials of optoelectronic
devices [1-4], benefiting from their unique properties, such as the
high photoluminescence quantum yields (PLQYs), tunable emission
wavelength and narrow emission bandwidth. The defects of per-
ovskite are dominated by shallow defect state energy levels and
exhibit excellent defect tolerance [5], resulting in a higher propor-
tion of radiative recombination. Compared with traditional group III-
V nanocrystals [6], CsPbX3 NCs have exhibited higher PLQYs (> 50%),
making it a prospecting luminescent material for illumination and
display [7].

Despite these advantages, poor stability still limits the commer-
cial applications of lead halide perovskite nanocrystals. Perovskite
NCs would show a rapid decline in luminescence properties when
suffer from chemical, light or thermal due to the “soft” ionic struc-
ture [8-10]. It has been pointed out that in humid environments,
nanocrystals would degrade when irradiated by ultraviolet (UV) [9],
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making it a challenge for displays. For dealing with these issues,
various strategies such as surface passivation [11,12], doping [13,14],
and encapsulation [15,16] have been proposed. Especially, introdu-
cing suitable encapsulation can not only prevent the invading of
water and oxygen, but also effectively improve the utilization effi-
ciency of photogenerated carriers in CsPbX3 NCs promoting the
PLQYs. Until now, kinds of materials like SiO, [17], Al;05 [18], PbSO4
[19], ZnS [20], TiO, [21], CdS [22,23] have been applied as the pro-
tective layer of CsPbBr; NCs.

Besides the stability, reducing surface state defects and further
promoting the PLQYs is another point for the applications of CsPbX3
NCs [24]. Although the stability of CsPbBr3 NCs could be improved by
encapsulation, lattice mismatch between the heterogeneous packa-
ging materials and CsPbX3, which would deteriorate their lumines-
cence performance, is nonnegligible [25]. Cs4PbBrg, often called
“zero-dimensional (OD) perovskites” as the PbXg?™ octahedra is no
longer corner-shared compared with corner-sharing PbXg* octa-
hedra in CsPbBr3, has been proposed as a coating material in recent
years [25-28]. Isolated PbXg*" octahedra separated from each other
by a Cs* ion inserted in the crystal lattice is beneficial in maintaining
the structure of Cs4PbBrg, exhibiting excellent thermal and anion
exchange stability [29]. Relevant studies have shown that in con-
ventional environments, Cs4PbBrg exhibited better environmental
tolerance than CsPbBrs [30]. Significantly, Cs4PbBrg lattice spacing
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matches well with the CsPbBrj3 lattice [25], which can enhance the
surface passivation without additional strain on the NCs. Besides,
due to the same constituent elements for CsPbBrs and Cs4PbBrg,
elemental doping can be avoided [31]. Jia et al. [32] reported the
CsPbBr3/Cs4PbBrg core shell structure for the first time, with im-
proved stability and PLQYs. Then, Ge et al. [31], Chen et al. [33] also
prepared the CsPbBr3/CssPbBrg core/shell materials and demon-
strated their applications in heat-resistant fluorescent inks and
phosphors. Nevertheless, the preparations of core/shell structure in
the previous reports were usually accompanied by harsh synthesis
conditions and complicated steps, and PLQYs enhancement me-
chanism as well as photogenerated carrier transfer dynamics in the
core/shell structure are still lack of the systematic illustrations.

In this work, a facile room temperature inverse microemulsion
method was adopted to produce CsPbBr; NCs and CsPbBrs3/Cs4PbBrg
core/shell NCs by changing the precursor ratio of cesium source and
lead source. Compared with the CsPbBr; NCs, the CsPbBr3;/Cs4PbBrg
core/shell NCs exhibited an excellent photophysical property with an
improved PLQYs from 45% to 87.23% after shell coating. The core/
shell NCs showed remarkable stability under conventional atmo-
spheric environment. We conclude that the Cs4PbBrg shell could not
only lead to the surface defects passivation of CsPbBr; NCs, but also
form a typical quantum well structure due to its wide bandgap
structure (4.0 eV), which could bind the photogenerated electron-
hole in the CsPbBr3; (2.4 eV) NCs and further enhance the electron-
hole radiation recombination. The speculations were confirmed by
various kinds of characterization including UV-Visible absorption
spectroscopy (UV-Vis), photoluminescence spectroscopy (PL), time-
resolved fluorescence spectroscopy (TRPL), time-resolved transient
absorption spectroscopy and multi-photon absorption spectroscopy.
The intrinsic photophysical mechanism was revealed, and a confined
excitons model was put forward to illustrate the carrier transfer
process in CsPbBr3/Cs4PbBrg core/shell NCs.

2. Experimental section
2.1. Materials

Cesium carbonate (Cs,COs3, Aldrich, 99.9% metals basis), Lead (II)
bromide (PbBr,, Meryer, 99%), Oleic acid (OA, Meryer, 85%),
Oleylamine (OAm, Meryer, C18: 80-90%), Hexane (CgH14, Sinopharm
Chemical Reagent Co., Ltd, 297.0%), N, N-dimethylformamide (DMF,
Aladdin, >99.9% (GC)), Hydrobromic acid (HBr, 48 wt% in H,O,
Macklin, ACS).

2.2. Synthesis of Cs-oleate precursor

1.125 g Cs,C05 and 10.75 mL OA were taken in 50 mL 3-necked
round bottom flask and the mixture was kept in vacuum for 20 mins
followed by purging with N, for 20 mins along at 100 °C by Schlenk
system with continuously magnetic stirring. The process of alternate
application of vacuum and N, was repeated for 3 times to remove
the moisture and O, in the reaction mixture. The temperature of the
reaction mixture was then increased to 150 °C, and continued until
the Cs,CO3 reacted and turned to a yellowish stock of Cs-oleate
precursor, and then stored in a vial for further processing.

2.3. Synthesis of CsPbBr; NCs

Typically, perovskite nanocrystals were synthesized using a facile
reverse microe-mulsion method. 50 pL Cs-oleate precursor, 10 mL n-
hexane, 5 mL OA were mixed in a 20-mL glass vial for 10 min mild
stirring at a 35 °C heating plate to eliminate the influence of ambient
temperature changes. To avoid the influence of moisture and O, on
the reaction, OA was degassed at 100 °C by Schlenk system.
Meanwhile, 1 mL PbBr; (0.03 M, DMF), 2 uL HBr (48%), 0.1 mL OA,
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and 0.05 mL OAm were loaded in a 2-mL glass vial for 10 min mild
stirring. Subsequently, the latter was dropped into the former under
vigorous stirring. The color changes from colorless to green with the
addition of lead precursors. 10 mins later, the as-synthesized nano-
crystals were collected via centrifugation at 8000 rpm for 3 min,
followed by dispersion in 4 mL of hexane for further character-
ization.

2.4. Synthesis of CsPbBr3/Cs4PbBrg core/shell NCs

Similar to the specific experimental steps of CsPbBr; NCs, by
adjusting the precursor ratio of lead to cesium, CsPbBr3 /Cs4PbBrg
core/shell NCs was synthesized. In addition to what 100 pL Cs-oleate
precursor was applied for cesium-rich solution and 15 uL HBr (48%)
instead of 2 pL HBr (48%), for PbBr; solution are all the same.

2.5. Characterization

Powder X-ray diffraction was performed using a Shimadzu XRD-
6100 diffractometer with Cu-Ka radiation (1 = 1.5406 A). The sam-
ples were prepared via the drop casting of the nanocrystal suspen-
sion onto a clean glass slide, followed by drying at room temperature
(For the temperature-dependent photoluminescence spectra below,
the same sample preparation method was used.). A UV-2600 spec-
trophotometer (Shimadzu) was employed to examine the absorption
spectra. The photoluminescence spectra were recorded by
OmniFluo960 spectrometer (Zolix). Time-resolved PL spectra, PLQYs
and temperature-dependent photoluminescence spectra were re-
corded using FLS920 spectrometer (Edinburgh). For time-resolved PL
spectra, a picosecond pulsed LED (central wavelength: 450 nm, re-
petition rate: 10 MHz) was used as the excitation light source. For
PLQYs and temperature-dependent photoluminescence spectra, ex-
citation light source (410 nm) was selected from Xe lamp spectrum.
Transmitted electron microscopy (TEM) images and high resolution
TEM (HRTEM) images were acquired by the Talos F200X Lorenz
transmission electron microscope with an acceleration voltage of
200 keV, to which an Oxford energy dispersive X-ray spectroscopy
(EDX) system X-max50 was coupled for EDX-SEM mapping analysis.

2.6. Femtosecond time-resolved transient absorption

Femtosecond time-resolved transient absorption (TA) measure-
ments were employed on a home-built setup with pump and probe
beams generated by a mode locked amplified Ti: sapphire laser
system (Coherent Legend, 800 nm, 150 fs, and 1 kHz repetition rate).
The 400 nm pump beam was operated at second harmonic genera-
tion (SHG) of 800 nm beam. The probe beam, white light continuum
(WLC) ranging from 450 to 750 nm, was produced by focusing the
800 nm pulses into a 1-mm-thick sapphire plate. A motorized delay
stage was applied to control the delay between the pump and probe
pulses. The repetition rate of pump beam was reduced to 500 Hz
using a synchronized chopper. The transmitted probe pulses from
the samples were collected by a fiber-coupled spectrometer. By
comparing the transmitted probe pulses with and without pump
pulse, TA spectra as a function of the delay time between the pump
and probe pulses were obtained. In the measurements, all samples
were filled in 1 mm cuvettes.

In the TA measurements, TA signal intensity was characterized
using optical density expressed by Ay = log (Ip/l), where I is the
transmitted probe light intensity and I, is the incident probe light
intensity. The time dependent light-induced absorption change
caused by the pump pulse could be evaluated by the difference
between probe light intensity measured with (I,ymp) and without
(lunpump) the pump pulse, which was calculated using the following
formula.
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where t is the delay time between the pump and probe pulses and A
is the wavelength of the probe light. Ground state bleaching and
excited state absorption are two typical TA signals. When the sample
is excited, electrons in the ground state are excited to the excited
state, and the ground state absorption would be weakened, causing
the ground state bleaching and leading to negative TA signals in the
region near the wavelength of the ground state absorption. The
material in the excited state could also further absorb the probe light
and transition to the excited state of higher energy level. This will
induce the excited state absorption, leading to a positive signal in the
TA spectra. Besides, stimulated emission effects could take place in
some luminescent materials, which could cause the enhancement of
the probe light, inducing a negative TA signal.

2.7. Two- and multi-photon absorption PL measurements

Two- and multi-photon absorption PL measurements were con-
ducted on a home-built platform using 800 nm femtosecond laser.
Femtosecond laser was focused into the NCs samples by a lens with a
focal length of 20 cm. Two continuously variable neutral density
filters were employed to control the incident energy of the laser
pulses, and the PL emissions from the samples were collected by a
lens and recorded by a spectrometer.

3. Results and discussion

CsPbBr; NCs and CsPbBr3;/Cs4PbBrg core/shell NCs were synthe-
sized via a facile inverse microemulsion method, with detailed
processes presented in Experimental section. Concise preparation
processes and corresponding schematic diagram of the core-shell
structure are shown in Fig. 1a and 1b, respectively. Two precursors
were mixed for 10 min and CsPbBrs NCs and CsPbBr3/Cs4PbBrg core/
shell NCs were prepared by changing the proportion of lead and
cesium precursors, respectively. As shown in Fig. 1¢, CsPbBrs NCs
yielded a typical absorption edge at a wavelength of 510 nm and PL
peaked at 514 nm. For CsPbBr3/Cs4PbBrg core/shell NCs, however, an
additional absorption peak was observed at 313 nm, corresponding
to the absorption peak of Cs4PbBre. Except for the absorption peak at
313 nm, both the absorption edge (505 nm) and PL peak position
(510 nm) for CsPbBr3/Cs4PbBrg core/shell NCs were obviously blue-
shifted compared with CsPbBr; NCs. As has been demonstrated by
Jia, the formation of Cs4PbBrg was formed by further reaction of the
surface of CsPbBr3; NCs, and the shrinking of CsPbBr3 core after shell
coating induced the blue shift of the absorption and PL emission
[32]. Meanwhile, PLE spectra of CsPbBr3 (PL at 510 nm) and CsPbBr3/
Cs4PbBrg core/shell (PL at 505 nm) NCs were also measured and
given in Fig. 1c. To be different with that of CsPbBr; NCs, a sharp
decrease was observed in the short wavelength region
(300-320 nm) for CsPbBr3/Cs4PbBrg core/shell NCs, which was con-
sistent with the absorption of Cs4PbBre. The formed type I hetero-
structure had a band structure with Cs4PbBrg (3.96 eV) as the shell
layer and CsPbBrs (2.45eV) as the core layer. PLQY of the as-syn-
thesized CsPbBr; NCs was measured to be 45% (Fig. S1a), in ac-
cordance with some previous reports [34]. Unsurprisingly, CsPbBr3/
Cs4PbBrg core/shell NCs performed a PLQY as high as 87.23% (Fig.
S1b), corresponding to an improvement of about 42%. The PL en-
hancement could be mainly attributed to the effective passivation of
surface defects by the Cs4PbBrg shell layer, as well as the reduction of
agglomeration for CsPbBr; NCs.

Journal of Alloys and Compounds 946 (2023) 169272

The stability of CsPbBrs NCs was also improved by the core-shell
structure. PL intensities over a long period of time were monitored
for CsPbBr3 NCs and CsPbBr3;/Cs4PbBrg core/shell NCs in a conven-
tional environment (Fig. 1d). In contrast to CsPbBrs NCs, CsPbBrs/
Cs4PbBrg core/shell NCs exhibited excellent PL stability. As shown in
the figure, CsPbBr3/Cs4PbBrg core/shell NCs could still maintain more
than 60% of the PL intensity after 96 h, while the PL for CsPbBr; NCs
alone almost disappeared. More details about changes in PL and
absorption intensity for both samples are shown in Fig. S2. Both the
PL and absorption spectra for core/shell NCs showed more robust
with the time than those of CsPbBrs NCs. The absorption peak at
313 nm and absorption edge at 505 nm for CsPbBrs/Cs4PbBrg NCs
still existed even after 144 h, while the absorption edge at 505 nm
for CsPbBr; NCs almost disappeared after just 72 h. Because of the
protection from the oxygen, light irradiation, and especially
moisture in normal environment by Cs4PbBrs, CsPbBrs/Cs4PbBrg
core/shell NCs exhibited better stability than CsPbBrs NCs [29].

XRD characterizations were carried out to examine the crystal
structure of CsPbBr; NCs and CsPbBrs;/Cs4PbBrg core/shell NCs
(Fig. 2a). By comparing with the database, the XRD patterns of the
sample were in good agreement with the standard XRD patterns,
corresponding to PDF cards of 00-018-0364 and 01-073-2478, re-
spectively. To be different with CsPbBrs NCs, both the diffraction
peaks of CsPbBr; and Cs4PbBrg (marked by stars) were observed for
CsPbBr3/Cs4PbBrg core/shell NCs, meaning that both of CsPbBr; and
Cs4PbBrg existed in the CsPbBr3;/Cs4PbBrg core/shell NCs. In addition,
intensities of the diffraction peaks of Cs4PbBrg were much weaker,
indicating that the shell layer was thin. TEM, HRTEM and EDX
mapping characterizations were performed to identify the mor-
phology and detailed structure of CsPbBr3 NCs and CsPbBr3/Cs4PbBrg
core/shell NCs. Both of the CsPbBr; NCs and CsPbBr3;/Cs4PbBrg core/
shell NCs showed manifest cubic structures with a mean size of
approximately 12 nm (Fig. S3). For identifying the morphology and
detailed structure of CsPbBr3; and CsPbBr3/Cs4PbBrg core/shell NCs,
the HRTEM images with clear lattice fringes for two samples were
given in the insets of Figs. 2b and 2c, respectively. For CsPbBrs NCs
(Fig. 2b inset), the lattice spacing was measured to be 0.41 nm,
which could be well consistent with the (110) plane of CsPbBr;
crystal. For the core-shell structure, distinct margins with different
lattice stripes were observed in the inset of Fig. 2c. The lattice spa-
cing of the shell was measured to be 0.44nm, which was well
consistent with the (113) plane of Cs4PbBrgs. As for the inner layer,
lattice spacing was measured to be 0.58 nm, which could be well
consistent with the (100) plane of CsPbBrs. The HRTEM images of
CsPbBr3/Cs4PbBrg core/shell NCs could confirm the formation of a
core-shell structure effectively. The thin shell layer and the forma-
tion of core-shell structure did not affect the morphology of CsPbBr3;
NCs. Due to the existence of the shell layer, size of the CsPbBrs core
layer would reduce resulting in a blue shift of the absorption and
emission for CsPbBrs3/Cs4PbBrg core/shell NCs (as given in Fig. 1c).
EDX-STEM mapping images of Cs, Pb and Br elements are shown in
Fig. S4, and the corresponding atomic proportions of the elements
for both samples are shown in Fig. 2d-e. Compared with the ratio
19.6:19.3:61.1 (=1:1:3) for CsPbBr; NCs, the atomic proportions of
the elements for CsPbBr3;/Cs4PbBrg core/shell NCs was estimated to
be 23.5:18.8:57.7 (between the ratios of 1:1:3 and 4:1:6). Based on
the EDX analysis, the respective proportions of CsPbBr3 and Cs4PbBrg
in the core-shell structure was calculated to be 8:1.

Based on the discussions above, CsPbBr3 NCs and CsPbBrs/
Cs4PbBrs core/shell NCs were fabricated successfully. Here, we
would give a brief explanation about the formation process of both
samples. According to relevant reports, CsPbBr; seeds are generally
highly prone to be transformed into Cs,PbBrg NCs in the presence of
Csions[32,35,36]. Hence, the growth mechanism of CsPbBr; NCs and
CsPbBr3 [Cs4PbBrg core/shell NCs can be summarized as below:



C. Wang, L. Yan, J. Si et al.

—— CsPbBr;
Cs:Pb=1:1

Cs:Pb=2:1

—— CsPbBr, .

<~ CsPbBr,/Cs,PbBr %
s 8
8 2
s 2
£ 2
5l BS [l 2
8 £
Q2 -
< o

400 500 600

Wavelength (nm)

300

CsPbBr,/Cs PbBr,

(d)

Journal of Alloys and Compounds 946 (2023) 169272

(b)
N
i

Visible light UV light

I} J
g
il

=[Nl

100 - —=— CsPbBr,
—e— CsPbBr,/Cs,PbBrg
—~ 80+
=]
s
a 604
°
(]
N
T 40-
E
)
Z 20
0= r . T T .
0 24 48 72 96 120 144

Time (h)

Fig. 1. (a) Schematic of synthesis of CsPbBr; NCs and CsPbBr3/Cs4PbBrg core/shell NCs; (b) 3D schematic diagram of CsPbBrs;/Cs4PbBrg core/shell NCs; (c) Absorption, PL and PLE
spectra; (d) Long-term PL stability of CsPbBrs; NCs and CsPbBr3;/Cs4PbBrg core/shell NCs, the inset is photoluminescence photographs of the samples at 0 h and 96 h (C/S: CsPbBr3/

Cs4PbBrg core/shell NCs, C: CsPbBr; NCs).

When the ratio of Cs* to Br™ is close to 1:3, the following reaction
takes place and CsPbBr; NCs are formed:

Cs* + Pb?" + 3Br~ — CsPbBr;

The crystallization process is usually very quick, occurring in a
few seconds.

With the increment of Cs* and Br", the above CsPbBr; NCs are
formed rapidly, and then the surface of CsPbBr; NCs would undergo
phase transformation to the Cs4PbBrg, due to the presence of and
excessive Cs* and Br™ ions. The specific chemical processes are as
follows:

Cs* + Pb?" + 3Br~ — CsPbBr;

CsPbBrs; + 3Cs™ + 3Br~ — Cs4PbBrg

Considering that the amount of Cs atoms is limited and Cs4PbBrg
would acts as an isolation layer to avoid further phase transitions,
the thickness of the Cs4PbBrg shell is generally thin, in accordance
with the HRTEM images of the CsPbBrs/Cs4PbBrg core/shell NCs.
However, the rate for phase transition could not be precisely con-
trolled, and the morphology and size distributed more widely for
CsPbBr3/Cs4PbBrg core/shell NCs than those of CsPbBrs NCs (as
shown by Fig. S3).

Beside the passivation effect of the core/shell structure, the
formed type I heterostructure would also influence the carrier dy-
namics of the NCs and enhance the PL property of the sample. Here,
time-resolved PL of CsPbBr; NCs and CsPbBrs/Cs4PbBrg core/shell
NCs were recorded to explore more photophysical mechanisms, and
the results are shown in Fig. 3a. The PL decay process in both CsPbBr3
and CsPbBr3/Cs4PbBrg NCs showed a nonlinear decay kinetics, with

an average lifetime of 13.13 ns for CsPbBrs/Cs4PbBrg and 33.81 ns for
CsPbBrs NCs. Detailed description of fitting function and related
parameters were given in supporting information. The PL lifetime of
CsPbBr; NCs was longer than that in some previous reports, which
could be due to the relatively larger size and lower exciton binding
energy [32,37]. Shorter lifetime for CsPbBr3/Cs4PbBrs may origin
from the reduced size of the CsPbBr3 core and enhanced exciton
binding energy. The core may shrink due to ion diffusion after shell
formation, which corresponds to the blue shift of the absorption and
PL in CsPbBr3/Cs4PbBrg. Temperature-dependent PL in both samples
are conducted to measure the exciton binding energy. PL intensity
was plotted as a function of temperature and the results were fitted
using the following Arrhenius equation [34]:

1) = k(1 + Aexp(~ )

where I(T) and Iy are the integrated PL intensities at temperature T
and 0K, respectively. Eyis the exciton binding energy, and kg is the
Boltzmann constant. By fitting the temperature dependent PL re-
sults, exciton binding energy for CsPbBrs;/Cs4,PbBrg NCs was estab-
lished to be 200.8 meV (Fig. 3b-c), much larger than that of CsPbBr3
NCs (92.4 meV) (Fig. 3d-e). Detailed description of fitting function
and related parameters were shown in Supporting Information.
Hereby, an excitons bandgap model for CsPbBrs and CsPbBrs
/Cs4PbBrg NCs was proposed as given in Fig. 3f. Due to the lower
exciton binding energy, photogenerated carrier would delocalization
and widely distribute in the whole nanocrystals for CsPbBr3 NCs. But
for CsPbBr3/Cs4PbBrg NCs, the shell layer would provide a sufficiently
large offset at the conduction and valence band edge due to the
larger bandgap for Cs4PbBrg shell, significantly increasing the ex-
citon binding energy of the system and localizing the photo-
generated carrier. This type-I bandgap model would not only
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Fig. 2. (a) XRD patterns of the CsPbBr3 NCs and CsPbBr3 [Cs4PbBrg core/shell NCs; STEM and HR-TEM images of (b) CsPbBr3 NCs, and (c) CsPbBr3 [Cs4PbBrg core/shell NCs; Element

atomic distribution of (d) CsPbBr3 NCs, and (e) CsPbBr3 /Cs4PbBrg core/shell NCs.

improve the PLQYs, but also can lead to faster decay for CsPbBrs/
Cs4PbBrg core/shell NCs. The confined excitons model was also
adopted by other researchers to explain the faster decay for core/
shell NCs [338].

To further confirm the confined excitons bandgap model, fem-
tosecond time-resolved transient absorption (TA) measurements
were employed to unveil the transfer dynamics of photogenerated
carrier in CsPbBrs and CsPbBr3/Cs4PbBrg NCs. Here, femtosecond
laser with a center wavelength of 400 nm was used as the pump
light to excite the carriers. Fig. 4a shows the pseudo-colored TA
spectra in CsPbBr3/Cs4PbBrg NCs, and Fig. 4b shows several re-
presentative TA spectra at certain delay time. The results for CsPbBr3
NCs are given in Fig. S5a-b. From the TA spectra, a negative ab-
sorption at 510 nm and a positive absorption band at 475 nm was
attributed to ground state bleaching (GSB) and photo induced ab-
sorption (PIA) for CsPbBrs NCs, respectively [39]. When the CsPbBr3
NCs was excited, carriers in valence band (VB) were excited to
conduction band (CB), causing the filling of CB and bleaching of
ground state absorption. The PIA signal was originated from the
absorption arising from the excited state carriers. For CsPbBr3
/Cs4PbBrg core/shell NCs, a negative absorption band at 500 nm was
presented. Multiple exponential fitting was used to further handle
the time-resolved TA curves for both samples at 510 nm and 500 nm,
respectively. The rise time of GSB are 297 fs and 408 fs for CsPbBr3
NCs and CsPbBr3/Cs4PbBrg core/shell NCs (Fig. 4c), corresponding to
the excited state hot carrier relaxation time. Reduction of GSB cor-
responds to the carrier relaxation from excited state to the ground
state. The lifetime of the excited state carriers for CsPbBr3 /Cs4PbBrg
core/shell NCs was fitted with 1.8 ns, shorter than 2.3 ns for the

CsPbBr; NCs (Fig. 4c). Carrier lifetime difference between the two
samples could be well matched with TRPL characterization given in
Fig. 3a and originated from the reduced size of the CsPbBr3 core and
enhanced exciton binding energy.

Considering that the bandgap of CsPbBr3 NCs is 2.45 eV (505 nm)
and Cs4PbBrg NCs is 3.96 eV (313 nm), only CsPbBr; NCs can be ex-
cited by 400 nm femtosecond laser. 350 nm (3.54 eV) and 300 nm
(413 eV) femtosecond laser are used for pumping to reveal the
charge transfer of excited state carriers between CsPbBr3/Cs4PbBrg
core/shell NCs, and further monitoring the rising of the GSB. Excited
state carrier energy will improve accompanied by the shorter ex-
citation wavelength, and further enhanced the growth time [40]
(Fig. 4e). The rising time for CsPbBr; NCs increased from 297 fs at
400 nm to 801 fs at 350 nm (Fig. S5c) and 990 fs at 300 nm. But for
CsPbBr3/Cs4PbBrg, other than the increased rising time (408 fs at
400 nm to 875 fs at 350 nm (Fig. S5¢)), two different processes were
monitored in the GSB establishment time for the CsPbBr3/Cs4PbBrg
core/shell NCs prepared in this paper with the pump wavelength at
300 nm, which were 945 fs (33%) and 3.18 ps (67%) (300 nm)
(Fig. 4d)). Through the contrast of rising time at different wave-
lengths, the following carrier transfer and relaxation models in
CsPbBr3/Cs4PbBrg core/shell NCs are summarized. For the wave-
length at 400 nm and 350 nm, only CsPbBr3 can be pumped and the
rising time for the GSB corresponding to the excited state hot carrier
relaxation (Fig. 5a). As for 300 nm, CsPbBr; and Cs4PbBrg can be
pumped together and the rising time for the GSB could not only
corresponding to the hot carrier relaxation, but also the carrier
transfer from the Cs4PbBrg to CsPbBrs. For the process with the rising
time of 945 fs, it can be attributed to the hot carrier relaxation time
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Fig. 5. Schematic of hot carrier relaxation and transfer processes upon (a) 400 nm and (b) 300 nm pump in CsPbBrs;/Cs4PbBrg core/shell NCs.
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photon absorption and emission schematic diagram, respectively.

contrasting to the time of 990 fs in CsPbBrs NCs. While for the longer
growth time of 3.18 ps, in combination with confined excitons
bandgap model, it was attributed to the carrier transfer from the
Cs4PbBrg (Fig. 5b). For the CsPbBr3/Cs4PbBrg core/shell NCs, excited
state carriers of the Cs,PbBrg would be effectively transferred to
CsPbBr3, and would improve the photon utilization efficiency ef-
fectively.

To further confirm the bandgap model and energy transfer dy-
namics in the core/shell NCs, two- or multiphoton PL measurements
are conducted [41-44]. Here, femtosecond laser with a central wa-
velength of 800 nm is used as the excitation. Through changing the
intensity of excitation, the PL intensity centered at 525nm in
CsPbBrs NCs and 505 nm in the core/shell NCs as functions of ex-
citation intensity are recorded. Considering that 800 nm excitation
photon energy is 1.5 eV and the bandgap of CsPbBr3 NCs is 2.46 eV,
two photons would be absorbed and then fluorescence through
carrier radiative recombination occurred. Employing the logarithmic
coordinates, we can see that the slope of CsPbBr3 NCs is 1.99 in
Fig. 6a (with detail information in Fig. S6a), indicating the two-
photon absorption PL. For CsPbBr3/Cs4PbBrg core/shell NCs, however,
the slope of is estimated to be about 2.36 in Fig. 6b (with detail
information in Fig. S6b). This result indicates that, not only CsPbBr3
core can absorb the excitation light through two-photon absorption,
but also the Cs4PbBrg shell with a bandgap of 3.96 eV can absorb
through multi-photon absorption. The electron transition from the
shell to core can contribute to the PL emission in core/shell NCs. In
addition, due to the excellent multi-photon absorption PL of the
perovskite NCs, the material can be used in multi-photon PL imaging
area, improving the spatial resolution of the microscopic system.

4. Conclusions

In summary, by using a facile inverse microemulsion method,
strongly luminescent and highly stable CsPbBr3/Cs,4PbBrg core/shell
NCs were prepared. The CsPbBr3/Cs4PbBrg core/shell NCs presented a
photoluminescence quantum yields (PLQYs) of 87.23% and long-term
stability. A confined excitons bandgap model was proposed for ex-
plaining for the high PLQYs through time-resolved PL, temperature-
dependent PL measurements. Combining with transient absorption
and multi-photon absorption PL, a charge transfer process from
Cs4PbBrg shell layer to CsPbBrs; core layer is further revealed in
CsPbBr3/Cs4PbBrg core/shell NCs. We believe that this work would
contribute to the practical application of perovskites and improve
our cognition of the PL mechanism of the perovskite core/shell
structures.
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