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Influence of Shell Thickness on the Photophysical Properties

of Core—Shell Perovskite Nanocrystals

Xuanyu Zhang, Chengxi Zhang, Baian Chen, Junzi Li, Zhaojin Wang, Kai Wang,

Tingchao He, Xuyong Yang, and Rui Chen*

Core-shell perovskite nanocrystals (NCs) have emerged as a promising class
of materials for optoelectronic applications due to their unique properties and
stability. Although much research has been conducted on the shell growth
mechanism and properties of the core—shell NCs, little is known about the
role of shell thickness in determining their optical properties. Herein, a
heteroepitaxial method is employed to prepare a series of core—shell

FAPbBr, /CsPbBr; NCs with different shell thicknesses. Through
temperature-dependent photoluminescence measurement, it is found that the
electronic structure of core—shell FAPbBr; /CsPbBr; NCs evolves from
quasi-type-ll to type-l with the increase in shell thickness. This abnormal
transition can be attributed to the thickened gradient alloy layer
FA,Cs,PbBr;, which effectively relieves the lattice mismatch and releases
strain in the NCs, resulting in variations in the bandgap between the core and
the shell. Furthermore, the biexciton Auger lifetimes in these samples exhibit

1. Introduction

Recently, lead halide perovskite nanocrys-
tals (NCs) have emerged as the main com-
petitors to replace conventional semicon-
ductor NCs due to their intriguing proper-
ties such as high photoluminescence quan-
tum yield (PLQY), excellent color purity,
compositional and bandgap tunability,!'-3!
which has promoted their applications in
light-emitting diodes, solar cells, photode-
tectors, lasers, bioimaging, and so on.[*®]
However, the instability problem in the am-
bient atmosphere will not only lead to the
decomposition and transformation of per-
ovskite NCs, but also result in lumines-
cence quenching and poor electron mobil-

a non-monotonic dependence on shell thickness, indicating the electronic
structure transition. These results provide valuable insights into the
relationship between shell thickness, electronic structure, and optical
properties in core—shell perovskite NCs, which may offer guidance for the

design of high-performance optoelectronic devices.
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ity, which seriously hinders their practical
applications and commercial scalability.!
In the past few years, tremendous research
efforts have been made to overcome these
limitations.l">13] Among them, the core-
shell structure is one of the most classi-
cal strategies, which not only effectively
suppresses the interaction between the
NCs, but also passivates the surface defect
states.['*] More importantly, the core—shell structure endows per-
ovskite NCs with new properties, improves their performance,
and expands their application in optoelectronic devices. To date,
the developments of core-shell perovskite NCs have been very
extensive.l'>"'7] The choice of shell includes metals, traditional
semiconductors, insulators, metal-organic frameworks, or poly-
mer materials. However, due to the ultrafast growth dynamics of
perovskite NCs, softer lattice, and coordination of ionic bonds,
it is difficult to control the secondary epitaxial growth of these
materials on perovskite NCs surface, which greatly limits the ap-
plication of core-shell perovskite NCs. In addition, the large lat-
tice mismatch between other materials and perovskites inevitably
leads to the loss of device performance. Therefore, perovskite-
perovskite core—shell NCs may be the optimal solution.

In 2016, N. Mathews et al. first demonstrated the development
of highly stable and color-tunable perovskite-perovskite core—
shell MAPDbBr;/(OA),PbBr, NCs based on ligand-assisted repre-
cipitation strategy.[*® The core-shell NCs exhibited tunable emis-
sion from the blue to a green spectral region (438-521 nm), high
PLQY, and excellent stability. Under ambient conditions, the ini-
tial observed PLQY of 92% for the core—shell NCs showed only
a slight decrease with time, reaching a value of 85% after one
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month and 60% after two months. While the initial 84% PLQY
observed for MAPbBr; NCs showed a significant decrease over
time, reaching a value of 45% after one month and completely
quenched after two months. Moreover, this type of core—shell
NCs exhibited a huge five-photon action cross-section which is
atleast 9 orders larger than the state-of-the-art specially designed
organic molecules, enabling new approaches for next-generation
multiphoton imaging applications.['”) Subsequently, the core—
shell CsPbBr,/Cs,PbBr, NCs were prepared by a seeded growth
method.[?% The Cs,PbX; shell with a wider bandgap was selected
to achieve effective confinement of excitons, which results in a
high PLQY. On this basis, the polaron-mediated slow carrier cool-
ing in CsPbBr,/Cs,PbBr, NCs was investigated, which enriches
their potential in the photovoltaic field.?!! In addition, we have
fabricated the core—shell FAPbBr;/CsPbBr; NCs via a heteroepi-
taxial method.[??] These NCs can be stored under ambient con-
ditions for up to 70 days, and after 50 h of ultraviolet (UV) irra-
diation, they still exhibited excellent stability and retained more
than 80% of the initial PLQY. Meanwhile, the maximum current
efficiency observed in the core—shell NCs LED was 19.75 c¢d A~}
and the external quantum efficiency was 8.1%. Compared with
the core-only devices, these two parameters are about four and
eight times higher, respectively.

Obviously, benefited from the shell growth, all of the above
core—shell perovskite NCs exhibited improved stability. Of par-
ticular importance, the shell also possesses a decisive influence
on the optoelectronic properties of the entire core—shell struc-
ture. It is generally accepted that the shell thickness affects the
degree of defect state passivation, the structure of the energy
band, the dynamics of carriers, and so on.[?*?*] Unfortunately,
to date, the reports on the influence of shell thickness on the
photophysical properties in core—shell perovskite NCs are still
insufficient. To address this issue, in this work, the thickness-
controlled FAPbBr,;/CsPbBr; NCs were prepared according to
the previously reported method.[?? The prepared NCs were char-
acterized by steady-state absorption, photoluminescence (PL),
X-ray diffraction (XRD), and high-resolution transmission elec-
tron microscope (HRTEM) techniques. The electronic structures
in core—shell FAPbBr,/CsPbBr; NCs with different shell thick-
nesses were studied by temperature-dependent PL spectroscopy.
Interestingly, in contrast to conventional semiconductor NCs, the
transition from quasi-type-II to type-I occurred with the increase
of thickness in the core—shell perovskite NCs. This transition was
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Figure 1. The schematic illustration of the synthesis process of core/shell FAPbBr; /CsPbBr; NCs.

2301782 (2 of 9)

www.advopticalmat.de

B

FAPBbr,;/Cs,FA, ,PbBr;/CsPbBr;

attributed to the thickened gradient alloy layer FA, Cs, PbBr;,
which renormalized the valence bands of both the core and the
shell through strain release. Furthermore, femtosecond pump-
probe transient absorption spectroscopy was employed to inves-
tigate their carrier dynamics. The results showed that the biexci-
ton Auger lifetimes in core—shell NCs initially increased signifi-
cantly, and then decreased with increasing shell thickness, pro-
viding further evidence for the electronic structure transforma-
tion.

2. Results and Discussion

Figure 1 shows the synthesis of core/shell FAPbBr,/CsPbBr,
NCs. In the process of forming the core—shell structure, a gradi-
ent alloy layer FA, ,Cs, PbBr; is first grown on the core FAPbBr,
by ion exchange. And then, based on the alloy layer, the CsPbBr,
shell is grown. The molar ratio, X, of Cs to FA with X = 0.5,
1.0, and 2.0, to produce the core—shell structures with different
shell thicknesses. Figure 2a—d presents the detailed morpholog-
ical investigation of the core—shell FAPbBr,/CsPbBr; NCs with
different shell thicknesses (X = 0.0, 0.5, 1.0, and 2.0). All the NCs
exhibit a cubic shape with an average size of 8.10, 9.60, 11.30,
and 15.00 nm, respectively. The insets show the HRTEM images
showing the corresponding crystal spacing of ~3.00, 3.77, 4.30,
and 4.81 A, respectively. The increase of the average size and crys-
tal spacing reveals the formation of a shell with thicknesses of
0.00, 0.75, 1.60, and 3.45 nm for X = 0.0, 0.5, 1.0, and 2.0, re-
spectively. It is noteworthy that some small black particles can
be observed in Figure 2d, which may be caused by the reduc-
tion of Pb?* ions to Pb atoms, %! followed by their diffusion and
aggregation. This suggests a lack of bromine atoms in thicker
shells, leading to a high density of defect states. Meanwhile, the
fast Fourier transform patterns in Figure S1 (Supporting Infor-
mation) show that with the increase in X, the crystal quality of
the core—shell NCs gradually improves, and it reaches the op-
timal situation at X = 1.0. Subsequent continuous increases in
the amount of Cs will result in a significant decrease in crys-
tal quality. Figure S2 (Supporting Information) shows the TEM
energy dispersive X-ray elemental mapping of the four samples
to observe the distribution of different atoms. XRD characteri-
zation was performed to further investigate the structural char-
acteristics of the NCs with different CsPbBr;, shell thicknesses.
As shown in Figure 2e, the FAPbBr; NCs have the primary
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Figure 2. a—d) TEM images and e) XRD patterns of the core—shell FAPbBr; /CsPbBr; NCs with different thickness control (the values of X are the different
molar ratios of Cs/FA). The insets in (a—d) are the corresponding HRTEM images of these four samples.

diffraction peaks at 14.8° and 29.8°, which can be assigned to the
(100) and (200) planes of cubic perovskite.[??! After the growth
of the all-inorganic CsPbBr; shell, the diffraction peaks of the
FAPDbBr,/CsPbBr; NCs shift to larger angles with increasing mo-
lar ratio of Cs: FA from 0.5 to 2.0. This observation is consis-
tent with Vegard’s law,[?%?’] which confirms the absence of al-
loyed perovskite NCs. Accordingly, it is suggested that a tran-
sition layer of the FA, Cs,PbBr; alloy is formed between the
organic-inorganic core and all-inorganic shell. The low signal-to-
noise ratio observed in the XRD spectra for the NCs with X = 2.0
can be attributed to the abundance of defect states in the NCs,
which is consistent with the observation from the TEM images.

In addition, excessive shell thickness leads to more defect states,
which further reduces the signal intensity.

The UV-vis absorption and PL spectra of the NCs with and
without shell measured at room temperature are displayed in
Figure 3a. The PL spectrum of FAPbBr; NCs is peaking at
535.6 nm with a full width at half maximum (FWHM) of 21.0 nm,
which is slightly redshifted from the absorption band. After shell
growth, the optical properties of the NCs change, with a blueshift
observed with the increase in shell thickness. For X = 2.0, the
PL emission is centered at 519.2 nm, and the FWHM is reduced
by 4.3 nm. The blueshift in the PL emission of core—shell NCs
can be mainly attributed to the formation of an alloy layer of
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Figure 3. a) UV-vis absorbance and PL spectra and b) time-resolved PL
thicknesses.
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decay curves of the core—shell FAPbBr;/CsPbBr; NCs with different shell
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Table 1. The PLQY and corresponding radiative and non-radiative rate constants of the core-shell NCs with different shell thicknesses.

X PLQY [%] Average Lifetime [ns] Radiative Rate Constant [ns™'] Non-radiative Rate Constant [ns™']
0.0 82 13.9 0.059 0.013
0.5 88 19.5 0.045 0.006
1.0 93 26.2 0.043 0.003
2.0 64 7.4 0.086 0.049

FA,, Cs,PbBr; at the core—shell interface of NCs, which results
in a reduced effective size of the FAPbBr, core. In principle, this
will lead to a continuous and significant blueshift of the emis-
sion. However, with the increase of shell thickness, this blueshift
becomes less pronounced, which may be due to the strain re-
laxation. Based on the density functional theory (DFT) calcula-
tion as shown in Figure S11 (Supporting Information), the in-
creased thickness of the alloy layer promotes strain relaxation,
which slows down the bandgap increase of the core FAPbBr,
NCs. Meanwhile, the long-range, infinite lattice periodicity of a
core NC is disturbed during the shell coating process, and the dif-
ferences in dielectric constant and absorption coefficient between
the core and shell also affect the physical properties of the per-
ovskite NCs. This gradual change in optical properties is consis-
tent with the results obtained from XRD and supports the hypoth-
esis of the formation of an alloyed transition layer. Therefore, it
can be concluded that the all-inorganic shell of CsPbBr; is formed
over the alloyed transition layer as the Cs content increases. In ad-
dition, the more pronounced absorption signals in the core—shell
NCs with X = 1.0 and 2.0 are consistent with increasing strength
of exciton confinement in FAPbBr; for NCs capped with a thicker
CsPDBr, shell. For the core-shell NCs with X=0.5, an absorption
peak at 460 nm can be observed, which is related to the resid-
ual CsPbBr; nanoplatelets, as shown in Figure 2b. It is needed
to mention that CsPbBr; nanoplatelets have been preferentially
formed in the presence of a small amount of Cs source, and it
is quite difficult to completely remove them even after purifica-
tion. Furthermore, the PLQY is increased from 82% for X = 0.0
to a maximum value of 93% for X = 1.0 by overgrowing the NCs
with an inorganic shell. However, for the core—shell NCs with X
= 2.0, the value of PLQY is only 64%, presumably due to the high
density of defect states. Meanwhile, time-resolved PL (TRPL) ex-
periments were conducted to understand the dynamics of carrier
recombination, and the data is shown in Figure 3b. The decay
times can be well-fitted with a triexponential function!?8!

Alt) = A, exp (—Ti> + A, exp <—Ti> + Ajexp (—%) 1)
1 ) )

where A, A,, and A, are weight, ¢ is time, and ,, 7,, and 7, rep-
resent the decay lifetimes corresponding to the intrinsic defects,
surface states, and exciton recombination, respectively (Table S1,
Supporting Information). The average PL lifetime (z,,) can be
calculated as

ave )

Alrlz + A2122 + A3T32
T =
e AT+ Ay, + Ay

(2)
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As X increases, corresponding to an increase in shell thick-
ness, the derived z,,. of FAPbBr, /CsPbBr; NCs exhibits the same
trend as that of PLQYs. The value increases from 13.9 ns for
FAPbBr; NCs to 26.6 ns for FAPbBr, /CsPbBr; NCs with X = 1.0.
In order to understand the exciton recombination, the radiative
and non-radiative decay rates were calculated using PLQY and
the average lifetime, as shown in Table 1. The radiative rate de-
creased slightly from 0.059 to 0.035 ns~!, and the non-radiative
recombination, which must be controlled for optical properties,
significantly decreased from 0.013 to 0.003 ns~!. Therefore, the
improvement in PL performance can be attributed to the greatly
reduced non-radiative attenuation in the core-shell structure. On
the other hand, when an excessively thick shell is formed, the
non-radiative rate increases to 0.049 ns~!, which confirms the
higher defect state densities. These observations confirm that
moderate shell growth provides more efficient passivation of sur-
face defects on FAPbBr; NCs, leading to a reduction in the num-
ber of nonradiative recombination centers. However, overgrowth
of the shell could introduce more defect states.

To better understand the influence of shell thickness on the
carrier dynamics in core—shell NCs, temperature-dependent PL
experiments were performed (Figure S3, Supporting Informa-
tion). It can be clearly seen in Figure 4a that the PL spectra of
core—shell NCs with X = 0.5 and 1.0 at 50 K are quite different
from those of X = 0.0 and 2.0. Specifically, two PL emissions are
observed at low temperatures for X = 0.5 and 1.0, while only one
PL emission is observed for X = 0.0 and 2.0 with the temperature
increases from 50 to 295 K. In the former case, the PL emission at
low temperature can be divided into Peak 1 located at high energy,
and Peak 2 at low energy (Figure S4, Supporting Information). It
is worth noting that the appearance of two separate emissions of
the NCs with X = 0.5 and 1.0 at low temperatures is not due to
the change of crystal phase. For FAPbBr; NCs (X=0.0), thereisa
significant redshift of the emission with phase transition from or-
thorhombic to tetragonal due to the change of bandgap, as shown
in Figure S4a (Supporting Information). However, for the core—
shell NCs with X = 0.5 and 1.0, both emissions continuously
blueshift with the increase in temperature. Moreover, the emit-
ted photon energy is inconsistent with the bandgap correspond-
ing to the tetragonal phase. With the increase in temperature,
Peak 2 gradually decreases and finally disappears, which is con-
sistent with our previous report,?°! indicating that the core-shell
NCs with X = 0.5 and 1.0 possess a quasi-type-II electronic struc-
ture. It is worth noting that the core-shell NCs with X = 0.5 and
1.0 are not exactly the same. At 200 K, Peak 2 persists in X = 0.5,
while for X = 1.0, Peak 2 has completely disappeared, and Peak 1
dominates the emission. The FWHMs of these four samples are
extracted and plotted in Figure 4b, and it is clear that as the shell
thickness increases, the temperature at which Peak 2 disappears

© 2023 Wiley-VCH GmbH
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Figure 4. a) The PL spectra of the core—shell FAPbBr; /CsPbBr; NCs with different shell thicknesses at 50 and 200 K. b) Temperature dependence of the

FWHM for these four samples.

in core-shell NCs gradually decreases. For the core-shell NCs
with X = 2.0, Peak 2 does not appear, so it can be assumed that
the temperature at which it disappeared is 0 K. More importantly,
compared with core—shell NCs with X = 0.0, the core-shell NCs
with X = 2.0 exhibit narrower FWHM at each temperature, which
is the representative feature of type-I band alignment. Based on
the above observation, the hypothesis was proposed that the shell
thickness renormalizes the electronic structure of the core—shell
NCs, from quasi-type-II to type-I.

It is well known that the biexciton recombination lifetime
(txx) of the core—shell structure with quasi-type-II band align-
ment increases with the total volume of the NCs. However, for
the type-I band alignment, 7y is independent of the NC vol-

ume. This provides an effective method to determine changes
in the electronic structure of the core-shell NCs with differ-
ent shell thicknesses.?*] To determine the 74y of the core—shell
NCs studied here, pump-fluence-dependent transient absorp-
tion spectroscopy was performed (Figures S5-S8, Supporting In-
formation). In addition, the time-resolved transient absorption
spectra were displayed in Figure S9 (Supporting Information).
Figure 5a—d displays the pump-fluence-dependent ground state
blenching (GSB) decay processes of the core—shell NCs with X
= 0.0, 0.5, 1.0, and 2.0. It can be seen that at low pump flu-
ence, single exciton states dominate the photoexcited core-shell
NCs, resulting in generally long-lived signals. With the increase
of pump fluence, the amplitude of a new fast decay component

<N,>~7.82 X=20
<N,> ~ 4.60 —
RS
oo
<N>~0.10 <N>~0.14 <N> ~0.17
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 [] 500 1000 1500 2000 2500
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Figure 5. a—d) GSB decay curves for the core—shell FAPbBr; /CsPbBr; NCs under different excitation intensities. e-h) The corresponding biexciton Auger

recombination lifetimes.
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Figure 6. a-c) Schematic illustration of the strain and electronic structure in the core—shell FAPbBr;/CsPbBr; NCs with different shell thicknesses.

becomes progressively larger, which is consistent with Auger
recombination of multiple exciton states. Following the proce-
dures discussed in previous literature, 33! the GSB decay curves
were normalized to a long decay time (3 ns), and subtracted
from the GSB curve under the lowest fluence pumping. The ex-
tracted kinetics are suitable for single-exponential decay fitting
in Figure 5e-h, yielding 7y values of 74.53, 209.05, 344.24, and
149.66 ps for the core—shell NCs with X = 0.0, 0.5, 1.0, and 2.0,
respectively.

For the core—shell NCs with X = 0.5 and 1.0, the 7y ex-
hibits a significant increase in shell thickness, consistent with
the predicted delocalization of the hole wave function in quasi-
type-II core-shell NCs. This phenomenon reduces the overlap
of the electron and hole wave functions, thereby decreasing
the Coulombic Auger recombination rate, especially for thicker
shells. In contrast, only a small increase of 7y has been observed
for core—shell NCs with X = 2.0 compared to X = 0.0, consistent
with type-I electronic structure. The relatively large band offset in
this system confines the electron wave function within the core,
resulting in negligible spatial separation between the electron
and hole. Therefore, the modest increase in 7y can be attributed
to the increased volume of the core—shell NCs.

It is necessary to provide a detailed explanation for the ob-
served changes in electronic structure with increasing shell thick-
ness because this phenomenon is contrary to most existing re-
search findings.[?>3?] For core-shell NCs, the change in electronic
structure can be attributed to interfacial strain due to the lattice
constant difference between the core and shell materials. Specif-
ically, the strain (s) in a thin epitaxial shell layer with a lattice con-
stant of a, grown on a core with a lattice constant of a4, can be
quantified by the misfit parameter (f}, which is given by!**!

G)
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However, in most finite-size heteroepitaxial core—shell struc-
tures, the core material also experiences the mismatch strain due
to the interactive stress at the core—shell interface. Assuming that
a shell with a thickness of ], is deposited on a core of diameter I,
the strain perpendicular to the growth direction in the core and
shell can be estimated by!**]

a4, —a
Sure = —— (4)

a,

a,—a

Sohell = (5)

a

2

a,G,l, +a,G,l

25272 111 (6)

a, =
I G,L, + Gl

where g is the common lattice constant shared by the core and
shell, and G, and G, are the shear moduli of the core and shell
components. Obviously, the positive or negative value of s in
Equations (4) and (5) indicates the compressive or tensile strain,
respectively. Accordingly, the total strain energy (E) can be esti-
mated by**!

1+v
+2A1,G,s} 2

+v
E=E + Eshell = ZAll Glsz ! Shz”l—_]}z

core core 1 —v
1

()

where A is the interfacial area, and v, and v, are the Poisson’s ra-
tios of the core and shell, respectively. Itis clear from Equation (7)
that the strain accumulation occurs rapidly with the increase of
shell thickness. In real NCs, the magnitude of the strain typically
varies in space. The strain is locally defined in each infinitesimal

© 2023 Wiley-VCH GmbH
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Table 2. Strain-dependent bandgap of CsPbBr; /FAPbBr; materials.

Strain Calculated Bandgap Values [eV]
CsPbBr; (Compressive) FAPbBr; (Tensile)

0% 2.376 2.229
1% 2.338 2.264
2% 2.289 2.295
3% 2.229 2.428
4% 2.158 2.579
5% 2.075 2.622

volume by a strain tensor, which is the gradient of the displace-
ment vector with respect to position, as described below!3>3¢]

1 ( ou; 0uj o
= 2y 2 i=1,2,3 8
i 2(6361- 0x; (U ) ®)

where u,, u,, and u, are the components of the displacement vec-
tor in the x, y, and z directions, which are designated as x;, x,, and
x5, respectively. Note that each component of u is a function of
x, y, and z. Therefore, the introduction of an alloy layer between
the core and shell triggers strain relaxation processes that release
excess strain energy, thereby minimizing the overall Gibbs en-
ergy and contributing to structure stabilization. This strain re-
lease also mitigates the effect of strain on the energy band.’]
For the core—shell NCs studied in this work, the lattice constants
of the core and shell are 3.00 and 5.84 A,[333% respectively. The
core and shell experience tensile and compressive strains, respec-
tively. As shown in Figure 6b, the alloy layer FA,  Cs, PbBr; spa-
tially allows for a slow release of this strain. In addition, thicker
alloy layers improve the gradient distribution of materials from
the same components, leading to better strain release as schemat-
ically shown in Figure 6¢. To support the strain modulation mech-
anism, DFT calculations were applied to investigate the strain-
dependent bandgap variation of pure FAPbBr, /CsPbBr, lattices
(shell and core), respectively. Detail calculation settings are pre-
sented in Experimental Section and related information such
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as lattice configuration is provided in Supporting Information
(Figures S10 and S11, Supporting Information). Table 2 lists the
calculated bandgap values of FAPbBr,/CsPbBr, materials under
different strains. The bandgap of FAPbBr, increases from 2.229
to 2.622 eV with increasing tensile strain, and that of CsPbBr;
decreases from 2.376 to 2.075 eV with increasing compressive
strain. It can be concluded that the FAPbBr, lattices have higher
bandgap values under tensile strain, while the CsPbBr; lattices
will shrink their bandgap when compressing. It is well-known
that the valence band maximum (VBM) is more sensitive to
strain.l*”) Therefore, the bandgap renormalization in perovskite
is equivalent to the VBM rearrangement. As shown in Figure 6,
the strain release results in a decrease in the bandgap of the core
and an increase in the bandgap of the shell. In other words, due
to the upward and downward trend in VBM for the core and
shell, respectively, the electronic structure shows a transforma-
tion from quasi-type-II to type-I with the increase of shell thick-
ness.

The photostability of the NCs is of paramount importance for
their application in optoelectronic devices. It is expected that the
shell thickness will seriously affect the stability of the core—shell
NCs. As shown in Figure 7, with continuous irradiation of ultravi-
olet laser (wavelength of 325 nm with power of 2.0 mW) for 12 h,
the core—shell perovskite NCs show better stability in terms of the
emission peak position and intensity. Specifically, the peak posi-
tion of the core-only NCs (X = 0.0, FAPbBr;) shifts from 535.5 to
546.5 nm (redshift of 11.0 nm), while for the core—shell NCs with
X =0.5, 1.0 and 2.0, the peak redshifts are 3.1, 1.9 and 5.4 nm,
respectively. Moreover, with continuous irradiation, the PL inten-
sity of the core-only NCs is attenuated up to 45%, while the at-
tenuations of the core—shell NCs with X = 0.5, 1.0, and 2.0 are
39%, 19%, and 49%, respectively. It is noted that the core—shell
NCs with X = 2.0 show poorer photostability than X = 0.0, which
could be attributed to more defect states.

3. Conclusion

In summary, this study investigated the effect of shell thickness
on core—shell perovskite NCs by temperature-dependent PL tech-
nique. The results showed a transformation of the electronic

™

—=—X = 2.0]
0.84f ]
o3t
S04
1.05F .
2 0.4}
| L
5 0.63
£ 042}
3 1.05f
Q. 0.84}
T ossf
N oo.42f
= .
E 1.05f .
5 0.84} -
Z 063}
0.42f

——X=1.0

0 2 4 6 8 10 12
Exposure Time (h)

Figure 7. The photostability of the PL position (a) and intensity (b) of the core—shell NCs.
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structure from quasi-type-II to type-I with the increase of the shell
thickness. This phenomenon was attributed to the increased al-
loying of FA, ,Cs, PbBr;, which formed a better gradient and re-
leased lattice strain, leading to the rearrangement of the energy
levels in the core—shell NCs. In addition, femtosecond pump-
probe transient absorption spectroscopy was utilized to study the
biexciton Auger recombination in core—shell FAPbBr,/CsPbBr,
NCs with different shell thicknesses. It is found that the biex-
citon Auger lifetime initially increases and then decreases with
increasing shell thickness, corroborating the observed change in
electronic structure. These findings provide new insights into the
design of NCs and their potential applications in high-efficiency
optoelectronic devices.

4. Experimental Section

Synthesis of Perovskite Nanocrystals: All reagents were purchased
and used without further purification: FA-acetate (Sigma-Aldrich),
Pb(CH3C0O0),%3H,0 (Sinopharm Chemical Reagent Co., Ltd., >99.5%),
octadecene (ODE, Sigma-Aldrich, 90%), OA (Sigma-Aldrich, 90%),
OAmBr (Xi'an Polymer Light Technology Crop), toluene (Sinopharm
Chemical Reagent Co., Ltd., >99.5%), PbBr, (Sigma-Aldrich, 90%),
Cs,CO; (Sigma—Aldrich), OLA (Sigma-Aldrich, 90%). First, FA-acetate,
Pb(CH;C0O0),-3H,0, OA, and dried ODE were combined in 100 mL and
dried for 30 min under vacuum at 50 °C. The mixture was heated to
130 °C under N, atmosphere and OAmBr in toluene was injected. After
10 s, the reaction mixture was cooled in ice-water bath. The green solu-
tion of FAPbBr; NCs was collected and stored at T = 4 °C. Next, PbBr,
and Cs,CO; were loaded into a 100 mL flask. The molar ratio, X, of Cs
to FA with X = 0.5, 1.0, 2.0, was varied to produce core—shell structures
with different shell thicknesses. Then, dried OA, dried ODE, dried OLA,
and as synthesized FAPbBr; nanocrystals were added. The mixture was
heated to 80 °C for 20 min under N, atmosphere, followed by cooling in
ice bath. Finally, the resulting solution was centrifuged to remove undis-
persed residue and aggregated nanocrystals. The FAPbBr; /CsPbBr; NCs
dispersed in hexane were stored in the dark at T =4 °C.

Structure Characterization: Samples for TEM measurement were pre-
pared by dropping colloidal NCs solution with a relatively dilute concen-
tration on carbon-coated 200 mesh copper grids. And the conventional
TEM images were acquired by a Talos F200X microscope equipped with a
thermionic gun under an acceleration voltage of 200 kV. The current of the
1 nm electron beam at this voltage is 1.5 nA, and the resolution is 0.12 nm.
XRD patterns were recorded on a Bruker D8 Advance diffractometer with
Cu Ka radiation ranging from 10° to 35° at a scanning rate of 4 min~'.

Optical Characterization: UV-vis absorption spectra were recorded
at room temperature on an UV-vis spectrophotometer (Lambda 950,
PerkinElmer, Inc.). The PLQY was measured by Hamamatsu Quantaurus-
QY with model No. C11347, which is an absolute quantum yield measure-
ment device. After the samples are diluted to an absorption intensity of 0.3,
they are placed in a quartz cuvette with an optical path of T cm. Then, the
cuvette is placed in the integrating sphere. The continuous light emitted
by the xenon lamp is divided by the monochromator, and introduced into
the samples in the integrating sphere through the optical fiber. After the
samples are excited, a fluorescence signal is generated, which is received
by the back-end spectral detection system through the optical fiber. All
PL spectra were recorded by a spectrometer (Andor SR-750) and detected
using a charge-coupled device (CCD, model No. DU920P-BU). A contin-
uous wave (CW) He-Cd gas laser with a laser line of 325 nm was used as
the excitation source for temperature-dependent PL measurements. The
samples were placed inside a closed-cycle helium cryostat (Cryo Indus-
tries of America) with quartz windows. The temperature during the PL
measurement is well-controlled by a commercial temperature controller
(Lakeshore 336) from 50 to 295 K. TRPL experiments were carried out at
room temperature and the excitation source was a pulsed ultraviolet pi-
cosecond diode laser operating at 375 nm. The pulse width and repeti-
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tion rate of the laser were 40 ps and 20 MHz, respectively. The signal was
dispersed by a 320 mm monochromator (iHR320 from Horiba, Ltd.) com-
bined with suitable filters and detected based on the time-correlated single
photon counting (TCSPC) technique. Femtosecond pump-probe transient
absorption measurement was conducted using a pump-probe spectrome-
ter (Spectra-Physics, Inc.). A total of 800 nm pulses (100 fs, 1000 Hz) were
first generated using a mode-locked Ti: sapphire laser. The beam was then
split into two. One beam was used to generate a 350 nm excitation, and
the second beam was passed through an optical delay line (with a time
window of 3000 ps) and focused on a 2 mm thick sapphire to generate a
white-light continuum (400-800 nm). The spectrum was dispersed on a
cooled CCD.

DFT Calculations: The DFT calculations in this work were completed
by the pseudopotential plane waves-based CASTEP module encapsu-
lated in Materials Studio software.[412] The FAPbBr;/CsPbBr; models
were constructed with cubic phase and underwent precisive geometric
optimization prior to the calculation of electronic properties. The self-
consistent field iterations with a density-mixing electronic minimizer were
applied to get suitable electronic distribution. Generalized gradient ap-
proximation (GGA) with the Perdew—Burke—Ernzerhof (PBE) functional
was applied to deal with the exchange-correlation terms and Broyden—
Fletcher—Goldfarb-Shannon (BFGS) algorithm was used to proceed with
the structure relaxation.[*>**] Norm conserving pseudopotential was se-
lected to treat the calculation and the cutoff energy was set as 820 eV.[**]
Convergence tolerance parameters were set strictly as energy 1x 107> eV
per atom, force 3 x 1072 eV A=, stress 5 x 1072 GPa, and displacement
1 x 1073 A. Monkhorst—Pack grid parameters were set as 4 X 4 x 4 dur-
ing the geometry optimization task.[*6] The lattice constant was adjusted
directly to modulate the corresponding strain conditions. The calculated
bandgap values of FAPbBr;/CsPbBr; materials kept a high consistency
with previous studies, [47-4°] which confirmed the validity of this calcu-
lation methodology.

Supporting Information

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