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ABSTRACT: It is necessary to improve the action cross section (# X 6,) of high-order
multiphoton absorption (MPA) for fundamental research and practical applications. Herein,
the core—shell FAPbBr;/CsPbBr; nanocrystals (NCs) were constructed, and fluorescence
induced by up to five-photon absorption was observed. The value of 7 X o5 reaches 8.64 X
107"% cm'® s* photon™ nm™ at 2300 nm, which is nearly an order of magnitude bigger
than that of the core-only NCs. It is found that the increased dielectric constant promotes
modulation of MPA effects, addressing the electronic distortion in high-order nonlinear
behaviors through the local field effect. Meanwhile, the quasi-type-II band alignment
suppresses the biexciton Auger recombination, ensuring the stronger MPA induced
fluorescence. In addition, the core—shell structure can not only reduce the defect density but
also promote the nonradiative energy transfer though the antenna-like effect. This work
provides a new avenue for the exploitation of high-performance multiphoton excited
nanomaterials for future photonic integration.

D 1 ultiphoton absorption (MPA) refers to a nonlinear material. The MPA action cross section of the perovskite

optical (NLO) process in which electrons simulta- material itself has hardly improved, especially for the high-
neously absorb multiple monochromatic photons and transit order MPA. At present, the core—shell structure reported by
from the ground state to the excited state. High energy Sum et al. may be the only effective technical solution.””> They
photons are subsequently generated through radiative fabricated core—shell MAPbBr,;/(OA),PbBr, (3D/2D) NCs,
recombination. Compared with one-photon excitation, MPA which increased the MPA action cross section by about S times
possesses the characteristics of stronger spatial confinement, per nm®. However, the synthesis process of the core—shell NCs
longer laser penetration depth, less biological damage, and is complex. More importantly, selecting 2D perovskite as the
Rayleigh scattering.'™” Thanks to this, MPA has shown great shell can result in serious lattice mismatch. A large surface to
prospects in three-dimensional biomedical imaging, photo- volume ratio leads to more defect states and weak carrier
dynamic therapy, optical power confinement, sensing, and transitions of 2D (OA),PbBr,, making the enhancement of the
optical data storage.””'” In the past few years, there has been 1 X 05 far from reaching its limit.
an explosion of research on low-order MPA in materials.'*7'® In order to eliminate the above disadvantages, a 3D/3D
However, reports of high-order MPA such as four-photon core—shell structure formed through heterogeneous epitaxy
absorption (4PA) and five-photon absorption (SPA) are very may be a better solution to further improve the MPA property.
rare. It is recognized that, in order to achieve high-order MPA Among various perovskite materials reported so far, FAPbBr,

induced fluorescence, materials with large action cross section
(n X o,) are needed, where 7 is the photoluminescence
quantum yield (PLQY) and o, is the MPA cross section. The
values of # X 0,5, in traditional semiconductor nanocrystals
(NCs) and organic compounds are relatively small, so strong
excitation is required to achieve MPA, which can easily damage
the materials and greatly limit their practical application.
However, the emergence of perovskites reversed this
situation. They have demonstrated amazing MPA properties,
and the number of publications on this area has increased
dramatically since 2016.'®'*' Subsequently, many studies
have been conducted to improve the MPA of various
perovskite NCs.””>° Unfortunately, most of the observed
MPA enhancements are closely related to the size of the

NCs with stronger emission and longer exciton lifetime”” due
to the large dielectric polarization effect and the spatial
confinement of the surface electronic (or polaron) state” have
been considered as a potential candidate for the core material.
According to its ionic crystal structure, it is necessary for the
shell to follow the same structure to the minimum boundary
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Figure 1. (a, b) TEM images of the core-only FAPbBr; and core—shell FAPbBr;/CsPbBr; colloidal NCs, respectively. Inset: schematic of the
colloidal NCs. (c, d) Size distribution of the samples in (a) and (b), respectively. (e, f) HRTEM images of the typical FAPbBry and FAPbBr;/
CsPbBr; NCs, respectively. (g) XRD patterns of FAPbBr; and FAPbBr;/CsPbBr; NCs. (h) XPS spectra of Cs 3d regions in FAPbBr; and
FAPbBr;/CsPbBr; NCs.
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Figure 2. (a) One-photon PL spectra from the core-only FAPbBr; (red curve) and core—shell FAPbBr;/CsPbBr; (blue curve) colloidal NCs at
room temperature. (b) One-photon PL decay curves in the core-only FAPbBr; (red curve) and core—shell FAPbBr;/CsPbBr; (blue curve)
colloidal NCs at room temperature.

effect. Taking the lattice constant and band structure into properties are greatly affected by the size of NCs, it is necessary
consideration, CsPbBr; can be selected as the shell material. to strictly control the growth conditions of core and shell to
Therefore, in this work, the core—shell FAPbBr;/CsPbBr; discuss the impact of the shell. As displayed in Figure 1b, the
(3D/3D) colloidal NCs were fabricated, which showed a core—shell NCs maintain a cubic shape with well-defined edges

significant enhancement of the MPA action cross section. The and corners, and the average size is about 8.5 nm. The insets of
SPA action cross section was determined by the method of Figure lab show the schematic structures of the synthesized
multiphoton absorption photoluminescence saturation core-only and core—shell NCs, respectively. As shown in
(MPAPS), which was 8.64 X 107"’ cm'® s* photon™ nm™ Figure le,f, the high-resolution transmission electron micros-

at 2300 nm. In addition, the underlying physical mechanisms copy (HRTEM) images reveal that the crystal spacing of the
for enhancing the NLO properties have been discussed in core-only and core—shell NCs is about 3.00 and 4.37 A,

detail. This work on giant MPA enhancement in core—shell respectively, which indicates that strain is generated at the
perovskite NCs is unprecedented, which opens up new core—shell interfaces due to the lattice mismatch. This also
prospects toward next-generation multiphoton applications. confirms the successful overgrowth of CsPbBr; shell on the

The typical transmission electron microscopy (TEM) image surface of FAPbBr; NCs.*”*° Meanwhile, X-ray diffraction
presented in Figure la shows that the core-only FAPbBr; (XRD) was used to further investigate the structural
colloidal NCs have a cubic shape with an average size of characteristics of the two samples (Figure 1g). The core-only
around 9.0 nm. In general, the overgrowth of shell leads to an NCs show the primary diffraction peaks at 14.8°, 21.1°, and

increase in the size of NCs. Considering that the NLO 29.8°, which are assigned to the (100), (110), and (200)
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Figure 3. (a) Schematic illustration of the five-photon PL process in the core—shell FAPbBr;/CsPbBr; colloidal NCs. (b) Five-photon PL spectra
of the core-only FAPbBr; (red curve) and core—shell FAPbBr;/CsPbBr; (blue curve) colloidal NCs at room temperature. Insets: images of the
core-only (lower left) and core—shell (top right) NCs under 2300 nm femtosecond irradiation. (c) Five-photon PL spectra from the core-only
FAPDbBr; and core—shell FAPbBr;/CsPbBr; colloidal NCs with femtosecond laser excitation at 2300 nm. Inset shows the quintic dependence on
the excitation fluence of the spectrally integrated PL intensity. (d) Slope n plotted as a function of laser excitation wavelength (photon energy),
where n is defined as the excitation fluence dependence of the multiphoton PL signal that is proportional to (excitation fluence)".

planes of cubic perovskite NCs.*" While these diffraction peaks
of the core—shell NCs shift toward higher angles, indicating
the overgrowth of the CsPbBrj shell, no signal of alloyed
perovskite NCs can be observed, which can be explained by
the virtue of the Vegard’s law.”*™** Taking into account the
ionic characteristics of CsPbBr;y and FAPDbBr;, there may be a
gradient alloy layer FA, ,CsPbBr; in the core—shell NCs,
which may lead to a decrease in the defect density of states at
the core—shell interface. Moreover, in contrast to the core-only
NCs, the X-ray photoelectron spectroscopy (XPS) of the
core—shell NCs presented two distinct peaks at 723.7 and
737.8 eV. These peaks were assigned to the binding energy of
Cs, providing evidence of its incorporation into the lattice, as
depicted in Figures 1h and S1. Therefore, it is suggested that a
gradient alloy layer exists in FA;_ Cs PbBr;.

Figure 2a plots the photoluminescence (PL) from the core-
only (red line) and core—shell (blue line) NCs under the
excitation of 355 nm laser pulses. It can be seen clearly that the
emission from the core-only NCs is located at 532.8 nm, while
the PL of core—shell NCs is blue-shifted to 512.3 nm, which
can be attributed to the decrease in effective size of the
FAPbBr; core of the core—shell NCs. Meanwhile, the
formation of the FA, ,CsPbBr; gradient alloy layer during
the shell growth also results in the blueshift of emission. The
PL decay curves of the core-only and core—shell NCs are
presented in Figure 2b, and the average PL lifetimes deduced
from the fitting are 24.82 and 26.65 ns, respectively. It can be
found that the core—shell NCs possess stronger emission and
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longer lifetime under the same experimental conditions, which
implies the effective passivation of nonradiative surface defects
by the CsPbBrj shell.

The electronic structure of the core—shell FAPbBr;/
CsPbBr; NCs has been confirmed to be the quasi-type-II
band alignment in our previous research based on the
temperature-dependent PL measurement and theoretical
calculation,® characterized by a partial spatial separation
between the electron and hole wave functions. The values of
conduction and valence band offsets in the core—shell NCs are
0.10 and 0.02 eV, respectively, which result in the confinement
of electrons in the core region, while holes are delocalized into
the entire core—shell region. The schematic energy band
diagram and excitation process of the core—shell NCs is
illustrated in Figure 3a. It is interesting to note that MPA
induced emissions up to the order of 5 have been detected
from the samples. Figure 3b shows the SPA (that is, at 2300
nm wavelength) induced excitonic PL (around S$12 and 532
nm) from the core-only (red line) and core—shell (blue line)
NCs, respectively. The insets show the corresponding optical
images under excitation. Figure 3c presents the power-
dependent PL spectra for SPA of the two samples with
excitation density ranging from around 7.07 to 17.68 mJ cm™?,
and their quintic excitation fluence dependence is shown in the
inset. A summary of the excitation wavelength dependence of
the slopes (that is, orders of MPA process) for the core-only
and core—shell NCs under excitation wavelengths from 600 to
2500 nm is plotted in Figure 3d, and the detailed spectra can

https://doi.org/10.1021/acs.jpclett.3c01809
J. Phys. Chem. Lett. 2023, 14, 75817590
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Figure 4. (a) Schematic diagram shows the mechanism of MPAPS. (b, c) MPAPS curves of the core-only FAPbBr; and core—shell FAPbBr,/

CsPbBr; colloidal NCs at 2300 nm, respectively.

be seen in Figures S2—SS. The slopes of the emission from the
samples are around 2 in the wavelength range of 600—1000
nm, clearly indicating the 2PA process. With the increase of
excitation wavelength to 1100—1500 nm, the slopes increase to
around 3, revealing a switching of the excitation mechanism to
3PA. Similarly, when the excitation wavelength increases to the
range of 1600—2000 nm, the 4PA process (with slopes around
4) dominates. Within the longer wavelength range of 2100—
2500 nm, the slope is around §, indicating that the SPA process
is dominant. It is worth noting that in the excitation
wavelength range of 2400—2500 nm only emission from the
core—shell NCs can be detected. The absence of the emission
from the core-only NCs can be ascribed to the limited
excitation power, or the signal is too weak to be detected. This
implies that it is easier for the core—shell NCs to achieve a
higher-order MPA process such as six-photon-induced PL.
However, the excitation wavelength required for measurement
cannot be achieved due to the limitation of the laser system.
The core—shell NCs exhibit stronger PL over the entire
excitation wavelength range of 600 to 2500 nm. Therefore, it is
necessary to compare the MPA action cross sections of the two
samples to explore the physical mechanism of the enhance-
ment. According to the definition of MPA action cross section,
the first parameter that needs to be determined is the PLQY.
Compared with the PLQY of 82% for the core-only NCs, the
value for the core—shell NCs is improved up to 93%, further
indicating effective passivation of nonradiative surface defects
due to the shell epitaxy. The second parameter that needs to be
determined is the MPA cross section of the two samples. In
general, the Z-scan technique is the most common method to
determine MPA, and it does work well for low-order MPA.
Unfortunately, when it comes to high-order NLO behavior, the
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signal analysis and data processing become extremely complex.
As shown in Figures S6 and S7, both the core-only and core—
shell NCs exhibit narrow and sharp emission under both 2PA
and 3PA. The signal of the core-only NCs can still be recorded
for MPA up to the order of S, as shown in Figures S8 and 9. A
closer look at the emission from the core—shell NCs reveals a
progressively wider shape of the curve compared to that of the
core-only NCs. Moreover, the emission broadens more
severely with the increase in excitation wavelength. Further-
more, it is worth noting that whether it is the core-only or
core—shell NCs, with the increase of power density, their
signals are undergoing extremely serious broadening, as
displayed in Figure S10. This implies that the cascading
MPA signal in the Z-scan was more obvious. Meanwhile, the
inset in Figure S10 shows a smaller slope value derived from
the power-dependent Z-scan for the core—shell NCs, which
implies that the Z-scan technique fails to differentiate direct
MPA and cascade MPA.>® In this case, the MPA cross section
obtained is not credible. The lack of reliable references for
high-order (n > 3) MPA in multiphoton-excited PL* limits
the applicability of this method.

Therefore, the effective MPAPS method proposed by
Padilha et al. was used to evaluate the MPA cross section of
the samples,”® taking advantage of the fact that multiexciton
species in NCs hardly emit, as depicted in Figure 4a. This new
method does not rely on any specific properties of NCs,
allowing an accurate comparative study of samples with
different structures or exhibiting slow multicarrier dynamics.
The results show that the MPAPS method can be adjusted to
correctly obtain the MPA cross section for NCs with a slower
Auger recombination rate. To test the reliability of the MPAPS
method, the 2PA cross section of rhodamine 6G (R6G) was

https://doi.org/10.1021/acs.jpclett.3c01809
J. Phys. Chem. Lett. 2023, 14, 75817590
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measured at 800 nm, and a result of ~3.11 X 107 cm? s!

photon™ was obtained, which is basically consistent with the
value reported in previous literature.’”*’

For a given MPA, plotting time-integrated PL intensity as a
function of (photon flux)" per unit time"™" results in a linear
dependence at low excitation densities and reaches saturation
at higher power densities as depicted in Figure 4a. The
experimental data can be fitted by the following equation™”

QY

Qxx (prye- ™)
- =X ((Ne
@ ()

PL=Al(1 — ™)1 +
QY

(1)
where (N) is the average number of the excited exciton per NC
and QYx and QYyx are the single exciton and biexciton
quantum yield, respectively. A is a proportionality constant,
which depends on the value of QYy, the solution concentration
of NCs, and the emission collection efficiency of the
measurement system. Accordingly, the MPA action cross
sections of the core-only and core—shell NCs can be obtained
at excitation wavelengths of 800, 1300, 2000, and 2300 nm
(Figures S11 and 4). The results are summarized in Table 1.

Table 1. Comparison of the MPA Action Cross Sections of
the Core-Only FAPbBr; and Core—Shell FAPbBr;/CsPbBr;
Colloidal NCs

core- core—

excitation source only shell
PLQY xenon lamp 82% 93%
noy (1077 cm?* s° photon® 400 nm, 100 fs, 0.27 2.67
nm™3 1 kHz
no, (107 cm* s' photon™ 800 nm, 100 fs, 0.28 2.30
nm™3) 1 kHz
765 (10777 cm® s* photon™> 1300 nm, 100 fs, 0.63 5.50
nm ™) 1 kHz
no, (1071 cm® s* photon™ 2000 nm, 100 fs, 1.28 11.30
nm~>) 1 kHz
nos (107 cm'® s* photon™ 2300 nm, 100 fs, 0.97 8.64
nm~>) 1 kHz

Specifically, in all cases, the value of # X &, per nm® of the
core—shell NCs is 8—9 times that of the core-only NCs, which
is larger than the previously reported value.”® The ratio of the
action cross section between the core—shell and the core-only
NCs is listed in Table 2, in which the 1PA cross section was

Table 2. Ratio of the Core—Shell NCs over the Core-Only
NCs for Different Multiphoton Absorption Processes

n-photon absorption process  ratio of the core—shell over the core-only

1 7.98
2 8.21
3 8.79
4 8.83
S 8.91

determined by transient absorption spectroscopy (Figure S12).
It can be found that the value increases with the increase of the
order of multiphoton absorption, which indicates the optical
response of the core-only NCs becomes less sensitive under
higher-order excitation. Moreover, in order to better highlight
the enhancement effect of the core-shell structure on the MPA
action cross-section, the comparsion of the obtain values in this
work to the results reported in a variety of perovskite materials
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was shown in Table 3. Obviously, the values of MPA action
cross-section in the core-only FAPbBr; NCs are almost the
smallest in all the listed materials. However, through the
construction of the core-shell structure, it can be significantly
enhanced, making it stand out from many similar materials.
Therefore, it is necessary to analyze in detail the reasons for
this enhancement in order to expand the application of
perovksite nanomaterials in multiphonics.

For the physical mechanism that significantly enhances the
performance of NLO, there is no doubt that the first reason to
consider is the polarization P under an applied external field E
can be expressed by*'

P = soxabEb + (e(])(,“IJCEI)EC + SoﬂfabchbEcEd + - (2)

where g, is the vacuum dielectric constant, E is the applied
external field, y,;, is the secondary rank tensor, and y,. and
Xabea are the higher order tensors. The relationship of dielectric
constant € and the polarization can be described by

E=¢ + E (3)
It can be easily found that the nonlinearity of polarization is
positively related to that of dielectric constant. It is clear that
the essence of the susceptibility lies in the effective dielectric
constant of the core—shell NCs, which also leads to dielectric
confinement (local field effect). Notably, the core—shell NCs
in this work possess a cubic lattice. Therefore, when the NLO
response is considered, it is completely different from the
traditional spherical shape. & of the core—shell NCs is
calculated by*

3e(e. + 2¢,) B
e + 2 — (. — &)[L/(L + 2d)]

€

S )
where €. and ¢, are the dielectric constant of the core and shell.
Obviously, the polarization of the cubic core—shell NCs
depends not only on the difference between the core and shell
materials but also on the size of the core—shell NCs, which is
not as simple as previously reported.”® Since the sizes of the
core-only and core—shell NCs are almost the same, the only
effect on the nonlinear polarization is the difference in the
dielectric constant. In the case of the same size, the greater the
difference between the dielectric constant of the core and the
shell, the greater is the dielectric constant of the core—shell
structure, which in turn, exhibits a stronger NLO response. As
far as we know, the dielectric constant difference of 21.6
between the core and the shell in this work is the largest
reported so far.*>** To be specific, the relationship between
the polarization intensity P of n-photon absorption and the (2n
— 1) order nonlinear susceptibility 7%= conforms to

e(n+1)

em"d" D Q)

where e is the charge of an electron, m is the mass of an
electron, d is the lattice spacing, and w is the frequency of the
applied external field E. Therefore, the nonlinear susceptibility
of the core-only and core—shell NCs can be quantitatively
analyzed. For example, the third-order nonlinear susceptibility
7 of the two NCs was calculated as 1.05 X 107" and 1.70 X
107" esu, respectively. Similarly, for higher-order nonlinear
susceptibility, the law is the same. More importantly, this gap
of the nonlinear susceptibility between the core-only and
core—shell NCs becomes larger at higher n (higher-order

)((271—1) —
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Table 3. Comparison of the MPA Action Cross Sections of the Core-Only FAPbBr; and Core—Shell FAPbBr;/CsPbBr;
Colloidal NCs with the Reported Values from Similar Materials

noy, (1077 cm? s° no, (1077 cm* s'

no; (10777 cm!

6 &2 16, (107197 cm® 2 nos (1073 cm!® s*

materials photon® nm™3) photon™ nm™%) photon™ nm ™) photon™> nm %) photon™ nm ™) refs

CsPbBr; 17.83 10.43 9.47 8.92 23

MAPDBr; 7.13 3.70 4.11 3.29 23

MAPbBr,/ 37.00 22.00 24.00 20.00 23
(OA),PbBr,

CsPbBr, 155 0.84 0.56 0.36 0.33 24

ZJU-28DMAPDBr; 1.73 1.08 0.20 3.98 25

(1A),(MA),Pb;Br,, 1.60 x 107" 7.79 X 107 249 x 107 4.68 x 107 26

CsPbCly 7.60 0.08 0.02 58

CsPbCl, (Br, 147 021 0.17 58

CsPbBr; 25.80 0.24 0.19 58

CsPbBr, J], 5 44.79 0.87 249 58

CsPbl, 101.37 5.82 30.47 58

FAPDbBr; 0.27 0.28 0.63 1.28 0.97 this

work

FAPDbBr;/CsPbBr; 2.67 2.30 5.50 11.30 8.64 this

work
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Figure S. (a, b) TA kinetics of the core-only FAPbBr; and core—shell FAPbBr;/CsPbBr; NCs with different particle numbers (N) excited at 355
nm. (c) Biexciton recombination kinetics for the core-only FAPbBr; (red points) and core—shell FAPbBr;/CsPbBr; (blue points) NCs and their
fits to single-exponential decay functions (lines). (d, e¢) One- and multiphoton-excited PL decay curves in the core-only FAPbBr; and core—shell
FAPbBr,;/CsPbBr; colloidal NCs at room temperature. (f) Five-photon PL decay and corresponding fitting curves of (d) and (e) at 2300 nm.

nonlinearity), just as the results show in Table 2. Meanwhile, it
is generally recognized that the shape of the nanoparticles
possesses a serious impact on the NLO behavior, and it has
been confirmed that susceptibility losses in the cube are the
lowest.”> All of the above factors led to the excellent NLO
response of the core—shell FAPbBr;/CsPbBr; NCs. In
addition, the local field due to the intrinsic piezoelectric
polarization charges present at the FAPbBr;/CsPbBr; interface
is typical in strained heterostructure due to both the high
piezoelectric constants and the elastic strain induced by the
lattice mismatch between the FAPbBr; core and the CsPbBr;
shell.** Under the influence of this internal electric field, both
the energy level and wave function of the electrons are
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changed, which in turn leads to changes in the optical matrix
elements and shielding of the electric field by photogenerated
electron—hole pairs. The enhanced internal electric field
further benefits the photoinduced screening, which may be
another plausible origin of the enhanced NLO property.
Next, Auger recombination is known to be the predominant
nonradiative recombination mechanism for NCs, especially
under high excitation density, which is harmful to the
occurrence of MPA induced fluorescence. It has been
confirmed that the electronic structure of the core—shell
FAPbBr;/CsPbBr; NCs is quasi-type-1I band alignment, which
can suppress Auger recombination and reduce the exciton—
exciton annihilation.”’ ™" The Auger lifetimes of the core-only

https://doi.org/10.1021/acs.jpclett.3c01809
J. Phys. Chem. Lett. 2023, 14, 75817590


https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01809?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01809?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01809?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01809?fig=fig5&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c01809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

and core—shell NCs are determined to discuss the Auger
process. The pump-fluence-dependent ground state bleaching
(GSB) decay processes of the core-only and core—shell NCs
were detected at the carrier density n, ranging from 3.23 X
10" to 1.62 X 10'® cm™ and from 1.79 X 10" to 8.95 X 10'
cm™3, as illustrated in Figure Sa,b, respectively. According to
the procedure discussed in previous literature,”> one should
normalize the GSB decay curves at a long decay time (3 ns)
and then subtract from the GSB curve at the lowest fluence
pumping. It is noted that the extracted kinetics can be fitted by
a single-exponential decay, and the values of the biexciton
lifetime (7yx) are determined to be 71.0 and 281.9 ps for the
core-only and core—shell NCs, respectively (Figure Sc). The
biexciton decay process is dominated by the biexciton Auger
recombination and radiative recombination. The biexciton
radiative recombination is considered to be a quarter of the
single-exciton radiative lifetime (7yxy).** Obviously, the value of
Txx is much shorter than a quarter of that of 7xy, which
emphasizes the biexciton Auger recombination mechanism.
The quasi-type-II band alignment of the core—shell NCs leads
to longer biexciton radiative recombination lifetime, which
contributes to the emission. Therefore, the suppression of
Auger recombination in core—shell NCs with a quasi-type-II
electronic structure may also be responsible for this enhance-
ment of MPA cross section.

Then, the effective passivation of nonradiative surface
defects by the growth of CsPbBr; shell can be verified from
the comparison of PL intensity, PL lifetime, and PLQY. Due to
the growth of the shell, this passivation directly increases the
probability of multiphoton transitions. In addition, the
disappearance of the PL negative thermal quenching, as
shown in Figure S13, supports this conclusion. At the same
time, the good spectral overlap between the core absorption
and the shell emission, as well as the intimate proximity
between the core and shell, result in nonradiative Forster-type
energy transfer from the shell to the core through an antenna-
like effect. The photon energy can be absorbed by both the
core and shells of NCs, and the CsPbBry shell is used as a
photon capture “antenna” to transfer the absorbed energy to
the core, thereby effectively enhancing the overall MPA cross
section of the NCs. Figure Sd,e presents the decay curves of
one-photon-excited and multiphoton-excited time-resolved PL
(TRPL) for the core-only and core—shell NCs, respectively.
The PL decay curves under one- and multiphoton excitation
from the core-only NCs are nearly constant, indicating
excitation from the virtual state to the same lowest excited
state. In contrast, the increased PL lifetimes from one- and
multiphoton excitation from the core—shell NCs demonstrate
the existence of the antenna-like effect; that is, the transfer of
nonradiative energy from the shell to the core enhances the PL
from the FAPbBr; NC core, and the longer multiphoton
excited PL lifetime compared to the one-photon excited PL
lifetime in the core—shell NCs also suggests that this
nonradiative energy transfer channel contributes more to the
emission from the core material. Notably, the variation of PL
lifetimes of the core—shell NCs with excitation wavelength
could be attributed to the strong laser field effects®™>>
(something similar to Stark effects), which may make it
difficult to recombine radiatively, and therefore, there is a
longer PL lifetime. Whatever, the increased PL lifetime of the
core—shell NCs under 2300 nm excitation in Figure 5f proves
the existence of an antenna-like effect,”® which is beneficial to
the MPA induced fluorescence.
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Based on the discussion above, it can be concluded that an
interplay of various factors arising from the effective surface
passivation, the nonradiative energy transfer from the shell to
the core through an antenna-like effect, the local field effect,
the photoinduced screening of the internal field, the
suppression of Auger recombination, or its combination gives
rise to the giant enhancement of the MPA cross section of the
core—shell NCs. Thanks to the core—shell structure with
quasi-type-II band alignment, the optical properties of the
material can be well modified. It is worth noting that, among
the currently common perovskites, FAPbBr; NCs possess the
smallest MPA cross section. The MPA cross section of core—
shell perovskite NCs is expected to continue to increase if
suitable shells can be found in the future, with MAPbBr; or
CsPbBrj; as core, which has a huge MPA cross section. These
methods are universal and can provide reference for other
material systems.

In conclusion, our findings indicate that the construction of
a core—shell structure provides surprising enhancement in the
SPA action cross section. The value of MPA action cross
section in FAPbBr; colloidal NCs can be enhanced by a factor
of 8—9, reaching up to 10™"* cm'® s* photon™ nm™ at 2300
nm by endowing this core—shell structure. Meanwhile, the
relationship between the NLO behavior and the effective
dielectric constant (local field effect and the resulting
photoinduced screening) is elaborated in detail and is much
more complex than previously reported. However, the
formation of the core—shell structure is bound to lead to an
increase in polarization. Moreover, the quasi-type-II band
alignment of the core—shell structure suppressing Auger
recombination is beneficial to MPA emission. In addition,
the overgrowth of CsPbBr; shell effectively passivates the
surface defects and promotes the antenna-like effect, which
may be another plausible origin for the enhanced # X o,. This
work provides a new strategy for developing next-generation
multiphoton imaging applications with unparalleled imaging
depth, sensitivity, and resolution.

B EXPERIMENTAL SECTION

Synthesis of Perovskite NCs. The core-only FAPbBr; and core—
shell FAPbBr;/CsPbBr; colloidal NCs were synthesized
according to the method reported previously.”” All reagents
were purchased and used without further purification,
including FA-acetate (Sigma-Aldrich), Pb(CH;C0OO0),-3H,0
(Sinopharm Chemical Reagent Co., Ltd., >99.5%), octadecene
(ODE, Sigma-Aldrich, 90%), OA (Sigma-Aldrich, 90%),
OAmBr (Xian Polymer Light Technology Crop), toluene
(Sinopharm Chemical Reagent Co. Ltd., >99.5%), PbBr,
(Sigma-Aldrich, 90%), Cs,CO; (Sigma-Aldrich), and OLA
(Sigma-Aldrich, 90%). Briefly, FA-acetate (0.078 g, 0.7S
mmol), Pb(CH;C0OO0),-3H,0 (0.076 g, 0.2 mmol), OA (2
mL, vacuum-dried at 120 °C), and ODE (8 mL, vacuum-dried
at 120 °C) were loaded into a 100 mL flask and dried for 30
min under vacuum at 50 °C. The mixture was heated to 130
°C under N, atmosphere, and OAmBr (0.21 g, 0.6 mmol) in
toluene (2 mL) was injected. After 10 s, the reaction mixture
was cooled on an ice—water bath. The green solution of
FAPbBr; NCs was collected and stored at 4 °C.

For the synthesis of core—shell FAPbBr;/CsPbBr; colloidal
NCs, PbBr, (0.1101 g, 0.3 mmol) and Cs,CO; (0.0326 g, 0.1
mmol) were loaded into a 100 mL flask. Then, dried OA (1
mL), ODE (S mL), and OLA (0.5 mL) and as-synthesized
FAPbBr; colloidal NCs (12 mL) were added. The mixture was
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heated to 80 °C for 20 min under N, atmosphere and then
cooled on an ice bath. Finally, the solution was centrifuged to
remove undispersed residues and aggregated perovskite NCs.
The core—shell FAPbBr;/CsPbBr; colloidal NCs were
dispersed in hexane and stored in the dark at 4 °C. It is
known that the nonlinear optical properties of the materials
depend on their size. Therefore, fabrication has been
controlled to ensure a similar size of the materials for effective
comparison.

Purification. As-prepared crude solutions of the core-only
FAPbBr; and core—shell FAPbBr;/CsPbBr; colloidal NCs
were loaded into centrifuge tubes, and a certain volume of
ethyl acetate was added (the volume ratio of crude solution
and ethyl acetate was kept at 1:3); then, the mixtures were
centrifuged at 7000 rpm for S min. The precipitate was then
redissolved in n-hexane and centrifuged for 1 min at 5000 rpm.
Afterward, the supernatant was collected and stored at 4 °C.
Finally, after washing twice or three times, the purified
colloidal NC solution could be obtained.

Structure Characterization. Samples for TEM measurements
were prepared by dropping a relatively dilute solution of
colloidal NCs onto carbon-coated 200 mesh copper grids.
Conventional TEM images were acquired by a FEI 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.

Optical Characterization. The PLQY was measured by
Hamamatsu Quantaurus-QY with model No. C11347. All
emissions were dispersed by a monochromator (Andor SR-
750-D1-R) and detected using a Newton charge-coupled
device (model No. DU920P-BU). Femtosecond laser pulses
(Coherent Astrella ultrafast Ti:sapphire laser with OperA Solo,
pulse width of 100 fs, and repetition rate of 1 kHz) were
selected as the excitation source for power-dependent PL
measurements as well as the TRPL experiments. For the decay
measurement, the signal was dispersed by a 320 mm
monochromator (iHR320 from Horiba, Ltd.) combined with
suitable filters and detected based on the time-correlated single
photon counting technique. The pumping laser was focused via
a 40X objective, and the laser spot was controlled by
manipulating the collimation of the pumping beam. According
to the grating of 600 g mm™, 26 um pixel size of the camera,
and 100 um slit width, the spectral resolution of the optical
measurement was determined to be around 0.24 nm. Transient
absorption measurements were conducted using an ExciPro
XL Femtosecond Transient Absorption Pump—Probe Spec-
trometer (CDP systems). The solution of perovskite colloidal
NCs was filled in a quartz cuvette with a path length of 1 mm
and a volume of 0.35 mL and was pumped with a femtosecond
355 nm laser pulse generated from an optical parametric
amplifier. The probe pulses ranging from 380 to 800 nm were
derived from the fundamental 800 nm laser pulses with a small
portion (~S yJ) of a 2 mm thick CaF, plate.
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