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Abstract: Grain boundaries (GBs) engineering of hybrid perovskite films is of significance for accessing
high performance perovskite solar cells (PSCs), owing to the abundant defect states existed therein
originating from the low temperature film processing. Nanocrystals embedding at GBs has shown profound
advantages in carrier dynamics modulation, while the surface defects on nanocrystals in turn lead usually to
the trapping of carriers at GBs. The authors herein demonstrate the efficient GBs engineering via laser
generated nanocrystals with tailored surface states for improved carriers dynamics and environmental
stability of PSCs. The embedding of La doped BaSnOsz (LBSO) nanocrystals with bare surfaces in
perovskite provides an additional channel to facilitate the effective carrier extraction and reduce the carrier
recombination, leading to a maximum power conversion efficiency (PCE) of 21.11% with negligible
hysteresis for the mixed-cation PSCs. To clarify the influence of surface defect states of the laser generated
nanocrystals on the performance of PSCs, 1H,1H-perfluorooctylamine is grafted on LBSO nanocrystals
during the laser irradiation, resulting in improved champion PCE up to 21.65% and pronounced
environmental stability. The universal embedding of the LBSO nanocrystals with tailored surface states in

different perovskite by fabricating FAPblz PSCs with a champion PCE of 23.74% is further demonstrated.
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1. Introduction

During last decade, perovskite solar cells (PSCs) have been under intensive investigation owing to
their unique optoelectric properties such as long carrier’s diffusion length !, strong optical absorptivity [,
ambipolar charge transport *!, tunable optical band gap ¥, as well as the solution processability, which leads
to the rapid increase of power conversion efficiency (PCE) from an unstable 3.8% ! to confirmed 25.2% ©!.
Such progress in PSCs performance is mainly benefited from adjustment in perovskite components [,
solvent engineering !%!!, additives introduction!'*!# and device configuration optimization'>'®!, Among
the reported solvent engineering, the anti-solvent based strategy has been widely adopted to obtain the flat
and homogeneous pinhole-free film. Since the first report by Seok et al. that adopted toluene as anti-solvent
(11" various anti-solvents such as chlorobenzene [!”!, diethyl ether (ether) 1>, ethyl acetate (EA)?!! and even
mixed anti-solvent >3 have been explored to grow high quality perovskite films. In addition, the
anti-solvent strategy allows for the possibility of introducing different additives that could interact with
perovskite matrix. Preliminary successes have been demonstrated by dissolving small molecules or
polymers in anti-solvent to control the film morphology and passivate the defects located at either interface
or grain boundaries (GBs), leading to effectively improved photovoltaic performance 247!, Worth noting
that the additives of the passivation molecules or polymers could cause barriers of charge transfer owing to
their intrinsic lower carrier mobility/conductivity comparing to that of the hybrid perovskite matrix 123-3%],
even this can be balanced by their passivation effects. Solid additives with intrinsic higher carrier mobility
are thus preferable for the decoration of perovskite films for enhanced photovoltaic performance, but have
been rarely reported. The main reason could be due to the challenge of dispersing desired nanosized solid
additives that could remain in the perovskite film after the high-speed spin coating in the anti-solvent
procedure.

Ternary oxide semiconductors have been widely investigated for a vast range of applications *!! (e.g.,
dielectrics, sensors, photocatalysts, and solar cells), as their chemical properties and band structure can
easily be modified by altering the composition and doping, which have been chosen as electron transport
layer in perovskite solar cells community 1'% 32! Inspired by the success of constructing heterojunction in
perovskite films to accelerate the extraction and transport of photogenerated electrons by dissolving and
dispersing solid additives (such as A10Ceo fullerene derivative 1>/, PCBM *# and Graphdiyne (GDY) **))

with high carrier mobility and appropriate band structure in precursor, embedding ternary oxide
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semiconductors in the bulk film may be a promising strategy for improving its bulk charge transport. It
would thus be attractive and promising if a strategy is developed for introducing the solid additives of
ternary metal oxides with high carrier mobility in the perovskite film via the typical anti-solvent method,
which is anticipated to provide a platform to investigate the interaction between the solid additive and
perovskite matrix for modulated optoelectric performance. We demonstrate herein the generation of the
nanocrystals of La-doped BaSnOs3; (LBSO), an n-type semiconductor material that has high electron
mobility of 320 cm?® V! S 361 by using a technique of pulsed laser irradiation in liquid. Owing to the
advances of such technology in yielding nanocrystals in desired solvent, the LBSO nanocrystals dispersed
in the anti-solvent of ethyl acetate were successfully embedded in the surfaces and grain boundaries of the
perovskite film. We found such embedding had no influence on the film morphology and crystallinity while
great impact on the optical and electric properties on the film matrix, which led to hysteresis-negligible
triple cation planar PSCs with a champion efficiency up to 21.11%. The achievement of such enhanced
performance was verified to be due to the effective carrier extraction and suppressed recombination process
brought by the embedding of the LBSO nanocrystals in the perovskite films.

2. Results and Discussion

LBSO nanocrystals generated by pulsed laser irradiation in liquid

LBSO raw nanoparticles are synthesized by following previously reported methods in the literature |8
and the preparation details are given in the methods. Figure 1a shows the scanning electron microscopy
(SEM) image of raw LBSO nanoparticles, where the nanoparticles are strongly agglomerated. A histogram
plotted by analyzing more than 150 particles is shown in the inset, indicating that raw LBSO nanoparticles
have an average size of 40 nm. The corresponding X-ray diffraction (XRD) pattern shows that the phase
transformation in the two-step reaction (Figure 1b) and the eventually synthesized raw LBSO nanoparticles
have the identical cubic crystal phase with BSO (PDF card number: 01-089-2488), indicating that La atom
do not induce conspicuous structural change in the cubic BSO due to similar atomic size, shown in Figure
1c. We further confirm the doping of La via characterizations of X-ray photoelectron spectroscopy (XPS)
for LBSO powders, as shown in Figure 1c, and the two characteristic spin-orbit peaks of La 3ds» and 3dsz»
are detected (detailed XPS information of LBSO shown in Figure S1).

Figure 1d depicts the typical process where LBSO colloidal solution can be generated by pulsed laser
irradiation of raw LBSO nanoparticles in the anti-solvent of EA. In brief, 1 mg of raw LBSO nanoparticles
was first well dispersed in Sml of EA by ultrasonic vibration. Different volume of mixtures were then
transferred to reaction cells with different volume of EA and irradiated by an unfocused laser beam (355 nm)

for 10 min. During this process, laser melting and fragmentation of LBSO nanoparticles are induced by the
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particles’ absorption of laser energy resulting in the formation of submicron particles with increased size or
nanocrystals with decreased size, as illustrated in Figure 1le. When lower laser fluence is used, LBSO
submicrometer particles (~300 nm) formed by laser irradiation can be observed from the SEM (Figure S2).
Once laser energy meets the threshold, raw nanoparticles will tend to be evaporated and nanocrytals can be
generated based on the mechanism of photothermal evaporation. As shown in Figure 1f, the transmission
electron microscopy (TEM) image revealed the generation of monodisperse and uniform-sized colloidal
particles with an average size of 2 nm after laser irradiation with fluence of 100 mJ/pulse-cm?. The
interlayer space of about 0.206 nm corresponds to the (200) lattice fringe of BaSnO3, shown as inset in
Figure 1f, which suggests that the LBSO nanocrystals can be simply generated in EA via a simple laser
treatment of LBSO nanoparticles. It should be mentioned that generated transparent colloidal solution emits
bright blue emission under UV lamp illumination, and we created a “Sono-laser” logo on the plexiglass
substrate by drying the solution (Figure 1g) indicating the fluence is originated from the nanocrystals
instead of the solvents. We further explored the effect of different laser fluence on nanocrystals and
corresponding TEM images (Figure 1h) revealed that the size of the nanocrystals can be manipulated via
adjusting the laser fluence. LBSO nanocrystals generated under relatively high laser fluence are fairly small
(2-3 nm) and well-distributed. Raman spectroscopy (Figure S3) also revealed the same peak positions of
the nanocrystals indicating a stable crystal structure of LBSO upon pulsed laser irradiation
Perovskite films embedded with LBSO nanocrystals

In comparison to the typical wet chemical synthesis, the monodisperse inorganic nanocrystals with
ligand-free feature are generated via the technique of pulsed laser irradiation in liquid, which is specifically
favorable for optoelectronic applications. We thus tried to introduce the laser generated LBSO nanocrystals
in perovskite films. Deposited with a widely adopted anti-solvent procedure and followed by an annealing
treatment (Figure S4), Csoos (FAossMAo.15)0.95PblossBross perovskite films employing the generated
colloidal solution are denoted as CsFAMA-LBSO (the films using EA as anti-solvent are denoted as
CsFAMA). The surface scanning electron microscopes (SEM) images of the two types of perovskite films
are shown in Figures 2a and 2b, respectively. In contrast to the CsFAMA film, the perovskite film
obtained employing the LBSO nanocrystals colloidal solution exhibits smoother surfaces without any
residual LBSO nanocrystals aggregates and fewer grain protrusions, which is consistent with the atomic
force microscopy (AFM) results (Figure 2¢). Furthermore, to verify the embedding of LBSO nanocrystals
in the perovskite film, cross-section morphologies of perovskite devices are observed by SEM with energy
dispersive X-Ray spectroscopy (EDS), as shown in Figure 1d. The EDS observation revealed the

distribution of Ba elements throughout the perovskite layer (indicated by the Pb and I elements distribution,
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detailed mapping information shown in Figure S5). Besides, XPS depth profile characterization indicates
LBSO nanocrystals can be found both on the surface and interior of the CSFAMA-LBSO film (Figure S6).
An initial conclusion could be drawn that LBSO nanocrystals are indeed incorporated in the perovskite
active layer. The distribution of LBSO nanocrystals was also observed by the cross-sectional backscattered
scanning electron (BSE) microscopy and the black dots (low atomic weight of Ba or Sn) separately
dispersed throughout the layer of the CSFAMA-LBSO film in contrast to CsSFAMA film (Figure S7).

The X-ray diffraction (XRD) patterns of perovskite films with and without LBSO nanocrystals
embedding showed similar crystallinity and no peak shift can be observed (Figure S8), further indicating
that the LBSO nanocrystals colloidal solution has no adverse impact on crystallization and phase
transformation of perovskite, as well as the fact that LBSO nanocrystals are less likely to enter the
perovskite lattice, which is in agreement with the identical absorption onset wavelengths of the perovskite
films without and with LBSO embedding (Figure S9). We thus speculate that the LBSO nanocrystals most
probably distribute at GBs within perovskite films, which is similar with the cases of functional solid
additives introduced by dispersing in perovskite precursor 333371 To determine the specific location of
LBSO nanocrystals, conducting atomic force microscopy (c-AFM) was used to measure the local dark
conductivity at grains and GBs. As shown in Figure 1e, the dark currents at the GBs were lower than that at
the grains for the CsFAMA film indicating a poor conductivity at the GBs. In contrast to the obviously
improved conductivity at the GBs for the CsFAMA-LBSO film, we can draw a conclusion that LBSO
nanocrystals probably distribute at the GBs of perovskite films *8.

PSCs performance based on the LBSO nanocrystals colloidal solution

To investigate the effects of embedding LBSO nanocrystals on the PSCs performance, we fabricated
the planar heterojunction configuration PSC devices of Glass/FTO/TiO2/Perovskite/Spiro-OMeTAD/Au.
We employed the LBSO nanocrystals colloidal solutions generated by unfocused laser beam with different
fluence (50, 100 and150 mJ/pulse-cm?) to construct a series of PSCs and explored the appropriate laser
irradiation fluence range. It was found that when LBSO nanocrystals colloidal solutions generated at 100 or
150 mJ/pulse-cm? were introduced into perovskite films, the devices presented much higher performance
especially the Jyc and FF, as shown in Figure 3a, and the parameters of performance are listed in Table 1.
These results imply the superiority of sub-10 nm nanocrystals on improving PSCs performance.

Furthermore, we incorporated the different concentrations of LBSO nanocrystals colloidal solutions
(0.01, 0.05 and 0.2 mg/ml) obtained at 100mJ/pulse-cm? for 10 min into the films. As shown in Figure 3b,
the concentration plays an important role in the performance of PSCs. As the concentration of LBSO

nanocrystals increases in EA, the PCE first reaches a peak at 0.05mg/ml. When the concentration is further
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increased to 0.2 mg/ml, the poorly dispersed and incompletely irradiated LBSO nanoparticles probably
accumulate on the surface of the perovskite film (Figure S10), which hinders the carrier transport in the
interface between perovskite and Spiro-OMeTAD layer and increases the probabilities of piercing the
Spiro-OMeTAD layer that leads to the direct contact between perovskite and Au electrode resulting in
obvious deteriorated performance.

To take an overview of the effects of LBSO nanocrystals on PSCs performance, we prepared
performance parameters statistics of 15 devices based on the different LBSO nanocrystals colloidal
solutions (Figure 3c-f). We can observe the significant enhancement in Jy. and FF while little changed V.
for CsSFAMA-LBSO devices under appropriate laser treatment. Comparing with CsFAMA devices, the
average PCE of CsFAMA-0.05LBSO devices rises from 19.02% to 20.36%, the average Jy. from 22.50 to
23.15 mA/cm?, as well as the average FF from 73.48 % to 76.04 % (Table 1). Figure 3g-h show the J-V
curves measured under reverse- and forward-scan directions for CSFAMA and CsFAMA-LBSO perovskite
devices with champion PCE. The champion CsFAMA-LBSO device showed a PCE of 21.11% with little
hysteresis (Figure 3h) and photovoltaic metrics of the device are as follows: short-circuit current (Jyc) =
23.78 mA/cm? (forward 23.80 mA/cm?), open-circuit voltage (Vo) = 1.126 V (forward 1.118 V) and FF =
78.88 % (forward 77.52 %). We integrated the external quantum efficiency (EQE) spectra over the AM
1.5G solar spectrum, and the resulting Jy values agreed well with the Js (deviation <5%) from J-V
scanning measurement (Figure 3i). There is an obviously improved response in the long wavelength range
from 600 to 750 nm, indicating more efficient collection of photogenerated electrons than LBSO
nanocrystals-free PSC in deep region and accelerating electron extraction and transport due to the
embedding of the LBSO nanocrystals in the film of perovskite!*!,

It is worth noting that a champion PCE of 21.11% in the CsFAMA type PSCs based on laser generated
LBSO nanocrystals is among the top in the records of the functional solid additives related PSCs
performance reported in previous literature, as shown in Table 2 [33-337.39-421 'We also tried to disperse an
equivalent amount of raw LBSO nanoparticles in the anti-solvent of EA by ultrasonic vibration without
laser irradiation. It turns out that this always resulted in nearly unimproved or even deteriorated
performance (Figure S11) and similar results were also mentioned in the previous research about dispersing
GDY in CB as anti-solvent %, since the raw nanoparticles are most strongly agglomerated (Figure 1a) and
are easily spun away during a secondary solvent dripping at a high spinning speed of 4000 rpm, which
further demonstrate the unique advantage of PLICN technique for generating the monodispersed

nanocrystals in the anti-solvents.



In addition, the stability of perovskite devices was investigated, as shown in Figure S12. After
explosion of nearly 800h with a relative humidity (RH) of 30% at 25°C, the PCE of CsFAMA-LBSO
device exhibited 15% dropping in comparison to its initial value while nearly 25% dropping for CsSFAMA
device. It means that perovskite films with LBSO nanocrystals embedding have slightly stronger resistance
to moisture than the control sample, probably due to the improved film quality. Subsequently, we further
increased the RH to 70% and all devices showed the accelerated degradation to the same degree (about
15%), but CSFAMA-LBSO device still demonstrated improved stability than that of the control device.
Characterization of perovskite films’ electronic property

To further reveal the reason behind the PCE increase of the perovskite film after embedding the LBSO
nanocrystals, the steady-state photoluminescence (PL) spectrum of perovskite films was employed to
investigate the interaction between perovskite and LBSO nanocrystals. As shown in Figure 4a, with the
increasing concentration of LBSO nanocrystals, the PL quenching gets stronger indicating the effective
extraction of photogenerated carriers at interface of perovskite and LBSO nanocrystals. The time-resolved
photoluminescence (TRPL) measurements were used to evaluate the photogenerated carriers lifetimes, as
given in Figure 3b, revealing a much faster PL decay for the CSFAMA-LBSO perovskite film than that of

CsFAMA film. The spectra are fitted by the bi-exponential decay function:
Y :Ale—t/l'] +A2€_t/r2 (1)

including the slow decay related to trap-assisted recombination at defects while fast decay related to
bi-molecular recombination of photogenerated free carriers. The average carrier’s lifetime (Tave) Was

calculated using the equation:
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where A1, A2 are the fitting amplitudes. And the tave were 68.51 ns, 35.76 ns and 27.78 ns for CsSFAMA,
CsFAMA-0.01LBSO and CsFAMA-0.05LBSO films, respectively (detailed fitting parameters presented in
Table S2 ). Consistent with the steady state PL results, the dramatically decreased lifetimes indicate that
LBSO nanocrystals could help effective charge separation. We also investigated the carriers lifetimes of
perovskite films on TiO; substrates, as shown in Figure 4c¢ and tave decreased from 32.20 ns to 26.85 ns and
25.48 ns respectively (Table S3), suggesting that LBSO nanocrystals existing at GBs could facilitate the
electron extraction.

Then we explored the band structures of the LBSO nanocrystals and perovskite via electrochemical

cyclic voltammetry (CV) and ultraviolet photoelectron spectroscopy (UPS), respectively. As shown in



Figure 3d, the LUMO level of LBSO nanocrystals estimated from the onset reduction potential is -4.03 eV
and the HUMO value is calculated to be -7.05 eV based on the optical bandgap 3.02 eV extracted from
Uv-vis spectra (Figure S13). Such LUMO level of LBSO nanocrystals is close to that of CsSFAMA (-3.97
eV, Figure S14b) and is beneficial to electron extraction from perovskite to LBSO nanocrystals, then to
TiO; as well as electron transfer from LBSO nanocrystals to perovskite due to the little barrier (0.06 eV).
Based on the above analysis, we present the scenario of the carriers transfer in CSFAMA-LBSO samples as
depicted in Figure 4e. In brief, the photogenerated carriers are extracted to each electrode due to the
appropriate energy level alignment under work condition. However, the trap sites in perovskite films,
especially at GBs, result in relative deep trap states level, which would serve as potential well for charge
carriers and lead to their serious trapping, accumulation and recombination'*}!. When embedding LBSO
nanocrystals at GBs, owing to their matched energy level with perovskite matrix and high mobility, they
can serve as carrier bridges and electron could transfer more effectively among grains than that of the
perovskite films without nanocrystals embedding.

Besides, there is a slight change in the work function of the perovskite film from 4.08 to 4.01 eV when
the film is decorated by laser generated LBSO nanocrystals (Figure S14b). By taking into account the band
gap 1.62 eV extracted from UV-vis spectra for both of perovskite films (Figure S14a), the valance band
maximum (E,) and conduction band minimum (E.), we built energy-level diagrams for the perovskite films
(Figure S14c) as well as band structure alignment of perovskite devices (Figure 4f). In principle, the upper
conduction band of CsFAMA-LBSO film than that of CSFAMA film could enhance charge transfer from
perovskite to electron transport layer. In addition to energy band alignment, the intrinsic carrier mobility of
perovskite films also affects the charge carrier transfer. In order to ascertain the influence of LBSO
nanocrystals on electron mobility of perovskite films, the electron-only transportation device was fabricated
according to the space-charge limited current (SCLC) model *¥. The dark J-V characteristics of the
electron-only transportation devices are shown in Figure 3g, and corresponding devices model diagram of
FTO/TiO2/perovskite/PCBM/Au is shown in the inset. The green line (n=1) corresponds to the Ohmic law,
followed by a trap-filled region where current sharply increase and trap-free space charge limit current
(SCLC) region, seen as blue lines (n=2). And we can calculate the electron mobility from the following

Mott-Gurney law:
9 v?
J= e )
where J is the dark current density, ¢ and & is the dielectric constants of CsSFAMA and the vacuum

permittivity, respectively, u is the carrier mobility, V the applied bias voltage and L is the thickness of the
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perovskite film. The calculation results show that the electron mobility of CsFAMA-LBSO devices
increases from 7.84x10#cm?/ V-s to 5.63x10cm?/ V- s, nearly one order of magnitude, in contrast to the
reference devices fabricated using the anti-solvent of EA, which is consistent with faster charge extraction
observed from TRPL measurements and could also explain the pronounced enhancement of photo current
density. The trap-filled limit voltages (Vrrr) are obtained from Figure 3g as 0.25 and 0.19 V for CsFAMA

and CsFAMA-LBSO films, respectively. The defect density could be calculated by equation 44

2¢e€,V.
N defects = e;}TFL (4)

where e is the elementary charge (1.69x10™" C). Therefore, we estimated the defect densities to be

4.20x10" and 3.19x10'° cm™ for CSFAMA and CsFAMA-LBSO films. The slightly decreased defect
density for the perovskite film with LBSO nanocrystals embedding is probably due to the improved film
quality according to the results from UV-vis spectra and SEM morphology. To investigate the electric
property of the interface between LBSO nanocrystals and perovskite and reveal the potential carrier
transport behaviors in the PSCs, electrochemical impedance spectroscopy (EIS) measurement was used to
study the internal series resistance of PSCs with and without LBSO nanocrystals embedding. The Nyquist
plots of these devices were obtained with an applied bias voltage of 1.0V close to the V,.under a 100
mW/cm? illumination, as shown in Figure 3h. The semicircles located at high-frequency range are the
signature of the charge transport resistance (R¢). According to the fitting results (Table S4), the R value of
the CsSFAMA-LBSO device dramatically decreases from 823.2 Q to 298.6 Q as compared to the CsSFAMA
device, indicating the improved charge transport.
3. Conclusion

In this article we demonstrated the embedding of LBSO nanocrystals in the metal halide perovskite
films based on the laser generated colloidal solution containing LBSO nanocrystals in the anti-solvent of
EA. Cross-section SEM and c-AFM results confirm the LBSO nanocrystals mainly distribute at GBs of
perovskite films. Electron extraction and transport are significantly enhanced due to matched energy level
alignment and high electron mobility of LBSO nanocrystals. We consequently achieved improved PSCs
performance especially the Jsc and FF with the maximum power conversion efficiency (PCE) of up to
21.11% demonstrating prominent superiorities to those devices obtained through anti-solvents. Owing to
the ligand-free feature of laser generated nanocrystals, the surface modification deserves to be further
investigated in our future work, which is expected to passivate the defects from surface & GBs of

polycrystalline perovskite film and achieve further breakthrough of PSCs performance. We believe our



study will provide an effective alternative for intriguing applications in photovoltaics or even beyond
optoelectronics based on laser-matter interactions.

4. Experimental Section

Materials: Fluorine-doped tin oxide (FTO) glass substrates (around 1.5 cmx1.5 cm) were obtained from Pilkington and etched by a
commercial corporation. Titanium (IV) chloride (TiCl4, 99.6%) was purchased from Alfa Aesar. Anhydrous N, N-dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), acetonitrile, ethyl acetate (EA) and Lanthanum(IIl) nitrate hydrate (La(NO3)3-5H20, 99%) were purchased from
Sigma-Aldrich and were used as received without further purification. CsI (299.99%), FAI (=99.5%), Pbl2 (>99.99%), MABr (=99.5%) and
PbBr2 (>99.99%), spiro-OMeTAD (>99.5%), TBP (>96%), LiTFSI (>99%) and FK209 (>98%) were purchased from Xi’an Polymer Light
Technology Corp and used as received. Barium dichloride (BaCla, >99.5%), tin(Il) chloride (SnCl2, >98%), hydrogen peroxide aqueous
solution (H202, 30%), ammonium hydroxide aqueous solution (NH4OH, 25%), and citric acid monohydrate (CeHsO7-H20, >99.5%) were
purchased from Sinopharm Chemical Reagent Co., Ltd. Au particles were obtained from Zhongnuo Advanced Material (Beijing) Co., Ltd.
China. Deionized water was used with a resistivity of 18.25 MQ-cm.

Synthesis of LBSO nanoparticles: LBSO nanoparticles were synthesized following previously reported methods in the literature '),
In brief, BaCl>:2H20 (0.95 mmol), SnCl> (1 mmol), CeHsO7-H20 (0.5 mmol) and La (NO3)3-5H20 (0.05 mmol) were dissolved in H202
aqueous solution (17mL) using constant stirring. The pH of the reaction solution was adjusted to a value of 10 using ammonia solution with
constant stirring, followed by vacuum filtration and sintering at 500 ‘C for 1 h.

Laser generated LBSO nanocrystals synthesis: A Nd: YAG laser (pulse width 10 ns, repetition rate 30 Hz, beam size 10 mm) was
used as the laser source for pulsed laser irradiation. To fabricate La:BaSnO3 (LBSO) nanocrystals, 1 mg of as-synthesised LBSO particles were
firstly well dispersed in 5 ml of EA (anti-solvent) by ultrasonic vibration. Different volume of mixtures (200ul, 1ml) were then transferred to
reaction cells with different volume of EA (3.8 ml, 3 ml), respectively, and irradiated by an unfocused laser beam with a laser fluence of 100
mJ pulse’! cm? (third harmonic) for 10 min at room temperature.

Substrate Preparation: FTO substrates were cleaned sequentially in Hellmanex detergent, deionized water, acetone and ethanol in an
ultrasonic bath, each for 20 min, then dried with a compressed nitrogen gun, and finally treated under an oxygen plasma for 10 min to remove
the last traces of organic residues. The compact TiO2 layer was formed through a low temperature synthesis method according to the reported
literature. In brief, 900 ul TiCls solution was added into 40ml ice water and formed a clear solution. Treated FTO glasses were soaked in the
solution at 70°C for 1h and cleaned sequentially in deionized water and ethanol. Finally, the prepared samples were then sintered at 105 °C for
60 min.

Perovskite Solar Cells Fabrication: To generate the mixed perovskite precursor Cso.0sFAo.81MAo.14Pbl2.55Bro.4s with the concentration
of 1.3 M, CsI (0.07M), FAI (1.05 M), Pbl> (1.05 M), MABr (0.18 M) and PbBr2 (0.18 M) were stirred in a mixture of DMF and DMSO (4:1
v/v) at 55 °C for 2 h. To prepare perovskite films, 30 ul of perovslite precursor solution was coated onto the FTO/TiO> substrate in an argon
glovebox by a consecutive two-step spin-coating process at 2,000 and 4,000 r.p.m for 10 and 30 s, respectively. During the second step, 200 pl
of anti-solvent or anti-colloida-solution was immediately poured on the spinning substrate 10 s prior to the end of the program. Thereafter, the
substrate was put onto a hotplate for 60 min at 100 °C, forming the CsFAMA and CsFAMA-LBSO film. After cooling down to room
temperature, the hole transport material (HTM) solution was then deposited by spin coating at 6,000 r.p.m. for 30 s. The HTM solution was
prepared by dissolving 72.3 mg Spiro-MeOTAD in 1 mL chlorobenzene, in which 28.8 ul of tBP, 17.5 ul of Li-TFSI solution (520 mg/mL in
acetonitrile) and 32 pl of FK209 solution (100mg/ml in acetonitrile). The samples were then aged in a desiccator for ~12 hrs. Finally, a 80
nm-thick Au counter electrode was deposited by thermal evaporation.

Device characterization: Simulated AM 1.5G irradiation (100 mW cm™) was produced by a xenon-lamp-based solar simulator (Oriel
67005, 150 W Solar Simulator) for current density-voltage (J-V) measurements. The light intensity was calibrated by a silicon diode
(Hamamatsu S1133) equipped with a Schott visible-colour glass filter (KGS5 colour-filter). A Keithley 2420 Source-Meter was used for J-V
measurement. The scanning rate was 0.2 V/s with no device preconditioning, such as light soaking or extended forward voltage biasing in the
dark before starting the measurement. External quantum efficiency (EQE) curves were characterized with a Newport QE measurement kit by
focusing a monochromatic beam of light onto the devices.

Material characterization: The morphology and structure of the samples were characterized by a field emission SEM with an EDS
detector (FEI Nova) and an atomic force microscope (AFM, Bruker Dimension Icon). C-AFM measurements were performed on an Asylum

Research MFP-3D-Origin AFM using Au-coated Si conductive probes. X-ray diffraction (XRD) spectra were recorded on a PANAlyticalX’pert
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PRO equipped with a diffracted beam monochromator, and a conventional cobalt target X-ray tube set to 40 kV and 30 mA. X-ray
photoelectron spectroscopy (XPS) measurements were conducted on an Axis Supra (Kratos). The Valance band (VB) spectra were measured
with a monochromatic He I light source (21.22 eV) and a VG Scienta R4000 analyzer. High-resolution transmission electron microscopy
(HRTEM) was performed in combination using a FEI Tecnai F30 microscope equipped with a field emission gun (FEG) operated at 300 kV.
The absorption was measured using the ultraviolet-visible (UV-vis) spectrophotometer (Perkin-Elmer Lambda 35 UV-vis-NIR). The Raman
spectra were obtained using a Renishaw inVia Raman microscope with a 532 nm laser. Electrochemical impedance spectroscopy (EIS) spectra
were collected under illumination of AM 1.5G simulated solar light (100 mW cm?) with the frequency range from 0.1 Hz to 100 kHz.

For the femtosecond laser PL lifetime measurements, the 400 nm pump beam is the frequency doubled output from a 1kHz, 50 fs Coherent
LibraTM Regenerative Amplifier (800nm) using a BBO crystal. The emission from the samples is detected by an Optronis OptoscopeTM

streak camera system.
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Figure 1 LBSO nanocrystals generated by pulsed laser irradiation. (a) SEM observation of raw LBSO nanoparticles
and size distribution (inset). (b) XRD pattern of raw LBSO nanoparticles synthesized following the two-step reaction. (c)
Schematic diagram of La atom doping (orange, green, blue, and purple dots represent the La, Ba, Sn and O atom of the
LBSO lattice, respectively) and binding energy spectrum of La. (d) Schematic illustration of the preparation of LBSO
nanocrystals in anti-solvent of EA. (e) Schematic illustration of pulsed laser irradiation. (f) TEM image of monodisperse
colloidal particles generated by pulsed laser irradiation, size distribution and HR-TEM image of LBSO nanocrystals (inset).
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Figure 2 Perovskite films embedded with LBSO nanocrystals. SEM images of the CSFAMA (a) and CsSFAMA-LBSO
(b) perovskite films. The scale bar is 500 nm. (¢) AFM images of CsSFAMA (left) and CsSFAMA-LBSO (right) films, the
corresponding height curves were extracted from black line cut, respectively. (d) Cross-section SEM image and
corresponding SEM-EDS mappings (Pb, I and Ba) of the CsSFAMA-LBSO device. (e) c-AFM images of CsFAMA (left)
and CsFAMA-LBSO (right) films, the corresponding current curves were extracted from black line cut, respectively.
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Figure 3 PSCs performance based on LBSO nanocrystals colloidal solution. (a) J-V curves of the champion cells
based on the 0.0lmg/ml LBSO nanocrystals anti-colloidal-solution generated by unfocused laser beam with different
fluence. (b) J-V curves of the champion cells based on the different concentrations of LBSO anti-colloidal-solution
generated by unfocused laser beam with 100 mJ/pulse-cm? fluence. Statistics of performance parameters (¢) Vo, (d) Jic, (€)
FF and (f) PCE for PSCs fabricated by various anti-colloidal-solutions generated at different laser irradiation experimental
conditions. J-V curves measured by reverse and forward scans of the champion cells for CSFAMA (g) and CsSFAMA-LBSO
(h). (e) EQE and integrated current density curves of the champion devices for CSFAMA and CsFAMA-LBSO.
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Figure 4 Photoelectric property characterizations of perovskite films. (a) Steady-state PL spectra and (b, ¢) TRPL
spectra of CsSFAMA and CsFAMA-LBSO films. (d) Cyclic voltammetry scans for LBSO nanocrystals. (e) Illumination of
carrier movement process. (f) Energy level alignment in perovskite devices. (g) Dark J-V curves of electron-only
perovskite devices. (h) Nyquist plots of perovskite devices measured at 1.0 V bias and under illumination of 100 mW/cm?.
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Table 1 Photovoltaic parameters for devices fabricated by various colloidal solutions generated at different laser irradiation

conditions.

Device Jsc (MA/cm?) Vo (V) FF (%) PCE (%) PCEgEst (%)
CsFAMA 22.50+0.34 1.124 £0.012 7348+1.66 19.02+0.29 19.59
CsFAMA-0.01LBSO-50mJ  22.70 £ 0.25 1.118 £0.010 73.13+£1.82 19.16+0.38  19.78
CsFAMA-0.01LBSO-100mJ 23.01 £0.33 1.120+0.013  75.32+1.55 20.00+0.42  20.70
CsFAMA-0.01LBSO-150mJ  22.96 +0.33 1.121 £0.011 74.70+1.64 19.85+0.34 20.36
CsFAMA-0.05LBSO-100mJ 23.15+0.34 1.125£0.013 76.04+1.62 20.36*x042 21.11
CsFAMA-0.2LBSO-100mJ  22.43 £0.28 1.112+0.009 72.38+1.52 18.20+0.31 18.69

* Reverse scans were measured for all devices and 15 cells were fabricated for each type of devices.

Table 2 Summary of functional solid additives related to PSCs performance improvement collected from the most-recent

literature
Average PCE Average
Champion PCE Introducing
Solid additives before treatment after treatment Perovskite type Ref.
(%) methods
(%) (%)
A10Ce0 13.97 11.45/14.34 MAPbDI;3 Precursor 33
PCBM 11.40/16.00 MAPbI; Precursor 34
FAossMAo.15
GDY 19.61 20.12 20.06/20.55 Precursor 35
Pb(Io.85B10.15)3
CDs ~15 ~17.5 15.67/18.24 MAPbDI;3 Precursor 37
Spiro-OMeTAD 15.00/18.39 MAPbI; Anti-solvent 39
CsPbBr; QDs ~18 20 18.51/20.46 MAPbDI;3 Anti-solvent 40
CsPbBrCl, QDs ~18.5 ~20.5 ~20.5/21.5 MAPbDI;3 Anti-solvent 41
Cso0.0sFA081MAg.14
CI-CDs 19.04 20.78 19.59/21.39 Anti-solvent 42
Pbl 55Bro.45
La:BaSnO; Cs0.05FA0.s1MAo.14
19.02 20.36 19.59/21.11 Anti-solvent  Our work
nanocrystals Pbl 55Bro.45
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Figure S1 (a) XPS spectrum and binding energies of (b) La3d, (¢) Ba3d, (d) Sn3d, and (d) Ols of the synthesized LBSO

nanoparticles.
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Figure S2 SEM image of LBSO submicron particles formed by laser irradiation with a fluence of 30mJ/pulse cm?.
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Figure S5 EDS mapping of Cs, Pb, I, La, Ba and Sn for CSFAMA-LBSO film.
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Figure S6 XPS spectrum of Ba 3d peaks of CSFAMA-LBSO and CsFAMA film.
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Figure S7 Cross-sectional second electron (SE) and backscattered electron (BSE) images of CsFAMA (a, b) and
CsFAMA-LBSO (c, d).
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Figure S8 XRD patterns of the different perovskite films: CsSFAMA, CsFAMA-0.01LBSO and CsFAMA-0.05LBSO.
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Figure S9 Uv-vis spectra of the different perovskite films: CSFAMA and CsFAMA-LBSO.

Table S1 Summary of the champion performance for devices fabricated by various anti-colloidal-solutions generated at

different experimental conditions.

Devices Jse (MA cm?) Voe (V) FF (%) Efficiency (%)
CsFAMA 23.09 1.125 75.40 19.59
CsFAMA-0.01LBSO-50mJ 23.29 1.127 75.35 19.78
CsFAMA-0.01LBSO-100mJ  23.69 1.134 77.06 20.70
CsFAMA-0.01LBSO-150mJ ~ 23.55 1.127 76.69 20.36
CsFAMA-0.05LBSO-100mJ  23.78 1.126 78.82 21.11
CsFAMA-0.2LBSO-100mJ 22.81 1.117 73.48 18.72
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Figure S10 Surface morphologies of the perovskite films prepared by employing different concentrations of LBSO
nanocrystals colloidal solutions: (a) CsSFAMA, (b) 0.01mg/ml, (¢) 0.05Smg/ml, and (d) 0.2mg/ml. The scale bar is 1 pm.
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Figure S11 J-V curves of the cells for CsSFAMA and CsFAMA-raw LBSO at different concentrations (0.01, 0.05 and 0.2
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Figure S12 Humidity stability test for unencapsulated CsSFAMA and CsFAMA-LBSO devices. The devices are kept

successively in two constant temperature & humidity incubators (relative humidity: 30% and 70% respectively) in dark and
measured regularly in air.

Table S2 Summary of fitting parameters of TRPL for different perovskite film deposited on Glass substrates.

Sample Al 77 (ns) Ao 72 (ns) Tave (NS)
CsFAMA 0.43 137.85 £ 1.21 0.57 16.20 £0.25 68.51
CsFAMA-0.01LBSO  0.30 86.27 £ 1.54 0.70 14.11 £0.24 35.76
CsFAMA-0.05LBSO  0.35 59.99 £0.59 0.65 10.43 +£0.13 27.78

Table S3 Summary of fitting parameters of TRPL for different perovskite film deposited on Glass/FTO/TiO; substrates.

Sample Al 77 (ns) A 72 (ns) Tave (NS)
CsFAMA 0.45 59.82 £0.52 0.55 9.30£0.17 32.20
CsFAMA-0.0ILBSO 0.29 65.77 +£0.70 0.71 10.96 £0.12 26.85
CsFAMA-0.05LBSO  0.34 56.96 £4.70 0.66 9.26 +£0.35 25.48
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Figure S13 Uv-vis spectra of LBSO nanocrystals colloidal solution and corresponding (ahv)? versus hv plots.
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Figure S14 (a) (ahv)? versus hv plots of perovskite films. (b) UPS measurements of perovskite films, the insets are the
amplification for binding energy from 18.0 to 16.5 eV and 2.5 to -2.0 eV, respectively. (¢) Schematic energy level diagrams
of CsFAMA and CsFAMA-LBSO films.

Table S4 Summary of fitting parameters of Nyquist plots for different perovskite cells.

Sample Rs (Q) Rct (QQ) CPE-T (F) CPE-P
CsFAMA 11.52 823.2 4.577x10° 0.9802
CsFAMA-LBSO 10.8 298.6 4.344x107° 1.051
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