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ABSTRACT: The growth of high-quality tin-based perovskite films
remains a grand challenge due to uncontrollable crystallization kinetics.
Here, we report a facile strategy to realize an epitaxial-like growth of
highly oriented tin-based perovskite films with the assistance of perovskite
quantum dots (PQDs). Synchrotron-based in situ X-ray scattering results
reveal that PQDs can act as nucleation centers to promote the growth of
highly oriented perovskite crystals for both FASnI3 and MASnI3 systems.
Remarkably, the degree of lattice strain can be readily modulated by
tuning the lattice mismatch between various PQDs and bulk perovskites,
thus reducing defect density and improving efficiencies. The efficiency of
MASnI3 PSCs with PQDs has been pushed to 12.49%, which is the highest
of this type reported so far. Furthermore, the film and device stability are
enhanced owing to the improved film quality and the protection of
hydrophobic ligands from PQDs.

Lead halide perovskites have demonstrated great
potential in the photovoltaic field, while the toxicity
of lead becomes one of the major obstacles on the road

to their commercialization.1 Alternatively, environmentally
friendly perovskites based on nontoxic tin ions (Sn2+),
possessing a similar outer electronic structure and ionic radius
with lead ions (Pb2+),2 have attracted increasing research
efforts, giving rise to rapidly rising power conversion
efficiencies (PCEs) in recent years.3 Contrary to Pb-based
perovskites, Sn-based perovskites exhibit a smaller band gap
(1.3−1.4 eV), which is closer to the optimal value to reach the
theoretical maximum efficiency of 33% under the Shockley−
Queisser limit.4 However, currently reported PCEs of Sn-based
perovskite solar cells (PSCs) still lag far behind those of Pb-
based PSCs.5

At the current stage, the poor film quality of Sn-based PSCs
is one critical reason for the worse device performance than
Pb-based PSCs. It was mainly attributed to the uncontrollable
crystallization due to the higher reactivity of Lewis acidity of
SnI2.

6 The random crystal growth will lead to poor
crystallinity,7 disordered crystals,8 high defect density,9 and
pinholes.10 Many efforts have been devoted to modulating the
crystallization process of Sn-based perovskites by means of
incorporating Lewis base additives,6 ionic liquid,11 long-chain
ammonium cations,12 etc. Regulating the perovskite growth

with templates is another effective approach to depositing
high-quality perovskite films, which has been widely reported
in Pb-based perovskites.13 For instance, Bi et al. used
poly(methyl methacrylate) (PMMA) as a template to control
FAPbI3-based perovskite crystal nucleation and growth,
achieving shiny smooth perovskite films with excellent
electronic properties.14 Zhang et al. reported a template-
guided growth of α-FAPbI3 perovskites based on a BA-related
intermediate phase and achieved increased film crystallinity
and reduced defects.15 Although templates can serve as
nucleation centers for the perovskite growth, a large lattice
mismatch between the templating materials and perovskites
may induce severe lattice strain, thereby undermining the
device performance.16 An ideal templating material for the
perovskite crystal growth could be the perovskite crystal
itself,17 but a bottom perovskite templating layer can be
entirely dissolved by dimethylformamide (DMF) or dimethyl
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sulfoxide (DMSO) solvents from the perovskite precursor.
Therefore, a judicious selection of perovskite templating
materials could potentially improve the film quality of Sn-
based perovskite film, therefore worthwhile to explore.
Herein, perovskite quantum dots (PQDs) were adopted as

the templating materials to assist the highly oriented crystal
growth of bulk tin halide perovskite films. The capping ligands
of PQDs can protect themselves from being dissolved by
precursor solvents, and, at the same time, the single-crystal
interior of PQDs can serve as the nucleation centers for an
epitaxial-like growth of tin halide perovskite crystallites.
Consequently, the incorporation of only a trace amount of
PQDs in FASnI3 films can largely enhance the orientation
order and accelerate the crystallization process with the aid of
PQD nucleation sites, as revealed by in situ grazing-incidence
wide-angle X-ray scattering (GIWAXS) measurements. Fur-
thermore, the lattice strain can be readily modulated by tuning
the lattice mismatch between bulk tin perovskites and PQDs.
Two bulk tin perovskite systems and three PQDs are
combined mutually to finetune the degree of lattice mismatch.
The combinations with a smaller lattice mismatch and released
lattice strain exhibit reduced defect density and improved
device performance. The FASnI3-based PSCs have achieved
benchmark PCEs of over 13% with this strategy. The efficiency
of MASnI3-based PSCs with PQDs has been boosted to
12.49%, which is the highest reported efficiency of this type to
date. Furthermore, the film and device stability have also been
considerably enhanced, which are attributed to the improved
film quality and the humidity and oxidation protection from

the hydrophobic ligands on PQDs. This work suggests a
generally applicable way to grow high-quality tin halide
perovskite films by introducing PQDs with matching lattice
constants, paving the way to the real application of
environmentally friendly perovskite optoelectronic devices.

■ MICROSTRUCTURES OF TIN HALIDE PEROVSKITE
FILMS WITH PQDS

Tin halide perovskite films were deposited through a one-step
antisolvent spin-coating process (Supporting Information
Figure S1), and CsPbI3 PQDs were incorporated into tin
halide perovskite films by dripping PQD-contained chlor-
obenzene (0.5 mg/mL) as the antisolvent during the spinning
process. The CsPbI3 PQDs with an average size of around 9
nm were synthesized via a conventional hot injection
method,18 as demonstrated by TEM, photoluminescence
(PL), and XRD spectra in Figure S2. It is noted that only a
trace amount of CsPbI3 PQDs are incorporated in the FASnI3
film in light of XPS results that the Pb/Sn ratio in the final
FASnI3 films with PQDs is estimated to be around 0.12%
(Figure S3). After incorporating PQDs in FASnI3 perovskite
films, the peak intensities of (100) and (200) peaks in XRD
spectra (Figure S4) are drastically enhanced, which may come
from the change of crystal orientation. Therefore, two-
dimensional (2D) GIWAXS measurements were conducted
to further investigate the microstructures of FASnI3 perovskite
films without and with PQDs, as shown in Figure 1a,b. The
corresponding sector intensity profiles and polar intensity
profiles along the (100) ring at (∼0.99 Å−1) are presented in

Figure 1. GIWAXS patterns of (a) FASnI3, (b) FASnI3 with PQDs, (c) MASnI3, and (d) MASnI3 with PQDs. Corresponding GIWAXS (e)
sector intensity profiles and (f) polar intensity profiles along the (100) ring in the q range of 0.95−1.05 Å−1. (g) Calculated Hermans’
orientation factor (HF) and fitted peak areas referring to (100) peaks for FASnI3 and MASnI3 perovskites, and schematics of the orientation
change of perovskite (100) planes. SEM images of perovskite films based on (h) FASnI3, (i) FASnI3 with PQDs, (j) MASnI3, and (k) MASnI3
with PQDs.
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Figure 1e,f, respectively. Compared with the neat FASnI3 film,
the film with PQDs exhibits better crystallinity considering the
larger peak area. The film with PQDs also shows a preferred
crystal orientation with the (100) planes parallel to the
substrate. To study the crystallite orientational order
quantitatively, Hermans’ orientation factor (HF)19,20 was
calculated based on the polar intensity profiles along the
(100) ring in the q range of 0.95−1.05 Å−1 in Figure 1g and
the detailed calculation scheme is included in the Supple-
mentary Information Note S1. With the incorporation of
PQDs, the HF value increases from 0.12 to 0.44, which
suggests that the out-of-plane orientational order of the (100)
planes of FASnI3 perovskites was greatly enhanced, being
beneficial to the exciton diffusion and charge transport in the
films.21 A similar trend was observed in the MASnI3 system, as
demonstrated in Figure 1c,d,g. Although the neat MASnI3
perovskite film already shows a highly ordered crystal
orientation, the incorporation of PQDs can further improve
the HF from 0.86 to 0.92 as well as the diffraction peak area
demonstrating a higher crystallinity (Figure 1g). It is noted
that the (100) peak position of MASnI3 perovskites shifts to

∼1.01 Å−1 compared with the peak position of FASnI3
perovskites (∼0.99 Å−1) owing to the relatively smaller ionic
radius of MA+ than FA+.
The film morphology of tin halide perovskites was also

improved with PQDs, as demonstrated by the scanning
electron microscopy (SEM) images in Figure 1h−k. PQDs
can eliminate pinholes in FASnI3 films, and it is more
prominent in MASnI3 films that the number and size of
pinholes are significantly reduced after introducing PQDs
(Figure 1k). In brief, the incorporation of PQDs in both
FASnI3 and MASnI3 systems can simultaneously improve the
film morphology, increase film crystallinity, and enhance the
crystal orientation, all of which may originate from the distinct
crystallization kinetics with the assistance of PQDs as discussed
in the following.22

■ CRYSTALLIZATION KINETICS OF TIN HALIDE
PEROVSKITES WITH PQDS

To understand the PQD-assisted tin halide perovskite
crystallization mechanism, in situ GIWAXS measurements
were carried out to monitor the real-time film formation

Figure 2. Time-resolved GIWAXS profile analysis during the spin-coating process. False-color intensity maps versus wavenumber q and
frame numbers for FASnI3 films (a) without and (b) with PQDs. (c) Corresponding time evolutions of FASnI3 (100) peak areas. False-color
intensity maps for MASnI3 films (d) without and (e) with PQDs. (f) Corresponding time evolutions of MASnI3 (100) peak areas. (g) Time-
resolved polar intensity profiles for the (100) peaks of FASnI3, FASnI3 with PQDs, MASnI3, and MASnI3 with PQDs. (h) Real-time changes
of normalized HF(100) during spin-coating.
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process during spin-coating (Figure 2).23,24 The antisolvent
chlorobenzene without or with PQDs was dripped at the 9th
second, as manifested by the broad peak centered at ∼1.35 Å−1

(Figure S5). The antisolvent dripping ended the perovskite
precursor stage I and triggered the crystallization of the tin
halide perovskite phase (stage II). It is worth mentioning that,
unlike Pb-based perovskites,25,26 the perovskite phase was
directly formed in both FASnI3 (Figure 2a) and MASnI3
(Figure 2d) systems without experiencing any intermediate
phases or hexagonal yellow phases, due to the lower formation
energy of tin halide perovskites.27 The incorporation of PQDs
in FASnI3 perovskites plays an important role in promoting
perovskite nucleation and crystal growth during stage II,
leading to an accelerated crystallization process (Figure 2c).
The crystal growth ended at around the 18th second and the
FASnI3 film with PQDs remained at higher crystallinity during
stage III. The same phenomenon was also observed in MASnI3
perovskites. The (100) peak area of the MASnI3 film with
PQDs grew much more rapidly than that of the neat MASnI3
film during stage II (Figure 2f), indicative of much faster
crystallization kinetics with PQDs. It is noted that the MASnI3
film with PQDs still experienced a slow crystal growth during
stage III, which could be one of the possible reasons for the
mitigated pinholes among the film (Figure 1k).
Interestingly, in addition to the crystal growth rate, the

orientational order of FASnI3 and MASnI3 films also gradually

increases during the film-formation process, which is rarely
observed, as in most cases, the orientational order remains the
same or even decreases during perovskite crystal growth.28

Figure 2g presents time-resolved polar intensity profiles for the
perovskite (100) peaks with the corresponding evolution of
normalized HF(100) summarized in Figure 2h. We found that
the orientational order of FASnI3 perovskites without PQDs
nearly remained unchanged during the crystallization process,
while progressive enhancement of HF(100) was observed after
incorporating PQDs during stage II. It suggests that PQDs will
intensify the crystal orientational order of FASnI3 perovskites
during the crystal nucleation and growth stage. As for MASnI3
perovskites, the value of HF(100) was increased during stage II
regardless of the assistance of PQDs, indicating that neat
MASnI3 perovskite films already possess a preferred crystal
orientation, which is consistent with ex situ GIWAXS results in
Figure 1c and previous reports.29 Nonetheless, the crystal
orientation of MASnI3 perovskites was reinforced after
introducing PQDs owing to the higher HF(100) during stage
II and further increasing HF(100) during stage III (Figure 2h).
Considering that the native iodide vacancies and the partially

exposed Pb−I octahedra at the PQD surface matrix could
induce the crystal nucleation,30,31 we postulate that the highly
ordered Pb−I octahedra in PQDs, with small lattice
mismatches (CsPbI3 PQDs 6.2 Å vs FASnI3 6.3 Å vs
MASnI3 6.2 Å), can serve as crystal nuclei and activate an

Figure 3. (a) XRD spectra of the neat FASnI3 film, neat MASnI3 film, pure CsPbI3 PQD film, pure FAPbI3 PQD film, and pure CsPbBr3 PQD
film. (b) XRD spectra, and (c) Williamson−Hall plots (data are displaced for clarity) for the FASnI3 films without and with different PQDs.
(d) XRD spectra, and (e) Williamson−Hall plots (data are displaced for clarity) for the MASnI3 films without and with different PQDs. (f)
Summary of estimated lattice strains in FASnI3 and MASnI3 films without and with different PQDs, and schematic illustrations of the
relationships between the lattice strain and lattice mismatch.
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epitaxial-like growth for oriented tin halide perovskite
crystallites, as illustrated in Figure S6. The incorporation of
PQDs can promote the crystal nucleation and growth as
nucleation sites, and the epitaxial-like growth based on the
highly ordered Pb−I octahedra in PQDs can give rise to tin
halide perovskite films with a preferred crystal orientation and
high crystallinity.
In order to further demonstrate the role of PQDs as

nucleation centers in the growth of tin halide perovskites, we
carried out a series of comparative experiments by adding
separate components from PQDs to determine whether it is
the decomposed components or the whole piece of PQDs that
are critically affecting the perovskite crystal growth. First, the
ligands of PQD�pure oleic acid (OA) and oleylamine
(OAm)�were added to chlorobenzene and incorporated
into FASnI3 perovskite films through the same antisolvent
fabrication procedure. It is found that only OA or OAm ligands
cannot induce the formation of vertically oriented FASnI3
crystallites according to the almost unchanged peak intensity
ratio between the (100) plane and other planes (e.g., (111)

plane) (Figure S7). It is likely because the carbon chain lengths
of OA and OAm ligands are too long to form an ordered
crystal structure.32 Second, different concentrations of CsI and
PbI2 with the molar ratio of 1:1 were incorporated into FASnI3
films to investigate the consequences of element doping of Cs+
and Pb2+. Likewise, the crystal orientation in FASnI3 films is
basically unchanged regardless of the concentrations of CsI
and PbI2 (Figure S8), indicating that the change in crystal
orientation is not caused by the element doping either.
Nevertheless, a high concentration of CsI in FASnI3 perov-
skites will induce the XRD peak shift to a larger 2θ region due
to the shrinkage of the crystal lattice with smaller Cs+. In
contrast, the incorporation of CsPbI3 PQDs, even at a high
concentration, does not lead to the peak shift but only the peak
intensity increases in XRD spectra, as shown in Figure S9. It
implies that the PQDs will not be decomposed into individual
elements and doped into the perovskite crystal lattice. As the
concentration of PQDs increased, we found that both
perovskite peak intensity and HF values were gradually
enhanced (Figure S9c), further confirming that the incorpo-

Figure 4. (a) Cross-sectional SEM image of a whole device with the structure of ITO/PEDOT:PSS/perovskite/ICBA/BCP/Ag. Device
efficiency statistics of PSCs based on (b) FASnI3 and (c) MASnI3 films without and with different PQDs. Dark current−voltage
measurements of the electron-only devices based on (d) FASnI3 films and (e) MASnI3 films, and (f) corresponding estimated defect
densities. (g) PL spectra of FASnI3 and MASnI3 films without and with different PQDs. (h) J−V curves of the PSCs based on MASnI3 films
without and with PQDs. (i) Progress of efficiency of PSCs based on MASnI3 perovskites.
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ration of PQDs will lead to a predominantly vertically oriented
perovskite crystallites in films. It is noted that the PQDs are
uniformly distributed throughout the whole depth of the film
(Figure S10). Besides, we also synthesized CsPbI3 PQDs with
different sizes (i.e., 6 and 12 nm), as shown in Figure S11, and
found that the incorporation of CsPbI3 PQDs with different
sizes can also give rise to enhanced and similar crystal
orientation (Figure S12).

■ LATTICE STRAIN MODULATION VIA DIFFERENT
PQDS AS NUCLEATION CENTERS

The lattice mismatch between the template and the crystal
grown on top critically affects the final film quality such as the
lattice strain in the film.33,34 Therefore, we first investigated the
growth of 3D FASnI3 on three different PQDs (CsPbI3,
FAPbI3, and CsPbBr3) with different lattice constants (Figure
3a and Figure S13), to confirm the hypothesis of PQD-
templated epitaxial-like growth of perovskite film. We found
that the (100) peak of the FASnI3 film with CsPbBr3 PQDs
exhibits a peak shift to a higher 2θ region, as shown in Figure
3b, indicative of a lattice contraction with CsPbBr3 PQDs.
Since it has been demonstrated that PQDs are not
incorporated into FASnI3 crystal lattices as element doping
(Figures S8 and S9), the lattice contraction in the FASnI3 film
with CsPbBr3 PQDs should arise from the lattice strain which
is induced by relatively larger lattice mismatch (6.8%). The
Williamson−Hall method was then employed to estimate the
lattice strain in the FASnI3 films,24,35 as shown in Figure 3c. It
is found that the lattice strain is relaxed after incorporating
CsPbI3 and FAPbI3 PQDs (Figure 3f), which may be due to
the better crystal orientation and a negligible lattice mismatch
between bulk FASnI3 and FAPbI3/CsPbI3 PQDs.36,37 It is
noted that the CsPbI3 PQDs with different sizes can also relax
the lattice stain in the FASnI3 perovskite film (Figure S14) due
to the unchanged lattice constant of PQDs (Figure S11f). On
the contrary, the FASnI3 perovskite films with CsPbBr3 PQDs
exhibit higher lattice strain with a relatively larger lattice
mismatch, which well explains the reason for the lattice
contraction in the film.34 Remarkably, the incorporation of all
of these PQDs can lead to a drastic increase in peak intensities
in XRD spectra (Figure S15) and better crystal orientation
based on the GIWAXS results (Figure S16), further confirming
the roles of PQDs in the oriented growth of bulk tin halide
perovskites.
To study the generality of PQD-assisted perovskite crystal

growth and the effects of lattice mismatch on the lattice strain
in the film, MASnI3, possessing a slightly smaller lattice
constant of 6.2 Å than that of FASnI3 (6.3 Å), was also studied
with three different PQDs. The (100) peak of the MASnI3 film
with CsPbBr3 PQDs also shifted to a larger diffraction angle
(Figure 3d), corresponding to a lattice contraction, as observed
in the FASnI3 film. In the meantime, according to the
Williamson−Hall plots in Figure 3e, it exhibits an increased
lattice strain compared with the FA-based counterpart, due to a
larger lattice mismatch between the PQD and 3D perovskites.
Furthermore, the lattice strain is significantly released in the
MASnI3 film with CsPbI3 PQDs, owing to their perfectly
matched lattice constants of 6.2 Å. It is evident that the lattice
strain can be modulated by a judicious selection of bulk tin
halide perovskites and PQD nucleation centers, based on
different lattice constants. As demonstrated in Figure 3f, a
small lattice mismatch between PQD templates and tin halide

perovskites can relax the lattice strain, whereas a large lattice
mismatch will increase the lattice strain.

■ ENHANCED DEVICE PERFORMANCE AND
STABILITY OF PSCS WITH PQDS

We then investigated the influence of incorporating different
types of PQDs on both FASnI3 and MASnI3-based device
performance (Figure 4a). The device efficiency statistics of
PSCs based on FASnI3 and MASnI3 films are presented in
Figures 4b, S17 and Figures 4c, S18, respectively. Overall, for
the FASnI3 system, the PSCs with CsPbI3 PQDs and FAPbI3
PQDs exhibit comparable PCEs, both exceeding 13%, which
are much higher than those of PSCs without PQDs. The PCE
increase is mainly attributed to the increased open-circuit
voltage (VOC) and fill factor (FF). In contrast, the device
efficiency decreases after incorporating CsPbBr3 PQDs because
of the poor short-circuit current density (JSC) and FF.
Interestingly, the FASnI3 device efficiency increases (Figure
4b) in accordance with the release of lattice strain (Figure 3f).
A similar trend was observed in the MASnI3 system (Figure
4c). It is known that the lattice strain in the crystal is
responsible for defect formation.34 To examine the defect
density in the perovskite films without and with PQDs, we
conducted space-charge-limited current (SCLC) measure-
ments for both FASnI3 and MASnI3 perovskite films (Figure
4d,e), with the calculated defect densities (Nt) summarized in
Figure 4f. Remarkably, for both FASnI3 and the MASnI3
systems, the films with CsPbI3 PQDs exhibit relatively lower
defect densities than the films with CsPbBr3 PQDs which is
correlated with the smaller lattice strains (Figure 3f) from the
mitigated lattice mismatch between CsPbI3 PQDs and the two
3D Sn-based perovskite systems. Steady-state PL spectra in
Figure 4g also reveal the largely enhanced PL intensities for the
films with CsPbI3 PQDs, indicating the reduction of
nonradiative recombination as a result of lower defect density.
Note that the PL peak positions of FASnI3 and MASnI3 films
are 882 nm (∼1.4 eV) and 958 nm (∼1.3 eV), respectively.
MASnI3-based PSCs usually exhibit lower efficiencies than

FASnI3-based PSCs.38 In addition, it is reported that the
formation energy of Sn vacancies in MASnI3 perovskite films is
lower than that in FASnI3 due to the stronger antibonding
coupling between Sn 5s and I 5p, resulting in higher defect
density.27 We indeed found that MASnI3 perovskite films have
relatively higher defect densities and more pinholes than the
FASnI3 perovskite films. Nonetheless, the incorporation of
PQDs in MASnI3 perovskite films can dramatically suppress
the formation of pinholes (Figure 1k) and reduce the defect
density (Figure 4f). As a result of the considerably improved
film quality of MASnI3 films with PQDs, the device efficiency
of MASnI3-based PSCs is significantly boosted from 8.74 to
12.49% with negligible hysteresis (Figure 4h), which is the
highest PCE reported among the MASnI3 PSCs so far (Figure
4i and Table S1).39−41 The JSC values are confirmed by the
external quantum efficiency (EQE) measurements in Figure
S19.
The poor stability of tin halide perovskites in ambient air has

been a serious issue mainly due to the oxidation of Sn2+ to
Sn4+. In the meantime, the involvement of moisture in ambient
air will establish a cyclic degradation pathway,42 thus largely
accelerating the oxidation and degradation of tin halide
perovskites. Therefore, preventing Sn-based perovskite films
from the penetration of moisture is a crucial means to hinder
the oxidation. Here, the OA and OAm ligands from PQDs are
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hydrophobic, so the incorporation of PQDs largely alters the
surface wettability of perovskite film. The water contact angle
increases considerately from 47.5° to 80.0° (Figure S22a). The
O 1s signal from ligands in XPS spectra (Figure S20) also
indicates the existence of ligands on the film surface. As a
consequence, the degradation of Sn-based perovskites with
PQDs has been considerably slowed compared with the film
without PQDs during the storage in ambient air, as manifested
by the formation of vacancy-ordered double perovskites42 in
XRD spectra in Figure S21. Furthermore, XPS measurements
reveal that the content of Sn(IV) in fresh perovskite films is
reduced from 7.4% to 1.8% with the incorporation of PQDs
(Figure S22b). After storage in ambient for ∼3 h, the content
of oxidized Sn(IV) in the film without PQDs significantly
increases to 83.8% while the film with PQDs retains relatively
less Sn(IV) content of 40.0% (Figure S22b,c). It suggests that
PQDs can largely suppress the oxidation of Sn(II) to Sn(IV) in
tin halide perovskite films, thus contributing to the superior
photovoltaic performance as well as stability. The structural
stability of the FASnI3 films with PQDs under 1 sun
continuous illumination was explored by virtue of time-
resolved in situ GIWAXS measurements. As presented in
Figure S22d, e, the (100) peak intensity only experiences a tiny
drop, indicative of the good structural stability of FASnI3 films
with PQDs under light stress. In addition, both unencapsulated
FASnI3 and MASnI3 PSCs with PQDs exhibit better stability
under dark condition (Figure S22f) and continuous light
illumination (Figure S22g) than control samples without
PQDs.
In summary, we employed PQDs as templates to induce the

quasi-epitaxial growth of high-quality tin halide perovskite
films. A trace amount of PQDs, serving as nucleation sites, not
only enhances the crystal orientation order of tin halide
perovskites but also promotes the formation of the perovskite
phase by accelerating the crystallization kinetics. Remarkably,
the lattice strain among both FASnI3 and MASnI3 perovskite
films can be fine-tuned by choosing different PQD templates
(i.e., CsPbI3, CsPbBr3, and FAPbI3 PQDs) with different
lattice constants. The lattice strain in tin halide perovskite films
is relaxed with the aid of CsPbI3 PQDs owing to the minor
lattice mismatch, thus diminishing the defect density and
enhancing device performance for both FASnI3 and MASnI3
systems. It is worth noting that MASnI3-based PSCs have been
reported to suffer from poor film morphology, high defect
densities, and thus much worse device performance than the
FASnI3 counterparts.27,43 The incorporation of PQDs can
significantly improve the MASnI3 film morphology and
suppress the formation of defects, giving rise to a record
efficiency of 12.49% for MASnI3-based PSCs. Moreover,
improved structural stability under moisture and light stresses
was also observed, which is attributed to the protection of
hydrophobic ligands from PQDs. We believe that PQD-
assisted growth of high-quality perovskites is a universal
strategy applicable in various perovskite systems, as previous
studies on Pb-based perovskite light-emitting diodes and solar
cells also reported that PQDs can act as nucleation sites44,45

and surface passivation agents.46,47 Further explorations of a
variety of PQDs (e.g., MAPbI3 PQDs, CsSnI3 PQDs, and
FASnI3 PQDs) in different bulk perovskite systems with
tunable lattice strain could be of great interest in the field.
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