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Colloidally uniform single-crystal precursors
enable uniform FAPbI; films for efficient perovskite
submodulesy
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With the unprecedented research development on lead halide perovskite photovoltaics, scaling up
fabrication while comprehensively understanding the properties of cost-effective and highly uniform
precursor films has become critical for their practical application. When enlarging the device area, good
precursor purity serves as the first step in ensuring the uniformity of the perovskite film. Chemical purity
and colloidal uniformity in the precursor solution both play important roles in dictating film uniformity
and defect density. Here, for the first time, we explored the colloidal behavior of FAPbIs precursors using
different preparatory materials of varied costs but with similar metal purity. As the colloidal size of regular
Pbl, + FAI powder precursors increased compared to that of Pbl, colloids, the FAPbIz single-crystal
precursor synthesized from low-purity chemicals exhibited a generally smaller and more uniform
colloidal size, which yielded perovskite films with improved uniformity and reduced defect density at

lower cost. The colloidally uniform single-crystal precursors led to photovoltaics with higher power
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Accepted 18th January 2025 conversion efficiency and better long-term operational stability. More importantly, the uniformity in the

precursor and film was found to be beneficial for large-area fabrication, where the scaling-up

DOI: 10.1039/d4sc0775%h production of 30 cm x 30 cm perovskite submodules based on single-crystal precursors achieved an
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Introduction

As a new generation of solar cells with bright industrialization
prospects, perovskite solar cells have reached efficiency mile-
stones comparable to crystalline silicon cells."™ Up to now, the
solution-based method, with its low manufacturing cost and
high processability, has enabled the power conversion effi-
ciency (PCE) of perovskite solar cells to reach 26.7%.> Specif-
ically, the material formamidinium lead iodide (FAPbI,)
exhibits an optimal bandgap close to the Shockley-Queisser
limit, showing great potential and excellent stability.*>"
Unfortunately, for scaling-up manufacturing, the current heavy
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reliance on expensive high-purity lead halide and alkylammo-
nium halide precursors could be a burden.’*™* Meanwhile,
using low-purity precursors, such as 98% lead iodide, is
considered to have adverse effects on the crystallinity and
charge carrier lifetime of the prepared perovskite films.'>™"
Moreover, efficiency loss from small-scale perovskite devices to
large-area modules, along with poor reproducibility, is often
reported even when using high-purity precursors.'*** Previous
studies have also identified that good control of precursor
chemistry enables the fabrication of pinhole-free and compact
large-area perovskite films.”**®* However, achieving spatial
uniformity of perovskite films using precursor powder mixtures
remains challenging as the area increases.”” The obstacle to
scalability lies in the inhomogeneous distribution of impurities,
composition variations and defect density across different
regions within the perovskite film.”®** Therefore, elucidating
the relationship between solution chemistry and film unifor-
mity is crucial for ensuring scalability in industrial applications.

Perovskite single crystals (SCs) of various compositions, such
as MAPbI;,*”*° FAPDI;,***' FASnI;,** and even two-dimensional
perovskites,*** with high purity and accurate stoichiometric
ratios, have been used as precursor materials to ensure the
reproducibility and cost-effectiveness of the fabricated photo-
voltaic devices.***” The films prepared from perovskite SCs
inherit the materials' notable characteristics, such as high
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crystallinity, high purity, accurate stoichiometry, low trap
density, and good stability.”®**>*% However, a fundamental
understanding of the solution chemistry of perovskite single-
crystal precursors has not yet been well explored, which fails
to provide constructive guidance for further improving film
quality and device performance.

In this work, uniform FAPbI; perovskite films and devices of
large areas are well achieved based on colloidally uniform
single-crystal precursors. The economic viabilities of different
FAPDI; precursors, including the Pbl, + FAI powder and FAPbI;
SCs, are investigated. The photovoltaic performance of the
FAPbI; devices prepared using low-cost single crystals is
compared to those prepared using halide salts with a purity
exceeding 99.999%. The colloidal and chemical properties of
these FAPDbI; perovskite precursors are studied to elucidate the
key factors contributing to the observed variations in the
photovoltaic performance. The reproducibility and scalability of
the FAPDI; perovskite films and devices based on these
precursor materials are also explored. The challenge of inho-
mogeneity that arises during the scaling up of perovskite film
fabrication is addressed by utilizing FAPbI; perovskite single-
crystal precursors with the underlying colloidal behavior eluci-
dated. More encouragingly, the feasibility of the colloidally
uniform single-crystal precursor for scale-up promotion is
demonstrated with an impressive 20.7% efficiency achieved on
30 cm x 30 cm (aperture area: 663 cm?) perovskite submodules.
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Results and discussion

Performance of FAPbI; single crystal-based films and devices

First, black-phase (o-) and yellow-phase (3-) FAPbI; SCs were
synthesized by inverse temperature crystallization (scheme in
Fig. S1%) using just low-purity materials of 98% PbI, + synthe-
sized FAL**** No impurities peaks were detected in the XRD
patterns for both the 3-FAPbI; and a-FAPbI; SCs, confirming the
high purity of the synthesized single crystals (Fig. S2t). To
further assess the metal impurities in PbI, + FAI and single-
crystal precursors, inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) was utilized for the quantitative
analysis of metal elements, such as Ca, K, and Na, which have
been found to exert adverse effects on perovskite solar cell.** As
shown in Fig. 1a, the feasibility of producing high-purity
perovskite single crystals from low-purity preparatory mate-
rials is demonstrated by the significant inhibition of metallic
residues. The amounts of these impurities in both the synthe-
sized yellow- and black-phase perovskite single crystals are only
subtly different from those found in the high-purity materials of
99.999% PbI, + 99.5% FAI, indicating the high purity of the
single crystals. The nature of the perovskite SC synthesis can be
regarded as a thermodynamically driven self-purification
process.*>** Moreover, the mother liquor's high tolerance to
impurities enables its recyclability for the production of single
crystals. The purity of single crystals obtained from the circu-
lating mother liquor was found to remain consistent with those
obtained from the fresh solution (Fig. S31). Cost analysis was
conducted to assess the suitability of this SC-based method for
commercial scale-up production, where the approximate cost
difference when using single-crystal precursors was compared
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Fig.1 Performance of films and devices based on different FAPblz precursors. (a) Trace metal contents and material cost analysis for the low-
purity, high-purity Pbl, + FAI, synthesized 8-FAPbls and a-FAPbIs SCs. (b) J-V curves of the best perovskite solar cells under reverse scans; (c)
long-term operational stability of the devices based on Pbl, + FAI, 3-FAPbls and a-FAPbIs SCs; and (d) TRPL spectra of the perovskite films based

on low- and high-purity Pbl, + FAI, 8-FAPbIs and a-FAPbIs SCs.
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to the existing precursors (Tables S1 and S2}). Considering the
effect of temperature on the life of mother liquor, we estimated
FAPDI; SCs at $0.2478 per gram (3-FAPbI; SCs for 15 cycles) and
$0.2492 per gram (a-FAPbI; SCs for 10 cycles), while low- and
high-purity PbI, + FAI are $0.196 and $37.7 per gram, respec-
tively (Fig. 1a). The implementation of the single-crystal
precursor strategy has resulted in a remarkable reduction of
about 150-fold in the manufacturing costs of PV devices.

To ascertain the comparability of the FAPbI; single-crystal
precursor prepared from low-purity materials with conven-
tional high-purity PbI, + FAI precursors, we prepared perovskite
solar cells as the n-i-p configuration illustrated in Fig. S4.1 The
performance of perovskite solar cells based on traditional
precursors Pbl, + FAI is severely limited by the purity of lead
iodide, which undoubtedly increases production costs
(Fig. S51). The presence of residual elements, such as Ca, K and
Na, in the precursor can significantly compromise the perfor-
mance of the device, which aligns with previous findings.** The
encouraging discovery is that the FAPbl; SC-based perovskite
solar cells with an area of 0.085 cm?” exhibited greatly enhanced
performance compared to those utilizing Pbl, + FAI despite
possessing similar purity of the precursors. Fig. 1b shows the
current density (J)-voltage (V) curves of the PV devices based on
a-FAPDI; and 3-FAPbI; SCs, where higher PCEs of 25.0% and
23.8% are exhibited when compared to 22.7% of the device
based on high-purity Pbl, + FAIL. Moreover, the a-FAPbI; SC-
based devices exhibit the lowest hysteresis index (HI), with
a device V, of 1.17 V, short-circuit current density (Js.) of 26.0
mA cm 2, and fill factor (FF) of 82.4% (Fig. S61). Better repro-
ducibility of the devices fabricated from FAPbI; SCs is also
revealed herein (Fig. S71). The averaged open-circuit voltage
(Voe) value of these typical PV devices increases from 1.11 V for
PbI, + FAI to 1.14 V and 1.15 V for 3-FAPbI; and a-FAPbI; SCs,
respectively (Fig. S8t1). By integrating the external quantum
efficiency (EQE) over the AM 1.5G standard spectrum, the pro-
jected Js. of the Pbl, + FAI, 3-FAPbI; and a-FAPbI; SC-based
PSCs are 25.00, 25.38 and 25.46 mA cm >, respectively, which
match well with the measured J,. (Fig. S9t). Considering the
manufacturing cost that relates to chemical purity, it is also
worth noting that the PCE of the FAPbI; SC-based device does
not significantly improve when using lead iodides of higher
purity for the preparation of FAPbI; SCs (Fig. S101). Moreover,
Fig. S11t1 shows the stabilized power output (SPO) of the test
device at the maximum power point. The same trend is that the
maximum SPO value for the «-FAPbI; SC-based device is
24.66%, which is higher than that of 23.57% for the 3-FAPbI;
SC-based device or 22.40% for the Pbl, + FAI-based device. We
monitored the operational stability of the devices using
maximum power point (MPP) tracking under simulated 1-sun
illumination, as depicted in Fig. 1c. The PCEs of devices based
on d-FAPbI; and 3-FAPbI; SCs retained about 94% and 81% of
their initial PCE after 500 h of MPP tracking, respectively, while
that of PbI, + FAI rapidly declined to 75%.

The improvement in V,. and stability of the devices could be
ascribed to the reduction of defects in the perovskite film.
Therefore, steady-state photoluminescence (PL) and time-

resolved photoluminescence (TRPL) measurements were
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conducted to examine the trap density of the FAPbI; perovskite
films prepared from different precursors. As shown in Fig. S127
and 1d, for the low- and high-purity PbI, + FAI precursors, the
impurity concentration in the precursor significantly impacts
both the PL intensity and carrier lifetime of the film. The
reduction in calcium and sodium ions in the conventional Pbl,
+ FAI precursor leads to fewer carrier trap states.*” For the
FAPDI; films based on both 3-FAPbI; and «-FAPbI; SC precur-
sors, the PL intensities of the peak at around 810 nm are much
stronger than those of high-purity PbI, + FAIL According to the
TRPL data in Fig. 1d and Table S3,T the PL lifetime (t) of a-
FAPDI; SC-based film is much longer (122.82 ns) than that of -
FAPbI; SC (88.89 ns) and high-purity PbI, + FAI (73.58 ns). The
enhancement of PL intensity and lifetime indicates suppressed
non-radiative recombination and reduced defect density in the
FAPDbI; SC precursor films. These results suggest that, apart
from the metal ion purity, there must be some other differences
in the properties between Pbl, + FAI and FAPbI; single-crystal
precursors to cause discrepancies in performance.

Origin of different FAPbI; precursor properties

To investigate the factors that contribute to the superiority of
single-crystal-based device over traditional high-purity Pbl, + FAIL
device, structural properties of the deposited perovskite films
were analyzed by X-ray diffraction (XRD), scanning electron
microscopy (SEM) and grazing-incidence wide-angle X-ray scat-
tering (GIWAXS). Compared with the one based on PbI, + FAI
precursor, the films prepared by 3-FAPbI; and a-FAPbI; SC
precursors exhibit better crystallinity and higher phase purity
(Fig. S137). In addition, the residual lattice strain of the film can
be evaluated by applying the Williamson-Hall (W-H) method*»*
with data extracted from the XRD patterns. As the plots shown in
Fig. S14,1 the 3-FAPbI; and a-FAPbI; SC-based films exhibit lower
lattice strain compared to the film based on Pbl, + FAI. Moreover,
the SEM images in Fig. 2a-c demonstrate that the FAPbI; SC
precursor films exhibit larger and more uniform grain size
(Fig. S157), as well as smoother surface morphology compared to
the Pbl, + FAI precursor. Cross-sectional images also demonstrate
that the single-crystal precursor can enable films with larger,
intact and vertically grown grains. The GIWAXS results are shown
in Fig. 2d. While PbI, residue (scattering vector of ¢ =9 nm ™) is
observed in the sample of PbI, + FAI film, the films based on
single-crystal precursors exhibit a pure o-FAPbI; phase from
either 3-FAPDbI; or o-FAPbI; SCs. Fig. 2e shows that the single-
crystal precursor films display a sharper peak near the azimuth
angle of 90° after integrating the (100) diffraction intensity from
the GIWAXS data, suggesting a more preferred crystallization
along the vertical direction in these perovskite films. The results
suggest that the different FAPbI; perovskite precursors, although
with similarly high purity, could lead to the deposition of
perovskite films exhibiting diverse structural profiles.
Comprehending the crystallization pathways of the different
precursors is essential for identifying the causes of the distinct
properties. As previously reported, the perovskite precursor
solution is essentially a colloidal solution.*” Therefore, to better
study the FAPDI; single-crystal precursor and the traditional Pb,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Crystallinity of films based on different FAPbls precursors. (a—c) Top-view (top) and cross-sectional (bottom) SEM images. Scale bars: 1
um. (d) GIWAXS patterns and (e) derived azimuthal intensity profiles of the (100) peak of the FAPbIs perovskite films based on Pbl, + FAI, 3-FAPbl3

and a-FAPDbIz SCs.

+ FAI precursor, the high-purity single crystals of 3-FAPbI; and
a-FAPDI; were dissolved in solvents for use. Fig. 3a shows the
UV-vis absorption spectra of the diluted precursor solutions
that were prepared from Pbl,, Pbl, + FAI mixture, 3-FAPbI; and
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a-FAPDI; SCs. The characterization was conducted immediately
following the complete dissolution of different FAPbI; mate-
rials. The PbI, precursor exhibits a unique absorption peak at
around 325 nm, which is considered the signature of low-valent

Fig.3 Colloidal behaviors of different FAPbIs precursors. (a) UV-vis absorption spectra of diluted precursor solutions of Pbl,, Pbl, + FAI, 3-FAPDbls
and a-FAPbIz SCs. (b) Particle size distribution profiles of Pbl,, Pbl, + FAIl, 3-FAPblz and a-FAPblz SC precursors by DLS measurement. (c)
Schematic of the crystallization mechanism of the different FAPbls precursors.
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iodoplumbate.*®** However, in the Pbl, + FAI precursors,
a gradual reduction in the intensity of this peak is observed with
the increase in the FAI ratio (Fig. S16), while the intensity on
the characteristic peak of high-valent iodoplumbate at around
370 nm increases owing to the stronger coordination between
Pb>" and the incoming I~ ions.*** Nevertheless, Pbl, colloid
with lower valence is still the dominant type of iodoplumbate in
Pbl, + FAI precursor. Interestingly, the absorption spectra of
both 3-FAPbI; and a-FAPbI; SC precursor solutions exhibit only
one signature peak of high-valent iodoplumbate at 370 nm,
indicating that the chemical composition of the colloids in the
precursor is highly uniform. Moreover, some studies have sug-
gested that a high percentage of high-valent iodoplumbate in
the precursor could act as the structural framework of the
perovskite during crystallization, which would lead to better
morphology and higher crystallinity of the deposited
film.>”?3>3%51 Therefore, we then explored whether the FAPbI;
precursors based on the PbI, + FAI mixture and FAPbI; SCs
exhibit different colloidal behavior.

Dynamic light scattering (DLS) was used to measure the
particle size distribution of the precursor. As shown in the
profiles in Fig. 3b, the colloid size in the Pbl, precursor has
a limited range of 682-1398 nm, while that of the PbI, + FAI
precursor varies significantly from 630 nm to 7000 nm, indi-
cating an increase in the size of colloids in the PbI, + FAI
precursor compared to Pbl,. The increase in colloid size and
distribution range can be ascribed to the coordination between
I" and Pbl, colloids to form iodoplumbate clusters. Different
from the Pbl, + FAI precursor, the 3-FAPbI; and a-FAPbI; SC
precursors generally exhibit smaller colloids and a much nar-
rower size distribution. The smaller colloid size is attributed to
the dominance of the high-valent iodoplumbate with the highly

View Article Online
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uniform chemical composition,* suggesting that the dissolu-
tion of SCs into precursor solution exhibits a different colloidal
behavior from the PbI, + FAI precursor.

These results confirm that uniform colloids containing high-
valent iodoplumbate in FAPbI; SC precursor solutions serve as
the structural framework for perovskite growth and facilitate
the film formation of higher crystallinity. Meanwhile, the
uniform distribution of colloids could yield crystal nuclei with
similar growth kinetics during perovskite film formation.*
Based on these results, it is concluded that in the FAPbI; SC
precursors, the highly crystalline colloids composed of high-
valent iodoplumbate could better promote the growth of
highly ordered and uniform crystal grains, as revealed by the
GIWAXS results and SEM images. Therefore, we propose
a crystallization mechanism based on the behaviors of different
FAPDI; precursors, as shown in Fig. 3c. For the Pbl, + FAI, the
precursor behavior leads to increased colloidal size and the
formation of a random Pb-I skeleton with varied stoichiometry,
which makes the assembled colloid clusters and the perovskite
films have less crystallization orientation and poor phase purity.
In contrast, the 3-FAPbI; and a-FAPbI; SC precursor solutions
retain their pristine high-valent and uniform Pb-I skeleton
colloid originated from single crystals, which yields the films
with well-preserved highly oriented crystallinity.

The device was subjected to a series of characterizations to
further assess the impact of different colloidal behaviors on
performance. The non-radiative recombination caused by
defects in the device can be quantitatively evaluated using the
external quantum efficiency of electroluminescence (EQEg;).**
Fig. S171 shows an increasing trend in the electroluminescence
(EL) intensity of the device based on PbI, + FAI, 3-FAPbI; and a-
FAPDI; SCs. As revealed in Fig. 4a, under the injection current
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Fig. 4 Characterization of devices based on different FAPbls precursors. (a) EQEg —current density curves, (b) Mott—Schottky plots, (c) dark [-V
characteristics from SCLC measurements of the electron-only devices (structure shown as inset), (d) relationship between —dV/dJ and (Jec—J)*
in dark and (e) EIS data (fitting circuit model as inset) of the devices based on Pbl, + FAI, 3-FAPbIs and a-FAPbls SCs.
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density corresponding to J,., the peak EQEg;, values of the device
based on o-FAPbI; and 3-FAPbI; SCs were measured to be 6.08%
and 2.53%, respectively, while that of the PbI, + FAI sample was
1.05%. We calculated the voltage loss due to non-radiative
recombination (AVy, non-rad), Where the devices based on a-
FAPbI; and 3-FAPbI; SCs exhibited lower AVoc, non-raa Of 0.069 V
and 0.095 V than the Pbl, + FAI (0.118 V), respectively, which is
consistent with the V,. difference in the j-V curves. Mott-
Schottky plots (Fig. 4b) were used to further evaluate the charge-
carrier dynamics in the prepared devices. The Pbl, + FAI-based
device reveals a low built-in potential (0.79 V), while the values
for the 3-FAPbI; and «-FAPDbI; SC-based devices increase to
0.87 V and 1.00 V, respectively. As shown in the space-charge
limited current (SCLC) measurement in Fig. 4c, the trap-filled
limit voltage (Vrpr) decreased from 0.508 V for PbI, + FAI to
0.413 V for 3-FAPbI; SC and 0.223 V for «-FAPbI; SC. The trap-
state densities (p) are calculated to be 3.54 x 10'%, 2.88 x
10" and 1.55 x 10"® cm ™2 for Pbl, + FAI, 3-FAPbI; and o-FAPbI,
SC-based devices, respectively. To better understand the origin
of the enhanced V,. in FAPbI; single crystal-based devices,
a series of device comparisons were conducted with the results
shown in Fig. 4d, S18 and S19.f As the relationship between
effective voltage (Veg) and photocurrent density (J,n) shown in
Fig. 18,1 in the low V¢ region where Jp,j, is not saturated,’>*®
Pbl, + FAI-based devices exhibit a lower photocurrent density
than that of 3-FAPbI; and a-FAPbI; SC-based devices. The ideal
factor (n) calculated from the relationship between —dV/dJ and

(a) (b)

/
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(Js«=J) " in Fig. 4d also indicates that the 3-FAPbI; and a-FAPbI,
SC-based devices have higher charge-carrier transport capa-
bility. In addition, compared to conventional powder mixture
precursors, the lowest saturation recombination current density
(Jo) of the device based on a-FAPbI; SC precursor (Fig. S19t)
further confirms its ability to suppress the non-radiative
recombination that is associated with voltage loss. Transient
photovoltage (TPV) decay (Fig. S20t) and electrochemical
impedance spectroscopy (EIS) curves (Fig. 4e) also indicate that
the devices based on single-crystal precursors have fewer
defects than the Pbl, + FAI device.

Single-crystal precursor for high-performance modules

To achieve scalable fabrication of perovskite devices with high
performance, the uniformity of the films needs to be ensured.
The PL mapping results of 2 cm x 2 cm FAPbI; perovskite films
show that there is no significant difference in uniformity
between perovskite films derived from single-crystal precursors
and those derived from powder mixture precursors, except for
the advantage of PL intensity (Fig. S21t). However, the differ-
ences between these perovskite films become more pronounced
as the area increases. The FAPDbI; single crystal-based samples
also show more uniform UV-vis absorption profiles (Fig. 5a)
than the Pbl, + FAI mixture, regardless of different locations on
the same 30 cm x 30 cm film. The variation of PL mapping
intensity of PbI, + FAI and &-FAPbI; SC precursor films in
different locations is visualized in Fig. 5b and S22-S24.7 The
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Fig.5 Scalability of devices based on FAPbls SC precursors. (a) UV-vis absorption spectra of different regions on 30 cm x 30 cm sized perovskite
films based on Pbl, + FAI, 3-FAPblz and a.-FAPbIz SCs. (b) PL mapping results of the perovskite films prepared by Pbl, + FAI, 3-FAPbls and a.-FAPbI3
SCs (film size: 30 cm x 30 cm, measurement region: 40 um x 40 pm, scale bars: 10 um). (c) lllustration of the FAPbls perovskite solar module
structure. (d) J-V curves for the 30 cm x 30 cm FAPbl; perovskite solar modules based on Pbl, + FAI, 3-FAPbIz and a-FAPblz SCs with an

aperture area of 663 cm? (inset: photograph of the solar module).
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presence of spatial inhomogeneity is observed in large-area
films based on PbI, + FAI precursors, which can be attributed
to the random nature of the precursor colloid (Fig. S227). The
uniformity of the precursor colloid size influences the crystal-
lization rate of films in different regions. Such comparison also
indicates that the single crystal-based films possess greater
scalability than the PbI, + FAI mixture (Fig. S23 and S247). In
addition, a-FAPbI; SC-based perovskite films exhibit the nar-
rowest distribution of PL mapping intensity, which is attributed
to the homogeneous control of the colloidal properties in the
precursor. The comparison of the total PL intensity distribution
between these perovskite films (Fig. S25f) shows that the
chemical homogeneity of precursor colloid is of great signifi-
cance for the overall unity and photoelectric properties of large-
area films.

Owing to the high uniformity of the single-crystal precursor,
we fabricated 30 cm x 30 cm sized perovskite modules with an
aperture area of 663 cm” (structure illustrated in Fig. 5c). Table
S47 presents the device parameters of Pbl, + FAI, 3-FAPbI; and
a-FAPDbI; SC-based submodules under reverse scans. As shown
in the J-V curves in Fig. 5d, PCEs of 19.7% and 20.7% were
achieved using 6-FAPbI; and o-FAPbI; SCs, respectively. The
submodule efficiency based on a-FAPbI; SCs has been certified
to be 20.4% with a V. of 57.5 V, I of 0.302 A, and FF of 77.8%
(Fig. S26 and S271). Meanwhile, the PCEs of the submodules
based on PbI, + FAI were only 17.6%. More importantly, the a-
FAPDI; SCs used to fabricate the highest module PCE originated
from low-purity and low-cost lead iodide, which greatly reduced
the commercial cost of the manufacturing process.

Conclusions

In summary, in this work, we investigated and revealed that the
colloid behavior of the perovskite precursor varies with the
starting materials and can greatly affect photovoltaic perfor-
mance. The FAPbI; single-crystal precursor's behavior could
exert good control over the chemical composition and colloidal
properties, which is more favorable than the traditional PbI, +
FAI precursor's behavior in terms of phase purity, crystallization
orientation, reduced defect density and large-area uniformity
for film deposition. By preparing the perovskite single crystals,
low-purity materials can also achieve high-performance perov-
skite photovoltaics, which exhibit an impressive efficiency of
20.7% even in large-area perovskite submodules with a 663 cm?
aperture area. These findings provide a fundamental under-
standing of the single-crystal precursor engineering of not only
FAPDbI; perovskite but also other solution-based soft-lattice
materials in various optoelectronic applications. More impor-
tantly, understanding such solution chemistry is beneficial for
the scaling-up fabrication of perovskite solar cells, especially for
low-cost flow-line production.
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