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SOLAR CELLS

Aqueous synthesis of perovskite precursors for
highly efficient perovskite solar cells
Peide Zhu?t, Deng Wang"?31, Yong Zhang"?*1, Zheng Liang®, Jingbai Li°, Jie Zeng"?>,

Jiyao Zhang™?, Yintai Xu', Siying Wu®, Zhixin Liu*?, Xianyong Zhou'?, Bihua Hu'?, Feng He’,
Lin Zhang®, Xu Pan*, Xingzhu Wang"'°*, Nam-Gyu Park™'2*, Baomin Xu"?*

High-purity precursor materials are vital for high-efficiency perovskite solar cells (PSCs) to reduce
defect density caused by impurities in perovskite. In this study, we present aqueous synthesized
perovskite microcrystals as precursor materials for PSCs. Our approach enables kilogram-scale mass
production and synthesizes formamidinium lead iodide (FAPbI3) microcrystals with up to 99.996%
purity, with an average value of 99.994 + 0.0015%, from inexpensive, low-purity raw materials. The
reduction in calcium ions, which made up the largest impurity in the aqueous solution, led to the
greatest reduction in carrier trap states, and its deliberate introduction was shown to decrease device
performance. With these purified precursors, we achieved a power conversion efficiency (PCE) of
25.6% (25.3% certified) in inverted PSCs and retained 94% of the initial PCE after 1000 hours of

continuous simulated solar illumination at 50°C.

Ithough perovskite solar cells (PSCs)
offer the potential for low-cost fabrica-
tion and high power conversion efficiency
(PCE) of 26.1% (1), defects in the perov-
skite layer have been a major challenge
to achieve high PCEs (2, 3), and previous
studies have primarily focused on passivating
these defects through additives (4-6) or inter-
facial modifications (7-9). In addition to defect
passivation, impurities in commercial lead
iodide (Pbl,) reagents can catalyze perovskite
solution degradation and the formation of
harmful by-products (10). Moreover, a non-
stoichiometric ratio of formamidinium iodide
(FAI) and Pbl, in the precursor mixture can
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cause I, impurity generation and lower the
solution's pH with aging, which ultimately
reduces PSC performance (11, 12). Precursor
quality plays a crucial role in addressing these
challenges, with high-purity precursor materials
demonstrating considerable potential in mini-
mizing the impurity-induced intrinsic defects
(13-16). Thus, finding ways to remove precursor
impurities, along with a better understanding
of the effects of impurities, could improve PSCs
performance.

One approach to address these intrinsic
factors is to use crystallization for purification;
in this case, redissolving presynthesized perov-
skite microcrystal powders as precursors for
subsequent perovskite film fabrication. This
method can achieve a high degree of crystal
orientation, accurate stoichiometric ratio, and
low trap-state density (17, 18). Notably, perov-
skite microcrystals such as methylammonium
lead iodide (MAPDI3) and formamidinium lead
iodide (FAPbI;) have been used as precursors
for PSCs fabrication (17, 19). The mainstream
methods for synthesizing these perovskite
crystals rely on mechanochemistry or wet
chemistry with organic solvents such as ace-
tonitrile (ACN) (20-22), 1,4-butyrolactone
(23), and 2-methoxyethanol (2-ME) (19, 24).
Nevertheless, these approaches are plagued
by challenges related to achieving high pu-
rity, minimizing environmental impact, and
optimizing yields. Moreover, there is a no-
table absence of studies that quantitatively
assess the purity of synthesized perovskite
microcrystals.

The use of water as a solvent for perovskite
synthesis could take advantage of its polarity,
hydrogen bonding capabilities, its low volatility
at room temperature, and is more environmen-
tally suitable. However, the current use of water
as a solvent in the synthesis of perovskite micro-
crystals remains relatively constrained. There-
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of high-purity crystals and improve the quality
of perovskite films.

In this work, we present the synthesis and
characterization of an aqueous-synthesized pe-
rovskite microcrystal (ASPM) that enhanced
the quality of perovskite precursors. The high
yield of 92% was obtained in a kilogram-scale
synthesis of FAPbI;, with a materials cost two
orders of magnitude lower than that of com-
mercial Pbl, and FAI. By removing the im-
purities of calcium (Ca>*), which has the highest
impurity concentration, along with the sodium
(Na*) and potassium (K*) ions in the aqueous
solution, the purity of FAPbI; microcrystals
achieved an average value of 99.994 + 0.0015%.
Removal of these ions led to a reduced defect
density and extension of carrier diffusion length
within the resultant perovskite film, which
contributed to the superior performance of PSCs.

Aqueous synthesis of perovskite microcrystals

We first investigated the properties of the
solvents used for synthesizing high-quality
perovskite microcrystals to find out the sel-
ection criteria. We compared the solubility
of 3-FAPbI; in aqueous solvents and other
commonly used solvents in PSCs (Fig. 1A). The
relations between Gutmann donor number
(Dy), dielectric constant (g,), and median lethal
dose (LDs) for the solvents were shown in Fig.
1B and table S1. Solvents with low Dy and €.,
indicated in gray, such as ethyl ether (Et,O) and
ethyl acetate (EA), did not dissolve perovskite
and are ideal antisolvents for film synthesis.
Conversely, solvents with a Dy exceeding
20 kcal/mol exhibited excellent solubility
for FAPbI; microcrystals, including N,N-
dimethylformamide (DMF) and dimethyl sulf-
oxide (DMSO) (indicated in orange), as they
could strongly coordinate with Pb>* in FAPbI,.
Solvents with €, > 18 but Dy < 20 kcal/mol,
such as ethanol (EtOH), isopropanol (IPA),
and water (H,0), dissolved the FAI in FAPDbI;
without dissolving Pbl,. Notably, H,O has a
much larger LD5, value compared with that
of the other solvents and could dissolve Pbl,
in the presence of I” ion. The stability of FAPbI;
in H,O could be adjusted by adding hydrogen
iodide (HI) (47 wt.%). As shown in Fig. 1A,
FAPDI; was nearly insoluble at a certain con-
centration of HI, which may have been be-
cause the I" in the HI solution can stabilize the
FAPDI; octahedral framework (25), indicating
the possibility of FAPbI; synthesis in aqueous
solution.

To confirm the feasibility of synthesizing
FAPDI; in aqueous solution, we studied the HI
concentration-dependent solubility of FAI,
Pbl,, and FAPbI; (Fig. 1C). In a 2-mol/L HI
solution, FAI exhibited a high solubility of
>5 mol/100 g, whereas Pbl, had a low solubility
of <1 x 1072 mol/100 g. FAPbI,; decomposed
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Fig. 1. Aqueous synthesis of FAPbI3 perovskite microcrystals. (A) Front and
bottom photographs of the 1-mL various solvent vials containing 1 mmol of

8-FAPbI;3 at room temperature. The dashed boxes represent the corresponding
colored solubility (B). y-GBL, y-butyrolactone; PhH, benzene; TOL, toluene; CB,

into Pbl, and FAI, with Pbl, precipitating and
FAI dissolving. As the concentration of HI
increased, the solubility of Pbl, increased to
over 1 x 107! mol/100 g, whereas the solu-
bility of FAI showed a slight decrease but
remained high. By contrast, FAPbI; showed
negligible solubility compared with Pbl,. These
results indicate the potential for synthesizing
FAPDI; perovskite microcrystals from FAI and
Pbl, in an HI aqueous solution.

Considering the sources of FAI and Pbl,, we
synthesized the FAPbI; perovskite microcrystals
using aqueous-soluble lead acetate trihydrate
(PbAc,-3H,0, 99.5% purity) and formamidine
acetate (FAAc, 99% purity) as raw materials in
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7>pH>2.2

2.22pH>1.9

HI aqueous solution. We confirmed the poten-
tial elemental impurities through an inductively
coupled plasma-optical emission spectrometer
(ICP-OES), which is a semiquantitative elemen-
tal full-spectrum scanning analysis test. Impurity
analysis revealed the presence of inorganic metal
elements (Ca, Na, and K) in the raw materials
(table S2), which are also found in conventional
precursors [cesium iodide (CsI), methylammonium
iodide (MAI), FAI and even 99.99%-purity Pbl,]
(fig. S1 and table S3).

The synthesis solution's pH played a crucial
role in by-product formation (Fig. 1D and fig.
S2). At pH = 7, the aqueous solution of PbAc,
and FAAc (1:1) remained in the solution with-
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Pb2+
v HAc
A FA*

chlorobenzene; DMAc, dimethylacetamide; NMP, N-methyl-2-pyrrolidone. (B) Dy
and ¢, of the various solvents. (C) HI concentration—dependent solubility of
FAI Pbl,, and FAPbI3. (D) Schematic illustration of PbAc, and FAAc in different
pHs of HI aqueous solution.

out any precipitate (Egs. 1 and 2). For 7 >
pH > 2.2, PbAc, reacted with HI to form weak
acetic acid (HAc) (Eq. 3), and PbI, began to
precipitate (Eq. 4). If the reactant content was
low, FAPbI; could not form as it dissolved.
By keeping pH between 1.9 and 2.2, Pbl, dissolved
and converted into PbI’(‘; %) scaffolds (26). In this
regime, the reaction in Eq. 5 dominated the sys-
tem. When the pH was <1.9, the solubility of Pbl,
products remained high, and the intercalation
of FA" into the PbI, ., scaffolds led to the for-
mation of FAPbI; (Eq. 6) without observing the
Pbl, peak signal in the x-ray diffraction (XRD)
pattern (fig. S2). Therefore, we used an opti-
mized pH below 1.9 and an optimized PbAc,:
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Fig. 2. The purification of aqueous synthesized perovskite microcrystals.
(A) SEM images (top) and XRD pattern (bottom) of &-FAPbI3 microcrystals. a.u.,
arbitrary units. (B) Digital photograph of large-scale synthesized §-FAPbl3
microcrystals. (C) ICP-OES results of major elements. Raw, control, and ASPM
are respectively present for 1:1 PbAc,:FAAc, 1:1 Pbl,:FAI, and aqueous synthesized
8-FAPbl3 microcrystals. (D) Qualitative comparison of Ca®* ion content in raw

FAAc:HI molar ratio of 1:1.2:3.2 for high-
quality FAPbI; perovskite microcrystals with
minimal by-products (fig. S3).

PbAc, — Pb%* + Ac” %)
FAAc — FA' + Ac™ 2)

H" + Ac — HAc 3)
Pb** + I" — Pbl,| (4)
Pbl, + XI” — PbL,y (5)
PbI%.,, + FA* — FAPbI,| (6)

We used scanning electron microscopy (SEM)
and XRD to analyze the morphology and struc-
ture of the resulting FAPbI; perovskite micro-
crystal. The synthesized yellow powder displayed
a one-dimensional (1D) rod-type shape with a
maximum length of 50 um and exhibited a

Zhu et al., Science 383, 524-531 (2024)

typical hexagonal & phase with P6;mc space
group (Fig. 2A) (27). Energy dispersive spec-
troscopy (EDS) for the chemical composition
mapping of one 5-FAPbI; microcrystal showed
the uniform distribution of the N, Pb, and I
elements in the crystal (fig. S4). A high yield
of FAPbI; microcrystals (92%, 1237 g) was ob-
tained in a single batch (Fig. 2B), demonstrating
the potential for large-scale commercializa-
tion of PSC precursors. Notably, this synthe-
sis method allows for the synthesis of other
3D perovskites (fig. S5). We denoted these
aqueous synthesized perovskite microcrys-
tals as ASPM.

To comprehensively analyze impurities in
the raw materials PbAc,+FAAc (denoted as
“raw”), conventional precursor Pbl,+FAI
(denoted as “control”), and ASPM, we con-
ducted quantitative element analysis using
ICP-OES, considering a total of 62 metal im-
purities. As shown in Fig. 2C, Ca®*, Na* and K*
were the predominant impurities in the raw
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materials and synthesized perovskite microcrystals by means of Ca®* ion fluorescent
probe technology. The optical images (top) and confocal fluorescence images
(bottom) of the L929 fibroblasts loaded with Fluo-4 AM after ionomycin stimulation.
Blank is original cells without any added test sample. (E) Time-dependent change
of the fluorescence in a Fluo-4 AM-loaded L929 fibroblasts in response to ionomycin.
The arrow indicates the time at which ionomycin was added.

materials, with a total impurity concentration
>3500 parts per million (ppm), and the con-
trol sample also exhibited an impurity con-
centration of ~380 ppm (table S4). However,
the aqueous synthesized FAPbI; reduced the
impurity concentration to <80 ppm (table S5).
This substantial reduction in impurity content
compared with that of the raw and control
powders indicated that the purification process
was effective.

We conducted a Ca®* fluorescence probe ex-
periment on the powders to visually dem-
onstrate the impurity of Ca®* ion (28). Fluo-4
AM, a cell-permeable acetoxymethyl ester, has
enhanced fluorescence intensity upon binding
Ca®* (29). In Fig. 2D, the green fluorescence of
the raw and control powders was brighter than
that of the ASPM powder. The ASPM powder
also showed the gentlest rise slope of 0.307
(table S6), with the lowest final intensity except
for the blank sample, reflecting the exceptionally
low concentration of Ca®* in ASPM (Fig. 2E). We
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Fig. 3. The nucleation and crystallization process of perovskite films.

(A) DLS of the FAgsMAg1Cso.05Pbls prepared from the conventional mixture
(denoted as control) precursor and perovskite microcrystals (denoted as ASPM)
precursor. (B) In situ GIWAXS measurements of the as-coated perovskite solution from
the control and ASPM precursors under 100°C annealing. g, scatter vector. (C) The

attributed the reduction of impurity ions to the
extensive dissolution of these ionic salts by
the aqueous solution in the reaction. As shown
in fig. S6A, the solubility of the Cal, was >230 g
in 100 g of H,0, which was two orders of mag-
nitude higher than in organic solvents such as
ACN (6.99 g/100 g) and 2-ME (4.69 g/100 g).
Thus, the concentration of Ca>* (as well as that
of Na* and K*) in FAPbI; microcrystals syn-
thesized from aqueous solution were lower
compared with those synthesized from ACN
and 2-ME (fig. S6B). The FAPbI; perovskite
synthesized in aqueous solution exhibited a
champion purity of 99.996% with an average
value of 99.994 + 0.0015%, surpassing that of
those synthesized in organic solvents (99.831%
in ACN and 99.815% in 2-ME) (fig. S6C). Ad-
ditionally, we confirmed the absence of no-
ticeable hydrogen-containing impurities in
FAPDI,; microcrystals through the 'H nuclear
magnetic resonance (NMR) spectrum (fig.
S7). Furthermore, we ascertained the excep-
tional dryness of the synthesized microcrystals
with a trace water content of 101.0 + 15.0 ppm
(table S7).

‘We calculated the materials cost of the aqueous
synthesized 6-FAPbI; microcrystals for kilogram-
scale synthesis. The materials cost of 3-FAPbI;
microcrystals was as low as US$0.2259 per gram,
which was nearly two orders of magnitude lower

Zhu et al., Science 383, 524-531 (2024)
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than the retail prices of commercial Pbl, and
FAI (tables S8 and S9). The §-FAPbI; micro-
crystals also showed six-month storage sta-
bility under ambient conditions (fig. S8). The
thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA) indicated a
precise stoichiometric ratio of FAPbI; (figs.
S9 and S10).

Perovskite film crystallization

To prepare a precursor solution for the fabri-
cation of FA g5sMA(1Csg 05Pbl3 perovskite film,
we used a mixture of aqueous synthesized FAPbI,
MAPDI;, and CsPbl; microcrystals and the mix-
ture of commercial FAI, Pbl,, CsI, and MAI in
solvents for the ASPM and control precursor
solution, respectively. As shown in the dynamic
light scattering (DLS) measurement (Fig. 3A),
the control precursor formed colloids with an
average size of 134 nm, whereas the ASPM
precursor contained larger colloids with an
average size of 293 nm. The ASPM displayed a
stronger typical Tyndall effect that also con-
firmed the presence of larger colloids.

We used synchrotron-based in-situ grazing-
incidence wide-angle x-ray scattering (GIWAXS)
to analyze the crystallization Kinetics of the as-
coated perovskite solution under annealing for
340 s. As shown in Fig. 3B, at the initial state,
three peaks were found in control films located
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integrated intensity of a (100) peak versus annealing time extracted from the in situ
GIWAXS results. (D and E) 2D GIWAXS images of perovskite films from control (D)
and ASPM (E) precursors deposited on a silicon wafer substrate. The incidence angle
is 1° g,, out-of-plane scattering vector, gy, in-plane scattering vector. (F) The integrated
intensity plots azimuthally along the ring assigned to the a-FAPbl; (100) lattice plane.

at scattering vector g = 5.21, 6.64, and 849 nm ™,
which were assigned to the perovskite inter-
mediate phase of DMSO adduct or the hex-
agonal perovskite polytype 2H (30). However,
in the ASPM film, no obvious peak was ob-
served at the initial state given the presence of
the amorphous perovskite colloids.

As the annealing time increased, the a-phase
FAPDI; (100) plane of both two films appeared
at the same time. The control perovskite film
phase formed from the intermediate phase,
whereas the ASPM perovskite film formed
directly from the FAPbI; colloids. During an-
nealing for ~250 s until the formation of the final
state, the Pbl, peak appeared in the control
perovskite film, indicating the occurrence of
nonstoichiometric or unbalanced composition
reactions in the perovskite film for the control
precursor solution. However, the Pbl, peak was
absent in the ASPM perovskite film because
of the stoichiometric composition. For the ASPM
film, the peak of a-FAPbI; (100) became more
intense, indicating the generation of high-quality
o-FAPDI; films (Fig. 3C). The SEM and AFM
results showed that the surface morphology of
the film fabricated from the ASPM precursor
was compact and flat, whereas the one derived
from the control precursor exhibited wider
grain boundaries with some small crystals
filled (fig. S11).
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Fig. 4. Carrier transport mechanism. (A) Representative DFT calculation of Ca®*
in a-FAPbI3 lattices using 2x2x2 perovskite supercells. (B) The calculated
destabilization energy of the three defect models (FA* site substitution, Pb?* site
substitution, and interstitial) based on the 1x1x1, 2x2x2, and 3x3x3 perovskite supercell
size. The absence of certain data means the results are unavailable because the cells
were distorted and not converged correctly during the geometry optimization, which

The 2D GIWAXS patterns shown in Fig. 3, D
and E, exhibited an intense and integrated Debye-
Scherrer ring at ¢ = 10 nm ™, which corresponded
to the a-FAPDbI; (100) lattice plane. To obtain
azimuthal-dependent intensities, we extract 1D
integrated intensity data for the a-FAPbI; (100)
plane in GIWAXS patterns (Fig. 3F). The pre-
ferred azimuthal angles 24° (156°) and 54° (126°)
of ASPM film confirmed that the large-sized

polyiodide colloids could trigger the preferred

Zhu et al., Science 383, 524-531 (2024)

orientation during film formation (fig. S12),
in which two dominant preferred orienta-
tions could improve carrier transport com-
pared with random distributions and reduced
shallow traps (31).

Charge transport

To find out how the presence of impurities af-
fected the stability of the perovskite structure,
we used density-functional theory (DFT) to
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suggests highly unstable defects. (C) Steady-state PL spectra of the control and
ASPM precursor-based perovskite films, HTL/perovskite films, and perovskite/Cgo
films. (D) The charge-carrier diffusion length of the control and ASPM precursor—
based perovskite films. (E) Dark current (/)-voltage (V) data for hole-only devices
based on control and ASPM precursors. Vr, trap filled limit voltage. (F) tDOS
obtained by thermal admittance spectroscopy for the control and ASPM devices.

calculate the destabilization energies associated
with the placement of impurities, including Ca>*,
Na', K, and vacancies, within the FAPbI; perov-
skite lattice. The DFT was conducted by using
three different models (A-site substitution, B-site
substitution, and interstitial site) and varying
perovskite supercell sizes (1x1x1, 2x2x2, and
3x3x3 perovskite supercells) (Fig. 4A, fig. S13,
and table S10). The destabilization energy
was the unstable energy for the defect states
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Fig. 5. Characterization of the PSCs. (A) Cross-sectional SEM image of the
p-i-n PSCs. (B) Current density-voltage (J-V) curves of control and ASPM
precursor-based PSCs. (C) Statistics of the photovoltaic parameters of PSCs
based on control and ASPM precursors. (D) EQE spectra and integrated Jsc of

compared with that of the pure perovskite (0 eV)
by the introduction of ions or vacancy, suggest-
ing that the existence of defects contributes
to the instability of the perovskite structure. As
shown in Fig. 4B, the destabilization energy
for Ca®*, Na*, K*, and vacancy was Ca®>* < K* <
Na' < vacancy, regardless of the supercell size.
We constructed various supercells with substi-
tution ratios of 20, 2.5, and 0.7%. Nevertheless, the
observed changes in the instability energy were
negligible for this range of supercells, implying
that even a small quantity of impurity can de-
stabilize the perovskite structure and affect the
charge-carrier transport.

We conducted additional DFT calculations to
evaluate the defect band energy associated with
both Ca-introduced defects and intrinsic de-
fects, alongside their defect formation energy
within the context of three distinct I conditions
for FAPbI; film growth, as shown in figs. S14
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Time (h)

and S15 and table S11. The results reveal that
Ca®" could serve as shallow traps in the
FAPDI;, underscoring the necessity of eliminat-
ing Ca" in the perovskite.

We observed the photogenerated carrier
behavior of the perovskite film through the
photoluminescence (PL) and time-resolved
photoluminescence (TRPL) spectra. The PL
spectra at 793 nm showed no peak shift be-
tween control and ASPM films, indicating sim-
ilar optical bandgaps (Fig. 4C and fig. S16). The
steady-state PL intensity of the ASPM film
showed higher intensity than that of the control
film, which was attributed to the lower concen-
tration of impurities. TRPL was measured on
the control and ASPM perovskite films with
or without a carrier quenching layer (fig. S17).
TRPL data demonstrated approximately two
times longer average carrier lifetimes (t,.) for
the ASPM perovskite film compared with that
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the champion ASPM precursor—-based PSCs. (E) The stabilized output of the
champion device tracked at the MPP under standard AM 1.5G illumination.
(F) Unencapsulated PSC performance tracking at the MPP under continuous
AM 1.5G illumination for 1000 hours in N, atmosphere.

of the control film (3163 ns versus 1675 ns)
(table S12) (32). By conducting the temperature-
dependent PL and TRPL (figs. S18 and S19 and
table S13) as complementary analyses, we can
reasonably infer that the shorter average carrier
lifetimes may be attributed to the presence of
quenching traps in the control perovskite films.

We evaluated the charge-carrier diffusion
length on the basis of the TRPL results of perov-
skite films with a carrier quenching layer {[2-
(9H-carbazol-9-yl) ethyl] phosphonic acid
(2-PACz) and Cg, for hole and electron quench-
ing, respectively} according to a simplified 1D
diffusion model (Eq. 7) (33):

! 1
7qQ /o

where Ly, is the charge-carrier diffusion length, L
is the thickness of the perovskite film, and tq

Ly 2
T

(7)
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and 1, are the time-resolved photoluminescence
with or without the quenching layer, respec-
tively. The result showed that the electron and
hole diffusion lengths of control films were 981
and 799 nm, respectively, whereas ASPM showed
electron and hole diffusion lengths of 2449 and
2390 nm, respectively, indicating a prolonged
charge-carrier lifetime and balanced charge ex-
traction (Fig. 4D). The ASPM films also dis-
played a lower density of trap states within the
bandgap (figs. S20 and S21 and table S14:).
We estimated the trap densities (Viy,p) using
the hole-only device structure of glass/ITO/
2-PACz/perovskite/Au. The Ny, of the ASPM
film was calculated to be 2.84 x 10*° cm ™2,
which was lower than that of the control device
(5657 x 10®° em™) (Fig. 4E, fig. $23, and table
S15). We also conducted temperature-dependent
thermal admittance spectroscopy to distin-
guish the trap states in PSCs. The shallow
trap states were more likely to originate inter-
nally within the perovskite (Band I), whereas
the deep trap states primarily correlated with
surface defects in the perovskite (Bands II and
I1I) (34). In the ASPM, the trap density of
states (tDOS) intensity decreased 10-fold in
the Band I region (Fig. 4F, figs. S22 and S23,
and table S16). The Band I region could be related
to the impurities present in the perovskite
films, particularly the Ca®* impurity (fig. S24).
These results indicated that a relatively high
density of defects in ASPM perovskite was
reduced by the removal of impurities.

Photovoltaic performance and stability

We fabricated p-i-n inverted structure PSCs
with the configuration of ITO/2-PACz/
FA(85MA(1CSo.05PbIs/Cso/BCP/Cu { ITO, indium
tin oxide; 2-PACz, [2-(9H-Carbazol-9-yl) ethyl]
phosphonic acid; FA, formamidinium; MA,
methylammonium; BCP, bathocuproine} to
confirm the performance of ASPM perovskite
precursors (Fig. 5A and fig. S25). The PSCs
based on the ASPM precursor had a champion
efficiency of 25.6%, with an open-circuit voltage
(Vo) of 119 V, a short-circuit current density
(Jsc) of 25.0 mA/cm?, and a fill factor (FF) of
0.860, whereas the control PSCs achieved a
champion efficiency of 23.7%, with a Voc 0f 114V,
Jsc of 249 mA/cm?, and an FF of 0.832 (Fig. 5B).
We compared 40 devices in eight different
batches to check the fabrication reproducibil-
ity (Fig. 5C). The ASPM devices exhibited good
reproducibility, averaging a PCE of 25.0% and
a Voc of 1.18 V, whereas the control devices
yielded an average PCE of 23.1% and an aver-
age Voc of 1.13 V. The ASPM PSCs exhibited a
prolonged carrier lifetime [4.29 us in transient
photovoltage (TPV)] and a shorter photocurrent
decay [0.326 us in transient photocurrent (TPC)]
compared with those of control PSCs (2.85 us
in TPV and 0.667 us in TPC), suggesting en-
hanced radiative recombination and better
charge-carrier extraction (fig. S26). The integrated
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Jsc (24.9 mA/cm? for ASPM and 24.6 mA/cm? for
control) from the external quantum efficiency
(EQE) matched well with the Jgc from the J-V
curve of 25.0 and 24.9 mA/cm? for ASPM and
control devices, respectively, within an error of
<2% (Fig. 5D and fig. S27). The higher perfor-
mance of the ASPM devices could be attributed
to the removal of the impurities, especially Ca>*,
which exerts adverse effects on the perfor-
mance of PSCs, such as the creation of trap
states (fig. S28 and S29).

We tracked the best device for maximum
power point (MPP) at 37 + 1°C with a bias voltage
of 1.06 V for 600 s and obtained a steady-state
PCE of 25.5% (Fig. 5E), which was higher than
the control devices (fig. S30). To further vali-
date our results, we sent one of the best devices
based on the ASPM precursor to an accredited
independent photovoltaic testing institution
and the device achieved a certified PCE of 25.3%
(fig. S31) (35, 36). The devices also showed neg-
ligible hysteresis (fig. S32 and table S17).

We tested the light stability of the devices
under continuous simulated AM1.5G (100 mW/
cm?) light radiation. As shown in Fig. 5F, the
unencapsulated PSCs based on ASPM precur-
sor maintained 94% of the original PCE after
1000 hours of light exposure under the N, atmo-
sphere, with a surface temperature of 50 + 5°C.
In contrast, the PSCs based on control precur-
sors exhibited a slow decrease within 300 hours,
a larger decrease between 300 to 500 hours
mainly because of temperature-induced per-
formance degradation and ultimately decreased
to 76% of the initial PCE after 1000 hours. Ad-
ditionally, ASPM devices showed higher stability
than control devices even under more extreme
thermal and humidity conditions, including
under 85°C temperature and 85% relative
humidity (fig. S33). The XPS and XRD char-
acterizations proved that the superior stability
of ASPM devices was attributed to the high
purity of the ASPM perovskite film, which
preserved a relatively intact lattice framework,
preventing the degradation (fig. S34: and S35).

The ASPM precursor method was also ap-
plicable to wide bandgap PSCs. By using a wide
bandgap (1.73 eV) composition of FA,gCsg,Pb
(Io7Brg 3)3, the ASPM precursor-based PSCs
achieved an improvement in PCE from 16.3%
t0 20.0% in p-i-n structure with an increase in
Voc from 1.16 V to 1.27 V (fig. S36).

Discussion

Our study successfully demonstrated the scal-
able synthesis of ultrapure perovskite micro-
crystals with an aqueous solution method.
We emphasized the detrimental impact of
impurities in the perovskite precursor on bulk
defects and, consequently, the performance of
PSCs. Our findings reveal substantial improve-
ments in both PCE and stability, highlighting
the potential of ASPM to address these issues
through the elimination of impurities, espe-
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cially Ca®*. Furthermore, our aqueous synthesis
approach proved versatile, enabling the pro-
duction of various halide- and cation-based lead
perovskite microcrystals. This versatility expands
the scope of potential applications beyond photo-
voltaics, offering opportunities for innovation
in diverse fields. Therefore, our work not only
advances PSC technology but also opens doors
to new applications of perovskite materials.
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