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Organic lead halide perovskite has emerged as a class of star
semiconducting materials for photovoltaic devices due to their
thrilling power conversion efficiency (PCE) and solution-based
low-cost device-processing technology.[1] Among them, FAPbI3
has boosted the performance of perovskite solar cells (PSCs) to
a higher level (over 20%) via compositional engineering, crystal

formation and grain boundary or interface
passivation.[2–5] The aforementioned high-
performance perovskite devices are result-
ing frommixing a small amount of cesium
(Cs)/methylammonium (MA) lead halide
into FAPbI3 precursor to stabilize photoac-
tive black phase α-FAPbI3.[6,7] Recently,
MAPbBr3 or MAPbI3-doped FAPbI3 pre-
cursor with narrow bandgap have succes-
sively updated the highest reported PCE
record in mesoporous and planar configu-
ration.[5,8] However, this MAFA mixed
precursor derived from commercial raw
materials (FAI, PbI2, MABr, and PbBr2)
suffers from environmental sensitivity,
poor film crystallinity, and most of all,
less-than-ideal device reproducibility.[6,9]

Therefore, it remains a great challenge
to mitigate the aforementioned drawbacks
by low temperature (≤100 �C) processing
method.

In recent years, precursor engineering is
one of the most popular ways to form
perovskite films with low trap density

and high conversion efficiency.[10] Highly pure precursors using
as-synthesized single crystal/powders instead of expensive
commercial raw materials is a cost-effective method to prepare
low-defect perovskite films with well-defined stoichiometry.[11–13]

Previously, it is reported using perovskite single-crystal
MAPbX3 (X¼ I, Br, Cl) derived precursor yields highly crystal-
line thin film.[14] Powdered polycrystalline MAPbI3-based pre-
cursors have been demonstrated to reduce interfacial trap
density and enable 16.8% PCE with lower device hysteresis.[15]

In addition, using solution-synthesized MAPbI3�xClx perov-
skite powders as precursor has a reproducible PCE as high
as 19.1%.[16] Recently, perovskite films processed by polycrys-
talline δ-FAPbI3 crystal powders exhibited a 17.94% PCE after
embodied in regular (n-i-p) PSCs.[12] Furthermore, one-pot syn-
thesized (FAPbI3)x(MAPbBr3)1�x single microcrystal as precur-
sor has been studied to enhance crystallinity when processing
films comparing with raw materials, leading to 18.3% PCE and
long-term stability for regular devices.[17] Moreover, a high
phase-purity α-FAPbI3 films were obtained using presynthe-
sized powder or single-crystal δ-FAPbI3 with MACl additive
and the corresponding regular-device PCEs were certified as
21.07% and 23.48%, respectively.[13] Despite recent success
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Solution-processed perovskite precursors, especially for MAPbBr3-assisted
FAPbI3 crystallization, has been noted to achieve high power conversion efficiency
(PCE) for perovskite solar cells (PSCs). However, this low-temperature processed
(FAPbI3)x(MAPbBr3)1�x typical precursor derived from commercial products (FAI,
PbI2, MABr, and PbBr2) suffers from environmental sensitivity, poor film crys-
tallinity and less than ideal device reproducibility. Herein, (FAPbI3)x(MAPbBr3)1–x
(0.80≤ x≤ 0.90)-based planar inverted PSCs are fabricated, employing grinded
monocrystalline MAPbBr3 and powdered polycrystalline FAPbI3 as precursors.
The champion device with optimal molar ratio x¼ 0.85 comprising highly crys-
talline larger-grained perovskite film with enhanced carrier transport kinetics and
reduced trap-state density exhibits boosted efficiency reaching 20.50%, which
shows a 22.90% improvement over typical precursors with a PCE of 16.68%.
In addition, the crystal powder precursor yields obvious film stability under
ambient conditions (23 �C, 65–85% humidity) for 150 days and improved device
storage stability in the glove box within two months. This protocol using stock
crystal powders for perovskite precursor formulation provides a relatively facile
and reproducible device fabrication route for the commercialization of PSCs.
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in achieving high efficiency and stability using synthesized crys-
tal powders instead of commercial products in regular devices,
only very limited works clarified impressively boosted perfor-
mance (>20% PCE) for planar inverted (p-i-n) PSCs.[18] It is
worth mentioning that planar inverted PSCs with light absorber
sandwiched by low-temperature solution-processed organic
hole and electron transporting layers are more likely to be com-
mercialized in flexible and tandem devices.

In this work, MAPbBr3 single crystal and FAPbI3
crystal powders were synthesized, and then both stock compo-
nents were mixed with different molar ratios to prepare
(FAPbI3)x(MAPbBr3)1–x (0.80≤ x≤ 0.90) precursor solutions.
These solutions were processed to fabricate our standard devi-
ces with planar inverted configuration ITO/Poly(triarylamine)
(PTAA)/perovskite/PC61BM/Zirconium (IV) Acetylacetionate
(ZrAcac)/Silver (Ag). We gained the best device with up to
20.50% PCE (optimal x¼ 0.85), a 22.90% improvement over
the corresponding typical four component (FAI, PbI2, MABr,
and PbBr2) precursor that has the highest PCE of 16.68%. It
is revealed that this crystal powder precursor (CP) processed
highly crystalline film with large grains exhibits enhanced car-
rier transport kinetics, reduced trap-state density and superior
environmental stability thus boosting the reproducible perfor-
mance of PSCs.

Figure 1a exhibits the synthesis of polycrystalline
δ-FAPbI3 and single-crystal MAPbBr3 and the preparation
of (FAPbI3)x(MAPbBr3)1–x perovskite precursors. The optical
images and X-ray diffraction (XRD) patterns of powders are
shown in Figure S1, Supporting Information, in which the char-
acteristic peak of MAPbBr3 at �15.01� and nonperovskite phase
δ-FAPbI3 at �11.58� are consistent with the values of reported
literatures.[19] To prepare precursor solutions, we weighed the
stock crystal powders δ-FAPbI3 and MAPbBr3 with molar ratio
x equaling to 0.80, 0.83, 0.85, 0.87, and 0.90. This molar ratio
range is noted for perovskite crystallization with low-temperature
(≤100 �C) solution process, especially, when x equals to 0.83 or

0.85.[2,7] The deposition of perovskite films, as shown in
Figure 1b, were performed following one-step antisolvent
method.[20] After chlorobenzene (CB) treatment at 10 s before
the end of the high-speed spin-coating process and straightway
100 �C annealing for 30min, δ-FAPbI3 is converted into photo-
active α-FAPbI3 that has the characteristic XRD peak at �14.01�

as shown in Figure S2, Supporting Information; however, the
conversion is not complete until the doping ratio of MAPbBr3
is over 15%. UV–vis absorption curves of fabricated thin films
are plotted in Figure S3, Supporting Information. The absorption
onset edge shifts about 25 nm to near infrared region when
increasing the molar ratio of δ-FAPbI3 from 0.80 to 0.90, which
suggests that the increased overall ratio of FAPbI3 is responsible
for the improved light-harvesting ability of perovskite films. In
addition, the red shift also confirmed from photoluminescence
(PL) spectra shown in Figure S4, Supporting Information,
reveals that the optical bandgap of perovskite thin films becomes
narrower once adding less MAPbBr3 into FAPbI3.

As planar inverted PSCs own intrinsic advantages of straight-
forward fabrication, negligible hysteresis and fatigue behavior, we
fabricated the planar inverted PSCs in which every layer was pre-
pared via solution-processed spin-coating method except for the
top contact silver electrode.[21] Figure 2a,b presents the device
structure and scanning electron microscope (SEM) cross-section
morphology of (FAPbI3)0.85(MAPbBr3)0.15 device. We opted a thin
layer of dopant-free PTAA as hole transporting material (HTM)
due to its excellent charge extraction and electron blocking
ability.[22] The dependence of statistical device PCE on molar ratio
is shown in Figure 2c. Figure S5, Supporting Information, exhibits
the current density–voltage (J–V ) curves of the champion devices
with the change of x values, and the average device photovoltaic
parameters are listed in Table S1, Supporting Information. By
comparison, it is noteworthy that the average PCE is highly
enhanced when the molar ratio x equals to 0.85. When x moves
toward 0.85, the photovoltaic performance of our best device
reaches 20.50% PCE and the photovoltaic parameters are close

Figure 1. Schematic diagram illustrates a) the preparation of perovskite precursors and b) the fabrication process of perovskite films.
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to their max values with the open-circuit voltage (Voc) of 1.10 V, the
short-circuit current density (Jsc) of 22.99mA cm�2, and the fill
factor (FF) of 80.77%. Figure S6, Supporting Information, gives
a report of the external quantum efficiency (EQE) and the inte-
grated Jsc curves. The arrangement of EQE infrared edges is con-
sistent with the film absorption spectra in Figure S3, Supporting
Information, proving that the increasing proportion of FAPbI3
contributes the narrower bandgap, leading to redshifts of light
absorption edge. However, the film crystallization depends
on the doping molar ratio of MAPbBr3 according to the XRD
patterns in Figure S2, Supporting Information. It implies that
(FAPbI3)0.85(MAPbBr3)0.15 PSC with good crystallization and rela-
tively narrow bandgap gains the best performance with highest
integrated Jsc 21.42mA cm�2. This optimal molar ratio x¼ 0.85
is highly consistent with the devices derived from commercial
products (FAI, PbI2, MABr, and PbBr2).

[2] It is noteworthy that
the reported powder-based works with the highest efficiency (over
22%) used the mixed composition of (FAPbI3)0.95(MAPbBr3)0.05
under 150 �C postannealing process.[5,23] We also checked this
composition by 150 �C heating instead of 100 �C to prepare perov-
skite films and fabricated planar inverted PSCs. However, the
film XRD (Figure S7, Supporting Information) showed that
it did not fully convert into perovskite, and we only obtained a
highest device PCE of 12.86% with a Voc of 0.88 V, a Jsc of
19.62mA cm�2, and 74.73% FF measured by the reverse scan,
whereas the forward scan PCE 10.84%, with a Voc of 0.76 V, a
Jsc of 19.59mA cm�2, and 73.06% FF, as shown in Figure S8,
Supporting Information. Poor crystallinity and excess migrated
ions probably lead to poor device performance and noticeable hys-
teresis. Considering the advantage of narrower bandgap when
x¼ 0.95, more detailed work such as solvent composition and

additive engineering show potential to achieve better performance
of PSCs.

Next, we compared (FAPbI3)0.85(MAPbBr3)0.15 perovskite pho-
tovoltaic devices fabricated from CP and four-component typical
precursor (namely TP). The J–V curves of both best-performed
devices has been plotted in Figure 2d. The highest PCE of
aforementioned CP device is 20.50%. This is an improvement
of 22.90% over the TP champion device that has a PCE of
16.68%, with a Voc of 1.06 V, a Jsc of 20.12mA cm�2, and an
FF of 78.05%, as listed in Table 1. Their current density values
calculated from EQE are 19.97 and 21.42mA cm�2 for TP and
CP devices, respectively, as shown in Figure 2e, which are well
consistent with the Jsc difference. The PCE histogram of 20 devi-
ces is shown in Figure 2f where CP devices all harvest over 17%
PCE, reproducibly higher than TP devices.

To better understand the superiority of this grinded mono-
crystalline MAPbBr3 and powdered polycrystalline FAPbI3
mixed precursor, we first perform control experiment by pre-
paring corresponding CP and TP perovskite films. Following
the same spin-coating procedure and 100 �C annealing, both
resulted brown films transform into shiny-dark planar surface

Figure 2. a) Device structure, b) SEM of device cross-section, c) PCE statistics of crystal powder derived (FAPbI3)x(MAPbBr3)1–x PSCs. d) J–V curves,
e) EQE and integrated Jsc, and f ) PCE histogram of CP and TP-derived (FAPbI3)0.85(MAPbBr3)0.15 devices.

Table 1. Photovoltaic parameters of best device from CP and TP
precursor.

Precursor Voc [V] Jsc [mA cm�2] FF [%] PCE [%]

CP Average 1.10� 0.01 22.22� 0.59 78.09� 2.67 19.03� 0.89

Best 1.10 22.99 80.77 20.50

TP Average 1.03� 0.05 19.38� 0.81 76.46� 1.77 15.18� 0.75

Best 1.06 20.12 78.05 16.68
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with no obvious distinction. However, under SEM, we found
the top surface morphology of CP film yields uniform larger
grains with pinhole-free coverage as shown in Figure 3a,
whereas the TP film presents relatively small grains (Figure 3b).
We believe the difference in film morphology is related to the
crystallization process where the discrepancy of precursor
solution such as species purity, stoichiometry, and colloidal
sizes dictates the film quality and final device performance.[24]

First and foremost, the as-synthesized monocrystalline
MAPbBr3 and polycrystalline FAPbI3-derived CP should have
more accurate MABr/PbBr2 and FAI/PbI2 mole ratio in 1:1 stoi-
chiometry than TP due to the impurity in commercial products.
In addition, the subtle metal or transition metal impurities and
the fractional deviations in TP stoichiometry may have an
adverse impact on the colloid size. We assume the main chemi-
cal species such as MAþ, FAþ, Pb2þ, I�, and Br� are the same,
but the stoichiometry of individual components and their inter-
action with impurities in TP solution may lead to a smaller col-
loidal size which plays a significant role in crystal growth of
unsaturated solutions.[25] We then measured the colloidal sizes
of both precursors solution with precise 1 h aging time using
dynamics light scattering (DLS). The CP solution has a nuclei
size of 265.14 nm, whereas the TP solution obtains as small
as 63.06 nm, as shown in Figure 3c. It is revealed that the larger
nuclei size and smaller number of nucleation sites after sprin-
kling the antisolvent, result in the formation of larger crystal
grains.[26] The topographies of perovskite films deposited on
PTAA substrates were measured by atomic force microscope
(AFM) with a larger scale of 5� 5 μm2. As shown in
Figure 3d,e, both CP and TP perovskite films have dense and
pinhole-free coverage. AFM results also show that CP film

presents a larger grain-size morphology, and its root mean
square (RMS) roughness of 29.3 nm is smaller than TP film
of 49.1 nm, exhibiting a smoother top-surface morphology.
XRD of both films is shown in Figure 3f; we have observed obvi-
ous δ-FAPbI3 peaks at 11.58� and PbI2 at 12.8� of TP film, which
suggests that the precursor solution derived from TP commer-
cial products leads to a decreased crystallinity and phase purity
of perovskite films. Such residual PbI2 impurity in films may act
as a passivation reagent for grain boundaries or interfaces
between perovskite and transporting layers, which results in less
hysteresis of TP device as shown in Figure 2d.[27] This result also
suggests that further enhanced performance for CP devices can
be expected by applying a suitable passivating layer.

The scanning Kelvin probes microscopy (SKPM) as a general
and facial method was then performed to study the electronic
chemical potential of perovskite films.[28] Surface potential of CP
and TP films are defined as shown in Figure 4a,b. The line-cut
profiles extracted from the measured SKPM image are shown
in Figure S9, Supporting Information, where�369.08� 10.06mV
for CP/PTAA film and �301.27� 9.02mV for TP/PTAA film.
A bigger absolute surface potential value of CP film,�70mVmore
than TP film, signifies a stronger charge extraction effect of PTAA
when contacting CP film.[29] To analyze the charge carrier kinetics,
we characterized the optical properties of both films prepared
on PTAA substrates and quartzes respectively (Figure 4c). These
four samples have a steady-state PL at 790 nm under 455 nm exci-
tation, and the emission was quenched when the perovskite
films were deposited on PTAA substrates due to the fast charge
transfer to HTM.[30] The PL intensity of CP film on quartz> TP
film on quartz> TP film on PTAA/ITO substrate>CP film on
PTAA/ITO substrate suggests less perovskite bulk defects due

Figure 3. SEM and XRD of a,d) CP and b,e) TP film. c) DLS and f ) XRD of CP and TP.
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to high purity, better film crystallinity, and faster carrier transport
from CP film to PTAA HTM compared with TP film. To further
verify the photogenerated charge transfer kinetics between perov-
skite and PTAA, we measured the time-resolved PL (TRPL) of TP
and CP films formed on quartzes and PTAA substrates. Figure 4d
shows the decay profiles of the aforementiioned four films, where
the average decay lifetimes (τav) of CP and TP films deposited
on quartzes are determined to be 423.86 and 351.97 ns, respec-
tively, and those deposited on PTAA substrates are 85.62 and
159.66 ns, respectively. The τav value of CP bulk film is longer than
TP film, which could be attributed to the high quality of the bulk
perovskite. In addition, the decay of CP/PTAA drops faster than
TP/PTAA signifies a rather more rapid loss of CP film carriers
extracted by PTAA and/or interfacial recombination and this most
probably benefited from its larger grain coverage and less grain
boundaries.[31] From the aforementioned results, we have con-
cluded that the perovskite films processed from crystal powder
has led to superior morphological and electronic properties such
as larger grain size, lower defects, and boosted carrier transport
kinetics.

The statistic distributions of the photovoltaic parameters Voc,
Jsc, and FF were in-depth analyzed as shown in Figure S10,
Supporting Information. For Jsc and FF, both are related to
the grain size of perovskite films. The large-grained thin film
with fewer defects, suppressed charge trapping, and higher
charge transport kinetics leads to a higher current density aver-
age Jsc 22.22 mA cm�2 and FF 78.09% for CP precursor devices,
whereas the TP devices have a lower current density average Jsc
19.38 mA cm�2 and FF 76.46%.[4,25] Moreover, it is important to

note that the Voc of CP devices with average 1.10 V is higher
and narrower distributed than TP devices with average 1.03 V.
The Voc loss of �70 mV could be attributed to the decreased
trap-assisted recombination of charge carrier in bulk perovskite
and interfaces. To characterize the trap-state density, we
fabricated electron-only devices of ITO/SnO2/Perovskite/
PC61BM/Zracac/Ag and obtained the space-charge-limited con-
duction (SCLC) with the change of CP and TP perovskite films.
From the dark J–V curves as shown in Figure S11, Supporting
Information, the trap-filled limited voltage (VTFL) can be read
from the intersection of linear fits of ohmic regime and
SCLC regime.[32] According to the equation VTFL¼ eNtd

2/2εrε0,
where e is the charge constant, Nt is the electron trap-state den-
sity, d is the thickness of perovskite film, εr is the relative dielec-
tric constant, ε0 is the vacuum permittivity; the decreased VTFL

from 0.22 V of TP to 0.14 V of CP is determined by the corre-
sponding Nt from 5.64� 1015 cm�3 to 3.59� 1015 cm�3.[33] The
lower trap-state density of CP contributes a suppressed nonra-
diative recombination. To give a comparison of recombination
process along the entire pathway during solar cells operation,
we tested the Jsc and Voc change in both devices as a function
of light intensity.[34] Measured Jsc with the change in light
intensity shows a linear correlation for TP and CP devices
(Figure S12, Supporting Information), where the slope values
are 0.98 and 1.01, respectively, inferring negligible radiative
recombination in both working devices. As shown in
Figure 5a, CP device has a slope of 1.219 KBT q�1, deviating less
from KBT q�1 than TP device of 1.437 KBT q�1, indicating a
reduced trap-assisted nonradiative recombination. Inhibited

Figure 4. SKPM of a) CP and b) TP films. c) PL and d) TRPL of CP and TP films.
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nonradiative recombination energy loss mediated by decreased
trap-state density in CP device results in a higher Voc, which is
consistent with the PCE measurements.[35]

The stabilized outputs at the maximum power point (MPP) of
a representative TP and CP device are plotted in Figure 5b. The
slight downward trend of TP photocurrent density as a function
of time compared to CP suggests a more stable MPP of CP device
under 100mW cm�2 AM 1.5G solar illumination. The output of
PCE 19.16% and 16.11% for CP and TP, respectively, gives an
accurate confirmation of PCE measurements, which fulfil the
requirement of reproducibility. To study the environmental sta-
bility of the perovskite thin films, we compare UV–vis absorption
of CP and TP films as a function of storage time at ambient con-
dition (23 �C, 65–85% humidity), and the results are shown in
Figure 5c. It is surprising to note that the CP film keeps stable
without any change in 75 days as shown in the inset optical
image of Figure 5c and only slight decline of absorbance from
575 nm after 150 days. However, as can be clearly seen, the
TP film shows a nearly complete degradation within only one
week as suggested by its absorption edge shift from 780 to
550 nm. The superior environmental stability of CP film was
attributed to the high purity, improved crystallinity, large grained
size and decreased grain boundary, which can effectively sup-
press oxygen and moisture-mediated degradation.[36] Finally,
we measured the stability of CP- and TP-derived devices stored
in glove box, and the results are shown in Figure 5d. Both devices
reveal a similar trend in the first 20 days. However, the CP device
exhibits better stability and can keep over 85% of the initial PCE
after 2 months. Crystal-powder-based devices with a promoted
stability is mainly resulting from improved crystallinity, higher
phase purity, larger grained morphology, and environmental

stability of the perovskite films as manifested by SEM, XRD,
SKPM, PL, and UV–vis spectra.[37]

In summary, we have achieved high-efficient planar
inverted solar cells via grinded monocrystalline MAPbBr3
and powdered polycrystalline FAPbI3 as mixed cation perov-
skite precursors. The low-temperature-processed CP-derived
(FAPbI3)0.85(MAPbBr3)0.15 PSCs with reproducible over 20%
PCE exhibit superior performance than commercial products
(FAI, PbI2, MABr, and PbBr2)-based precursor which was
attributed to improved crystallinity, facilitated carrier trans-
port, and reduced trap-assisted charge recombination. CP-
based stable perovskite thin films possess larger grain size,
as well as a dramatically improved device PCE, 22.90% more
than the TP perovskite film, and promoted shelf storage stabil-
ity. Our protocol using stock crystal powders for perovskite pre-
cursor formulation provides a facile and reproducible device
fabrication route for the commercialization of PSCs.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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