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ABSTRACT: We show the effects of chlorine incorporation
in the crystallization process of perovskite film based on a lead
acetate precursor. We demonstrate a fabrication process for
fast grain growth with highly preferred {110} orientation upon
only S min of annealing at 100 °C. By studying the correlation
between precursor composition and morphology, the growth
dynamic of perovskite film in the current system is discussed.
In particular, we found that both lead acetate precursor and Cl
incorporation are beneficial to perovskite growth. While lead
acetate allows fast crystallization process, Cl improves
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perovskite crystallinity. Planar perovskite solar cells with optimized parameters deliver a best power conversion efliciency of
15.0% and average efficiency of 14.0% with remarkable reproducibility and good stability.
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1. INTRODUCTION

Methylammonium lead halide perovskites are emerging as a
novel class of absorbers for efficient perovskite solar cells
(PVSCs). This is because they exhibit many advantages such as
inherent broad spectral absorption, ambipolar transport
properties, long carrier transport length, and facile solution
processability.'~* Remarkable progress has been achieved in
recent years with power conversion efficiency (PCE) increased
from 3.8% to the current record of 20.1%.”°

High performance has been realized in both mesoporous and
planar heterojunction structures with various deposition
techniques including single step, two-step, and vapor deposition
methods.”'* Nevertheless, the use of metal oxides (TiO,,
ALO,;) as electron-transporting layers or scaffolds generally
requires high-temperature (>450 °C) processing.'” Therefore,
planar structures employing low-temperature solution-pro-
cessed materials are becoming attractive as they offer much
better processability and potential capability for large-area,
high-throughput production.”'* In particular, PVSCs with
perovskite film sandwiched between poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
and phenyl-C61-butyric acid methyl ester (PCBM) are widely
studied."”™"*

It has been broadly observed that performance of a PVSC is
closely related to the morphology and chemical composition of
the perovskite absorbers."” Much research has been carried out
to increase quality of perovskite films by varying processing
conditions, incorporating additives, and solvent engineer-
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ing.”*~** For absorption materials, the most widely studied
perovskites are methylamonium lead triiodide perovskite
(MAPbL,), fabricated from lead iodide (Pbl,), and methyl-
ammonium iodide (MAI), and its mixed chloride—iodide
analogue (MAPbI,_,Cl,), obtained by replacing Pbl, precursor
with lead chloride (PbCl,)."”"* Even though the amount of Cl
in the final MAPbI;_,Cl, films is negligible, the Cl in precursor
solution can enhance crystallinity of the resulting perovskite
films with preferred {110} orientation.”*** In addition,
improved carrier transport has been observed in MAPbIL;_ Cl,
films with carrier diffusion length exceeding 1 ym, which is one
order of magnitude larger than that of MAPbI,.” Although the
role of Cl is still under debate**™>® many studies have
introduced Cl in the fabrication of perovskite to enhance crystal
formation and improve morphology.”” >’

Recently, lead acetate (Pb(Ac),) has been reported as a
promising precursor for efficient PVSCs.”®”” Facile removal of
CH;NH;Ac (MAAc) accelerates perovskite crystal growth.
Smooth and pinhole-free perovskite films can be obtained by a
simple one-step solution coating with short annealing duration.
On the basis of Pb(Ac), precursor, normal device configuration
with perovskite deposited on TiO, layer has been reported by
Zhang et al.** However, the device requires high-temperature
process for TiO, and shows pronounced hysteresis. Soon after,
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Figure 1. AFM surface images (size: S ym X S um) of perovskite films from (a) Pb(Ac),:MAI solution and Cl-addition solutions with
Pb(Ac),:PbCl, ratios of (b) 8:1, (c) 6:1, and (d) 4:1. (e—h) Their corresponding SEM images and (i—1) grain size distributions.

Forgacs et al. reported inverted device structure with perovskite
sandwiched between PEDOT:PSS and PCBM, which can be
fabricated at low temperature and shows negligible hysteresis.*”
Nevertheless, the device shows relatively lower performance
with a highest PCE of 12.5% compared to those from other
precursors with the same device configuration.” The main
reason is that the perovskite film from Pb(Ac), consists of small
crystals owning to fast crystallization, which could increase
defect and trap densities.'>*" It is thus of interest to explore
possible solutions for further improving the crystallization and
film forming processes in perovskite films prepared with
Pb(Ac),.

In this work, we investigate the effects of ClI incorporation on
the crystallization of perovskite film by blending different
amount of PbCl, into the Pb(Ac), precursor solution. With an
optimal blend ratio, high quality perovskite film with a strong
{110} texture and large sized grains (average size ~1 ym) can
be obtained with short annealing duration, leading to significant
improvement in device performance. By employing inverted
device structure, efficient PVSCs with a champion PCE of
15.0% can be fabricated in a simple one-step, low-temperature,
and fast-annealing solution process.

2. EXPERIMENTAL SECTION

2.1. Preparation of Perovskite Precursor Solutions. Pb(Ac),
was first prepared by dehydration of Pb(Ac),-3H,0 (Sigma-Aldrich)
under flowing nitrogen at 80 °C. Two stock solutions were first
prepared by mixing 1 mmol of Pb(Ac), and PbCl, (Sigma-Aldrich),
respectively, with 3 mmol of MAI (Lumtech) in 1 mL of anhydrous
DMF (RCI Labscan). The solutions were then stirred at room
temperature overnight. The two stock solutions (Pb(Ac),:MAI and
PbCl,:MAI) were mixed in different ratios for preparing perovskite
films with different extents of CI incorporation.

2.2. Device Fabrication. The devices have a simple structure of
ITO/PEDOT:PSS (40 nm)/MAPbL, (250 nm)/PCBM (60 nm)/
BCP (10 nm)/Ag (70 nm). Indium tin oxide (ITO) coated glass
substrates were first routinely cleaned.*' PEDOT:PSS (Baytron P-VP
AT4083) was then spin-coated onto the ITO substrates at 3000 rpm

followed by drying at 140 °C for 10 min in air. Then the samples were
transferred into a N,-filled glovebox (<1.0 ppm of O, and H,O).
Different perovskite precursor solutions were spin-coated at 4000 rpm
followed by solvent annealing at 100 °C for 5 min.** For solvent
annealing, the samples were put onto a hot plate, which is controlled at
100 °C, and ~10 uL of DMF solvent was dropped nearby the
substrates. They were then covered by a glass Petri dish immediately.
This process allows the perovskite films annealed in a DMF vapor
atmosphere. The formation of perovskite layer is very fast and easy to
control. After that, PCBM (Lumtech) was coated onto the perovskite
layer from a chlorobenzene solution (22 mg/mL) by spin-coating at
2000 rpm for 40 s. Finally, devices were finished by thermal deposition
of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP, Lumtech)
and Ag electrode. The active device area (defined by the overlapping
of Ag and ITO electrode) was 0.1 cm” The devices were encapsulated
with UV-curable resin and cavity glass in a N-filled glovebox.

2.3. Characterization. Surface morphologies of samples were
characterized with scanning electron microscopy (SEM, Philips X130
FEG SEM) and tapping-mode atomic force microscopy (AFM,
NanoScope MultiMode AFM). X-ray diffraction (XRD) measure-
ments were recorded with a Philips X'Pert diffractometer using Cu Kar
radiation at a step of 0.02°. Absorption spectra were measured using a
PerkinElmer model Lambda 2S UV-—vis spectrometer. External
quantum efficiencies (EQEs) of the devices were obtained using an
EQE system (model Oriel IQE 200). Current density—voltage (J—V)
characteristics of the PVSCs were measured using an Oriel 150 W
solar simulator with AM1.5G (AM,, air mass; G, global) filters at 100
mW cm % Mask was not used during J—V measurements under
illumination. The voltage was swept from 1.2 to —0.2 V with a rate of
60 mV/s at a step of 10 mV.

3. RESULTS AND DISCUSSION

Molar blend ratios of 8:1, 6:1, and 4:1 for Pb(Ac),:PbCl, were
chosen to study the effect of ClI incorporation. For comparison,
perovskite films from pristine Pb(Ac),:MAI precursor solution
were also investigated as a reference. Morphology changes of
the perovskite films were first evaluated by AFM and SEM, as
shown in Figure 1, panels a—d and panels e—h, respectively.
Figure 1, panels i—] present their in-plane grain size
distributions, which were determined with an image analysis
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software (Nano Measure) from their SEM images. The
reference film from Pb(Ac),:MAI solution (Figure lase)
exhibits fully covered and smooth surface. Root—mean—
squared (RMS) roughness determined from the AFM (Figure
1a) was 19.5 nm, which is relatively small comgared to those in
other solution processed perovskite films,”*" suggesting the
advantages of Pb(Ac), precursor. However, the film consists of
small crystals with average size of 200 nm, which will inevitably
increase grain boundary density and limit device performance.
Strikingly different morphologies are observed after Cl
incorporation. The size of grains in perovskite films was
significantly increased to micron-scale (Figure 1f—h). The
average grain sizes of films from 8:1, 6:1, and 4:1 blending
solutions are 0.77, 1.26, and 1.85 pum, respectively. However,
larger pinholes were observed with more Cl blending, resulting
in decreased surface coverage, which can cause current leakage.
The values of surface coverage calculated from MATLAB
program for Figure 1, panels f—h are 99.3%, 97.8%, and 95.9%,
respectively. The AFM images show smooth surface on each
individual grain. The RMS roughness of film from 8:1 blending
solution is reduced to 14.1 nm and further decreased to 12.1
nm for 6:1 blending. The significant increase of roughness for
4:1 blending (32.7 nm) can be attributed to the large pinholes.

To understand the role of Cl incorporation to morphology,
we also preform cross-sectional SEM studies on the perovskite
films (Supporting Information Figure S1). Here, perovskite
films with Pb(Ac),:PbCl, ratios of 6:1 and 2:1 were chosen for
comparison. The thickness of grains with Pb(Ac),:PbCl, ratio
of 2:1 (~290 nm) is larger than that with ratio of 6:1 (~250
nm). It suggests that Cl incorporation can induce both lateral
and vertical grain growth. More Cl incorporation enlarges grain
size as well as increases grain thickness, which inevitably leads
to larger pinholes and decreased surface coverage.

It must be mentioned that no signal from CI can be observed
in energy dispersive X-ray spectroscopy (EDS) spectra in the
perovskite films from Cl-containing solutions (Supporting
Information Figure S2). The result is consistent with the
results reported by other groups that the Cl content is below
detection limit of the setup.*”** Cl is supposed to be removed
in the form of gaseous CH;NH,Cl (MACI) during annealing.28

XRD measurement was conducted to investigate crystal
structure of the resulting perovskite films as shown in Figure 2,
panels a and b. Compared to the pristine film, the films with Cl
incorporation exhibit sharper and stronger diffraction peaks
with high intensities at 14.13°, 28.41°, and 43.17°, respectively,
corresponding to the {110}, {220}, and {330} lattice planes,
while the other peaks, {210}, {202}, {310}, and {224} at
19.99°, 24.50°, 31.82°, and 40.64°,'° show lower intensities.
The peak intensity ratio of planes {220} to {310} was
summarized in Figure 2, panel ¢, which shows remarkable
increase of the ratio with Cl incorporation. This indicates Cl
addition greatly favors the preferential crystal growth along
[110]1 gl;rsection, resulting in enhanced crystallinity of perovskite
films.™”

Figure 2, panel d shows the UV—vis absorption spectra of the
perovskite films. All samples show absorbance over the entire
visible region with onsets at about 780 nm, which is consistent
with reported results.”” The enhanced light absorption for films
with Cl incorporation should be related to the improved
perovskite crystallinity.*’

To further understand the role of Cl, the formation process
of perovskite during solvent annealing is investigated via SEM
and XRD (Figure 3). Figure 3, panel a shows the morphology
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Figure 2. (a) Overall XRD patterns and (b) XRD patterns for low-
intensity peaks of perovskite films processed from Pb(Ac), and
Pb(Ac),:PbCl, with different ratios. (c) Peak intensity ratio of {220}/
{310} for the perovskite films. (d) Absorption spectra of the different
perovskite films.
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Figure 3. SEM images of perovskite films from Cl-addition solutions
with Pb(Ac),:PbCl, ratios of 6:1 showing the formation process. (a)
Thermal annealing (TA) for 10 s, followed by solvent annealing (SA)
for (b) 2 min or (c) S min. (d) Their corresponding XRD patterns.

of perovskite film before it contacts to DMF vapor in the first
10 s at 100 °C. In this initial stage, the transition process can be
described by reaction 1, which reacts very fast because of the
facile removal of MAAc.** Small-size grains with random crystal
orientation are observed due to fast crystallization of perovskite

film:

Pb(Ac), + 3MAI — MAPbDL, + 2MAAct (1)
PbCl, + (3 — x)MAI - MAPbL,__Cl, + (2 — x)MACI
)
MAPbI,_ Cl,
MAPbIL, «———— MAPb], (3)
MAPbL,_ Cl, + xMAI — MAPbIL, + xMACIT (4)

Upon solvent annealing, fast grain growth and grain merging
can be observed (Figure 3b,c). Figure 3, panel d shows the
rapid increase of diffraction intensity of {110} peak during this
process, indicating the grains grow with preferred orientation.
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In this stage, Cl-contained intermediate phases (MAPbI,,ClL,)
are suggested to form rapidly (reaction 2),”*** which can
induce a templated self-assembly process to guide perovskite
nucleation and promote selective growth along [110] direction
(reaction 3).** The presence of intermediate phase in Cl-
contained systems has been clearly identified previously,”**
but its exact structure remains unclear.”** Here, the formula
MAPbI, . Cl, is used to refer to the intermediate phase just for
clarity and convenience. However, no additional peaks can be
observed for the intermediate phase from XRD in Figure 3,
panel d, which may be due to their poor stability and the low
concentration of CL>* Reaction 3 is a reversible recrystallization
process, allowing structural rearrangement and orientation
adjustment for grain growth with high crystallinity. The process
gradually slows down with the consumption of MAPbI; Cl,
driven by sublimation of MACI via reaction 4 and reaches
saturation within S min.

Further prolonging solvent annealing duration does not
make much difference on morphology (Supporting Information
Figure S4d, device performances also do not show much
difference). While other fabrication techniques with ClI-
contained systems usually need long annealing duration (over
45 min) to remove excess MACL'>"** Cl incorporation here
does not prolong annealing duration, which may be attributed
to the low concentration of Cl and solvent annealing. Solvent
vapor environment can promote diffusion of ClI to the surface
to ultimately leave the system with excess MA*.*

For comparison, the above experiment is repeated with
perovskite film from pristine Pb(Ac), solution without Cl
incorporation (Supporting Information Figure S3). Perovskite
films without Cl only undergo reaction 1, resulting in small
crystals with low diffraction intensities of {110} peak in XRD.
The slightly increased crystallinity and grain size in Figure S3c
can be attributed to solvent annealing.40 Therefore, for
perovskite films with Cl incorporation, Cl plays an important
role in the formation process via reactions 2 and 3, resulting in
better morphology.

Solvent annealing in current material system (ie., incorpo-
ration of Cl in PbAc, precursor) is also important. Solvent
vapor environment can facilitate longer-range diffusion of
precursor molecules and ions,””** which promotes reaction 3
for grain growth with high crystallinity. Perovskite film from Cl-
addition solution with only thermal annealing consists of small-
size crystals (Supporting Information Figure S4b).

Influences of Cl incorporation on the performance of PVSCs
was investigated by employing a simple planar device
configuration as shown in Figure 4, panel a, which can be
fabricated at low temperature. In addition, this inverted
architecture has been demonstrated to show negligible
hysteresis compared to the normal structure using metal
oxides, which might result from reduced surface traps and more
balanced electron flux and hole flux.***® Figure 4, panel b
presents J—V curves of the PVSCs based on pristine Pb(Ac),
and Pb(Ac),:PbCl, with different blend ratios. Their
corresponding average photovoltaic parameters with standard
deviations are summarized in Table 1. It is well-known that the
crystallinity and morphology of the perovskite layer have
significant impacts on the device performance. For example,
pinholes can introduce shunting pathwa;rs, and defects create
trapping sites for charge recombination.”” Here, we observed a
clear correlation between morphology and device performance.
Because of the low crystallinity of perovskite film with small
crystals, the reference device from Pb(Ac), shows an average
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Figure 4. (a) A schematic of the device structure. (b) J—V curves of
corresponding devices based on pristine Pb(Ac), and Pb(Ac),:PbCl,
with different blend ratios. (c) Plots of dV/dJ versus (1 — Ry, ™" dV/
d])/(J + J« — V/Ry,) and the linear fitting curves. (d) Plots of In(J + J,
— V/Ry,) versus (V — RJ) and the linear fitting curves.

PCE of 10.8% with an open-circuit voltage (V,.) of 0.91 V,
short-circuit current density (J,) of 19.0 mA cm™ and fill
factor (FF) of 0.62. With Cl incorporation, the optimized
device (6:1 for Pb(Ac),:PbCl,) exhibits an impressive PCE of
14.0% with improved V,,, J,, and FF being 0.99 V, 20.5 mA
cm™2, and 0.69, respectively. The significant improvement on
performance can be ascribed to the reduced defects resulted
from enhanced crystallinity with preferred orientation and
micrometer-sized grains. Therefore, charge dissociation and
transportation can be effectively imIproved with suppressed
defect-assisted charge recombination.”” The device with more
Cl incorporation (4:1 for Pb(Ac),:PbCl,) shows inferior
performance with PCE of 12.7%, mainly due to the much
lower FF (0.63), which can be explained by current leakage
caused by pinholes. Meanwhile, negligible photocurrent
hysteresis is observed by changing the scanning directions
and scanning rates.” The steady photocurrent and the stabilized
efficiency at the maximum power output point (0.8 V) are also
consistent with those from J—V measurements, further
indicating no obvious photocurrent hysteresis (Supporting
Information Figure SS).

For further confirmation, a classical model based on single
heterojunction solar cell is used to analyze the J—V character-
istics of the devices, which is described as*™*

- (-R)) ] V-UR,
J= ]sc + ]olexp( WK, T ] 1:| + R, )

where ] is current density on the external load, ], is the light
induced constant current density, J, is the reverse saturated
current density, e is the electron charge, V is the applied
voltage, R, is the series resistance, Ry, is the shunt resistance, n
is the ideality factor, Ky is the Boltzmann constant, and T is the
temperature. The J—V curves of the reference device and device
from 6:1 blending solution under light are used for analysis. We
first estimated Ry, from the J—V slope near zero bias, which
shows relatively small Ry, around 850 Q cm The last part of eq
5 should not be ignored.”” Rearrangement of eq 5 gives
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Table 1. Effect of Cl Incorporation on Photovoltaic Parameters” of PVSCs

devices V,. (V) Joe (mA cm™) FF PCE [best] (%)
Pb(Ac), 091 + 0.03 19.0 + 0.9 0.62 + 0.04 10.8 + 0.8 [12.7]
8:1 096 + 0.01 19.6 + 0.7 0.66 + 0.02 124 + 07 [13.3]
6:1 0.99 + 0.01 205 + 0.7 0.69 + 0.02 14.0 + 0.6 [15.0]
4:1 0.98 + 0.02 20.6 + 0.4 0.63 + 0.03 12.7 + 04 [13.2]
“Average and standard deviation values were obtained based on over 15 devices for each ratio.
AV nKgT(1 — Ry ~'dv/d] o (b) 90
= = + R, E 5| 8o}
dJ e \J+] —V/Ry (6) 2, 70
£ = 60}
> 5l || Voe= 09V = 50
e z } )
In(f +J, = V/Ry) = ——(V = RJ) + In], "
nKgT (7) Zas| || FE-073 2
§7°[ || PCE=15.02% 10
. . . ool |
Accordlng to eq 6, Figure 4, pa_xllel ¢ shows a good linear e P R Q300500 860750800
fitting between dV/dJ and (1 — Ry, ™' dV/d])/(J + J.. — V/Ry,). © Voltage (V) @ Wavelength (nm)
The values of R; and n can be derived from the intercept and 15[ WO T

slope of the linear fitting results. Both devices have similar
ideality factor about 2.2, while the device with Cl incorporation
has a smaller R; of 3.5 Q cm® compared to that of the reference
device (6.6 Q cm?). Figure 4, panel d gives the linear fittings of
In(J + J,o — V/Ry,) versus (V — RJ) according to eq 7. The
ideality factors are also calculated to be about 2.2 for both
devices, which is consistent with the result from Figure 4, panel
c. Jo values for the reference device and device with Cl
incorporation are 1.2 X 107° mA cm? and 2.5 X 1077 mA cm?,
respectively. J, can be identified as the recombination current
density in thermal equilibrium and is directly related to the
recombination rate.*””' The one order of magnitude lower
value of ], for device with Cl incorporation indicates reduced
charge recombination loss, benefiting from enhanced crystal-
linity with large size grains. The reduction in J, is also
consistent with the improvements in V,_ and FF.>> From eq 5,
we can also deduce V. as
nKgT

V.=~ In &
€ Jo (8)

With the parameters derived from eq 7, the V. values for the
reference device and device with Cl incorporation are estimated
to be 0.918 and 0.998 V, respectively. This calculated values are
in good agreement with the values obtained from the J—V
measurement, indicating the reliability of our analyses.

Figure S, panel a presents the J—V characteristics of the best
PVSC from the 6:1 blending solution. A high PCE of 15.0%
was achieved with J,. of 20.8 mA cm™>, V. of 0.99 V, and FF of
0.73. Figure 5, panel b gives the EQE of the champion device.
The high EQE with a maximum value of 85% highlights the
excellent performance of the device. The integrated ] from the
EQE spectrum is 19.6 mA cm ™%, which is consistent with the
measured value of 20.8 mA cm™ Additionally, high-perform-
ance PVSCs can be repeatedly fabricated with Cl incorporation
because of easy fabrication and precise control of the optimized
ratio of Pb(Ac),:PbCl,. Figure S, panel c gives the histogram of
the PCEs based on 50 devices from eight batches, which shows
a fairly narrow distribution with a high average PCE of 14.0%,
and 90% of the devices have PCEs over 13%. Moreover, the
encapsulated devices show promising stability by maintaining
almost 90% of their initial efficiency over one month at ambient
conditions. Figure S, panel d shows the normalized photo-
voltaic parameters over time based on 16 devices. The decrease
of PCE is mainly attributed to a reduction of V., which may be
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Figure 5. (a) J—V curves of the champion device under dark and light
conditions. (b) The EQE spectrum of the champion device. (c)
Histogram of PCEs based on S0 devices from eight batches. (d)
Stability of devices stored under ambient atmosphere.

associated with the PEDOT:PSS layer. The acidic and
hygroscopic nature of PEDOT:PSS could degrade the
interfaces of PEDOT:PSS/ITO and PEDOT:PSS/perov-
skite.”>>? Further research on robust interfacial materials is
anticipated to produce PVSCs with practical durability.

4. CONCLUSIONS

In summary, we have investigated the effect of Cl incorporation
on the performance of planar pervoskite solar cells based on
lead acetate precursor. As revealed by XRD and SEM
observations, incorporation of Cl significantly increases the
grain size and improves the crystallinity of perovskite films with
preferred crystal orientation, which plays a vital role in
obtaining high performance polycrystalline solar cells. Inves-
tigation on the formation process of perovskite films shows fast
growth of grains with preferred orientation, providing a good
example for us to understand the function of Cl on the
crystallization of perovskite films. The reduced defects in
perovskite films can effectively decrease charge recombination
loss and facilitate charge dissociation and transportation.
Reproducible and efficient PVSCs with average PCE of 14.0%
can be fabricated in a simple one-step, low-temperature, and
fast-annealing solution process. Thus, this study presents the
great potential of perovskite solar cells based on lead acetate for
achieving large-area, low-temperature manufacturing.
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