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The power conversion efficiency of lead halide perovskite solar cells recently sur-
passed 22.1%. In this study, we suggest the perovskite absorber growth mechanism
of the two-step process could be explained by an Ostwald ripening growth model
for planar-structure perovskite solar cells. We attempt to find out the source of
two main problems such as unreacted PbI2 and non-uniformed morphology by
the proposed ripening growth mechanism and experimental results. This growth
mechanism opens the way toward understanding a key aspect of the photovoltaic
operation of high-efficiency, two-step perovskite solar cells. C 2016 Author(s). All
article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4963841]

INTRODUCTION

Perovskite solar cells based on organometal halide absorbers are considered to be a promising
photovoltaic technology because of their large power conversion efficiency (PCE) and low material
costs. Their impressive photovoltaic performance can be attributed to their high optical absorption
properties and balanced charge-transport properties with long diffusion lengths.1,2 A number of
processes have been developed to improve the coverage, uniformity, and morphology of the light
absorber, such as one-step solution process, two-step solution process, and vapor process.3–11 In
particular, the solution-processed technique using the two-step method, in which the PbI2-coated
substrate is immersed in a CH3NH3I solution by spin-coating, has been proposed to improve
the pore filling, coverage, and morphology of the perovskite films.4,5 However, there have been
two main problems associated with the two-step process: namely, residual PbI2 and non-uniform
morphology (i.e., existence of the pin-hole with the large cuboid grain).4,5 Despite many studies that
utilize the two-step process, a fundamental explanation for these problems has not been provided
yet. The issue of residual PbI2 has been reported in a recent study and has been related to the low
reproducibility of the performance of planar perovskite solar cells.12,13 Many research groups tried
that long transition time which can be defined as a dipping time after dripping a MAI solution in
case of spin-coating process from PbI2 to MAPbI3 is required during the reaction between PbI2
and MAI in the PbI2 layer.13 However, a long solution dipping time is expected to cause significant
damage to the perovskite layer.14

Along with this issue concerning the residual PbI2, the problem of the non-uniform morphology
has been also discussed concerning the perovskite layers.4

It is necessary to understand the formation mechanism associated with the two-step process for
optimized films, such as uniform morphology without residual PbI2. In the two-step process, the
MAI solution is spin coated onto the pre-deposited PbI2 film and then dried at 100 ◦C to form the
perovskite phase.4,5 The loading stage of the MAI solution (CH3NH3I/2-propanol) on the coated

aS.-Y. Kim and H. J. Jo contributed equally to this work.
bElectronic mail: monolith@dgist.ac.kr

2166-532X/2016/4(10)/100901/9 4, 100901-1 ©Author(s) 2016.

http://dx.doi.org/10.1063/1.4963841
http://dx.doi.org/10.1063/1.4963841
http://dx.doi.org/10.1063/1.4963841
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1063/1.4963841
http://dx.doi.org/10.1063/1.4963841
http://dx.doi.org/10.1063/1.4963841
http://dx.doi.org/10.1063/1.4963841
http://dx.doi.org/10.1063/1.4963841
http://dx.doi.org/10.1063/1.4963841
http://dx.doi.org/10.1063/1.4963841
http://dx.doi.org/10.1063/1.4963841
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
mailto:monolith@dgist.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4963841&domain=pdf&date_stamp=2016-10-03


100901-2 Kim et al. APL Mater. 4, 100901 (2016)

PbI2 film is very important; that is because the reaction between films from PbI2 to MAPbI3 occurs
when MAI molecules react with PbI2. In other words, the reactions that occur during the loading
stage should be understood to deal with the problems of residual PbI2 and non-uniform morphology.
Perovskite nuclei are created as a result of the following spontaneous chemical reaction:4,5,15

PbI2 + CH3NH3I → MAPbI3. (1)

This spontaneous chemical reaction differs from other classical nuclei reactions in that it is irrevers-
ible. The PbI2 is insoluble in the IPA solution, but the created perovskite nuclei can be melted in IPA
solution, as shown below, not recovered as PbI2 (solid) films with MAI molecules15

MAPbI3 + I−
dissolution−−−−−−−→←−−−−−−−

growth
CH3NH3 + PbI4

2−. (2)

According to Eq. (1), the density of perovskite nuclei on the PbI2 surface depends on the concentra-
tion of MAI solution and the specific surface area of the PbI2 film.

Park’s group demonstrated the MAI effect of Eq. (1) on the microstructure with PCE in
meso-structure perovskite solar cells. More specifically, they reported on the growth mechanism of
the perovskite layer by changing the MAI concentration, loading time,4 and MAI solution tempera-
ture.16 Actually, the PbI2 residue appears in the planar perovskite layer because a compact MAPbI3
surface layer inhibits the complete conversion of PbI2 to MAPbI3 by blocking the MAI diffusion
to the deeper layer of the PbI2. For this reason, it is not appropriate to adopt this technique in
the growth of planar perovskite structures. In this paper, we suggest the growth mechanism of
the two-step process with the help of the Ostwald ripening growth model for planar solar cells.
We confirm that the residual PbI2 under the perovskite layer always remains owing to the growth
mechanism. For the same reason, it is not possible to achieve a uniform morphology with minimum
residual PbI2 for the perovskite films. And we also discuss the relationship between the residual
PbI2 and the PCE of the resulting planar solar cell.

Fig. 1(a) shows the basic Ostwald ripening model, which describes the coarsening of particles
in a liquid medium; this occurs owing to the material transport from the smaller particle to the larger
particle. To understand the dissolution and growth of the perovskite phase in the IPA solution, as
shown in Eq. (2), it is necessary to understand the relationship between the chemical potential and
the particle radius, as described by the following equation:17

µ = µ0 +
2γV

r
, (3)

where µ is the chemical potential on the surface of the particle with radius r, µ0 is the chemical
potential for a flat surface, γ is the surface energy, r is the particle radius, and V is the molar volume
of the particle. In our system, the smaller particle is always more energetically unstable than the
larger particle owing to the difference in the chemical potential.

The concentration of the dissolved components near the small particle is always higher than
that near the large particle. Owing to the appearance of the concentration gradient of the dissolved
components between the small particle and the large particle, known as Fick’s first law—mass
transport of the dissolved components occurs from the small grain to the large grain.17

The small grain, which has a large chemical potential, continuously undergoes the forward
reaction (i.e., dissolution) of Eq. (2). By way of contrast, the large grain, which has a small chemical
potential, continuously undergoes the inverse reaction (i.e., growth) of Eq. (2). Finally, the small
particle disappears because the forward reaction (dissolution) of the small grain gradually acceler-
ates. At the same time, the large particle continuously grows because the inverse reaction (growth)
occurs until the inverse flux of the dissolved components from the small grain stops.

These principles are also applicable to the perovskite growth in the two-step process, as shown
in Fig. 1(b). The difference between the simple ripening model and our suggested ripening model
is that nuclei initially form the top surface of the solid PbI2 layer. Fig. 1(b) shows a schematic
diagram of the perovskite ripening model with different MAI concentrations and loading times in
the two-step process. The perovskite nuclei on the PbI2 were formed according to the spontaneous
chemical reaction of Eq. (1). After that, the dissolution and growth processes occurred. In the case
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FIG. 1. Schematic diagram of (a) the normal ripening model and (b) the perovskite ripening model in the two-step process.

of the reversible reaction (i.e., Eq. (2)), the concentration gradient of the dissolved components
between large grains and small grains caused the diffusion (i.e., mass transport) from small grains
to large grains. After that, the growth of the large grains occurred by the inverse reaction (growth),
and the dissolution of the small grain occurred by the forward reaction. The important point of the
perovskite ripening process is that the reaction of Eq. (1) only occurs on the PbI2 surface. Further-
more, nuclei continuously provide sources as the dissolved component for the growth of the large
perovskite grains. In the case of the low-concentration MAI solution, a small number of initial seeds
of the perovskite phase appear on the PbI2 layer. Among these, the seeds that survive continuously
grow on the PbI2 layer via the dissolution and diffusion processes until the flux of the source stops.
In this regard, the residual PbI2 that was covered with the perovskite layer always exists under
the seeds that survive and grow, as shown in Fig. 1(b). On the other hand, if the larger amount
of reaction of Eq. (1) occurs for a shorter time than the forward reaction (dissolution) of Eq. (2),
as in the case of the high-concentration MAI solution, the PbI2 layer is always observed under
the perovskite layer. When the surface of the PbI2 is fully covered with the perovskite film, the
additional reaction is retarded due to difficult MAI diffusion through the lattice or grain boundary
of the perovskite layer. In this manner, the amount of residual PbI2 that exists after the loading time
depends on the forward reaction of Eq. (2). This means that an excessively long time is essential in
the two-step process for achieving the complete disappearance of the residual PbI2.

To confirm these growth schematics, field emission scanning electron microscopy (FE-SEM)
images were obtained for the cross section of the perovskite solar cells using CH3NH3I
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FIG. 2. Cross sectional FE-SEM images of the perovskite solar cells grown by the two-step process using MAI concentra-
tions of (a)–(c) 0.038M, (d)–(f) 0.063M, and (g)–(i) 0.1M. (c), (f), and (i) show arbitrarily classified cross-sectional SEM
images by difference of colors.

concentrations of 0.038M, 0.063M, and 0.1M MAI solution, as shown in Fig. 2, where parts (a)–(c)
show the cross-sectional SEM image of a large MAPbI3 cuboid grown on b-TiO2 by the two-step
process using a concentration of 0.038M and a loading time of 20 s.

Figs. 2(d)–2(f) correspond to a concentration of 0.063M, whereas Figs. 2(g)–2(i) correspond
to a concentration of 0.1M. The size of the cuboid MAPbI3 grains increases with decreasing MAI
concentration. The fact that the perovskite grains were observed as cuboid microstructures implies
that the growth of the perovskite grain was under the control of the interface reaction, rather than the
diffusion reaction.18 Therefore, it was estimated that the rate of grain growth of the perovskite was
controlled by the interface reaction. Moreover, the morphology of the perovskite films improved
when the MAI concentration increased; that is because the concentration gradient between each
small grain was not sufficient to diffuse the dissolved components in order to grow the perovskite
grains. Figs. 2(c), 2(f), and 2(i) show arbitrarily classified cross-sectional FE-SEM images by color
difference. The yellow areas in Figs. 2(c), 2(f), and 2(i) indicate the unknown phase which was
estimated to be the residual PbI2. It was observed that the bottom phases, which were estimated to
be PbI2, were always covered with the perovskite phase.

To identify the unknown phases in the perovskite layer, we conducted STEM analysis.
Figs. 3(a)–3(c) show the STEM images after FIB sampling of the perovskite cells using concen-
trations of 0.038M, 0.063M, and 0.1M, respectively. Figs. 3(d)–3(f) show the transmission electron
microscopy (TEM) images of the corresponding positions using a different magnification. The FTO
film was fully covered by the b-TiO2 layer, and the unknown phase in the perovskite layer was
observed. The distinction between the perovskite phase and the unknown phase was observed by
differences in contrast in the Z-contrast STEM images, as shown in Figs. 3(a)–3(c). The unknown
phase was located under the perovskite layers. These discontinuous layers of the unknown phase
were also observed in the TEM images, as shown in Figs. 3(d)–3(f). However, it was difficult to
analyze the selected area electron diffraction (SAED) pattern or atomic-scale image. Therefore, en-
ergy dispersive spectroscopy (EDS) mapping was also used to characterize the unknown phase, but
there was a slight difference of composition from the perovskite layer to the unknown phase, which
was residual PbI2 (Fig. S1). The detailed description is available in the supplementary material.
Therefore, in order to clarify the differences between the perovskite layer and the unknown phase,
we conducted the X-ray diffraction (XRD) analysis.

In order to reconfirm the existence of PbI2 and compare the amount of residual PbI2 in the
perovskite layer, Fig. 4 shows the spectra of the normal XRD and grazing-incidence diffraction

ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-4-002610
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FIG. 3. STEM images of the perovskite solar cells grown on the b-TiO2 layer by the two-step process using MAI
concentrations of (a) 0.038M, (b) 0.063M, and (c) 0.1M. TEM images of the perovskite solar cells using MAI concentrations
of (d) 0.038M, (e) 0.063M, and (f) 0.1M.

(GID) with various angles of incidence. Fig. 4(a) shows the XRD patterns of the perovskite films
using 0.038M, 0.063M, and 0.1M solutions for 20 s. In normal XRD with large incident angles, an
incident X-ray beam penetrates deeply into the film, so that complete information concerning the
film is observed. The (001) peak of PbI2 is weak compared with the (110) peak of the perovskite
films from the 0.038M solution. On the other hand, strong (001) peaks of the PbI2 were observed
when the concentration of the MAI solution increased, such as in the cases of 0.063M and 0.1M.
However, it was found that the amount of residual PbI2 did not depend on the MAI concentration.
That is because the amount of residual PbI2 was determined not by the forward reaction of Eq. (1)
but the forward reaction (dissolution of the perovskite phase) of Eq. (2). In other words, the newly
disclosed surface of the PbI2 by dissolution of the perovskite grain should appear for the additional
reaction of Eq. (1). The amount of residual PbI2 that exists after the loading time was determined
by the forward reaction of Eq. (2). The identical rate constant of forward reaction of Eq. (2) at each
MAI solution was expected in our fixed condition; rate constant is dependent on the temperature of
which the reaction takes place. Interestingly, even though, the reaction rate of forward reaction of
Eq. (2) is dependent on the concentration of molecules, the change of the amount of the removed
residual PbI2 after 2 min was highly influenced not by the MAI concentration but was instead
influenced by the loading time, as shown in Figs. S2 and S3. The detailed description is available
in the supplementary material. The change of the amount of residual PbI2 by the different MAI
concentrations was exhibited as a function of the loading time (namely, 20 s, 2 min, and 10 min).

Fig. 4(b) shows the GID patterns of the perovskite film from the 0.063M solution for the deter-
mination of structural depth profiling. The incident angles were 0.5◦, 1.0◦, 1.5◦, 2.0◦ and 2.5◦. The
location of the residual PbI2 was confirmed by the GID patterns, as shown in Fig. 4(b), where the
(001) peak of PbI2 was weak compared with the (110) peak of perovskite when the incident angle
was small. As the incident angle increased, the (001) peak of PbI2 became strong compared with
the (110) peak of perovskite. This indicates that the residual PbI2 was located under the perovskite
layer. According to the results of the (110) peak of perovskite. This indicates that the residual PbI2

was located under the perovskite layer. According to the results of the XRD pattern, the unknown
phase between the perovskite and the b-TiO2 layer in Figs. S2 and S3 was identified to be residual
PbI2.

The basic effect of residual PbI2 on the photovoltaic performance was subsequently inves-
tigated, as shown in Fig. 5. In addition, the average device parameters are listed in Table I.

ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-4-002610
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FIG. 4. (a) Normal XRD patterns of the perovskite films on the b-TiO2 layer grown by the two-step process using MAI
concentrations of 0.038M, 0.063M, and 0.1M. (b) GID patterns of the perovskite films using the 0.063M MAI concentration
with various incident angles: namely, 0.5◦, 1.0◦, 1.5◦, 2.0◦, and 2.5◦.

Under standard global AM1.5 solar irradiation, the device utilizing 0.038M MAI solution showed
a short-circuit current density (Jsc) of 21.42 mA cm−2, an open-circuit voltage (Voc) of 0.99 V, and
a fill factor (FF) of 53.55%, corresponding to an overall conversion efficiency (η) of 11.4%. Under
the same conditions, the devices utilizing 0.063M and 0.1M MAI solutions exhibited decreased
Jsc and FF values. The higher efficiency of the device that utilized 0.038M MAI solution can be
explained by the increased Jsc value, which is associated with the enhanced conversion from PbI2
to MAPbI3 with a low amount of PbI2 residue. This is due to the largest grain size with the small
amount of residual PbI2. However, the other devices (i.e., those with 0.063M and 0.1M solution) all
exhibited reduced device parameters. This is due to the small grain with large amount of residual
PbI2 under the perovskite layers.

And also, the higher Jsc at the lower concentration might be due to light scattering by the
larger-sized MAPbI3 cuboids.

It has been reported that in the heterostructure solar cells, grain boundaries have an influ-
ence on photovoltaic parameters, and series resistance can increase with the number of grain
boundaries.19 The high fill factors observes for large-sized perovskites formed at 0.038M MAI
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FIG. 5. J -V curves at forward scan (solid line) and reverse scan (dotted line) for the perovskite solar cells using MAI
concentrations.

solution are ascribed to the low series resistance, probably as a result of there being fewer grain
boundaries.

It could be assumed that the small amount of perovskite phase with the large amount of residual
PbI2 under the perovskite layer will reduce the light absorption efficiency, despite having a smooth
morphology. It should be noted that this process does not lead to optimal efficiency, but is instead a
basic attempt at explaining the ripening model. Further efficiency enhancements would therefore be
expected by optimizing the process.

In this study, we proposed the basic growth mechanism of the Ostwald ripening growth model
to form a perovskite absorber via a two-step process in a planar solar cell. This growth model was
found to have a critical impact on the formed perovskite film morphology based on the two-step
process. Furthermore, we found that it was difficult to control the morphology of the perovskite
films because of the ripening growth in which the smaller particles become smaller, while the larger
particles become even larger. Therefore, it is difficult to achieve a uniform morphology without
the bottom phase that is because PbI2 is difficult to form by the ripening growth mechanism. We
also investigated the importance of the perovskite formation mechanism on the perovskite film
morphology (and, consequently, on the solar cell device performance) through intensive charac-
terization of the perovskite film formed and of the solar cells fabricated. The film morphology
and unreacted PbI2 residue were examined using SEM, STEM, and XRD analysis. Although the
perovskite film without residual PbI2 and with uniform morphology could not be formed, the
two-step process was still promising because it allowed us to easily control the large-scale solar
cell area. Accordingly, we suggest that an additional technique for removing the residual PbI2 and
achieving uniform morphology should be applied, such as adding excess MAI with thermal energy,
which causes lattice diffusion of the MAI component from the surface to residual PbI2 through the
perovskite layer.

TABLE I. Short-circuit current density (Jsc), open-circuit voltage (Voc), fill
factor (FF), and average power conversion efficiency (PCE) dependence on
residual PbI2. The data represent the best-performing device for each MAI
concentration.

MAI concentration (M) Jsc (mA cm−2) Voc (V) FF (%) PCE (%)

0.038 21.42 0.99 53.55 11.4
0.063 16.66 0.99 46.8 7.79
0.1 15.96 0.98 41.72 6.55
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EXPERIMENTAL METHODS

Synthesis of MAI

CH3NH3I was synthesized by the reaction of 27.8 ml of CH3NH2 (40 wt. % in methanol, TCI)
with 30 ml of HI (57 wt. % in water, Aldrich) in a round flask via stirring for 2 h in an ice bath. The
CH3NH3I was collected using a rotary evaporator at 50 ◦C for 1 h, washed with diethyl ether several
times, and then dried in a vacuum for 24 h.

Absorber and solar cell fabrication

FTO(Fluorine Tin Oxide) substrates (Pilkington, TEC-8, 8 Ω/sq.) were cleaned with acetone,
ethanol, and IPA using ultra-sonication for 15 min and then treated with a UVO cleaner for 15 min.
A 30 nm thick blocking-TiO2 (b-TiO2) layer was then spin coated at 3000 rpm for 30 s with a 0.15M
titanium diisopropoxide bis(acetylacetonate) (Sigma-Aldrich, 75 wt. % in isopropanol) in 1-butanol
(Sigma-Aldrich, 99.8%). The films were then annealed at 450 ◦C for 1 h under air condition. PbI2
solution was then prepared by dissolving 462 mg in 1 ml (1 mol/l) in N,N-dimethylformamide
(DMF, 99.8%, Aldrich) at 70 ◦C. 30 µl of PbI2 solution was then spin coated on the b-TiO2 layer at
3000 rpm for 30 s. The solution temperature was maintained at 70 ◦C while spin coating.

After the coating process, the films were dried at 125 ◦C for 5 min in a glove box. To
convert the PbI2 to MAPbI3, about 300 µl of 0.038M (6 mg/ml), 0.063M (10 mg/ml), and 0.1M
(14 mg/ml) CH3NH3I dissolved in 2-propanol was spin coated on top of the PbI2 layer at 0 rpm
for 20 s followed by 4000 rpm for 30 s and was then dried at 100 ◦C for 5 min. The hole trans-
port material (HTM) was deposited onto the perovskite layer of the substrate using 200 µl of
2,2′,7,7′-tetrackis(N,N-di-p-mehoxyphenylamine)-9,9-spiro bifluorene (Spiro-MeOTAD) solution,
which was spin-coated on the MAPbI3 layer at 4000 rpm for 20 s. A spiro-MeOTAD solution was
then prepared by dissolving 72.3 mg of spiro-MeOTAD in 1 ml of chlorobenzene, to which 28.8 l
of 4-tert-butyl pyridine and 17.5 l of lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution
(520 mg Li-TFSI in 1 ml acetonitrile, Sigma-Aldrich, 99.8%) were added. Finally, gold (Au) was
thermally evaporated on top of the HTM as the counter electrode under a ∼10−6 Torr vacuum at
a deposition rate of ∼1 Å s−1. The Au was thermally evaporated until a thickness of 50 nm was
achieved.

Characterization

Morphologies were characterized using the field emission scanning electron microscopy (FE-
SEM) and transmission electron microscopy (TEM). The crystal structures of the PbI2 and perov-
skite were investigated using X-ray diffraction (XRD) with CuKa radiation under operating condi-
tions of 40 kV and 30 mA. The photocurrent and voltage were measured using a solar simulator
equipped with a 450 W xenon lamp (Newport 91192-1000) and a Keithley 2400 source meter. The
light intensity was adjusted with an NREL-calibrated Si solar cell for approximating 1 sun light
intensity. During current and voltage measurements, the cell was covered with a black mask with an
aperture (aperture area is 0.096 cm2).

SUPPLEMENTARY MATERIAL

See the supplementary material for the detailed description of experimental details.
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