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ABSTRACT: The influence of chloride integration on perovskite
film deposition, encompassing both the structures of intermediate
phases and the properties of the final films, was explored. Our
methodology involved the fabrication of perovskite intermediate-
phase films with varying concentrations of methylammonium
chloride (MACI). Subsequently, we conducted an analysis employing
X-ray diffraction and Rietveld refinement, incorporating the March-
Dollase correction, to gain insights into how chloride-induced
intermediate phases impact film morphology. Remarkably, a distinct
preferred orientation was observed in the (020) lattice plane
perpendicular to the substrate surface, and this orientation was
found to be directly correlated to the MACI concentration. This
distinctive arrangement of chloride-induced intermediate-phase complexes facilitated controlled crystallization, leading to highly
oriented crystals and an improved film morphology. As a consequence, perovskite solar cell devices incorporating chloride-
containing methylammonium lead iodide achieved a power conversion efficiency exceeding 20%. These findings suggest a crucial
link between the preferred orientation observed in the final chlorine-derived perovskite films and the intermediate-phase structure
formed during the initial stages of perovskite formation. These results suggest a profound impact of intermediate phase compositions
and crystal structures on perovskite formation, emphasizing the importance of a comprehensive understanding of these factors to
enable precise control over ideal structures and the subsequent transformation into high-quality perovskite films.
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B INTRODUCTION

Organic—inorganic halide perovskites, consisting of the

phenomena were confirmed by a number of published papers
regardless of the chloride species”'®'*™*" or deposition
methods®' 7>

structure ABX; (where A is a monovalent cation, such as
CH,NH;* (MA), CH,(NH,)," (FA), or Cs*; B stands for Pb
(II) or Sn (II); and X stands for iodide, bromide or chloride),
have been attracting significant attentions owing to their
superior performances in a wide range of optoelectronic
applications, along with their cost-effective materials and
solution processing.' ~° Since a perovskite solar cell (PSC) was
first reported in 2009 with a power conversion efficiency
(PCE) reaching 3.8%,” device performance has been
improving dramatically in the past decade such that the PCE
now exceeds over 25.5%,”” showing great potential for
practical applications.

Incorporating chloride species into a perovskite precursor
solution is one of the effective strategies to improve perovskite
crystal quality and has lately been commanding a great deal of
attention again. In fact, most of the recorded efficient PSCs
reported in recent years contain excess chloride salts in their
precursor solutions.”'°~'* Although most of the chloride
species contained in the precursor solution seem to be
dissipated from the final film during a thermal annealing,"*~"”
the fabricated perovskite film exhibited an exceedingly
improved film coverage with enlarged crystal grains, leading
to an improvement of an overall device performance. These
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applied in their studies.

While these studies have pointed out the positive effects
given by the chloride incorporation, the role of excess chloride
species during the perovskite formation process has not been
demonstrated enough. The existence of chloride-containing
intermediate phases, accompanied by their slow transformation
into a perovskite film, has been suggested as a key aspect of
chloride-derived perovskites;ls’%_30 however, there are still
few studies elucidating the perovskite intermediate phase,”' ™
as well as its transformation process toward final perovskite
crystals.”**” Besides, those studies currently refer only to the
perovskite without chloride inclusion or “PbCl, derived
perovskite”, which was fabricated from the precursor solution
containing PbCl, and MAI with a molar ratio of 1:3. As
previous studies have shown, the degree of morphological and
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crystallinity enhancement largely depends on the amount of
incorporated chloride materials. Indeed, the most efficient
PSCs in the reports were demonstrated with chloride species
concentrations much smaller than the perovskite concen-
tration.">***” As the amount of chloride species in precursor
solutions plays a critical role in the eventual film morphology,
proposed formation chemistry regarding PbCl,-derived
MAPbI; cannot possibly be applied to the reduced optimal
MACI additives. Hence, a systematic study revealing the
correlation between the introduced amount of chloride species
and the following structures of intermediate phases, as well as
the final perovskite films, need to be further explored.

In this study, the effect of MACI incorporation in the
precursor solution was examined with MAPDbI; films and PSC
devices. First, the spun perovskite film without thermal
annealing was fabricated, and its diffraction pattern was
analyzed by Rietveld refinement with the March—Dollase
function. The perovskite intermediate phase showed a strong
preferred orientation depending on the MACI concentration in
the precursor solution. This observation implies that the
preferred orientation characteristics mainly observed in
chlorine-derived perovskite films are possibly determined at
the initial stage of perovskite formation by the geometrical
arrangement of the intermediate-phase complex given by the
specific interaction of chloride atoms. Then, with an optimized
MACI additive, a MAPbI; film was successfully fabricated with
an enhance larger grain size, less grain boundaries, and a high
degree of crystallinity, which enhanced the optoelectronic
properties and resulted in the improvement of device PCE over
20%.

B EXPERIMENTAL METHODS

Materials. All of the materials are employed as received
without any purification. The chemicals for preparing perov-
skites were bought MAI from Dyesol, Ltd; Pbl, was purchased
from Kojundo Chemical Laboratory Co., Ltd; MACI and
magnesium(II) bis(trifluoromethanesulfonyl)imide (Mg
(TFSI),) were purchased from Tokyo Chemical Industry
(TCI); titanium diisopropoxide bis(acetylacetonate) (75 wt %
in isopropanol), lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), 4-tert-butylpyridine (tBP), and chlorobenzene were
purchased from Sigma-Aldrich; the 24 nm particle size TiO,
paste was bought from JGC C&C; and 2,2/,7,7’-tetrakis(IN,N-
di-p-methoxy-phenylamine)-9,9'-spirobifluorene (Spiro-OMe-
TAD) was purchased from Merck. Solvents not mentioned
above were obtained from Wako Pure Chemical Industries,
Ltd.

Perovskite Thin Film Fabrication. In this study, we
fabricated MAPDI; films with different amounts of MACI
additives. For the preparation of the perovskite films,
equimolar amounts of Pbl, and MAI were dissolved in a
solvent mix with DMF and DMSO with a ratio of 9:1 as a
precursor solution. For the sample with chloride additives, 0.2
and 0.4 mol equiv of MACI with respect to MAPbI; were
dissolved together as the additive. Perovskite thin films were
deposited based on a fast deposition crystallization method*’
described below. After dropping the precursor solution, a two-
step spin coating with a rotation speed of 1000 rpm for 10 s
and that of 5000 rpm for 40 s was conducted to disperse the
precursor solution. During the spin coating, 0.6 mL of
chlorobenzene was dropped quickly 22 s after the beginning
of the spin coating program. The as-spun films were annealed
at 70 °C for 1 min, followed by further annealing at 100 °C for

4S min to complete the crystallization. However, for the
analysis of the perovskite intermediate phase, as-spun wet films
were immediately collected and set to the measurement stage
without any annealing.

PSC Device Fabrication. FTO glass with a sheet
resistance of ~10 ohm per square from Nippon Sheet Glass
Co. Ltd. was employed as a transparent conductive substrate.
The FTO substrates were cleaned by 10 min of ultrasonication
with acetone and 2-propanol, followed by a 10 min UV ozone
treatment. A compact layer of TiO, was then prepared by the
spray pyrolysis method at 430 °C. Before spraying, 7.0 mg of
LiTFSI and 13.3 mg of Mg(TFSI), were mixed in 0.3 mL of
titanium diisopropoxide bis(acetylacetonate) as a precursor
solution. A mesoporous TiO, layer was then fabricated with a
solution that dispersed TiO, (PST-24NR) nanoparticles in
ethanol. Samples were spin coated with a rotation speed of
6000 rpm for 30 s and then transferred to a hot plate preheated
at 550 °C and annealed for 15 min. For the perovskite
precursor solutions, equimolar amounts of Pbl, and MAI were
dissolved in 9:1 mixed DMF and DMSO. For MAClI-derived
perovskites, 0.2, 0.4, and 1.0 mol equiv of MACI with respect
to MAPDI; were further dissolved together. Perovskite
absorber layers were deposited based on the antisolvent
method described below. After dropping the precursor
solution, a two-step spin coating with a rotation speed of
1000 rpm for 10 s and that of 5000 rpm for 40 s was conducted
to disperse the droplets. During the spin coating, 0.6 mL of
chlorobenzene was quickly dropped 22 s after the beginning of
the program. The as-spun films were annealed at 70 °C for 1
min, followed by further annealing at 100 °C for 45 min. A
hole transport layer was then spin coated with a rotation speed
of 4000 rpm for 30 s using Spiro-OMeTAD solution with a
concentration of 72.3 mg in 1 mL of chlorobenzene. LiTFSI
(520 mg/mL in acetonitrile, 17.5 yL) and tBP (27.8 uL) were
added to the solution before the deposition. At last, an Au
electrode was deposited by thermal evaporation. The area of
the Au contact was more than 0.18 cm?® All fabrication
processes and J—V measurements of the devices were
performed in a drying room with a dewpoint temperature of
—-30 °C.

Analysis Methods. Out of plane XRD analysis was
conducted with a Bruker D8 Discover diffractometer with
Cu Ka radiation (4 = 1.5406 A) under voltage and current
with values of 40 kV and 50 mA, respectively. Bruker
Diffraction TOPAS software was used for the XRD data
analysis, including Rietveld refinement. Transmittance, re-
flectance, and absorbance spectra were obtained with a
spectrophotometer (UV3600, Shimadzu). For mass spectros-
copy analysis of the perovskite films, inductively coupled
plasma mass spectrometry (ICP-MS) was performed using an
ICPMS-2030 (Shimadzu) instrument. The measurement was
conducted using a calibration curve method where calibration
samples with known concentrations were prepared. For the
samples, perovskite films with and without thermal annealing
were fabricated by the process mentioned above. Then, each
film was put into a 0.01% ascorbic acid/DMF solution to
dissolve the perovskite films, and the measurement was
operated by introducing the solutions to a nebulizer. During
the measurements, argon gas was used as the carrier gas and
plasma gas. A mixture of argon and oxygen gas (Ar/O, = 7:3)
was used as the auxiliary gas, and helium gas was used as the
collision gas. SEM images were obtained with a field emission
scanning electron microscope (SU8000, Hitachi). J—V curves
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Figure 1. (a) XRD patterns of perovskite films without annealing fabricated with each amount of MACI additive and simulated powder diffraction
patterns of (MA),(DMF),Pb,I; (blue) and (MA),(DMF),Pb,I (black). Calculated reflections are summarized in Tables S1 and S2. (b) Enlarged
view of the peak around 8°. Intensity is normalized with the peak maximum.

for PSC device evaluation were recorded with a light intensity
under AM 1.5 G (100 mW cm™) using a 450 W xenon lamp
as the light source (YSS-80A; Yamashita Denso Co., Ltd.,
Japan) and the light intensity was calibrated using a standard Si
photodiode of BS-520 (Bunko Keiki Co., Ltd., Japan).
Photoluminescence spectrum and photoluminescence quan-
tum yield (PLQY) measurements were performed with the
extended absolute photoluminescence quantum yield measure-
ment device (HAMAMATSU C13534, Hamamatsu Pho-
tonics). PL lifetimes were measured by a Nanofinder 30
(Tokyo Instruments Inc.) system.

B RESULTS AND DISCUSSION

In order to examine the effect of incorporating different
amounts of chloride species in precursor solutions, perovskite
films were fabricated and then XRD was immediately measured
without thermal annealing. Figure 1(a) shows the XRD
patterns of perovskite films fabricated with precursor solutions
containing each concentration of MACL All the spun
perovskite films exhibited three conspicuous peaks at the
lower degree region. On the other hand, the peak appearing at
around 14°, which indicates the (110) face diffraction of
tetragonal MAPDI;, showed a significantly low intensity,
suggesting that the perovskite crystallized only in trace
amounts in all the as-spun films. The structures formed within
the perovskite precursor solution are referred to as an
intermediate phase, and some solvent-intercalated lead halide
structures have been reported for MAPbI; without chloride
incorporation using single crystal X-ray diffraction.’’**?°
Petrov et al.”® reported three intermediate structures depend-
ing on the molar ratio of MAI and Pbl,. While our films were
primarily fabricated using a precursor solution containing an
equimolar proportion of MAI and Pbl,, the three dominant
peaks detected at angles below 10° in the as-spun films did not
align with the peak position of the (MA),(DMF),Pb,I,
structure, previously reported as an intermediate phase
associated with equimolar MAI and Pbl,. Instead, these
peaks closely resembled the peak positions observed in
(MA),(DMF),Pb;l;, a structure identified in their study as
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the intermediate phase structure corresponding to a 1:2 ratio
of MAI and Pbl,. All of the as-spun perovskite films exhibited
nearly identical peak positions. However, Figure 1(b) reveals a
slight shift in the peak position with respect to the MACI
concentration, suggesting a subtle reduction in lattice size
attributable to the incorporation of a small amount of chlorine
into the crystal structure.

However, comparing the film diffraction patterns and the
calculated powder diffraction pattern of (MA),(DMF),Pb,I,,
there is a considerable difference in peak intensity of the capital
three peaks, as demonstrated in Figure 1(a). While the
calculated powder diffraction pattern has the weakest peak at
around 8° that corresponds to the (020) lattice plane, the film
without MACI inclusion resulted in the peak corresponding to
the (110) lattice plane with the lowest intensity of the three
peaks, which is calculated as the strongest intensity in the
powder diffraction pattern. Interestingly, by introducing MACI
in the precursor solutions, peak intensities of the film
diffraction patterns further changed drastically such that the
peak corresponding to the (020) lattice plane became much
stronger than the other two peaks. Moreover, by increasing the
amount of MACI in the precursor solution, the intensity of the
(020) peak also increased, indicating that the addition of
chloride species has a nontrivial effect on not only the final
perovskite film but also the perovskite intermediate phase.

In order to further examine the difference observed in the
diffraction patterns of intermediate phase films, Rietveld
refinement was performed using the Bruker Diffraction
TOPAS software program. The discrepancy in relative peak
intensities between the simulated and observed XRD patterns
of the (MA),(DMF),Pb,]I; intermediate phase suggests the
existence of a favored crystal orientation within the as-spun
films, likely influenced by the orientation of the intermediate
crystallites. Hence, during the Rietveld refinement, we
considered and subsequently evaluated the degree of preferred
orientation by introducing the March—Dollase method as an
intensity correction factor.

The March—Dollase method incorporates an analytical
weight function representing the proportion of crystallites

https://doi.org/10.1021/acsomega.3c05463
ACS Omega 2023, 8, 42711-42721


https://pubs.acs.org/doi/10.1021/acsomega.3c05463?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05463?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05463?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05463/suppl_file/ao3c05463_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05463?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

where the reciprocal lattice vectors align with the normal to the
surface of the sample:*"**

N
1 _ 1w

Pla) = — Z (rPcos™ a + r*sin”! a) 2
N3 (1)

N refers to symmetry equivalent reciprocal lattice points, and
a is the angle between the preferred orientation direction
vector and the diffraction plane vector. The preferred
orientation parameter r determines the strength of the
preferred orientation, which defined as the ratio between the
correction factors for Bragg peaks perpendicular and parallel to
the direction of preferred orientation.”® Therefore, the March—
Dollase function weights different orientations of lattice planes
based on the ratio r and angle a. When the preferred
orientation parameter is 1 (r = 1), the weight function is
independent of the angle and the material exhibits a random
powder orientation, meaning there is no preferred alignment of
crystal orientations. On the other hand, when r < 1, the
preferred orientation is exhibited along the direction
perpendicular to the surface, while r > 1 indicates a direction
parallel to the surface.*'~**

For the Rietveld refinement, (MA),(DMF),Pb,l;, which
corresponded well with the peak position of the perovskite
intermediate phase film in Figure 1(a), is used as an initial
model structure (Figure 2). The crystal structure parameters

formula (MA),(DMF),Pb;lg
Structure orthorhombic
Space group Pnnm
a (&) 17.165(4)
b () 21.955(4)
c (&) 4.5549(9)
a (degree) 90
B (degree) 90
Yy (degree) 90
(MA),(DMF);Pbslg Vv (&) 1716.6(6)

Figure 2. Crystal structure of the perovskite intermediate phase used
in Rietveld refinement. The unit cell diagram was grepared with a
structural model visualization program VESTA 3% based on the
crystal structure parameters from the Crystallographic Information
File (cif) in ref 35.

were obtained from the Crystallographic Information File (cif)
reported in ref 3S. Figure 3(a) and (b) show the results of
Rietveld refinement for the intermediate phase film fabricated
without MACI incorporation with and without considering the
effect of the preferred orientation, respectively. Detailed
refinement parameters and results for the Rietveld refinement
are described in Table S3. As depicted in Figure 3(a) and (b),
the measured diffraction pattern, represented by the blue
curves, has been fitted to the cumulative calculated curve,
indicated by the red curves, which was derived from the
identified crystal structure of (MA),(DMF),Pb,];. Initially, we
assigned the [2—11] direction as the preferred orientation
vector, which had been identified in the reference as the
preferred orientation direction for the DMSO-containing
perovskite intermediate film.** In the absence of any
preferential orientation correction (Figure 3(a)), both the
peak intensity and the ratio of the experimental curve deviated

noticeably from the calculated curve, as previously illustrated in
Figure 1(a). However, when considering the preferential
orientation through the application of the March—Dollase
function, remarkable improvements ensued: the peak intensity
ratio approached much closer to the calculated curve, and the
residual peak intensities, as depicted below the experimental
and calculated curves, significantly diminished (Figure 3(b)).
The preferential orientation parameter (r) for the [2—11]
direction was calculated as 3.23. It is worth noting that a
previously reported paper had documented a value of 5.53 for
the DMSO-intercalated intermediate phase.”* Despite our
material being a DMF-induced intermediate phase that differs
from the structure employed in the reference, these results
suggest that the intermediate phase crystal aligns the [2—11]
face more parallel to the substrate surface, which is in good
agreement with their study that the elongated Pb—I network
aligns almost parallel to the substrate surface.

However, for the films fabricated with the inclusion of
MAC], the preferred orientation toward the [2—11] direction
did not provide a satisfactory fit for both the films with 0.2 and
0.4 mol equiv of MACIL. Instead, the intensity of residual peaks
corresponding to the (020) lattice plane exhibited a substantial
increase with the amount of MACI added, as shown in Figure
4(a). In contrast, the correction of the preferred orientation
toward the [020] direction proved to be considerably more
effective for the chloride-induced intermediate phases. As
demonstrated in Figure 4(b), the calculated curves fitted well
with the experimental curves for both the films with 0.2 and 0.4
mol equiv of MAC], and the peak intensities of the residual
curves decreased considerably. The preferred orientation
parameter (r) was calculated as 0.44 for the film with 0.2
mol equiv of MACI and 0.33 for the film with 0.4 mol equiv of
MACIL Detailed parameters and results are summarized in
Tables S4 and S5, respectively. Notably, all films exhibited
preferred orientation values smaller than 1, indicating a strong
characteristic of the (020) faces aligning perpendicular to the
sample surface. Furthermore, the degree of preferred
orientation toward the [020] direction increased with the
addition of more MACI to the precursor solutions. These
results suggest that the addition of chloride species to the
precursor solution promotes growth of the (020) lattice plane
in a direction more perpendicular to the substrate surface.

This observation strongly aligns with our previous report,
where we noted that the (020) lattice plane, containing
chlorine atom replacements, exhibits slower growth and has
more morphological importance.” Assuming that chlorine
atoms are substituted with terminal iodine atoms within the
lead halide octahedra, in accordance with the reference’s
structure, these chlorine atoms would also align themselves
along the b-axis direction, which is perpendicular to the
substrate surface. As depicted in Figure S, retarding crystal
growth along the b-axis direction encourages the crystal to
expand more toward the a- and c-axes. Consequently, this leads
to the enlargement of the (020) faces in the final film. While
the previous report primarily focused on calculations with and
without chloride inclusion, the experimental film diffraction
patterns, coupled with the variations in the degree of preferred
orientation in response to the MACI concentration, provide
empirical support for the emergence of chlorine-induced lattice
planes and their heightened morphological significance.

The emergence of highly oriented perovskite intermediate
phases can be correlated to the enhanced crystallinity of the
final perovskite films. As depicted in Figure 6(a), the XRD
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Figure 3. Diffraction patterns of intermediate phase without MACI inclusion after Rietveld refinement (a) without a preferential orientation and
(b) with a preferred orientation. The inset crystal structure diagram shows the (2—11) face of (MA),(DMF),Pb;,I;.

diffraction patterns of the final perovskite films, which were
prepared from precursor solutions containing varying amounts
of MACI, consistently exhibited diffraction patterns closely
matching the tetragonal MAPbI, structure.”® Notably, apart
from the three peaks attributed to the FTO substrates, no
peaks associated with intermediate phases or precursor
materials, such as MAI, Pbl,, MACI, or PbCl,, were observed.
Evidently, the majority of chloride species present in the
precursor solutions or within the as-spun films were effectively
eliminated during the thermal annealing process. Conse-
quently, all films underwent a successful transformation into
perovskites with no observable shift in peak positions, as
illustrated in Figure 6(b). This phenomenon is further
supported by optical absorption spectroscopy (Figure S1),
where all perovskite films exhibited nearly identical absorption
edges at approximately 800 nm, as also confirmed by the Tauc
plot in Figure 6(c). The band gap energies of perovskite films
prepared with 0.0, 0.2, and 0.4 mol equiv of MACI were
estimated to be 1.600, 1.601, and 1.604 eV, respectively. These
values indicate minimal variation in band gaps, although a
slight blue shift was observed in the MACl-induced films,
possibly attributable to trace amounts of the remaining
chlorine atoms within the perovskite lattice.

Furthermore, an analysis using inductively coupled plasma
mass spectrometry (ICP-MS), summarized in Figure 6(d) and
Table S6, verified the presence of chlorine atoms in the as-spun
perovskite films, initially at concentrations comparable to those
in the precursor solutions. However, after the thermal
annealing process, there was a substantial reduction in the
quantity of chlorine atoms, while the iodine atom content
exhibited a minimal change. Simultaneously, there was a slight
increase in the amount of chlorine atoms in the final perovskite
films induced by MACI, which can account for the observed
slight blue shift in the band gap energy in the Tauc plot in
Figure 6(c). This suggests that a very small quantity of chlorine
atoms may remain within the perovskite lattice in these films,
and this quantity may increase with higher MACI concen-
trations in the precursor solution.'”'” Since the perovskite
films were annealed under the same conditions as those
without chlorine incorporation, this issue may be addressed by
optimizing the annealing conditions for chlorine-induced
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perovskite films, such as increasing the annealing temperature
or duration. Nonetheless, these observations unequivocally
demonstrate the formation of chlorine-containing intermediate
phases during the initial stages of perovskite fabrication,
followed by a transformation into perovskite with the removal
of chlorine species during the annealing process.'®”

Despite the negligible differences in the perovskite
compositions, MACl-induced perovskite films exhibited a
pronounced preferred orientation. In contrast, the perovskite
film without MACI inclusion displayed a diffraction pattern
that corresponded well to randomly oriented tetragonal
MAPDI;, owing to the rapid crystallization characteristic
induced by the antisolvent deposition technique. Conversely,
with the introduction of an excess of MACI into the precursor
solutions, two reflection peaks at approximately 14° and 28°,
corresponding to the (110) and (220) lattice planes of
tetragonal MAPbDI,,*® became more prominent than other
reflection peaks. This distinctive feature intensified with
increasing amounts of MACI, as depicted in Figure S2. This
strong preferred orientation characteristic observed in MACI-
incorporated perovskite films aligns with the increasing degree
of preferred orientation observed in intermediate films, as
demonstrated in Figures 1(a). The substantial preferred
orientation of [020] planes within the perovskite intermediate
phase oriented perpendicular to the substrate, likely due to the
replacement of chlorine atoms with terminal iodine atoms
within the lead halide octahedra along the b-axis,*® undergoes
transformation into MAPDI; during thermal annealing.
Consequently, this may result in a pronounced preferred
orientation of the (010) lattice plane in cubic MAPbI; and
subsequently of the (110) lattice plane in tetragonal MAPbI,
after the thermal annealing process.

The formation of highly crystalline perovskite films, derived
from a precursor solution incorporating MACI, is further
confirmed through a comparison of the surface morphology in
each perovskite film. Figure 7(a) presents top-view surface
SEM images of perovskite films prepared with precursor
solutions containing 0, 0.2, and 0.4 mol equiv of MACI relative
to MAPDI;. The grain size distributions of the perovskite films
exhibit significant enhancement as the quantity of incorporated
MACI increases, aligning with prior research on chloride
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Figure 4. Rietveld refinement of the diffraction patterns of the perovskite intermediate phase with 0.2 and 0.4 MACI (a) Refinement with a
preferential orientation toward the [2—11] direction and the preferred orientation parameter r = 3.23. (b) Rietveld refinement with a preferential
orientation toward the [020] direction. The preferred orientation parameter r was calculated as 0.44 for 0.2 MACI (left) and 0.33 for 0.4 MACI
(right).
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Unit cell
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Figure 5. Schematic illustration of the growth of the specific lattice plane in a chloride-induced perovskite intermediate phase crystal. Hydrogen
atoms are omitted for clarity. Chloride atoms (green) are aligned toward the b-axis, which was calculated as the most feasible growth plane in the
reference.
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iodine and chlorine atoms to lead atoms concerning thermal annealing for perovskite films prepared with 0.0, 0.2, and 0.4 mol equiv of MACL
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Figure 7. (a) Top-view SEM images of perovskite films fabricated with 0.0, 0.2, and 0.4 mol equiv of MACL (b) Schematic illustration of the
transformation of the perovskite intermediate phase into the perovskite with and without chloride inclusion.

incorporation in perovskite formation.'®*”*® While the film
without MACI displayed an average grain size of approximately
300 nm, the film prepared with 0.2 mol equiv of MACI
exhibited an enlarged grain size exceeding 500 nm. In the case
of the film with 0.4 mol equiv of MACI, the grain sizes
exceeded 1.00 um. This observation corroborates the earlier
XRD results in Figure 6(a), indicating that perovskite films
with a higher degree of crystallinity are obtained due to the
inclusion of MACI in precursor solutions.

The enhanced crystallinity achieved through chloride-
induced perovskite films originating from highly oriented
intermediate phases implies that controlling the growth
direction of an intermediate phase plays a pivotal role in
influencing the perovskite morphology. As mentioned
previously, the horizontal orientation of Pb—I chains in
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perovskite intermediate phase crystals emerges as a crucial
factor for fabricating perovskite films with superior morphol-
ogy.”* As schematically illustrated in Figure 7(b), in contrast to
perovskite films without chloride inclusion that crystallize with
smaller crystallites, the aligned chlorine atoms further promote
the growth of the intermediate phase well oriented
perpendicular to the substrate surface. Then transformation
of perovskite intermediate phase to perovskite film will occur
by gradually substituting iodine atoms during thermal
annealing, and this transformation will ultimately lead to the
formation of highly crystallized perovskite films.

Finally, to examine the influence of the chloride incorpo-
rations on device performances, PSC devices in the
architecture of fluorine-doped tin oxide (FTO)/compact
TiO, /mesoporous TiO,/perovskite/Spiro-MeOTAD/Au

https://doi.org/10.1021/acsomega.3c05463
ACS Omega 2023, 8, 42711-42721


https://pubs.acs.org/doi/10.1021/acsomega.3c05463?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05463?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05463?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05463?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05463?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05463?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05463?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05463?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

2

Current density (mA/cm®)

Without MACI (- - - Fwd — Rev)
0.4 MACI (- - - Fwd — Rev) |

' L ! ! FRLN
t } t

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

1.00um

Figure 8. (a) I-V curves of the PSC devices fabricated with the perovskite film with and without MACL. (b) Cross-sectional SEM images of PSC

devices fabricated without MACI and with 0.4 mol equiv of MACL

were fabricated and characterized. Perovskite layers were
prepared with the process as the films demonstrated in
previously noted measurements.

Figure 8(a) shows the I—V characteristics of the best PSC
devices prepared with perovskite films with and without MACL
Corresponding photovoltaic parameters of each device are
summarized in Table 1. The device prepared without MACI

Table 1. Photovoltaic Parameters of the Best-Performing
PSCs Prepared with and without MACI

Je V., FF  PCE
sample scan  (mA cm™?) V) (=) (%)

without MACI fwd 23.2 1.03 0.42 10.0
rev 23.1 1.0S 0.65 15.8

with 0.4 mol equiv of fwd 233 1.04  0.69 16.7
MACl rev 233 107 080 200

incorporation showed a power conversion efficiency (PCE) of
15.8% with hysteresis. An addition excess MACI in the
perovskite precursor solution resulted in improved device
performance and achieved a maximum PCE over 20% with the
device with 0.4 mol equiv MACI. Detailed distributions of each
photovoltaic parameters of the PSC devices for several batches
with the corresponding MACI ratio are also shown in Figure
S3. Distributions of short circuit current density (J,.) values did
not show an evident difference between the amount of MACI
included in the perovskite deposition, which was also
confirmed by the EQE measurement shown in Figure S4. It
is rather consistent with the trends observed in the above-
mentioned UV—vis absorption and XRD results, where almost
no notable shift was observed in either the absorption edge or
lattice constant between the perovskite films, indicating that all
films were most likely to be transformed into MAPbDI,.
Distribution of open circuit voltage (V) values showed similar
trends between the devices prepared with 0.0, 0.2, and 0.4 mol
equiv of MAC], although the device prepared with 1.0 mol
equiv of MACI] had comparatively poorer V..  values.
Meanwhile, however, distributions of fill factor (FF) values
showed a trend that is close to that of PCE distributions. An
outstanding improvement of FF values from 0.65 to 0.80
appeared with the incorporation of 0.4 mol equiv of MACI
compared to that of the device without MACI included.
However, further addition of MACI resulted in a decrease in

FF value with the device with 1.0 MACI, which is in good
agreement with the drop that appeared at PCE values. These
results suggest that MACI incorporation in the perovskite
precursor solution significantly affected the device perform-
ance, and an enhancement of the device performance is most
likely to be attributed to the improvement of FF values.

Figure 8(b) shows cross-sectional SEM images of the PSC
devices fabricated with perovskite films with and without
MACI. Additional SEM images for other compositions are
summarized in Figure SS. In all devices, the thickness of each
perovskite film remained nearly constant, typically around 500
to 550 nm. However, as the amount of MACI increased, the
surface of the perovskite film exhibited reduced uniformity.
Particularly in the case of the device with 1.0 mol equiv of
MACI, the subsequent Spiro-OMeTAD layer displayed
variations in thickness, which account for the -earlier-
mentioned decline in device performance. This could be
attributed to the slower crystal growth resulting from a higher
level of MACI incorporation, preventing the rapid crystal-
lization typically induced by the antisolvent deposition and
thereby hindering uniform crystallization. However, at the
same time, distinct differences emerged in the perovskite
microstructure. The device fabricated with the perovskite film
without MACI incorporation exhibited small grains and
noticeable grain boundaries in various directions. Conversely,
in the device with MACI incorporation, grain boundaries
primarily oriented vertically were reduced and were nearly
negligible. The reduction in grain boundaries observed in the
devices with MACl-induced perovskite films appears to be
closely linked with the enlargement of perovskite grains,
consistent with the results observed in top-view SEM images in
Figure 7(a). It is well-established that the grain boundaries can
serve as trap centers, leading to unfavorable charge
recombination; thus, they have a significant influence on
device performance.””** Therefore, the device fabricated with
the perovskite film containing fewer grain boundaries is
anticipated to exhibit superior carrier transport, leading to
better device performance.

Additionally, we performed an analysis of the photo-
luminescence (PL) spectra and corresponding decay curves
for the perovskite films prepared with varying amounts of
MACI To eliminate any potential influence from electron
injection into TiO,, we deposited perovskite films onto quartz
substrates. As demonstrated in Figure S6(a), the PL peaks
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exhibited a slight shift toward shorter wavelengths with the
inclusion of MACI. This aligns with the results observed in the
absorption spectra and is likely due to the presence of residual
small amounts of chlorine atoms.

Moreover, the perovskite film without MACI incorporation
exhibited a broader PL spectrum in comparison to that of the
film with MACI, indicating a higher possibility of nonradiative
recombination. This observation is further substantiated by the
overall PL quantum yield (PLQY), where the perovskite film
with MACI exhibits a significantly higher PLQY value. This
suggests a more efficient radiative recombination process with
fewer traps or defects in the perovskite films. The
corresponding decay curves, detailed in Table S6(b), also
illustrate that MACI incorporation during perovskite deposi-
tion enhances the carrier lifetime, which effectively accounts
for the substantial enhancement in the device performance
observed in devices fabricated with and without MACI
incorporation. It has been proposed that high-quality films
are associated with extended PL lifetimes, while grain
boundaries tend to exhibit lower PL intensity and faster
nonradiative decay rates.** The fabrication of highly crystalline
perovskite films with fewer grain boundaries appears to have
reduced these nonradiative pathways, underscoring the
benefits of chloride incorporation in perovskite fabrication.

B CONCLUSION

In summary, this study explored the consequences of
incorporating chloride additives during perovskite deposition,
examining both the intermediate phase structures and the
properties of the final perovskite films. Perovskite intermedi-
ate-phase films were created by varying the concentration of
MACI, then characterized through XRD measurements and
Rietveld refinement by employing the March—Dollase
correction. The chloride-induced intermediate phase displayed
a distinct preferred orientation, namely, the (020) face,
oriented perpendicular to the substrate surface, with a
correlation observed with the MACI concentration. This
unique configuration of the chloride-induced intermediate
phase appears to exert a significant influence on controlled
crystallization, resulting in highly oriented crystals and
enhanced film morphology. These improvements ultimately
led to power conversion efficiencies exceeding 20% in
perovskite solar cell devices. This observation suggests a
connection between the preferred orientation characteristics
observed in the final chlorine-derived perovskite films and the
intermediate phase structure formed during the initial stages of
perovskite formation. Our findings underscore the substantial
impact of intermediate-phase compositions and crystal
structures on perovskite formation, which in turn dictate the
quality of the resulting perovskite films. Consequently, a
deeper understanding of these factors is pivotal for achieving
precise control over ideal crystal structures and facilitating their
transformation into high-quality perovskite films.
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