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Kim and co-workers report systematical studies with methylammonium chloride
(MACI) in formamidinium lead iodide (FAPbls)-based perovskite thin films. The
MACI addition could induce the intermediate phase with pure a-phase without
annealing, effectively stabilizing the structure, only through cationic site
substitution. The film quality can be significantly improved, exhibiting a 6 X
increase in grain size, a 3X increase in phase crystallinity, and a 4.3X increase in
photoluminescence lifetime. The resulting optimized solar cells achieved a peak-

scan efficiency of above 24%.

Minjin Kim, Gi-Hwan Kim, Tae
Kyung Lee, ..., Sang Kyu Kwak,
Jin Young Kim, Dong Suk Kim

skkwak@unist.ac.kr (S.K.K.)
jykim@unist.ac.kr (J.Y.K.)
kimds@kier.re.kr (D.S.K.)

HIGHLIGHTS

Improvement of morphology,
phase crystallinity, photo-physical
property, and efficiency with
MACI

Stabilized intermediate to the
pure FAPbI; a-phase with MACI

The formation energy of
perovskite structure with the
amount of incorporated MACI

Theoretical framework for
understanding the interaction of
MACI with a perovskite film

Kim et al., Joule 3, 2179-2192
September 18, 2019 © 2019 Elsevier Inc.
https://doi.org/10.1016/j.joule.2019.06.014



mailto:skkwak@unist.ac.kr
mailto:jykim@unist.ac.kr
mailto:kimds@kier.re.kr
https://doi.org/10.1016/j.joule.2019.06.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.joule.2019.06.014&domain=pdf

Joule

Cell

Methylammonium Chloride Induces

Intermediate Phase Stabilization

for Efficient Perovskite Solar Cells

Minjin Kim,">¢ Gi-Hwan Kim,?¢ Tae Kyung Lee,*¢ In Woo Choi," Hye Won Choi," Yimhyun Jo,’
Yung Jin Yoon,? Jae Won Kim,? Jiyun Lee,* Daihong Huh,> Heon Lee,> Sang Kyu Kwak,**

Jin Young Kim,>* and Dong Suk Kim'.7-*

SUMMARY

One of the most effective methods to achieve high-performance perovskite
solar cells has been to include additives that serve as dopants, crystallization
agents, or passivate defect sites. Cl-based additives are among the most
prevalentin literature, yet their exact role is still uncertain. In this work, we sys-
tematically study the function of methylammonium chloride (MACI) additive in
formamidinium lead iodide (FAPbI;)-based perovskite. Using density functional
theory, we provide a theoretical framework for understanding the interaction of
MACI with a perovskite. We show that MACI successfully induces an intermedi-
ate to the pure FAPbI; a-phase without annealing. The formation energy is
related to the amount of incorporated MACI. By tuning the incorporation of
MACI, the perovskite film quality can be significantly improved, exhibiting a
6 X increase in grain size, a 3 X increase in phase crystallinity, and a 4.3 X increase
in photoluminescence lifetime. The optimized solar cells achieved a certified
efficiency of 23.48%.

INTRODUCTION

Within a short period of time, organic-inorganic lead halide perovskites have
demonstrated powerful applications in solar cells as a result of high-power conver-
sion efficiencies now exceeding 23%," unprecedented in the field of photovoltaics.
The high-efficiency outputs of perovskite solar cells are attributed to their excep-
tional material properties,”* which include high optical absorption cross-sections,”

378 and

low exciton binding energies,® long-range charge carrier diffusion lengths,
easy tuning of the band gaps®'® via simple interchanges of the precursor

components.

Among the perovskite materials, formamidinium lead iodide (FAPbls)-based perov-
skite materials are also widely used because the band gap, 1.48 eV, is closer to the
optimum value of a single-junction solar cell'' " and displays a broader light ab-
sorption spectrum that extends to 840 nm, although stability can be an issue in these
cells. In general, FAPbI; has two crystal structures: a non-perovskite yellow 8-phase
and a 3D perovskite black a-phase. Only the a-phase perovskite is a useful photoac-
tive phase.'”"* Black a-phase perovskite readily transforms to the yellow 3-phase
non-perovskite because of the large size of the FA cation.'” Studies have shown
that substituting some FA" species with MA" or Cs* can inhibit this phase
transformation.'?

Context & Scale

Numerous effective methods have
been developed toward achieving
high-performance perovskite
solar cells. The additives are one
of the most effective ways of
achieving high performance. Cl-
based additives are among the
most prevalent in literature;
however, their exact role is still
uncertain.

Herein, we systematically
researched the effects of
methylammonium chloride
(MACI) additive using analysis of
photo-physical properties and
density functional theory. The
highest efficiency achieved was
24.02%, certified as 23.48%, and
the resultant devices showed
better thermal stabilities and
photostabilities than the pristine
devices.
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The important factors for achieving high-performance perovskite solar cells include con-
trolling the well-defined morphologies and maintaining the high crystallization of the
perovskite film.'®"” These features can be controlled through the choice of perovskite
precursor,WS fabrication method,'” solvent mixing,w7 annealing conditions,?%?'
manufacturing humidity conditions,”” surface passivation,”® and processing addi-
tives.”* Recently, the incorporation of additives into the perovskite precursor solution
was widely studied to provide an effective approach to improving the film morphology

and crystallinity. Several additives, including polymers,”~?" fullerene derivatives,?®*°

31-35 36-39 d.40-43 44-46
'

organic halide salts, metal halide salts, inorganic aci and others
can be used to create a uniform perovskite layer with a high crystallinity and improve
the device performance. Among these, additives containing iodide ions, such as cesium
iodide (Csl),*’~° rubidium iodide (Rbl),*'">* guanidinium iodide (Gul),>*~>* methylam-
monium iodide (MAI),>” and other iodide®® " have driven the high-performance effi-
ciencies. Just 5% or 10% Csl addition to perovskite mixtures suppressed non-perovskite
yellow phase impurities and induced the formation of uniformly large perovskite grains
that extended the electron-to-hole collecting layer, consistent with seed-assisted crystal
growth.”® Recently, alkali iodide (Lil, Nal, and KI) was used for defect engineering and
perovskite doping to reduce hysteresis and increase efficiencies using small doping
concentrations of 10 pmol.®?

Apart from the cationic iodide additives, chloride-based additives have been stud-
ied recently, although few studies have compared the chlorides with the iodides.
Wang et al. explored the additions of FACI and MACI in equal molar amounts to
the FAPbI3 precursor solution, demonstrating that they were good additives for
increasing the crystallization of a-FAPbI3 via the formation of intermediate mixtures,
which suppressed crystallization of the 3-phase FAPbI3.°® A new perovskite growth
method was presented using MACI to assist the vertical recrystallization in an FA
perovskite film and provide an efficiency of 20.6%.°* Mu et al. showed that MACI
was a transitional “stabilizer” that preserved the crystal structure and formed the
black FA perovskite.® Qing et al. also showed that the synergistic effects of dimethyl
sulfoxide (DMSO) and MACI additives, which assisted crystallization of the perov-
skites, lead to a single-crystal-like film with a smooth surface and a low defect den-
sity, thereby providing a high-efficiency perovskite solar cell.®® However, the effi-
ciencies of the perovskite solar cells prepared with cationic chloride additives
were lower than those prepared using cationic iodide additives. Furthermore, it is
not yet clear why MACI additives would be better than others. This effect requires
further investigation of the role and theoretical calculation.

In this work, we systematically studied the role of MACI additive in FAPbls-based
perovskite solar cells. The grain size in films prepared using various contents was
dramatically greater, by a factor of 6, compared to the film prepared without addi-
tive. Interestingly, MACI effectively stabilizes an intermediate to the pure FAPbl3
a-phase without annealing—only through cationic site substitution. From the fabri-
cating high crystallinity of ultra-pure a-phase FAPbls-based perovskite, the photolu-
minescence lifetimes also increased by a factor of 4.3. Using density functional
theory (DFT), we provide a theoretical framework for understanding the interaction
of MACI with a perovskite active layer. The formation energy of the resulting perov-
skite structure is related to the amount of incorporated MACI. Consequently, MACI
additive induces intermediate phase stabilization for over 24% efficiency. The
highest efficiency achieved was 24.02%, which was obtained with the addition of
40 mol% MACI. These results suggest that the MACI additive is a promising material
for high-quality film formation and high-performance device that offers great
opportunities for the practical applications.

2180 Joule 3, 2179-2192, September 18, 2019

Cell

TKIER-UNIST Advanced Center for Energy, Korea
Institute of Energy Research (KIER), UNIST-Gil 50,
Eonyang-eup, Ulju-gun, Ulsan 689-851, Republic
of Korea

?Photonic Energy Research Center, Korea
Photonics Technology Institute (KOPTI), Gwangju
500-779, Republic of Korea

3Perovtronic Research Center, Department of
Energy Engineering, Ulsan National Institute of
Science and Technology (UNIST), UNIST-Gil 50,
Eonyang-eup, Ulju-gun, Ulsan 689-851, Republic
of Korea

4Department of Energy Engineering, School of
Energy and Chemical Engineering, Ulsan
National Institute of Science and Technology
(UNIST), UNIST-Gil 50, Eonyang-eup, Ulju-gun,
Ulsan 689-851, Republic of Korea

SDepartment of Materials and Science
Engineering, Korea University, 5-1 Anam-dong,
Sungbuk-Gu, Seoul 136-701, Republic of Korea

éThese authors contributed equally
’Lead Contact

*Correspondence: skkwak@unist.ac.kr (S.K.K.),
jykim@unist.ac.kr (J.Y.K),
kimds@kier.re.kr (D.S.K.)

https://doi.org/10.1016/j.joule.2019.06.014


mailto:skkwak@unist.ac.kr
mailto:jykim@unist.ac.kr
mailto:kimds@kier.re.kr
https://doi.org/10.1016/j.joule.2019.06.014

Joule Cell

] 1 Al
01‘1’4 ST ] l

1.0

Grain size (um)

1 ) 2 L )

10 20 30 40 50
MACI concentration (mol%)

0.0

Figure 1. SEM Images and Grain Size Distribution of Perovskite Films

(A-F) Top view of SEM images of devices prepared with different amounts of MACI: (A) pristine (without addition), (B) MA-10, (C) MA- 20, (D) MA-30,
(E) MA-40, and (F) MA-50.

(G) Grain size distribution of the films as a function of the MACI contents (pristine, MA-10, MA-20, MA-30, MA- 40, and MA-50). Note that for the results of
grain size distribution, all grains are measured.

RESULTS AND DISCUSSION

The surface morphologies of the different film compositions were evaluated by col-
lecting top-view images using a scanning electron microscope (SEM). The inter-
esting results were that the grain sizes of perovskite films are directly related to
the amount of incorporated MACI. Figure 1A shows the photographs of the film
surfaces manufactured using the MACI introduced in concentrations of 10 mol%,
20 mol%, 30 mol%, 40 mol%, and 50 mol% (denoted MA-10, MA-20, MA-30,
MA-40, and MA-50, respectively). The grain size obtained without the additive
(pristine) was approximately 250 nm (average). However, the MA-10 produced a
film with a larger grain size of 600 nm (see Figure 1B). The grain size obtained
from the MA-20 was 1,000 nm, and the grain size further increased to 1,500 nm
for the MA-40 (see Figures 1C-1F). The grain size distributions obtained with
different additions of MACI contents is shown in Figure 1G. Atomic force microscopy
(AFM) phase images (Figure S1) also showed that the grain sizes were increased as a
function of the additive amounts. The film roughness was measured by calculating
the root-mean-square (RMS) roughness as listed in Table S1. The pristine film con-
sisted of small crystals with an RMS roughness of 64.7 nm. The roughness decreased
to 45.8 nm, 41.0 nm, 33.6 nm, and 24.7 nm with MA-10, MA-20, MA-30, and MA-40,
respectively. These results indicated that the film roughness was reduced when the
MACI contents were increased.

To check the substitution of the cationic site with MA ion and anionic site with Cl ion,
the perovskite films were characterized elementally using X-ray photoelectron spec-
troscopy (XPS), as shown in Figure S2. The intensity of nitrogen (N) peak decreased
with the MACI contents, indicating that the MA ion was substituted for FA in the
cationic site because the MA ion included one N atom and the FA ion included
two N atoms. Therefore, if the FA ion had been substituted by MA ions, the intensity
of N would decrease as the MACI addition increased. In contrast with the N ion, the
Cl ion was not substituted into the anionic sites. Some studies have shown that the
addition of Cl ions to a perovskite does not facilitate the formation of a continuous
perovskite phase because Cl ions readily evaporate away during the annealing pro-
cess.®>%° To evaluate the Cl ion content, XPS measurements of the Cl ions were con-
ducted as a function of the MACI contents from MA-10, MA-30, and MA-50. As
shown in Figure S2B, the signal corresponding to the Cl ion content in the film
was not detected in all samples. These results indicated that the Cl ion had
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Figure 2. XRD Spectra and Photoluminescence Data of Perovskite Films
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evaporated during annealing. MACI easily decomposed into MA ion and FACI,
which was easily removed from the film through evaporation with annealing.®® To
support this result, the Cl ion was monitored using energy dispersive spectroscopy
(EDS) analysis to observe any changes in the Cl ion concentration during annealing.
The results shown in Figure S3 reveal a large initial amount of Cl present compared
to the amount of Pb (CI/Pb atomic ratio) present in a perovskite film not subjected to
annealing. After annealing at 150°C for 5 min, the Cl ion content was reduced to a
0.12 Cl/Pb atomic ratio, and no EDS-detectable Cl ion was observed in the perov-
skite film after annealing at 150°C for 10 min. These results agree with the XPS anal-
ysis. The intensities of the Pb and | ion signals did not change, indicating that the
halide mixture composition did not change.

Another interesting result is that the crystallinity can be changed with different con-
centrations of MACI. Figure 2A shows the diffractograms obtained from pristine,
MA-10, MA-20, MA-30, MA-40, and MA-50, respectively. The pristine perovskite
film (prepared without additive) showed peaks at 12.7° and 13.9°, corresponding
to the Pbl, and a-phase perovskite peaks. The small Pbl, peak intensity indicated
that the film was not fully converted into a pure a-phase perovskite film during an-
nealing at 150°C for 10 min. The crystallinity with addition of MACI, in MA-10,
MA-20, and MA-30, slightly increased the a-phase peak at 13.9°, and the Pbl,
peak at 12.7° disappeared. The a-phase perovskite peak further increased at
MA-40. However, the intensity of a-phase peak is slightly decreased at MA-50.
The film crystallinities obtained from different MACI contents were compared by

2182 Joule 3, 2179-2192, September 18, 2019

Relative PL intensity (a.u.)

m

PL intensity (a.u.)

o
o

e
o
2

Cell

B
1000

2000
Time (ns)

3000 4000

—o— Pristine
—o—MA-10
—o—MA-20
—a—MA-30
—o— MA-40
—a—MA-50

700

750 800 850 900

Wavelength (nm)

A) XRD spectra of perovskite films prepared with different amounts: pristine, MA-10, MA-20, MA-30, MA-40, and MA-50.

B) Reciprocal FWHM obtained from films prepared with different additive concentrations at the diffraction peak 13.9° for the a-phase perovskite.
C) XRD data obtained from perovskite films prepared without MACI before and after annealing at 150°C for 10 min.

D) XRD data obtained from perovskite films prepared with MA-40 before and after annealing at 150°C for 10 min.

E) TRPL decay profiles of the perovskite films prepared with pristine, MA-10, MA-20, MA-30, MA-40, and MA-50.

F) Steady-state photoluminescence spectra of perovskite films prepared with pristine, MA-10, MA-20, MA-30, MA-40, and MA-50.
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plotting the reciprocal full width at half maximum (FWHM) from the XRD spectra as
shown in Figure 2B. The FWMH values were compared under the best conditions for
each additive: pristine, MA-10, MA-20, MA-30, MA-40, and MA-50. The narrower
diffraction peaks were observed in the films prepared with additive as compared
to the pristine film. The highest value was obtained from MA-40, which indicated
that large crystallites could be obtained. These results agreed with the grain size
results, as shown in Figure 1. The very interesting result is that MACI successfully in-
duces an intermediate to the pure FAPbI; a-phase without annealing, effectively sta-
bilizing this structure. The pristine film, for example, prepared without additives and
without annealing, displayed numerous unknown diffraction peaks, as shown in Fig-
ure 2C. After annealing at 150°C for 10 min, the peak corresponding to the a-phase
perovskite was dominant, but some 8-phase and Pbl, were still present, indicating
that it was not easy to obtain only ultra-pure a-phase perovskite film from a pristine
perovskite precursor solution. However, the perovskite film, obtained using MA-40,
featured only a pure a-phase perovskite peak (no detectable 3-phase and Pbly) even
without annealing (Figure 2D). After annealing at 150°C for 10 min, the peak corre-
sponding to the a-phase perovskite was sharply increased with only ultra-pure struc-
ture. These results indicate that the MACI additive can influence the formation of
a-phase structure even before the annealing step and that the stabilized imtermedi-
ate can be induced into the ultra-pure a-phase perovskite after the annealing step.
To see the intermediate phase of FAPbl; perovskite with MACI addition more
clearly, we measured the XRD of FAPbl3 perovskite included with MA-40 according
to the annealing time (Figure S4) and magnified the peak position around 14° (Fig-
ure S5). As expected, the peak position was slightly shifted to a smaller degree as the
annealing time was increased, which indicated that the Cl ion was substituted by | ion
during the annealing process (Figures S2 and S3). The photophysical measurements
were conducted from the perovskite films prepared with different additive contents.
Time-resolved photoluminescence (TRPL) decay profiles were obtained from the
perovskite films. The PL decay curves, measured at the peak emission (800 nm),
showed bi-exponential decays with a fast (7;) and a slow (r2) component. The 74
decay component corresponded to non-radiative recombination from defects
(surface traps near the grain boundaries), and the 7, component corresponded to
radiative recombination from the bulk perovskite.”” Figure 2E plots the PL decay
curves obtained from the different concentrations of the MACI addition. The pristine
film provided 74 (331 ns) and 7, (68.7 ns), but the highest values were obtained at
MA-40: 1,441 ns (74) and 450 ns (7,), as shown in Table S2. The higher decay values
indicated that the deposited perovskite films possessed larger numbers of carriers
after 1,000 ns, attributed to the strong suppression of non-radiative recombination.
Longer components suggest improved Schottky order in the bulk perovskite as a
result of additives.”” Steady-state PL measurements were collected from the perov-
skite films deposited on glass. The corresponding curves for all compositions are
shown in Figure 2F. The intensities of the PL peaks gradually increased with the
MACI contents, and a slight blue shift was observed in the emission peak due to
the MA ion substitution. As discussed above, the PL was only slightly affected if
only the cations were substituted, in agreement with the smaller observed shift in
the band gap.®’ The highest PL intensities were found in MA-40, indicating a high
crystal quality, in agreement with the XRD results.

The solar cell efficiencies with different concentrations were investigated, and the re-
sults are summarized in Figure 3A and Table S3. The efficiency prepared with pristine
was lower than the MA-10 and MA-20 devices. It was reasonable to assume that
lower crystallinity of a-phase perovskite dominated the films prepared with MA-10
and MA-20. The performances of devices prepared with MACI-30 improved, to an
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Figure 3. Photovoltaic Performance Characteristics
A) Efficiency distribution of perovskite solar cells with different amounts of MACI.

C) Comparison of distribution efficiencies for pristine, MA-20, and MA-40 devices.
D) J-V curves of reversed and forward scans for the MA-40 and pristine devices.

E) EQE spectra for the MA-40 and pristine devices.

F) Photocurrent density measured at the maximum power point of a 100 min span.
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efficiency of 22.52%, further increased to 24.02% (MA-40), and slightly decreased to
23.36% with further addition (MA-50). These result trends agreed with the XRD, op-
tical adsorption, and PL measurements discussed above. Larger grain size, better
crystallinity, and higher absorption intensities gave rise to better performance effi-
ciencies. The intensity of the absorption band was highest at MA-40, and the PL life-
times were also maximized. The reliability of the efficiency results was determined by
testing the devices at an external institute, as shown in Figure Sé6. The certified effi-
ciency of 23.48% from Newport Corp. was obtained. Figure 3B shows the J-V curves
as a function of the MACI contents. The relative distribution efficiencies of the pris-
tine film, MA-20, and MA-40 are also shown in Figure 3C. The current densities
were found to be 24.99 mA cm~2 (MA-10), 25.23 mA cm 2 (MA-20), 25.45 mA
cm~? (MA-30), 25.92 mA cm~? (MA-40), and 25.38 mA cm? (MA-50), better than
the current density measured from the pristine perovskite, 24.84 mA cm~2. It may
be postulated that the current densities were also affected by the perovskite crystal-
linity. The higher crystallinity had the higher current density, which was consistent
with UV-absorption spectra as shown in Figure S7. The large Pbl, peak observed
in the pristine perovskite film indicated that the pristine perovskite film was not fully
converted into a pure a-phase perovskite film. Apart from the current density, Vo
significantly differ according to the different additives. The V. of a pristine device
was 1.027 V, but higher values were obtained with the MA-10 (1.034 V), MA-20
(1.083 V), MA-30 (1.101 V), MA-40 (1.130 V), or MA-50 (1.123 V). The V,. depends
on the recombination rate in the perovskite film. The efficiencies obtained from
the FACI and MAI additives were also measured by fabricating the various devices
using the procedures described above, and the resulting J-V curve efficiencies are
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shown in Figures S8 and S9. The cell efficiencies obtained with FACI additive were
higher than those of pristine, but the MAI additions were lower than those obtained
from the cationic chloride addition at all concentrations. These results suggested
that the chloride ion significantly affected the device performance. Figure 3D
showed the J-V curve of reverse and forward scan for the best and pristine devices.
A pure perovskite film has a slow recombination rate. The case of MA-40 had a
longer lifetime and a strong PL intensity (see Figures 2E and 2F) compared to pristine
and other additive devices, which was a major contributor to higher V, values. The
FF also has higher value at MA-40, but the difference of FF is smaller compared to
the other values (Figure 3B). Figure 3E shows the external quantum efficiency
(EQE) values and its integrated Js. of pristine and best devices. The EQE spectra
show that the average EQE is well matched with each current density. Because of
substituting MA ion, the EQE spectra also can be slightly shifted with shorter wave-
length as shown in Figure S10. Figure 3F shows the stabilized steady-state current
measured at the maximum power point (at 0.98 V) over 100 min.

Although inorganic-organic hybrid perovskites have displayed dramatic advances in
photovoltaic applications, overcoming instabilities against light, heat, and moisture
remains a challenge in the development of commercial applications. Device stability
tests were conducted under room temperature (RT) and 40°C, and photo stabilities
were conducted under constant AM 1.5G illumination at 25% relative humidity (RH)
and without encapsulation. The stability at RT showed 90% retaining of its initial per-
formance over 1,200 h as shown in Figure ST1A. The 40°C thermal stability test
showed that the pristine device degraded to 60% of its initial performance over
300 h, but the MA-40 were more stable, retaining 90% of its initial performances (Fig-
ure S11B). The photostabilities of the pristine and MA-40 devices also give higher
stability in conditions of continuous illumination, as shown in Figure S11C. The
improved stability against thermal and light illumination was attributed to the large
grain size and high crystallinity of the perovskite films. Perovskite degradation ap-
pears to initiate at grain boundaries and surface defects upon exposure to moisture
or constant light.®® The grain size in the MA-40 film was almost 1,000 nm (average),
2.7 times the value of the pristine film (370 nm [average]; see Figure 1A). Therefore,
degradation at the grain boundary sites in large-grain films was lower than in small-
grain films. The MA-40 device was more stable than the pristine device. An addi-
tional factor supporting the improved thermal and photostability was the high film
crystallinity. As shown in the XRD analysis, the film prepared with MA-40 displayed
a higher crystallinity in the a-phase perovskite crystal, as shown in Figures 2A and 2B.
The higher crystallinity of the film reduced surface defects capable of reacting and
degrading the material. Therefore, the MA-40 device displayed a strong stability
against thermal and light illumination.

The mechanism by which cationic chloride improved the physical properties and ef-
ficiencies of the perovskite films was studied by using the DFT calculations (see
Experimental Procedures). In view of the factors and experimental observations,
we investigated the role of MACI additive on the perovskite crystal structure from
three important points of view: roles of Cl and MA and concentration effect of
MACI on the a-phase FAPbI; perovskite structure. First, to understand the role of
Cl on the perovskite crystal structure, the formation energies of the a-phase FAPbl;
perovskite structure and that including Cl, MA, or MAC| were calculated (Figure 4A)
from model systems (Figures S12 and S13). The formation energies revealed that Cl
stabilized the perovskite structure thermodynamically compared to the system
without CI. To better understand the role of Cl in electronic properties, the high-
est-occupied molecular orbital (HOMO) was calculated (Figure 4B). It has been
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Figure 4. Theoretical Calculation for the Role of MACI Additive on the a-Phase FAPbI; Perovskite Structure

(A and B) Calculations of the a-phase FAPbI; perovskite structure and that prepared with Cl, MA, or MACI. Formation energies (A) and highest-occupied
molecular orbitals (HOMOs) (B) of bare a-phase FAPbl; perovskite structure and that with Cl, MA, or MACI. Note that the isosurface value of the HOMO
was 0.01 e/A%. The red and blue dashed circles indicate p orbital localization on .

(C) Projected density of states (PDOS) of the perovskite system including MA or MACI. Note that for the system including MA, the p orbital of | is
considered except for one |, which occupies the Cl site in the system including the MACI.

(D) Total volume and cubo-octahedral structure of the bare a-phase FAPbl; perovskite structure and that prepared with MA.

(E) PDOS of the bare a-phase FAPbI; perovskite structure and that prepared with MA.

reported that the FA interacts weakly with the | of perovskite structure with a cubo-
octahedral structure favored by Pb and | in the a-phase FAPbI3, resulting in an unsta-
ble perovskite structure.’® Interestingly, Cl induced p orbital localization of |
(red dashed circle in the Figure 4B), and the projected density of states (PDOS) re-
sults revealed that Cl enhanced the intensity of the p orbital of | at the HOMO state
(Figures 4C and S14). Accordingly, the interactions of FA and | could be enhanced by
the above-mentioned effects of Cl, which contributes to improving the stability of
the FAPbIl; perovskite structure. These results can be supported by the XRD and
XPS results (Figures 2D and S2).

Second, we investigated the effects of MA cation incorporated into the perovskite
structure. Lee et al. reported that the incorporation of the Cs cation at the FA site
improved the stability of the perovskite by enhancing interactions between FA
and | through shrinkage of the cubo-octahedral volume.*® Based on this observa-
tion, we also confirmed the total volume shrinkage in the MA cation-incorporated
system (i.e., ~0.57%) compared to the bare a-phase FAPbl; perovskite system
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(Figure 4D). The main contribution for this volume shrinkage is attributed to the
contraction of MA-included cubo-octahedral site compared to the bare system
(i.e., ~0.89%) (Figure S15). Moreover, we predicted that the dipole effect of the
MA cation was another factor of lower formation energy of the MA system (Figure 4A)
because the MA cation had a dipole moment 10 times that of the FA cation.®” Our
calculations indicated that p orbital localization of I in the MA system resulted
from the dipole effect of the MA cation (blue dashed circle in Figure 4B). The
PDOS of the MA cation-incorporated system revealed that the intensity of the p
orbital of | in the HOMO state was higher than the bare a-phase FAPbl; perovskite
structure (Figure 4E). Therefore, we conclude that the effects of the volume
shrinkage and the dipole enhance the interactions between FA and |, which
improved the stability of the perovskite structure. We additionally investigated the
volume shrinkage of perovskite structure in terms of the MA concentration. For
this investigation, the four concentration systems were constructed (Figure S16). It
was found that the volume shrinkage increased as the concentration of MA increased
from calculation and experiment results. The degree of the volume shrinkage from
both methods agreed well with each other (Figure S17). Thus, we confirmed that
MA induced the volume shrinkage of the perovskite structure and its concentration
influenced the degree of volume shrinkage.

Third, to elucidate the appropriate concentration of MACI additive for obtaining
high crystallinity of a-phase FAPbl; perovskite structure, the concentration effect
of MACI was investigated. Based on the four concentration systems in Figure S16,
we predicted that the optimal concentration ranges for high crystallinity of perov-
skite solar cell could exist and be elucidated by considering formation energy (Fig-
ure S13) and doping formation energy (Figure S18). Our theoretical prediction was in
good agreement with experimental observation. In Figure S19, the optimal concen-
tration of MACI was caused by the doping formation energy of MACI into the
a-phase FAPbI; perovskite structure in the pre-annealing step and the formation en-
ergy of the perovskite structure including MAl in the post-annealing step. Especially,
the formation energy was stabilized between 33% and 44%, which corresponded to
the best performance shown in the experiment (i.e., 40%). These theoretical predic-
tions were in good agreement with experimental observations of results of the J-V
curve (Figure 3B and Table S3). Overall, from the three points of DFT calculation,
we can understand why MACI additive stabilized the perovskite formation and
showed high performance.

Conclusion

In summary, we investigated the MACI effects in the perovskite films, which
construct the intermediate-phase into the perovskite film for the high-quality pure
a-phase perovskite film. With achieved high-quality pure a-phase perovskite film,
the surface morphology, crystallographic properties, optical absorption, and photo-
luminescence properties were enhanced, which resulted in high-performance
perovskite solar cells. We achieved 24.02% perovskite solar cell performance. The
mechanism of MACI's effect on the formation of a-phase perovskite structure was
elucidated using DFT calculation. We believe that our new finding will help re-
searchers to achieve high performance of perovskite solar cells.

EXPERIMENTAL PROCEDURES

Materials

Formamidine acetate salt (99%), hydriodic acid (HI, 57 wt% in water), titanium diiso-
propoxide bis(acetylacetonate), 2-propanol (anhydrous, 99.5%), chlorobenzene
(anhydrous, 99.8%), N,N-dimethylformamide (DMF, anhydrous 99.8%,), and dimethyl
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sulfoxide (DMSO, > 99.5%) were procured from Sigma-Aldrich and used as received.
Methylamine hydrochloride (MACI, 98%) was procured from Acros Organics.
Fluorine-doped tin oxide on glass (FTO glass, 7 Q sq’1) was obtained from Asahi.
Ethanol (absolute, 99.9%) was procured from Changshu Yangyuan Chemicals. Diethyl
ether (extra pure grade) was procured form Duksan. TiO, paste (SC-HT040) was pro-
cured from ShareChem. Lead iodide (Pbly, 99.999%) was purchased from TCI.

Materials Synthesis

Formamidinium iodide (FAI) was synthesized as reported elsewhere.”® Briefly, 25 g
formamidine acetate was directly mixed with 50 mL hydriodic acid in a 500 mL
round-bottomed flask with vigorous stirring. A light yellow powder was obtained
by evaporating solvent at 80°C for 1 h in a vacuum evaporator. The resulting pow-
ders were dissolved in ethanol and precipitated using diethyl ether. This procedure
was repeated 3 times until white powders were obtained, and the powders were re-
crystallized from ethanol and diethyl ether in a refrigerator. After recrystallization,
the resulting powders were collected and dried at 60°C for 24 h. Single-crystal

FAPbI; was fabricated as reported previously.”"’?

Device Fabrication

Asahi FTO glass (FTO glass, 7 Q sq_1) was used as the substrate for the devices. The
substrates were cleaned using the RCA-2 (H,O,-NCI-H,0) proceolure73 for 15 min to
remove metal ion impurities. The substrates were then cleaned sequentially with
acetone, ethanol, and isopropyl alcohol (IPA) in an ultrasonic system for 15 min.
To deposit the compact TiO, layer, 60 mL of a titanium diisopropoxide bis(acetyla-
cetonate)/ethanol (with 1:10 volume ratio) solution was applied by spraying. Prior to
spraying, the substrates were placed on a hot plate and the temperature was
increased to 450°C rapidly. After completing the spray pyrolysis step, the substrates
were stored at 450°C for 1 h to improve the electrical properties,”* then slowly
cooled to room temperature. On top of the c-TiO, layer, a mesoporous TiO,
(mp-TiOy) layer was deposited by spin-coating. The TiO, paste, approximately
50 nm in diameter, was purchased from ShareChem. The paste was dispersed in
ethanol/terpineol (78:22 w/w). The FTO/c-TiO; substrates prepared with mp-TiO,
were heated at 500°C on a hot plate for 1 h to remove organic compounds and
then slowly cooled to 200°C. To fabricate perovskite solar cells, the perovskite pre-
cursor solution was prepared by mixing 1,139 mg mL™" FAPbls in a mixture of DMF
and DMSO in a 4:1 ratio by volume. MAC| was added in the range 0~50 mol%. For
each sample, 70 plL of the filtered solution was spread over the FTO/c-TiO,/mp-TiO,
substrate at 6,000 rpm for 50 s with 0.1 s ramping. During spin coating, 1 mL diethyl
ether was dripped after spinning for 10 s using a pipette. The film was dried on a hot
plate at 150°C for 10 min. After cooling the substrate, the perovskite film was spin
coated with phenylethylammonium iodide (PEAI) dissolved with IPA (5 mM) at
3,000 rpm. The hole transfer materials were deposited by preparing a spiro-OMe-
TAD (Lumtech) in chlorobenzene (90 mg/mL) and mixing with 35.5 plL 4-tert-butyl-
pyridine (TBP), 23 pL Li-bis(trifluoromethanesulfonyl)imide (Li-TFSI) (520 mg/mL
acetonitrile), and 5 pL tris(2-(1h-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(Il)tris(bis
(trifluoromethylsulfonyl)imide) (FK209, Lumtech) (180 mg/mL acetonitrile). Finally,
a gold counter electrode was deposited on the substrate using a thermal evapora-
tion system. The back and front contacts were formed from 100 nm thick Au films
deposited by vapor deposition at a pressure of 107 torr.

Characterization

The phases of the perovskite films prepared with different additives were analyzed
using X-ray diffractometry (XRD) using a D8 Advance (Bruker) diffractometer
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equipped with Cu Ke radiation (A = 0.1542 nm). The morphologies of the perov-
skite films were assessed using a field-emission scanning electron microscope
(FE-SEM, S-4800, Hitachi). Steady-state photoluminescence and TRPL measure-
ments were conducted using PicoQuant FluoTime 300 (PicoQuant GmbH,
Germany) equipped with a PDL 820 laser pulse driver. A pulsed laser diode
(X = 375 nm, pulse FWHM < 70 ps, repetition rate 200 kHz-40 MHz) was used
to excite the sample. XPS spectra were collected using a Thermo Fisher Scientific
ESCALAB 250X at a base pressure of 1.0 x 10~ torr using a monochromic Al-Ka.
X-ray source. The solar cells were measured using a solar simulator (McScience,
K3000 Lab solar cell I-V measurement system, Class AAA) at 100 mA cm™2, illumi-
nation AM 1.5 G. The light intensity was calibrated using a Si-reference cell certi-
fied by NREL before taking measurements. No light soaking was applied before
the potential scan. The J-V curves were measured using a reverse scan (from a for-
ward bias [1.2 V] to short circuit [0 V]) and a forward scan (from a forward bias [0 V]
to short circuit [1.2 V]). The step voltage was fixed at 100 mV. The cells were
masked using a metal mask in order to limit the active cell area to 0.0804 cm?.
EQE measurements were obtained using a QEX7 system (PV Measurement). The
stability test was conducted without encapsulation. The thermal stability test was
performed by aging on a hot plate at RT and 40°C, respectively. The performances
of the devices were periodically measured under illumination AM 1.5 G after cool-
ing the devices to RT. The photostability test was performed under a maximum
power point tracking and continuous light irradiation (AM 1.5G) at 25°C and below
30% RH.

Density Functional Theory Calculation

All DFT calculations were performed using the Cambridge Serial Total Energy
Package (CASTEP) program.”>’® The electronic exchange correlation potential
was treated using a generalized gradient approximation with the Perdew-Burke-
Ernzerhof (GGA-PBE) functional.”” The interactions of the electron-ion cores were
described using a norm-conserving pseudopotential.”® The van der Waals interac-
tions were corrected using the Tkatchenko and Scheffler (TS) method.”” Spin polar-
ization was considered in all calculations. The electronic wave functions were
expanded using the plane wave basis set with the energy cut-off of 700 eV. The
self-consistent field calculations were performed using the convergence criterion
of 1 x 107® eV/atom. The convergence criteria for the geometry optimization
were set to 1 x 107> eV/atom for the maximum energy change, 0.03 eV/A for
the maximum force, 0.05 GPa for the maximum stress, and 1 x 107> A for the
maximum displacement. The Brillouin zone was sampled usinga 1 X 1 x 3 k-point
set with the Monkhorst-Pack scheme® for geometry optimization. Note that
for calculation of projected density of states (PDOS), 2 X 2 x 6 k-point set was
used.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
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