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The fundamental ABX3 structure of metal-halide perovskites is crucial for maintaining the crystal lattice

stability and also enables exceptional optoelectronic properties. One main goal of the research

community is to produce phase-stable (‘‘black phase’’) FAPbI3. Here, we used the LaMer model and an

in situ optical microscope to investigate the perovskite crystallization process. We aim to develop a

stable (black) single-phase FAPbI3 perovskite by investigating the [PbX6]4� template and associated

A-cations. Specifically, the addition of MACl is shown to facilitate the crystallization of FAPbI3 without

changing the [PbI6]4� skeleton. On the other hand, MABr acts as a passivation agent for the film,

resulting in stable FAPbI3 films with a pure black phase when exposed to air with a humidity of 45%.

Broader context
The development of perovskite solar cells (PSCs), a rapidly emerging technology in photovoltaics, has attracted significant attention worldwide. They have
achieved efficiencies comparable to silicon solar cells in just a decade. However, a deeper understanding of the crystallization process for perovskite thin films
is still required to advance further. Controlling the crystallization process plays a crucial role in creating high-quality films. Our research determines that
FAPbI3 has the longest crystallization formation time among the single-components of metal-halide perovskites. At the same time, it tends to form the
hexagonal, non-perovskite polymorph, which is not suitable for photovoltaic applications. Through an in-depth exploration of the perovskite crystallization
process, we introduce a strategy to produce stable black single-phase FAPbI3 films for high-performance PSCs. In contrast to the many heterogeneous additives
and passivators, our selection of homogeneous additives/passivators was guided by analyzing the crystallization mechanism in depth. Based on this, we
successfully produced FAPbI3 films that were more stable than the control devices.

Introduction

Perovskite solar cells (PSCs) have achieved an excellent power
conversion efficiency (PCE) of 26.1%,1 which can be attributed
to an exceptional light absorption coefficient,2 low Urbach
energy,3 long carrier diffusion length,4 and defect tolerance.5

These materials have the generic formula ‘‘ABX3’’, where A is a
monovalent cation such as Cs, methylammonium (MA) or for-
mamidinium (FA), B is a divalent metal cation such as Pb or Sn,
and X is a halide anion such as Cl, Br or I. They consist of
[BX6]4�octahedra that form a three-dimensional (3D) structure.6–9

These corner-sharing [BX6]4� octahedra leave voids, where the A
cations reside. As the A-cations do not interact strongly with the
metal-halide octahedra,10–12 the [BX6]4� structure acts as a ‘‘ske-
leton’’ or scaffold.

In multi-component perovskites, the different ionic radii
of I�, Br�, and Cl� lead to different miscibility between
the [PbX6]4� sublattices, especially between I� and Cl�.13 The
different ionic radii will also influence the bond length.
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For example, the Pb–Br bond length is 3.067 Å, whereas the Pb–
I bond length is 3.279 Å.14 This can cause stacking faults in the
lattice, leading to potential crystallographic defects.

However, the complexities of multi-phase or multi-
component perovskites can be remedied through a controlled
crystallization process of single-component perovskite films.
For example, Peng et al. fabricated single-crystal MAPbBr3

15

and MAPbI3
16 solar cells with PCEs of 6.53% and 21.1%

respectively. However, single crystal thin films15,17–22 are ardu-
ous to fabricate and may be impractical for industrial manu-
facturing. Hence, fabricating perovskite films with a simpler
method would be desirable, where the stability of the single-
phase perovskite is maintained.

Therefore, in this work, we focus on the growth of stable
black single-phase FAPbI3 perovskite. After analysing the
crystallization formation time of various perovskites, we chose
MACl as a crystallizing aid, which can be removed at relative
ease due to its low boiling point,23,24 making it an ideal choice
for single-phase perovskite growth. Furthermore, the post-
treatment with MABr introduces MA+ ions to repair defects in
FAPbI3 films, while Br� ions could enhance the film stability.
Notably, the modified perovskite films by MABr exhibit higher
stability compared to the MABr-free perovskite films. The
corresponding solar cell exhibits a PCE of 23.0%.

Results and discussion

The crystallization process of perovskites can be mapped to a
LaMer model (see Fig. 1a) as reported in literature25–27 (the
process is described in Supplementary Note 1, ESI†). The LaMer
model is a first approximation for the crystallization behavior
providing a general overview of the process. As the complex role
of the additives in the perovskite precursor is studied in more
detail, the LaMer model may need modification and adjust-
ment in future studies accounting for these complexities. To
map the crystallization formation time (tform), according to the
LaMer model, the in situ crystallization process is recorded by
an optical microscope as shown in Fig. 1b. Here, as an example,
we show images of the time sequence of the crystallization
process of FAPbI3 (the overall video and all other videos are
shown in the ESI.† Also, the film fabrication conditions are
described in Supplementary Note 2, ESI†).

From this, we determine the tform to go from t3 to t4. t3 marks
the moment when nuclei become visible. This occurrence is a
result of varying growth times for microcrystalline particles in
the film. When observing the film through an optical micro-
scope, the first microcrystalline particle becomes apparent at t3,
and we define this time as the point when nuclei appear. t4 is
the approximate time at which we cannot readily observe the
change in crystal growth any longer. The tform comparison is
shown in Fig. 1c–e, the crystallization process is shown in the
ESI,† the videos and the values of the crystallization times are
shown in Table S1 (ESI†).

We then investigate perovskite films containing different
A-cations at equimolar concentrations to study the impact of

the cation radius on the tform. Cs+, MA+, and FA+ are selected as
the most commonly used A-cations (with the size increasing as
Cs+ (1.81 Å) o MA+ (2.70 Å) o FA+ (2.79 Å)).28,29

As depicted in Fig. 1c, a notable increase in tform is observed
as the A-cation size increases from Cs+ to FA+ in FAxCs1�xPbI3

from 33 s (Cs0.5FA0.5PbI3) to more than 600 s with x 4 0.5,
where x is the mole ratio of FA+ to all the A-cations in the
precursor. Conversely, the tform decreases from 237 s
(MA0.2FA0.8PbI3) to 49 s (MA0.5FA0.5PbI3) as the MA+ concen-
tration exceeded 50% in MAxFA1�xPbI3. We note that the short
tform of CsPbI3 made it challenging to determine the crystal-
lization time, which is consistent with previous reports.30 As
the size of the A-cation in perovskites increases from Cs+ to MA+

to FA+, the tform increases (e.g. tform of MAPbI3 is 39 s and
FAPbI3 is 620 s), with the longest tform observed for FA+ and the
shortest tform observed for Cs+.

Moreover, we also study the impact of the halogen size on
tform (Fig. 1d). For MAPbI3�xClx, the tform of the perovskite
increase significantly when x 4 0.2 as the Cl� ratio increases
from 22 s (MAPbI2.8Cl0.2) to 73 s (MAPbI2Cl), where x is the
mole ratio of Cl� to all the halogens in the precursor. For
MAPbI2Br1�xClx, the tform becomes shorter with higher Br
content (e.g. tform of MAPbI2Cl is 73 s and MAPbI2Br is 45 s).
However, when the Cl content is further decreased beyond x o
0.5, the tform increases from 22 s (MAPbI2.9Cl0.1) to 28 s
(MAPbI3), indicating that additional factors may affect tform.
For example, the number of ionic species and the number of
ions in the perovskite precursors. Even so, when we replace
halogens in equal proportions, comparing MAPbI3, MAPbI2Br
and MAPbI2Cl, it is evident that the tform follows tMAPbI3

(28 s) o
tMAPbI2Br (45 s) o tMAPbI2Cl (73 s), which indicates that the larger
the radius of the halogen atom the shorter the crystallization
time. This regular pattern changes when both the A cation and
the halogen are varied, as in Fig. 1e. It suggests when the ionic
species become more complicated (possibly due to the
increased combinations when mixing), which may also affect
tform. However, this goes beyond the scope of the current work as
it requires multivariable analysis. Nevertheless, we can still see
that in (MAPbI2Cl)x(FAPbI3)1�x, the addition of an appropriate
concentration of MACl to FAPbI3 results in a longer tform for
FAPbI3 (e.g. tform of (MAPbI2Cl2)0.1(FAPbI3)0.9 is 747 s compare
to FAPbI3 with 555 s). Based on our observations, in lead-based
perovskite, it can be inferred that the tform will be longer when
as rA increases or rx decreases (A = Cs, MA, FA; X= Cl, Br, I).

The A-cation strongly influences the perovskite crystal-
lization, as it affects the tform and determines whether a
relatively stable intermediate phase can be obtained. To
investigate the diffusion of A cations in the PbI2 lattice,
FAxMA1�xPbI3 films are fabricated without antisolvent and kept
in a nitrogen atmosphere for three days to ensure the end of
spontaneous crystallization as shown in Fig. 2. Subsequently,
one of the films is annealed at 100 1C for 10 min while the other
is used as the control sample. The FAPbI3 film retains its yellow
phase color after being kept in nitrogen for three days without
annealing. However, as the percentage of MA in the perovskite
is gradually increased, the color of the film changes from yellow
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to dark yellow, indicating that MA diffuses at different time
scales from FA.

In the fabrication process of perovskite films, annealing
removes the solvent. It enhances the thermal movement of
ions in the film, increasing the likelihood of bonding and
forming perovskite grains.31 Hence, after three days in nitro-
gen, the films are annealed at 100 1C for 10 min, and those with
higher MA content become darker, indicating the formation of
black MAPbI3 perovskite. We then analyze the films using

scanning electron microscopy (SEM). The results presented in
Fig. 2 demonstrate that the grain shape of perovskite remains
the same before and after annealing, but MA+ can form black
phase perovskite by annealing in combination with PbI2 after
the crystallization process is completed.

To study the effects of intermediate on crystallization more
closely, we compare three factors that influence perovskite
crystallization: time, antisolvent, and annealing (Fig. S1, ESI†).
The XRD pattern of MAPbI3 shows low diffraction angles at

Fig. 1 Crystallization time until the perovskite is formed using different compositions. (a) LaMer model and (b) in situ optical microscopy images of the
FAPbI3 crystallization process. Crystallization formation time (tform = t4 � t3) trend of perovskite with (c) different A-cations, (d) different halides, and (e)
mixed A-cations and halides.
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6.551, 7.211, and 9.171 without annealing (or any other treatment)
and subsequent storage in nitrogen for three days. This indicates
that the films mainly consist of different structures formed by the
intercalation of DMF and MAI molecules into a layered PbI2 phase
and MAI–PbI2–DMSO intermediate phase.32–34 Based on this kind
of film, a pure perovskite phase could be obtained after annealing
at 100 1C. However, when the MAPbI3 film is annealed immedi-
ately after spin coating, the film still has an intermediate phase, as
seen from the XRD in Fig. S1 (ESI†). This could not be eliminated
even with the antisolvent treatment. The film of FAPbI3 annealed
immediately after spin-coating results in the precipitation of PbI2,
while annealing after three days of spin-coating results in a pure
FAPbI3 hexagonal phase as evidenced by XRD in Fig. S1 (ESI†).
Adding an antisolvent treatment before annealing also results in a
pure FAPbI3 hexagonal phase. Also, the perovskite films with the
smaller A-cation Cs+, i.e. CsPbI3, show no significant difference
under various conditions.

To determine the results in Fig. S1 (ESI†), we investigate
the initial adsorption of different A-cations using density func-
tional theory to understand the interactions between A-cations
and PbI2 (0 0 1) surfaces (see Fig. 3a). Strong adsorption energy
between molecules typically can increase steric effects and
affect their movement. The adsorption energy calculation value
of Cs on PbI2 (0 0 1) surface is significantly higher compared to
Rb and K. This aligns with the article Hu et al.,35 which states
that Cs reduces the defect density and charge complexation rate
of the perovskite layer while Rb increases the carrier mobility.
In the adsorption energy comparison in Fig. 3a (specific values
are shown in Table S2 ESI,† and the calculation process
Supplementary Note 3, ESI†), MA adsorption on the PbI2

(0 0 1) surface is significantly lower than Cs and FA. The
electron density distribution in Fig. S2 (ESI†) also shows
significant surface electron density polarization of FA and Cs,

Fig. 2 Morphology of perovskite films with different A-cations with annealing at 100 1C (top) and without annealing (bottom). The scale bar is 50 mm.

Fig. 3 (a) Adsorption energies of different A-cations on PbI2 (0 0 1) surfaces
using the following cations: K, Rb, Cs, MA(CH3NH3), EA(CH3CH2NH3),
PA(CH3CH2CH2NH3), FA(CH(NH2)2), AEA(CH3CH(NH2)2), APA(CH3CH2CH-
(NH2)2), EDA(NH3CH2CH2NH3), DAP(NH3CH2CH2CH2NH3). The diamond
shape denotes a small molecule with a single amino group; the start denotes
a small molecule with two amino groups. (b) The XRD pattern of MACl ratio
affects the crystallization of FAPbI3 perovskite intermediate phase (left) and
films (right).

Paper Energy & Environmental Science

Pu
bl

is
he

d 
on

 0
9 

D
ec

em
be

r 
20

23
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t S

tu
ttg

ar
t o

n 
1/

22
/2

02
4 

11
:0

2:
26

 A
M

. 
View Article Online

https://doi.org/10.1039/d3ee02404k


This journal is © The Royal Society of Chemistry 2023 Energy Environ. Sci.

while analyzing the surface electron density of MA, it appears
homogeneous and does not indicate any variations in its
adsorption sites. Additionally, the evidence presented in
Fig. 3a and Fig. S2 (ESI†) corroborates the observation in
Fig. 2, i.e., it is more probable for MA with low steric effects
to merge with PbI2 to form black phase perovskite.

In Fig. 3a, we analyze how the longer alkyl chain affects the
adsorption energy. As we move from MA to ethylaminium (EA)
and propylaminium (PA), the adsorption energy is slightly
increased from 0.64 to 0.79 to 0.92 eV per molecule. However,
the size of the A-cation also increases, making EA and PA
unsuitable for 3D perovskites.

On the other hand, when the alkyl chain is extended from FA
to 1-aminoethaniminium (AEA) to 1-aminopropyliminium
(APA) based on a similar amidine group, the adsorption energy
decreases significantly from 2.90 to 1.93 to 0.76 eV per mole-
cule. Interestingly, if we turn the terminal group into two amino
groups and extend the alkyl chain, the adsorption energy
increases when comparing FA with ethylenediaminium (EDA)
and 1,3-diaminopropanium (DAP) from 2.90 to 4.06 to 4.16 eV
per molecule. These findings highlight the unique structure of
FA, which makes it suited for stable single-phase perovskites.

According to the previous conclusion, since MA+ can main-
tain a perovskite structure by inserting into the [PbI6]4� scaffold
even after grain formation, we used FAPbI3 perovskite as the
primary material and MA+ as the crystallization aid to fabricate
black phase FAPbI3 perovskite. Due to the low boiling point at
225 1C under 15 mm Hg,36,37 MACl is selected as a relatively
easily removable crystallization aid to direct the formation of
FAPbI3 (Fig. 3b). We fabricate a series of FA1�xMAxPbI3�xClx

films and compare the phases of annealed and unannealed
films three days after spin-coating in a nitrogen atmosphere.
The XRD results exhibit that the unannealed films have signifi-
cantly altered intermediate phases when the MA+ ratio reached
20% (the peak at 8.081 disappeared except for x = 0.1), while the
annealed films at 150 1C38 did not exhibit the yellow phase of
perovskite when the mole ratio of MA reached 50%. This result
suggests that the MACl dopant range is between 0.2 and 0.5
molar ratio in which the intermediate phase is sufficient to
support the formation of the pure phase FAPbI3. The PbI2 in the
film mainly comes from the component residue after the
volatilization of MACl, which is evident in the XRD of the
component with x = 1. In Fig. S3 (ESI†), the zoom-in XRD
patterns between 131 to 151 show that the peak of the black
perovskite phase is shifted with the increase of MACl content in
the precursor. According to Bragg’s law, this may be attributed
to a small angular distortion of the perovskite crystal plane
caused by the residual PbI2.

Interestingly, at x = 0.5, a black phase also forms sponta-
neously in the perovskite that is kept in nitrogen for three days
without being annealed (Fig. 3b). Therefore, to define if the
black-phase perovskite is MAPbI3 or FAPbI3, we compare two
perovskite precursor ratios: 50 mol% MACl in 1.5 M FAPbI3 and
50 mol% FACl in 1.5 M MAPbI3. The films are then studied by
XRD, UV-Vis, and SEM, as shown in Fig. S4 (ESI†). When the
perovskite films are stored in nitrogen for three days after spin

coating and then annealing, the yellow and black phases of
FAPbI3 will appear in the film.39,40 When the samples are
annealed immediately after spin-coating, pure black phase
perovskite is obtained from both formulations, as confirmed
by XRD and UV-vis absorption curves (Fig. S4b, ESI†). Despite
the changes in precursor concentration, the morphology of
perovskite grain in the SEM images (Fig. S4c and d, ESI†)
remains similar between the two formulations, indicating that
perovskite is combined with A-cation in ionic form during the
crystal formation process. Simply put, creating films with
consistent components can be accomplished by using various
compounds to make the same precursor solution, such as the
precursor made from FAPbI3 + MACl and MAPbI3 + FACl.
However, magnifying the XRD patterns at 131 to 151 (Fig. S5,
ESI†) reveals that the presence of the yellow phase affects the
crystal structure of the perovskite, which is consistent with
Bragg’s law. Analysis of the XRD peaks41 shows that annealing
the films of both precursors forms a single-component perovs-
kite. Furthermore, an immediate annealing treatment at 150 1C
yields a pure black-phase FAPbI3 perovskite.

As discussed previously, when the ratio of A-cations, with
respect to FA, exceeds 50% in the precursor, this causes the
change of the perovskite grain shape; this is also seen in
Fig. S4c and d (ESI†). According to Fig. 3b, FAPbI3 converts
into the black phase when the MACl concentration is greater
than 20%. This result agrees with the report of Jeon et al.42

Thus, the concentration of MACl in the precursor is set at 35%
(a value between 20% and 50%) in the following study in this
work. SEM images (Fig. S4c and d, ESI†) indicate that the films
obtained from 1.5 M precursor could not fully cover the
substrate, prompting us to increase the precursor concen-
tration. The concentration of the precursor is 1.8 M to make
perovskite films fully cover the substrate (Fig. S6, ESI†).

In our study, we also aim to investigate methods for passi-
vating the surface of perovskite grains to improve their stability
against water erosion. The effects of air humidity, annealing,
and antisolvent treatments are examined on perovskite films.
To study the effects of these treatments, we prepare wet
perovskite films with and without antisolvent, and divided
them into two groups: one placed in air overnight and the
other in dry nitrogen. After annealing at 150 1C, we analyze the
resulting films using XRD. Our results, as shown in Fig. S7
(ESI†), indicates that films processed with or without antisol-
vent and annealing in air overnight yield pure-phase perovskite,
while other conditions lead to the formation of PbI2 or the
yellow phase perovskite.

Although annealing at 150 1C is necessary for the formation of
black phase FAPbI3, our results suggest that a random additive,
which briefly forms an intermediate phase with the perovskite
precursor and can be easily removed at a later stage, is favorable
for the formation of the black phase of FAPbI3. This additive can,
e.g., be water or oxygen from the air. However, it is important to
note that water or oxygen will eventually decompose FAPbI3, so we
raise this point to discuss the underlying mechanism.

In summary, our experiments shows that ions combined
with PbI2 skeleton can stabilize black phase FAPbI3, and that
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both doping and interfacial modifications can be effective
methods for achieving this. These methods need to target the

same location as the initial decomposition of perovskite by
water and oxygen in the air.43–45

Fig. 4 (a) The mechanism of action of MA+ and (PbCl6)4� in perovskite crystals and MABr passivation. (b) Current density–voltage (J–V) curves,
(c) EQE, (d) PCE box statistical chart and (e) maximum power point tracking of perovskite solar cells of pure FAPbI3 (control) as well as FAPbI3 with MABr
passivated (target).
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We optimize the crystallization of black phase FAPbI3 by
using the MACl dopant, which does not remain in the film after
annealing at 150 1C. The mechanism by which MACl acts on
perovskite crystals is elaborated in Fig. 4a. And the adsorption
energy of MA on PbBr2 (0 2 0) surface is higher than PbI2 (0 0 1)
surface, MABr is used as a passivation material for the FAPbI3

layer for homogeneous doping for defect reduction. The spe-
cific values are shown in Table S2 (ESI†). Three-dimensional
maps of the charge density difference for adsorption of an MA
molecule on PbBr2 (0 2 0) surface is shown in Fig. S8 (ESI†).

Therefore, we anticipate that the co-hybrid phase on the
surface can create a protective shell around the FAPbI3 grains,
providing resistance against moisture. Our experimental results
indicate that while the FAPbI3 film (control) turned yellow after
one week in air with 45% humidity, the FAPbI3 films passivated
with MABr (target) remained black (Fig. S9, ESI†). As demon-
strated in Fig. S9 (ESI†), while the FAPbI3 films exhibited
degradation, the target film maintains large crystals within
the film.

Based on the mechanism discussed, we fabricate solar cells
with a structure of ITO/SnO2/perovskite (B530 nm)/spiro-
OMeTAD/Au to study the performance (the thickness of per-
ovskite is measured by a profilometer as shown in Fig. S10,
ESI†). The bandgap of the perovskite is at 1.50 eV. The cham-
pion PCE of the control devices is 21.2%, with a Voc of 1.15 V, a
Jsc of 24.05 mA cm�2, and a FF of 0.77. The target devices with
MABr show higher performance: the champion PCE reaches
23.0%, with a Voc is 1.18 V, a Jsc is 24.44 mA cm�2, and a FF of
0.80 (Fig. 4b). The champion devices show similar hysteresis
behavior (Fig. S11, ESI†). The external quantum efficiencies
(EQEs) of the cells are presented in Fig. 4c. Based on the EQE
spectra, integral Jsc values of 23.90 and 24.31 mA cm�2 are
obtained for control and target solar cells, respectively, consis-
tent with the J–V measurements values. When MABr is used, the
averaged PCE (15 cells) is improved from 19.8% to 22.0%, with
an average Voc, Jsc, and FF of 1.14 V, 24.33 mA cm�2, and 0.79
(Fig. 4d and Fig. S12, ESI†). The maximum power point (MPP)
tracking under AM 1.5G illumination for the best control and
target devices shown in Fig. 4e indicates a stabilized PCE of
20.0% and 22.5%, respectively. These results confirm the
advantage of the FAPbI3:MABr film to the pure FAPbI3 film.

Conclusions

The more controllable crystallization dynamics of perovskite
enables the production of high-quality films, resulting in high-
performance solar cells. Our work shows that FAPbI3 has the
longest crystallization formation time of all the pure phases of
perovskite and can therefore be used to obtain films with low
defect density. However, it tends to form the hexagonal non-
perovskite polymorph, making it challenging for photovoltaic
applications. After discussing the perovskite crystallization
process, MACl is selected as the crystallizing aid to modulate
the intermediate phase resulting in more controllable crystal-
lization dynamics to fabricate black-phase perovskite films.

In addition, MABr is used to heal defects and passivate FAPbI3

to obtain air-stable films. The perovskite solar cell fabricated
using this strategy presents a high efficiency of 23.0%.

Experimental section
Material preparation

The chemicals and solvents were obtained commercially and
used without further purification. SnO2 colloid precursor (15%
in H2O colloidal dispersion) was purchased from Alfa Aesar.
The organic cation halide salts for perovskite formamidinium
iodide (FAI), formamidinium chloride (FACl), methylammonium
iodide (MAI), methylammonium bromide (MABr), methylammo-
nium chloride (MACl) were purchased from Greatcell Solar Mate-
rials. Lead iodide (PbI2), Lead bromide (PbBr2) was purchased
from TCI. FAPbI3 was purchased from Xi’an Polymer Light
Technology Corp. Lithium bis(trifluoromethylsulphonyl) imide
(Li-TFSI) (99.95%) and Cesium iodide (CsI) were purchased from
Sigma-Aldrich. 2,20,7,70-tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,90-spirobifluorene (Spiro-OMeTAD) (99.5%), 4-tert-butyl pyridine
(tBP) (99.9%), and FK209 (Co(III) TFSI salt) (98%) were purchased
from Advanced Election Technology CO, Ltd, TCI, and Dyesol,
respectively. All solvents, including dimethyl sulfoxide (DMSO),
dimethylformamid (DMF), diethyl ether (DE) were purchased
from Sigma-Aldrich.

Device fabrication

Patterned ITO substrates (7 O sq�1, AGC) were ultrasonically
cleaned with 2% Hellmanex water solution, deionized water,
acetone, and IPA. Before use, the as-cleaned substrates were
further cleaned with UV ozone treatment for 15 min. Then the
SnO2 solution (2.67%, diluted by water) was spin-coated onto
the substrates at 3000 rpm for 25 s and annealed on a hot plate
at 150 1C for 30 min under ambient atmosphere. After cooling
down to room temperature, the substrates were treated with UV
ozone for 20 min. 1.8 M FAPbI3 : MACl (1 : 0.35) nominal stock
solution in 1 ml DMF : DMSO 8 : 1, calculate the actual M from
the density of the solution. It needs to be ensured that the stock
solution is clear with no residual of powder in the solution and
under the lid. The stock solutions of FAPbI3 was warmed
overnight at 25 1C in the shaker and then left to cool to room
temperature for 30 min before usage. The perovskite precursor
solution was then spin-coated onto SnO2 in a nitrogen-filled
glove box with a two-step program at 1000 and 6000 rpm for
5 and 27 s, respectively. During the spin-coating process, an
antisolvent was dripped on the spinning substrate slowly at 5 s
before the end of the program. The volume of antisolvent DE
was 300 mL. After spin-coating, the film needs to be annealed at
150 1C for 15 min with an additional post-annealing at 100 1C
for 30 min. After cooling down to room temperature, the spiro-
OMeTAD solution (73.2 mg in 1 mL ANS) doped with 18 mL of
Li-TFSI (520 mg mL�1 in ACN), 29 mL of FK209 Co (III) TFSI salt
(300 mg mL�1 in ACN), and 29 mL tBP was spin-coated at 4000
rpm for 30 s. Finally, 100 nm of gold was thermally evaporated
under a pressure of 10�6 mbar as the back electrode.
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For MABr passivation, 5 mg mL�1 MABr dissolved in IPA and
spin-coated at 6000 rpm on the FAPbI3 film at room tempera-
ture, the volume of the dropping was 200 mL, followed by
annealing at 100 1C for 10 min.

Characterizations

The surface morphology of the electrode was characterized by
scanning electron microscopy (SEM) operated at 20 KV 3.2 nA
in a Thermo Fischer SCIOS Dual-beam microscope. The solar
cells were characterized using an LED Solar Simulator (Wave-
labs Solar Metrology Systems) with a certified AM1.5G spectrum
(100 mW cm�2). The J–V characteristics were measured in both
reverse and forward direction with a constant scan rate of
~10 mV s�1 (Keithley 2400 source measurement unit). The
UV-Vis absorbance spectra of the perovskite films were mea-
sured with a PerkinElmer LAMBDA 0101. The perovskite films’
crystallinity was examined by an X-ray diffraction (XRD, Smar-
tLab SE from Rigaku) machine with a HyPix-400 (2D HPAD)
detector.
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