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Benign methylformamidinium byproduct induced
by cation heterogeneity inhibits local formation of

d-phase perovskitesy

Jihoo Lim, ;2 Jaehui Kim,? Josh Davies-Jones, (¢ Mohsen Danaie, (@

Eunyoung Choi,“® Hongjae Shim,? Liang Chen, Jincheol Kim, (*Judy S. Kim, 9
Philip R. Davies, > € Jan Seidel, ©™ Martin A. Green,? Samuel D. Stranks, (¢
Sang Il Seok *0 and Jae Sung Yun *&

Efforts to enhance the efficiency and stability of formamidinium lead triiodide (FAPbI3) perovskite solar cells
(PSCs) have primarily focused on employing methylammonium chloride (MACI) as an effective additive.
MACI significantly improves the crystallinity and lowers the d-to-a phase transition temperature of FAPbI3,
thereby contributing to the remarkable efficiency of these solar cells. However, upon evaporation with
deprotonation of MACI during annealing, the highly reactive methylamine leads to the formation of N-
methylformamidinium (MFA*) cations. Despite their potential for significant influence on the properties of
FAPbI3 perovskites, the chemical and optoelectronic characteristics of MFA™ in FAPbl3 remain poorly

understood. This study investigates the unexplored role of MFA™ in FAPbI3 perovskite with MACI
incorporation through advanced nanoscale characterization technigues, including photo-induced force
microscopy (PiFM), four-dimensional scanning transmission electron microscopy (4D-STEM), and
wavelength-dependent Kelvin probe force microscopy (KPFM). We reveal that MACI induces compositional

heterogeneities, particularly formamidinium (FA*) and MFA* cation inhomogeneities. Surprisingly, MACI
selectively promotes the formation of MFAPbI3 at grain boundaries (GBs) and as clusters near GBs.
Additionally, we confirm that MFAPbI3 is a wide bandgap, and charge carriers are effectively separated at
GBs and clusters enriched with MFAPbI3. This is particularly interesting because MFAPbI3, despite its

crystal structural similarity to yellow phase d-FAPbI3, displays a high surface photovoltage, and does not
deteriorate the solar cell performance. This study not only provides insights into the byproduct formation of

MFA* induced by local cation heterogeneity after employing MACI, but also guides a crucial perspective for
optimizing formamidinium-based PSC design and performance.

Broader context

Formamidinium lead triiodide (FAPbI3) based perovskite solar cells (PSCs) have demonstrated significant advancements, nearly reaching the maximum theoretical
efficiency of single-junction solar cells. However, they are known to be metastable and undergo a phase transition from corner-sharing FAPbI3 perovskite to the undesirable
wide-bandgap face-sharing d-FAPbI3 perovskite. To address this challenge, methylammonium chloride (MACI) has been widely
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employed as a universal additive to enhance the performance of FA-based PSCs. However, upon evaporation with deprotonation of MACI during annealing, the highly
reactive methylamine leads to the formation of N-methylformamidinium (MFA™) cations. Despite the potential for significant impact of MFA™ on the properties of FAPbI3
perovskites, the chemical and optoelectronic characteristics of MFA* in FAPbI3 remain poorly understood. In this work, we elucidate that the incorporation of MACI
additive in FAPbI3 perovskite induces the heterogeneous distribution of FA* cations, promoting the selective formation of MFA™*-complexes primarily at grain boundaries
(GBs) or in cluster formations, while concurrently suppressing the unwanted formation of d-phase perovskites near GBs. Furthermore, we demonstrate that the MFA™-
byproduct, despite its crystal structural similarity to the yellow phase d-FAPbI3, exhibits benign characteristics, displaying a high surface photovoltage, and not serving as

non-radiative recombination sites.

Introduction

Tremendous efforts have been devoted to the study of solution-
processed perovskite solar cells (PSCs), which have reached power

conversion efficiencies (PCE) surpassing 26%.1 Until now,
formamidinium lead triiodide (FAPbI3) based PSCs have been the
predominant materials employed as highly efficient PSCs that report
record-efficiencies.”” However, they are known to be metastable
and undergo a phase transition from the corner sharing FAPbl3
perovskite into the undesired wide-bandgap face sharing d-FAPbI3
perovskite. In this context, methylammonium chloride (MACI) has

been widely incorpo-rated as a universal additive for enhancing the
performance of FA-based PSCs, including those high-efficiency

PsCs.2® MACI effectively inhibits the unwanted phase conversion
of FA-based perovskite, fosters grain growth, and improves
crystallinity, consequently enhancing device performance.lo'll

It has been reported that most MACI additives evaporate during
the annealing process,lo’lz’13 resulting from deprotona-tion. This
deprotonation process results in the formation of volatile
methylamine (MAO), which subsequently reacts with FA" cations,
ultimately producing N-methyl formamidine iodide (MFAI).M’18
Recently, Seok’s group first demonstrated MACI additives in single
crystal FAPbI3 perovskite led to the predominance of cis-MFAI as
the resulting species, ultimately forming cis-MFAPbI3 perovskite
following a reaction with lead iodide (Pbl2). However, the role of

MFAPDI3 within the final FAPbI3 film after MACI incorporation
and its effect on the device performance remain unknown.

Additionally, it is noteworthy that the incorporation of additives
in a precursor solution often results in compositional heterogeneities
across multiple orders of magnitude in size.!® The existence of
nanoscale halide inhomogeneities and segre-gation have been

intensively reported.zo’25 However, only a handful of studies have

reported the cation inhomogeneities in perovskiteszs’28 despite their

potential significance in deter-mining the performance of PSCs.
Surprisingly, even though there is widespread utilization of MACI
additive to achieve highly efficient FA-based PSCs, there has not
been a thorough investigation of how the MACI additive contributes
to local cation inhomogeneities or the principal locations where

MFA* byproducts are generated.

Here, we reveal that MACI additive in FAPbI3 perovskite leads
to the heterogeneous FA" distribution across the surface and in the

bulk and facilitates the selective formation of MFAPbI3 mainly at
the grain boundaries (GBs) rather than in the neighbouring grains.

Also, FA" deficient and MFAPbI3 rich

clusters with a size of 400-600 nm are formed near GBs. Through
photo-induced force microscopy (PiFM), we confirm the presence of

FA*-deficient clusters, with GBs emerging as primary sites for
MFA" formation. Our four-dimensional scan-ning transmission
electron microscopy (4D-STEM) results indi-cated the crystal
structure of MFAPbI3 exhibits d-FAPbI3 perovskite-like diffraction
pattern. Moreover, our investigation into the electrical properties of
MFA*-rich regions, utilizing wavelength-dependent Kelvin probe
force microscopy (KPFM), uncovered an intriguing enhancement in
charge separation within FA*-deficient clusters and GBs, suggesting
a beneficial role for selective formation of MFA+-compIexes, instead
of undesired d-phase FAPbI3 perovskites near GBs, resulting in
improving device performance.

To investigate the nanoscale chemical heterogeneity in pure
FAPbI3 perovskites, we conducted PiFM measurement. A sche-
matic of the PiFM measurement setup is shown in Fig. 1(a). PiFM is
a technique for spectral imaging that enables the mapping of AFM
topography and broadband infrared (IR) response of a sample
surface simultaneously, with high spatial resolution at the
nanoscale.?®3° By using the contrast in morphology and IR
broadband intensity from the PiFM images, analysis of the IR
spectrum at specific locations of interest can be performed. For
instance, the distinct chemical compositions of individual, different
grains and GBs can be investigated precisely as represented in Fig.
1(b). The two different modes utilized in PiFM modulation are
shown in Fig. S1 (ESI{). The direct mode involves the excitation of
cantilever vibration at the initial resonance frequency ( f1) while
tuning the repetition rate of the laser excitation to the second
resonance frequency ( f2). This allows simultaneous extraction of
topography and PiFM signals at the two frequencies, thereby
enabling the study of bulk properties (B250 nm depth). The sideband
mode uses frequency mixing ( f1 f2 or fi + f2) to generate a
difference with frequency at the cantilever resonance, which leads to
a response that is confined to the surface (B20 nm depth) at the
interface of the tip and the sample.e’l'32

As shown in Fig. 1(c and d), we first obtained PiFM images for
pure FAPbI3, at 1713 cm ! well-established IR peak for CQN
symmetric stretching of FA* cation,33 using two different scanning
modes to investigate the surface and bulk region, respectively.
Corresponding topography images can be found in Fig. S2 (ESIY).
Interestingly, the pure FAPbI3 perovskite exhibits a heterogeneous
and random distribution of FA+, both at the surface and in the bulk.
The point spectra recorded in Fig. 1(e) indicate that the nominally
pure FAPbI3 perovskite exhibits a weak IR peak at 1355 cm 1,

compared to 1713 cm 1 at both the
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Fig. 1 Photo-induced force microscopy (PiFM) measurement. (a) Schematic of PiFM setup, (b) perovskite film with different chemical compositions for
grains and grain boundaries, (c) and (d) PiFM images at 1713 cm 1 at the surface and in the bulk of FAPbIs perovskite without MACI incorporation (the
scale bar represents 1 mm, and the colour scale indicates the strength of the PiFM signal, effectively the strength of the 1713 cm 1 band), and (e)

corresponding IR spectra of pure FAPbI3 perovskite.

surface and in the bulk of the film. This can be attributed to the

presence of the d-FAPbI3 |ohase,34 showing some degree of
unwanted phase impurities. Further information can be gained by
comparing the relative IR peak intensities at 1713 cm ! and 1355 cm
Lin the surface and bulk IR spectra, where the 1355 cm ! peak is

relatively stronger in the bulk spectrum, suggesting more phase
transition in the bulk than in the surface region.

To explore how the different amounts of MACI in the precursor
solution affect the heterogeneous distribution of FA" in the resulting
FAPDI3 perovskite films shown in Fig. 1(c and d), we employ PiFM

measurements probing the surface and bulk regions. The topography
images can be seen in Fig. 2(a—c). As widely reported, the

incorporation of MACI promotes the enlarged grain size.t® Fig. 2(d-

f) shows the sur-face PiFM images at 1713 cm * (FA) of FAPDI3
perovskites with 15, 50, and 80 mol% of MACI. As the amount of

MACI increases in the FAPbI3 perovskite, the selectivity of FA*
with certain grains near GBs, referred to as ‘clusters’, still exists and
increases until 50 mol%, yet the distribution becomes less

heterogeneous for the FAPbI3 perovskite with 80 mol%. Recently, it
was reported that enhanced dynamical freedom of FA* cations
within FA*-rich regions could potentially serve as a significant
driving force for clustering MA" and FA" cations in FAMA mixed-
cation perovskites.35

Notably, the FAPbI3 perovskite with 50 mol% exhibits the most
distinguished contrast between the GBs and neighbour-ing grains,

along with FA™-deficient clusters marked with white

arrows. We then obtained bulk PiFM images, as shown in Fig. 2(g—
i). From Fig. S3 (ESIf), we can clearly see the highest degree of

heterogeneity with the FAPDbI3 perovskite with 50 mol% in surface
region, and a relatively less heterogeneous distribution of FA" in
bulk, regardless of the amount of MACI. We then calculate the
surface-to-bulk ratio of FA®, as shown in Fig. S4 (ESIf). The
FAPbI3 perovskites with 50 mol% of MACI exhibit the highest and
the lowest surface-to-bulk ratio of FA* at GBs and clusters,
respectively, representing the greatest con-trast between GBs and

clusters at the surface region. To correlate this chemical
heterogeneity to optoelectronic perfor-mance, we fabricate the

FAPDI3 PSCs with the corresponding compositions, and the results
are summarised in Fig. S5 (ESIT). The FAPbI3 perovskite device

with 50 mol% of MACI shows the highest PCE of 24.2%, while
exhibiting the least hysteresis as shown in Fig. S6 (ESIt). However,

the role of nanoscale selec-tivity of FA" at the GBs of FAPbI3
perovskite with 50 mol% of MACI should be further investigated.

We then investigated the surface and bulk IR spectra of FAPbI3
perovskites with varying amounts of MACI, as shown in Fig. 3(a and
b). IR spectra were obtained by averaging measure-ments from three

different locations: grains, FA-deficient grains and GBs. This

approach accounts for intensity variations of FA" within both grains
and GBs, as shown in Fig. S7 (ESIf). For the surface region, all

FAPbI3 perovskites with MACI additives exhibit IR peaks at 1713

cm 1, and 1355 cm 1, which indicate FA+, and d-FAPDI3 phase,
respectively. From Fig. 3(a), because of excessive MACI addition,

only FAPbI3 perovskite
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Fig. 2 (a)—(c) Topography images of FAPbI3 perovskites with increasing amounts of MACI in the precursor solution, (d)—(f) PiFM images at 1713 cm Lin
the surface region, and (g)—(i) in the bulk region. The scale bar represents 1 mm.

with 80 mol% of MACI exhibits a strong peak at 1465 cm Lin the
surface region, which indicates symmetric NH3" bending of MA*
cation.>® As a result of the evaporation of most MACI after the
annealing process,m'12 the peak signal for MA" is signifi-cantly
weak compared to that of FA* peak at 1713 cm Lin IR spectra for
both FAPbI3 perovskites with 15 and 50 mol% of MACI. Despite

the weaker signal in IR spectra, PiFM images at 1465 cm L for ma*
shown in Fig. S8 (ESIj) represents a slightly stronger contrast
variation at GBs for both surface and bulk regions, exclusively for

FAPbI3 perovskite film with 50 mol% of MACI incorporation.

Interestingly, all MACI-incorporated FAPbI3 (15-80 mol%)
exhibit significant peak broadening at around 1355 cm 1, which is
highlighted as region ‘A’ in Fig. 3(a) and similarly from Fig. 3(b),
this is also observed in bulk IR spectra. Fig. 3(c—e) shows magnified

IR spectra of each of the three perovskite films at around 1355 cm 1,
which were deconvo-luted using the Gaussian function to identify
the precise components. All three spectra show two components,

wherein the first peak at 1355 cm ! indicates d-FAPDbI3 phase, and
the second peak at around 1346 cm L indicates partial CQN for
MFA* cation,34 attributed from MACI incorporation into FAPbIl3
perovskite. FAPbI3 perovskite with the optimal amount of MACI

(50 mol%) exhibits B4 times higher peak intensity of MFA*
compared to other films, and the ratio of MFA™ is B1.8 and B2.5

times higher than that of FAPbI3 perovskite with 15 and 80 mol% of
MACI additive, respectively. This is consistent with the recent work

from Stranks and his colleagues showing that the presence of MA™
induces octahedral tilt, suppressing the undesired formation of

polytypes.25 Seok’s group recently reported that
MFAPDI3 has a similar crystal structure to d-FAPbI3 phase.34 Thus,
in order to precisely differentiate between d-FAPbI3 and MFAPbDI3,
we obtained PiFM image at 1610 cm 1 This peak also indicates
partial CQN bonding of MFA* cation,34 along with 1346 cm 1, as
presented in Fig. 3(f and g), since 1346 cm Lis too close to the peak
indicating d-FAPbI3 phase (1355 cm 1).

In the PiFM image at 1610 cm 1, a more homogeneous signal

within neighbouring grains is evident, along with a pronounced
contrast between GBs and grains. This observation suggests the

selective formation of MFA" primarily at FA*-rich GBs (marked in
red) and clusters of FA*-deficient clusters (presented in blue, marked
with white arrows) shown in Fig. 2(e), which is notably absent in the

bulk region, owing to the highly specific distribution of FA" in the
surface region. This can also be seen in Fig. 3(h), which shows the
overlaid two

Moreover,
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Fig. 3 Selective formation of MFA™ at GBs of FAPbI3 perovskite with optimal amount of MACI. (a) and (b) Surface and bulk IR spectra obtained from PiFM
for FAPDbI3 perovskites with varying amounts of MACI, (c)—(e) deconvolution of peaks from the highlighted region ‘A’ in figure (a), (f) and (g) surface and
bulk PiFM image at 1610 cm 1 and (h) overlaid two PiFM images of FA™ (green) and MFA™ (purple) in the surface region of FAPbI3 perovskite with

optimal amount of MACI. The scale bar represents 1 mm.

PiFM images of FA" and MFA" cations, colored in green and
purple, respectively. As opposed to heterogeneous d-FAPbI3 phase
grains (in dark navy) of pure FAPbI3 perovskite shown in Fig. 1(c
and d), it can be concluded that FAPbI3 perovskite with the optimal

amount of MACI exhibits the heterogeneous MFA*-rich GBs and
clusters near the GBs.

To identify the formation of MFA® after MACI incorporation
into FAPbI3 perovskites, we first compared 'H-NMR measure-ment

of FAPbI3 perovskite solutions and films with different amounts of
MACI as shown in Fig. S9 (ESIY). Previous reports indicated that

MFA”" can form during perovskite solution aging.36’38 To determine
if the MFA® formation occurs during the preparation of the
perovskite precursor solution, we included 'H-NMR measurements
of freshly prepared FAPbI3 perovskite solutions with varying
amounts of MACI (0, 15, 50, and 80 mol%). The 1H-NMR spectrum

of pure FAPbI3 (without any MACI additive) precursor solution and
perovskite film both exhibit three peaks at 2.50, 3.32, and 7.85 ppm,

which indicate DMSO, H20, and FA", respectively. Interestingly, a
new peak at 2.37 ppm (MA+) arises in the precursor solutions after
MACI incorporation. However, for final MACI-incorporated FAPDbI3

perovskite films, no MA* peak is observed, regardless of the amount
added due to the evaporation of most of the MACI additive during
the annealing process.ﬂ'39 However, the mag-nified TH-NMR
spectra in Fig. S10 (ESIT) show that two new peaks appeared at 2.81
and 7.96 ppm for MACI incorporated FAPbI3 perovskites, which are
only evident in the film H-NMR results, indicating that the
deprotonation of MACI occurs during the fabrication of the
perovskite film. These peaks are attributed to MFA®, as the
hydrogens of the methyl functional group (—~CH3), and the hydrogens
in the carbon of amidines (—CH), respectively.34 In addition, the
calculated molar frac-tions of A-site cations for increasing the

amount of MACI from 0 to 80 mol% from *H-NMR measurement of
perovskite films are shown in Table S1 (ESIt). It is noticeable that

the MFA™ content for FAPbI3 with 50 mol% MACI additive is the
highest among others and is higher than that of MA*. Therefore, we
can confirm that the byproduct MFA”, rather than d-FAPbI3 is

formed at both the GBs and those FA'-deficient (MFA+-rich)
clusters near the GBs as shown in Fig. 3(h).

To investigate structural change after introducing the MACI
additive further, scanning electron diffraction (SED)



measurements were conducted for the FAPbI3 perovskite with the
optimal amount of MACI incorporation, as this analysis can provide
nanoscale orientation and phase mapping informa-tion. We used the
open-source software py4ADSTEM for analys-ing the SEND data, as
presented in Fig. S11 (ESIt). As shown in Fig. S12 and S13 (ESIY),

the majority of the FAPbI3 perovskite with 50% mol of MACI could

be indexed as pseudo-cubic (close to cubic) FAPbI3 phase. We note
that previous works have demonstrated that FA-rich mixed-cation
perovskites exhibit tetragonal structure with octahedral tilting

induced by cation alloying,40’41 resulted from frustrating the
transformation from photoactive a-FAPbI3 to performance-limiting
d-phases. How-ever, this is not resolved as the fraction of FAPbI3 is
increased.*° Fig. 4(a) compares the Bragg peaks identified in one
example dataset with powder pattern simulations of simplified
FAPbI3 (top)42 and MFAPbI3 (bottom)34 phases, which were

adapted from the recent work >4 By forming virtual annular dark-
filed (ADF) images from the non-overlapping Bragg reflections at

the lowest scattering angles (0.156 A L for pseudo-cubic FAPbI3 and
0.13 A L for MFAPDI3 phase — also presented as blue arrows in Fig.

4(a)), we could locate the minority MFAPbI3 phase (see Fig. S11,
ESIY).

Though this method underestimates the coverage of the

MFAPbI3 phase in the sample, it was adopted to ensure we avoid
regions where these two phases were both sampled through the
thickness of the film. The applied masks in real space (squares in
Fig. 4(b)) indicate the regions identified as each phase where the

blue and green squares are identified as pseudo-cubic FAPbl3 and
the red square as the MFAPbI3 phase, as shown in Fig. 4(c and e),
respectively. These results intui-tively demonstrate the possible
formation of MFAPDbI3 phases in addition to the formation of
pseudo-cubic FAPbI3 phases, when the optimised quantity of MACI
is introduced into FAPbI3 perovskites.

In addition, the phase in contrast to pseudo-cubic FAPbI3 could
be identified even through the smallest Bragg peak of MFAPbI3
shown in Fig. 4(a). By using the strongest Bragg peak, which can be
clearly distinguished as the MFAPbI3 phase, we further investigated
where these phases are mainly formed. We are using the reflection at
0.288 A 1 of this phase instead (see highlighted Bragg peak with a

blue rectangle in Fig. 4(a)). In the virtual images constructed shown
in Fig. 4(g and h), although we see some of the pseudo-cubic

FAPDbI3 phases with over-lapping reflection also appearing, we
observe several cases of what we identify to be the MFAPbI3 phases
around the GB regions, which are shaded in yellow, in Fig. 4(b and
h). More-over, we identified a peak at 0.23 A 1, corresponding to the
2H-FAPbDI3 phase (highlighted with a green rectangle — please see
Fig. S14, ESIY), which allows us to show that some of the regions
overlap with those identified at 0.13 A ! for the MFAPbI3 phase as
shown in Fig. S15 (ESIt). It is indeed challenging and necessitates
further investigation to clearly distinguish between the two different
phases. This difficulty aligns with the previously reported similarity
in crystal struc-tures between the MFAPbI3 and 2H-FAPbI3
phases.34 Never-theless, this result coincides with the selective
formation of

MFA" at both the GBs and those clusters near the GBs after
incorporating the optimal amount of MACI into the FAPDI3
perovskite, which are shown in red arrows in Fig. 4(g and h), and as
we discussed above (see Fig. 3(h)).

To gain further insight into the electrical properties of the

selective formation of the MFAPbI3 at the GBs and those clusters
that resulted from the addition of MACI, we performed wavelength-
dependent Kelvin probe force microscopy (KPFM). Considering the
wide-bandgap characteristic of MFAPbI3, simi-lar to 2H-FAPbI3

perovskite,34 we employed two different wave-lengths (400 and 800
nm), which allowed us to differentiate the high and low bandgap
regions, respectively (see Fig. S16, ESIf). We calibrated the
intensity of the laser excitation for different wavelengths, and the
detailed information can be found in the Experimental section.

We first compared FAPbI3 perovskite film labeled as ‘“Tar-get”’
containing the optimal amount of MACI with its counter-part
referred to as ‘“‘Control’’, pure FAPbI3 perovskite film, representing
without any incorporation of MACI. Fig. 5(a and
c) shows topography images, and Fig. 5(b and d) represents contact
potential difference (CPD) spatial maps obtained in the dark
condition of Control and Target film, respectively. This shows
inhomogeneous CPD distribution between grain to grain due to a
variation in work function. Based on the PiFM measurement results
shown in Fig. 1(c) and 3(f), we suspect that such inhomogeneity can
be related to cation heterogeneity and the existence of 2H-FAPDI3.
To precisely identify the electronic properties, we measured CPD
under illumination using two different wavelengths to investigate
high and low bandgap regions. CPD is obtained by calculating the
difference in the work function of the sample surface and the tip,
which has a known work function.

The dark CPD distribution curves for each sample are shown in
Fig. S17 (ESIf), and we found that the peak position of Control film
is 0.271 V and 0.133 V for Target film. We calculated the work
function of each sample by subtracting the CPD at the peak position
from the work function of the tip, which is 4.93 eV. As can be seen,
the work function of the Target perovskite surface has increased than
that of Control film. This increase in work function could be
attributed to the shift of the Fermi energy level towards the valence
band, indicating that the material has become more p-type by passi-

vation of the perovskite surface®® with the reduced density of
shallow traps such as halide vacancy defects at GBs induced by the
MACI incorporation.44

Subsequently, the surface photovoltage (SPV) maps were
obtained by subtracting the CPD maps measured under laser
illumination (Fig. S18, ESI{) from the CPD obtained in dark
condition (Fig. 5(c and d)) as represented in Fig. 5(e and h). As
shown in Fig. 5(e and f), the heterogeneous clusters of Control film
exhibit brighter contrast and higher SPV than that of neighbouring
grains and GBs under 400 nm illumination and higher SPV for
normal grains compared to those clusters and GBs under 800 nm
illumination. This identifies that such inhomogeneity originates from

the 2H-FAPbI3 phase due to its wide bandgap characteristic and is
well-matched with the
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Fig. 4 (a) Comparison of the identified peaks in SEND data (in red) with the simulated power diffraction patterns of simplified FAPbI3 phase (top) and
MFAPbI3 (bottom), which are in black lines. The majority of the peaks can be seen to correspond to pseudo-cubic FAPbI3 phase. The peaks labelled with
a blue arrow were used to form virtual images as one of the two routes to identify the MFAPDI3 regions. (b) VADF image of example SED data, regions
marked with squares are used to obtain sum diffraction patterns, (c) sum diffraction pattern and overlaid simulated patterns as a pseudo-cubic FAPbI3
phase close to [010] zone axis (blue square), (d) close to [012] zone axis (green square). The region in (e) is identified as MFAPbI3 with yellow arrows
marking 0.13 A 1 reflections. (f) VADF image of another example SED data, and (g) and (h) corresponding virtual images using the peak highlighted with
a blue rectangle in figure (a) for the MFAPbI3 phase at 0.288 A ! reflections, marked with red arrows.

existence of 2H-FAPbI3 from our PiFM results shown in Fig. 1. On

the other hand, the MFAPbI3-rich grains and GBs of Target film
exhibit brighter contrast and higher SPV compared to that of
neighbouring grains under both 400 and 800 nm illumina-tion, as
can be seen in Fig. 5(g and h). To differentiate inhomogeneous
clusters in Control from the ones in Target film, calculated SPV
values of Control and Target film at two

different wavelengths for GBs, grains, and heterogeneous clus-ters

(2H-FAPDI3- or MFAPbI3-phases) are shown in Fig. 5(i and j),
respectively.

Using 400 and 800 nm wavelengths excitation not only can
differentiate the bandgap, but also can identify the surface and bulk
characteristics. For Control film, SPV of 2H-FAPbI3 phase is higher
and lower than that of normal grains and GBs under



illumination using 400 nm, and 800 nm, respectively, indicat-ing
that 2H-FAPbI3-phase grains are high-bandgap material, and behave
as recombination centres,z‘r"45 which confirms that those clusters are
2H-FAPbI3 phase. Moreover, overall SPV values of 800 nm are
higher than those of 400 nm, which is attributed to defects at the
surface induced by 2H-FAPDbI3 phase. In contrast, the SPV of
MFAPbI3-phase grains and GBs are higher for Target film under
400 nm excitation than that of

800 nm, indicating MFAPbI3-phase clusters and GBs are high
bandgap materials but with reduced surface defects compared to
Control film. This indicates the improved charge separation on the
surface and in the bulk at MFAPbI3-phase clusters and GBs.
Therefore, we can confirm the existence of MFAPbI3-phases at both
the GBs and those clusters near the GBs, instead of 2H-FAPbDI3-
phases for Target perovskite film.

Considering that MFAPbI3 is chemically formed by the

interaction of FA" with MA® after MACI incorporation,34 the
segregated formation of MFAPbI3 at GBs and inhomogeneous
(a) Control 029V
Topggraphy
%y
0.23
(e) Controls 0.06 V

400 nm SPV

0.01

GBs Grains 2H-FAPbl;  GBs
Control

Grains  2H-FAPbI,

(k)

2H-FAPbI,

grains near GBs are attributed to effective passivation at GBs o4

and accelerates byproduct formation of MFA". Fig. 5(k and 1)
represents two distinct energy level schematics with 2H-FAPbI3 or
MFAPDI3 located at GBs for Control and Target perovskite films,
respectively, based on UPS measure-ments shown in Fig. S19
(ESIY). 2H-FAPbI3-phases at GBs for Control film induces clusters
of deep trap sites, leading to non-radiative recombination,25’45 as can

also be seen from the steady-state spectral photoluminescence (PL)
measurement shown in Fig. S20 (ESIf). On the other hand,

MFAPDI3 at GBs for Target film, due to the higher bandgap of
MFAPbI3-complexes than that of FAJ'-ones,34 the segregated
formation of large bandgap MFAPDI3-phases at the GBs and clusters
near GBs leads to forming gradient in the bandgap and suppressing

charge recombination*®® between GBs and neighbouring grains.
This results in efficient hole and electron extraction toward the GBs
and neighbouring grains. Therefore, the opti-mal amount of MACI
results in improved device performance of
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Fig. 5 Wavelength-dependent Kelvin probe force microscopy (KPFM) measurement. (a) Topography image, (b) CPD spatial map in dark condition of
Control, (c) topography image, (d) CPD spatial map in dark condition of Target perovskite film, (e) and (f) SPV map at 400 and 800 nm of Control film, (g)
and (h) SPV map at 400 and 800 nm of Target film, (i) and (j) SPV plot at 400 and 800 nm of Control and Target film, (k) energy level schematics of

Control and 2H-FAPbI3-phase, and (I) Target and MFAPbI3-phase. All scale bars represent 1 mm.



FAPbI3 perovskites with the PCE of 24.2%, induced by the

byproduct formation of MFAPbI3-phases at both the GBs and as
clusters near the GB regions.

Conclusion

In summary, our nanoscale characterization, involving PiFM, 4D-
STEM, and wavelength-dependent KPFM  measurements,
demonstrates that the incorporation of MACI induces FA* cation
heterogeneity in FAPbI3 perovskites. This results in benign MFA*
byproduct formation, suppressing the unwanted local formation of
2H-FAPbI3. Our results indicate that such selective formation of
structurally 2H-FAPbI3 phase-like MFAPDI3 that exists mainly at
the GBs region leads to a PCE of over 24%, while an excessive
amount reduces PCE slightly. Moreover, this study not only
contributes to a thorough under-standing of the effect of byproduct
formation of the MFAPbI3-phases induced by MACI incorporation
on local cation inho-mogeneities but also underscores its role in
improving the performance of FAPbI3 PSCs, where MACI is widely
employed as a universal additive. These insights provide a
foundation for optimizing additive engineering strategies when

employing MACI and advancing the design of stable and efficient
FA-based PSCs.
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