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ACCESSIBLE OVERVIEW Effective passivation treatments are widely used in perovskite solar cells to miti-
gate defects in perovskite materials. However, current microscopy techniques for assessing passivation ef-
fects are often limited to surface analysis. In this study, we use contact-mode tomographic conductive
atomic force microscopy to map the current distribution within perovskite films as they are progressively
removed. This technique reveals the internal current distribution across perovskite films subjected to various
passivation treatments. By reconstructing three-dimensional current images, we generate a current volume,
with vertical slices providing detailed insight into the evolution of high-resistance regions within the films.
Through quantitative analysis, we compare the internal current distributions and potential defects in un-
treated, bulk-treated, surface-treated, and combination-treated samples. Comprehensive film and device
characterizations further validate the reliability of our method. This work introduces a robust and versatile
tool for analyzing passivation effects in perovskite materials, offering opportunities to improve film quality
and optimize device performance in perovskite technologies.

SUMMARY

Passivation treatments are crucial for improving the performance of perovskite solar cells by reducing non-
radiative recombination and enhancing charge transport. However, their microscopic effects within the
perovskite films remain unclear due to limitations of conventional characterization methods. This study
uses three-dimensional tomographic conductive atomic force microscopy to examine the structural and
electrical properties of perovskite films treated with different passivation strategies. Through 3D current
mapping and quantitative analysis, we identify internal electrical pathways and structural defects. While un-
treated films exhibit high-resistance regions that hinder carrier transport, bulk passivation reduces these re-
gions, particularly in the film interior, thereby enhancing grain boundary conductivity. Surface passivation pri-
marily mitigates near-surface defects, improving local conductivity. Combining both strategies results in a
more conductive internal structure, with high-resistance regions confined to the top surface. These findings
highlight how passivation treatments improve perovskite film quality, directly correlating with enhanced solar
cell performance.
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INTRODUCTION

Perovskite-based optoelectronic materials offer significant ad-
vantages, including tunable material properties,'™ potential for
low-cost manufacturing, and simple fabrication processes,®®
that enable high device performance. These attributes have
positioned perovskite materials as some of the most promising
candidates for photovoltaic applications. However, the
commonly used solution-processing techniques often lead to
detrimental defects within the perovskite layer, resulting from
rapid nucleation and crystal growth.”® Additionally, defects
can develop at the interfaces during subsequent device fabrica-
tion.® ' These defects frequently act as non-radiative recombi-
nation centers, hindering carrier separation and transport, signif-
icantly limiting the performance and stability of perovskite solar
cells (PSCs). Therefore, minimizing these defects is essential
for achieving high efficiency and long-term reliability in PSCs.

Various passivation techniques have been developed to
address this challenge, including surface and bulk passivation
strategies, which effectively reduce internal defects in the mate-
rial.""~'* Some studies have even combined surface and bulk
passivation treatments to further enhance device perfor-
mance.'® ' Although passivation techniques have been shown
to improve device performance, the mechanisms underlying the
internal structure of perovskite films remain poorly understood.
Traditional characterization methods, which are typically macro-
scopic and indirect, provide limited insight into the microscopic
behavior of these materials.

In this study, we apply tomographic conductive atomic force
microscopy (TC-AFM) to investigate the electrical properties of
perovskite films, enabling three-dimensional (3D) mapping and
quantitative analysis of current distribution within materials.'®>*
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Using a high-elastic-modulus conductive probe in contact
mode, we can perform in situ, layer-by-layer removal of the perov-
skite material, enabling detailed 3D mapping of the current distri-
bution across the film. Our findings reveal that untreated perov-
skite films contain large-volume, high-resistance regions that
serve as non-radiative recombination centers, impeding carrier
transport. In contrast, surface and bulk passivation treatments
reduce the extent of these high-resistance regions and improve
conductivity at the grain boundaries (GBs). The most significant
results are observed in the combined surface- and bulk passiv-
ation-treated films, where nearly all high-resistance regions disap-
pear, resulting in a highly conductive internal structure. These find-
ings correlate with improved film quality and device performance,
confirming that 3D TC-AFM is a powerful tool for understanding
the microscopic mechanisms behind perovskite passivation treat-
ments and their impact on solar cell performance.

RESULTS

3D tomographic technique for depth-resolved electrical
mapping

Figure 1 illustrates the experimental setup for performing tomo-
graphic experiments on perovskite materials using TC-AFM and
the 3D current volume obtained at different depths. As shown
in Figure 1A, controlling the force applied by the conductive probe
to the sample (glass/indium tin oxide (ITO)/FAPbI3) enables uni-
form removal of the perovskite layer. The material removal thick-
ness per scan is determined based on the film thickness and the
actual number of scans. For samples with different passivation
treatments, the applied force is slightly adjusted to achieve a
comparable number of tomographic layers, ensuring similar mill-
ing rates across all films. Initially, the probe reduces the surface

Figure 1. Schematic of the tomographic method and 3D reconstruction of current mapping

(A) lllustration of continuous nanomachining by the probe.
(B) 3D current volume of the sample after reconstruction.

(C) 3D current volumes obtained by cutting along the dashed line in (B) at depths of 25%), 50%, 70%, and 90%. The current scale in all 3D volumes ranges from

0to 1.6 nA.
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roughness, as the typical roughness of perovskite films is less
than 50 nm,?* and a flat surface is achieved after a few scans. Af-
ter the scans, we observe material accumulation at the edge and
a dent by scanning a slightly larger area (Figure S1). Previous
studies have reported that debris generated during material
removal can affect the tomography data in the scanned re-
gion.”>?® In this study, we carefully monitor both atomic force
microscopy (AFM) and conductive AFM (C-AFM) images
throughout the process to avoid interference from debris and
probe contamination, ensuring the reliability of the tomography
data. During the removal process, lateral 2D current images are
captured at multiple depths, enabling reconstruction of a 3D cur-
rent volume, as illustrated in Figures 1B and 1C. Cross-sectional
images extracted from this 3D current volume enable us to
analyze changes in the conductive characteristics along the ver-
tical direction, as demonstrated in Figure S2. This highlights the
power of TC-AFM in revealing the internal micro-properties of
materials. The 3D nature of TC-AFM provides a detailed electrical
analysis, both laterally and vertically, offering a comprehensive
view of current performance at various depths (see Videos S1
and S2 for better visualization). Additional C-AFM measurements
conducted under controlled illumination conditions indicate that
illumination does not affect the conductivity distribution
(Figure S3). As shown in Figure S4, the average current under illu-
mination increases by approximately 2-3 times compared to that
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Figure 2. 2D current maps of perovskite
samples at different tomographic depths
The gray, green, blue, and red boxes correspond
to the (A) untreated, (B) GAl-treated, (C) PEAI-
treated, and (D) GAI+PEAI-treated samples,
respectively. Each box shows the 2D current im-
ages acquired at depths of 0%, 25%, 50%, 70%,
and 90%.

D GAI+PEAI

under dark conditions, while the spatial
distribution remained unchanged. This in-
dicates that, while the carrier concentra-
tion increases under illumination, the local
conductive pathways remain unaltered,”’
and, thus, illumination was not applied in
the rest scans.

Depth-resolved current mapping
and analysis
The 2D current maps, acquired layer
by layer, reveal significant electrical
behavior in the four different passivation
treatments of FAPbI; thin films: untreated,
bulk passivation with guanidinium iodide
(GAl), surface passivation with phenyle-
thylammonium iodide (PEAI), and com-
bined bulk and surface passivation (GAI+
PEAI). Figure 2 shows selective current
images from 0% to 90% depth as the ma-
terial is progressively removed (also see
Videos S3, S4, S5, and S6). The untreated
perovskite sample’s tomographic current
images reveal numerous complex high-resistance regions within
the film (Figure 2A). When combined with the surface topography
(Figure S5A), it is evident that the current at or around the GBs is
near zero, appearing as dark regions. The dark regions corre-
spond to areas with high resistance or low conductivity. These
areas correspond to low-conductivity regions, likely due to lower
carrier density at the GBs, as reported in a previous study.?®
Another previous study has shown that high-resistance regions
in C-AFM measurements are associated with low-conductivity
Pbl,.>° As the material is progressively removed, the extent of
these high-resistance regions increases. The high-resistance re-
gions within the perovskite material impede charge-carrier trans-
port, which may be related to defects. At a 50% removal depth,
the high-resistance regions occupy the most significant propor-
tion of the film. Figure S6 and Table S1 show the fraction of
high-resistance regions at different depths. For the untreated
sample, when the removal depth reached 50%, the proportion
of high-resistance regions is significantly higher than that at the
sample surface. However, as the material removal continues,
these regions decrease, with none present at a 90% removal
depth. Importantly, the high resistance does not originate from
topographical features such as pinholes but, rather, from the ma-
terial’s inherent conductivity (Figure S7).

For the perovskite film with bulk passivation using GAl, the
current map shows a more uniform current distribution

Current ‘ﬁA
0
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compared to the untreated sample, with a significant reduction in
high-resistance regions (Figure 2B). The GAl-treated sample
shows a significantly reduced fraction of dark regions at 25%
and 50% depth compared to the untreated sample
(Figure S6F). Similarly, derivative analysis of the depth-resolved
current variations (Figure S8D) demonstrates that the GAI-
treated sample exhibits much smaller vertical current changes
than the untreated sample. GAl additive was added in the perov-
skite precursor for bulk passivation, as guanidinium ions intro-
duced into the perovskite lattice form strong hydrogen bonds,
enhancing thermal stability and preventing halide segrega-
tion.>°? Dark regions at the GBs of the perovskite persist,
with current levels near 0 pA at the surface (Figure S5B). As
the material is progressively removed, the extent of high-resis-
tance regions rapidly decreases, which can be attributed to the
effective bulk passivation engineering. The conductivity at the
GBs also increases relative to that in the grains themselves, sug-
gesting that the GAI treatment has facilitated carrier transport
through the GBs. Figure 2C shows the current change of the
perovskite film with PEAI post treatment, which also reduces
the volume of high-resistance regions. Previous studies have
suggested that PEAI post treatment on perovskite materials
helps reduce iodine vacancies on the surface.>*>° This modifi-
cation reduces surface defects, thereby suppressing charge
recombination and diminishing hysteresis, resulting in an
increased open-circuit voltage (Voc). Due to its insulating prop-
erties, and because PEAI tends to accumulate at GBs,?° lower
currents are observed on the surface and at the GBs
(Figure S5C). As shown in Figure S6G and Table S1, after PEAI
treatment, the sample surface shows the highest proportion of
high-resistance regions among the four samples. However,
once a small amount of material is removed in the near-surface
region, the current value increases significantly (Figure S9).
This indicates that the low conductivity at the film surface is
due to the accumulation of PEAI rather than to high-resistance
regions within the perovskite material. After removing the surface
passivation material, the lateral distribution of high-resistance
regions diminished, with only small amounts remaining near
GBs (up to 25% depth). The dark regions disappear entirely at
depths greater than 50%. These observations suggest that,
although PEAI passivation is a surface treatment, it also pene-
trates the perovskite material.>® The perovskite film treated
with combined GAIl and PEAI passivation exhibits the highest
conductivity (Figure 2D), and due to the presence of high-resis-
tance PEAI material, the dark regions are confined to the film’s
top surface. However, the high-resistance layers only persist
for a few scans, and the overall conductivity is higher than that
in untreated or individually passivated samples.

3D visualization of vertical conductivity and defect
evolution

The 3D current volume further reveals the correlation and varia-
tion between these films, and we sliced different regions for
cross-sectional analysis. Figure 3A shows high-resistance re-
gions in the vertical direction within the untreated perovskite
film. Different regions exhibit significant conductivity inhomoge-
neity from 0% to 70% depth. These high-resistance areas are
randomly distributed around the surface GBs and extend inward,
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with the maximum depth of extension reaching approximately
450 nm. Despite a relatively uniform current distribution at the
bottom of the film, the presence of these high-resistance regions
along the vertical direction limits effective carrier transport. The
high-resistance regions within the untreated perovskite exhibit
various shapes. Area 1-1 shows a high-resistance region
branching into a “Y”-shaped dark area. Area 1-2 indicates that
the high-resistance region can grow along the GBs, as marked
by the blue dashed line. Area 1-3 demonstrates that high-resis-
tance regions on both sides of the grain may converge at the sur-
face. These highlight the internal variability in conductivity, sug-
gesting that the actual distribution of high-resistance regions
within the material may be far more complex than what is seen
on a surface scan. The distribution of these regions is likely influ-
enced by nucleation and grain growth during film preparation,
which contributes to the subpar performance of untreated films.

With bulk passivation, the current distribution is more uniform
with a reduction in the depth of the high-resistance regions
(Figure 3B). The high-resistance regions within the film after
bulk passivation are located exclusively at the GBs on the film’s
top surface. Compared to untreated perovskite films, the dark
localized regions in the bulk-passivated perovskite film are
only confined to the upper 25% of the film. The volume and num-
ber of high-resistance regions are significantly reduced, and the
types of these regions are becoming more limited, indicating a
decrease in recombination centers within the perovskite film. In
Areas 2-1 and 2-2, the grain interiors show uniform conductivity
after bulk passivation, and highly conductive GBs in the vertical
direction are visible, indicating improved charge transport prop-
erties. We measure depth-resolved current variations in two
grains from each sample. The derivative analysis shows that
GAl treatment significantly reduces the current fluctuations
within the grains (Figure S10F). In contrast, the current at the
GBs increases by 152%-265%, much higher than the 40%-
128% observed in the untreated sample (Figures S11, S12,
and Table S2). These results reveal that reducing high-resistance
regions and improving GB conductivity effectively enable the
GAI additive to enhance the electrical properties of perovskite
materials. In Figure 3C, the cross-sectional results of the current
volume further confirm the high-resistance surface and the
penetration of PEAI along GBs. In areas 3-1, 3-2, and 3-3, small
high-resistance regions and variations in grain conductivity are
observed. Compared with the current within the grains, the
GBs current is enhanced by 147%-210% (Table S2;
Figure S13). The brighter regions represent higher conductivity,
and uniform conductivity is observed across the vertical direc-
tion within the grains (Figures S10H and S10I), suggesting that
PEAI has infiltrated through the GBs. Finally, for the film with
combined GAI and PEAI treatment, the high-resistance regions
are minimal and primarily located at the top surface. Although
the vertical current is not uniform (Figures S10K and S10I), the
higher current indicates improved longitudinal carrier transport
(Figures 3D and S8G). Highly conductive GBs also provide path-
ways for vertical carrier transport (Table S2; Figure S14). The
minimal presence of the high-resistance regions indicates a sig-
nificant reduction in defect density throughout the film.

The TC-AFM results show that passivation treatment can
effectively improve the film quality, with combined passivation
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Figure 3. 3D current reconstruction and cross-sectional slices of perovskite samples
The gray, green, blue, and red boxes show the 3D current volumes of the (A) untreated, (B) GAl-treated, (C) PEAI-treated, and (D) GAI+PEAI-treated samples.
Current cross-sections were extracted along the green, blue, and yellow lines marked within each 3D volume, representing three distinct regions of interest. The

dashed circles indicate high-resistance regions identified in the samples.

treatment offering better suppression of high-resistance regions
and enhanced film conductivity compared to individual passiv-
ation treatments. The most noticeable change in the high-con-
ductivity regions across different passivated samples is
observed here. After individual passivation, the high-resistance
regions decrease and are confined to the GBs. However, we
did not detect obvious high-resistance areas after the combined
passivation treatment. Additionally, the vertical current becomes
more uniform following individual passivation, facilitating
smoother vertical carrier transport. The overall current value of
the combined passivated sample is higher than that of the indi-
vidually passivated samples, indicating superior conductivity.
Since GBs and defects in polycrystalline films inevitably affect
carrier transport, reduced high-resistance regions and improved
conductivity within the perovskite material promote carrier trans-
port and reduce non-radiative recombination. Furthermore, the
lower conductivity at the top surface contributes to the smaller
leakage current across the interface between the perovskite
and the following carrier-transport layer. These findings highlight
the importance of passivation treatments in optimizing the per-
formance of perovskite materials for electronic applications.

Correlation with crystallinity, ultrafast carrier dynamics,
and device performance

X-ray diffraction (XRD) analysis (Figure S15) was performed to
assess the crystallinity of perovskite films with different passiv-
ation treatments. Distinct characteristic peaks around 14° and
28.2°, corresponding to the (100) and (200) planes,>>° are
more pronounced in the passivated samples (Table S3), indicating
enhanced crystallinity and the absence of new phase formation.
These results indicate that effective passivation treatments
improve the crystallinity of perovskite films and help suppress
defect formation. Further, grazing incidence XRD (GIXRD) was

employed to investigate the residual stress in the films. Diffraction
patterns were obtained at 0.1°, 0.5°, 0.7°, and 1.0°, where higher
incident angles allow for the detection of stress in the deeper re-
gion of the film,*®*" and characteristic peaks at larger diffraction
angles were selected for analysis*® (Figure S16). We find that
the diffraction peaks gradually shift to lower angles as the grazing
incidence angle increases from 0.1° to 1°. According to Bragg’s
law, this shift indicates an increase in interplanar spacing, which
suggests that greater tensile stress exists in the untreated perov-
skite film.*® After passivation, this peak shift was significantly
reduced, indicating a release of internal tensile stress. This reduc-
tion can be attributed to the effective defect passivation provided
by GAl and PEAI, which alleviates the internal residual stress in the
perovskite film. These findings are consistent with TC-AFM re-
sults, confirming the passivation effects on the material’s internal
structure.

Transient reflection (TR) spectroscopy was employed to inves-
tigate the effects of PEAI surface passivation and GAIl bulk
passivation on carrier recombination dynamics.***’ Figure 4Al-
lustrates the processes of photoexcited carrier diffusion, surface
recombination, and bulk recombination within the film. The
Kramers-Kronig (K-K) transform was used to correlate transient
absorption (TA) and TR spectra, deriving ideal TR spectra from
experimentally measured TA spectra at low carrier densities
(Table S4). The well-overlapped TR spectrum and the K-K trans-
form of the TA spectrum confirm that the TR signal from 700 to
770 nm originated from relaxed carriers (Figure S17). The rapid
decay observed in the TR dynamics is mainly due to carrier diffu-
sion and surface recombination.

To quantify the two key parameters—the diffusion coefficient
(D) and surface recombination rate (S)—TR measurements
were performed on the four perovskite films using different
pump photon energies (Figures 4B-4E and S18). The carrier
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dynamics were modeled and globally fitted using the following
equations*®*:

IN(x,t) _ DaQN(xJ) ~ N(x,t)

ot ox? T8

(Equation 1)

N, t)l,_o = Noe™™ (Equation 2)

oN(x,t) _ S .
i DN(O,t) (Equation 3)

oN(x,t) S .
Fan = - EN(ch,t), (Equation 4)

where N (x, 1) is the carrier concentration, D is the diffusion coef-
ficient, tg is the bulk carrier lifetime, Ny is the initial surface carrier
concentration, a is the absorption coefficient of the film at the
selected photon energy, Lpc is the film thickness from cross-
sectional scanning electron microscopy (Figure S19), and S is
the surface recombination velocity. Because the bulk carrier
recombination of the perovskite film is negligible within the
1-ns delay range, the bulk recombination term in Equation 1 is
omitted. By varying the pump photon energy and consequently
adjusting « in the initial condition (Equation 2), the solid lines in
Figures 4B-4E were fitted. Figure S20 shows the carrier dy-
namics within the 10-ps timescale. A faster decay at higher
photon energies was observed, which can be attributed to the
steeper gradient of the initial photogenerated carrier distribution.

The extracted fitting parameters are summarized in Table S5,
and the detailed analysis method is in the supplemental
information. For the untreated film, D is 1.16 cm?/s, and S is
660 cm/s, which agree well with typical values for a 3D perov-
skite polycrystalline thin film.* After GAI bulk passivation, D in-
creases to 1.38 cm?/s, and S decreases to 550 cm/s, indicating
enhanced charge transport and reduced recombination. Surface
passivation with PEAI further improved the film quality, with D
similar to the untreated film but S decreasing significantly to
330 cm/s. Notably, when both GAIl bulk passivation and PEAI
surface passivation were applied, the perovskite film exhibits
the best performance, achieving a D of 1.35 cm?®/s and an S of
230 cm/s. These results demonstrate that the combination of
bulk and surface passivation yields the highest carrier diffusion
rate and the lowest surface recombination rate, highlighting the
effectiveness of the dual passivation strategy in enhancing car-
rier transport in perovskite films.

To confirm the passivation effect on device performance, we
fabricated corresponding devices. For p-i-n devices, the statisti-
cal power conversion efficiency (PCE) increases from approxi-
mately 23.3% in the untreated device to 24.5%, 24.7%, and
25.1% following bulk, surface, and combined passivation treat-
ments, respectively (Figure S21; representative current-voltage
(J-V) curves and photovoltaic parameters are shown in
Figure S22). The improvement from surface passivation with
PEAI is attributed to reduced surface defects and the suppres-
sion of interfacial charge recombination. In contrast, bulk passiv-
ation with GAI enhances crystallinity and suppresses recombi-
nation within the perovskite layer, thereby improving charge
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transport. These effects are reflected in the Vog; surface and
bulk passivation raised V¢ from 1.13 V to 1.15 V. The combina-
tion of both treatments resulted in the highest efficiency, along-
side an increase in fill factor (FF), consistent with the TC-AFM re-
sults. To better illustrate the differences among the three
passivation strategies, p-i-n devices were fabricated with
FA0.sMAg 15Csp.05Pbls. The n-i-p devices based on FAPbI3, the
same composition as used in the TC-AFM experiments, show
similar trends (Figure S23). These results highlight the broad
applicability of the passivation treatments.

Electrochemical impedance spectroscopy (EIS) data
(Figure S24 and Table S6) show a clear increase in recombina-
tion resistance (Rec) With passivation. The combined passivation
treatment raised R, from 460.44 to 664.25 Q, while series resis-
tance (Rs) remained nearly unchanged. This suggests improved
charge extraction and reduced recombination losses.*® The
Mott-Schottky analysis in Figure S25 shows that passivation
also increases the built-in potential (V},;), thereby improving
charge separation.*® Space-charge-limited current (SCLC) mea-
surements were used to estimate trap densities with the hole-
only device structure (Figure S26). The trap densities calculated
using the previous formula®® are 12.53 x 105, 9.66 x 10'°,
8.49 x 10'%, and 5.73 x 10'® cm~2 for the untreated, bulk, sur-
face, and combined passivated devices, respectively. These re-
ductions reflect fewer defect-induced recombination centers,
consistent with the observed electrical improvements.

Finally, stability tests demonstrate that passivation also en-
hances environmental resilience. After 400 h of storage under
ambient conditions, the untreated device retains only 55% of
its original efficiency, while the combined passivated device
maintains 86%. Devices with only bulk or surface passivation
retain 74% and 81% of their initial PCE, respectively
(Figure S27). Overall, passivation engineering, particularly the
combined use of surface and bulk treatments, enhances charge
transport, suppresses non-radiative recombination, and signifi-
cantly improves long-term device stability. The 3D TC-AFM
measurements reveal how these improvements correlate
with reduced internal resistance and more uniform conductivity,
highlighting the technique’s potential for in-depth material
diagnostics.

DISCUSSION

In summary, this study highlights the powerful role of 3D TC-AFM
in providing detailed insights into the impact of passivation on
perovskite materials and devices. By combining TC-AFM with
other characterization techniques, we could closely examine
how surface and bulk passivation treatments affect the local elec-
trical properties, crystallinity, and charge transport within perov-
skite films. Our results demonstrate that passivation significantly
improves the material quality by reducing recombination centers,
enhancing crystallinity, and suppressing non-radiative recombi-
nation. This leads to substantial improvements in device perfor-
mance, with the combined passivation treatment achieving the
highest PCE, V¢, and FF. Notably, the ability of passivation treat-
ments to improve both the electrical characteristics at the film sur-
face and bulk material properties underscores their critical role in
optimizing PSC performance. The enhanced stability observed
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Figure 4. Ultrafast TR spectra of perovskite
films
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face recombination velocity (S) and carrier diffu-
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with passivated devices further emphasizes the potential of
passivation engineering to address long-term operational chal-
lenges in perovskite photovoltaics. Overall, this work reinforces
the effectiveness of passivation treatments and demonstrates
the utility of 3D TC-AFM as a valuable tool for understanding the
fundamental processes that govern the performance of advanced
perovskite materials and devices.

METHODS

Materials

All chemical reagents were used as received without further pu-
rification. Formamidinium iodide (FAI; 99.5%), lead iodide (Pbl,;
99.99%), and fluorine-doped tin oxide (FTO) and ITO were pur-
chased from Yingkou Advanced Election Technology. N,N-di-
methylformamide (DMF; 99.8%), dimethyl sulfoxide (DMSO;
99.8%), isopropanol (IPA; 99.5%), and chlorobenzene (CB;
99.9%) were obtained from Sigma-Aldrich. 4-tert-butyl pyridine
(tBP; 96%), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI),

a mixed solvent of DMF and DMSO (4:1
ratio). The mixture was stirred and
shaken for 4-5 h to ensure homogeneity.
The perovskite solution was spin coated
at 5,000 rpm for 30 s, with 200 pL CB
added as an antisolvent during the spin coating. The film was
then annealed at 150°C for 10 min.

For the FAggMAg.15Csg 05Pbls perovskite precursor (1.5 M),
FAl, Csl, MABr, MAI, and Pbl, were dissolved in a mixed solvent
of anhydrous DMF and DMSO (4:1 [v/v]) with the appropriate
stoichiometry. The perovskite precursor (60 pL) was spin coated
onto the SAMs/ITO substrate at 1,000 rpm for 10 s, followed by
5,000 rpm for 30 s. The film was then annealed at 100°C for
45 min to complete the perovskite film formation.

For bulk passivation samples, 1 mg of GAl was added to the
precursor solution. For surface passivation samples, PEAI was
prepared at a 1.25 mg/mL concentration in IPA and spin-coated
at 5,000 rpm for 25 s.

600 800 1000

ay (ps)

C-AFM

The C-AFM measurements were performed on a Bruker Icon
atomic force microscope inside an argon-filled glovebox with ox-
ygen and water levels lower than 1 ppm. The scanning probe
was a DDESP-V2 conductive probe coated with conductive
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doped diamond material to enhance wear resistance and con-
ductivity. The probe has a high elastic constant (k) of approxi-
mately 80 N/m, enabling a greater force to be applied to the sam-
ple. The current sensitivity was set to 2 nA/V, and the current
measurement range is 0-25 nA. A constant bias voltage of
900 mV was applied to the samples. The scan image size and
the number of scan lines were optimized to ensure the average
scan line width remained smaller than the probe tip’s actual
diameter. Initially, a lower force was applied to avoid wearing
the sample surface. After recording topography images and
the current state of the sample surface, the set point was
adjusted to a higher force for material removal. Throughout the
layer-by-layer analysis, we maintained consistent parameters
to ensure a uniform milling rate across consecutive current im-
ages. The TC-AFM samples had the structure glass/ITO/FAPDI3,
with passivation treatments as described above.

TA and TR measurements

TA and TR measurements are conducted using a pump-probe
spectrometer setup in transmission and reflection mode,
respectively. Initially, a Ti:sapphire amplifier generates a funda-
mental laser pulse at 800 nm, operating at a 1 kHz repetition
rate. This fundamental pulse is then split into two branches by
a beam splitter. One branch is directed toward an optical para-
metric amplifier to generate the pump pulse from 290 to
2600 nm. The pump pulse, modulated at 500 Hz, is attenuated
by neutral-density filter wheels. Simultaneously, the other branch
of the fundamental pulse is focused into a sapphire crystal to
produce a white-light continuum spanning 350-1600 nm, which
is used as the probe. Time delays between the pump and probe
pulses (up to 8 ns) are achieved using a motorized translation
stage with a retro-reflecting mirror. The pump and probe beams
are spatially overlapped on the sample surface. In the TA config-
uration, both beams are usually incident on the sample. Inthe TR
configuration, the probe beam incident angle is fixed at 45°,
while the pump beam incident on the sample normally. The
focused spot size at the sample position is approximately
200 pm for the probe beam and 600 pm for the pump beam.

Other measurements and characterizations

XRD patterns were collected by Mini Flex 600 with a Cu-Ka1
X-ray source. Scanning electron microscope (SEM) images
were collected using a Hitachi S-4800 field emission gun SEM.
EIS and Mott-Schottky curves were obtained using an electro-
chemical workstation (model 600E). The out-plane mobilities
were measured using the SCLC method.®> PSCs were placed
under the AM1.5 solar simulator (100 mW cm~2). The Keithley
2400 source meter was used to test and record J-V curves at a
scan rate of 100 mV s~ with an effective area of 0.12 cm?. Al
measurements were performed at room temperature and
<40% humidity.
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Untreated

d GAI+PEAI

Figure S1. 2D and 3D AFM images on a 5 ym*5 pm scan of different samples after TC-AFM testing. a)
Untreated; b) GAI; c) PEAI; and d) GAI+PEAI treated perovskite.
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Figure S2. Three-dimensional current mapping and cross-sectional current images obtained from the C-
AFM tomography experiment.



Figure S3. Experimental setup for C-AFM measurements with illumination. The perovskite film was mounted
on a stage equipped with a reflective mirror, while white light from an LED source (intensity up to 1 Sun) was directed
through the glass substrate onto the perovskite film. By alternating the illumination between on and off states, we
obtained current mappings under both dark and illuminated conditions.
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Figure S4. C-AFM images of untreated perovskite films under dark and illuminated conditions.
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Figure S5. AFM surface images, current images, and line profiles of different perovskite samples. a)
Untreated; b) GAl; c) PEAI; d) GAI+PEAI passivation.
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Figure S7. AFM (top) and current images (bottom) before and after removing a certain thickness.
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Figure S8. Depth-resolved average current variations and their rates of change for samples with different
passivation treatments.
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Figure S9. Sequential current images of the perovskite sample treated with PEAI passivation.
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Figure $10. Depth-resolved average current and rates of change within the interiors of marked grains for
perovskite films with different passivation treatments. The rates of current change were obtained by calculating
the first derivative of the current profile.
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Figure S11. Depth-resolved average current of selected grain boundaries in the untreated sample. (a) AFM
and C-AFM images of the sample surface, with rectangles indicating the positions of the grain boundaries and the
regions used to calculate the average current; (b) and (¢) Depth-resolved average current profiles for GB-1 and GB-
2, respectively.
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Figure S12. Depth-resolved average current of selected grain boundaries in the GAl-treated sample. (a) AFM
and C-AFM images of the sample surface, with rectangles indicating the positions of the grain boundaries and the

regions used to calculate the average current; (b) and (¢) Depth-resolved average current profiles for GB-1 and GB-
2, respectively.
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0.4 0.6
Distance (um)



1500

b GB -1 0% Depth G 1200 GB -2 0% Depth
1000 -
800 -
500 400
1508 - L L L L 04 1 | L L
25% Depth 1200 4 25% Depth
1000 -
800 -
500 400
0 - 1 1 1 L 0 4 ! | L L
1500 - . 509, —
z 50% Depth 2 1200 50% Depth
£ 1000 e
= N A AAnAA_ = 800 _\W
o [
5 500 5 400 p -
(@] (@]
04 L s L \ 04 N L | L
1500 - 0,
70% Depth 1200 70% Depth
1000 -
\\,//\\V\m 800 ]
500 + 400 -W
04 L L L L 04 N L | \
1500 -
———90% Depth 1200 4 90% Depth
1000
800
500 —W 400 _MM
04 1 Il 1 1 04 1 I 1 1
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Distance (um) Distance (um)

Figure S14. Depth-resolved average current of selected grain boundaries in the GAI+PEAI-treated sample.
(a) AFM and C-AFM images of the sample surface, with rectangles indicating the positions of the grain boundaries
and the regions used to calculate the average current; (b) and (c) Depth-resolved average current profiles for GB-
1 and GB-2, respectively.
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Figure S15. XRD patterns of perovskite thin films with different passivation treatments.
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Figure S16. High diffraction angle GIXRD spectra of perovskite films measured at different grazing
incidence angles. a) Untreated; b) GAl; ¢) PEAI; d) GAI+PEAI passivation.
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Figure S17. Two-dimensional pseudocolor maps and corresponding TA spectra at 5 ps for perovskite films
with different surface treatments. (a—d) 2D pseudocolor TR maps for (a) untreated, (b) GAl-treated, (c) PEAI-
treated, and (d) GAI+PEAIl-treated perovskite films. (e—h) TA spectra at 5 ps corresponding to the TR signals in (a—
d), shown before applying the Kramers—Kronig transformation.
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Figure S18. Two-dimensional pseudocolor images of the TR spectra of perovskite films under excitation at
400 nm, 500 nm, and 600 nm, respectively. a) Untreated; b) GAI; c) PEAI; d) GAI+PEAI passivation.
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Figure S19. Cross-sectional SEM images of different perovskite samples.
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Figure S20. The TR carrier dynamics within 10 ps for the (a) untreated; (b) GAI; (c) PEAI; and (d) GAI+PEAI-
treated perovskite. The corresponding probe wavelengths are (a) 765 nm, (b) 750 nm, (c) 760 nm, and (d) 755

nm.



-
24.5 ]
<
W 24.0
@]
o
23.51 -
23.0 1 1
22.5 T T T T
Untreated GAl PEAI GAI+PEAI

Figure S21. The statistical distribution of the PCE of the devices with different passivation treatments. The
statistics are based on five devices for each treatment. Data points outside this range are shown as outliers. The
median PCE values for the untreated, GAl-treated, PEAIl-treated, and GAI+PEAI-treated devices are 23.3%, 24.5%,
24.7%, and 25.1%, respectively.
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Figure S22. J-V curves of PSCs in p-i-n structure with different passivation treatments.
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Figure S23. J-V curves of PSCs in n-i-p structure with different passivation treatments.
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Figure S24. Nyquist plots for different samples.
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Figure S25. Mott-Schottky curves for different samples.
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z where ¢, is the relative permittivity of FAPbI3?, g is the

density Nt is calculated using the formula23: N, =

vacuum permittivity (8.854 x 10-'2 F/m), e is the electron charge (1.6 x 10" C), and L is the thickness of the
perovskite film (700 nm).
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Supplemental Tables

Table S1. Fractions of high-resistance regions at different depths for samples with different passivation

treatments.
0% Depth 25% Depth 50% Depth 70% Depth 90% Depth
Untreated 6.30 4.92 15.63 1.26 0.15
GAI 15.89 4.43 1.27 1.18 0.59
PEAI 54.76 411 0.62 0.52 0.03

GAI+PEAI 14.22 0.86 0.35 0.33 0.87




Table S2. Ratios of grain boundary current to grain interior current for selected grain boundaries in
different samples.

0% Depth 25% Depth 50% Depth 70% Depth
Untreated GB-1 124% 120% 119% 128%
Untreated GB-2 40% 97% 86% 97%
GAI GB-1 174% 170% 152% 175%
GAIl GB-2 265% 184% 231% 228%
PEAI GB-1 186% 157% 154% 147%
PEAI GB-2 183% 210% 180% 163%
GAI+PEAI GB-1 209% 174% 197% 191%

GAI+PEAI GB-2 144% 147% 144% 190%




Table S3. The extracted peak height ratios of (001)/Pbl, and (002)/Pbl..

(001) Peak Ratio (002) Peak Ratio
Untreated 32.65 14.07
GAI 47.44 20.82
PEAI 39.44 20.03

GAI+PEAI 59.26 27.01




Table S4. Pump photon energy and average carrier density used for the TR measurements of the four
samples.

Photon Energy (eV) Average carrier density (cm)
3.10 2.95x10"
Untreated 2.25 2.30x10"7
2.07 2.80x10"
3.10 3.95x10"
GAl-treated 2.48 3.38x10"7
2.25 3.31x10"7
3.10 2.70x10"7
PEAI-treated 2.48 3.62x10"7
2.25 2.68x10"
3.10 3.49x10"7
GAIl+PEAlI-treated 2.48 2.97x10"7

2.25 3.78x10"




Table S5. Fitted diffusion coefficients and surface recombination rates for the untreated, GAIl, PEAI, and
GAI+PEAIl-treated perovskite thin films.

S (108 cm/s) D (cm?/s)

Untreated 0.66+0.09 1.16+0.21
GAl 0.55+0.12 1.3840.18
PEAI 0.33+0.14 1.04+0.25

GAI+PEAI 0.23+£0.10 1.35%£0.15




Table S6. The fitting values of corresponding resistances for Nyquist plots.

Rs (Q) Rrec (Q)

Untreated 63.84 460.44
GAI 72.30 553.49
PEAI 72.78 578.86

GAI+PEAI 67.35 664.25




Supplemental Methods

Supplementary TR Spectra Data Analysis

Carrier Density vs. Transient Reflection Signals

Near the semiconductor bandgap, the real part of the refractive index (n) dominates over the imaginary part (k),
so the pump-induced reflectance change AR/R mainly reflects the modulation of n by photocarriers. Because the
probe penetrates only ~10-50 nm, depending on the refractive index of the material, TR spectroscopy is sensitive
to carriers near the interface.

At low carrier density, the change in reflectivity measured by TR is proportional to the real part of the refractive
index An,

R
= (hw) —42_1 xAn(hw) (s-1)

= n(hw)
The change of refractive index An can be related to the change of absorption coefficient Aa through the
Kramers-Kronig relationship:

+

An(hw)=§P Jo ® %dw (S-2)

where c is the speed of light and P is the Cauchy principal value of the integral.
At low carrier density, Aa can be associated with the carrier density:

Aa(hw)=ay(hw)x % (S-3)

where N is the carrier density induced by the pump pulse, and Nm is the saturation charge density (approximately
10" cm3). Here, we maintain our pump intensity at approximately 1017 cm-3. Therefore, in the surface region, AR/R,
the decay N(x,t)|=g can be directly tracked.

One-Dimensional Diffusion Model

At the semiconductor surface, the dominant carrier dynamics involve carrier diffusion out of the probed region
and surface recombination. As photon energy increases, higher-energy pump photons enhance the initial carrier
density gradient, thereby accelerating the surface decay dynamics due to an increased diffusion rate. To
quantitatively describe the evolution of carrier density under different optical excitation conditions, a one-
dimensional diffusion equation was employed for modeling and analysis, as follows.

AN, 1) _~ N(x, ) N(x.t)
at X2 B

(S-4)

where N(x, t) is the function of carrier density with depth (x) and time (t), D is the diffusion coefficient, and s is the
lifetime of bulk carriers.
The initial carrier distribution is governed by the Lambert-Beer law:

N(X,t)lt=0=Noe™* (8-5)
where a is the absorption coefficient that varies with the energy of the pump photons, resulting in different
penetration depths for different pump energies.

The recombination of carriers on the surfaces can be described as follows:
AN(x,b)

=S -
2 lxcolpg D N(O,1) (S-6)

where S represents the recombination velocities at the surfaces. By integrating the above equations, a surface
carrier dynamics model can be established, enabling the determination of the diffusion coefficient (D) and the
surface recombination velocity (S). This method is adapted from supplemental reference 1.
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