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The durability of perovskite solar cells (PSCs) is substantially limited by defects
and imperfect structures at grain boundaries (GBs) and grain surfaces (GSs) of

perovskites, where common single-step ligand passivation struggles due to
ligand heterogeneous distributions and distinct chemical environments.
Herein, we demonstrate a two-step sequential dedicated-ligand (TSS-DL)

strategy that selectively targets GBs and GSs through spatially resolved inter-
actions of the dedicated ligands. We identified two classes of dedicated
ligands, including Ligand X, notably 2,2-difluoroacetamide bromide (DFABr)
for GBs to restructure them into stable 2D perovskites and suppress defects,
and Ligand Y, featuring 4-aminopiperidinium dibromide (4APPBr,) for GSs to
create arigid 2D perovskite overlayer that shields 3D perovskites from external
stresses. TSS-DL-treated PSCs retain >93% of their power conversion efficiency
(PCE) after 3,000 hours of operation and >90% after 4,000 hours under high
humidity (>85% RH). By sequentially restructuring GBs and GSs using dedi-
cated ligands, the work provides an effective way to overcome the instability of

3D PSCs while maintaining high performance.

There has been significant interest from industry and academia in three-
dimensional (3D) perovskite solar cells (PSCs), among the most promis-
ing photovoltaic technologies'. as the power conversion efficiency (PCE)
has dramatically risen to over 27% today®. However, intrinsic instability
and longevity of PSCs under real-world conditions (e.g., high humidity,
continuous light soaking, and high temperature) remain significant
challenges due to high defect densities at the grain boundaries (GBs) and
grain surfaces (GSs) of polycrystalline perovskite film®’. These defects
may include undercoordinated halogen ions (X’ or Pb*" ions, lead clus-
ters, Pb" anti-site defects, I' or MA*, FA*, and Cs" vacancies®.

Various approaches have been reported to suppress these
defects>**°. One of the recent attractive approaches is to use organic
ammonium ligands that mostly form a 2D perovskite layer on 3D

perovskite to not only passivate but also shield 3D perovskite surfaces
from degradation induced by moisture and oxygen'’, passivating
defects, and suppressing ion migration®*'*'2, However, the stability of
2D perovskite overlayers will vary or even degrade under thermal
stress, highly dependent on the rigidity of the 2D perovskite which is
seldom studied™*. Besides, those 2D overlayers or surface passivation
commonly formed by a single-step ligand process fail to uniformly
cover both perovskite GBs and GSs comprehensively, causing incom-
plete treatment and degrading device efficiency and stability®". More
importantly, in many studies, perovskites with different GBs and GSs
are often treated by one kind of ligand, and improvements in device
performance observed may be due to passivating defects of GSs rather
than addressing the issues of GBs'®.
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Notably, GBs and GSs have distinct chemical properties and
structural environments. GBs are a homogeneous junction with a
narrow spatial gap. They exhibit higher defect densities due to the
misalignment of crystal lattices, which can lead to localized states that
trap charge carriers. In contrast, GSs are a heterogeneous junction' ",
They primarily interact with their adjacent layer materials, leading to
chemisorption or physisorption processes that alter their surface
states. Therefore, heterogeneous distributions of the ligand and dis-
tinct chemical environments in GBs and GSs necessitate spatially tai-
lored passivation strategies by dedicated ligands/ligands. Particularly,
penetrability is important for GB additives because it affects how well
they penetrate and interact with the defects within the GBs'**°. How-
ever, existing works predominantly employ mixed ligands in a single
step, which do not show the spatial resolution to address the different
defect chemistries of GBs and GSs”*. Consequently, it is highly
desirable to develop a strategy that effectively suppresses defects at
both GBs and GSs with distinct chemical and structural characteristics
to enhance stability and performance.

In this work, we introduce a two-step sequential dedicated-ligand
(TSS-DL) strategy to independently address the distinct defect che-
mistries of GBs and GSs through their spatially resolved interactions of
the dedicated ligands. Two classes of dedicated ligands in our TSS-DL
strategy, including Ligand X and Ligand Y, are designed to target these
specific defects by forming stable 2D perovskites and restructuring the
GBs and GSs defective sites that enhance the perovskite material’s
overall performance. In the first step, Ligand X represented by 2,2-
difluoroacetamide bromide (DFABr) with a small size and three distinct
functional groups, can effectively penetrate GBs and suppress buried
multiple defects, resulting in the formation of 2D perovskites via the
three distinct functional groups, preventing water infiltration at the
GBs. In the second step, class Y ligands, especially
4-aminopiperidinium dibromide (4APPBr,), predominantly suppress
GS defects and form a rigid 2D perovskite overlay on top of 3D per-
ovskites as a protective barrier, significantly improving the film’'s
resistance to external stressors such as heat, light, moisture, and
oxygen, thereby enhancing its overall stability. Importantly, we find
that the sequence of this process not only reconfigures the structure of
GBs and GSs with fewer defects but also enhances overall optoelec-
tronic properties, reduces non-radiative recombination, and improves
energy level alignment while reversing the TSS-DL sequence limits the
structure reconfiguration, leading to considerable PCE and stability
drop. Differently, the TSS-DL-treated devices demonstrate out-
standing stability, retaining >93% of their initial PCE after 3000 hr.
continuous operation at maximum power point (MPP) and over
4000 hr. under high humidity (>85% RH). Even under aggressive
damp-heat testing (85 °C and 85% RH), they maintain 93% efficiency
after 2600 hr. Overall, by restructuring GBs and GSs using the TSS-DL
strategy, this work illustrates spatially resolving interactions between
dedicated ligands that stabilize GBs and GSs independently, and
overcomes the limitations of single-step treatment, achieving high
efficiency and stability in PSCs.

Results

Restructure perovskites by two-step sequential dedicated-
ligand (TSS-DL) deposition

To address open-ended issues of various defects both at GBs and GSs
(Fig. 1a), we propose the use of the TSS-DL strategy to ensure com-
prehensive coverage simultaneously both at the GBs and GSs of the
perovskite film (detailed schematic procedure of this method is given
in Supplementary Fig. 1)

While there are narrow dimensions of GBs and different chemis-
tries than GSs, we explored various organic ligands that are not only
highly penetrable but also multifunctionally address multiple defects
in the GBs in the first step of TSS-DL (Fig. 1b). Interestingly, we find that
certain ligands, designated here as Ligand X (notably DFABr), are

particularly dedicated to GB defects and exhibit superior durability
and performance when used as in the first step (Fig. 1c). In the second
step we find that some ligands, referred to here as Ligand Y (notably
4APPBr) mainly passivate the GSs defects and achieve the best per-
formance in the second step. Therefore, in the following discussion, we
will delve deeper into the effects of these two ligands and the sequence
of two steps of the TSS-DL strategy on 3D perovskite film and thus on
optoelectronic properties, performance, and durability of PSCs.

We carefully applied each ligand in separate and sequential steps
without prior mixing before deposition (Supplementary Fig. 2). This
technique contrasts with traditional methods, where ligands are often
mixed before deposition using single-step treatment, which can lead
to uncontrolled interactions and aggregation. By applying each ligand
separately and sequentially, we precisely control the distinct chemis-
tries of GBs and GSs and achieve a more uniform and effective sup-
pression of multiple defects simultaneously. While optimizing the TSS-
DL strategy, the selection of appropriate ligands is critical to achieve
the targeted stabilization of GBs and GSs. Both DFABr and 4APPBr were
identified from the Ligand X and Ligand Y groups in Fig.1b based on
their distinct chemical properties, which align with the specific stabi-
lization needs of GBs and GSs, respectively. DFABr was selected as
Ligand X for its ability to effectively target GBs due to its strong
bonding capabilities via triple functional groups and small molecular
size configuration (Supplementary Fig. 3), which allows it to penetrate
and adhere to the narrow GBs more effectively”> ». This configuration
facilitates the precise alignment of DFABr molecules, enhancing their
interaction with GBs and acting as an all-in-one ligand*. As a result,
DFABr can significantly reduce multiple defect sites at GBs, improve
intrinsic stability and overall efficiency and stability. 4APPBr was cho-
sen as Ligand Y, due to its rigid backbone that can selectively interact
with GSs, forming a rigid 2D perovskite passivating layer that enhances
structural stability and minimizes surface degradation®. By restruc-
turing GSs, 4APPBr ensures that GSs remain stable over time, main-
taining their performance. This complementary action with DFABr
targeting of GBs ensures comprehensive defect management and
long-term efficiency improvement of the PSCs. The detailed explana-
tions of the effects of different ligands and their sequence in the
treatment will be described below.

We first conducted time-of-flight secondary ion mass spectro-
metry (TOF-SIMS) to understand the penetration of ligands into the
perovskite film. In the Perovskite/X/Y sample, X ligands are pre-
dominantly detected throughout the thickness of the perovskite films,
while Y Ligands are principally detected on the surface (Fig. 2a). As a
result, X ligands can uniquely penetrate the GBs. In the perovskite/Y/X,
both ligands are distributed on the surface (Fig. 2b)°. This notable
observation can be attributed to the steric hindrance, which is sig-
nificantly larger in the Y cation due to its bulky ring structure. The
bulky ring structure of the Y cation limits its ability to penetrate deeper
into the film, causing it to remain primarily on the surface. On the other
hand, the X cation, characterized by its smaller size and electron-
withdrawing CF, group, is induced to penetrate profoundly within the
GBs?. However, in the Perovskite/Y/X sample, the Y cation obstructs
this deep penetration of the X cation.

Meanwhile, we employed X-ray photoelectron spectroscopy
(XPS) to verify potential chemical interactions between Ligand X and
Ligand Y with the perovskite structure, and to elucidate their
sequential effects at GBs and GSs. When Ligand X, which contains O
and F groups, introduced prior to Ligand Y, the Pb 4f peaks exhibited a
more substantial shift toward lower binding energy (by 0.23 eV), sug-
gesting increased electron density at Pb?*, likely due to direct coor-
dination with the oxygen and fluorine atoms in Ligand X (Fig. 2c).
Additionally, the F 1s and O 1s peaks shifted to higher binding energies
(Fig. 2d and Supplementary Fig. 4), indicating that these atoms are
involved in strong chemical bonding with Pb?* or other positively
charged defects®. This pronounced shift in the XPS spectra when
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Fig.1| TSS-DL schematic illustration. a Schematic illustration showing perovskite
GBs and GSs of control perovskites (Ctrl-Perovskite) treated with Ligand X only
(Perovskite/X), Ligand Y only (Perovskite/Y), Ligand X and then Ligand Y (Per-
ovskite/X/Y), and Ligand Y and then Ligand X (Perovskite/Y/X), where U-GB and

U-GS mean untreated GB and GS, while T-GB and T-GS mean treated GB and GS.
b Chemical structures of Ligand X and Ligand Y studied in this work, ¢ PCEs of PSCs
with untreated and treated perovskites.

Ligand X is applied first implies that Ligand X has a strong and direct
chemical interaction with Pb2* sites, which are abundant at GBs due to
their higher defect density compared to GSs'**. In contrast, (Per-
ovskite/Y/X), less pronounced binding energy shifts for Pb 4f, O 1s, and
F 1s were observed, suggesting that initial treatment of the perovskite
film by Ligand Y at the GSs hinders subsequent interactions of Ligand X
with the perovskite structure, particularly at the GBs.

To confirm the dedicated distributions of Ligand X at GBs and
Ligand Y at GSs, local dark conductivity is assessed using conducting
atomic force microscopy (c-AFM) to measure Ctrl-Perovskite and TSS-
DL-treated perovskite films at designated locations, as the AFM topo-
graphic image in Fig. 2g. The GSs are denoted with square symbols,
and the GBs are marked with triangular symbols. The tip bias is swept
from 2.5V to -2.5V at a rate of 0.15V/s. For the Ctrl-Perovskite, the
observed dark currents at both GBs and GSs are the same as in previous
reports*>° (Supplementary Fig. 5a). However, for the Perovskite/X, the
dark current at the GSs is the same as the Ctrl-Perovskite, but at the
GBs, the dark current is significantly higher by almost three times than
that of the Ctrl-Perovskite (Figs. 2e and 2f). This indicates a substantial
enhancement in conductivity at the GBs by Ligand X treatment, sug-
gesting the successful incorporation of Ligand X at the GBs™. For the
Perovskite/Y and Perovskite/X/Y samples, the dark currents at the GSs
are markedly higher than those of the Ctrl-Perovskite and Perovskite/X
samples (Supplementary Figs. 5b-7), confirming the predominant
localization of Ligand Y at the GSs. Statistical analysis of dark current
measurements taken at 40 different points in both the GBs and GSs for

all samples is summarized in Fig. 2h, demonstrating the robustness and
reproducibility of these results.

Kelvin Probe force microscopy (KPFM) is also used to analyze the
effects of Ligand X and Y surface potential changes in perovskite films.
The Ctrl-Perovskite film exhibited numerous GBs black pits (repre-
sented by white circles in Fig. 2g). A 1D height profile extracted from
the topography indicates an average depth of ~70 nm between the GS
and these pits (Supplementary Fig. 8). In the Perovskite/X, the number
of black pits decreased significantly, and the average depth reduced to
~40 nm. While for the Perovskite/X/Y, nearly all pits were eliminated,
with the average depth further reduced to -20 nm. These results sug-
gest that the TSS-DL method effectively fills the pits, indicating suc-
cessful reconstruction of GBs and GSs sequentially. Moreover, the
KPFM measurements showed a reduction in contact potential differ-
ence (CPD) from ~400 mV (Ctrl-perovskite) to ~150 mV for Perovskite/
X and ~10 mV for perovskite//X/Y). This sharp decline in CPD correlates
with the filling of GB pits, suggesting improved surface homogeneity.
As a result, the Perovskite/X/Y sample displayed a uniform potential
profile than both the Ctrl-perovskite and Perovskite/X. Consequently,
the comprehensive suite of TOF-SIMS, XPS, c-AFM, and KPFM char-
acterizations collectively demonstrates that the choice and sequence
of ligand treatments profoundly influence the spatial distribution,
chemical interaction, and electronic properties of the perovskite films.
Specifically, ligand X, owing to its smaller size and electron-
withdrawing properties, effectively penetrates and forms 2D per-
ovskite to reconstruct GBs, enhancing local conductivity and
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Fig. 2 | Ligands distribution. a, b TOP-SIMS spectra of Perovskite/X/Y and Per-
ovskite/Y/X thin film. ¢ Pb 4f XPS spectra of Ctrl-Perovskite, Perovskite/X and
Perovskite/X/Y, Perovskite/Y/X and O 1s (d) XPS spectra of only X and Perovskite/X
and Perovskite/Y/X film. Local dark currents measured at the GBs (e) and GS (f) of

Ctrl-Perovskite and Perovskite/X thin film. g Topography and KPFM images of Ctrl-
Perovskite, Perovskite/X and Perovskite/X/Y. h Statistical local dark-current dis-
tribution collected from 40 points at GBs and GSs of Ctrl-Perovskite, Perovskite/X,
Perovskite/Y and Perovskite/X/Y (X= DFABr Y = 4APPBr).

passivating defect sites. Meanwhile, while the stability of 2D perovskite
overlayers highly depends on its rigidity, the bulkier ligand Y is pre-
ferentially localized at the GSs, where it further forms rigid 2D per-
ovskite to passivate surface defects as well as contributes to improved
film uniformity*. Sequential application of X followed by Y enables
complementary passivation of both GBs and GSs, resulting in reduced
surface potential variations, enhanced electronic homogeneity, and
overall superior film quality compared to either ligand alone or
reversed treatment order.

Dedicatedly restructure grain boundaries and surfaces of
perovskites

The effects of two classes of ligands, ‘X" and ‘Y’, and their sequence on
perovskite morphology and crystal structure are further investigated
to understand how they restructure GBs and GSs and increase per-
ovskite durability. The scanning electron microscopy (SEM) top-view
and cross-sectional images reveal that Ctrl-perovskite films exhibit
clear GBs (Fig. 3a). However, these GBs become almost imperceptible
following a single-step deposition process using Ligand X (Supple-
mentary Fig. 9), resulting in the formation of a dense, pinhole-free, and
more uniform polycrystalline perovskite film, where the Ligand X

predominantly modifies the GBs. We find that Perovskite/X film treated
again with X ligand in the second step, there is no noticeable change,
but its aggregate remains in the same position, as shown in Supple-
mentary Fig. 10). Interestingly, when we treat the Perovskite/X sample
again with Ligand Y (Perovskite/X/Y; Fig. 3a), it results in an even more
uniform film with no visible GBs, suggesting that Ligand Y primarily
passivates the GSs defects (Supplementary Fig. 11). To validate our
findings, we examined the morphology of the Perovskite/Y/X film. In
the Perovskite/Y/X sample, it is evident that the X ligand pre-
dominantly remains on top of the Perovskite/Y film without pene-
trating the GBs. It confirms that Ligand Y mainly modifies the
perovskite GSs and highlights the importance of the sequence in
imprinting the morphology uniformity.

To evaluate the crystallinity and modified structural properties of
GBs and GSs after treatment, we conducted grazing-incidence wide-angle
X-ray scattering (GIWAXS) measurements on TSS-DL-treated perovskite
films and elucidated the sequential change of the two steps (Fig. 3a). The
Ctrl-Perovskite film shows a distinct diffraction peak at q, (-12A™),
representing the (100) main peak of 3D perovskite with an intensive Pbl,
peak at q, (-0.93 A™). This excess Pbl, on the 3D perovskite surface is
beneficial for the 2D perovskite formation’. The diffraction map of the
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Fig. 3 | Crystallinity and optoelectronic properties. a Top view, cross-section
SEM images and GIWAXS maps and XRD spectra (b) of Ctrl-Perovskite, Perovskite/
X/Y and Perovskite/Y/X. ¢ UV-Vis ((Eg= 1.55eV)) and PL (d) spectra of Ctrl-Per-
ovskite, Perovskite/X, Perovskite/Y, Perovskite/X/Y, and Perovskite/Y/X film. The

inset shows the changes in the PL spectra at low wavelengths. Comparison of PL
spectra for Perovskite/X and Perovskite/X/X (e) and Perovskite/Y and Perovskite/Y/
Y (f). g TRPL spectra, and (h) Energy level diagrams of Ctrl-Perovskite, Perovskite/X,
Perovskite/X/Y, and Perovskite/Y/X films.

Perovskite/X film (Supplementary Fig. 12) shows a weak Pbl, peak and
new strong diffraction peaks at lower g, (-0.74 A™) representing the (002)
planes of the 2D perovskite at the GBs (n=1)°. Stronger and additional
discrete Bragg spots are observed at a higher q, (g, -0.85A" and
Oxy - 1.8 A7) in the Perovskite/X/Y sample. This indicates the formation of
an additional 2D perovskite phase with vertical orientation with respect
to perovskite GSs corresponding to the (282), (121), and (082) planes, as
highlighted with red dashed outlines. By contrast, we do not observe the
difference between peaks at lower g, and discrete Bragg spots in Per-
ovskite/Y/X samples. However, the Pbl, peak intensities in the Perovskite/
Y/X sample are weaker than Perovskite/X/Y and show some passivation
effect, but without additional Bragg spots covering some untreated
defects at GBs. In addition, the GIWAXS results are consistent with con-
ventional X-ray diffraction (XRD) analysis (Fig. 3b), where a small low-
angle peak at 11.50° can also be observed for Perovskite/X (Supplemen-
tary Fig. 13), further confirming the formation of 2D perovskite struc-
tures. Furthermore, the high-resolution transmission electron
microscopy (HR-TEM) of the Perovskite/X/Y sample also confirmed the
formation of well-oriented 2D perovskite (Supplementary Fig. 14). This
well-oriented structure is crucial for enhancing the material’s optoelec-
tronic properties, such as improved charge transport and reduced
energy loss.

Optoelectronic properties of TSS-DL-treated perovskite
We investigate the potential for defect suppression and enhancement
of charge carrier dynamics at the GBs and GSs in TSS-DL-treated

perovskite films by examining their absorption and photo-
luminescence (PL) emission properties. UV-visible spectroscopy mea-
surements (Fig. 3¢c) revealed that X ligands did not significantly alter
the UV-vis absorption spectra after a single-step treatment, while Y
ligand treatment in the first step resulted in decreased absorption. This
highlights the importance of using X ligands in the first step. When Y
ligands are applied in the second step, the Perovskite/X/Y absorption
improves, indicating high-quality perovskite films. Furthermore, the PL
intensity of Perovskite/X improved noticeably compared to the Ctrl-
Perovskite and Perovskite/Y, suggesting a significant reduction in
defects, and suppressed non-radiative charge recombination primarily
at the GBs (Fig. 3d). Notably, for perovskite/X/Y the PL intensity further
increased, and the low-wavelength peak shifted to 620 nm, indicating
the possible presence of a mixture of two types of 2D perovskites
(Fig. 3d inset)** . Conversely, for perovskite/Y/X the PL intensity also
improved but much weaker than Perovskites/X/Y. Additionally treating
with the same ligand in the second step also did not improve PL
intensities (Fig. 3e and 3f), further confirming the importance of
sequential deposition of ligand X and Ligand Y. Furthermore, the low-
wavelength peak at 555 nm for Perovskite/X and at 620 nm for Per-
ovskite/X/Y can also be observed from the back side, although with
relatively weaker intensity compared to the front side (Supplementary
Fig. 15). This observation confirms that Ligand-X predominantly
penetrates at the GBs. In contrast, for the Perovskite/Y and Perovskite/
Y/X samples, no low-wavelength peak is observed from the back side,
suggesting that the Ligand-Y primarily reacts at the GSs and forms a 2D
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Fig. 4 | Device performance and stability. Cross-section SEM image of the
champion device fabricated in this work (a), J-V curves (b) EQE spectra with inte-
grated s (c), stabilized performances (d) and histogram of 40 devices (e) of Ctrl-
Perovskite, Perovskite/X, Perovskite/X/Y, and Perovskite/Y/X-based devices.ISOS-

L2-operational stability at MPP at 65 °C for over 3000 hours (f) and ISOS-D1-long
term dark storage stability in ambient environment (g) of Ctrl-perovskite, Per-
ovskite/X, Perovskite/X/Y, and Perovskite/Y/X-based devices.

perovskite layer at the top. These results also align with the above c-
AFM, SEM, XPS, and GIWAXS findings. To further validate the steady-
state PL results, we conducted photoluminescence quantum yield
(PLQY) measurements, which provide absolute values of emission
efficiency. As shown in Supplementary Fig. 16, the PLQY of Perovskite/
X/Y increased from 8.1% in the Ctrl- Perovskite and 13.1% in Perovskite/
X to 17.8% in Perovskite/X/Y. In contrast, Perovskite/Y/X exhibited a
reduced PLQY of 11.5%. These results indicate that non-radiative
recombination was significantly suppressed by employing the TSS-DL
method”.

A time-resolved photoluminescence (TRPL) measurement is fur-
ther conducted to examine the effects of the TSS-DL method on the
charge carrier dynamics properties of perovskite films (Fig. 3g). The
emission decreased sharply in the Ctrl-Perovskite films due to non-
radiative carrier recombination at the GBs and GS. Upon single-step
treatment (Perovskite/X), there is only a slight improvement in carrier
lifetime, attributed to its ability to suppress defect-induced recombi-
nation at the GB. In contrast, the TSS films (Perovskite/X/Y) exhibited a
significantly slower emission decay, indicating reduced nonradiative
recombination at both GB and GS. These results suggest that the TSS-
DL method effectively enhances the optoelectronic properties by
improving carrier lifetime.

Finally, we explored the impact of the TSS-DL method on interface
energy using ultraviolet photoelectron spectroscopy (UPS) (Fig.3h and
Supplementary Fig. 17). The Perovskite/X/Y sequence also resulted in a
significant reduction of the work function. This adjustment caused an
upshift in the Fermi level and a downshift in the conduction band

minimum (CBM), leading to an excellent alignment of energy levels
with Cgo. Consequently, this facilitated efficient electron-selective
charge transfer’®. Additionally, a deeper valence band maximum
(VBM) can reduce electron-hole recombination at the interface by
blocking hole transport. In contrast, Perovskite/Y/X sequences caused
Fermi-level downshifts and CBM upshifts, resulting in a significant
barrier to electron transport at the perovskites/Ceo interface. These
results further highlight the importance of introducing these ligands in
the correct order.

Photovoltaic performances and stability

We further conducted an in-depth study on the effect of the TSS-DL
strategy on device performance. Fig. 4a illustrates cross-sectional SEM
images of p-i-in champion devices fabricated by this method. The J-V
curves of champion devices are shown in Fig. 4b. As discussed above,
initially, we evaluated all ligands first in the sept-l and then in step-Il.
We find that Ligand X, especially DFABr, at a concentration of 2mg
mL"1, exhibits the best performance in the first step (Supplementary
Fig. 18a and Supplementary Table 1). In the second step, Ligand Y,
especially 4APPBr at 0.4mgmL™!, demonstrates superior efficacy
(Supplementary Fig. 18b and Supplementary Table 2). Ctrl-Perovskite-
based devices show a PCE of 22.52%, a V,. of 1.10V, a short-circuit
current density (Js.) of 25.14 mA/cm?* and a fill factor (FF) of 80.53%. In
contrast, the Perovskite/X-based devices exhibit an improved PCE of
24.23% with a Ve of 1.15V, a Jsc of 25.47 mA/cm?, and an FF of 83.24%.
Compared to Ctrl-Perovskite and Perovskite/X-based PSCs, Perovskite/
X/Y-based devices have shown further improvements, achieving a
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champion PCE of 26.06%. This was primarily due to enhancements in
Voe at L19V, Jsc at 26.16 mA/cm?, and FF at 83.92%. Interestingly, when
changing the sequence, the PCE of the Perovskite/Y/X-based PSCs
drops, with a maximum PCE of 23.18%, a J. of 24.4 mA/cm?, and an FF
of 81.8%. The external quantum efficiency (EQE) spectra shown in
Fig. 4c provide integrated Js. values that are comparable to those
obtained from the J-V curves. Fig. 4d illustrates the stabilized perfor-
mance of four types of photovoltaic devices, while Fig. 4e presents a
statistical analysis of the PCEs of 40 devices of each type, confirming
their reproducibility. The champion devices based on perovskite/X/Y
also exhibited negligible hysteresis when measured in both the reverse
and forward scan directions (Supplementary Fig. 19). To evaluate the
feasibility of large-scale production of PSCs, 1cm? devices are fre-
quently employed as an intermediate step toward scaling up the device
area® . Supplementary Fig. 20 shows the J-V curve of the champion
device based on Perovskite/X/Y with an active area of 1cm?. A cham-
pion PCE exceeding 24% was achieved using our TSS-DL method, fur-
ther demonstrating its scalability.

To evaluate the effect of the TSS-DL method on device stability,
we further conducted three different types of standardized stability
tests on our unencapsulated devices following the ISOS (International
Summit on Organic PV Stability) protocols*’. We investigate the sta-
bility of unencapsulated devices under continuous light illumination at
MPP aging at 65 °C in ambient air with over 85% RH (ISOS-L2). The
Perovskite/X/Y-based device retains over 93% of its initial PCEs after
3000 hr. of continuous operation, whereas the Ctrl-Perovskites, Per-
ovskite/X, and Perovskite/Y/X devices show efficiency losses of over
20%, 30%, and 40% respectively (Fig. 4f). Additionally, we conducted a
damp heat test at 85 °C and 85% RH (ISOS-D3), inside a humidity
chamber (Supplementary Fig. 21). The Perovskite/X/Y-based device
retained 94% of its maximum PCE after 2600 hours, compared to
Perovskite/X, and Perovskite/Y/X devices, which retained only 20%,
40%, and 60% of their efficiencies, respectively. Moreover, the Per-
ovskite/X/Y-based device demonstrated no efficiency degradation
after even 4000 hr. of dark storage in ambient air at room temperature
(ISOS-D1) (Fig. 4g). To further assess the moisture stability of the
perovskite/X/Y films, contact angle measurements were conducted
using water droplets (Supplementary Fig. 22). The results showed an
increase in contact angle from 42.62° for the Ctrl-Perovskite, to 53.77°
for Perovskite/X, and up to 67.13° for Perovskite/X/Y, indicating that
the TSS-DL treatment effectively enhances the hydrophobicity of the
surface'. We then evaluated long-term moisture stability by exposing
Ctrl-Perovskite, Perovskite/X, and Perovskite/X/Y films to ambient air
with a relative humidity of 80-90%. After three months, the Ctrl-
Perovskite film had completely turned yellow, while Perovskite/X
exhibited a slight brown coloration. In contrast, the Perovskite/X/Y
films retained their original pure black phase under the same condi-
tions (Supplementary Fig. 23). These findings further highlight the
superior moisture resistance of Perovskite/X/Y films compared to the
Ctrl-Perovskite and Perovskite/X films. This suggests that the TSS-DL
treatment confers enhanced protection against moisture-induced
degradation in perovskite films.

Discussion

The improved performance and stability of the simultaneous restruc-
turing of GBs and GSs sequentially and independently through dedi-
cated organic ligands. DFABr, which contains three distinct functional
groups (NH*" = 0, and F) and has a small molecular size, plays a crucial
role in this stability and performance enhancement. The small size
facilitates the permeability of DFABr along the deep-shallow of GBs,
while three functional groups facilitate the formation of strong che-
mical interactions with the perovskite structure at GBs, which not only
reduces vulnerable defect sites but also strengthens the perovskite
lattice structure. This results in improved water resistance and
operational longevity of the material at high temperatures.

Additionally, the small size of DFABr allows it to navigate the intricate
lattice structure of the perovskite material effectively, ensuring com-
prehensive coverage and interaction with the GBs. This minimizes
defects and enhances transport charge, thereby improving the overall
stability and efficiency of PSCs. In the second step, 4APPBr creates a
protective layer of highly rigid 2D perovskites on the GSs, protecting
the 3D perovskite from moisture and oxygen attack and improving
thermal and light stability. This protection prolongs the lifespan and
overall performance of perovskite-based devices. Although, as
expected, the additional step causes a minor increase in costs of
approximately 0.14%/m? for the large-scale production. However, the
improved stability and efficiency given by the TSS-DL method yield a
substantial increase in energy output (Energy yield) of around 47.7%
compared to the single-step (Supplementary Tables 3 and 4). Fur-
thermore, the TSS-DL method results in a lower Levelized cost of
electricity (LCOE) of approximately 32.1% and a more favourable
energy payback time over the device’s lifetime. Given these findings,
we believe that the enhanced operational lifetime and performance of
the TSS-DL method will significantly offset the slight increase in costs
associated with large-scale production, ultimately leading to a more
efficient and cost-effective solution®.

In summary, we developed an innovative TSS-DL strategy to
enhance the stability and performance of PSCs by addressing defects
at two critical locations, including GBs and GSs of 3D perovskite film.
We screened a series of organic ligands and identified two classes of
dedicated organic ligands: those that target GBs defects (Ligand X),
particularly DFABr, in the first step, and those that mainly suppress the
GSs (Ligand Y), particularly 4APPBr, in the second step. We find that
the success of this sequence depends on the unique physicochemical
properties of each ligand. The small molecular size and multifunctional
groups of DFABr enable its deep penetration into GBs. Within these
GBs, it forms chemical bonds with undercoordinated defects, intrin-
sically stabilizing the lattice and blocking water penetration along the
restructuring GBs into 2D perovskites. Subsequent treatment with
rigid 4APPBr; ligands allows it to suppress the GS defects and form a
highly rigid 2D perovskite overlayer on 3D perovskite, shielding it from
various external stresses such as humidity, light, heat, and oxygen
attack. Critically, reversing the TSS-DL sequence (applying 4APPBr,
first) results in its bulky structure blocking DFABr from accessing the
GBs, leaving GB defects unaddressed and reducing the PCE from
26.06% to 23%. The optimized sequence ensures full restructuring of
both GBs and GSs. More importantly, the sequential strategy also
ensures exceptional stability of PSCs, maintaining over 93% of the
initial PCE after 3000 hours of continuous operation at MPP and
4000 hours under high humidity conditions (>85% RH). Even under
stringent damp-heat conditions (85°C and 85% RH), the devices retain
more than 90% of their original efficiency after 2600 hours. By inde-
pendently suppressing defects and reconstructing GBs and GSs with
appropriately selected molecules in the correct order, we have effec-
tively mitigated issues both within the GBs and GSs. This strategy
overcomes the limitations of conventional single-step treatments,
offering a promising pathway to more efficient and durable PSCs.

Methods

Materials

Lead (II) iodide (Pbl,, 99.9%), 2,2-Difluoroacetamide (DFA, >98.0% GC),
2,2,2-Trifluoroacetamide (TFA, >98.0% GC), 4-Aminobenzotrifluoride
(4ACF;, >98.0% GC&T), 4-(Trifluoromethyl)benzamide (4TB, >98.0%
GC),  4,4-Difluorocyclohexanecarboxamide (95%,  4,4-DCB),
4-Aminopyridine (4AP, >99.0% GC&T), and 4-Aminopiperidine (4APP,
>99.0% GC&T) were all obtained from TCI. Formamidine iodide (FAI)
was obtained from GreatCellsolar materials in Australia. Dimethyl
sulfoxide (DMSO, extra dry, 99%), N,N-Dimethylformamide (DMF,
extra dry, 99%), isopropyl alcohol (IPA), Chlorobenzene (CB, extra dry,
99.8%), Hydrobromic acid (HBr, 48 wt.% solution in H,O and aluminum
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oxide (Al,O3) nanoparticles (with a particle size of <50 nm, 20 wt.%
solution in isopropanol) were all sourced from Sigma-Aldrich. PC¢oBM
was acquired from Solarmer Energy, while C¢o was purchased from
Organtec Ltd in China. Bathocuproine (BCP) was obtained from Acros
Organics in the USA, and silver pellets were sourced from Kurt J. Les-
ker, also in the USA. Additionally, cesium iodide (Csl), [4-(3,6-dimethyl-
9H-carbazol-9-yl)butyllphosphonic acid (Me-4PACZ), and phenethyl
ammonium bromide (PEABr. 99.9%) were purchased from Xian Poly-
mer Light Technology Corp in China. All chemicals were used as
received, without any additional purification steps.

Organic salt synthesis. All organic salts/spacers in this work are syn-
thesized by dissolving equimolar amounts of organic spacer pre-
cursors in 2mL of deionized water/ethanol, then add equimolar
amounts of HBr aqueous solution dropwise. After stirring for 2 hours
at 0°C, the precipitate is obtained by rotary evaporation, washed three
times with ethanol and ether, and finally dried in an oven at 60°C for
12 hours to obtain.

Device fabrication

Patterned Glass/ITO substrates (15 Q sq-1) were consecutively cleaned
by sequential ultrasonication for 30 minutes with ethanol, acetone,
and then stored in ethanol for further use. The cleaned substrates were
dried with a high-pressure Nitrogen gas flow and then treated with UV-
ozone for 30 minutes (ITO site facing up) before being transferred into
an Ny-filled glove box device for fabrication. Me-4PACz (SAM)
(0.33 mg/ml) in IPA was spin-coated on the glass/ITO substrate at
4,000 rpm for 30 seconds and then annealed at 100 °C for 10 minutes.
Subsequently, Al,O3 (diluted by taking 60 pl from the stock in 2450 pl
IPA) was spin-coated on ITO/SAM at 5000 rpm for 30 seconds and
then annealed at 100°C for 5 minutes.

Fabrication of TSS-DL-based perovskite film. Csg o5(FAg 70MAo 21)0.95
Pbl; (E; 1.55¢€V)-based perovskite precursors were prepared in the
mixed solvent of DMF and DMSO with a volume ratio of 4:1. The pre-
cursors were then filtered by a 0.2 um PTFE syringe filter before use.
The mixed perovskite precursor was spin-coated on the ITO/SAM/
Al,O3 layer at 1000 rpm for 8s and 27 seconds for 6000 rpm, and
200 pL of CB was dropped onto the spinning samples at the 10th
second of the second step to form a brown film. Then the film was
annealed at 110 °C for 25 min. The film was cooled down before the
next step. Next in step 1, Ligand-X (2 mg/mL) in IPA: DMSO (200:1) was
spin-coated dynamically on ITO/SAM/Al,Oz/perovskite at 5000 rpm
and then annealed at 100 °C for 5 minutes. The same procedure was
repeated in step 2 with class Y salt (0.4 mg/mL). Next, C¢o (40 nm), BCP
(8 nm) and 120 nm Ag were thermally evaporated on treated/untreated
perovskite films under a vacuum of 2 x 107 Torr in the high-vacuum
deposition system, with a device area of 0.08 cm? or 1 cm?.

Device measurements

All fresh and aged device performance measurements, excluding MPP
stability tests, were conducted inside a N, filled glove box to ensure
controlled conditions. All current vs voltage (J-V) measurements were
performed in both forward and reverse scan directions over the vol-
tage range of —0.1V to 1.2 V with a step size of 0.01V and a scan rate of
100 mV/s. These measurements were carried out under standard 1 sun
illumination (AML.5G) using an Enlitech solar simulator (SS-F5-3A)
linked with a Keithley 2400 source meter. The light intensity was
calibrated using a standard silicon solar cell (SRC-2020, Enlitech). The
EQE was measured in ambient air using a solar cell spectral response
system (QE-R, Enlitech).

Thin film characterizations
Ultraviolet-visible (UV-vis) absorption spectra of Ctrl-Perovskite, Per-
ovskite/X, Perovskite/Y, Perovskite/X/Y and Perovskites/Y/X-based

films were measured in air at room temperature using a Shimadzu UV-
Visible Spectrophotometer (UV-2600). All films were prepared on
Glass/ITO substrates. X-ray Diffraction analysis (XRD) of all perovskite
films was measured using a Rigaku Smart Lab diffractometer with Cu
Ko radiation (A =1.5406 A) at a voltage of 40 kV and 200 mA currents.
The scanning range was 5.0°-60° with a scan rate of 5°/min and 0.02°/
step. The perovskite samples for XRD were prepared on cleaned Glass/
ITO substrates and measured under ambient conditions without any
additional protocol. X-ray Photoelectron spectroscopy (XPS) mea-
surements were performed in an ultra-high vacuum analysis chamber
with a base pressure of approximately 1 x 10~1° Torr. A monochromatic
Al Ka X-ray source (photon energy = 1486.6 eV) was used for excita-
tion. The photoelectron spectra were acquired using a hemispherical
electron energy analyser (PHOIBOS 150, SPECS). The samples were
prepared on cleaned glass/ITO substrates inside an N,-filled glovebox.
Following fabrication of perovskite films, the samples were transferred
to the XPS facility in vacuum-sealed plastic bags and measured on the
same day to minimize exposure to air and potential contamination.
Ultraviolet photoelectron spectroscopy (UPS) measurements were
performed using an ultrahigh vacuum surface analysis system equip-
ped with a ULVAC-PHI 5000 VersaProbe Il spectrometer and a helium
(He I, 21.2 eV) photon source. The samples were biased at -5 V during
measurement. The pass energy was set to 5.0eV to ensure high-
resolution spectra. Calibration of the UPS system was conducted using
a clean gold (Au) substrate before measurements. Time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) analyses were conducted
on a NanoTOF-Il instrument (ULVAC-PHI, Japan) employing a Bis*
primary ion beam (30 kV) for high-resolution spectral acquisition and
an Ar* sputter beam (3keV, 100 nA) for depth profiling. Grazing-
incidence wide-angle X-ray scattering (GIWAXS) measurements were
conducted at the BLO3HB beamlines of the Shanghai Synchrotron
Radiation Facility (SSRF), utilizing an X-ray energy of 10 keV (wave-
length 1.2398 A) with a PLATUS detector, which was positioned verti-
cally from the sample. The experiment was set with a grazing incidence
angle of 0.4° and an exposure time of 10 seconds. The perovskite films
for GIWAXS measurement were prepared on a Glass/ITO substrate.
The contact angles of all samples were tested by the JC2000C1 contact
angle meter of Powereach at room temperature on the same day. 1.0 pl
of deionized water droplets was dropped carefully onto the perovskite
films. Kelvin probe force microscopy (KPFM) and conductive-atomic
force microscopy (c-AFM) data were collected concurrently using an
atomic force microscope (NT-MDT NTEGRA) on the same day. A Pt-
coated tip (Pt thickness: 30-35 nm; tip height: 14-16 um) was employed
for these measurements. To minimize noise and moisture interference,
nitrogen gas continuously flowed into the chamber during measure-
ment. The steady-state photoluminescence (PL), Time-resolved pho-
toluminescence (TRPL) spectra, and PL quantum yield (PLQY were
measured using a fluorescence spectrophotometer (PicoQaunt Fluo
Time 300). A laser diode with a peak wavelength of 405 nm was used as
the excitation source. The films were measured from the front side of
the sample (perovskite side). High-resolution SEM (Hitachi S-4800)
and TEM (Thermo Scientific Talos F200X STEM) were used to observe
the morphology of the perovskite films.

Stability measurement

The ISOS-L2 and ISOS-D3 stability tests were conducted by storing the
devices in a humidity chamber equipped with precise humidity and
temperature control, a calibrated LED light source providing one-sun
illumination, and an automated device stability tracking system. This
system utilized custom MATLAB software integrated with a Keithley
2635 source meter for real-time performance monitoring. For the
ISOS-L2 test, the temperature was maintained at 65°C, with the
chamber door left open to ambient air at a relative humidity of 85 + 5%.
The maximum power point (MPP) was set based on the V,x values
measured under 1-sun illumination for fresh devices: Ctrl-Perovskite
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(0.96V), Perovskite/X (0.98V), Perovskite/X/Y (1.03V), and Per-
ovskite/Y/X (1.01V). All current vs voltage (J-V) measurements were
performed over the voltage range of —0.1V to 1.2V with a step size of
0.01V and a scan rate of 100 mV/s. For the ISOS-D3 (damp heat test),
devices were exposed to a constant temperature of 85°C and relative
humidity of 85%, with performance measurements taken at regular
intervals to assess degradation under accelerated aging conditions.
For dark storage (ISOS-D1), unencapsulated devices were stored in the
dark under ambient conditions with a relative humidity of 85+ 5%.
Device performance was periodically monitored throughout the sto-
rage period to evaluate shelf-life stability. The J-V scanning parameters
were kept consistent across all stability measurements. For each
aging condition, three pieces were tested, each featuring five fingers,
and the reported data represent the average performance of these
devices.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting this work are available in the main text and the
supplementary information. Source data are provided with this paper.
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