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Abstract

Self-assembled monolayers (SAMs) have become indispensable hole-selective contacts for high-
efficiency inverted perovskite solar cells (PSCs). However, the intrinsically acidic head groups of
conventional SAMs lead to interfacial inhomogeneity, limited charge transfer, and poor operational
stability. Here, we introduce a family of alkali metal-based phosphonate salts (2PACz-M) through
targeted head-group functionalization of the benchmark [2-(9H-carbazol-9-yl)ethyl]phosphonic
acid (2PACz) SAM, achieving a chemically neutralized and electronically delocalized interface.
The ionic phosphonate moiety enhances n-electron conjugation, improves energy-level alignment,
and strengthens chemical coordination with metal oxide electrodes, resulting in homogeneous and
stable surface coverage. Moreover, when combined with [4-(3,6-dimethyl-9H-carbazol-9-
yl)butyl]phosphonic acid (Me-4PACz), the mixed-SAM interface exhibits a synergistic effect that
facilitates efficient hole extraction, suppresses non-radiative recombination, and reinforces
environmental robustness. This interfacial engineering enables 1.55 eV PSCs to achieve a
champion power conversion efficiency (PCE) of 26.88% with a fill factor (FF) of 86.57%,
alongside a 23.32% PCE for a 29.7 cm® module. The SAM synergy proves universal across
perovskites of varied bandgaps, yielding two-terminal (2T) all-perovskite tandem solar cells with

an enhanced PCE 0f29.05%.



Introduction

Metal halide perovskites (PVKs) have attracted widespread attention owing to their
outstanding light-harvesting ability, efficient charge transport, and tunable bandgaps'-. Perovskite
solar cells (PSCs) and modules have demonstrated remarkable commercial potential, achieving
high power conversion efficiencies (PCEs) at low fabrication costs®®. Among the diverse device
architectures, inverted (p—i—n) PSCs have rapidly advanced with the introduction of self-assembled
monolayers (SAMs) as hole transport layers (HTLs). SAMs offer several advantages, including
adjustable energy levels, strong substrate anchoring, and reduced interfacial energy loss.
Consequently, a wide range of SAMs with innovative chemical structures have been developed
and implemented in perovskite photovoltaics in recent years® 2.

Structurally, SAMs typically consist of three segments: a functional group, a spacer, and an
anchoring group. The anchoring group covalently binds SAMs to metal oxide substrates (e.g.,
transparent conductive oxide, TCO, or nickel oxide, NiOx), with carboxylic and phosphonic acids
being the most common choices'*!”. However, these traditional anchoring groups often lead to
insufficient dipole moments, acid-induced substrate corrosion, and dependence on organic solvents.
To address these limitations, several design strategies have been explored. n-Conjugated benzene
rings or donor—m—acceptor (D—n—A) structures have been incorporated into [2-(9H-carbazol-9-
yl)alkyl]phosphonic acid (PACz) molecules to yield derivatives such as (4-(7H-
dibenzo|c,g]carbazol-7-yl)butyl)phosphonic acid (4PADCB) and 4-(7-(4-(bis(4-
methoxyphenyl)amino)-2,5-difluorophenyl)  benzo[c][1,2,5]thiadiazol-4-yl)  benzoic  acid
(PAFTB)'#2°  thereby enhancing dipole moments and interfacial binding?’. Meanwhile, milder
boric acid groups, such as in (4-(di-p-tolylamino)phenyl)boronic acid (MTPA-BA) and 4-
dibenzothienyl boronic acid (S-BA), effectively suppress substrate corrosion?!?2. Amphiphilic
molecules, including (2-(4-(bis(4-methoxyphenyl)amino)phenyl)-1-cyanovinyl)phosphonic acid
(MPA-CPA) and (1-cyano-2-(10-(4-methoxyphenyl)-10H-phenoxazin-3-yl)vinyl)phosphonic acid
(RS-2), featuring hydrophilic cyanovinyl phosphonic acid fragments of different polarity, have

also been introduced!?’. Nevertheless, m-extension increases dipole moments by only a few



Debyes—insufficient for strong interfacial dipole formation, while boric acid anchoring can lead
to energy-level mismatch??. Furthermore, weak acidic SAMs remain corrosive under harsh
conditions, and amphiphilic SAMs pose synthetic challenges due to micelle formation. Moreover,
almost all current SAMs exhibit limited water solubility, posing challenges to the operational
practicality and environmental friendliness required for the industrial compatibility and
commercialization of PSCs.

Beyond these individual modifications, different SAMs with distinct characteristics can work
synergistically in PSCs, serving as both chemical and electronic bridges between the perovskite
and the substrate. Although the pioneering [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz)
and [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz) families maintain
high device efficiencies, they still exhibit intrinsic drawbacks?***. To overcome such issues,

mixed-SAMs strategies have been developed to mitigate non-wetting and aggregation

26,27 28,29 30,31

problems~>~’, achieving fully covered and uniform HTLs***”, improved interfacial bonding”*"",
optimized energy alignment, and defect passivation®***, Despite these advances, most approaches
address only isolated aspects of the problem. Therefore, a rational molecular design that can
synergistically overcome the inherent weaknesses of current SAMs remains essential.

In this work, we employ a simple neutralization strategy to synthesize alkali-metal
phosphonate salt SAMs (2PACz-M, where M = Li, Na, K, Rb, or Cs), representing, to the best of
our knowledge, the first demonstration of SAM formation from salt solutions. The ionic nature of
2PACz-M enhances solubility in polar green solvents such as water, while the increased
hydrophilicity of the resulting SAM layer improves compatibility with perovskite inks. Both
theoretical ~calculations and experiments reveal that potassium (2-(9H-carbazol-9-
yl)ethyl)phosphonate (2PACz-K) exhibits an exceptionally large dipole moment and enhanced -
electron delocalization, leading to efficient hole extraction, defect suppression, and superior
stability. The neutralized, non-acidic phosphonate head group also prevents the acid-induced

corrosion of indium tin oxide (ITO) and NiOyx. Devices based on 2PACz-K achieve a PCE of

25.56%, outperforming those based on 2PACz (24.07%). Furthermore, a mixed-SAM strategy



combining Me-4PACz and 2PACz-K yields superior interfacial contact, effective hole transfer, and
well-aligned energy levels, resulting in enhanced device stability. Consequently, 1.55 eV small-
area devices reach a champion PCE of 26.88% with an ultra-high FF of 86.57%, while a 29.7 cm?
module achieves a remarkable PCE of 23.32%. The universality of this SAM synergy strategy is
further validated across various SAMs and perovskite compositions, and 2T all-perovskite tandem

solar cells deliver an impressive PCE of 29.05%.

Results and Discussion
Molecular characteristics of 2PACz and 2PACz-M

The head functionalization strategy was applied to 2PACz to develop 2PACz-M salts, where
M represents Li, Na, K, Rb, or Cs (chemical structures shown in Fig. 1a). These compounds were
directly synthesized through a straightforward acid—base neutralization reaction (Supplementary
Methods, Supplementary Fig. 1). To elucidate the molecular characteristics of the SAMs, we
performed density functional theory (DFT) calculations by Gaussian and ORCA and wavefunction
analyses with the Multiwfn code***. The 2PACz-M SAMs exhibit markedly enhanced dipole
moments (1) compared with 2PACz (Fig. 1b), among which 2PACz-K shows the largest u value
of 13.27 D (Supplementary Fig. 2-3), in agreement with atomic dipole—corrected Hirshfeld
(ADCH) and Mulliken charge analyses (Supplementary Fig. 3)%. Electrostatic potential (ESP)
maps reveal positively charged alkali-metal cations and negatively charged carbazole phosphonate
fragments (Fig. 1c, Supplementary Fig. 4-5). Based on the ESP extrema and spatial distribution
(Fig. 1d, Supplementary Fig. 6-7), 2PACz-K displays an increased ESP difference (Ag) and a
higher molecular polarity index (MPI), resulting in a larger polar surface area®’. This pronounced
charge separation and polarity generate a strong interfacial electric field?’, which modulates the
energy level alignment, enhances hole extraction®®, and strengthens binding interactions with both
perovskite and substrate.

Average local ionization energy (ALIE) was further used to describe electron reactivity within

the molecules®**’. As shown in Fig. 1e and Supplementary Fig. 8-9, 2PACz-K exhibits lower ALIE



values around the carbazole ring compared with 2PACz, indicating that electrons in this region are
more weakly bound—consistent with the negatively charged ESP regions. Similarly, photoelectron
spectroscopy in air (PESA) and orbital-weighted dual descriptor analyses (Supplementary Fig. 10-
11) confirmed the superior electron-donating ability of 2PACz-K*!. These highly delocalized n-
electrons can interact strongly with under-coordinated Pb** ions at the buried perovskite interface
through Lewis acid-base interactions, as verified by NMR spectra (Supplementary Fig. 12),
thereby suppressing interfacial defects. Independent gradient model based on Hirshfeld partition
of molecular density (IGMH), interaction region indicator (IRI), topology analyses based on the
atoms-in-molecules (AIM) theory and ab-initio molecular dynamics (AIMD) simulations further
confirmed the interaction between 2PACz-K and Pbl, (Fig. 1f, Supplementary Fig. 13-16)*>*,
Based on charge decomposition analysis (CDA), 0.14 electron transfers from 2PACz-K to Pbl,
(Fig. 1g), with the binding energy of -0.975 eV. Furthermore, the electron transfer characteristics
of SAMs were explored through IGMH and charge density difference (CDD) in Fig. 1h-j. 2PACz-
K transfers more electron to perovskite and ITO than 2PACz (Supplementary Fig. 17-18),
consistent with ALIE and ESP analyses.

Unlike the covalent O—H bonds in 2PACz, ionic O—K bonds were identified in 2PACz-K, as
evidenced by Laplacian of electron density, valence electron density maps, electron localization
function (ELF) and localized orbital locator (LOL)*. Specifically, Fig. 1k and Supplementary Fig.
19 show pronounced electron sharing between O and H atoms in 2PACz, whereas the negligible
electron localization between O and K atoms in 2PACz-K is characteristic of non-covalent ionic
interactions. The 1onic nature of these O—K bonds was further confirmed by IRI and IGMH results
(Supplementary Fig. 20). The relatively dissociated O—K bonds facilitate the formation of stable
P—-O-Ni linkages, thereby ensuring intimate interfacial contact between 2PACz-K and NiOx*.
Notably, density-of-states (DOS) analyses indicate that the phosphonate group in 2PACz-K
contributes to both the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) (Supplementary Fig. 21). Owing to the replacement of ionizable H with

K atoms, 2PACz-K exhibits a non-acidic character, effectively mitigating the corrosion of ITO and



NiOx (Supplementary Fig. 22-23) and improving the interfacial stability of PSCs.

In addition, the solubility behavior of 2PACz-K and the benchmark SAM Me-4PACz was
investigated by classical molecular dynamics (MD) simulations*®*’. The periphery of the solvent
clusters is outlined by a translucent sphere for easy observation. As illustrated in Fig. Im-n,
Supplementary Fig. 24 and Supplementary Movies 1-2, Me-4PACz molecules are excluded out of
water clusters, indicating the negligible solubility in water. While 2PACz-K molecules disperse
well in water with larger solvent accessible surface area (SASA), suggesting 2PACz-K is soluble
in water. Besides, Me-4PACz molecules tend to aggregate in ethanol (EtOH) solution, while
adding 2PACz-K avoids the aggregation of Me-4PACz (Fig. lo-p, Supplementary Fig. 25,
Supplementary Movies 3-4). Dissolution tests corroborate these predictions (Supplementary Fig.
26). Using aqueous 2PACz-M solutions to form SAM layers yields uniform perovskite films with
high quality (Supplementary Fig. 27-30). Specifically, the perovskite films on 2PACz-(Na, K, Rb,
Cs) are more uniform and compact with larger grain size than that on 2PACz-Li. The resulting
device based on 2PACz-K achieved a PCE of 25.37% and an FF of 84.56% (Supplementary Fig.
31). Furthermore, ethanol solutions of 2PACz-M exhibit high optical transparency in the visible
range, minimizing light loss in PSCs (Supplementary Fig. 32-33). When dissolved in EtOH/DMF
(10:1 v/v), the 2PACz-K-based device achieved a champion PCE of 25.56%, outperforming its
2PACz counterpart (24.07%) (Fig. 11, Supplementary Table 1), highlighting the effectiveness of

this head-functionalization strategy for SAM engineering.

Interactions between SAMs and perovskite

Regarded as one of the most representative SAMs for perovskite photovoltaics*®*, Me-
4PACz still suffers from deficient interfacial quality, limited charge transfer, and unsatisfactory
stability>**3. Here, we design a synergistic SAM system combining Me-4PACz and 2PACz-M
(denoted as Me+M) to integrate their respective advantages.

We first investigated the intermolecular interaction between Me-4PACz and 2PACz-K. Van

der Waals (vdW) potential, ESP, and ALIE analyses reveal that the electron-rich carbazole moieties



dominate the n—m interaction between SAMs (Fig. lc, Fig. le, Supplementary Fig. 34-35). The
green isosurfaces in the IGMH maps further visualize these mn—m interactions (Fig. 2a,
Supplementary Fig. 36), which are corroborated by energy decomposition, IRI, IRI-x, electron
density topological analyses and AIMD simulation (Supplementary Fig. 36-40). In addition, 'H-
NMR spectra show clear chemical-shift variations of aromatic protons upon mixing Me-4PACz
and 2PACz-K (Supplementary Fig. 41), confirming the existence of m—r interactions.

The surface quality of the SAM layers was then examined. Contact-angle measurements using
DMF and DMSO droplets indicate that Me-4PACz exhibits poor wettability toward perovskite
precursor solutions due to its hydrophobic nature (Supplementary Fig. 42), which can result in low
film coverage. In contrast, incorporating 2PACz-M mitigates this nonwetting behavior, yielding
more uniform perovskite coverage (Supplementary Fig. 42-44). SEM-EDX mapping, photographs
and J-V characteristics further reveal that Me-4PACz forms aggregated domains and uncovered
regions (Supplementary Fig. 45-46), whereas the Me+K mixture produces a denser and more
uniform distribution whether NiOx exists or not, likely due to ordered molecular packing facilitated
by n—m interactions.

The anchoring strength of SAMs on NiOx was evaluated using X-ray photoelectron
spectroscopy (XPS). As shown in Fig. 2b, the characteristic N, Li, Na, K, Rb, and Cs peaks confirm
the successful anchoring of SAMs on the ITO/NiOx substrate. In the Ni 2p spectra, the Ni** peak
of bare ITO/NiOx at 855.5 eV shifts to 855.8 eV after SAM deposition (Supplementary Fig. 47),
indicating strong coordination between Ni atoms and the -P-O moieties of SAMs, which enhances
anchoring stability and facilitates hole transfer’>. From the integrated peak areas (Fig. 2c-e), the
Ni**/Ni?* ratio increases from 1.47 (NiOx) to 2.34 (NiOx/Me-4PACz) and 2.49 (NiOx/Me+K),
suggesting improved NiOx conductivity, consistent with the O 1s spectra trend (Supplementary
Fig. 48). Based on the P/Ni peak-area ratios, the surface coverage factors of ITO/NiO/Me-4PACz
and ITO/NiOx/Me+K are 2.8% and 4.7%, respectively (Fig. 2f). These results indicate that 2PACz-
K reduces Me-4PACz self-aggregation via n—r interactions, resulting in denser molecular packing

and enhanced interfacial coverage.



To elucidate the influence of SAMs on perovskite crystallization and interfacial coupling, the
buried perovskite interface was exposed. XPS spectra of Ni 2p and O 1s reveal strengthened
interfacial bonding, reduced trap density, and improved conductivity (Supplementary Fig. 49). The
Pb 4f peaks shift toward lower binding energies, reflecting coordination between Pb*" and the
carbazole moieties of 2PACz-K (Fig. 2g, Supplementary Fig. 50). Morphological analyses show
that the buried interface based on ITO/NiOx/Me-4PACz contains cracks and voids (Fig. 2h,
Supplementary Fig. 51), whereas that of ITO/NiOx/Me+K exhibits a compact and smooth
morphology. Correspondingly, the top perovskite films grown on Me+K display larger grains and
fewer boundaries compared with those on Me-4PACz (Supplementary Fig. 52). Enhanced
crystallinity and superior crystal quality in Me+K-based films are further confirmed by GIWAXS,
XRD, and UV-vis measurements (Fig. 21, Supplementary Fig. 53-54), demonstrating that the
synergistic SAM engineering effectively improves buried interfacial quality and overall film
formation. Additionally, considering the molecular arrangement patterns simulated by molecular
dynamics, Me-4PACz suffers from aggregation and desorption, leading to the formation of
nanovoids at the buried interface of perovskite (Fig. 2j-m, Supplementary Fig. 55). While 2PACz-
K reduces the agglomeration of Me-4PACz, increases the surface coverage of NiOx/ITO and

delivers a more compact synergistic SAM layer.

Charge transfer and defect suppression

When functioning as hole-transporting materials, neutral SAMs receive holes from perovskite
layers (i.e., donate electrons) through a single-electron transfer process®*>!, forming radical cations
(Fig. 3a). The spin density describes the spatial distribution of unpaired electrons. Owing to the
electron-rich nature of carbazole, it readily loses electrons to generate cationic radicals; therefore,
the spin density is mainly localized on the carbazole rings for both Me-4PACz and 2PACz-K (Fig.
3b, Supplementary Fig. 56). In contrast, for 2PACz-K, part of the spin density extends to the

phosphonate group, and this delocalization facilitates hole extraction and transport along the



molecular backbone. As shown in Supplementary Fig. 57, the nitrogen atom in Me-4PACz exhibits
a higher spin population (0.293) than that in 2PACz-K (0.249). This localized spin density implies
higher reactivity, potentially leading to C—N bond cleavage and compromising device stability’’.

According to Marcus theory and DFT calculations (Supplementary Fig. 58)°%, the dimer
reorganization energy (ROE) of 2PACz-K (0.848 eV), is lower than that of Me-4PACz (0.931 eV).
The reduced ROE indicates enhanced hole mobility and decreased energetic disorder in 2PACz-
K%, which helps suppress non-radiative recombination and minimize current leakage
(Supplementary Fig. 59).

The interfacial contact and charge-transfer characteristics of mixed SAMs were further
examined by atomic force microscopy (AFM) and Kelvin probe force microscopy (KPFM). The
Me+M films show lower surface roughness than Me-4PACz (Fig. 3c, Supplementary Fig. 60), as
the latter tends to aggregate and deteriorate surface coverage®*. Notably, the Me+K film exhibits
the lowest roughness, implying the best interfacial conformity. Additionally, the contact potential
difference (CPD) of mixed SAMs shifts to more negative values compared with Me-4PACz
(Supplementary Fig. 61). Among them, the Me+K film exhibits the lowest contact potential and
the narrowest CPD distribution (Fig. 3d, Supplementary Fig. 62-63), reflecting the smallest
interfacial barrier and most efficient hole extraction, thereby reducing nonradiative recombination
in devices>.

Ultraviolet photoelectron spectroscopy (UPS) measurements (Fig. 3e, Supplementary Fig. 64)
reveal that the Me+K film has a deeper Fermi level (-5.08 eV) than Me-4PACz (-5.01 eV), in the
same trend with the KPFM potential mapping. The enlarged work function of Me+K suggests
stronger p-type characteristics, promoting hole extraction from the perovskite layer. Moreover, the
smaller energy offset between the HOMO level of SAMs and the valence band maximum (VBM)
of the perovskite for Me+K (0.41 eV) compared with Me-4PACz (0.57 eV) facilitates more
efficient hole transport and contributes to enhanced device performance.

The optoelectronic properties of the perovskite films were evaluated by steady-state

photoluminescence (PL) spectroscopy and PL mapping. As shown in Supplementary Fig. 65, the



perovskite films deposited on mixed SAMs exhibit stronger PL intensity, with the Me+K-based
perovskite showing the highest emission. Confocal PL mapping further confirms that the
perovskite films on Me+K exhibit higher PL intensity, narrower emission wavelength distribution,
and a smaller full width at half maximum (FWHM) compared with those on Me-4PACz (Fig. 3f),
indicative of suppressed non-radiative recombination. This defect-suppression effect arises
because the highly delocalized =n-electrons in 2PACz-K can effectively interact with
undercoordinated Pb** ions at the bottom perovskite interface. Moreover, the reduced aggregation
of Me-4PACz and improved interfacial uniformity afforded by 2PACz-K collectively lead to lower

defect density and enhanced interfacial quality in the perovskite layer.

Photovoltaic performance of PSCs and modules

We investigated the device performance of small-area PSCs and perovskite solar modules
(PSMs) with the configuration of ITO/NiOx/SAM/perovskite/PDADI/Cs0/BCP/Ag. Sequentially
deposited Me-4PACz and 2PACz-K were employed in PSCs, leading to higher PCE and a lower
hysteresis index (HI) compared to Me-4PACz alone (Supplementary Fig. 66). The champion
device based on Me-4PACz achieved a PCE of 23.41%, whereas the mixed Me-4PACz+2PACz-K
systems reached PCEs between 25% and 26%, depending on the blending ratio (Supplementary
Fig. 67). The optimal composition was identified as a 4:1 molar ratio of Me-4PACz to 2PACz-K
with a total concentration of 1 mmol/L. The performance enhancement of the mixed SAMs over
Me-4PACz (Fig. 4a-b, Supplementary Fig. 68, Supplementary Table 2) is consistent with improved
interfacial quality and more efficient charge transfer.

Furthermore, we employed presynthesized FAPblz, MAPbIz and CsPbls single crystals as
solutes to fabricate devices for reduced defects and high purity (Supplementary Fig. 69). The
champion Me+K device delivered a PCE of 26.88%, with a Voc of 1.177 V, a Jsc 0f 26.39 mA cm’
2 and an enhanced FF of 86.57%, exhibiting negligible hysteresis (Fig. 4c, Supplementary Fig.
70). This represents one of the highest efficiencies reported for inverted PSCs using SAM-based

hole-transport layers (Fig. 4d, Supplementary Fig. 71, Supplementary Table 3). In comparison, the



best Me-4PACz device yielded a lower PCE of 24.90%, with a Voc of 1.156 V, a Jsc of 26.21 mA
cm, an FF of 82.19% and an HI of 3.7%. The mixed-SAM strategy thus resulted in an average
improvement of 20 mV in Voc and 4% in FF (Fig. 4e, Supplementary Table 4), attributable to
optimized interfacial contact, more efficient hole transport, and suppressed electronic defects as
discussed earlier. The external quantum efficiency (EQE)-integrated Jsc values were 25.21 and
25.54 mA cm™ for Me-4PACz and Me+K devices, respectively (Supplementary Fig. 72), in good
agreement with the Jsc obtained from J-V scans.

To assess the scalability of the mixed-SAM strategy, mini-modules with dimensions of 6.5
cm x 7.0 cm were fabricated. As shown in Fig. 4f, the module comprising eight series-connected
subcells with an aperture area of 29.7 cm? achieved a champion PCE of 23.32%, with a Voc of
9.483 V, a Jsc of 2.945 mA cm™, and an FF of 83.49% under reverse scan. The backside of the
module exhibited a smooth, mirror-like surface (Fig. 4g), confirming excellent film uniformity and
controlled crystallization. The incorporation of 2PACz-K effectively suppresses SAM aggregation
and ensures complete coverage with improved hole-transport characteristics, as reported
previously?*?>**. Consequently, this approach yields outstanding efficiency across modules of

varying area (Fig. 4h, Supplementary Fig. 73, Supplementary Table 5).

Stability of SAMs and devices

The stability of SAM materials and devices plays a crucial role in determining the long-term
performance and cost of PSCs. We examined the stability of Me-4PACz and 2PACz-K under UV
irradiation, thermal stress, and external electric fields using both theoretical calculations and
experimental analyses. The UV stability was assessed by 'H NMR measurements before and after
24 hours of UV exposure. Me-4PACz exhibited pronounced changes in the aromatic region
between 7 and 8 ppm (Fig. 5a), suggesting cleavage of the carbazole ring and thus its
photoinstability!®. In contrast, 2PACz-K showed negligible chemical-shift variation after UV
soaking (Fig. 5b).

To further elucidate the intrinsic photostability, a series of DFT calculations were performed.



For Me-4PACz and 2PACz, the calculated HOMO and LUMO are primarily localized on the
electron-rich carbazole moiety (Supplementary Fig. 74), where the high-energy excited state
facilitates photochemical reactions®. In contrast, the HOMO and LUMO of 2PACz-K are
significantly delocalized and spatially separated, which enhances photostability through charge
delocalization. In addition, excitation energies and oscillator strengths of the excited states for both
SAMs were computed using the time-dependent DFT (TD-DFT) method*®. The oscillator strengths
of 2PACz-K are approximately one order of magnitude lower than those of Me-4PACz and 2PACz
(Supplementary Tables 6-7, Supplementary Fig. 75), indicating that 2PACz-K is less likely to
absorb photons of the corresponding frequencies and undergo excited-state transitions. The
reduced electron—hole overlap further supports the superior stability of 2PACz-K in its excited
states (Supplementary Fig. 76). The calculated photo-decomposition energy diagrams and
proposed mechanism also confirm the higher UV resistance of 2PACz-K as well as the mixture of
Me-4PACz+2PACz-K (Supplementary Fig. 77-78), which concurrently mitigates perovskite
degradation®'~’.

Moreover, thermogravimetric (TG) analyses reveal that 2PACz-K exhibits higher thermal
stability than 2PACz and Me-4PACz (Supplementary Fig. 79). AIMD simulations were performed
by ORCA to theoretically confirm the thermal stability. Isomerization and dissociation are not
observed at 373, 1000 and 2000 K for both Me-4PACz and 2PACz-K (Supplementary Fig. 80),
while larger geometry fluctuation is observed with higher simulation temperature. Comparatively,
Me-4PACz suffers from more prominent structural distortion and cleavage than 2PACz-K under
5000 K thermostat (Fig. 5c-d, Supplementary Fig. 81-83, Supplementary Movies 5-6).

The poor reverse-bias stability of PSCs has been a bottleneck for real-world applications, as
partial shading of a module can induce irreversible damage>®*°. To address this, we theoretically
evaluated the effect of external electric fields (EEF) on Me-4PACz and 2PACz-K. According to
intrinsic reaction coordinate (IRC) curves and downhill trajectories (Supplementary Fig. 84,
Supplementary Movies 7-8), both molecules exhibit geometric deformation rather than bond

cleavage under the applied EEF®’. Charge accumulation and depletion occur due to the dense



electron cloud within the SAM molecules, as shown by the electron density difference maps
(Supplementary Fig. 85-87). Furthermore, 2PACz-K exhibits larger dipole moments than Me-
4PACz under both positive and negative electric fields (Supplementary Fig. 88), facilitating hole
extraction as discussed earlier. Under EEF, the ALIE minima of 2PACz-K are smaller than those
of Me-4PACz (Supplementary Fig. 88-90), indicating that the electrons in 2PACz-K are more
weakly bound within the carbazole fragment. These delocalized m-electrons thus promote hole
transport under operational conditions. Overall, 2PACz-K exhibits superior UV, thermal, and
electrical-field stability compared to Me-4PACz. Consequently, incorporating 2PACz-K into Me-
4PACz yields improved overall device durability.

The changes in CPD of SAM films under various aging conditions were further examined by
KPFM. Both Me-4PACz and Me+K films demonstrate favorable thermal stability; however, Me-
4PACz shows more pronounced CPD variation after DMF washing and UV aging compared to
Me+K (Fig. 5e, Supplementary Fig. 91-92). This can be attributed to aggregation and weak
anchoring of Me-4PACz on NiOx, making it more susceptible to solvent or UV-induced disruption
and hence device degradation?. In contrast, mixed SAMs form stronger anchoring on NiOx and
more robust interfacial contact, ensuring stability under harsh conditions.

The stability of the corresponding perovskite films and devices was also evaluated. As shown
in XRD patterns (Fig. 5f-g, Supplementary Fig. 93), perovskite films employing Me+K show less
degradation under thermal or humid environments. Steady-state PL evolution and PL mapping of
illumination-aged films (Supplementary Fig. 94-95) reveal that samples based on Me-4PACz
suffer from reduced PL intensity, broader emission spectra, and wider FWHM after aging—
indicative of ion migration, phase segregation, and film degradation®®!. These effects are
substantially mitigated in Me+K-based films owing to improved interfacial quality and suppressed
defect formation.

According to the ISOS-L-1 stability protocol, the unencapsulated Me+K-based device
retained 80% of the initial PCE after 1050 h at maximum power point (MPP) tracking under 1-sun

equivalent illumination at 25 °C in nitrogen (Fig. 5h). Following the ISOS-D-1 protocol®*%2, the



Me+K-based device retained 95% of the initial PCE after 1020 h, corresponding to a Tgo lifetime
of 3916 h (Supplementary Fig. 96). Under the ISOS-D-2 test, the unencapsulated Me+K device
maintained 92% of its initial PCE for 520 h, extrapolated to a 7go of 1297 h—outperforming the
Me-4PACz-based device (Fig. 5i). In summary, the mixed-SAM strategy establishes a robust

perovskite bottom interface, enabling durable and stable photovoltaic operation.

Wide-bandgap PSCs and tandem devices

The universality of the above SAM synergy strategy was further examined across perovskites
with diverse bandgaps and SAM chemistries. MA-free 1.65 eV devices based on Me-
4PACz+2PACz-K achieved a champion PCE of 23.76% with a FF of 84.48% under reverse scan
(Supplementary Fig. 97). Similarly, 1.67 eV devices employing Me-4PACz+2PACz-K exhibited a
PCE of 22.80% and an FF of 85.38%, corresponding to 93.9% of the Shockley—Queisser (S—Q)
limit (Supplementary Fig. 98, Supplementary Table 8). These exceptionally high FF values for
1.55,1.65,and 1.67 eV devices stem from the improved interfacial quality, enhanced hole transport,
and suppressed interfacial defects discussed above.

Beyond these specific systems, the SAM synergy strategy was also extended to other SAM
combinations. IGMH maps (Fig 6a, Supplementary Fig. 99) reveal clear n—r interactions between
4PADCB and 2PACz-K, which promote ordered molecular packing and denser SAM formation.
The 1.78 eV device incorporating 4PADCB-+2PACz-K (target) achieved a champion PCE of 20.27%
(certified 20.75%) in Fig 6b and Supplementary Fig. 100-101, surpassing the 19.46% obtained for
the 4PADCB-only control. Wide-bandgap (WBG) perovskite films grown on mixed SAMs
exhibited enhanced crystallinity and phase purity (Supplementary Fig. 102), thereby contributing
to the improved device performance. Similarly, the mixed SAMs of 2F+2PACz-K were applied to
a narrow-bandgap (NBG) 1.25 eV Sn-Pb PSC®, yielding a champion PCE of 22.75%
(Supplementary Fig. 103). Collectively, these results demonstrate that the SAM synergy strategy
is compatible with a variety of SAM molecular systems, perovskite compositions, and bandgaps,

enabling superior device efficiencies and fill factors (Fig 6¢, Supplementary Fig. 104-105).



WBG perovskites often suffer from phase heterogeneity, severe bulk and interfacial non-
radiative recombination, and halide ion migration, all of which deteriorate device performance and
stability®*. WBG mixed-halide perovskites with high Br/I ratios (>20%) tend to undergo photo-
induced phase segregation®, leading to the formation of I-rich reduced-bandgap and Br-rich
increased-bandgap domains. The light stability of WBG films was thus evaluated through steady-
state PL evolution. The 1.67 eV perovskite based on Me-4PACz+2PACz-K exhibited negligible
phase segregation under both 1-sun equivalent illumination and 85 °C heating (Supplementary Fig.
106). In contrast, control 1.78 eV films displayed pronounced PL quenching and the emergence of
I-rich peaks (Fig 6d-g, Supplementary Fig. 106), indicating severe light-induced phase segregation.
The target films, however, showed only a slight redshift and limited PL quenching. This suppressed
phase segregation and improved photostability are attributed to the dense interfacial contact and
reduced initial defect density provided by the robust 2PACz-K SAM (Supplementary Fig. 107).

To further confirm the universality of the SAM synergy strategy, 2-terminal (2T) all-
perovskite tandem solar cells (TSCs) were fabricated, employing 4PADCB+2PACz-K for the 1.78
eV WBG top cell and 2F+2PACz-K for the 1.25 eV NBG bottom cell. As shown in Fig. 6h, the
best-performing tandem achieved an impressive PCE of 29.05% (28.50%), with a Voc of 2.148 V
(2.148 V), a Jsc of 16.52 mA cm™? (16.58 mA cm™), and an FF of 81.87% (80.00%) under reverse
(forward) scans. The EQE-integrated Jsc values for the WBG and NBG subcells were 16.04 and
15.71 mA cm?, respectively (Fig. 6i). These PCE and Voc values rank among the highest for all-
perovskite TSCs to date (Fig. 6j, Supplementary Table 9), underscoring the superiority of the SAM
synergy approach. Moreover, under the ISOS-L-1 stability protocol, the target tandem device
retained 90% of its initial efficiency after 720 hours of continuous operation under 1-sun equivalent

illumination at MPP in nitrogen (Supplementary Fig. 108).

In summary, we have developed a class of alkali metal ion 2PACz-M salt SAMs through
head-group functionalization of 2PACz, which effectively enhances n-electron delocalization and

introduces ionic characteristics into the non-acidic neutralized phosphonate group. Furthermore,



the synergistic combination of Me-4PACz and 2PACz-K enables optimized interfacial contact,
efficient hole extraction, and multifaceted stability. The champion 1.55 eV PSC achieves a
remarkable PCE of 26.88% with an FF of 86.57%, while the corresponding module with an
aperture area of 29.7 cm? delivers an impressive PCE of 23.32%. More importantly, the
universality of the SAM synergy strategy ensures superior performance across PSCs with different
bandgaps, and the two-terminal tandem solar cells exhibit a state-of-the-art PCE of 29.05%. This
work provides distinctive insights into the molecular design of ionic SAMs, offering a versatile

pathway toward highly efficient and intrinsically stable perovskite photovoltaics.

Methods

Materials

For the materials used for perovskite solar cells fabrication, all materials were obtained from
commercial suppliers and used without any purification. Formamidinium iodide (FAI, 99.99%),
formamidinium bromide (FABr, 99.99%), methylammonium chloride (MACI, 99.99%) and
methylammonium iodide (MAI, 99.99%) were purchased from Greatcell Solar. Lead (II) iodide
(Pblz, 99.9%), 4PADCB, 2PACz and Me-4PACz were purchased from Tokyo Chemical Industry
Co., Ltd. (TCI). Cesium iodide (Csl, 99.9%), lead bromide (PbBr2, 99.9%), 1,3-diaminopropane
dihydroiodide (PDADI), Cso and BCP were purchased Xi'an Polymer Light Technology Corp
(Xi'an Yuri Solar Co., Ltd). Pre-patterned ITO substrates were purchased from Advanced Election
Technology Co., Ltd. Nickel oxide (NiOx) nanoparticle powder and CsPbls were purchased from
Zhoushan Huazhou Chemical Co., Ltd. Tin (II) iodide (Snlz, 99.999%), tin (II) flourine (SnF>,
99%), ammonium thiocyanate (NH4SCN), isopropanol (IPA, 99.9%), chlorobenzene (CB, 99.9%),
N,N-dimethyl formamide (DMF, 99.8%), pure ethanol (EtOH, 99.8%) and dimethyl sulfoxide
(DMSO, 99.8%) were purchased from Sigma-Aldrich. Ethyl acetate (EA, 99%) was purchased
from Macklin. 1-aza-18-crown-6-ether (A18C6, 98%) and y-butyrolactone (GBL) were purchased
from Aladdin.

Synthesis of MAPbI3, FAPbI3, and MAPbBr3 single crystals



MAPbDIz, FAPbl; and MAPDbBr3 were grown by inverse temperature crystallization (ITC)
method. After collecting the crystals, the mother liquor can be reserved for recycling use.

For MAPbI3, 1.271 g of MAI and 3.688 g of Pbl, were dissolved in 7 mL of GBL and stirred
overnight at 60 °C. The hot solution was rapidly filtered by 0.45 um nylon filters and heated on a
hot plate (from 60 °C to 150 °C, rise 1 centigrade per minute). The shiny black dodecahedral-
shaped single crystals (MAPbI3) were grown in GBL solution, followed by vacuum drying (the
yield of MAPbIz was ~30%).

For FAPbI;, 2.236 g of FAIL 5.993 g of Pbl; were dissolved in 10 mL of GBL and stirred
overnight at room temperature. After complete dissolution, the yellow solution was filtered and
heated on a hot plate (from 25 °C to 160 °C, rise 1 centigrade per minute). The shiny black single
crystals (a-FAPbI3) were grown in GBL solution, followed by vacuum drying (the yield of FAPbI3
was ~30%).

For MAPbBr3, 1.119 g of MABr, 3.670 g of PbBr2 were dissolved in 10 mL of DMF and
stirred overnight at room temperature. After complete dissolution, the colorless solution was
filtered and heated on a hot plate (from 25 °C to 120 °C, rise 1 centigrade per minute). The bright
orange nanocubes (MAPbBr3) were grown in DMF solution, followed by vacuum drying (the yield

of MAPbBr3 was ~50%).

Precursor Preparation

For typical bandgap (1.55 eV) perovskite, a 1.6 mol/L perovskite precursor solution with a
composition of Cso.05(FA0.9sMAo.05)0.95Pblz was prepared by dissolving stoichiometric amounts of
FAL, MAI, Pbl; and Csl and 10 % MACI in a mixed anhydrous solvent of DMF and DMSO
(volume ratio 4:1). For high-efficiency devices, presynthesized CsPbls, FAPblz and MAPbI;
replace Csl, FAI, MAI and Pbl; in precursor solution.

For typical bandgap (1.65 eV) perovskite, a 1.5 mol/L perovskite precursor solution with a
composition of Cso.17FA0.83Pb(Io.8Bro.2)3 was prepared by dissolving stoichiometric amounts of Csl,

FAI Pbl, and PbBr; in a mixed anhydrous solvent of DMF and DMSO (volume ratio 4:1).



For wide bandgap (1.67 eV) perovskite, a 1.5 mol/L perovskite precursor solution with a
composition of Cso.05FA0.73MA0.22Pb(lo.77Bro23); was prepared by dissolving stoichiometric
amounts of PbBr2, Csl, Pbl,, MAPbBr3; and FAPDbI; in a mixed anhydrous solvent of DMF and
DMSO (volume ratio 4:1).

For wide bandgap (1.78 eV) perovskite, a 1.2 mol/L perovskite precursor solution with a
composition of Cso.2FAo.sPb(lo.cBro.4)3 was prepared by dissolving stoichiometric amounts of FAI,
Csl, FABr, Pbl, and PbBr; in a mixed solvent of DMF and DMSO (volume ratio 3:1).

For narrow bandgap (1.25 eV) perovskite®, a 1.8 mol/L perovskite precursor solution with a
composition of Cso.1FA0.sMAo3PbosSnosls was prepared by dissolving Pbl, (414.9 mg), Snl,
(335.2 mg), FAI (185.7 mg), MAI (85.8 mg), Csl (46.7 mg), SnF> (14.1 mg), and NH4SCN (2.7
mg) in 1 ml mixed solvent of DMF and DMSO with a volume ratio of 3:1.

For all the perovskite precursor solutions, A18C6 was used as an additive with the
concentration of 0.4 mmol/L. A18C6 contributes to perovskite precursor stabilization, defect
passivation and enhanced moisture stability®°’. All of the solutions were filtered by 0.22 um filters

before use.

Device fabrication

For single-junction PSCs, pre-patterned ITO glass substrates were cleaned with deionized
water, anhydrous alcohol and acetone using an ultrasonic cleaner. The ITO substrates were dried
and treated with oxygen plasma for 5 min prior to use. The NiOx layer was fabricated by spin-
coating 10 mg/mL NiOy solution (dispersed in deionized water) onto ITO substrates at 3000 rpm
for 30 s, and annealed at 140 °C for 10 min in ambient air. Then the substrates were transferred
into N»-filled glove box. The solutions of SAM materials (Me-4PACz, 2PACz, 4PADCB, 2F,
2PACz-M or mixed SAMs) were dissolved in mix solvent of ethanol and DMF (volume ratio 10:1)
with a total concentration of 1 mmol/L. The solution was spin-coated onto the ITO substrates at
3000 rpm for 30 s, followed by annealing at 100 °C for 10 min. Subsequently, 50 puL of perovskite

precursor solutions were spin-coated at 5000 rpm for 40 s. During the spin-coating process, ~200



uL EA was rapidly dropped onto the substrates at 30 s, followed by annealing at 100 °C for 10-30
min. The PDADI solution (0.5 mg/mL in IPA) was then spin-coated onto the perovskite layer at
5000 rpm for 30 s and annealed at 100 °C for 3 min. Finally, 25 nm layer of Ceo, 7 nm layer of
BCP, and 120 nm Ag were thermally evaporated in a high-vacuum chamber through a metal
shadow mask with an aperture area of 0.04 cm”.

For target tandem solar cells, the structure is ITO / NiOx / 4PADCB+2PACz-K / 1.78 eV PVK
/ PDADI / Cso/ ALD-SnO>/ IZO / 2F+2PACz-K / 1.25 eV PVK / PDADI / C¢o/ BCP / Ag. The
preparation of the bottom subcell was the same as the fabrication of 1.78 eV wide bandgap PSCs
before the thermal evaporation of BCP. Then the substrates were deposited 30 nm SnO> by the
atomic layer deposition (ALD), and transferred into the magnetron sputtering system to sputter
100-nm IZO. Next, 2F+2PACz-K solution was spin-coated onto the substrates at 3000 rpm for 30
s and then annealed at 100 °C for 10 min in nitrogen. The perovskite precursor was spin-coated
with the two-step process of 1000 rpm for 10 s and 4000 rpm for 50 s. During the spin-coating
process, ~500 pL CB was dropped onto the substrates at 30 s, followed by annealing at 100 °C for
10 min. The PDADI solution (0.5 mg/mL in IPA) was then spin-coated onto the perovskite layer
at 4000 rpm for 30 s and annealed at 100 °C for 5 min. Finally, 20 nm layer of Cgo, 6 nm layer of
BCP, and 120 nm Ag were thermally evaporated in a high-vacuum chamber.

For mini-module fabrication, the perovskite solar modules consisting of 8 sub-cells connected
in series were fabricated on ITO glass substrates. All three scribes (P1, P2, P3) were made with
the near-infrared 1064 nm 20 W laser (Trotec). 6.5 cm X 7 cm ITO substrates were patterned by a
laser with a scribing width of 40 um (speed: 300 mm-s!; frequency: 65 kHz; pulse duration: 120
ns; power: 60%). The ITO substrates were cleaned and treated with plasma. The following
fabrication process of NiOx, SAM, perovskite, C¢o and BCP was the same as that of small area
devices. Then the substrates were laser scribed over a width of 400 pm (multiple parallel scribes
with 50 pm spacing, speed: 1000 mm-s™'; pulse duration: 120 ns; frequency: 65 kHz, power: 15%).
Finally, 80 nm Ag electrode was deposited by thermal evaporation and scribed by a laser with a

width of 50 um (speed: 1000 mm-s™'; pulse duration: 120 ns; frequency: 65 kHz; power: 15%).



The designed geometric fill factor of the modules was ~92% with an aperture area (AP) of 29.7

Cl’l’l2 .

Characterization and measurements

For SAM synthesis, 'H NMR spectra were recorded at 400 MHz on a Bruker Avance III
spectrometer with a 5 mm double resonance broad band BBO z-gradient room temperature probe,
3C NMR spectra were collected using the same instrument at 101 MHz. The chemical shifts,
expressed in ppm, were relative to tetramethylsilane (TMS). All NMR experiments were
performed at 25 °C. Mass spectrometry (MS) were recorded on Waters SQ Detector 2
Spectrometer using the electrospray ionization (ESI) technique.

Generally, absorption spectra were measured using a UV/Vis-NIR spectrophotometer,
Lambda 35 (Perkin-Elmer). Photoelectron spectroscopy in air (PESA) was measured by Riken
Keiki AC-2S. X-ray photoelectron spectroscopy (XPS) was performed by Thermo Scientific K-
Alpha (Al Ka source), and all spectra were calibrated to the C 1s peak at 284.8 eV. Ultraviolet
photo-electron spectroscopy (UPS) was performed by Thermo Fisher Scientific ESCALAB XI+.
X-ray diffraction (XRD) patterns were measured by using a Rigaku Smartlab 9KW X-ray
diffractometer. Scanning electron microscopy (SEM) images were obtained by using FEI Apreo S
LoVac. Atomic force microscope (AFM) and Kelvin probe force microscopy (KPFM) were
conducted by Bruker Dimension Icon instrument. Grazing incident wide angle X-ray scattering
(GIWAXS) measurements were carried out on beamline BL14B1 at the Shanghai Synchrotron
Radiation Facility (SSRF). Inductively coupled plasma mass spectrometry (ICP-MS) was
measured by Agilent 7800 (MS). Thermogravimetry (TG) was measured by HITACHI STA200.
Steady-state PL spectra were tested by using Edinburgh FLS1000. PL mapping was obtained by
Confocal Microscopy (SPCM-1000) supported by Enli Technology Co., Ltd. The J-V
characteristics of photovoltaic devices were measured with a solar simulator (Enli Technology)
and Keithley 2400 source meter under AM 1.5 G standard irradiation (1000 W/m?). Intensity of

the solar simulator was calibrated using a certified monocrystalline silicon solar cell (KGS5). The



active area are 0.04 cm? for single-junction devices and 0.09 cm? for tandem devices, defined by
metal masks. Both reverse scans and forward scans were conducted. External quantum efficiency
(EQE) was recorded on a solar cell quantum efficiency measurement system (QE-R) supported by
Enli Technology. The EQE spectra of single-junction PSCs were performed from 300 to 900 nm,
and a calibrated Si diode with a known spectral response was used as a reference. The EQE spectra
were performed from 300 to 1100 nm for TSCs. For the EQE measurements of TSCs, a white light
was used as the external light source with the 550 and 850 nm filters for NBG and WBG subcells,
respectively. Specifically, the wave range of 550—1100 nm and 300-850 nm was utilized for NBG
and WBG subcells, respectively. The MPP tracking was performed with a multicolor light-emitting

diode solar simulator (Guangzhou Crysco Equipment Co. Ltd.) with 100 mW cm irradiation.

Computational Details

All density functional theory (DFT) calculations were performed using Gaussian or ORCA
software®®. Geometries optimization and energy analyses were performed based on the B3LYP
functional with Grimme's D3 (BJ) dispersion correction in conjunction with def2-TZVP basis set®’.
The dipole moment was calculated via ®B97M-V functional with def2-TZVPD basis set. The
binding energy was calculated via ®B97M-V functional with def2-QZVP basis set. The wave

3435 and Visual Molecular

function analyses were finished via the Multiwfn 3.8(dev) code
Dynamics (VMD) visualization program. The ab-initio molecular dynamics (AIMD) were
simulated by ORCA with B97-3¢ method under Berendsen thermostat. Multiwfn was used to help
generate the input files for ORCA.

First-principles calculations based on DFT were conducted using the CP2K software’’. Multiwfn
was used to help generate the input files for CP2K. The Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional with D3 (BJ) dispersion correction was employed, utilizing
DZVP-MOLOPT-SR-GTH basis set paired with corresponding Goedecker—Teter—Hutter (GTH)

pseudopotentials’!. The plane wave cut-off was set to 500 Ry for the auxiliary basis set, and the

Brillouin zone was sampled at the I" point. Periodic boundary conditions were used in xy-direction,



and an auxiliary vacuum region of 20 A along the z-direction was added. The energy convergence
criterion for self-consistent field calculations was set to 10 eV, and the maximum force
convergence criterion was set to 0.05 eV/A. The ITO surface slab model was built based on the 21
A x21 A x 7 A InxOs supercell containing 4 atomic layers. The cubic-phased FAPbI3 (001) Pbl-
terminated surface slab model was built based on the 18 A x 18 A x 19 A supercell containing 7
atomic layers. The wave function analyses were finished via the Multiwtn 3.8(dev) code.

For SAMs in solution, classical molecular dynamics (MD) simulations were performed with
GROMACS*® using GAFF force field within a cubic box measuring 10 x 10 x 10 nm>. Periodic
boundary conditions were applied to all directions. The restrained electrostatic potential—
RESP2(0.5) charges were used as the atomic charges’?, computed by ORCA and Multiwfn. The
forcefield parameters and topology files were created by Sobtop (http://sobereva.com/soft/Sobtop/)
via modified Seminario (mSeminario) method based on calculated Hessian-matrix under B3LYP-
D3(BJ)/def2-TZVP level*’. Primarily, the SAMs and solvent molecules were randomly located in
the whole box, built by Packmol. Then the system underwent initial energy minimization via the
conjugated gradient (CG) method’?. Subsequently, the system was simulated for 2 ns (i.e., 2000
ps) at 298.15 K under NPT ensemble with a time step of 2 fs under the Velocity-rescale thermostat
and Berendsen barostat.

For SAMs on NiO/ITO substrates, classical molecular dynamics simulations were performed with
GROMACS. GAFF force field was used for SAMs and UFF force field was used for NiO and ITO.
Periodic boundary conditions were applied to the xy-direction, whereas the bottom NiO/ITO
substrates were fixed. Two repulsive walls were set in z-direction (z=0 and z=max) in order to
constrain the motion range of SAMs. The adsorption models include a 85 A x 85 A x 7 A NiO
supercell and a 95 A x 95 A x 5 A ITO supercell. The REPEAT charges were used as the atomic
charges for NiO/ITO, computed by CP2K. The restrained electrostatic potential (RESP) charges
in vacuum were used as the atomic charges for SAMs, computed by ORCA and Multiwfn. The

system was simulated for 2 ns at 298.15 K under canonical ensemble (NVT) ensemble with a time



step of 1 fs under the Velocity-rescale thermostat. The adsorption analyses for SAMs employed

our in-house code with VMD program.

Data Availability

The data generated in this study are provided in the Supplementary Information/Source Data file.
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Figure Legends/Captions (for main text figures)

Fig. 1. Molecular characteristics of 2PACz-M. a Chemical structures of 2PACz and 2PACz-M
(2PACz-Li, 2PACz-Na, 2PACz-K, 2PACz-Rb and 2PACz-Cs). b Dipole moment values of 2PACz
and 2PACz-M. c Electrostatic potential (ESP) distribution of 2PACz and 2PACz-K. d Minimum
and maximum of ESP of 2PACz and 2PACz-K. e Average local ionization energy (ALIE) maps on
van der Waals surface of 2PACz and 2PACz-K. f The independent gradient model analyses based
on Hirshfeld partition of molecular density (IGMH) maps of 2PACz-K and Pbl> with isosurface of
0.001 a.u. g Isosurface map of charge density difference (CDD) before and after 2PACz-K interact
with Pbl, with isovalue of 0.0005 a.u. Blue and pink isosurfaces correspond to electron
accumulation and depletion, respectively. The number of transferred electrons is labeled. h IGMH
analyses of 2PACz and 2PACz-K on perovskite slab with isosurface of 0.001 a.u. i-j The DFT-

optimized atomic structure and CDD of 2PACz and 2PACz-K binding on i perovskite and j ITO.



Blue and pink isosurfaces correspond to electron accumulation and depletion, respectively. k
Color-filled plane maps of electron localization function (ELF) for phosphonate acid fragments in
2PACz and 2PACz-K. 1 J-V curves of the champion devices based on 2PACz and 2PACz-M. m-n
The molecular arrangement patterns of m Me-4PACz and n 2PACz-K in water simulated by
molecular dynamics. o-p The molecular arrangement patterns of 0 Me-4PACz and p mix SAMs in

EtOH simulated by molecular dynamics.

Fig. 2. Interactions between SAMs and perovskite. a Chemical structure and IGMH map with
isosurface of 0.0005 a.u. for Me-4PACz and 2PACz-K. b High-resolution XPS spectra of N 1s, Li
s, Na 1s, K 2p, Rb 3d and Cs 3d core levels of Me-4PACz and mixed SAMs (Me+M). ¢-d High-
resolution XPS spectra of Ni 2p core level for ¢ ITO/NiOx/Me-4PACz and d ITO/NiOx/Me-
4PACz+2PACz-K. e The peak area ratios of Ni** and Ni** for NiOx and NiOx/SAM. f High-
resolution XPS spectra of P 2p core level for ITO/NiOx/Me-4PACz and ITO/NiOx/Me-
4PACz+2PACz-K. g High-resolution XPS spectra of Pb 4f core level for the buried interface of
perovskite. h SEM images of the buried interface morphology for the perovskite films based on
Me-4PACz and Me-4PACz+2PACz-K. All scale bars are 1 pm. i GIWAXS two-dimensional maps
of the top surface for the perovskite films on Me-4PACz and Me-4PACz+2PACz-K. j-m Top and
side views of molecular arrangement patterns simulated by molecular dynamics, including j Me-
4PACz on NiO, k Me-4PACz+2PACz-K on NiO, I Me-4PACz on ITO and m Me-4PACz+2PACz-
K on ITO. Hydrogen atoms of Me-4PACz and 2PACz-K are hided for easy observation.

Fig. 3. Charge transfer and defect suppression. a Schematic diagram clarifying how neutral
Me-4PACz and 2PACz-K molecules generate cationic radicals via single electron transfer. b Spin
density isosurface maps of Me-4PACz and 2PACz-K with isovalue of 0.002 a.u. The blue and
yellow isosurfaces correspond to alpha and beta electrons. ¢-d ¢ AFM and d KPFM images of Me-
4PACz and Me-4PACz+2PACz-K films on ITO/NiOx. Ra and Rq refer to arithmetic mean

roughness and root mean square roughness, respectively. All scale bars are 500 nm. e Energy level



diagrams of the SAMs and perovskite. f PL mapping of perovskite films, including PL intensity,

wavelength and full width at half maximum (FWHM), respectively. All scale bars are 10 um.

Fig. 4. Photovoltaic performance of PSCs and modules. a The statistical distribution of PCE
for the devices based on mixed SAMs. b J-J curves of the champion devices based on mixed
SAMs under reverse scan. ¢ J—V characteristics of the champion devices fabricated with
presynthesized FAPbIz, MAPbI3; and CsPbl; under reverse scan. d PCE and Voc x FF records of
single-junction inverted PSCs based on SAMs. This work is marked by the red star. e The statistical
distribution of PCE, Voc, FF and Jsc of devices based on Me-4PACz and Me-4PACz+2PACz-K. f
J—V characteristics of the champion module based on Me-4PACz+2PACz-K under reverse and
forward scan. The active area (AC) and aperture area (AP) are 27 and 29.7 cm?, respectively. g
Photos of the module from the front and back side. h PCE and FF records for perovskite modules

of different area.

Fig. 5. Stability of SAMs and devices. a-b Enlarged 'H-NMR liquid-state spectra of fresh and
UV aged a Me-4PACz and b 2PACz-K. The SAMs in ds-DMSO are aged under UV light (365 nm,
~1 W cm™) for 24 h in ambient air. e-d The ab-initio molecular dynamics (AIMD) structure
variation of ¢ Me-4PACz and d 2PACz-K during the 100 fs trajectories at 5000 K, extracted every
20 fs from the trajectories. e KPFM images of fresh ITO/NiOx/SAM films, and those after DMF
washing, heating and UV aging, based on Me-4PACz and Me-4PACz+2PACz-K. All scale bars
are 1 um. f-g XRD patterns of perovskite on f Me-4PACz and g Me-4PACz+2PACz-K after heating
at 85 °C. h ISOS-L-1 stability protocol under the maximum power point (MPP) tracking conditions
under 1-sun equivalent illumination at 25 °C in nitrogen. i ISOS-D-2 stability protocol under dark

storage in nitrogen at 65 °C.

Fig. 6. Wide-bandgap PSCs and tandem devices. a Chemical structure and IGMH map of
4PADCB and 2PACz-K with isosurface of 0.001 a.u. b J-V characteristics of the champion 1.78



eV devices under reverse scan. ¢ Comparison of PCE for devices of different bandgap in this work.
d-e 1.78 eV perovskite films aged under 100 mW/cm? LED light in ambient air, based on d
ITO/NiOx/4PADCB (control) and e ITO/NiO/4PADCB+2PACz-K (target). f-g In situ PL mapping
evolution of 1.78 eV perovskite films aged under a 20 mW laser in air (25 °C, relative humidity
20%), including f PL intensity and g wavelength, respectively. All scale bars are 10 pm. h S~V
characteristics of the champion 2T all-perovskite tandem device under reverse and forward scan.
i EQE spectra of subcells for the best-performing 2T all-perovskite tandem device. j PCE records

of 2T all-perovskite tandem devices in recent years.

Editorial summary:

Self-assembled monolayers are common hole-selective contacts in inverted perovskite solar cells, but
acidic head groups reduce interface quality. Yang et al. neutralize these groups with alkali metal
phosphonate salts and mixed layers, improving charge extraction, stability, and efficiency.

Peer review information: Nature Communications thanks Xiaojing Hao who co reviewed with Zhen Li;
Qingwen Tian, and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. A peer review file is available.
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