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The adoption of perovskite solar cells (PSCs) requires improved resistance
to high temperatures and temperature variations. Hole-selective
self-assembled monolayers (SAMs) have enabled progressin the
performance of inverted PSCs, yet they may compromise temperature
stability owing to desorption and weak interfacial contact. Here we
developed a self-assembled bilayer by covalently interconnecting a
phosphonic acid SAM with a triphenylamine upper layer. This polymerized
network, formed through Friedel-Crafts alkylation, resisted thermal
degradation up to 100 °C for 200 h. Meanwhile, the face-on-oriented upper
layer exhibited adhesive contact with perovskites, leading to a1.7-fold
improvementin adhesion energy compared with the SAM-perovskite
interface. We reported power conversion efficiencies exceeding 26% for
inverted PSCs. The champion devices demonstrated less than 4% and 3%
efficiency loss after 2,000 h damp heat exposure (85 °C and 85% relative
humidity) and over 1,200 thermal cycles between —40 °C and 85 °C,
respectively, meeting the temperature stability criteria outlined in the
International Electrotechnical Commission 61215:2021 standards.

Perovskite solar cells (PSCs) have garnered interest among research-
ersowingto their outstanding power conversion efficiency (PCE) and
low-cost energy-efficient production' . However, their market entry
hinges on proving long-term stability under various environmental
stressors. Temperature playsa crucial rolein PSC stability, with poten-
tial thermal degradation fromvolatile organic components, ion migra-
tionand delicate interfaces at elevated temperatures® . Furthermore,
temperature variations can cause inelastic stress accumulation and
mechanical failure due to mismatched thermal expansion coefficients
between the layers in devices®°.

In the silicon photovoltaic industry, thermal and thermo-
mechanical degradation are evaluated through damp heat (85 °Cand

85%relative humidity (RH)) and thermal cycling (between -40 °Cand
85 °C) tests, according to the International Electrotechnical Com-
mission (IEC) 61215:2021 standards", respectively. So far, there are
limited reports of efficient PSCs enduring both accelerated ageing
tests* ™,

Recent advances in the performance and stability of PSCs can
partly be attributed to the use of self-assembled monolayers (SAMs) as
hole-selective contacts (HSCs) in an inverted device architecture™™.
SAM formation occurs spontaneously through hetero-condensation
reactions between phosphonic acids and hydroxylated metal oxide
surfaces®®?. This modulates the electronic structures of metal
oxides, reducing the interfacial energy-level mismatch. Compared
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with conventional hole-transport layers incorporating mobile and
hygroscopic dopants, the SAM approach enhances the stability of
PSCSIZ,19,22724‘

Nevertheless, temperature stability presents a concern for hole-
selective SAMs; commonly used carbazole-containing phosphonic
acids are susceptible to thermal disordering and desorption at tem-
peratures over 65 °C (refs. 6,19,25). In addition, the contact between
perovskites and SAMs affects the adhesion toughness at the interface,
thereby influencing the mechanical stability of PSCs against tempera-
ture variations'**?, Several strategies exist to tackle issues related to
temperature stress. For example, tuning the anchoring of head groups
to substrate surfaces could improve the high-temperature stability of
SAMs'®, Using co-adsorbents, bifunctional ligands and superwetting
overlayers could establish adhesive contact between perovskites and
SAMs, thereby inhibiting crack growth during thermal cycling'®"***%,

Given these promising developments, a holistic approach is
warranted to simultaneously enhance the thermal and mechani-
cal robustness of the SAM/perovskite interface. However, it may
restrict the applicability of many classic SAMs having limited thermal
stability®'**?, Meanwhile, developing new hole-selective SAMs should
account for head-group interactions, terminal-group compatibility
with perovskites, and conformation and dipole moments, increasing
the complexity in their design and synthesis'®*"**%,

Here, we explored self-assembled bilayers (SABs) owing to their
potential for more diverse functional tuning. SABs represent a basic
form of self-assembled multilayers, consisting of distinct monolay-
ers with varying constituents—interconnected via covalent or ionic
bonds®"*2. This layer-by-layer assembly stabilizes the labile monolayer
by introducing rigid components and enables control over film ter-
mination®. However, although bilayer structures have been reported
for PSCs, they rely on secondary van der Waals interactions*-**. We
reasoned that typical covalent-bonded SAB formation requires the
chemical activation of bottom monolayer surfaces to regenerate reac-
tive sites (for example, hydroxyl and phosphonic acid groups)™'"*,
yet this processisincompatible with hole-selective SAMs that feature
aconjugated terminal group.

SAB formation via Friedel-Crafts alkylation

Weused abenchmark hole-selective SAM, composed of 2-(9H-carbazol-
9-yl)ethyl)phosphonic acid (2PACz), as the base layer for developing
SABs. To enable the covalent attachment of a sequentially deposited
upper layer, we investigated C-C bond-forming reactions for the
carbazole terminal group. It is noted that common organic synthesis
methods, suchas C-H activation and Suzuki coupling of halogenated
carbazoles, rely on transition metal catalysts***’; however, these could
introduce metal contamination into thin-film photovoltaic processing.
Therefore, we focused on metal-free Friedel-Crafts alkylation.

An alkylating agent, 4,4’,4’-tris(acetoxymethylene)triph-
enylamine (TATPA), was deposited on 2PACz-modified indium tin
oxide (ITO) substrates using solution processing. TATPA was utilized
in photo-cross-linking reactions, where photoacids catalyse the het-
erolytic cleavage of the C-Obond, yielding areactive carbocation that
acts as an electrophile for carbazole substitution, specifically at the
nucleophilic C3 or Cé positions (Fig. 1a)*®. This process culminatesin
the Friedel-Crafts alkylation of triphenylamine (TPA) to carbazoles,
forming a polymer network (Supplementary Fig. 1). We postulated
that these cross-linking reactions might spontaneously proceed on
2PACz SAMs with phosphonic acids serving as the proton donor®**’,

We investigated the chemical transformation of TATPA on both
bareITO and ITO-2PACzsurfaces using X-ray photoelectron spectros-
copy (XPS) and attenuated total-reflection Fourier transforminfrared
spectroscopy (ATR-FTIR). The C 1s XPS spectrum revealed a distinct
peak at 289.2 eV on the TATPA-coated ITO surface, attributable to the
carbonyl carbons of TATPA, alongside characteristic peaks for C-N
and C-C/C-Hbonds, signifying limited chemical reactivity (Fig. 1b and

Supplementary Fig. 2). By contrast, the carbonyl peak was absent in
the 2PACz-TATPA bilayer after thermal annealing at 100 °C, indicative
ofthe decomposition of ester groups during on-substrate, solid-state
reactions (Supplementary Fig.3a). ATR-FTIR corroborated these find-
ings, showing a diminished ester carbonyl stretching band of TATPA
(at1,740 cm™) upon its interaction with the ITO-2PACz surface (Sup-
plementary Fig. 3b). We suggested that the dissociation of TATPA was
initiated by the residual P-OH groups within the 2PACz layer, as indi-
cated by the presence of P-OH vibrations (at 947 cm™and 1,024 cm™)
in the corresponding ATR-FTIR spectra (Supplementary Fig. 4)". The
formation of carbocation intermediates was further indicated by the
methoxylation of decomposed TATPA using deuterated methanol,
probably facilitating Friedel-Crafts alkylation (Supplementary Note
land Supplementary Figs. 5and 6).

Todirectly probe cross-linking reactions, we conducted time-of-
flight secondary ion mass spectrometry (TOF-SIMS) measurements
on substrates (Supplementary Fig. 7a). The mass spectrum for the
ITO-2PACz substrate revealed no detectable molecular fragments with
mass-to-charge (m/z) ratios exceeding 700 (Supplementary Fig. 7b). By
contrast, the 2PACz-TATPA bilayer exhibited multiple peaks surpassing
the massranges of theindividual components. Notably, distinct peaks
centred at m/z862.4 and 804.3 were identified, which we attribute to
Friedel-Crafts-type coupling products linked by methylene bridges
(Supplementary Fig. 7c).

Nuclear magnetic resonance (NMR) was performed as a non-
destructive method to validate the molecular structures. We initially
prepared the NMR sample by scraping off a mixed film of TATPA and
2PACz(inal:1weightratio) to collect the powder. However, difficulties
indissolving these solids into dimethyl sulfoxide (DMSO) or chloroben-
zene (CB) hindered the analysis of liquid-state NMR (Supplementary
Fig. 8). To mitigate excess polymerization, N-ethylcarbazole (NECz),
the non-acidic analogue of 2PACz, was utilized as the main reactant,
with a small quantity of 2PACz (1:100 weight ratio to NECz) retained
to catalyse TATPA decomposition. The proton (*H) NMR spectrum of
this adjusted mixture revealed a singlet at 6 = 4.00 ppm (that is, the
Ar-CH,-Ar protons)*® and the absence of the methylene signal of TATPA
(6=5.01 ppm; H-3), indicative of electrophilic aromatic substitution.
Thisis supported by the up-field shiftin aromatic protonsignals, tran-
sitioning from H-1 (6= 6.99 ppm) and H-2 (6 =7.30 ppm) of TATPA to
H-d (6=6.86 ppm) and H-c (6 =7.13 ppm) in the cross-linked product,
respectively (Fig. 1c). A similar trend was observed for the protons at
the C4 and C5 positions (that is, H-aromatic) of carbazoles (Fig. 1cand
Supplementary Figs. 9-12).

In addition, we explored a less reactive analogue of TATPA,
4-(di-p-tolylamino)benzyl acetate (DTBA), which contains a sin-
gle ester group (Supplementary Fig. 13). Its surface reaction with
2PACz is expected to yield a discrete molecule, (2-(3,6-bis(4-
(di-p-tolylamino)benzyl)-9H-carbazol-9-yl)ethyl)phosphonic acid
(DTBA-2PACz), thereby simplifying product identification (Sup-
plementary Fig. 13). We cast a mixed film of 2PACz and DTBA onto
glass substrates and annealed it at 100 °C. High-resolution mass
spectrometry confirmed the formation of DTBA-2PACz, detecting
the characteristic [CssH5,N;05P + H]" ion at m/z 846.3819 in positive
ion mode and the [Cs,H,N;0;P-H] ion at m/z 844.3678 in nega-
tive ion mode, both corresponding to their calculated molecular
weights (Supplementary Fig. 14). '"H NMR analysis of the dissolved
film in deuterated DMSO revealed the methylene bridge proton at
6=4.00 ppm (Supplementary Fig. 15). Heteronuclear single quan-
tum coherence spectroscopy validated this structural assignment,
showing the 'H-"C correlation at 6,,= 4.00 ppm and 6. = 40.97 ppm
(Supplementary Fig.16)*."H-'"H homonuclear correlation spectros-
copy further identified correlations between the methylene proton
(6 =4.00 ppm) and neighbouring protons from the carbazole and
TPAunitsat§=7.15 ppmand § = 8.03 ppm, respectively (Supplemen-
tary Fig. 17), supporting the Friedel-Crafts alkylation mechanism
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Fig.1| Construction and structure of SAB. a, The proposed mechanism for the
coupling reaction between TATPA and 2PACz. b, XPS spectra of TATPA, 2PACz and
SAB films, where the solid lines represent the fits to the data and the dashed lines
show the individual components, each fitted to a Gaussian distribution. ¢c,'HNMR
spectra of TATPA, NECz and a mixture of NECz, TATPA and 2PACz. Inset: chemical
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structures of TATPA, NECz and 2PACz are shown with labels corresponding to
NMR peaks*. d,e, Two-dimensional GIWAXS patterns of 2PACz (d) and SAB (e). IP,
in-plane; OOP, out-of-plane. Diffraction signals with ¢ > 2.0 A are attributed to
ITO substrates. f, A schematic diagramillustrating the structure of SAB.
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Fig.2| Temperature stability of SAB. a-d, Surface potential images of the
molecular contacts. a,b, Pristine ITO/SAM (a) and ITO/SAB (b) before thermal
annealing at100 °C for 200 h. ¢,d, ITO/SAM (c) and ITO/SAB (d) after thermal
annealing at 100 °C for 200 h. Scale bars, 500 nm. e f, Statistical potential
distributions of ITO-2PACz (e) and ITO-SAB (f) surfaces. Gaussian distributions
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arefitted to the data curves. g, lllustrations of the sample preparation procedure
for measuring molecular contact coverage, both before and after applying
thermal cycling stress. h, The areal density of various molecular contacts, as
determined using an electrochemical approach.

(Supplementary Note 2). In addition, another alkylating agent,
(([1,1’-biphenyl]-4,4’-diylbis(azanetriyl))tetrakis(benzene-4,1-diyl))
tetrakis(methylene) tetraacetate, bisTATPA), which features a linked
TPA core, was shown to react with 2PACz (Supplementary Fig.18). The
SAB approach was also found to be generally applicable to various
phosphonicacid SAMs that allow electrophilic attack by carbocations
(Supplementary Note 3 and Supplementary Figs. 18-23)

The molecular arrangement and crystalline structure of the sur-
face layers were characterized by grazing-incidence wide-angle X-ray
scattering (GIWAXS). For the 2PACz monolayer, we observed ascatter-
ingarc pattern extending from the horizontal direction (at g,, = 1.56 A
toanazimuthalangle of 52.5°, suggesting a vertical alignment of 2PACz
molecules, albeit withadistributionintilt angles (Fig.1d, Supplemen-
tary Fig. 24 and Supplementary Note 4)***., This in-plane ordering is
probably driven by t-Tt stacking among 2PACz molecules, asindicated
by the diminishing molecular tilt in a densely packed reference film
(Supplementary Fig. 25 and Supplementary Note 4). The deposition of
TATPA disrupted thelateral crystallinity of the 2PACz layer, indicated by
the disappearance of the in-plane diffraction peak (Fig. 1e). Inaddition,
molecular tilt broadening was observed in the high-density reference
film treated with TATPA (Supplementary Fig. 26).

Here, predominant interactions involve C-C bond formation
between 2PACz and TATPA, resulting in a horizontal arrangement of
TPA units atop 2PACz. The face-on orientation was confirmed by att-mt
stacking peak along g,—correspondingto a-0.4 nm periodicity of the
repeating TPA units—observed at a higher TATPA solution concen-
tration (Supplementary Fig. 27 and Supplementary Note 5). Surface
reorganization was further indicated by Kelvin probe force microscopy
(KPFM) measurements (Supplementary Fig. 28); the annealed 2PACz/
TATPA bilayer exhibited a narrower distribution in contact potential
difference (CPD) compared with their unannealed counterpart (Sup-
plementary Fig.29), attributed to more uniform molecular coverage®.
Combining theseresults, we posited that the TATPA treatmentledtoa

covalently interconnected SAB structure, with non-correlated 2PACz
asthesurface-bound molecule, linked to a planar TPA layer as the film
termination (Fig. 1a,f).

Temperature stability of molecular contacts

We utilized KPFM to evaluate the thermal stability of molecular con-
tactsonITO surfaces. Surfaces modified with SAMs and SABs exhibited
comparable CPDs, averaging 375 mV for both samples (Fig. 2a,b). We
ascribed this to the minor impact of the TPA layer on work-function
changes, possibly due toits in-plane orientation and, thus, negligible
netdipoleinthe out-of-plane direction***, Following thermal annealing
at100 °Cfor200 h, thermal degradation was observed in2PACz SAMs,
indicated by anincrease in the CPD variations from 23 mV to 60 mV.
By contrast, SAB-modified surfaces maintained a uniform potential
distribution in the respective CPD map (with a CPD variation value of
30 mV), suggesting reduced structural changes in molecular contacts
(Fig.2c-f).

The thermal cycling stability of molecular contacts was then
assessed through cyclic voltammetry (CV) measurements. The areal
density of SAMs, measured before and after undergoing 1,000 tem-
perature cycles from —40 °C to 85 °C, decreased from 3.15 x 10" to
1.47 x 10® molecules cm™, indicating a 53% loss in coverage (Fig. 2g,h,
Supplementary Fig. 30 and Supplementary Note 6). In addition,
energy-dispersive X-ray spectroscopy revealed an increase in phos-
phorus content from 0.4 wt% to 1.6 wt% on the perovskite side of the
buried interface after thermal cycling (Supplementary Fig. 31). Con-
versely, the polymerized network within SABs conferred better resist-
ance todesorptionunder temperature variations, resultingin alesser
coverage loss of 32% and reduced attachment of phosphonic acids
to perovskites (Supplementary Fig. 31)”**. It is also noted that SABs
exhibited a higher initial areal density of 2.45 x 10" molecules cm™
compared with SAMs, which we ascribed to the inclusion of electro-
chemically active TPA moieties**,
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Characterization of the perovskite-SAM or
perovskite-SAB interface

We fabricated FA, g;MA1,CS0 0sPb(lo.0s,BT.013); perovskite films on SAM-
or SAB-modified ITO substrates via an anti-solvent-assisted one-step
solution process. Top-view scanning electron microscopy (SEM) images
revealed similar average grain sizes (675 nm for SAM versus 720 nm for
SAB) and pinhole-free surfaces for both films (Supplementary Fig. 32).
GIWAXS analysis displayed nearly identical scattering patterns, with
the (100) planes of black-phase perovskites preferentially oriented
along 45° and 135° azimuthal angles, and a distinct Pbl, impurity peak
at g,=0.9 A (Fig. 3a,b and Supplementary Fig. 33). Despite these
similarities in surface morphology and bulk structure, perovskites
onSAB-modified substrates demonstrated a prolonged photolumines-
cence (PL) decay lifetime in time-resolved PL (TRPL) measurements,
with averages increasing from 484 ns to 1,018 ns across four inde-
pendent spots per sample (at an excitation flux of 718 n) cm™) (Fig. 3¢
and Supplementary Fig. 34), compared with those on SAM-modified
substrates. This is indicative of suppressed non-radiative recombi-
nation, a finding further corroborated by PL quantum yield results
(Fig.3d, Supplementary Fig. 35 and Supplementary Note 7). Moreover,
using the transmission line model”, the SAB-perovskite interfaces
exhibited alower contact resistance of 1.18 x 10° Q cm compared with
2.43 x10° Q cm for the SAM-based counterparts (Fig. 3e and Supple-
mentary Fig.36). We concluded that the interface between perovskites
and SABs was less defective and showed improved electrical properties
relative to the perovskite-SAM interface.

Ultraviolet (UV) photoelectron spectroscopy was utilized to
determine the valence band maximum (VBM) and work function of
perovskites and HSCs (Supplementary Fig. 37). The conduction band
minimum was estimated using the optical bandgap from UV-visible
spectroscopy. For ITO-SAB substrates, the work function and VBM
were found to be 60 meV and 100 meV lower, respectively, compared
with ITO-SAM substrates. Consequently, the VBM offset between the
SAB and perovskites was reduced by 40 meV relative to SAM, indicative
of reduced energy losses at the buried interfaces®*°.

The mechanical integrity of the perovskite-molecular contact
interface was evaluated using double cantilever beam (DCB) frac-
ture mechanics tests. We prepared the DCB specimen by bonding a
glass strip onto a poly(methyl methacrylate)-protected perovskite
layer using brittle epoxy (Supplementary Fig. 38). Adhesion energy
(G.) was obtained from force-displacement measurements follow-
ing areported methodology'. The average G at the perovskite-SAB
interface was 2.68 + 0.33 ) m2across four rounds of tests, 74% higher
than that at the perovskite-SAM interface (1.54 + 0.49 ) m2 for four
rounds of tests), suggesting enhanced mechanical stability (Fig. 3f).
Similar results were observed for fluorine-doped tin oxide (FTO) sub-
strates, showing an average G of 1.85 + 0.40 ) mfor perovskite—-SAM
t02.94 +0.27) m*for perovskite-SAB interfaces, respectively (Supple-
mentary Fig.39). We thereby exposed perovskites on various substrates
t01,000 thermal cycles, subsequently peeling off the films to examine
the fracture surfaces. SEM analysis showed morphological degrada-
tiononsurfacesin contact with SAM-ITO substrates, characterized by
voids and non-conductive impurities (appearing as bright particles)
scattered across the SEM image (Fig. 3g)*"*%. Encouragingly, fracture
surfaces from SAB-ITO substrates displayed no evident void formation
and fewerimpurity phaseslocalized at grainboundaries, indicative of
intimate contact between SAB and perovskites (Fig. 3h).

To gain insights into the interaction mechanisms at different
interfaces, we performed density functional theory (DFT) calcula-
tions. Adsorption configurations were constructed with the molecular
plane of 2PACz oriented perpendicularly to the perovskite surface
and the TPA unit aligned parallel. Electron density difference plots
unveiled localized interactions at the 2PACz-perovskite interface,
with electron density transfer from H atoms in the carbazole termi-
nal group to Pb atoms on the perovskite surface, accompanied by

intramolecular polarization of 2PACz (Fig. 3i). By contrast, a maximized
contactareaat the TPA-perovskite interface led to extensive intermo-
lecular charge transfer (Fig. 3j). Thisresulted ininteraction energies of
-4.41eV,-1.71eVand -0.72 eV for the i plane of TPA at dihedral angles
of 0°,30°and 60°, respectively, stronger than at the 2PACz-perovskite
interface (-0.34 eV; Supplementary Fig. 40). The enhanced interlayer
bonding contributes toimproved mechanical stability and electronic
properties at the SAB/perovskite interface (Fig. 3i,j).

Solar cell performance and stability

We fabricated PSCs using aninverted device configuration: ITO-SAM
or SAB-perovskite-fullerene (C,,)/bathocuproine (BCP)/Ag (Fig. 4a).
Figure 4b shows the current-voltage (/-V) characteristics of the
highest-performing SAM and SAB devices, measured in both forward
andreverse scan directions. The champion SAB device exhibited a PCE
0f26.3%, with an open-circuit voltage (V) of 1.174 V,ashort-circuit cur-
rent (Jsc) of 26.2 mA cm™and afill factor (FF) of 85.5% from the forward
I-Vscan, showing no performance hysteresis. This representsimprove-
ments over the PCEs of 24.4% (reverse scan) and 24.0% (forward scan)
for the champion SAM device (Fig. 4b). We noted that the /. values
fromthe/-Vsweeps match theintegrated /s derived from the incident
photon-to-current efficiency (IPCE) measurements: 25.5 mA cm™ for
the SAM device and 26.1 mA cm ™ for the SAB device (Fig. 4c); further-
more, the PCE values agree with those from the steady-state power
output (SPO) measurements (Fig. 4d). An average PCE of 26.1% was
recorded among a batch of 20 SAB devices, surpassing the average
PCE of 24.1% obtained in20 SAM devices, with enhancements across all
photovoltaic parameters (Supplementary Fig. 41 and Supplementary
Tables1and2).

We sent one SAB device to China National Accreditation Service,
anaccredited third-party institute forindependent certification, which
delivered a PCE of 26.08%, with a V. of 1.185 V, a Jsc of 26.27 mA cm™
and a FF of 83.84%, positioning it among the most efficient PSCs so
far (Fig. 4e and Supplementary Fig. 42). The SAB strategy is effective
for larger-scale devices; we achieved a PCE of 24.7% for PSCs with an
activearea of 1 cm?, compared with 23.1% based on the SAM approach
(Fig.4f). When applied to phosphonic acid SAMs beyond 2PACz, it also
improved PSC performance (Supplementary Figs. 43, 44). Further-
more, we fabricated triple-halide PSCs with awide-bandgap of 1.68 eV
onITO-SAB substrates, achieving achampion PCE of up t0 22.5%—suit-
able fortandem applications withsilicon (Supplementary Fig. 45)*>*°.

The stability of PSCs was evaluated according to the International
Summit on Organic Photovoltaic Stability (ISOS) and industry-relevant
IEC 61215:2021 protocols. No performance degradation was observed
for SAM and SAB devices (with initial PCEs of 24.1% and 25.8%, respec-
tively) when stored under nitrogen in dark conditions for 140 days
(Supplementary Fig.46). To prevent corrosion of the metal electrode,
BCPwas replaced with atomic layer-deposited tin oxides (Sn0O,) as the
barrier layer for ISOS-L and IEC 61215:2021 test conditions. The SAB
device exhibited better operating stability under 1-sun-equivalent
light-emitting diode (LED) illumination at a device temperature of
~55°C (ISOS-L-1I): a minimal relative PCE loss of <2% was recorded, in
contrasttoalé6%loss for the SAM device, following 1,000 h maximum
power-point tracking (MPPT; Fig. 4g).

Accelerated ageing of PSCs was further conducted at elevated
temperatures of 70 °C and 85 °C, following ISOS-L-2I protocols (Sup-
plementary Fig.47a,b)'>*'. At 70 °C, the SAM device exhibited arelative
efficiency decay rate of 0.032% h™, which is over double the rate of
0.0127% h™* for the SAB device. At 85 °C, the time to retain 80% of ini-
tial performance during MPPT (that s, t5,) was 192 h for SAM devices,
whereas for SAB devices, it extended by approximately 1.7-fold to 520 h.
The activation energy (£,) of operational degradation was estimated
by assuming an Arrhenius temperature dependence of the degrada-
tion rates (Supplementary Fig. 47c,d)". The apparent E, for SAM- and
SAB-based PSCswas determined tobe 0.46 eV and 0.69 eV, respectively.
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Fig. 3| Perovskite-molecular contact interface properties. a,b, GIWAXS
patterns of perovskite films deposited on SAM (a) and SAB (b). c-f, TRPL spectra
(c), PLspectra (d), TLM-measured resistance (e) and statistical distribution
ofadhesion energies from four measurements (f) for devices incorporating
perovskite-SAM or perovskite-SAB interfaces. In e, the lines represent linear
fits; In the boxplotin f, the medians (central lines), averages (hollow data points),
quartiles and 1.5x interquartile ranges (whiskers) are shown; Pin frepresents
load force. g,h, SEM images of buried perovskite surfaces delaminated from

molecular contacts after thermal cycling tests (On SAM (g) and On SAB (h)).
ij, Electron density difference plots for perovskite/edge-on 2PACz SAM (i)

and perovskite/face-on TPA moiety of SAB (j) interfaces, visualized using
Visualization for Electronic and Structural Analysis (VESTA) software. Colour
coding for atoms: Pb (grey), I (purple), C (brown), N (sliver grey) and H (white).
A3 x 4 periodicity with optimized lattice parameters 0f 19.012 A x 25.630 A was
usedinthexyplane.

Consequently, we extrapolated the g, at 35 °C to be approximately
3,000 hfor SAMand 22,000 h for SAB devices.

We then conducted damp heat and thermal cycling tests based on
thelEC 61215:2021 protocols. To minimize moisture ingress, PSCs were
encapsulated using glass-to-glass packaging, with butyl rubber doped

with zeolite desiccant as the edge sealant, reinforced with a UV-cured
epoxy seal (Supplementary Fig. 48). Device performance was periodi-
cally monitored during the accelerated ageing process. For the SAB
approach, thermal stability was indicated by seven devices retaining
an average 94% of their initial PCEs (averaging 24.3%) after 2,000 h of
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Fig. 4 | Photovoltaic performance and stability. a, A schematic illustration of
theinverted PSCs. b, /-V curves for the champion inverted PSCs based on SAM
and SAB interface. c,d, IPCE spectra (c) and SPO (d) for PSCs based on SAM and
SABinterfaces. e, Forward and reverse /-Vscanresults tested at the Shanghai
Institute of Microsystem and Information Technology (SIMIT). f, -V curves
at1cm?device active area for PSCs based on SAM and SAB interfaces. g-i, PCE
evolution for the PSCs based on SAM and SAB interface under 1-sun MPPT

following the ISOS-L-1 protocol (g), under dark conditions and 85 °C, 85% RH
following the ISOS-D-3 protocol (h), and under dark, thermal cycling between
—-40°Cand 85 °C following the ISOS-T-3 protocol (i). Datainh andi are presented
asmean values = s.d. PCEsin handirepresent the average value from seven
devices for each condition. The initial PCEs are noted in the inset of g, and initial
average PCEs are stated in the insets of hand i. The error barsinh andireflect the
s.d.among seven devices.

damp heat testing at 85 °C and 85% RH (Fig. 4h). Notably, the best SAB
device demonstrated a relative PCE loss of less than 4% over 2,000 h,
whichisin line with the industry benchmark of a 5% loss over 1,000 h
for silicon photovoltaics. By contrast, SAM PSCs displayed areduction
inaverage performance (among seven devices) to 76% during the damp
heat testing period.

Thermal cycling tests followed a similar trend: the average PCE
of seven SAB devices decreased to 94% of its initial value (24.5%) after
1,288 cycles between—40 °C and 85 °C. Champion device under thermal
cycling tests maintained 97% of its initial efficiency, exceeding the IEC
61215 requirement of a 5% drop after 200 cycles (Fig. 4i). By contrast,
seven SAM devices maintained an average of 79% of their initial perfor-
mance over the same times of cycles. Electroluminescence characteri-
zation showed that SAB devices had ahigher resistance to non-radiative
recombination after 200 thermal cycles, with an external quantum
efficiency of 3.77% atan applied current of 28 mA cm?, compared with
1.52% for SAM devices over the same period (Supplementary Fig. 49).
These results confirm the excellent thermal and thermo-mechanical
stability of SAB and SAB-perovskite interfaces.

For comparison, we investigated a model bilayer-forming mol-
ecule, 2-(4-(bis(4-methoxyphenyl)amino)phenyl)-1-cyanovinyl)
phosphonic acid (MPA-CPA), which relies on non-covalent interlayer

interactions”. MPA-CPA-based PSCs were tested under MPPT at 85 °C
and 1-sun-equivalent LED illumination, which exhibited a t;, 0of 210 h
(2.5times shorter than that for SAB devices) (Supplementary Fig. 50a).
When subjected to thermal cycling between —40 °C and 85 °C, the
MPA-CPA devices showed more than10% degradationin performance
afterjust150 cycles, significantly underperforming compared with the
SAB devices (Supplementary Fig. 50b). We summarized the reported
PSCs undergoing damp heat and thermal cycling tests (Supplementary
Fig. 51)7%121321242852-58 showcasing excellent stability for our encapsu-
lated SAB devices among both categories, achieved with PCEs >24%
(Supplementary Tables 3 and 4)7 1%1>21.24.28:5258

Conclusions

This work demonstrated covalently bonded SAB as a new type of
hole-selective molecular contact for PSCs. Bilayer structures are formed
through on-substrate Friedel-Crafts alkylation, connecting TPA units
with aphosphonicacid SAM viaamethylene bridge. The surface chem-
istry approach is versatile, compatible with a range of SAM-forming
molecules and alkylating agents. The resulting cross-linked network
shields SABs from thermal desorption, resisting degradation at100 °C
for 200 h. Moreover, the TPA units exhibit adhesive contacts with perovs-
kite surfaces, minimizing thermo-mechanical degradation at the buried
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interface. We achieved a certified PCE of over 26% for inverted PSCs, with
less than 4% efficiency loss after 2,000 h of damp heat exposure (85 °C
and 85% RH) and 3% efficiency loss after 1,200 thermal cycles between
—-40°Cand 85 °Cfor the encapsulated champion-stability devices. Mul-
tilayer molecular contacts that harness covalentinterlayer connections
enhance the resistance of PSCs to temperature-related stressors.

Methods

Materials

Anhydrous solventsincluding CB, N,N-dimethylformamide, DMSO and
isopropanol were purchased from Sigma-Aldrich. Anhydrous ethanol
was purchased from Aladdin. Lead iodide (Pbl,, 99.99%), BCP (>99%)
guanidinium bromide and 2PACz (>98%) were purchased from TCI.
Formamidiniumiodide (99.99%) was purchased from Great Cell Solar.
Methylammonium bromide (99.5%), methylammoniumiodide (99.5%),
methylammonium chloride (99.5%), caesium iodide (Csl, 99.999%)
and C,, (99%) were purchased from Xi’an Polymer Light Technology.
1,2-Dichlorobenzene, tetrabutylammonium hexafluorophosphate and
other solvents and chemicals if not mentioned above were purchased
from Adamas China. Conductive glasses, FTO (15 Q per square), ITO
(20 Q per square) and the anti-reflective coating foil were purchased
from Suzhou ShangYang Solar Technology.

Synthesis of TATPA

Toasolutionof4,4’,4’-nitrilotribenzaldehyde (200 mg) in acetic anhy-
dride (1.8 ml), N,N-diisopropylethylamine (0.8 ml) was added slowly
inanice-water bath under N, protection. The ice-water bath was then
removed, and the reaction mixture was stirred at 40 °C for an addi-
tional 2 h. Upon completion of the reaction, the mixture was cooled
to room temperature before being slowly poured into a mixture of
ice water and ethyl acetate. The mixture was stirred for 15 min before
hydrochloricacid (5%) and sodium hydroxide (5%) were subsequently
added. The organic layer was extracted multiple times and dried with
anhydrous sodium sulfate. The crude product was purified by column
chromatography onsilicagel (ethyl acetate:ether = 1:2), and the solvent
wasthenremoved by rotary evaporationtoyield the final productasa
whitishsolid.'HNMR (400 MHz, DMSO-dé6, TMS): 6=7.30(d,/=8.5 Hz,
6H),6.99 (d,/=8.5Hz, 6H),5.01(s, 6H),2.05 (s, 9H).*CNMR (400 MHz,
DMSO-d6, TMS) (ppm): § =170.75,147.28,131.17,130.21, 124.07, 65.64
and21.22.

Device fabrication

Perovskite precursor solution was prepared using the following
procedure: 9.0 mg of methylammonium bromide, 23.9 mg of Csl,
22.2 mg of methylammonium iodide, 292.3 mg of formamidinium
iodide, 1,005 mg of Pbl, and 10.8 mg of methylammonium chloride
were dissolvedin1.3 mlof a N,N-dimethylformamide and DMSO mixed
solution (volume ratio: 4:1) and stirred for 1 h. Inverted PSCs use a
devicearchitecture of ITO-HSC-perovskite-C4,~BCP-Ag.ShangYang
technology ITO or FTO glass was sequentially cleaned using a 2% deter-
gent aqueous solution, deionized water, acetone and ethanol, with
sonication for 20 minfor each solvent. After drying with nitrogen flow,
UV-ozone was applied for further cleaning. The following procedures
were conducted in a N,-filled glovebox with an oxygen content of less
than 1 ppm and water content less than 0.1 ppm. The pristine 2PACz
SAM was dissolved in ethanol at 0.5 mg ml™ and spin-coated directly
onto the precleaned transparent conductive oxide (TCO) surface,
then annealed at 100 °C for 10 min. The SAB was prepared by sequen-
tially depositing 2PACz and TATPA. 2PACz was first deposited on the
TCO, followed by spin-coating TATPA on top of 2PACzat 0.5 mg mlin
ethanol. Thebilayer was annealed at 100 °C for 10 min. The HSCs were
cooledtoroomtemperature before deposition of the perovskite layer.
The perovskite precursor solution was then deposited on the freshly
prepared ITO-HSC substrate using a two-step spin-coating method:
the first step was conducted at 1,000 rpm with an acceleration rate of

200 rpm s for10 sand the second step at 5,000 rpmwith anaccelera-
tionrate of 2,000 rpm s for 30 s. At the 15th second, 200 pl of CB was
applied. After spin-coating, the substrate was annealed at 100 °C for
50 min. The chlorine content was found to be reduced during thermal
annealing, lowering the residual chlorine element to levels below the
detection limits of energy-dispersive X-ray spectroscopy and XPS
analyses (Supplementary Figs. 52 and 53). A thin passivation layer using
guanidinium bromideinethanol (0.5 mg ml™) was applied ontop of the
perovskite layer. Cq, (25 nm) and BCP (8 nm) were deposited sequen-
tially at rates of 0.2 Asand 0.5 A s}, respectively. Finally, 100 nm of
Agwas thermally evaporated using ashadow mask. The 1 cm?inverted
solar cells are fabricated using similar approach, although designs in
theelectrode layout and shadow masks are different. We note that the
SAB strategy is effective for both FTO and ITO substrates.

Solar cell characterization

The I-V characteristics of solar cells were measured using a Keithley
2400 source meter under the illumination of a solar simulator (New-
port, Class AAA) atalight intensity of 100 mW cm™, whichis calibrated
with areference solar cell (Newport). The active areais determined by
a shadow mask (0.0553, 0.1001 or 1.000 cm?). External quantum effi-
ciency spectrawererecorded withacommercial system (Arkeo-Ariadne,
CicciResearch) based ona300 W xenon light source and a holographic
grating monochromator (Cornerstone, Newport). Stabilized power
output measurement was done by Keithley 2400 source meters under
the same solar simulator.

Stability measurements of solar cells

Forlong-term operational stability measurements, the unencapsulated
cells were placed in a homemade stability tracking station protected
under N, atmosphere. The illumination source was a white-light LED
(Tianjin Mato, grade A) with intensity calibrated to match the 1-sun
condition. The devices were kept at 50 °C, 70 °C and 85 °C. The maxi-
mum power point was recorded every hour, and the solar cells were
kept at the maximum power point voltage during this interval. For
long-term storage stability, the unencapsulated cells are stored in a
N,-filled glovebox with oxygen and water contents less than 1 ppm
and 0.1 ppm, respectively. We note that it isimportant not to store
the devices into the same glovebox for device fabrication, since the
solvent vapour will cause severe device performance decay. Damp heat
stability and thermal cycle stability were measured with a program-
mable temperature and humidity control box from Jing Yu machine.
Thedevices are sandwiched with two glasses, in which quartz was used
at the illumination side. The device-quartz interface was filled and
cured with a transparent epoxy glue to avoid additional reflection at
the air gap. The device and back contact glass were contacted with a
slice of indium metal that was chopped to a size similar to that of the
pad. The device was carefully encapsulated twice preliminarily with
polyisobutyl glue and then UV-cured glue®. A photograph of a final
encapsulated device is shown in Supplementary Fig. 48. We note that
the IEC 61215:2021 protocol is designed for silicon solar modules and
involves aseries of tests beyond damp heat and thermal cycling, includ-
ing static mechanical load and hail tests. It is anticipated that specific
test protocols will be developed for PSCs; however, the IEC 61215:2021
protocol is still widely used by the perovskite community to evaluate
and compare solar cell stability.

XPS measurements

XPSspectrawere recorded with Thermo Fisher Scientific ESCALAB Xi+
systemwith 180° double-focusing, hemispherical analyser. The system
isequipped with a128-channel detector and monochromatic small-spot
XPS. An AlKa source was used for excitation and a pass energy of 50 eV
was used for XPS acquisition. All data were analysed with Thermo Avan-
tage software. For XPS sample preparation, the deposition of the HSC
and perovskite photoactive layer follows the same protocol as the
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fabrication of an inverted PSC, as outlined in the device fabrication
section. The precursor concentration was increased to 1 mg ml™ for
both2PACz and TATPA to improve the signal-to-noise ratio.

'HNMR measurements

'H NMR was performed using a Bruker 400 MHz ASCEND ADVANCE
IITHD spectrometer. For sample preparation, initially, we prepared a
mixed solution containing 5 mg ml™ 2PACz and 5 mg mI™ TATPA and
castathin film from this mixture. The concentration was increased ten-
fold to obtainsufficient sample for the NMR test. The filmwas heated at
100 °C for 10 min and subsequently scraped from the substrate, yield-
ingagreenishsolid. Thegreenish colour originated primarily fromthe
unreacted carbocation intermediate phase (Supplementary Fig. 8)°°.
This solid is insoluble in deuterated CB and DMSO. Consequently, we
utilized amodel reaction containing mixed reactants of NECz, TATPA
and 2PACz, as described in the main text and illustrated in Fig. 1c.

DFT calculations

Spin-polarized electronicstructure calculations were performed using
the plane-wave basis set approach as implemented in the Vienna ab
initio simulation package (VASP)®". The projector augmented wave
method was used to represent the ion—core electron interactions®.
The valence electrons were represented with a plane-wave basis set
with an energy cut-off of 450 eV. Electronic exchange and correlation
were described with the Perdew-Burke-Ernzerhof functional®. The
DFT-D3 method was used to correct for the van der Waals interaction®*.
A 25 A vacuum space was used to avoid interactions between surface
slabs. K-pointmeshesof 3 x 3 x1and1x 1 x 1were used for the Brillouin
zone sampling of FAPbI, (001) surface and other isolated molecules®.
The convergence criteria for the self-consistent electronic structure
andgeometry wereset to 10 eVand 0.03 eV A, respectively. Binding
energies (E,) were calculated by

Eb = Ebinding»system - EFAPb13_001 - Eadsorbates

where Eyinging systems Erapbiz 001 3N Exgsorvare FEpresent the total energies of
the binding system, FAPbL, (001) surface and adsorbate, respectively.

Mechanical testing

Adhesion energy testing follows the same procedure as previously
reported™. In brief, the DCB specimens adopted structures of glass-
TCO-HSC-perovskite-poly(methyl methacrylate) (PMMA)-epoxy—
TCO-glass. For the control samples, HSC consists of 2PACz, and for
the target samples, SAB is used. PMMA (350 kDa) was dissolved in CB,
spin-coated on top of the perovskite layer and annealed at 100 °C for
5min. Abrittleepoxy was thenapplied on top of the PMMA layer before
beinglaminated by another TCO glass. The DCB was conducted using
thereported procedure. The displacement rate was set at 1 um s while
simultaneously recording theload force (P) and displacement (4). The
crack length, denoted as a, was estimated using

1
dA _ BER\?

a= (@ X T) —0.64h,
where B=15mm and E =70 GPa represent the width and Young’s
modulus of the glass substrate, respectively, and h =1.1 mm is the
half-thickness of the DCB specimen. The adhesion energy, G, is given
by
2

22
Gc=12PCa< h),

BER 1+ 0.643

where P. is the load at the onset of nonlinearity in the P-4 curve. We
note that theloading was repeated five times, and the average G values
were calculated from the last four repetitions.

TLM measurements

Inthe TLM technique, the total resistance (R,,.) between two contacts
with length (L) and width (W) is measured and plotted as a function of
the contact spacing d. Asdincreases, the influence of the sheet resist-
ance on the total resistance measurement also increases. Fitting the
resulting curve to a linear function yields a straight line with slope k.
The sheet resistance can be calculated from this slope using the fol-
lowing equation®:

ARio

ad K

Atd =0, the contact resistance R can be calculated using

Rc = Riora=0 X L.

CV measurements

CVmeasurements were conducted using athree-electrode configuration
with a potentiostat (DH7000C, DONGHUA). The working electrodes,
either SAM or SAB covered TCO glasses, were prepared following the
same protocol used for device fabrication. A platinumwire served asthe
counter electrode, and an Ag wire was used as the reference electrode.
To understand the desorption of SAM or SAB at the TCO-perovskite
interfaces during thermal cycling tests, the perovskite layer was exfo-
liated using an established procedure®. The inverted PSCs were first
removed from their encapsulation. Subsequently, the metal contact
was gently exfoliated using Scotch tape. A thin layer of PMMA was then
spin-coated ontop of the perovskite-C,,~BCPlayer. A drop of UV-curable
glue (ThreeBond 3035B) was applied tothe PMMA surface, and aflexible
polyethylene terephthalate sheet was laminated onto the glue. The stack
was cured under UV light (256 nm), facilitating the exfoliation of the poly-
ethyleneterephthalate-perovskite stack and leaving behind the substrate
exposing the HSC, either 2PACz SAM or SAB. The areal density of 2PACz
and 2PACz-TATPA was measured in 1,2-dichlorobenzene witha 0.1M
TBA'PF, electrolyte. All potentials were referenced against the ferrocene
redox couple, serving as an internal standard. The effective coverage of
the SAM or SAB on the ITO surface was determined by the slope of the
linear dependency of the oxidative peak intensity against the scan rate**

. n2F? .
o = grN, ATV

where i, , is the oxidative peak current (A), vis the voltage scan rate
(Vs™), nis the number of electrons transferred, the Faraday constant
Fis 96 485.33 C mol™, the universal gas constant R is 8.3144 J K mol, T
is the temperature (K), the Avogadro constant N, is 6.022 x 102 mol ™,
A(cm?)iselectrodeareaand/” (molecules cm™)is the surface density
that can be obtained by calculating the slope of i, , versus v.

Other characterizations

ATR-FTIR measurement was performed with Bruker VERTEX70,
and samples were scanned in the spectral range of 400-4,000 cm™.
High-resolution mass spectrometry was measured on a Thermo Sci-
entific Q Exactive with atmospheric pressure chemical ionization
ion sources. TOF-SIMS surface chemical analyses were performed
using a PHInano TOF 3+instrument (ULVAC-PHI), equipped with a bis-
muth liquid metaliongunasaprimary beam and gas clusterionbeam
(GCIB)-Ar-Csion gun as a sputtering source. The data of TOF-SIMS
were acquired by 30 keV Bi," pulsing ion source operated in the high
massresolutionmode (Bunched mode), and the d.c. current of bismuth
source was measured as 9.3 nA. Positive ion spectra were collected in
100 frames (10 min). Data processing was done with TOF-SIMS Data
Reduction software (TOF-DR) software. KPFM was measured with
Asylum Cypher S atomic force microscope (Oxford Instruments) with
a Ti-Ir-coated ASYELEC and Nanosurf AG, Flex-Mount atomic force
microscope. The excitation amplitude was 4 V, and the scanrate was set
t0 0.25 Hz. GIWAXS was performed at BLO2U2 and BL17B1 beamline of
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Shanghai Synchrotron Radiation Facility (SSRF) using the X-ray energy
of 10 KeV. Two-dimensional images were acquired by a PLATUS 2M
detector mounted vertically at a distance ~290 mm from the sample
with a grazing-incidence angle of 0.2° and an exposure time of 20 s.
High-resolution SEM images were obtained using the GeminiSEM 500
with an accelerating voltage of 1.5 kV. TRPL spectra were measured
using M-X355L (Orient KOJI) in10 kHz and 350 ps duration light source
for the measurement. The applied power density was13.3 W cm™, and
excitation fluences were12.8,32.1, 64.1,128 and 718 nj cm .

Data availability

All data generated or analysed during this study are included in the
Article and its Supplementary Information and Source data. Source
dataare provided with this paper.
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