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INTRODUCTION: Metal halide perovskite solar cells combine high
power conversion efficiencies with pathways to low-cost manufac-
turing. A critical element in perovskite solar cells is the hole-
transport layer, which extracts positive charges generated by light.
Phosphonic acid-based self-assembled monolayers (PA-SAMs) are
widely used to enhance initial device performance. However,
ensuring long-term module stability under realistic operating
conditions—particularly under the combined stresses of elevated
temperature and full-spectrum illumination, including ultraviolet
(UV) light—remains a major challenge that limits
commercialization.

RATIONALE: Our investigation was motivated by the broader
observation that perovskite solar cells incorporating most PA-SAMs
often fail high-temperature (85°C) light-soaking stability tests,
despite improving initial device efficiency. We also observed
accelerated degradation when PA-SAMs were blended into the
perovskite as a means to omit the hole-transport layer. We hypoth-
esized that this instability arises from chemical reactions between
the perovskite and the PA-SAMs. Specifically, if phosphonic acid
groups are not firmly anchored to the transparent conductive oxide
(TCO), they may react with constituents of the metal halide
perovskite, initiating interfacial degradation. Accordingly, we
reasoned that designing molecules that form exceptionally strong
bonds to the substrate would suppress such reactivity and enhance
device longevity, given that UV irradiation can cleave weak
PA-SAM-TCO bonds.

RESULTS: We first conducted a systematic study and verified
detrimental chemical reactions between PA-SAMs and
perovskites. Using solution-state nuclear magnetic resonance
spectroscopy and x-ray diffraction, we found that PA-SAM
molecules oxidized iodide, decomposed the formamidinium

Reducing reaction at the PA-SAM—perovskite
interface through stronger molecular anchoring.
Weakly bonded phosphonic acids (PAs; lower left) can
readily detach from the TCO substrate and leave
reactive anchoring groups exposed and prone to
reacting with perovskite components. By contrast,
1PA-TPD (lower right) establishes robust anchoring

to the substrate, suppressing detachment and
interfacial reactions and thereby improving device
stability under realistic operating conditions. Colors
in the ball-and-stick models are as follows: white, R &3
hydrogen; gray, carbon; blue, nitrogen; red, oxygen; Bs
orange, phosphorus. : -
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cation, and reduced Pb to metallic lead. These reactions accelerate
markedly at elevated temperature and under UV illumination. To
quantify weak anchoring of PA-SAMs to TCOs, we developed a
characterization workflow that combined mild acid washing with
electrochemical and surface analyses. This revealed that ~30%

of molecules in commonly used PA-SAMs are bound to TCO
primarily through weak hydrogen bonds, making them prone to
detachment during operation. To address this, we designed and
synthesized a triphenylamine-based phosphonic acid (1PA-TPD)
engineered for robust, covalent attachment to a TCO. Perovskite
solar cells incorporating an optimized mixture of this strongly
TCO-binding PA-SAM and a complementary one with strong
affinity to the perovskite exhibited enhanced film crystallinity and
reduced defect density. Under continuous operation at 85°C

with full-spectrum illumination, these devices retained 90% of
their initial efficiency (Tgo) for nearly 3000 hours, substantially
outperforming controls. For scale-up, we fabricated minimodules
(aperture area >20 cm?) that achieved >22% power conversion
efficiency and a Ty of ~2200 hours under the same harsh conditions.

CONCLUSION: We identified and addressed a previously underap-
preciated degradation pathway in perovskite photovoltaics:
reactions between PA-SAMs and the perovskite under simultane-
ous light and heat. By designing a molecule that forms a strongly
anchored monolayer, we minimized the exposure of reactive
acidic groups at the interface. This strategy delivers perovskite
cells and modules with exceptional operational stability, marking
a substantive step toward the reliability that is needed for
commercial deployment. []
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Limiting phosphonic acid
interlayer-perovskite reactivity to

stabilize perovskite solar modules
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Phosphonic acid (PA)-based interlayers used in metal-halide
perovskite solar cells (PSCs) can suffer from instability at
elevated temperatures. We report that the acidic protons of PAs
weakly bound to indium tin oxide (ITO) can accelerate the
oxidation of iodide, decomposition of formamidinium, and
reduction of lead ions and that these reactions accelerate at
high temperature and on exposure to ultraviolet light. Also,
some common PA molecules weakly bonded to ITO can desorb
and react with perovskites. We synthesized a bis(diarylamino)
biphenyl-based PA that binds more strongly to ITO and show
that its use in PSCs led to an operational lifetime of nearly
3000 hours with 10% efficiency loss (Tgp) at 85°C under a
metal halide lamp (including ultraviolet light) with maximum
power point tracking. Minimodules had power conversion
efficiencies >22% with an aperture area of >20 square
centimeters and exhibited a Tog lifetime of ~2200 hours under
similar testing conditions.

PerovsKite solar cells (PSCs) have emerged as candidates for next-
generation photovoltaics, offering certified power conversion efficiencies
(PCEs) greater than 27%, low-cost fabrication, and tunable optoelectronic
properties (). The optimization of hole-transport materials (HTMs) re-
mains critical to improving charge extraction, suppressing interfacial
recombination, and enhancing device stability (2-4). Among HTMs,
phosphonic acid (PA)-based hole-accepting molecules, often referred to
as self-assembled monolayers (SAMs), offer facile synthesis, molecular-
level design precision, and robust interfacial bonding (5-8). The typical
carbazole-based PAs, such as [29H-carbazol-9-yl)ethyl]phosphonic acid
(2PACz) and [4-(3,6-dimethoxy-9 H-carbazol-9-yl)butyl]phosphonic
acid (Me-4PACz), enabled improvements in device PCE and durability
by enhancing molecular coverage and minimizing nonradiative carrier
recombination (9-15). [2-(9-Ethyl-9H-carbazol-3-yl)ethylJphosphonic
acid (EtCz3EPA) was developed to further strengthen binding to both
the transparent conducting oxide (TCO) substrate and perovskites (6).

In many cases, the use of these PAs improves hole extraction, mitigates
ultraviolet (UV)-induced interfacial damage, and enhances outdoor
operational stability (16-18). Recent studies have shown that SAMs with
ordered structures exhibit better stability when subject to external
light and/or thermal stress, highlighting the importance of molecular
stacking in device longevity (19-23). In addition, codeposition of SAMs
with the perovskite layer can, in some cases, passivate grain boundaries
and boost the initial PCEs (24-26). Despite these advances, there is no
report of SAM-based perovskite modules continuously operating for
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>1000 hours under the combined stress of high temperature (>85°C)
and full-spectrum (with UV) light illumination. Some SAMs with weak
binding to the TCO substrate undergo desorption under thermal or light-
induced stress, which exacerbates interfacial degradation. The PAs can
migrate into the interior of the perovskite layer, leading to a decrease
in the level of device performance (27, 28). Although SAMs can pas-
sivate the surface defects of the perovskite grains when the PA (or its
conjugate base) is incorporated into the perovskite layer, deleterious
effects can arise through interactions of the PA molecules and the
cations in the perovskite layer.

We undertook a study to develop a deeper understanding of the role of
acid (including the pK, of the acid, where K, is the acid dissociation con-
stant) on the long-term stability of formamidinium (FA"), iodide (I7),
and PSCs containing both ions. We found that the widely used PA-SAMs,
although effective in improving the initial PCE, can, if desorbed from
the indium tin oxide (ITO) substrate, react with perovskites. The rate
of these reactions was accelerated at elevated temperatures and under
exposure to UV light. Insights into the mechanism and rates of these
chemical reactions were developed using nuclear magnetic resonance
(NMR) spectroscopy and x-ray diffraction (XRD) analyses. We devel-
oped a new PA-SAM molecule that bound more strongly to ITO sub-
strate relative to previous SAMs that we and others have examined.
This strong binding inhibited detachment during perovskite deposition
and operation. The perovskite minimodules with this PA-SAM as the
HTM exhibited an improved operating PCE at high temperature and
under full-spectrum illumination.

Reaction of PAs and perovskite under photothermal conditions
The PA molecules are often referred to as monolayers or SAMs when
used as a hole transport layer (HTL), where their phosphonic group
[-PO(OH),] bonds to TCO substrates. Reported binding modes include
hydrogen bonding, as well as covalent metal-oxygen-phosphorus (M-O-P)
linkages through one or two hydroxyl groups (29). In some cases, the
phosphoryl oxygen (P=0) has been reported to participate in covalent inter-
action with the substrate, leading to tridentate binding modes (30-32).
The specific binding mechanism of PAs depends on their structure and
the deposition method, including the solvent and annealing procedure.
Unfortunately, many deposition and annealing procedures that have been
reported lack the necessary detail to enable comparison of the binding
mode and ultimate surface coverage across laboratories.

To systematically evaluate whether the phosphonic group can react with
perovskKites, we incorporated EtCz3EPA as an additive into the FA( gCso1Pbl;
perovskite precursor solution and fabricated devices with the archi-
tecture ITO/EtCz3EPA/FA oCso1PbI3:EtCz3EPA/Cgo/bathocuproine
(BCP)/copper (Cu), where Cs is cesium and Pb is lead. In this configuration,
EtCz3EPA served both as the HTM and as an additive within the perov-
skite layer, similar to previous reports (24). To exclude possible (but
unlikely) reactions with the carbazole group, methyl PA (MPA), the sim-
plest PA, was also used as an additive in identical device structures. The
EtCz3EPA HTM was deposited by blade coating using a 1 mg ml ™ metha-
nol solution at a speed of 20 mm s\, Methanol dried within 1 s, and we
further annealed the PAs at 150°C for 5 min in air to promote the reaction.
To minimize weakly bound species, the EtCz3EPA HTM layers were then
intensively washed by methanol (>10 times) before perovskite deposition.
The stability of these devices was tested under accelerated aging condi-
tions using a light-emitting plasma (LEP) lamp (100 mW cm™2, ~2.2% UV,
spectrum in fig. S1) at 85°C. As shown in fig. S2, devices containing
either EtCz3EPA or MPA as additives within the perovskite layer ex-
hibited higher initial PCEs than reference devices but showed faster
degradation during a light-thermal test, suggesting a possible reaction
of the PAs with perovskites.

To investigate the chemical reactions between PAs and perovskites,
we first mixed PAs and formamidinium iodide (FAI) in deuterated
dimethyl sulfoxide (DMSO-ds) and examined the reaction products
using "H-NMR spectroscopy. As shown in Fig. 1A and fig. 3, notable
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changes in the NMR signals were observed after aging the FAT and MPA
mixed solution at 85°C in air for 1 hour. Specifically, the -NH, peak
from FA" [ 8.81 parts per million (ppm)] split into two, one of which
appeared as a doublet; the ~-OH peak of MPA shifted from 6 9.42 to
8 9.58 ppm; the ~CH resonance of FA (8 7.78 to 7.93 ppm) evolved into
a triplet of triplets; and the adventitious H,O resonance (6 3.36 ppm)
was reduced and slightly shifted in the presence of MPA. The observa-
tion of a singlet NH and a singlet CH resonance from FA* under many
conditions is caused by averaging of the couplings and the chemical
inequivalence of N-H environments cis and trans to the adjacent C-H
group by proton exchange with adventitious water (reversible depro-
tonation of FA™); the spectra seen in the presence of MPA are consis-
tent with suppression of this exchange by the PA and are consistent
with spectra seen for FA* and substituted FA™ derivatives in the pres-
ence of other strong Bronsted acids or of Lewis acids (33-35).
Additionally, a triplet signal with a 1:1:1 intensity ratio was detected
at 8 6.95 to 7.25 ppm, characteristic of NH," formation (36-38). Re-
peating the experiment under a nitrogen atmosphere (fig. S4) revealed
similar NH," peaks, ruling out oxidation by O as the cause. When the
heating time of the FAI-MPA mixture was extended to 100 hours, the
-OH signal from MPA completely disappeared (fig. S4), accompanied
by a marked increase in the NH,* signal, confirming a chemical reac-
tion between the phosphonic group of MPA and FA™. This is shown by
Reaction 1, thereby accelerating the subsequent degradation step un-
der heating. Furthermore, additional tests were conducted by mix-
ing FAI with other PAs or acids, including 2PACz, EtCz3EPA, boric acid
(H3BO3), and acetic acid (AcOH). All mixtures exhibited NH," signals

in the NMR spectra, suggesting that this degradation process is broadly
applicable to a range of acidic species that contain ~-OH groups (R-OH)
(fig. S5).

NH,—CH=NH; + R—-OH = NH;-CH=NH; + R-0~

A
=NH; + HCNH' > NH} + HCN{
@

A distinct color change was also observed in the FAI-MPA mixture
solution after heating in air for 10 hours, whereas no color change oc-
curred when heating was conducted under a nitrogen atmosphere. As
shown in Fig. 1B, a notable absorption peak appeared around ~360 nm,
characteristic of triiodide (I3™) (39, 40), indicating the formation of I,
and the oxidation of iodide (I7). Quantitative analysis revealed that
the I3~ peak intensity in the FAI-MPA solution was ~73 times higher
than that of the FAI-only solution when tested under identical condi-
tions, suggesting that MPA promoted the oxidation reaction. Because
no iodine formation was detected under nitrogen atmosphere, we as-
sumed that the reaction between I” and MPA proceeded as follows:

©)

We also evaluated many other acids in terms of the capability in
accelerating the oxidation of iodide, noting that oxygen in the pres-
ence of acid becomes a stronger oxidant. As shown in Fig. 1C, a clear
negative correlation was observed between the amount of iodine
formed and the pK, values of the added acids; that is, molecules with
stronger acidity (lower pK,) exhibited greater reaction acceleration.
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Fig. 1. Chemical reaction of PAs and perovskites. (A) ‘H-NMR of MPA, FAI, and the FAI-MPA mixture in DMSO-d. (B) UV-visible absorption spectrum of FAI and the FAI-MPA
mixture (0.1M in DMSO-ds) before and after 10 hours of aging (in air). The inset is a photograph of the FAI-MPA mixture solution before and after different aging conditions (in air
or N»). The aged solution of FAI-MPA for absorption test has been diluted by eight times for better comparison. a.u., arbitrary units. (C) The pK, values and acceleration factors
(AFs) of different acidic chemicals in the oxidation of I™. The acceleration factor is determined by the ratio of I, formed, measured by the absorbance of the solution. (D) XRD
patterns of the fresh and aged (85°C, 100 mW cm™2, with 4.5% UV inside) FAqgCso1Pbls films with and without MPA (20% molar ratio to Pb%*). The gray line represents a
diffraction signal of Pb° [powder diffraction file (PDF) card: 00-004-0686]. (E) Photograph of the fresh and aged (85°C, 100 mW cm™2, with 4.5% UV inside) Pbl; films without
addition (E1), with MPA (E2), and with HI (E3). The molar ratio of MPA and Hl is 20% to Pb%*. Scale bars are 5 mm. (F) The corresponding XRD patterns of the fresh and

aged samples.
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of H concentration in driving the oxidation of I".
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To further investigate how PA molecules inter- *—(:'[ﬁ [5 [5 [;JD ["][;]GD , g],’g][’lj’!
act with perovskites in solid-state films, we fab- [;]DD ["] G DGG [;][;J[;] A
ricated FAg 9Cso1PbI; films mixed with MPA and : : ITO — ITO
aged them under a nitrogen atmosphere at 85°C ITOo ITO/PAS ITO/PAS: Acid
for 120 hours using a metal halide (MH; 10,000K) oo
lamp that closely replicates the UV proportion i m Covalent-bonded PAs G Hydrogen-bonded PAs ! AcOH or H;BO4 E
of the solar spectrum (fig. S2). As shown in Fig. 1D, L ' :

the XRD patterns of the pristine FAy ¢Cso;Pbl; C
films exhibited barely any changes after aging.
By contrast, films containing MPA displayed two
additional low-angle peaks (<10°), together with
peak splitting around 31.5° that agree with the
diffraction peaks of metallic lead (Pb®) (41). The
presence of Pb® was further confirmed by dis-
solving the aged films in dimethyl sulfoxide
(DMSO) to remove soluble components, yielding

Bare ITO

o

a gray solution and black precipitates (fig. S6).
XRD analysis of the precipitate revealed peak
positions matching Pb°, confirming that Pb>* was
reduced to Pb° in the presence of MPA.

To elucidate how Pb>* was reduced by MPA, we
prepared Pbl, films mixed with MPA to avoid the

Current

——Bare ITO E
~— Before
— After

influence of other ions such as FA*. These films
were also aged under the same conditions. As
shown in Fig. 1, E and F, Pbl, films containing
MPA turned black after 120 hours, with the inten-
sity of the Pb® XRD peak being approximately five
times higher than that of the control Pbl, films. In
addition, two distinct peaks appeared at 8.5° and
9.8°% which indicates the formation of phosphorus-
lead compounds CH3PO,(OH)PbI and CH3PO3Pb
(fig. S7). This result shows that MPA accelerated
the decomposition of Pbl,. Moreover, a rapid color
change was observed only under MH lamp illumi-
nation, whereas the color change proceeded much
more slowly under a white light-emitting diode
(LED; <0.1% UV inside), suggesting that UV light
accelerated the material decomposition (fig. S8).
Because CH3PO3;Pb was generated from the reaction of MPA and
Pbl, (fig. S7), this reaction should also generate hydrogen iodide (HI),
as shown in Reaction 3. We speculate that it could further react with
Pbl, to form H,Pbl,,,, weakening the Pb-I bond and accelerating its
decomposition under UV exposure. To verify this hypothesis, we pre-
pared Pbl, films mixed with HI solution and tested them under the
same conditions. These films exhibited faster Pb° formation than the
reference, although still slower than MPA-containing films, likely be-
cause of the effect of partial evaporation of HI during the heating
process of film formation. The proposed mechanism by which MPA
accelerates Pbl, decomposition is summarized as follows:

Voltage (V)

CH,PO(OH), + Pbl, = CH,PO,(OH)PbI + HI = CH,PO,Pb + 2HI
(32)

uv
xHI + Pbl, = H,Pbl,,, —xHI+Pb+]I, (3b)
Partial SAM detachment caused by weak hydrogen bonding

The interaction between exposed PA groups in SAMs and the perov-
skites under operational conditions has been identified as a key con-
tributor to perovskite degradation. To mitigate this degradation
pathway, it is essential to understand how SAM molecules orient them-
selves on the ITO surface, as their molecular configuration directly
determines the extent of acid group exposure and interfacial reac-
tivity. When PAs are deposited on ITO by a solution process without
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Fig. 2. Substitution of hydrogen-bonded PAs by acid. (A) Schematic illustration of different types of PA stacking
modes on the ITO substrate. (B) Schematic of interfacial substitution of hydrogen-bonded PAs by acidic chemicals
(AcOH or H3BOs). (C) AFM-IR spectra of ITO/EtCz3EPA samples before and after acid treatments. The IR images
were collected around 1020 cm™, corresponding to C—H bending in ~CH3 groups of EtCz3EPA molecules. The bare
ITO is measured as reference, and scale bars are 1 pm. (D) CV curves of ITO/EtCz3EPA samples before and after
AcOH substitution. Ferrocene was added to the electrolyte. (E) Coverage factor (CF) of PAs before and after AcOH
substitution. Error bars represent the standard deviation of data from 5 or 6 samples. (F) Efficiency evolution of
devices fabricated on different substrates. The data were collected from 15 to 20 devices for each condition, and
the active area of the small devices is 0.08 cm?. The center line represents the median, box limits are upper and
lower quartiles, and whiskers are the confidence interval.

posttreatment, it is likely that some molecules form disordered multi-
layer structures (type I in Fig. 2A). In this configuration, the PA groups
from the upper layers, represented by black arrows, are not anchored
to ITO. These unbound molecules are readily dissolved by the perov-
skite precursor solution. Although solvent cleaning can partially re-
move these loosely adhered molecules, n-n interactions between the
conjugated moieties (orange bars) often promote the formation of
a bilayer structure (type II), as we observed for 2PACz. Although more
stable, the exposed PA groups can react with perovskites at their inter-
face. Type III refers to a well-defined monolayer configuration with
the PA group anchored onto ITO. It is often assumed that SAM
molecules are covalently bonded to the ITO surface. However, a subset
may instead interact with ITO through hydrogen bonding (type III-X).
These hydrogen-bonded molecules may temporarily survive solvent
washing but can detach over time or under UV light, undermining
long-term stability. The most desirable configuration is a fully cova-
lently anchored monolayer (type III-Y), which offers the best stability.

To determine the percentage of those weakly bonded PAs, we con-
ducted a washing process with diluted acid solution that could selec-
tively substitute hydrogen-bonded PAs without affecting covalently
bonded ones (Fig. 2B). We chose weak H3BO3 because we determined
that it does not etch ITO (fig. S9). Atomic force microscopy-infrared
(AFM-IR) spectroscopy mapping was used to characterize the coverage
before and after acid washing. We monitored the IR absorption at a wave
number of ~1020 cm™", which corresponds to the C-H bending vibration
of -CHj3 groups (fig. S10). As shown in Fig. 2C, a distinct decrease in IR
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intensity was observed after H3BOj3 treatment, indicating the removal of
hydrogen-bonded SAM molecules. Similar results were observed for the
widely used SAM molecule 2PACz (fig. S11), suggesting that those com-
monly used carbazole-based PAs are often only weakly bound to ITO
and are thus susceptible to partial removal under weak acid treatment.
To further quantify the removal of EtCz3EPA molecules from the
ITO surface, we performed cyclic voltammetry (CV) measurements
before and after acetic acid (AcOH) treatment. We chose AcOH over
H3BO; because it was more easily removed by mild heating, thereby
minimizing residual contamination on the substrate. After acid treat-
ment, the substrates were annealed at 150°C for 3 min to ensure com-
plete removal of residual AcOH. Bare ITO was used as a reference,
and ferrocene was added to the electrolyte to provide a probe of the extent
to which bare ITO is in electrical contact with the solution. Coating
EtCz3EPA on ITO notably reduced the ferrocene signal, which we at-
tributed to the blocking of active sites at the surface by the EtCz3EPA
molecules (Fig. 2D). After acid treatment, the CV response increased
substantially, indicating that some weakly bonded EtCz3EPA molecules
were removed and that the electrode surface had regained electro-
chemical activity. Quantitative analysis suggested that ~29% of the
EtCz3EPA molecules were removed by the acid treatment (table S1).
X-ray photoelectron spectroscopy (XPS) data in Fig. 2E and fig. S12
show a ~32% reduction in SAM coverage based on the nitrogen-to-
indium (N/In) elemental ratio. These results indicate that a portion of
the monolayer, which we assume to be hydrogen-bonded PAs, can sur-
vive rigorous solvent washing but be detached by weak-acid treatment.
The loss of EtCz3EPA molecules through acid treatment had direct
implications for device performance. Devices constructed on acid-
treated substrates exhibited a 20% on average decrease in PCE com-
pared with those fabricated on solvent-washed substrates (Fig. 2F).
All substrates had undergone extensive solvent washing before acid
treatment, underscoring that hydrogen-
bonded PAs alone can influence device be-
havior. To validate the role of molecular A
coverage, we performed a second EtCz3EPA
coating onto the acid-treated substrates,
and the device efficiency was restored. This
study provides direct evidence that the cov-
erage of the PAs affected PCE.

Enhancing the bonding strength with
triphenylamine-based PAs
We designed and synthesized a series of
triphenylamine-based molecules with the
molecular structures shown in Fig. 3A. Their
synthesis and characterizations are described
in the materials and methods and figs. S13
and S14. The triphenylamine core is known
for its hole-transporting capability. These
derivatives were designed to probe the in-
fluence of conjugation length and anchoring
group chemistry on charge transport property
and interfacial stability. These molecules
were initially screened based on the effi-
ciency and stability of devices. Among them,
the device with (4-{[4'-(diphenylamino)-
(1,1’-biphenyl)-4-yl](phenyl)amino}benzyl)
phosphonic acid (1IPA-TPD) demonstrated the
best PCE and light thermal stability (fig. S15).
To experimentally validate the interac-
tion strength between 1PA-TPD and the ITO
substrate, AFM-IR spectroscopy images were
obtained on ITO/1PA-TPD substrates before
and after AcOH washing. As shown in Fig. 3B,
AcOH washing led to no notable change in IR

Science 1 JANUARY 2026

intensity, indicating minimal loss of SAM molecules. CV analysis (Fig. 3C
and table S1) revealed that 11% of the 1PA-TPD molecules were removed
by acid treatment, near the decrease in molecular coverage (~6%)
determined by XPS (Fig. 3D and fig. S12). Furthermore, PSCs made with
ITO/1PA-TPD substrate before and after acid treatment exhibited neg-
ligible differences in average PCEs (Fig. 3E). These results collectively
support that 1PA-TPD forms strong anchoring interactions with ITO.

Improved photothermal stability of PSCs and minimodules

We used mixed PAs (40 wt % EtCz3EPA with 60 wt % 1PA-TPD), because
1PA-TPD, with its single PA anchoring group and sterically shielded
triarylamine nitrogen, binds strongly to ITO but not to perovskites.
This composition was optimized on the basis of the resulting device
PCE and operation stability (fig. S16A). Before the perovskite deposition,
the mixed PA-coated ITO substrates were intentionally washed with a
solvent solution containing 5% AcOH to remove hydrogen-bonded PAs.
PA deposition-washing cycles beyond two showed no further improve-
ment (fig. S16B). Thereafter, perovskite films and devices fabricated
with the mixed PAs of EtCz3EPA and 1PA-TPD as the HTM are referred
to as “target,” whereas those with the previously optimized hybrid
HTM (EtCz3EPA/PTAA:BCP) are referred as “control” (6).

To evaluate the effect of the new HTM on perovskite crystallization,
we obtained grazing incidence xray diffraction (GIXRD) data from the
bottom side of perovskite films after peeling off the perovskite layer. The
grazing incidence angle of 0.3° enabled a probing depth of ~50 nm into
the film. Compared with the control sample, the target sample ex-
hibited a ~50% increase in diffraction peak intensity and a narrower full
width at half maximum by 0.02° which was similar to EtCz3EPA-only-
based samples as reported previously (6), indicating enhanced crystal-
linity (Fig. 4A). Time-resolved photoluminescence measured from the
perovskite bottom side (without HTM) showed a carrier lifetime of 1.2 ps
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Fig. 3. Design of SAM molecules for robust bonding on ITO. (A) Molecular structure of triphenylamine-based PAs.
(B) AFM-IR spectra of ITO/1PA-TPD samples before and after acid treatments. The IR images were collected around
1580 cm™, corresponding to C-C bending in benzene ring of 1PA-TPD. Scale bars are 1 pm. (C) CV curves of
ITO/1PA-TPD samples before and after AcOH substitution. Ferrocene was added to the electrolyte. (D) Coverage factor
of PAs before and after AcOH substitution. Error bars represent the standard deviation of data from 5 or 6 samples.
(E) Efficiency evolution of devices fabricated on ITO/1PA-TPD substrates with and without AcOH substitution. The data
were collected from 15 to 20 devices for each condition, and the active area of the small devices is 0.08 cm?. The
center line represents the median, box limits are upper and lower quartiles, and whiskers are confidence interval.
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Fig. 4. Enhanced photothermal stability of PSCs. (A) GIXRD patterns of the fresh perovskite films prepared on different substrates. The samples were peeled off from ITO
substrate and measured from the bottom perovskite side with an incident angle of 0.3°. (B) PL lifetime of the fresh perovskite films prepared on different substrates. (C) PL
intensity and lifetime mapping images of aged samples collected from the ITO/HTM side of the samples. The aged samples were illuminated under a MH lamp and 85°C for
~500 hours (100 mW cm™2, 4.5% UV inside). (D) SEM images of the control and target samples after peeling off. The samples were illuminated under a MH lamp and 85°C for
~500 hours (100 mW cm~2, 4.5% UV inside). Scale bars are 2 um. (E) Schematic of the configuration of small-area devices. (F) J-V curves of the PSCs with different HTMs.

(G) Trap density of PSCs based on different substrates. E,,, demarcation energy; tDOS, total density of states. (H) Light-soaking stability of small-area devices (MPP conditions,
85° + 5°C) based on different HTM layers under the illumination of a MH lamp (100 mW cm~2, 1.0% UV inside). (1) Light-soaking stability of small-area devices (MPP conditions,
with load, 85° + 5°C) under different lamps. The active areas of the small devices are 0.08 cm?, and the data were collected from 20 to 30 devices for each group.

for the target sample, ~2.6 times longer than that of the control (Fig. 4B),
indicating lower deep-trap density in the perovskite layer.

To assess the influence of the new HTM on the long-term photo-
thermal stability of perovskite, we analyzed the aged samples after
500 hours of operation with a MH lamp, under maximum power point
(MPP) conditions at 85°C. The control devices showed localized dark
regions in the photoluminescence (PL) mapping images (Fig. 4C), in-
dicative of cation migration, phase segregation, or both. By contrast,

Science 1 JANUARY 2026

the target devices exhibited minimal changes, suggesting greater sta-
bility under prolonged light and heat exposure.

We performed postaging peeling tests and imaged the bottom interface
morphology with scanning electron microscopy (SEM) (Fig. 4D). Because
of the presence of a PTAA layer above the EtCz3EPA in the control samples,
the bottom surface of the perovskite layer appeared relatively flat with
only minor pits. By contrast, the target sample exhibited a rough fracture
surface, suggesting that the fracture occurred within the perovskite layer
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itself. Photographs of the peeled films (fig. S17) visually confirmed the forma-
tion of a robust ITO/HTM/perovskite interface in the target samples.

To gain deeper insight into the enhanced interfacial stability under
photothermal stress, we performed a series of density functional
theory calculations to evaluate the binding energies of 1PA-TPD and
EtCz3EPA in both covalently bonded and hydrogen-bonded configura-
tions. The covalently bonded structures considered two molecular
orientations: single-molecule adsorption with an approximately paral-
lel alignment to the surface and paired molecules adopting a more
vertical geometry that enables intermolecular interactions. In both
scenarios, 1PA-TPD exhibited higher binding energies than EtCz3EPA
(see fig. S18). This is attributed to the formation of stronger In-O bonds
between 1PA-TPD and the ITO substrate. In addition, the hydrogen-
bonded configurations (fig. S19) also showed that the adsorption of
1PA-TPD was more stable than that of EtCz3EPA, mainly because of
van der Waals interactions between 1PA-TPD and the ITO substrate.

We fabricated small-area PSCs incorporating different HTMs using
the device architecture shown in Fig. 4E to assess their photovoltaic
performance. In this configuration, the BCP layer was replaced by
atomic layer-deposited tin oxide (ALD SnO,), which offers an en-
hanced ability to retain light-induced iodine and effectively suppress
Cu electrode diffusion (42). The control devices reached a PCE of 24.5%
(Fig. 4F and table S2), matching values reported in previous studies
(6), whereas the target devices achieved a slightly higher efficiency of
25.0%. To further probe the electronic properties of the devices, we
analyzed the defect states within the perovskite layer. As shown in
Fig. 4G, the target device exhibited a modest reduction in both trap
band I (0.25 to 0.35 eV) and trap band II (0.35 to 0.45 eV), which cor-
respond to negative (I;”) and positive (I;) iodide interstitial defects,
respectively (43, 44). The measurement was taken from the fresh
samples, and this reduction in trap states is aligned with the improve-
ment of crystallinity of the perovskites. Impedance spectroscopy fur-
ther confirmed this trend, showing clear interfacial degradation in the
control device but only minor changes in the target device after aging
(fig. S20).

We evaluated the photothermal stability of the devices under high-
temperature and full-spectrum illumination conditions to accelerate
degradation. We first determined the temperature coefficient of these
devices. As shown in fig. S21, the temperature coefficient of the target
devices is —0.22% °C~", which outperforms the control device (—0.29%
°C™Y, making the target devices more efficient at high temperature.

‘We then measured the long-term operational stability of the unen-
capsulated devices under continuous illumination (100 mW cm'z, 1.0%
UV inside) at 85°C using MPP tracking systems in a N, filled glovebox.
As shown in Fig. 4H and fig. S22, the control device reached 90% of
its initial PCE (Tyo) after ~1860 hours, whereas the target device ex-
hibited a Ty, lifetime of nearly 3000 hours, demonstrating that our
molecular design strategy substantially enhances photothermal stabil-
ity under realistic and accelerated test conditions. Considering that
UV light accelerates interfacial reaction between PAs and perovskKites,
we further evaluated device stability under light sources with varying
UV ratios. Specifically, the UV proportion of MH lamps increases with
color temperatures, from 1.0% at 3200 K to 4.5% at 10,000 K. For each
of the measurements, at least 10 devices were measured for each condi-
tion for statistical analysis. As shown in Fig. 41 and fig. S23, the Ty
lifetimes were 2890, 2280, and 1430 hours for the devices illuminated
by UV-free LED lamps, MH lamps with 1.0% UV, and MH lamps with
4.5% UV, respectively. Devices were connected with a fixed load to
simulate the MPP condition and frequently transferred from a photo-
thermal stability test setup to a current density-voltage (J-V) curve
measurement system (in air). Notably, frequent J-V scans introduced
additional bias stress, which may partially account for the shorter
lifetimes that were observed compared with those under continuous
MPP tracking, as shown in Fig. 4H (45, 46). A slight reduction of
conductivity from ITO electrodes was observed after these studies
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(fig. S24), and further study is needed to determine the contributions
to the UV-related degradation from several different pathways such
as ITO property changes, interfacial properties changes, and perov-
skite degradation.

Finally, we applied the HTMs to fabricate perovskite minimodules
with an aperture area of ~23.1 cm? The best-performing module
achieved a PCE of 22.1% at 25°C with no hysteresis, as shown in Fig. 5A
and table S3. When the operating temperature increased to 85°C, the
module PCE declined to 18.6%, corresponding to a temperature coef-
ficient of —0.26% °C™'. An antireflection layer was used in this configu-
ration and removed during the stability test.

To evaluate their long-term operational stability under elevated
temperatures, we encapsulated the minimodules with polyisobutylene/
polyolefin elastomer (Fig. 5B) (47). For accelerated photothermal ag-
ing, the modules were placed under large-area LEP lamps (100 mW
em™2, with 2.2% UV) and were maintained at MPP conditions through-
out the test. As shown in Fig. 5C and table S4, stability testing of four
modules from two fabrication batches (indicated by green and blue
lines) yielded an average Ty lifetime of ~1750 hours under continuous
light illumination at 85°C. The best-performing module achieved a Ty,
of ~2200 hours, which represents a substantial advance in the durabil-
ity of SAM-based perovskite modules under combined stress of high
temperature and full-spectrum light (including UV).

Discussion

The PAs, which are widely used as HTMs in PSCs, can chemically in-
teract with the perovskite under photothermal stress, accelerating its
degradation. This detrimental reaction can be effectively suppressed
by covalently anchoring a single layer of PAs to the ITO substrate, thereby
reducing the interfacial exposure of reactive phosphonate groups.
Notably, approximately one-third of conventional PAs remain remov-
able from ITO by weak acid, presumably as a result of being noncova-
lently bound. To address this issue, we designed and synthesized a
triphenylamine-based PA, 1PA-TPD, that features enhanced binding
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Fig. 5. Stabilized perovskite minimodules under photothermal conditions.

(A) J-V curves of perovskite minimodules with new hybrid PAs as HTMs under
different operation temperatures. (B) Photographs of the encapsulated perovskite
minimodule viewed from the copper electrode side (top) and the ITO side (bottom).
(C) Operational stability of perovskite minimodules under 85°C and a LEP lamp
(100 mW cm™2, with 2.2% UV inside). The aperture of the minimodules is ~23.1 cm?.
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affinity to ITO. PSCs incorporating this new PA and EtCz3EPA demon-
strated a Ty operational lifetime of nearly 3000 hours under full-
spectrum illumination at 85°C under MPP tracking. Furthermore, the
best-performing minimodule exhibited a Ty approaching 2200 hours
under the same conditions.

Materials and methods are available in the supplementary materials.
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