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SOLAR CELLS

Redirecting wet–interfacial redox 
pathways for efficient inverted 
perovskite solar cells
Zheng Liang1,2†, Boyuan Liu3,4†, Yuelong Li5,6†, Yalan Zhang2†,  
Yi Yang7†, Shengbin Cheng1, Linchuan Ma5, Bao Tu8,  
Hua-Chao Liu9, Huifen Xu3, Yuqi Bao1, Minghui Fan3, Peide Zhu10, 
Xianfu Zhang11, Congqi Li12, Hui Zhang3,4, Xinyuan Zhang4,  
Yuheng Li1, Guodong Chen8, Cheng Liu11*, Chen Zhu8*,  
Chuying Ouyang8, Nam-Gyu Park2,13*, Yong Zhang1* 

Carbazole-based phosphonic acid self-assembled monolayers 
(SAMs) are essential for high-efficiency p-i-n perovskite solar 
cells. However, during processing, these SAMs inevitably 
contact perovskite inks, where their acidity triggers a dimethyl 
sulfoxide (DMSO)-mediated iodide redox reaction that imprints 
device performance, representing a universal bottleneck for 
inverted devices. We resolve this SAM-triggered redox 
mechanism and introduce chemistry-matched hydrazide 
additives to mitigate the degradation. These additives abrogate 
DMSO activation and redirect unwanted by-products toward 
benign hydrazide–formamidinium adducts. Consequently, we 
achieved power conversion efficiencies (PCEs) of 27.7% 
(certified 27.4%) in small-area (0.06 cm2) cells and 20.1% in  
2.0 m2 modules, along with T95 lifetimes of ∼2000 hours  
of maximum power point tracking (MPPT) at 85°C and  
∼1500 hours MPPT at 85°C and 85% relative humidity.

Carbazole-based phosphonic acid self-assembled molecules (SAMs) 
used as hole-selective contacts in p-i-n perovskite solar cells (PSCs) 
have registered steady performance gains (1–12). In this family of SAMs, 
a carbazole-derived motif enables efficient hole transport, and inter-
facial hydrogen-bonding and coordination interactions bind the ter-
minal phosphonic acid headgroup to transparent conductive substrates 
(13–15). These SAMs have enabled PSCs to reach certified power con-
version efficiencies (PCEs) of 27.2% (1).

Despite these advances, SAMs anchoring in practice is often insuffi-
ciently strong or uniform to create a single, well-ordered monolayer. 
Instead, SAMs frequently assemble into multilayers containing a fraction 
of loosely stacked molecules, yielding an ultrathin interlayer on the na-
noscale (5–8). Therefore, SAM contacts remain chemically dynamic in-
terfaces. Their molecular nature renders them susceptible to desorption, 
aggregation, and interfacial reconstruction under operational stress, 
which can degrade charge extraction and long-term stability (12, 16–18).

Recent studies further suggest that partial SAM desorption and the 
intrinsic acidity of phosphonic acid anchoring groups can disrupt the 
underlying perovskite lattice during aging. Accordingly, redesigning 
SAM structures to strengthen substrate binding has therefore proven 
effective in mitigating post-fabrication degradation and improving 

operational durability (19). However, current understanding is largely 
confined to degradation processes that occur after device completion. 
Whether the intrinsic acidity of phosphonic acid SAMs influences the 
wet-chemical environment prior to, and during, perovskite film for-
mation remains relatively unexplored. This gap is critical, because 
solution-processed perovskite deposition—a key determinant of crys-
tallization dynamics and ultimate device performance (19)—inherently 
involves prolonged contact between polar precursor inks and the SAM-
modified substrate. If acidic species come into contact with or leach 
into the precursor ink, they can alter precursor speciation and influ-
ence crystallization before film solidification.

Here, we show that the impact of SAM acidity begins well before 
device aging. Upon contact with dimethyl sulfoxide (DMSO)-containing 
precursor solutions under typical processing conditions, SAM-derived 
acidity participates in solution reactions that trigger and accelerate 
DMSO-mediated iodide oxidation and form reactive iodine species 
and iodine–solvent adducts. These by-products emerge on timescales 
comparable to coating and annealing, become incorporated during 
crystallization, and preferentially perturb the buried interface (20). 
The resulting interfacial lattice distortion and iodine-related deep de-
fects degrade film quality, suppress PCE, and compromise stability. 
Notably, these effects intensify under the extended wet-processing 
windows required for large-area manufacturing, where interfacial so-
lution chemistry becomes increasingly consequential (21).

Guided by this mechanism, we developed a chemically compatible 
additive strategy that selectively scavenged SAM-derived protons and 
suppressed and redirected acid-driven redox pathways toward benign 
intermediates. The resulting interfacial species improved energetic 
continuity and facilitated vertical hole extraction. With this approach, 
we achieved a champion PCE of 27.7% (certified fast-scan efficiency of 
27.6%, stabilized efficiency of 27.4%) for laboratory-scale devices and 
20.1% for 2 m2 modules. Device durability was substantially extended, 
with T95 lifetimes of ∼2000 hours under ISOS L-2I condition at 85°C 
and ∼1500 hours under ISOS L-3 condition at 85°C and 85% relative 
humidity (RH).

SAM-triggered chemistry in perovskite inks
To study the wet chemistry that generally emerges when carbazole–
phosphonic acid SAMs engaging perovskite inks, we selected four 
widely used, structurally representative molecules (Fig. 1A): (2-(9H- 
carbazol-9-yl)ethyl)phosphonic acid (2PACz; Cz, R1), (2-(3,6-dimethoxy- 
9H-carbazol-9-yl)ethyl)phosphonic acid (MeO-2PACz; MeOCz, R2), 
(4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (4PADCB; DBCz, 
R3), and (4-(3,6-dimethyl-9H-carbazol-9-yl)butyl)phosphonic acid 
(Me-4PACz; MeCz, R4). This set of SAMs spans structural variations in 
carbazole substitution and ensures the generality of our observations.

Visual inspections hinted at a rapid chemical transformation upon 
SAM addition. Even with very fresh solutions at room temperature in 
N2, SAMs turned initially colorless formamidinium iodide (FAI)/DMSO 
solutions pale yellow and then darkened upon heating (Fig. 1B). Sim
ilar changes seen in methylammonium iodide (MAI)/DMSO and full 
precursor inks confirmed that this reactivity was general to SAM–
perovskite ink interactions (figs. S1 to S3).

These color evolutions pointed to a very fast oxidation of iodide (I−) 
to I2/I3

− , particularly in the DMSO solution containing acidic species 
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(figs. S4 to S7) (22–24). DMSO is known to be only a weak oxidant 
(22, 23), suggesting that the key driver of the enhanced reactivity is 
the presence of phosphonic acid species leached from SAMs into the 
ink. We therefore proposed that phosphonic acids introduced an 
alternative, proton-assisted pathway that accelerated an organic-
iodide salts redox reaction, plausibly through protonating and acti-
vating DMSO and thereby enabling its role as a mediator for iodide 
oxidation (25).

Accordingly, we designed a set of four conjugated hydrazide-based 
additives (Hz) for perovskite precursors, to address this reaction at 
its origin (Fig. 1A). These additives share a general structure of 
R-propanehydrazide (R-Hz), where the R group mirrors the corre-
sponding SAM chromophore to function with semiconducting proper-
ties and maintain compatibility with SAMs. Synthetic routes are 
provided in the methods and figs. S8 to S12. The terminal hydrazide 
functionality was chosen to buffer or capture the excess protons in the 
ink, thereby inhibiting proton-driven DMSO activation and the sub
sequent redox reaction. Consistently, adding the matched Hz from the 
outset markedly weakened the color evolutions across all DMSO-
containing solutions (FAI, MAI, and full perovskite precursors), and in 
many cases kept the solutions essentially colorless (Fig. 1B and figs. S1 
to S5). These results confirmed that hydrazide additives effectively 
intercepted the proton-driven reactivity triggered by leached SAMs.

Proton nuclear magnetic resonance (1H NMR) measurements were 
performed to resolve the reaction underlying these observations. In pris-
tine FAI, both the characteristic formamidinium cations (FA+) C–H and 
N–H resonances appeared as singlets, consistent with a homogeneous 
chemical environment. After introducing any of the four SAMs, the 
FA+ C–H resonance broadened and evolved from a singlet into multi-
plets, whereas the N–H signal split into two distinct peaks (figs. S13 
and S14). These changes were consistent with a shifted protonation/

exchange equilibrium and the emergence of chemically nonequivalent 
N–H environments in the presence of phosphonic acid species (26). 
Additionally, these spectral evolutions demonstrated stoichiometry-
dependent trends (figs. S15 to S18), further supporting a direct chemi-
cal interaction between SAMs and FA+. Complementary 13C NMR 
revealed new carbon signals upon mixing FAI and SAMs in DMSO 
(figs. S19 to S22), suggesting that the FA+ moiety underwent side reac-
tions in the SAM-containing inks, likely forming reaction by-products.

By contrast, introducing Hz to the ternary FAI/SAM/Hz mixtures 
reverted the FA+ C–H resonance to a clean singlet, and suppressed the 
doublets splitting of protonated N–H (indicated by an arrow in fig. 
S14) observed in FAI/SAM mixtures (fig. S14). Identical behaviors were 
observed for samples prepared in a DMF/DMSO cosolvent system (fig. 
S23). This result indicated that the Hz additives stabilized the chemical 
environment of FA+ and inhibited the SAM-triggered side reactions. 
Both C–H and N–H resonances shifted noticeably downfield relative 
to the FAI/SAM samples (fig. S13), suggesting that Hz were not chemi-
cally inert but instead engaged in specific interactions with FA+ species.

Two-dimensional (2D) 1H–1H correlation spectroscopy (COSY) mea-
surements (fig. S24) confirmed that the Hz-containing sample exhibited 
distinctive cross-peaks linking the FA+ C–H and N–H resonances. The 
appearance of these correlations compared to the FAI/SAM mixtures 
supported a direct coupling pathway enabled by Hz addition, suggest-
ing reactive sites between FA+ and Hz molecules, and further local or 
molecular structural alterations (27–29).

We used high-performance liquid chromatography–mass spectrom-
etry (HPLC–MS) to directly track iodide oxidation in DMSO and DMF/
DMSO solutions and resolve the molecular identities of the reaction 
(fig. S25). In pristine FAI/DMSO, only a weak I3 signal at a mass-to-
charge ratio m/z 381 was observed, accompanied by low-intensity FAxIy 
adducts that arise from association of FA species with iodide in mixed 
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valence states (fig. S26). Once SAMs were introduced, strong I3 signals 
emerged, and the FAxIy series intensified substantially, including as-
signments consistent with FAI2, FA2I3, and FA3I4 at m/z 299, 471, and 
643, respectively. By contrast, in the corresponding ternary FAI/SAM/
Hz samples, I3 was no longer detectable and the FAxIy signals collapsed 
to near-background levels. These results directly showed that SAM-
derived phosphonic acids promoted an iodide redox in DMSO, whereas 
Hz additives effectively shut down this deleterious pathway.

Two features stood out as fingerprints of the SAM-triggered chem-
istry (figs. S27 to S32). Peaks at m/z 282 and 89 appeared across all of 
the FAI/SAM samples, yet were absent once Hz was added. The m/z 
282 species is consistent with a (DMSO)2-I adduct (compound 3) 
(30, 31). The m/z 89 signal, by contrast, showed no multiplicative rela-
tionship expected for FA–FA coupling products, making FA+ dimeriza-
tion unlikely. Instead, this feature points to a by-product of FA+. Guided 
by the accompanying NMR results, we tentatively assigned the m/z 89 
product to molecular compound 4, plausibly formed by nucleophilic 
addition of the C=N functionality at the terminal –NH2 site of FA+ 
(32, 33). Notably, HPLC-MS analysis revealed that the intensities of 
compounds 3, 4 and I2/I3

−—critical indicators in the redox pathway—
exhibited a DMSO-stoichiometric dependence, implying the catalytic-
like behavior of DMSO in mediating and propagating the redox cycle 
(figs. S33 to S35).

Critically, at similar retention times (≈10 min), new peaks appeared 
exclusively in the FAI/SAM/Hz samples, suggesting a common scaffold 
with R-dependent mass contributions. Each sample consistently pro-
duced two dominant new peaks: 281/517 (R1), 341/637 (R2), 381/717 
(R3), and 309/573 (R4) (figs. S27 to S32). Together with the quantitative 
1H NMR integration analysis (fig. S36), we attributed these signals to 
products formed between Hz and FA+, with molecular structure of 
R–Hz–CH=Hz–R (compound 6). These species were consistently de-
tected in broader solvent systems (figs. S37 to S39).

Collectively, we propose a general chemistry scheme operative dur-
ing film formation (Fig. 1C). In DMSO-containing perovskite inks, 
SAM-derived phosphonic acids introduced excess protons that activated 
DMSO to form DMSO–H+ (1) through electrophilic reaction, which 
then generated a highly reactive iodine adduct (compound 2). In pres-
ence of excess DMSO, this species converted into (DMSO)2–I species 
(3), which accelerates iodide oxidation by releasing I2 in a thermody-
namically favorable pathway (fig. S42). The liberated I2 is subsequently 
rapidly converted to I3

− in the presence of excess I−, while regenerating 
DMSO for propagating the next cycle.

Hz additives redirected the DMSO-mediated redox circle, the hydra-
zide group sequestered the SAM-derived protons, suppressing DMSO 
activation. Protonated Hz (5) could then react with FA+ to form stable 
adducts. A plausible scheme involves two deamination steps (figs. S40 
and S41) that ultimately couple two R-Hz fragments (34), yielding an 
R–Hz–CH=Hz–R structure (6). Density functional theory (DFT) free-
energy calculations confirmed that Hz additives provided an energeti-
cally favorable route to suppress the SAM-triggered redox cycle (fig. S42).

During perovskite casting on SAM-coated substrates and throughout 
the subsequent annealing—a period during which the SAM molecules 
inevitably infiltrate the precursor ink (figs. S43, S44, and S53)—the 
contact between SAM and perovskite precursor enabled the above 
redox reaction that could proceed rapidly. It generated oxidized iodine 
species, solvent–halide adducts, and cation-derived by-products. These 
additional species can plausibly perturb nucleation and growth and 
their residues may persist in the solid film, ultimately degrading both 
structural integrity and optoelectronic quality.

By effectively trapping the undesirable protons, Hz additives redi-
rected this chemistry and suppressed the accumulation of I2/I3

− and 
helped stabilize the organic-cation environment. At the same time, 
they promoted formation of semiconducting Hz–FA adducts that 
were conjugated with the SAM layer. In essence, the two reaction mani-
folds created distinct chemical landscapes in the wet ink. Early-stage 

differences had a lasting imprint on the microstructure and optoelec-
tronic properties of the final perovskite film (Fig. 1D).

Impact of Hz additives
To probe the kinetics during film formation, we performed thermal 
in situ Raman spectroscopy on the corresponding solutions, accom-
panied by calculating the rate constant k through taking the time 
derivative of I3 Raman intensity to quantitively compare the redox rate 
(fig. S45). Two diagnostic bands were tracked, 112 cm−1 and 673 cm−1, 
which we assigned to I3

− and vibration of DMSO (C-S bond), respec-
tively (35, 36). In pristine FAI/DMSO solution, the I3

− band slightly 
increased within the first 20 min and then remained nearly constant 
during the subsequent 3 hours with a k value of 7.4 (Fig. 2A), indicating 
minimal intrinsic iodide oxidation.

By contrast, the I3
− signal in FAI/SAM DMSO solutions substantially 

intensified at the early stage, and further increased continuously through-
out the entire measurement period. An increased k value of 36.7 indicated 
rapid, sustained, SAM-promoted iodide oxidation. Simultaneously, the 
C–S band progressively decreased (Fig. 2B), consistent with ongoing 
DMSO consumption and transformation. When the Hz additive was in-
troduced, both bands showed negligible evolution (Fig. 2C), with an I3 k 
value of 2.3 that was below the intrinsic oxidization level, confirming 
effective suppression of the redox process. We note that these reactions 
occur on a timescale comparable to coating and annealing process of 
perovskite film formation. Measurements of perovskite precursor deposi-
tion on SAM-coated substrates, replicating the actual fabrication condi-
tions, confirmed these redox processes. (fig. S46). As such, oxidized iodine 
species and iodine–DMSO adducts would be generated before film com-
pletion to influence the crystallizations (fig. S47) (24, 37, 38).

To assess the degree to which these reaction products distort the 
perovskite lattice, we calculated the destabilization energy (ED) using 
DFT (figs. S48 and S49) (39). The parent SAM and Hz additive mole-
cules exhibited small ED values (0.10 and 0.07 eV, respectively), indicat-
ing minimal perturbation to the lattice. By contrast, oxidized I2/I3

− and 
the (DMSO)2–I adduct strongly destabilized the perovskite lattice, with 
ED values of 9.06 and 4.10 eV, respectively, implying their potential 
to induce defects and reduce crystallinity. The Hz-derived product 6 
showed a slightly negative ED (−0.04 eV), which suggested a stabilizing 
interaction with the perovskite framework.

We collected 2D graz ing-incidence wide-angle x-ray scattering 
(GIWAXS) patterns from both the surface and the peeled-off bottom inter-
face of perovskite layers deposited on the SAM substrates. Perovskite 
films deposited directly on bare FTO were measured as a control 
(figs. S50 and S51). Azimuthal integration of all surface patterns 
showed comparable preferred orientations at ∼30° and ∼60° across 
all samples, indicating similarly high crystallinity near the top surface 
(Fig. 2D). For the FTO/perovskite control, the bottom pattern closely 
resembled the surface. When perovskite was deposited on SAM sub-
strates, however, the bottom region largely lost its orientational order, 
confirming interfacial lattice distortion and compromised crystalliza-
tion. The bottom of the FTO/SAM/perovskite(Hz) film recovered the 
two-domain preferred orientation and showed higher scattering in-
tensity (Fig. 2E), demonstrating that Hz additive suppresses interfacial 
distortion and promotes crystallization at the buried interface.

X-ray photoelectron spectroscopy (XPS) was performed under iden-
tical conditions from two interfaces (Fig. 2F and fig. S52). For the FTO/
perovskite control, the C, N, Pb, and I core levels were essentially 
identical between the surface and bottom. By contrast, the FTO/SAM/
perovskite sample showed differences between two interfaces. Relative 
to the control, the surface exhibited only a minor shift of the Pb and 
I peaks, whereas the buried interface displayed pronounced upshifts 
of +0.35 eV (I) and +0.24 eV (Pb). These higher binding energies in-
dicated a more electron-deficient state environment. These results 
implied an increased population of undercoordinated Pb-related de-
fects and the presence of iodine species in higher oxidation states (40). 
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Incorporating Hz additives largely eliminated this interfacial disparity. 
The surface and bottom spectra became closely aligned, and the Pb 
signal shifted toward lower binding energy, consistent with electron 
donation and coordination of Hz with the perovskite lattice (41).

To further resolve the local chemical environments underlying the 
interfacial discrepancies induced by SAM substrates, we performed 
atomic force microscope–infrared spectroscopy (AFM–IR) mapping 
(Fig. 2G). Two characteristic vibrational modes were tracked: 941 cm−1, 
which we assigned to phosphate-related P–OR vibrations, and 1616 cm−1, 
which we assigned to the amide C=O stretch of the Hz additives 
(fig. S53) (42). For the FTO/SAM/perovskite sample, the P–OR signal 
was detected at both interfaces. At the buried interface, large amount 
of P–OR signal was predominantly located at grain interiors. A reason-
able explanation is that SAM (or deprotonated SAM anions) could 
adsorb on the perovskite lattice or form interfacial ion-pair structures 
(FA+···SAM−), which may distort the lattice and impact charge trans-
port (43). No amide C=O signal was observed in this sample. With Hz 
additives, the buried-interface P–OR signal was strongly suppressed, 
whereas the amide C=O signal became broadly distributed. These 
results are consistent with Hz preferentially scavenging the SAM-
derived protons and reacting with FA+ to form Hz–FA adducts (com-
pound 6), which then adsorbed more readily onto the perovskite lattice 
(fig. S54). At the surface, a small amount of P–OR was observed at grain 

boundaries, whereas Hz additives effectively helped in suppressing 
this diffusion by competitive adsorption. These spatially resolved dis-
tributions were further validated by time-of-flight secondary ion mass 
spectrometry (ToF-SIMS) measurements (fig. S55).

Charge transport
Charge-transfer pathways were studied by DFT differential charge-
density analysis. Two structural models were constructed to capture a 
representative grain-boundary environment and the buried perovskite/
SAM interface. At grain boundaries, an adsorbed SAM molecule medi-
ated only limited hole transport, corresponding to a net transfer of 
0.07 holes between adjacent perovskite grains (fig. S56). By contrast, 
the generated Hz–FA adduct (6) was bound through its oxygen atoms 
to form Pb–O bonds and its two headgroups R adhered to neighboring 
grains. Unlike adsorbed SAM molecules, the geometry of adsorbate 6 
promoted hole withdrawal from both grains, and directed charge verti-
cally toward the electrode. The total extraction of 0.6 holes per mol-
ecule (Fig. 3A) achieved a nearly ninefold enhancement relative to SAMs.

At the buried interface, SAM adsorbed on the perovskite lattice 
extracted 0.08 holes (fig. S57), whereas 6 increased the extracted charge 
to 0.36 holes (Fig. 3B). Notably, 6 adopted a relatively flat configuration 
at the perovskite/SAM heterojunction regardless of the specific oxygen 
binding site. In this configuration, one terminal R group coupled to the 
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deposited on SAM substrates, measured from (D) the top surface and (E) the buried interface. (F) XPS spectra of the I 3d and Pb 4f core levels of perovskite films deposited on 
SAM substrates, acquired from the buried interface and the top surface as indicated by solid and dashed lines, respectively. (G) AFM–IR maps of perovskite films deposited on 
SAM substrates with and without Hz additive, collected from the top surface and the buried interface as indicated. Two characteristic vibrational responses assigned to P–OR 
and amide C=O are shown. Scale bar, 1 μm. Me-4PACz and MeCz-Hz are used as representative examples throughout this figure. a.u., arbitrary units.
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perovskite to extract holes, whereas the second R group—chemically 
matched to the R of SAM—facilitated onward transfer into the SAM 
layer. This two-sided coupling rationalizes our additive design strategy, 
in which the R group was intentionally conjugated to the parent SAM 
to maximize interfacial electronic continuity.

Heyd−Scuseria−Ernzerhof (HSE) calculations that included spin–
orbit coupling (SOC) of projected density of states (pDOS) indicated that 
the Hz–FA adduct (6) compensated the interfacial energetic mismatch. 
At the SAM–perovskite heterojunction, the offset between perovskite 
valence-band maximum and the HOMO of adsorbed molecules de-
creased from 0.31 eV for the parent SAM to 0.12 eV for adduct 6. At 
the grain boundaries, the corresponding offsets dropped from 0.58 eV 
(SAM) to 0.05 eV (6). The reduced energetic separation supported 
more efficient hole extraction enabled by the Hz–FA adducts (6) (44).

The calculated frontier energy levels of the key species explained 
the improved charge transfer (fig. S58). Both the Hz molecules and 
the Hz–FA adducts 6 exhibit HOMO levels that lie between those of the 
SAM and the perovskite valence-band maximum (fig. S59). This energy 
alignment can bridge the energetic offset at heterojunction structure, 
lowering the barrier for hole extraction and supporting more efficient 
charge transport.

Besides charge transfer, defects induced nonradiative recombina-
tion. We performed thermal admittance spectroscopy to directly probe 
trap states (Fig. 3C). Relative to the additive-free device, the Hz-
containing sample showed little change in the shallower trap density 
of states (tDOS) near 0.25 to 0.30 eV, but it did show a reduction in 
the deeper region (0.30 to 0.50 eV), indicating Hz additives effectively 
passivated deep traps. This deep energy window of ∼0.30 to 0.40 eV is 
strongly associated with iodine-interstitial–related defects arising from 
oxidized iodine species of SAM-triggered redox (24, 45, 46), which is 
confirmed by the sample that intentionally intensified redox reaction 

(gray line). The spatial distribution of these defects was well cor-
related with our drive-level capacitance profiling and ToF-SIMS pro-
files (fig. S60).

Steady-state photoluminescence (PL) measurements corroborated 
these trap-passivation effects. For all four SAMs, PL intensities in-
creased when perovskite was deposited on SAM-modified substrates 
relative to bare FTO, and emission intensity was further enhanced by 
roughly a factor of 2 upon introducing the corresponding Hz additive 
(Fig. 3D and fig. S61). Although SAMs function as hole-transporting 
layers (HTLs), the strengthened PL in the half-stack configuration 
(FTO/SAM/perovskite) can be explained by reduced nonradiative re-
combination dominating interfacial quenching (5).

PL mapping revealed a markedly more uniform emission landscape 
for films processed with Hz additives. At the buried interface, the PL 
intensity increased substantially upon Hz incorporation, consistent 
with reduced interfacial nonradiative recombination (fig. S62). These 
observations were consistent with the suppressed redox cycle that 
redirected the chemistry through Hz-assisted pathways that extended 
the processing window for perovskite inks on SAM-coated substrates. 
The ink can remain in contact with the interface for longer without 
accumulating detrimental by-products, which helps preserve film qual-
ity and improve coating uniformity over large areas.

Transient PL (tr-PL) measurements (fig. S63 and table S1) showed 
that all SAM-based half stacks exhibited longer carrier lifetimes than 
the FTO/perovskite sample, and lifetimes increased further with Hz ad-
ditives. For Me-4PACz, the lifetime rose from 2.20 μs (FTO/perovskite) 
to 3.01 μs (FTO/Me-4PACz/perovskite), and reached 5.75 μs after add-
ing MeCz-Hz, consistent with a low trap density (Fig. 3E). PL and 
tr-PL evaluations of perovskite films deposited on bare FTO substrate 
consistently revealed enhanced PL intensity and extended carrier 
lifetimes, as well as bottom-excited measurements, further confirming 
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suppression of trap-assisted recombination in both bulk and at inter-
faces through improved defect management (figs. S64 to S66, tables S2 
and S3). Further defect formation energy calculations confirmed the 
passivation effects of Hz-related species (figs. S67 and S68).

In addition to lowering recombination, the photoluminescence 
quantum yields (PLQY) enhancement observed for FTO/SAM/
perovskite corresponded to an increased quasi-Fermi level splitting 
(QFLS), consistent with a stronger interfacial field effect arising from 
the intrinsic hole selectivity of the SAM. Introducing Hz further boosts 
PLQY and, accordingly, QFLS, which supports more efficient charge 
extraction (Fig. 3F). Additionally, transient photovoltage and photo-
current (TPV/TPC) measurements on the full device stack can de-
couple recombination and transport. The longer TPV response with 
Hz indicates suppressed recombination, while the faster TPC response 
is consistent with improved carrier collection and transport (figs. S69 
and S70, and tables S4 and S5).

Device performance
We systematically evaluated the impact of Hz additives on device per-
formance with a 5 × 4 orthogonal matrix that paired the four designed 
Hz additives with four SAM-based hole-selective layers (HSLs), encom-
passing all structural variations of our SAM and additive libraries. For 
each condition, 24 devices were fabricated to enable robust statistical 
comparisons (Fig. 4A, figs. S71 to S75, and tables S6 to S13). DBCz-Hz 

and MeCz-Hz, in particular, tended to increase open-circuit voltage 
(VOC) across multiple SAM platforms, which stemmed from the stron-
ger semiconducting character of their R groups. Across the full matrix, 
every Hz additive improved performance relative to additive-free con-
trols, regardless of the underlying SAM. Notably, the largest performance 
gains were concentrated along the diagonal of the matrix, where each 
Hz additive was paired with its chemically matched SAM (i.e., Cz-Hz 
with 2PACz, MeO-Hz with MeO-2PACz, DBCz-Hz with 4PADCB, and 
MeCz-Hz with Me-4PACz).

In our experiments, among the SAMs tested, Me-4PACz delivered 
the best baseline performance, with an average PCE of 26.3% for con-
trol devices (0.06 cm2). Introducing the matched MeCz-Hz additive 
increased the average PCE to 27.5% and reached a champion PCE of 
27.7% (0.06 cm2) (versus 26.4% for the control) (fig. S76). For the cham-
pion device, VOC, short-circuit current density (JSC), and fill factor (FF) 
increased from 1.19 V, 26.3 mA cm−2, and 84.7% to 1.21 V, 26.6 mA cm−2, 
and 85.9%, respectively (Fig. 4B). The JSC obtained from J–V measure-
ment agreed well with the value integrated from EQE (fig. S77). This 
champion device received an independent certification, confirming a 
fast-scan PCE of 27.6% with VOC = 1.21 V, JSC = 26.6 mA cm−2 and 
FF = 85.6%, along with a stabilized power output (SPO) efficiency of 
27.4% (Fig. 4C and fig. S78).

Enabled by the widened processing window and the resulting gains 
in film uniformity, this strategy is well positioned for translation 
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beyond small-area devices. To demonstrate scalability and future ap-
plicability, we fabricated 1 m × 2 m perovskite panels with a specific 
active area of 2.0 m2. The MeCz-Hz module achieved a champion PCE 
of 20.1%, corresponding to a power output of 402 W, with VOC = 181 V, 
ISC = 2.81 A and FF = 79.0% (Fig. 4, D and E). We also evaluated the 
effectiveness of the Hz additives with broader solvent systems, con-
firming their efficacy in improving device performance through ben-
eficial modifications (fig. S79).

In the presence of the side redox cycle, the device stability could be 
degraded by the volatility of redox-generated I2/I3

− (24, 45), the insta-
bility of iodine–DMSO adduct residues (2) (30), and the possibility of 
continued reactions driven by residual solvent in the film (46). We 
further examined operational stability with a focus on thermal du-
rability. Stability was evaluated with two standard ISOS protocols with 
four parallel devices per condition, ISOS L-2I MPPT under 1 sun at 
85°C in an inert atmosphere) and ISOS L-3 (MPPT under 1 sun at 85°C 
and 85% RH). Hz-treated devices showed substantially improved du-
rability, reaching a T95 lifetime of ∼2000 hours under ISOS L-2I (Fig. 
4G) and ∼1500 hours under ISOS L-3 (Fig. 4F).

Discussion
Our results uncover a previously overlooked wet-chemical limitation 
of carbazole-based phosphonic acid SAM contacts in p-i-n perovskite 
photovoltaics. We demonstrate that the dynamic SAM–perovskite in-
teraction occurs not only under device operation stress but already 
initiates during film formation through the wet chemical redox pro-
cess. During coating, the intrinsic phosphonic acidity of SAMs triggers 
and accelerates a DMSO-mediated redox cycle that generates detri-
mental I2/I3

− and iodine–DMSO adducts. These species accumulate 
on processing timescales and become imprinted into the forming film, 
distorting buried-interface lattice and electronic continuity, increasing 
deep traps, and thus degrading both initial PCE and operational stabil-
ity of devices. Importantly, these effects are amplified under the longer 
wet windows required for large-area manufacturing.

Guided by this mechanism, we introduce conjugated hydrazide ad-
ditives that sequester SAM-derived protons, suppress DMSO activa-
tion, and redirect solution speciation toward benign Hz–FA adducts. 
Beyond inhibiting redox chemistry, these adducts improve interfacial 
energetic continuity and promote vertical hole extraction, linking 
chemical control to electronic-function gains, consequently resulting 
in improved device performance. The broad performance improve-
ments across multiple SAM/additive pairs indicate that “chemical 
compatibility” is a design axis orthogonal to semiconducting proper-
ties. More generally, managing acid-driven redox in polar solvents 
should be transferable to other optimizations within PSCs and scalable 
coating routes where interfacial dissolution and extended wet times 
are unavoidable.
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