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Supplementary Note 1: Synthesis and characterization of 0-2PACz

Materials

The reagents and starting materials are commercially available and were used as received
without further purification. (2-(9H-carbazol-9-yl)ethyl)phosphonic acid (2PACz) was sourced
from Dongguan Volt-Amp Optoelectronics Tech Co. Ltd. (China). Dimethylformamide (DMF),
dichloromethane (DCM), 1,4-dioxane, H2'0 and dimethyl sulfoxide-d6 (DMSO-d6) were
purchased from J&K Scientific. Phosphorus pentachloride, palladium(Il) acetate and

potassium carbonate were purchased from TCI.
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Scheme S1. Synthetic route of '*0-2PACz.

The synthesis of (2-(3,6-dichloro-9H-carbazol-9-yl)ethyl)phosphonic-'80: acid: To an oven-
dried 50 mL flask was added (2-(9H-carbazol-9-yl)ethyl)phosphonic acid (450 mg, 1.63 mmol),
phosphorus pentachloride (1.70 g, 8.17 mmol, 5 eq.), dimethylformamide (DMF) (1.20 mL,
16.35 mmol), and H>"*O (900 mg, 44.96 mmol, 27.50 eq.). An appropriate amount of
dichloromethane (DCM) was added to assist in dissolution. The flask was filled with nitrogen,
and the mixture was stirred at 50 °C for 12 hours. Upon completion of the reaction, the solvent
was removed by rotary evaporation. The residue was dissolved in methanol, and added to water
to precipitate a solid. The solid was filtered and recrystallized using a mixture of
dichloromethane and petroleum ether to get 200 mg crude product. The crude product was
filtered, dried under vacuum, and directly used for the next step.

The synthesis of (2-(9H-carbazol-9-yl)ethyl)phosphonic-'*0> acid: To an oven-dried 50 mL
round-bottom flask was added the crude (2-(3,6-dichloro-9H-carbazol-9-yl)ethyl)phosphonic-
80, acid (50 mg), palladium(II) acetate (97 mg, 430.88 pmol), and potassium carbonate (99
mg, 718.13 pmol). The reactants were then dissolved in 10 mL of 1,4-dioxane:water (2:1, v/v)

mixture under nitrogen protection. The mixture was stirred at 120°C for 12 h. Upon completion



of the reaction, the solution was cooled to 25°C and HCI (0.01 mol L', aq) was added to adjust
the pH below 4.0. The liquid was then removed by rotary evaporation. The residue was
dissolved in a mixture of dichloromethane and methanol (5:1, v/v). The solution was filtered,
and activated carbon was added to decolorize the filtrate. The mixture was filtered again, and
the filtrate was concentrated by rotary evaporation to obtain 20 mg white solid.

"H NMR (400 MHz, DMSO-ds) & 8.16 (d, J = 7.8 Hz, 2H), 7.57 — 7.43 (m, 4H), 7.26 — 7.17
(m, 2H), 4.60 — 4.49 (m, 2H), 2.09 — 1.96 (m, 2H). HRMS-LCMS (m/z): [M-H] Calcd. for

(C1sH13NO'02P): 278.07, found 278.07.



Supplementary Note 2: Characterization of electrodeposited layers and perovskite solar
cells.

NMR measurements were performed on a Bruker AVANCE 400/500 spectrometer operating at
400 or 500 MHz, with tetramethylsilane (TMS) as the internal standard. UV—vis absorption
spectra of spin-cast thin films on quartz were recorded on a Shimadzu UV-3600 UV—vis—NIR
spectrometer. UPS and XPS were measured on an Axis Supra+ (Kratos), with Ag as the
reference. Contact angles were measured on an OCA50 goniometer using deionized water and
diiodomethane; surface energy was calculated by the Owens—Wendt—Rabel-Kaelble method.
Field-emission scanning electron microscopy (FESEM) top-view and cross-section images
were acquired on a Hitachi SU8600. Raman spectra were recorded on a Renishaw inVia
microscope with a 50% objective at room temperature (A = 532 nm; 0.5-10% laser power
depending on sample). XRD patterns were collected on a PANalytical X’Pert Powder
diffractometer. Temperature-dependent phase behavior was monitored using an Ocean Optics
DT-MINI-2-GS under N: at 60 °C. Tapping-mode AFM images were obtained on a Bruker
MultiMode 8. Kelvin probe force microscopy (KPFM) and conductive AFM (c-AFM) were
performed on a Bruker Dimension Icon. Infrared AFM (IR-AFM) was acquired on an Anasys
nanolR3. ToF-SIMS images were collected on an ION TOF ToF SIMS 5-100.
Photoluminescence quantum yield (PLQY) and time-resolved photoluminescence (TRPL)
were measured on a FluoTime 300 fluorescence lifetime spectrometer.
Current—density—voltage (J-V) curves were measured with a Keithley 2400 source meter under
I-sun AM 1.5G illumination from a solar simulator (SS-F5, Enlitech). External quantum
efficiency (EQE) was obtained using an Enlitech QE-R system, calibrated with a single-crystal
Si photodetector prior to testing. TPV, TPC and impedance spectroscopy (EIS) were performed
on the Platform for All-In-One Characterization of Solar Cells and OLEDs (PAIOS).



Supplementary Note 3: Characterization for electrochemical experiments and Cyclic
voltammogram in a blank electrolyte solution.

Electrochemical experiments were performed on CH Instruments CHI 760D and Metrohm
Autolab PGSTAT302N potentiostats in a three-electrode configuration under a dry, Oz-free
atmosphere inside a nitrogen glove box (cells and electrolytes were Ar-purged prior to use).
Acetonitrile (ACN) containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF)
served as the supporting electrolyte. ITO substrates were used as working electrodes. For film
electrodeposition on ITO, a platinum (99.99%) plate was used as the counter electrode. A non-
aqueous Ag/Ag" reference (RE-7, ALS) was employed with an internal reference solution of
0.01 M AgNO3+0.1 M TBAPFes in ACN. Ferrocene (Fc) was measured before each experiment
to calibrate the reference; unless otherwise noted, all potentials are reported vs Fc/Fc™.
Anhydrous ACN and EtOH (J&K Scientific) were used. TBAPFs (J&K Scientific) was
recrystallized from ethanol three times and dried before use. Glassy carbon, Ti, and Pt
electrodes were sourced from Tianjin Aida Hengsheng; carbon paper from Thermo Fisher
Scientific; ITO glass from Guangzhou New Vision; AgNO3 (99.999%) from Sigma-Aldrich.
For 2PACz electrodeposition, the electrolyte was ACN:EtOH = 1:10 (v/v) containing TBAPFs
0.1 M and 2PACz 1 mg mL™'. Potentials were scanned from 0.4 to —2.15 V at 50 mV s™! for 5
cycles (ITO working, Pt counter, Ag/Ag" reference). The 1:10 ACN:EtOH ratio was chosen to
balance the solubilities of TBAPFs and 2PACz at these concentrations; lowering the ethanol
fraction or increasing 2PACz concentration led to incomplete dissolution, aggregation, and
degraded device performance. The optimal five-cycle endpoint was established by (i) the CV
reduction feature associated with 2PACz interfacial formation becoming stationary by the fifth
scan, (i1) IR-AFM coverage reaching a steady, uniform film from the fourth cycle onward, and
(ii1) device efficiencies becoming invariant beyond the fourth cycle. Consistent with these
observations, five cycles were adopted as the standard. Oxygen-plasma pretreatment of ITO
was tested and showed no measurable benefit for electrodeposited 2PACz; subsequent
depositions were therefore carried out without plasma.

Blank-electrolyte CV on SAM-coated ITO (stability probe). ITO substrates bearing spin-coated

or electrodeposited 2PACz were immersed as working electrodes in a blank electrolyte



(TBAPFs0.1 M in ACN). Potentials were swept from 0 to 1.05 V (vs F¢/Fc") while monitoring
the carbazole oxidation peak near 0.8 V. A progressive decrease of this peak over successive
scans 1is consistent with a reduction in carbazole surface concentration at the
electrolyte/electrode interface, which we attribute mainly to partial desorption into the
electrolyte. This decay was prominent for spin-coated films and negligible for electrodeposited
molecular layer under identical conditions.

Building on the electrodeposited 2PACz layer, DCPN was formed in ACN containing Cz—CN
1 mg mL™! and TBAPFs 0.1 M by sweeping 0 to 1.05 V (vs Fc/Fc*) at 50 mV s™! for 8 cycles
(ITO working, Pt counter). During the scan, surface-bound 2PACz underwent oxidative
coupling with dissolved Cz—CN, vyielding a dimeric carbazole-coupled molecular layer
(DCPN). Two concurrent pathways can occur: coupling between surface-bound 2PACz and
Cz—CN, and Cz—CN self-coupling in solution. After deposition, a brief ACN rinse removed
self-coupled species without disturbing the anchored DCPN. The redox feature associated with
dimer formation became stationary by the eighth cycle, and devices prepared beyond this point
showed no further performance change; we therefore adopted eight cycles as standard

condition for DCPN formation.



Supplementary Note 4: Absolute PLQY and time-resolved PL.

Absolute PLQY. Absolute photoluminescence was measured inside an integrating sphere using
the substitution method with response-corrected spectra; a 450 nm laser diode served as the
excitation source and its output was tuned by a stepwise attenuator. To approximate device-
relevant excitation, the absorbed photon flux was adjusted to be comparable to the AM 1.5G
above-gap photon flux for this material (Eg = 1.56 eV), while remaining in the linear-response
regime. After dark subtraction and system-response correction, the absolute external PLQY
was obtained as the ratio of emitted photons to absorbed excitation photons according to the
integrating-sphere protocol.

Transient PL decays were recorded on a FluoTime 300 spectrometer (TCSPC) with a 450 nm
pulsed laser diode; the sampling step was 5 ns (time bin). The instrument response function
(IRF) was measured on a scatterer and included by re-convolution fitting. The collection
geometry and excitation density were kept comparable to the PLQY condition for cross-
comparison.

Differential-lifetime analysis was performed on the TRPL decays of SAM/perovskite half
stacks. The differential lifetime was calculated as 7(t) = —[dIn¢(t)/dt] ~1, where ¢(t) is
the time-dependent PL intensity. To avoid numerical noise from direct differentiation of the
raw data, the TRPL decays were first fitted using empirical triple-exponential functions with
offsets. These fits were used only to obtain smooth derivatives and were not assigned to a

specific physical recombination model.



Supplementary Note S: Stability testing.

For stability assessment, inverted perovskite solar cells (PSCs) with the architecture of
ITO/HTM/perovskite/Ceo/BCP/Ag were used. The light intensity was calibrated using a
calibrated silicon reference solar cell before the stability measurements.

For dark-storage ageing, encapsulated devices were stored in an environmental chamber at
85 °C and 50% relative humidity in the dark. The devices were taken out periodically for J—V
measurements under standard one-sun conditions.

For operational stability, unencapsulated devices were measured under continuous maximum
power point tracking at 65 °C under one-sun-equivalent illumination in a nitrogen-filled
glovebox.

For open-circuit ageing, unencapsulated devices were held under open-circuit conditions at
65 °C under one-sun-equivalent LED illumination in a nitrogen-filled glovebox. J-V curves
were measured periodically to evaluate PCE retention.

For all ageing tests, the reported temperature corresponds to the device-surface temperature
measured using a thermocouple attached to a dummy device placed adjacent to the tested cells
under the same ageing conditions. Average device characteristics and standard deviations were

obtained from five cells for each condition.



Supplementary Note 6: Simulation.

The molecular structures for various SAMs were optimized by density functional theory (DFT)
through Gaussian package, using the B3LYP-D3/6-31G** method and the IRI interaction is
evaluated using Multiwfn and VMD on the basis of B3LYP-D3/tzvp'?. The electron density
difference (EDD) was obtained from DFT-optimized SAMs and calculated using GGA/PBE
via CASTEP.



Supplementary Note 7: Shockley—Queisser-referenced loss accounting and pseudo J-V
analysis.

The analysis was carried out by comparing the experimental device performance
parameters with those of an ideal device in the detailed-balance limit. The relative loss

contributions are primarily determined by four figures of merit, given by the following equation:

l l
Nreal __ Jsc Vgeca FFO(Vrea) FFreql
nsq 12 V2 FRv3Y) FFVGE

(Equation 1)

Here, 7y.q and ngo represent the efficiencies of the real device and Shockley—
Queisser (SQ) limited device, respectively, Vocreqr and Vpcso from the real device and the
device at the SQ limits, whereas FFO(VOC,real) and FFO(VOC,SQ) are calculated by an

approximate equation:

FFy(Vyoc) = [quc In (M + 0.72)] / (qVOC ) (Equation 2)

nkgT nkgT

Where g denotes the elementary charge, n is the ideality factor, kg is the Boltzmann
constant, and T is the temperature.

The non-radiative voltage loss from the absolute photoluminescence quantum yield
(PLQY) is calculated as:

nonrad _— _kB_T .
AV e = . In (PLQY) (Equation 3)

To illustrate the losses arising from non-radiative and transport processes, pseudo J—V

curves were constructed using the ideal-diode relation:

JOV) = Jon = Jo [exp (527) = 1] Jo = ﬁ (Equation 4)

nkgT

10
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Supplementary Fig. 1. IR-AFM mapping of ITO/SAM substrates. (a) Spin-coated 2PACz. (b)

Electrodeposited 2PACz.
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Supplementary Fig. 2. CVs during electrodeposition of 2PACz. (a) CVs from the 1st to 5th
cycle; lighter traces denote earlier cycles. (b) A new feature near —1.4 V appears in the second
scan but is absent in the first, consistent with the onset of an interfacial electrochemical process

involving 2PACz and ITO during potential cycling.
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Supplementary Fig. 3. Evolution and reductive stability of electrodeposited 2PACz. (a) CVs
during 2PACz electrodeposition over 15 cycles under reductive potentials. (b), (¢) Evolution
of the reduction feature near —1.4 V as a function of cycle number, showing pronounced
changes during the first five cycles and a plateau thereafter, consistent with saturation of the
electrodeposition process. (d) Reductive stability test of electrodeposited 2PACz in a blank

electrolyte, showing negligible variation.
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Supplementary Fig. 4. Assigning the near —1.4 V reduction peak to the phosphonic-acid-ITO

interface by controlled CV comparisons. (a) 2PACz on ITO. A reduction peak appears at near

—1.4 V. (b) 2PACz on glassy carbon electrode (GCE). The peak is absent under the same

electrolyte and scan window. (¢) 1-butanephosphonic acid (R-PA, phosphonic-acid control

without carbazole) on ITO. The near —1.4 V peak reappears. Together, these comparisons show

that the near —1.4 V feature is observed only when both the phosphonic-acid group and the ITO

substrate are present, supporting its assignment to an interfacial electrochemical process

involving the phosphonic-acid moiety and ITO.
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Supplementary Fig. 5. Cathodic polarization of 2PACz and the coupled hydrogen evolution

process, supporting electrochemically promoted deprotonation of the phosphonic-acid group.
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Supplementary Fig. 6. Operando electrochemical infrared spectroscopy of 2PACz under
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Supplementary Fig. 7. Controlled-potential electrolysis (—1.8 V vs Fc/Fc") of 2PACz in a
sealed cell, with GC detection of evolved H2 under cathodic polarization. (a) Current—time (I-
t) traces recorded for blank electrolyte, 1 mg mL ! 2PACz, and 10 mg mL ! 2PACz under a
constant reductive potential. (b) Gas chromatography (GC) traces of the headspace collected
after electrolysis, showing negligible Hz for the blank electrolyte. (c¢) Detectable Hz for 1 mg
mL~! 2PACz. (d) Increased H2 for 10 mg mL ™! 2PACz after the same electrolysis duration.
These results support electrochemically promoted deprotonation of the phosphonic-acid group

under reductive polarization.
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Supplementary Fig. 8. Mass spectrometric confirmation of '30 labelling in 2PACz. (a) '°O-

2PACz. (b) *0-2PACz.
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Supplementary Fig. 9. Representative anchoring pathways for P-O-M bond formation

between 2PACz and ITO. (a) Dehydration condensation with surface M—OH groups. (b) Inner-

sphere binding of deprotonated phosphonate (P—O") at In and Sn surface sites on ITO.
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Supplementary Fig. 10. ToF—SIMS isotope tracing of interfacial 2PACz species on ITO under

spin-coating and electrodeposition. (a) Spin-coated '*0-2PACz on '°0,-plasma-treated ITO. (b)

Electrodeposited '30-2PACz on ITO without plasma. (c) Electrodeposited *O-2PACz on '°0.-

plasma-treated ITO. (d) Spin-coated '®*O-2PACz on '°0.-plasma-treated ITO. (e) Spin-coated

160-2PACz on '80-plasma-treated ITO. (f) Electrodeposited '90-2PACz on '0.-plasma-

treated ITO. All samples were rinsed with DMF after film formation to remove non-anchored

2PACz. The isotope patterns were used to compare the relative contributions of substrate-

derived oxygen incorporation and molecule-derived oxygen retention, rather than to assign a

fully binary anchoring mechanism.

20



Q
(on
N

Spin-coated 2PACz (ITO without plasma) Spin-coated 2PACz (5cc)

=

-34

-6

Current (x107% A)
Current (x107® A)
1
N

\ 1to 5 cycles 1 1to 5 cycle
-9

1.2 10 08 056 0.4 1.2 10 08 06 04
Potential (V vs. Fc/Fc*) Potential (V vs. Fc/Fc*)

Supplementary Fig. 11. Desorption behavior of 2PACz prepared under different conditions,
probed by blank-electrolyte CV. (a) Spin-coated 2PACz on ITO without O:-plasma
pretreatment shows a pronounced scan-to-scan reduction of the carbazole peak (near 0.8 V) in
a blank-electrolyte solution, consistent with weaker anchoring. (b) A higher-concentration spin-
coated 2PACz film exhibits an even larger decay, indicative of increased physisorbed coverage.
Together, these controls suggest that the species removed during blank-electrolyte CV are

dominated by physisorbed 2PACz rather than the chemisorbed molecules.
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Supplementary Fig. 12. Reference P 2p XPS for peak assignment and anchoring identification.
Pristine 2PACz shows a P 2p signal dominated by the P-O—H component of the phosphonic
acid group. Spin-coated 2PACz on ITO exhibits a slightly higher P 2p binding energy,
indicative of interaction with the ITO substrate. In depth-profiled electrodeposited 2PACz, the
bottommost interface (2s etch) is selected as representative of direct anchoring to ITO,
resolving the characteristic P-O-M component. These reference spectra underpin the
deconvolution used in the main text, where P-O—H is assigned from pristine 2PACz and P-O—
M from the interfacial slice of electrodeposited 2PACz, consistent with P-O—M anchoring at

the SAM-ITO interface.
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Supplementary Fig. 13. In 3d XPS controls isolate plasma-induced shifts. Blank ITO without
plasma treatment is compared with plasma-treated ITO; the plasma-treated surface shows a
clear binding-energy shift in the In 3d core level, consistent with plasma-induced surface

modification.
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Supplementary Fig. 14. Schematic comparison of representative anchoring scenarios on ITO.
(a) Spin-coated 2PACz anchoring is strongly affected by surface M—OH groups, which can
react with phosphonic-acid groups through dehydration condensation to form P-O—M linkages.
(b) Electrodeposited 2PACz was prepared without plasma pretreatment under the standard
protocol. Under reductive potentials, deprotonated phosphonate species provide a less
hydroxyl-dependent pathway for forming P-O-M interactions with accessible In and Sn
surface sites. These two pathways may coexist, with their relative contributions depending on

the deposition route and surface condition.
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Supplementary Fig. 15. DFT comparison of interfacial anchoring for spin-coated versus
electrodeposited 2PACz on ITO. (a) Spin-coated 2PACz. (b) Electrodeposited 2PACz. DFT-
optimized structures show shorter P-O—In distances for the deprotonated phosphonate binding

model, consistent with enhanced interfacial interaction under electrodeposition.
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Supplementary Fig. 16. Reference infrared spectra and multi-band IR-AFM mapping for peak
assignment and spatial verification. (a) Infrared spectra used for peak assignment (bare ITO,
2PACz, and carbazole). (b) IR-AFM amplitude maps acquired at selected wavenumbers to
visualize the spatial distribution. Based on these controls and previous literature, we assign the
band at ~1274 cm™! to vibrations of the phosphonate headgroup. The feature at ~1190 cm™ is
attributed to a carbazole aromatic-ring-related vibration, whereas the band at ~1121 cm™

originates from the substrate response.
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Supplementary Fig. 17. IR-AFM mapping of 2PACz prepared by different methods. (a)
ITO/spin-coated 2PACz. (b) ITO/electrodeposited 2PACz as a function of cycle number. AFM
height and IR-AFM absorption at 1274 cm™' reveal patchy coverage with preferential
accumulation in ITO recesses for spin-coated 2PACz. In the electrodeposited series, 1-3 cycles
exhibited pronounced uncovered regions (blue/black regions with low 2PACz-related signal),
indicating discontinuous SAM coverage on the ITO surface. From 4 cycles onward, these
uncovered regions largely disappeared, consistent with potential-driven molecular

rearrangement and re-anchoring during electrodeposition.
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Supplementary Fig. 18. Work function (KPFM) and surface-potential distributions of ITO and
SAM-modified contacts. (a) KPFM contact potential difference (CPD) maps and area-averaged
work function obtained via @ggp, = Prip, — q - CPD for bare 1TO, ITO/spin-coated 2PACz,
and ITO/electrodeposited 2PACz. (b) Surface potential of spin-coated and electrodeposited
2PACz on ITO. (c) Work function distributions extracted from the maps in (a). (d) Surface

potential distributions extracted from the maps in (b).
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Supplementary Fig. 19. c-AFM current maps of SAMs prepared by different methods. (a)
ITO/spin-coated 2PACz. (b) ITO/electrodeposited 2PACz. For spin-coated 2PACz, c-AFM
maps show localized, spot-like conduction co-located with elevated ITO features, consistent
with preferential accumulation in surface recesses and relatively sparse coverage on protrusions.
The electrodeposited film shows uniform current extraction with weak dependence on the
underlying topography. Overall, electrodeposited SAMs provide spatially uniform transport

with reduced coupling to substrate roughness compared with spin-coated films.
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Supplementary Fig. 20. Electrodeposition of SAMs on large-area ITO substrates. (a)
Schematic illustration of the electrodeposition setup for SAM fabrication on ITO substrates. (b)
Photograph of an electrodeposited SAM on a 5 x 5 cm? patterned ITO substrate. (c) Uniformity
evaluation of the electrodeposited SAM film by X-ray photoelectron spectroscopy (XPS);
measurements were taken at nine randomly selected spots on an electrodeposited 10 x 10 cm?

ITO substrate and show consistent film quality and uniform coverage across the large area.
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Supplementary Fig. 21. XPS P 2p mapping across a 10 x 10 cm? electrodeposited ITO/SAM
substrate. Spectra from nine randomly selected locations show uniform SAM coverage over

the large area, demonstrating the scalability and consistency of the electrodeposition process.
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Supplementary Fig. 22. IR-AFM mapping across a 10 x 10 cm? electrodeposited ITO/SAM
substrate. Images from six randomly selected locations show highly uniform SAM distribution
across the large area, demonstrating that electrodeposition yields homogeneous coverage at

scale.
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Supplementary Fig. 23. Electrochemical inertness of the phosphonic-acid anchoring group
within the oxidative-coupling window. A cyclic voltammogram of hexylphosphonic acid (R—
PA) on ITO in a non-aqueous TBAPFs electrolyte was recorded over 0—1.1 V. The trace shows
no Faradaic features, indicating that the phosphonic-acid group is electrochemically inert
throughout this range. This control supports that the oxidative-coupling step functionalizes the

carbazole-facing side while preserving the phosphonate anchoring chemistry.
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Supplementary Fig. 24. AFM phase mapping of ITO/electrodeposited 2PACz before and after
exposure to the oxidative-coupling potential window. (a) Tapping-mode AFM phase image of
ITO/electrodeposited 2PACz. (b) Phase image after cycling an identically prepared substrate
in a blank TBAPFs electrolyte (0—1.1 V). This result supports that the second electrochemical

step preserves the electrodeposited base layer while enabling subsequent functionalization.
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Supplementary Fig. 25. UV—vis absorption fingerprints of electrochemically coupled DCPN.
(a) Spectra of 2PACz, Cz—CN, and DCPN. (b) Spectrum of a bicarbazole reference. In DCPN,
the monomeric carbazole band is strongly attenuated and a new band appears at 310 nm. The
band position and lineshape match the bicarbazole reference, consistent with carbazole—

carbazole coupling during electrochemical oxidative coupling.
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Supplementary Fig. 26. Raman fingerprints of carbazole—carbazole coupling in DCPN (532
nm excitation). (a) Spectra of 2PACz, Cz—CN, and DCPN. (b) Spectrum of a bicarbazole
reference. In DCPN, monomeric carbazole modes are strongly attenuated and a new band
appears near 1600 cm™!. The band position and lineshape match the bicarbazole reference,

consistent with carbazole—carbazole coupling during electrochemical oxidative coupling.
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Supplementary Fig. 27. Density functional theory (DFT) calculated Raman spectra of 2PACz,
Cz—CN, and DCPN. Dimeric carbazole exhibits an additional stretching mode relative to the

monomer, yielding an extra peak consistent with the experimental Raman spectra.
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Supplementary Fig. 28. Cross-sectional ToF—SIMS mapping of DCPN fragments in the
perovskite stack: X—Z positive-ion image of the diagnostic carbazole—carbazole fragment from
DCPN (C12NH9C2H4CN™). The signal localizes to the SAM layer, evidencing dimeric
carbazole within the molecular layer. Detection of this dimer-derived fragment corroborates

on-surface oxidative coupling to form DCPN.
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Supplementary Fig. 29. CV and XPS evidence for Cz-CN homocoupling and its removal by
acetonitrile rinse. (a) ITO was immersed in a Cz—CN (1 mg mL™!) electrolyte and scanned over
0-1.05 V; the trace shows two features: the carbazole oxidation wave and a second wave
attributed to bicarbazole formed via Cz—CN homocoupling. (b) After an ACN rinse and transfer
to a blank electrolyte, both features are absent on the above-prepared substrate, indicating that
the species are not covalently anchored and are removed by rinsing. (c) Post-rinse XPS N 1s
spectra show nitrogen features associated with Cz (monomer) and Cz—Cz (dimer) reduced to
baseline, consistent with complete removal of unbound species. Together, these results indicate

that Cz—CN homocoupled species do not persist within the electrodeposited DCPN layer.
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Supplementary Fig. 30. XPS stoichiometry of 2PACz and DCPN SAMs. (a) P 2p region. (b)

N 1s region. For the coupled film DCPN, we obtain N/P = 2.96, whereas 2PACz gives N/P =

1.0. Because 2PACz carries N/P = 1 and DCPN carries N/P = 3, the coupling fraction f

follows N/P =1+ 2f, substituting f = (296 —1)/2 = 0.98 (98% conversion). This

value provides a semi-quantitative estimate of the coupling fraction. Together with ToF-SIMS

identification and spectral fingerprints (UV—vis, Raman), this stoichiometric analysis

substantiates quantitative on-surface coupling.
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Supplementary Fig. 31. Cyclic voltammograms used for electrodeposition of DCPy and
DCPd. (a) DCPy. (b) DCPd.
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Supplementary Fig. 32. Contact-angle measurements of deposited SAM films. (a) 2PACz. (b)
Cz—CN. (c) DCPN.
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Supplementary Fig. 33. Electron-density—difference (EDD) maps at the perovskite—-SAM
interface. (a) 2PACz. (b) Cz—CN. (c) DCPN. For each perovskite—SAM pair, the EDD and
binding energy (Ej,) are evaluated. Relative to 2PACz, DCPN shows more pronounced
interfacial charge redistribution and a more negative Ej, indicating enhanced interfacial

affinity while preserving the phosphonate-anchor/nitrile-terminus motif.
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Supplementary Fig. 34. SEM of the top perovskite interface on different SAMs. (a) Spin-
coated 2PACz. (b) Electrodeposited 2PACz. (c¢) Electrodeposited DCPN.
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Supplementary Fig. 35. ToF—SIMS X-Z slices of the Pbl;™ signal for perovskite films on
different SAMs. (a) Spin-coated 2PACz. (b) Electrodeposited DCPN. The 2PACz sample
shows a high-intensity interfacial band indicative of Pbl2 enrichment, whereas the DCPN
sample shows a smooth depth profile without an interfacial spike, consistent with a more

uniform vertical distribution of Pbla.
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Supplementary Fig. 36. Interfacial fate of spin-coated Cz—CN versus electrodeposited DCPN.

(a) Schematic highlighting interfacial differences when Cz—CN or DCPN serves as the
interface layer in PSCs. (b) ToF—-SIMS vertical distribution of Cz—CN after perovskite
deposition on ITO/spin-coated Cz—CN; the nitrile-terminated molecules show upward
diffusion into the perovskite, consistent with surface affinity and loss of interfacial continuity.
(c) ToF-SIMS wvertical distribution of DCPN after perovskite deposition on
ITO/electrodeposited DCPN; the phosphonate anchor immobilizes the carbazole dimer at the
oxide, and the DCPN-derived signal remains confined to the buried interface during perovskite
processing. Overall, electrodeposited DCPN suppresses upward migration and preserves an

abrupt buried interface suitable for device fabrication.
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Supplementary Fig. 37. UPS analysis of energy-level alignment in SAMs and buried
perovskite interfaces. (a) Schematic energy-level alignment diagrams constructed from the
UPS results for devices based on different SAMs. (b) UPS spectra of the corresponding SAM-
modified ITO substrates. (¢) UPS spectra of the buried perovskite interfaces formed on the
different SAMs.
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Supplementary Fig. 38. TRPL fitting and differential-lifetime analysis of SAM/perovskite
half stacks.
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Supplementary Fig. 39. J-V curves (forward- and reverse-scan) of PSCs with different SAMs.
(a) Spin-coated 2PACz. (b) Electrodeposited 2PACz. (c¢) Electrodeposited DCPN.
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Supplementary Fig. 40. PLQY, PCE, and reverse-bias tolerance versus 2PACz
electrodeposition cycle number. (a) Absolute external PLQY of perovskite films on
ITO/electrodeposited 2PACz versus cycle number. (b) Device PCE versus cycle number. (c)
Device reverse-bias tolerance (dark, single-direction sweep) versus cycle number (n=5). Gains
are pronounced from cycles 1-5 and become statistically unchanged thereafter, consistent with
IR-AFM coverage saturation and CV evolution; we therefore adopt 5 cycles as the standard

condition.
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Supplementary Fig. 41. Effect of electrolyte solvent ratio and 2PACz concentration on
ITO/electrodeposited 2PACz, probed by AFM phase maps. (a) Tuning the solvent ratio at fixed
2PACz=1.0 mg mL™!, TBAPFs=0.10 M, and 5 cycles: ACN:EtOH = 1:1 showed particulates
and non-uniform coverage; 1:50 exhibited inhomogeneity attributable to partial TBAPFs
crystallization; and 1:5-1:20 were indistinguishable within AFM resolution and yielded
comparable device PCE statistics. (b) Varying the 2PACz concentration at fixed ACN:EtOH =
1:10 (v/v), TBAPFs = 0.10 M, and 5 cycles: 0.1 mg mL™"! resulted in undercoverage within 5
cycles; 5.0 mg mL™! showed slight aggregation and solubility limitations; and 0.5-2.0 mg mL™!
yielded homogeneous molecular layer with comparable device PCE statistics. Accordingly, we
adopt a mixed solvent of ACN:EtOH = 1:10 (v/v) containing 2PACz = 1.0 mg mL™" as the

standard condition.
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Supplementary Fig. 42. Evolution of electrolyte composition during
electrodeposition and correlation with device performance. (a) CV curves of the electrolyte
reflecting 2PACz concentration, measured after every 10 substrates. (b) UV—vis absorption

spectra of the electrolyte reflecting 2PACz concentration, measured after every 10 substrates.

Deposition number (n)

(c) Normalized PCE of devices fabricated from the corresponding substrate batches.
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Supplementary Fig. 43. J-J characteristics and device metrics for perovskite cells with
electrodeposited SAMs. (a) Electrodeposited DCPy. (b) Electrodeposited DCPd. Relative to
electrodeposited 2PACz, DCPN tends to raise Jsc; DCPy yields small, reproducible gains in
Voc and FF; whereas DCPd shows a modest reduction in Jsc at comparable Voc. These trends,
observed across our device statistics, are consistent with terminal-group-dependent tuning of

the contact and offer a practical handle for materials selection.
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Supplementary Fig. 44. EQE spectra and EQE-integrated Jsc for PSCs with different SAMs.
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Supplementary Fig. 45. Certified performance of perovskite solar cells with electrodeposited

DCPN. Certified by an ISO/IEC 17025:2017-accredited third-party testing center.
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Supplementary Fig. 46. Shockley—Queisser loss accounting for SAM contacts. Stacked

contributions  t0  7yeqi/Nsg for spin-coated 2PACz, electrodeposited 2PACz, and

electrodeposited DCPN. The multiplicative factors are, in order: (]SC / jgg ), (Voc,md / VOSCQ ),

(VOC,real/VOC,rad)a (FFO (VOC,real)/FFO (VOC,SQ))a and(FFreal/FFO (VOC,real))-
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Supplementary Fig. 47. Pseudo J-V decomposition isolating non-radiative and transport

losses. (a) spin-coated 2PACz. (b) electrodeposited 2PACz. (¢) electrodeposited DCPN.
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Supplementary Fig. 48. Device absolute PLQY of complete perovskite solar cells with

different SAMs.
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Supplementary Fig. 49. Mott-Schottky analysis (C—V) of perovskite solar cells with different

SAMs. 1/C?>-V plots obtained from capacitance—voltage measurements and linear-fit regions

used to extract the built-in potential.
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Supplementary Fig. 50. Capacitance-derived trap-state distribution (trap DOS) in perovskite

solar cells with different SAMs.
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Supplementary Fig. 51. Nyquist analysis (EIS) of perovskite solar cells with different SAMs.

61



1.20

e Spin-coated 2PACz
Electrodeposited 2PACz
Electrodeposited DCPN

Voltage (V)

1.10 4

100
Light intensity (mW cm™)

Supplementary Fig. 52. Light-intensity dependence of Voc for perovskite solar cells with
different SAMs.
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Supplementary Fig. 53. Transient photocurrent (TPC) and transient photovoltage (TPV) of
perovskite solar cells with different SAMs.
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Supplementary Fig. 54. Dark J-V revealing distinct reverse-bias behaviors across devices

with various SAMs.
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Supplementary Fig. 55. Initial -V characteristics and PCE values of devices used for
stability testing. Initial device performance of cells subjected to (a) dark-storage ageing, (b)

MPP-tracking stability testing and (c) open-circuit ageing.
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Supplementary Fig. 56. Individual MPP-tracking traces of devices under one-sun-equivalent
illumination at 65 °C in a nitrogen-filled glovebox. Individual normalized PCE evolution
curves of five devices based on (a) spin-coated 2PACz, (b) electrodeposited 2PACz and (c)
electrodeposited DCPN during continuous MPP tracking at 65 °C under one-sun-equivalent

illumination in a nitrogen-filled glovebox.
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Supplementary Fig. 57. Open-circuit ageing of devices at 65 °C under one-sun-equivalent
illumination. Normalized PCE evolution of devices based on spin-coated 2PACz,
electrodeposited 2PACz and electrodeposited DCPN aged under these open-circuit conditions

in a nitrogen-filled glovebox.
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Supplementary Fig. 58. /-V curves and photovoltaic parameters of the 65 cm? module with

electrodeposited SAM (reverse/forward scans).
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Supplementary Fig. 59. TUV certification report for a 65 cm? PSC module with

electrodeposited SAMs, tested in accordance with IEC 61215-2:2021.
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Supplementary Fig. 60. PCE statistics of PSCs, in which the electrodeposited 2PACz
substrates were stored in ambient air for different durations before perovskite deposition. The
statistics show that the devices retain 98% of the initial PCE even after 45 days, evidencing the
stability of the electrodeposited molecular layer and supporting a pre-staged manufacturing

flow (mean + s.d.; n=5).
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Supplementary Table 1. Mean current and Hz Faradaic efficiency from controlled-potential

electrolysis of blank electrolyte and 2PACz solutions (mean + s.d.; n=3).

Sample Current (x10™* A) Faradaic Efficiency for Hydrogen Evolution(%)
Blank electrolyte 0.18 £0.04 0
2PACz (Img mL ™) 0.57+0.02 78.7+6.3
2PACz (10mg mL ™) 1.35+0.10 ~100

Supplementary Table 2. Photovoltaic parameters of devices fabricated with different SAMs.

Average device characteristics with standard deviation were obtained based on 10 cells (mean

+s.d.; n=10).

Device Voe (VD Jo (mA em™) FF(%) PCE(%)
Spin-coated 2PACz 1.17£0.01 244404 80.3£0.6 229+0.3
Electrodeposited 2PACz 1.18 £0.01 25.1+0.1 84.0+0.7 25.0+04
Electrodeposited DCPN 1.19 +£0.00 26.1+0.2 85.5+0.5 26.4+0.2
Supplementary Table 3. Five-factor Shockley—Queisser loss accounting.
. M o ]S_C o Vreal Vrad FF(VTeal) FFreal
Device nsa (%) ]gg(/o) V%gcd (%) V%% (%) P (Vogcg) (%) FF(V{,‘"C“’)(%)
Spin-coated 2PACz 77.3 91.8 93.4 97.9 99.0 92.9
Electrodeposited 2PACz 82.7 93.7 94.2 97.9 99.2 96.5
Electrodeposited DCPN 86.6 97.8 94.5 97.6 99.2 96.8
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Supplementary Table 4. Pseudo—/—} analysis: inputs and extracted metrics at 1 sun.

Sample Voc (V) Jsc (mA cm™) FF (%) PCE (%)
Spin-coated 2PACz Measured J-V 1.18 24.7 80.7 234
Pseudo S~V (no transport) 1.18 24.7 86.9 254
Pseudo S~V (radiative-limit) 1.26 24.7 86.9 27.1
Electrodeposited 2PACz J-V 1.19 252 84.6 25.4
Pseudo S~V (no transport) 1.19 252 87.7 26.3
Pseudo J-V (radiative-limit) 1.26 252 87.7 27.8
Electrodeposited DCPN J-V 1.19 26.3 85.1 26.8
Pseudo J-V (no transport) 1.19 26.3 87.9 27.5
Pseudo J-V (radiative-limit) 1.26 26.3 87.9 29.0
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Supplementary Table 5. Summary of operational stability and reverse-bias breakdown
tolerance for PSCs with different SAMs. Reported operational-stability values were collected
from the cited literature, whereas reverse-bias breakdown voltages were measured under the

same dark J—V protocol in this work (mean + s.d.; n=5).

SAMs Stability after 1000 h (%) Reverse breakdown Voltage (V) Ref.

MeO-4PACz 79 -0.734£0.07 3,4
Ph-4PACz 86 -0.42+0.05 5
DMACPA 95 -1.02+0.09 6
4PACz 53 -0.58+0.07 7
Br-4PACz 93 -0.49+0.05 8
Py3 97 -0.97+0.09 9
Me-4PACz 80 -0.63+0.06 10
tBu-4PACz 90 -0.37+0.04 11
Spin-coated 2PACz 71 -0.51+0.03 -
Electrodeposited 2PACz 98 -1.67+0.09 -
Electrodeposited DCPN 99 -2.5+0.10 -

Supplementary Table 6. Photovoltaic parameters of PSC modules with electrodeposited
SAMs. Average device characteristics with standard deviation were obtained based on 5

modules (mean + s.d.; n =95).

Device Voc (V) Isc (mA) FF(%) PCE(%)
Best 13.7 128.1 78.9 21.3
65cm’ perovskite module
Average 13.6+0.14 127.442.18 77.64+1.07 | 20.7+0.25
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