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Supplementary Notes 

Supplementary Note 1. Material Synthesis 

Synthesis of FTPA-CPA: 

 

Compound 1 (5 g, 12.6 mmol) and compound 2 (6.7 g, 37.8 mmol) were added in a 
flask, then toluene (100 mL) with piperidine (1.5 mL) were used to dissolve them. 
Under an argon atmosphere, the mixture was stirred at 110 °C overnight. After reaction 
completion, the solvent was distilled off under reduced pressure. The residue was 
purified with column chromatography on silica gel using ethyl acetate as the eluent to 
give a red solid compound 3 (3.6 g, 52% yield). 

 

Compound 3 (3.6 g, 6.5 mmol) and TMSBr (16.8 g, 110 mmol) were added in a flask, 
then dichloromethane (125 mL) was us ed to dissolve them. Under an argon atmosphere, 
the mixture was stirred at room temperature overnight. After reaction, add 10 mL of 
methanol to quench the TMSBr. The solvent was distilled off under reduced pressure. 
The residue was added to petroleum ether to obtain the product as a yellow solid FTPA-
CPA (Compound 4) (2.5 g, 78% yield). 1H NMR (400 MHz, DMSO-d6) δ 7.61 (dd, J 
= 17.0, 11.3 Hz, 1H), 7.51 (d, J = 8.8 Hz, 2H), 7.36 (d, J = 15.1 Hz, 1H), 7.18 (t, J = 
9.3 Hz, 2H), 7.06 (dd, J = 12.6, 2.6 Hz, 2H), 7.01–6.93 (m, 3H), 6.80 (d, J = 8.9 Hz, 
2H), 3.85 (s, 6H). 13C NMR (101 MHz DMSO-d6) δ 156.19, 156.13, 153.32, 150.87, 
149.99, 146.25, 145.19, 145.08, 139.23, 139.14, 130.17, 127.47, 122.87, 122.84, 
121.19, 121.02, 119.25, 116.82, 115.21, 115.18, 114.62, 114.43, 105.14, 103.24, 56.61. 
HR-MS (MALDI-TOF) m/z calcd. for (C25H21F2N2O5P): 498.12. Found: 498.19. 
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Synthesis of FMTPA-CPA: 

 

Compound 5 (5 g, 6.6 mmol) and compound 2 (3.5 g, 19.8 mmol) were added in a flask, 
then toluene (80 mL) with piperidine (1.2 mL) were used to dissolve them. Under an 
argon atmosphere, the mixture was stirred at 110 °C overnight. After reaction 
completion, the solvent was distilled off under reduced pressure. The residue was 
purified with column chromatography on silica gel using ethyl acetate as the eluent to 
give a dark red solid compound 6 (3.8 g, 63% yield). 

 

Compound 6 (3.8 g, 4.2 mmol) and TMSBr (10.7 g, 70 mmol) were added in a flask, 
then dichloromethane (80 mL) was used to dissolve them. Under an argon atmosphere, 
the mixture was stirred at room temperature overnight. After reaction, add 10 mL of 
methanol to quench the TMSBr. The solvent was distilled off under reduced pressure. 
The residue was added to petroleum ether to obtain the product as a yellow solid 
FMTPA-CPA (Compound 7) (2.6 g, 73% yield). 1H NMR (600 MHz, DMSO-d6) δ 8.37 
(s, 1H), 7.38 (dd, J=16.9, 11.8 Hz, 1H), 7.20 (d, J=8.8 Hz, 2H), 7.14 (dt, J=9.3, 4.6 Hz, 
4H), 7.06 (dd, J=12.5, 2.3 Hz, 2H), 7.04–6.98 (m, 4H), 6.96 (d, J=8.4 Hz, 2H), 6.92 (d, 
J=8.6 Hz, 2H), 6.85–6.82 (m, 1H), 6.80 (d, J=8.5 Hz, 2H), 6.77 (d, J=8.8 Hz, 2H), 3.81 
(s, 12H). 13C NMR (151 MHz, DMSO-d6) δ 152.92, 151.26, 149.62, 148.81, 145.01, 
144.94, 139.43, 139.33, 131.97, 130.33, 122.82, 122.70, 119.12, 118.68, 115.20, 114.56, 
114.44, 114.32, 56.60, 51.86, 44.14. HR-MS (MALDI-TOF) m/z calcd. for 
(C47H40F4N3O7P): 837.22. Found:837.32. 

Supplementary Note 2. The discussion of molecular configuration 

For free molecules, FTPA-CPA tends to exhibit E configuration while FMTPA-CPA 
tends to exhibit Z configuration. Here, we exploited the B3LYP-D3(BJ) to evaluate the 
intrinsic energies of both E and Z configurations of free molecules.1,2,3 As shown in 
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Supplementary Fig. 9, the energy differences between E and Z configurations of 
FTPA-CPA and FMTPA-CPA are -0.046 eV and 0.071 eV, respectively, implying that 
FTPA-CPA tends to exhibit E configuration while FMTPA-CPA tends to exhibit Z 
configuration. Quantification of the ratio between E and Z configurations can be 
conducted using the energy differences results according to Boltzmann distribution 
equation.4,5 

𝝆(𝒁) =
𝒆ି𝑬𝒁/(𝒌𝑩𝑻)

𝒆ି𝑬𝒁/(𝒌𝑩𝑻) + 𝒆ି𝑬𝑬/(𝒌𝑩𝑻)
 

𝝆(𝑬) =
𝒆ି𝑬𝑬/(𝒌𝑩𝑻)

𝒆ି𝑬𝒁/(𝒌𝑩𝑻) + 𝒆ି𝑬𝑬/(𝒌𝑩𝑻)
 

In this equation, ρ(Z) and ρ(E) are the probability of the Z and E configurations with 
the energies EZ and EE, respectively, and kB is the Boltzmann constant. Consequently, 
FTPA-CPA exhibits 85% for E configuration and 15% for Z configuration, and 
FMTPA-CPA exhibits 8% for E configuration and 92% for Z configuration. 

We employed 1H NMR and 31P NMR spectroscopy to determine molecular 
configuration.6 Before conducting NMR measurement, we first analyzed the chemical 
environment of E and Z configuration by electrostatic surface potential (ESP) 
calculations. As shown in Supplementary Fig. 15, the H and P atoms adjacent to the 
C=C double bond that are assigned to the E configuration all exhibit lower electrostatic 
potential (i.e., higher electron density) compared to Z configuration in both FTPA-CPA 
and FMTPA-CPA. Therefore, E configuration in FTPA-CPA and FMTPA-CPA appears 
at lower chemical shift (δ) relative to the Z configuration.7,8 In 1H NMR measurement, 
FTPA-CPA powder with free molecule structure exhibits two distinct sets of signals in 
the vinylic proton (i position of FTPA-CPA in Supplementary Fig. 1a), at 7.57-7.64 
ppm and 7.68-7.72 ppm, which were assigned to the E and Z configurations, 
respectively (Supplementary Fig. 1b). The integration gave an E:Z ratio of 96:4. In 
comparison, the 31P NMR spectrum displayed two signals at 5.51 and 5.58 ppm, with 
E:Z ratio of 95:5 (Supplementary Fig. 2). The consistency in E:Z ratio with E as the 
dominant configuration confirms FTPA-CPA tends to exhibit E configuration. A similar 
analysis was also performed on FMTPA-CPA. In both the 1H and 31P NMR spectrum, 
the E:Z ratios are highly consistent, giving 8:92 and 9:91, respectively (Supplementary 
Fig. 5 & 6). It confirms that free FMTPA-CPA predominantly adopts the Z 
configuration. These experimental results are consistent with the DFT calculation 
results.9 

For molecules anchored on ITO, both FTPA-CPA and FMTPA-CPA exhibit Z 
configuration. As both FTPA-CPA and FMTPA-CPA are anchored on ITO substrate 
when applied in pero-SCs, we further compare the total energies of the whole systems 
composed of both molecules with E (Z) configuration on the ITO substrate 
(Supplementary Fig. 10). The energy differences between E and Z configurations of 
FTPA-CPA and FMTPA-CPA anchored on ITO are 0.66 eV and 0.51 eV, respectively.4,5 
Consequently, Boltzmann distribution analysis confirms that both FTPA-CPA and 
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FMTPA-CPA exhibit nearly 100% for Z configuration. We also quantified height and 
orientation of FTPA-CPA and FMTPA-CPA to define their anchoring configuration. As 
shown in Supplementary Fig. 11, XRR revealed molecular heights of 15.9 Å for 
FTPA-CPA and 16.9 Å for FMTPA-CPA, which are close to the previously calculated 
anchoring heights of the energetically favored Z configuration on ITO (15.5 Å for 
FTPA-CPA and 16.7 Å for FMTPA-CPA).10 In addition, SFG spectroscopy was used 
to determine average tilt angle of FTPA-CPA on ITO (Supplementary Fig. 12). The 
measured average tilt angle relative to the substrate normal is ~24°, which is much 
closer to the calculated value of Z configuration (38°) on ITO rather than E 
configuration (0°). This result implies the anchored FTPA-CPA is assigned mainly to 
the Z configuration.11,12 

Supplementary Note 3. The X-ray reflectivity (XRR) calculation details 

X-ray reflectivity (XRR) measurements were used to determine the thickness of 
anchored SAMs. In Supplementary Fig. 11, as the incident angle (2θ) increases, the 
attenuated reflectivity curve shows an inflection point. Upon magnification, at the 
inflection point, the thickness (d) of the SAM layer can be calculated using the formula 

𝜃ଶ − 𝛼௖
ଶ = 𝑚ଶ

𝜆

2𝑑

ଶ

 

Where (0.325°) is the critical angle for total reflection at the ITO substrate interface, m 
is the order of diffraction fringes (m=1), and λ (0.15404 nm) is the X-ray wavelength 
(Cu Kα). 

Supplementary Note 4. The Sum Frequency Generation (SFG) calculation details 

The visible and infrared beams were focused and superimposed on the quartz/SAM 
samples in order to generate the SFG signals. An optical parametric 
generation/amplification and difference frequency generation (OPG/OPA/DFG) system, 
based on LiB3O5 and AgGaS2 crystals, was employed to generate an IR beam with a 
tunable wavenumber ranging from 1000 to 4300 cm−1. The wavelength of the visible 
beam was fixed at 532 nm, derived from a Nd:YAG laser. The SFG spectra were 
collected with the ssp and ppp (with the letters from left to right representing the 
polarization of the output SFG field, the input visible and infrared field, respectively) 
polarization combinations, with a wavenumber step of 5 cm−1. For this vibrational mode, 
the polarization-dependent effective susceptibilities can be related to the molecular tilt 
angle θ (between the vibrational axis and the surface normal) by 

𝜒௘௙௙,௦௣௣

𝜒௘௙௙,௣௣௣
=

0.29 < 𝑐𝑜𝑠𝜃 > +0.08 < 𝑐𝑜𝑠ଷ𝜃 >

0.62 < 𝑐𝑜𝑠𝜃 > −0.62 < 𝑐𝑜𝑠ଷ𝜃 >
 

Where Χeff,spp and Χeff,ppp are the effective macroscopic second-order susceptibility of 
spp and ppp polarization combinations, respectively; The orientational averages are 
defined as 
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< 𝑐𝑜𝑠𝜃 >= න 𝑐𝑜𝑠𝜃𝑓(𝜃)
గ

଴

𝑠𝑖𝑛𝜃𝑑𝜃 

< 𝑐𝑜𝑠ଷ𝜃 >= න 𝑐𝑜𝑠ଷ𝜃𝑓(𝜃)
గ

଴

𝑠𝑖𝑛𝜃𝑑𝜃 

Assuming a Gaussian orientational distribution: 

𝑓(𝜃) = 𝐶𝑒𝑥𝑝[−
(𝜃 − 𝜃଴)ଶ

2𝜎ଶ
] 

where C is the normalization constant, θ0 is the average tilt angle, and σ describes the 
orientational distribution width. 

Supplementary Note 5. Ground-state geometry optimizations and radical 
character analysis 

To analyze radical character by theoretical methods, fractional occupation density 
number (NFOD) was calculated.13 A larger NFOD indicates obvious radical character. 
Based on the NFOD analysis, the 2PACz showing very low NFOD (0.10) consistent with 
negligible radical characteristics in Supplementary Table 2. Intermediate values for 
FTPA-CPA (0.43) suggest moderate radical characteristics, while FMTPA-CPA (0.66) 
exhibit significantly higher NFOD values, implying stronger radical characteristic. 

Fractional occupation density (FOD) analysis was carried out using the ORCA quantum 
chemistry program package (version 4.2.1).14 The calculations were performed at the 
FOD‐DFT level employing the TPSS functional in combination with the def2-TZVP 
basis set. A Fermi-Dirac smearing temperature of 5000 K was applied to introduce 
fractional occupations, enabling visualization and quantification of static correlation 
effects and polyradical character. 

Supplementary Note 6. DFT calculation of electrostatic surface potential (ESP) 

The geometries of the molecules were optimized with the Gaussian 16 software 
package at the B3LYP/6-31G(d,p) level of theory.15 The D3(BJ) dispersion correction 
was included during geometry optimization to better account for long-range 
intramolecular dispersion interactions. Based on these optimized structures, subsequent 
analysis of the ESP distribution was conducted using the Multiwfn.16,17 

Supplementary Note 7. The acid dissociation constant (pKa) calculation 

The pKa was calculated by DFT employing ORCA 6.0.1. The calculation details are 
shown below: 

𝑝𝐾𝑎 = ൣ𝐺௚௔௦(𝐴ି) + ∆𝐺௦௢௟(𝐴ି) + 𝐺௚௔௦(𝐻ା) + ∆𝐺௦௢௟(𝐻ା) − 𝐺௚௔௦(𝐻𝐴)

− ∆𝐺௦௢௟(𝐻𝐴)൧/1.3644 

where 𝐺௚௔௦(𝐴ି), 𝐺௚௔௦(𝐻𝐴) and 𝐺௚௔௦(𝐻ା) are the represents the gas free energy of 
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corresponding material. ∆𝐺௦௢௟(𝐴ି) , ∆𝐺௦௢௟(𝐻𝐴)  and ∆𝐺௦௢௟(𝐻ା)  are the represents 
the solvation free energy of corresponding materials, among that 𝐺௚௔௦(𝐻ା)  and 
∆𝐺௦௢௟(𝐻ା)  are obtained from experiment data.18 The gas free energy calculated at 
B3LYP-D3(BJ)/ma-def2-TZVP//B3LYP-D3(BJ)/def2-SVP level and the solvation free 
energy was calculated at M052X/6-31G* in SMD solvation model.19,20 

In this work, the SAMs were prepared using ethanol (EtOH), thus our calculations were 
performed in EtOH environments, whose lower dielectric constants reduce conjugated 
base stabilization and thus result in higher apparent pKa values compared with H2O 
(Supplementary Table 6). For 2PACz, FTPA‑CPA and FMTPA‑CPA, the substituents 
(R) attached to the phosphonic group result in charge redistribution, thus having impact 
on the stability of the deprotonated conjugate base. FMTPA‑CPA, which contains D-A-
D electronic resonance, shows the lowest pKa (1.66 in H2O, 5.80 in EtOH) due to 
resonance enhanced charge redistribution effect. Therefore, both solvent dielectric and 
molecular substitution groups have large impact on the pKa value of phosphonic acid 
group in SAMs compared to pristine H3PO4. In addition, the acid-base titration results 
agree well with the computational predictions, with minor deviations within 
experimental uncertainty (Supplementary Fig. 18). 

Supplementary Note 8. Molecular Dynamics Simulations 

To investigate the self-assembly behavior of SAM molecules on ITO surfaces, we 
conducted all-atom molecular dynamics (AA-MD) simulations using the GROMACS 
2021 software suite, equipped with the General Amber Force Field (GAFF).21,22The 
atom charges were fitted using the Restrained Electrostatic Potential (RESP) method, 
employing the B3LYP functional and the 6-31G** basis set. All all-atom molecular 
dynamics simulations were realized in the canonical NVT ensemble at T = 300 K 
comprising an ITO model system with dimensions 100 Å × 100 Å × 20 Å. Periodic 
boundary conditions were used in x and y directions. To ensure simulations consistency, 
the total atom count in each SAM molecular system was standardized to comparable 
values. The system underwent an initial 10-ns equilibrium simulation, followed by a 
10-ns simulated annealing protocol, and concluded with a final 10-ns production 
simulation. The last 3-ns trajectory was extracted with a sampling interval of 500 
femtoseconds (fs) for ensemble average calculations. During the simulations, the 
LINCS algorithm was utilized to constrain the covalent bonds involving hydrogen 
atoms.23 The simulation time step was set to 1.0 fs. Temperature was controlled using 
the V-rescale thermostat.24,25 The nonbonded interactions were truncated at a cut-off 
distance of 12 Å, while the particle mesh Ewald (PME) method was employed to 
compute long-range electrostatic interactions.26 Finally, graphics and visualization 
analyses were handled by the Visual Molecular Dynamics (VMD) program.27 

To quantitatively analyze the surface coverage of SAM molecules on ITO surfaces, a 
spatial discretization method was employed. The ITO surface was partitioned into 
discrete grid cells. For each cell, the presence or absence of SAM molecules was 
recorded statistically. The surface coverage of SAM molecules was then calculated by 
dividing the number of grid cells containing SAM molecules by the total number of 
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partitioned cells. The fraction of surface coverage (θ) is defined as: 

𝜽 =
𝑁ௌ஺ெ

𝑁௚௥௜
 

Where θ is the fraction of Surface coverage of SAM molecules, 𝑁ௌ஺ெ is the number 
of grid cells containing SAM molecules, 𝑁௚௥௜   is the total number of grid cells 
partitioning the ITO surface. 

Supplementary Note 9. DFT calculation of the binding energy (Eb) 

First-principles calculations were conducted within the framework of density functional 
theory (DFT),28 as implemented in the Vienna Ab initio Simulation Package (VASP) 
code.29,30 The projector augmented wave (PAW) method was employed to describe 
core-valence interactions, utilizing a plane-wave basis set with a kinetic energy cutoff 
of 450 eV. The generalized gradient approximation exchange-correction functional 
formulated by Perdew, Burke, and Ernzerhof (PBE)31 is used in all calculations. Single 
Γ point was used in all calculations for Brillouin zone sampling. An In2O3 (111) plane 
served as the model for the ITO substrate, onto which 2PACz, FTPA-CPA, and FMTPA-
CPA molecules were subsequently adsorbed with an upward orientation. The electronic 
configurations for In, O, C, N, P, F, and H elements are 4d105s25p1, 2s22p4, 2s22p2, 
2s22p3, 3s23p3, 2s22p5 and 1s1. The vdW interactions were incorporated into the 
geometrical optimization process using the DFT-D3 method,30 with residual forces on 
atoms converged below 0.05 eV/Å. During this process, all substrate atoms except those 
on the surface were fixed. The self-consistent field calculations were performed using 
the convergence criterion of 10-5 eV/atom. The formula for calculating the binding 
energy (Eb) of a SAM adsorbed on the substrate is 

𝐸௕ =  𝐸ூ்ைାௌ஺ − 𝐸ூ்ை − 𝐸ௌ஺ெ(ିଶு) 

where EITO+SAM represents the total energy of the SAM adsorbed on the ITO substrate, 
EITO is the total energy of the ITO substrate, and ESAM(-2H) is the energy of the SAM 
after the removal of two hydrogen atoms from its anchoring group. 

Supplementary Note 10. The initial aggregate of 2PACz, FTPA-CPA and FMTPA-
CPA 

During the device fabrication process, EtOH washing was applied to minimize the 
formation of multilayer structures or molecular aggregates. Ethanol soaking, and AcOH 
washing were further applied to remove weakly bound aggregates. As shown in 
Supplementary Fig. 20-22 & Table 7, the high P/In (0.023) of FMTPA-CPA has 
negligible change, whereas those of 2PACz (from 0.011 to 0.007, 0.006 and 0.004) and 
FTPA‑CPA (from 0.016 to 0.014, 0.013 and 0.007) significantly decreased. This 
indicates that FMTPA-CPA majorly forms the stable covalent anchored monolayer 
after EtOH washing, while 2PACz and FTPA‑CPA samples initially contain a tiny 
amount of multilayer or aggregated molecules. 
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Supplementary Note 11. The energetic disorders and analysis of dynamic energetic 
disorder 

For 2PACz, the strong π‑π interactions between the carbazole cores lead to large 
binding energies in dimer formation and highly disordered aggregation. The calculated 
static energetic disorder is the highest among the studied molecules (0.297 eV, 
Supplementary Fig. 52), and AFM‑IR together with SECCM‑TLCV results confirm 
its inhomogeneous surface coverage (Supplementary Fig. 23 & 33). In addition, MD-
DFT simulations indicate locally strong intermolecular electronic coupling within 
aggregated dimers but negligible coupling in uncovered regions (Supplementary Fig. 
53). This spatially heterogeneous coupling interrupts charge‑transport continuity; 
despite locally favorable interaction, the overall charge‑transport connectivity remains 
limited. Consequently, 2PACz exhibits the strongest temperature dependence of hole 
conductivity due to its high energetic disorder. 

In contrast, the D-A-D electronic resonance FMTPA‑CPA enhances anchoring strength, 
indicating an extremely weak tendency to aggregate. The energetic disorder is the 
lowest (0.190 eV, Supplementary Fig. 52), and AFM‑IR and SECCM‑TLCV confirm 
the compact and homogeneous coverage across the ITO substrate as shown in Fig. 3c 
& Supplementary Fig. 23 & Fig. 33. Consequently, the electronic resonance 
FMTPA‑CPA shows uniform and ordered molecular arrangement, thus exhibiting the 
weakest temperature dependence of hole conductivity. MD-DFT results also reveal that 
although FMTPA‑CPA possesses moderate intermolecular coupling in 
Supplementary Fig. 52, its uniform molecular arrangement enables well‑connected 
transport pathways, minimizing trap formation and maintaining efficient hole 
conduction. This combination of homogeneous packing and sufficient coupling ensures 
efficient hole conductivity and weaker temperature dependence. 

In addition to static energetic disorder and intermolecular electronic coupling, 
temperature dependence of electronic conductivity also strongly depends on the extent 
of intramolecular dynamic energetic disorder quantified by intramolecular structural 
reorganization energy.32 Here, we calculated the intramolecular structural 
reorganization energies (λ) of FTPA‑CPA and FMTPA‑CPA for hole transport, 0.33 
and 0.20 eV, respectively. Much larger λ values and static energetic disorder (σ) values 
than intermolecular electronic coupling values (see Supplementary Fig. 52) lead to 
localized hole-transport states, which has been well known in charge-transport research 
filed.32 In such cases, charge transport predominantly proceeds through thermally 
activated hopping between these localized states, which can usually be described in the 
framework of Marcus electron-transfer theory. At low temperatures, the hopping rate 
is suppressed because carriers lack sufficient energy to overcome the potential barriers 
between neighboring localized states, leading to reduced conductivity. As the 
temperature increases, thermal activation facilitates more frequent hops, resulting in 
enhanced hole conductivity.32 Therefore, the thermally activated temperature 
dependences observed for FTPA‑CPA and FMTPA‑CPA are consistent with a 
hopping‑type transport mechanism associated with localized charge-transport states. 
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As shown by the results of our ESR measurements and DFT calculations, FTPA‑CPA 
and FMTPA‑CPA possess radical character to some extent. Importantly, the electronic 
resonance in FMTPA‑CPA not only gives rise to a stronger radical character, but also 
leads to the HOMO delocalization on the two donor moieties. Therefore, the λ value of 
FMTPA‑CPA is significantly reduced compared to that of FTPA‑CPA. As shown in 
Supplementary Fig. 53, FTPA‑CPA, exhibiting higher dynamic energetic disorder 
(due to a larger reorganization energy of 0.33 eV, Supplementary Fig. 54), possesses 
more localized states and thus higher activation barriers for charge hopping. 
Consequently, the conduction in FTPA‑CPA is more thermally activated, showing 
stronger temperature dependence. In contrast, FMTPA‑CPA has a smaller 
reorganization energy (0.20 eV, Supplementary Fig. 54) and a much narrower 
energetic distribution due to its homogeneous, stable molecular arrangement. Although 
its transport still follows a hopping mechanism, the uniform arrangement reduces 
trapping and energy barrier, enabling efficient hopping even at lower temperatures. As 
a result, FMTPA‑CPA exhibits weaker temperature dependence of hole conductivity. 

Supplementary Note 12. Electrochemical measurement details 

Quartz capillaries (I.D./O.D., 0.7/1.0 mm) were drawn into micropipettes with a 
diameter of 20 μm using an ultra-high temperature puller (MT-PULLER100A). In the 
SECCM-TLCV experiment, ITO/SAM was used as ITO/SAM was used as the working 
electrode (WE), Ag wire served as the quasi-reference-counter (QRCE), and a quartz 
micropipette filled with 0.1 M TBAP in ACN was employed as the SECCM probe. To 
carry out the SECCM-TLCV experiment, the quartz micropipette with the meniscus 
was moved to approximately 30 µm above the ITO/SAM. The threshold for surface 
current feedback is set at 120% to determine when the meniscus contacts the surface of 
the WE and to stop further movement. Local-CV curves were recorded within the 
hemispherical droplet formed between the SECCM tip and the WE surface. SECCM 
images (80 × 80 μm2 scan area) obtained with the voltametric hopping mode “SECCM 
+ local-CV” protocol, visualizing assembly density distribution of SAMs on ITO. 

All localized micro-area electrochemical measurements were conducted using a super-
resolution electrochemical microscopy system, with SPRM v1.0 software provided by 
MinTech (MT-SRECM300 Pro, CAS Applied Chemistry Science & Technology Co. 
Ltd., Changchun). The experimental setup was installed inside a Faraday cage and 
placed on a pneumatic damping antivibration platform. 

Assembly density (Г0) of the SAMs was calculated according to the CV data. 

Г଴ =
𝑄

𝑛𝐹𝐴
 

Where Q is the integrated charge, n is the electron transfer number for SAMs oxidation, 
F is the Faraday constant, and A is the geometric area of WE. 

Supplementary Note 13. the stability of combined environment of light including 
UV and heat 
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We evaluate stability under UV-inclusive light (metal halide (MH), 100 mW cm−2, 4.4% 
UV inside, the spectrum in Supplementary Fig. 64). The FMTPA-CPA-based device 
maintains 97% of its initial efficiency after continuous MPPT for 1,080 h, while the 
FTPA-CPA and 2PACz-based devices retain only 84% and 46% after 600 h 
(Supplementary Fig. 65). 

We also evaluate device stability under a combined environment of UV‑inclusive light 
and heat (85±5ºC) as shown in Supplementary Fig. 66. The maximum-power-point 
tracking (MPPT) tests were conducted under 100 mW cm−2 LEP light (1.4% UV inside, 
the spectrum is shown in Supplementary Fig. 64a exposure at 85±5ºC in N2 
atmosphere, with the FMTPA-CPA-based device maintains 95% of its initial efficiency 
during continuous MPPT for 1,080 h, whereas the 2PACz-based and FTPA-CPA-based 
devices fall to below 44% and 80% of their initial efficiency after 600 h 
(Supplementary Fig. 66a). These UV‑inclusive light and heat stability results are 
comparable with the state-of-the-art results,33 demonstrating the practical durability of 
devices using the D-A-D resonant SAM. 

Furthermore, to demonstrate the industrialization potential of our D-A-D resonant SAM, 
we evaluate the stability measurements on modules (aperture area of 15.64 cm2) under 
combined environment of light including UV (MH (4.4% UV inside)) and heat (85±5 
ºC). The FMTPA-CPA-based module maintains ~90% of its initial efficiency after 
continuous maximum-power-point tracking (MPPT) for 1,080 h, whereas the FTPA-
CPA-based and 2PACz-based modules fall to below ~73% and ~28% of their initial 
efficiency after 900 h (Supplementary Fig. 67). 

Supplementary Note 14. Stability Mechanism Analysis 

With more detailed investigations, we prefer to ascribed the covalent P-O-In bond 
cleavage to the thermally activated hydrolysis, where the P-O-In bond was attacked by 
the protons released from organic cations in perovskite. 

To verify the complex degradation mechanism, we firstly check the intrinsic stability 
of anchored reference SAMs. We prepared 2PACz films with EtOH washing, which 
were subjected to five accelerated aging conditions, including high temperature (85±
5 ℃ for 1000 h), light illumination (1000 h), electrical bias stressing (‒2.0 V for 10 h), 
high humidity (85±5% RH for 1000 h), and bending stress (10000 cycles, 5 mm radius). 
After these accelerated aging tests, XPS characterization revealed no significant 
changes in Supplementary Fig. 71, indicating environmental stability of the pristine 
2PACz films. 

Based on this, the failure mechanism of the reference SAMs should have strong relation 
with the perovskite layer. We further prepared 2PACz and FTPA-CPA films (still using 
EtOH washing to avoid weakly bonded aggregates) with PbI2 deposition, 
formamidinium iodide (FAI) deposition and AcOH soaking, respectively, followed by 
1000 h of thermal aging in N2 atmosphere. The 2PACz and FTPA-CPA samples with 
PbI2 layer on top showed negligible changes. The P/In signal ratios of 2PACz and 
FTPA-CPA decreased markedly with FAI film deposition, and the SAMs desorption is 
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even more severe after AcOH soaking in Supplementary Fig. 72 & Fig. 73. 
Considering both FAI and AcOH can provide proton during long-term heat treatment, 
these results indicate that protonic attack under thermal play a key role in activating P-
O-In bond cleavage. In contrast, the P/In ratio of FMTPA-CPA remains nearly 
unchanged under all aging conditions in Supplementary Fig. 72, confirming that its 
D-A-D electronic resonance fundamentally reinforces the P-O-In bond strength. 

As the analysis above, we attribute the failure mechanism of P-O-In bond cleavage to 
thermally activated hydrolysis. During device operation, perovskite degradation can 
release protonic species (H+, NH4

+, or other proton) from FA+/MA+ cations.34,35 Once 
accumulated at the ITO substrate, the protonic readily attack the electrophilic P-O 
moiety in the anchoring group, resulting in protonation of the bridging oxygen and 
subsequent hydrolytic cleavage of the P-O-In bonds.36-38 With the covalent binding 
energy of ‒2.31 eV between FMTPA-CPA and ITO, the P-O-In bond is strong enough 
to suppress proton attack. With a covalent binding energy of ‒2.31 eV (similar to that 
of FMTPA-CPA anchoring on ITO), the P-O-In bond is strong enough to avoid 
dissociation during practical operation. 

P-O-In + H+ → P-OH+-O-In → P-OH + In-OH 

To verify the UV degradation mechanism, we prepared ITO/SAM (with EtOH 
washing)/perovskite samples. As shown in Supplementary Note 10, after EtOH 
washing, the initial coverage of 2PACz and FTPA-CPA may include a certain amount 
of weak hydrogen-bonded SAMs due to the severe molecular aggregation, and the D-
A-D resonant FMTPA-CPA tends to form uniform and covalently anchored monolayer. 
Then, these samples were aged under metal halide (MH, 4.4% UV inside) lamp and 
pure UV (365 nm, 56 mW cm-2) lamp, respectively. As for 2PACz and FTPA-CPA, the 
perovskite buried interfaces showed increased voids and decreased PL intensity after 
aged 200 h under MH lamp (Supplementary Fig. 74 & 75). The significant change is 
ascribed to weak hydrogen-bonded SAM anchored on ITO, which is triggered by 
photochemical reaction involving the reaction between deprotonated hydrogen from 
CPA group with formamidinium cation (FA+) or iodide anion (I‒), thereby promoting 
degradation of the buried perovskite interface.33 In contrast, the perovskite buried 
interface based on FMTPA-CPA showed only minimal differences, indicating that the 
robust and stable covalent anchoring of D-A-D resonant FMTPA-CPA will not be 
influenced by UV photochemical degradation pathway. 

Furthermore, we investigate the degradation mechanism after 200 h aging under pure 
UV (365 nm, 56 mW cm-2) lamp. As for 2PACz and FTPA-CPA, the buried interface 
degradation became much more severe than that under MH lamp (Supplementary Fig. 
76 & 77), as evidenced by increased voids, the appearance of bright crystals (referring 
to PbI2), and decreased PL intensity. In addition, the PL peaks exhibited a blue shift, 
which was ascribed to ion migration of A-site cations (e.g., Cs+, FA+) that induces weak 
phase segregation.39 These results indicate that under harsher pure UV irradiation, the 
degradation is not only limited to photochemical desorption of weakly hydrogen-
bonded SAMs, but also involves UV-induced defects generation and ion migration 
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within the perovskite bulk. Similarly, the FMTPA-CPA-based buried perovskite 
interfaces also exhibited bright crystals formation, accompanied by PL intensity 
decrease and peak blue shift. However, after pure UV lamp aging, the P/In ratio of 
FMTPA-CPA anchored on ITO showed no significant change from XPS 
characterization in Supplementary Fig. 78 and Supplementary Table 8. Therefore, 
we attribute the degradation mainly to UV-induced defects generation and phase 
segregation in the perovskite bulk, rather than desorption of the FMTPA-CPA SAM 
itself. 
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Supplementary Figures 

 

Supplementary Fig. 1 (a) 1H NMR spectrum of FTPA-CPA; (b) enlarged 1H NMR 

spectrum in the range of 7.56~7.74 ppm. 
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Supplementary Fig. 2 31P NMR spectrum of FTPA-CPA. 
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Supplementary Fig. 3 13C NMR spectrum of FTPA-CPA. 
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Supplementary Fig. 4 Mass spectroscopy of FTPA-CPA. 
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Supplementary Fig. 5 (a) 1H NMR spectrum of FMTPA-CPA; (b) enlarged 1H NMR 

spectrum in the range of 7.25~7.41 ppm. 
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Supplementary Fig. 6 31P NMR spectrum of FMTPA-CPA. 
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Supplementary Fig. 7 13C NMR spectrum of FMTPA-CPA. 
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Supplementary Fig. 8 Mass spectroscopy of FMTPA-CPA. 
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Supplementary Fig. 9 The intrinsic molecular energies of free (a) FTPA-CPA and (b) 

FMTPA-CPA molecules with E(Z) configuration. 
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Supplementary Fig. 10 The total energies of the whole systems composed of (a) 

FTPA-CPA and (b) FMTPA-CPA with E (Z) configuration on the ITO substrate. 
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Supplementary Fig. 11 (a) theoretical calculated lengths for E- and Z- configurations 

FTPA-CPA anchored to ITO; (b) XRR measurements of FTPA-CPA SAM films after 

AcOH washing; (c) theoretical calculated lengths for E- and Z- configurations FMTPA-

CPA anchored to ITO; (d) XRR measurements of FMTPA-CPA SAM films after AcOH 

washing. 
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Supplementary Fig. 12 (a) theoretically calculated tilt angle for E- and Z- 

configurations FTPA-CPA anchored to ITO; (b) the SFG spectra of the FTPA-CPA 

SAM films after AcOH washing; (c) the predicted average title angle of FTPA-CPA 

SAMs on ITO by SFG spectra. 

  



27 
 

 

 

Supplementary Fig. 13 Quantitative ESR spectra of 2PACz, FTPA-CPA and FMTPA-

CPA powder. 
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Supplementary Fig. 14 The donor and acceptor fragmentation charges of (a) 2PACz, 

(b) FTPA-CPA and (c) FMTPA-CPA. 
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Supplementary Fig. 15 ESP distributions of E and Z configuration (a) FTPA-CPA and 

(b) FMTPA-CPA. 
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Supplementary Fig. 16 (a) HOMO and (b) LUMO orbital wavefunctions of 2PACz, 

FTPA-CPA and FMTPA-CPA at the ground-state. 
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Supplementary Fig. 17 The bonding mechanisms of -PO3H2 as anchors on ITO 

substrates. 
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Supplementary Fig. 18 The acid-base titration curve of (a) H3PO4, (b) 2PACz, (c) 

FTPA-CPA and (d) FMTPA-CPA. 
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Supplementary Fig. 19 DFT calculation of the binding energies of (a) 2PACz, (b) 

FTPA-CPA and (c) FMTPA-CPA with ITO. 
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Supplementary Fig. 20 XPS spectra of In 3d obtained from the (a) 2PACz, (b) FTPA-

CPA and (c) FMTPA-CPA films before and after EtOH washing; XPS spectra of P 2p 

obtained from the (d) 2PACz, (e) FTPA-CPA and (f) FMTPA-CPA films before and 

after EtOH washing. 
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Supplementary Fig. 21 XPS spectra of In 3d obtained from the (a) 2PACz, (b) FTPA-

CPA and (c) FMTPA-CPA films after H3BO3 and AcOH washing; XPS spectra of P 2p 

obtained from the (d) 2PACz, (e) FTPA-CPA and (f) FMTPA-CPA films after H3BO3 

and AcOH washing. 

  



36 
 

 

Supplementary Fig. 22 XPS spectra of In 3d obtained from the (a) 2PACz, (b) FTPA-

CPA and (c) FMTPA-CPA films after EtOH soaking and AcOH washing; XPS spectra 

of P 2p obtained from the (d) 2PACz, (e) FTPA-CPA and (f) FMTPA-CPA films after 

EtOH soaking and AcOH washing. 
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Supplementary Fig. 23 Assembly densities mapping of (a) 2PACz, (b) FTPA-CPA 

and (c) FMTPA-CPA obtained from SECCM-TLCV. Assembly densities mapping of 

(d) 2PACz, (e) FTPA-CPA and (f) FMTPA-CPA after AcOH washing obtained from 

SECCM-TLCV. 
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Supplementary Fig. 24 Molecular configuration and anchoring modes of (a) 2PACz, 

(b) FTPA-CPA and (c) FMTPA-CPA with ITO at 358 K over a span of 0~5 ps. 
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Supplementary Fig. 25 In situ FTIR spectra of the (a) 2PACz, (b) FTPA-CPA and (c) 

FMTPA-CPA films with EtOH washing on ITO substrate at 85 ℃. 
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Supplementary Fig. 26 In situ FTIR spectra of the (a) 2PACz, (b) FTPA-CPA and (c) 

FMTPA-CPA films with EtOH washing on ITO substrate at 100 ℃. 
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Supplementary Fig. 27 ToF-SIMS depth profiles of 2PACz (a) before and (b) after 

aging under high temperature and illumination conditions; ToF-SIMS depth profiles of 

FTPA-CPA (c) before and (d) after aging under high temperature and illumination 

conditions; ToF-SIMS depth profiles of FMTPA-CPA (e) before and (f) after aging 

under high temperature and illumination conditions. 
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Supplementary Fig. 28 XPS spectra of In 3d obtained from the (a) 2PACz, (b) FTPA-

CPA and (c) FMTPA-CPA films after aging under high temperature and illumination 

conditions; XPS spectra of P 2p obtained from the (d) 2PACz, (e) FTPA-CPA and (f) 

FMTPA-CPA films after aging under high temperature and illumination conditions. 
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Supplementary Fig. 29 Discretized Grid Distribution Map of (a) 2PACz, (b) FTPA-

CPA and (c) FMTPA-CPA SAMs on ITO substrate surface. 
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Supplementary Fig. 30 2PACz dimer packing conformation diagram observed in MD 

simulations. 
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Supplementary Fig. 31 FTPA-CPA dimer packing conformation diagram observed in 

MD simulations. 
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Supplementary Fig. 32 FMTPA-CPA dimer packing conformation diagram observed 

in MD simulations. 
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Supplementary Fig. 33 AFM-FTIR spectroscopy of 2PACz, FTPA-CPA and FMTPA-

CPA on ITO substrate (a) before and (b) after aging under high temperature and 

illumination conditions. 
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Supplementary Fig. 34 Contact angels of the perovskite precursor solution on the 

2PACz, FTPA-CPA and FMTPA-CPA SAMs. 
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Supplementary Fig. 35 Photographs of perovskite films deposited on (a) 2PACz, (b) 

FTPA-CPA and (c) FMTPA-CPA SAMs. 
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Supplementary Fig. 36 Top-view SEM images of perovskite films deposited on (a) 

2PACz, (b) FTPA-CPA and (c) FMTPA-CPA SAMs. Scale bar: 1 μm. 
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Supplementary Fig. 37 Schematic diagram of 9 platforms from 5.0 × 5.0 cm2 

perovskite films. 

  



52 
 

 

Supplementary Fig. 38 SEM images of the buried interface of 9 platforms in the large-

area perovskite films deposited on 2PACz (5.0 × 5.0 cm2). Scale bar: 1 μm. 
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Supplementary Fig. 39 SEM images of the buried interface of 9 platforms in the large-

area perovskite films deposited on FTPA-CPA (5.0 × 5.0 cm2). Scale bar: 1 μm. 
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Supplementary Fig. 40 SEM images of the buried interface of 9 platforms in the large-

area perovskite films deposited on FMTPA-CPA (5.0 × 5.0 cm2). Scale bar: 1 μm. 
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Supplementary Fig. 41 GIWAXS maps at grazing incidence angels of 0.5º of the 

buried interface of perovskite deposited on (a) 2PACz, (b) FTPA-CPA and (c) FMTPA-

CPA SAMs. 
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Supplementary Fig. 42 (a) XRD, (b) the intensity of (100) diffraction peak and (c) 

FWHM of (100) diffraction peak of the buried interface of perovskite deposited on 

2PACz, FTPA-CPA and FMTPA-CPA SAMs. 
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Supplementary Fig. 43 PL mapping of the buried interface of 9 platforms in the large-

area perovskite films deposited on 2PACz (5.0 × 5.0 cm2). Scale bar: 5 μm. 
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Supplementary Fig. 44 PL mapping of the buried interface of 9 platforms in the large-

area perovskite films deposited on FTPA-CPA (5.0 × 5.0 cm2). Scale bar: 5 μm. 
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Supplementary Fig. 45 PL mapping of the buried interface of 9 platforms in the large-

area perovskite films deposited on FMTPA-CPA (5.0 × 5.0 cm2). Scale bar: 5 μm. 
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Supplementary Fig. 46 PL mapping corresponding intensities of the bottom surface of 

9 platforms in the large-area perovskite films deposited on (a) 2PACz, (b) FTPA-CPA 

and (c) FMTPA-CPA (5.0 × 5.0 cm2). 
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Supplementary Fig. 47 The complete PLQY spectra of perovskite films on (a) 2PACz, 

(b) FTPA-CPA and (c) FMTPA-CPA SAMs. 
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Supplementary Fig. 48 Excitation intensity-dependent photoluminescence decays of 

perovskite films on (a) 2PACz, (b) FTPA-CPA and (c) FMTPA-CPA SAMs using a 

454 nm pulsed excitation. Comparison of the decay curves under identical excitation 

intensities of (d) 14.25 mW cm-2, (e) 71.25 mW cm-2, (f) 356.25 mW cm-2. 
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Supplementary Fig. 49 Electron Localization Function (ELF) in the SAM region on 

the ITO surface of (a) 2PACz, (b) FTPA-CPA and (c) FMTPA-CPA. 
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Supplementary Fig. 50 UPS cut-off edge of (a) Glass/ITO, (b) ITO/2PACz, (c) 

ITO/FTPA-CPA and (d) ITO/FMTPA-CPA; (e) Schematic illustration of energy level 

diagram (aligned with the Fermi-level). 
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Supplementary Fig. 51 Temperature dependence of J-V curves for the hole-only 

devices based on the (a) 2PACz, (b) FTPA-CPA and (c) FMTPA-CPA films in dark. (d) 

Hole mobilities of the 2PACz, FTPA-CPA and FMTPA-CPA films as a function of 1/T2 

were obtained using the equation for Gaussian disorder model (GDM). 
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Supplementary Fig. 52 (a) The fitted energetic disorder values for 2PACz, FTPA-CPA 

and FMTPA-CPA by MD-DFT simulation; The probability distributions of HOMO 

energies, and the Gauss-fitted energetic disorder (σ) values for (b) 2PACz, (c) FTPA-

CPA and (d) FMTPA-CPA by MD-DFT calculations. 
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Supplementary Fig. 53 (a) Statistically averaged HOMO-HOMO electronic coupling 

values for dimers extracted from MD simulations and (b) probability distribution of 

HOMO-HOMO electronic coupling estimated by MD-DFT calculations for 2PACz, 

FTPA-CPA and FMTPA-CPA. 
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Supplementary Fig. 54 The reorganization energies of 2PACz, FTPA-CPA and 

FMTPA-CPA. 
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Supplementary Fig. 55 Certification report by TÜV SÜD for 0.063-cm2 rigid pero-SC 

based on FMTPA-CPA. 
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Supplementary Fig. 56 Maximal steady-state photocurrent output of the rigid small-

area devices. 
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Supplementary Fig. 57 EQE spectra of pero-SCs based on 2PACz, FTPA-CPA and 

FMTPA-CPA. 
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Supplementary Fig. 58 (a) EQEEL and (b) energy losses of the devices based on 2PACz, 

FTPA-CPA and FMTPA-CPA SAMs. 
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Supplementary Fig. 59 Mott-Schottky plots of the devices based on 2PACz, FTPA-

CPA and FMTPA-CPA SAMs, obtained under dark conditions. 

  



74 
 

 

Supplementary Fig. 60 Nyquist plot of the pero-SCs based on 2PACz, FTPA-CPA and 

FMTPA-CPA SAMs under dark conditions (Inset shows the corresponding equivalent 

circuit). 
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Supplementary Fig. 61 The statistics of PCE values obtained from J-V characteristic 

for devices based on 2PACz, FTPA-CPA and FMTPA-CPA SAMs (20 independent 

devices for each SAM). 
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Supplementary Fig. 62 J-V curves of the champion large-area (15.64 cm2) module 

based 2PACz, FTPA-CPA and FMTPA-CPA under AM1.5G 100 mW cm-2 illumination 

in the reverse and forward scan. Inset: a picture of the 5×5 cm2 module. 
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Supplementary Fig. 63 The UV irradiation stability at 365 nm (56 mW cm-2) of small-

area devices based on 2PACz, FTPA-CPA and FMTPA-CPA SAMs. 
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Supplementary Fig. 64 Spectrum of the light source for light-soaking stability tests (a) 

LEP lamp; (b) MH lamp and (c) sunlight. The inset showed the UV ratio of the lamp in 

each spectrum. 
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Supplementary Fig. 65 Light-soaking stability of small-area devices (MPPT 

conditions) based on 2PACz, FTPA-CPA and FMTPA-CPA under the illumination of 

MH lamp (100 mW cm−2, 4.4% UV inside) in N2 atmosphere. 
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Supplementary Fig. 66 Light-soaking stability of small-area devices (MPPT 

conditions at 85±5 °C) based on 2PACz, FTPA-CPA and FMTPA-CPA under the 

illumination of (a) LEP lamp (100 mW cm−2, 1.4% UV inside) and (b) MH lamp (100 

mW cm−2, 4.4% UV inside) at 85±5 °C in N2 atmosphere. 
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Supplementary Fig. 67 MPPT stability of modules based on 2PACz, FTPA-CPA and 

FMTPA-CPA at 85±5 °C under the illumination of MH lamp (100 mW cm−2, 4.4% UV 

inside). 
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Supplementary Fig. 68 Stability of encapsulated devices aged under damp heat 

conditions (85±5 °C and 85±5% RH) following the ISOS-D-3 protocol. 
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Supplementary Fig. 69 Stability of pero-SCs based on 2PACz, FTPA-CPA and 

FMTPA-CPA SAMs working in the day/night cycling modes following the ISOS-LC-

1 protocol. 
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Supplementary Fig. 70 (a) Light-soaking stability of small-area devices under ISOS-

L-2 protocol (MPPT conditions, 85±5 ℃, 10 independent devices); (b) Light-soaking 

stability of small-area devices under ISOS-LC-1 (MPPT conditions under day/night 

cycling, 10 independent devices); (c) Light-soaking stability of small-are devices 

(MPPT conditions under LEP lamp, 85±5 ℃, 10 independent devices); (d) Light-

soaking stability of small-are devices (MPPT conditions under MH lamp, 85±5 ℃, 10 

independent devices); (e) Light-soaking stability of small-are devices (MPPT 

conditions under MH lamp, 10 independent devices).  
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Supplementary Fig. 71 (a) The P/In ratio, (b) In 3d and (c) P 2p in XPS spectroscopy 

of 2PACz on ITO substrate before and after aging conditions, including high 

temperature (85±5 ℃ for 1000 h), light illumination (1 sun for 1000 h), electrical bias 

stressing (-2.0 V for 10 h), high humidity (85±5% RH for 1000 h), and bending stress 

(10000 cycles, 5 mm radius). 
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Supplementary Fig. 72 The P/In ratio of XPS spectroscopy of pristine 2PACz, FTPA-

CPA and FMTPA-CPA on ITO substrate and with PbI2 deposition, FAI deposition and 

AcOH soaking after aging under high temperature (85±5 ℃ for 1000 h). 
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Supplementary Fig. 73 XPS spectra of (a) In 3d and (b) P 2p obtained from the pristine 

2PACz and 2PACz with PbI2 deposition, FAI deposition and AcOH soaking after aging 

under high temperature (85±5 ℃ for 1000 h). XPS spectra of (c) In 3d and (d) P 2p 

obtained from the pristine FTPA-CPA and FTPA-CPA with PbI2 deposition, FAI 

deposition and AcOH soaking after aging under high temperature (85±5 ℃ for 1000 h). 

XPS spectra of (e) In 3d and (f) P 2p obtained from the pristine FMTPA-CPA and 

FMTPA-CPA with PbI2 deposition, FAI deposition and AcOH soaking after aging 

under high temperature (85±5 ℃ for 1000 h). 
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Supplementary Fig. 74 PL peak of buried perovskite interface based (a) 2PACz, (b) 

FTPA-CPA and (c) FMTPA-CPA before and after aging 200 h under the MH lamp. 
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Supplementary Fig. 75 SEM of buried perovskite interface based (a) 2PACz, (b) 

FTPA-CPA and (c) FMTPA-CPA before and after aging 200 h under the MH lamp. 
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Supplementary Fig. 76 PL peak of buried perovskite interface based (a) 2PACz, (b) 

FTPA-CPA and (c) FMTPA-CPA before and after aging 200 h under the pure UV lamp 

(56 mW cm-2). 
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Supplementary Fig. 77 SEM of buried perovskite interface based (a) 2PACz, (b) 

FTPA-CPA and (c) FMTPA-CPA before and after aging 200 h under the pure UV lamp 

(56 mW cm-2). 
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Supplementary Fig. 78 XPS spectra of (a)In 3d and (b) P 2p obtained from the 

FMTPA-CPA films before and after aging 200 h under pure UV lamp (56 mW cm-2). 
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Supplementary Fig. 79 Certification report by TÜV SÜD for flexible small-area 

(0.063 cm2) device based on FMTPA-CPA.  
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Supplementary Fig. 80 J-V curves of the champion flexible large-area (15.64 cm2) 

modules based on FMTPA-CPA. Inset: a picture of the flexible 5×5 cm2 module. 
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Supplementary Fig. 81 Maximal steady-state photocurrent output of the flexible large-

area modules. 
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Supplementary Fig. 82 The statistics of PCE values obtained from J-V characteristic 

for devices based on different solvents, the inserted photographs are FMTPA-CPA 

SAMs in different solvents. 
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Supplementary Fig. 83 J-V curves of the 1.83 eV-bandgap pero-SCs based on 

FMTPA-CPA under AM 1.5G, 100 mW/cm2 illumination. 
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Supplementary Tables 

Supplementary Table 1 The element mass of FTPA-CPA and FMTPA-CPA. 

Molecule N (wt%) C (wt%) H (wt%) CHN result Molecular formula 

FTPA-CPA 5.34 57.25 4.03 NC12.51H10.49 N2C25H21F2O5P 

FMTPA-CPA 5.60 71.98 4.83 NC14.99H11.99 N3C45H36F4O7P 
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Supplementary Table 2 The NFOD values of 2PACz, FTPA-CPA and FMTPA-CPA. 

Molecule 2PACz FTPA-CPA FMTPA-CPA 

NFOD 0.10 0.43 0.66 
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Supplementary Table 3 Quantitative ESR data of 2PACz, FTPA-CPA and FMTPA-

CPA sample. 

Samples 
amount of 

substance (mol) 
Integrated peaks area 

Ratio of free 
radicals/samples 

2PACz 1.45×10-5 6.55 2.20×10-5 

FTPA-CPA 1.28×10-5 33.30 1.27×10-4 

FMTPA-CPA 1.20×10-5 216.63 8.86×10-3 

TEMPO 1.94×10-9 39.74 1 

  



101 
 

Supplementary Table 4 Crystallographic data of FMTPA. 

Compound FMTPA 

CCDC no. 2442679 
Empirical formula  C42H34F4N2O4 
Formula weight 706.71 
Temperature/K 223 
Crystal system monoclinic 
Space group P21/c 

a/Å 17.208(3) 
b/Å 7.1330(12) 
c/Å 29.674(5) 
α/° 90 
β/° 98.668(5) 
γ/° 90 

Volume/Å3 3600.7(11) 
Z 4 

ρcalcg/cm3 1.304 
μ/mm-1 0.098 
F(000) 1472.0 

Crystal size/mm3 0.3 × 0.2 × 0.1 
Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.93 to 50.054 
Index ranges -20 ≤ h ≤ 20, -8 ≤ k ≤ 8, -35 ≤ l ≤ 35 

Reflections collected 56462 
Independent reflections 6132 [Rint = 0.0899, Rsigma = 0.0469] 

Data/restraints/parameters 6132/9/474 
Goodness-of-fit on F2 1.145 

Final R indexes [I>=2σ (I)] R1 = 0.1102, wR2 = 0.3247 
Final R indexes [all data] R1 = 0.1334, wR2 = 0.3425 

Largest diff. peak/hole / e Å-3 1.00/-0.57 
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Supplementary Table 5 The electrostatic potential of oxygen atoms within phosphonic 

acid groups from ESP calculation. 

SAMs -P=O (kcal/mol) -P-OH(1) (kcal/mol) -P-OH(2) (kcal/mol) 

2PACz ‒23.50 ‒6.45 ‒6.46 

FTPA-CPA ‒28.20 ‒18.88 ‒14.61 

FMTPA-CPA ‒31.11 ‒20.72 ‒15.61 
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Supplementary Table 6 DFT simulations of the acid dissociation constant of 

phosphonic acid group in different solvents on the 2PACz, FTPA-CPA and FMTPA-

CPA. 

SAMs solvent pKa1 

2PACz 
H2O 8.26 

EtOH 12.84 

FTPA-CPA 
H2O 5.34 

EtOH 9.59 

FMTPA-CPA 
H2O 1.66 

EtOH 5.80 

H3PO4 
H2O 1.23 

EtOH 5.96 
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Supplementary Table 7 XPS spectra analysis obtained from the 2PACz, FTPA-CPA 

and FMTPA-CPA films. 

SAM condition In area P area P/In 

2PACz 

fresh 343184.6 3809.4 0.0111 

EtOH washing 481605.7 3525.1 0.0073 

EtOH soaking 949840.9 5760.1 0.0061 

H3BO3 washing 745977.2 4105.9 0.0055 

AcOH washing 1124496.7 4625.0 0.0041 

aging (1 sun & 85 ℃) 691893.6 4013.0 0.0058 

FTPA-CPA 

fresh 340987.6 5591.7 0.0164 

EtOH washing 372394.9 5245.5 0.0141 

EtOH soaking 338204.6 4531.3 0.0134 

H3BO3 washing 674946.0 6117.5 0.0091 

AcOH washing 798210.7 5438.9 0.0068 

aging (1 sun & 85 ℃) 422132.5 4945.0 0.0117 

FMTPA-CPA 

fresh 212335.0 5482.0 0.0258 

EtOH washing 183058.1 4228.6 0.0231 

EtOH soaking 258752.7 5908.2 0.0228 

H3BO3 washing 237409.8 5515.6 0.0232 

AcOH washing 229678.7 5339.9 0.0233 

aging (1 sun & 85 ℃) 279105.3 6284.6 0.0225 

aging under UV lamp 536154.2 12281.1 0.0229 
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Supplementary Table 8 The surface coverage rate in MD simulations. 

SAMs coverage 

2PACz 50.2% 

FTPA-CPA 62.3% 

FMTPA-CPA 66.3% 
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Supplementary Table 9 Binding energy of SAM dimers. 

SAMs Bind energy (kJ/mol) 

2PACz ‒61.9 

FTPA-CPA ‒39.9 

FMTPA-CPA ‒40.0 
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Supplementary Table 10 TRPL decay fitting parameters of perovskite deposited on 

2PACz, FTPA-CPA and FMTPA-CPA SAMs under excitation intensities of 14.25 mW 

cm-2. 

SAMs τ1 (ns) f1 (%) τ2 (ns) f2 (%) τavg (ns) 

2PACz 24.709 25.625 73.496 74.496 68.439 

FTPA-CPA 31.139 4.001 688.884 95.999 687.647 

FMTPA-CPA 33.375 2.204 1171.241 97.796 1170.575 
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Supplementary Table 11 Photovoltaic parameters of pero-SCs under AM1.5G, 100 

mW/cm2 illumination. Forward scan: ‒0.2 V→1.2 V (small-area), ‒0.5 V→9.5 V 

(module); Reverse scan: 1.2 V→‒0.2 V (small-area), 9.5 V→‒0.5 V (module). 

Substrate 

type 
SAMs 

Scan 

direction 
Voc (V) Jsc (mA/cm2) FF (%) 

PCEmax
a(PC

Eavg)a (%) 

Glass/ITO 

(0.063 cm2) 

2PACz 

Reverse 1.18 

(1.17±0.02) 

26.46 

(26.50±0.15) 

81.9 

(81.9±1.8) 

25.57 

(25.30±0.20) 

Forward 1.18 

(1.16±0.02) 

26.47 

(26.48±0.13) 

79.3 

(79.0±1.7) 

24.77 

(24.35±0.30) 

FTPA-

CPA 

Reverse 1.19 

(1.20±0.02) 

26.44 

(26.53±0.12) 

83.9 

(82.6±1.4) 

26.40 

(26.21±0.14) 

Forward 1.19 

(1.19±0.01) 

26.57 

(26.49±0.13) 

79.5 

(79.2±1.1) 

25.14 

(24.91±0.19) 

FMTPA

-CPA 

Reverse 1.20 

(1.20±0.01) 

26.59 

(26.52±0.10) 

86.6 

(86.5±0.2) 

27.69 

(27.62±0.07) 

Forward 1.20 

(1.20±0.01) 

26.75 

(26.65±0.11) 

83.3 

(82.9±0.5) 

26.81 

(26.65±0.09) 

Glass/ITO 

(15.64 cm2) 

2PACz 

Reverse 8.58 

(8.46±0.19) 

3.11 

(3.10±0.02) 

69.3 

(69.3±1.0) 

18.49 

(18.17±0.22) 

Forward 8.37 

(8.28±0.15) 

3.10 

(3.10±0.01) 

68.5 

(68.0±1.3) 

17.77 

(17.46±0.21) 

FTPA-

CPA 

Reverse 8.88 

(8.83±0.09) 

3.19 

(3.18±0.01) 

77.0 

(76.8±1.0) 

21.81 

(21.54±0.19) 

Forward 8.87 

(8.79±0.09) 

3.20 

(3.20±0.02) 

74.5 

(74.3±0.8) 

21.15 

(20.92±0.16) 

FMTPA

-CPA 

Reverse 9.00 

(9.01±0.08) 

3.25 

(3.24±0.02) 

80.8 

(80.6±0.8) 

23.63 

(23.48±0.08) 

Forward 8.96 

(8.94±0.09) 

3.24 

(3.23±0.02) 

79.1 

(78.9±0.8) 

22.96 

(22.80±0.06) 

PET/ITO 

(0.063 cm2) 
2PACz 

Reverse 
1.17 

(1.17±0.02) 

25.62 

(25.64±0.07) 

81.2 

(80.3±0.9) 

24.35 

(23.88±0.22) 

Forward 
1.17 

(1.16±0.01) 

25.04 

(25.18±0.07) 

79.7 

(78.6±0.9) 

23.35 

(22.95±0.19) 
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Substrate type SAMs 
Scan 

direction 
Voc (V) Jsc (mA/cm2) FF (%) 

PCEmax
a(PCE

avg)a (%) 

PET/ITO 

(0.063 cm2) 

FTPA-

CPA 

Reverse 
1.19 

(1.19±0.01) 

25.81 

(25.85±0.05) 

83.3 

(81.9±0.7) 

25.58 

(25.09±0.20) 

Forward 
1.18 

(1.17±0.01) 

25.88 

(25.88±0.08) 

80.0 

(79.8±0.5) 

24.42 

(24.25±0.10) 

FMTPA

-CPA 

Reverse 1.21 

(1.20±0.01) 

26.17 

(26.19±0.09) 

84.4 

(84.2±0.9) 

26.64 

(26.45±0.13) 

Forward 1.21 

(1.20±0.01) 

25.88 

(26.04±0.08) 

83.9 

(83.5±0.7) 

26.21 

(26.03±0.11) 

PET/ITO 

(15.64 cm2) 

2PACz 

Reverse 
8.46 

(8.23±0.10) 

3.11 

(3.12±0.01) 

64.8 

(64.0±0.5) 

17.06 

(16.48±0.16) 

Forward 
8.30 

(8.02±0.12) 

3.07 

(3.10±0.01) 

61.4 

(61.1±0.5) 

15.63 

(15.22±0.14) 

FTPA-

CPA 

Reverse 
8.98 

(8.78±0.09) 

3.14 

(3.13±0.01) 

74.7 

(75.0±0.6) 

21.07 

(20.64±0.14) 

Forward 
8.80 

(8.65±0.11) 

3.13 

(3.13±0.01) 

72.9 

(72.8±0.8) 

20.08 

(19.69±0.13) 

FMTPA

-CPA 

Reverse 
9.07 

(9.08±0.06) 

3.14 

(3.14±0.01) 

77.9 

(77.5±0.5) 

22.18 

(22.12±0.06) 

Forward 
9.07 

(9.05±0.07) 

3.14 

(3.14±0.01) 

75.4 

(75.3±0.5) 

21.46 

(21.41±0.05) 

a The maximum PCE, average PCE, and standard deviations of 20 devices. 
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Supplementary Table 12 Statistical energy losses of the devices based on 2PACz, 

FTPA-CPA and FMTPA-CPA. 

SAMs Eg (eV) ΔE1(eV) ΔE2 (eV) ΔE3 (eV) 

2PACz 1.53 0.27 0.010 0.109 

FTPA-CPA 1.53 0.27 0.010 0.089 

FMTPA-CPA 1.53 0.27 0.010 0.069 
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Supplementary Table 13 Resistance and capacitance values of the pero-SCs based on 

2PACz, FTPA-CPA and FMTPA-CPA SAMs under dark conditions. 

SAMs Rs (Ω) Rp (Ω) C (nF) 

2PACz 8.841 275.4 12.359 

FTPA-CPA 10.95 165.8 12.791 

FMTPA-CPA 9.477 677.8 8.157 
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Supplementary Table 14 Photovoltaic parameters of 20 independent pero-SCs based 

on FMTPA-CPA under AM1.5G, 100 mW/cm2 illumination. Forward scan: ‒0.2 

V→1.2 V; Reverse scan: 1.2 V→ ‒0.2 V. 

 
Voc (V) Jsc (mA/cm2) FF (%) 

PCEmax
a(PCEavg)a 
(%) 

1# 1.20 26.59 86.64 27.69 

2# 1.20 26.61 86.33 27.57 

3# 1.20 26.58 86.34 27.54 

4# 1.21 26.35 86.62 27.62 

5# 1.21 26.37 86.52 27.61 

6# 1.20 26.52 86.23 27.44 

7# 1.20 26.61 86.61 27.66 

8# 1.20 26.54 86.59 27.58 

9# 1.20 26.59 86.62 27.64 

10# 1.21 26.47 86.18 27.60 

11# 1.20 26.58 86.60 27.62 

12# 1.21 26.47 86.59 27.73 

13# 1.20 26.55 86.57 27.58 

14# 1.21 26.54 86.58 27.80 

15# 1.21 26.35 86.59 27.61 

16# 1.20 26.56 86.60 27.60 

17# 1.21 26.37 86.51 27.60 

18# 1.20 26.63 86.57 27.66 

19# 1.20 26.63 86.58 27.67 

20# 1.21 26.43 86.29 27.60 

 1.20±0.01 26.52±0.10 86.5±0.15 27.62±0.07 
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Supplementary Table 15 Certified PCE values of recently reported high-performance 

rigid and flexible pero-SCs. 

Device 

types 
year 

PCE 

(%) 

Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 
Ref. 

rigid 

2026 27.69 1.20 26.59 86.64 This work 

2024 25.74 1.188 25.73 84.17 Nature, 2024, 632, 301-306 

2024 26.54 1.192 26.47 84.11 Nature, 2024, 632, 536-542 

2025 26.08 1.185 26.27 83.84 Nat. Energy, 2025, 10, 342-353 

2025 26.3 1.19 25.8 85.7 Science, 2025, 389, 195 

2025 26.39 1.185 26.15 85.11 Nat. Commun., 2025, 16, 86 

2025 26.6 1.190 26.2 85.3 Nat. Mater., 2025, 24, 1265-1272 

2025 26.72 1.197 26.21 85.17 
Nat. Photon., 2025, 19, 1070-

1077 

2025 26.81 1.186 26.17 86.37 
Energy Environ. Sci., 2025,18, 

3196-3210 

2025 26.92 1.185 26.18 86.75 Nature, 2025, 646, 95-101 

2025 27.15 1.192 26.71 85.31 Science, 2025, 390, 638-642 

2026 27.57% 1.208 26.62 85.75 Science, 2025, 392, 742-748 

flexible 

2026 26.64 1.21 26.27 84.36 This work 

2024 24.04 1.171 24.56 83.56 Joule, 2024 8, 1120 

2024 24.41 1.183 25.66 80.38 
Energy Environ. Sci., 2024, 17, 

8162 

2024 24.48 1.152 25.51 83.31 Adv. Mater., 2024, 36, 2403531 

2024 24.9 1.188 25.29 83.5 iEnergy, 2024, 3, 39 

2025 25.44 1.186 26.03 82.4 
Adv. Funct. Mater., 2025, 35, 

2424191 

2025 26.22 1.196 26.02 84.3 Nat. Synth., 2025, 5, 209-220 
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Supplementary Table 16 Statistical of the UV irradiation stability in references. 

References Initial PCE Power (mW cm-2) Time (h) PCE decay 

This work 26.84% 56.0 1080 81% 

Nature, 2023, 623, 313 25.5% 0.1 1100 95% 

Sci. Adv., 2025, 11, eadu3493 26.0% 17.0 500 80% 

Joule, 2024, 8, 11, 3142 26.32% -- 110 90% 

Adv. Energy Mater., 2025, 15, 

2501296 
24.68% 50 130 80% 

Adv. Funct. Mater., 2024, 34, 

2400474 
24.73% 50 380 90% 

Chem. Eng. J., 2024, 497, 

154552 
22.46% 50 250 91% 
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Supplementary Table 17 The initial photovoltaic parameters of pero-SCs under 

different stability protocols (under AM 1.5G illumination, the light emitting diode 

(LED), light emitting plasma (LEP), metal halide lamp (MH) solar simulator, 100 mW 

cm-2). 

protocols SAMs Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

ISOS-D-2 

2PACz 1.16±0.01 26.45±0.08 80.4±0.7 24.66±0.25 

FTPA-CPA 1.18±0.01 26.57±0.13 82.1±0.3 25.70±0.18 

FMTPA-CPA 1.20±0.01 26.59±0.05 83.5±0.3 26.68±0.19 

ISOS-T-3 

2PACz 1.16±0.01 26.45±0.08 80.5±0.7 24.70±0.26 

FTPA-CPA 1.19±0.01 26.47±0.08 82.1±0.5 25.74±0.22 

FMTPA-CPA 1.20±0.01 26.59±0.07 83.4±0.3 26.69±0.20 

ISOS-L-2 

2PACz 1.16±0.01 25.81±0.12 80.8±0.5 24.19±0.28 

FTPA-CPA 1.19±0.01 25.89±0.07 82.8±0.4 25.44±0.17 

FMTPA-CPA 1.20±0.01 25.99±0.08 83.9±0.4 26.25±0.13 

ISOS-LC-1 

2PACz 1.16±0.01 25.69±0.10 80.6±0.5 24.11±0.25 

FTPA-CPA 1.19±0.01 25.78±0.08 82.3±0.5 25.17±0.15 

FMTPA-CPA 1.21±0.01 25.90±0.04 83.3±0.7 26.00±0.11 

ISOS-D-3 

2PACz 1.16±0.01 26.39±0.12 80.3±0.5 24.59±0.22 

FTPA-CPA 1.18±0.01 26.45±0.10 82.3±0.6 25.77±0.11 

FMTPA-CPA 1.20±0.01 26.56±0.06 83.8±0.8 26.74±0.15 

UV irradiation 

2PACz 1.17±0.01 26.46±0.09 80.5±0.4 24.89±0.25 

FTPA-CPA 1.19±0.01 26.51±0.08 81.8±0.6 25.82±0.08 

FMTPA-CPA 1.20±0.01 26.58±0.05 83.9±0.6 26.84±0.10 

MPPT 
(MH lamp) 

2PACz 1.17±0.01 25.55±0.09 80.2±0.7 23.91±0.29 

FTPA-CPA 1.19±0.01 25.58±0.07 82.1±0.7 25.01±0.17 

FMTPA-CPA 1.21±0.01 25.69±0.03 84.0±0.8 26.02±0.13 

MPPT at 85±5℃ 
(LEP lamp) 

2PACz 1.17±0.01 25.90±0.14 80.8±0.7 24.46±0.31 

FTPA-CPA 1.19±0.01 26.01±0.07 81.5±0.9 25.25±0.20 

FMTPA-CPA 1.21±0.01 26.06±0.06 83.7±0.8 26.30±0.12 

MPPT at 85±5℃ 
(MH lamp) 

2PACz 1.17±0.01 25.69±0.07 80.9±0.9 24.26±0.28 

FTPA-CPA 1.19±0.01 25.73±0.06 81.9±0.6 25.04±0.16 

FMTPA-CPA 1.21±0.01 25.78±0.05 83.6±0.8 26.01±0.10 

The average PCE, and standard deviations of 10 devices.  
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Supplementary Table 18 XPS spectra analysis obtained from the 2PACz, FTPA-CPA 

and FMTPA-CPA films under multiple failure mechanism. 

SAMs aging condition In area P area P/In 

Pristine 2PACz 

high temperature 

(85±5℃ for 1000 h) 
934131.1 6941.9 0.0074 

light illumination 

(1000 h) 
1013991.6 7161.9 0.0071 

electrical bias stressing 

(-2.0 V for 10 h) 
456323.6 3250.8 0.0071 

high humidity 

(85±5% RH for 1000 h) 
449742.3 3328.3 0.0074 

bending stress 

(10000 cycles, 5 mm radius) 
1189163.5 8670.6 0.0073 

2PACz 

high temperature  

(85±5℃ for 1000 h)

pristine 934131.1 6941.9 0.0074 

with PbI2 956322.7 6747.3 0.0071 

with FAI 1212534.1 6328.3 0.0052 

with AcOH 753585.3 2284.5 0.0030 

FTPA-CPA 

high temperature  

(85±5℃ for 1000 h)

pristine 524176.6 7426.3 0.0142 

with PbI2 422221.2 6092.6 0.0144 

with FAI 464195.2 4592.3 0.0099 

with AcOH 654074.1 5560.1 0.0085 

FMTPA-CPA 

high temperature  

(85±5℃ for 1000 h)

pristine 193731.8 4428.4 0.0229 

with PbI2 289357.9 6713.9 0.0232 

with FAI 325733.1 7495.7 0.0230 

with AcOH 198972.6 4582.4 0.0230 
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Supplementary Table 19 Photovoltaic parameters of pero-SCs based on FMTPA-CPA 

using different processing solvents under AM1.5G, 100 mW/cm2 illumination. Forward 

scan: ‒0.2 V→1.2 V; Reverse scan: 1.2 V→ ‒0.2 V. 

Processing solvent Voc (V) Jsc (mA/cm2) FF (%) PCEmax
a(PCEavg)a (%) 

IPA 1.21 26.63 84.53 27.24 (27.03±0.10) 

EtOH 1.21 26.43 84.47 27.01 (26.79±0.12) 

CB 1.21 26.69 84.38 27.25 (27.04±0.09) 

TOL 1.21 26.49 83.99 26.92 (26.73±0.09) 

a The maximum PCE, average PCE, and standard deviations of 20 devices. 
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Supplementary Table 20 Photovoltaic parameters of pero-SCs based on a wide-

bandgap (1.83 eV) triple cation perovskite under AM1.5G, 100 mW/cm2 illumination. 

Forward scan: ‒0.2 V→1.35 V; Reverse scan: 1.35 V→ ‒0.2 V. 

SAMs Scan direction Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

FMTPA-
CPA 

Reverse 1.33 16.81 84.05 18.79 

Forward 1.32 16.80 83.26 18.46 
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