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Supplementary Figure 1| a, b, Molecular representations of flat (a) and corrugated (b) SnO2 (110) 

surfaces. For the corrugated surface, the angle between the two SnO2 (110) crystallographic facets 

is 95°, comparable with the angle observed from TEM images of FTO substrates (Fig. 2d). The 

width of the V-shaped crevice was 6 nm. Sn and O atoms are represented by yellow and red spheres, 

respectively. 

  



 

 

 

Supplementary Figure 2| Representative molecular conformations of various types of 2PACz 

clusters formed during classical MD simulations. 

  



 

Supplementary Note 1 

Effects of surface morphology on the cluster formation process 

On flat surfaces, cluster formation is initially absent but becomes pronounced as the concentration 

of 2PACz increases (Supplementary Fig. 3). However, for textured surfaces, dimers were observed 

throughout the range of considered 2PACz concentrations (Supplementary Fig. 4). We ascribed 

this behavior to the inclined geometry of textured SnO2 slabs, which confines spaces and thereby 

facilitates 2PACz molecules to approach one another and nucleate1. Correspondingly, when the 

system contains more than 80 2PACz molecules, there is a significant increase in the number of 

trimers and tetramers on textured surfaces. Interestingly, beyond this threshold concentration, the 

number of dimers remains practically constant, suggesting that besides forming new dimers, 

additional 2PACz molecules are added to existing ones to form higher-order clusters. This leads 

to the conclusion that the textured surface favors the formation of higher-order clusters at the 

expense of dimers. 

  



 

 

Supplementary Figure 3| Populations of types of clusters formed at different simulated 

2PACz concentrations when added on a flat SnO2 surface. The total number of clusters is 

shown in blue, while the populations of dimers, trimers, and tetramers are shown in red, green, and 

orange, respectively. 

  



 

 

Supplementary Figure 4| Populations of types of clusters formed at different simulated 

2PACz concentrations when added on a textured SnO2 surface. The total number of clusters 

is shown in blue, while the populations of dimers, trimers, and tetramers are shown in red, green, 

and orange, respectively. 

 

  



 

 

Supplementary Figure 5| Surface coverage of 2PACz and 3-MPA molecules. a,b, The SnO2 

free surface calculated for the cases without 3-MPA (a) and with 3-MPA (b). Red clouds visualize 

the extent of the free surface area not covered by either 2PACz or 3-MPA molecules. 

  



 

 

Supplementary Figure 6| MD of phosphonic acid adsorption with a 22-nm-wide simulation 

box. a, b, Top views of equilibrated molecular representations of control (a) and mixed (b) systems. 

2PACz and 3-MPA (where applicable) are shown in pink and blue, respectively; Sn and O atoms, 

shown in the background, are depicted in yellow and red, respectively. 

 

 

  



 

 

Supplementary Figure 7| 2PACz cluster formation dynamics within the initial 1 ns of 

classical MD simulations. The rate of cluster formation is expressed by the slope of linear fits 

(dashed lines) for the control (28 ns−1) and mixed (20 ns−1) systems. The incorporation of 3-MPA 

leads to a decrease in both the rate of cluster formation and the total number of clusters. 

  



 

Supplementary Note 2 

Atomic-level adsorption mechanism of 2PACz molecules 

We performed AIMD simulations at 300 K and 1 atm. Both 2PACz and 3-MPA molecules 

underwent deprotonation after adsorption on the SnO2
 (110) (Supplementary Fig. 8). Immediately 

thereafter, they exhibited strong binding to the surface without any further noticeable diffusion. 

We set up a simulation with six 2PACz molecules and one 3-MPA molecule initially placed at a 

certain distance from the SnO2 surface. The detailed interaction between 2PACz and 3-MPA is 

depicted in Movie S3. The thiol group of 3-MPA establishes a hydrogen bond with the phosphonic 

acid group of 2PACz. This resultant supramolecular structure mitigates the formation of higher-

order clusters by restricting the interaction with nearby 2PACz molecules (Fig. 1f). As these two 

molecules reach the SnO2 surface, the 2PACz-SnO2 and the 3-MPA-SnO2 interactions become 

dominant over their intermolecular attractions. Correspondingly, both molecules undergo 

deprotonation and adsorb onto the surface. It is noted that 3-MPA can adopt a temporary standing 

adsorption mode, with the carboxylate group bound to the surface and the thiol group protruding 

away from it, which can help guiding other freely diffusing 2PACz molecules to the surface. 

 

  



 

 

 

Supplementary Figure 8| Snapshot of an AIMD simulation showing the deprotonation of the 

phosphonic acid group of 2PACz and the carboxyl group of 3-MPA on SnO2 (110). Sn, O, C, 

H, P, N, and S atoms are shown in yellow, red, cyan, white, tan, blue, and green, respectively. 

  



 

 

Supplementary Figure 9| DLS particle size distributions in SAM-processing solutions. a, b, 

Intensity-weighted (a) and volume-weighted (b) distributions of 2PACz (control) or 2PACz:3-

MPA (in a molar ratio of 9:1) (mixed) in anhydrous ethanol (1 mM) solution. The 2PACz micelles 

were observed in intensity-weighted distributions, showing an average hydrodynamic diameter of 

250 nm and 150 nm for the control and mixed solutions, respectively.  



 

 

Supplementary Figure 10| XPS spectra of bare and SAM-modified FTO substrates. a-c, C 1s 

region of bare FTO (a), control (b) and (c) mixed SAM deposited substrates. The dark red line 

represents a fit to the raw data. The red peak fits the C–C and C–H bonds and the pink peak to the 

C–N. The orange peak is attributed to C–OH/C–O–C contaminations for bare FTO and to C–P and 

C–OH/C–O–C contaminations for SAM deposited substrates2. d-f, N 1s region of bare FTO (d), 

control (e) and (f) mixed SAM deposited substrates. The dark blue line represents a fit to the raw 

data. The cyan peak, observed in thermally evaporated 2PACz films as well3, might be attributed 

to impurities. The blue peak fits the N from carbazole.  

  



 

Supplementary Note 3 

Simulated vibrational power spectra and 2PACz/SnO2 interactions 

Supplementary Fig. 11 depicted the simulated vibrational power spectra of a 2PACz molecule 

adsorbed on the SnO2 surface. These were calculated from the Fourier transform of the 

autocorrelation function of atomic velocities along the ab-initio MD trajectory (33 ps). We focused 

on two scenarios: (1) an isolated 2PACz molecule anchored to the surface and (2) a 2PACz 

molecule neighbouring with an adsorbed 3-MPA molecule. In both cases we calculated and 

extracted the vibrational components of the PO3
2– group involved in the 2PACz adsorption. When 

the 3-MPA molecule is present, a red-shift of about 6 cm-1 was observed in the simulated spectrum. 

The interactions between 2PACz and SnO2 were illustrated in Supplementary Fig. 12. In the 

isolated scenario, the PO3
2– group engages in bidentate binding by attaching its two oxygen atoms 

to surface Sn atoms, while the third oxygen weakly interacts with the transferred proton 

(Supplementary Fig. 12a). When a 2PACz molecule is situated next to an adsorbed 3-MPA 

molecule, the 3-MPA releases its COOH proton onto the bridging oxygen atom, thereby limiting 

the available deprotonation sites for the 2PACz molecule. As a result, in addition to the usual 

bidentate binding, the unreleased proton of 2PACz establishes a stable hydrogen bond with an 

adjacent bridging oxygen atom (Supplementary Fig. 12b). Based on these findings, we associated 

the red shift observed in the vibrational spectra (both experimentally and computationally) with 

the enhanced adsorption mode prompted by the presence of the 3-MPA molecule. 

 



 

 

Supplementary Figure 11| Simulated vibrational power spectra of 2PACz with (mixed) and 

without (control) the presence of an MPA molecule on an adjacent SnO2 adsorption site. The 

presence of the MPA molecule enhances the adsorption of the 2PCAz molecule, corroborated by 

a 6 cm–1 red-shift in the PO3
2– vibrational mode.  



 

 

Supplementary Figure 12| Snapshots of AIMD simulations showing interactions between the 

2PACz molecule and SnO2 (110) surface. a,b, An isolated 2PACz molecule (a) and a 2PACz 

molecule with an adjacent 3-MPA molecule (b) adsorbed on the SnO2 (110) surface after 

deprotonation. Sn, O, C, H, P, and N atoms are shown in yellow, red, cyan, white, tan, and blue, 

respectively.  



 

 

Supplementary Figure 13| Topography KPFM images of control (left) and mixed (right) SAM-

coated FTO substrates. 

  



 

 

Supplementary Figure 14| Statistical histograms extracted from ΔCPD maps of control and 

mixed samples. Solid lines indicate Gaussian fits. 

  



 

 

Supplementary Figure 15| Contact angle images of bare and SAM-coated FTO substrates. 

a-d, Images of the water droplet for bare (a), 3-MPA (b), 2PACz (control) (c), and 2PACz:3-MPA 

(mixed) (d) treated FTO substrates.  



 

 

Supplementary Figure 16| Cyclic voltammetry measurements using SAM-coated FTO 

substrates as the working electrode. a,b, Cyclic voltammograms of control SAM (a) and mixed 

SAM (b) coated FTO substrates measured in Ar-saturated o-DCB solution under different voltage 

scan rates. c,d, The relationship between the oxidative peak current and the voltage scan rate for 

control (c) and mixed SAM (d) samples. The dashed line represents a linear fit to the raw data. 



 

 

Supplementary Figure 17| Azimuthally integrated GIWAXS profiles of perovskite films 

deposited on control and mixed SAM-coated FTO substrates. The asterisk symbol indicates the 

PbI2 phase. 

  



 

Supplementary Table 1| Summary of PL peak position, PLQY, Eg, QFLS, and ΔVoc for the 
perovskite thin films deposited on different substrates. ΔVoc = (Eg – QFLS)/q, where q is 
elementary charge. 

Substrates Sample 
No. 

PLQY 
(%) Eg (eV) QFLS 

(eV) ΔVoc (V) 

Bare FTO 

1 0.14 1.547 1.105 0.441 
2 0.15 1.547 1.109 0.439 
3 0.10 1.547 1.097 0.450 
4 0.13 1.550 1.107 0.443 

Average 0.13 1.548 1.105 0.443 

Control 
SAM 

1 8.0 1.551 1.213 0.337 
2 6.9 1.551 1.210 0.341 
3 6.8 1.546 1.205 0.341 
4 3.2 1.551 1.190 0.361 
5 8.5 1.551 1.215 0.336 

Average 6.7 1.550 1.207 0.343 

Mixed 
SAM 

1 9.1 1.545 1.211 0.334 
2 11.8 1.543 1.217 0.327 
3 11.0 1.544 1.215 0.329 
4 9.0 1.551 1.216 0.334 
5 9.7 1.544 1.212 0.332 

Average 10.1 1.546 1.214 0.331 
 

  



 

 

Supplementary Figure 18| a, UPS secondary electron cut-off region of bare FTO, control and 

mixed SAM deposited substrates. b, UPS valence band onset region plotted on a relative 

logarithmic scale of control and mixed SAM deposited substrates. The x-axis energy scale is with 

respect to the Fermi energy. Gaussian fit (grey solid line) was used to determine the valence band4. 

A Gaussian fit is used here to maintain consistency with the method used to define the IE of the 

perovskite. 

   



 

 

Supplementary Figure 19| Cross-sectional SEM image of the inverted PSC with the mixed SAM. 

  



 

Supplementary Note 4 

The origin of PCE improvements 

From PL (Supplementary Table 1), we see that reduced interfacial recombination with the mixed 

SAM led to an increase in Voc by ~10 mV. An additional Voc improvement is attributed to a larger 

built-in field, as indicated by the VL shift from UPS measurements (Fig. 3j). This enhanced driving 

force also explains the higher FF of mixed-SAM-based devices. The random textures of FTO 

substrates helped to reduce light reflection losses within PSCs, yielding a maximum EQE of 98% 

at 550 nm (Fig. 4c). The integrated Jsc accounts for 95% of the Shockley-Queisser-limited 

photocurrent (27.05 mA cm−2). 

 

  



 

 

Supplementary Figure 20| Device performance of champion PSCs. a, J-V curves, and figures 

of merit of champion control and mixed SAM-based cells. b, Steady-state PCE output at a constant 

bias of 0.977 V and 1.019 V for control and mixed SAM-based PSCs, respectively. 

  



 

 

Supplementary Figure 21| Certified results of the inverted PSC with the mixed SAM.  



 

Supplementary Table 2| Summary of certified PV parameters of >22% and >24% PCE inverted 
PSCs measured under the quasi-steady-state (QSS) and maximum power point (MPP) 
conditions, respectively. 

Voc (V) Jsc 
(mA cm-2) FF (%) J-V PCE 

(%) 
Stabilized 
PCE (%) Conditions Ref. 

1.1496 25.50 84.5 N.A. 24.78% QSS 
(Newport) This work 

1.1595 25.02 83.05 N.A. 24.09% QSS 
(NREL) 

S. M. Park, 
Science (2023)5 

1.1607 25.44 81.48 N.A. 24.05% QSS 
(NREL) 

Q. Jiang, 
Nature (2022)6  

1.1505 24.90 83.46 N.A. 23.91% QSS 
(NREL) 

H. Chen,  
Nat. Photonics 

(2022)7 

1.1687 22.89 84.55 N.A. 22.62% QSS 
(NREL) 

S. Chen,  
Sci. Adv 
(2021)8 

1.1429 23.84 82.0 N.A. 22.34% QSS 
(Newport) 

X. Zheng,  
Nat. Energy 

(2020)9 

1.203 25.02 82.73 24.90% 24.71% MPP 
(NPVM) 

W.Peng, 
Science 
(2023)10 

1.171 25.33 82.60 24.50% 24.25% MPP 
(NPVM) 

X. Wu,  
Adv. Mater. 

(2023)11 

1.19 24.45 84.2 24.5% 24.1% MPP 
(JET) 

F. Li, 
Nat. Photonics 

(2023)12 
 

  



 

 

Supplementary Figure 22| PV parameters of ITO devices. a-d, PCE (a), Jsc (b), Voc (c), and FF 

(d) of control and mixed SAM-coated devices (16 devices for each condition). Statistical 

distribution is represented in box-and-whisker plots (line within the box: median, box limit: 

standard deviation, whiskers: 1.5 outliers). 

  



 

 

Supplementary Figure 23| a,b, Topography AFM images of bare FTO (a) and ITO (b) substrates. 

The areal surface roughness is 24 nm and 0.6 nm for FTO and ITO substrates, respectively. 

  



 

 

Supplementary Figure 24| Optical measurements of TCO substrates and complete devices. 

a, Total (solid line) and diffuse (dashed line) reflectance of bare ITO and FTO substrates. b, EQE 

and total absorptance (1-R) curves of complete ITO and FTO devices. The EQE curve of the FTO 

device has been presented in Fig. 4c.  



 

Supplementary Note 5 

Anchoring patterns of 2PACz and 3-MPA on ITO surfaces 

To elucidate the adsorption behaviours of 2PACz and 3-MPA on ITO surfaces, we performed 

AIMD simulations of a 2PACz or 3-MPA molecule interacting with an ITO (111) surface (with 

14 mol% Sn doping). The resultant adsorption configurations were shown in Supplementary Fig. 

25. We found that the anchoring pattern of 2PACz on the ITO (111) surface mirrors that on the 

SnO2 (110) surface, where the phosphonic acid group transfers two protons to the surface oxygen 

atoms and attaches its oxygen atoms to the surface indium atoms. The binding energy of −3.2 eV 

also aligns with that on the SnO2 (110) surface (−3.2 eV). Conversely, the 3-MPA molecule binds 

via the −SH group, yet its COOH group remains inert, showing neither adsorption nor 

deprotonation on the ITO (111) surface. The binding energy for this pattern is −0.95 eV, distinct 

from the −2.6 eV calculated for the SnO2 (110) configuration. The weaker adsorption of the 3-

MPA molecule indicates a reduced anti-aggregation capability, as it could stay solvated rather than 

adhere to the ITO surface.  

 

  



 

 

Supplementary Figure 25| Snapshots of AIMD simulations of 2PACz/ITO and 3-MPA/ITO 

interactions. a, b, 2PACz (a) and 3-MPA (b) molecules adsorbed on the ITO (111) surface. 

Colour legend: O red, H white, C brown, S yellow, In magenta, Sn grey, P dark grey. 

 



 

 

Supplementary Figure 26| Spectrum of the white LEDs, Bridgelux Vero 29 Array Series 

(https://www.bridgelux.com/products/vero-series#specifications), used for operating stability 

measurements. This light source does not contain UV components in its spectral range and exhibits 

a correlated colour temperature (CCT) of 5000 K. 

  



 

 

Supplementary Figure 27| J-V curve and figures of merit for the device used in stability testing. 

The device architecture is FTO/mixed SAM/Perovskite/C60/ALD-SnO2/Ag. 

  



 

 

Supplementary Figure 28| JMPP and VMPP of the encapsulated mixed SAM device during 1075 h 

of continuous maximum-power-point tracking under 1-sun illumination at 65°C and 50% relative 

humidity. 

  



 

Supplementary Table 3| Summary of reported device operating stability based on ISOS-L-3 

protocols. RT = room temperature. 

Light 
source T Environm

ent 
PCE 
@RT 

PCE 
@high-T Lifetime Ref. 

White 
LED 65°C ~50% RH 24.6% 23.1% 

(65°C) T95 = 1075 h This work 

N.A. 65°C ~85% RH 25.0% 23.35% 
(65°C) T82 = 500 h P. Shi, Nature 

(2023)13 

White 
LED 85°C ~50% RH 21.1% 19.9% 

(85°C) T85 = 1560 h S. M. Park, 
Science (2023)5 

White 
LED 65°C ~50% RH 23.1% N.A. T92 = 500 h 

H. Chen,  
Nat. Photonics 

(2022)7 
Metal-
halide 
lamp 

85°C ~65% RH 17.4% ~16.5% 
(85°C) T85 = 4000 h X. Zhao,  

Science (2022)14 

Xenon 
lamp 85°C ~50% RH 20.1% ~14.2% 

(85°C) T95 = 1200 h Y-H. Lin, 
Science (2020)15 

Plasma 
lamp 65°C ~60% RH 21.1% ~19.5% 

(65°C) T96.8 = 1200 h S. Yang, 
Science (2019)16 
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