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Supplementary Note 1: Detailed optimization workflow of PerovSeek
To efficiently navigate the vast formulation space (1.4 × 1012), the optimization campaign was structured into four distinct phases. The specific execution details for each phase are summarized below:
Phase I: Orthogonal Design Initialization. An orthogonal experimental design was initially employed to broadly survey the landscape, generating a baseline dataset of 100 formulation-spectra-performance triplets. We utilized the baseline dataset to train the Gaussian Process Regression (GPR) model on formulation-performance data, while concurrently fine-tuning the pre-trained model on spectra-performance data; the latter achieved a prediction accuracy of 80% (Supplementary Fig. 13). The best device in this phase yielded a PCE of 12.38%, with an open-circuit voltage (VOC) of 1.082 V, a fill factor (FF) of 52.81%, a short-circuit current density (JSC) of 21.67 mA cm-2.
Phase II: Coarse Bayesian Optimization. Utilizing a batch-noisy-expected-improvement acquisition function, we sampled 62 formulations per round from the GPR model, which are then fabricated into films using our high-throughput experimental platform. The corresponding spectra are rapidly obtained, and the corresponding PCEs of virtual devices are predicted by the pre-trained model for selecting the top-16 candidates for full-device fabrication. The resulting data are then fed back to update both the GPR model and the pre-trained model for the next iteration. After four closed-loop iterations, the solvent ratio converged to DMF: NFM: EA = 81:17:2 (Fig. 2b). This phase significantly improved the PCE to 21.15% (VOC = 1.096 V, FF = 81.25%, JSC = 23.75 mA cm-2).
Phase III: Dimension Reduction. With the solvent system fixed, the search space was reduced by two orders of magnitude. However, two subsequent optimization rounds yielded marginal gains and a narrowed PCE distribution (Fig. 2c), with diminishing expected improvement values (Supplementary Fig. S14). This signalled a physical bottleneck (insufficient optical absorption) rather than a compositional one.
Phase IV: Fine Bayesian Optimization. To address the identified bottleneck, the precursor concentration was first increased from 1.42 M to 1.67 M. Following this adjustment, three rounds of optimization were performed to adapt the system to the higher concentration, resulting in a JSC increase to 24.28 mA cm-2. Subsequently, we adjusted the FA/Cs ratio to optimize the optical bandgap (Supplementary Fig. S15). With the composition fixed, five final rounds of Bayesian optimization were executed to fine-tune the concentrations of hole-transport molecules and additives, allowing the algorithm to ultimately reach the global optimum. The final ink formulation comprises 1.67 M FA0.91Cs0.09PbI3 in DMF: NFM: EA (81:17:2), with 0.04 mol% Me-4PACz, 0.02 mol% Py3, 0.01 mol% 4PADCB, 0.1 mol% 4F-BASZ, 0.5 mol% F3EABr, and 0.3 mol% SPFBS.
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Supplementary Fig. 1. Architecture of the masked spectral pre-training model. a, Abs and PL spectra are tokenized via 1D convolutional patch embedding and combined with sinusoidal positional embeddings (PE) to form a unified sequence of tokens. b, A subset of the tokens is randomly masked, and only the visible tokens are fed into the Transformer Encoder to extract latent features. c, Learnable mask tokens are appended to the encoded latent representation, which is then processed by the Transformer Decoder to reconstruct the original spectral features. d, The model is trained to minimize the Mean Squared Error (MSE) loss between the reconstructed and original spectra, calculated exclusively on the masked regions to enforce self-supervised learning.
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Supplementary Fig. 2. Reconstruction quality of UV-vis absorption spectra in the pre-trained model under six different spectral masking strategies during pre-training. Throughout the training process, 50% of spectral patches are randomly masked, requiring the model to reconstruct the missing portions based on the unmasked patches.
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Supplementary Fig. 3. Reconstruction quality of photoluminescence spectra in the pre-trained model under six different spectral masking strategies during pre-training. Throughout the training process, 50% of spectral patches are randomly masked, requiring the model to reconstruct the missing portions based on the unmasked patches.
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[bookmark: _Toc215156978]Supplementary Fig. 4. Partial fine-tuning results of the pre-trained model under two different training size. The model is fine-tuned on the last K transformer blocks and the weighted prediction head. Here, fine-tuning “0 blocks” corresponds to updating only the prediction head, while fine-tuning “24 blocks” represents updating all the entire model. (Test set: n=1000)
[image: ]
Supplementary Fig. 5. Prediction performance comparison among four different prediction heads. The input encoded data has a shape of batch3236. WPH: weighted prediction head. MLP-1: The data is flattened to a shape of batch × 1152 and then processed by an MLP with layer sizes [1152, 1024, 256, 64]. MLP-2: The data is averaged over the second dimension to a shape of batch × 36 and then processed by an MLP with layers [36, 18]. MLP-3: The data is averaged over the third dimension to a shape of batch × 32 and then processed by an MLP with layers [32, 18]. (Training set: n = 500; test set: n = 1500)
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Supplementary Fig. 6. PCE prediction performance of the pre-trained model across four different bandgaps of 1.58 eV, 1.68 eV, 1.78 eV and 1.92 eV. a, Scatter plot of predicted versus actual PCE values. b, Distribution of prediction error. The model's accuracy is defined as the integral of the density function over the error range within [-3, 3]. (Training set: n = 500; test set: n = 1500)
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[bookmark: _Toc215156980]Supplementary Fig. 7. Feature importance heatmap of PL bottom features of the perovskite films for PCE prediction.
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Supplementary Fig. 8. Comparison of absorption (left), top PL (middle) and bottom PL (right) spectra among perovskite films with relatively low, medium, and high experimental PCEs. a,b,c,d, The bandgaps for the perovskite films are (a) 1.58 eV, (b) 1.68 eV (c) 1.78 eV and (d) 1.92 eV, respectively. All absorption spectra are normalized by dividing by 4. Top PL spectra are normalized by dividing by 1.2×105 for the 1.58 eV film and by 2.2×104 for the others. Bottom PL spectra are normalized by dividing by 1.5×105 for the 1.58 eV film and by 1.0×105 for the other bandgap films. These data are randomly selected from our database, including devices based on anti-solvent quenching method.
[bookmark: _Toc215156982][image: ]
Supplementary Fig. 9. Flowchart of the ternary solvent screening process. The ternary solvent screening process commences with the selection of DMF, owing to its favorable solubility. Subsequent efficiency-guided evaluation leads to the identification of NFM and EA.
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Supplementary Fig. 10. Solubility of perovskite precursors in different solvents and the corresponding efficiencies of fabricated solar cells. a, Solvent screening based on solubility of perovskite precursors. b,c, PCEs for different (b) binary and (c) ternary solvent systems. The specific ratios corresponding to each data point are listed in Tables S2 and S3. d, Comparison of the device efficiencies obtained using DMF, DMF+NFM binary solvent system, and DMF+NFM+EA ternary solvent system. The perovskite active layer is fabricated by diluting the 2 M FA0.83Cs0.17PbI3‑0.1PbCl2 precursor solution to 1.42 M. The complete device structure is ITO/Me‑4PACz/MHP/C60/SnOx/Ag.
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Supplementary Fig. 11. Screening process for the top three SAM molecules. Various SAMs are evaluated at gradient concentrations, and the three candidates yielding the highest PCE are selected. The perovskite active layer is fabricated from 1.42 M FA0.83Cs0.17PbI3-0.1PbCl2 precursor (different SAMs) in DMF: NFM: EA (85.7:10.7:3.6) mixed solvent. The complete device structure is ITO/MHP/C60/SnOx/Ag.
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[bookmark: _Toc215156986]Supplementary Fig. 12. Screening process for the top three surface passivators. Passivators are evaluated at gradient concentrations in conjunction with 0.1 mol% Me-4PACz. Candidates are first selected for their ability to enhance the VOC, and subsequently selected for maintaining a high FF. The perovskite active layer is fabricated from 1.42 M FA0.83Cs0.17PbI3-0.1PbCl2 precursor (0.1 mol% Me-4PACz and passivator) in DMF: NFM: EA (85.7:10.7:3.6) mixed solvent. The complete device structure is ITO/MHP/C60/SnOx/Ag.
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Supplementary Fig. 13. Prediction performance of the pre-trained model after fine-tuning on the AIO dataset. a, Scatter plot of predicted versus actual PCE values. b, Distribution of prediction error. (Training set: n = 100; test set: n = 700)
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[bookmark: _Toc215156988]Supplementary Fig. 14. Expected PCE improvement per round. This metric, derived from the Expected-Improvement acquisition function, estimates the potential increase in PCE attainable by conducting the next batch of experiments.
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Supplementary Fig. 15. Effect of Cs doping on the photovoltaic parameters of 
[bookmark: OLE_LINK1]FA1-xCsxPbI3-0.1PbCl2 based perovskite solar cells. The Cs content in the perovskite is controlled by blending 1.67 M FAPbI3 and FA0.83Cs0.17PbI3 precursor solutions. Both precursor systems contain 0.1 mol% PbCl2, 0.1 mol% Me‑4PACz, and 0.2 mol% 4F‑BASZ, with DMF: NFM: EA (81:17:2, v/v/v) as the solvent. The complete device structure is ITO/AIO-ink/C60/SnOx/Ag.
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[bookmark: _Hlk216079139]Supplementary Fig. 16. Comparison of J-V curves with and without an anti-reflection coating (MgF2). The PCE increases from 23.48% to 24.07% after MgF2 coating deposition. The measures are performed under both reverse (1.2 V to 0 V) and forward (0 V to 1.2 V) voltage scans with a step size of 20 mV and a delay time of 0.1 s.
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[bookmark: _Toc215156989]Supplementary Fig. 17. Uniform manifold approximation and projection (UMAP) plot with contour lines for the AIO perovskite ink formulation (DMF/NFM/EA/Me-4/Py3/4PADCB/4F-BASZ/F3EABr/SPFBS). The input data are normalized using min-max scaling prior to UMAP fitting. a, Orthogonal Design; b-e, Coarse Bayesian Optimization; f,g, Dimension Reduction; h-o, Fine Bayesian Optimization.
[bookmark: _Toc215156990][image: ]
Supplementary Fig. 18. XPS depth profile analysis of the films fabricated by the AIO ink. a, Elemental depth distribution of F, Pb, P, and In of the film. b, High-resolution XPS spectrum of P 2p after the perovskite film is mechanically peeled off. The absence of the P signal within the bulk film during elemental depth profiling, contrasted with its clear appearance at the delaminated interface, confirms that Me-4PACz is located at the buried interface. During XPS depth profiling using Ar ion cluster sputtering, the F signal detected in the initial etching stage corresponds to the presence of 4F-BASZ. Throughout the entire sputtering process, no P signal is observed, which is likely attributed to the extremely thin layer of Me-4PACz, making its signal difficult to capture within the sputtering interval. Subsequently, P signal is successfully detected at the buried bottom interface exposed by UV-glue-assisted delamination.
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Supplementary Fig. 19. XPS spectra of the ITO substrate obtained after (a, c, e) spin-coating, (b, d, f) spin-coating and annealing of perovskite precursor containing (a, b) Me-4PACz; (c, d) 4F-BASZ; (e, f) Me-4PACz and 4F-BASZ, followed by DMF washing. (a) and the TOF-SIMS results show that although some functional molecules can adsorb onto the ITO surface after spin-coating, the adsorbed layer is loosely and prone to desorption during DMF rinsing. In contrast, (b) indicates that introducing perovskite annealing process after spin-coating enables the functional molecules to adhere firmly, remaining stable even after DMF washing. It is speculated that the perovskite crystallization plays an assisting role, promoting the loosely packed functional molecules.
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[bookmark: _Toc215156993]Supplementary Fig. 20. TOF-SIMS results of perovskite films with different concentrations of 4F-BASZ after (a-c) spin coating and (d-f) annealing. The concentration of Me-4PACz is fixed at 0.1 mol%. It is also found that the characteristic signal of 4F-BASZ can be detected at the buried interface as the concentration of 4F-BASZ further increases to 1 mol%.
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[bookmark: _Toc215156994][bookmark: _Toc215156995]Supplementary Fig. 21. High-resolution XPS spectra of Pb 4f of perovskite films with and without 0.2 mol% 4F-BASZ.
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Supplementary Fig. 22. XRD patterns for pristine perovskite films, and perovskite films with the additives of Me-4PACz or 4F-BASZ.
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[bookmark: _Toc215156997]Supplementary Fig. 23. Photovoltaic performance of perovskite solar cells when different concentrations of 4F-BASZ (0-2 mg/mL) is spin-coated on the perovskite film surface. The perovskite active layer is fabricated from 1.42 M FA0.83Cs0.17PbI3-0.1PbCl2 precursor (0.1 mol% Me-4PACz) in DMF: NFM: EA (81:17:2, v/v/v) mixed solvent. The complete device structure is ITO/MHP/4F-BASZ/C60/SnOx/Ag.
[bookmark: _Toc215156999][image: ]
Supplementary Fig. 24. FTIR spectroscopy and nano-infrared imaging characterization of perovskite samples under different conditions. a, FTIR spectra for 4F-BASZ, pristine perovskite and perovskite+4F-BASZ. b, AFM (top) and AFM-IR (bottom) images for perovskite films with different concentrations of 4F-BASZ under the wavenumber of 1127 cm-1. To investigate the distribution of 4F-BASZ in the film, this study employs AFM-IR technique by targeting the characteristic peak of the C-F stretching vibration (1127 cm-1) on the aromatic ring of 4F-BASZ. When the doping concentration of 4F-BASZ is 0.2 mol%, a stronger C-F characteristic signal can be detected at the grain boundaries of perovskite, indicating that the molecules tend to accumulate at both the surface and the grain boundary regions; while when the doping concentration is increased to 1.0 mol%, 4F-BASZ can achieve uniform coverage of the entire perovskite surface, which explains the performance decrease of solar cells.
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[bookmark: _Toc215157001]Supplementary Fig. 25. J-V curves of wide-bandgap (Eg = 1.68 eV) perovskite solar cells using the AIO ink. The measures are performed under both reverse (1.3 V to 0 V) and forward (0 V to 1.3 V) voltage scans with a step size of 20 mV and a delay time of 0.1 s.
[bookmark: _Toc215157002][image: ]
Supplementary Fig. 26. J-V statistics for spin-coated and doctor-blading small-area PSC. RS indicates reverse scan while FS indicates forward scan.
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[bookmark: _Toc215157003]Supplementary Fig. 27. Stability test of PSCs fabricated using (a) the AIO ink and (b) separated inks. Device architectures: ITO/AIO ink (Me‑4PACz + MHP)/C60/SnO2/Ag for AIO ink; ITO/Me‑4PACz/MHP/C60/SnO2/Ag for separated inks. All stability measurements are carried out on unencapsulated devices under continuous illumination (80 mW cm-2) at 65 °C in an N2 atmosphere. The measures are performed under reverse (1.2 V to 0 V) voltage scans with a step size of 20 mV and a delay time of 0.1 s.
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[image: ]Supplementary Fig. 28. Certification report of a perovskite solar cell module made using AIO ink.
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Supplementary Fig. 29. Statistical distribution of photovoltaic parameters in solar modules. The red points correspond to the I-V curve in Fig. 4d. The values of VOC, JSC, FF, and PCE are normalized to their respective averages.
[image: ]Supplementary Table. 1. Comparison of resource consumption between two methods: High-throughput experimentation (HTE) vs High-throughput experimentation enhanced with the pre-trained model (HTE+AI).


Supplementary Table. 2. Comparison of PCE in different binary solvent systems. 
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[bookmark: _Toc214301674][bookmark: _Toc214301773]Supplementary Table. 3. Comparison of PCE in different ternary solvent systems.
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Supplementary Table. 4. Comparison of PCE for various SAMs at different gradient concentrations.
[image: ]

[image: ]Supplementary Table. 5. Comparison of VOC for various passivators at different gradient concentrations. In the table, the bold values indicate enhanced performance for VOC. The numbers in parentheses represent the relative change in VOC compared to the case without passivators.


Supplementary Table. 6. Comparison of FF for various passivators at different gradient concentrations. In the table, the bold values indicate enhanced performance for both VOC and FF. The numbers in parentheses represent the relative change in FF compared to the case without passivators.
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Supplementary Table. 7. Reported PCE and scaling-up loss for perovskite solar cells from small-area cells to large-area modules.
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Appendix: Summary of the Report

Report No.: GYJC-2601-027-2

Client: Southeast University, Sichuan University

Sample: Perovskite solar cell module

Type/Model: 300mm*300mm*4.72mm

Manufacturer: School of Electronic Science and Engineering, Southeast University
Sample temperature: (25.2)°C Date of Test: 01/30/2026

Environmental conditions: (25.1) °C, RH (32) % Scan Time:15000ms

Mask (Y/N) :Y Sample area: 0.0694 m?

Test Results (Forward )

Sweep Time (ms) 15000 Aperture Area (m?) 0.06955
Scaning Direction Forward Isc (A) 0.44
Voc (V) 42.53 Pmax (W) 15.03
Imax (A) 0.41 Vmax (V) 36.25
EE! (%) 79.67 Eff (%) 21.61

Test Results (Reverse)

Sweep Time (ms) 15000 Aperture Area (m?) 0.06955
Scaning Direction Reverse Isc (A) 0.44
Voc (V) 42.88 Pmax (W) 15,36
Imax (A) 0.42 Vmax (V) 36.43
FF (%) 80.95 Eff (%) 22.09
Data in this report apply only at the time of the test for the sample. For more details, please refer to
the text of the report.

I-V Characterization Methods:

IEC 61215-2:2021 4.2 Reference: JJF 1622-2017

Reference Solar Cell:

Type: Mono-Si (with spectral mismatch correction)

Solar Simulator:

Classification: AAA;

Total irradiance: 1000 W/m? based on Isc of the above Reference Solar Cell.

Hotl: VLIRETEITEFFHAI K XAEM i Bl #5 R BEZAHIE: 0527-88869668
) 7 St

AN, S

Nl dain
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(-0.71%)  (-0.67%) (-0.65%) (-0.30%) (-0.42%) (-0.62%)

PO 1106 1.100 1,007 1.007 1,097 1.100 1.096
(-0.54%) (-0.88%) (-0.83%) (-0.83%) (-0.60%) (-0.97%)

- 1111 1.104 1.102 1.094 1.096 1,090 1.003
(-0.64%)  (-0.82%) (-1.58%) (-1.38%) (-1.92%) (-1.65%)

pAGFET 1115 1107 1,086 1.070 1,072 1.052 0.843
(-0.68%) (-2.63%) (-4.07%) (-3.87%) (-5.64%) (-24.41%)

A 1112 1.104 1,093 1,075 1.078 1,086 1.062
(-0.74%)  (-1.75%) (-3.31%) (-3.06%) (-2.35%) (-4.48%)

rapEA 1112 1.084 1,053 1.048 1.052 1,071 1.053
(-2.54%) (-5.37%) (-5.81%) (-5.40%) (-3.71%) (-5.31%)

EAC) 1,095 1.068 1.074 1.079 1,092 1.101 1.090
(-4.01%)  (-341%) (-3.02%) (-1.82%) (-1.00%) (-2.00%)

AL 1.109 0.983 0.965 0.919 0.945 0.957 0.926
(11.31%)  (-12.97%) (-17.07%) (14.77%) (-13.66%) (-16.44%)

Sn(OTh 1.109 1.004 0.942 0.883 0.869 1,045 1.000
e (-9.51%) (-15.07%) (-20.41%) (-21.67%) (-5.74%) (-9.79%)

oE A 1111 0.985 0.426 0.489 0.457 0.400 0.473
(-11.40%) (-61.68%) (-56.02%) (-58.90%) (-63.98%) (-57.43%)





image36.png
Passivators

Concentrations (mol%)

0.0 0.2 0.5 0.8 1 15 2

SPFBS 80.13 81.14 81.20 83.51 82.61 84.66 81.62
(1.26%)  (1.33%)  (4.21%)  (3.10%)  (5.64%)  (1.85%)

AF-BASZ 80.41 81.78 80.48 77.16 60.33 59.68 55.26
(1.70%)  (0.08%)  (-4.05%) (-24.97%) (-25.78%) (-31.28%)

E EABT 81.66 81.79 82.40 81.55 79.65 75.43 75.36
3 (0.16%)  (0.90%)  (-0.14%)  (2.47%)  (-7.63%)  (-7.72%)

MASCN 80.32 79.58 79.03 78.75 78.98 77.44 77.99
(-0.92%)  (-1.61%)  (-1.95%)  (-1.67%)  (-3.59%)  (-2.91%)

BASZ 81.71 80.94 78.63 68.41 52.38 52.33 49.94
(-0.95%)  (-3.77%)  (-16.28%) (-35.89%) (-35.96%) (-38.89%)

LEPA 80.91 79.75 78.22 76.81 76.40 70.16 62.25
(-1.43%)  (-3.32%)  (-5.07%)  (-5.57%) (-13.28%) (-23.06%)

PPA 81.01 78.34 78.58 79.06 78.93 78.73 79.73
(-3.29%)  (-3.00%)  (-2.40%)  (2.57%)  (-2.81%)  (-1.58%)

4-CN.3-F-BA 80.81 76.77 66.69 55.25 48.29 37.89 34.91
(-5.00%)  (-17.47%) (-31.63%) (-40.24%) (-53.11%) (-56.80%)

PEBPA 81.53 69.75 75.02 74.73 74.77 74.77 73.01
(-14.45%)  (-7.98%)  (-8.34%)  (-8.30%)  (-8.29%)  (-10.46%)
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Ink type Cell Module PCE loss Publication
Separated inks 5‘:?2::;’2 ;25312:"2 6.70%  Science 385, 433-438 (2024)
Separated inks 585?:{;’2 312543:/]"2 3.40%  Nature 634, 1091-1095 (2024)
Separated inks 02?52::;)2 ;3562?2 5.70% Science 388, 957-963 (2025)
Separatedinks g ooic e B0B% qo.1038/841506.025.00785-3
All-in-one ink oz_géoz,:{:z 629250:102 1.98% This work





