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1. Experimental

Materials Preparation: Pbl (purity > 99.9985%), MAI (purity > 99.995%), FAI (purity >
99.995%), MABTr (purity > 99.995%), and spiro-OMeTAD (purity > 99.5%) were purchased
from Liaoning Youxuan Corp., Diethyl ether (DEE), chlorobenzene (CB), and lithium bis
(trifluoromethylsulfonyl) imide salt (Li-TFSI) were purchased from Sigma-Aldrich.
Dimethylformamide (DMF, purity > 99.8%) and dimethyl sulfoxide (DMSO, purity > 99.7%)
were purchased from Aladdin reagent. All Materials are used as-received.

Perovskite and Spiro-OMeTAD Solution: Perovskite precursor solution of FAosMA¢4Pblz
was composed by dissolving FAI (0.6 mmol), MABr (0.07 mmol), MAI (0.33 mmol), and Pbl>
(1.07 mmol) in 1 mL mixed solvent of DMF and DMSO (volume ratio of 4:1). The spiro-
OMeTAD solution was composed of spiro-OMeTAD and Li-TFSI. The solutions mentioned

above were stirred at 25 °C for 12 h and then filtered through a 0.45 um syringe filter.
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Fabrication of Solar Cells: The pre-cleaned FTO substrates were dried with nitrogen and
treated with UV ozone for 10 min. The TiO» layer was prepared by the water bath deposition
as the ETL. The perovskite precursor solution was spin-coated at 7000 rpm for 25 s on the
FTO/TiO; substrates with diethyl ether (DEE) as the anti-solvent. After the spin coating, the
perovskite films were annealed at 150 °C for 10 min and then cooled to room temperature. The
films were cooled down to room temperature for the surface passivation treatment and treated
with MAI or PEAI solution. The Spiro-OMeTAD solution was coated on perovskite films at
4000 rpm for 30 s. Finally, the devices were completed with a 70 nm thick gold counter
electrode using thermal evaporation.

Extraction of parameters from J-V curves and SCLC measurement: Planar structured PSCs
can be treated as a single heterojunction diode. The electric parameters of the PSCs, including
the ideality factor of the diode (m), the series resistance (Rs), and the reverse saturation current

(Jo) of the PSCs, can be calculated according to the diode equation.!-
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where J is the current density flow through the external load, e is the elementary charge, and
Kp and T are the Boltzmann constant and the absolute temperature, respectively.
The trap state density Nuap can be determined from the trap-filled limit voltage (¥VrrL) by

Equation (3):
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where g is the electron charge, Nuap 1s the trap state density, L is the thickness of the perovskite
layer, ¢ is the relative dielectric constant for FAo.sMAo4Pbls, and &y is the vacuum permittivity.
As we can see, the only variable in the equation is V'trL, which can be extracted from the J-V

plots in the SCLC region.



2. DFT calculation

The structural optimization and electronic structure calculations were carried out by
Cambridge Serial Total Energy Packagel>*! (CASTEP) in Materials studio. The generalized
gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) functional was
employed.®! Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm was used for the structural
optimization of the model with the following optimization parameters: the calculation was
expanded by using the ultrasoft pseudopotential with a cutoff energy of 435 eV, and the total
energy was converged to 2x107> eV. The structural optimization was optimized until the force
tolerance on each atom was smaller than 0.05eVA™, the stress tolerance was smaller than 0.1
GPa, and the displacement tolerance was smaller than 0.002 A. The Monkhorst-Pack grids with
the actual spacing of 0.041 A and SCF tolerance of 2xe® eV/atom were used in all DFT
simulations.

FAo0sMAo4Pblz possesses a cubic structure, with the space group Pm-3m at room
temperature. A 3x3x1 supper cell and a 20 A vacuum slab were employed to investigate the
adsorption of different additives. All additives were placed on the supper cell surface to
optimize to convergence.

A large number of studies have shown that high-performance PSCs often adopt the strategy
of excessive Pblx. At the same time, according to the results of previous DFT studies, the PbX>
terminal on the 001 surfaces has the lowest energy among all types of surfaces.[®! In the case of
using PEAI as the interface modification material, PEAI adsorbs on the [Pbl4]* surface of the
perovskite during interface passivation. Meanwhile, since the Pb-I bond is stronger than the
interaction between PEA-I, we consider the weakest binding energy of the PEA-I bonds as the
final binding energy value to compare different interface passivation materials. Therefore, we
use the I-terminal as the surface state, and PEA™ is placed on the perovskite surface.l’! Binding
energies were calculated based on the surface relaxation approach, following

Ebinding energy — Lall — Esurface - Eadditive
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Where Ebinding energy 1S the final binding energy between additives and perovskite surface,
Ean is the total energy of the system after relaxation of additives adsorbed on perovskite surface,
Esurface 18 the surface energy of the perovskite without additives, Faaditive 1S the energy of the

additive. The settings in the cases of using other organic salts are similar to these of PEAL

3. Machine learning

Dataset Preparation: For dataset preparation, we mainly focus on utilizing interface
materials at the perovskite/Spiro-OMeTAD HTL interface. The data of the ML model were
collected from the published literature, including various publishing groups such as Wiley,
Elsevier, RSC, Nature, and Science. To ensure the uniformity of data collection standards and
to establish a high-quality dataset, we removed inorganic interface material to avoid its noise
to organic functional groups. Only the reports within the last five years were kept to reflect the
current development of interface engineering. In addition, devices with PCEs above 18% were
selected to reduce data dispersion while ensuring the learning accuracy of the high-PCE
mapping models. To minimize the effect of the standard device and clearly show the role of the
interface material, we also use the control device performance (the control PCE) as the input
feature. The ion ratios in the perovskite precursors were counted rather than those suggested in
the films. The data points using the two-step film formation method also were washed away.

Feature Engineering: Several factors determine a material's or device's properties, also
called features. Feature extraction follows three principles: highly correlated to the output, easy
to obtain, and minimal in number. The SHAP value analysis and feature importance analysis
from the algorithm model were used to reflect the influence of the feature of each sample, and
the correlation analysis in statistical analysis was used to reflect the degree of linear correlation
between the two variables. We ranked the initial more than 300 features through the SHAP
value, feature importance, and correlation analysis. We screened the most critical 15 features

from more than 300 features describing perovskite, interface material, and control device



performance. Therefore, we constructed a set of 15-dimensional features as the input of the
photovoltaic parameter prediction model (Table 1), which reduces the overfitting problem
caused by the high complexity of the model.

Machine learning settings: Rstudio was employed as the platform for machine
learning. Linear regression (LR), neural network (NN), random forest (RF), and extreme
gradient boosting (XGBoost) algorithms were used based on glm, neuralnet,
randomForest, and xgboost functions, respectively. The performance of the algorithms
was evaluated by the root mean square error (RMSE) and Pearson’s coefficient (r-value)

on the test set. Here,

._V.)2
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X;,Y;, X, Y, and n represent the i*? value of the experimental dataset, the i*" value of the
predicted dataset, the mean value of the experimental dataset, the mean value of the
predicted dataset, and the number of the dataset points, respectively. The test set accounted
for 30% of the entire database and was mutually exclusive with the training set. We use 10-
fold cross-validation to optimize the hyperparameters, dividing the train set into ten parts
(90% data points for training and 10% for validation) and learning ten times. The model
performing the lowest average RMSE on the validation sets was screened for testing on
the test set and further use. In detail, the NN model had four hidden layers, which had
100, 50, 20, and 2 neurons, respectively; the tree number in the RF model was 5000. The

max depth and the number of rounds in the XGBoost model were 10 and 25, respectively.



4. Supplementary results
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Figure S1. Performance improvements of different passivation strategies based on more than

200 highly efficient nip-type PSCs. Here, the device performance is generally referred to as the

values obtained in the reverse scan, except the scan direction is not clearly stated. The

performance improvements were the differences between the modified and control devices. The

interface approach refers to modifying the perovskite film before or after the film fabrication

of the perovskite layer. In contrast, the bulk approach refers to adding additives into the

perovskite precursor solution or during the film fabrication of the perovskite layer.



Table S1. Reports on the interface modification at the perovskite/Spiro-OMeTAD interface of

the PSCs
Perovskite precursor solution
D Device Control Interface Ref DO
: : A site cation and clerences
PCE device PCE material . A2X P2X
ratio
10.1038/s41467-
1 20.50 19.20 S Cso.1FAo.9 1:3 1.05:3
018-06709-w
10.1038/s41467-
2 20.50 19.20 N Cso.1FA0.9 1:3 1.05:3
018-06709-w
10.1038/s41467-
3 20.90 19.20 SN Cso.1FAo.9 1:3 1.05:3
018-06709-w
Cso.1016FA0.7813M 10.1039/DOTA05
4 21.01 19.45 PEIm 0.965:3 1.018:3
Ao 496H
10.1016/j.jpowso
5 19.01 15.01 P3HT MA 1.8:3 0.6:3
ur.2017.12.082
10.1016/j.jpowso
6 18.61 15.01 PTAA MA 1.8:3 0.6:3
10.1016/j.jpowso
7 18.35 15.01 MEH-PPV MA 1.8:3 0.6:3
10.1016/j.jpowso
8 17.83 15.01 Poly-TPD MA 1.8:3 0.6:3
ur.2017.12.082
PBDTTT- 10.1016/j.jpowso
9 17.66 15.01 MA 1.8:3 0.6:3
CT ur.2017.12.082
10.1002/adma.20
10 19.57 17.48 MMI MA 1:3 1:3
1800544
Benzylamin 10.1002/adma.20
11 19.20 15.70 FA 1:3 1:3
e 1603062
10.1021/acs.jpcc.
12 18.10 16.10 PMMA MA 1:3 1:3
6b12137
Cs0.0617FA0.7819M 10.1002/aenm.20
13 18.87 18.08 TP 0.989:3 1.005:3
Ao.1564 1703143
Cs0.0617FA0.7819M 10.1002/aenm.20
14 18.82 18.08 MTP 0.989:3 1.005:3
Ao.1564 1703143
Cs0.0617FA0.7819M 10.1002/aenm.20
15 19.17 18.08 ETP 0.989:3 1.005:3
Ao.1564 1703143
Cs0.0617FA0.7819M 10.1002/aenm.20
16 19.44 18.08 BTP 0.989:3 1.005:3
Ao.1564 1703143
Cs0.0617FA0.7819M 10.1002/aenm.20
17 19.89 18.08 HTP 0.989:3 1.005:3
Ao.1564 1703143
Cs0.0617FA0.7819M 10.1002/aenm.20
18 19.20 18.08 DTP 0.989:3 1.005:3
Ao.1564 1703143
10.1039/C6EE03
19 20.50 18.90 FABr FAo.8462MAo.1538 0.975:3 1.013:3
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1803573
10.1002/aenm.20
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10.1038/s41467-
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Figure S2. Chemical structures of the interface modification materials listed in Table S1.
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Figure S3. Comparison of the reported PCEs from the control devices and the modified devices
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Figure S4. Distribution of the impacts (SHAP values) of the input features on the model output
(Device PCE). The color represents the feature value (red high, blue low), and here only the top

15 features with the highest sum of absolute SHAP values are shown.
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Table S2. RF model performance based on different combinations of the features from interface

material, perovskite material, and control device performance.

Features Train-RMSE (%)  Train-r  Test-RMSE (%) Test-r
Interface material, control PCE 0.39 0.97 0.73 0.88
Perovskite, control PCE 0.52 0.94 0.73 0.85
Perovskite, interface material 0.57 0.94 1.10 0.49

Perovskite, interface material,

control PCE

0.38 0.97 0.70 0.89

Table S3. Binding energies of the selected materials on Pb-rich surfaces of FAosMAo4Pbls.

Additives Chemical structures Binding energy (eV)
T

p-MePMA* & < & < -2.19
.

p-F-PMA* ol Fd 251
¢

- Y _
PEA .- 2.59

PA* S -3.05
EA" v -3.07

MA" & -3.26

14



Table S4. Summary of the photovoltaic parameters of the PSCs w/wo modification.

Samples  Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
Control 25.00+0.10 1.050+0.008 73.23+1.21 19.22+0.41
MAI-0.5 25.00+0.13 1.102+0.007 76.63+£0.91 21.11+0.23
MAI-1.0 25.16+0.05 1.143+0.007 77.50+0.41 22.38+0.20
MAI-1.5 24.38+0.34 1.113+0.005 75.45+1.17 20.48+0.20
PEAI 25.30+0.04 1.130+0.006 76.74+0.93 21.94+0.23

N
V)]

.........................................
I3V I I35 3333333533335353333335737 1711 ] 1000 nneencuees
..........
R,

[ o3
(=]

—o— With MAI modification
—o— Without MAI modification

[
(=}
T

Types Voc/V Jsc/(mA.cm) FF/% PCE/%

Current Density (mA/cm?)

5 PSC/Spiro  1.06  25.12 7437 19.80
PSC/MAUSpiro 115 2527  77.86 22.63
0 N 1 N 1 N 1 N 1 N 1 N
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Figure S5. J-V curves (reverse scan) and detailed parameters of the best-performed PSCs w/wo

MAI modification.
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Table SS. Fitted electrical parameters of PSCs based on different devices.

Samples m® mz® Rs (Q cm?) Jo (mA cm?)
Control 222 221 1.43 2.88%10°
MAI-1.0 1.72 1.70 1.76 4.27x107
PEAI 1.62 1.65 1.90 4.40x10°

9 m; and Rs were obtained from dV/dJ vs (Jsc+J)' curve. ® m; and Jy were obtained from In

(Jsc +J) vs (V- RsJ) curve.

SU8000 5.0kV 8.9mm x80.0k SE(UL)

Figure S6. Cross-sectional scanning electron microscopy (SEM) image of the perovskite film

on FTO for SCLC measurement. The thickness of the perovskite layer is about 500 nm.
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