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1. Materials

Dimethylformamide (DMF, >99%), dimethyl sulfoxide (DMSO, >99.5%),
chlorobenzene (CB, anhydrous, 99.8%) were purchased from Sigma-Aldrich. Isopropyl
alcohol (IPA, anhydrous, 99.8%) was purchased from Acros. The NiO, powder, lead
iodide (Pbl,, 99.99%) and lead bromide (PbBr;) were purchased from Advanced
Election Technology Co., Ltd. Csl, [6,6]-Phenyl-Cg;-butyric acid methyl ester
(PCBM), 2.9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), methylammonium
chloride (MACI), formamidinium iodide (FAI) and methylammonium bromide
(MABr) were purchased from Xi’an Yuri Solar Co., Ltd. [4-(3,6-Dimethyl-9H-
carbazol-9-yl)butyl|phosphonic Acid (Me-4PACz) was purchased from was purchased
from Acros (TCI). Ethylenediamine tetramethylenephosphonic acid (EAPA) was
purchased from Aladdin.

2. Fabrication of Rigid Small-Area PSCs

The ITO-coated glass substrates (purchased from Wuhan Lattice Solar Energy
Technology Co. LTD.) were ultrasonically cleaned with soap solution, deionized water,
ethanol and isopropyl alcohol each for 20 min, respectively, and then dried under a
stream of nitrogen. The pre-cleaned ITO/glass substrates were treated with UV-Ozone
(UVO) for 15 min to remove the organic residue. The NiO4 nanoparticle solution (10
mg/mL) was spin-coated onto the ITO/glass substrates at 2000 rpm for 30 s and
annealed for 10 min at 150°C, then quickly transferred to a glove box. Me-4PACz (0.5
mg/mL in ethanol) was spin-coated on NiOj at 4000 rpm for 30 s, annealed for 10 min
at 100°C and cooled for 5 min. Subsequently, 0.05, 0.1, and 0.2 mg EAPA powder
dissolved in 1 mL DMSO respectively, were spin-coated on Me-4PACz at 5000 rpm
for 30 s before annealed for 10 min at 100°C.

The preparation of perovskite with a bandgap of 1.56 eV in N,: Pbl, powder (1.5 M),
Csl powder (0.06 M) and RbCI (0.015 M) in mixed solvent (DMF and DMSO with
volume ratio of 9:1) was dropped onto the HTL and spin-coated at 2500 rpm for 30 s,
then annealed for 1 min at 70°C. Organic salt solution (FAI/MAI/MACI (90:9:9 mg) in



I mL IPA was dynamically dropped onto the Pbl, film after 5 s of the process starting
at 3500 rpm for 35 s, and then annealed for 50 min at 100°C.

The preparation of perovskite with a bandgap of 1.68 eV in N,: Pbl, powder (1.125
M), PbBr, powder (0.375 M), CsI powder (0.06 M) and RbCl (0.015 M) in mixed
solvent (DMF and DMSO with volume ratio of 9:1) was dropped onto the HTL and
spin-coated at 2500 rpm for 30 s, then annealed for 1 min at 70°C. Organic salts solution
(FA/MAB1/MACI (90:9:9 mg) in 1 mL IPA was dynamically dropped onto the PbX,
film after 5 s of the process starting at 3500 rpm for 35 s, and then annealed for 30 min
at 100°C.

For post-treatment, 1 mg/mL PEAI in IPA solvent was dynamically spin-coated onto
the perovskite surface with 4000 rpm for 30 s, and then annealed for 5 min at 100°C.
Next, 20 mg/mL PCBM in CB and 0.5 mg/mL BCP in IPA was spin coated at 2000
rpm and 4000 rpm for 30 s, respectively. Finally, the Ag top electrode (100 nm) was
deposited by thermal evaporation in vacuum through a shadow mask defining the
device active area as 0.048 cm?.

The method for fabricating devices without Me-4PACz: Apart from not spin-
coating Me-4PACz, the fabrication methods for other functional layers and devices
with Me-4PACz are the same.

The blade-coating preparation method for the SAM layer: SAM precursor
deposition was performed in dry box (R.H. 10% ~ 20%). The SAM precursor solution
(25 uL) was coated by using doctor blade coater (Zehntner ZAA 2300) at the substrate
temperature of 25°C. The gap between the blade and the substrate was 150 um and the
blade speed were 5 mm/s. The wet films were dried by N, blowing and then annealed
at 100 °C for 10 min to dry films. The concentration of the SAM layer is the same as
that of the spin-coating process, and the preparation methods for other functional layers
are also the same as those of the spin-coating process.

The perovskite films fabricated using the conventional antisolvent-assisted
annealing method: Csg os(FAg.95sMAg.05)0.9sPb(1.9sBrg.05)3 perovskite precursor solution
was prepared by mixing 6.7 mg MABr, 8.8 mg MACI, 18.2 mg Csl, 196.1 mg FAI, 22
mg PbBr; and 572 mg Pbl, in 865 uL mixed solvent of DMF: DMSO = 4:1 v/v and



stirred at 60°C for 1 h. Then as-prepared perovskite precursor solution was spin-coated
onto SAM layers with speed of 1000 rpm for 5 s and 4000 rpm for 30 s. The wet film
was treated by drop-casting 120 uL ethyl acetate during the last 15 s of the spinning
process and subsequently annealed at 100°C for 50 min to obtain perovskite films with
a bandgap of 1.56 eV. The preparation methods for other functional layers are also the

same as those used in the two-step process for fabricating the device.

3. Characterizations

The perovskite films were characterized by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi, Thermo Scientific K-Alpha). Ultraviolet photoelectron spectra
(UPS) were also measured by Thermo Scientific ESCALAB 250Xi, with the Hel (21.22
eV) emission line employed for excitation. The surface microstructure of perovskite
films and the cross-sectional images of PSCs were obtained using SU-70 high-
resolution analytical SEM (Hitachi, Japan). PL and TRPL spectra of perovskite films
were obtained using Edinburgh fluorescence spectrometer (FLS980). The X-ray
diffraction (XRD) patterns of perovskite films were obtained using X’Pert PRO MPD
X-Ray diffractometer with Cu Ko irradiation at a scan rate (20) of 0.0167 ° S-!. For J-
V measurements, the intensity of the light was 100 mW c¢m (simulated AM 1.5 G)
provided by ABET Sun 3000 solar simulator and calibrated by a standard silicon
reference cell. Grazing incidence X-ray diffraction (GIXRD) was performed using
Rigaku SmartLab. Atomic force microscopy (AFM) measurements were performed by
Bruker Multimode. The J-V curves, space charge-limited current (SCLC) for the solar
cells were performed using Autolab TYPE II electrochemical work station. The
external quantum efficiency (EQE) spectra of the solar cells were obtained using QTest
Hifinity 5 (Crowntech, USA). The operational stability of the PSCs was studied at
maximum power point tracking (MPPT) using a 100 mW cm white LED lamp
(Suzhou D&R Instrument Co., Ltd.) in an N,-filled glove box. Peak force quantitative
nanomechanical atomic force microscopy (PFQNM-AFM) measurements were carried

out using a Bruker Multimode 8 at Shiyanjia Lab.



4. Density Functional Theory

The Vienna Ab initio Simulation Package (VASP) software suite ['! was utilized to
perform surface-based calculations. We employed a PBE functional [?! with an added
D3 dispersion corrections.?) This is a commonly utilized GGA+D3 method which
benefits from a fortuitous error cancellation between self-interaction interactions and
the absence of Spin-Orbit Coupling (SOC) in SOC-free calculations. As a result, this
method provides unusually accurate band gap predictions at the GGA level. Also, it
was shown to provide reasonable agreement between computed and experimental
lattice constants of CsPbl; and RbPblj; [4 and to offer a reasonable compromise when
calculating defect formation energies.l>! As in our previous work, the a-FAPbI3 surface
was oriented along the Miller index (100) and we chose two symmetrical terminations
to represent two possibilities: one where the Pbl,-rich surface exposed and another one
where the FAI-rich surface is exposed. In this work, we refer to the (100) direction as
the “z-axis” for clarity. Full relaxation of atomic positions and lattice constants was
allowed with the only constraint that the constant cell volume is maintained (ISIF=4 in
VASP). We used a relatively large 3 x 3 x 5 supercell which we prepared by using the
Atomic Simulation Environment (ASE). To ensure that mirror images do not interact,
we included a vacuum layer of 20 A along the z-axis. We replicated a similar scheme
for simulating the passivation of a rocksalt NiO (110) surface. Previously,®! we used
the Zurr-McGill algorithm to reveal that this surface is well-matched with the (100)
surface of a-FAPI. In particular, a relatively large 9.31x11.91 A2 surface slab, which is
5 layers deep, was prepared with symmetrical terminations, where two terminations
types were considered: O-rich and O-medium. As with the perovskite calculations, 20
A of vacuum were added above the z-axis which is the (110) direction in this case. Non-
spherical contributions were also added to the gradient within the PAW spheres, since
it was previously shown that they enhance significantly the accuracy of simulated
observables of the perovskite oxides. [7]

The FAPI calculations were performed using projector augmented-wave (PAW)

pseudopotentials [® %1 and a 2x2x1 Monkhurst-Pack mesh with a plane-wave energy



cutoff of 520 eV. This choice is justified by the fact that the overall plane-wave energy
cutoff ought to be about 30% larger than the largest atomic cutoff of the
pseudopotentials used to obtain high quality VASP results. In the present case, the
largest values are 400 eV for C and O; therefore, the VASP cutoff was 520 eV. The
results of calculations on the EAPA and Me-4PACz adsorption on the FAI-Rich and
Pbl,-Rich (100) a-FAPI surfaces are presented in Figure 2c.

In the case of NiO, we used a 3x3x1 k-grid and included in computations the onsite
Hubbard constant via the U-J Dudarev Scheme ['% where U=4.6 eVI!land J=0.0 eV.
It is notable that the Materials Project manual '?) recommends U = 6.2 eV but the

geometry does not significantly change if any of these two U values are used.

Adsorption energies Eads were calculated using the formula:

Eads(Dq) - Esu_rf (Dq) B Esurf(Dq) B Epass (2)

pass
where Esurf/pass is the energy of the passivator plus the surface while Eurr and Epass are

the energies of the surface and passivator, respectively, and D% indicates a defect type.
We considered the pristine surfaces for Pbl,-rich (100) a-FAPI, a FAI-rich (100) o-
FAPI surfaces, an O-Rich (110) NiO rocksalt surface and an O-Medium NiO rocksalt
surfaces. The passivators considered were Me-4PACz and EAPA. In the case of NiO,
we have previously performed ab initio MD calculations and thus knew that at least one
proton leaves the phosphonate moiety and adheres to the nickel-oxide surface. Our tests
indicated that this is also valid for EAPA and, hence, the exceptionally high adsorption
energies reported in the main text are likely related to this factor.

We performed gas phase (Figs S4 and S5) calculations of EAPA, Me4PACz and
interactions between them using GAUSSIAN 16¢ software [13] and visualized the
results obtained with Chemcraft. The hybrid B3LYP functional and a 6-31G* basis set

was employed, along, D3 dispersion corrections were included.

5. Classical Molecular Dynamics



As a variant of classical Molecular Dynamics, we used the LAMMPS molecular
dynamics simulator.l'* Since we discussed in detail how to apply this appriach in our
previous work,[®! we will shortly summarize the method and discuss the changes made.
The custom code discussed below is now freely available on Github:
https://github.com/Igutsev/NiO_MD Passivation/

To start with, we generated the OPLS-AA parameters via the LigParGen server.!!”]
In addition, we further modified the forcefields as described by Metzger et al.l'®! This
scheme works quite well for Me4PACz; but given that EAPA is essentially a
multidentate phosphonate, we made further changes to its forcefield. In particular, we
reduced the stiffness of the phosphonate heads by reducing the bond coefficients
pertaining to P-O(H) and P=0 as well as the C-P-O angle coefficient. Additionally, we
also loosened the LJ repulsion of the hydroxyl oxygens to prevent artificial interactions
involving the hydroxyl hydrogens. Finally, we also reduced the net PP interaction
potential. These changes allowed for reasonable description of interactions between
Me-4PACz and EAPA while retaining numerical stability of the LAMMPs calculation.
For more realistic charge descriptions, we also calculated and utilized electrostatic
potential-derived charges according to the CHelp scheme '] in the Gaussian16 package
of programs [13] with an improved B3LYP/6-311G* method. For all calculations we
utilized 0.5 scaling of the Coulomb 1-4 interactions which is widely utilized for OPLS-
AA,8 In the NiO case, we used two forcefields for two different goals:

A NiO Lennard-Jones (LJ) force field was employed to describe nonbonded
interactions between the ligand and the NiO surface. The pairwise interaction
parameters between each ligand atom and the Ni or O atoms were obtained using the
standard geometric mixing rule.For the actual simulation of the corrugated NiO system,
we utilized a Buckingham three-parameter forcefield which we previously fitted to
closely replicate the atomic distances of a DFT molecular dynamics simulation of the
NiO (110) surface.

The values of mixed pair interactions we presently generated are quite similar to our
previous values as well as to the values of the 2PACz-SnO, mixed pair coefficient

values.[!9]


https://github.com/lgutsev/NiO_MD_Passivation/

A velocity Verlet method was applied to integrate the equations of motion with a
time step of 1 femtosecond in the case of NiO passivated with Me-4PACz and a time
step of 0.25 femtosecond in the case when EAPA is added. This was necessary since
the EAPA is quite flexible and strongly interacts with the Me-4PACz SAM as well as
the NiO surface. Isothermal—-isobaric conditions were maintained using a Nosé—Hoover
thermostat with a time constant of 0.1 ps. To control pressure, a Nosé—Hoover barostat
with a damping parameter of 1000 fs was applied, enabling fluctuations of the x and y
lattice constants. The cutoff distances for van der Waals and Coulombic interactions
were set to 10.0 A and 8.0 A, respectively. Long-range Coulombic interactions were
treated using the particle—particle particle-mesh (PPPM) method with an achieved
accuracy of 1x107# (kcal mol™) A,

The surface was simulated as a corrugated nickel oxide surface. In this case we

used a long NiO 12.51 x 4.17 x 4.17 nm? supercell and cut a V-shaped wedge down

corresponding to two (011) and (0_11) cuts along the long x direction. The wedge

obtained was 8 layers deep with a remaining connecting “lip” (see previous paper [6])
between periodic wedges which was 6 layers wide. Such low miller index surfaces are
associated with low surface energies [?°1 and the surfaces we generated have the
particular advantage of not being polar [>!1 which makes comparison of DFT with the
simpler forcefield-based method more straightforward.

The system was modeled as periodic in the x and y directions and reflective in z, with
over 100 A of vacuum above the surface and 15 A below. To achieve significant
coverage of the surface, we utilized a dynamic application method.l! In short, the
passivating Me-4PACz molecules (or passivant plus EAPA) were first allowed to
aggregate briefly in the vacuum above the surface, after which a gradually advancing
Lennard-Jones 12-6 potential wall pushed the material toward the surface, the pushing
was done for 0.1 ps. Once deposition was complete, the system recoiled slightly in the
z-direction, then stabilized as a recoil-absorbing wall was introduced below the surface
to prevent upward bouncing. Following application of the passivant layer, the MD

simulation showed only minimal structural rearrangement, indicating that the film



remained largely immobile due to stabilization by its hydrogen-bonded network. Thus,
the self-organized configuration present immediately after application is the most
representative for subsequent analysis. This procedure was carried out for Me-4PACz
alone, in which 180 Me-4PACz molecules were applied, as well as for the 5:1 Me-
4PACz: EAPA mixture, which consisted of 180 Me-4PACz molecules and 36 EAPA

molecules.



6. Supplementary Note

Note 1. The conductivity () was calculated by the following formula:
dA
o= R
where R, d and A represent the resistance, the thickness of the top electron transport

layer, and the film area.

Note 2. Using the space charge limited current (SCLC) model, the hole mobility of the
sample was measured with a pure hole device structure (such as ITO/hole transport
layer/Ag structure). The J-V curve was fitted using the Mott-Gurney law to calculate
the hole mobility.[?? 23] In the SCLC region (typically the higher voltage range), the J-

V curve was transformed by taking the square root:

2
g (V-V,-Vy)

_ 3
J= Ssoer,u L
At higher voltage levels (in our work, the voltage range is 2.5 - 4 V), the slope k was
N/

obtained through linear fitting, with k= V.
8K

9¢ e,

Based on the slope k& and the known parameters, calculate the hole mobility:
where J is the current density, & is the vacuum permittivity, & is the dielectric
permittivity of the NiO,/Me-4PACz, L is the film thickness, V' is the applied voltage of
the device, V; is the voltage drop due to the constant resistance and series resistance
across the electrodes, Vy,; is the built-in voltage due to the different work function of the

two electrodes, and u is the hole mobility.

Note 3. The geometric structure at the heterojunction interface between the perovskite
and the hole transport layer is determined by the ratio of the GB energy to the
heterojunction energy, >4

YGB

YHI = 2cos(y/2)



where ygp 1s the GB energy, vy is the heterojunction interface energy, i is the groove

angles of the GB, as shown in the legend of Figures 2g, h)

Note 4. Detailed TRPL fitting results were obtained by using a dual exponential decay
function model presented by the following equation:

t t

I (t)=I+A exp (- 1y+Aexp (-72)

Note 5. 1., can be calculated by the equation:

2 2
_Al*r1 +A4,+*1,

Tave =

Ajx1 + A, %1,

Note 6. QFLS can be calculated from PLQY by the following formula:
QFLS = QFLS, ,; + kgTIn(PLQY)

Here, QFLS,,; is the radiative limit of our semiconducting material, setting the
maximum achievable splitting of the quasi-Fermi levels, hence the Vo, in the case of
zero nonradiative recombination. Ky is the Boltzmann constant, Jg; is the

photogenerated current density, and Jy ,q is the dark state radiative recombination

saturation current density.

Note 7. The trap state density for the measurement of space charge limited current was

calculated by using the formula:

2e.8
0 rVTFL

2
N,= 4L

2
where €, €., V1L, ¢ and L represent the vacuum dielectric constant, relative dielectric

constant, trap filling limit voltage, fundamental charge, and the perovskite film

thickness, respectively.



Note 8. The maximum FF (FF,,,x) without charge transport loss can be calculated
through the formulas:

qVOC
y = nkBT

v-In(v+0.72)
FEp= V11
where g is the elementary charge, # is the ideality factor, kg is the Boltzmann constant,

T is the absolute temperature.



7. Figures and tables
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Fig. S1 AFM 2D topography images (5x5 um?) of (a) ITO/NiO,/Me-4PACz, (b)
ITO/NiO,/Me-4PACz/DMSO and (c) ITO/NiO,/Me-4PACz/EAPA structure.
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Fig. S2 (a) Survey XPS spectra, (b) P 2p XPS core spectra and (c) P/Ni ratio for the

Me-4PACz, DMSO and the EAPA samples, respectively.




Me-4PACz v DMSO

C -487 d M —irac
y 3601 papn
Z 380 | Thily
o ak ady BT
£ 4201
44U-WMWWWWM”M
460
7% 0 1 s

l)iszlance(sm)
Fig. S3 KPFM images of the (a) ITO/NiO,/Me-4PACz, (b) ITO/NiO,/Me-
4PACz/DMSO and (c) ITO/NiO,/Me-4PACz/EAPA, respectively. (d) Surface contact

potential difference images of the different substrates.
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Fig. S4 Water contact angle of (a) ITO/NiOy/Me-4PACz and (b) ITO/NiOy/Me-
4PACz/EAPA.
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Fig. SS The optimized B3LYP+D3/6-31G* structures of Me-4PACz and four rotamers

of EAPA.
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Fig. S6 The geometrical configurations of the Me4PACz interaction with its congener

Me4PACz as well as interactions Me4PACz with the four rotamers of EAPA. The

presented are also the calculated gas-phase binding enthalpy (AH®) and Gibbs free

binding energies (AG®) of each interaction. The energies are all reported as calculated

whereas we report per molecular unit (divided by two) in the main text.
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Fig. S7 FTIR spectra of EAPA, EAPA+Pbl, and EAPA+FAL
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Fig. S8 Using ultraviolet glue to peel off the perovskite film from the

NiO,/SAM/Perovskite structure, thereby exposing the buried interface of the perovskite

films.
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Fig. S10 (a) Survey XPS spectra, (b) P 2p XPS core spectra and (c) P/Ni ratio for the

glass/ITO/NiO,/Me-PACz/EAPA
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Fig. S11 FWHM of the (111) diffraction peak in the differently processed perovskite

films.



Fig. S12 The top SEM images of the Pbl, (a) and PbI,+EAPA (b) films.
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Fig. S13 The buried-view AFM images of Control and Target perovskite films (the

scale bar is 10x10 um?).
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Fig. S14 The cross-sectional SEM images of the corresponding perovskite films.



=]
c-

Target
Control

Target
Control

Absorbance (a.u.)

550 600 650 700 750 800 150 1.55 1.60 1.65 170 175
Wavelength (nm) Eg (eV)

Fig. S15 (a) UV-vis absorption spectroscopy and (b) the optical bandgaps of differently

processed perovskite films.



Fig. S16 The top-view AFM images of Control and Target perovskite films (the scale
bar is 10x10 um?).
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Fig. S17 The (a, b) buried interface and (c, d) top-view KPFM images of the

corresponding perovskite films (10x10 um?).
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Fig. S18 In situ absorption spectra of the Control and Target films during the

annealing stages.



WRNRRR, WRRE

4dddddd. dddddda

% ) VHRRE, WRRE. E'Efw‘""' probeony
AR WHRRRY.: WYY, 2c!

2 FHRRRE Wﬂ-’\-"

Substrate (bl solution) | Substrate (Pl film) e e

’ WK, - WK, ’ ; i 'uw : ‘
¢ .“-j

oy

m #
y‘ﬂ'\“ -,-;v ﬁ
! :1 »»ww l-rr.& 3
\t‘ \i y ’ "KW K Lt r 4% ;
Substrate with EAPA | Substrate with EAPA "’"’""’"“’E‘(’,:""", et Substrate with EAPA
- . 1 L : . . [d Y
AL DME D s+ @1 "_ [Pl _.IA‘ DMSO N EAPA @  FAMAICS — P=0-Pb¥ 01 FA

Fig. S19 The perovskite growth mechanism of Control (top) and Target (bottom)
films managed by EAPA. And the substrate represents the double hole transport layer

composed of NiO, and Me-4PACz.
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Fig. S20 (a) PL spectra and (b) TRPL spectra (based on ITO/NiO,/SAM/perovskite

structure).
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Fig. S26 The optical bandgaps of 1.68 eV perovskite films prepared by the two-step

method.
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Table S1 The penetration depth of X-ray into perovksite film at different incident
angles. The penetration depth (D) of X-rays in perovskite thin films at different incident
angles is calculated by the formula: D = sina/p, where a is the incident angle and p is
the attenuation coefficient.[>’] At low incident angles, the depth is directly proportional

to the a angle, and the approximate corresponding relationship is as follows.

Incident angle (°) Approximate penetration depth (nm)
0.25 37
0.5 75
1 150
2 300

4 600




Table S2 TRPL decay fitting parameters for the buried interface of the control and
EAPA treated perovskite films.

Samples Aq T1(ns) A, T,(ns) Tave (NS)

Control 0.112 36.23 0.888 649.09 644.82

Target 0.008 18.56 0.992 1845.12 1844.97




Table S3 Fast and slow components of the PL decay curves and their corresponding

ratios for differently processed perovskite films.

Samples Aq 71 (ns) A, 7, (ns) Tave (DIS)

Control 0.153 16.394 0.847 283.97 281.21

Target 0.556 6.208 0.444 196.34 189.10




Table S4 Measured PLQY values and calculated QFLS parameters.

Sample PLQY (%) QFLS (eV)
EAPA 6.432 1.231
PVK 3.891 1.218
HTL/EAPA 4.721 1.223

HTL/PVK 1.663 1.196




Table SS Photovoltaic parameters extracted from J-V curves of the control and target

PSCs under forward (FS) and reverse (RS) scans (refer to Fig. 5b).

Voe (V) Jsc (MA cm?) FF (%) PCE (%)
Control-RS 1.180 25.56 81.4 24.55
Control-FS 1.179 25.56 79.5 23.97
Target-RS 1.209 25.89 83.9 26.27
Target-FS 1.209 25.86 83.5 26.11




Table S6 A summary of the photovoltaic parameters reported in the literature related

to inverted PSCs prepared by the two-step method. (refer to Fig. 5c¢)

Voc Ssc FF  PCE
Device structure (mA Ref.
V) (%) (%)
cm2)
ITO/MeO-2PACZ/Cs,FA,Pb(I,.Cl,)s/PCBM/BCP/Ag 1087 2557 828 23 26
PEN/ITO/PTAA/Perovskite (1.52 eV)/C60/BCP/Ag 1142 2427 8301 23 27
ITO/2PACz/Perovskite (1.56 eV)/PCBM/BCP/Ag 1162 2447 8228 234 28
ITO/PTAA/FAMAPbI; (1.55 eV)/PCBM/BCP/Cu 113 252 82 234 29
ITO/Me-4PACz/Perovskite/C60/BCP/Ag 1176 2533 82.03 24.43 30
ITONIO ?\f;f ?;ﬁg%fﬁ;spbh (1.56 1.188 25 83 246 31
ITO/SAMs/Perovskite (1.55 eV)/C60/BCP/Cu 1.173 25.15 83.8 24.72 32
ITO/NiO,/2PACz/Perovskite (1.55 eV)/PCBM/BCP/Ag 114 2619  83.52  25.05 33
ITO/Me-4PACZ/FA, \MA,Pbl; (1.56 eV)/C60/BCP/Ag 1173 25.78  83.08 25.12 34
ITO/NiOy/Me-4PACZ/FA,MA,Pbl; (1.55 eV)/C60/BCP/Ag 12 2595 8229 25.59 35
ITONIOY ?\?;f é‘;ﬁ;ﬁfgﬁspbh (1.54 1199 2556 837  25.66 36
ITO/NiOy/Me-2PACZ/FAMAPbI; (1.55 eV)/C60/BCP/Ag  1.191 2558 853  25.98 37
ITO/NiO,/Perovakite (1.56 ¢V)/PCBM/BCP/Ag 1201 26.17  83.73 2632 38
ITO/NiO,/Me-4PACZ/FAMACSsPbI; (1.56 1200 2580 839 2697  This work

eV)/PCBM/BCP/Ag




Table S7 A summary of the performance of devices assembled using different

concentrations of EAPA (statistics from 16 individual devices in each batch).

Samples (EAPA) Voc (V) FF (%) Jse (mA cm?) PCE (%)

0 Average 1.175+0.006 80.0+1.0 2547 +0.11 23.94+0.38

0.1 mg/ml  Average 1.209+0.002 83.1+0.5 25.73 £0.08 25.86+0.16




Table S8 Photovoltaic parameters extracted from J-V curves of the control and target

wide-bandgap PSCs prepared by the two-step method under forward (FS) and reverse
scan (RS) scans (refer to Fig. 5j).

Voe (V) Jsc (mA cm?) FF (%) PCE (%)
Control-RS 1.217 21.79 80.1 21.24
Control-FS 1.220 21.75 77.6 20.58
Target-RS 1.267 22.11 83.3 23.33
Target-FS 1.260 22.15 82.7 23.07




Table S9 Photovoltaic parameters extracted from J-V curves of the control and target

PSCs under forward (FS) and reverse (RS) scans (refer to Fig. S27b).

Ve (V) Jsc (MA cm?) FF (%) PCE (%)
w/o EAPA-RS 1.125 24.98 72.3 20.31
w/o EAPA-FS 1.122 24.41 71.3 19.53
w/ EAPA-RS 1.158 25.48 76.4 22.56

w/ EAPA-FS 1.156 25.23 76.8 22.41




Table S10 Photovoltaic parameters extracted from J-J curves of the PSCs under

forward (FS) and reverse (RS) scans (refer to Fig. S28a).

Ve (V) Jsc (MA cm?) FF (%) PCE (%)
w/o EAPA-RS 1.177 25.32 78.3 23.33
w/o EAPA-FS 1.168 25.18 77.0 22.63
w/ EAPA-RS 1.206 25.81 83.0 25.84

w/ EAPA-FS 1.204 25.90 81.8 25.51




Table S11 Photovoltaic parameters extracted from J-J curves of the PSCs under

forward (FS) and reverse (RS) scans (refer to Fig. S29a).

Ve (V) Jsc (MA cm?) FF (%) PCE (%)
w/o EAPA-RS 1.177 25.40 81.0 24211
w/o EAPA-FS 1.170 25.29 80.2 23.73
w/ EAPA-RS 1.196 25.96 83.6 25.95

w/ EAPA-FS 1.193 2591 83.3 25.73
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