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Materials and methods

Materials

All the chemicals were purchased from commercial sources and used without further purification unless
otherwise stated. Dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and chlorobenzene (CB) were
purchased from Acros. Ethanol (EtOH) and isopropyl alcohol (IPA) were obtained from Aladdin (China).
Chloromethyltrichlorosilane (CMS) and methyltrichlorosilane (MS) were purchased from Adamas. 1-
chlorooctane was purchased from Bide Pharmatech Ltd. Formamidinium iodide (FAI) and lead iodide (Pbly)
were purchased from Xi'an Huada Zhiyuan Technology Co., Ltd. Propane-1,3-diammonium iodide (PDAL)
was purchased from TCI. Ceo was purchased from Xi'an Yuri Solar Co., Ltd. The hole transporting materials
(4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (4PADCB), methylammonium chloride (MACI)
and methylammonium iodide (MAI) were synthesized in our lab.

Methods

DFT calculations

All the calculations were performed in the framework of the density functional theory (DFT) with the
projector augmented plane-wave method, as implemented in the Vienna Ab-initio Simulation Package
(VASP).!? The generalized gradient approximation (GGA) proposed by Perdew, Burke, and Ernzerhof was
selected for the exchange-correlation potential.’ The long-range van der Waals interaction was described by
the DFT-D3 approach.* The plane wave cut-off energy of 400 eV was adopted, the energy convergence
accuracy was set to 1 x 107 eV/atom, and the force acting on each atom was not greater than 0.1 eV/A. The
Brillouin zone was integrated with k-point grids of 2 x 2 x 1. All quantum chemical calculations were
performed using Gaussian 09.° The initial structures were optimized using the b3lyp density functional with
the 6-311G(d, p) basis set. Optimized geometries were verified by frequency calculations at the same level
of theory as that used for geometry optimization. The interaction energy was calculated by the following
equation. Eins = Ecombpination — Espiit sucture1 — Esplit sructure2- FOr the calculation of energy barriers in ion migration
transition states, VASP and VTST packages were used, and the climbing-image nudged elastic band (CI-
NEB) method was employed to map the minimum energy path using five images (including the initial and
final states).®’ The energy of the initial structure was set as the reference energy (0 eV). Energy barriers
were computed from the energy difference between the minimum state and saddle point.®

All ab initio molecular dynamic (AIMD) simulations were carried out using CP2K code.’ The electronic
structure was described using Perdew—Burke-Ernzerhof (PBE) functional with D3 correction within the
Gaussian and plane waves (GPW) framework.*!° Molecular orbitals of the valence electrons were expanded
into DZVP-MOLOPT-SR-GTH basis sets.!! The temperature was set to 300 K. The plane-wave basis set
was truncated at the energy cutoff of 400 Ry and REL_CUTOFF = 30 Ry for this model. The temperature
was controlled by a CSVR thermostat with a time constant of 50 fs, and the volume was kept constant by
applying an NVT ensemble.'? The time step of the dynamics was set to 1 fs. The visualization and calculation
of radial distribution functions (RDF) were performed using Visual Molecular Dynamics (VMD).!3

Device fabrication



The FTO substrates were patterned by laser etching and then ultrasonically cleaned with detergent, deionized
water, ethanol and isopropanol sequentially and then treated with UV-ozone for 20 min before hole
transporting layer deposition. The as-prepared substrates were transferred to an N»-filled glove box (02 < 0.1
ppm, H,O < 0.1 ppm). The self-assembled monolayer (SAM) was formed by spin-coating a 4PADCB solution
(0.5 mg/mL in ethanol) onto the FTO substrate at 5000 rpm for 30 s, followed by thermal annealing at 100 °C
for 10 min. For CMS modification, the CMS solution was spin-coated on the SAM at 5000 rpm and annealed
at 100 °C for 5 min. Then, a solvent wash was performed by spin-coating (DMF volume: DMSO volume =
9:1) and annealed at 100 °C for 5 min. CMS (20 pL/mL, 2 vol%) was dissolved in 1-chlorooctane. For
perovskite layers, 1.5 M Pbl solution with 6 mg/mL RbCl in DMF and DMSO (volume ratio 9:1) was first
spin-coated onto the CMS layer at 1500 rpm. After annealing at 70 °C for 1 min, organic ammonium salt
(FAL: MACI =90 mg: 13 mg in 1 ml IPA) solution was then spun onto the Pbl; layer at 2000 rpm and then
annealed at 50 °C for 1 min in N>-filled glove box. Then the films were annealed at 150 °C for 15 min in an
ambient environment (relative humidity < 30%). For the posttreatment process, the cooled perovskite films
were treated with 0.5 mg/mL PDAL/IPA solution at 5000 rpm for 30 s and then annealed at 100 °C for 10
min. For the electronic transporting layer, Cgo was deposited by thermally evaporating 270 A at a rate of 0.3
A/s. Then ALD SnO, was deposited by 150 cycles. Finally, a 100 nm Ag back contact was deposited by
thermal evaporation at a rate of 0.8 A/s.

The fabrication process for the one-step devices is identical to that of the two-step devices, except for the
perovskite layer. For the one-step method, a 1.6 M perovskite (Cso.0sMAg.0sFAo.oPbl3) solution with 10 mol%
excess Pbl. and 13 mol% MACI dissolved in DMF: DMSO (volume ratio 3:1) was shaken and spin-coated
on glass/FTO/4PADCB substrate at 4700 rpm for 42 s. Chlorobenzene (200 puL) was dripped 5 s before the
end of the spinning, followed by annealing at 120 °C for 20 min.

Characterization

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos Axis Ultra DLD X-
ray photoelectron spectrometer by using a monochromatized Al Ka source (hv = 1486.6 V).

Conductive atomic force microscopy (C-AFM) measurements were performed using an Asylum
Research Cypher S (Oxford Instruments) with a Pt-coated conductive tip under air atmosphere. The C-AFM
was conducted in conductive AFM mode.

Nuclear magnetic resonance (NMR) measurements: '"H NMR spectra were acquired using a Bruker
AVANCE III 600 MHz NMR spectrometer. The sample powder was dissolved in deuterated dimethyl
sulfoxide (DMSO-d¢) and filtered. The solution was then transferred into a clean NMR tube for testing.

Fourier transform infrared (FTIR) spectra were obtained by Bruker Vertex 70 infrared spectrometer in
the ATR-FTIR mode.

Scanning electron microscope (SEM) images of the perovskite film were obtained using a Zeiss Merlin.

X-ray diffraction (XRD) measurements of perovskite films were conducted on a Rigaku SmartLab
(copper Ka, A=1.54 A, 150 mA, 40 kV).

Photoluminescence (PL) and time-resolved photoluminescence (TRPL) spectra results were collected on

an Edinburgh FLSP920 system. The TRPL intensity decay spectra (Fig. S10) were fitted with a bi-exponential



decay function as equation 1, where /o is the decay constant, A; and A, are decay amplitudes, 7; is the fast
decay time reflecting the interface charge extraction and 7, is the slow decay time reflecting the trap-assisted
nonradiative charge recombination. The mean fluorescence lifetime 7.,; was calculated from the equation 2.
The mean fluorescence lifetime (zavg) was 481.45 ns for the control group and 681.25 ns for the target group.
I(t) = Iy + Ajexp(—t/t1) + Azexp(—t/T3) (1)

Tavg = (A1Tf + Aptd) /(A Ty + ApTy) (2)

Sun J-V curves measurements of the perovskite solar cells were performed under simulated AM 1.5G
illumination (Newport AAA solar simulator) with a Keithley 2400 source meter. An aperture area of 0.1 cm?
was achieved by using a dark metal mask. The measurement was conducted in air using unencapsulated
devices. All the devices were measured under a sweep mode of reverse scan (from 1.2 to 0 V) and forward
scan (from 0 to 1.2 V) with the scan rate of 0.03 V/s. Dark J-V curves were based on the J-V characteristics
with the light source off.

The incident photon-to-electron conversion efficiency (IPCE), electroluminescence (EL), transient
photocurrent (TPC), and transient photovoltage (TPV) tests were measured using an ARKEO platform (Cicci
research Italy). A non-reflective metal mask with an aperture area of 0.1 cm? was used to cover the active area
of the device to avoid light scattering through the sides.

Photoluminescence quantum yield (PLQY) measurements. The excitation light for PL measurement was
coupled into the integrating sphere through an optical fiber. The quasi-Fermi level splitting (QFLS) of
multilayer device stacks was calculated based on PLQY.!* QFLS,.q represents the radiative limit of QFLS.
Comparing the QFLS of stacks with and without CMS layer can quantify the non-radiative losses at the
interface between the perovskite layer and the transport layer. To understand the origin of non-radiative
recombination losses in the device, we calculated the QFLS of samples using the following relationship

between QFLS and PLQY:"
QFLS = ksT X In(PLQY X ]’—G) 3)
o,rad
QFLS,.q = QFLS — kgT X In(PLQY) 4)
Where kg and T represent Boltzmann constant and temperature, respectively. J; is the current density under
1 sun illumination, and Jj .44 1s the dark radiative recombination saturation current density. According to the

detailed balance theory:
Joraa = J; EQEpy (E)®pp(E)dE (5)

2mE 1 (6)

h3c2 L)_
exp (kBT 1

Where q, EQEpy, @gg, E, h and ¢ represent elementary charge, photovoltaic external quantum efficiency,

Ppp (E) =

black-body radiative spectrum, photon energy, Planck constant, and speed of light in vacuum, respectively.

The value of Jo qq is 1.50x102° mA/cm* and 1.77x10%° mA/cm? for devices with and without CMS,

respectively.

Light-intensity-dependent open-circuit voltage.

Voo =" Ingp + b (M)



where k is the Boltzmann constant, 7 is the temperature, q is the elementary charge, and n reflects the ideal
factor.

Fill factor (FF) loss analysis. The FF losses in high-performing PSCs are determined by two main factors,
non-radiative loss and charge transport loss. FFsq.imit Will be calculated according to the Shockley—Queisser

limit. The maximum FF (FFmax) can be calculated according to the following equation:

voc—In(voc+0.72)

FFpmax = 726 %€ (8)
1’4
Voo = ©)

where # is ideality factor, k is Boltzmann constant, T is temperature, g is elementary charge. The ideality
factors were extracted from the Voc as a function of light intensity.
The trap density tests measured by space-charge-limited current method (SCLC) were calculated using

equation 10:

2VrELEQE
Ndefect = % (10)

Where the voltage of the trap-filled limit (V7r.) is defined as the voltage value at the intersection point of the
two fitting lines representing the Ohmic contact and trap-filled regime. ¢ and g are the relative permittivity
of the perovskite and the vacuum, respectively. L is the thickness of the films, and g is the electron charge.
The SCLC tests were measured on devices with the configuration of glass/FTO/SAM/perovskite/Spiro-
OMeTAD/Au (hole-only devices), with a voltage range from 0 to 1.2 V in the dark.'® In the preparation of
hole-only devices, Spiro-OMeTAD hole transport layer solution was composed of 72.3 mg of Spiro-OMeTAD
and 1 mL of chlorobenzene with additives, including 17.5 pL of Li-TFSI salt solution in acetonitrile (520
mg/mL) and 28.5 pL of 4-tert-butylpyridine. The solution was deposited onto the perovskite film by spin-
coating at 4000 rpm for 20 seconds. After being stored in a dry box for 24 hours, the devices were thermally
evaporated with a 100 nm Au layer. The remaining steps were identical to those in the preparation method for

perovskite solar cells (PSCs).

All stability tests were conducted without encapsulation. The aging stability of unencapsulated
perovskite films and perovskite solar cells was carefully monitored in a N2 atmosphere. For the maximum
power point tracking (MPPT) under continuous illumination following the ISOS'” protocol, we used white
LEDs under N; conditions.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) was performed using an ION TOF-SIMS
5-100 system.
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Figure S1. Si 2p XPS spectra of FTO/SAM/CMS surfaces.
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Figure S2. UPS spectra: valence-band region (left); secondary-electron cut-off region (right) for SAM film

and SAM/CMS film.
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Figure S4. DFT-optimized heterojunction structures (FTO/CMS molecule/PVK) with two distinct perovskite

terminations (Pbl- and FAI-terminated), detailed views of the corresponding binding sites, and the crystal

orbital Hamiltonian population (COHP) analysis of the C1-Pb/CIl-H interactions.
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Figure S6. Differential charge density and its planar-averaged profile for the DFT-optimized, Pbl-terminated

heterojunction structure. Three differential charge density calculations were performed: between CMS and
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Figure S7. Differential charge density and its planar-averaged profile for the DFT-optimized, FAI-terminated
heterojunction structure. Three differential charge density calculations were performed: between CMS and
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Figure S9. Steady-state photoluminescence spectra of control and CMS-modified PVK films.
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Figure S10. Time-resolved photoluminescence decay spectra of control and CMS-modified PVK films.
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with CMS. (Structure: glass/FTO/SAM/PVK/Spiro-OMeTAD/Au).
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Figure S21. Schematic of the crystal structure and key-frame snapshots (optimized) for the FA* ion migration

transition state, calculated using DFT with the climbing-image nudged elastic band (CI-NEB) method. The

perovskite crystal features an FAl-terminated surface, with an intentional Vea (FA vacancy) introduced to

provide the migration site.
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Figure S22. Schematic of the crystal structure and key-frame snapshots (optimized) for the FA* ion migration
transition state in the presence of the CMS molecule, calculated using DFT with the climbing-image nudged
elastic band (CI-NEB) method. The perovskite crystal features an FAI-terminated surface, with an intentional

Vra (FA vacancy) introduced to provide the migration site.
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Figure S23. Schematic of the crystal structure and key-frame snapshots (optimized) for the I" ion migration
transition state, calculated using DFT with the climbing-image nudged elastic band (CI-NEB) method. The
perovskite crystal features an FAI-terminated surface, with an intentional Vi (I vacancy) introduced to provide

the migration site.
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Figure S24. Schematic of the crystal structure and key-frame snapshots (optimized) for the I" ion migration
transition state in the presence of the CMS molecule, calculated using DFT with the climbing-image nudged
elastic band (CI-NEB) method. The perovskite crystal features an FAI-terminated surface, with an intentional

Vi1 (I vacancy) introduced to provide the migration site.
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Figure S25. Snapshots of the heterojunction structure and the corresponding radial distribution function (RDF)

from a 15 ps ab initio molecular dynamics (AIMD) simulation in the NVT ensemble.
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Table S1. Fitting parameters for the O 1s XPS peak of FTO/SAM film.

Peak name Binding Area Atomic
Energy (eV) (CPS.eV) (%)
Sn-O-Sn 530.9 225618 52
Sn-O-P 532.2 145627 34
Sn-OH 533.1 60777 14

Table S2. Fitting parameters for the O 1s XPS peak of FTO/SAM/CMS film.

Peak name Binding Area Atomic
Energy (eV) (CPS.eV) (%)
Sn-O-Sn 530.9 165257 45
Sn-O-Si 532.0 54974 15
Sn-O-P 532.2 132723 37
Sn-OH 533.1 13414 3
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Table S3. The photovoltaic parameters for optimal devices in the target group and the control group,

respectively.

Jsc Voc FF PCE Hysteresis
FOWE:;EASM mzz}frgnz 1161V 78.78%  23.49%
Revzfs‘xcan mzj/zli . L170V  8341%  25.14%  0.069
Ff,fwhﬁﬁdcﬁﬂjn mz:ﬁrzn . L1833V 81.89%  25.41%
Rse@ffsffn ngiiz 1188V 86.40%  26.85%  0.056
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