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Experimental Section

Materials

Raw material, including lead iodide (PbI2, 99.999%), cesium iodide (CsI, >99.999%), and 

formamidinium iodide (FAI, >99.5%), was purchased from Xi'an Yuri Solar Co., Ltd. The silicon dioxide 

(SiO2, 20 wt% dispersity in ethanol) with a particle size of 30 nm is sourced from Shanghai Macklin 

Biochemical Technology Co., Ltd. The (4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid 

(4PADCB, >99.0%) was sourced from Shanghai Weizhu Chemical Technology Co., Ltd. C60 and 

bathocuproine (BCP) were purchased from Xi'an Polymer Light Technology Corporation (China). All 

chemicals and reagents were used as received from chemical companies without any further purification. 

The solvents, including dimethylformamide (DMF, 99.8%), dimethyl sulfoxide (DMSO, 99.7%), 

isopropanol (IPA), and chlorobenzene (CB, 99.8%) were purchased from Thermo Fisher Scientific and 

used without further purification. High-purity silver was purchased from commercial sources. The glass 

substrates patterned with indium tin oxide (ITO) were received from Shangyang Technology Co., Ltd.

Perovskite solar cells (PSCs) fabrication

Glass/ITO substrates were sequentially cleaned by ultrasonication in detergent, deionized water 

(twice), and ethyl alcohol for 15 min each. Then, the glass/ITO substrates were dried with nitrogen and 

subsequently treated with oxygen plasma for 20 minutes. They were then transferred into an N2-filled 

glovebox before use. In this work, (4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (4PADCB) 

was used as the hole transport layers (HTLs). Three types of HTLs were prepared. For the pristine 

4PADCB HTL, 4PADCB powder was dissolved in anhydrous ethanol at a concentration of 0.5 mg mL-

1, spin-coated onto ITO substrates at 3,000 rpm for 30 s, and then annealed at 100 °C for 10 min in a N2-

filled glovebox. For the SiO2-modified composite HTL, a 20 wt% SiO2 commercial stock dispersion in 

ethanol was first diluted to 0.4 wt%. The diluted SiO2 dispersion was then mixed with the 4PADCB 

solution (0.5 mg mL⁻¹) to achieve a final SiO2-to-4PADCB mass ratio of 28 wt% in the mixed solution. 

The mixture was stirred for 15 min, then spin-coated onto ITO substrates at 3,000 rpm for 30 s, followed 

by annealing at 100 °C for 10 min in a N2-filled glovebox. For the pre-mixed HTL prepared by a two-

step spin-coating procedure, the 4PADCB film was first deposited onto the ITO substrate following the 

same procedure as the pristine 4PADCB HTL. Subsequently, the SiO2 dispersion (at the same 

concentration used for the mixed solution) is spin-coated onto the pre-formed 4PADCB layer at 3,000 
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rpm for 30 s, followed by annealing at 100 °C for 10 min in a N₂-filled glovebox to obtain the ITO / 

4PADCB / SiO2 configuration. 

For perovskite precursor preparation, a 1.5 M perovskite precursor solution was prepared by mixing 

19.5 mg of CsI, 245.06 mg of FAI, 10.13 mg MACl and 712.24 mg of PbI2 (10% of excess) in 1 mL 

DMF: DMSO (4:1 in volume) mixed solvent with a chemical formula of Cs0.05FA0.95PbI3 to form a 1.53 

eV perovskite. All steps were conducted in an N2-filled glove box. For 1.53 eV perovskite films 

fabrication, the perovskite precursor was spin-coated on the as-prepared substrates with HTLs at 2,000 

rpm for 10 s, subsequently at 4,000 rpm for 40 s, during which 150 μL CB was dripped onto the center 

of the film at 5 s before the end of spin-coating. The substrates were immediately transferred to the hot 

plate and annealed at 100 °C for 30 minutes. For devices with surface passivation treatment, PEAI was 

dissolved in IPA (1 mg mL–1) and spun onto the as-prepared perovskite films at 5,000 rpm. for 30 s, 

followed by annealing at 100 °C for 5 min. The spin-coating processes were conducted in an N2-filled 

glovebox with a controlled temperature of 20-23 °C, maintained by the integrated air conditioner, and 

the water and oxygen levels were both controlled at less than 5 ppm. Finally, 20 nm C60 was thermally 

evaporated at 0.1 Å/s, 7 nm BCP at 0.1 Å/s, and a 100 nm silver electrode at 0.5 Å/s, respectively, under 

a high vacuum (< 4 × 10−5 Torr). The device area was defined and characterized as 0.0815 cm2 by a metal 

shadow mask. 

Characterizations

The particle size distribution of the SAMs, both without and with different inert oxide precursor 

solutions in ethanol, was measured using a dynamic light scattering particle size analyzer (DLS, Malvern 

Zetasizer Nano ZS90) at 25 °C with a monochromatic coherent He-Ne laser (λ = 632.8 nm) as the light 

source. An avalanche photodiode detector that detected scattered light at 90°. The perovskite precursor 

contact angles on HTLs-coated substrates were measured using an SDC-200Z automated contact angle 

goniometer (SINDIN, China) at 25°. An automatic syringe dispensed a droplet (2 μL), and images were 

analyzed by the Young-Laplace fitting method. The X-ray Photoelectron Spectroscopy (XPS) 

measurements were performed on a Kratos AXIS-ULTRA DLD-600W system with a monochromatic 

Al Kα source (1486.6 eV). All spectra were calibrated using the C 1s peak of adventitious carbon (284.8 

eV) as an internal reference. Contact potential difference (CPD) was performed using an Oxford 

Instruments Asylum Research AFM equipped with a Kelvin Probe Force Microscopy (KPFM) module. 
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Measurements were conducted in tapping mode using a Pt/Ir-coated conductive tip (ASYELEC-01, 

spring constant ~2 N/m), under ambient conditions (25°C, 40% relative humidity). X-ray diffraction 

(XRD) data were collected in reflection mode at room temperature using the Rigaku MiniFlex, equipped 

with monochromated Cu Kα (λ = 1.54 Å, 15 mA, 40 kV) radiation. Ultraviolet-visible (UV-vis) 

absorption spectra were measured using a UV-vis spectrometer (Shimadzu UV-2600). The surface and 

cross-section scanning electron microscope (SEM) morphology of the HTLs and perovskite films was 

acquired by field-emission scanning electron microscopy (FEI Nova NanoSEM 450). Steady-state 

photoluminescence (PL) spectra were measured using a Horiba Fluorolog-QM modular 

spectrofluorometer with an excitation source at 532 nm wavelength. A Horiba DeltaFlex-01 fluorimeter 

was used to measure the time-resolved photoluminescence (TRPL) spectra. The external quantum 

efficiency (EQE) was measured in DC mode (zero-bias condition unless specified) using the Saifan EQE 

system, a monochromatic technology employed in this paper. The fluorescence lifetime imaging 

microscopy (FLIM) spectra were measured using FLIM 300. Transient photovoltage (TPV) and transient 

photocurrent (TPC) measurements, and Mott-Schottky plots were obtained using a Zennium 

electrochemistry workstation (Zahner, Germany). The current-voltage (J-V) curves were measured using 

a solar simulator (Oriel 94023A, 300 W) with a source meter (Keithley 2400) under 100 mW cm-2 

illumination (AM 1.5G) at a scan rate of 10 mV s–1. The operational stability tests were conducted at the 

MPP for the unencapsulated cells under one sun illumination (100 mW cm–2) at 65 ℃ with 50% ± 5% 

humidity.

Supplementary Note 1: Analysis of Supplementary Figure 11

For Depth-profiling XRD measurement, the (210) plane of perovskite featuring an XRD peak at 

31.6° was selected was chosen as the stress-free 2θ degree due to its diversity in providing more reliable 

structure symmetry information, in which the 2θ is fixed while the instrument tilt angles were varied to 

ensure the X-ray penetration depth. The tilt angles (ψ) were fixed at 5°, 15°, 25°, 35°, and 45°, 

respectively. According to Bragg’s Law and generalized Hooke’s Law, the relationship of 2θ-sin2ψ can 

be given by the following equation1：

                            (S1)0o 2
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where Ep is the perovskite modulus (10 GPa) and νp is Poisson’s ratio of the perovskite 0.3.2 θ0 is 
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half of the scattering angle 2θ0 for stress-free perovskite (2θ0 = 31.6°). The residue stress of perovskite 

films can be calculated from equation (S1) by fitting the 2θ as a function of sin2ψ, and the slope of the 

fitted line represents the scale of the residual strain. The negative slope indicates the films bear tensile 

stress, while the positive slope indicates the films bear compressive stress.

Supplementary Note 2: Analysis of Supplementary Figure 16

A double exponential function equation fitted the TRPL spectra：

I(t)=I0+A1exp(-t/τ1)+A2exp(–t/τ2)                            (S2)

where A1 and A2 represent the decay amplitude of the fast and slow decay processes, respectively. τ1 and 

τ2 represent the fast and slow decay time constants, respectively. The average carrier lifetime (τave) was 

calculated by using the equation of τave=(A1τ1
2+A2τ2

2)/(A1τ1+A2τ2).

Supplementary Note 3: Analysis of space charge-limited current (SCLC)

The conductivity σ can be determined from the space charge-limited current (SCLC) model using 

hole-only devices with the configuration ITO/ 4PADCB or SiO2-modified HTLs/Ag, according to the 

equation below:3 

                                        (S3)k d
A

 

Where k is the slope of the hole-only carrier devices J-V curve, A is the area, and d is the thickness 

of HTL. Note that because SiO2 nanoparticles are electrically insulating, they act as an inactive scaffold. 

The hole transport exclusively percolates through the 4PADCB molecular pathways. Thus, the effective 

charge-transport thickness (d) of both films is defined by the organic molecular layer (~10 nm).4 

And the hole mobility (µ) is calculated by the Mott-Gurney law: 
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Where the ε0 and εr are the vacuum dielectric constant and relative dielectric constant of the HTL 

material, respectively, with εr = 2.5.5 V is the applied voltage, and J is the current density.

Supplementary Note 4: Calculation of the quasi-Fermi level splitting (QFLS) based on the PL 

quantum yield (PLQY)
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To investigate the non-radiative recombination at the interface between different hole-selective 

layers and perovskite, we calculated the Quasi-Fermi level splitting (QFLS) values of 1.53 eV bandgap 

perovskite films on a bare glass substrate and different HTLs on the ITO substrate by using 

photoluminescence quantum yield (PLQY) measurements. The QFLS and PLQY as the following 

equation:6 

QFLS = QFLSrad + kBT∙ln(PLQY) = 𝑘𝐵T∙ln(PLQY • J𝐺/J0,𝑟𝑎𝑑)            (S5)

Here, QFLS is the difference between the electron and hole quasi-Fermi levels in the perovskite 

layer, kB is the Boltzmann constant, and T is the temperature (300 K). JG is the generation current density 

under illumination, in this case, approximated to the short-circuit current density JSC of devices. J0,rad is 

the dark radiative recombination saturation current density.

According to the detailed balance at open-circuit conditions, the J0,rad can be calculated by the 

following equations:

                         (S6)0, PV0
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Where e is the elementary charge, EQEPV is the photovoltaic external quantum efficiency, E is the photon 

energy, 𝜙BB is the black-body radiative spectrum, h is the Planck constant, and c is the light speed in a 

vacuum. External quantum efficiency (EQE) of the p-i-n PSCs and the emitted spectral photon flux are 

calculated when the device is in equilibrium with the black-body (BB) radiation (T = 300 K). Based on 

equations S5 and S6, the J0,rad was calculated similarly as 4.72 × 10-20 A m−2 for all systems independent 

of the bottom charge transport layer. 
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Figure S1. Dynamic light scattering (DLS) analysis of particle size distribution for pristine SAM 
solution, SAM with SiO2 nanoparticle solution, and SiO2 nanoparticle solution.
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Figure S2. Top-view scanning electron microscope (SEM) of (a) pristine 4PADCB, (b) SiO2-based 
HTLs deposited on ITO. 
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Figure S3. Top-view SEM of pure SiO2 deposited on ITO. 
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Figure S4. The atomic force microscopy (AFM) height image of pure SiO2 nanoparticles deposited on 
ITO and the corresponding representative height profile.
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Figure S5. AFM surface morphology of (a) pristine SAM and (b) SiO2-based hole-selective layer 
deposited on ITO.
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(a)  (b)
Figure S6. C-AFM current maps of pristine 4PADCB and SiO2-modified HTL films deposited on ITO, 
acquired under the same bias and imaging conditions. The comparable nanoscale current response 
indicates that the discontinuous SiO2 domains do not form a continuous insulating barrier.
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Figure S7. SEM-Energy Dispersive Spectrometer (EDS) of In, O, P elements with pristine 4PADCB and 
SiO2-based hole-selective layer deposited on ITO.
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Figure S8. X-ray Photoelectron Spectroscopy (XPS) mapping of pristine 4PADCB and SiO2-based 
HTLs deposited on ITO.
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Figure S9. Fourier transform infrared spectroscopy (FTIR) of 4PADCB power and the 4PADCB film 
deposited on ITO.
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Figure S10. Scattering-type scanning near-field optical microscopy (s-SNOM) of (a) pristine 4PADCB 
and (b) SiO2-modified film deposited on ITO at the wave number of 1012 cm-1.
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(a)    (b)

(c)

Figure S11. Depth-profiling X-ray diffraction (XRD) characterization measured at different ψ angles 
from 5º to 45º for perovskite films deposited on (a) pristine SAM substrate, (b) SiO2-modified film 
substrate. (c) The corresponding residual strain evaluation plotted as a function of 2θ-sin²ψ.
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(a)  (b) 
Figure S12. The potential distribution curve of (a) pristine 4PADCB and (b) SiO2-based HTLs deposited 
on ITO.
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Figure S13. The adhesion force of SiO2 layer.
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(a) (b)

Figure S14. The UV absorption spectrum of perovskite films deposited on (a) pristine 4PADCB and (b) 
SiO2-modified HTLs exposed to 20 mW/m2 ultraviolet light-induced before and after aging in ambient 
air.
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Figure S15. (a) The XRD patterns of perovskite films deposited on pristine 4PADCB and SiO2-modified 
HTLs of the (100) peak. (b) Comparison of (100) peak FWHM values between control and SiO2-modified 
films.
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Figure S16. Time-resolved photoluminescence (TRPL) decay curves of perovskite films deposited on 
W/O and W SiO2-modified HTLs.
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Figure S17. The ultraviolet photoelectron spectroscopy (UPS) of the samples without and with SiO2-
modified films deposited on the ITO.
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Figure S18. Tauc plots of perovskite films.
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Figure S19. Energetic diagram of HTLs film and perovskite film.
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Figure S20. Certification of champion device performance: 26.92% steady-state PCE (0.0815 cm² mask 

area; NPVM).
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(a)  (b)

(c)    
Figure S21. Distribution of the four parameters (a) VOC, (b) JSC, and (c) FF of SAM without and with 
SiO2 modified HTLs-based PSCs. The statistical data were obtained from 20 individual cells for each 
kind of PSCs.
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Figure S22. The forward and reverse scans curves of SAM/SiO2 champion device under AM 1.5G 
illumination (100 mW/cm²).

S28



Table S1. Fitting results of perovskite films, TRPL curves of the SAM without and with SiO2 modified 
HTLs deposited on ITO grass substrate.

Sample A1 τ1 (ns) A2 τ2 (ns) τave (ns)

W SiO2 0.149 32.61 0.240 580.01 370.34

W/O SiO2 0.236 62.92 0.145 248.44 133.52

Table S2 Forward scanning (FS) and reverse scanning (RS) photovoltaic parameters of without and with 
SiO2 modified HTLs-based champion PSCs.

Sample VOC (V) JSC (mA cm-2) FF (%) PCE (%)

RS-W/O SiO2 1.172 26.19 85.86 26.37

FS-W/O SiO2 1.171 26.19 85.25 26.15

RS-W SiO2 1.187 26.57 86.77 27.37

FS-W SiO2 1.183 26.19 85.19 26.91

Table S3. Photovoltaic parameter distributions of PSCs based on three types of HTLs: pristine 4PADCB 
(W/O SiO2), pre-mixed SiO2/SAM (W SiO2), and sequentially deposited SAM/SiO2.

Devices VOC (V) JSC (mA cm-2) FF (%) PCE (%)

Average 1.170±0.003 26.20±0.103 85.65±0.230 26.22±0.119
W/O SiO2

Champion 1.172 26.19 85.85 26.37

Average 1.184±0.003 26.56±0.084 86.44±0.434 27.24±0.115
W SiO2

Champion 1.187 26.57 86.77 27.35

Average 1.174±0.004 26.53±0.131 85.65±0.312 26.68±0.148
SAM/SiO2

Champion 1.179 26.46 86.43 26.97
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