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1. Experimental Section 

1.1. Materials and chemicals 

Isopropyl alcohol, acetone, ethylenediamine and tetrabutyl titanate were purchased from 

Sinopharm Chemical Reagent Co., Ltd. Titanium diisopropoxide bis(acetylacetonate), 

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), bis(trifluoromethane)sulfonimide lithium 

salt and cobalt‐complex (FK209) were purchased from Sigma-Aldrich. Methylammonium iodide 

(MAI), formamidinium iodide (FAI), methylammonium cloride (MACl), phenethylammonium 

iodide (PEAI) and TiO2 paste (Dyesol-30NR-D) were purchased from Greatcell. PbI2 was purchased 

from TCI Europe, and Spiro-OMeTAD, CsCl, and PTAA were bought from Xi’an Polymer Light 

Technology in China. 

1.2 TiO2 nanoparticles synthesis 

Single-crystal TiO2 rhombus-like nanoparticles: Single-crystal TiO2 rhombus-like 

nanoparticles were prepared by a one-step solvothermal method. In a typical synthetic procedure, 

40 mL of isopropyl alcohol and 10 mL of acetone were mixed together in a flask under vigorous 

stirring at ambient temperature for 5 min. Then, 2 mL of ethylenediamine was added and stirred for 

5 min. Later, 2 mL of tetrabutyl titanate was injected into the flask, and the mixture was magnetically 

stirred for another 15 min to ensure homogeneity. Subsequently, the obtained solution was 

transferred to a 100 mL Teflon-lined autoclave, which was then heated at 200 °C for 20 h. After the 

autoclave cooled to ambient temperature, the as-obtained product was washed with ethanol several 

times. As illustrated in our previous work to prepare paste1, single-crystal TiO2 nanoparticles (1.0 

g) was mixed with terpilenol (5.0 g) and ethyl cellulose (0.2 g), and ethanol was finally removed to 

obtain paste. 

Conventional TiO2 nanoparticles: TiO2 nanoparticles were usually synthesized by a modified 

Sol-Gel method, including hydrolysis process of titanium alkoxide, Sol-Gel process and 

hydrothermal treatment. In special, 60 mL of titanium (IV) isopropoxide (TTIP, Sigma-Aldrich, 

97%) was added dropwise to a solution consisting of 140 mL of deionized water and 60 mL of 

ethanol in a 500 mL beaker under vigorous stirring, and the formed precipitate solution was stirred 

intensely for 4 h after the drip process was finished. After that, the mixture was filtered with a 250 



mL G5 sand core funnel, and the precipitate was washed three times with deionized water during 

the filtration process. The precipitate was then transferred to a Teflon round container (inside volume, 

450 mL) containing 90 g trimethylamine aqueous solution (6.58 wt%), and the solution was stirred 

for 14 h at a temperature of 80-85 °C to form a translucent sol, after which another 10 g of 

trimethylamine aqueous solution was added and further stirred for 10 min at room temperature. 

Subsequently, the resulting sol was transferred into Teflon containers (inside volume, 100 mL) and 

placed in sealed metal autoclave vessels, which were then placed in an oven for 16 h at 200 °C. The 

obtained gel was diluted with ethanol and was evaporated on a rotary evaporator to remove most of 

the water, and the gel was then purified by rinsing with ethanol three times and centrifuged. The 

procedures were identical to the previously reported work.2 This method is highly costly and time-

consuming, thus it is necessary to search for a facile method that can be scalable to fabricate it. 

1.3 Small-sized Solar Cell Fabrication 

The device with an architecture of FTO glass/compact TiO2 layer (c-TiO2) /mesoporous TiO2 

layer (m-TiO2)/Rb0.03Cs0.05MA0.05FA0.9PbI3 (PVK)/spiro-OMeTAD (HTM)/Au structure was 

fabricated, as follows: Firstly. FTO glass (TEC9AX, 15×25 mm2) was sequentially cleaned with 

soap (5% Hellmanex in water), deionized water, acetone, and isopropanol. Then, a c-TiO2 blocking 

layer was deposited on the FTO glass by spray-coating the precursor solution consisting of a 

titanium diisopropoxide bis(acetylacetonate) solution in isopropanol (5% v/v), followed by sintering 

at 450 °C for 20 min (c-TiO2). After cooling, single-crystal TiO2 paste and commercial Dyesol paste 

were spin-coated on the compact TiO2 layer to prepare m-TiO2 layer, and then sintered in air at 

500 °C for 30 min, thereby obtaining the SC and NP, respectively. After sintering, the c-TiO2/m-

TiO2 were ready to use and transferred into a glovebox for preparing the perovskite layer. The 

perovskite precursor solution (1.4 M) was prepared by adding 645.4 mg of PbI2, 216.7 mg of 

formamidium iodide (FAI), 11.1 mg of methylamonium iodide (MAI), 11.8 mg of CsCl and 8.9 mg 

of RuI into 200 μL of N, N'-dimethylsulfoxide (DMSO) and 800 μL of dimethyformamide (DMF) 

mixture. Before each step, we have used UV-ozone treatment of the substrates for 15 min at room 

temperature. Afterwards, 40 μL of perovskite precursor solution was spin-coated on top of the c-

TiO2/m-TiO2 substrate through a two-step process. The first step was 1000 rpm for 10 s with an 

acceleration of 200 rpm/s. The second step was 4000 rpm for 20 s with a ramp-up of 1000 rpm/s. 

100 uL of chlorobenzene (CBZ) was dropped on the spinning substrate during the second spin-



coating process at 10 s before the end of the procedure. Afterwards, the substrate was put onto the 

hotplate and heated at 100 °C for 1 h and 150 °C for 10 min. After cooling down to room temperature, 

60 uL of phenethylammonium iodide (PEAI) solution (5 mg/mL in isopropanol) was dropped on 

the spinning perovskite layer at 5000 rpm for 20 s. Then, 30 μL of Spiro-OMeTAD solution, 

dissolving 100 mg of Spiro-OMeTAD with Li-TFSI (23 uL from a 520 mg mL-1 stock solution in 

acetonitrile), TBP (39.0 uL) and Co(II)TFSI (18 uL from a 376 mg·mL-1 stock solution in 

acetonitrile) as dopants into 1.279 mL of CBZ, was spin-coated onto the perovskite layer at 3,000 

r.p.m. for 20 s. Finally, a 70 nm-thickness gold layer was evaporated.  

1.4 Module Fabrication 

Perovskite solar modules, with 9 sub-cells connected in series, were fabricated on FTO glass 

substrates with a size of 6.5×7.0 cm2. The series interconnection of the module was realized by P1, 

P2, and P3 lines, which were patterned using a laser scribing system with a 1064 nm and a power 

of 20 W (Trotec). The FTO substrate was pre-patterned for P1 (a width of 60 μm) by means of 60% 

laser power under a speed of 300 mm/s with a frequency of 65 kHz and pulse width of 120 ns. The 

subsequent processes for the preparation of c-TiO2/m-TiO2 substrates are the same than the small-

area device procedures. Besides, the perovskite precursor deposition was also similar to that of the 

small solar cells except for the concentration of perovskite precursor. In brief, 1.2~1.4 M of 

perovskite precursor was employed to do the perovskite layer by using spin-coated method and 

custom-made gas-induced pump method. More detains of this pump method is reported in our 

previous literature3. The perovskite precursor was spin-coated on the c-TiO2/m-TiO2 substrates with 

a two-step process. The first step was 1000 rpm for 5 s with an acceleration of 200 rpm/s. The second 

step was 4000 rpm for 20 s with a ramp-up of 1000 rpm/s. The as-obtained liquid perovskite film 

was put into a sample chamber which is connected with a pump system. Once valve is turned on, 

the DMF and DMSO solvent evaporate rapidly under a low pressure maintained at 10 Pa for 10 s. 

After turning off the valve, the brown and transparent perovskite film is placed onto the hot plate. 

The perovskite films were annealed at 100 ºC for 1 h and 150 ºC for 10 min. After cooling down to 

room temperature, the procedures to spin-coat PEAI passivation layer and the Spiro-OMeTAD layer 

are similar with those of the small-size devices. The P2 lines (a width of 600 μm) were patterned 

before the Au evaporation process step with an average laser power of 15% under a speed of 1000 

mm/s and frequency of 65kHz for pulse duration of 120 ns. The distance between P1 and P2 was 



about 100 μm. When a 70 nm-thick Au layer was deposited, the P3 line (a width of 200 μm) was 

fabricated under the same scribing condition as the P2 line. The distance between P2 and P3 was 

also about 100 μm. The module design details are shown in Supplementary Fig. 29 and Fig. 30. 

1.5. Characterization 

J-V characterization: The current density-voltage (J-V) measurements were performed on a 

Keithley model 2400 digital source meter controlled by Test point software under a xenon lamp 

(450 W Xenon, AAA class). The light intensity was calibrated with a NREL-certified KG5-filtered 

Si reference diode. The active areas of small cells and mini-modules were masked with a metal 

aperture of 0.09 cm2 and 24.63 cm2. An anti-reflection coating layer (https://www.m-

chemical.co.jp/products/departments/mcc/hp-films-pl/product/1200589_7370.html) was employed 

for measuring devices. All J-V curves of small devices were measured using a reverse scan (from 

1.20 V to 0 V) and a forward scan (from 0 V to 1.2 V) under a constant scan speed of 10 mV/s. 

While the modules were measured using a reverse scan (from 11.0 V to 0 V) and a forward scan 

(from 0 V to 11.0 V) under a constant scan speed of 100 mV/s. 

EQE characterization: The incident photon-to-current conversion (IPCE) values were confirmed 

as a function of wavelength from 300 to 900 nm (IQE200B, Oriel) for devices without bias light. In 

order to evaluate the optical properties of the device, no anti-reflection layer was used. 

C-V characterization: Intensity dependent capacitance-voltage (C-V) measurements were 

performed at various modulation frequencies from 1MHz to 1 kHz under dark condition and 

simulated AM 1.5 illumination with different intensity. 

OCVD characterization: Open-circuit photovoltage decay (OCVD) measurements were performed 

by biasing the solar cell with 1.0 V for a duration of 100 s and rapidly switching off the bias using 

a homemade switch and an Agilent 81150A function generator. Subsequently, the open circuit 

voltage is monitored over a 1 TΩ input impedance amplifier (Femto Messtechnik GmbH) and with 

an Agilent Infinium 90254A digital storage oscilloscope. 

Morphological characterization: The morphology of single-crystal TiO2 nanoparticles was 

investigated by using scanning electron microscopy (SEM, S-4800, HITACHI, Japan) and field 

emission transmission electron microscopy (FE-TEM, JEM-2100F, JEOL, Japan). The integrated 

Differential Phase Contrast (iDPC) technique based on aberration-corrected (Cs) field emission 

Scanning Transmission Electron Microscope (STEM) (FEI Themis Z 300kV) was performed to 



achieve atomic resolution imaging, in which the light atoms (Oxygen element) are shown clearly. 

The collection angle of iDPC image is β<4.9 mrad in this experiment. Powder X-ray diffraction 

(XRD, MXPAHF, Mark Corp., Japan) was used to determine crystalline phase and calculate crystal 

sizes of the samples.  

Electronic state and band structure characterization: X-ray photoelectron spectroscopy (XPS) 

and ultraviolet photoelectron spectroscopy (UPS) measurements of FTO/m-TiO2 were carried out 

on an XPS machine (Escalab 250 Xi, Thermo Fisher), with a monochromatic Al Kα (1486.7 eV) X-

ray source for XPS and a He I (21.2 eV) gas discharge lamp for UPS. UV-vis diffused absorption 

spectra were obtained by using a PerkinElmer lambda 850 with 150 mm InGaAs integration sphere. 

Morphological and surface potential characterization: The amplitude-modulation scanning 

Kelvin probe force microscopy (SKPM) was performed combined with a Cypher atomic force 

microscopy (AFM; Asylum Research, Oxford Instruments) and a HF2LI Lock-in amplifier (Zurich 

Instruments). The resonance frequency ω0 and spring constant of AFM conducting tips are ~127 

kHz and 5.0 N·m-1, respectively. Hall Effect and resistivity measurements were operated with four 

contacts based on the van der Pauw law, integrated with the PPMS-9 system, model 2400 Keithley 

instruments for data acquisition, and Matlab program for calculations of the electrical resistivity and 

carrier density. Note that the structure of sample for Hall Effect measurement was Glass/SC (or 

NP)/Au, where the thickness of NP, SC and gold contact are about 158, 153 and 200 nm, respectively. 

Current (10 nA) reversal was used to remove the unwanted thermal-electric effects. The magnetic 

field was kept between 0.1-0.4 T, positive to negative, through the measurement to remove the 

influence misalignment voltage. 

Work function and grain boundary band bending measurements: Frequency Modulation 

Kelvin Probe Force Microscopy (FM-KPFM) measurements were carried out using an ultra-high-

vacuum VT-AFM system (Omicron) operated in the low 10−11 mbar pressure range. Topography 

and potential information were measured simultaneously by using the cantilever resonance 

frequency as feedback with two independent lock-in amplifiers. The applied AC voltage ranged 

from 0.2 V to 0.4 V at 1.25 kHz. The used probes were Pt/Ir PPP-EFM (nanosensors) with a 

resonance frequency between 70 kHz and 90 kHz. The work function of the samples was obtained 

by calibrating the tip work function using an HOPG reference sample before and after the 

measurements of the studied sample. The samples were measured in the dark and without air 



exposure by using nitrogen sealing and an inert-gas transfer from the glovebox to the measurement 

chamber. This enabled to access the sample’s work function without it being altered by air or 

moisture after deposition. 

Interfacial charge transfer and charge extraction characterization: PL quantum yields (PLQYs) 

were performed on an FLS1000 photoluminescence spectrometer with a integrating sphere (N-M01, 

Edinburgh Instruments), and samples were tested at a excitation of 365 nm and emission wavelength 

from 385 nm to 900 nm. Time-resolved photoluminescence (TR-PL) spectra were recorded on a 

Horiba Fluorolog-3, with a PMT as detector in Time Correlated Single Photon Counting (TCSPC) 

mode. The excitation source for the TCSPC is a Horiba nanoLED-370 with an excitation wavelength 

of 505 nm, a pulse duration of 1.3 ns and a repetition rate of 100 MHz. Laser fluences were adjusted 

with neutral density filters and measured with a calibrated, fast photodiode. 

Femtosecond transient absorption measurements were conducted using a Spirtfire ACE 100F 

(800 nm, pulse width 100 fs, 1 kHz repetition rate, Spectra-Physics) and an ultrafast spectroscopic 

system (Harpia, Light Conversion). The output of the fundamental laser was split into pump (90%) 

and probe (10%) beams. The pump beam was directed through an optical parametric amplification 

system (TOPAS Prime-F) to generate a 500 nm pump beam, while the probe beam was passed 

through an optical delay rail and focused onto a Ti:sapphire crystal to generate a white light 

continuum. The angle between polarization directions of the pump beam and probe beam was set as 

a magic angle of 54.7°, and the optical delay stage provided a probe time window of 8 ns. The 

samples were excited with the excitation wavelength of 500 nm with the energy of 120 nJ, and the 

fractional change in transmission was detected in the probe range from 450 nm to 850 nm at several 

time delays.  

1.6. Device stability test 

Long-term operation stability tests were performed in a sealed cell holder flushed with a flow 

of nitrogen (30 mL·min-1) and the temperature was ambient. J-V curves were measured by an 

electronic system using a 22-bit delta-sigma analog-to-digital converter, tested every 2 h. For J-V 

curve measurement, a scan rate of 25 mVs-1 with a step of 5 mV was employed. Devices were 

maintained at the maximum power point (MPP) using a MPP tracking algorithm under 100 mW cm-

2. A reference Si photodiode was placed in the holder to check the stability of the light.  

For humidity stability tests, the encapsulated devices were kept in a thermo-hygrostat (BG/TH-



150, SH Guangpin test equipment manufacturing Co., Ltd) which was set under 85% relative 

humidity at 25 °C. For dry stability test, the bare devices were kept in a drying box maintained with 

a humidity of below 5.0%. We have used a glass-glass encapsulation technology combined with an 

edge seal (UV Curing Sealant, Three bond) to seal the device under UV light illumination (LED 

flood lamp, DELOLUX 20). The UV light was set at 25% maximum power for 120 s in the glove 

box to induce the cross-linking in sealant with a glass. They put the encapsulated device into the 

water to test the encapsulation effect. No obvious color change of the device was observed after 

being immersed into the water for 10 min (Supplementary Video, 5 times of fast forward). Before 

and after encapsulation, the performance of the devices was the same, indicating that this material 

can protect the devices against the humidity influence and maintain the original performance. 

1.7. Density Functional Theory Calculations 

To gain insight into the nature of the interface between the perovskite and the SC TiO2 we 

performed DFT calculation evaluating the stability and the structure of the interaction at the (001) 

facets with respect to the (101). In our previous work, the interaction between the MAPbI3 and the 

(101)-TiO2 anatase was studied by evaluating the energetics, the electronic properties, and the role 

of Cl doping4,5,6,7. In addition, the interface involving the (001)-TiO2 anatase was also studied by 

Geng et al.8 Here we extend our analysis by comparing the energetic of the interface between 

MAPbI3 and (101) and (001)-TiO2 following the same approach reported in previous literature4. 

To model the interface, we adopted a 3×3×3 tetragonal perovskite slab oriented along the 001 

direction and we deposited this on top to a 7×7×2 (001)-TiO2 slab. The final cell parameters on the 

a and b directions are 26.40 Å providing a lattice mismatch lower than 1%. Geometry optimizations 

have been carried out at PBE-GGA9 level with SIESTA 4.1 program package10 using a DZ basis set 

along with nonrelativistic pseudopotentials for Ti, O, C, N, and H atoms. Pb atoms are treated with 

the WC-GGA11 relativistic pseudopotential. Electrons from O, N, and C 2s and 2p; H 1s; Ti 4s and 

3d; and Pb 6s, 6p, and 5d shells are explicitly included in the calculations. Spin orbit interactions 

are not included in SIESTA calculations. A value of (100) Ry is used as plane-wave cutoff for the 

grid. 

The adsorption energy (Eads) is evaluated as a difference of the energy of the interface and the 

sum of the energies. To compare the Eads of the (001)- and (101)-TiO2 interfaces we normalized this 

value by dividing it by the number of I undercoordinated atoms of the perovskite slabs. Concerning 



the (101)-TiO2 perovskite interface with (001)-MAPbI3 slab4. 

The electronic structure analyses were performed at the same PBE-GGA level used for 

geometry optimizations, with the Quantum-Espresso program package12 on the structures optimized 

by SIESTA. Electron-ion interactions were described by ultrasoft pseudopotentials with electrons 

from S 3s and 3p; O, N, and C 2s and 2p; H 1s; Ti 3s, 3p, 3d, and 4s; and Pb 6s, 6p, and 5d shells 

explicitly included in the calculations. Plane-wave basis set cutoffs for the smooth part of the wave 

functions and the augmented density were 25 and 200 Ry, respectively. Electronic structure 

calculations and DOS calculations were performed at the scalar relativistic level and reported in 

Supplementary Fig. 9. 

1.8. Numerical simulation 

The numerical simulation demonstrated in this study were implemented by coupling the optical 

model with the electrical model. For the optical simulation, the finite-element method (FEM) was 

used to solve the Maxwell’s equations, so that we can obtain the frequency-domain spatial 

electromagnetic information and the charge carrier generation. Here, a 2D simulation was performed 

with a pair of Floquet periodic exponents as the periodic boundary conditions and a pair of perfectly 

matched layers (PMLs) as the absorbing boundary condition. The standard AM1.5G spectrum was 

adopted as the solar incidence. The electrical model is a dynamic process based on the carrier 

generation of the optical model, in which the Poisson and drift-diffusion equations together with the 

boundary conditions were solved based on the parameters shown in Table S6. In that case, one can 

obtain the spatial information of the carrier concentration (including electron and hole), potential, 

carrier recombination and collection. For the J-V curves, a bias voltage was applied. The effect of 

the density of trap states and electron mobility of TiO2 on photovoltaic performance was based on 

the Poisson and drift-diffusion equations, as follows: 
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Where εr is the dielectric constant of the TiO2, V is the electrostatic potential, n/p is the electron/hole 

concentration ratio, Nd/Na is donor/acceptor concentration ratio, nt
+/nt

- is the ionized donor/acceptor 

trap density ratio, Jn is the electron current density, mn is the electron mobility, Dn is the electron 



diffusion coefficient, which can be estimated by Einstein’s relation, i.e., Dn=μnkBT/q with kB 

Boltzmann’s constant and T the temperature (Set to be 300 K in the simulation), ε is the electric 

field, which can be calculated using ε=-∇V, and ∂n/∂t is the transient electron concentration change 

(Set to be 0).  

While R is the total charge recombination rate, including the radiative or direct recombination 

rate (Rrad), the Auger recombination rate (RAug), the Shockley-Read-Hall recombination rate (RSRH), 

and the surface recombination rate (Rsur), as follows: 
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Where Brad is the radiative recombination coefficient, An/Ap is the ratio of electron/hole Auger 

recombination coefficient, τn/τp is the electron/hole lifetime ratio, Sn/Sp is the ratio of surface 

recombination velocity of the electrons/holes, ni is the intrinsic carrier concentration, nt/pt is the 

ratio of bulk electron/hole concentration of the trap states, and nts/pts is the corresponding surface 

trap state concentration ratio. A good estimation was assumed by setting the bulk and interface states 

of all energies into a single energy at the middle level of the bandgap. Thus, nt = nts = pt = pts = ni. 

RSRH and Rsur can be expressed by the interface and bulk defect densities (Dit and Nt), respectively, 

with Dit=vthσnSn and Nt=1/(vthτnσn), where vth is the thermal velocity and σ is the relevant capture 

cross-section for the charge carriers. The relevant parameters used in this simulation are listed in 

Supplementary Table 5. 



2 Supplementary Note 

Supplementary Note 1: Defects in TiO2 nanoparticles 

Accounting for the low external oxygen partial pressure, TiO2 is easy to lose oxygen and form 

electronic disorder. This possible reduction is： 

2O< → O3 + 2V<∙∙ + 4e>                           (9) 

For each molecule of oxygen lost, one couple of oxygen vacancies (V<∙∙) is formed and four electrons 

are produced. If an occupied TiTi and unoccupied interstitial VTi are considered into the equation (9), 

the new substitution for V<∙∙  can react to obtain an alternative reaction: 

Ti?2 + 2O< + V?2 → O3 + Ti2@∙ + 4e>                    (10) 

An interstitial Ti ion may form with the loss of oxygen from the lattice. In both cases, electrons 

might reduce a Ti4+ ion into a Ti3+ ion, as follows: 

2O3& + 4Ti@% → O3 + 4TiA% + V<∙∙                      (11) 

Thus, the Ti3+ and V<∙∙  should appear or disappear simultaneously. Both intrinsic defects play an 

important role in photo-catalysis, which could not only provide more reactive sites for 

photocatalytic reactions, but also enhance incident light absorption13. Unfortunately, in terms of 

solar cell devices, the intrinsic defects will act as carrier recombination centers which increase the 

trap-assisted recombination and has a negative impact on the performance and stability of PSC 

devices13,14.  

 

Supplementary Note 2: Calculating fill factor (FF) with different m-TiO2 layer. 

In a solar cell, the FF is often the most challenging parameter to optimize since it is a vital function 

of Jsc and Voc, but it is also influenced by resistance losses. In general, resistance components are 

typically composed of series resistance (Rs) and shunt resistance (Rsh). Rs arises from the resistance 

of each layer and resistive contacts, whereas Rsh is related to the current leakage through the device 

and leakage around the edges of the devices15. Usually, for a high FF, a small Rs and large Rsh are 

generally required. In order to estimate the loss of FF, an equivalent circuit model was proposed to 

calculate the diode parameters, such as Rs, Rsh and saturation current density at reverse bias (J0), as 

follows16: 

. = .B @exp B
C(D&EF')
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where e is the elementary charge, nid is the ideality factor, kB is the Boltzmann constant, T is the 

absolute temperature, and Jph is the photocurrent density. Rsh can be determined by the slope of J-V 

curve near the short-circuit current point using CurVA software to fit17,18, while other intrinsic 

parameters can be extracted from equation (12), and it can be derived19: 
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According to the above two equations, it can be found that there is a good linear relationship between 

–dV/dJ and (Jsc-J), and between ln(Jsc-J) and (V-RsJ) under light illumination condition, thereby we 

can obtain the Rs and J0 (Supplementary Table 6). In addition, the nid can be extracted from J-V 

characteristics with different light intensities (Supplementary Fig. 3) based on the following 

equation20: 
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8#)G*H
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ln	(E',

E-
)                          (15). 

To clarify how the diode parameter influences the FF, the empirical equation based on M. Green21, 

22 has been used to calculate the FF combining with the experiment data. When the negligibly small 

Rs (Rs≈0) and ideal Rsh (Rsh→0) are considered, the FF can be represented by: 

FF = !!""#$(&!"'(.*+)
!!"'-

                     (16) 

where νoc is the Voc normalized by the thermal energy, nidkBT/e. While in the practical photovoltaic 

devices, the FF is dependent on both Rs and Rsh and thus can be expressed by: 

FF = FFL(1 −
M.,%B.O
M.,

PP'
Q'+
)                       (17) 

Here FFs is given by: 

FF1 = FFB(1 − 1.1L1) +
Q'$

R.@
                      (18) 

where rs and rsh are the normalized resistance, which are given by rs=JscRs/Voc and rsh=JscRsh/Voc, 

respectively. Therefore, The FF can be computed from the diode parameters and compared with 

experiment value (Supplementary Table 6). It can be found that the FF calculated is in line with the 

FF measured with an error of less than about 1%, indicating that this empirical equation is authentic 

for the estimation of FF and the FF is mainly subjected to the Rs.  

 

Supplementary Note 3: Trap density calculation from SCLC measurement 



To quantitatively calculate the density of defects, we fabricate electron-only devices with a structure 

of FTO/c-TiO2/m-TiO2/perovskite/PCBM/Ag. The evolution of the space-charge-limited current as 

a function of bias voltage was measured (Supplementary Fig. 25). At a low bias voltage, the linear 

J–V curve is the ohmic region. At an intermediate bias voltage, a trap-filled region is reached at a 

voltage (VTFL) where the current shows a rapid nonlinear rise and transfers into a trap-filled limit 

(TFL). During this regime, all the trap states were filled by the injected carriers. The relationship 

between trap density and the trap-filled-limit (TFL) regime is expressed as: 

+$!#4 =
3D/01SS-

CT$
                              (19) 

where VTFL is the TFL voltage, ε is the relative dielectric constant of perovskite (46.5)23, ε0 is the 

vacuum permittivity, e is the electronic charge, and L is the thickness of perovskite. Considering 

both electrodes are conductive during measurement, the space depletion layer is in the perovskite 

films. For a thin mesoporous TiO2 layer, TiO2 nanoparticles are wrapped into perovskite grains, thus 

the thickness of the perovskite (“L”) can be considered as the depletion layer, and ntrap is identified 

as the quantity of traps distributed in the bulk perovskite layer, m-TiO2/perovskite capping layer, 

and its TiO2/perovskite interface24,25,26.  

  

Supplementary Note 4: Time-resolved microwave conductivity (TRMC) measurements  

TRMC measurements were employed to determine the mobility of photo-generated charge carriers. 

The perovskite films, fabricated on sapphire substrates, are placed in a microwave resonator with a 

resonance frequency of 9 GHz. The charge carriers, generated with the second harmonic of a 

Nd:YAG laser (532 nm), lead to an increase of the conductance / in the perovskite film. The 

normalized change of reflected microwave power 
UV
V

 from the resonator as measurand is connected 

according to (20) with the change in conductance ∆/ between dark and illuminated sample and a 

sensitivity factor K, obtained by additional resonance measurements. To finally extract the sum of 

the electron and hole mobility Σ3 (21), the maximum change of the conductance ∆/WXY , the 

absorption OZ  of the perovskite film, the illumination intensity P  and Q  as the ration of the 

resonator dimensions is needed. R describes a free carrier generation yield, which is close to unity 

for low excitation fluences and S is the elementary charge. All measurements were carried out in 

air at room temperature. 



UV
V
= T ∙ ∆/                              (20) 

RΣ3 = U[234
C\]^5

                              (21) 

A detailed description of the setup and measurement method can be found in the reference (24). 



3 Supplementary Data 

 

 

Supplementary Fig. 1 | The certified efficiency of small-size PSC devices and modules. Note: 

All statistical data of the certified efficiencies come from “Solar cell efficiency tables” from Version 

42 to Version 5827. Except from the small-size devices, designated area for all the modules have 

been used to calculate their current density. As illustrated in this figure, the cell-to-module efficiency 

gap is still very large, reaching over 20% at the highest certified small-size cells (25.5%) and 

modules (20.1%). This large gap in efficiency can be ascribed to multiple factors28. The decrease of 

Jsc is due to the unavoidable dead area and interconnections. The non-uniformity of perovskite layers, 

including the pinholes and cracks, can lead to drops in the Voc. However, the degradation in FF is 

known to be related to the increased resistance loss, and unremoved layers after scribing process as 

well as the damage to each layer from this scribing process. The latter reason can be mitigated by 

using appropriate parameters during scribing. Concerning the former reason, high mobility of 

charge extraction materials can be used to accelerate charge transport and charge collection. 

 



 

Supplementary Fig. 2 | The role of electron mobility of TiO2-based ETL and Dit on the 

efficiency loss. Dependence of the (a) Jsc, (b) Voc, and (c) PCE on electron mobility of TiO2-based 

ETL. Effect of Dit on the (d) Jsc, (e) Voc, and (f) PCE. 



 

Supplementary Fig. 3 | Morphological images of conventional TiO2 nanoparticles based on the 

modified Sol-Gel method. a, SEM images. b, TEM images. The inset in (b) is high-resolution TEM 

of TiO2 nanoparticles. The morphology of TiO2 nanoparticles is an irregular sphere, and the particle 

size is in the range of 15 nm to 25 nm. Considering the smaller size of conventional TiO2 

nanoparticles, we have used commercial TiO2 nanoparticles (Bought from Dyesol company, Dyesol-

30NR-D) as the reference in the next section.  



 

Supplementary Fig. 4 | Powder X-ray diffraction patterns of the SC and conventional TiO2 

nanoparticles based on the Sol-Gel modified method. Since commercial TiO2 nanoparticles 

without annealing at high temperature were not available, the modified Sol-Gel method was thus 

employed to prepare them for comparison with the SC. We note that both powders were obtained 

by washing three times with ethanol and drying at 60 ºC for 12 h.  



 

Supplementary Fig. 5 | Cross-sectional SEM images with different thicknesses of m-TiO2 layer 

from (a) 180 nm, (b) 130 nm, (c) 100 nm, to (d) 60 nm.  



 

Supplementary Fig. 6 |Photovoltaic performances based on different thicknesses of m-TiO2 

film. The device performance statistics for 16 cells based on the four thicknesses of SC film. a, Jsc. 

b, Voc. c, FF. d, PCE. In a typical box plot, the line in the box is the median line, and the square in 

the center of the box is the average point.  



 

Supplementary Fig. 7 | Morphological images of m-TiO2 films. a, Top-surface SEM image of 

FTO/c-TiO2/NP film. b, AFM image of FTO/c-TiO2/NP film with the roughness of 27.9 nm. c, Top-

surface SEM image of FTO/c-TiO2/SC film. d, AFM image of FTO/c-TiO2/SC film with the 

roughness of 27.7 nm. 



  

Supplementary Fig. 8 | Powder X-ray diffraction patterns of NP and SC. Note that both powders 

were obtained by annealing the paste at 500 ºC for 1 hour to remove the organic components, and 

the as-obtained TiO2 powder was used to measure powder X-ray diffraction.  



 
Supplementary Fig. 9 | Optimized structure and partial density of states (PDOS) of 

TiO2/MAPbI3 interfaces. a, (101)-TiO2/(001)-MAPbI3 interface. b, (001)-TiO2/(001)-MAPbI3 

interface. c, Aligned Density of states of the two interfaces. Note that TiO2/perovskite interface was 

studied by DFT calculations via adopting a 3×3×3 perovskite tetragonal MAI-terminated slab 

deposited on to a 7×7×2 (001)-TiO2 anatase surface with a total number of 1398 atoms.4 The 

corresponding lattice mismatch between (001)-TiO2 and tetragonal MAPbI3 is less than 1%, while 

(101)-TiO2 provides a 2% of lattice mismatching. The interaction energy, defined as the energy grain 

upon TiO2/perovskite interface formation normalized by the number of perovskite surface I atoms, 

was calculated to be 1.2 and 1.7 eV for the (101) and (001) facet, respectively, indicating the (001) 

facet of TiO2 provides a more stable interface. 



 

Supplementary Fig. 10 | UV-vis diffused absorption spectra of m-TiO2 and perovskite films 

for determining the optical band gap. a, UV-vis absorbance spectra of the NP and SC films, with 

the inset being the transmittance spectra of the NP and SC films. b, The relationship of (αhν)1/2 

versus hν of the NP and SC films. c, UV-vis absorbance spectra of the perovskite film. d, The 

relationship of (αhν)2 versus hν of the perovskite film. The bandgap of the NP, SC, and perovskite 

films is 3.16 eV, 3.27 eV, and 1.54 eV, respectively.  



 

Supplementary Fig. 11 | Ultraviolet photoelectron spectroscopy (UPS) spectra of m-TiO2 and 

perovskite films. a and b, The secondary electron cut-off region and valence band region for the 

NP and SC films; c and d, The secondary electron cut-off region and valence band cut-off region 

for the perovskite film. The work function (Ws) of the measured samples can be calculated from the 

equation: Ws=21.22-Emax-cutoff, while the conduction band is calculated from the equation: 

Ec=Ws+Emin-cutoff-Eg, where Emax-cutoff is the secondary electron cutoff shown in the a and c figures, 

and the Emin-cutoff is the valence band cutoff shown in b and d figures. Thus, the Ec of the NP, SC, 

and perovskite films is 4.10 eV, 4.01 eV, and 3.88 eV, respectively. The corresponding schematic 

diagram of band alignment is draw in Fig. 3a of manuscript. 



 

Supplementary Fig. 12 | Calibrated work function map of m-TiO2 films measured by Kelvin 

probe force microscopy (KPFM) under UHV condition. a, FTO/c-TiO2/NP film. b, FTO/c-

TiO2/SC film. From the work function maps, a work function of 4.09 eV ± 0.04 eV for the NP film 

and a work function of 4.25 eV ± 0.02 eV for the SC film were contracted.  



 

Supplementary Fig. 13 | High-resolution XPS spectra of Ti 2p3/2 in TiO2 powder. a, the NP 

powder. b, the SC powder. The Ti2p3/2 peak of the NP is deconvoluted into two peaks which are 

located at 457.97 eV and 459.55 eV, corresponding to the Ti3+ and Ti4+ states of TiO2, respectively.29 

While the SC only have one peak about 459.23 eV that is Ti4+ state of TiO2, indicating that the 

content of defects (i.e., Ti3+ or oxygen vacancy) of the SC is much lower than that of the NP. 



 

Supplementary Fig. 14 | Cross-sectional SEM images of the NP and SC-based devices. a and b, 

FTO/c-TiO2/NP/perovskite/HTM/Au structure. c and d, FTO/c-TiO2/SC/perovskite/HTM/Au 

structure. Both of them exhibit a similar thickness of the m-TiO2 film (~ 100 nm). Note that the 

thickness of c-TiO2 film and m-TiO2 layers is ≈15 nm and ≈100 nm, respectively, capped with about 

700 nm of perovskite film, 220 nm of Spiro-OMeTAD film as a hole transporting layer (HTL) and 

70 nm of Au layer as a contact.



 

Supplementary Fig. 15 | Top-surface SEM images and ambient atomic force microscopy (AFM) 

images of the perovskite deposited on the NP and SC substrates. a and b, the perovskite 

deposited on the FTO/c-TiO2/NP substrate. c and d, the perovskite deposited on the FTO/c-TiO2/SC 

substrate. Similar morphologies are observed, indicating that the type of m-TiO2 substrate does not 

affect the surface appearance of perovskite films. Grains larger than 1,0 μm were formed, along 

with a compact morphology and full surface coverage, without pinholes. Uniform and dense 

perovskite films lay the foundation for high-performance devices. 



 

Supplementary Fig. 16 | XRD patterns of perovskite films on FTO/c-TiO2/NP and FTO/c-

TiO2/SC substrates. All diffraction peaks are originated from α-phase perovskite, only a weak PbI2 

diffraction peak located at 12.8º is observed which is due to the long annealing process. Therefore, 

the different substrates exhibit the same crystallinity of perovskite film. 



 

Supplementary Fig. 17 | Work function and grain boundary band bending of the perovskite 

films. a, Calibrated work function map of FTO/c-TiO2/NP/perovskite film. b, Calibrated work 

function map of FTO/c-TiO2/SC/perovskite. c, Grain boundary band bending of FTO/c-

TiO2/NP/perovskite film; d, Grain boundary band bending FTO/c-TiO2/SC/perovskite film. As a 

reminder, the work functions extracted from the substrates were 4.09±0.04 eV for the NP film and 

4.25±0.02 eV for the SC film. In addition, the average work function of the SC/perovskite (4.36 eV) 

was larger than the NP/perovskite (4.21 eV). The difference between the two perovskite films may 

be induced by the underlying substrates and their quasi-similar work function difference (~160 

meV), as already observed by several other groups30,31. In addition, both perovskite films did not 

exhibit much difference in the grain boundary band bending. According to the statistics, 80% of the 

band bending for both of perovskite films was within ±40 mV, indicating that there is no real barrier 

at the grain boundaries (kBT at operating solar cell conditions is around 30 meV). Grains with higher 

work functions (bright grains, +200-250 meV compared to the average surface) represent 7 to 8% 

of the surface and were linked to PbI2 grains using HIM-SIMS (Supplementary Fig. 18).



 

Supplementary Fig. 18 | Topography map and HIM-SIMS of the FTO/c-TiO2/SC/perovskite 

film. a, AFM image. b, The corresponding compositional map of the 208Pb element. c, Helium Ion 

Microscopy image. d, Compositional map of the 133Cs element. Note that HIM-SIMS was carried 

out on the FTO/c-TiO2/SC/perovskite film to identify the chemical origin of the work function 

variations. A non-uniform signal intensity of the 208Pb is observed, along with the existence of Cs-

depleted regions, representing 6-7% of the surface. These elemental variations combined with the 

high work function of grains suggest that the smaller grains are PbI2 or PbI2-rich grains32, 

corroborated by the intensity ratio of PbI2 phase/perovskite ratio of about 1/8 in the XRD pattern 

(Supplementary Fig. 16). Thus, the Cs-depleted regions are full of Pb-rich regions, suggesting PbI2-

rich grains.33 Herein, PbI2 was used to passivate defects at grain boundaries and boost the 

performance of the devices.34 



 

Supplementary Fig. 19 | Hysteresis study and dark current of devices. a, J-V curves of devices 

under reverse scan (RS) and forward scan (FS). b, J-V curves measured under dark condition. Note 

that the hysteresis index (HI) of the SC-based device is lower than that of the NP-based device. The 

reduction in HI may be attributed to the reduced defects of the SC and suppressed charge 

accumulation at the m-TiO2/perovskite interface induced by ion migration.2,13 



 

Supplementary Fig. 20 | Optoelectronic properties of different substrates. a, Light harvesting 

efficiency (LHE) of FTO/c-TiO2/m-TiO2/perovskite/spiro-MeOTAD films based on the NP and SC 

substrates. b, Absorbed photon-to-current conversion efficiency (APCE) of the NP and SC-based 

devices. Note that the optical properties are used to evaluate the similar Jsc of the NP and SC-based 

devices. The LHE was calculated from the absorbance and reflectance of the FTO/c-TiO2/m-

TiO2/perovskite/spiro-MeOTAD films using equation35:  

LHE = (1 − R) × (1 − 10&X)                       (22) 

As can been seen in LHE curve, the NP film shows a little lower value than that of the SC film due 

to the larger size of single-crystal TiO2 nanoparticles which sacrifice a little of perovskite grain in 

the mesoporous layer. In addition, the APCE was calculated from LHE and EQE based on the 

following equation1,35:  

APCE(%) = EQE(%)/LHE(%)                    (23) 

APCE = _2*_ × _JK``                        (24) 

where φinj is electron injection efficiency, and φcoll is electron collection efficiency. Considering that 

the shallower conduction band leads to lower φinj, the higher APCE of the SC-based device is 

ascribed to the enhanced φcoll, as a result of the increased contact area between single-crystal TiO2 

nanoparticles and perovskite grains, as well as high electron mobility of the SC film for fast electron 

extraction and transport36.  



 

Supplementary Fig. 21 | Device performance distribution of 65 devices fabricated with NP and 

SC substrates. In a typical box plot, the line in the box is the median line, and the square in the 

center of the box is the average point. All the data are summarized in Supplementary Table 2 and 

Table 3. 

 



 



 

Supplementary Fig. 22 | Certification of small-size device efficiency exhibiting quasi-steady-

state (QSS) efficiency of 22.71% and reverse scan efficiency of 23.50% obtained from the SC-

based device. 

 



 

Supplementary Fig. 23 | J-V curves at different light intensities for each device. a, NP-based 

device. b, SC-based device. c, Jsc vs. light intensity for NP and SC-based devices. 

 



 

Supplementary Fig. 24 | Diode parameters of devices. a, Plots of -dV/dJ vs (Jsc-J)-1 and the linear 

fitting curves; b, plots of ln(Jsc-J) against V-RsJ and the linear fitting curves. Empty square or circles 

and solid lines represent the measured data and fit results, respectively. The area of metal mask is 

0.09 cm2, and the calculated Rs of NP and SC-based devices is 14.6 Ω and 5.4 Ω, respectively. 



 

Supplementary Fig. 25 | Space-charge-limited current (SCLC) model for estimating the trap 

density. The electron-only device of FTO/ETL/perovskite/PCBM/Ag was fabricated based on the 

(a) NP and (b) SC substrates, from which the trap-filled limit voltage (VTFL) and trap density (Ntrap) 

are determined. 

As discussed in Supplementary Note 1, TiO2 is vulnerable to intrinsic defects (Ti3+ and oxygen 

vacancies) that form undesirable charge traps37. In addition, surface defects on TiO2 have different 

nature on conventional (101) facet and novel (001) facet38, which produce charge traps attributed to 

the nature of surface chemistry and energy level of electron traps39. Both of them will form traps at 

the TiO2/perovskite interface when TiO2 nanoparticles covered with perovskite grains. In addition, 

the quality of perovskite film is easily influenced by the porous structure of m-TiO2 layer during 

heterogeneous nucleation and growth process, which will have an effect on the quality of perovskite 

film40,41. For our case, the trap density is spatially averaged over the 700 nm-thick perovskite 

capping layer, 100 nm-thick m-TiO2/perovskite layer and their interfaces. Therefore, the SC 

substrate shows a significant reduction of trap densities in the devices. 



 

Supplementary Fig. 26 | Open circuit voltage decay (OCVD) and electrochemical impedance 

spectra (EIS) of NP and SC-based devices, and mobility of charge carriers in the perovskite 

film measured by time-resolved microwave conductivity (TRMC). a, OCVD after cells were 

biased with 1.0 V for 100 s to establish an equilibrium. b, Electron lifetime (τOCVD) derived from 

OCVDs in the time range early 10-4 s. c, EIS of NP and SC-based devices under a dark condition 

with a bias of -1.10 V. d, TRMC of perovskite films, and the extracted mobility is 35.4, 34.6 and 

31.6 cm2/Vs. 

To accurately determine the charge carrier lifetimes (τOCVD), the τOCVD has been performed 

using times of the decay no later than the first tens of microsecond. According to J. Bisquert et al42, 

the electron lifetime can be calculated from the first derivative of Voc versus time, as follows: 

`<abc = − G*H
)
("D.,
"d
)&(                            (25) 

where kB is the Boltzmann constant, q is the charge of the electron, and T is the temperature. The 

long transients reflect a complex interplay of free carrier recombination, capacitive charge 

relaxation, and ion migration that is distinct for SC- and NP-based solar cells. The calculated τOCVD 

is shown in Supplementary Fig. 26b. The SC-based device shows a much longer carrier lifetime, 



leading to achieving a high Voc, in accordance with the J-V measurements. 

Electrochemical impedance spectroscopy (EIS) characterization was further carried to evaluate 

the series resistance and interfacial recombination under dark condition. Supplementary Fig. 26c 

shows the Nyquist plot of NP and SC-based devices under the same forward bias (-1.10 V). The 

resulting frequency analysis shows one arc in the Nyquist diagram. We fitted the EIS data based on 

an equivalent circuit model shown in the inset of Supplementary Fig. 26c. According to Garcia-

Belmonte’s work43, Rs refers the contact resistance, CPE represents the bulk capacitance of 

perovskite film originated from the dielectric property of the material, and Rct coupled with the bulk 

capacitance reflects the recombination resistance for back transfer of electrons from TiO2 to the 

perovskite. A lower Rs is observed in the SC-based device, which is in line with the above J-V fitting 

results (Supplementary Fig. 24a), suggesting that the SC as the mesoporous layer is efficient in 

accelerating the charge transport and lowering the Rs. In addition, the higher Rct of the SC-based 

device indicates the slower charge recombination at the TiO2/perovskite interfaces.



 

Supplementary Fig. 27 | Normalized transient photoluminescence spectra and corresponding 

differential lifetime of perovskite films deposited on glass, FTO/c-TiO2/NP, and FTO/c-

TiO2/SC substrates under a laser intensity of 17.1 nJcm-2. Differential lifetime (τPL) obtained by 

taking the derivative of the curves in (a) for every delay time (t). To obtain a smoother derivative, 

the data in (a) was first fitted (thin lines shown in (a)), and then, the derivate was computed from 

the fitted data. This differential lifetime shows two distinguishable time regions. The first region at 

short times is dominated by the transfer of electrons from the bulk into the quencher, and the second 

region at longer times is governed by interfacial recombination of holes in the bulk with electrons 

in the quencher if surface recombination velocity is very high. At high laser fluencies, the charge 

transfer is shortened to 10 ns, and its slope of SC is still higher than that of NP. But both are not 

saturated on the same time scale, indicating that the velocity of electrons transferring to the substrate 

is higher than that of electron recombining at the interface. 



 

Supplementary Fig. 28 | Capacitance-voltage (C-V) characteristics of devices measured under 

AM 1.5G simulated sunlight with various intensities. a, The NP-based device; b, The SC-based 

device. 1.0 Sun is 100 mW cm−2. The Vpeak shift in the C-V curves is related to the charge 

accumulation at the charge extraction layer/perovskite interface44,45. Large and small shifts 

correspond to high and low charge accumulation at the charge extraction layer/perovskite interface. 

Thus, the SC-based device shows a larger Vpeak and a slight Vpeak shift, indicating less charge 

accumulation than that with the NP-based device.  

 



 
Supplementary Fig. 29 | Schematic illustration of module fabrication procedure, 

including all scribing and deposition steps. 



 

Supplementary Fig. 30 | The corresponding films, including c-TiO2, m-TiO2 (SC), perovskite, 

HTM, to Au layer, in the fabrication module process. 

 



 
Supplementary Fig. 31 | Optical photo of patterning for sub-cell separation in modules and 

the masks for J-V characterization. a, The distance between the adjacent P1 is 6,000 μm, and the 

geometric fill factor (GFF) is about 0.82. Compared with other reports, the interconnection and the 

width of P2 and P3 for our module should be further optimized to minimize the width. b, Metal 

mask with an active area of 24.63 cm2 covered the film for measuring photovoltaic performance. 

 



 
Supplementary Fig. 32 | The performance of our modules was validated at the Photovoltaic 

Laboratory of the Institute of Micro Technique (IMT), Neuchâtel, Switzerland. Note that we 

have used different concentration of perovskite precursor and achieved the Jsc from 2.66 mAcm-2 

(1.2 M) to 2.80 mAcm-2 (1.4 M). The latter Jsc is near the average Jsc measured in our laboratory 

(Supplementary Table 4). 



 



 

Supplementary Fig. 33 | One of the modules was confirmed by the Photovoltaic and Wind 

Power Systems Quality Test Center, IEE, Chinese Academy of Sciences, Beijing, China. 



 

Supplementary Fig. 34 | Evolution of the contact potential difference (CPD) in the dark and 

under illumination (white LED 10 mW/cm2). a, FTO/c-TiO2/NP/perovskite. b, FTO/c-

TiO2/SC/perovskite. After 30 minutes of illumination, both samples display a decrease of their CPD 

by 85-90 mV. Afterwards, the CPD stabilizes for the SC/perovskite whereas it continues to drop for 

the FTO/c-TiO2/NP/perovskite, suggesting an enhanced stability under illumination for the SC-

based perovskite films.46,47 



Supplementary Table:  

Supplementary Table 1 | Hall effect and pore size measurements of the NP and SC film. 

Type 
Carrier density  

(cm-3) 

Resistance  

(Ω cm) 

Carrier mobility  

(cm2/Vs) 

Pore size 

(nm) 

NP 7.59×1017 1888.2 4.35 34.9 

NP 7.56×1017 1716.7 4.81 

NP 7.20×1017 2188.5 3.96 

Aver. 7.45×1017 1931.1 4.37 

SC 1.87×1018 549.5 6.06 19.7 

SC 1.86×1018 586.9 5.73 

SC 1.94×1018 507.7 6.33 

Aver. 1.89×1018 548.0 6.04 

Note that the pore size is determined by N2 adsorption-desorption measurements. It is well 

established that the injected electrons from the perovskite film diffuse through TiO2 nanoparticle 

film via an inter-nanoparticle hopping process until they reach the conducting substrate48. During 

the electron transport process, random walk of charges through the porous network, charge trapping, 

and possible barriers for inter-particle transport lower the mobility of porous TiO2 films48. Thus, the 

closely interconnected TiO2 nanoparticles with few defects will favor transport of electron in the 

mesoporous layer. As shown in Fig. 1a (See Manuscript), the grain size of the SC (a width of 20-30 

nm and a length of about 60 nm) is larger than that of the NP (Dyesol-30NR-D, average grain size 

of 30 nm). The pore size of the SC film is smaller than that of the NP film. Under the same thickness 

of TiO2 film, the larger grain size and smaller pore size of SC film suggest that the number of grain 

boundaries in the SC film is less than that of NP film, resulting in higher electron mobility of SC 

film. 



Supplementary Table 2 | Photovoltaic performance of the NP-based devices.  

Num. Jsc (mA·cm-2) Voc (V) FF (%) PCE (%) 
1 25.29 1.097 78.9 21.90 
2 25.30 1.103 80.1 22.34 
3 25.27 1.106 80.6 22.51 
4 25.27 1.100 79.4 22.07 
5 25.32 1.099 79.6 22.16 
6 25.37 1.104 80.3 22.48 
7 25.43 1.100 79.2 22.16 
8 25.25 1.104 80.5 22.45 
9 25.35 1.097 78.3 21.78 
10 25.32 1.108 80.7 22.65 
11 25.30 1.106 80.6 22.56 
12 25.27 1.102 79.6 22.18 
13 25.26 1.106 80.6 22.53 
14 25.33 1.102 79.7 22.25 
15 25.36 1.102 79.6 22.24 
16 25.43 1.106 80.3 22.60 
17 25.34 1.100 78.7 21.96 
18 25.38 1.109 80.9 22.75 
19 25.32 1.106 80.4 22.52 
20 25.30 1.107 80.3 22.47 
21 25.33 1.102 79.2 22.09 
22 25.44 1.106 79.9 22.49 
23 25.19 1.110 80.9 22.62 
24 25.27 1.111 81.1 22.78 
25 25.27 1.107 80.2 22.43 
26 25.33 1.103 79.1 22.11 
27 25.34 1.107 80.4 22.55 
28 25.35 1.103 79.6 22.27 
29 25.35 1.107 80.3 22.54 
30 25.33 1.103 79.5 22.23 
31 25.36 1.103 79.4 22.21 
32 25.36 1.106 79.8 22.40 
33 25.36 1.102 79.0 22.08 
34 25.37 1.107 79.8 22.41 
35 25.10 1.106 80.2 22.27 
36 25.35 1.107 80.3 22.53 
37 25.35 1.108 80.4 22.58 
38 25.24 1.111 81.0 22.72 
39 25.35 1.108 80.2 22.52 
40 25.39 1.104 79.3 22.23 



41 25.39 1.104 79.2 22.20 
42 25.30 1.105 79.1 22.12 
43 25.28 1.112 80.8 22.72 
44 25.18 1.111 80.9 22.63 
45 25.19 1.108 80.2 22.38 
46 25.30 1.103 79.2 22.09 
47 25.32 1.103 79.4 22.19 
48 25.43 1.108 80.0 22.55 
49 25.39 1.102 78.8 22.04 
50 25.26 1.106 79.8 22.32 
51 25.33 1.103 78.8 22.00 
52 25.28 1.110 80.2 22.51 
53 25.47 1.108 79.5 22.44 
54 25.33 1.113 80.9 22.82 
55 25.42 1.103 78.3 21.95 
56 25.26 1.108 79.9 22.38 
57 25.26 1.103 78.9 21.99 
58 25.22 1.105 79.8 22.24 
59 25.33 1.108 80.2 22.52 
60 25.30 1.109 80.3 22.53 
61 25.34 1.105 79.3 22.22 
62 25.32 1.111 80.4 22.63 
63 25.20 1.102 78.6 21.81 
64 25.21 1.106 79.7 22.22 
65 25.38 1.106 79.6 22.36 

Aver. 25.32 1.105 79.8 22.35 
 



Supplementary Table 3 | Photovoltaic performance of the SC-based devices. 

Num. Jsc (mA·cm-2) Voc (V) FF (%) PCE (%) 
1 25.30 1.114 83.7 23.58 
2 25.32 1.114 83.6 23.60 
3 25.26 1.125 84.4 24.00 
4 25.21 1.122 84.4 23.86 
5 25.27 1.123 84.5 23.97 
6 25.26 1.123 84.3 23.89 
7 25.18 1.119 84.2 23.72 
8 25.16 1.117 84.1 23.65 
9 25.21 1.110 83.8 23.45 
10 25.25 1.096 82.8 22.92 
11 25.34 1.107 83.5 23.42 
12 25.38 1.113 84.0 23.71 
13 25.33 1.114 83.8 23.64 
14 25.31 1.120 84.3 23.90 
15 25.14 1.127 84.3 23.88 
16 25.18 1.128 84.5 24.01 
17 25.30 1.131 84.4 24.15 
18 25.11 1.133 84.7 24.09 
19 25.36 1.129 84.6 24.20 
20 25.23 1.122 84.2 23.84 
21 25.32 1.123 84.1 23.92 
22 25.21 1.124 84.5 23.93 
23 25.23 1.123 84.3 23.90 
24 25.30 1.114 83.7 23.57 
25 25.33 1.113 83.8 23.63 
26 25.37 1.123 84.4 24.03 
27 25.35 1.123 84.5 24.07 
28 25.32 1.119 84.2 23.87 
29 25.26 1.120 84.4 23.89 
30 25.41 1.112 83.8 23.69 
31 25.35 1.114 83.8 23.67 
32 25.36 1.118 84.2 23.84 
33 25.31 1.111 83.7 23.55 
34 25.40 1.115 83.7 23.69 
35 25.36 1.117 84.1 23.83 
36 25.34 1.115 84.1 23.74 
37 25.36 1.116 84.0 23.77 
38 25.32 1.116 84.1 23.77 
39 25.35 1.121 84.1 23.89 
40 25.36 1.122 84.3 23.98 



41 25.32 1.124 84.4 24.03 
42 25.27 1.125 84.4 23.98 
43 25.38 1.122 84.1 23.94 
44 25.34 1.113 83.7 23.61 
45 25.38 1.107 83.4 23.44 
46 25.27 1.107 83.7 23.41 
47 25.29 1.106 83.6 23.38 
48 25.32 1.110 83.5 23.48 
49 25.28 1.114 83.7 23.58 
50 25.22 1.118 84.1 23.70 
51 25.30 1.120 84.1 23.85 
52 25.32 1.121 84.0 23.85 
53 25.12 1.134 84.6 24.11 
54 25.18 1.136 84.4 24.15 
55 25.34 1.120 84.6 24.02 
56 25.35 1.121 84.7 24.05 
57 25.41 1.118 84.7 24.06 
58 25.40 1.119 84.6 24.02 
59 25.33 1.120 84.6 24.01 
60 25.31 1.130 83.0 23.73 
61 25.31 1.130 83.3 23.84 
62 25.36 1.132 83.4 23.92 
63 25.21 1.132 83.7 23.90 
64 25.30 1.133 83.5 23.91 
65 25.26 1.120 83.7 23.68 

Aver. 25.30 1.120 84.1 23.80 
 



Supplementary Table 4 | Photovoltaic performance of the SC-based modules. Note that the Jsc 

is normalized by the active area.  

Num. Jsc (mA·cm-2) Voc (V) FF (%) PCE (%) 
1 2.68 9.838 82.2 21.68 
2 2.69 9.749 82.0 21.47 
3 2.81 10.265 78.4 22.55 
4 2.83 10.003 79.9 22.62 
5 2.80 10.003 80.2 22.49 
6 2.83 10.108 81.0 23.13 
7 2.82 9.993 80.2 22.54 
8 2.81 10.158 79.1 22.56 
9 2.81 10.060 79.1 22.36 
10 2.84 10.116 79.2 22.75 
11 2.83 10.017 80.1 22.68 
12 2.81 10.308 80.5 23.37 
13 2.77 10.120 69.4 19.43 
14 2.75 10.254 78.9 22.23 
15 2.77 10.188 77.2 21.84 
16 2.78 9.944 76.9 21.27 
17 2.81 10.363 77.7 22.64 
18 2.80 10.172 78.6 22.42 
19 2.83 10.277 79.3 23.08 
20 2.79 10.029 79.9 22.30 
21 2.83 10.111 78.9 22.57 
22 2.83 10.196 76.8 22.16 
23 2.75 10.155 82.0 22.87 
24 2.66 10.118 81.2 21.82CE 
25 2.80 9.781 80.5 22.06CE 

Aver. 2.79 10.093 79.2 22.28 



Supplementary Table 5 | One of NP and SC-based device performances and the corresponding diode parameters. Note that the Rs, Rsh, and J0 are obtained from 

the slope of the J-V characteristics measured under AM1.5 illumination condition; a The nid is evaluated from a slope where the Voc is plotted against the logarithm of 

light intensity; FFcal is computed based on the equation (17), and the error is !!!"#"!!!! . 

Condition 
Jsc 

(mA·cm-2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Rs 

(Ω·cm-2) 

Rsh 

(Ω·cm-2) 

J0 

(mA·cm-2) 
nida 

FFcal 

(%) 

Error 

(%) 

NP 25.36 1.109 80.6 22.67 1.31 2150 3.44×10-7 1.46 81.3 0.9% 

SC 25.33 1.120 84.6 24.02 0.49 3010 4.08×10-10 1.26 85.0 0.5% 

 



Supplementary Table 6 | Fitted decay lifetimes of TRPL and TA spectra. 

Type 

TRPL  TA 

17.1 nJ/cm2 1.8 nJ/cm2 - 

τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns) S1 (cm3/s) τ2 (ps) 

Glass 86.2 453.5 - 699 - - 

FTO/c-TiO2/NP 5.1 128.0 4.6 156.4 351.5 71.0 

FTO/c-TiO2/SC 2.6 93.0 3.7 253.1 177.2 146.8 

Note: TRPL and TA spectra were fitted according to the Equation:	Y = Y! + A"e
!"
#$ + A#e

!"
#% , where 

Y0 is a constant for the baseline offset, A1 and A2 are the decay amplitudes, and '1 and '2 are the 

decay times. Only the kinetic traces of perovskite film deposited on the glass under a laser intensity 

of 1.8 nJ/cm2 was performed using mono-exponential fitting method.



Supplementary Table 7 | Relevant parameters of numerical simulation. 

Material parameters ETL Perovskite Spiro 

Thickness, nm 125 800 220 

Electron affinity, χ (eV) 4 3.9 2.2 

Bandgap energy, Eg (eV) Exp. 1.54 2.91 

Relative dielectric permittivity, (r 9 30 12 

Effective conduction band density, Nc (cm–3) 2×1020 2.2×1018 1×1018 

Effective valence band density, Nv (cm–3) 1×1021 1.8×1019 1×1018 

Donor doping concentration, Nd (cm–3) 5×1019 / / 

Acceptor doping concentration, Na (cm–3) / / 1×1018 

Mobility of electron/hole, µn/µp (cm2/Vs) Exp. 10/10 0.001/0.001 

SRH life time, τn/τp (s) / / 1×10–5/1×10–6 

Radiative recombination coefficient, 
CRad (cm3s–1) 

/ 5×10–11 / 

Auger recombination coefficient, 
An/Ap (cm6s–1) 

/ 2.3×10–29 / 

Bulk, Nt, cm–3 1×1013 1×1013 / 

Trap density, Did (cm-2) 
1×109 for HTL/perovskite and 

ETL/perovskite interfaces 

 

 



Supplementary Table 8| Previously reported photovoltaic performance of mini-modules. Note that the PCE are normalized by the active area unless otherwise 

specified, the Voc is normalized by the number of sub-cell, and the Jsc is normalized by the area for each sub-cell. Abbreviation: ac, active area; ap, aperture area; da, 

designated area. CE: certified efficiency. ITO, indium tin oxide; FTO, fluorine doped tin oxide; c-TiO2, compact TiO2; m-TiO2, mesoporous TiO2; MA, methyammonium; 

FA, formamidinium; spiro-MeOTAD, 2,2′,7,7′-tetrakis(N,N-di-4-methoxyphenylamino)-9,9′-spirobifluorene; PCBM, [6,6]-phenylC60,61 butyric acid methyl ester; 

PTAA, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]; PEDOT:PSS, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate); P3HT, poly(3hexylthiophene-2,5-

diyl) regioregular; PC71BM, [6,6]-phenyl C71 butyric acid methyl ester; BCP, bathocuproine; 5-AVA, 5-aminovaleric acid. 

Device structure 
Module 

size 
(cm×cm) 

Area 
(cm2) 

Sub-
unit  
Cell 

Jsc 
(mAcm-2) 

Voc FF PCE Ref. 

ITO/PEDOT:PSS/MAPbI3/PCBM/LiF/Al 10×10 60.0ac 10 19.00 0.81 57.0 8.70 49 
ITO/PEDOT:PSS/MAPbI3/PCBM/Au 10×10 40.0ac 10 20.00 1.01 63.7 12.90 50 
FTO/TiO2/MAPbI3-xClx/PTAA/Au 10×10 40.0ac 10 21.04 1.05 70.2 15.50 51 

FTO/c-TiO2/(m-TiO2/m-ZrO2/m-Carbon)/(5-AVA)x(MA)1-xPbI3 
5×10 31.0ac 10 17.72 0.96 62.9 10.75 

52 
10×10 70.0ac 4 19.60 0.93 57.5 10.46 

FTO/c-TiO2/m-TiO2/Graphene/MAPbI3/Spiro-MeOTAD/Au 10×10 50.6ac 8 18.15 1.07 64.6 12.60 53 
FTO/SnO2/KxCs0.05(FA0.85MA0.15)0.92Pb(I0.85Br0.15)3/spiro-MeOTAD/Au 6×6 20.0ac 6 21.42 1.13 65.0 15.76 54 
FTO/c-TiO2/m-TiO2/MAPbI3/spiro-MeOTAD/Au 8×8 36.13da 10 20.20 0.84 71.5 12.10CE 55 
FTO/NiO/MAPbI3-xClx/PC61BM/PEI/Ag 5×5  8 20.80 1.00 58.2 12.00 56 

ITO/PTAA/MAPbI3/C60/BCP/Cu 6×15 
33.0ap 17 19.38 1.07 72.1 15.00 

57 
57.2ap 16 20.32 1.07 68.9 15.00 

ITO/C60/MAPbI3/spiro-MeOTAD/Au 10×10 31.7ac 14 18.62 1.01 74.5 13.98CE 58 
FTO/SnO2/CsxFA1-xPbI3-yBry/Spiro-MeOTAD/Au 8×8 41.25ac 9 20.25 1.02 52.8 12.24 59 
FTO/SnO2/MAPbI3/Spiro-MeOTAD/Au 5×5 22.8ap 6 20.28 0.97 61.3 12.03 60 



FTO/NiO/FA0.85MA0.15Pb(I0.85Br0.15)3/G-PCBM/BCP/Ag 6×6 35.8da 10 18.40 1.08 71.5 14.17CE 61 
FTO/SnO2/K0.03Cs0.05(FA0.85MA0.15)0.92Pb(I0.85Br0.15)3/spiro-MeOTAD/Au 10×10 53.64ap 12 21.96 1.16 68.2 17.40CE 62 
FTO/SnO2/K0.03Cs0.05(FA0.85MA0.15)0.92Pb(I0.85Br0.15)3/spiro-MeOTAD/Au 7×7 20.78ap 7 21.77 1.13 70.0 17.27CE 63 
ITO/PTAA/MAPbI3/C60/BCP/Cu (Flexible)  42.9ap 12 19.68 1.10 73.5 15.86 64 
FTO/c-TiO2/m-TiO2/(FAPbI3)0.95(MAPbBr3)0.05/WBH/P3HT/Au 7×7 24.94da 8 21.76 1.10 71.7 17.10 65 
FTO/SnO2/Cs0.1FA0.9PbI2.9Br0.1/Spiro-MeOTAD/Au 10×10 91.8da 14 16.24 0.97 59.6 9.34 66 
FTO/SnO2/FACsPbI3/Spiro-MeOTAD/Au 10×10 49.0ac 14 23.38 1.02 58.0 13.84 67 
ITO/PEN/SnO2/Zn2SnO4/(FAPbI3)0.95(MAPbBr3)0.05/Spiro-OMeTAD (Flexible) 12×12 90.0ap 15 21.60 1.11 74.8 17.90 40 
ITO/PTAA/MAPbI3/C60/BCP/Cu  21.5ap 6    17.80 68 
FTO/SnO2(TiO2)/PCBM/MAPbI3/Spiro-MeOTAD/Au  21.0ac 6 22.08 1.12 73.4 18.13 69 
ITO/SnO2/Cs0.05FA0.54MA0.41Pb(I0.98Br0.02)3/spiro-MeOTAD-P3HT/Au 5×5 22.4da 7 20.93 1.09 72.9 16.60 70 
FTO/SnO2/(CsPbI3)0.05((FAPbI3)1-x(MAPbBr3)x)0.95/spiro-MeOTAD/Au 7×7 25.49ap 7 21.14 1.07 78.6 17.88CE 71 
ITO/PTAA/MA0.7FA0.3PbI3/C60/BCP/Cu 5.5×6.5 35.8ap 10 20.40 1.17 77.3 18.50 72 
  19.28da 7 21.42 1.07 78.4 18.00CE 73 
FTO/NiMgLiO/FA0.83Cs0.17PbI2.83Br0.17/LiF/C60/BCP/ 
Bi/Ag 

6.7×6.7 20.77ac 8 20.64 1.09 74.3 16.63CE 74 

FTO/SnO2/FA0.83Cs0.17PbI3-xClx/KPF6/Spiro-MeOTAD/Au 
5×5 17.11ac 6 22.55 1.137 75.2 19.30CE 

75 
10×10 65.0ac 14 23.38 1.10 75.3 19.54 

FTO/c-TiO2/m-TiO2/FASCl doped (FAPbI3)0.95(MAPbBr3)0.05/Spiro-MeOTAD/Au 
7×7 23.27ac 8 22.46 1.177 78.5 20.75 

76 
10×10 59.33ac 12 19.97 1.160 75.3 17.44 

FTO/c-TiO2/m-TiO2/(FAPbI3)0.95(MAPbBr3)0.05/Spiro-MeOTAD/Au 10×10 30.98ac 10 22.62 1.168 73.9 19.51CE 77 
FTO/c-TiO2/m-TiO2/ (FA1-x-yMAxCsy)Pb(I1-xBrx)3/P3HT-PTAA/Au 10×10 42.8ac 14 20.98 1.146 70.9 17.05 78 
FTO/SnO2/(FAPbI3)0.95(CsPbBr3)0.05/Spiro-MeOTAD/Au 5×5 19.69ac 10 21.50 1.082 77.2 17.94 79 

ITO/SnO2/Cs0.05FA0.54MA0.41Pb(I0.98Br0.02)3/spiro-MeOTAD/Au 
5×5 22.4da 7 20.72 1.042 67.2 14.55 

80 
10×10 91.8da 14 19.46 0.981 53.9 10.25 



ITO/SnO2/FAPb(I0.9Br0.1)3/spiro-MeOTAD/Au 5×5 16.01ac 7 20.44 1.041 66.9 14.22 81 

ITO/PTAA/MA0.6FA0.4PbI3/C60/BCP/Cu 
 18.1ap 5 21.25 1.162 78.0 19.25CE 

82 
13×8.5 50.0ap 14 21.37 1.148 78.0 19.15CE 

  63.98da 12 23.09 1.155 75.4 20.10CE 27 

FTO/c-TiO2/m-TiO2/Rb0.03Cs0.05MA0.05FA0.9PbI3/Spiro-MeOTAD/Au 6.5×7 23.904ac 9 24.62 1.167 79.1 22.72CE 
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