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Experimental section

Materials.

Fluorine-doped tin oxide (FTO) glass substrates which resistance was 14 Q sq!
were purchased from Beijing Huamin New Materials Technology Co. Ltd. Cesium
iodide (Csl; 99.999%) was obtained from Alfa Aesar. Formamidinium iodide (FAI;
99.5%), formamidinium bromide (FABr; 99.5%), lead iodide (Pbly; 99.99%), lead
chlorine (PbCly; 99.99%), 2,2'7,7'-tetrakis-(N, N-di-p-methoxyphenyl-amine)-9,9"-
spirobifluorene (spiro-OMeTAD; 99.8%), poly[bis(4-phenyl) (2,4,6-trimethylphenyl)-
amine] (PTAA, Mw = 17000) and 4-trifluorophenyl ammonium iodide (TFPAI; 99.5%)
were purchased from Xi'an Polymer Light Technology. Dimethyl formamide (DMF;
99.8%), dimethy sulfoxide (DMSO; 99.8%), isopropanol (IPA; 99.5%), and
chlorobenzene (CB; 99.5%) were acquired from Aladdin. 4-isopropyl-4-
methyldiphenyliodonium tetrakis (pentafluorophenyl) borate (TPFB) was obtained

from TCI Co. Ltd. All materials were used without any further purification.

Device fabrication.

The patterned FTO glass substrates were cleaned ultrasonically in acetone,
isopropyl alcohol, ethanol, deionized water each for 30 min, sequentially. The compact
TiO2 layer was fabricated by using hydrothermal treatment of 0.2 M TiCls at 70 °C for
70 min. The treaded films were washed with deionized water, ethanol and then dried in
70 °C oven for 2h. Before using, the FTO/Ti0, substrates were annealed at 150 °C for
30 min and treated with UV ozone for 15 min to improve the wettability. Afterwards,
the perovskite layer was prepared through anti-solvent processed spin coating method
in a N,-filled glovebox. For the 1.4 M Cs 15FA¢ gsPb(1o.95Br 03Clg.02)3 perovskite (~1.56
eV) precursor solutions, 52.6 mg of Csl, 185.7 mg of FAI, 8.4 mg of FABr, 591.3 mg
of Pbl2, 18.8 mg of PbCl2 were dissolved in 1 mL DMF/DMSO (4/1 v/v) mixed solvent.
The precursor solution was spin-coated onto the FTO/TiO, substrate at 1000 rpm for

10s and 4000 rpm for 30 s, and 110 pL of anisole was dripped onto the substrate at 10s



before the end. Then the perovskite layers were annealed at 110 °C for 20 min. When
the perovskite films were cooled to room temperature, different ratio (5, 7, 9, 11,13
mg-mL) TFPAI solution dissolved in isopropyl alcohol were spin-coated onto the
compact TiO, substrates at 5000 rpm for 30s, respectively. The spiro-OMeTAD
solution was prepared by 72.3 mg-mL-! spiro-OMeTAD in chlorobenzene with 28.8 uL
of 4-tert-butylpyridine and 17.5 puL of Li-TFSI solution (520 mg-mL! in acetonitrile),
and spin-coated at 4000 rpm 30 s. Finally, 80 nm Au back electrode was deposited by
thermal evaporation. The initial active area was 0.09 cm?. For the (TFPA),FA,.1Pb,I3,+
perovskite, TFPAI, FAI, and Pbl, (molar ratio of 2: (n-1): n) were dissolved in 1 mL
DMF/DMSO (4/1 v/v) mixed solvent for 0.4 M precursor solution. Then the solution
was spin-coated onto the FTO/TiO, substrate at 2000 rpm for 30 s without the drip of
antisolvent, then the layers were annealed at 40 °C for 1 min. For thermal stability test,
the PTAA solution (20 mg-mL! in chlorobenzene) with additives of 20 uL of TPFB
solution (100 mg-mL-! in acetonitrile) was spin-coated onto perovskite layer at 5000

rpm 30 s as a substitute for the spiro-OMeTAD layer.

Characterizations.

The top-viewed and the cross-sectional SEM images were obtained by using a
Hitachi SU8020 field-emission scanning electron microscopy (Hitachi High
Technologies Corporation). A Fourier transform infrared spectroscopy (FTIR,
TENSOR 27) was used to collect the FTIR spectral data for the samples without and
with TFPALI treatment. The sample was coated on KBr pellet. X-ray diffraction (XRD)
patterns were recorded by a D8 X-ray diffractometer (X' pert Pro-1), employing Cu K,
as incident radiation. Photovoltaic performance of solar cells was measured under
illumination of simulated sunlight (standard AM 1.5G, 100 mW-cm™2, SSF5-3A,
Enlitech), and the J-V curves were recorded using a Keithley digital source meter
(Model 2400), the light intensity of the solar simulator was calibrated by a standard
silicon solar cell provided by PV Measurements. The active area of the solar cells was
confirmed by using a metal aperture of 0.09 cm? to avoid light scattering through the

sides. The J-V curves for the devices were measured by forward (-0.1 V to 1.2 V



forward bias) or reverse (1.2 V to -0.1 V) scans with a scan rate of 100 mV/s. The
external quantum efficiencies (EQE) were measured in AC mode by a QE-R3011
testing system (Enlitech). For XPS measurement, radiation was produced by a
monochromatic 75 W Al K, excitation centered at 1486.7 eV. The PL measurements
were performed with time-correlated single photon counting (TCSPC) with a 508 nm
laser (DD-510L, Deltaflex, Horiba). The space-charge limited current (SCLC),
electrochemical impedance Spectroscopy (EIS) and Mott-Schottky (M-S) analysis were
conducted by using a multi-channel potentiometer (VMP3, Biologic) under dark
conditions. EIS data were recorded at 0 and 0.6 V in the frequency range from 1 MHz
to 50 mHz with an AC amplitude of 50 mV. The Mott-Schottky data were recorded at
the frequency of 1 KHz in the applied voltage range from -0.1 V to 1.2 V with an AC
amplitude of 20 mV.
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Fig. S1 (a) The FTIR spectra of TFPAI, the perovskite without and with TFPAI

treatment and (b) its partially enlarged FTIR patterns in the wavenumber range from

2000 to 1000 cm!.
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Fig. S2 (a) Partially enlarged XRD patterns in the range of 12.5-22.5°. (b) The
diffraction intensity ratio between (100) plane and (110) plane. (c) Partially enlarged

XRD patterns at low diffraction angle area.
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Fig. S3 The XRD patterns of different n values (TFPA),FA,Pb,l5,.; perovskite films

fabricated by following the corresponding stoichiometric ratio.
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Fig. S4 The grain sizes distribution statistics of perovskite films (a) without and (b)

with TFPAI treatment.
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Fig. S5 Cross-sectional SEM images of PSC devices (a) without and (b) with TFPAI

treatment.
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Fig. S6 (a) The UV-Vis absorption spectra of perovskite films with different TFPAI-
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treated concentrations and (b) the corresponding bandgaps (~1.57 eV).
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the perovskite films with different TFPAI-treated concentrations.
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Fig. S9 Statistics of Jsc for the control and 2D/3D devices.
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Fig. S10 The survey XPS spectra of the control and 2D/3D perovskite films.
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Fig. S11 XPS spectra of (a) F Is and (b) Pb 4f for the control and 2D/3D films,

respectively.
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Fig. S12 J 2V plots for the (a-b) electron-only and (c-d) hole-only devices based on
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Fig. S13 Jsc vs. light intensity for the control and 2D/3D devices.
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Fig. S14 (a) The equivalent circuit of the Nyquist plots. (b) R, and (c) R, fitted from
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Fig. S15 UV-vis spectra of the (a) control and (b) 2D/3D films at different time under

RH =70 ~ 80% environment
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Fig. S16 The corresponding variation of V¢, Jsc, FF, and PCE parameters for the

control and 2D/3D devices under RH = 35 + 5% ambient air condition.
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Fig. S17 (a) Front and (b) back pictures of the control and 2D/3D films after humidity

stability test (RH = 35 + 5%, 60 days).



Table S1 Summary of photovoltaic parameters of 2D/3D perovskite solar cells.

Method: Adding organic ammonium salt into precursor

. Organic Voc Jsc FF PCE
Year Device structures . Ref.
ammonium salt W) (mA-cm?) (%)
FTO/c-TiOy»/m-TiO,/MAPbI3/spiro-
2017 AVAI 1.03 18.8 0.76 14.6 1
OMeTAD/Au
FTO/(SnO,/PCBM)/Cs,FA;PbBr,l;_,/spiro-
2017 BAI 1.14 22.7 0.80 20.6 2
OMeTAD/Au
FTO/c-TiOy/m-TiO,/MAPbDI;/spiro-
2018 PEAI 1.08 21.9 0.80 19.1 3
OMeTAD/Au
FTO/C—TIOz/m-TIOZ/
2018  (FAPDbI;)os5(MAPDbBTI3).15/spiro- EAI 1.10 222 0.77 18.8 4
OMeTAD/Au
FTO/SnO,/C FA(g5:MA Pb(I,5;B
2018 . nO0,/Csy.05(F Ay 83 0.17)0.9sPb(I9.83Bro 1 EDBEL 111 230 075 19.1 5
7)3/spiro-OMeTAD/Au
FTO/TiO,/CsyFA;.xyMA,Pbl; ,Br,/spiro-
2018 Ay 1.11 22.9 0.79 20.1 6
OMeTAD/Au
2018  ITO/SnO,/CsPblBr; ,/spiro-OMeTAD/Au PEAI 1.07 16.6 0.70 124 7
ITO/SnO/FAMA,«Pbl;.,Cl,/spiro-
2019 ThMAI 1.16 22.9 0.81 21.5 8
OMeTAD/(MoO5/Ag)
ITO/Sn0O,/Zn0O,/CsyFAPbl3/spiro-
2020 B-GUA 1.14 24 .4 0.80 222 9
OMeTAD/Ag
ITO/SnO,/5F-
2020 PA0.05[CSO'05(MA0‘17FA0.83)0‘95]0'95Pb(Bl‘0_17IQ‘83 5F-PAI 1.17 24.6 0.79 22.9 10
)s/spiro-OMeTAD/Au
ITO/PEDOT: PSS/PEA0sFASnl3/
2021 PEAI 0.50 23.1 0.69 17.99 11
C60/BCP/Al
Method: Adding organic molecular into precursor
(@) i Ve J. FF  PCE
Year  Device structures rg'anlc o¢ 5¢ Ref.
ammonium salt W) (mA-cm?) (%)
ITO/PEDOT: PSS/MAPbO,SSnO,leCh_x/
2018 NAP 0.71 27.1 0.70 134 12
PCBM/Phen-NaDPO/Ag
ITO/PTAA/FA(7MA,25Csg.0sPb(1
2021 07MA025CS00sPb (o3 GBA 1.14 23.5 0.80 21.5 13
Br007)3/PCBM/BCP/Ag
Method: spin-coating organic ammonium salt solution onto the surface of the 3D perovskite film
(0] i Ve J. FF  PCE
Year Device structures rg‘.anlc o¢ s¢ Ref.
ammonium salt V) (mA-cm?) (%)
2016  ITO/PEDOT: PSS/MAPbDI,Cl;,/PCBM/Ag CAI 0.92 19.3 0.77 13.8 14
FTO/c-Ti0,/m-Ti0,/
2018 5-AVA 1.07 21.9 0.72 16.8 15
(FAPbI3)0.88(CstBr3)0.12/CuS CN/Au
FTO/SnO,/C FAMA —)o.9sPbI,Br;_,/
2018 | 1O/SROY/Csuas( -assPbIBrs-y PEAI&PEABr  1.14 236 074 201 16
spiro-OMeTAD/Au
2018 FTO/TiOz/CSo'gs(FAo.sg,MAg'l7)0.95Pb(lo's3Br0.17 PEAI 1.11 229 0.73 18.5 17




)3/spiro-OMeTAD/Au

FTO/C-TIOg/l’Il-TlOz/

2018 Cso'os(MAo,17FA0'83)0,95Pb(Io‘33Br0.17)3/spir0- BAI 1.06 194 0.77 15.7 18
OMeTAD/Au
FTO/c-TiOy/m-TiO,/MAPDI;/spiro-

2018 AVAI 1.06 223 0.76 18.0 19
OMeTAD/Au
FTO/c-TiOy/m-TiO,/FAPbI;/spiro-

2019 FEAI 1.10 25.8 0.78 22.1 20
OMeTAD/Au
ITO/Ti0,/(MA4,95C PbB FAgo5C

2019 102/ (MAassConasPbBrajoss(FAossCsoos — p g evpar 115 25 078 202 21
Pbl;).g5/spiro-OMeTAD/Au
ITO/SnO,/C FAy3:Pb(Iy¢B /spiro-

2019 /CS0.17FAogsPb(locBro.)y/spiro BAI 131 193 078 198 22
OMeTAD/Au
FTO/TiO,/C FAys:sMA Pb(I1, s;B

2019 . 10,/Cs¢.1(FA¢.8sMAg.17)0.9Pb(I9.83Bro.17)3 FPEAI 113 23 080 205 23
/spiro-OMeTAD/Au

2019  FTO/TiO,/FAPDI;/spiro-OMeTAD/Au PEAI 1.14 24.2 0.77 212 24
FTO/c-TiO,&PCBM/CsPbI,;Br/spiro-

2019 BAI 1.08 16.8 0.80 145 25
OMeTAD/Au
FTO/SnO,/CsyFA.xyMA,Pbl;_,Br,/spiro-

2020 PNAI 1.16 23.8 082 226 26
OMeTAD/Ag
FTO/SHOQ/CS(].X)bePblzBr/SpiI'O—

2020 GABr 1.25 15.9 0.78 156 27
OMeTAD/Au

2020  ITO/SnO,/CsPbIBr;_/spiro-OMeTAD/Au GABr 1.27 18.0 0.79 18.1 28
FTO/c-TiOy/m-TiO,/p-TiO,/

2020 (FAPbI3)087(MAPbBl’3)013]092(CSPbI3)008/Sp1 3-TMAI 1.13 23.6 0.77 20.6 29
ro-OMeTAD/Au
FTO/SnO,/CsyFA .xyMA,Pbl;_,Br,/spiro-

2020 HDADI 1.10 22.8 0.81 203 30
OMeTAD/Au

2020 ITO/PEDOT: PSS/FASnI;/C60/BCP/Ag TFBAI 0.70 21.1 0.74 11.0 31
ITO/SnO2/FAMA,Pbl;., ,Br,Cl, /spiro-

2021 TFBAI 1.11 243 0.78 21.1 32
OMeTAD/Au
ITO/SnO,/FA;<MA,Pbl;.,_,Br,Cl,/spiro-

2021 CH;0-PEAI 1.21 243 0.79 234 33
OMeTAD/Au
ITO/SnO,/(FAPDbI MAPbLB /spiro-

2021 nOA Jos( Ts)oas/Spiro VBABr 1.14 24.2 0.80 219 34
OMeTAD/Au

2021  ITO/2PACz/Csg 1sF A ;,PbI3/C60/BCP/Ag PEACI 1.16 23.5 0.83 227 35

2021  FTO/TiO,/CsPbl;_Br,/spiro-OMeTAD/Au MOPEABr 1.23 20.1 0.82 203 36
FTO/Ti0,/C FAssMAg.10Pb(Iy.00B /

2021 T TOMO/Cs00sFAvssMAwPbTosoBro.o)s/sp DMAI 1.16 242 078 219 37
iro-OMeTAD/MoO5/Ag

2021  FTO/SnO,/FAPbI;/spiro-OMeTAD/Au CHMAI 1.14 24.8 0.84 239 38

2021  FTO/NbO,/MAPDI;/PCBM/Ag ABHB 1.10 234 0.82 212 39
ITO/SnO,/C FAjssMA Pbl;/spiro-

2021 10/ Csnas(FAvssMAv.15)ossPb1y/spiro EDBE 113 248 081 226 40
OMeTAD/MoOs/Ag

2021 FTO/TIOz/ FAo'ssMAo'lCSoJ}stIz'gBl’O']/SpirO- PDAIz 1.16 253 0.84 24.7 41




OMeTAD/Au

2022 ITO/SnO,/FAPbI3/spiro-OMeTAD/MoOs/Ag CPAH 1.15 25.5 078 228 42
Method: spin-coating organic molecular solution onto the surface of the 3D perovskite film
. Voc Jsc FF  PCE
Year Device structures Molecular Ref.
(V)  (mA-em?) (%)
FTO/TiOy/CsxFA . PbBr,l;.,/spiro- .
2017 Benzylamine 1.24 19.8 0.74 18.1 43
OMeTAD/Au
Method: Dissolving organic ammonium salt in antisolvent for perovskite film formation
0] i Vi J; FF  PCE
Year Device structures rgfmlc o¢ 5¢ Ref.
ammonium salt V) (mA-cm?) (%)
2017  FTO/NiO/MAPbDI;/(PCBM/PN4N)/Ag PEAI 1.17 21.8 078 199 44




Table S2 Intensity of diffraction peaks at the (100), (110) planes and corresponding

ratios for the control and different TFPAI-treated concentrations.

Control TFPAI-5  TFPAI-7  TFPAI-9 TFPAI-11 TFPAI-13

Loy 1214 1386 1489 1581 1523 1454
Lo 741 722 693 719 739 731
Tooo/Iro) 1.64 1.92 2.15 2.20 2.06 1.99

Table S3 The PV performance of the devices treated by different concentrations.

Voc Jsc FF PCE
Samples
W) (mAm) (%) (%)
Control 1.09 23.9 75.9 19.9
TFPAI-5 1.12 23.9 78.9 21.2
TFPAI-7 1.14 24.1 80.2 22.0
TFPAI-9 1.16 24.0 80.8 22.5
TFPAI-
1.15 23.8 81.1 22.2
11
TFPAI-
1.14 24.0 78.6 214
13

Table S4 The average PV performance of the control and 2D/3D devices.

Voc Jsc FF PCE
Samples

™) (mA/em?) (%) (%)
Control 1.09+0.02 23.71+0.6 75.6+3.4 19.6+1.1
2D/3D 1.14%0.02 23.9+0.5 80.6+1.5 22.1£0.7

Table S5 The Pb:I ration of the control and 2D/3D films calculated by the element

sensitivity factor method.

Control 2D/3D




Pb:1 1:1.88 1:2.58




Table S6 Fitting results of the TRPL results.

Samples A, 71 (ns) A, 7, (ns) Tave (11S)
Control 0.43 5.79 0.56 95.43 91.44
2D/3D 0.29 9.59 0.69 381.98 378.09

Table S7 Fitting results of the EIS results for the control device.

Ry (Q) Rree (€2)
oV 2.78 x 10° 4.41 x 10
02V 2.68 x 10° 3.98 x 10
04V 2.55 x 10° 3.47 x 106
0.6 V 2.37 x 10° 2.10 x 106

Table S8 Fitting results of the EIS results for the 2D/3D device.

R (Q) Reee (€2)
oV 1.91 x 10° 5.91 x 106
02V 1.10 x 10° 5.18 x 106
04V 8.01 x 10 3.81 x 10

0.6 V 6.98 x 104 2.69 x 108
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