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1. Materials

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) water dispersion was
obtained from Heraeus (Clevios P VP.Al 4083). Formamidinium iodide (FAI) ( > 99.5%) was
purchased from Xi'an Polymer Light Technology Co., Ltd. Tin iodide (Snl,, 99.99%) and tin fluoride
(SnF,, 99%) were from Sigma-Aldrich Co., Ltd and Aladdin, respectively. Fullerene (Cg) and
bathocuproine (BCP, 99.7%) were obtained from Luminescence Technology Co., Ltd. Solvents of
N,N-dimethylformamide (DMF, 99.5%), dimethyl sulfoxide (DMSO, > 99.9%), chlorobenzene (CB,
99.5%), and ethyl acetate (EA, >98%) were from either Acros Organics, Alfa Aesar, or TCL
(Shanghai) Development Co., Ltd. MoO; and Al were purchased from Ji’lin OLED Co., Ltd and
ZhongNuo Advanced Material (Beijing) Technology Co., Ltd, respectively. All these materials were
used as received without further treatment.
2. Device fabrication and characterization

Indium tin oxide (ITO) electrode on glass substrate was cleaned in deionized (DI) water, acetone,

and ethanol subsequently and respectively for 20 min in an ultrasonicator (Shumei KQ300DE). After
dried with nitrogen gas, the ITO anode surface was treated with UV-ozone using a ODT UV-0;
Cleaner for 15 min. Then, PEDOT:PSS solution was spin-coated on ITO at 4000 rpm for 60 s in air,
followed by annealing at 120°C for 20 min. The PEDOT:PSS-coated ITO was transferred into a glove
box filled with high-purity N,. The FASnl; precursor was prepared by mixing FAI, Snl, and SnF, at a
molar ratio of 1:1:0.1 and a concentration of 1.0 mol/L in a mixed solvent of DMF/DMSO (4/1, v/v)
and stirring at 60 °C for 2 h.

The conventional fabrication process of FASnl; films was carried out very similar to the

literature reports. FASnl; precursor in the mixed solvent (1.0 mol/L) was spin-coated on the surface
of ITO/PEDOT:PSS substrates at 5000 rpm for 30 s, then 150 pL of chlorobenzene was quickly
dropped on the center of the substrates at the 13" s of the spin-coating process to produce the dense
perovskite crystal film followed by 70°C thermal annealing for 10 min to remove residual solvents and
promote further crystallization.

The novel “vapor incubation” (VI) treatment was performed as follows. Firstly, 3 mL ethyl acetate

(EA) was dropped onto a blank glass substrate spinning at 1000 rpm for 5 min to promote the
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vaporization of the EA and generate the vapor at the room temperature. During the spinning, the spin
coater’s chamber was open. The vapor concentration can be adjusted by the delay time between
the pre-spinning with ethyl acetate and spinning of the perovskite precursor solution,
considering that EA vapor will diffuse into the surrounding atmosphere for a decreased EA
vapor concentration after its spinning and different EA vapor concentration will be obtained
after different delay time. Thus, the weak-polar solvent vapor atmosphere of EA for VI was
developed. At delay time around 2.0 h, the standard fabrication of perovskite crystal film was
performed in this atmosphere with the identical procedures to the fabrication of conventional
perovskite films.

The inverted perovskite solar cells (PSCs) were prepared by thermally depositing the electron
transport layers of Cgy (20 nm) and BCP (6 nm) and cathode of Al (100 nm) on the perovskite active
layer in a vacuum chamber ( < 5x10- Pa). C¢, was deposited at a rate of 0.5 A s™! and the deposition
rates of BCP and Al were 2 and 10 A s7', respectively. The thicknesses of the layers, monitored by an
oscillating quartz thickness monitor, were confirmed by a Bruker Dektak XT stylus profiler. The
active area of the device was controlled to be 3x3 mm?. Both the control PSCs prepared in standard
normal procedures and VI-treated PSCs prepared in EA vapor were fabricated and investigated.

The fabricated devices were measured without encapsulation at room temperature (25°C) in N,
atmosphere. Their photocurrent density-voltage (J~F) curves and power conversion efficiencies (PCEs)
were obtained by a computer-programmed Keithley 2400 source/meter under 100 mW/cm?
illumination of AM 1.5G solar simulator (SAN-EI Electric Co., Ltd.). The external quantum
efficiency (EQE) measurements were conducted in air by QE-R system (Enli Technology Co., Ltd.).
The hole-only devices with the structure of ITO/PEDOT:PSS ( ~ 40 nm)/perovskite (135 nm)/MoQO;
(10 nm)/Al (100 nm) were measured from 0 to 7 V with a step size of 0.02 V under dark conditions
using the J-V sweep mode developed by a Keithley 2400 source/meter unit. For long-term
photostability test, the unsealed devices were illuminated under continuous 100 mW c¢m™2 irradiation

by a LED grow light (Spectrum King MLH140) in the glove box (H,O < 1.0 ppm and O, <1.0 ppm).



Absorption spectra were obtained on a Jasco V-750 UV-Visible/Near Infrared Spectrophotometers.
X-ray diffraction (XRD) and scanning electron microscopy (SEM) characterizations of FASnl;
films were conducted on Rigaku Smart lab X-Ray diffractometer and Hitachi S-4800 scan electron
microscope, respectively. Steady-state photoluminescence (PL) spectra were collected using Hitachi
F-4600 spectrofluorometer (Japan). The time-resolved PL decays of the perovskite films on ITO
substrates were measured by an Edinburgh FLS 980. A 485 nm pulse laser with a repetition frequency
of ~1-20 MHz was employed. To identify the PL lifetime from the decay curve, we refer to the
equation of I=IpA xexp[—(t/1))P]+ IpA,xexp[—(t/1,)P], where I and I, are PL intensity and the initial PL
intensity at time zero, t is the lifetime and B is the stretching exponent (0 < 8 < 1). X-ray photoelectron
spectroscopy (XPS) experiments were carried out on a ESCALAB 250 system equipped with a
monochromatic Al Ka X-ray source (hv=1486.6 e¢V). The atomic force microscopy (AFM)
measurements were performed at room temperature using Bruker Dimension Icon AFM
equipped with Scanasyst-Air peak force tapping mode AFM tips from Bruker. The
electrochemical impedance spectra (EIS) were measured on a CHI660 electrochemical workstation
(CH Instrument Inc.). A 20 mV voltage perturbation was applied at different direct current voltages
ranging from 0 to 0.4 V with frequencies between 10° and 1 Hz under dark conditions. The results
were fitted using the software of Zsim. All characterizations and measurements were performed in
ambient conditions.

The hole-only devices were fabricated with the structure of ITO/PEDOT:PSS ( ~ 20 nm)/perovskite
(~ 135 nm)/MoO; (10 nm)/Al (100 nm) to investigate the trap density and mobility. J-V curves were
measured from 0 to 7 V with a step size of 0.02 V under dark conditions using the J-V sweep mode on
a Keithley 2400 source/meter unit. From the J-V curves, trap state density (n,,) can be calculated by
the following equation according to the space charge limit current:

_2eeV
ntrap - 2
qL

where ¢, is relative dielectric constant, ¢ is the vacuum dielectric constant, V7 is the trap filling
limited (TFL) voltage, L is the film thickness. The ¢, and L of FASnl; is ~25.0 and 135 nm,

respectively. €=8.85x10-12 F/m



The mobility (1) was can be achieved by fitting the child region using by the Mott—Gurney law,

9 2
S

where the V signify applied bias, respectively.



3. Supplementary Fig. parts
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Fig. S1. Energy level diagram of the inverted lead-free Sn-based PSCs.
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Fig. S2. J-V curves of the control PSC under reverse and forward scans



a
(A) 0.7
S 0.54
S8
0.4 ) g
0.3 T T
Control Vi
(c)
071
0.6 °le
w ela
[TH . 7
0.51 Tale”
04 T T
Control Vi

(b)

)

10 1

Control

Control

Vi

Fig. S3. Device performance statistics on (a) V., (b) J., (c) FF, and (d) PCE of the control and VI-

derived PSCs. The box edges represent the standard deviations, the whiskers represent the maximum

and minimum of the distributions, and the central horizontal line represents the median from 24 cells.
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Fig. S4. J-V curves of the control and VI-derived devices with different delay time between the

generation of EA vapor and spinning of the perovskite precursor solution.

Fig. S5. SEM images of VI-treated FASnl; films with different delay time of (a) 1 h, (b) 2 h, and (c) 3

h between the generation of EA vapor and spinning of the perovskite precursor solution.
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Fig. S6. J-V curves of the control and VI-derived devices treated using EA and CB vapor.
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Fig. S7. J-V curves of VI -derived devices with different weak-polar solvent treatment.
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Fig. S8 XRD patterns of the VI-derived FASnI; films (a) before and (b) after chlorobenzene dripping

and thermal annealing.
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Fig. S9 Grain size distribution histograms of the perovskite particles in the (a) control and (b) VI -

treated FASnl; films.
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Fig. S10 AFM images of the (a) control and (b) VI -treated FASnl; perovskite films.
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Fig. S11 FASnI; perovskite in EA solution (10 mg/mL).
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Fig. S12 Absorption spectra of the control and VI -treated FASnl; films.
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Fig. S13 TRPL spectra of the control and VI-treated FASnI; films
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Fig. S14 Dark current characteristics of the control and VI -derived PSCs. The lower dark current
density can be observed in the VI -derived PSC, suggesting that the current leakage is suppressed

more effectively after the VI treatment.
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Fig. S15 Schematic structure of the hole-only device for the mobility and trap density measurements.

16



25

20+

Current (mA)
[

104 °

5 T T T T T T T
o6 08 10 12 14 16 18 20
Voltage? (V?)
Fig. S16 J-V? curves of the child region of Fig. 3d

17



108
i —o— Control —o— Control

10 3

5 10° 4

Z" (kQ)

102_

10" 3

T T 10° T T T T
0 5 10 16 20 0.1 0.2 0.3 0.4

Z' (kQ) Voltage (V)

0 T

Fig. S17 (a) Nyquist plots of the EIS measurements of normal and VI -derived PSCs under dark
condition, (b) Fitted R, at different applied voltages.
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Fig. S18. Stability of the control and VI-derived FASnl; PSCs without encapsulation (a) stored in N,
environment and (b) under one-sun illumination operating at MPPT. The PCE,;;, and PCE.,4 of

devices were provided in the Figure.
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Table S1. Performance data of the Sn-based PSCs reported in the literature.

Reference Vo [V] Je [MA cm™?] FF PCE [%]
Ref[1] 0.63 18.6 0.61 7.1
Ref [2] 0.62 21.2 0.73 9.6
Ref [3] 0.60 23.1 0.73 10.2
Ref [4] 0.94 17.4 0.75 12.4
Ref [5] 0.63 21.2 0.75 10.1
Ref [6] 0.61 22.0 0.70 94
Ref [7] 0.53 24.1 0.71 9.0
Ref [8] 0.59 18.9 0.62 7.0
Ref [9] 0.58 21.3 0.72 8.9
Ref[10] 0.56 23.3 0.74 9.6
Ref[11] 0.64 22.0 0.73 10.2
Ref[12] 0.63 20.4 0.69 8.9
Ref [13] 0.60 21.8 0.68 8.8

This work 0.62 24.2 0.72 10.8

Table S2. Device performance of Sn-based PSCs by varying the delay time between the generation of

EA vapor and spinning of the perovskite precursor solution.

Time Ve [V] Je [MA cm?] FF PCE [%]
lh 0.52 23.4 0.62 7.6
2h 0.62 242 0.72 10.8
3h 0.56 24.0 0.63 8.5

Table S3. Device performance based on different antisolvents.

Antisolvent Ve [V] Jie [mMA cm?] FF PCE [%]
CB 0.45 22.1 0.63 6.3
EA 0.34 12.5 0.49 2.9
CB+10 vt% EA 0.43 22.1 0.65 6.2
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Table S4. Device performances under different annealing conditions

Condition Ve [V] Jye [MA cm?] FF PCE [%]
w/o EA vapor 0.45 22.1 0.63 6.3
With EA vapor 0.47 22.5 0.59 6.2

Table S5. The XPS fitting parameters of control and VI-treated FASnlj; films.

Perovskite peak position KWHM Area Sn?*/Sn*" ratio
486.4 (Sn*); 0.61 (Sn*); 49567 (Sn™);
o Comwl 4871 (S0") 0.70(Sn*) 26309.(Sn%) 8
436.6 (Sn>); 0.60 (Sn2*); 58065 (Sn2*);
Vl-treated 4872 (Sn?") 0.90(Sn*) 17618 (Sn*") 3.30
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Table S6. The stability of the Sn-based PSCs reported in the literatures.

Perovskite PCE (%) Stability Reference
CsSnls 356 25% RH, unencapsula;eéd},1 (zc;l(l)zi/zl)uous 1 sun irradiation, 14
CsSnl; 4.30 40% RH, shelf stability, 100 h (98%) 15
FASnI; 6.75 N,, unencapsulated, 860 h (90%) 16
FASnl; 54 Ny, 1000 h (65%) 17
FASnI; 9.47 20% RH, encapsulated, MPPT, 600 h (93%) 18
FASnl; 5.3 Continuous 1 sun irradiation, 350 h (60%) 19
FASnl; 7.34 20% RH, shelf stability, unencapsulated, 500 h (50%) 20
FASnI; 9.03 20% RH, shelf stability, unencapsulated, 1000 h (80%) 21
FASnI; 11.5% N,, shelf stability, unencapsulated, 50 d (100%) 22
FASnI; 11.39 In air, continuous 1 sun irradiation, 200 h (80%) 23
FASnl 10.8 N, unencapsul?;f:(ii;ggg’h6f)802:f)()8c;r0 /:):)ontinuous 1 sun v’f}‘(l)l;i
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