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Experimental details:

Materials: All of the materials, tin(Il) chloride dihydrate (SnCl,-2H,0, 98%, Sigma-Aldrich),
lead(IT) iodide (Pbl,, 99.99%, TCI Chemicals), formamidinium iodide (FAI, GreatCell Solar),
lead bromide (PbBr;, >98%, TCI Chemicals), methylammonium bromide (MABr, GreatCell
Solar), cesium iodide (Csl, 99.99%, TCI Chemicals), spiro-oMeTAD (>99%, Lumtech),
bis(trifluoromethane)sulfonimide lithium salt (Li-TSFI, 99.95%, Sigma Aldrich), DMF (99.8%,
Sigma-Aldrich), dimethyl sulfoxide (DMSO, 99.8%, Sigma-Aldrich), y-butyrolactone (GBL,
Sigma-Aldrich), ethyl acetate (99.5%, Sigma-Aldrich), hexane (99.5%, Sigma-Aldrich),
chlorobenzene (99.9%, Sigma-Aldrich), ethanol (99.5%, Merck), 4-tert-butylpyridine (tBP, 96%,
Sigma-Aldrich), and acetonitrile (99.8%, Sigma-Aldrich) were used as received without further

purification.

Fabrication of different SnO,-based ETLs: Patterned 1TO-coated glass substrates (sheet
resistance of =8 )/0) with dimensions of 2.5 cm % 2.5 cm were ultrasonically washed in acetone,
ethanol, and IPA for 10 min each in sequence and then subjected to UV-ozone treatment for 15
min. Three different SnO, ETLs were prepared in this study, namely spin-SnO,, spray-SnO,, and
SnO,-bilayer. The spin-SnO, ETL was prepared by spin-coating the SnO, colloidal stock
solution, the detailed process was illustrated in previous work.! Spray-SnO, ETLs were prepared
by using the spray technique at room temperature.? The fabrication of the SnO,-bilayer ETL was
prepared by spin-coating a precursor solution containing SnCl,-2H,0 in ethanol (23 mg mL™") at
3000 rpm for 30 s, followed by the annealing treatment at 190 °C in the air for hour. After

cooling the substrate was subjected to a UV-ozone treatment for 200 s, then the second layer of



SnO, was deposited using the spray technique with the same recipe used for the spray-SnO,

process.

Perovskite ink preparation: The ink for inkjet printing was prepared as follows: CH(NH;),I
(FAI, 0.6 m), Pbl, (0.66 m), CH;NH;Br (MABTr, 0.12 m), and PbBr; (0.12 m) were dissolved in a
mixture of DMF, DMSO, and GBL in a ratio of 28:26:46 (volume percentage). Additionally, Csl
(1.5 m, Alfa Aesar) was dissolved in DMSO and then added to the first solution to produce a
0.75 m TCP solution with the composition Csg 10FA¢7sMA¢ 1sPb(Brg 1510 85)3. Before printing, the

ink was filtered with a 0.45 pm pore size polytetrafiluoroethylene (PTFE) filter.

Inkjet-printed PSC device fabrication: For inkjet printing of the perovskite layer, an inkjet
printer (Dimatix Fujifilm, DMP-2800) with a print head module for 2.4 pL cartridges (SAMBA,
12 nozzles) was used. Before printing, the SnO, surface was treated with oxygen plasma at low
power for 200 s. For printing, a jetting frequency of 5 kHz was used together with a single pulse
waveform with a peak voltage of 28 V and a pulse width of 5 us with a drop spacing of 17 um.
The total area of inkjet-printed TCP was 23x15 mm? per sample. Within the 30 s, the as-printed
samples were manually moved to a nearby vacuum chamber which was evacuated down to about
5-7 x 1073 Torr. Then, the chamber was slowly vented, and the samples were annealed on a
hotplate at 100 °C for 1 h. The complete printing procedure was done in a controlled ambient
atmosphere (=23 °C, =40% relative humidity) in a clean room. For spin coating of the TCP
layers, the SnO, samples were also treated with oxygen plasma for 200 s. The TCP layer was
spin-coated using a two-step program (1000 rpm for 12 s, 3000 rpm for 32 s) and drifted the
antisolvent (100 pL) solution prepared by mixing ethyl acetate (EA) and hexane (Hex) in 7:3

v/v, and then annealed for 1 h on a hotplate at 100 °C. The 2,2'.7,7'-Tetrakis [N, N-di(4-



methoxyphenyl) amino]-9,9'-spirobifluorene (Spiro-OMeTAD) was deposited onto the
perovskite film by spin-coating 30 uL of the mixed solution, which contained 72.3 mg of spiro-
OMeTAD salt in 1 mL of chlorobenzene, doped with 30 uL of 4-tert-Butylphenol, and 35 pL of
Lithium bis(trifluoromethane sulfonyl) imide solution (260 mg in 1 mL of acetonitrile). Finally,
a ~120 nm Ag contact was thermally evaporated as the top electrode using a shadow mask

(aperture area: 0.09 cm?).

Characterization:

The surface morphology and topography of the different SnO, films and perovskite films were
characterized using an FE-SEM (Carl Zeiss, SUPRA40VP) and an AFM (Park Systems, NX-10)
installed in the Center for University-Wide Research Facilities (CURF) at Jeonbuk National
University. The crystallographic changes of the SnO, films were characterized by an X-ray
diffractometer (Bruker D8 Advance) using CuKa excitation, also located at the aforementioned
facility. The optical transmittance and absorption of the SnO, films were measured (wavelength
range 300-850 nm) using a UV—vis spectrophotometer (PerkinElmer Lambda 750), and the
steady-state photoluminescence spectra of the SnO,/perovskite samples were obtained from a
photoluminescence spectrometer (Horiba FluoroMax-4). Wettability tests over the SnO, samples
were performed using the Surface electro-optics (Phoenix 300 Touch, Kromtek) automatic
contact angle analyzer with a water drop volume of 1 pL. The XPS depth profile measurements
were conducted using a Nexsa XPS system (ThermoFisher Scientific, UK). The measurement
conditions were X-ray source: monochromatic Al-Ko (1486.6 eV), base pressure: 1.0x1078 Torr,
beam size: 400 um, and depth profile: Ar monatomic 1keV. The TRPL measurements for the

perovskite films were executed using an inverted-type scanning confocal microscope



(MicroTime-200, Pi coQuant, Germany) with a 4 x (air) objective, using a single-mode pulsed

diode laser as an excitation source (wavelength: 470 nm, pulse width: 30 ps, and average power:

~100 nW in 200 kHz repetition rate). For the PSC device characterization, the current density—

voltage (J-V) measurements were conducted using a Keithley 2400 source meter under a

simulated one-sun illumination (100 mW c¢cm™2; AM 1.5G standard) from an Oriel Sol 3A solar

simulator (Newport Inc.). Before conducting the measurements, the system was calibrated

against an NREL-certified reference solar cell. The device area was 0.09 cm? and defined by the

shadow masks. The EQE spectra of the PSCs were acquired using an Oriel quantum efficiency

measurement device (IQE-200).

Estimation of Oxygen defects in ETLs:

Table S1. The atomic percentage of the subcomponents in Ols core-level spectra of spin-SnO,,

spray-SnO,, and Bi-SnO, samples.

The area under the subpeaks

Sample
Olattice Odefects
O (0) (0) Ooa Oeecs/oaice
! : 3 Tl 0/ Orgrm] [(O+03)/Opggg] | O teteets Ot
Spin-Sn0O; | 351026 | 108004 | 37306 | 496336 |  0.7072 0.2927 0.4139
Ssplfgy' 359167 | 86044 | 29377 | 474588 |  0.7568 0.2432 0.3214
2
SIIOZ
: 375980 | 78202 | 27902 | 482024 |  0.7799 0.2201 0.2823
bilayer




AFM study of inkjet-printed Perovskite films:
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Figure S1- Digital photographs and FE-SEM cross-sectional images of inkjet perovskite films

coated on different ETLs and corresponding atomic force microscope (AFM)

topographic images of the perovskite layers fabricated on top of the spin (a), spray

(b), and SnO, bilayer (c) ETLs.



XPS study of inkjet-printed perovskite:
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Figure S2- (a) Pb 4f, (b) I 3d, (c) Br 3d, (d) C 1s, (e) N 1s, and (f) Cs 3d core-level X-ray
photoelectron spectroscopy (XPS) spectra of perovskite film.

Estimation of UPS parameters:

*Optical band gap (E,) was obtained from the optical absorption spectra using the Tauc

relationship.

Work function Wg (eV) =21.22 eV — E yoir(eV)
EVBM (eV) = WS (CV) + Eonset (CV)

Conduction band Ec¢ (eV) = Ws (eV) + Eygm (eV) — Eg (eV)

.. (Exp.S1)
(Exp.S2)



Table S2. Detailed band structure parameters derived from the UPS and absorption spectra of all

SnO; and perovskite films.

Eon-set Ecut—offt Eg Ws EVBM EC
Sample (eV) (eV) (V) (V) (eV) (eV)
Spin-Sn0O, 393 17.53 3.69 3.69 7.62 393
Spray-SnO, 3.97 17.5 3.61 3.72 7.69 4.08
SnO; bilayer 3.94 17.32 3.59 3.90 7.84 4.25
Perovskite 1.54 16.98 1.65 4.24 5.78 4.13
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Figure S3: J-V characteristic curves of PSC devices based on spin-SnO, ETL and spin-coated

perovskite in the forward and reverse scan directions.
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Table S3. Performance of spin-coated PSCs.

Voc Jsc Fill Factor Efficiency
Device

V) (mA/cm?) (%) (%)
Forward 1.213 17.71 79.16 17.01
Reverse 1.220 17.73 82.31 17.81
Average 1.221 17.71 79.71 17.23

Hysteresis Index Calculation:
The hysteresis effect of the PSC device can be quantified using a dimensionless hysteresis index

(HI) expression below.

HI =

PCEps (Exp. S4)
Here, PSCrs represents the photocurrent in forward-bias scanning, whereas PSCgg represents the

photocurrent at bias in reverse-bias scanning.
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Figure S4- J-V characteristic curves of the representative inkjet-printed PSCs based on different
ETLs (a) Spin-SnO,, (b) spray-SnO,, and (c) SnO, bilayer in the forward and reverse

scan directions.



Stabilized current density at maximum power point:
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Figure S5. (a) A steady-state current density of the inkjet-printed PSC devices measured at the
maximum power point. (b) The device stability study for IJP PSCs stored under
ambient conditions (temp: 25-30°C; RH: 30-35%).

Estimation of Fluorescence decay lifetimes:

The equation used for tri-exponential curve fitting of the TRPL curve:

3 3 3
A1T1+A2T2+A3T3

TPL:A T.+A4,7, + A, T
1°1 2°2 373 (Exp. S5)

Here, A|, A, and Aj; are the relative weight fraction amplitudes; and 1, 1,, and 73 are fast and

slow fluorescence decay lifetimes
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Table S4. The average fluorescence decay lifetime of perovskite films is based on the bi-

exponential fitting of TRPL spectra.

Al Tl A2 TZ A3 T3 Taverage
Sample
(kCnts) | (ns) | (kCnts) | (ns) | (kCnts) | (ns) (ns)
Perovskite 1.1 82 2.85 30 59 1.9 54
Spin-SnO,/Perovskite 1.73 62 2.96 24 5.49 2.38 44
Spray-SnQO,/Perovskite 1.27 57 3.11 22 5.5 2 37
SnO, -bilayer/Perovskite 0.72 48 5.33 19 3.5 2.2 25
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Performance comparison with previous literature:

Table S5. A comparison of inkjet-printed PSC device performance based on different ETLs with

various perovskite systems was reported in the literature.

ETL
Device structure Perovskite material fabrication POC E | Refere
(%) nce
method
FTO/Ti0,/ Perovskite/C Spin 11.60 .
FTO/Ti0,/Perovskite/Spiro- ) p
MecOTAD/Au Siptil —
FTO/Ti0,/ZrO,/Perovskite CH;3;NH;3PbI; Spra 9.53 s
/Spiro-MeOTAD/Au pray '
FTO/Ti0,/Perovskite /Spiro- ) .
MeOTAD/Au s | el
FTO/Ti0,/P kite /Spiro-
IMZCO?II“X\S/AIG; per FAO,15MA0,85Pb12.55Br0,45 IJP 141 1 7
FTO/Ti0,/Cgo/Perovskite /Spiro- Dits 17.04 .
MeOTAD/Au CH-NILPbI
FTO/TiO,/Perovskite /Spiro- 3TREES Spin 18.20 9
MeOTAD/Au P '
FTO/Ti0,/P kite /Spiro- )
lMieOe"lffZ:l/; / ;j P Cs0.1(FAo83MA.17)0.9Pb(Br 1710.83)3 Spin 11.50 10
FTO/T10,/Cgy/Perovskite /Spiro- )
! i\/[e%T AD‘/IAu P Cso.0sMAg.14FAg 31Pbl; 55Brj 45 Dip 19.60 1
FTO/TiO,/Perovskite /C CH;NH;Pbl; 1JP 12.07 12
ITO/SnO,/P kite + PTB7 )
/Srpl)irf)-l\e/:lre%]"i“ g]e) AU Cs.0sF A0.79MA.16Pb(Bro.1710.83)3 Spin 1.2 B
ITO/Spin-
14.
SnO,/Perovskite/Spiro- Spin 7
MeOTAD/Ag
ITO/Spray- .
15.29
SnOZ/PQFOVSkite/SpiFO- CSo.loFAO.75MAO.15Pb(Br0,1510.85)3 Spray V'f(l)lll'f(
MeOTAD/Ag
ITO/SnO, 16.90
bilayer/Perovskite/Spiro- Spin/spray )
MeOTAD/Ag
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