Supporting Information

Solid-liquid Two-step Film Formation Enables Efficient and Stable

Inverted Perovskite Solar Modules

1. Materials
All the chemicals were purchased from commercial businesses without further purification.
Formamidinium iodide (FAI) (98%, Greatcell Solar Materials Pty Ltd), Lead iodide (PbI2)
(99.99%, Zhejiang Yitai Technology Co., Ltd.), Urea (99.999%, Aladdin), Bathocuproine (BCP)
(>99.0%, TCI), Fullerene (Ceo) (99.9%, Tanfeng Tech. Inc.). Copper particle (Cu) (99.999%,
Fuzhou Yingfeixun Photoelectric Technology Co., Ltd). Isopropanol (IPA) was purchased from
Sigma-Aldrich. Cesium bromide (CsBr) (99.9%) and methylammonium chloride (MACI)
(99.5%) were purchased from Xi’an Polymer Light Technology in China. All the materials are
stored in the nitrogen-filled glove box to avoid the water.
2. Measurements

X-ray diffraction (XRD) measurements were carried out using a Rigaku Ultima IV X-ray
powder diffractometer with Cu Ka radiation over the 26 = 10—-60°. UV-Vis absorption spectra
were measured on a UV-2600 spectrometry (Shimadzu). SEM images were taken on Zeiss
Gemini 300. For SEM characterization, the accelerating voltage of the electron beam is 3 kV.
AFM images were obtained using Bruker Multimode 8 Atomic Force Microscopy. Thermo
ESCALAB 250X1 was used for UPS and XPS measurements. Steady-state photoluminescence
(PL) and time-resolved photoluminescence (TRPL) were measured via a Spectrofluorometer
FS5 (Edinburgh Instruments Ltd.) with excitation at 510 nm. Fitted TRPL decay provides
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insights into the charge carrier dynamics, which was fitted using an empirical biexponential

equation:*®
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The average PL lifetime is determined by the following equation:
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where yo is the decay constant, A; and A, are decay amplitudes, 1) is the fast decay process
associated with the charge transfer, and 12 is the slow decay process resulting from charge
recombination.
3.1 In-situ photoluminescence measurements
In-situ photoluminescence (in-situ PL) spectra were characterized by home-built equipment,
including an excitation system, fiber system, and detector system. The testing samples are held
in a temperature-controlled N2 glove box or humidity-controlled air box with a fiber system set
around the sample, while the excitation and detection system is set in the ambient environment
connected with the fiber. An excitation system was used using an excitation laser (315 nm, max
=300 W). Excitation light was introduced to the sample through a fiber. The emitted light from
the sample was collected by fiber and introduced to a spectrophotometer (Ocean Optics
USB2000). A 550 nm low pass filter is applied in the light pass to the spectrophotometer.
3.2 Perovskite photovoltaic mini-modules fabrication and characterization.

For the large-size perovskite modules, laser etching, including P1, P2, and P3 processes,
was conducted by a nanosecond laser (ZNLB-22V1-LW300). Before use, the FTO was cleaned
with ultraviolet ozone for 15min. The following procedures were fabricated on the pre-

patterned large FTO glass substrates. The mini-modules were fabricated on the pre-patterned
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large FTO glass substrates (10x10 cm). For the P1 process,10 cm <10 cm size FTO substrates
were patterned with a scribing width of 35 um with 11-strip connected in series. The NiOx films
were prepared by magnetron sputtering at 9 x10 Pa, and the power was controlled at 500 W
for 300s, and the thickness was about 25 nm. The first step for the PSM fabrication is different
for the blade-coating and solid-liquid process. For the blade-coating process, the solution of
Pblx (461 mg) in ImL DMF: DMSO (10:1) was blade-coated onto the above substrate at a

movement speed of 20 mm s

in air. For the solid-liquid process, CsBr (15 nm) and Pblx
(300nm) were deposited sequentially by thermal evaporation on the NiOx substrates. For the
second step, the solution of FAI: MACI (110 mg: 11 mg) in the absence or the presence of Urea
in 1 mL IPA was blade-coated onto the above Pbl>-covered FTO glass substrates at a movement
speed of 15 mm s™! in air. The N, knife worked at 0.5 kaf cm™ during blade-coating. Then, the
film was annealed at 150 °C for 20 min in air with a relative humidity of 40 + 5%. Afterward,
25 nm Ceo, 5 nm BCP, and 240 nm copper were sequentially deposited sequentially using
thermal evaporation under a high vacuum (<8 x 107 Pa). For the P3 process, the Cu layer was
scribed with a 95 pm width. A full structure of the large-size PSC is shown in Fig. S13. The
fabricated modules typically have 11 sub-cells, each with a width of 7.33 mm. The total dead
width was 0.332 mm, giving a GFF of 95.47%.

The mini-modules were fabricated on the pre-patterned large FTO glass substrates (10%10
cm, P1 width 35 um) following the same procedure as the solar cells. The fabricated modules
typically have 11 sub-cells, each with a width of 7.33 mm. The laser scribing was performed
twice with a laser marker. The final widths of P2 and P3 were measured to be 116 and 95 um,
respectively. The total scribing line width was 0.332 mm, giving a GFF of 95.47%.
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The current density—voltage (J—)) characteristics of the mini-modules were measured
using a Keithley 2400 Source Meter under standard AM1.5 G illumination, and the light
intensity was calibrated using a standard silicon reference cell (Newport, Oriel Sol3Atm). The
J-V curves were measured by forward scan (-0.1 to 13 V) and reverse scan (13 to -0.1 V). EQE
spectra were obtained with a PVE300-IVT QE measurement kit by focusing a monochromatic

light beam onto the devices.
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4. Supplementary Figures.
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Fig. S1. AFM characterization(a,b) and top-view SEM results(c,d) of NiO and NiO/CsBr.
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Fig. S2. The SEM images of Pbl> prepared by vapor deposition with different rates.

S6



- Ppl, (Blade coating)
Pbl, (Vapor deposition)
= Pbl,/CsBr

Intensity (a.u.)

AN

6 7 8 9 10 11
q (nm™)

Fig. S3. The GIWAXS line-cut profiles of Pbl films (deposited by blade coating and vapor)

and Pbl,/CsBr film.
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Fig. S4. The GIWAXS line-cut profiles of perovskite films (prepared by blade coating and

solid-liquid deposition), PVSK/CsBr and PVSK/CsBr + Urea films.
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Fig. S5. Normalized integrated intensities of the perovskite (100) planes as marked in Fig. 3a-

3c and plotted as a function of the azimuthal angle.
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Fig. S6. The SEM images and grain size distribution of PVSK/CsBr + Urea film with varying

concentrations.
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Fig. S7. Heat maps of in situ PL for (a) PVSK/CsBr and (b) PVSK/CsBr + Urea within 300s.
(c) Evolution of the intensity of maximum peak extracted from in-situ PL spectra during the

annealing process. (d) The shift of the wavelength corresponding to the maximum peak of the

in-situ PL spectra.
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Fig. S8. (a) The UV-vis absorption spectrum of perovskite films and (b) the corresponding

Tauc plots based on PVSK/CsBr and PVSK/CsBr + Urea.
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Fig. S9. The photoluminescence (PL) and (¢) time-resolved photoluminescence (TRPL) spectra

of the pristine PVSK and PVSK/CsBr films.
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Fig. S10. UPS spectra of (a, b) PVSK/CsBr and (c, d) PVSK/CsBr + Urea. (e) The schematic

diagram of the energy level arrangement of PVSK/CsBr and PVSK/CsBr + Urea.
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Fig. S11. The manufacturing procedure of perovskite film deposited by the solid-liquid two-

step method.
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Fig. S12. The photos and XRD patterns of nine-portion perovskite films prepared by (a, b)

blade coating and (c, d) solid-liquid deposition.
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Fig. S13. (a) size of a 10 cm x 10 cm? based PSM. (b) Optical micrograph of P1, P2 and P3

lines.
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Fig. S14. (a) The J-V curves of best-performing PSMs based on PVSK (Blade-coating), PVSK

(Solid-liquid), PVSK/CsBr and PVSK/ CsBr + Urea.
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Fig. S15. The EQE curves of best-performing PSMs based on pristine PVSK, PVSK/CsBr and

PVSK/CsBr + Urea.
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Fig. S16. (a-d) Photovoltaic performance variations of (a) Voc, (b) Jsc, (¢) FF and (d) PCE for

PSMs based on PVSK (Blade coating), PVSK (Solid-liquid), PVSK/CsBr and PVSK/ CsBr +

Urea.
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Fig. S17. The XRD patterns of (a) PVSK (Blade coating), (b) PVSK/CsBr and (c) PVSK/ CsBr

+ Urea films stored in ambient air with 35+5% RH under natural light.
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Fig. S18. The XRD patterns of PVSK/CsBr films stored in the glove box at 85 °C.
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Fig. S19. PCE evolution of the encapsulated PSMs based on blade-coating PVSK, solid-liquid
PVSK and PVSK/CsBr + Urea stored in air at room temperature with relative humidity (RH)

of 75+ 5%.
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5. Supporting Tables.

Table S1. Photovoltaic parameters of PVSK based on solid-liquid with different deposition

rates.
Voc Jse FF PCE
Deposition rate (0.5 A s)
[V] [mA cm™] [o] [7o]
0.5 11.10 1.83 76.92 15.64
5 11.14 1.86 76.34 15.81
20 11.02 1.85 77.27 15.78
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Table S2. Photovoltaic parameters of PVSK/ CsBr + Urea with different content.

Voc Jsc FF PCE
Content (mg mL™) 5
[V] [MA cm™] [%] [%]
Urea-0 11.25 1.98 78.39 17.43
Urea-5 11.51 2.00 78.79 18.18
Urea-10 11.87 2.03 78.90 19.03
Urea-15 12.05 2.11 80.87 20.56

Urea-20 11.52 2.01 7751 17.92
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Table S3. Photovoltaic performance parameters of perovskite solar modules include p-i-n and

n-i-p- type devices.

Device AC;if\éz Ver e FF PCE Reference

structuture [cm?] V] [mA cm?] [%] [%0]
N-i-p 918  13.74 139 53.87 1214 ég‘z’lEi‘ir%(')\g‘;tfzr
n-i-p 50 1046 245 60 1546 N?Zr‘gz'g’)”ig:’l'ég“-
n-i-p 6522 1392 1514 753 1587 ool EMEOn Bl
n-i-p 428 1605 1498 7089 1705  |anoEneray822021)
n-i-p 8262 1006 254 6720 172  AnOEnerayes(2022)
n-i-p 9 1e62 2207 7485 1779 AouEIey e
n-i-p 604 1113 2.35 7151 187 N?;(‘)’z‘g’)”gg?l'ﬂ“-
n-i-p 585 137 186 7504  19.28 Adv. Iater. 2023,
n-i-p 55 1526 179 7L49 1953 COUeT T B ulyid,
n-i-p 65 1535 167 761 1954 SCieln3C§23(7220’211§27‘
n-i-p 54 15516 179 7165 199 Sooh ENATOn SEl
n-i-p 81 1546 171 63 2015 AGLEIOW Heer
n-i-p 64 1843 1457 766 2056 Science(%g,zi)’,OZ—306
n-i-p 206 1327 211 738 2066 Adv. Iater. 2023
p-i-n 429 1314 1971 735 15.86 ’QSXOE'l’SrglygSﬁtSé
p-i-n 57.8  17.24 1.25 68.9 149 3'(\"2%2‘5‘;5231%6
p-i-n 50 1607 1527 78 19.2 Science(%?é,ls))OZ—907
p-i-n 61.56 12.05 2.11 80.87 20.56 In this work
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