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Abstract: Recently, organic-inorganic hybrid perovskite solar cells have demonstrated a broad commercial
prospect due to their high photoelectric conversion efficiency (PCE) and low fabricating costs. During the past
decades, the highest reported PCE of small-area (<1 cm?) perovskite solar cells (PSCs) rose to 26.10%, and those of
large-area (1-10 ¢cm®), mini-module level (10-800 cm”) and module level (>800 cm”) PSCs increased to 24.35%,
22.40% and 18.60%, respectively. The performance of PSCs decreases dramatically with the area increasing due to

limitation of the deposition method and the poor quality of large-area perovskite films. Spin-coating method is not
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suitable for actual industrial production, while the scalable deposition methods including blade-coating and slot-die

coating still face the difficulty of precisely controlling nucleation and crystallization of the perovskite films with

large area. This review summarized preparation methods of large-area perovskite films, and discussed the

film-forming mechanism and strategies for high-quality perovskite films. Finally, relevant outlooks on technologies

and applications for large-area PSCs with high performances and stabilities were analyzed. This review is expected

to provide insights on the research of large-area PSCs with high performance.

K ey wor ds: perovskite film; perovskite solar cell; large area; film-forming control; review
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Fig. 1 Scalable-deposition techniques of large-area PSCs
(a) Blade-coating; (b) Slot-die coating; (c) Bar coating*"
(f) Co-evaporation®"; (g) Vacuum flash-assisted solution process (VASP)

; (d) Inkjet printing®?); (e) Screen printing!®’;

[26]

x1 FARAAERZLIcm)BHRT BAR. MG EMEE PSCs FMERE R4
Tablel Summary of largearea (=1 cm?) perovskite layer composition, deposition techniques and corresponding PSCs

performance

Perovskite layer composition Deposition technique Voc/V Jsc/(mA-cm™?) FF/% PCE/% Area/cm® Ref.
FA(.33Cso.12Pbl; One-step blade-coating 1.00 21.21 72 15.30 205 [3]
MAPDI; One-step blade-coating 1.08 23.17 68 17.06 1 [16]
FAPDI; Two-step blade-coating 6.71 3.47 71 16.54 25 [17]
FAPDI; Two-step blade-coating 6.65 3.72 75 18.65 25 [18]
(FACs)Pb(IBr) Vacuum evaporation+blade-coating ‘1‘32 2::; iz igg; lé [19]
FAo.1sMA5sPbl; Screen printing 1.10 23.93 69 18.12 1 [23]
MAPDI; Co-evaporation 6.71 3.68 73 18.13 21 [24]
FA¢s1MAy,15Pbl, 5/Brj s Two-step spin-coating+VASP 1.14 23.19 76 20.38 1 [26]
FA¢.09sMA¢.00sPb(10.995Br0.005)3 Vacuum evaporation+spin-coating 1.18 24.55 77 22.26 1 [30]

FA: formamidinium; MA: methylamine; Voc: open-circuit voltage; Jsc: short-circuit current density; FF: fill factor
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Fig. 2 Film-forming mechanism of perovskite layer
(a) LaMer model for nucleation and growth of perovskite films!”’; (b) Relationship between volumetric and interfacial
energy for the energy barrier to form a nucleus®®’; (c) Photographs and PCEs of PSCs from devices fabricated on test areas of the

respective substrates (>100 cm?) (uo: speed of air knife)?”); (d) J-V curves of perovskite crystal array (PCA) treated PSCs
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Fig. 3 Composition engineering of perovskite material ABX;

(a) Schematic diagram of crystal structure of perovskite*”; (b) J-V curves of solar modules based on W/O and W/Cs perovskite films**); (c) X-ray
diffraction patterns of Cs,FA,Pbl, 4Br; , perovskite films®*); (d) Roles of cations in the realized degradation routes®® (/¢ instability index); (e) Fill
factor limitation comprises nonradiative loss (blue area) and transport loss (pink area)®; (f) J-¥ curves of 1.03 cm” PSCs and 10.93 cm?
mini-module level PSCs with insets showing their pictures®®”; (g) Scanning electron microscopy (SEM) images of FACs perovskite films with

different compositions™”);

(h) J-V curves of FACs perovskite solar cells with different compositions before and after light soaking™”’; (i) Pb4f

high-resolution X-ray photoelectron spectra of perovskite films using Pbl, precursor films with light irradiation for 0-8 h!**)
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Fig. 4 Additive engineering of perovskite precursor ink
(a) SEM images of vapor deposited Pbl, (V-Pbl,) with solution processed Pbl, (S-Pbl,) as the control films, or solution processed NH4CI-Pbl, films,
and their corresponding perovskite films!'®”’; (b) J-V curve and picture of a large-area PSC (1.01 cm?) based on NpMAI (NpMA:
1-naphthalenemethylammounium) treated films'®"); (c) Digital images of two pieces of representative crown-FACsPbI; films (16 and 100 cm? area) [*;
(d) J-¥ curves for the champion sulfolane treated PSCs with 0.09, 0.16, and 1 cm” working areas'®’); (e) J=¥ curves of a larger device (1 cm?) with
perfluorobenzene (HFB)!®**!; (f) PCE distributions of 10 independent PSCs with (target) and without (control) modification!®®; (g) J-¥ curve and
photograph of a 5 cmx5 cm BTAI-MAPDI; based perovskite solar module (PSM)™”!
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Table2 Summary of large area (=1 cm?) perovskite layer composition, factorsinfluencing the crystallinity
(solvent system and additive type) and performance of corresponding PSCs

Perovskite layer composition

Factor affecting perovskite crystallinity  Voc/V

Jso/(mA-em™@)  FF/%  PCE/% Area/cm® Ref.

FAo:Cs01,Pbls DME/NMP 15.35 1.67 76 1954 65 [45]
MAocFAPbI; 2MEDMSO/CBH — >%] = O G £
(FAPbL )o575(CSPbBI3)o 125 DME/DMPU 6.69 3.70 72 1771 10 47
(FAPbL )o.6(CsPbBrs )o0s DME/DMPU 10.82 2.15 77 1794 20 [48]
FA.5:Cs0.17Pbl s3Bro 17 DME/NMP/DPSO 1.08 20.63 74 1663 21 [49]
(FAPbL, )oss(MAPbBI,)0 5 Solven 2-ME/DMI 15.46 171 76 2015 81 [50]
(FAPbI,)055(MAPbBI; )05 system 2-ME/CHP S :;g ‘2‘:? j g? 58:33 ;? [51]
MAPbI 2-ME/DMSO 3.19 7.19 70 14.57 232
FAPbI, 2-ME/ACN 8.36 3.06 67 1710 13 [53]
MAPbI 2-ME/DMSO/ACN  18.90 1.17 76 1690 64 [54]
FAPbI, DME/DMSO/ACN 9.00 3.14 76 2190 16 [55]
C0s(FA57MAo 0)57Pb(los7Bro o) pmppmMsoEon v 2 L N £
(FAMA)PbI NH,CI* 7.31 2.96 67 1455 25 [60]
(FAMA)PbI, NpMAI® 1.19 24.53 76 22.26 1 [61]
(FACs)Pbl, Crown 12223 T:é; 221; 15’233 1(1)<6) (631
MAPbI, Typeof  Sulfolane 7.44 3.04 71 1606 37 [64]
FAPbI, additive Hexaflorobenzene 121 252 80 25.12 1 [65]
FAPbI, NAMHI 6.61 3.85 79 2010 10 [66]
MAPbI BTAI 6.52 351 80 1857 12 [67]
FAosMA0 6:Cs001Pb(I6.92Bro os)s PMA-AA 11.54 2.37 80 2195 14 [68]

“: used for Pbl, solution of two-step deposition; DMF: N,N-dimethylformamide; NMP: N-methylpyrrolidone; 2-ME: 2-methoxyethanol; DMSO:
dimethyl sulfoxide; CBH: carbohydrazide; DMPU: N, N-dimethylpropyleneurea; DPSO: diphenyl sulfoxide; DMI: 1,3-dimethyl-2-imidazolidinone;
CHP: 1-cyclohexyl-2-pyrrolidone; ACN: acetonitrile; EtOH: ethanol; NpMA: 1-naphthalenemethylammonium; NAM: nicotinamide; BTA:
benzyltrimethylammonium; PMA: polymerization of methyl acrylate; AA: acrylamide
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