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Recent Advances on Printing Technology for Perovskite Photovoltaics

JIANG Ruixuan', KE Bingcan', ZHU Zewei', TONG Jinhui', BU Tongle', HUANG Fuzhi'?
(1. State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan
430070, China; 2. Xianhu Laboratory of the Advanced Energy Science and Technology Guangdong Laboratory, Foshan 528200,
Guangdong, China)

Abstract: Perovskite solar cells have a great potential for commercialization due to their advantages of high power conversion
efficiency and low cost of manufacturing. However, it is necessary for industrial applications of PSCs to scale up perovskite
photovoltaic modules with high efficiency and stability, and the key factor is to scale up high-quality perovskite films. Printing is one
of the cheapest and environmental-friendly mass production technologies, and it is also the main technical approach widely used for
large-area perovskite fabrication. This review summarized the characteristics and mechanisms of six types of printing methods for the
deposition of perovskite films (i.e., blade-coating, slot-die coating, inject-printing, and etc.). The influencing factors and controlling
strategies were analyzed. This review provided a reference for the future research and application of large-scale perovskite
photovoltaics.
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Fig. 1 (a) Schematic diagram of the manufacturing process of perovskite solar modules®®; (b) Schematic illustration of roll-to-roll

production of perovskite solar modules!”
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Fig. 2 (a) Relationship between free energy of particles in
perovskite precursor solution and their radiuses®’; (b)
Schematic diagram of the crystal growth in precursor
solution); (c) Diagram of the LaMer module™; (d)
The variation trend of velocity and cluster size on

degree of supersaturation!’!
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Fig. 3 Schematic illustration of (a) The blade coating method®?. (b)Slot-die coating method™. (c) Bar-coating method™*,
(d) Tinject-printing method®". (e) Screen-printing method™". (f) Spray-coating method>”
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Table 1 Processing methods and parameters of devices with active area not less than 1 cm” prepared by blade-coating method

. Power conversion Area/ Area )
Device structure . ) Certified Process Reference
efficiency/% (R/F)  cm type
FTO/SnO»/FA, $35Cs0.12Pbl3/Spiro-OMeTAD/Au 15.3* 205  Aperture Yes Add MACI and NMP [22]
FTO/SnO; QDs/ZnO—-S/FA¢Cs 1 Pbls/ 18.73/21.39 36 Total No Use FTO/SnO, QDs/ [54]
Spiro-OMeTAD/Au ZnO-S structure
ITO/PTAA/Csg0sFA¢.9sPbls/PFBS—C ,/Ag 18.9* 53.6  Active No Optimize ETL [55]
FTO /c-TiO»/mp-TiO,/ MAPbI;/CB/Ag 19.68 (average) 100 Total No Optimize ETL [56]
FTO/SnO,/FAg53Cs0.17Pb(Ip9Brg 1)/ 18.4/18.8 10 Active Yes Add ammonium acetate (NH4Ac) [57]
Spiro-OMeTAD/Au
ITO/PTAA/Csg0sFA¢9sPbls/PCBM/Ag 9.96* 1 Active No Use Alkyl xanthate to [58]
disperse nickel oxide (NiOy)
FTO/SnO»/MAPbI;/Spiro-OMeTAD/Au —/15.65 10.08  Active No Add arginine acid (Arg) [59]
ITO/PTAA/MA, ¢FA 4Pbl3/Ceo/BCP/Cu 19.3* 18.1  Aperture Yes Add CBH [60]
ITO/PTAA/MA, ¢FA 4Pbl3/Ceo/BCP/Cu 19.2* 50  Aperture Yes Add CBH [60]
FTO/SDOQ/CSO15FA035Pb1255B1‘045/ 17.71* 10 Active No Add DMPU [61]
Spiro-OMeTAD/Au
ITO/SnO,/MA(9GA,,1Pbl3/P3HT/Ta-WO,/C 15.3* 25 Total No Add GACI [62]
ITO/PETDOT:PSS/PTAA/MAPDI/ 16.48/16.61 1 Aperture No Add thiourea [63]
PCsBM/BCP/Cu
ITO/PTAA/MAPbI;/BCP/ Ag 16.9* 63.7  Active Yes Add CAN and 2-Me [64]
ITO/PTAA/ MAPDLI;/PCsBM/BCP/Ag 15.38* 10.08  Active No Add S-benzyl-L-cysteine (SBLC) [65]
FTO/SnO»/(FAPbI;3) ss(MAPbBI3)0.15/ 16.54/13.17 100 Total No Add tributyl phosphate (TBP) [66]
Spiro-OMeTAD/Au
FTO/ZnS-ZnO/Crown-modified FACsPbl;/ 16.05/16.69 8.00  Active No Add crown ether [67]
Spiro-OMeTAD/Au
FTO/ZnS-ZnO/Crown-modified FACsPbl;/ 12.64/13.84 49.0  Active No Add crown ether [67]
Spiro-OMeTAD/Au
ITO/PTAA/MAPbI;/Cg/BCP/Cu 15.45/15.86 429  Active No Add NHsAc [68]
ITO/NiO,/MAPbI;/PCBM/BCP/Ag 16.66/16.71 1 Active No Vacuum quenching [69]
Flexible PET/ITO/PEDOT: EVA/ 16.34/17.61 31.20  Active No Use (PEDOT:EVA) as HTL [70]
MA07FA03Pb13/PC6]BM/Ag
ITO/PTAA/BHC-modified MAPbI;/Cs/BCP/Cu 18.20* 35.8  Active No Add benzene hexachloride (BHC) [71]
Flexible PEN/ITO/PTAA/GBA-modified 13.26/14.48 10.64  Active No Add 4-guanidine butyric acid (GBA) [72]
FA7MAg25Cs0.05 Pb(lo.93Br0.07)s/PCBM/BCP/Ag
ITO/PTAA/MAPbI;/PCBM/BCP/Cu —/18.26 1.96 Total No Add Porphyromononium (ZnP) [73]
FTO/c-ZnO-ZnS/m-TiO2/MAPbI/ —/15.79 16 Total No Add Tetrabutylammonium [74]
Spiro-OMeTAD/Au bromide (TBAB)
FTO/Ti02/MA( 7F A 3Pbl3/Spiro-OMeTAD/Au 11.6/16.3 10.36 Active No Add NMP and pre-heat the substrate [75]
ITO/PTAA/MAPbI;/Ce/BCP/Cu 14.2/15.0 33 Aperture Yes Add L-a-phosphatidylcholine [53]
ITO/PTAA/MAPbI;/Ce/BCP/Cu 14.7/14.9 572 Active Yes Add L-a-phosphatidylcholine [53]
ITO/PTAA/FA3sMAy,15Pb(I.85Bro 15)3/ 18.3* 1 Total No Add sulfonic zwitterions [76]

PCBM/Cg/BCP/Cu

* after PCE indicates that only the highest efficiency is provided without indicating forward or reverse scanning.
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Fig. 4 (a) Optical micrograph of the cross-view meniscus ink between a lower flat, movable substrate and an upper stationary
plate®]; (b) Relationship of vapor pressure and donor number (Dy) of solvents and iodide ion'®; (c) Schematic illustration
for N,-knife-assisted treatment of perovskite film using a speed of 99 mm/s at room temperature!®; (d) Cross-section
scanning electron microscope images of perovskite films prepared with different solvent mixtures'®; (¢) Schematic diagram
of how the voids are formed at the perovskite-substrate interfaces®”; (f) Schematic of the crystallization steps with addition

of MACI to the DMF/NMP solvent based perovskite precursor solution
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Table 2 Processing methods and parameters of devices with active area not less than 1 cm? prepared by slot-die method
. Power conversion Area/ Area )
Device structure . N Certified Process Reference
efficiency/% (R/F) cm type
ITO/SnO,/MAPbI3/Spiro-OMeTAD/MoO,/Ag 11.24/— 1 Active No Use intense pulse light [47]
annealing
ITO/NiO NPs/Cs, 17F Ag 83Pb(Io 87Bro.13)3/ 16.06/13.50 1 Active No Heat the slot-die coater [86]
PCBM/ZnO NPs/Ag
FTO/NiO/MAPbLI;/PCBM/BCP/Ag 17.7/- 1 Total No Add GBL and DMSO [87]
FTO/TiO,/ZrOy/MAPbI;/C —/11.1 1.5 Active No Multilayer slot-die coating [88]
ITO/SnO,/MAPbI;/Spiro-OMeTAD/Ag 15.1* 2.1 Active No Multilayer slot-die coating [89]
and vacuum quenching
PET/ITO/SnO,/ FAPbI; /Spiro-OMeTAD/Au 10.68/8.20 5 Total No Coating using a sheet [90]
of paper
FTO/TiOo/FAPbLI;/PC¢ BM/Ag 19.0/19.6 7.92  Active No Stabilize the phase during [91]
coating
ITO/poly(3,4-ethylenedioxythiophene): 8.3% 10 Active No Add PbAc; and PbCl, [92]
polITO/PEDOT:PSS/MAPbDI; / Ceo/
PCBM/BCP/Ag
FTO/c-TiO,/SnO,/ 15.2/17.5 12 Aperture No Add DMSO [50]
FAy.55Pb(I5.96Bro.04)3/Spiro-OMeTAD/Au
ITO/2PACz/MAPbI3/Cg/Cu 3.79/3.87 12.56  Active No Add DMSO [93]
PET/ITO/SnO/Cs.05(FAg.8sMAg.15)0.95 15.10/15.22 16.07  Active No Prepare SnO, by [94]
Pb(I.35Br.15)3/Spiro-OMeTAD/Au slot-die coating
FTO/SnO»/FA( 33Cs.17Pbls/ 18.9/19.3 17.1  Active Yes Add NMP [3]
2D-KPF¢/Spiro-OMeTAD/Au
FTO/SnO,/ FA 33Cs.17Pbl3/2D-KPF¢/ 19.22/19.54 65.0  Active No Add NMP [3]
Spiro-OMeTAD/Au
FTO/Sn0,/Cs¢.0sMAg4 FA ssPb- (I9.96Bro.04)3/ —/17 18.1  Active No Add DMSO [95]
Spiro-OMeTAD/Au
ITO/NiOy with LS1)/ MAPbI3/ 14.9 19.16 Aperture No Add self-assembled [96]
PCBM/BCP/Ag (Average) donor—acceptor dyad
molecules
FTO/NiMgLiO/F A s3Cso.17Pbl g3 16.63 20.77  Active Yes Add DPSO [97]
Bry,17/LiF/Cs/BCP/Bi/Ag (Quasi-stabilized efficiency)
FTO/TiO/FAPDI;/Spiro-OMeTAD/Au 16.89/17.86 26.4  Active No Vacuum quenching [98]
ITO/PTAA/FAPDBI;/Ceo/SnO,/Ag 17.26/17.56 57 Active No FAI post-treatment [99]
FTO/SnO,/ 15.63/16.22 57.5  Active No Add CsPbBr; and KPb,Brs [100]
FAPbI3/Spiro-OMeTAD/Au
FTO/TiO,/ZrO,/MAPbI;/Carbon —/12.87 60.08 Active No Use Ti0,/ZrO,/Carbon [101]
structure
FTO/SnO, NPs/MAPbI;/ 17.3 100 Total No Add DMSO [49]
Spiro-OMeTAD/Au (Average)
PET/ITO/PEDOT: PSS/MAPbI;/ 12.2* 100 Total No Multilayer slot-die coating [42]
PCBM/BCP/Ag
ITO/c-TiO/M 11.8* 142 Active No Laser processing [102]
APbI;—XCl/Spiro-OMeTAD/Au
FTO/NiO,/FAPbI;/PCBM/BCP/Ag 18.6/18.6 174 Active No Slot-die coating perovskite [103]
and vacuum deposit the NiOx
FTO/SnOy/ Csy.1FA(oPbl;/PCBM/Ag 11.2* 300 Active No Add phenylalanine (Phe) [104]

Note: * after PCE indicates that only the highest efficiency is provided without indicating forward or reverse scanning.
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Fig. 5 (a) Relationship between the film compactness and uniformity and the coating speed™; (b) Relationship between the film

compactness and uniformity and the air flow speed®™!; (c) Schematic diagram of NIR assisted annealing strategy

[105].

(d) Schematic of the vacuum quenching strategy™; (e) Schematic diagram of the additive effect on adjusting colloidal

particle formation!®’!
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Table 3 Processing methods and parameters of devices with active area not less than 1 cm’ prepared by bar-coating method

Power conversion

Area/ Area

Device structure . N Certified Process Reference
efficiency/% (R/F) cm”  type
ITO/PEDOT: PSS/CH3;NH;PbI;(MAPDI;)/PCBM/Ag 12.87/13.03 2.1 Active No Use anti-solvent of [PA [119]
FTO/SnO,/ MAPbI3/Spiro-MeOTAD/Au 17.82%* 100 Totoal No Using perovskite [120]
cluster-containing solution
FTO/TiO2/MAPbI3/Spiro-MeOTAD/Au 12.82/14.95 1 Active No Add CHP [121]
FTO/SnO,/(FAPDbI;) 375(CsPbBr3)0.125/Spiro-MeOTAD/Au 16.01/17.01 25 Totoal No Add HMPA [122]
FTO/Ti0,/(FAPbI3).9s(MAPbBr3) 0s/Spiro-MeOTAD/Au 17.53* 31  Aperture Yes Air assisted coating and add CHP [24]

* after PCE indicates that only the highest efficiency is provided without indicating forward or reverse scanning.
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Fig. 6 (a) Schematic illustration of high-speed bar-coating method for preparing perovskite film!'>”; (b) Schematic illustration of

intermediate phase controlled bar-coating method for preparing perovskite film
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Table 4 Processing methods and parameters of devices with active area not less than 1 cm® prepared by inject-printing

method

Power conversion Area/ Area
efficiency/% (R/F) cm? type

Device structure

Certified Process Reference

FTO/c-TiO5/m-TiO»/CH;NH;Pbly/CH;NH;Pbls/Spiro-OMe TAD/Au

ITO/NIOX/CS() 1 MA() 1 5FAO‘75Pb(Iq.g5BI‘0‘ 15)3/C60/BCP/AU

PEN/Ag NWs/PEDOT:PSS/CH;NH;Pbl;/PC7 BM/PEI/Ag NWs

ITO/NlOX/CS() 1 (]FAO_75MA()_ 1 5Pb(BI‘0_ 1 51035)3/PCBM/BCP/A11

ITO/Spiro-TTB/MAPbL/Ceo/BCP/Au

ITO/PTAA/4F-PEA,MA,4Pbsl;¢/Ceo/BCP/Ag

17.74* 2.02 Active No Precisely micro-droplets [23]
control

18.1/21.6 10.5 Active No Inject-printing thick [51]
perovskite film

16.78* 120 Active No Annealing in [123]

EA vapor

16.5/17.2 1.21  Active No Multilayer [124]
inject-printing

13.7/14.1 4 Active No Inject-printing thick [51]
perovskite film

12.87/13.03 1 Active No Add 4-FPEA [125]

Note: * after PCE indicates that only the highest efficiency is provided without indicating forward or reverse scanning.

TE SR KT 7T, A G PR V85 77 28 R 1T 5 B0
WELEIE, MR AT BN NOR RS B R 1k s IR TR
FC I BRK .t Li 25020 Mathies 25027 5fg A T
P S R IE T PR AN y- T PR AR R AR K A i s A
o R ASAN, SKMFEE . R TK ) F0% B 2
ST ENROR (N K. IR R A R
HESERE B SR A AE K, A3 BI85 5 B s HL3Y 2
HOABERE M. Gheno 51"V BLIEAB AR S8 /K Holim
NE A SR RT3 S8 K g (1 7c),
M $R 5 B K AE 22 5L ETL APkl (I8 3 T8 1
Huckaba 2> E SR RN T 2% 0000 2.1k PR 2 )
— RN IEER IR BT TR(TAA,, 75% 57 PSR A AL AL T
Fefih, A PCE AIA 12.56%38 2] 16.1%.
Barbara 25UV 7 4-9507K F 3 4% (4-FPEA)YE N
() Bt BH B R Az A BR AT (R 25 S, AT i e v
FELFF &5 o B FR 38 5T
2.6 HAENRIF AR IE RMFIESE

B 7 EA . BRAESAT . TR IR A A SR AT B
b, A L2 I BRI RIS SR A ED R 7, BAR 23 A

CAILEL I R AR TR 5).

AR EETUPSY 8-y Sl uA B Iy i)
FEEN B b, 2R A i OB I TV R T 22
BRI, R T 300 R S 7K 2R 2 o e O B 110 5 i) BT 3R
(& 8a). Raminafshar Z&/ A 5T 7 RAKS X~ 0f 6 it
TESIIFEM, S5 W A% RO AR SGEOR, 4%
(R AR S5 . AN AR BRI 7 v — 4, R
X S DL AR AR YE R A 35 B2 . Martinez
s l2ERST 30 “CHI 90 °C A JECHR T BRI R
(RIFZ M R, R 44 IR TR A2 60 °C I EJL Il i) £ 11
ERERD R e i A, R T R AR RCR .
R T SRR SR 7K PR 36 B R AR 2 s ma DA I R TR 30
Chen %P1 B 24 45 Bk S8 /K 6 B 19 iy, L8 R 5L
() R Bl Ve 2 RH LIRSS, 5K 5 1) JE Pt 2
B 2 980708 o N 1) TR A A i vy 0 ) B RIS KA e
5 R 1) FH SRS o Ri S AESR/K I TR & =%
(PEG), KIAZES NG GeA R0 R ERA d A4 1) R
P, D SR T RS, g s
MR O R R . JRSRIE T 14.71% 1 2% F



. 2208 - CREFR Eh22 4D

J Chin Ceram Soc, 2023, 51(9): 2287-2305

2023 4F

PCE"™, Kim &5 76 8K N T BSRR A, , AT LR
S ERE TR 46 S RIS RE . B s PCE
N 14.89%!134,

5 R R R FH R e 4R 3 25 7 =0 SR K Ak
HHIB LB AT b, 3R 4h R vk .
WRIERIR N R RN R AR, B
IR 45 o Heo 2512 M5 HH Fs VA 4% 5 A0 Z i o b
(R P- 7 2 R A A AR VR (R OGS, A AT TiE
L4 DMF A1 GBL [P FILE N 8:2 B, FHERH VR A%

(b)

(@

RV R - T 5 e FE AT M B N 78 43, LIS M TR
N 40 cm’ [IRE4] PCE 5% T 15.5%(/& 8b). Huang
At L30T o T 9 3592 R Bt Bt I v ke s B, 1)
e W ELAT O S I 5 B B A RR e e L RS AR
o AR AR O R SR ) T FRL RS Heo 25T 5ot
MR id i 4 1 ELAT R BE S5 R 1Y) CsPbLs (Bry B4R 78
J o PSSR T MR IR ST L, KT
BT A7, AT LASEIILEE AT 2 F e 43 B AN SRR
FFALTERUA 112 em® [#1FH40 PCE Al3A 13.82%.

©

K7 () =BAES T2 MR (TCP)MUBLNE S54T E Ok D R R P (by Wt SR 4T S B B BE fL b (¥ S R U280, (o) &%

237N PN RGP R
Fig. 7

(a) Schematic diagram of the key steps of triple cation polycrystalline perovskite (TCP) thin film inkjet printing;

(b) Photograph of PSCs fabricated by inkjet-printing method; (c) Wettability of various perovskite inks
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Table 5 Processing methods and parameters of devices with active area not less than 1 cm? prepared by other methods

. Power conversion Area/ Area .
Device structure . ) Certified Process Reference
efficiency/% (R/F)  cm type

FTO/c-Ti0y/m-TiO,/ZrO,/F Ay 1sMA, gsPbl3/C 11.8* 16.37 Active No Add methyl ammonium acetate [21]
ionic liquid

FTO/TiO,/MAPDI;_Cl,/PTAA/Au 15.5% 40  Active No Control solvent evaporation rate [135]

FTO/bl-TiO,/Graded CsPbl;_(Bry/PTAA/Au 13.82* 112 Active No Achieve gradient structured [137]
perovskite

FTO/Dense-TiO,/CH3;NH;Pbls/Spiro-OMeTAD/Au 13.09* Active No Modify two-step deposition strategy [136]

Note: * after PCE indicates that only the highest efficiency is provided without indicating forward or reverse scanning.
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Fig. 8 (a) SEM image of the screen''®'; (b) Scheme diagram of the inward flux of the spray solution and the outward flux of the

evaporating solvent during spray coating!'*”)
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Fig. 9 Relationship between PCEs and area of modules (reported area =1 cm?) fabricated by (a) blade-coating, (b) Slot-die coating,
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modules fabricated by different printing methods
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