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Research Progress on 3D/2D Multi-Dimensional Perovskite Materials and Photovoltaic
Devices

LUO Long, LI Shangzhi, SHI Yingying, ZENG Miaomiao, ZHAO Jie, LIANG Hong, LI Lin, LI Xiong
(Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: As a typical light-absorber, the three-dimensional (3D) metal halide perovskite materials exhibit superior optoelectronic
properties (i.e., the low binding energy, long carrier lifetime and diffusion length, and high defect tolerance). The 3D perovskite-based
perovskite solar cells (PSCs) show the excellent photoelectric conversion efficiency. However, its sensitivity to light, heat, and
humidity as well as other environment factors restrict its practical application. Compared with three-dimensional perovskite,
two-dimensional (2D) perovskites with high exciton binding energy and stable chemical properties enhance the long-term stability of
devices. Combined with 2D perovskite, 3D/2D multi-dimensional perovskite cells can deliver a superior stability without a sacrificing
efficiency. This review summarized the crystal structure and stability of 2D perovskite, and highlighted the research advances about
the preparation technology and stability of 3D/2D multi-dimensional perovskite materials and relative photovoltaic devices. In
addition, the further improvement of efficiency and stability of 3D/2D multidimensional PSCs was also prospected, thus providing a
guidance for the commercialization of perovskite photovoltaic.
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(a) Perovskite crystal defect type and passivation by using 2D perovskite

(b) Efficiency summary of state-of-the-art
PSCs by optimized with bulk cation

(c) Stability summary of state-of-the-art
PSCs by optimized with bulk cation
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Fig. 1 Perovskite crystal defect type!® and passivation effects by using 2D perovskite; Efficiency

[33] [3, 5, 22, 32, 34-40]

and stability

summary of state-of-the-art PSCs by optimized with bulk cation
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(a) Structural evolution of 2D perovskite with different n values

(b) 2D perovskite structure with inserting spacer cation along <100>, <110>, and <111> plane of 3D perovskite
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Fig. 2 Structural evolution of 2D perovskite with different n values*™; 2D perovskite structure with inserting spacer cation along

<100>, <110>, and <111> plane of 3D perovskite!*’!
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(a) Formation energy and stability of 2D

perovskite with different n values

(b) Stability test of quasi-2D perovskite devices under
the relative humidity 60% condition

(c) Humidity stability of BA,Pbly perovskite improved by post-treatment with dimethyl itaconate (DI)
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Fig.3 Formation energy and stability of 2D perovskite with different n values®”; Stability test of quasi-2D perovskite devices under
the relative humidity 60% condition®”); Humidity stability of BA,Pbl, perovskite improved by post-treatment with dimethyl

itaconate (DI)*
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(a) Temperature dependent conductivity measurement

of MAPbI3 and (BA)z(MA)3Pb4113 films

(c) Activation energy of 2D perovskite with
different n values (1, 6, 10, ©)
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(b) Schematic diagram of ion migration barrier at

different spacer cations in quasi-2D perovskite

(d) Schematic diagram of halide ion mobility in

low-dimensional perovskite with different n values
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Fig. 4 Temperature dependent conductivity measurement and ion migration barrier at different spacer cations of MAPbI; and
(BA)»(MA);Pb,l 5 films®®. Activation energy and schematic diagram of halide ion mobility of 2D perovskite with different

n values (1, 6, 10, o0)1%]
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(a) Fabrication process of MAPbI; PSCs with PEAX additive via solution method

(b) Fabrication process ofy-CsPbl; film with PEAI

additive via multi-sources co-evaporation technilogy

(c) Fabrication process off3-CsPbls/y-CsPbl; phase heterojunctin (PHJ)

solar cell based on multi-sources co-evaporation technology
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Fig. 5 The fabrication process of MAPbl; PSCs with PEAX additive via solution method®¥; The fabrication process of y-CsPbls
film with PEAI additive!” and p-CsPbl,/y-CsPbl; phase heterojunction (PHJ) solar cell™ via multi-sources co-evaporation

technology
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(a) Fabrication process of 3D/2D perovskite layer

stacks devices via solution method

(c) Fabrication procress of 3D/2D perovskite layer stacks

via sequential vapor deposition method

(b) Fabrication process of 3D/2D perovskite layer stacks

via multi-sources co-evaporation technology

(d) Fabrication process of 3D/2D perovskite layer stacks

via mechanical hot-pressing process
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Fig. 6 The fabrication process of 3D/2D perovskite layer stacks devices via solution method!””); The fabrication process of 3D/2D

perovskite layer stacks via multi-sources co-evaporation technology

mechanical hot-pressing processt™

E Fm bR, W 7 g mA KT, R
F AL, HUE R it — R v AT
&, IR H AT DLk B A S AR DURR VL T 7R 1 s A B
Fe, (HRBEARKRBAR, HANE T K AR 5
Hl25 10 i 6d B, Noh 43 i [/ AH T A 2 K
R LE(FAPDI3) 05(MAPBBr3)g 05 £5EKH" 2 1 ELELYT
1 BA,Pbly 2D 55K KL i 3D/2D W= HE B 45K
W SR EEM, Btk T 3D 4BEkT R mbhiG, (it
i i A0,

4 3D2D % 4 JEA54ARA KT e W b By

Yl

2D FHERE AR B AR K R AR
B PR S SR A B BB 2, JF B R A S i 4s
FRE, BIHET SR 3D P 4T A
R MR E . SR, AIELT 3D $58kET, 2
IR 2D FSERA R} b 2 JE B R 1 it = Sl o B2 X
52 ESRBE IR RERGRIE, BB TIRE T
B, R AREMERE T R BbAh, 2D FRERE AT RLR
B RN 2 B AR il RS, A ™ A D e
TEUR. 97 LBk, FaER) PSCs MMl %,
TG T RA T RIS K& AL 5 RE /11

3] sequential vapor deposition method™, and

3D FHERA AR E MERE R Y 2D £5ERE T, dilAH T
TRk RESER 3D/2D 4k FEARARY A RH BE HELth

4.1 3D2D IR A SIS KFHAEE MAYFR

E M

4.1.1 K. HEeh BT 2D FEH MEME R
HIRE, A7 T 3D FH5ERH ff AL B R T Y 2D £54K
Wi AR B B B4 K 73 X 3D ESERT AR
Tho 2018 4F, Yang S5 R IE RSIMEXAM T, L
AHI) FAPbL; 58K AH 4 5) N 7N J7 AR ES 8K
M, I ELERRRE 41 N Ik AR 2 5 i 7
Wikl 7a froR, 26 FAPbL; #55RA WAL 85% A XS
WM T, 16 24h WE4 8B . 75 FAPDI; 454K
W N PEAT R INFIJE % 3D-PEA,PbL, £5 K4
JEIRE MG T T 24 h IR FE 2 AL Jo W B AT SR TR FF
AR o IX AT RE AR HH T N IR S K A BN
WA, MBI 2D S5 Bk T &b S AR I B,
BELIRT 7 7K 237 HOHE NGB IE . 2D F54KH B T AT LA 2%
K> F1EE, W] AR RS T AR
JEEH B BRI . Ning @It 3 )t R B,
1% V4% (Sn(SCN)) FH 2K 2 i SR 31 vl LR Rl — 4
FEER 458, FHAEN CsSnBrl,(SCN), =4EF5EkH"
AR R . A A ) = T P T AR KR
], SRRL T IGOR,  EEER R E RERAK, HERAR



. 2262 - CREFR Eh22 4D

J Chin Ceram Soc, 2023, 51(9): 2254-2270

2023 4F

U G e PERI T A LM « PEA,Snl,—CsSnBrl, £54k
W e RS 24 4 h JE BRI IA R
78%, SwEMT IR EE. W 7o Fror, Yip S5t
BRI, H N-(B-2HE P 5)-2-ME & e B (NAP) I
A CH3NH;3Sn sPbo sI,Cls  =4EF54KH i, NAP

O ERBRIEIEE Lewis BRELAL 5 Sn*/Pb> M HAE
F, JE R B A 1 — 4k 2 RS 5k ), 2D Ml S5k
AH 3D FHERT SRR RS, JRAE 2 AN RS
WA, B2, ERAFBENBI T, RSB
T AH, BTIRERER 90% M HIAATERE -

(a) Structure diagram and humidity stability of Pb-based 3D/2D mixed perovskite

(b) Structure diagram and ambient stability of Pb/Sn mixed 3D/2D mixed perovskite
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Fig. 7 Structure diagram and humidity stability of Pb-based 3D/2D mixed perovskite®”; Structure diagram and ambient stability of

Pb/Sn mixed 3D/2D mixed perovskite!™
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(a) Summary of enhanced E, of ion migration by the bulk cation

engineering, including the measurement and calculation methodologies
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(b) Structure diagram of 3D-2D mixed

perovskite and its inhibition of ion migration

(c) Binding energies (including hydrogen bonds and halogen—halogen bonds) and schematic diagram

of interactions between addivives and halogen anions in perovskite
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Fig. 8 Summary of enhanced E, of ion migration by the bulk cation engineering, including the measurement and calculation

methodologies™; Structure diagram of 3D/2D mixed perovskite and its inhibition of ion migration®®”; Binding energies

(including hydrogen bonds and halogen—halogen bonds) and schematic diagram of interactions between additives and

halogen anions in perovskite®”
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(b) Feature importance ranking obtained from the random forest regression

(a) Workflow of the machine learning study

based on aging test result over time

algorithm and Shapley Additive exPlanations (SHAP) library,

indicating the effect of chemical properties of bulk ammonium

salt on stability of 3D/2D perovskite stack films

o HEF ARG AP ST AR TAEAR . B BEHLARAKIRI A 5L R1 SHapley Additive exPlanations(SHAP)4(#: %
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Fig. 9 Workflow of the machine learning study based on aging test result over time; The feature importance ranking obtained from

the random forest regression algorithm and Shapley Additive exPlanations (SHAP) library, indicating the effect of chemical

properties of bulk ammonium salt on stability of 3D/2D perovskite stack films

[98]
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(a) Degradation mechanism diagram and stability evolution of 3D/2D perovskite stacks and 3D perovskite devices under thermal stress test
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(b) Structures of phenylalkylammonium iodide molecules of varying alkyl chain lengths (n=1-4) and stability test under a

constant bias current density of 100 mAcm > for the control and treated devices
Bl 10 FARE AR =4/ SR HE B 2 AR = AR R 25 1 B AR AT 38 ) R R M AR ) NI B R K (n=1~4)
(2R e BB o T I G5, DA A T i B PRI 5 5 100 mA e > FA i HEL LRIV Ak 8 0 5 A A s P K 0

Fig. 10 Degradation mechanism diagram and stability evolution of 3D/2D perovskite stacks and 3D perovskite devices under

thermal stress test!'°Y; Structures of phenylalkylammonium iodide molecules of varying alkyl chain lengths (n=1-4) and

stability test under a constant bias current density of 100 mA-cm™ for the control and treated devices
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(a) (PL) spectra evolution and mechanism diagram of 3D/2D perovskite stacks by post-treated with differen tammonium salt under thermal stress tests

(b) AFM-IR (recorded at 1 712 cm™' corresponding to the symmetric C==NH, bending of FA") images and XPS depth profiling (F Is signal)
of 3D/CLP/2D perovskite heterostructures before and after ageing at 100 “C for 120 min
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Fig. 11 PL spectra evolution and mechanism diagram of 3D/2D perovskite stacks by post-treated with different ammonium salt
under 50 ‘C!'%l; AFM-IR (recorded at 1 712 cm ' corresponding to the symmetric C=NH, bending of FA* ) images and
XPS depth profiling (F 1s signal) of 3D/CLP/2D perovskite heterostructures before and after ageing at 100 ‘C for

120 min"'%!
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