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Fig. 1. (a) Schematic illustration of 3D perovskite structure; (b) schematic showing the perovskite structure with two divalent
metals (M*: Ge?*, Sn?*, Pb?") replaced by a combination of monovalent (M*: Na*, K*, Rb*, Cu*, Ag") and trivalent (M**: Sb*t,

Bi**) metals; (c) schematic illustration of 2D perovskite structure; (d) schematic illustration of normal planar; (e) schematic illustra-

tion of inverted planar PSCs.
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Fig. 2. Types of defects: (a) Perfect crystal structure; (b)

)
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(

vacancy defects; (c) interstitial defects; (d) antisite defects;
(e) antisite impurity defects; (f) interstitial impurity de-

fects.

3.2 ERBEXTSSERE AKPHAE R AN

BRI TP R S AR L B AT, S T
PSCs FIEIRPERESEL, WIHFIKHLE (Vo). JEHE
MEBRE (Jso). HIEH T (FF) HOGHEHSER. B
SRIZRERA IR BRI T AH L 45 (HiF) kit
TAHITREREILR, (HE I TR ARG S Tl
oAty , AR Y H AT A R Rk B Al
T LA I T O R RE GBI X A Ak R R
BTGRP BE R MR A /0N 2132331 SRTT ) FEHL 3 T X R
5L Y A BB T R T RE S B0 L B P R AR
I, SRR AN . X LEEE 1R & T ERE Y
Ll B3] R L (J- V) e 2254 A L
DA KAk ok 4 R HL AR 9 45 4k BT PSCs HrmT #% 5
A YIRS 2@ AR Y B B8 PR R A
e R ELG LIBRAT E AT R B4, TnlEl 3 B,

LR RE IR I AN R A 2, PRBE R S Al Ak
FEAE I, XL T m A R IR ) B R ik
MR, K e A B H faf 9 2800 T i NRR K,
18 43 v B LA R - 118 9% R S 1 A 48 1Y) A A v
NRR [ PSCs RS EI T 5 P 8K
K FFAm N sE e, F5Ek T At sl i b S 80R
R FABIF £ A A IKEL, Ph2t . Pb & IR

166801-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022) 166801

Undercoordinated 1 MA Undercoordinated Undercoordinated ~ Pb-I
Tions Vacancies ~ Vacancies Tions Pb** ions Antisite

1 ' i
! . J . . . . ! . 1 . .

i Cations ! Anions | Ammonium ; Lewisacid 1 Lewisbase 1 Lewisacid
1 1 1 1

Tonic bonding

Imperfections Passivation . Electron
Metallic Ton migration
Pb cluster at grain boundary
! \
| Fullerene as Conversion to wide

'
\ Lewis base
'

;  Lewisacid bandgap materials
< 1

Ton migration

Coordinate bonding

P03 SRBABE A HLERIRT, S5 ER AT LA v 1t (ot s e O Ao g B L 7 S R P 8 S BB ORI A, T LA S ol e A B ) o

Ak BB TS B

Fig. 3. Schematic illustration of defect passivation mechanism: Imperfections in perovskite films and their passivation by ionic bond-

ing, coordinate bonding, and conversion to wide bandgap materials. Suppression of ion migration at GBs can be achieved by passiv-

ation.
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Fig. 4. (a) Device structure with PCBM layer; (b) trap density of states (tDOS) obtained by thermal conductivity spectroscopy;

(c) schematic diagram of the energy bands of perovskite films and different ETL substrates; (d) the ultraviolet (UV)-visible absorp-

tion spectra of the mixed solutions show the interaction between PCBM and perovskite ions; (e) illustration of the electrostatic

screening of the halide (X ') via halogen bond complexation of Iodopentafluorobenzene on the perovskite surface; (f) charge trapping

by electrostatic interactions between the undercoordinated halide and the hole.
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(N-donor)P4. (b) 4 /JC DMSO %l Bh 45 & (9 854K 5 W SEM. &1 B4, () WEM} (SMLiE ) > Tl $2 i 7 5 P> /EH, A2 R
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Fig. 5. (a) Lewis acid (A)-base (B) reaction to form an adduct (A-B) with a dative bond. Lewis bases with oxygen donor (O-donor),
sulfur donor (S-donor), and nitrogen donor (N-donor). (b) SEM image of perovskite films with/without DMSO-assisted crystalliza-
tion. (c) The thiophene (or pyridine) molecule neutralizes the excess positive charge by providing electrons to coordinate with Pb?*.
(d) Schematic illustration of 11 MA passivation mechanism. (e) Time-resolved photoluminescence decay lines of films treated with
trioctylphosphine oxide (TOPO, red), 1-octadecylthiol (ODT, orange), and triphenylphosphine (PPh3, blue). (f) The integrated lu-
minescence intensity statistics of the control samples and the films treated with TOPO, ODT and PPh3.
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HefE S ETL 1 TiO, 284N A0 A PN 5 4 28 A3 [7]
TR 18.15% $2FH3 20.93%, FHHEE THLE
SEPE. X 2 B )-OH FEAIKT TiOo, Hi
A AR RE GBI , 22 (R ()-NH § 7] LU AL

(b) Control (z =0) O Halide vacancy

—— i ——

——— i ————————————————————————

K6 (a) ¥ T & EHEINAY KL EEALES R0 M A9 PLQE [ 0; (b) WA I 7R 25, R 7ed & i (bW B 1 B0 s e 4 ==
RLVRFE, b 224 09 0 A T 0oL 5 0 4 70 S AN 3R T T I R At A 0 TR 17 19 () PR e P L ] )

Fig. 6. (a) PLQE of KI passivated perovskite film with increased potassium ion content; (b) schematic cross-section of the film

showing halide vacancy modulation in the presence of excess halide, where the excess halide is immobilized by complexation with

potassium to form benign compounds at grain boundaries and surfaces; (c) schematic illustration of the passivation mechanism of

zinc oxalate.
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B B [FRE AT DAL B, ans ] Al iy I, Af
DUSFLRR i A 0% 1 A 2 60, AT i A s 57 - 9
/b NRRO#3, Y 45 B4 5 DU 7k, 724K
TEAL PR SnOy BB R T —Fi i B R 48 5l B e
¥t MAy cFA, PbLBr, , B4 HE T PSCs. %N
T AR ER S B Ak R ST B B R E 1 pm
(E1 7(b) A1l 7(c)), B4R 2 19.64%, HLAH+
KRBT 75% LA b X & Ph(SCN), A DAY 2%
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Fig. 7. (a) XRD patterns of (FAPbI;3)qs3(MAPDBr3), 7 with different molar ratio of NH4BF4; (b) SEM image of control perovskite
films; (¢) SEM images of the perovskite films after doping with SCN™ ions; (d) schematic illustration of preparation process of up-

per layer perovskite film FA( g5Csj12Pbl; (PF), formed via ion exchange reaction between I and PF g; (e) SEM image of the con-

trol perovskite film; (f) SEM image of perovskite post-treated with 1 mg/ml of FAPF;.
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FE S A AR B S RIEAS (B 7(d) A& 7(6)), X
AT DA i Ak 1) S8 T DR 4P B R VB £ 52 K
GyRem, T4 K s Ae e vk, i FAPF #E47
gL e e I o 35 S 1 NI = i et s K
15 Voo X FF BEHRS, 2R 17.8% $m3] 19.3%.
2 S Rb PR PSCs i A Ae e 1 B W B, 7R R
25 50%—70% RIAHXHEEE T 258 528~h 51 IR A
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MAT H ) MA+FI T 0] LA Al B 25 7 R BH s
BB, $2TF T 8849 Voo A1 FF. Steirer 55 B3 5K
HRIE T HEBR B PE S T, 0 L-o-BE RS MEAH B . S 1k AR
Bl BAL ARG, T ARG AR A5 Ak A rh 2R A
BB . Lo I Tk AR A 2L AT Y 1 FEL AT 1) 224 Ik A
(-N(CHs) ) il Gl faf U BERR SR (-PO )y L
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HH LG, L-o-B AR BERR B4R A £l 4k 71 BE A% (115 PSCs
B Voe M 1.04 V EEINE] 1.08 V, RCRH 17.1% 34
Tz 19.6%. PE— 481 BE A R, 1% E T
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Table 1.  Photovoltaic parameters of PSCs with SCN™ passivated of perovskite films.
Jsc/ Voo/V )
Device (mA-cm™) (87T) FF(C/T) ##(C/T) Ref.
(C/T)

ITO/PEDOT:PSS/FA(sGA(»Snl;/PHSCN/Cy,/BCP/Ag 21.1/21.9 0.645/0.81 76.3/76 10.6/13.5  [87]

ITO/PEDOT:PSS/FA 55MA 4550 55Pby 4515(SnF, and
Pb(SCN),)/Ceo/BCP/Ag 11.4/28.9 0.54/0.76  38.6/82.3 2.4/18.1 [88]

ITO/PEDOT:PSS/FA7;MA 5Cs)1Pb(I5/4Bry /6)3(Pb(SCN),) /

PCBM /Bphen)/Al 6.98/18.21 1.10/1.06 71.87/72.97 5.52/14.09 [89
FTO/TiO,/FAPbI;(NH,SCN)/Spiro-OMeTAD/MoOs/Ag 17.52/17.88 0.74/0.93 46.83/68.75 5.94/11.44 [90
ITO/PEDOT:PSS/MAPDI;(Pb(SCN),)/PCBM/Ca/Al 9.49/15.41 0.83/0.81 72.93/79.69 6.08/9.91 91

FTO/TiO,/MAPDI,(MASCN)/Spiro-OMeTAD /Au

ITO/Sn0,/MA ¢F A, ,PbLBr, (Pb(SCN),)/Spiro-OMeTAD/Ag
ITO/PEDOT:PSS/(PEA)y(MA),Phgl,o(NH,SCN) /PCoBM/BCP/Ag  0.93/15.01 1.02/1.11  59/63
ITO/PEDOT:PSS/(BA),(MA),Pbyl,,(NH,SCN)/PCy;BM/BCP/Ag

[
[
[
8.78/22.29 0.638/1.064 36.48/76.83 2.04/18.22 [0
[
[
[

21.86/23.16 1.03/1.12 75.76/75.26 17.13/19.64 [84
0.56/11.01  [93
3.16/12.79 0.93/0.97 43/55 1.31/6.89 94
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#* 2 LT BF, 8 PFg BEALHOESBRm MR 5 R0 K B AE L B IR 28K

Table 2.

Photovoltaic parameters of PSCs with BF, or PFy passivated of perovskite films.

Device

Jsc/ VoV
(mA-cm 2 oc/ FF(C/T) #%(C/T) Ref.

FTO/TiO,/MApbl,(MABF,)/Zr0O,/Carbon

ITO/Sn0,/(FAPDI;)s3(MAPDHBr), 17(NH,BF,)/ Spiro-
OMeTAD/MoO;/Ag

ITO/Sn0,/(FAPbl,); ,(MAPbBr;),(4FBBF,) /Spiro-OMeTAD/Ag  24.00/24.85 1.130/1.162
FTO/bL-TiO,/mp-TiO,/F A, gsCsg 15Pbly/ (FAPF) /Spiro-OMeTAD /Au 23.00/23.11 1.020/1.045

ITO/Sn0,/KPF¢/FA 55Cs)12Pbl,/Spiro-OMeTAD /Au

FTO/Sn0, QD/KPFg/(Csl)g4(FAT)g g2(Pbly)gs6( MAPDBrs) 14/

Spiro-OMeTAD/Au

FTO/TiO,/[EMIM]PF¢IL/CH,;NH,I/Spiro-OMeTAD/Au

ITO/Sn0y/ Csp.05(MAg.17F Ag.53)0.95Pb(lo.83B10.17)3/
Spiro-OMeTAD(LiPFg) /Au

16.92/18.15 0.914/0.957 0.68/0.76 10.54/13.24  [95]
23.39/23.38 1.12/1.15  0.67/0.75 17.55/20.16 [85]

0.76/0.78  20.69/22.52  [96]

0.76/0.80 17.79/19.25 [86]
22.38/22/83 1.100/1.145 0. 80/0.82 19.66/21.39 [97]
21.60/23.15 1.072/1.12  0.74/0.81 17.04/21.05 [98]
19.30/23.52 1.07/1.09  0.66/0.71 14.20/18.42 [99]
22.59/23.78 1.06/1.10  0.78/0.79 19.04/20.78 [100]

H KB FRES Y BRI kT2, S T A5 ek
WA TP A B AT A, 1 SO B FHlid 5 SnO,
JEFIESERE™ 2 I AR BAE RS L b i ix
T RIS, ] A S B0 B b AL RN BE R DL T 1y
Ak, B+ KoSO, st I #8401 Voo 3, 0%
M 19.45% $2E55) 21.18%, HiFEFFERES] 0.53 V.
Yang % 00 5] AT —F LA 4-F0 4347 (4FBY) AFH
B, VUEIRRLE (BF ;) MBS TR T
A (1 8(a)). 38 3k 9 25 5 i v 125 4 2% vh A 1
BT (FAPDL,), (MAPDBr;), £54k 5"
W L FR A& 8(b) Fw. it X SR GH T RE
WEUESE, AFBHFI BF | e RCIE R AT HL A {57 FH
B R E TG RS MG (5 8(c)).
BA o R AFBH AT LA a0 T AR B it
L, T RS Y S PT LGl C—F 8 4
TR B 7 1. A R AR E B T R
BT AT DA o 00 S ORI s R PR I
WHA R B FHRSRAK RIS BF iR R
eI T A, BEIK Voo SURIFRRZCE. Wang
A 1024 (A B 7 (GAT) 51 A & CsPbTh, HEZR
W TR T A 2R 7 DR v R AR AR e 1k 5 Bl
7t GATB 41 CsPbThy B SRR HH 51 A R
R (Ac) BIBTYERIEAZR, ff Pbl, /i ™52
WUARIE I T 8 FiE R okt — i m T A
FEVE; SR, BIABEERE (GCA) HVEB 5S4
A ARBLA. Ph2F1 Csta3 Az, ANl 8(d) Fizs.
I GAT, Ac Fl GCA Fsn#Z54 %] CsPbThy
Hh X RS R B T R R AR RS M DL R AR Y
WA IR &, F5E0 2 5 B )2 Z M REY

VERCHE4F, JEF X Fpg A A R e A Bl T4 sk

R, IR @R RARE PEA R T30 1.

4.3 FEHEREEM

o 1A B8 2y $8 T i R g - B Al A B s LA
Hh, AT DK JR e 5 A Ry SE T B A R, XA
AT LT B 2 1T R A R ER R G B B, 8 W LB
BT B S A, 20 PHAS NRRIP 76108 %6 T #Y
REHFHES ), Sis B AR ) Tl B/ MBS TS8R
1Yl d/IMEZ b, HA Al s R A AR T k0 1Y
W e RME. X FP TR RE Y HED = Ak T HL P34
BELAS T 58K 0™ s 22 (8] DL R B5 Ak R He g 1 4 )2
Z R H A PRI, 2 H e 381 36 B A B A 2
JEE, EAPHE R SR A N, TS TE S S B T
ACBEAR N A, AR F A0 T LA B i i 4
JRGRFEAL B BEE SR G, (R TSR /200
T )2 PR B TEHT B AR R B A 2 F G R
B

L T T PR ER IR T R A R R = A
PEBERYA R TF B, Chen 55 103 458 T PSCs FP2f—
AT BUHES ) S Y. A A 138 4 ] MAPDIL, AR Y
1B JCHSHE] AYE 18 b RS R /300 T 15 2
T SEEEERE (1Y) Pbl, & Pbl, /&M T MAPbDI, 5
iR MAT RBEOTTEALE. 7F 150 °C 3K 60 min
R H A et a1 AR PR R dR 4t T SR AR Pbl,
2. 1331 Pol, 2B L MAPDI; [ 1.5 eV
WK 0.8 eV, SEUL B 1 BIHES 5 i 4h, LI
2R T AN S A B BERAE R E A (B 9(a)—F&l 9(c)).
BT &N 150 °C B kmHE R K235
At i) PbO, Ik BGR b, X a8 1k 6E
FTLOBLAR, W E B BB Y A A R RS R

166801-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022) 166801
(a) pi (c) 9 . L0
o A
F NH3Jr B_HF $\‘ O\J E : ' . A
N ®:0 .0\ ;0 ; 0 O
F A A W rb
o o
(b) —— o I/Br
Mixed cations solution -
R ® % o O

() A+ vacancy

(X~ vacancy

\ B = 2
=" > ® ‘ o ‘ ? - ‘ ® o
<, 1
-. P 17, ° ° - 4+ CeHAFN
? 3
° [ \ o od ) % ° ©
Target r. i)
(d) L Y 7 N
With CPS : ;i Q}/ ;{/I\:+
: -’ o o oL w o «
% oda - o ™ ° (el ) Laelan, J"r
g o b 60 o exve *.: o %0%0 o S @ Ac
(e 0 G A DMA* P e m g a0 o Jg.g D ® ) *?:T
S » ¢ o i e @ eYre e J{{ O O ED: 4L GA+
ﬁo*%;}‘oa” §.~.~.~0~:},§ ofoe(n) (ai*{a), l#f
2 ! @ o 1.0 o i @1 @ oVe @ 060 @ GCA
...................................................... -
Without CPS » » =
: { . K Pb2+
& _z;ﬁw o o i o W eiie w e @
o~ : @ evre ol LrOLr: o
() = i olaglanela, o O 0wty sps @ Br-
. BRSO SN -~ A ~ A
(= N - O olm el ae S 9 oVwe v 0
(] Cs} (1) o @ o8, e ., 'z* o™ ¥ S g 8 - ® Cst an
e Sl U ot O eVe W Ve Vnde e
% Ph2+ " §
B8 (a) WU BS T IR T RE S IR A4 A £h 2 S5 4 1901, (b) T 25 3k 1 48 22 b A 5 Bk R 119 225 19 (<) I 88 W Ak Sl e R

TR A B O B Al F A B RS P X L ETRT 9 () A T2 4 i Al R W i R A s 2 P 10

Fig. 8. (a) Chemical structure of ZIL; (b) two-step process for the preparation of polycrystalline perovskite films; (¢) mechanistic

diagram of ZIL for improving the performance and stability of solar cells; (d) schematic diagram of crystal growth with and without

combined passivation strategy.
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Fig. 9. Reduction of carrier recombination by type-I alignment. (a)—(c) PbI2 passivation: (a) SEM, (b) schematic illustration, and
(c) band alignment of MAPbDI; film with PbI2 wrapping the perovskite grain. (d) Schematic illustration of the layered/3D per-

ovskite heterostructure.
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Fig. 10. (a) Molecular structure of methylamine sulfate; (b) modulation of the humidity stability of the perovskite absorbing layer
by methylamine sulfate; (c) mechanism diagram of methylamine sulfate passivation;(d) CH3;NH3;Pbl;/PbSO,(PbO), interfacial
bonding interaction; (e) the hole and electron wave function distributions in the CHzNH3PbI3/ PbSO4PbO), film.
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Fig. 11. Potential optimization strategies of PSCs: (a) Schematic diagram of the multifunctional synergistic passivation strategy;

(b) characterization of the fine atomic structure of metal halide perovskite by using STEM-HAADF; (c) pre-treatment of per-

ovskite powder followed by dissolution to prepare low defect density perovskite film.
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Abstract

Research on perovskite solar cells is prevalent because of their excellent photovoltaic performance. Most of
the perovskite films are prepared by polycrystalline perovskite films and low-temperature solution method, thus
inevitably creating a high density of defects, including point defects and extended defects. These defects can
also be divided into two types: shallow-level defects and deep-level defects. The multiple types of defects are the
main cause of nonradiative recombination, which will limit the enhancement of photovoltaic properties and
stability of solar cell devices. In this paper, we review the latest advances in defect passivation and describe in
detail the mechanisms of different methods to passivate defects at the surface and interface of perovskite films
to reduce nonradiative recombination. We also summarize the research results about the defect passivation to
reduce the deep energy level traps by Lewis acid and base, anion and cation, and the results about the
conversion of defects into wide band gap materials as well. The effects of various strategies to modulate the
mechanism of passivation of perovskite surface/interface defects are also elaborated. In addition, we discuss the
intrinsic link between crystal defects and device stability, and provide an outlook on the feasibility of defect

passivation strategies in future research.
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