Chinese Physical Society

Mﬂ#ﬂ Acta Physica Sinica

Institute of Physics, CAS

TR IRA AN - T RIS KRR Rt R
e AR KA

Progress in Pb-free and less-Pb organic-inorganic hybrid perovskite solar cells
Chen Liang Zhang Li-Wei Chen Yong-Sheng
5| 115 & Citation: Acta Physica Sinica, 67, 028801 (2018) DOI: 10.7498/aps.20171956

1E 281513 View online: http://dx.doi.org/10.7498/aps.20171956
2P 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2018/V67/12

AT RE R B E b3 E

Articles you may be interested in

BUER AV AL B 1A 4 2 & IR AT AE ) [6, 6]-2K 45 -C61 T TR HY R X % B K FH E FRLTBA: RE RS20
Influence of phenyl-C61-butyric acid methyl ester (PCBM) electron transport layer treated by two additives
on perovskite solar cell performance

Yy 2422017, 66(11): 118801  http://dx.doi.org/10.7498/aps.66.118801

ST B EG AR BA fE PV B2 AH DG PR D' AR 1 e I 1] o J82 R 1

Temperature-dependent time response characteristic of photovoltaic performance in planar heterojunction
perovskite solar cell

VP27 4%.2016, 65(18): 188801  http://dx.doi.org/10.7498/aps.65.188801

TR SR A A SR 1R i £ B HAE GURHE R B R FLB R R R
Preparation of iron diselenide/reduced graphene oxide composite and its application in dyesensitized solar

cells
PP 2#4%.2016, 65(11): 118802  http://dx.doi.org/10.7498/aps.65.118802

T RUBRARE A BT A SH B o A A e
Progress of new carbon material research in perovskite solar cells
Yy 2442016, 65(5): 058801  http://dx.doi.org/10.7498/aps.65.058801

Je 1B KOG 5 S AL AR AR AL ORI B AL

Investigation of post-annealing enhancement effect of passivation quality of hydrogenated amorphous
silicon

YIH % 4.2015, 64(19): 198801  http://dx.doi.org/10.7498/aps.64.198801


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.20171956
http://dx.doi.org/10.7498/aps.20171956
http://wulixb.iphy.ac.cn/CN/Y2018/V67/I2
http://wulixb.iphy.ac.cn/CN/abstract/abstract70176.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract68504.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract67357.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract66766.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract65354.shtml

38 % 4R Acta Phys. Sin.

Vol. 67, No. 2 (2018) 028801

TR DR F - TR TSR
APREBE AR TR

LR

kA

PR A A 2T

1) (VTR B LR B S B A5 B R, E1E 454000)
2) MR B LR B, MR PR RSEa0 =, AN 450052)

(2017 4E 9 A 4 HULHI; 2017 4£ 9 A 30 HIRIER )

ST HL-TENLZ AL s AL BT BHR E5 ERAT AR L it ) F5 4 RCR AE JE A LA N IR R 22%, R K g
YRR R i et R T B, TRt 51 kS T e R EAL. LRI LS AR it A M A R 7 SRR R L N T k) 4
0 o ) e RTC B S R0 R B o it AT BIF AN A A AR AN B . Dt — I PR IR B8 A B A B
FH FL B A2t B, o H AT JE B AT A B S ERAT R B F it i) R R BIDIR BEAT 1 2538 B H TR T B AT ER A L
FLURJEE i) 28 T 255X A FRL v BE A RZ M, AR L ) AR AL B ROT R B E LB AT SR Z A

W, BT IR AR R R A R R R Rt () AR AR 3

KHIE: A LTS B ARE, KB i, Jeeiprt, Akt

PACS: 88.40.H-, 72.40.4+w, 73.50.Pz

1 5 =

VB — Rl R B e AR M R, 2T s fe i i
HL- TR R AT 5 B 52 3 1 A B AR
Gy v FENE H, R T — FR A T A 0,
FRERAT X BH FL b AR AN R R B T )L <8 1) H
MRCRIRTH R bR AEFHE I LEE N, itReR
M 3.8% U Bod iR T 2 AT 1 22.1% 9. X — U5
530 T i L A8 BRI /KT R i 2R B A RLAIT T BA,
EEE R R TR A B s DR, 2) it
GRIBONREEE . IR SRHE R i, 495
ERH K BH st e W1 9 A LGS K. o), BEAE XA R
PERENRIIIR N, B K J& T 11 7 R4S 454 B
AR RS A LTI ZE 5. 3) Btk
AR (A5 A HLBER TAMA R}, il % T2
BLOPREE, SR TR R O B R AR HOBE,

DOTI: 10.7498/aps.67.20171956

AR AR AR A il I B AL T mT RE.

E, ST BRAT R BE Lt () 7 A Pk
PN, T I vF 22 1) f 8] o — g
BEAMRIBE RN TT R, B R A BT R B H
IR R R 1T R E e E ARG RS H
RIS R 2 —. AR T CdTe A BH H ith
(A £ 1098 °C, Iz & T 55 Cd A Te 1 321 F1
449.5 °C; HAET K, Wil T ERERANE), #
FEEGERAT K BH L IR RS MR A e M 22
I B AR 25 B 5 ke, K R 8 iy e 01,
A DL o B AR A R ) AR E M Sl 3 ) 4 4K
WA R o R 12 i i FAT 57 (CH(NH,)S)
T Cst 8730 U MAT &7 (CH3NHY), #4 1&
ZHy— M R KRB MR B I R
VO 2H 45 1k &, 38 5 88 18 B4 00 v] 2 M AR e
P, [R] B AT 3 S R R R ST, You 25 1131 )
F p B NiO, il n 2 ZnO K BRLAE N2 78 (HTM)

* ERERBIAHES (MHES: 61574129) Al w44 FEah 5 AT iR (HLHES: 152300410035) 7 B 5.

T #E/E#H. E-mail: chysh2003Qzzu.edu.cn
© 2018 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

028801-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20171956
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 67, No. 2 (2018) 028801

AT (ETM) f£ 502, 4% 7335 /1TO/NiO,, /55
EKA/ZnO/ Al 85 K B . fE= S F=RT
TRAF60 dJa, iz HIB A IR H AT 90% i o6 AR 2%,
[ I, 35 B0 B 9 2 7R 1) 7E glass/ITO/PEDOT:
PSS/#5%k " /PCBM/AZO/SnO,, /Ag 45 ¥4 Hijth b,
1E AZO(# AL[1 ZnO) K Bk R M, Eid JE 12
JUAR (ALD) %A K 120 nm /£ SnO,, A ¥ B —
JEHCE RIS SRR SR, BE% A B kK oy
BENEARYTZ, IFB 1k MAT, HI%5 4 @ 7= 2 1 i
. BARAS I J7 V5 R b sk 4 P IO, JT R
SN 7N VN =5 O 995 NS TR R AR N T
KPHHM. B ] ANF 2 0 R T TH AT TR
BEIIFEF, IR T B E R R 2 RSB
xof I E AT S BT R B H v 1 52 56 45 SR g
1T RGN, A TR — AR S 5 AN

b EL
H~F.

2 AAM-TALRNETRT AR89 4 A

PEERAF R 45 138 208 ABX 3. 35 XN -2
PR T, WEE VIERE T, WA, BEFHHE
FH 42, +AMAT 43, +3 M RGO 5 X O -140
&1, = &A1, WA, B &SRR
+1, 2. fE&ET, BETH 6D XE T U REE
JSAE AR X FRES A4 A 7 I o0 A £ 8 A )\ T 1
AL, $12 XS TR, BRI, A
T B = 4 JE P S5, e 1 s (21

o -
@ OO ® B v Q PR (2]
X @ 9@0 o OOO °
o @ . L € 00 @ oo v
e @
@ @ - ¢

BI1 SERE BRI S i i (21

Fig. 1. Crystal structure of the typical ABX3 metal

halide perovskite (217,
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Fig. 3. (a) Absorbance and PL spectra of the MASnI3
and MAPbDI3 perovskites; (b) J-V curves of the best
Sn-based and Pb-based devices [41].
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Fig. 4. (a) Representative cross-sectional SEM view and photographs, (b) schematic of energy-level, and (c) corre-
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I, A2 B R (1K) CsoSnlg AH. KR ZE K SnCly A1 CsI
&, JE4 175 °C b B W] A B 8 15 () B-y-CsSnls.
K FZ 7 11 %% 1) glass /ITO/CsSnlz /Au/Ti 45 14
FEL YU (10 2% R AN A 0.9% (04 5 IR A T i v 1 o Ik
P, BHL R 757 S 23 A7 B AS 2 B, 0 7 AR K
FE P B AL E SnoR A, B 1A B T M) Sn 2 fr
77 2R, B2 7GR, (B2 T St 78 g iR M
B R R G T R, T2 5 i s k. [
i, 3B A Sn 4 o5 U T4, T AR Sny B AL EREE, M
MR R A0 1991 Fah, Sn?t 5 & 4k A Sntt,
FeAEn BB 4. 7R E RN 20 mol.% K SnF,,
A R ADRIBR I, JE4 H i 8 3 5 31 2.02%
(Voc = 0.24 V, Jsc = 22mA /em?, Fp = 37%) [,
() B, 56 T AR F 5 3 AT BB 00 JRL MR S Ak B
W St B AL, AR A AR .
Jei ) # f SEE A RO~ 1.25 eV, #H A FTO/c-
TiOy/mp-TiO2/CsSnls /PTAA /Au 45 14 H il ) 3%
FR1.83% M B Vo N 017 V, H Jsc i T
30 mA /em?. #E—BHFRI, EN LA KB
o, BT A FLADRE AR SORA ok 55 46 0 J5 ) AN DL
fic, 248 (41 Y-CsSnls, CsoSnlg) & T4 MK, 44K
(7 SRS R A Piv/I T2 167D ) 31 s e 2 T3
et 4% 7 2l AR (1 T ML B-y-CsSnls 854K 5 41 K}, b
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Je BRI T BRI, S5 28 150 ©C 38 i) 4% T T 57 o 25
K PFH H L (NiO, 8 HTM, PCBM(—#h & #J@ 17 4E
Y1) NETM) 345 7 3.31% HI3E (Voc = 0.52 V).
[ BF, Marshall 55 (62 458 7 —Fh o] 7] i 42 o i it
FeE AR vk, %7 B o & Snl,
I CsI Jz A il CsSnls, A 23 411 il CsoSnlg B
A&, il % [ ITO/Cul /CsSnl; /fullerene/BCP /Al
S5 4 1R LR IR B R TE B T 2.8%, Voo i i Al A
0.55 V. %4 H SnCly & X Snly J5, HHh ] 46 850%
N 1%. (HRTERSPRES MG, JEikms
3.6%, H HthFa e A3 BIR K 13 g 8.

ANHE— 0 CsSnls A PHHE ) Voo, Math-
ews I 5t 20 18 i Br # J%  2k 2> 1 Sn 7 AL Bk B
(TR TR L8 6 x 101 em™3) 99 ## K
TEA WM, ANTH# Voc #=510.4 VELE, HIBAL
FN1.3%; [FR AR, 51 Nid & 8] SnFs A B T 47
1] CsSnyBrs 5 A AL K. Moghe 2% [70) 3 i %o}
S 2 S MR B SnBry, SnF #1 CsBr Z#E 17
Bk, fill# T CsSnBrs [, e 1 45 14 HELith 250%
Y2180.6%, Voc 0.4 V. Li % T 5@ 2885 4k0 B
ORI AR IR B R (HPA), #0817 SnF (144 B9,
B RPEAL T R T % (2.5x107% ecm?/(V-s))
R A B T B (1.5 x 101° em™3), ¥ CsS-
nlBry (B, = 1.63 eV) HIBARSE 2 3.2% (Jsc =
17.4 mA/em?, Voc = 0.31 V, Fr = 56%). 300 s
J& BUR AR LE 3.3%, Ll i R B e e
WRIEEA (B 7). 414 Br 582G, BIF K
A5 R CsSnBrs, H T BREIHG N (1.75 eV), Mk
P, H 2R DTk B, A 5 R B IE A A A AR
NSLJTHE. Gupta %5 72 1 4% 19 4l CsSnBrs #54k 5™
K PH B B R R T 3k 2.1%, H BT A RHE] (TiO,,
CsSnBr3, Spiro-OMeTAD) R I AILEL, Voo B
i, DAL, ZEERAS 8% 1) CsSnBrs £5 8K K FH
b, FHFERTEE R TR ).

AN, T E 4R Sntt M S R AR, B
AoSnXg. FoA CsoSnlg BA m 2= AR F2 e 1,
90 BUSUE BRB™ 45 1 2 Tk, WL IR RS ] ik
310 cm?/(V-s) BT SEpPRL AT Sn2t 45 2% 10, 7]
AR p BURRE, 7GRN 42 cm?/(Ves), HH]
VEZS AL S A RE, W Lee 25 (M4 30 87 A 1 BA R
A BH EL It R AF T 7.8% HI AR, Qiu %k 770
K FWE WO 2% 1 7 BN 1.48 eV ) CspSnlg ¥
i, HFTO/c-ZnO /nanorods/CseSnlg /P3HT /Ag

SERY %N 0.86% (Vo = 0.52 V); FTO /c-
TiOq/CsySnlg/P3HT /Ag V- [H 25 K4 (1) HEL it 1 250 %K
N0.96% (Voo = 0.51 V). 7] LLF H CsySnlg Hith
11 Voo 45 CsSnlg Bt AR, BLEH Snt & 744 kAT
DAVE N B RIS . XA RAT T 2 A 7 R Sn T
MBS —E 1) Sntt B, BUR A —E AL, F
oA R A E. Rk, TP % Sntt BT
HFE LA T RN B R F 7.

20
(a)

[
ot
1

w
1

Current density/mA-cm—2
[
1S

Jsc/mA-cm=2  Voc/V Fr PCE/%
Forward 174 031 0.56 3.0
Reverse 174 031 0.57 32
0 . . - : - ;
0 005 010 015 020 025 0.10 0.35
Voltage/V

= 10 J
c
2 -
Q
5 08 — MAPbI, 358K
o
S CsSniBr, 358K
g 06l —— CsSniBr,HPA 358 K
8 —— CsSnIBr,-HPA 373 K
% 0.4F CsSnIBr,-HPA 423 K
2 —— CsSniBr,-HPA 473 K
E
s o2}
£
5
P4

0 T T L] LI

0 2 4 6 8

Time/h

7 (a) HIMLHIIE R J-V HIZE; (b) b EE M st
fy Rk (71]

Fig. 7. (a) J-V curves and (b) normalized power con-
version efficiency evolution of devices with 9 h of ther-

mal treatment [71].

4.2 GeZEi55KH K[FHE

5 Pb2t [A] 5 () I 4R T6 R Ge?t B AT AR
LR A S N B T 42 (0,073 nm). A
# QP JE B M B MAGeX3 1 2 Z R Tt 43
N1.005 (MAGeCl3), 0.988 (MAGeBrs) 10.965
(MAGels), A& T BEAE 6 85 5K 0 45 19 1) M 3
(771, RFH B — P TR T AR B = RO R R
5338 3.74—3.76 eV (MAGeCl3), 2.76—2.81 eV
(MAGeBr3) f11.482.16 ¢V (MAGels). i%%#4
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B8R 215 Sn R ERA HHF], F 2R 5 T A A
ST 55 M LA 2.

DU A B AT A AR A R, LA B B R
A BT AR B /IN T 3G 0, G0 S 56 ) 4% 1) CsGels
)5 B N 1.63 eV, MAGels 42.0 ¢V, FAGels N
2.35 eV (K8 (a)) ™8], 5 Pb IEAHERT AR . i
TR I HPA DU & BT SR 7E A LV 75 R AR
1] £ R A FL 45 A8 R PH L it f J-V # 2R o P 8 (b) B
7~. MAGels, CsGels KPBHHEMLI Jsc 75108 4.0 Fl
5.7 mA /em?, FEEDHIN0.11% F10.2%, @K T2
W EAE 27.9%. [Fth, ] % 5 2 Sn 2R A Ge
FEEERETACRH F I, T 1) A Ak L A 45 R R AR
WP AREARL, LS pE S RE R M VT, T Hi
T B4 2) AL IR I i 2% 20, SEBLE I I m]
Bl 3) Ht— P m Sn?t, Ge?t TR e,
e v LT Y B 5T R R

Absorption

MAGel3

1.2 1.4 1.6 1.8 2.2 2.2

2.6
Energy/eV

0] o)
Tl s
g
©
<Fa 6
E 44 CsGelz
7| o2 —— MAGel;
S
- I8! - T T T T T T
s 0 0.1 0.2 0.3 0.4
E —24 Applied voltage/V
O |4

L

_94:

B8 (a) MORHAIRIOEHE; (b) Mibit J-V g [78)

Fig. 8. (a) Absorption spectra of Sn- and Ge-based

perovskite materials; (b) J-V curves of devices 78],

4.3 Rt & RBEISIKE M1

SEEB R P G IRE R R e SR 25 M o
% T [FEF) Sn fl Ge 4b, At 48, 41 Mg,
Ca, St flBa. XK BEFREN 210, =

F 5, REER P HE R R 0500 Mgt Ca?t,
Sr?+ Fl Ba?™ 7 3 12 43 7 29 0.072, 0.100, 0.118,
0.135 nm. B B & 742 0038 In, T ek 20k
N, LB BRI, AR K B FAMgT;, MAMgI;
1 CsMgls 17 B4 318 0.9, 1.5, 1.7 eV; % JEiZ
BFLE (DFT) 715 B 13 201 MACals, MASrT; 1
MABals 77 52 70 514 2.95, 3.6, 3.3 eV. T H1E
(7 BR K, IR 5, AN 38 A 1 D O B i v ) W i
ML

Pb & n] LA R (13 0% 48 (0 Cut, Fe?t,
Pd?T) FIHE R F L4 8 (0 Bidt, Sb3+, Tet™t) fir
B AR [16:17.20.82) (AR SCTE 12, 36T ML A i
BEERT A4 KE Ay Telg (A N K, Rb, Cs, T1), HHpRE
TLE1.38—1.52 eVAKAE &= VL FI Y 9. 40 Csy Tel,
RS ERAT 4544 (AoBIBMIxe), L B A7 N Tett
BT, BUACA AL, TR RS A R S T
FALE T, AR BRAE 1.52—1.59 eV L A B, 5
A, BTGB R W CsoPdBrg M 9723 A0 4 JF (AU
BRA S50, RN 1.6 eV, MG R e H HA RS
) 235 K R s T RO TR 199),

A B, A A] BAR H 3 4 TR A BH B 7 6 Ph?t
BEAT AR BB T AT LA AN [ A4S 1 R s 1
(W0 Tt ATTi3F, At F Audt BOSTh - a] UK AR
A4 & B A F (o Agt A1 Bidt, Agt Al Sh3t,
Agt A Ind+ B5=91 Sk T E R R G M T
60 43 Fh B8 ¥ it 19 ApB'BIX s (BT N +1 47 FH
-, BUY 4340 BH & 1) S5 ER B R, A K
P11 FP & Sh3H /Bidt B P 8. RAEER S
PE RE IO B O AR A B, 3L CsoInShClg Al
CsoInBiClg B A7 H £ B, 2 T fik 2h 11 4
SEPELF, HES B ROk L AR AT 5 MAPDI; L
L. Csy AgBiBre A3 B2 SARMEL, B3R
N1.95—2.19 eV, B KR 75 & FH il st e
P 135931 Greul 25 PSR L, 4250 °C Bk
J& I % T CsyAgBiBre I, N T8 AL
SERIRBH A, 3R18 T 2.5% MR, Voo )
N1 V. X5 CsyAgBiBrg/TiOo [ R I HR T1E
ANBEYIIRER L BT LMkl BAMR B E
1 — R AA AR B AsBoXg. HHTIX
e BB TR RUN, MR BRECK, H L 2D,
1D B, 0D 2547 1E, IEAR SR IR Fl A .
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5 /> Pb4&5skH A[H M
5.1 SnisZr

X T MAPb(11_,Bry)s #1 kL, B o 3 K,
RV i o v B o Br & & (0 59 A ORE I A RO
4 MAPbDI; ¥ 1.56 eV 1% 35 3 i 1] 4 MAPbBr3 )
2.3 eV 191 i 24 MAPDI; 1 (K] Pb #% Sn & 43 BUAL
J&i, TE 1 Sn 520, AR 7 BR 21K T4 MASnI;,
41 MAPbg 255107513 FRE 7 BRAK T 1.2 eV 798),
FF FI B R AL H BLE T FASn, Pby I3 #48ep 199,
HSTHE R B, 15 40 Bl A B 00 5 0 FEIKYR T Sn
FERRL R T 7 53 1991,

2014 4F, Hao %5 P77 7 Sn HUAR L f51) 5 v s
A FLEE R BB R e, i o firs. Bl
S HUAR LU A5 (1) 385 m, e S ) R A R ok ) K
J5 1A B8 By, 1 B VL 1 A B B A, B0 LA Spiro-
OMeTAD 4 HTM 1] H il 1] Voo FRAK, Jsc 38 .
2 BUAR B N 25%, 50% F175% B, KA 0R
A PR 7.37%, 7.27% F13.74%. Ogomi 2 11001 1)
P3HT A HTM, {UAE Sn 45 28 W FEH 50% I 3845 1
B ROR, N 4.18%. X A RE 5 C # T I R
I IDHPA, ff Sn?+ i KRB E A L. EER 5
Cl (K H PbCly, SnCly 1EAHTIRY)) AT $& 5 i3 5 1
B, R BT 0 A 3 R0 B A 1 AR B, 7E Sn B
LI FE N 15% B B AR B2 &2 10.1% 1O &
MAPDI; 1 7.33%. 1M 2445 Z< K BE 5 T 50% B, 2%
FALT 0.11%. XUl BB 1)L R ddbi RSP &
&8 b E ) (1 VS P o) % R 4R AR I G HE. Zha
26 11020 SR Y 5 26 ¥ VA 1 % T MASn, Pby T3 7
I, FERE T T ORAR K T X ARHE R e . &
LGB K DMF 78R KR DMSO &SR KA,
VHEIEL () etk R ST 23 310 299 150, 220, 500 nm. Sn &
B 10% I, HEE )RR A 1.31 eV; £ DMSO 28
BKJE, HRCRM 6.57% $2 4 10.25%. 1 24 Sn
BN 25% B, WEBCHT BRI /N 2 1.24 eV 4 DMSO
ZERR K i I AR RO A B R AGR K 8.83%
b2 7.76%. F E R KIAE T HL B X 400—700 nm
WK AP BT 2R (EQE) BEAK, M f Jsc ik
N FE R AR T AH O o A ) TR X R 9K 3 AT
PWIE, P15 T RF N 14.12% ) MAPbg 75500 2515
K P HL i %), Yang 2 109 R F{ GBL (y-T P ER)
A DMSO VB & AR NIER, FAE— D e il f2

O N OR ROV ), o T SR, TR
BRI, 2K A PEDOT: PSS{EAHTM I, Hib
f P BE L T NiO, /E A HTM I HLB. 24 Sn & &
R 25% B, R AT BN 1.35 eV, BB IR A
14.35% (Voc = 0.82 V, Jsc = 22.44 mA/cm?,
Fr = 78%); Sn & 88 75% K, HLEER N 2.4%.
1M 4F T FAPby . Sn, I3 ¥ B, 24 Sn &% & 4 25% i,
V) T B P 221,31 eV, LT RER 2N 7.3%. IX
A] RE 55 I A AR A BRI 35 AH FAPDIs [ A2 B
BHR HIEHEBE R B AN50% MAT J&5, B Bk
MA¢.5FA¢.5Pbo.755n0.2513 il (Ey = 1.33 €V), H

25 . : —a— CH3NH3Pbl;
| (a) —_— CH3NH3Pb0_75$n0_25I3
0" 20 —a— CH3NH3Pbg 50Sng s0l3
g | ~— CH3NH3Pbg 25Sng 7513
<§ —#— CH3NH3Snl3
g 15
2
k7
g
S 104
-
=}
g
E s
O
0+

0 0.2 0.4 0.6 0.8 1.0

Voltage/V
< 80
3 (b)
2
(&}
= 60
[}
c
=]
4
L 404
c
3
)
% _CH3NH3Pb|3
2 209 —— CH3NH3Pbg 755n0 2513
£ e CH3NH3Pbg 50SN0 5013
=] — CH3NH3Pb0'25Sn0.75|3
g | == CH:NHssnl;
400 500 600 700 800 900 1000 1100
Wavelength/nm
©) A —2.05

Energy/%

=545 548 i
=5.61_577

1 0.75 0.5 0.25 0
IN{O2) CH3NH3Sn,_,Pb,I3

Spiro-
OMeTAD

9 AIE Sn HURETE BRI (a) J-V 2k, (b) #&F
HRA (c) Rt 7]

Fig. 9. (a) J-V characteristics, (b) incident power con-
version efficiency, and (c) energy level diagram of the

devices based on MASn;_,Pb,I3 perovskites 971,
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TR = 2 14.19%, E 15 dJE, SRR
FE I BRI 5% £ 4. 5 MAPDI; 41255 NIy
i & B WIS, AR AR 19.08%. 4 1E R
B Cs Ja 10U il % 1 FAo s Cso.2Pbo 75510 2513
A MAg.9Cso.1Pbg 755009515 FLIH 20 ZE AT 2 1 2
14.5%—14.6%. 7E MAPbq 75Sn0 2515 # 5 133 A
Br i 1% B 545 N 2 (0380, 78 155 1 17 B 186 K.
2 Br & &4 60% N (MAPbg 755n0.25(10.4Bro.¢)3),
WIS (1) BN 1.73 eV, HLI IR N 12.59%; 4
Br ok Sn &4k 4L IR, BRI K. Zhu
24 [106] 3 3o fia] B 42 VB & 5 77 b DMISO F EE A7,
b K S5 K, B MAPbg 755102515 F5EKH A BH H
MR BRI E E 15.2%. FB, BT SnJE Hitk
i BRI /N, AT LR A S 2 st (i H . R, Ld
2 DOTI R 57 TREANVE R ZE TR K T EMEE S, T
Y ok ]~} AT K % 870 nm, MASng 25Pbg 7515
MR AL 12.08%. ERXHINE 15 h G, &%
AT AR R  73%.

PR R O8] Y Sn 5 P & & A
)BT, R P Y B A, AT 4 5 4o K FH Y B 114 )
0 Fl TR AR R R AR 2, AR T AT
fUscsE. FIRE, MR PUA S 38, Lin 2 009
Xof L ) & T2 AR ETM Z#EHAT Tk, &
L MASng 5Pbg 513 B 7 324 7T I8 1050 nm, H
H A 424t §] Frenkel-Wannier-Mott 3 F4#F1E, 24
X F PCBM {E N ETM B}, HLth 280 % 9 6.1%; i
4 3k H BPB-M(— F & #) & 17 4 ) £ N ETM
i, LB R R A A B 10% L E (Voo = 0.69 V,
Jsc = 22.8 mA/cm?). Lyu %5 MO 75 g i i 72 o
TN E RS & T RE R & (Ey = 1.23 eV), &
J& K H Ceo fEAETM, il £ 7 2% N 7% 1) H .
25 7 e S VSR W 20 T A R & T B0
BN 1.18 eV [f] MASng 5Pby 513 # i, 78 H 5 #
KR Ceo/BCP/Ag, ¥ B RF$E /= 2 13.6%. 1M
K PCBMAE N ETM B, H i 208 A £ 5%, F
UCULER T B TR B AR ) 3 B K A UL IC 1)
HEME. Liu%g 12 R B, 78 FAPDI; # i i 5 Sn
J&, BT A AT R R R AR RRORT AR e T ) 4R
w, HEHIE T E N 10.76% (Voc = 0.695 mV,
Jsc = 2837 mA/cm?, Fr = 54.6%) 1 Jx B
FASng 5Pbg 513 # K (B, = 1.28 V) ABHHLh, 7£
R AFIL 100 h 5 i 8RN ] R RETE i 903K
K1) 85% LA_E. Eperon % 99 38 1 571 T REANIE 57

U (A ) AH 45 A m TR AR T 3 AL R
SRR BUE M FA0.75Cs0.255100.5Pbo 515
I FASng sPbosI3 # . # Cs)a, #1105 B
(1.22 eV) A ZZ, (HHF R B 7 55 & Re b, 2
KEEZ M TimE, Wil)E Fpllsi ¥
B FE 43 51 9 190 #1210 nm, LA Cgo/BCM/Ag A
ETM () B3t 202 73 0l 9 14.8% (Voo = 0.74 'V,
Jsc = 26.7 mA /em?, Fp = 71%) #10.9% (Voc =
0.70 V, Jsc = 21.9 mA /em?, Fp =66%). SN
1.6 eV 1] FA.83Cs0.17Pb(I0.83Bro.17)3 14 3 P4 i 1~
FZ MG, NI (0.2 cm?) BOR A A F] 20.3%,
KIEFZE (1 cm?) N 16.0%. Liu%s 104tk BLE
MAPDbg 5Sn0 513 ¥ B35 N 10% Cs J& (1.28 eV),
Ha 7t 250 R M 6.36% 2 i1 2 10.07% (8 =1 N 12.7%),
[ B L P R AR B T PR . RN —
T, CsBIGI NSRS T B &, WS s, o)
—J7TH, BT Cs BTFFA8/N (0.188 nm), i i
Wi, AFITF AR E R 7 RUK S F Y #ORS %,
fi Sn>+ ARG A, B, Xu &5 18] 0] Sn i 4
b, TERTIKE 51N T8 B B A AR PR Mg,
i MAg.5FAg.5Pbg 5500 513 #EE N [ A B T 75
i s T 2245, bR T 14.01%, Btk
RS e

Jyit— 0 $ I b Sn i & &, Liao 25 114
4y BIlCH] T FASnIs (#5\ SnFy FIYIR & 53 E0N
10%) A MAPDI; (35 X\ Pb(SCN), FI4 5 H 43 %1
N 3.5%) i1 DMF A1 DMSO 18 & & F i, Bl o %
FO R AT TR B b, HEAE U i FE P I 2
FIRATIESE. DU (FASnI3).6(MAPDI3)g.4
AT BRZIN 1.2 eV, S5/ NIERS A, 5 FASnI;
. )5, KM Ceo/BCP/AgtE NETM il % 1
BN 15.08% H s B 18] 57 53 45 K BH HLIh (Voo =
0.795 V, Jsc = 26.86 mA/cm?, Fp = 70.6%), H.
50 A HLth (1A~ 3 3R AT A 14.39%+0.33%. HE—25
38 8 G SR, R ATk 17.6% 0L, R L A
B2 N 1.58 eV [ FAo.sMAg - PbIs T it ¥ % U 35
FRMERE B2 BIE, BRI 21.0% (K10).
Zhao % 151 R A PRI ) 4 7 10K 010 K ki
MAPbg 4Sng 613 # M5, 558 9 00 J5 A7, 77 BN
1.27 eV, B B EZ 8 650 nm. L PCBM/AL
RNETM, H b 1) 80% 8 10.0% (Voc = 0.77 V,
Jsc = 20.5 mA/ecm?). M SnE & & 2 80%
i, TR B — D BRI E 1.19 oV, Fh R ]
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K7.6% (Voo = 0.66 V). 24 7E FASng 75Pbo o515
W B N 20% Cs o W] AT 250 23 B
5, W 2R N 5.3% 12 B T.8%. 5 Ah,

Perovskite

PEDOT:PSS
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1.25 eV cell (c)

28
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0 0.2 0.4 0.6 0.8 1.0 1.2
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MASng.75Pbg o513 T B 7] HE4T 45 201 CL$B 4%, 1
WA 1.18 eV K& 1.25 6V, HLHBIKF 3R ik
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no
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T T

Forward scan Reverse scan

Current density/mA-cm~—2
[
=
T

i oc 0.853 V 0.854 V
10F . 28.5 mA/cm?  28.7 mA/cm?
5- Fr 72.5% 71.4%
| PCE  17.6% 17.5%
0 . L . L A ! .
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Voltage/V
100
(d) —a— 1.58 eV top cell
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~
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Fig. 10. (a) Cross-sectional SEM image and (b) J-V curves of (FASnl3)o.6(MAPbDI3).4 device; (¢) J-V curves and

(d) EQE of all-perovskite tandem solar cells [115],

5.2 JESniEZ

Ca?™ 1 Sr?* (B 712 5 Pb2 T Mik, W] LA
o B AP I R HE 1) 3D EH R4, Y
Sr2t B 4 & LK (<5%), X2 Sty (1) B 4%
W, W] DLAE AN 52 i 8 7 B oK Be g A B
W15 O R, T R SR A R 3R AN 4
oo R, AR T A B, 2% 4 AR 4 S T
Fict, 38 0K H vth 1) AR (B 45 2R IR FE Dl 2%) Dol
FE A A ERHT/ETM FE 10 Ak Sr(CoH304)o (1
B, R H R A A DY T A e A Y8 %. 4 St
B AR R (> 5%), R RN, 5
PR R RH, R R BR RN R R B IR AR R
B LTl R[] F Se?t 45 2%, 243 5 P 3B N CaZt
J&, VIR 45 ) H DY 7 AR AR DR SL T A, i BR S A

TR, i, Shai % 18R Zhang 25 1191 43 5% A
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Abstract

The conversion efficiencies of perovskite solar cells based on organic-inorganic hybrid metal halide materials have
broken through 22% in just a few years, which provides a ray of hope in solving the future energy problem, and receives
great attention and research enthusiasm from the academic circle. However, what is followed is commercialization and
industrialization process, which will greatly enhance the importance and urgency of the research and development of
the green, non-toxic, highly-efficient, and lead-free perovskite solar cells. In order to speed up the development of
these environment-friendly perovskite solar cells, we summarize the recent research progress in the perovskite solar cells
from the two categories of Pb-free and less-Pb materials. In the Pb-free aspect Sn-based perovskite solar cells are
emphatically introduced. A maximum efficiency of 8.12% is obtained for the solar cells based on FAg 75 MAg.255nls,
but it lags far behind the Pb-based competitors. This may be caused mainly by the oxidation of Sn*' ions and the
band mismatch with carrier transport materials, etc. So, for further improving the efficiency, it is very important to
optimize the device structure and material properties, and understand the role played by Sn** ions in films. In addition,
more attention should be paid to the inorganic halide double perovskite materials as potential solutions for the toxicity
and stability issues. In the less-Pb part, Sn-doping contributes to a large reduction of lead content in the film, and
a maximum efficiency of 17.6% for the (FASnls3)o.6(MAPDI3)o.4 perovskite solar cells is achieved with good long-term
stability. What is even more interesting is that it can be utilized to construct tandem cells through the bandgap regulation
after doping. However, it is very difficult to determine the optimum Sn-doping ratio. More systematic, rigorous and
normative experiments are extremely necessary to reveal the interaction mechanism between Pb** and Sn?*. For other
doped elements, the effects of their concentrations on the properties of thin films and the performance of solar cells are
also emphatically discussed, and it is very urgent to have a further understanding of the working principles of devices
and the fundamental functions of substitution elements. Thus, this review highlights the recent research efforts in the
development of Pb-free and less-Pb perovskite solar cells and also provides a perspective of future development of new

environment-friendly and high performance perovskite solar cells.

Keywords: organic-inorganic hybrid perovskite material, solar cells, Pb-free material, less-Pb material
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