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Fig. 1. (a) Principle of light response of triple-junction tandem solar cells; (b) PCE evolution of triple-junction tandem solar cells;

(c) schematic illustration of the triple-junction perovskite based tandem solar cells.
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Fig. 3. (a) Schematic structure of tandem solar cells and cross sectional SEM image(™; (b) J-V curves of sub-cells and three-junc-
tion tandem solar cell™); (c) schematic structure of all perovskite triple-junction tandem solar cells"™; (d) J-V curves of tandem sol-
ar cells in dark state and light[™); (e) schematics of perovskite precursors during the crystallization process™; (f) schematic illustra-

tion of the suppression mechanism of light-induced phase segregation!™.

I3 510 FAg 53Cs0.17Pb(Brg 713)5(1.94 V), MAPbI, a3 R, R Cg 188 PCBM, HAEJE T
(1.57 €V) il MAPb 7551, 5515(1.34 €V). N TEE JZUURAY SnO, Al PEDOT:PSS(3E (3, 4-24% "4
(R S BRAESER, AT T S BRES ER™ Hr Ak A i WEWY): 3R CROMBRRRER)) Z A4 A 42 DAL
A 2% BB B R B R, s AT R LHFUCEL. WA 3(d) B, MR HES v B
ol T SRR R V5L IR A A A I 791 S BRAROK Y K 1.73, 1.57, 1.23 eV AYESERE BRI £ ) 2555k
DI AL, S 2Tl B B PFRICR N 6.7%, FFi% W =455 )2 KB MBI T 16.8% MFE il K.
HLHER 2.83 V. (RIS, At T38 2k 52 R 18540 AR, R o R iR A 77 & T S Sk
TN i — 45 B 2 H it T LASEEE 26.7% M RE L FG JEVROM TS Wb ) BLE 2, IniEl 3(c) Bis, il
R (18 3(b)), 12 b B H AR SN T A T 2 T8 46 T NiO,/PTAA (S [ W (4-45L)(2, 4,
4 P A R A B 1k, R DTSR FH R | AR BAS | 6-— FH AR EE) e 1) XUZRSEA ARy v ] Fa 3l 19 2
A B R B4 AR ) 4% 22 245 A 5 ko 28 J2 R b 1) T TALHZ, BRI NiO, 24 B 178 35 i o it
PE. 2020 4F, fif 3R AR TR 2% 1Y Janssen ReTm, W PTAA R, A T 80%
BA 76 A Xof H i) B 5 J2 RN ) TR AR 4 R T T HEA MRS EE)RE; R T 4208
PRAl T BBk 1 W 20 vk i 4 T 2001 TR R JE, DAd/ MBI 2 s SEBL T B AR A0 A5 9L
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JEVCHD, RISRHEE 5608 °h 1.99, 1.60, 1.22 eV 1Y
FREKE BRI S 2 B . 5558, KA Pb(SCN),
AE A VS TN 9 A0 S Ay R 5 ™ ) A 485 T
miRr RO R A TR 2 855K S )2 K
FHEL RS T 81% M FE R /1 20.1% MIRE R 5%
WHR. ZAEE AT ER PR SIAF 325 K
J&, AT DMBRAERRCR Y 95%. 25 AT, 4555ks™
B )2 FL U A A IR 5T 32 A X6 E AT DT fic A e ) L
HEJZ I EEA A TIACAIE ST, 1Rl AL & 2
RERRIBTEETE, =258 2 v it AP RE AR HT R .

FEBASHIE R 2 )5, TG e =258 )2
R B Bt R TS FL Sl ) RS PR TR R, RS T B S
RO MR 5y R AECEUHE T B, 3 M 2%
REFH IR E M. IR ALK Sargent HIBA )
& H R RS R AR ] LA ) R A S Ak Y
SEECH AT R EL J/IN A A BH S TR S T 2 ]
(I B 23 s I A RE 22, WD 3(f), ELA T
Hy TN BHES 72242, T AR 2 2 O LSBT A
I HLAnds 2% & iy RS TR 048 2% B B A
5. B B TEHLES K™ CsPbI, 75Bry o5 H1H
T T DASS IS Bk 1 SRS . TRz L
N B SRR = 258 2R P & 1R
JEIRA T ES LT N 3.21 V, ZCRK S| T 24.3%, H.
TER R IR HIB4T 420 b5, Rl o thaeR
(1) 80%. 1ZMFFE Rl vEl BRAS A A PH b '
AT GARAE T U, AU S T 24 S
J2 K BH F b ) R Bt A S SR RS e . 2023 48, 1%
TR A fop 22 R PR JF P T K 2#19 Janssen
BA 7 i 1 i Ak e P AR A 55 T LR (1 R
B AEHUGEE 2.0 eV EBERE A AL Y i AL 34 5)
PE, DA RE S A P T R B e AT
BRAGEKH T, P st A KOS R, s ki R
TR AT, [ P A 7 b BT ) i A Ak
of RAAP ] T E5 8K/ FL A A% g J2 3 1 ) S s S
24 (K 3(e)). HET 1.97 eV i TE M BRAT AR 41k}
P SR B 235 s S Bk L B5CR Ry 15.3%, ik F
S-Q PR 86%, IRl HHLRIRE] T 1.44 V. ¥
1.97 eV 554kH™ 5 1.61 eV H1 1.25 eV W55 1K
IR ATE—E, AN =4 ERE AR T
3.33 VI HL R AN 25.1% 11 B B 5L 080 (A
WERCRN 23.87%). PRI, Bh38 S8 s BRG Ek A 4 A
Jo i RN T S 45 BB EK ™ H 3t %) ' H P BE R 4R
T =258 2 v b 1 T

3.3 5K /$54KH/REKPRAR M

FLAE 2018 4F, Hiy HHIRBE T 4B 1) Ballif
BA167) 5t £ BIE T E5EK A /A5 AKET /i B 2 K PH LSt
PIRES AT AP, AT eio2E T SR WIS Z iy Bt
A ) B J2 R B, 2R LTk T 2w T
S Bl 1.53—1.55 eV Fl 1.77—1.80 eV HY4S
B CsFAPBIBr (8 4(a)). A T & B4 B B,
AT T A A A AT ) O TS L e A AL %
H 1.77 eV IS GRS 2= 1.80 eV, K Fp1a] e i 1) 1
Wi 2kl 1.55 eV BETZL AL & 1.53 eV. [R R AK
00 Rt A ESER D™ SRR, aE— 25l INIC IR AL A3 o
r ] b R R . B O 8 R Tt A S PR
B 7.7 mA /em? $E = F] 9.6 mA /em?, IS
Tk 2.69 V BYFFEEHLE, B8 T 14.0% M REE
FEIRALR. HE 2022 4F, SREKE /BT /iR )2
IR BH R b A PR R 2 e R T, 2R JE K41 Ho-
Baillie 41 B\ B0 iz 38 7 i B R 1.03 cm?, 205
20% )= 2552 i, B TFE LR R 2.74 V, 31
FEH TR 86%, Xt 4B E IR — AN EHE R
TR ARz g, MATE I JE T Y 1.55 eV Y
LEIEALERET Csg (F A oPbI; HH il = i, >R
H 1.90 eV IR A KL ESERE™ CsyoF Ay Pb(1y.45
Bry s55)5 M T AL, [RIHXF T & T MeO-
2PACz /Wit NiO, 1E 78 7UE R 2 (K 4(b)),
' MeO-2PACz 2 [2-(3, 6- - F & 3 9H-H: Wk —9-
) 23] R, 50UEH NiO, BYgs A EE, MeO-
2PACz AT NiO,(FEE WAL HL Y NiO,) A
BESR T =45 A P RE. X TR L2, RA
Sn0,/Cqo AE5 1 nm JEH LiF 2, FFERA 20 nm
ITO FUEH & AE R T b SR, a5k T
B BT R R ARRE ), 7888 PDMS (3R —H St
RESERE) J2, RIE T SRR CES. DL AR
B =45 % 2 i PO B F 2

BT A B LI A O A, TOUS S Ak A R X
H ]S SR AR I A 2 — A G B )L X
2022 4F-5f [ 7 /R B 57 K20 Kim SR 0 R A
LN FNHT (8 B WA S B R T SRAR TR &
VR, 5168815 DMF /DMSO ML, %k £
U BRI R M, Tk S i 45 T FR B s
BV O 2 A i P ) E b, SCBTE A IR I
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Fig. 4. (a) Schematic structure of tandem solar cells and cross sectional SEM images®”); (b) schematic structure of tandem solar cells

and cross sectional SEM imagesP; (¢) J-V curve of the champion tandem solar cell, illustrated with schematic structure of the tan-

dem solar cell ) (d) cross sectional SEM image of perovskite cell prepared by anti-solvent dripping and gas quenching method!®!l.

PRE, AT 5B M 1.96 eV T Lt Y A F 5 ik
FI 6.4% FEEE 13.9%. 164 LZ SR AR E
AIFEIRAVE T, 4582 ibER i 22.23%
FIRE R FL SR (K 4(c)). [FA4F, #8E Fraunhofer
KBHAEWFZE FT Y Heydarian F1BA 81 32 H SRR k
A, IT S ASHELRESERT VI, B Lk (Rl 55 R A
I, SCBLTCHTAR AR £k (181 4(d)). Hria]
BSERE WMZ I Cs 05(F Ag.sMAg1)0.05PD(To.95
Bros)s, 5 B A 1.56 eV, 1 154 45 Bk 1 W i J2
7t Cs,05(FAg.55MAg.45)0.05P D (T 55B10.45)3, Bt
1.83 eV. % Rt 2.86 V TR, AEEF;
ORI 20.0%. YRR N RS E E RN K
Wolf [ BA 52— 2541 H XU 5 SR ms, W&l 5(a)

i, SR R B0 A AL P e 3 [ I 2.0 eV
) Csg1FAgoPbBry I o #5802, Ho b i R AR
AL KA RST, B BREE . B0 87T DL E
1k, B 1k AR 2 0 AT A, HP e B8 3 e O
0 0L T BRAESER D VS P i B A B R AR, B0 AR
TRT, FesE DL, B2 2.0 eV B Ty B a1y 45
R L HSCR R 15.0%, FFRSHLE N 1.38 V, 4L
JEHE 300 min JERCRAFRILRERY 98%. R AT
B 5 EK B W USZ R Rbyg 05Cso1 F A g5Pbl, 47 B A
1.52 eV. {54588 i 4 7% 45 )2 70 e i DX 3 g i i
JEE, R e ] E ) I R, Ry TP T
05 EL b R e ] Lt P EL O 43, 2% AT AR T
170 U &, AR AN 1 em? 19 =458 )2
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Fig. 5. (a) Schematic diagram of the working mechanism of additive engineering®?; (b) illustration of the mixed-phase and segreg-

ated-phase of wide-bandgap perovskitesi®; (c) XRD pattern of film®; (d) certified tandem solar cells J-V curves®l.

P  H RIRE] 3.04 V, FLFZY 12 mA /em?, 5
FHE 26%. ZAMER S TEHM 85 °C HHR -
246 1000 h J&, J55R0RF 88.5% MR,

F, A 27 X BT 1T A %) it 7 T B
A" Rby 05Cs0.12F Ag g3PbI; ,BroCl, (0 < 2 < 0.05)
B NE RN RS, A T
R ALY AT, B T AR, DD T SRR A AR
W N AR AR S I G oA R R, SCBL A B T
X AL R BT 50 (K] 5(b)), TR A0
TR AL A, DT AR AR 5 5T A YA PR S
BB R Cs.05(FAg.9sMAg02)0.95Pb (Lo 0g
Brg.2)3 (29 1.53 V) AE A 1A BR G ERHER, T

FUR 1.04 cm? 1 =458 2 H it R B T i R B
3.0 V, THEREWEL T 25.0% (GAERCR N 24.19%),
K 2 1) L T A E B R )RS 4R TAE 100 b,
RE T FARAOR T IR AR E Y 86.8%. R/RITEIR
T 2% Paetzold FIBA B4 FF & T —Fh bk RE ]
FLERE - HL I, SR A s i B A KR AR AR e 1
B (JCAS . NarREHL) 46 o AH FAPDI; £5%k
W (] 5(c)), WBAA 1.52 eV 42T fefER .
255 B Cs2FAg sPb (I 5Brg5)3(1.84 eV)%“j!Ei(
W TG HL 3, #A) SR = 25 B )2 L Hh D R B R
9 24.4%, S5 N 11.6 mA fem?, TFHH
JEM 2.84 V. £ 85 C NS T-EF T EFE 1081 h

248802-9


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

Y 32 2 3R Acta Phys. Sin. Vol. 73, No. 24 (2024)

248802

J&, R IR = 5T AR B =ik 96.6% MW i
R, TN ] 57 2 R A58 A BA 1590 48 s SR U
P F IR IR 7, AR 12 (1.97 A)
SR (1.95 A) H2Y. 45 5L BT EUR AR AT L
NEEERA e p, 7 A B ) AR AR (i A
THRE TR 50 A . L TEURRAR S A 4544
F I R I BB T B R AR Y AR 4 B 2 A i
. BB S SR (1.93 eV) HLEE
PFREBL T 1.422 V IFF IS, TR R S IHFE A
F AT Shockley-Queisser Bt PRI 80% . fx
PALF N 27.62% (K 5(d), ERER N 27.10%)
VSR /850 /RESZ R BH AL, HAUY 1 cm?.
DL 25 RRR, Pe Ak SE s BRES ERT FL T e
HLPERE T 0 4R T — 255 2 b i R AL iR

LERE

[SI<E=N

He B

4 RAELS5RED

ARSCEEIR T AGERET B = 45 % J2 K BH F L )
FUREIE. 32 1 G4 T AT =25 KB A b R T e Ak
I SOZ A2 BRI B, B A% B2 R BHRE LI ) O
IRTERE. 3 2108 TH58kA /458K /A HL . 2554k
A FVES KA /45 Bk /i B J2 K FH i b 1 D L 2
B e R R ReR I 19.4% 7, 23.87% Hl
27.1% ) L RAEW] T =45 b TSN, (H
R T BT BEERCRR, £ 2R TAH
IO ERAG AR, A, PR HE— AR T R RE

L S S S i

FETT B R 7 T, AR A ASTADL T AR 1)) 4 Bk
FESERH /E5ERH™ /it )22 K BH H b () B T B vl
JEAr 510 3.54 VA1 3.24 V. 1 HETE 235 2 (17
B ER 430k 3.33 VORI 3.13 V. R F G RS
BT A AR R R T B R, BRI, AR
e At 2l A TR BRI TR | A5 I R A
i A ke ARAS v BT ot Bl B A B A VAR (5689 S A,
1R 5 LA A5 S A RHS Tt B 0 B BT B L Z TR ] 1Y)
AT DG C R v R A 2 8 0 5T 0L teAh, JF & TS
S F 4G 1) R 18] 3 J2 e S B B R R R G
L O AR S I Y R T, A KT R K
WS ER ™ /i 28 2% O B L i P e A R B P U %
AT RE] 12.0 mA /em? A1 14.1 mA /em?. K11,
O TR 7 45 ) ) S I e R i % L %88 B (LA I T T
W, 455K R 9.7 mA Jem?, FSERE /A5 AR ik
B2 KM N 11.9 mA /em? EMIZH S TEA
PSR, — T, —458)2 KA 24
HIERE, BIAGF AR Y, S EUR LA R R B
T FERRAIG. oy 1 (o et B L B e R Ak, R
FH 2 B RE | JEE RS AR E A Rl | R B %
AR L R)ZE. 5 — 7, BT =458 )2
W AR BER AR BRZL & B8k /855K /iR
W R, b 5 22 3 — 2 B AT v ] P Tt A KA () A5 5
JE (R FAPbI; 82 8 55 8k 8 ) 19, 45 8K 8™ /45
BRA /A BILR BH F 75 22 B AR AL )2 I 25 A7

F 1 BT BRSO LR M REIL B 3R
Table 1.  Summary of photovoltaic performance of single wide-band gap perovskite solar cells.
44 ¢EA§% TF L P J5E ﬁiéiﬂ‘}ﬁé Ref.
FERE JeV HE/V /(mA-cm?) K+ /% RO /%
Cs0.15MAg 155 Ag 70Pb(1o 15810 85)3 2.05 1.27 9.4 70.4 8.4 [74]
FA 53Cs017Pb(Brg 1y 3)3 1.94 1.28 11.9 76.0 11.6 [75]
Csp2FAggPblj¢Bry 1.73 1.07 9.9 76.0 8.1 [76]
CspoFA(sPblj¢Bry; 1.99 1.262 11.2 73.5 10.4 [77]
Rbg,15Cs0.5P bl 75Bry 25 2.0 1.30 12.4 84.7 13.6 [78]
Csp.15FAg s5sPb(Ig.4Bro6)3 1.97 1.44 12.8 83.0 15.3 [79]
CsFAPDIBr 1.8 \ \ \ \ [67]
Csg.2F Ao sPb(Ig.45Br0.55)3 1.90 1.09 11.7 71 9.1 (80]
MAPD(IysBrg35Cly.15)3 1.96 1.28 14.16 76.6 13.88 (69]
Cs0.05(FAg55MAg.45)0.05PD(10.55B%0.45)3 1.83 1.12 13.6 74.6 11.3 (81]
Csp1FAoPbBry 1o 1.98 1.38 14.0 76.6 15.0 (82]
Rby 05Cs0.12F A g3Pbl 95Clg g5Brs 1.98 1.33 13.05 76.7 13.4 (83]
FA(3Cs2Pb(Iy5Bro5)3 1.84 1.27 16.4 77.0 16.0 (84]
FAgoMA 15Cs0.25Pb(19.45Br0 50CNo 05 )3 1.93 1.422 14.18 83.79 16.9 (85]
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Abstract

The energy conversion efficiency of single-junction solar cells is limited by the Shockley-Queisser theory and
the most effective strategy to break through this limit is to fabricate multi-junction tandem solar cells.
Perovskite materials provide a continuously tunable energy band structure, offering a new option for light-
absorbing materials in multi-junction tandem cells. In the field of perovskite-based multi-junction tandem solar
cells, triple-junction tandem solar cells have demonstrated great potential. The present paper introduces the
configuration of triple-junction solar cells and its facing three scientific challenges. 1) Ensuring energy level
alignment among sub-cells is a critical concern for three-junction batteries. Specifically, the top wide-band gap
sub-cell must possess a band gap ranging from 1.8 to 2.2 eV; however, current perovskite material systems with
wide-band gaps exhibit certain defects. 2) It is essential to achieve current matching in multi-junction tandem
solar cells while optimizing the absorption layer and minimizing parasitic absorption in order to maximize the
current output of solar cells. 3) The functional layers of multi-junction tandem solar cells are stacked
sequentially using different deposition methods, which imposes higher compatibility requirements on the
intermediate interconnect layers. Subsequently, the research progress of perovskite-based triple-junction tandem
solar cells is introduced, including perovskite/perovskite/silicon tandem solar cells, perovskite/perovskite/
organic tandem solar cells, and all-perovskite tandem solar cells. Their respective highest efficiencies are 19.4%,
23.87%, and 27.1%. Finally, this paper explores the research directions for further improving the performance of
triple-junction solar cells. In addition to improving energy conversion efficiency, perovskite-based solar cells
must also solve the stability problems in order to achieve future commercialization, and provide guidance for

the development of efficient triple-junction cells.
Keywords: tandem, solar cells, wide-band gap perovskite, photoinduced phase separation
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