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Abstract: Power conversion efficiency of single-junction solar cells is fundamentally limited by the Shockley-
Queisser (S-Q) limit. The most promising practical technology to break through the S-Q limit is to use two-terminal
tandem structure which can simultaneously solve the problems, spectral mismatch and thermal relaxation energy
loss, in single-junction devices. As one of the important components of the interconnecting layer, the recombination
layer in the two-terminal tandem solar cells can provide recombination sites for electrons and holes extracted from
the electron transporting layer and the hole transporting layer, avoiding the open-circuit voltage loss caused by
charge accumulation and promoting the current flow of tandem solar cells. The recombination layer is considered as
one of the key factors of achieving high-performance tandem devices. The ideal recombination layer should possess

high conductivity to improve the charge recombination rate, high optical transmittance to ensure effective light
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absorption of the rear subcells, good chemical stability to reduce the damage caused by the solvent, and low

preparation cost to promote the commercial production process. At present, a variety of materials have been used in

two-terminal tandem solar cells, such as thin metals, transparent conductive oxides, conductive polymers, graphene

oxide, etc., which play an important role in perovskite-perovskite, perovskite-organic, and perovskite-silicon two

terminal tandem devices. In this review, the research progress of recombination layers in different types of tandem

solar cells is summarized, together with types, design principles, preparation processes, and their advantages and

disadvantages. Meanwhile, problems and challenges of the current recombination layers are proposed, which

provides a useful reference for the design of high-performance tandem cells.

Key words: two-terminal tandem solar cells; recombination layer; transparent conductive oxide; thin metal;

graphene oxide; review

B A RE s 22 A AR IS Gy In) L 2, A ERT
W TIE T RE VR (K FHEE) I 75 ok H g K. 1R
X FH AE R B B 20, ORBH it m] DLE I ' AR A%
Ri, $tReiE i v Ee, B ARIEEE, K2y
LR . HL 45 OKBH It B8 & B 4 210 F (Power
Conversion Efficiency, PCE) MR A F5Z R T~ Shockley-
Queisser(S-Q)FH G R, &4k, B —iE 21l
ey 7 55 (] 3e ° AE, Mk DA 7R 4 R FH AN K P Dl 1
BRI T 28R, Hok, JABEFRER T &
TGRSR AT BRI, 7 AR R v BE T T R I
BREBIKPIBURE, Z2RMEEE DA 1R AFEHRL,
TE R T IGRRE s BRSBTS AR AR
G G KR 7 G {0 B = A T 2% 5
T 2 ) JEFE 52 HAR B P S R S M AR . O T R
S-Q RUCEMPR, 1E & %E . CulnGaSe,.CdTe A1 GaAs
SN 4 3 B R AR BR B TE ALK BE H b, AT T4 H
T AR BESRE. 2SR
G PhREG . SCEGIEM, SR il H AT oA g
(RS FHEOAR, BRT LIRS i e 5 25 3 v A7 A2 1) D
T 453 2 RN Bt T4 i B A 1) R

H A5 R S 2 it v 49 9 % (Two-Terminal,
2T) MY i (Four-Terminal, 4T)* I F2 AL, 4T &2
H, Y 2 4 R 5 (1) 2 375 B B 2t A BH VB AR DA i
55 55— B g5 1 2 5 BRUOK FH BB A DR Ja BB R AT WL
MIHESH A, %S 21 PCE & Y- 1% B 75 15 BR a8 14
A2 ik HyE e f5 i 78 Al BR 2R PCE 2 fl. AHEL T
2T S JZ KB F I, 4T 2 2 K FH FLIh 22 HY (1) 4 2 35 A
H Bl 2 ER T 2 AR IROAC T PR AT I 435 7 oy Bt vl A 1)
PCE. [R 1t 27T 8 J22 K FH e it 2 H I 2 3 5207 17,
‘B iA i Hh E) 3 #2 2 (Interconnecting Layer, ICL)ZE
PAAN BN T BR A J5 - o, TR R B, AN
gEmih—1E A BT A AR

e B 2 L ) T 45 1 FL VI R AR R A AT I

FaIX B L 5 B Wi BB O R R i, BA
RAIE 5 45 7 M TE UL LD AN X A 20 &)
W ERT PR ABX) B A m e R 5. =i
TR, EROIM TR s, Harbhsd 4 T
TRV TR TG, 2 5 2 H it Hp 5 o B AT 45 7 FL Tt
ERARVE VEA R . 78 Y B S 45 1 FRLHE TR R
AR AR A L H A T SR RE SR eIk
PARL, i IS B8 T B 4T A X 3. B
B A B TR BRAE 1.2~1.3 eV JUH N,
P FRIR R 1.1 eV, 554 B EKA(1.65~1.8 eV)
RIS T R T B AN,

2% AR AR 2T B )2 H ot B 1 g
Rl 3 2 — it 22 1% ¥ F 4k 2 & 2 (Recombination
Layer, RL). RL A5 HLME. & e M AR AR 5
Wi S 2 I I R & MERE . TR RL ARl 2T
&g Ag P Aut'L 3% B S B E AL ) (Trans-
parent Conductive Oxides, TCOs)!'"'17] %(3,4-7,
I A EWY) - R (OR L)@ R )(PEDOT : PSS)(fH 15
RN, ZKEE S BRAYIE S 1E N E I A
I T K B it H)US2 4 k 7 88 4% (Graphene
Oxide, GO)**2*, DL & 2 bt BHAE & 1 RLPY, AL
R gh T ANEIFNIE RL R AR 85580 F5%K0 -
AU ESERE - S HE = Al B )2 K PH R T S, A
7 &R RL i LEREE S, HRETBE
FEL YL 1) A SR R T 1) o

1 ZimEERmEIEIT

PR B 45 DK BH L 4% I H 4% 46 2 (Electron
Transport Layer, ETL)A1 %= /&% )Z (Hole Transport
Layer, HTL) AT &b B4 & 7T 43 A p-i-n A n-i-p P Fh
o 24 HTL MR HARARSE, 8518 p-in 454, %
Z A n-i-p it B 14 p-i-n S5 S ERTT -5 8K



%9 1 #ih R, & SO RS R TS )2 KM R R A 2 M0 AU R 1033

Electron transporting layer

Rear subcell (narrow bandgap)

Hole transpor‘ting laye;
Rleptrop gt g e,

Front subcell (wide bandgap)

Hole transporting layer

TCO
Glass substrate

1w

Electron transporting layer

Rear subcell (narrow bandgap)

_— L _. _— _—
Hole transporting layer
Re yer Interconnecting layer

Front subcell (wide bandgap)
Hole transporting layer

TCO

Glass substrate

1w

K1 BT p-ion Z5HE5ERAT T HUIR A 2T B2 K FH i it 45 #0718

Fig. 1 Device structures of 2T tandem solar cells based on p-i-n structured perovskite subcells
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Fig. 2 Structures and device performance of 2T tandem solar cells based on thin metal RLs
(a) Device structure and cross-section SEM image of perovskite-organic 2T tandem solar cell with Ag as the RL!"?); (b) Device structure of

perovskite-organic 2T tandem solar cell with Ag nanoparticles as RL and the corresponding simulation result of the light field distribution

[30].
>

(c) Device structure of perovskite-perovskite 2T tandem solar cell with Au as RL(left), J-V curves of devices without and with ultrathin Au layer as
RL(middle), and J-V curves of a large-area device (1.05 cm?) with inset showing the digital photo of the large-area device (right)*?
BCP: Bathocuproine
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Fig. 3 Photoelectric properties of ITO nanocrystals and schematic diagram of preparation
process of corresponding 2T tandem solar cell
(a) X-ray diffraction pattern of ITO nanocrystals®®”); (b) Dark J-V curves of devices based on ICLs without RL, with Au as RL, and with ITO as RL"7);
(c) Optical absorptance curves of ICLs without RL, with Au and ITO as RLP”; (d) Schematic diagram of preparation process of the
perovskite-silicon tandem solar cell’™’. E-NiO,: NiOy nanocrystals which are dispersible in ethanol; AR: Anti-reflection film; SHIJ: Silicon
heterojunction. Colorful figures are available on website
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Fig. 4 1ZO as RL in 2T tandem solar cells and the corresponding characterization!*”’

(a) Schematic diagram showing the p-i-n structured perovskite-organic 2T tandem solar cells (The dashed grey frame indicates the ICL region and
the design of ICLs with four types of RL are depicted in the frame); (b) J-V curves (reverse scan) of devices using 1ZO-based ICLs with different
thicknesses; Transmission electron microscopy image of the (c¢) 4 nm-thickness IZO and (d) 1 nm-thickness Ag on BCP. CRL: Carrier recombination
layer; OPV: Organic photovoltaic. Colorful figures are available on website
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Colorful figures are available on website
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InO4 RL-based 2T tandem solar cells and their photoelectric properties

(a) Schematic of perovskite-organic 2T tandem solar cell with InOx or Ag as RLI); (b) J-V characteristics of tandem solar cells with varied thickness
(number of ALD cycles) of InOy layers'*”); (c) Optical transmittance of InOy, SnO,/InO,/MoOy, and SnO,/1 nm Ag/MoO,*"); (d) Resulting External
Quantum Efficiency (EQE) spectra of the organic rear subcell of tandem solar cells with InO, or Ag as RL™*).

Colorful figures are available on website
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Tablel Summary of structure and performance of 2T tandem solar cells

Front subcell ICL Rear subcell Voo/V Jsc/(mA-cm ) FF/% PCE/% Ref.
CsPbl,Br MoOs/Ag/PFN-Br PTB7-Th:IEICO-4F 1.82 13.20 71.68 17.24 [12]
FA(.sMA 02Csg.1sPb; gBry 5 Cs0/BCP/Ag/MoOy PBDBT-2F:Y6:PC;,BM 1.90 13.05 83.1 20.6 [30]
CsPbl, |Brg, Mo0Os/Ag/ZnO PM6:Y6 1.89 12.77 74.81 18.06 [49]
CsPbl,Br MoO/Ag/PFN-Br PM6:Y6-BO 1.96 13.30 80.8 21.1 [13]
FA(.sMA 4Pb(Io6Bro4); Cs0/BCP/Ag/MoOy PTB7-Th: BTPV-4Cl-eC9  1.88 15.70 74.6  15.84 [50]
CsPbl,Br MoOs/Ag/PFN-Br PM6:Y6 2.10 13.09 75.1  20.6 [31]
CsPbl,Br MoOs/Ag/PFN-Br D18:Y6 2.22 12.68 76.0 214 [51]
FA(.5Cs02Pb(Ij7Bry3); Ceo/BCP/Ag/M00O,/ITO/  (FASnl3)g (MAPDI3)04:Cl  1.92 14.00 78.1  21.0 [25]
PEDOT:PSS

FA(.5Cs02Pb(I ¢Bro4); Ceo/ALD FA(.7MA, 3Pbg sSng 515 1.97 15.6 81.0 24.8 [32]
SnO,/Auw/PEDOT:PSS

FA(.5Cs02Pb(I ¢Bro4)s Ceo/ALD FA(7MA, 3Pbg sSng 515 2.01 16.0 79.8 25.6 [26]
SnO,/Auw/PEDOT:PSS

MAg.96FA¢ 1 PbI,Br(SCN)g 12 PCBM/BCP/Au/MoOs PM6:CH1007 1.96 13.8 784 212 [52]

1.77 eV perovskite Ceo/ALD 1.23 eV Perovskite 1.95 15.8 75 23.1  [53]
SnO,/Au/PEDOT:PSS

Wide E, perovskite PCBM/BCP/Au/Mo0; PM6:Y6 1.94 13.12 78.7 20.03 [54]

FA(.5Cs0,Pbl; 95Bry o5 Ceo/ALD FA(.7MA, 3Pbg sSng 515 2.00 15.8 783 247 [34]
SnO,/Auw/PEDOT:PSS

FA,.7Cs3Pbl, |Bryg LiF/Cgo/SnO,/Au/PEDOT: (FASnI3)oc(MAPbI;)g 4 2.12 15.03 80.1 255 [55]
PSS

FA(.5Cs0.2Pb(Iy.62Brg 35)3 Ceo/ALD FA(7MA, 3Pbg sSng 515 2.03 16.5 79.9 26.7 [14]
SnO,/Au/PEDOT:PSS

FA(.5Csg,Pbl; sBr » Ceo/ALD PM6:Y6 2.07 13.92 77.29 2229 [15]
SnO,/Auw/PEDOT:PSS

1.75 eV perovskite LiF/C4/ALD FA(sMA(4Sng ¢Pbg 415 2.20 15.1 81.6 272 [35]
SnO,/Au/PEDOT:PSS

Csg,FA( sPb(Ig¢Bro4); Ceo/ALD CsgsFAg7MA(25PbysSngsl;  2.19 15.05 83.1 274 [56]
SnO,/Au/PEDOT:PSS

FA(.5Csg,Pbl, |Bryg LiF/C¢/ALD SnO,/Au FA(sMA(;Csg 1PbysSngsl;  1.94 12.9 85.8 21.5 [57]

CsPbl, ,Brg 5 MoOs/Au/ZnO PM6:CH1007 2.10 13.90 76.86 22.43 [58]

FA(.33Cs0.17Pb(I sBro 5)3 SnO,/ZTO/ITO/PEDOT:PS  FAg.75Cs0.25Sng sPbyg sI3 1.66 14.5 70 16.9 [36]
S

MA, oCsg, 1 Pb(Iy¢Brg 4)3 Cs0/Bis-Cgo/ITO/PEDOT: MAPbD, 5Sng 515 1.98 12.7 73 18.5 [16]
PSS

Wide E, perovskite nc-SiOH/ITO/PTAA Silicon 1.76 18.5 78.5 255 [17]

Cso.15(FAossMAg17)05sPb(IosBro2);  a-Si:H(n")/ITO/PTAA Silicon 1.80 17.8 79.4 254 [59]

Csg.1MA(oPb(Iy9Brg ;)3 a-Si:H(n")/ITO/PTAA Silicon 1.82 19.2 753 262 [38]

FA(.5Csg2 Pb(Iy¢Bro.4); Cso/ITO NCs/E-NiO, FA(.5Csg2Pbg sSng 515 1.90 15.4 80.4 23.5 [37]

Csg,FA gPbI, gBr , Cso/ALD SnO,/ITO NCs  FAPb sSng 515 2.03 16.2 80.3 263 [60]

Csg.1(MAg 17FA g3)0.0Pb a-Si:H(n)/ITO/NiOy Silicon 1.75 15.5 73.6  20.0 [61]

(To.83B10.17)3

Wide E, perovskite nc-Si0,(n)/ITO/NiO,/2- Silicon 1.79 20.11 79.95 28.84 [39]
PACz

Wide E, perovskite a-Si:H(n)/ITO/NiO, Silicon 1.82 16.31 78.32 23.31 [62]

Cs005(FAG77MA¢23)09sPb(Io77Brox);  1c-SiOx:H(n)/ITO Silicon 1.90 19.54 80.90 29.83 [63]

Wide E, perovskite a-Si:H(i/n)/ITO/NiO Silicon 1.85 19.8 78.9 28.9 [64]

MAPbDI; p-aSi/IZO/PCBM Silicon 1.69 15.8 799 214 [11]

1.79 eV perovskite Cg0/BCP/1Z0O/Mo0Oy PM6:Y6:PC71BM 2.06 14.83 77.2  23.6 [40]
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Front subcell ICL Rear subcell Voc/V JSC/(mA~cm’2) FF/% PCE/% Ref.
FAO‘78CSO.22Pb(IO.85Br0'15)3 Passivated ETL/IZO/SAM Silicon 1.91 19.29 78.3 28.81 [42]
Cso0sMAg 14FAg 1 Pb(IgsBroz)s N doped nc-Si/IZ0/2-PACz Silicon 1.85 19.7 779 28.4 [41]
Wide E, Perovskite Poly-Si(n")I1ZO TOPCon 1.80 19.4 81.64 28.49 [43]
Csg4FAq ¢Pbl 95Bry o5 (n")Ce/SnO; 74 CsposMAg45FAsPbysSngsl;  2.03 15.2 79.7 24.6 [44]
FA(3Csg,Pb(Iy sBrg 5)3 Si0,/InOy/MoOy PM6:Y6:PCq;BM 2.15 14.0 80 24.0 [45]
MAPbDI; Spiro-OMeTAD/PEDOT: MAPbDI; 1.89 6.61 56 7.0 [47]
PSS/PEI
PBSeDTEGS:PC¢;BM TiO,/PEDOT:PSS-PH500/ MAPbDI; 1.52 10.05 67 10.23 [18]
PEDOT:PSS 4083
MAPDBT; Spiro-OMeTAD/PEDOT: MAPDI; 1.96 6.40 41 5.1 [48]
PSS/Cg
Cs0_4FA0v6PbIQBr C60/Sn02/Graphene CSO.ZFAO,SPbO.SsnO.SI3 2.02 15.8 79.3 25.3 [23]
oxide/PEDOT:PSS
Csg.4FA( 6Pbl; 16Bro g4 C¢/Sn0,.,/Graphene Csg2FA sPbg sSng 51 2.05 16.2 79.3 263 [24]
oxide/SnOCl

TOPCon: Tunnel Oxide Passivated Contact solar cell; FA: Formamidine; MA: Methylamine

AL RL i 2 J7 3055 07 TR AT B B AR A 7 AR
W R R SnOy 76 1 R B 4% Ha 7R 5 . 22 XA
MR TR G R 2 IaeMEL, LD ICL [11)2
. N, JPREEEYE RLADEL, 8§ iR Rk
OB ZR S B AR WS s, — 0 B AR A 77 AR,
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