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R T FEKCPH B 3 F % IR T H % Al- £ 3 (Shockley-Queisser) % R 1 % DL A NG & $2 At e 6] B, 7 o B 245
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KB R IRFLFELZHRAET K, LRRNPELEELSRFELET RN AT ULE R ENBHRK
ROAEWNHEERE TR E LR BN AR T &, —F WRTHERT W RS T X, 3T AR B b 34T
AIEE LR, TUA KRS FRME B RICE. 7 —F @, AXHFSENIRE. WEBLEHE T &
HBWDFERR REAURZEFT R, BREANH LA R, REARGEREEBENRE. RXEENFT AR
KR EERR, RAEANTRT ME b MELRERF AN LEERBNT, LE/MEWARAXTES
KBRBEE AR B TF ORI k&7 W R TRV, & e T E A R A B R AL A R R K
RIET REERZ.

Rpl]  E4kE, KIERE R, EELRT &R, N, b R g

RER R Al — B PR BEE NSO A i S P K
TR, P s b — O R R R B, #RTC—191)
Sl B R A S REIR S A G, LI A REIROM AR
AORESE . Al RIRTEFEGEA T AR REIRAE LI LAY
Tl A A AT LR A, (EAR R R
SEATEFETRIR I —K, FEfi Al R W T e PR
BTG, B 2Bk TV AR AR L 5K LA At 57
AN HH I, Fab gl e, (i, FoRE
WAk AR R R A AR RE TR E AN e ARy 3L
Al A bR, KEHBERE—Fhex @R AR JHZA
WV I RETR, K AR S B ek S RE 0. 1% 2 L
Tl A N SSAE ST AE ), R NSRRI B A

MR T R 2 —.

Seitk i R BH i R AR T DA R R H K FH BB I
HEEH R HRE, REAE A HLST & B UK TE M —
FETTER, MY BRGUEUE T B RO FERRIE. fE
HAREGNIA AR RIAZE R, H1.12 eVIYHFE S K
PGSR DERL. HAY, JEF S A RE(crystalline silicon,
C-Si) R FHBEHL b i FH H 25 A il & T2 fab
PR A ASCR . T BRAR A 7 i Ay DA 8 2B RRAIG
Ay A, A G PG DGR T g Skt sc ks, 7e
A ARG L5 % A T A 81, S —BerE A H
AEFEL M T 19544F 7 S [ DL /RSB s ik A, B HL AR A%
# (photoelectric conversion efficiency, PCE){{ /6%,
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ZT BRI R, TG (PCERT LAk $126.7%". %
RORO 2R W AT Y ToF- 2 B R (~30%) Y, HE—
AT ZS ] H .

Bl R HOR 0 REATHE, AMTROGR SRR
ESERSUNEETS B W 1R E2 Y N R iRy &
BRI, — o 4t #a (4) K FH e L th——& 2 K PH BB LD
M IBTTAE. 3 7R B A AR R F it b B v
A B TOUFL LR 3 R R LT A5, TR SRR R BH g
XTI BT g me R e, TR S Bt FL it i
WeRE B G, IRERAS AT B AR BE 1 L i Wz i
ToUH St RE S AR A, DA B B B b W S RN A
KIHASE.

FEERAT I PH B PR Tt A2 5 ek b 3 5178 T P e 1)
PRAVERE. 2 IS & Jm s AL SR A R R
W), HA B — M L AR RE S, HRBNEH N 45 ) Hiil
TR BAORIE. Bk R A B B ANOER
S CEIN S o A VI NN = % e a2 = N =
T B B KRS g SEAESRASEI Tz B
FAASE. EEEZR HAERREL Y S (National Re-
newable Energy Laboratory, NERL)A& i T 19764 %

@ 4T

P=P+P,

© SPT

Pr=n,V,(l+1,)
=n,Vy(li+1y)

(b)

AR L ) i e G L B AR IR, B BRI R BH AE FRL
BRI % 40 53 20094 193 8% I 45 5 31 H TG
25.7%(https://www.nrel.gov/pv/cell-efficiency.html). 4F
SH, S AT DL R A AT
SR AR LI B AR 2, DI R
RSB R . H AR RS R S 2 T
HIPCE 429.8%(https://www.helmholtz-berlin.de/pubbin/
news_seite?nid=23248;sprache=de;seitenid=1). #ff 75 FH
IS RO TT LA EI44%" 7, XT3 SR ik
e FL b 1% by FH SSURRNAE B 5 KA K BH i F b %) 7 Ml Ak
RIEHREA % R L

Tk LA R B 2 L M 45 B4 g U2 (1) L
HE S (19 DU S (four-terminal, 4T)&241F; (2) Wi
(two-terminal, 2T)&JZ#F; (3) HiHK-FFHK (series-paral-
lel, S-P)&JZ AR (4) S RS RV G B DU i 2 2 A7),
WEN TR,

BUHAE B s 627 B R ) A D i e J2 A 1 14
FHM AR 3 HFI A, FErAE ORI, 5
HAZB3A L) BB R, A ERIOR, 48 A .
ERIK-IFIR S A e — R B RS As 1, (B AR

2T
Pr=I(V+V,)

B 1 (R IOR )RR MR Z 3. ) PBRET) 288, THRMMSTER. (b) PERQT)RREERE. (o) BRI
(series-parallel tandem, SPT), £ L FE VG A% HR R TOUAS it RIS FELBZE . (d) DG2A ST RS G M R AR, B #300 T BEABUR St B ri it [
Figure 1 (Color online) Tandem configurations with varying degrees of electrical/optical independence“g]. (a) 4T tandem with independent electrical
connection to both cells. (b) 2T series-connected tandem. (c) SPT, comprising voltage-matched series-connected strings of top and bottom cells. (d)
Reflective tandem with infrared radiation (IR) reflector placed on the angled high-bandgap cell
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p2/0b i L Y Ay v =9 R s R LR
WEERSERR AT, ARG — BN, BAH
FMAEAR . AR A AR SEHTERE

ARSCHE SR P 2 A E. FR, MmaE 2 e
FAAE R ) R — D7 T2 T A b AR IR, B
FL UL 32 BR T L /N - FL L, T B A AR
M5 i HL B DO E R VB B A S i i, IR
SRR, HEMRSERRRARIRE. 5—Jrm, &
RS AR R R BRI T IRk psE
MM A E R T, SEEMETIOE AR RN
HLPERE.

(G 1) D' A B R G o e e (] R A AR %,
AT VR ESERET AT B, O TR b IS L T R A T S B
FREI IS S, AP BRI RS AT RE M e 5%
fEr, 25 ACBOREEE DG T, v DUA R Tt
ARV IC. SR, W RS IRe = 1
HERE DGR AT T T LI RO b AR A S 3B
AEERERISER, REDET AR, BA BRI ES
SRR BB, A SCHSEE 2 it p O X —
HE T, HE GO r) EEIE R, AR5 AT
PR TUT R, Tt Rk i G L Y 8 D P DTG A BRI AT
ST HATE A B TR Bt e flL 1450t 7
FHARRE ST IMHC S0 S R A IR WA 2 25 5 T 14
PTG BB 0 S S .

1 ek

Shockley FlQueisser' 5 4638 i IS4y Bk
A A BH BE LT RO FR AR M FR 20 30%, H i
e g A AL T SCRATS 5 oA — e 25, SRk
SEMCRE TR A B AR BN R —. LRk
RFHRE R ], 7 R IR B H bR H S, e
PEBRA LT H 5 b i — oy, HAR D7l
i RS AEMZ A AR AN R AR R
AN BRAEL AR ' T AT B S 5 e P R e, D 80 R s o
I, AT3E AT A -0 %4 80% (incident photon-
to-charge carrier efficiency, IPCE)SHFRAE, HiE A
SPCRSTERS I 7 A T RCS ASDE TR LU IE,
HHE AN

_N, o, — J(mA/cm?) 1240 o
IPCE—Np x 100% P (mW/em) X 7(nm) x 100%,

)

Horp, NoAWCER I H TG N AT 8L, A AL
B F/i9 NSRS 8 VATIRSAY: ) i RV N /g 7 o = 1] )
JERRARIE. IPCERY{E S 1K PHAE L T aS 0 AN R 38
KOERIM IR A P RE, 1 AR T Y
IPCERR p ATAT S 751 10 L i L L 2 L -

Jsc =4, "TPCE() . 2

Hr, g REEAH, @y AN . X
() UL B A6 T B 45 R S s 7= e 1 L 5808 %
I & B, PR BSR4
FEOBL, Jo MR, SEERAIPCERIL. Yem i e
EIHUT IS,
1.1 ek

VPSR p ST e S A - &) i b
W Z, EHE TR, FIMA RSN R T
BOR. ESERT PR B B AR, WO R B (—
fEAE10°10° em ARG BTN DY), e ik Eu,
TR A1 B AR, W R B —BEAE10~107 cm ™
RO GG I Y, O e, ASHETEETE IR
BYCERGHE 1% )2 B9 e WO, T B
FLHL I JCEE R, 7 B R B 18 R ik i v b SR S
85 T B 32 SR 4 = HOG kR 1. Millerds
PR A R B B L b b, R T
R 1175 B H AL A v SO S R 1 O 2 DA E R A
BHEAE, BIRASHEAERRAT N 2 i, A 35 =
TR,

12 REHK

DA R A SR R R B A B 22 [T SR AN ], K
FHORE S FE 12 17 A K BH R FE L # F 3R T B 23 & 2R DB
SSTBRGE. ARYEIT SR ICECRLN: 72 2880, A
HFVE TR DI REZ S INTE—dE, AP MBS AT 5
s SO SR E AR IR (Fresnel) . AR
[F A A B [ HE T, 7R Bt mAL g s 58 g Fings
5 2 AT LA IR AT A T R D Rl ik 2

2
— |
T ntey| 3)
1 =R+T+A4, “4)

For, ny By 73 ARSR IR A E IR D5 1) BN B 2T i3
SR, RETR IR, THRRESR, AFRIeR. (3)

2865



M4 %8 & 2022588 H£67k %248

F(@)Fem Qg D A AL 1) SUFE, ny iy BB N R ]
Regal. LSRR A B, HATT 324 03,8, 28 e it
RN, PIHEZERR, KEYEARB MR ETSH
AR KA 539k S5 11 25, 36 S S 2% . Ho-Baillie PRt
2 2T of 22 ok 50 F 79 i ok -5 K ™ s 2 S B R L v
HEAT T 0200 H, AR, SR s P Rk e ikt
A1 14%(graphene/ZnO/perovskite/NiO/Si/Si0,/Al), #x
T U fiE 35 3)25%(MoO5/Au/MoO,/ZnO/perovskite/NiO/
Si/Si0,/Al), M s 5 29764.9~11.7 mA/cm”
Z 8], FEAFAPCEREIL.

1.3 ARk

TEP G RE L -5 ERT B 2 K BHRE b A Fh, B7d:
WS 2k 32 B AR OG 2 AR S Bl S 80
EMRERR T, — T RRZ . fian,
TR, A BRI 2 0 2 R WO RE & B AR 2
PR 9%, 4377 204 mA/em oA e, T
MRS FIIPCE™. K, THRE)Z ST SEasa . T35
B ARIISCRIGARE, I Fe i/ o3 Bl N S ] ek v
DAV D6 2 A S 2 Y, MR T R AR, ZnO
2= B2 AE R ARSI 4%, MoO5JZ FITIO,
JEERFEAT R0, WIS/ YCHG A I, X s T
A IIREIZF R

14 THLUIOOEE R APLAL

B )22 K BH B8 H b 1) R e [R] F FH B B W Y e
GRS R IC A A B N R, AN A PR by
BRI 2 S 0P 4 A WO R B A e R iR 25 55
T, — S FEOCEN R KRR 7, 75—
W T WO B AN, 3 Rl I R G T
H T ER IS 2 A s o 2 32 B T T /N - HL M,
U R PR L i 2o 1 R RE e G, il B R ek 3 i
HEREHLPERE. AlbrechtifIL 58 & 1, ik JE-45 5k
B )2 A 1 B R T00 R Tt 1) T g AT B2 S FEL YR 1) J
e A (A 242.84 mA/em?), BEAK BRI AE
17.81 mA/em’, PCE}24.97%, FEGSHiEARGH i
T AL 5 - Ha L H 3 SN DS C (4 220,92 mA/em®),
7 AR M3 TE T 1.41 mA/em®, 3K F]
19.22 mA/em’®, PCEWBEZ 32 T1226.0%, FHT-Hii
(] T EL G DE BE X T2 R A P R PR TR Ul R 22 1.

SR, G e A X - Ak B )2
Ao AR A, FET e gs e Re, RIaY
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T FR WS N 1% 2B IEE e RO
AR R, DC L b [ L S LA 7 THATF. 6
F-FEERE B 2 K PHAE FL b O BEIS I PR RCR 2 44%, 5
2] PR TFRZS AR R, AR TagerdE A PO 44T,
A H A R W T DUHE Bl Ak - A5 KT B 2 K R A
L3t I PCEAE I A 15 30%.

2 PO DA G PR

2.1 BEREEM B2 B R
RTINS R, B e AR IR T0H St A
IS HL b (R G L R G R VE . P REFR I T2
Ll 2R RC S H 2 AR, R Rk i it
(AT BT — e METE, TSR R K 2 R VR Wk
R A SAMUUR AR, AT S il 4 T
R LR AN, RSB BRICAL. 5k E—2K5
ERIRAS (CaTiOs) A AL SR LS ) A B4 RE(1E]2), 45 H4a i
A NABX;, BET5XE TR [BX,]/\ ik, 2
W B LGl EAN . BALA XA AR T2 AN
HITCER, ORI FIEE, SCEAR IR E . A o A
RUEE, JEF BRSO, AHEVEH Jiae, senr /s
METE, AFBREAE. LTI, BFSn BB TR
Pb> H] LIRRARAR B, MidsCs T8 AAQN B0 Br 8 A XL
AT LA B, ORI, S I 4 T AR E A R ]
R LU R (1) BRRTFREGAE. BRAHE T
FEUUE ABX & A A LRSS AR e R E N R Z —,
HHEAAN
_ _Ra+Rx

" Bk R ®

2 (FIZERRR ) B5ERT ABXG A Rl R 25 1
Figure 2 (Color online) The crystal structure of perovskite ABX;



P A

Hirh, Ry RgFIRIHIHA. BHIXE THI2EAR. N T4k
FRichr s iiee v, HAEZHF—BAF0.81~1.11
ZRPT . (2) Brojd e 2T AR R AT AR 43 25 )
P (3) mR FMA S HE R, Al HIFA 8 Cs H4
B SE AU AR i AR e

BI A& 2 e Sk 2 A0 B, B RTRIBFST
PERIT.

(1) LAk H Bk it B2 . B354k
1 F b 0T B ok L AR RE P BB R, RS
YR E 2R T, (E R R BHAE H S5 5k K
PHBE HL Tt LA B AP R BRI R BE, A 4 T
F, L FE A RS FEL T R S8 DU, AR RS A 7T LA
PAFRICHLTE.  YuZs AP Weberiigh O s ey
MR ST 7 R B A 2 K BHAE A S Ak T
FL L (R e AR BRAE 1.70 eV A AT, T BAZE K FHAE FL it h
38 7 FH B 5 Sk BRI MA P L AR BR R 1.55 eV, AT
i — A B RASERD MR B, — Gl 2 5y T H
Br BURT 83 HCs BUC AL BB T2k S P, Al-Ashouri
i NV LA = TE P B8 TA5 8k, Eid i 2 Br /T
Lo, B B A R 1.60~1.63 eV (~17%HYBrs 1)k
#1.68 eV(23%HIBriy i), AL 129.15% M5 24
FPCE. BLAb, Bt 5 ERD™ 2 2 (1) 368 i, TOT Hi sl 174 Hh 3
SR YN, T A L A A B R e R RS S
FE2A B AT TSR 2 W B AR, Werner
i NP T R e R AR 2 A B T T
O AR IR A2 114 JEE B SR A3 FL TR DR L. Jost %
B3 5 S IR B T 800~1200 nm 5L T il P A9 45 4k
)2, TEFRYERE 1000 nmit, #544HPCEANE —A>
ALY,

(2) T i AL AR AT, (GE P ek AL o h
Br & BRI KBRS B AEAH B, 20154F,
Hoke % A" ExF (CH;NH;)Pb(Br L) #5 £k b1 RGBT
FE R, FREEIET BYEEUA O (photoluminescence,
PL)FIX ST ST (X-ray diffraction, XRD)Mi 12 W %
AT IE SRR LA B IR SR,  T T I A 2R
R 2R B WIRIRAS, X R ER G R 2 v sk
(Hoke effect), Xf#EARERAAMERE S = AR, JU
R T AR T BRI V. Slotcavages APk —
oM TR A s AL AT Bk h G S AR IR AT 38 2%
iR, IR HARRTE T <A iT s, TR 232 31 i s
I ASREI, M SCAS BEER AT B S 2 A AR S5 L B
AT O S0 RS I vk B 25 TR T 1T LA

I E PR B, IHCs . Rb LA FHES ik
BT, AT LR R AR DOERR E PR, BushE AP
T20184FEFEMITE 1 BT AR ZH 501 Cs, FA, Pb(Br, 1, )5
FEERA B SR e, SR EBr B A ML, EANB
AN ZCs AR R B N AR, XV AR E
PERIRFFE N2, Amassianif 2] Bl i BB ST
FHERT W A A KO AR, R IRAEIR R FPCs HIRD Y
FEB Y Fe BT LA 3 0 Bk B A 4 1, RO i
JIr 75 B ok T .

B T AGLES FHUCAN, TEBAIISH Bt #B43Pb™"
ol R AE XA B 25 Bt mT DR AR 5 ek A 1 AR
FH. Jenifii2H "SR FH25% S0 Sk 3 4 U Ph™ LAFASE
I/Brif, 7EHWEHY1.73 eVAFBRIIMAPD, ,5Sn, ,5(1; ,Br,);
TR Z 3R T 12.59%PCE. McGeheelftii g ** s it
WATCL . Br T AYLLEIZRTE T 1.67 e VA BRI ESERH™,
FEG BRI & BUAR AT (9] AT T 229, FHIBr BT
/N T RS SERL, RS BREEERREAY SeA 2R F FF A
THFEFRBTIRT;. BRTHD TS, Al-Ashouri%:
NP5 BRAT SR AR 4 e 7 4 BRI 2 T i A 7T L)
B SRS, R LT R L AT G B 4301
EAVE Rz AL Z, DA T 85 Bk v AR Y 5 fok L T
20214F, Liu%s AP i Ak & M1 k™ ias 24
FUSAMRAR AT, 761513.8 e’ 12 2 28 FTE AR 14351
$A9 T 28.6%M127.1%HPCE, FaE M)y I, 7EAHNHGEE

T93%MIPERE, 85/85H MK 1500 h/E 44F T 87%Ky
g,

2.2 [RARAEEZN A AR

H AT X aF Az R e 2 1 1) TAE 25X 23 /U
R 2 AR 2R . 20154F, MailoaZs A\ 5 Lk 4%
BT PR - AR B R AR, PCEN13.7%, il tA
J HACR AR R 22— 2R T 3 A ™ = 1
Spiro-OMeTADVE R 28 AL 2, FEUALA 11.5 mA/em’.
Jii £ WF 5 3 i ek 3 Spiro-OMe TADEE T 7 A Wi
P, (AR Grant® N A G AR Spiro-OMe-
TADMEEARSE R A Z 0T, MR & B BUAE f 2 44K,
HRAR |- 403812 ) .

GrantZ N\ FIBush e N 0K 563 e T8
HLas AR A RINGO, I, AT 8 1 B 53 Uk B H ]
DI 2 AR A A IR S8 e RN S S A, i 2 )3 e
TR TERNIO I, SR B 2R84 (p-i-n) 54K H™ 7 i 3t
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P 2 g, B SR T A A R, il T AR
1 em® AUFRCR S 1K23.6% 1 W ik S 2 He k.

ITHI A A PR A ) B 4250 F 2 g B
AP IERERI T ARLZS S UL HIZ, WI2PAC,5{MeO-2PAC;.
Steve Albrechtiffid " F20204F 8 FHEHAE 25 7G4
S48 HIAIEPCE 511529.15% W 2 2 2844, Suns
N R T 2 4NiO,, 5 MeO-2PAC, 3t
[FE R 2 7 L4 )2, IEH TNiO,5MeO-2PAC, & 414
)2 I PCEZAR T PG 2.

23 EW LA R IR PR T 20t

PA] Sk 2 BH 6 VS R T — g A, X2 R T
BB AR ER T AR . TR EAR — e A R
i, % kW) (transparent conducting oxide, TCO), HLA&IfK)
A2 A A (tin-doped indium oxide, ITO). %
1L (indium zine oxide, 1Z0). 5154 A kA"
(aluminum-doped zinc oxide, AZO)4%, WE 3N, HRIE
BRI TSR PREE R I TCORIBFY, i S R ANMIG
L R AR A B AR, PR 5 ) AR B 5 i
QAR SRR SR AR B A TR, H AT LA
B A B B TCOSRITO, HA 5 1B R AL H FE
AR BRI B 5, AR B R SR FH 552 21 Ry R,
SITOR AT R 80 T LA AR MR AR TR L AYIZO

MgF,
Fused silica

ITO
PTAA/CUSCN

CH3NHPDl
PCoBM
PEIl nc-SiOy (n)
_— a-Si (i)
AgNW
ITO
(p)a-Si:H

()a-Si:H

(n)c-Si wafer

a-=si ()
a-Si(p)

()a-Si:H
(n)a-Si:H
Ti
Ag

B 3 (M4 MUF )RR TCORIE R a0+

Figure 3 (Color online) Tandem devices with different TCOsP "]
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LT T A (A5 7. MaikelIR020 S5 s 52 36 %o
T LA E3FITCO, A —=FH hEETITOMZFENF
el Jscehim;, FETIZORRF R Vo ML FE N F(fill fac-
tor, FR)ERAF, POMHEARALAIIrBH (sheet resistance,
Roeed); /N AZO[RI T4 55325 SR AU 7 B R,
HEFAZOMI BRI 4 DT PR REY 3 22, HAFH 558
B 2 &4 TR EAE N2 1 2n k- rEpe,
PHBR T BB R A FHR 22 A1, TCORIAb A it & 75
P SG RN ER.

TERI4E T2 F, WernerZs NPVt 4 BRA545 /N
SRR S R GRS T A AIZOE B i), A IR
HIRSTIRIEIN, 1ZOJZLL /MR, 20K 1288
TR, W A2 RS 25, $RE AR S B4
s/ MEEIR AR 2 2 18] B s, AT AE— A
BIRBIHOCHEMERE. Bush® AP T20164EIRFITIA R,
ITOS S 2 ZnOZ [0 i F 2K B/ F & 7= A B R 3
22 P2 L, IR AZOA Kok T3 | A JZE], Hi
55 1 X AR RS Zhu A5y, ITO AR TS 3% W
FAR X T & 2 A e s 2, ITOEA —E
Fs SRR, 5858k AR H, DURR T ITORI %4
FTERE 55, UER R TRk, HITORIE
FopRER, AL, AXFERRE RN, M
ARTTO A JE B 0] DL R HE AN [R) % K78 LN & 2 4 1F 10

UV light
Visible light

Superstrate

Spiro-OMeTAD y
MoOs

ZnO:Al E

Substrate



Pk

WS HIHEH, FITO)ZEEE 80 nmIE finE] 120 nm, Tii
HL L/ JF FL B 9 T 43 B A 14.60/15.03 mA/em # 4 5]
15.14/15.35 mA/cm’.

A TCOHL N K 22 2Rk RG0S T 250 4%, gt
FLEE ARG E S R R, IR R At
F)ERE R, XA )R] LI i 7E TCOHLAR A&
R Z Al — 2R 2R R B, BRI R o 2 S
Mo0.”*?, ZnO"™H1Sn0,**, tnE 477, Bush A4
X R T — R E XA, HE T B R
PR TR B AR Zn 09 KR T, Bs T HA7 A I,
Ja G i R R UURE R 45 T SnO,/ZTONE RS2 v
2, K& E A PCERE R 223.6%, FFIEK T HAE
P, JosteE NI TF20184E RYBFF$ 0 1 el ARG 56
WS ER A B B 2 AR, A 1B 3 S FIRIZOJ2 Y &
JERAR 2 AW, FFEIZOJZ TR HI 4 782, B
TR T BRI R SR K.

3 R e PR

3.1 BRSHERAR

AR LI A, 9/ T ) S S8 K T L DAk
sG] AT S R AR AR AT e —Fh
D7 R H R TR T URR el S S S, AN [KIS s

ik FEL it % T A B AR )k S SRR 2 2, ARk
FEUAN ] 77 St 3 A i S S Lk 1) BTk L e 268 1 40 4
R RN ST IR B, XEEEIR AT DU KRR
AR R K, ARz SH RS ARS. TEE
A~ MELAFURLALR FHAE R, Rk, Preb 2 R IEReuif
PR . DA Tt R T s S SRR R 481, B R

o o) E
R= R/ XR,, 6)

Hp, RVFZEEITIR, BRI HIIEREZS S
Prip e, BRI A BT (SRR 5 7 5 A ) I
HAREI KA ISy 22— DA% B IR 4 B A TR
(plasma enhanced chemical vapor deposition, PECVD)
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Advanced solar cells can efficiently utilize solar energy and convert it into electrical energy. Currently, silicon-based solar
cells occupy the guide position of the photovoltaic market. After several years of development, the current highest
photoelectric conversion efficiency (PCE) of silicon solar cells can reach 26.7%, which is very close to the Shockley-
Queisser limit (~30%), making further improvement difficult. The emergence of tandem solar cells provides a promising
strategy to break such limit and realize a PCE theoretically up to 44%, which demonstrates great potential in further
expanding the application of solar cells. Silicon-based tandem cells are normally formed by stacking a wide-bandgap top
cell on a silicon cell, and the absorption range of the entire device to the solar spectrum can be broadened and the thermal
relaxation loss effectively reduced. Perovskite solar cells (PSCs), using metal halide perovskite material as the light
absorption layer, has drawn increasing attention recently, because perovskite material shows high absorption coefficient,
small exciton binding energy, high carrier mobility and long carrier diffusion length. More importantly, the band gap of
perovskite material can be easily controlled by doping of component elements. The efficiency record of PSCs has rapidly
increased from 3.8% to 25.7% in the past decade. Meanwhile, they can be fabricated via low temperature methods such as
solution-coating method and vacuum vapor deposition method, making it possible to be technologically integrated on
silicon substrates. Besides, silicon and perovskite solar cells show matched band gaps, which guarantees a wide total
wavelength range of solar irradiation absorption. Therefore, PSCs are perfect candidates of top cells for silicon-based
tandem cells. Recently, rapid progress has been made in two-terminal perovskite/silicon tandem solar cells, achieving an
astonishing PCE of 29.8% in just several years.

To obtain a highly efficient perovskite/silicon tandem solar cell, light management is of great significance to efficiently
convert light into current and restrict energy losses. On the one hand, since narrow bandgap subcell (silicon solar cell) and
wide bandgap subcell (perovskite solar cell) are connected in series, the overall device current is limited by the sub-cell of
the smaller current. Therefore, it is necessary to adjust the bandgap of the sub cells to allocate the light that they absorbed
and generate matched photocurrents. On the other hand, incident sunlight suffers from severe absorption loss via light
reflex and parasitic absorption, which means the photons cannot be fully utilized to generate photo-generated carriers and
realize a decent photocurrent. A large amount of previous work has been done in optimizing light management for
improvement of two-terminal perovskite/silicon tandem solar cells. To adjust the bandgap of perovskite solar cells, element
ratio was flexibly modulated. Meanwhile, to minimize light absorption loss, appropriate functional layers with reduced
parasitic absorption were applied, and light trapping structures were designed. This review first introduces the main causes
of light absorption loss, and then overviews the recent progress in light management of two-terminal perovskite/silicon
tandem solar cells. We summarize efficient light management strategies for perovskite top cell and silicon bottom cell,
respectively. Finally, we provide our perspectives on promising light management methods for tandem solar cells in the
future.

perovskite, solar cell, silicon/perovskite tandem, light management, photoelectric conversion efficiency
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