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AR SO — b SO 2 A5 BR T 57 i 45 (dual-absorption-layer perovskite heterojunction, DPHJ) % W, EJ
T BB AT R 1 1T B 4G AR S 4 (p-pCsPbL,Br-CsPbIBr,) i FH 2 4 45 4k 57 3 J2 K B H s 4y O el 3 7
XUZEER RIS . F AL 25 SR e W, ST o B — Rl )2 CsPbL,Br A5 5K8 & )2 KA f b AH L, DPHJ
B 51 A 75 5 J2 K BH 3 Y FF 5 L R S 3 SR (DA 2.16 B 2.25 V), ST I R % R I — A 4R T (A 15.96 F
16.76 mA-cm 2). X 3= I PR T b (1) 02 2544 1) T B2 78 CsPbI,Br/CsPbIBr, A ALY 684 4 il i %
FEAKATR I N B Y, R R RS, I T IRIOZ RN AR RR ST 2 A R ILEE T DPHI SRR & JZ K H
F b 1T 3K 2R 1Y BER AR B A I AR (32.47%). iF— P LI A LR, M LL TR CsPhLBr(# 45 &1 B, =
101.9 meV, HF-FH FRIETRE voe = 1.2 X 1072, y10 = 6.9 x 10%), BUBIC)ZE 2 0 HH 38 e A3 25 B BE (B, =
110.7 meV) FHE AL F -5 FAEGIRE (72 = 1.1 x 1072, q10 = 6.3 x 10%), F L H 50 1900 . ke 1,
XA T il £ B OB 1 A 5 Ak 5 J2 R FH e b
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BF R T R, N S B AR LA A R T
P (—MR 1.2—2.3 eV) 51, ML EZ LY
R PH B 3l T R A 3, T N TS R /A
FLERT /AR AR RS R /SR (RS &
JZ K PH A Bl Hor | 854k s B 2 K PH L Y
B DT FC R 36 PR 0 v, T SE S R HY TR S PR TR
th 5 75 4 BRI A T A T ORI D AC. AR 1 s -2
% (Shockley-Queisser, S-Q) Bits, HAK FR %R 1]
K] 45% LA W) 35 g5 F O K BH A 5 ok
T L7 FHAASRE A A R . ARk, 2E5EKT S
J2 K BH HE 3 S 56 3 R R T 29% (NREL AIE),
s THOBOM T2, HEA “E BRI A
FRRLEEPIE3A oA  BH L b % J e L5 4 7 ) A%
Z— Pl Bk, WFFE G i g TR O R
AN e Wy R e e 2o <3 =y N B )
b, (M RE RS E A TR T, (R I 22 EE
0. AN — 2 RN B8 i A A 43 B 2 S B
B ERA RS R sk T 10, X6 L ), Bai % 6]
i e T T ORI R s R, ARl Sn2t
SR FUBCAL LAKESER Sn—T 8, (i H 55 67 FR Bl
BA A AR, Z U RIALR S T R
LA IE AN Sn—Pb $5 8K 8™ 1Y 2§ 1L A% AR 23 15
fii & )2 B AE 300 h JEAPREF 90.3% MW LA,
A7 5 A e L b RS PR AR R 22 HE. ()il —
A JZ A Y RE R il 4 B B T e A
B AR, Xie 5 ML T —FIET SnOy Y2
w2, R 3 B2 A BH Y B 2 B T
LA IR T A S Ak, HR
BH L 3 A TS PR AR B 74.9%, 33 26 A K BH H
B AN AR S 2 A L R =
S PR A s B T00F St T S5 A4 i 2 BE AP DL RN 2
S FEIFEAIE (Vo) MR HE (Jso) A
JE. H IS A A v AR R T R s B — TR A
JE 5 A ) RN SR A A B ER S 4
SR A J2 R B Y PCE $2 7HA R (B8 &
A2, o RO 22 o7 FH - B B R A B R it ] L
BFERTH Voo Al Jge. W Chu %5 00 5 5o 3 1 Ji
N E M ITEE, 16 CsPbI,Bry , BT A3z 4l
() 11 B GRAR S i 2 AR 1 % 24 %) i BBURT 41 1
R ARPE A, HRHAB M Voo H 1.15 V
BFEIR TR 1.27 V. Patil 45 10 58 o #4028 K 17
12, HiE BRI Z (MAPDI,+FAPDI,) 55k8 2%
A SR, AR Ve, Jso M PCE &35

Pe . XRS5 ot Ry itk — 24 T & 2K
FH b A MRS AE T AT RE. AL, X T g
REAHT DO | RS M AR e M | R T b AR5 5
52 R JWIST )22 PR 1) 28 - R A D B )
R RA LS. SEAT R &, BA SiEm
W (29 1.9 eV) B2 TEHL CsPbL,Br # 8P T
BRSSP (12 3 B A Ay i R 0T R vl ) Y i
W2 18], 4 i Hb,, CsPbIBr, #1785 CsPbI,Br 14
K L R s, HBBAF 454 5L 42 aE i, 21
U W2 5 BT 285 1) 5 3 i S A 2 — L I Ap,
4 TCHLAE B CsSnly A1 EHE A & 38 1Y B (2
1.3 eV) Jf H BERF W IS Bl 9 i 22 i 2T A0 X, 3
G AR TCHUESERT B )2 K PH HiL il rh 28 7 RIS
LR Z AR 9],

FRATTHE S — B2 56K 7 B2 (dual-
absorption-layer perovskite heterojunction, DPHJ)
WM, BIR T R 2 (300 nm CsPbI,Br+
100 nm CsPbIBr,) #54k 5 5% Jit 45 (p-pCsPbl,Br-
CsPbIBr,) F-AF b T it b FH 21 P i (2-terminal,
2T) 285 5K & J2 K i (glass/ITO/SnOy/
CsPbl,Br/CsPbIBr,/spiro-OMeTAD /interconnect
layer(ITL)/PCBM/CsSnl;/NiO,/Au). iX #45% T
XF R BROG R MW, HAR 3 T Bm i s, R
AR AR PERE: HY Voo (2.25 V) KEY Jse
(16.76 mA-cm 2) flE #Y PCE (32.47%, i H#i
K& ZE K HE PCE MSEIR 40 5%). 76555
b, FRATTR W A0 e U B ) A5t T AU
JZ (CsPbI,Br+CsPbIBr,) M, )5 4L 4 H &
AR S )2 R PR bR it T AT R, #F—2Paad
AR EECR I (photoluminescence, PL) il & Flt:
RIET PL A ERER I, e IRAE AU )2 R B S
TR 455 e (By=110.7 meV) FEARHHL T~
T HEARIE (7ae = 1.1 X 1072, 410 = 6.3 x 10°),
JE7R T SIS B AR AR E T

2 FEPpEA BEENRLETE

A TAERI Silvaco FAFFDGIR AL it A7 FLsETT
V-5 16X E5 B R BH F it ) DG AR PR RE AT 1 AF
FE. P EBRIh ) B R - R (V) TTRERR N
(1) =K

J = Jpn — Jo{exp[(¢ (V + JRs)) /mksgT] — 1}

— (V4 JRs)/ Rsh, (1)
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Hr o, g, m, ks, Rs, Ren 43l I ) 1 Al g
FEL I B | AR LT BEAR DN L BER 262 WA, o
B L BELRISF IR FRLBEL; 7 A Ty, 000 A T BEE RO HL U
. R ER-P HUM Shokley-Read-Hall(SRH)
A BADRIF AR Pt P i & A gk B2
M50, SRH & &8 408 3R (2)

np — nip;

AT’ )
e, Ty 430 AR AE BT RN 28 SRR s 7
o S0A H E TR B2 7 . XA
XSRS BOT R SR (3)

Rsry =

on dp
Jn=4qDno+aunE, Jy=—qDyo+apppE, (3)

FEAR g Ty 0 LRI AR A Dy M1 Dy,
HL TS XY R EG BV HLI R ARk
PET, 28X T IS R

on 10J,
o —gox T Cn M
dp 10J,
a:—gaik;—FGp—Rp. (4)
on  Op
25 S _— = — =
im\/m\‘F (6t at O) Pl ﬁ
0Jy aJ,
o + qGh = qRy, - aixp + qu = qu7 (5)

H Gy (Ry) F1Gy (Ry) 3T 774 (BE)
BRSO (BE) R ALE o SeA R T
B F=AR G () MR

Amax
Gla) = [ T eWaetran

Horfro(A) 29 AML.5G FRETEA R IR A 1l

5 a(N) AR Bl R 5. (0 A% e 1
AL T2 A T ) ) P R P4, A 280K 25 J= 0
IG5 TR A B RS L R A B R R A
i 1T AR 2% 2 Wi i) D't T e A LR

N /\max
Jse=q3 A AN, (M)

Hofr A, R i BROERILE; o)) F AM15G
FRUEETE AN R K )G 1. 58K R PH L it i)
PCE = FF - Jsc - Voc/ P,

FF = Vmp : Jmp/VOC . JSC7 (8)

Hoh FF OAHFER T P AOEHRAZIZR; Vi F1 Jinp
O3 R R R R a5 ) L PRI L 3L . K S B 4
B Fi 711 2 )2 A B P Tth 5 2 R L AR AR S 55 L
% 1. CsPbI,Br fil CsPbIBr, b H 4 B2 S 441
0214 BEHL SnO, 1E M HL FALHi)Z (electron tran-
sport layer, ETL), ¥% 2, 2/, 7, 7-PU [N, N-—. (4-F1
AR L) 2 3 -9, 942 — 7 (Spiro-OMeTAD)
YE M7 7L H )2 (hole transport layer, HTL), & X
%) ITL S HA, FEAE PR & — R i
ikt LB, AL PR I DA 2 4 1) BRI D 1) B AR . 45 )2
WAL BT 68 Z RN D' 2R BMRE G Sk rh B 1723,

AL FH ) Ak 2 5 AL HE: b4 (Cs,
99.9%), fl 1k &Y (Pbl,, 99.9%), 78 L4 (PbBr,,
99.9%), —H LI H (DMSO, 99.9%), N, N-—H
FLH B (DMF, 99.9%), ZE (ACN, 99.9%), 1
Hi (ETOH, 95%), i {2 fh 3540 R RS A 2833t
— AT .

R 1 RTCHUESERT SERUZ A2 R R AU S 4 102428

Table 1.  Photovoltaic simulation parameters of all-inorganic perovskite light-absorbing layer coupled with transport layers
(ETL/HTL) (102428,
ZH CsPbl,Br CsPbIBr, CsSnl; NiOx PCBM SnO, Spiro-OMeTAD
JEJ /nm 300 100 800 30 30 50 50
ZFUE fem ® 1x10% 1x10% 5x1016 1x10% 0 0 1x10%
i e /em 3 0 0 0 0 5x1017 1x10%0 0
B JeV 1.92 2.11 1.27 3.50 2 3.49 2.6
SANEEE /cm 3 5.1x10Y7 1x10% 1.58x10% 2.8%101 1x10% 4.36x1018 2.5%10%0
Wl A RS fem ® 1.8%1018 1x10% 1.47x10'8  1.8x10%  1x10Y  2.52x10Y 2.5x102
HFHEATE/eV 4.16 3.56 4.47 1.80 4.30 4.31 2.60
iERUPIEEN T 7.43 20 10.59 10.70 4 9 3
BTERHR/(cm2V st 1.02x10° 2.3x103 4.37 12 1x10 240 2x104
ZGEBE /(cm?V s ) 1.93x10* 3.2x10? 4.37 25 1x102 25 2x104
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CsPbL,Br AR IR T 40 : 4 3.75 mmol
CsI ¥ F11.875 mmol Pbl, #K & 1.875 mmol i
PbBr, ¥y KV f#AE 4 mL DMSO 1 1 mL DMF
RABRD, 78 60 C ik LTt 28
TR (037 W W, TAC W) Bk BE R 0.75 mol- L' 1Y
T BRI . CsPbIBry Hif BR A1 1 e il 4 °F - oFf
2 mmol PbBr, #AH1 2 mmol CsI BIAMA 2.5 mL
DMSO #i1 2.5 mL DMF H1, SR J57E 60 C T #i$t
F LR, B AR N 0.4 mol- L A58k /i
O PR YA . ) 5 U MAC )25 TR S ol 75 2 T 1 e 1Y
CsPbIBr, ASRIAER A 5 mL ACN 1 0.5 mL
ETOH. B 5%, 3 B4 IS MR AE N R . oK &
it e 7R I VR, BE S O R AU R T, IR
17 15 min (485N RLAEAN . el IR TRALBRSE
FEARXTIEBE >60% M RTIREE T, 4 120 pL 1Y Cs
PbL,Br FHEKARERIEERE L, B 960k 1000 r/min
(revolutions per minute) [ %% # i€ ¥ 10 s, LA
2500 r/min ¥ BIERE 30 s. H25 , P i ICE 78
160 °C fm# & ik k 6 min, MG S 216
260 °C AU E EiB k3 min, LLHl1S CsPbL,Br
WL, [FIFEHD, CsPbIBr, WERRIEIR Z80—3. # T
X, B BCEAE 60 °C AIINHAS FiR K 2 min, fifl
JEH %2 160 C MG iR K 10 min, DA
CsPbIBry 5. AU )2 T8RS i A5 i R o — 20
55 CsPbL,Br MLMIEIRSE—E, S -T2
WIS IS 10 s 60 40 wL f1E4LHY CsPbIBr,
HTRAA A, Bl K RS A TR 160 °C Ak
5 LR K 6 min, A EREERLRE 260 C AN
M FIR K 3 min, S5 BRI R, B
WA AR TEAXHRE Ry 25% BTJAa .

ARSZE SR AT HE 0 H A I 2R S
SRR R PL AR PL. SR 266 nm O
XPRE S AT B, BB G 7 A R AR il i
SR540 BIHT AR I TR S, 54 R A5 Bi)E,
i iHR320 RGO Z T 5, Mg g%
WA A5 B, FIF SR830 BB LK #5 4T H
5T EI AT RN, AR T, R
Y12 100 mW-cm 2 [ 16 LED RR2LEE, JFR
LR PLOGIE.

3 #R53b
% TG DPHI B8] A 255 kk 2 52 A I

P b TR Tt AR M RB A S e, R T XU )24
KB S B4 B0 25 K PH L, HZ5H 2 glass/ITO/
Sn0O,/CsPbl,Br/CsPbIBr,y/spiro-OMeTAD/Au
(I 1(a)). 8L WL — D e R i %5 1) CsPbl,Br
W02 A PR B 5 R 300 nm 2247 290 [RIH A AR A
WP MRS IR . B 5452 CsPbIBr,
JEREXEN, Joo M 15.97 mA-cm 2 BTG RIF AT
T2 16.80 mA-cm 2 (& 1(b) FIEl 1(c)), XA LA
U PR RO A 2 B 16 R BRI AR, 7= T 3
LN T P Voo 5 Jse ZBEHEAR, 4
51 A 50 nm [ CsPbIBr, 21, Voe M 1.35 Vit
K E 1.47 V, MG Vo Fi%E CsPbIBr, K
BT ZZAS 2SN, FE M Voo b —5, x5
L 4 T8 ) S 56 SCHR AR Ak i S [R] 29334, 5 22 %t
N, SO Z R S S5 K FH Lt A PCE Rl
CsPbIBr, J5 A3 NS B0 S RS el i a3,
FEJSERE S 100 nm B, FEERE 554 KFHE Y PCE
(22.29%) ik B & K. 7E (p-pCsPbl,Br-CsPblBr,)
SIS i S AMFAEROR 1 3 % (0.63 V) Al
WA (0.42 eV) (& 1(d) FE 4(e)) FHEX K.
1E Control H it B WU )ZE b, Ho i Y75 B AE S i
HTL () 51 4L /NEF (29 40 nm) A B2 158
SR PR L 50 AR 55 (29 0.6 Vepm 1), IXASF]
THLFRYHE. T DPHJ B2 d, HA
HRIY CsPbLBr E 5 E (2 3.1 Vepmt) KT
Control WIS Z PNEB Y HEL 30 i, HLE St o &
STH AL Y L 37 5 BE SEAR IR (29 4.9 Vepm'Y), X
A AT A A, T B FL A CsPbIBry
EreA A A (K1), N T T 5 2k,
FeA PR ] CsPbI,Br(300 nm) BA— M2 i K B
FL It {7 124 Control(F )2 ) HLYHE, >R FHOBUIE Wi )22
(300 nm CsPbI,Br+100 nm CsPbIBr,) it 5 i 4%
KBHALI T IC A DPHI(RJZ) Hiit, R4A5E Y
KB I R RS R B A, Sy T IR A AR 2
T E A SR S T A, AU A HLE], X DPHI
H, Tt PN R A 28 0L 4 A LA B ST Ak A2 R
— W58, 7E 350—450 nm XK P (E) CsPbIBr,),
DPHJ H jth A 25 7 HEL 3 2% BE S 51 T Control HE
(B 1(g)). MHMAERME, ZXIE | DPHJ H i)
227K EE (10M—10" cm?) .3 & F Control HL I
(10—10" cm?), X R W EHERH™ 14 5 BT 451G i T
DPHJ Hi 2 SRt EE 17, S BOR AL 1) 2
T BE W E FRAL (B 1(h) FHEXIR). 5 Control
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20 ()
(a) ~
Au : E 16F e
Spiro-OMeTAD <é A 150
a
= 12 D;)
Z © 100
& 3
§ 8f - LBr
T’ A
- I,Br/IBrs-50 nm g 50
g I,Br/IBr,-100 nm v
e 4 O]
= —v— I,Br/IBry-150 nm =
] —o— I,Br/IBrs-200 nm ) OF
ANV AN 0 1 . NSRS I A A
“ “ 0 0.4 0.8 1.6 12141618 0.8 1.2 80 90 16 20 24
i Voltage/V Jsc/ Voc/V FF/% PCE/%
1 Sun light (mA-cm~?2)
(d) 4 (e) 4 (f) 170
> 0 %60
CsPbI,Br CsPbI,Br/CsPblBrs 1 < 0.5 16
2+ 2+ R
3 — |z T g S s
< B < B g . CsPbI,Br ,
& o, — B o — 8 -15 0
b5} E fn — b5} E, Egm a A 0 46
: : e . o
M M £ —05t o et
g
& L

Electric field intensity/(V-pm—1)

-2r [E -2r IE ’ 13
§ |
4 4 15 CsPbl,Br CsPblBr;
Position/nm Position/nm Position/nm

7 0 (h) (1) 15.5 PVSK/ETL 14.0 PVSK/ 27.3 PVSK/HTL,
g 20 | PVSK
R ~ 154} ~ 135} ~ 272}

=l | I I

¢ 10 @ @ L @ L
g Control-electron ‘E ; i 15.3 1 @ 13.0 = 271
> —8F - Control-hole o ] = g g
'ﬁ DPHJ-electron § 0r S 15.2 ¢ o 12.5¢ o 2101
g . 5
g —12f DPHI-hole % _10 Control-electron 2 151t & 120} S 269}
- - - Control-hole — — -
g DPHJ-electron 5.0t 2t 20 26.8 1
£ -6 —20 — DPHJ-hole
1 1 1 | I 1 1 1 1 14‘ 1 1 11.0 1 1 26.7 1 1
© 0 100 200 300 400 500 0 100 200 300 400 500 60\ ?65 “o\ ‘2‘65 “o\ ?QS
Position/nm Position/nm oo™ oo oot 9

Bl SRR SRR 5 B 45 (p-pCsPbL,Br-CsPbIBry) KFHHLM () HLHLZEFE; (b) J-VIIZE; (c) YeRZ%K; (d) Control HL i
BT 1415 (e) DPHJ AL fE4F 4. Control Fl DPHJ FLth (£) PRI FL 45 FEL 373 568 2 1615 () PR 1 FEL O 62 R 2 /R U 30 B2 2 A il 465
(h) R TWREE M 2R (1) 56K 5 &40 = Jt im ab iy & 5

Fig. 1. Dual-absorption-layer perovskite heterojunction (p-pCsPbl,Br-CsPbIBr,) solar cells: (a) Device architecture diagram; (b) J-V
curves; (c) photovoltaic parameters; (d) energy band diagram of Control device; (e) energy band diagram of DPHJ device. Control
and DPHJ cells: (f) Internal potential and electric field-strength diagrams; (g) distribution curves of electron and hole current dens-

ities; (h) carrier concentration distribution curve; (i) recombination rate at the perovskite and transport layer interface.

HAH L, DPHI B ALY EOR T A H R (R)
BN (K 1(1)), JEHAE PVSK/PVSK WUZ AR
SR AR, X SR T B 5 45 mT LA il
G RIS R R AR AR ST A, (AR 1 f A
FRL L S L R IR, O ELRES 25 i By P9 e i 734 i
SARERIE Tz , SRR R R AR T 7). R
REBIRFHRE ML, Vo AT LUE T (9) HORA 5 B

kgT (.]sc )
Voc — | —+1], 9
e ~ 225 In 2 ©)

Ho kg R BURZE S HEG TIRRIE; ¢ HEAHAT,
Jo NI FAR . AR (9) 2T A2 P
W, T2 T s i B KRR S A
75 Jsc 3 AN Jo 9/, X PrE AR DPHJ H

WY Voe #2751

T WE5E DPHI S 151 AR T 245 Bk &
JER A PERER N, M T 2T )2 R
(4590 glass/ITO/Sn0O,/CsPbl,Br/CsPblBr,/
spiro-OMeTAD/ITL/PCBM/CsSnl;/NiO,/Au,
P 2(a)). bnifE R B G20 TH W 98 s, H ik
TE 650 nm LA A R 'G 1 48 IR B2 IR RAIG, IR AR
L A% (B 2(b) FIEL 2(c)). 3l it Hx A [H]
JERE I B RY Joo FTRHL MR Joo KL &
JERBAHMBARY Jso VERC. BEHE CsSnly J5EEE RSN,
Jyo BRUIER I TR, M 7.53 mA-cm 2 34K Z
16.76 mA-cm 2 (& 2(d)). 24 CsSnl; JEEE R 800 nm
A LS ARG Bk B SRR FHAR Y Jg DRI, M5
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Fig. 2. (a) Device architecture of tandem solar cells; (b) AM1.5G standard solar spectral irradiance; (c) filtered spectral irradiance

through the top cell; (d) thickness-dependent short-circuit current density of the bottom cell; (e) J-V curves and (f) EQE spectra of

tandem solar cells with control top cell and DPHJ top cell.

5392k H Control LML 5 DPHJ HLhAE A & )2 K
IH Fi, L %) T Rt e R4 T A0 BT, 55 Control HATH
FHEE, SR H] DPHI LA Sy T F it i) 28 S22 R B FL
() PCE BB, H PCE K3 T 32.47%(1& 2(e)).
HAF—4EJE, DPHI &2 Vo B,
IRENT 2.25 V, ik =B T Rk R s
BT P TR AL A AR FR S 52 A ], B e R T
HLHL Voo BMURHI S 3R E 2RI Voo
2T+, B4, DPHI & JZH H7E 500-580 nm i il 4
FISMETFECR (external quantum efficiency, EQE)
3K, X UARF CsPbIBry AR IR (4 2(f)),
HIN T X BASE R, AR B 2 A A
T, 43 Jgo BERT. EREE, KA EA TR

M Jso, SRIFEE R 2T 2F5Ek0 2 KFHHE L Jge
WS B ALV AL, 3K RS TR Y Jgo bR B
ETEBERHBEMATERE. U LR BT
DPH.J S 7 B J2 A BH it b (4 17 FH S 7.
R PL W #E— P92 (CsPbl,Br,
CsPbIBry) F X A2 38 15 114 ' 2 R 1 AR AR
EVE. S TARREE 10 K FHEZE 350 K, =Nk
() PL 58 RE 2R M I8 N T2 8 B Wi K, 3 AT D H
PRI IR - 75 A EAE R G2 (18] 3(a)—
(£))B7. 1L 4h, CsPbI,Br # I fil CsPbIBr, # K 7F
350 K 9 PL 58 B T B 40 5 o 10 K B 19 3% Fi
16%, 1i DPHJ 3 B £ 350 K i PL 58 )% T (% N
10 K BAY 11%. X iP5 CsPbLBr #MAH kL, #
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JZ CsPbIBry R Y PR IR 8 208/, B
CsPbIBr, # I HAT 5 & i #Ae e ok 0, 30f F
P75 DPHJ R e E M. RS8R0 AR, B
F8EL Arrhenius J5 R FH T4 348 16 B AR M 0
(2 EaLRE, PL AR5 T AR IR B AR T i il
LRATLISRH (10) 2R B9:

In (T) = S (0)

1+ Ae *sT + Be kT

Hrp 1) o8 PL7E 0 K BF RS8R B kg A1 T R 3%
IR 25 O TARIR S, AT B Ry S5l 18 AL
H; B, M B, s RIE S IR R e A 6e. o
7% 2 g, DPHJ MRS B, Al E, 43514 8.98 meV
F1110.7 meV. HA/NGHFEGHE (B) W —
AR IR EARE T 24, WA K
HI T 45 588 (By) RS A il e S mli T
P B S IR TR R BB A G B FE 100 K
(BPAH Y T 8.67 meV HYFARE) T HF, =S
(3T LAAR 25 B B 30T, X 5 R B4 2
Arrhenius T2 (K 3(g)—() FHIEL) L5 8945
R—2. 5 CsPbl,Br #AH L, DPHJ 8 5 2 81
HATKAY Ey(110.7 meV). RAEE 454 el it S50
HL 28 OB A 1 B PR B T 10 T BB I AT
AR R 23 R AT DA A 32 | 6 A AR B 1 5
W T T A R PE B A 142, X B 23 X
X R AR S5 o 235 1) L Ak 43 B, DT ZE 8 2 11 DX 35
DAL A B A B3 R Ao JE AR A 1) iR 58 g 143441,

2  FE PL LG SHL
Table 2. Temperature-dependent photoluminescen-

ce fitting parameters.

Sample E;/meV E,/meV Yac Mo Epo/meV

CsPbL,Br 7.85 101.9 1.2x1072 6.9x10° 156.6
CsPbIBr, 9.25 85.8 1.8x107% 5.8x10%  167.7

DPHJ 8.98 110.7 1.1x10? 6.3x10° 162.5

Pk, BA w45 G RERY fL1-25 70 n] g
A B BB T, 3 AT LR e O FEL R BE 1L
BeAh, PLOGHE R T AR B R SR SE A AT A (11) X
UG 10l:

[(T) = Iy + 5T + 52—, (11)

eksT — 1
Hrp Iy 8 0 K B Y2F 858 kg AR 252 5 4K
Ero AHIANFFE FRERE; Vo F1 V10 Fo/NHLT-75
THEGIREE. (11) FAYHE TS =I5 i) e o
P U DG P U 5 R 0 R v, (EA R
J&, 5 CsPblL,Br A, DPHJ {5 REEH B
ARSI (72 = 1.1 X 1072, 410 = 6.3
10%). B TFAEZER T EE s i -7 1
FHEAE R DR Sh Sk a™ b i) i Ak 532, PR e
K B FRL P75 TR A 8 A R 900 o) A v ) A
TRAT 47, 9 T 3 — 253858 CsPbL,Br, CsPbIBr, il
DPHJ # B py A 2t Fefi 1R 1% LED X
P EAT RS 6 IR T B R PL 61, M %
AR ] 38 o, — PR S AR R B PL {8
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E 3  CsPbLBr il . CsPbIBr, # A1 DPHJ # LK (a)—(c) 28 PL %, (d)—(f) H—4b B2, (g)—(1) B0 50 B AF = 9 1
B2 A 2k (6 2o R JH (10) 2R B0 98 Bk B0 & mo 28 ); R 2O T IR PLfE%I%Eﬂ‘I‘Iﬂ MAE Mk (7) CsPbLBr,
(k) CsPbIBr,, (1) DPHJ; (m) WA A1 w5 52 W6 I i) 22 Ak il 26 (52,0 R R 07 250 3FR B8 58 ); (n) DPHY AR 1Y TR0 12 FRS 1L Pl
DI K PL K 28 4h-1] WK SO (o) CsPbI,Br MK I CsPbIBr, W5 B8 i ] 2 14 181 1%

Fig. 3. (a)—(c) PL spectra of CsPbL,Br films, CsPbIBr, films and DPHJ films; (d)—(f) normalized projection diagram; (g)—(i) tem-
perature dependence of the integrated PL intensity and full width at half-maximum (FWHM); Dashed lines are single-exponential
fits according to Eq. (10). Evolution of the PL spectra under continuous illumination for (j) CsPbl,Br, (k) CsPbIBr, and (1) DPHJ
films; (m) temporal evolution of the PL peak position (filled symbols) and FWHM (open symbols); (n) top-view and bottom-view
photographs of the DPHJ film together with its PL and UV-vis absorption spectra; (o) photographic images showing the aging of
CsPbl,Br and CsPblBr, films over time.

FE A REARAIE B 98 (full width at half maximum, BT CsPbl,Br AR AS 0] 40 1) & A= 1 A A A 1491,
FWHM) 3 # 454E (B 3(5)—(1)). CsPbl,Br # SR1M, CsPbIBr, MARTE 84 h A2 Lid v, HE
JEAEF I 36 b R BL T B R 20 AS (R AR IR, R, DPH WA 2 it f2
IR, FERGS 1 48 h NI T B i A% (R rh g AN LS 5, H*ﬁ IF CsPbl,Br j#ifE, H
& IRAHPIE ) (K] 3(m)). 13X BH7E F IR Frak I PL 58 BT B B4 . X R )21 CsPblBr,
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X2 CsPbl,Br HAT RIFpy 4P EH, HAHE
IR eRaE R, X = 2R B T PL AN
LM I (] 3(n)). DPHT WA TRALE (3
JEAN) 23 CsPbIBry FHEMIRE LI, IALE (B3
) 82 5] 3 S 1) B3 2 52 B0 CsPhI,Br 435-4F Y 2E A
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DU £ X 38 (K B (0 748 ¥, 1T CsPhIBry I (1 B3 € A
PR L JLF-EAEI A, X B CsPbIBr, iKY
FesE T 4y
R 45 b VA A R K BH R b A ' AR 1 e
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Fig. 4. Performance benchmarking of this work: (a) Com-
parison of V¢ and PCE between this work and previously
reported perovskite single-junction solar cells; (b) compari-
son of Voo of the top subcell and PCE in this work with
those of all-perovskite tandem solar cells reported in the lit-
erature. (Solid symbols: experimental records; open sym-

bols: simulated values).

4 % b

ARSCHEH T DPHI 5l HHE T 458028 glass/
ITO/SnO,/CsPbl,Br/CsPblBr,/spiro-OMeTAD/
ITL/PCBM/CsSnl;/NiO,/Au [ 55400 &2 K
FH H 3. >R FH DPHLY 5 g 114 2 )22 oK FH At 1 [
IR Vo (2.25 V) Al Jge (16.76 mA-cm 2),

148802-9


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. 74, No. 14 (2025)

148802

PCE i~ % 32.47%, LT HAj 24550 &2 K HA
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Abstract
Organic cations in hybrid organic-inorganic perovskite solar cells are susceptible to decomposition under

high temperatures and ultraviolet light, leading their power conversion efficiency (PCE) to decrease. All-

inorganic perovskite solar cells exhibit both high PCE and superior photothermal stability, making them
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promising candidates for single-junction and tandem photovoltaic applications. The mixed-halide perovskite
CsPbl,Br has received much attention as a top cell in semi-transparent and tandem solar cells due to its
excellent thermal stability and suitable bandgap (1.90 eV). Although the PCE of CsPbl,Br-based solar cells is
approaching its theoretical limit, the energy loss caused by non-radiative recombination remains a major barrier
to further improving performance. This non-radiative recombination is mainly caused by inadequate band
alignment between the absorption layer and the transport layer, resulting in the loss of open-circuit voltage
(Voc) and decrease of short-circuit current density (Jyco). Two-dimensional perovskite passivation formed
through solution processing can mitigate interfacial recombination, but it can also impede efficient charge

transport. Constructing three-dimensional perovskite structures not only provides an effective solution to these
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limitations but also enhances sunlight absorption and facilitates carrier transport. In this study, we propose a
dual-absorption-layer perovskite heterojunction (DPHJ) strategy, which involves integrating a staggered type-II
perovskite heterojunction (p-pCsPbl,Br-CsPbIBr,) into the absorption layer of the top cell in an all-perovskite
tandem solar cell. The simulation result indicates that stacking a 100-nm-thick CsPbIBr, layer atop a 300-nm-
thick CsPbI,Br layer greatly enhances the PCE of the single-junction device from 19.46% to 22.29%. This
improvement is mainly attributed to band bending at the CsPbl,Br/CsPbIBr, interface, which enhances the
built-in electric field, facilitates carrier transport, and suppresses non-radiative recombination within the
absorption layer. Compared with the tandem solar cell utilizing a single-absorption-layer CsPbI,Br top cell, the
DPHJ-based tandem solar cell significantly increases Vi from 2.16 to 2.25 V and Jy¢ from 15.96 to 16.76 mA-cm 2.
As a result, the DPHJ-based tandem solar cell achieves a high theoretical PCE of 32.47%. In addition, the
DPHJ-based tandem solar cell exhibits a significantly enhanced external quantum efficiency in a wavelength
range of 500-580 nm, which can be attributed to the band-edge absorption of CsPblBr,. This enhanced
absorption generates more photogenerated carriers, thereby significantly improving the Jgc. The Voo and PCE
values in this study exceed those experimentally reported values of current CsPbl,Br single-junction and all-
perovskite tandem solar cells. Compared with the single-layer CsPbL,Br (E, = 101.9 meV, electron-phonon
coupling strength 7. = 1.2 x 1072, 410 = 6.9 x 10®), the double-absorption-layer film exhibits a high exciton
binding energy (E, = 110.7 meV) and reduced electron-phonon coupling strength (7. = 1.1 x 1072, 410 =
6.3 x 10*), which helps suppress phase segregation and enhance both optical and thermal stability, which is
favorable for fabricating long-term stable all-perovskite tandem solar cells. This work provides new ideas and
theoretical guidance for improving the efficiency and stability of all-perovskite tandem solar cells. In addition, it
also proposes a universal design concept for optimizing absorption layers in all-perovskite multijunction cells,

which is expected to further advance the research in this field.

Keywords: heterojunction, perovskite, tandem solar cell
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