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Abstract

Bismuth based perovskite solar cells possess the features of non-toxicity and high stability, which
are considered as two significant factors in the emerging perovskite solar cells. The quality of the
light absorption layer has a remarkable impact on the conversion efficiency of (CH3NH3)3Bizlo
perovskite solar cells. Herein, (CHz:NH3)3Bi:ls thin films with features of highly compact, pinhole-free
and large grains were prepared by procedures of two-step evaporation, chlorine doping and an-
nealing under a DMF atmosphere. The DMF solvent annealing can diminish the internal defects of
thin-film, and thereby enhances the absorbance as well as prolonging the life time of charge carries.
The conversion efficiency shows dramatic enhancement by 52.9% compared with the solar cells
from thin-films without DMF annealing. This work provides insights into the (CH3NH3)3Bi:lo
perovskKite solar cells with optimized thin-film quality and improved device performance.
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1. 5|

TR LR, ATEAHLCHLAAES B R FH 8 FLt 7 TS T 38 R . 5 ERAT K RH A F it
(G R b R A JE 4.0% T H 3 T 25.2% [1] [2] [3] [4], AL Gtk RFHRE b, KT
i 7 HARTCHLECE VUK RE R, H TR 2 50O R AR B TR R A k™, DLE &8N
B ItE. AFTEAL, HR— MR IRt R BhAh, HRESAR MR ARG e TSR 2 B it R
B —ANERRIPRAR, X AT HE 2 R H U A Tl SRR B [5]. N T R BRI A i, TS AR
B2 51 T AATHIDGE6] [7] [8]. & b NWFFURLET ()2 5 40 [F) i LA AR S5 5 e 3R, B 95 4k
BOKBHAE bR C2 A 5 8.12% [9]. {HAE, HPFEAIMBRFEESHR, S il SRR Sn*, 4
L3RR P2 AR R AR A, 8 AR BRI R B [10] 0 LR IE T ARIEAT R Bt . A8 Bi®* (7 HEAR
PO —FE, I 6s%6p°, BTN, BAMERNL, RS GG, THARRAS Y
S YRR AR A Y B TR S VI AT A AR, BT DA B SR A A R AR R [ 11] .

ITAESR, BRIEESEN AR AsBinXg (A = Cs™, Ag'E CH,NH; (MA); X =ClI, Br, I)[12]C&H K&
WEFL, TR PHBE F (1 ) 2% o 7EIXSEHF 0, o (CH3NH3)3Biolg (MBI) A FHBE FE KA T DUl K J .
SRR K PHRE FRIBAR EL, MBI HIB R I AR S AR e 1 —— RIS 2 S it AE 21 R, Fl i
Ret A AEUN FRE[13]. HZ MBI HIBGFEHACRE — B IERTE, BB BV L B R (PCE) 41
0.2%~3.17% [14] [15]. #+EFPERERZ M EZFHLET MBI BA 1.90~2.20 eV ¥ 52 177 B A 22 1 6 IR U
IR . 7 H BT, MBI R ) 45 5 vk 2 B S TR I vk, B PR
WIEARIR[16], Wb P BUEIRTE[17], IEFBERTEEE[18] [19]. KA XL 59241 4 1) MBI AT /4%
bRy AL . AR EBSE 2 MAEESTEA, X EEE YONAIE SRR 1 = RN RN 4

NT 2% U AT FLARIE SRR AR, TTORARMIE N A R G AL T R LRI 1 EE A . Zhang
S N Jd ik ] HE AR E N LA MBI ZE R Z5F 201, — PRkl 7 PCE 24 0.42%[¥ MA;Bi,lg
KBHAE I Gao ZHARIE T —Fhmi b 8050, mE 2848 Bils IR E 9% MAI, i Bils 1] MBI $#55)#;

][l
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AT 25

A, & AR RE ISR L T 1.64%H e U HAICR[21]; BlJSE, Li S NAEPTDARBOI R+ 5I N RO R,
ARANH T MBI EEAE ¢ BRPLE A, gt TP LA RDR ST BOR ) MBI R [22].

FERTIIAR R R W], iR MBI B ) 2 s PERERS R AU SCHE . AT O MBI T (1 1 26 14T
TP RAPEE L, AR IO RE R DMF SURACEE, ki — 2B KK, il 7
PEREECE HAAT R ERNEN MBI, JFH e i, #RUSUE )R, b T s s . R
HL G HUECR SRR TR B A i, 347 & 50T

2. SCIOERSY
2.1. FRARFI S

AT FAF S A LR 1, AT RAIE T S kgtal . BN S R AR T O R kAT, IR
HI{E 23°C~24°C, B EHEHITE 30%.

Table 1. Reagents and their specifications involved in the work.

1 ERABRENE

2 i ali AT
FHIBIH(FTO) - LT E O R AR
ZHE(C2He0) 99.5% Pl 35 B4 B 25 (i) TR S A PR A A
Ak ER(Bils) 99.999% VIR P L B2 () SR S PR
AL AR (CHsNHs1) 99% LT E O R R AR
SR % (CH3NHACI) 99% P %2 5 SR AT TR A ]
T A % (DMF) PR VE A% L B2 () SR ) R A
Spiro-OMeTAD 99.8% 7622 5 3R U RHE A IR A ]
4T BEMEE(TBP) 99% L8 DRI R A IR AW
S (CeHsCl) Tk PR P I B2 () SR S A PR
=38 H BE Ik SV e 24 (CoFLiNO,S,) 99% T8 ik e AR EIRAF
ZJiE(CoHaN) Tk VU P L B () 5 S A BRA
L e b EZERL AT E R AR
TS LB A B R (TIACAC) 75% P BB 25 (LR S AR A A

2.2. HitMFlE

ALV e B AR W L R, VEANH S FE W R

(1) HZEEFK. BEEEEA . PIEANIARS IR 8 5 G sE FTO (78 NARIE G B RH A TR A &) 3K
. N TiO, RA LMt W RSUR T ANIHLACES BT BRL, 5% 70 B th 20X - PR )
BT, WU U TiO, MEAE N B TeH = . M R AR C BB (TIACAC) G i T g, AR5
DA 3000 rmp/30 s HEMRAEIHBEE 1 FTO b, H4IEMRTE 500°CHRE 30 7r%h, HRAHRER, REEEN
40 nm £ 1) TIO, B = o

(2) ¥ TiO, FEMIN KM K AMEFE 20 4380, PR FERORTAERERAR b, O r B 2 R Aot
BLA, 7E 107 Pa (W23 F 284 250 nm 1) Bilg Wi, SRJ5°K Bils MM AN P A 38, AN 11 (B
JREE)E) MALFI MACH $3 K . FERTER A B 23, TONE S HEAE, 7£ 100 Pa FE 2T 180°ChIFAPIAN /)
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i, fi Bily 5842480 MBI £530)5 FARBRIR, S84 MBI IR H HE 7 A I R, DARR 25 R ik
BA I MAL F1 MACIH;  7EKEAE 1 150°C3B K ALFR 20 min, BAGEFEF23 54 0 uL, 30 uL, 60 uL, 90 uL
A1 120 uL ) DMF 3715 A0

(3) AR I LT T A A HL 20 B RSP &L 100 mg [ Spiro-OMeTAD, 4R 5 1
F 50 uL FZVEAGEN 32 L TBP (4-50 T Bmbng) i, PRI 19 pl #7350 = 50 H fefi 1o WV i ) . H
OB 520 mg AT 1 ml 2B RS . E, B EIR=REPENARAE 1 ml SRR, B
BRD) 10 708, EEBRIRE, RIS U2 R VE . LA 3000 rmp/30 s HERAEShAE 45 AR v
JEE b o B 2754 120 nm )4 F R ) % A e BE FLh .

R Az DMF 7l

87 Sl

e AR

; 2o PEMAIAI -
[ b 59
PBIL MACI Bk

Figure 1. Flowchart of preparation of complete solar cell devices

B 1 seRRMHERE

2.3. MR SR

81 F 3 SR FELAR (FE-SEM, 28], (B [E) AR 1 /7 A5 (AFM, NT-MDT, Solver Nano, %' )
M5 MBI HERIITESL: XRD 70 Hr fH X-HZRATHX(XRD, &5, ME)E; KA o
5 SR M AT AT £ /MR (UV-3600, K53, HIA) TR B IR] 433 5% e e 1A FR % 25 o 1 80 4% (TRPL,
FluoTime 300, 7 )ik, J-V #i£k A R AML5 G (100 mW-cm 24, 1 2 [H Keithley 2400 %
FIRAGRAICSEIM R . WP Z T AU 0.24 cm?,

3. SLIEE RS

Li &8 NAH M #E hodar[22], @it Cl JCE 528 RERE il 2% th K deohr 2E R i) ~F B . (1) 5 1 78
JEARAREUE, fh S i AR S R, XSFBERTEMRZEEE, DR T =8OR
REFEVB IR % . DILFRATR A DMF ¥ FIASRIR K AL B R 3E — 20 e W (0 T o, 3R THasfhrEne. K& 2
AN B DMF B kAR MBI IR E SR, M (a)E(e) DMF FHE KX~ 0, 30, 60, 90, 120 uL. M
2@) " LA, 24 DMF I~ 0 ul, BIRH DMF B KIS, R SR Sk 2 [ A,
2(b)~ ()RTEAE H, 4 DMF Ab3RIN 248150 %, R ARSE0E T8 . X2 K NTE DMF #5R K
TEFE, B R RL A FEBOR T AH AR & R (0 10 S, X R il 2R K, TR RS A B
by NPT TS WA R ISyt B il AN Ay S P 1 AN E 0 e d TN Y TS A5 - s NN 32 SR TSI (G
(d)”4 90 uL #1120 uL DMF AbF AL S, AT RUE H, BRSPS R KR, H 2 R 46 H LI (]
2(d)hr e i R ), FLIF RS R R DMF = R3S I Wi 2, X n] §E 2 K it 2 DMF K
IR S EBULE M . #Eitk, FRATE DMF RS E N 60 uL, H USRI EREE FM MBI #
fE. 5 2(f) 8 60 uL DMF 26 1F AL BE 5 1) MBI R AFM 1K, SRR ICFLRE B 14 nm.

3 AN FHER DMF 42 MBI # R XRD i . EIH T LLE H: H DMF 2B 5 , R 7T (002)
e T RV 2, (LOL) fm ThT PRI VGRG0 . A7 SCRRAIRIE, BRI S fR S 7E(002) (004). (006)&h IR e A=,
SEUHE T S S ERE B NI TE T A5 2 U, DMF I3 71038 A b 1 B8 % 1 T IE 7E (L0L) 5 1 285 o PR 8
41 ¢ B Se 45 5. A XRD i BE AN 2 5] DMF [\ 0 B2 120 pl I, 9 (10 45 o it i 2 1 o
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Figure 2. SEM images of MBI films treated with different amounts of DMF. (a) 0 pL; (b) 30 pL; (c) 60 pL; (d) 90 uL; ()
120 pL; (f) AFM of MBI films treated with 60 uL. DMF

B 2. R"EIFE/ DMF A7 SFIBALIER MBI EREA) SEM Bl. (a) KAFE; (b) 30 uL; (c) 60 uL; (d) 90 uL; (e)
120 uL; (f) 60 pL ACTESHEARAY AFM
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Figure 3. XRD patterns of MBI films treated with different amounts of DFM
3. T[E/AE DMF 4:32# MBI SEREY XRD [Ei%

MBI AR5 Ah- 0] IR SOE RS o T 4(a). METRTLLE H, DMF AREE AT DU S e il . @it
Tauc plot (4 4(c)), FAFHEMAIEETTF N 2.18 eV Af7, SRS M EHEF —2[23]. [HIF, a5
HER IS BoR T 14 4(b) o AN ] DMF R & AL B (1) 8 R0 1 77 i A 35 10784 R DMF ALERI, MBI
VR BRIM T 4 4 0.45 ns; 30 uL DMF ARBEIY, #3774 0.53 ns; 60 plL AbFRIF, #0174 fir i
K4 0.66 ns. BE%E DMF HE4REI6IN, R 7 AFm T bmD . 8R4k, 7idisgiz, B
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ART RTS8, WO FERMA R S, il rEe. B 177 ar K R W R
PIRER AL, BRIHGIE B 58 F &1 DMF AREE, AT LA/ S N 3 PR B
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Figure 4. (a) UV-Vis absorption spectra of MBI films after treatments with different DMF amounts; (b) Time-resolved
fluorescence spectroscopy; (¢) Tauc plots of MBI films after treatments with 0 and 60 pL. DMF

4. (a) NEIFE DMF IR FHVEIN AT LIRS ; (D) AHEISI L E; () 0 F1 60 pL DMF L3R/ H AR
Tauc

K 5 N AN[H DMF (AR S ) 5 B B8 AR 7E R IR R B L - R 2k . 92 2 5t 7 i R AR IR
VNS5, Fl DMF ARFECLS, Fi TR f s . SRR . D6 FEE R A BT T, #a % N DMF
RSN, bt AR AR 2 ——X 5 FIREFAEM SEM AL, DL 3R T2 fi Se 0 a5 i/ 25
RALM —F. Prass RRY, EARTRISA T, DMF FIFE Y 60 uL I A0 3515 m & 10 MBI .
FE 60 pL AbFEF S F T ) 45 1O SE B e M T BR B 0.67 V, AEES RN 1.02 mA-em 2, JGHEHAE N
0.26% . HH LU A ADHE (1 B ith, FFI HL RS2 T T 5%, FHEK IR T T 55.7%, Je LRI T T 52.9%,
JG A B IR X VAR T DMF AbH 5 (1 R SR 5 R 2 R SR O, v R AR A5 T N 8 T
B, B TERFE AW DFM LB BT T4 a8 K, H3R 7 RaEamy siis. b1
A AT RO R, Wb T R A, IMHRTH A3 . DMF (IR &8 90 uL i, FFEHE N 0.62
V, SEERHA 0.91 mA-cm 2, JGHIEERE N 0.23%: DMF (IR &H 120 uL i, FFEEHLE K 0.62 V,
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RN 0.74 mA-em 2, L ELEEIALR N 0.18%. DMF (¥ B4 2 i Bt () Mk BB A, X2 i T
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Figure 5. (a) I-V curves of complete devices processed with different amounts of DMF; (b) device performance of films
with 60 uLDMF processing.

5. () [E1Z DMF A IBRSEEE 3% E; (b) 60 ULDMF IR L2518

Table 2. Parameters of solar cell performance with DMF enhanced MBI films

5% 2. MBI Bt RES B

DMF FH&/uL FE % FLR/mA-cm ™2 FF g LRIV A F1% I LA 0% 1%
0 0.65 0.64 42.1 0.17
30 0.95 0.67 40.3 0.25
60 1.02 0.67 37.8 0.26
90 0.91 0.62 419 0.23
120 0.74 0.62 40.4 0.18
4, &Eip

KRIAEW L2 BRAMEA b, KRR T DMF EHA G EX MBI IR0, KT T DMF
FIH XS MBI ABERE K FH RS Bt E BE IR . WEFE 28, DMF &5/ RAR KA BE S 45 o T 5 o
B, WORENRL, THER AR SRR R )RS AR AR SO T, IR ARSI IR IR I, ek A
PN BB BB , 18 NI T i AE B 2R, BV 60 uL DMF AREE MBI 8 ik, il £ () V8 JORE R P A 14 nm,
R REAR B A A, R L URURO' B A 4 AR AR TR G AR A A BB AR, DA 0.26%,
FEEARAEFEIER T T 52.9%.

e HE

AT 5Tt E 5 H /B3 45(51602096., 11374091 11574076+ 11674087). 1511644 #H5% /7' (2018 CFA026)
TR /55 (2018010401011268) Fl i 58 - B 51 B9 1HRiI(111 i H , D18025) % B .
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