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Abstract

Since the discovery of perovskite solar cells, the photoelectric conversion efficiency has rapidly
increased from 3.8% to 25.2%. However, the toxicity and instability of lead-based perovskite solar
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cells severely limit their commercialization. The Cs;AgBiBrs double perovskite has attracted ex-
tensive attention due to its high temperature qualitative properties. In this paper, Cs2AgBiBr,
powder was synthesized by solvothermal method, and then the film with high density was pre-
pared by vacuum evaporation method. Through the heat treatment of the thin film, it is found that
when annealing at 310°C, the film has the best crystallinity. The prepared cell device based on this
condition obtains smaller R; and larger R, and the energy consumption in the cell is minimum.
The optimal PCE of the final device is 0.393%, the corresponding Js. is 0.84 mA/cm?, V. is 0.79 V,
FF is 59.3%, R; is 0.09 Q/cm?, and Ry, is 3.61 Q/cm?.
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1. 51§

FERT M EEE 2009 4E 15 RS T ORPHBE It LK, 51 1722 AR SR T )72 507 5 ERH KB
RE HLAE A 3 = A0 AL ROK FH R Ft AR 2R, D ML R BRI 1 3.8 %I $2 T+ 21 T 25.2%, il
Shockley-Queisser H% i 31.4% [1]. {H2 FHFHE RGBT R BH A8 FRIR 1) A A fa e e, AT M
BERHE RLH 2] 3] BRIk, F-HRAEHT0 R B e M s S AR AR a7 A B

B EE G ERA AR DU S WO e v S K ARR e YIRS TR I RTE, SO BCE T /1 — RO Rk
[4] [5]o BMHSESERN MR BAE AU . MOEFRE 2R BT A M 55 2 5 R 5 (6] (7], Hil#% i Ha it
BB R ITE BR8] [9]o ABI Xy 5 AMBIXe A5 B I BEEASER HTY . 7E ABi,Xsy
kb, AsBiXo AUEESERT S50, HA T4 TN B AgBily. AgBilss AgiBilg AR B
YEFERARHE10] [11], ERAIIBAEAT =4 i 7R 450 . T ISR AR, BIR T 08 S5iskh
ZEIBRE, 5 A E Tt B G R ORI EEAR . R, AT RS R PR ) B S #
WTHIEREEH, BBl avERE F  SCBE . UES AR AOMBIX B =45 T LR 45K, TR T
SERE VSR 25K [6] XS MR AT A 240 S g e A ER T, AR T BRI A AR s 1
Wi, AT SRR P A F b R AR R

AMBIX = HEXSART ARG TR AMIRGE S AR IS ER MRS S IR 3, 3 S E e R B ol
HARIROEIE[3] [12]. CsAgBiBre RUESERN VB HF aiE By, BB THEMER AR ES
MAPbL; AT . LRI RITERE, Ml Cs,AgBiBrs BN T AT I IE B A RI[13] [14]. E R 4MRIE
Cs,AgBiBrs LA CHUS T 2.51% G AR 4 2% [ 15] .

AHWFFELL Cs,AgBiBrg fEAWGE, R T HALFEG 25 Ve RERI M, 5 N F A BH g it
BTATE SR T RIPEG B Cs,AgBiBre ¥ K, FEH] A 3025 ZR S RAKG 1] 48 1 (1 R 2R IR |, %
% Cs,AgBiBre W 111 /5, PRICHEMAEA IR G BT R4k, LUROH b B2 o gk — D%t
R I R RE AT A, A R B PR R . BN Cs,AgBiBrs #5450 A BH it B it [ ' LM REIEAT 2
B, DIHSAASERAT K BH R B ith I & e 5 1 FH 3R it — e At 70 B il
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2. SCIGERSY
2.1. LA SEEIRF
A B B2 SRR 1 FR, BT 24 S LS R AT R4l

Table 1. Information about experimental drugs and reagents

=1 IRARBSHFEXER

e alifE G /N
1AL 58(BiBrs3) 99% PERS T B B AT B A T
IRALH(CsBr) 99.99% BB T AR A R A
IR1GER(AgBr) 99.99% BB T AR A IR A ]
IR (HBr) 48 wt% R T AR PR A )
FHIIH(FTO) - T8 R A IR A A
AL H B i (DMF) Tk PE % 0 S 1 B 75 TR A )
ZEE(CH0) 99.5% VA% P L B 25 B A
4-HUT Z ML IE (TBP) 99% T8 O R R AR
Spiro-OMeTAD 99.8% V2 SRR EHRBHE A IR A
SHR(CH;CI) Tk PH % 2 LA L 25 A PR A )
=95 FR R B I T £ (C,F 6 LiINO,4S2) 99% 78 DR B AR A IR A
ZIE(CH3N) Tk PE % 0 S o B 75 LA )
il G Hal it [ 2 SR A AT IR A
TSR EIE R BE B ER(TiAcAC) 75% T 30 58t B 25 7 LA )

2.2. Cs,AgBiBr 3 R B0 &

1) £ 50 mL BEAF RN 10 mL SRR, # 17) HA RO 1 mmol 0.188 g AgBr. 1 mmol 0.449 g BiBrs.
2 mmol 0.426 g CsBr, FILREFEEGFHM . JRRERME TG b, 7 120°CF, InFAEEEANS, (EE R
SEAVEAR, SRJEREREA T R FE 2 S0 mL

2) BB EABAE T, =R EARTHES 120°C, ARG HE 6 NNE, HARAHFEE FIE.

3) MBLFEHECH R N3, KB EEER, BN, B0k, HE R,

4) ¥ IR BT FETE 60°C A AT TR 3 /NS, ARG E IR &

2.3. Cs,AgBiBr B E Y& &

Cs,AgBiBre B 1) 26 L ZMAEEWE 1 Frn. %6 E 1 g Cs,AgBiBrg 25 2 T4, ERTE
N 5.4 x 107 Pa F(RETHEBSOMMGE R, AYETHEEN 3 Ass, BN 300 nm. EPEEEr m,
FEGE T HEE MG T FREGR K 10 min 20, 264470 0 8 (R AIR k) 160°C . 190°C . 220°C
250°C. 280°CA1310°C.

2.4. KPAREER AR RO &

H5E, FIHBERK. K BEEHYN. JOK CEEMARETE FTO 2. B THE, B
TESN A, Wb 15 mine 5, L ELFH TiAcAc BTIKARERIE IR E FTO $& 7 |, IElRsk
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459 4000 rpm/30s. ¥4 e i A TiAcAc FIEESHAE 125°C TRk 10 min J5, BT 5 3kt 500°C 45 30 min,
FEERAH, 133 TiO, U Z - HoA TiAcAc BT IAARSRIF A 2K 485 uL TiAcAc ¥ T 5 mL 72 41,
SIS RN . TiO, U E M & B UG, BT 7R LR i SRR RS B8 5, LA 500 rmp/Ss
A1 5000 rmp/30s 56415 25 eI AR B0 )2 TiO, b, 78 125°CB K 10 min, [FIEEZE D #h47 o 500°C {745 30 min,
FEERRH . IS HI A5 SR MR, Cs,AgBiBre WOG)Z M4 & SHTTHAHE, FA ¥ 100 mg Spi-
r0-OMeTAD. 32 uL TBP 5 19 puL #E IR R 0 AR T 1 mL SR IR R A5 21 (1) 23 7L i J2 7T DRAR VT
7E 3000 rmp/30s [IZAF T, FEMRTEASERD M [, BT H@EahiBa <Ak 2 he BEBRERENES ]
RRAPAL, TEm A KM T AES BN, JEA 120 nm.

Figure 1. Flowchart of Cs,AgBiBrs preparation process
1. Cs,AgBiBr, #ll & L ZRIEE

2.5. MXSRAE
N T AL Cs,AgBiBre iy AR B AR SCHERE , BEAT 17— R IUBEIT, AR A {C8S B 815 2 A& 2.

Table 2. Information on instruments and equipment used for experimental testing and characterization

2. SRR SFAEMANFREEXER

(e =S (K€ 2ith=s WA
YRGS T A JSM7100F FEmIEI S TR T
X SHRATHAL D8 Advance X ST A I
EVACING )iy 37 UV-3600 BA AT WO
/A 56 e X Fluo Time300 R RN d

3. St Eitie
3.1. Cs,AgBiBrs # R FRIE

2 JRIR T I BITA O R 1 XRD EHEA UV-vis B, Hod & 2(a) MIEFI G2 XRD
T @I BB T, A R XRD R IE AL T 22.38°.27.33°.39.14°F1 45.47°, 43 5%t N T Cs,AgBiBry
f(220). (222). (420)F1(422)841H, 5 XRD IS TFEE T2, WFEAR B IGES R =92
Cs,AgBiBrg. ] 2(b) &M AL - o IR, B EIPTAIZE 500 nm Z 57 R ICEE, 500 nm LLJS
W SOZ B RS, 700 nm LA JE#a AR E, WRUCH LA T 630 nm, RN 1.97 eV, 52 B RIHRIEA — 2
[12].
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Figure 2. (a) XRD and (b) UV-Vis spectra of Cs,AgBiBrg powders
2. Cs,AgBiBrs #} 7K (a) XRD EiEF(b) UV-vis Ei&

3.2. FASLEERT Cs,AgBiBr, RS a it K it M RERI RN

IR PR 45 SRV A2 R K IR FE RIS MR, ANELRBEIR K, i) 2% IR S0 22 ¢ 35

AT T AFELR KR EEXS Cs,AgBiBre 45 saVERIFEN, FEALY XRD W18 3 fs. 4iREN, #Hi
AR, R AT IR AT S0, X UEHTAE S A S i . B IR ORI, Cs,AgBiBrs #5EK0 AH
(RVRFEAT S L, HLR IR s 5y, R I 45 VBT g o . 2R KR T m A 160°C
i, LT A Cs,AgBiBre fT80&, 20 HIAL T 15.72°.22.38°.27.33°.31.76°F1 39.14°, 43 5% % F-(200)-
(220) (222). (420)F11(422)Ff0 T, {HRTE 9.04°tH R B T Cs3Bi,Bro HIKFEIE, 40 3w,

L 1 v Cs,Bi,Br, 310
Tl l I »h Al A "N A
280
l | —250
| | A A
T O Y T —220
>
p= R NV B 190
& —— 160
QL i | 41 J,__J A A
= -~ o A —— RiBk
\ A R — Substrate
I I Cs,AgBiBr -PDF
. 1 N T BN
| I . Cs,Bi,Br,-PDF
10 20 30 40 50 60 70 80
2-Theta (°)

Figure 3. XRD patterns of Cs,AgBiBry, films at different annealing temperatures
E 3. TRIBMIRET Cs,AgBiBrs #IEH XRD &%

B IR IR HE— DI K, Cs3BiyBro 85 ERE AH R AFALIEIZ BT 2% » Cs, AgBiBre fiT 4 U6 5if B IR i
VEHIREA IR G EZTHR, Cs,AgBiBrg 45 S M 25 1B i, JF H. Cs3BinBro HIZR I 22 TH %, #5344
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ff) Cs,AgBiBrso {HJE IR EETHE A 310°CH, Cs,AgBiBr, 1] XRD A4 1§ MAR8 7, HILT Cs;BiyBry
VRFIEAT I G, RN S AR T Al A 1Y) Cs,AgBiBre. BHIGAFH, 4IRS 250° CEL#H 280°CHY,
HIRE1S 245 R R 47 A 4AH Cs,AgBiBrs.

Kl 4(a) & 4(b) IR T AEAN R KGR EE T A5 ERN HERR IR 2841 — W] OGRS (UV-vis) B BT AL 350k
Jt i (photoluminescence, PL). A UV-vis Ml AT UK I, 5 i = B 22 280°CHY, AR AE 7] L
IV B A W SGE T WIS I e R SR R TR . 310°CH, MR RO, BT XU G, X
& T IR R B A ES R AT S 8. 160°CIBKI, MF&5aA e s, fAERUSERET, (R A] I
BT I . BEAE R L RORE N, SRR R K 5 A — af DRI SO R e D S e T AR, X2 R
KA A AR TS, SRITH XRD (IS R — 8, Wmas k1 .

K 4(b) PL B R ok, BEEIRFETE S, PLSREEIZHHE S, RSB SEEE 58N, FEHES
Wb, BRIGTERD, RS IR 7E 160°C, BT Cs,AgBiBre 45 i A 56 4%, PL I AR W] LWL,
RIPFEFRFESEN M, X5 UV EIRELE R AR —80. 75 310°CRIR W X PL U, BhE 4R 2 &
& 1 Cs,AgBiBrg ™ AL T T 38

a b —— 160
o >
S G
+ o
& 2
2 RS
< =
400 500 600 700 500 550 600 650 700 750 ;300
Wavelength(nm) Wavelength(nm)

Figure 4. UV-vis (a) and PL (b) Spectra of Cs,AgBiBr; films at different annealing temperatures
4. TEHRAGRE T (a) of Cs,AgBiBre S UV-vis Eli5(b) PL Eli&

PGERA R P 2 TR T30 B4 5 W AT (O PR RE, O 1 A FEAS (R FE AR ORI TSR i s i, AT 1R AR
TGRSR KA H S (T SEM B, & 5 fis. mUbaT&E, M8 KR EKT 220°CHY, LR
FiHE, R ARSI, Wi s@FE sb)Fs, XA RS BURFI RIR EICE 2 B .
Bl S(o)~(DFR B IR JOR B e R, MRDREE K, MR A SR AR5 310CIRKAMHFT, &
IRAEAEIB o i, AER M R R R, BUR R LT,

BT 8% 7 B KR S A B T2 F it R B A B A, LI P R Y RE R S B
PEEREM S —EER K. [ 6(a) 7R T KPHBE RIB B SR Bl T LUK I, SRR RH R A1 23 FELRH. Ry,
VIR EHFERERIIER, SmarrtEae. & o)k LR T7i%,  FEIth it A3 1 A BELRT 233 L R
KBHBE R J-V k. BT LB, ROIE KRS Ry i /NG 43 AT B T A Vo BRAG, HEAT FRAR FEIRIT
HFHF FF, M-S EER ARG, B, (RSl R, s 45 4 T2 AN Ry ISR Ry,
T k2> B PAY 3 114 i 2 ¥4 P 2 it v i A S 1 — oo AR

] 6(c) NANRIER K AL FE Cs,AgBiBr TN 1) M BE ] -1 HIZR AR, it T 2% i R (B AR
WIEEIAK, £0.7 V208 VZIE. FEFHRAET, JFEHEEKR/NZ Cs,AgBiBre AR 5 A 5200 L
R A IR R J IR R E, BInBOGE R BN ERERILAC AR SO MR . 2 3 4
257 AN R B A 3 S it BTAD ) R B AN Ry (B - Z5A 93 M I, 280°C AL B 5 I 4lAH Cs,AgBiBr i i Hijth
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B T MK, EF]T 2.00 mA/em?, (HIZIEFEHRTAE, N 36.01%; XFMNE RN 020 Qem?®, Ry A
1.50 Q/cm?, 32 B P4 & A 451 K 7E 310°C AbH i 1) Cs, AgBiBre 5 1) FL LI R, 5 A% 5 4 0.092 Q/em?,
Ra B K, N 4.95Q/km®, AR THA, H59.25%, il EAAEERMEFERD, BEEFHACER

res BRI, R SR G RORAN AR, T RER TR R AR LA P EL

Figure 5. SEM image of Cs,AgBiBrs perovskite films at different annealing temperatures

5. AEHRAGRE TE58KF SEIRRE SEM [E
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Figure 6. (a) Equivalent circuit diagram of perovskite solar cells, (b) The relationship between R, and Ry, from the J-V curve
and (c) J-V curves of the solar cells at different annealing temperatures

6. (a) $58KH KPHRE

0.8

MEERIEE, (b) B J-VRIGHI R Ry, R(c) FRIBIGRE T J-V BhZE

Table 3. Series resistance values (R;) and parallel resistance values (Ry,) of solar cells devices at different annealing temper-
atures

5= 3. FRIRMEE &4 TR A B BB (R) N5 R B (R,,)

310°C 280°C 250°C 220°C
R (Q/em?) 4.95 1.50 0.98 1.20
R, (Q/cm?) 0.092 0.20 0.19 0.14

1F LR RIEEAE b, FRATE— B ERIT T AR VA S B R RE RS . ] 7 SRR T RTH B
Cs,AgBiBrg X N LA J-V i, 35 4 R T RS RIPERES S, b rl A, EMIA IR
KILFEB10°C) AT 5 24 Cs,AgBiBre I JE £ M 200 nm #2713 400 nm, 54£1) J,. A1 PCE tHiZ5 1400,
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1M R A1 Ry A IHARFF RN AR M . RALJS ) Cs,AgBiBrg 25144 20K H1 0.29%$2 T+ 5] 0.39%, XF R Jq.
B 0.69 mA/cm® #2F+E] 0.84 mA/em®. FEAF KIS S B RA0 R A Ry, BEBE BV PEBE 42T, W RES:
TR TG HL A A 0 o R bt 4D B BB Hh FELART 338 FRL PR | B AR R E — AN RO B AR, RN 0.090 Qe
Ry N 4.83 Q/cm’,

—— 400 nm
0.8+ ——300 nm
—— 200 nm
G 0.6
g
5
<
0.4 1
g
3
= 0.2 1
0.0 T T - T T . g
0.0 0.2 0.4 0.6 0.8

Voc (V)

Figure 7. J-V curves of Cs,AgBiBr4 perovskite solar cells with different perovskite thickness
&l 7. &[] Cs,AgBiBrg §5550 A B BEE =4 J-V B

Table 4. Performance parameters of Cs,AgBiBrg perovskite solar cells with different perovskite thickness

3 4. Cs,AgBiBr, TEIE AT WA R ER R RIS H

Pi'5 Jie (mA/cm?) Vee (V) FF (%) PCE (%) R, (Q/cm?) Ry, (Q/em?)
400 nm 0.84 0.79 59.3 0.39 0.090 4.83
300 nm 0.78 0.74 59.6 0.34 0.092 495
200 nm 0.69 0.76 55.8 0.29 0.123 4.41
hJ
4. &g

AW FAPEIRT T AR TC BB 45 R R P RE FEL Vb 1] 2% S5 P RE RS (R 25 . JB I 4% Cs,AgBiBry i 5
(38 U B S ARAC TR R 2, 3R T B8 ARV B ity AT T eI P R I R BELCR ) R 20 L BEL (R )
XV PERE IR . B Cs,AgBiBrg R 1TIE KL 4 310°CHY, Cs,AgBiBrg 145 s MR 4T, 5 0
e, RAN - GRS . i) TR T S AR 0 B G R BE R, SE S PRAG, AR P Ry, B U AR
Tty BN T B P RE SRR . FEURESAN b, S8 I HE— DR R L SR, RIS R A 400 nm
i, B AE (R Ry A Ry BENFRAE LIRS R, TSR T FF N 59.3%. J H1 0.78 mA/cm? #2 7+ % 0.84 mA/cm’s
R, fERCEE KR 310°C IR AEIRE 400 nm [4E T, SEBLT 0.39%10E R,
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