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Fig. 1. Schematic illustration of FTO/TiO,/CsPbBrs/carbon structure cells prepared by multi-step spin-coating method.
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Fig. 2. XRD patterns of CsPbBr; films prepared by spin-

coating different times of CsBr.
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Table 1.

spin-coating different times of CsBr.

FEFUIEL Voo/V Jso/(mA-cm™®)

Parameters of solar cells prepared by

PCE/% FF/%

4 0.85 5.0 2.37 55
5 1.06 5.8 3.58 58
6 1.10 5.6 3.41 55
7 0.99 5.4 3.16 59

3 HEWRAS IR CsBr IR EUTT il 45 (19 CsPbBry W) SEM & (a) 4)2; (b) 5)2; (c) 6)2; (d) 72
Fig. 3. SEM images of CsPbBry films prepared by spin-coating different times of CsBr: (a) 4 layers; (b) 5 layers; (c) 6 layers;

(d) 7 layers.
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BEWRKEL N = 5 B, Bl 2 09 85K 5™ K BH i L it
() FL R T 2 3.58%, AT TFIL &4
il #5114 CsPbBry AR A4 AL D DL K SR 3T fk 11 5
. HERIN S, SRR IR R .

o
i

222z

NN

Current density/(mA-cm~2)

1 1 1 1 1
0.2 0.4 0.6 0.8 1.0 1.2
Voltage/V

P4 BEWRASIE CsBr B 4 K A AR LIt A9 J- V 4K
Fig. 4. J-V curves of solar cells prepared by spin-coating
different times of CsBr.

3.2 HERARTHEENFIN

FEHEVR PbBry 221, FTO 3745 T 1 i A
TR EE XS AR AT B 245 i B it A o B R s . AR
FE WA EEXT CsPbBry MR A2 M ALEE, 78 3.1 715
TEMACREERE L, P45 CsBr BEWRIREL N = 5 4%
PEARAE o TR BE 430 e R A TR, 70, 80,
90 C, [FIEPK: PoBry IS WATER G L, fRIFAN
FHJC 9 T PR B — 2. Tl 45 %) CsPbBry I i
SEM M & 5 7. IE 5 ATLUE H, #f IRANTT

PRTES R TR N ESE, k2 (A H BAR 2K
2 BRAIFLIR . XA T 70 °C IS, F58k0™
LSS 2 1l Ny N = N Y0 N R AN TTEE
LRI SR | B0, FLIR B SN, Y AR
BEnE] 80 °C B, WEMEENECE, ok RS E N
57, K2 BT T A6 TS TR B AT UG E S Ak
VTS 1) B 5 5 . (HY TR BE SR B 90 C B,
DA R S5 45 A B A e, S BCHORDRE 1 K

Ao AN 7] TR B 45 14 e il 25 (R e AR 2
() J-VARRERRZRANE 6 s, s s itk fE S 5L
e 2 sl NFE 2 i LA, 246 A A
PAERCRIBAR, K 3.6%, FH il T 41T
7% 1%) CsPbBrs MR AE AL KB AL, i T2 7 1
. S HEAT AR, SRR Rt T, T
PR IR F] 80 °C W, #HFMERE I AE, S sk
R PCE ik 4.7%, WHEF A Ml CsPbBry
TR, R M R TR AR B0, AT TC A I T

2 ARHRR A R E T A S k5

(g Pk S

Table 2. Parameters of solar cells prepared at dif-

ferent preheating temperatures of the substrate.

FIGRE  Voo/V Jso/(mA-em?)

PCE/% FF/%

ANTHA 1.13 5.6 3.6 56
70 °C 1.15 5.9 4.1 60
80 °C 1.15 6.2 4.7 65
90 °C 1.13 5.8 4.0 61

B 5 7 fed I A [ AR B R i 45 B A4S 4K MBS SEM L (a) AT (b) 70 °C; (c) 80 °C; (d) 90 C
Fig. 5. SEM images of perovskite films prepared at different preheating temperatures of the substrate: (a) Without preheating;

(b) 70 °C; (c) 80 °C; (d) 90 °C.
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B AR, DR 5 B0 B T AR RO R,
[T LR RSCR$E T (o TG B AR s vy, U %
PHPERER TRBES, 2 TS P FEL CsPbBr,
THRORELRE JSE S8 i A Bt U 2.

Current density/(mA-cm~2)

0.2 0.4 0.6 0.8 1.0 1.2
Voltage/V

Bl 6 FEARJE A R TUPGE T 85 Bk s i SV
h £

Fig. 6. J-V curves of solar cells prepared at different pre-
heating temperatures of the substrate.

3.3 PbBr, EARREIRNERERZ N
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TR Y e & T fk .23 % PbBry /2 1938 R R4
i T PbBr, JZ 1R KR EE 2% DMF %55 1945 &
T it A AR K TR A B2 ), DTS2 ) PbBr
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Ji 23 UL E CsPbBry 15 (1) 5 2 I o 1. A Ik
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XFARTR] PbBry 18 S kB Fir il £ 1) 515 ek 4 7 5

J

AN
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B

0b= A 11 3 IS 57 N YN £ I T 51 I R
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Fig. 7. XRD patterns of CsPbBry films prepared by PbBr,

layer at different annealing temperatures.

&1 8 2 PbBry EAFIRJGREE Tl CsPbBrs
AR AFM B, i B b AT DL & Bk
PbBr, iR I BE 42 =, E5EK 0T dfRL I /N
i 2% 1T P RFURE B 35 % AR AR 4. B PbBry iR kR
FEMTHE, CsPbBry #5488 SkLSE i K5 080N, 24
RJGREE R 100 C B, fRRCSTiABIR K. BT
PbBr, 2[R i BE BT i 45 00 A N 25 R 1Y) -V
FEPEIR R 9 Firs, SR £ 301 B EL A 4n

Kl 8  PbBry 2 AIRIR kIR FT il 45 1) CsPbBry WAER AFM B (a) 90 C; (b) 100 °C; (c) 110 C
Fig. 8. AFM diagram of CsPbBr; films prepared by PbBr, layer at different annealing temperatures: (a) 90 °C; (b) 100 °C; (c) 110 C.
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3 PR, 1R 100 C #nfFtERe R, 250
MM Voo =1.20 V, Jso = 7.3 mA-cm 2, FF =
60%, JEHLEALSCE PCE = 5.25%.

8
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T
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Fig. 9. J-V curves of solar cells prepared by PbBr, layer at

different annealing temperatures.

# 3 PbBry JZ[Fl1E Jf B A il 4 54 B RE A 1t Y H
WS
Table 3. Parameters of solar cells prepared by PbBr,

layer at different annealing temperatures.

BAGERE/C Voo/V  Jso/(mA-ecm?) PCE/% FF/%

90 1.17 6.9 4.74 58
100 1.20 7.3 5.25 60
110 1.19 6.5 4.82 62
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R, YLK 2 3Lk Ee (PEAT)
(195 L ATT LA S0 (2 2F A HLICHL 2 A0 85 Bk A
() BB o o, LS AR AR S H L RIS L b RT
&, HEMTIR RS CAR AR AR A 503 23) (HR 2 R
L 7E 4 TCHL CsPbBry F5EKT I Y S AR A 1 o
(AR FH L A A i A i (24, SRR O S Ak %
X} CsPbBry fh A K R A, AR SCR 2- 8K 2
W Eh (PEABr) 51 A PbBr, BISRIE H, 4557 Hxt
CsPbBry Wil 5 & RE ™ A 520,

J 5% PEABr AR B i X CsPbBr i
LR AR ERE R S B, SR AT S A 435
B 50, 100 A1 150 uL, PEABr/DMF %8 (1 mol /L)
7NE] 1 mL ) PbBr, BRI F, CsPbBrs i i )
HART 2S8R RS 1945 5%, B CsBr
BEWR AL N = 5, #IRTARIREE R 80 °C, PbBr, iR
KRR 100 “°C.

K10 45 T PEABr A [R) 48 it 7 il 45 /9
CsPbBr, R XRD K%, vTLAE H, 720
AR RFIE W TR A AT IRER B 15.2°, 21.7°F1 30.8°
2o A AR AR 53 56 BT CsPbBry AH 1)
(100), (110) F1 (200) fh 1A, VLT ES K8 ABX; 1Y
i AR G5 ) A AR 26 ) i AR Ak {F gl 06 {1 8 2 T
=, 5ARMA PEABr 1 CsPbBr; #Lt, ilA PEABr
J&i i) CsPbBry MY (100) F1 (200) A7 5 4 1 58
X PIAS XRD 775 1 7] )& —A~ %, X &5
A PEABr J5 #5800 M I ARAS T #EA0A. UiH]
PEABr B35 AJF-ARFEM CsPbBry BIAI4LEREE, K ifi
S —E R DIGSRAFEIEREE . X4 PEABr BN
#4100 pL B, CsPbBrg FEAAY (100) F1 (200) &
TET PR AT S50 5 B e 1, 30k 3R W LS B 4 YRR 1
ST

110)
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I DN T

M

w/o

Intensity/arb. units
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Fig. 10. XRD patterns of CsPbBrj films prepared with dif-

ferent amounts of PEABTr.
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A8 HaESE, X THE TR 5 I AT PEAY,
FEESEK 45 b A B b AR ) 4 A RE (PEA),
PbBr, 27 7 {5 e 21 Bl £ & 55 R 2% 1 i 19 1
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500 nm

E 11 A PEABr IR AERFEMFGR T SEM E  (a)—(c) AEM; (d)—(f) 50 uL; (g)—(i) 100 pL; (j)—(1) 150 pL
Fig. 11. SEM images of different amounts of PEABr at different magnifications: (a)—(c) Without addition; (d)—(f) 50 pL; (g)—

(i) 100 pL; (j)—(1) 150 pL.
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T ARSI PL 335 (4 58 B 52 IS T 5 5 BRI 1)
#0100 pL A0 N RYSREEIR IR R, XEWE A
PEABr J& 1% 5 E A 550 (1 FE 7 H2BCRE g, i
FEAER BRI, T R BTSSR ARIR N 2 AR
D, HIEEA W T WA TE: 86—, PEABr
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Fig. 12. Photoluminescence spectrum of CsPbBr; prepared
with different amounts of PEABr.

SYHUMNE AR R Y Br 2307 28 IR 2 8%
FIRRAS; 55—, AWK (PEA),PbBr, 4EAkl 4
BB AL ] AL, S I B T TR 1) i 1

5T PEABr ARSI 73 5 28 T X5 B i) 4%
f, H VR W E 13(a) BTR, #FR 4%
TP RES B2 4 BT, PEABr 51 A4 100 pL
B RR R, SEUIIN Voo = 131V, Jyc =
8.51 mA-cm 2, FF = 73%, JcH 55 #%0% PCE =
8.25%, JFHE KA T 1500 h Al f14F 90% LU I
MR E 13(b), T A5 A PEABr 161k
el LGRS T R BT, XA
CsPbBrs 45 i it i 1) k5 M R DR S0, (AT
Yk (PEA)Q(CS)nflenBan—H HEBEXT i SR T
SR B B R R T G WA, i
KR = B T S RCR.

% 4 PEABr AREIME AT &1 CsPbBrg
HBAR S5

Table 4. Parameters of solar cells prepared with
different amounts of PEABr.

FIAdGL/(mgmL™) Voo/V Jso/(mA-em™) PCE/% FF/%

w/o 1.20 7.30 5.25 60
5 1.28 8.40 7.16 66
10 1.31 8.51 8.25 73
15 1.30 8.16 7.37 69
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Fig. 13. Images of solar cells prepared with different
amounts of PEABr: (a) J-V curves; (b) stability in air.
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Abstract

In recent years, organic-inorganic hybrid perovskite solar cells have become a research hotspot in the
photovoltaic field because of their excellent power conversion efficiency. However, this hybrid perovskite
material's intrinsic instability and the harsh preparation environment limit its further commercial application.
All-inorganic CsPbBry perovskite materials have attracted much attention because of their good stability, low
cost and can be prepared in an atmospheric environment, showing great application potential. The controllable
preparation and growth kinetics of CsPbBr; materials need to be further studied, and the conversion efficiency
of photovoltaic devices is still low. Considering the instability caused by traditional organic hole transport
materials and their high preparation cost, this work focuses on the systematical studies of CsPbBr; all-inorganic
perovskite cells without a hole transport layer. Growth kinetics material of CsPbBrj; is controlled by adding 2-
phenylethylamine bromide to precursor solution The main research contents and results are described as
follows.

Based on multi-step spin-coating preparation of CsPbBrs perovskite films, the perovskite cell preparation
method is studied, and the critical process parameters including the spin-coating PbBry, amount and number of
spin-coating of CsBr, substrate preheating temperature, and the annealing temperature, are optimized. The
optimization tests show that the optimal spin-coating of CsBr is obtained by being optimized five times and the
spin-coating PbBr, is conducted in the atmospheric environment. The optimal preheating temperature of the
substrate is 80 °C, and the optimal annealing temperature is 100 °C. The perovskite films prepared under this
condition are compact, each with a continuous high phase purity and good crystallization performance.

The PbBr, in DMF is first adopted and the 2-phenylethylamine bromide (PEABr) solution is added to
regulate the CsPbBr; crystalline quality of the film. The effects of PEABr on the perovskite crystallization
process and device performance are systematically investigated. The results show that the introduction of
PEABr can effectively optimize the CsPbBrs. The crystalline properties of the two-dimensional perovskite
materials can improve the grain boundaries and improve their transport properties. The prepared perovskite
solar cell with PEABr shows the highest power conversion efficiency of 8.25%, and it can maintain the efficiency
of more than 90% when being stored for 1500 h under the condition of no encapsulation. Finally, stable,

efficient and low-cost all-inorganic CsPbBrj solar cells without a hole layer are obtained.

Keywords: multi-step spin-coating method, CsPbBry, PEABr, process optimization, perovskite solar cells
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