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WM 15 mg/mL 1 CsBr LA 2000 r/min ) 4% £
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i BB (H AR 52 H, JSM-6360LV) £
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& CsBr A~ Wi i g 1 ?‘Jﬁﬂ%%ﬁﬁ, CsPb,Br; [1]
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£ F 535 nm, H A EA M. @t iHHE e DLk
B, AT A A BRAR AL T 2.33-2.34 eV Z[H].
 2(d) KRR BE R BT BBk W Y e 8%
(PL) S, WilAE TiO, R4, HA 144
2, BT LU T 40 8. PLOGIEA AU 2
() %z S, Hodr 224 440 nm 4 PbBry/TiO, 5
1)K 5 (517 2(d) 7 & PbBr, % 567 & A1
[)), 17 530 nm & 5H6 A CsPbBry F5EkH" 4 S 16,
AT, HEDR 4 U A ESERD I ELA e IR0 & 5
WA BE X RIS ERE HLAT B AT I LT o3 B SO

P 3 AN A BE VA U BT B Bk A ) 1 i el
T WA (SEM) K1 & s . ARBERKECT
TR S b4 2%, I AR B/ NE RSN R B
FLIR. B HE TR B BG I, R SRS RABATAS
RESCHE R w5 R . 2 22 Jad £ CsPbyBrs ¥ 5
SRR /N 22 AR R AR B 55 1 DI, B A% L 5]
— 6K N Y PoBry kL. [B] 3(f) A ek 4 R
T SEM &, 20/ 50 BUZE— R EDIE
TSR RS, 2 . R Bk Y R T R
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TR LA TR

\\\
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Bl 1 (a) ZHHEMRIERER (b) AS[RIHE MR UECES B0 IR
Fig. 1. (a) Schematic of multi-step spinning method; (b) photographs of perovskite films with different times of spin coating.
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Fig. 2. (a) XRD patterns, (b) UV-vis absorption spectra, (¢) Tauc plots of (ahv)? vs. the photo energy, and (d) PL spectra of CsPbBry

perovskite films with different spin-coating times.

61K

& 3
(F) THE V8 4 Yk B 30 1y 7 T

NI JE 1% YR B 4% 11 CsPBry 45 4k 1 W8 SEM [

1l pm
-—

e
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AYALI

(a) B 3 UC; (b) B 4 U (o) BETR 5 UK (d) BELR 6 1K; (e) BEWR 7 IK;

Fig. 3. The SEM images CsPbBrsy perovskite films with different spin coating times: (a) 3 times; (b) 4 times; (¢) 5 times;

(d) 6 times; (e) 7 times; (f) cross-section image of the film with 4 times.
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PbBry + CsBr — CsPbyBrs,
CsPbyBrs + CsBr — CsPbBrj,
CsPbBr3 + CsBr — Cs4PbBrg.

Kl 4 /R T 2 ekl CsPbBry #ifiE Ry
TE AL, 7E P UTAR Y PhBry 85 2 THI e TR 4%
/D) CsBr WS, CsPbyBrs TE AL F S 10, E
& W) CsPbyBrs # ] T UTAR. Bl & 1 e bk
CsBr i, M & ARG 508, CIBH
CsPb,Br; # 4k & CsPbBr3, [F) I JiE J2 A& 5 I 1)
PbBr, 775 & CsPbyBry. i i3 1B k8580 ki K
R, U B 5 ) B K e IR 5 R R . Y e IR
CsBr i & )5, Cs,PbBry A H B8, 3 IR AZ 5o # 44
& PbBry—CsPb,Br;—CsPbBry—Cs,PbBry % £k
AT, X —45 A XRD 152 T 5 k. {H 7%
CsBr Wl 5 BT ENR, ©IE BN A5 R v
BB AY CsBr, fiff CsBr M LLZE A 2 R Z 317
FONE, Xt G AL CsPbBrg H #iH] CsPb,Br;

CsBr CsBr
CsPbyBrs X
111
N - L 4
PbBr, \ 4 A ’
TiOz [ S $ \ ’
PbBr,
CsBr
= CsPbBr; e CsPbBr;
CsPbyBrs Cs4PbBrg
111 111
CsPbyBrs CsPbBrj3
PbBrs CsPbsBrj;
TiO,y TiO,y

[l 4  CsPbBry #5EKA 1 B 1 JE AL 3 &
Fig. 4. Formation mechanism of CsPbBr; in multi-step

spin-coating.

3.3  CsBr & il 5B 8 X355 ¢k 7 AR AY
=AU

BT R HEUR B R R, AR 4 DOiER
i LA B b AT 30 SO PR BE . R BLSERE IR R
CsBr 5 PbBr, P Hif 9K 44 ) 1 i} [3] %F CsPbBry 45
RO WO 1 S F PR RE R 52 . 5] 5(a) 24 CsBr
VY N E PbBr, MRS R 1 S, R TSR AR S
I IF) o) HE B (5 A0 5200 60 s U7 s ] 1 48 R
B (I (0 S B, b ot DOt o 5 7 s T
RIS IR . SRR AR ST IS B ) o 9 52

XA [] sz 1 Fsf ] T 2B k5 AR TR R S 3R T P 3
#47 SEM ik, 255401 5(b)—(o) Pizs. &l 5(b)—
(h) AR KA RS SEM (&1, JH I 7 55 2 Bt 2 7
I [] A SN BT T B, X R W2 JE i CsPbBr;y
B RY P A R 20 ik . R BEXT CsPbBrg (1) %)
TAEFITE Ryu 55 P4 iOBgE i A5 2050 E. &1 5(1)—
(0) MR K B R, AR S iR O 5 R
Tt VBT 0 B, AR 55 B A (E SR/,
X I R A K i CsPbyBrs. Bl [ N
[E 3G, F5ERH™ iR B R, 522 2 o s [i) ik
30 s B, FERFRTE T 4A Hh BUFLIR . S S Rz st [T RE RS
TR BT O SO R 21 B, ff CsPb,yBry #
PbBr, RES 7t 7315 3 [ b 5% bk CsPbBry F58K4™.

XA TR Sz Rz B ] T I B Y CsPbBrg 854K 5
AT XRD M, 25 R WK 6(a) Fis. TETA
N, A AR T 15.18°, 21.58°, 30.69°,
34.46°, 44.29°1y U, 435Xt W CsPbBrs 558K 0 1Y
(100), (110), (200), (210), (220) &4, £ B
[, WA A A%, [R) I 3 G I 1) 52 2 10, i
i S B T] ) JE R T3 58, 60 s B IR Bl iR, 3R
W S Js o7 i [] A 0 T3 B i 2 1) CsPbBry
BSERT. ABAE T ROV A, 47 11.7°, 29.38°
I — ELAFAE, XIS BIXF I CsPbyBry AH Y
(002), (213) §h1 (PDF#25-0211). 4 ) i i 7] 2]
ik 60 s B, CsPbyBrs W48 B iz /)N, 32 BB M
N7 S} 8] BE 5 A5 R HL T B CsPbyBrs AH. {H Hh T 5
REAKIZS CsBr gk AN 5E 25—, FHi
R L Hh CsPbyBrs MELLSE 2 THER, 76 3.1 i
U 2 56 p I B CsPbBrg B} CsPbyBrs
hSRAFAE , X FAS 5 S5 BAH BRI [R] B 20 ot 1
CsPbyBrs X TA5ER0 M 78 24 %, HIB1ES
Bk I b e Fi AL CsPbBry %10, K&K CsPbBr,
FMFEA W Br 207 (Vi,), &R T FHar 2L 24
Jifal#E 40 s BF, 78 12.89°4 P T Cs,PbBrg
FA U 57 201 3 R B S B s ] K F 30 s Ji5, CsBr 5
PbBr, W I Jz b i B, 580 CsPbBry F58k 0 548
Ry HoAtb AR 191,

&1 6(b) FE 6(c) Ay ) 52 MRS AR
;R Tauc B, 815 ) WS B 2 52 07 R[] 7 B
SIS R S U5 S, TR RN ] A 30 s B
TSR A e A [ S ST AT s I i ) T R 1 R A
WA F 535 nm, REAMME. 30 s HATE =L
{E15iFH PbBr, 5 CsBr S B 7557, E5%kH AR
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20 s 20 s

Unannealed
Annealed

Unannealed

Annealed

B 5 (a) AFEREE] T CsPbBry 8585 MR Fr; (b)—(h) ARE KA SEM Bl (1)— (o) 1B AJE AR SEM . /3R 1 pm
Fig. 5. (a) Images of as-prepared films with varied CsBr solution reaction time; (b)-(h) SEM images of unannealed films; (i)-(o) SEM

images of annealed films. All films spin-coating four times. Scale bar: 1 pm.
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Fig. 6. (a) XRD patterns, (b) UV-vis absorption spectra, (c) Tauc plots of (ahv)? vs. the photo energy, and (d) steady-state PL of

the cesium lead bromide films deposited on FTO substrates with varied CsBr solution reaction time.

158101-6


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

#) 32 % 3R Acta Phys. Sin. Vol. 71, No. 15 (2022)

158101

HAbAR B /D HL25 S A B, B R
BF 18] R B RE & BR AR TE 2.3 eV 247 . K 6(d) N
PbBr, 8 B A W] S50 B (8] 45 85 0 3B ) PL G
T (RS B DIRE L B LR ). O s [E] /N F
30 s [, PL G sR A7 A I 8 i e e, Horp A2
] 440 nm ALY & FHE K PbBry, A4 T 534 nm
(1) 4 W] > CsPbBry 45 £k 5 & 5 06 . S i B i) M
0 3| 60 s 5 B, ZEM PbBr, K& 558 B AW T
K, A MIESERDT & S A B AN bt X B AE K
SN BT[] B A 20 b B VR 9 Pb By fiE 32F 45
BRI A

FETF LU E#FSEH & CsPbBry 855k 0 3 5
2% R FHBE L L, 4544 9 FTO/c-TiOy/m-TiO,/
CsPbBrs/Spiro/Ag. £ AM1.5G (100 mW /cm?)
MR B ERAER J-V S5 1 s, s J, V.,
FF, PCE. [# 7 R AS[a] S pvy i (6] F 28 4F 1 J- Vil
25, WA SN IS O B9 hn#) 30 s, FLith PCE M
5.32% M= 6.3%, M J, = 8.40 mA /cm?, V,,
= 1.28 V, FF = 59%. ##t — 38 Jn J i B i) 2]
60 s, #¥F PCE TR#%E] 2.09%. WA} 0 FE
F] 30 s, SMEIFECHEE VBT E 1.28 V. 855
LR ORI IE R, DTS OB T A #1548k
A7 T B 1Y) 5 A HCRE G F A [ B S 5 | kS P e R
G, WD S RO A R T RS T R Y R
(Vo) UGBS (J) 2. [, 7E 30 s K2 B[]
T, B5Ek IE A fR 1 PL R S04, IR IX
—ZMEF, SRS S PERE TS 17 DI A AH N Y
R T m T BES AL

#£ 1 AERNIET CsPbBry 854k M AY i 5

RV SH

Table 1. J-V parameters of CsPbBry perovskite for solar

cell with different reaction time.
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Fig. 7. (a) JV curves of CsPbBr; perovskite solar cell based
on different reaction time; (b) Nyquist plots of CsPbBrs
PSCs under 1 sun illumination, the inset provides the equi-
valent circuit and relevant parameter; (c) J-V curves of the
device with an architecture of FTO/TiO,/CsPbBr;/PCq BM/
Ag under dark conditions.
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Abstract

The quality of perovskite films plays a crucial role in solar cell, which can affect the stability and power
conversion efficiency (PCE). As one of inorganic perovskites with excellent stability, CsPbBr; perovskite is
usually prepared by multi-step method due to the large difference in solubility between its precursor salts
(PbBry and CsBr). The main reason is that the formation mechanism of CsPbBry film is not thoroughly
studied. The incomplete reaction of PbBr, and emergence of Cs/PbBrg when the CsBr is excessive become
problems that need to be solved urgently. In this paper, the phase transition of films during spin coating is
observed in detail. In the process of film formation, the CsBr diffuses into the predeposited PbBr, film to
complete the reaction. The short reaction time results in insufficient reactions inside the film but overreaction
on the surface of film. The CsPby,Brs; and Cs,PbBrg appear with CsPbBrs perovskite, and the film formed by
repetitively annealing blocks the diffusion of CsBr. Methanol has an etching effect on the perovskite film which
can eliminate the blocking effect. By extending the reaction time of CsBr solution on the film surface, the PbBr,
in the bottom layer is fully reacted, and after being annealed, the perovskite film will recrystallize to form a
compact film. With the reaction time controlled appropriately, the CsPbyBrs in the film can be effectively
reduced and Cs/PbBrg will not appear. The film grain size increases, grain boundary decreases, and the
recombination is effectively inhibited, which ensures the improvement of the photoelectric performance of the
solar cell. Under the condition of spin-coating four times and reaction time of 30 s, the solar cell has 6.30%
PCE, V,, =128 V, J,, = 8.40 mA/cm?, FF = 0.59 . Comparing with the solar cells with no extended reaction
time, the PCE improves more than 18%. This work will provide an important insight into the growth

mechanism of perovskite film toward high crystallinity and less defects.

Keywords: inorganic perovskite, CsPbBrs, multi-step spin-coating method, formation mechanism, reaction
time
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