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ST B B 45 R SR S 2L = CsPbL,Br $55K%
ERSIETHEREEEB MR

KFED R OBRAED MAHD Fad) #ED
B HREY REY DERY REED B

1) (BRFIERE, BElimiE SR ARmE, B 200444)
2) (B B R=YBZR, N T HR E 5 5 S, B 200433)
3) (LR FEEAMER, LIE 200444)

(2024 4 1 J 22 HYE); 2024 4F 2 A 19 HYEIB0%R)

CsPbL,Br #iJEAE KI5 A7 75 58 52 A . 45 5 T 52 25 PG5 F R e 1tk 2 55 [l . AR SRl 77—
S XU B F-45 1 9R % (dynamic hot-air assisted recrystallization, DHR), 7641 %HEE K F 60% (>60% RH)
PRI, Hil 4 I S 8 55 % (100) FARHCm . RRSF @k 2552 | D PR RE 4T 9 CsPbLBr MK, X
S Tl AR TR BE A A A5CHRE R ) B T R N RAS: (100) BROLER M) A 25 &, (B Aok R & B30 (R, =
0.32 um) FFPERES K& 10 & AIE B, AR R F AR S B 6 (Tae = 99 ns); 118 o &5 fhad 2, o] it

— 545 (100) BROLI ] A9 45 A 23 KRR RS (Roye = 2.63 pm), DT85 AR A OGBUR DGR FE R 28t
FAT (Tove = 118 ns). H1 DHR, 3 W& il £ #Y  51%& CsPbL,Br K BHAE i th B £ =5 G L 3% (power conversion
efficiency, PCE = 17.55%). kiR it (Al F (hysteresis index, HI = 2.34%) 4 3] 14 i 77 58 € 1 (air, >60% RH,

40 K, ¥1th PCE 5 96%) S545 1k

X$EiA: CsPbl,Br, AR B4 &, KA, et

PACS: 88.40.H-, 88.40.J-, 81.15.-z, 73.50.Pz

1 5

AR, AHLTCHLZ RSk R FH e Lt 7E DG
R4 ek e B P S 04 O L B 45350 (power con-
version efficiency, PCE), 5l T W& M) Z %
sl gk, A ML S BT B A AL BH
- H e L AT B PR JE A1 (methylamine, MA™;
formamidine, FA*) 7£ & il T e 2 5 8 80K ) b,
B ERAT A5 H B 2 il AR LR AL A 1,
T s R HLBH B AN AR PR L, 903

i
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1] 2] it #4042 JCHL CsPbX; (XN Cl, Br, 18R
G W) SR IS P AR A k1P A5 R
" CsPbL,Br I H AR 5 0 #4587 DL K A 38 1 B
(1.90 eV), AJAE Ay 25 B K BH B A it F 25 J2 F itk
) T F, Y T 552 G T B9, B AR AT LA i T 46
2 fE CsPbI,Br K FHAE HL i (10131 {H s il £
TGN T WA Bl T AR, FRE A
R AS B R Mk AR i 3 B4 T AR AR EE T il 45 1
CsPbl,Br M5 32 W0 B 520, AR w2 8K 45
mm ot 22 | FLIA 2 | G AR ERT AR (6 A1) 4
[F] A 19161 Sy fif R R SFREE N il 85 CsPbL,Br
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PR ()T, —Fh AT AT A 5 R A AT IR AT VR R B
LA WOk SE LR 4 i AR DL D IR 8 K 43 5
M. 4 Duan 45 17 ) i BR AR P5 W8 HOE 80 45 &
P (HCOOH-Cs*) HEZE T 45 ad f2, IR T WA
2K AT BIsEIR, FEARRREEE A 30% (30% RH) 1Y
RAIEE T il 1 T m L) CsPbI,Br #iE, fiff
CsPbL,Br KFHREHLBAY PCE i5%] 16.14%. J5—Fh
AT oA T A R AT BEHE/D CsPbI,Br
THEJES ] R 09 7K 3. i n, Madi 25 08 1 v ) FH 3h 4%
P (dynamic hot-air, DHA) £ 25%—35% RH
RIS T il 55 T 2U% 1Y CsPbLBr #ii, {1
S di R RH B /IN, AH JE R BH BB HL Yt 1) PCE X3k
#| 14.85%. i Xiao % ) 5] A =K G EEFRET (Pb
Acy-3H,0) WhsH, A Po>+F1 Ac Z [ A E.AE
FHBEAR TIEAZ A ONTIEE 1 AR A, RAD 13
BPRGE I TR0 28 R 3R FEURALR ST
FHUWUNA R, SEB T SRR L B Y CsPb
L,Br v i, fii H K FH BB HL It ) PCE 353 17.39%,
BRI E A R .

R T R B S AT A AR R )
OB A, AT T —Fh R T shas
XU BY 45 & (dynamic hot-air assisted recry-
stallization, DHR) B, B s 6 BE &R B0 2%
(07557 - B R HH N 5 V5 (methylamine acetate,
MAAc) X 8l 28 HXE BT A B TS 1A 7 P45 i A
B %R, 7E>60% RH AR IRES T 6l 4
HH T 2 T R (100) FEOTHA] | RS Sk . SR
B2 /N AR A B | 45 AR E 1) CsPbLBr Wi,
SIS AT FE BB AT R0k /L TS ] 1B 1 7K 4 5 L
IR R B 28 S 8, AR SRR W P A% AL
SUHEIN, BT R R R % AT SCHE (100) B
B pa] (](110)/I(2OO) = 0.010), {HAST] ¥ 50 Hb 1k B T
i B RST B98N (Rape = 0.32 um) HAEREE K
HORTE YA W R 121 o 1 = A Al BE |2
WEE (Tave = 99 ns). M2 S FERE NS % 4
IR R R ST (Ryve = 2.63 pm) FliE— 248
55 (100) BEOLHLIE] (L110)/ 1200y = 0.006), T
R R O B G IR FE RO R A (e =
118 ns). FIHIZ AR WS 6l 45 AR £ 2 CsPbI,Br 5
BRA K BHAE L M R B Y PCE (17.55%) , fIRiR
i F (hysteresis index, HI = 2.34%) . = {4 A] 5
BVELA BRI RE 2 M (air, >60% RH, 40 K,
W1k PCE 1Y 96%) 25451,

2 SLIRE A

ARSI A0 A2 b kL 3 B EE DL R k2
an: BAEAE (CsI, 99.9%), Wifk4 (Pbly, 99.9%), 1R
{L#S (PbBry, 99.9%), iz H Ik B3 W (MAAC,
99.9%), —H AL (DMSO, 99.9%), N, N-—H
FEH e (DMF, 99.9%), 422 (Au, 99.999%). Fir
A zE R R RS, ToRs i —2Palifk.

CsPbI,Br 9K AR W ECH] 40 T : K+ 3.5 mmol
i) CsI # AR A1 1.75 mmol A Pbl, ¥iA K 1.75 mmol
) PbBry #y KV M AE 3.68 mL DMSO &7/ 1
JIA 0.92 mL DMF %5, #£ 60 C fii$t &5 Likfr
Ptk HECEREM IR OERER. — A
85 (SnOy) HTIK A W L il an - 2% B8 F oK i
e 4L 15% B SnO, B, BeAR T 24y
B0 3% MRTIRAR. 2, 2/, 7, 7400 [N, N-—- (4-Ff
FHRSE) HIE -9, 9-IR 25 (Spiro-OMeTAD) Hif
DRV Y BE I 40T 2 72.3 mg Spiro-OMeTAD,
35 pL B (=5 H e ) it foE e B (Li-TFST) JR
(260 mg Li-TFSI ¥ F 1 mL 4 M), 30 pL 4-80 T
FEMERE T 1 mL &R,

K BH B HL Wt R nip B S RS54, B ITO/
Sn0,/CsPbl,Br/Spiro-OMeTAD/Au. H 4t Afb
P TP (ITO) # R AEPIE oK 2 1
T2 B /K ol A T U R TR T, 1
HEAT 22 AR AR AL PR 15 min. Fo IS WAL B S, K
SnO, BRI AERTE [, DL 4000 r/min (4% 5 bR
WERE 30 s, FHHCELE 160 C NG FiB & 1 h.
E>60% RH 1K T, ¥ CsPbLBr Hidk &
WIRGHFE SnO, JZ |, L4 1000 r/min 15 H jie
#:10 s, P 2500 r/min B9 EBER 30 s. TEHEAR
Hf)a 10 s, i GHG 20-63 RIBUXM (H OEE
h 160 °C) FEMME 05 4 cm AbGH IR SE 5. R
JE ¥ TR RCE AR 160 C MG IR K 6 min. FRKf
WEHCETE 260 C IS B, IRREA 60 pL 1y
MAAc BT W 03037 e 5%, 0 1 3 0
B5 95 MLAE B 7E MAAc 289540 T iR K 2 min.
RS HG , B Spiro-OMeTAD i 84K 7 Wk ik
7t CsPbL,Br # i F, 2L 3000 r/min ) 5% 3 i€ 5%
30 s. )i, 1 Spiro-OMeTAD JZ F2£8% 80 nm /2
F) 4 FELRR, B RO FR 0.1 em? Ry T fajfb 4
R A R I i 4% 19 CsPbLBr MR (#%4F),
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44 AXT IR (Control) T (#%F); L IR IEIL
1L 19 CsPbL,Br MR (#51F), e AL
JBE (#0F). o, AU HIES AR LAY CsPbL,Br
MR (FR14), A4 A REC R (2%0F); AU H o0
PR BRI LY CsPbILBr il (#31F), fiv
%} DHA IR (F70F); 150 Sh 283 RUal Bl 45 A
WAL ALY CsPbIL,Br MM (%8 14), fiv4% 4 DHR
T (FR1F).

i FH 2 — P R BR R VASP 1) HSE06 7%
13z s REAR 45 4 29, SR B VHX-600 B2
i (OM) ML E5 8k 0 AR HE 4. >R FH Dim-
ension Edge I J 77 B i (AFM) Sk FRAE v fit
TOUL DX S (R TS A8 Ak, I 8 T RS A kRS 2. A
H i B 8 /Y SCHk [21-23] 2B F, I AFM 3545319
FIEITE A 5 7 BB A 2 A K, AR 35
AFM RAF B 2 08 5 40 1 88 A S 2 d b
RF. R X'Pert Pro B X S £ 17 41X (XRD)
T 55 A A TR R P AR 5 L SR A 6 A
KE#R VESTA 1145 CsPbI,Br ¥y K i) XRD. %
FH TU-1901 BUBOEHTERAR- 1] W43 66 RE T 45
BB S . R SR E AT
S L A BN e R e e S AR OB O (PL)
I A RCR (EQE)P4?L R H Fluorolog-
QM FRFGIEA 2 if 8] 73 #F PL 3% (TRPL). #|
FAR BHY AU RS AEAR i K BHOEAR IR (AM 1.5 G,
100 mW /cm?) I #8 4 GAR R Re, I = i
B E 1) ik S HEA TG HE. A T IR A
P, FAERER A 15 i,

3 #X5it%w

J T MBS AR S5 44 T A R0 5 s X
CsPbL,Br A EZM, 47 T OM, AFM il XRD
M. anE 1(a) s, B FERE (>60%, RH) K
SIEE K A BYFZ R, o 2E S A B T R AR
H AR R oA, I HERTE AR K AL, 5 XF
FEZH AN ] () 2, REC W) ok i e SR 4 (.
H R AR /F 241N, 1 DHA #f DHR
WY R EEA T4 B0 0T B ICFLIRARATE, iX 7T BE
JE A B AT BRI TR 7R s R, (S
TSRV VR A A A3 n, DT Jb e =y 1
JEE ) A i 38 F— 2 UL R AV DX S8l 1) JE 3 O
AT R R TS A B (] 1(D), (), X REZ R

B 2% T FLRE B (RMIS) A2 80k R E (Ryye) 43
2k 107.0 nm F1 0.96 pm, REC 8 5 fit) 2 1 kLRE
A /N (RMS = 94.7 nm) M Ry, MG K
(1.02 pm). 55 AR AR L, DHA JH I8 9 2= 1
FELRE B B R AR (RMS = 18.1 nm), {H §ki R~
BN (Rupe = 0.32 pm), H5H1ZE & BUER A HIHR
AN 3B G s BT RO R ST BN (AR
J&, BAR REC WIS DHR WIS 20t T — 1
gh i AR, 5 DHR SR AP 349 fokr RO ik 218K
(Ryve = 2.63 pm), I H ELAT 5 A% 1) 3% 1h0OLRS B2
(RMS = 17.4 nm), iX %W DHR 0% ] LR 5l
A e 1 B TR AR AR A, JE I R oz ]
F14) 42 ik T AR AR5 R R e AT AR 1(d)
R, X BRI A XRD S 30 3 A 32 BT 5
W 3 9% B T o A CsPbLBr A4 (100), (110)
(200) AT, HITAA RO B 55X IR
AR L, DHR S (100) F1 (200) £7 5o 5 1
WK, R0 DHR W25 it B & e m.
T2 B OB N RIS ) )RR, 21T
3 (110) 1 (200) AT UIESRIEZ L (1110)/ L200)), H
WA 4 ALHERERY 1110)/ Lia00) 5351 K 0.143, 0.062,
0.010, 0.006. X BEZH I ME A T110)/ Tio00) T2 LA A
AT A THRAE (0.147), Ud B X IR ZH A A B
AEEEE; 1 DHR MR 1110)/ 1900 /N THIAR
TSRS, Ui 2B R R (100) BEHEHL
], — M, F TR R 2 %5 CsPbL,Br 5 iy i:d
FERT 93 2R 3 AP B Bl VR T A DL DMF,
DMSO Z#id%5 4, A SRR BEE B AR (B
BL1); mii s SR AR a8 ARG, TEIR 1O R Y
AT A AR, RS BIG SR AL R R I R T
(BBt 2); 2B e B BC A R IT A6 28 %, S A BE
ZHE AR (BB 3). Hir, fiA s Kl f -+ 4rm
I H 5 2 B oK o3 52 m . AR SSRGS 2
AT LAYy ] B %) 7K 23 D e W A %, B
ORI TR A 78 R R BRI RO
ZN. T ESRRAR (Ac) HIRER-E NS Pb,
Z A BA 5 AH HAEH] 29 {24 CsPbI,Br WAL
St B AR T A B X R R A 2 T
MAAc W INFAZE K Vs 548 B3 geAh, B afok
BA B R TRE, AR B/ RS dioki 2 & AR i
R FELE . R, MAAc ANGE B A9/E A, i
HAE R T CsPbLBr BB s 5. M 5h
A HRXUA By P25 SR T L S s A AR i A
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(@ | (®)

100 pm

(d 1(110)/1(200)=0-1|47 | Calculated

=

Rave = 0.96 pm 51(110)/1(200) = 0.143! Experiment

. (110) !

(1p0) :'"J'"i 1(200)
:L (110) A :

Rave = 1.02 pm

————————

Rave = 0.32 um

Intensity/arb. units
S

————————

........

] O

(e) X Large surface roughness
X Pinholes

X Small grain

Grain diameter/pm

\/ Small surface roughness
gl \/ No pinholes

X Small grain

- Recrystallization

2 4 6 10 20 30 40
Diffraction angle/(°)

\/ Small surface roughness

\/ No pinholes

\/ Large grain

B ek B AN AL IR Y () OM R IEAR I | (b) AFM REDEHE L (c) ABLRSFLEITEL (d) XRD B (o) 718 &
Fig. 1. The (a) OM images, (b) AFM images, (c) grain size statistics, (d) XRD patterns, and (e) schematic of the control group and

optimized group thin films.

il H AR L (100) BEOCIRE) | KRR R /)N T8
FLiIA A CsPbI,Br MK (& 1(e)), BA K kLR
KA A T S M TS R 1) L T i as L e
PEREFI RS E 1 29,

b TR 5% CsPbL,Br i ML T 4549, 1 Jext H
ST A AL, B RN o = b =
6.40 A, ¢ = 5.98 A (& 2(a)). #—4, FIH HSE
ZAbiZ Rt T CsPbLBr MIREHF4S 1. dnl&l 2(b)
B, H i SIS A AR T8l s (| ) A s
(0.5, 0.5, 0.5), W] CsPbL,Br /& H #£417 B 2k Sk
ML, THRAS R AT B 1.99 eV, B2 S0 56 It
13 B G2 B X T BT B Ak, R LLE
it Tauc J7 FELG WU REL o 15 BB R DG 2T
Bt B0, ARH

(ahv)? o (hv — Ey), (1)

Hoh n oA W e B AL, v o RSIUR. TS
5 BN A AL AR BE AR S Y B, AR 4
fEEIY B, 4331 1.86, 1.86, 1.88, 1.88 eV (&l 2(c)).
454 XRD gl 4528, 3R] DHR SR I A2k
ARFE R AR SE F RG22 B 5 0 R 2 A
It, DHR ¥R PL sk A3 1 BE MR, X%
B e 5 R AR AR S B2 G W s/, X T g H:
DR b RO RIS o PR 285 i B A DG B I Ah, 170
FRTE SnO, 1Y) DHR W5 22 9 1 S A RO TR K,
Wi B 50 25 PR XUl Bl 285 it SR A ) T ol TR 2
FHEESERD™ (perovskite, PVSK) H [ HL F.

¥ i ERFEA R BAL AL SEWE X CsPbL,Br
PR 2 M BT 1 R, e A R AT R S R E
JE 2 R34 B W 19 5 /R BBk BB i (Urbach
energy, Fy)P2:
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(e) Control REC

— Glass/PVSK < Sn0y/PVSK

Intensity/arb. units

(ahv)?

1.7 1.9 2.1

Energy/eV

2 CsPbL,Br LK) (a) RSG5 F (b) REAF 54 ; X BRAL AL AL AL M IBE R (c) 58 0- T WL O S &2 PL O (SRR 7R BRS

FEE | PVSK B PLOGHE; J73¥3R7R SnO, I+ PVSK ) PLOGi%)

Fig. 2. (a) Crystal structure and (b) band structure of CsPbL,Br unit cell; (¢) UV-vis absorption spectra and PL spectra of the con-

trol group and optimized group thin films (the solid line represents the PL spectra of PVSK on glass; the square dots represent the

PL spectra of PVSK on SnO,).

h E
lna:E—Z—E—i—&-lnao, (2)

Fort oy RHEL WA 3(a) BR, 78 4 DMFERLH, DHR
LA A0 R kBRI (By = 48.9 meV),
FW] DHR RS i) A SE A, 465 i I S 4
Th B2, A, M PR b7 Sk R 20 v s ¢ 1 2440
fR2Z, TRy X2 B IR €. SR, DHR J#E
DU S22 B B AT TR AR A, I BLZE 700—900 nm ¥
L DAY 110 375 S 2R 2 1o 1 % HRAEL SRS, T B A MA A iy
(18 375 S 2 T 3 5 1o FH 21438 B K BH i P b N 5 2
F I 9 TR A . CsPbLBr i ) TRPL St nl
DL AR R B T 17):

F(t) = Ayt 4 Age™, (3)

A1T12 + A2T22

B e 4
Ay 4 Ao @

o, PO, R REE A IR T R
Ty MRS, FONRE GBI T A Ay, A,
3R T Ry B RERIE. anl& 3(c) s, DHR
T8 F A (1) B0E, o700 M 118 1s.
MR 1A, & B4 Mt REC B

Tave

7 U BT, A 7, 39 2 112 ns. SR, Y
i s AR EN LS, DHA IR X2 & 5
A B F AR (r = 2.77 ns), X AT LAV A T ok R
SRS (BVEEZ 00 ), Ak i e B S T 1
Fom T AR RR T 2 A PO {H DHA ¥R A, D15
IR (4 = 0.29), ATRe S HECEEMCEA . E
FREFREAE, DHR IR A, B RAFER (4, =
0.31), PR TR RERTE A7 (1, = 9.36 ns),
TXA] DA AT H o RO S R Ry T IR 2
WA A2 R R AR M, X PR A T T
K 20 KAGHAIRERES | X AR A W SO 1S R AT T
BEEEE (K 3(d)—(g)). 7E>60% RH 1 RSIRE
T, X REZH R A AR E PR 2, B 20 REHAE &
TCHB A DX 355 14 B A8 R B €25 RIS, X HE 4
B ) W A TR R, RIS S A1, R 2
TR, X RS, REC Wi S DHA
TR BTS2 B AN ()R %) 2 7 R A P 9
55. AFAYJE, DHR #EBETE RSB A 20 K
JeE AR R AT €, I HL LIRS A 9/ N ] Z B AN
Th. KT 5 5 856k W AL Ak A
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e ) I e
a) - Control b Control ) c Control
80 = itting line
10.5 L REC ! 3 > DHR =z Fitting li REC
: DHA = / o 8
c g 60t 1 =
=t A he
g g z
2 40t g g 107!
£ E
Ex 52.5 meV a o
By = 48.9 meV g 200 g
=
0 | £
8.5 L L L L L L L L L ZO 10-2 L L L
1.7 1.8 1.9 2.0 2.1 2.2 300 400 500 600 700 800 900 0 50 100 150
Energy/eV Wavelength/nm Time/ns

0—> 20d

0—>20d O—> 20d

SN
] : /s  : :
o) e /10 o~ 8 o
o ' / ;-4 o
& 5 / g 5 5
~ ~ / NS ~ ~
) o 1 /15 ) o 1
3] 3] i ) 3 3
= g / g ] g
] 3 / 3 3 3
el Q / Q Q
5 | 5 | {20 & 5
[o} (o} o] % o] %
2 500 800 é 500 800 é 500 800 é 500 800
Wavelength/nm Wavelength/nm Wavelength/nm Wavelength/nm
K3 R WY (a) Wl R AR ORS00 T REE i £ 8, (b) BADGIE, (¢) TRPL a3, Lk (d)—(g) &k

Pl 5 K H 58 -7 DL S 3%
Fig. 3. The (a) In(a) versus energy, (b) transmission spectra, (¢) TRPL spectra, and (d)—(g) photos and UV-vis absorption spectra
with aging time of the control group and optimized group thin films.

F 1 XRS5k CsPbLBr Hil TRPL ek il A S5
Table 1.  Fitting parameters of TRPL spectra for the control group and optimized group CsPbl,Br thin films.
Sample A, 7 /ns Ay ™y /ns Tave/ 1S
Control 0.92 6.45 0.08 118 75
REC 0.91 7.35 0.09 160 112
DHA 0.71 2.77 0.29 105 99
DHR 0.69 9.36 0.31 135 118
NE, TEBUOK G, DT 580 B 254 i 34 B, A #F FF KR 81.4%, I Vo HRTHT

I, DHR v JIE 9 7K S0 RS o P T LU BT 7 T
— 71, DHR SEHg AT LhARAS i 5 oA LI )R
PN T R R R T 5 K A R B Ak AR 55—,
DHR 5 W& i 23 1 MR A ok RE, R 1
TR A AR

AT R R PHREF bR PERE, fil4S T HR
14544 > TTO/SnO,/ CsPbl,Br/Spiro-OMeTAD/
Au FRFHBERL . A0l 4 FroR, SRR g 00T 8%
B (Voo) MEHEIREE (Jso) HFEHEF (FF)
AR (PCE) 20312 1.16 V, 13.10 mA /em?,
66.1% F1 10.04%. REC #5519 Voc 3R % 1.28 V,
BT HAKR FF(74.1%), PCE /U 14.15%. DHA

ANHE (1.22 V). (HAEENE, DHR #1441 Vo,
Jsc, FF, fil PCE 20536 % 1.36 V, 15.51 mA /cm?,
83.2% 1 17.55%. DHR %41 S50 B
XTRREL AR, F Voo M1 FF (1 31K LU A F
THE T H I 2 A 2 LA R T /N S TETAELRE B2, S
AL FRTEAT A T N2 Rl F RHL. A T T
B H b b AR i AONE, IR R (HI) B35
N W

PCE(R) — PCE(F) 5)

PCE(R) ’

Hrh PCE(R) F1 PCE(F) 433 b At £ 5 1EH
2k OB LGB R, IR 4(b) i, X BREL#R14

HI =
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WRCRGEA AT, (o) BB IRGETH 0 A I, (F) T R GE it 20 A 181, (o) SUFE N T GE i 20 A 1, () T v s i D't I ik AR 4
(i) Fi-r R ik, (5) AT A

Fig. 4. The (a) J-V curves, (b) hysteresis curves, (c) EQE spectra, (d) PCE statistics, (e) Jgc statistics, (f) Vo statistics, (g) FF

statistics, (h) light intensity-dependent Vg variation, (i) current-voltage curves, and (j) storage stability of the control group and

optimized group perovskite solar cells.

FROIR AR B35 (HI = 23.83%), T DHR #8414 X RRZH AR, R F A B iR ) 15.46 mA /em?,
WHERON AT LA Z W A (HI = 2.34%). b4k, 18 X5 DHR #7408 Jgo FEA—Z (K 4(c)). I T 5
350—650 nm KL HE N, DHR #8{4 B 4 F3L EREE M, Gttt T 4 i85 PCE, Jyc,
% (external quantum efficiency, EQE) B i /& F Voc #1 FF. W 4(d)—(g) Fi7x, DHR #4196
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F 2 RSP LS AR g Y CsPbl,Br KFHEEH M 5 H AL CsPbl,Br A FHEEHL I AYPERE LU

Table 2.  Performance comparison of CsPbl,Br solar cells via dynamic hot-air assisted recrystallization strategy with other

reports.

GO il A 5% SRS R /% FasEdk SCHik
2022 N, Doping 16.20 88.6%, 42 d (air, 30% RH) [35]
2023 N, Interface engineering 17.33 88.7%, 42 d (air, 10% RH) [36]
2023 N, Doping 17.70 97%, 42 d (air, 10% RH) [37]
2019 Air, 25%—35% RH DHA 14.85 90%, 17 d (air, 85 C) [18]
2020 Air, 30% RH Precursor engineering 16.14 93%, 35 d (air, 30% RH) [17]
2021 Air, 35% RH DHA+Doping 17.46 80%, 17 d (air, 30% RH) [38]
2023 Air, — DHA+Doping 16.74 90%, 17 d (air, 25% RH) [39]
2023 Air, 20% RH DHA+Doping 17.39 84%, 9 d (N, 85 C) [19]
2023 Air, — Doping 17.38 90%, 42 d (air, 25% RH) [40]
2023 Air, — DHA+Doping 17.40 87.25%, 30 d (air, 14% RH) [41
2024 Air, >60% RH DHR 17.55 96%, 40 d (air, >60% RH) This work

RS54 fidErh, £ DHR SFms B A mmnl EE
P KEHBEHIBAY Voo X6 R38R BE A KR OC & ]
)8 B oy A et UE | U I R SO /A Wy

Voc = ZkBTlnI + B, (6)

Horpn AR T, kg A1 T N8R 252 H ORI
&, TR q R CIEGR I RMIEA L fr, B MR %0 £E DY
HEF T, DHR #54 B A AR E F (n =
1.31), BT BAR N7 1, UiHA R e 32 S A G i
SR EIR (K] 4(h)). A, AT T 25 A
oy B ] EEL AT B, DA DA X e A ) SR

Nuap = 2VipLeceo/ (gL?), (7)
Hort Ny MR EE, Vippy, R BB TR R A
JE, e, il eq HARXTA HUH B LS A U EL, ¢
FEAELAT, LR A 4() iR, Hofedd
T Nopop B BALT X TRALERAF (Nipap = 4.07%
10" cm®). Hrv, DHR #F B /D B B 25
(Nipap = 1.81x10% em ®), iX 5 PL ¢ TRPL (#4347
SR AN T A B 6] IR AL B A
AL 2 AR E . 255 %M, 76 >60% RH
FIRSIIE T, ICEA 20 K, R4S PCE
LG R B W) 1A PCE 1Y 19% (18 4(3)). REC
DHA #4132 Dol 4 T 22, 7 &4k 40 K,
H PCE 439208 Z 91 4h PCE B9 31% 1 82%. 1fii
DHR #rfFR M AE R A fe e v, 721k 40 K
J&i, o PCE (U £ 91 4s PCE 1 96%. 3 2 f5)
Jy% FHl DHR $E0% 1 CsPbL,Br A FH i i 5 2 4%

) CsPDL,Br A B Al FiL i 1 1 Bl L A 17 105 1]
ZEAEUEA T Frl & DHR #8347 CsPbLBr X
BAE FL £ A PERE O 52, AT IR 10 P )

4 % w

> 60% RH BRI, 8 g AR
Bl 45 b SR i £ e B R L (100) £EL I |
RST ok, 2 TDRLRE B2 /DN | IS5 i 285 B | 25 A0 3
SEMY CsPbI,Br Wi, shZs# xS F2 BE S A 2k >
LRSS 7K 3 O ELIPRIA TR Y 28 % i1
IRV P A s B, B T R B R
ASEHE (100) BEOLILE] (L110)/ D200y = 0.010), fHAS
A AR I BT AR RO B8N (R, = 0.32 pm)
IR BE IR b I B, DT IR 2 7 b At
AR AR B . T AR A N T AR
[E) ) o T AL, 2 ol 5 e R E— 25 (100)
BRI (1110)/ Lia00) = 0.006) F fil 35 38 K ALY
ik R (Ryve = 2.63 um), M T B i 384 K A
FeE R S M F AT (Tae = 118 ns). FIHIZ
SRR 4 A R CsPbI,Br KBHAEHL ML (ITO/
Sn0,/CsPbl,Br/Spiro-OMeTAD/Au) J& 7~ i &
i) PCE(17.55%) . Ik B3R i 7 (2.34%) . s iy A]
R DL K WA A2 R E P (air, >60% RH,
40 K, ¥Iti PCE 1) 96%) Rtk X N 7E =R B
RAAEE T A S HERE . K IWIFRE Y CsPbl,Br #
HRCPR AL T T BT A AL T 1%, A R S Bk /i
FR I FEL Tt 12 FH AR (9 DL AL E .
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Abstract

CsPbl,Br thin films prepared in ambient air are susceptible to humidity, resulting in low coverage, poor
crystallization quality, numerous pinholes, and easy transformation into non perovskite phases. To overcome the
troubles of pervoksite fabrication in ambient air, a feasible way is to reduce the moisture around the films as
much as possible according to dynamic hot-air assisted strategy. However, the hot air accelerates the
evaporation rate of solvent, resulting in the decrease of grain size. In order to improve the crystal growth and
long-term stability in dynamic hot-air assisted strategy, in this work, we present a dynamic hot-air assisted
recrystallization (DHR) strategy to prepare high-quality CsPbI,Br thin films in ambient air (i.e. the CsPbI,Br
thin films prepared via dynamic hot-air strategy are recrystallized by using a green solvent (methylamine
acetate) with high viscosity coefficient). Under ambient air with high humidity (RH>60%), the CsPbl,Br thin
film with high coverage, (100) preferred orientation, large average grain size, and stable structure is prepared
via DHR strategy. The dynamic hot-air process can effectively reduce the moisture around the film and increase
the nucleation sites in the precursor solution, thereby improving the coverage of the film. However, this process
inevitably results in the significant decrease of grain size (R,.= 0.32 pm) (i.e. more grain boundaries),
exacerbating non-radiative recombination of carriers associated with trap states at these boundaries. The high
coverage increases the grain-to-grain contact area, facilitating complete recrystallization. Thus, the
recrystallization process can significantly increase the grain size (R,, = 2.63 um) and obtain a (100) preferred
orientation (I(;1g) / Lio00) = 0.006), resulting in high photoluminescence intensity and long fluorescence lifetime
(118 ns). The unencapsulated CsPbI,Br perovskite solar cell (PSC) optimized via DHR strategy with low
hysterescence factor (2.34%) and high repeatability exhibits a high power conversion efficiency (PCE =
17.55%), which is higher than those of most CsPbIl,Br PSCs prepared in ambient air and gloveboxes previously
reported. Moreover, the unencapsulated CsPbl,Br PSC possesses an excellent storage stability under ambient
air with high humidity (RH > 60%), remaining 96% of the original PCE after aging 40 days. This provides a
promising approach for achieving high-performance and long-term stable CsPbl,Br films under ambient air with
high humidity, which is expected to promote the commercialization process of perovskite/silicon tandem cells
and semi-transparent devices.

Keywords: CsPbl,Br, dynamic hot-air assisted recrystallization, ambient air, photoelectric performance
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