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P e, 8 H R Ao 235 fh B v | DB /L A e T
CsPbIBr, S48 . PTU 4545 5 )5, CsPbIBr,
FEERT HML) PCE H1 5.7% 255 % 10.09%, [RI2
= THHL RS E . Wang 4 MR " (PEG)
% A PbBr, %, FIJH PEG 4315 PbBr, [H]#5&
FHEAEF, P84 PhBry AYBCMAE T, 5 mHah it
2, L2+l PbBr, #ifE. ZFL PbBr, #EEH T
CsI B35, M gL L e HpARER T S A A K Ak
TR AR A T 78 e 2s ). sl ik PEG I, 31615
THE TR B KRR S i CsPbIBr,
FHERET LIS, K HL AR R 8.56% Hi iR & 10.26%,
[ TF T B e M. Chang 280 7k 7 =41
SyHTBEAR (TCP, El PbBr,, Pbl, il CsBr) Huftf&
GRSy T RIA (DCP, Bl PbBry A1 CsI), 18 i
9K A AL BRI IR AU 4 S E 1.3 mol /L,
il £ R A CsPbIBr, HE (29 390 nm) LA 5H
X AT UL R . KA AR IS ) CsPbIBr, i 15 H
F V- T 25 44 K BH A8 R, IR A ' HR R R R
11.50 mA /em?, ;- F DCP 4 R % {4 A9 '% H i %
J& (10.69 mA /em?). #F— 5] AHHLIHE 7 H#ifk
BRI, 2% CsPblBr, 854k 0 HL b 9 PCE £ 7}
5 12.8%, SCI T VI U i A8 R AR Y B IR A
k. He %5 112 FFIARRI4E e e (A4 1E T e
1E OB FINE S ) P8 CsPbIBry £58K 8™ 8 1Y 5%
RNAR, DAL, S 2O RS TE s UL i 2
CsPbIBr, 46 £k 4™ Hi jth ) PCE 2 &1 £ 8 11 10%.
Liu % 131 ¥£ CsPbIBr, i 384 o i A 3 36 — it
FIEH R (ODTC), MIHHR BB T4 A1
J1454 CsPbIBry R BL A7 ) P2, J5 k1R K i)
ODTC #4fitA: i PbS, M5 CsPbIBr, 44k
inf 1A, ODTC P45 5 48 1T R fioks | ARk
% £ CsPbIBr, M, [F A GEK T 205 T H
2T HL A . AN L) PCE e 8.25% $27t
% 10.15%. Zhang %5 M $EHL 3 Ffr n-J40 /N4
A7), 38 i 2 1 A BRER ST LA #4785 F - 45 ) %o
CsPbIBr, F5ERH TR 1 A1 iy LB i AL ATL
M T AS [V B AR B4 2 () FE e AR 1 X AR vl
T-RETIHsZ R, FIFH 22 O BCA A 55 45 28540 2 )7 B
BREIVE R, PRS0 P9 HL T2 2% 3 R e e 4 sk
R, ORGSR R R EL A Ph2t
ISR, SEL T /B pE | S TR T B
(). EAER A UG BERR LT 4EZ A CsPbIBr, HiiK
PRIES T2, R AR BT 2 21 K T gk Ay
FHEE, WIS P22 [H) 555 1) Bl AL AE R 7 T /i

IR AR 25 8, il T B0 HL s it i TR 1
CsPbIBr, £5k# Bt 1Y PCE 427+ 1 40%. ThEES>
FAERGS IR C 82 F T R 5 R 1% v A 5T
AT | P B R 3 | $R ) 245 i Fn 3
124 il 5 22 2 B TS BRI R L AR L SR A
R FI AT T AR, e TR R,
ARARTE T HLM ) PCE Fifa et 1617,

AR SO & A B (C=0) FIE 3 (—NH,) iy
XA FERHER (PABA) i3 i 2] CsPbIBry 85 K4
AR . C=0 5 Pb2 B A &5 (1 B (2 AF
HH, [Rli—NH, 5 pa 2 B & 7T LU il U5, 1200
EAEHAMLEE PABA 4375 CsPbIBr, fij k{4
AR T H a4 PABA-Pb---Br(I). iX—H
[ A TE S b AR P B T RE G4 o 12 L R
RLA: R B OCHEVE I, A B T 28 Rk L B | 3K
WS E . PABA A5 ASEEL T ESERET A it
HOR G RGE M R T, SR REN R 45 SR % 1
RN PABA ) CsPbIBr, Hi L [ 48, PABA %
JJG CsPbIBr, HLIB PCE M 8.76% 2 10.65%.
AR EPRE R AE 2 S AERL 1500 h 5 PCE yH:
PR AR 80%, Fe B0 HH A o i AR e 1.

2 SLIRE A

FTO 3¢ 35 13 Uk . TiO, 3% )2 (c-TiO,) M
TiO, M fLJZ (m-TiO,) Wil &S % T 3¢k [10] H
By S B8 B+ 0.367 g PbBry 11 0.26 g CsIIE T
1 mL " H 3LV (DMSO), # iR FE LIRS 5)
I HCA T IR AT, & PABA P4 AT IR A 1 10 1 45
JrikIA b, B 1 mL BTERIRIA R T ASMINA 2 mg
PABA. H [ 3K A3 W E Uk T m-TiO, KL IS 3R 1,
BT 220 C WG 1B K 9 min, HlfF CsPbIBr,
PHERW M. RS, TR R K, BT
120 °C BYHE F I 10 min, 4458454 FTO/
¢-Ti0y/m-TiOy/FHERW" /i LB 1Y FEL L. A5 EKA™ b
PR SEFE) TR 35 LA B re it S PR B A AR A 2
EJRTIA K R B SCHR [10] —80 ARBFTOEIRPERENR
J R F Lt B A AR A 0.09 cm.

3 #X5it#m

Kl 1(a) J&= PABA 43 B9 25 44 Fl i B 353 A
Bl f A A B T LR PABA 2
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1 (a) PABA Zr FHYZEH R 35 (b) CsPbIBry, PABA FI% I PABA J& CsPbIBr, £ 4h f9 FTIR 3% [&; (c) CsPbIBr, MR PABA
J& CsPbIBr, R IR UV-Vis % [&l; (d) PbBr, ME I PABA J5 PbBr, #J XRD % &

Fig. 1. (a) Molecular structure and electrostatic potential of PABA; (b) FTIR spectra of CsPbIBry, PABA and CsPbIBr, with
PABA; (c) UV-Vis spectra of the precursor of CsPbIBr, and CsPbIBr, with PABA; (d) XRD patterns of PbBry and PbBr, with

PABA.

C=0 " O JiFHARRMSAH TRES. ¥ PABA
AR IRR B S, C=0 fEfE 5 [PbX, ]2 " ik
b LA 28 BB A P> AR A i A B AR 108,
4N, PABA f—NH, i ] LA Fif SR 7% 8 Y
i 2% B B T8 Al S 19200, 18] 1(b) B8 B AR 4
ZLAMGIE (FTIR) UESE T H i PABA 1Y CsPbIBr,
HTSRRVE R P A7 e X e A AR . W&l 1(b) Fim,
PABA ' C=0 A {f1 45 = 2l 0 1 L AE 1746 cm !,
M PABA f) CsPbIBr, H: C=0 {4 4% zh 1%
R 1725 cm . C=0 Y {45 41z ) 06 7] 1% 8 %4
IR FRIITEA N PABA J5 CsPbIBr, Rigk{AH C=
O WL F 10 P kA TH ¥, C=01Y5 Pb* it
LA T R A T BRI ELA/ER Y. 5348, PABA
H N—H (1) {0 45 41 3l 0 BLAE 3363 em !, T A
hl PABA 1Y CsPbIBr, H: N—H {1 45 4§ 2 04 3 31
1E 3348 cm !, IR PABA J5 CsPbIBr, Fij 4K
ik rp—NH, 5 & RIE i T &4 22, C=0 45 Pb**
B B ECAAE VSRR B R B I PABA J5
CsPbIBr, AT IKAARHIE B T8 B EIAH. & 1(c) &

7, FHHF CsPbIBr, BIIRIARA W, %I PABA J5
CsPbIBr, B9k A A S Ul A IR, H24h-n7 I,
W (UV-Vis) Mol kA T 408, £ PABA
i) CsPbIBry B WK T [PHX,)> " BRI AN 2
R T AR 534k, K 1(d) ATLAER 1, AHEET
PbBr, I, 7/l PABA J5 PbBr, MY X $1£k
it (XRD) #EEI7E 20 2928 10°4b B3 T —>B1 &
FIRTETIE, FREH PbBry BYARIARSSHY A T A8 4k 125201,
g5, B 1(b)—(d) M5 RFEY], 7 PABA J5 Cs
PbIBr, BIIKARE IR R T80 4.

P IN s R 7 PABA 19 CsPbIBr, Hif 9K {4
VS OIETRTE m-TiO, R I, W & 5 TE U AT IR
PRI, S T Fid SR AL, B RTIRIRARSE 70 C
SR 3 min FA)S 220 °C 1Bk LLWEES Sk T IR
gh i A B AR, S5 ULE 2(a). I 2(a) 7]
LI, % CsPbIBr, RTEKIANE, %551 PABA fiy
ATORAA IR (i AR 28 107 T A AR st ). 3l el e v
RAFHIRIELE 220 °C #GB JORERFE] (0, 3, 5, 7,
9 min) FFMA XRD 15 &8 B T AS [R] 55 9K 4 i
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K2 (a)—(c) CsPbIBr, #54kH AV I PABA J& CsPbIBr, 858k 5™ 4% ik 7 19 B (2 3 45 A1 XRD % &l ; (d) PABA ¥ CsPbIBr,

BEER 45 S R

Fig. 2. (a)—(c) Color evolution and XRD patterns of the perovskite of CsPbIBr, and CsPbIBr, with PABA; (d) schematic of the

crystallization of CsPbIBr, perovskite regulated by PABA.

48 S AR, S5 AR 2(b), () Fias. & 2(b) &
7N, FEALLFR 0 min B, CsPbIBr, §ij KA B AE 20
M 15.2°F01 30.4°4LHHEL T o-CsPbIBr, £54k#™ (100)
F1(200) b T AT 5 0, 3 B B Ak BTG 3508 4 1T 3K
e 2R T o-CsPbIBry 855k 8. it —2,
CsPbIBr, RIRIKEAE 220 °C 1Bk 7 min 558445
i A a-CsPbIBry 858k, AHILZ T, & 2(c) IR,
/N PABA J5 CsPbIBr, Rij 3% A I 440 F 0 min
FAGMH o-CsPbIBr, 45 8k 7 £7 5 i, 2 B 4 fin
PABA J& JE 81 Hb B AH AT AR R g 44, 41 skl
et 52 7 AR R o-CsPbIBr, 854k 8. ¥R/ PABA
J& CsPbIBr, B R AE 220 °C 1B K 9 min J5 A4
SE4 45 fN a-CsPbIBry 858K 8. 8 2(a)—(c) 1
ZELRI, U PABA J5IE B H RIAHFEAR T Cs
PbIBr, #5881 45 fh . JFLL 4T, PABA
X} CsPbIBry #5488 AT SRAARSS it B2 A A an
Kl 2(d) Ur7s. ¥ PABA A CsPbIBr, Hij SR A%
W, LT PABA-Pb---Br(I) flal4H. /L4 HIR
W DMSO 5 i fbfi 2T s )48, {H DMSO
Gy ¥5 K B L [ A 5 T A S S kA BT T
PABA 5 < fb 8y HA 558 (9 4H 5 AE A, PABA-
Pb---Br(I) H[a]AH AT LAFE [ 9K 44 02 5 v s e AR 7E

MG BELAS T CsI 5 PbBry Pl ) . 220 °C #UR
AR SRR T IR T i b a4, RS
Csl 5 PbBr, X I 45 i 2E B a-CsPbIBr, £54k 4"
Kk, PABA-Pb---Br(I) H a4 0] LS E56K 0™ 1)
ET 05 8T Wy JL T YA o AN o WA 0 N T IR S
Tl B AR AR P B0 B A T (10,28,

% &% CsPbIBr, 854k 7E 220 C &4F il
K, IRER S, ASCRIIVEE M T PABA 73011
PFEME, RIAFXF 220 °C IR KJEEI PABA 9 Cs
PbIBr, £5EkH AL TREIE 438 (EDS). 41 3(a)
BN, MR ETHE R 220 °C I, PABA K/E T #85>
51, I 3(b) 1 EDS #£ ¥ Il PABA f#) CsPblIBr,
FEERA IR ORI N, O #l C oK, RWATELE
KRR PABA. 28 THE PABA T2 55 8K0 i
B AA 2 i 55 38 K R v R S3 fe 7  TE R 3R R e
HBIE SRS, A SCR A R dE (SEM)
FAET CsPbIBry M7/ PABA J& CsPbIBr, £5%k
W RS, W 3(c), (d) fiR, CsPbIBr, 45
R R OB RT3/, AEE W BT FL, 280
NI PABA J& CsPbIBry 554k S Sk ifis . K
SRR B0 B BREG, DA )T LA A2 i

L
SEA.
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K3  (a) PABA RY#RREMIZL; (b) %l PABA J§ CsPbIBr, 856k # B9 EDS EI1%; (c), (d) CsPbIBr, fl¥ /il PABA J& CsPbIBr,

FEER AR (1 SEM [ 1%

Fig. 3. (a) Thermogravimetric analysis of PABA; (b) EDS mapping of CsPbIBr, with PABA; (c), (d) SEM images of CsPbIBr, and

CsPbIBr, with PABA perovskite.

J T AN PABA J5 CsPbIBr, £54k 8™
JEE KR B, AN SR XRD ., UV-Vis,, 25 1] B, faf BRI
HLI (SCLC) Rt iR 2 fet ih e R4k T 3
HfE. MKl 4(a), (b) W LLE i, M HLF CsPbIBr,
FEERE W 71 PABA J5 CsPbIBr, Wil ELA %
1o A 4 AR M. i —25, SR SCLC
DT B T2 PSR FEIE A BR AR T | AN
M5 FL - HL R R DL IR 4(c), e B Tt (1) =X
AT PO
Niap = 26520 VirL/qL?, (1)

Horfre, Flley 3 B RS ERAT B AR XA L B E5ORT L 25
ﬁ%#ﬁy VTFL %@%K’éiﬁﬁi%wﬁﬁ%&, QFC%E%
JUHLT, L ZFERn A ERE. M (1) 2N Vg,
PIEEDE T 85 ER BB 25 B K. AR 4(c)
A LLFE H, M T CsPbIBry 858k 5 W (Vigy, =
1.02 V), #in PABA J& CsPbIBr, 558k # 5 2
HIARA Vg, BUE (0.84 V), FRIIZ8H K HA 4
TR BB 2% . K] 4(d) & PR AS [R] 5K A 7 A
BEMT LR R, 45 BR, H1
Lt T CsPbIBry #5480 MR, W1 PABA J5 B HL

SR W b B e, NI R T A far Y PR A . BT
DL EArHr A i, AT LAS Ui PABA JEE54kH™
VLR (5 T 48t O A L B TR ] LR R L
IR T BREAREBE L P TR, X A R T
e R S ERET R FHRE H b DG AR P O3,

&l 5(a) /& CsPbIBr, Fl#s il PABA 1Y CsPbl
Bry WG B T8 58 T 4 25 P Tt 11 L 9 % - FL F
(J-V) Rt 2k, BRI AEIRS4L. 5 CsPblBr,
F LU 3, W in PABA J5 CsPblBr, B
JE (Vo) M 1.266 V #2552 1.312 'V, 5 B HL I %
BE (Jsc) M\ 11.30 mA /em? #2752 11.87 mA /em?,
HFHT (FF) M 61.2% #&1m 2 68.4%, Ktk PCE
M 8.76% I E 10.65%. & 5(b) TR T AR K
) B BRSSP RR FL St i Y - L T AR SR A
Ui B 2. CsPbIBr, HL LAY R ) i 2 5
47 11.25 mA /em?, T8 i1 PABA J&§ CsPbIBr, Hi i
F R L A P2, A3 T 11.74 mA Jem?,
ZEER SR PABA J5 b B A K Jso E5R
FH—3K. 8] 5(c) BRI g i, PPt A S
TR £k, 76 600 s A ] Y, CsPbIBr,
HLHL PCE M 8.30% TFEZ 7.87%, IMEs/N PABA
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Fig. 4. Properties analysis of the perovskite films of CsPbIBr, and CsPbIBr, with PABA: (a) XRD; (b) UV-Vis; (c) dark current-

voltage curves of the electron-only devices; (d) linear sweep voltammetry curves.
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Fig. 5. Photovoltaic performance of the devices fabricated by CsPbIBr, and CsPbIBr, with PABA perovskite: (a) J-V curves;
(b) the incident photon to current conversion efficiency and integrated current density curves; (c) stable power output curves at
maximum power points; (d) PCE distribution of 30 cells.

# 1  CREMBFE CsPbIBr, PSCs EIkS4
Table 1.  Photovoltaic parameters of carbon-based CsPbIBr, PSCs reported previously.

2 Jso/ (mA-cm?) Voo/V FF/% PCE/% Ref.
ITO/Ti0,/CsPbIBr,/Carbon 11.87 1.312 68.4 10.65 AL
FTO/Sn0O,/CsPbIBr,/Carbon 9.23 1.08 60 5.95 [32]

ITO/TiO,/CsPbIBr,/CuSCN /Carbon 10.01 1.19 60 717 [33]
ITO/TiO,/CsPbIBr,/ TiyC,Cl,/Carbon 11.56 1.29 69.93 10.43 [34]
FTO/TiO,/CsPblIBr,/GQDs/Carbon 11.93 1.25 65.4 9.8 [35]
ITO/TiO,/CsPbIBr,/Carbon 11.64 1.31 67 10.23 [36]
ITO/TiO,/CsPbIBr,/Carbon 11.69 1.29 66.97 10.10 [37]
FTO/TiO,/CsPbIBr,/Carbon 11.25 1.32 71.9 10.68 12]
FTO,/TiO,/CsPbIBr,/DES/Carbon 9.2 1.24 61.5 7.04 [38]
FTO/TiO,/m-TiO,/CsPbIBr,/Carbon 11.67 1.24 70 10.13 [39]
FTO/TiO,/ET/CsPbIBr,/Carbon 11.63 1.325 72.23 11.13 [40]
FTO/TiO,/PPC-CsPblBr,/Carbon 10.25 1.25 57.5 7.36 [41]
ITO/TiO,/ODTC-CsPbIBr,/Carbon 11.48 1.30 68 10.15 [13]
FTO/TiO,/m-TiO,/PTU-CsPbIBr,/Carbon 11.28 1.26 71 10.09 [42]
FTO/Li:TiO,/CsPbIBr,/Carbon 10.01 1.26 64 8.09 [43]
FTO/TiO,/CsPbIBry-SAM/Carbon 11.81 1.317 71.1 11.06 [44]
FTO/TiO,/Cd-CsPbIBr,/carbon 11.53 1.324 69.63 10.63 [45]
FTO/TiOy/PMMA /CsPbIBr,/carbon 11.36 1.307 62 9.21 [46]
FTO/TiO,/MAAc/CsPbIBr,/carbon 10.86 1.26 64.56 8.85 [47]
FTO/TiO,/CsPbIBr,/P3HT:PCyBM/Carbon 11.79 1.31 7447 11.54 [48]
FTO/TiO,/CsPbIBr,/Carbon 10.88 1.08 64 7.52 [49]
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Fig. 6. Electrochemical tests and spectral analysis of the devices fabricated by CsPbIBr, and CsPbIBr, with PABA perovskite:
(a) Dark current-voltage curves; (b) Mott-Schottky curves; (c¢) Nyquist plots; (d) PL spectra of half-cells fabricated by glass/CsP-
bIBr,/carbon electrode and glass/CsPbIBr, with PABA /carbon electrode.
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Fig. 7. (a) Images of the color evolution of different perovskite films at 20-25 °C, 20%-30% RH, and air atmosphere; (b) curves of
the PCE evolution of unencapsulated cells at the same condition; (c) curves of the PCE evolution of unencapsulated cells at 85 C

and dry N, atmosphere; (d) curves of the PCE evolution of unencapsulated cells at 85% RH and air atmosphere.
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Abstract

Inorganic CsPbIBr, perovskite features high phase stability and light absorption coefficient, making it
suitable for the development of perovskite tandem cells or semi-transparent cells. High-quality CsPbIBr,
perovskite films are of crucial importance for fabricating efficient solar cells. However, compared with CsPbls
and CsPbl,Br, the CsPbIBry, precursor has poor crystallinity and low film coverage, which is prone to
generating pinholes and defects. Therefore, serious charge recombination often occurs inside the devices. To
solve this problem, p-aminobenzoic acid (PABA) is added to the CsPbIBr, precursor to regulate its
crystallization dynamics in this work. Electrostatic potential distribution of PABA shows that the electron-rich

regions (negative charge regions) are mainly located near the C=O0. Fourier transform infrared spectrum
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indicates the existence of coordination interaction between C=0O and Pb?*" and the formation of hydrogen bonds
between —NH, and halide anions. Ultraviolet-visible absorption (UV-Vis) spectrum and X-ray diffraction
(XRD) spectrum demonstrate that a new intermediate phase, PABA-Pb---Br(I), is formed between PABA
molecules and the components of CsPblBry precursor. The formation of this intermediate phase slows down the
crystallization rate of the perovskite, regulates the grain growth, and enables the preparation of dense
perovskite films. XRD, UV-Vis, space charge limited current, and linear sweep voltammetry are used to cha-
racterize the film quality. After the addition of PABA, the film quality of CsPblIBr, perovskite is improved. Thus,
the light absorption is enhanced. The defect density is reduced. And the conductivity is increased. The
efficiency of the champion cell increases to 10.65% compared with that of the control cell (8.76%). Further, dark
current-voltage curves, Mott-Schottky curves, electrochemical impedance spectra, and photoluminescence
spectra are utilized to analyze the reasons for the improved photovoltaic performance. After the addition of
PABA, the CsPbIBr, device exhibits reduced leakage current, enhanced built-in electric field, suppressed charge
recombination, and improved charge extraction at the interface. In addition to the enhancement in photovoltaic
efficiency, the PABA-regulated perovskite cells also exhibit high stability. After being stored in air for 1500 h,

the average efficiency of the unencapsulated cells remains 80% of the initial value.

Keywords: CsPbIBr,, inorganic perovskite, crystallization regulation, perovskite solar cells
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