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Abstract

Although antisolvent-assisted crystallization is one of the promising processes to produce high-quality perovskite films, general
antisolvents such as chlorobenzene (CB) have toxic and volatile properties. In addition, CB is not suitable to control the crys-
tallization of perovskite in the atmospheric air. In this work, isopropyl acetate (IA) is used as an eco-friendly antisolvent
to demonstrate air-processed perovskite solar cells, and ethyl-4-cyanocinnamate (E4CN) with a cyano group, carbonyl group,
and aromatic ring is introduced in IA to improve the performance and stability of devices. Defects at the surface and grain
boundaries of the perovskite layer, such as un-coordinated Pb*" and iodine, can be decreased resulting from the interaction
of E4CN and perovskite, and thus reduced recombination and enhanced carrier transport can be expected. As a result, the
perovskite device with E4CN achieves a high maximum power conversion efficiency (PCE) of 18.89% and outstanding stabil-
ity, maintaining 60% of the initial efficiency for 300 h in the air without any encapsulation.
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F57] sto]HE| = HZHEATIo]E HoF 2| (organic-inorganic hy-
brid perovskite solar cells, PSCs)= £H3 Y 02 =42 Ao 7t
a0 e BEA, 2 lelol S o), Ao} P e e 7] S}
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7]’* %E%‘(gas blowing), 21E]&HME (antisolvent)®] AME-
F2o] Al =H SITH7T- 9] 1 Fo)A, QE|EHE Agke 7Y
T %A (morphology) 9} & EES ERE dlEAQ 4ol
SHAINE, WA © F AlE-E]= chlorobenzene (CB) & toluened} 7+
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cancy 9} -2 sk AgHEe] M, AHY A B FZBATle|E
uho gulof ZAalH, HEH AT E BopaA o] AT} obgAL
HA ABFAIZITH13,14]. ¥19] &4 F electron transporting layer (ETL)
9} hole transporting layer (HTL)E ©]§3l= AR E2] #-2%)o] &
shof] oJ3)] A= 31, ¥WAFY A1 F(non-radiative recombination)©]
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e EHE] H7H Alelohier] 9l 7hR Y= AP FUHQL F
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Indium-doped tin oxide (ITO) F2] 7]¥< 20 & §<F UV 2= A

£ @t PIN 7% &b AlFs 98 &4 0% Nio Birhs
Az & Ap|EH EHA [2-(9H-carbazol-9-yl)ethyl] phosphonic
acid QPAC2)E HWE 7|A3 HTLS AZ3) AAsHAI= uv 2
Fo2 AHz|H ITO 2] 713 $lol| ethanol 1 mLS} ethanolamine 60
pL &3hg-Hel nickel acetate tetrahydrate 0.0248 go] £-3l% S-S
3000 rpm@llA] 40 Z F<F W FEIE F, 350 °CollA] 30 i st &
HeE sk ¥4 jES $d) 1sopropan01 (TIPA) Eullo 3%
2PACz €91 mg/mL)E 3000 pmolA 40 = E<k 2 2 100
°CoflAl 10 & &<t AATE it} HZBXFM0)E HA] fH
methylammonium iodide (MAI) 182 mg, lead(Il) iodide (Pbl,) 530 mg
2 methylammonium chloride (MACI) 5 mg= dimethylformamide
(DMF) 0.9 mL$} dimethyl sulfoxide (DMSO) 0.1 mL®] &a-g-ujo]
Q1 F A4 wHkele] Az UP‘:]' AZrd AA 8- (MAPDL,
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45 % 5 2 step O ® A¥l FIRFITE F WA @19 Avlo] ]
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golmdtl, A% FEE HZHATl|E B2 ARES eiA
100 °CollA] 10 & F<F EAEE stk th50 2 CB &vljol &3)¥
(6,6)-phenyl Cy butyric acid methyl ester (PCsoBM) £(20 mg/ml)=
HZBEATIOIE F 99 2000 rpmellA] 60 X F9F A% FARI &
IPA £vlloll 2-3]% bathocuproine (BCP) £-}(1 mg/mL)-S 2000 rpm
oA 40 & 53t PCoBMT floll 23 TS St} v o R AR
A= Ag (80 nm)E- ¢H& 107 torrol| A 0.0464 cm?S] WE o7 25
t} o71M, Ag FES A3t BE AF L FT 40~60%2] T
oA zFlegstty.
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H 2B AT10)E QL BACNS] 3}8HA Q) 5442 gl 1 <18 X
1 B2} 33 (X-ray photoelectron spectroscopy, XPS) 21> Kratos
AnalyticalA}9] Axis Suprat+s ©]83}o] o]Foxt}. HitachiAle]
SU8220°.% iitadllEs A WAFE FAF AR} #w) 7 (field-emission
scanning electron microscope, FE-SEM)S AMg-3lo] ¥ ZH A7lo|E
FEd T ¥us BAsSith HEBATM0|E ] S0 A%
T2E A7) 98l RigakuAl?] SmartLab SES o]g-3fo] ol Aax
3)-(X- ray diffactometer, XRD) FXo] o]Fo|# T} Tektronix oscillo-
scope (DPO-2014B)°] ©AlE th7]e/d &4 Al2A®IQI Mesciende
(T4000) ©= transient photovoltage (TPV)$} transient photocurrent (TPC)
£ Z73I30tk Photoluminescence (PL)= Z733}7] ¢13ll XperRAM S
SeriesE AHE-3F3ATE £ -4} S(external quantum efficiency, EQE)
< Oriel® IQE200 QE 74 Al2Hlef| &3] S =it dlZH 7o)
E HY¥AA9 d5E7HE Rolae AREEAY 340-Vv)E 3d
of W2 Vo W3H= AM 1.5 G 100 mWem™3lollA] Keithley 24003}
Oriel Solar Simulator (Class AAA)°l &J&l S = oH, HZH AT}
olE eokdA] 94/ L E-#|(encapsulation) 1°] &%= 40~60%2] T
7] FA SH =AU
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Figure 1(a)ellA] & = S1=0] ¥ A9MellA= ITO/NiO/SAM/MAPbLy/
PCsBM/BCP/Agd] Tt o g FAdw o0 188 HEBEA
A
o

F_EL

7hIE HFAE 571 Fold A=elr] 18l Figure 1(b)e} 2ol
EACNO|Zh= H7HIE =eh ElEuE 34wl A7sigich
T2 AL SNl AxE= ARBATOIE AEE FEol
A weZol] wig- Fokel] wiitell ¥7] FellMw aEAe] HEBA
7P| E S AE] f1eiA] ARAQl CBU toluene©] o IAE
FIE|EMER ApRato] s|ZB AT E wiukg A 2ketaiat shgl o
thekst Aglel gt sfAmo] H(passivation) EIE AlFE F e
Figure 1(b)oll YEFH0] Alojopiy], W@k wg] 9l 7t d7|E o
3 e H7HIE EACNS EFTh

E4CN H7HA12] EQlow #HznAglo|Ee] Adty} EACNS 43
A& sl flalA XPSE WA SISl B4CNS Afoloh7] 9}
7M7) e AR BT W2 H AT E Q] un-coordinated Pb** o]l
HARAA e AT 5 3l of#F A8 BACNO] =%
HZHFIo|E HEo42] Pb (Pb4f7/2, Pbaf5/2) H32] WHEE &
3l TE 4= 3UTh Figure 2(a)2] Pb 4f ~HER A= = 7] 9=
AX71 138.6 2 143.5 eVellA] 1384 El 1432 evellA o bvh& Ad
LA & o] %3} 0 o] E4CN2 22717} un-coordinated Pb** £}
At GeNEE ArIet20,21]. K9, Figure 2(b) 1 3d2~)
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Figure 1. Schematic diagrams of (a) device architecture and (b) antisolvent engineering with & without E4CN.
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Figure 2. XPS spectra of (a) Pb 4f and (b) I 3d of perovskite films with & without E4CN.
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Figure 3. (a) XRD patterns and (b) intensity of the (110) peak and FWHM of perovskite films with & without EACN. SEM images of perovskite

(¢) without E4CN and (d) with E4CN.

EoA] 6194 2 6309 eVE] T A7t YERFI, EACNO] E=91% #H|=
BATIOIE HAFo|ME 6192 U 630.8 eVE olgdto] WEks g7}
Lo AEFgeo R LE I'E FIANRASS vehdth22] wahA,
E4CNol| 218715 ©£9dto 24 |2 H A7} E Z9] un-coordinated
Pb*" 2 Lo} 22 Asto] gy oR Ao 7ledhs Ttk
E4CNS] T9lof w2 H@uavlolE d2o] A4 2 Ao W
312 gelaly] 98 XRDS} SEM 412 =331t} Figure 3(a)°lA
Felgk 4= 910, 0°clA 60°71412] 2.0 %k M Ule] XRD &l A
14.07°, 28.43°, 31.84°, 40.55° X 43.10°04] F2 937} Vepton
o] 35S 7k MAPbL; 2 HATIOIES] (110), (220), (222), (222),

35kt Ml 35 H A 2 &, 2024

(224) 9 (314) Hol| AF3hR= T P2 E4CNS -5l BAglo)
AAYAo] =& MAPbL; HEHATIIEZ AR & 5 9l
[23]. EACNE AHE-§F 73-9-9F AREEHA] &S 7395 Blsials
2= A9 HAEe] B OH o] EACNS HRZHATIO|E A
ol A% Fzell Y-S AR S-S LR WA, Figure 3(b)
oAl & = Ql%ol, EACNS ARESE 79 MAPbLS 2 TA9l
(110) ¥=219] =7t Zrhekdon zkzt ¥ =9 WEX)ZE(full width at
half maximum, FWHM)2 A8 5 E4CNo| 9% 7%, FWHMO)
0.42014 04007 T4 dct =2 2w 9 22> FWHMS] 3
HRHATIO|ES] Ao FFHASS ou|stth24]. F7Ho=



AEEHE H7HAl gl A% 7] & 1as sRBAlo|E g A A% 131

(@) ——WJ/O E4CN
—_ —— With E4CN
3
«
L
>
=
®
c
7]
8
£
il
o
, , , ;
700 750 800 850

Wavelength (nm)

] ——W/O E4CN
1.0 - —— With E4CN
©

=

008}

>

=

o

£ 06

o

©

S04l

N

®o2f

€

1.

o

=

1 1 1

1. 2 3 4
Time (ms)

=]
=]
O»‘

o -
o

b))  q4s]
110 - ;3
1) °
1.05} 202 °
S 100t
%) [ ]
>o 0.95
0.90 -
o
0.85 @ WI/OE4CN : 2.01 kTq"
With E4CN : 1.37 kTq"!
0.80/ e g

05 1.0 1.5 20 25 3.0 35 40 45 50
Light Intensity (mW/Cm?)

(d

~——W/O E4CN
= With E4CN

-
o
T

4
©
T

o
o
T

I
kS
T

o
N
T

Normalized Photocurrent
°

1

10 20 30
Time (us)

o}

Figure 4. (a) PL spectra of perovskite films with & without E4CN. (b) Dependence of Voc on light intensity, (c) transient photovoltage (TPV)
decay, and (d) transient photocurrent (TPC) decay of devices based on perovskite films with & without E4CN.
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Figure 5. (a) Representative J-V curves, (b) EQE spectra, (c) PCE histogram, and (d) stability of devices based on perovskite films with & without

E4ACN.
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deep trap®] o1F-5 ER15H7] §J3 HRZHEATIO|E SRF A 235k PL
25 s HW o] Fell whet AE A Ee] AR
w, AEO R 38t deep-trap©] O WAL A FH(radiative re-
combination) == AL F0] HoJA PL intensity’} 5715 34l ¥
t}h &, 24250l Aoz WA deep-trapell <3t HIHALE A
Aol ZAEA HE oulshy o|& gt &8 T3 /AT
Figure 4(a)ollA19} o] BACNS| Q] O F PL intensity”} =il ®7|
Z7VeF3ick o) BACNS] thest 715719] sialwlo]d o= Qs 2
gho] Fojgo] AAH T Y-S Wallsh= trapo] EOIEU7] W
o ddEn o]& Q] ulALY Aldge] EolE Z1E nlsitt
[25]. Figure 4(b)ollxl= 322 Al7lel W& Vocs] W3kE E1g 5
=l E4CN©] 315 sl =B Ao E 7Nk 2%k 79, 2,01 kTq!
oA 1.37 kTq'Z Fol& 712715 HoEth oler 2] A7|d
2 Vocd] ®iglelA 71871 vPdAE Al =g e
E4CN H7FE l&l] FolE 7187] #h& HZHATI)E kA<
TEolA e Ao s nAg AATo] FAEUSS 2
"] gtH26]. TPV 2402 7 A9t Zdelel A photovoltage] H3}E
Asl AAge) AEE Yehla, TPC #2412 v Aol =4
Sk 210 & photocurrent®] H3h= s} FEol tist JHE A|Fsict
[27]. Figure 4(c, d)ollAl & 4= 120] E4CNo] EQ1% Axbe] 749,
TPV decay time®] 135 psollA] 1334 us@ 571861910 o] Hix
AF Aol AR = S 2mlEk TPCO] decay time<> 0.8
psellA] 0463 ps= AAslGlet] ol AYE dat F&0] o w=A
Yo R dojs VrERATH28].

99 E BAES HRO R E4CNo] Hr71H QtE|L:
O 7 Az s W A AMAE 71uE 5 910 AA Figure
5(2)2] Tk J-vellA] gRlgh 4= gl%o] 1 mgmLe] FACNS E=9% A&
22 A, IR s RAFth 71 x| FHNgasS
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9 Axkyl Gt FUEE 242 1977 mA/en®®t 21.05 mA/cm’E
Figure 5(2)°llA] J-V 2149 Sebdf{dcgl dx|she 28 2ot
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3sst ® 35 H A 2 =, 2024

A Qlo] HEBTlolE kA9 ¥7] 2973 BTk Figure
5(d)ollA] BojF= A 72o], BACN©o] E9% &242] 7% 300 Al7F
oA T 27] FANBRFT L 60%S FAE= v, 71 Ak A
T, AApEEo] ARt whet 5438] FAste] 0%71EA] A8l o]
2gt A= BACN 7S ARESE 35, i 9 Ak B3R
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% glek
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2 AFolME 7] oM 1a & HZBAT0IE EFHAE A
21517] Y8l X187 QHEIEHEQ] IAS ARE-sla A2 Alofslr] $
& =912 HI7MA|ZA] AFolol7](cyano, CN), e  112](aromatic
ring), 7.9 7](carbonyl, C=0)E X3} E4CN (ethyl-4-cyanocinna-
mate)S UE|EHE] H7F) BACNE] Aloloti-r]el 7R d7]=
AP FQ FolA A7|2A 9Ekg 3pH A$Hl un-coordinated
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