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8 AzusslolE3g Tashs 43A Az,
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A1 glelA,

A7 (2) dAll ERFATYE AREATERY 2 AAlE,  EYU-FEad-tad-oli)poly(4-
butylphenyl-diphenyl-amine;pTPD), Z#](3-3AE] 2 #-2,5-t]1Y )poly(3-hexylthiophene-2,5-diyl;P3HT), &g
[5,5-H=(2-F-258)-(2,2-H]E| 234 4" -TI 7 A -G E-5 5'-2,2'-H] B 2 3 | (poly[5,5-bis(2-

butyloctyl)-(2,2-bithiophene)-4,4" -dicarboxylate-alt-5,5" -2,2" -bithiophene];PDCBT), Z#](3-2€EQ
#)poly(3-octylthiophene;P30T) % Z&[2-WEA|-5-(2-edAN A 2A])-1,4-d A8 DA ] (poly[2-methoxy-5-
(2-ethylhexyloxy)-1,4-phenylenevinylene] ;MEH-PPV) 2 o] Fo]Z oA MElxE o] el AL EHoz 3}
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A7 (2) @9 HZB AT EXE &1y 88 12 BdEE 32 F2H ATl E
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APbX,

71 Aol i,

A= FA+(formamidinium cation), MA+(methylammonium cation), Cs+, Rb+, MDA%(methylenediammonium cation) &
2 o] o oA AEE sl o] Y 4 9

X o]F FRAIE o]0, Cl, Br 2 I & o]z Foi] Heg o= s} Zo &3 dzasts
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T3 6

A5aol JeJ A,

A7 A=Fe 0.1 WA 1.0 A/s £EE 20 WA 100 nm FAE € =2 (thermal evaporation) WHOoR F3Z
st A& 5o ste A el it E HERH ATl0lE HYHA.
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1A A HZHEA70lE Bl AA] (perovskite solar cell, PSC)7} 7ldtgl o] =zl wlZH AFto|ES] £
T3 FHAR 5AHE ol8ste] we dAyEol My 9;1 . HlE PSCe JdFH AHWEa & (power
conversion efficiency, PCE)o] 25.7%ol @3lo], 26.1%9) 215 PCEE Hol:= AAA AuE vlddx e A

A2 238A
PSCe] 7B Z7)o] wEedRyE %ol (methylammonium cation, )L Aoz kgl MAPbIS] 917

(phase)©.& <213 APbX; (X=Br , I, Hi= Br ¢} [ 9 &3)o] HlZH vl0]E FxoA A-39(A-site)ol] 91X
Stal Yok, Wk EEolndE e erstde a-(a-phase of formamidinium lead triiodide, a-
FAPbI;) & AHeo|A godddog wH-HEHA70]E  §-4¢] §-FAPbI;0& Wel= ZAdFo] UL q-
FAPbIzoll ot AL & o2 FXE o] gh=d], o= MAPbI;ol B]3] W= o] Fa, s} o] duj, &

I g Aol 7] wiiolt.

=

a-FAPbI; 71HF PSCi= o)1 #h(~1.34 eV)oll 7172 F2 M= (~1.43 eV) 22 23] Shockley-Queisser ©]
24 A7 9 =S B oold, MAPbIol HlEl A®E af(intrinsic) B]-HA A A3 (non-radiative
recombination) W&o AthHoz o && PCEE e},

whebA], a-FAPDI3S] 4 <HEAS JIAEY] 98t A-sited £F S EYTFoEN JAERY FHE
A2 ZAf dUA AstE FEshivl. 2015858 PSCse] &¢1¥ PCEE a-FAPbI;7F Auj# el &3 A4S

so] At S AMSEAE FA v &S HOE Zojee A HWw(state-of-the-art) PSColA A-sited]
AR 95% o] Abe] wEth. a#lo]® 9F o] (dB Bol, MA, Cs', Br, §)& AlgdlE HR2HAdtolE
Zo B3 2AEe AUAHA BHAA dd3] A kA glo] BgEd EAE vk R oles ¥
A%, ole Ay BAXZ e Agysl FAska, ol 3 Af dUAE FAAA A HEAS ofsia
Sk, wa, Aoz Bk M B eEdA 27 AfelA o9 bl sla, dRAE WP
71 3}

F(vacancies)2 W2 @43 AU (E)E 7IHe= AA o] 4 Ay},

y

wetd, dejgRon A -4 AR ol M Fash. AEZw-7]W (entropy-driven) 47
of U welah MER, dgw gat gs Af UAS REe oz 17d £ ot vl A gHe
detd mx 2od QEel oo F99 4 ol A9Y F& ol e o] avHelt. Hud 4FL o
Ao ol 28 AgSHE R 24 A AASAW, ol7lolE Ad WS I AT TE FAPDLAA M

oltb, AujH oz t] 2 W= o] MIEA BE
FAPbI;o] & =29

Aol A gAe Aolsy] S8 AmnigtelE A
o

ofsl= W o] ArH UG, oY
A Lu|el(long-ranged crystal domain)el]l A Hdot (

o pe
[e) T =
2 X835 Ax EH(lattice strain)> FHx EAQ®
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wohie, AAel 4 S Aeld S gudl, 53, g% ol o5 AP B Adl 4F $Y W
Fol AL Wl F7kste] o] olFol 4F a-HolN 5-FoRe] FAF WAUT. Teht, Axe] TF A

Az BAA]-o 9= (lattice mismatched-epilayer)olA] HZBHAT[OEZSS A
BYH o= 5 (bending) S 24 FHA A5 FAH A AL E 455

-

3 0001) 3/MEF 3R A10-2021-015659335.

(53848 0002) 555331 #A110-2208425%

2go] g
s dstel= A
B AIRE Amnistel 23 ) Aelel @Y % £ Aol clgstel A% 9 ANE T3 4

A7) 71w FAAES 2 ZEaY 59 f71E, FUIE R 3458 g & 9od, 95 59, Tin-
doped indium oxide(ITO), FTO, Si, Si0,, Ge, GaN, AIN, GaP, InP, GaAs, SiC, Al,0;, LiAl0s;, MgO, 419, A}
gtolo], el E, A, ©AYUFH, f7lERAE EEon=(Pl), ZYIIRMC]E(PC), EEdH =4
E(PES), Eeolel 28 2AE(PEEK), ZeF-dale el Zgd o] E(PBT), Eolddedgdo]E(PED), =%
AP (PVO), ZElEAN(PE), o€l FF3A, FYZ=2FA(PP), T2 FF3A, ZU-vd-1-3
&) (TPX), E|old#o]E(PAR), E|obAlE(POM), Z&]dldel&ALe]=(PP0), E2]AE(PSF), E&|vd A v}o]
=(PPS), E|Agn I I(PVDC), E) 24 (PVAC), ZEu|d < (PVAL), Zjuldole, 2| 2~E(PS),
ASFA, ABSFA, EZElvleueta ol E(PMMA), EAFA, HEFA(PF), DepulF=2 (MF), $#ob4A (UF),
BxstEe o =g 2(P), AFAFA(EP), tddzGe o] ESFA(DAP), F&]F-dRHPUR), Fejolu|=(PA) 4 4
ZFA(SDH R o] Fo| 7 oA Adely Hom 3l o] e Ege 4 gl

A7 (2) BAY ERWAAGTIE #HEZEAFl|ERT F AAlE, Y U-FEId-gdd-obe) (poly(4-
butylphenyl-diphenyl-amine);pTPD), &](3-AEjQ#-2 5-t]d (po y(3-hexylthiophene-2,5-diyl);P3HT),

Z2([5,5-H] 2 (2-F-E L €)-(2,2-H] A 2.3 )4, 4' -T] 7 A go] E-UE-5 5'-2 2'-H]E] 2 3 ] (poly[5,5-bis(2-

butyloctyl)-(2,2-bithiophene)-4,4" -dicarboxylate-alt-5,5" -2,2" -bithiophene];PDCBT), Z#](3-2HEQ
#M)poly(3-octylthiophene;P30T) % Z&[2-HEA|-5-(2- &N 2L A))-1,4-dH A8 dd ] (poly[2-methoxy-5-
(2-ethylhexyloxy)-1,4-phenylenevinylene];MEH-PPV) 55 X3 4= 9loi}, o]o dAHEH= AL ol

471 (2) BAe] ARustolEx ar] 834 12 89 5 Qi

[s}&+4] 1]
APDbX;
A7) Aol QoA AE FA"(formamidinium cation), MA+(methy1ammonium cation), Cs+, Rb+,

MDA%(methylenediammonium cation) 22 o]Fojxl FoA ME®E o 3} olio|tt, HT} FEA|HOZ A=
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FAonrmamidinium cation) & Ao 7lE °§°]%(MA+(methylammonium cation), Cs+, Rb+,

2 . ) ) - _
MDA™ (methylenediammonium cation) %)< ¥3
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=

£ ASAY 7 Advh. AR} A=A FUIES T 7] A 101]/‘1, n%
= fr1ed o FAA G2, AAAEAR f71ES F @060, €70, €74, €76, (78,
€82, (95), [6,6]—31]‘é—C61l?— AF Wlgl o) ~E])([6,6]-phenyl-C61lbutyric acid methyl ester);PCBM) % C71-
PCBM, C84-PCBM, [6,6]-3#d C70-%-dAF w&l o] 2~¥])([6,6]-phenyl C70-butyric acid methyl ester;PC70BM)S
xzstete EeY-FXA (Fulleren—derivative), ZE|WlZ=o]ut}Z (polybenzimidazole;PBI), 3,4,9,10-= L |
EggtEa vl Zo)w|t}£(3,4,9,10-perylenetetracarboxylic bisbenzimidazole;PTCBI), HIEZ F=ZHEZ}
Aot =] v El(tetra uorotetracyanoquinodimethane;F4-TCNQ) X o]E9] &E3E & ¥ 4 glor},
olo AAHEE A ofYr}.
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ARAEA F7E8L B4 A 710k gdAdx], 95 78538 el¥dA], LED(Light Emitting Diode) 5 A}
Aol A, AR AES 98] E AAAEAY F5445EY 5 du. FAK d d2 ) AxHAEY 554
e -8 FEAIE EAY $ Jdut. -8 FE5AEME e A g2 TiAEE | nAEE | IndEE

Snikshz, WAkshs, NbAbShE | MoAtshs, Nghtshe, Baitshe, Zritshe, Srabshe, Yribshs, Latbshe, VAbst

X1
=
dBAS 5 4 gom, o5 EFE Lt ofEe] BPAHE 5L 5 4 Yot o] #HHE A oy
o}

) AT SESL, 7 ATARA, F7) ATADA B oEY AFAL & Ak, Fr) AFARAE A
FAREE 2, 3, pd wEA, UNE WEA, FRE WA, FRANE @wA TE olEe T
$¢ 8 S 52 5 4 qdov, BaE W

S 5 F ot AR, ASE viEAe o == Ni0, Cu0, CuAll,, CuGad, 58 5 & 9o
p

=4 dz= PbS, FEASE WA dz2= Pbl, & & 4 ey, & wige] ¥ AeddA =
o A== A2 oy, HFALAI fr] AFAGAE X A, 471 ATHALAE 771 ATAL
B, FAHE dEA WA 2i A F7] AFHLEA(HTAEA F718)S T8¢ 4= vk, 7] A3dd
EAL 57 MEA $AEE d5E ARS8 U] wEA 7| 8GR 2 OLED § AR &aXfel A AL
|Hv 77 A3HGELDH AME 7hssith. @R A WA AR f7] A3HEEAY] v 40 o o=
HEeLAl (pentacene), Ful 6, 3-(2-¥lzE o}z )-7-(godoln =) Ful#d ) (coumarin =~ 6, 3-(2-

benzothiazolyl)-7-(diethylamino)coumarin), o} &€& AJo}d(zinc phthalocyanine;ZnPC), 2] ZErZAlo}
d(copper phthalocyanine;CuPC), EJEbg ZAlol= ZEZAjold(titanium oxide phthalocyanine;iOPC),
2,2", 7,7 -EEZI) 22N N-p-gH| EA Hdoln] 1= )-9 9" -2~ 2R ZF 2 (2,2' 7,7 -tetrakis(N,N-p-
dimethoxyphenylamino)-9,9'-spirobifluorene; Spiro-MeOTAD), T2 (1)
1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-AA ) 7} & F 2 2 -29H, 31H-Z & Z Al o} (copper (11)
1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecaf luoro—29H, 31H-phthalocyanine;F16CuPC), 93} E 4 A]
=l JE‘E/\]O}L (boron subphthalocyanine chloride;SubPc) 2 N3(A=-T (Bl Aol & )-H]~(2,2'-0] I g d-

4'-0 78 A2 -FH 5 (11) (N3(cis—di(thiocyanato)-bis(2,2'-bipyridyl-4,4'-dicarboxylic acid)-
ruthenium(H)) FoAA sty e F o)A AYEE 48 B 4 oy, oo dAHEHE=E AL ofyt,

47 AFAGERAL DBA A4S, ATAEA RBAL, B, debddaudad, s 2 e

oA
T ©
dolrlAel A s} e E ol Hu® BASS B & glont, ole] @45E AL ohth nEa £ AF
5l ¢ ele.

T =0
AgEdol v gl o o2, pIPD, & [3-8A ] (poly[3-hexylthiophene] ;P3HT), =] [2-HEA]-5-
3,7 -gvgasdL4)]-1,4-dd g &l (poly[2-methoxy-5-(3',7'-dimethyloctyloxyl)]-1,4-phenylene
vinylene;MDMO-PPV), Z[2-HEA]-5-(2' '—Oﬂ V‘E‘é’,—/\])—p—ﬁﬂ‘éaﬂ vld @ ] (poly[2-methoxy-5-(2' '~
ethylhexyloxy)-p-phenylene vinylenel;MEH-PPV), (3-%9E 23)(poly(3-octyl thiophene);P30T), &%

(249 g29)(poly(octyl thiophene);POT), %ﬂ@—fﬂﬂ E] ©.3)(poly(3-decyl thiophene);P3DT), Z2(3-%

_6_
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g4 Bl #) (poly(3-dodecyl thiophene;P3DDT), =& (p-=#l'd @ H]d @) (poly(p-—phenylene vinylene);PPV), &
21(9,9' -t SEEF e d-I-N-(4-Faad) sl d ol d (poly(9,9' -dioctyl f luorene-co-N-(4-
butylphenyl)diphenyl amine;TFB), Z#old® (Polyaniline), 2,22',7,77'-HE&}7] (N, N-t]-p-w|E A 5o}
W)-9,9,9'-2~¥ 24  FFQHA([2,22° ,7,77 -tetrakis  (N,N-di-p-methoxyphenylamine)-9,9,9" -spirobi
fluorinel;Spiro-MeOTAD), Zd)[2,1,3-HxE ol o} ZE—4, 7-t A [4,4-H] 2 (2-ol| D & A -4l-A| FZHEH 2, 1-
b:3,4-b' I E] @ #-2,6-t]Y) ] (Poly[2,1,3-benzothiadiazole—4,7-diyl[4,4-bis(2-ethylhexyl-4H-cyclopenta
[2,1-b:3,4-b']dithiophene-2,6-diyl11;PCPDIBT), & [(4,4'-H]2=(2-oE2)TIE]el| = [3,2-b:2",3'-d] &)~
2,6-0U-AE-(2,1,3-MlzE]o}r}o] £)-4,7-t] A [ (poly[(4,4" -bis(2-ethylhexyl)dithieno[3,2-b:2" 3" -
dlsilole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl];Si-PCPDTBT), & ((4,8-tod&NHALA) wlx
([1,2-b:4,5-b' It E| 2 #-2,6-T A ) LE((5-SEE ol = [3,4-c] 7 E-4,6-T]=)1,3-T1 &) (poly((4,8-
diethylhexyloxyl) benzo([1,2-b:4,5-b"]dithiophene)-2,6-diyl)-alt-((5-octylthieno[3,4~clpyrrole-4,6-

dione)-1,3-diyl) ;PBDTTPD), ZY[2,7-(9-(2-A 28 A )-9-AN-ZF 0 ¢ )-LE-5 5-(4',7,-1]-2-F | I~
2',1",3' -’ ZEolr]o}=) ] (poly[2,7-(9-(2-ethylhexyl)-9-hexyl-fluorene)-alt-5,5-(4', 7, -di-2-thienyl-
2',1", 3'-benzothiadiazole)];PFDTBT), Z7][2,7-9,9-((=2d-ZF 04U _dE-5 5-(4',7'-t]-2-Fod-

2',1", 3" -#lxzE]o}t}to] £)) 1 (poly[2,7-9,9-(dioctyl-fluorene)-alt-5,5-(4',7'~di-2-thienyl-2', 1',  3'-
benzothiadiazole)];PFO-DBT), E2][(2,7-HSEATEF/)-2,7-HL-L4E-(4,7-H| = (2-Flold)-2,1,3-71%
Elojr}o] £)-5,5'-t U ] (poly[(2,7-dioctylsilaf luorene)-2,7-diyl-alt-(4,7-bis(2-thienyl)-2,1,3~
benzothiadiazole)-5,5" -diyl];PSiFDTBT), ZY[(4,4 -0 2-g8d ) e e = [3,2,-b:2" 3 -d] D E)-
2,6-tU-2E-(2,1,3-zHotr]obE)-4,7-t1 Y 1(poly[(4,4" -bis(2-  ethylhexyl)dithieno[3,2-b:2" 3" -
d]silole)-2,6-diyl-alt-(2,1,3- benzothiadiazole)-4,7-diyl1];PSBTBT), Z&[9-(1-=€xY)-9H-7}u}Z£-2,7-
Y ]-2,5-E st d-2,1,3-HxEoftho] £-4,7-1 -2, 5-E| 2. A d v L (Poly [[9-(1-octylnonyl)-9H~
carbazole-2,7-diyl] -2,5-thiophenediyl -2,1,3-benzothiadiazole-4,7- diyl-2,5-thiophenediyl];PCDTBT),
(9,9 -"FEEF o /AM-F-H] 2= (N N'-(4, 79 a7 d )HH =N N' =321, 4-A ) v ok (poly(9,9” -
dioctylfluorene-co-bis(N,N" -(4,butylphenyl))bis(N,N° - phenyl-1,4-phenylene)diamine;PFB), Z2(9,9'-
ULEe EF o dl-F-wlzEolt}o] Z(poly(9,9" —-dioctylfluorene-co-benzothiadiazole;F8BT), &&|(3,4-olg=l
YA E] 291) (poly(3,4-ethylenedioxythiophene) ;PEDOT),  &2] (3,4~ SAE o 3)Z2] (X~ A X o]
E)(poly(3,4-ethylenedioxythiophene) poly(styrenesul fonate);PEDOT:PSS), Z (EFolHo}
W) (poly(triarylamine);PTAA), E&](4-FE3d-tuld-o}71)Poly(4-butylphenyl-diphenyl-amine) % ©]&<]
TEHANA st e E ol AYE EAE & oy, ol dHHE AL ot HATHEFTS 34

2E 12]d (tertiary butyl pyridine;TBP),

1
YdF H2(EYEFeE detdyd)olnto]=(Lithiun Bis(Trifluoro methanesulfonyl)Imide;LiTFSI), H]|2=(E
g EF o 2veh)dEolnto]= (bis(trifluoromethane) sulfonimide;HTFSI), 2,6-FE|H(2,6-lutidine) ¥ EZ
2 (2-(I-9 g&-1-) 2| d) R E (111) (Tris(2-(1H -pyrazol-1-yl)pyridine)cobalt (111)) 53 & L=
A7MAE 9 3R = .

A7 AFL, 0.1 WA 1.0 A/s SE2 20 WA 100 nm F7|2 4 ZZH(thermal evaporation) WHo = ==+
st AY g Aar, Au, Ag, Al B (v 55%F B FRAEY 18X T FolA st e w oY d"d
T o}, oo gAgEE A o},

urgo] a7

2 g o] Azl wEW, JH Y AoE T A gl 453 FE ARBEATES 9 HZH
27to|EFo] 28 BgHA F LEDE E3het WA &E AT F A= &7 S

1& AznsslolE A4E 100 T ool A Agstetn eow 48F F A4 Ageld.

T 2&= ojdy® HlErAdlolEZY A t3td (normalized) 23 YA (grazing incidence) X-A 3] & (X-ray
diffraction, GIXRD)I®l o2, = 2(a)x= NiOx, &= 2(b)+ pIPDIA &A3 A agiZolx, = 2(c)= H=

BTt EFe] 22 gl W sin'pol §4EA, 93 912009 o)L e e zoln,

= 38 AN FAA(long-term photovoltaic) EA ¥~ X}E(statistical box charts)E Uebd Aoz A
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flo

A& NiO, 7]8F PSCs, ™ZbA}2 pTPD 7|8 PSCs 23} Z2efszolw, & 3(a)= Ji (photocurrent density), =
3(b)%& Vo (open-circuit voltage), %= 3(c)= FF (fill factor) ¥ = 3(d)% PCE (power conversion
efficiency) & &3 A3 e xo|t},

(o2}

T 45 A7Ee] A, Ag Ao ¢S W, X 4(a)e NiO, 7|¥F, = 4(b)+ pTPD 7] 7|¥to g 3l& A

%= 5(a)= XRD # ¥, = 5(b)+= NiOx, &= 5(¢c)&= pIPD 7] AFZlo|t}.
= 62 AlZF-9lFA (time-dependent) Yol AE ZF(Nyquist plot) % =4 HE(fitting curve)S e
(a)& NiOx FA| (G2 A FedAl) | & 6(b)&E pTPD X (2ol A whrbal) % 6(c)v= Al

39 R.. (recombination resistance)E A3+ ZHolt}.

4 o

b owmel WA AAHE 548 T A A5 AREE A B Bne) Al e A4S 4
7] 9% BHow dAH oz, ¥ WP Adel W AddEe dod Fuz A48 # dvh =9
® A AEe eulaue 1 FHHE oz AAEolAE ofsEm, W uge A 2 A& Welel E£3
Hi RE WAR, #EE UA dARS Egels Ao olssole} Bt

o = AE ol (FA, MAT 2 (s3I} o]F FRASE ol (I 2L Br)L 7ute R sh= 7bg ol
+

AgHE Aznaztose] TAS AUEIT. FA 9 [ AP FEOIA 27 AR (osite) @ XA (X

FAPbIso] A 4=(thermal expansion coefficient, a)+=, 0.986 X 10K ~ 1.0 x 10" Kil, MAPbI;9]

AFRAGTE, 1.57 x 10 K ¢ AL nelshd, Hznsvtol &S (tensile strain)< Auk

=
HoZ HZHAFIOE H|F] o7f ¥ @& 7} 0] =& 7] 7] (inorganic substrate)ol] that =2 FHA
oA daect, B ugex Algw HEH ¥ 37 AFFEAS(hole transport
4 X

material, NI A& Nioxe] 729, 1of Ko da8gA5E ok 10 H] Y,

£ 1 Anssiel=g 100 Cold AR B, Aeew AdE Fo A4 A4S el Aol
NiQ, ¢loll ZA3HE FHZHA7I0|EE 100 C o4 &2 7193 & AL A5, 2271 4

A, dBFAT ol Wt Az 5 A&7t h2A GERd T

AfAHo R HRBXAIE AAL Aol A8 2% WEH (tensile strain)o] oyl (%E 1(a)), A &<
A2 A3 godo] & dojy | We AHAF o]z Fe 3 Aol 2 o] FE(carrier dynamic) o=
Qlste] o= Hol AL gltt.

kA, H2BE ATl ELL Nilx Alele] FHFo2 ¢ &2 o & Zte FEU-FEd-gud-olil) (poly(4-
butylphenyl-diphenyl-amine);pTPD) 2] A}&-2, 7|& AT SHS A Wk ofyeg; AWolr Hoz 4H

%a%;gﬁHfﬁ%é%ﬁéQQGzlw)%&ypwmmeEMQﬂH(ﬂb1L2x10K Ql A3} H

[
i
zi
o
[e]
o
rE.

s

1.

Oll
_,_,

-3 -1

Zrol 1.0 X 107 K & zt7] R (F 2B ATl ERT) 10 ] & zh), & 2ud)
= T AT},
2B xFle|EFS] i Azl 8 Aojd did a9 FgFS &Astr] faEl, =2(9,9-8] (3 -(N,N-tH € )-
N-o g F-228-2 7-EF2UW)-YE-2 7-(9,9-1SH EF ) )t HEnlo| = (poly(9,9-bis(3'-(N,N-
dimethyl)-N-ethylammonium—propyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide;PFN-Br)& A}-&

]
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3tt). 2B Aglo]EZ0] pIPDe] tid HHHEL | . 4
om | PEN-Br& pIPDe] tjdl #| 2B A7lolE ApA {0 £84S FAA7|BE HZH A7t0|EZ0] pTPDo
3k A2Ee BaA) 71,

mEaE=

FTO/NiOx (NiOx= ¥7]) 2 FT O/NiOx/pTPD/PFN—Br (pIPDE TADol| S2H HEB AFl0]|EZC] GIXRDE =A s}
o FlRBATolES] J¥F FEHE AT, GIXRD= 2AgE 209 didl] e A (w)S WA G
i, o2 AxY JF 5E WS gl

T 2= ojdEy HEHAT|EZY A t3lE (normalized) GIXRD HEo® | % 2(a)&= NiOx, & 2(b)+¥ pIPD
oA ZAF ATola, & 2c)E FEHATI|EZS] Z2 s|wo] WE sin’ yo] F5EA I YA (20)9)

Heow £ 20949 (002) A:lt A ATE S8 AEEda, & 28 FxIW, dRB2vblE AF
= 1 2 ZAT. E 2(2)8 B, NiOxelA]
THlESE w7t %7}?&011 ek ¥ W 20 Hor HIAH] d2 oles Hern, o AF

ol $+#& WZ(cooling) <t 3=
= 2(b)E =z, prb SUHAl we, o
X AAsE Azt Egel A W ¢ S 5

E L d(26)
2(1+v) 180 " Gsinzy

E : 9% Young's modulus)
v o HRBATlo|EZFo] g Folkn](Poisson's ratio)
v A3 (normal direction)ol whst 34 Abgk WE(diffraction scattering vector)2] YAFZ}

Oy @ <8-S (strain-free) HEZBAFFo|E AA 34 93 ¢ (diffraction peak position)

2o
O]
N
2

A owolM S48 34d 2 A

= 2(0)2 AZEE, 209 sin we A= AuH oz A (linearity) S YEI, 7127 4(20)/dsin v
o Fst= 717 E 22, Nioxe H$, -0.352 + 0.202, pTPDY A9, 0.184 £ 0.0501% FH ¥},

E2 v B3N 7ML 45 ghola, o, dRZB2Adlo|ES] B9y 25H XRDE SHst dojxint.

i0x9] A<, 0.0201, pIPDe} A5, -0.010501%, o7|A & B & @2 77 A 2R 45 &
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= 5(c)dlA pIPD FX2l A9, &% 220l 23] d3}(degradation)?} AZFE o], At Ao &85 wa H
wAo g2 43yt BT, W, Niox A9 A, Tl A2 w@ o R WG A wEe] #
Zem | ol &3S wEt 3yt MAEE A Ld 9 S og Ax FHEA FUMR Q18] vERUA =
= 62 AIZF-9lF A (time-dependent) Yo]lHAAE ZF (Nyquist plot) % =4 @?}(flttmg curve) L@ E
% 6(a)e NiOx &= (F2AelA ggka) | = 6(b)= pIPD &= (F-2AeA W) | = 6(c)e Al mHE
AtatE RS FAT Aotk 9 & shellA Niox &= 73% ©F HAsar, pIPh FHelA 45 Az

1e3

:|:|L
22 120= ¥y A ZFAsTE. Niox 71 o3k 5 JF S8 HR2BEATolE Axte] 43 P S
0713, ol AF3(low frequency)ol] HFFE o] HZ B 70| E/NiOx A 71 =3k},

oA, A S st A A4 AT olFo] 8ol HATE Re®t oFsh¥ (aggravated) FFE YER]
= NiOx oA Plag&xed A3 FZF(extraction)o] 7]ojgtc}t. ¥bA | A3} A A (carrier recombination)
o] FHIAAME 4F ol Q 22 8 F ek ol Yxb7bu (valence band) 7F
A2 (edge) & ol sAHo=N AF LEE 24X ok G2t 7RgAbElE Pb-seb [-p H|E
Atole] wrAZF(antibonding)dll o8] ZAE I, o]E & o o3 ©S AHn, AyHoR QEToa o
oAl "k, ATt 7gRbE ol A o] 3| E& AEo AuyA #=9E LAY )

] Z

Aol 7P A A data, o deep traps)S& & HIEAL AAFE AT

1o oo

rd
2,
_>L

AA 4 1. FAI &4

TEEaT ko] Qe 15 g9 ¥ Eolud ol Ho]E A (formamidine acetate salt, 99% Aldrich)el] 49
(funnel)S o]&3lo] ofo]le W3l G244k (hydroiodic acid, 99.99%, Sigma-Aldrich) 30 mLZ o}o]2ul~(ice
bath)ell A X3 H7lslar, 241z 59 WHkA|Z Y. 48 FUAIA RS IRES AAL & JAdE] A
HATh., AAEL od dmE(absolute, 99.9%, Dacjung)oll =olil, olE o€ Z(99.0%, Samchun)ol] Hojrtg]
WHAIZE A S JAYsigla, dde HgS 3 dhEste 5 AN AHES 50 T IF2ENA

S5 B3k AZAAT.

|

0

AAe 2. MABr A
ToEEaA ot AE 43.28 mL WEHoMW & (methylamine solution, 40 wt% in H,0, Sigma-Aldrich)el] X

23} =42 hydrobromic acid, ACS reagent, 48%, Sigma-Aldrich) 56.56 mLE "ol vl AMAAH3} Ax 3
2 FAI @47 598 Wygo=z 5335ttt

ol U

AAd 3, H2E2AFE HAFA 98 Fu]7A

N N-T) | & Z Eolulo] = (N N-dimethylformamide) (anhydrous, 99.8%, Sigma-Aldrich) @ tWd AHZxlo]l=
(dimethyl sulfoxide)(DMSO, anhydrous, 99.9% Sigma-Aldrich)e] &3 ®9M(4:1=v/v)& FH|EL, ©] 3 &
]S o]&3Fe] 1.5 M Pbl, (ultra-dry, 99.999%, Sigma-Aldrich) ¥ 1.5 M PbBr, (99.999%, Sigma-Aldrich) &
Qlll% = A

1.5 M CsI (ultra—dry 99.998%, Alfa Aesar) & DMSOE A}&-3te] FH]8}Th.

FAPbI; 2 MAPbBr; &<H& FAI 2 MABroll Z+7} 1.5 M Pbl, 2@ 1.5 M PbBry& H7}sle] Fn|slglon 7k oo
Pb7b 9% #HZFol HA  A=xsUT. olF, FEmBEXIPO|E HAFAE (FAPbIs)o.ss(MAPDBrs) o 12(CsT)o 057

A 255 T

A2} A Z

4
F oW (fluorine)o] =33 43} FA41(FT0, <8 ohm/sq, Pilkington)<S AMAA, E7FI, e, ofHE £
2 233485 58 AFs).
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0.0625 g YA(I) oFMEA AFE3EE(98%, Aldrich)® 30 ulLe o &k2-0}71(98%, Sigma-Aldrich)E 2.5 mL
1E}£(abso ute, 99.9%, Daejung)oﬂ o] NiOx A74 &9E PHEAT. o] AFA & 60 plLS FI0 7]l
gojred] 3 4,000 rpmoll A 30 % F<F ~¥ F® (spin coating)3}HT}.

o]% 100 TAA 10 & ZoF dxa)star, 400 CTAA 30 & ZoF g shglt).

pIPD &-e] 9, 4 mge pIPDE 1 mlL SZ=ZwWIRl(chlorobenzene, anhydrous, 99.8%, Sigma-Aldrich)eol &3
atol, 60 plLe] pTPD §-9& NiOx 7|5 ¢l "ol 6,000 rpmoll A 30 % F<t =¥ AW

23 2" o]F, 120 TellA 10 #3+ FA st

L, WEHS 89 (anhydrous, 99.8%, Sigma-Aldrich) 1 mLoll 0.3 mg PFN-Br& ®3l3led 60 pl
2 353 7, o] &84S pIPD 7|7 9o Wojy 5 % Fek 1,000 rpm7bA F7HA1Z B AL 02 6,000

5
fl

i

S
)
o,
[m
ofj
o

.

-8 (anti-solvent method) &2 FTO/NiO, T3 FTO/NiO./pTPD/PEN-Br 713+ 9jo =
17k, 60 pLol sZBAgllE A3A] §ag 29 FYsgon, £E5 1,000 rpn7kA] 10 & F9F S7kA
]2 5 % %< 5,000 rpme 2 ZF7FAIZATE. 5000 rpmell A 25 % B¢t ¥ FEEZWA(99.5%, Daejung)S
Hb-guj (anti-solvent) &, A% FEo] EYr] 5 = Ao "Wojregy ol wk-&w(anti-solvent) ¥ H=EH
2FtolE AFA 7} F2E 7]3L 100 TollA 50 # B¢t oJd g (anneal ing) st th.

2

>

Ny

PCBM &Mo] A9 1 nL F=2=2WAl(anhydrous, 99.8%, Sigma-Aldrich)e] PCBM 20 mgS &3f3led 20 uplY

PCBM &NS FE3 F, 4,000 rpmo 2 3 HdtE HE2B ATF0|ES Qo] Wojrig]al 20 ;

o, 100 CTollA 10% F<+ ojdH 3},

up 7R 2 BCP §99¢] d-9-, 2-Propanol (anhydrous, 99.5%, Sigma-Aldrich) 1 mLel 0.5 mg BCP(96%, Sigma-
Aldrich)& &3ste] 15 nlLe BCP £9& F53F T, PCBM 7]¥#9o] 5,000 rpmel] =E3 & 5% Fof] fHS 7]

T gloll "ol

uprlgto 2 - Ag HFE o9 ZW(thermal evaporation)ol] & Z=ZAFom | 20 nm FAZAE 0.1 A/s, 40

nm FAZA = 0.2 A/s, 100 nm FAZFAE 1.0 A/s 22 F2ZA|ZT

by
of
0
Iy

PBAF ADE-xeH(density-voltage)(I-V) =H&, AM 1.56 Z%E(intensity) EjFd AE#HolEl (Model K730,
McScience)®} 0.16 on ZY M (aperture) 2T E AFE3] SAFE Y. WW-I7HA3A S35 29 EHLS V-
2600 (Shimadzu, Japan)E A}g&sle] =A3taL, XRD 41 XPERT-PRO 3] & A A ~dS Algsle] A5 90,
GIXRD SA-L 45 kVollA 3= 200 mA X-ray L7 E AHL33T. Ay B384 5000 K LEDE ©]
£3}o] 0.5 sun ool SAHFRA 2w SP-300 (SN 1271, BiolLogic)S AF&3}St}.

gl HEH WA Folol ¥ ww A Hslgon, B ugol S3e % RoplA B4
AN TP A gEs AAde] dete] B gl WA Holud 2E BE elA e wyel sk
Fe old@ Zolvh. aemE B owwe] Ay Wl 4P Axdd S9Ee]l AAANE o Hvl, Faohs
SRR ol SRR 25 AYentE BEHE RE w7 E ugd Aol oale 4
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10 4

Jsc (MA/Cm?)

Dry air —><— R H. 35% ~ 45%

(a)
EE%%%@%%@%*#¢@@@®%%$%

NiOx pTPD

[]25%~75% [125%~75%
T Range within 1.51QR ] Range within 1.51QR
= Mean s Mean
« Data = Data

[]S-shape curves

0 22 48 7'1 9'5 152 1"/1 24'10 31'3 469 4E'>6 51'2 57'9 62'3 67'2 7:15 7é6 7;38 8%3 82'1 8:12 9%1
Time (h)
(b)

ize b s o
MR A L1 TITTEPLTIET

0.0

0 22 48 71 95 152 171240 313 400 456 512 570 623 672 745 766 788 813 821 842 911
Time (h)

i?%%%$%@$%*i$**$*$$@$@é

L LT TR

154

0 22 48 71 95 152 171 240 313 409 456 512 570 623 672 745 766 788 813 821 842 911
Time (h)

0 22 48 71 95 152 171240 313 400 456 512 579 623 672 745 766 788 813 821 842 911
Time (h)
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