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WE FAOFTERRHEMBENIO,)FE L AR ELERTHE, FHik 2 AEENEE G MIEHRT A
e s N E, EERKNESER LT Eibk 2% M EPCE)WRFA. AT A B #|BINiO, f1 £ (Au)
KR T AE R, B4 B R AR 4920 nmBT Aud KR T ANIO H B, KB N T FEEE A F &K
BV AR (MAPDI,) A FHBE B, 3R K Augh kAL F 0 s tob R b R fn = RAR E B B2m. S0 30 45 R R BH, ENIO, = X
i B R NAu KR T 5, B 7 H T A, PCEA13.92%E 7 £16.19%. A H LB EZ S FHET20hE,
FF % o JE FLBH B 3 R, PCE R F AT EH60% L, BEMRML T ES M EB L4 B 4 KA FHMAPDI,
A FH RE B . R\ Audl K R T R NIO, 8 ) 37 T Ak 2% I EEMAPDI;, AT #8587 NiO, & 2 B = N B ek /7.
B, AuNKR FEIAMNAREAESE FRERBMRA TNIOFEH B FEFrs XEHE, U EEHZWHEEA
RET BHrRERERERBERE.

KRR MAPDI A FHEE #t, Aud ok H F, NiO 2= e B, Z ARk

PACS: 88.40.hj, 72.40.+w, 84.60.Jt

jilll3

1 35| WL T ARH R (HTL)A R, - AT BRAR 284 ] 4% Bl AR
JEA0 1B C EENIO 42 1 FH OMHP K B A Fi it 1) —

E20094F 1 Uk BN LK, BT AEHEE XAy JTCHHTLA R, AU & T2 5 H AR Nio, &
FEERE (OMHP) IR [ 45 K BH R IO U R BREMN B E (, ~ 0.141 em® V7' sHPRTE
(PCE) & IR W 1113 8% F2 T+ £ 20254 [1927.0% ", {2 3.5 e VKGN BR(E,), 1 H A4 5 T AE 2L (VBM)TE
PCE# & I OMHP A BH B L 5 66 A B3 B (04T —5.0-—5.6 e VIRl py T IR, {H R L& A AT HLHTLA

1) Best research-cell efficiencies chart, https://www.nrel.gov/pv/cell-efficiency.html
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BLANPEDOT:PSSHISpiro-OMeTAD%S), NiO, 7 il ) 55
FAREAE TR S (o ~ 107" S em™ YAHXF AR, AF]
F#& = OMHP K BHRE L PCE. i@ 1S fENiO, AIOMHP
ZIAHE A TEHLER (K CIM,  KSCNPIAICsBri®4%)al 19 21
EHHBEY/ N T (IMeO-4PADBCY, TPA-BA®,
PTAAPYE) M J2 6 A AL 35 NiO, 5 OMHPH BE 2% K i
FE, Wi s 2 SRR 7. B AENIO R 45 7%
%ﬁéﬁ)@%?(ﬁDAgﬂm, CS+[11], Li+[12], Cu2+[13]’ Zn2+[14],
Sl‘2+[15], C02+[16], Mg2+[17], Y3+[18]$DL33+[19]%);§’TJ§%B%
N2 BN B 71T LA NGO, 38 I 1 1 BR O v L
S AN, BHRIE R BEHTL 5 49 hi 42 < 40 nmff) 4
JRAKFLT (AU, AglPVRIAg+AIPEE) Bl B AT 4% -
FErgE M I &R - SR A 9KRL T (I Au@Si0,17,
Ag@TiOPHISI@NIO P14, Hi MR A 2 5
YKL (NPs)ZRTHI H H R A SR R T 5 5 A
PR(LSPR), AMX AT GHUR, B EA R G
W AT, SR AT BRI TR A A, b TR, ki
RIHTLRERME B PR . Ziba kR, ATE
F 53 2 TR 7 12AENIO IR 2 X 5k A\ Au-NPs( i FR
AwNIO ), SR 578 H b it i 1) 451 1f 3] B U MAP-
bL R PHAEE Hb, R 9T Au-NPskF B GAR M RE AN 23 S F4
S PE R

2 KWERESHA
7% 3 5 6 1) 46 MAPDL A B i Fi o BT £ 32 22

R ARSI S MAPDI A FH AE FL AT A 5 R AT 711

RBERE G BV LR L. il 6 T 2008 120 il 5 4%
T ARAR I WU 25 4] 2% P 2

2.1 HIORIRA &S] &

(1) Au-NPs/KI&

¥ F FrensiE 28 4 Au-NPs/K AR, B 265 E &4
SIRIEMET LB TIK, 1427250 mLI R AC &
100 mL¥& £ 90.25 mmol L™ {1935 B 25 v I b 2
. BEJG, TERIZIBEREE IR RN mL
WRPE R S% AT IR — ANV, VA 7 B AR Bl K £
TR FF 0 s AR 203 PR S 2015 min, ERNEARTIG
FH K (0 28 BB 0 By 2 3 A S R e T 4 . b n#4,
YEFF PR VAT A RA I E =R, BRIl
Au-NPs/KIA .

(2) NiO,-NPs/Ki&

KA ZE TR EP I B NIO A KR R, PEGH I %
MR TR, B 18 g/ /KA TR BN A A
250 mLi) R, JEAN100 mL%E B FK, 7£1200
r min” T R #ERE20 minfE L TR TE MR, fEERL:
PERES, R 8 Nk 910 mol L' f/NaOH
KIS, FHRA R pHE T 2 10/547 15, B 5 4%
SEFEFEZ910 min, YA OB A R G BRI
HFEANEBETKERO, ERAE, #EL4h #E
Ja R R 2 P AR U, SR NS BRI, EEA
FEIRER. HMERRIEEE, B85 LIREK. =Y.
FENE, HEBMEEEI NS AREHITE. BE

Table 1 Main materials and solvents used in the preparation of MAPbI; solar cells

AR (PSR S) a3 A R oA}

Ea HAuCl, >47.8% E 28 A5 A R A A
A KOH 99.99% I TR AE AR I A PR A T

=R NaOH 99.9% R TR () A BR A
KA IR Ni(NOs), 6H,0 S HT4(AR) iR E B A F]
ZIKEIER =0 Na;C¢H;0;-2H,0 2 4(GR) E 2SR b R A IR A A
KA e C4Hq0,4Zn-2H,0 99.99% Rz T 377 (i) A7 PR A =]

Ak Y Pbl, 99.99% P2 SRR AR R A H]

UL I (M) CHIN 99.5% P72 AL AR R A F]
[6,6]-7K3E-Cg,- 1 T2 H BiE(PCBM) C7,H,40, 99% P2 SRR AR R IR A F
- C,HO S HT4(AR) HRNNARUTEER)HR AR
EF S CeHsCl 99% KTz TR (i) B PR A =)
SN C;HO >99.5% g MR AE AR B A PR A A
N,N- - H 3t F it % (DMF) C;H;NO 99.8% Alfa Aesar (China) Chemical Co., Ltd.
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100 mL NaOH
EHT A R
-

EHR *9'@J:; B

oy aRTX TRAE
u *$‘§4h % j
—>
1200 rpm 1200 rpm

218550 NaOH;R /&
WA RPHIEA10

#4145 #20 min

#% /1#5#£10 min

m e . s,

350 250,

TE /ﬁﬁ
l‘
’7J(7J</ﬁ 12h | I
. . FES e ! ﬁ}:ﬂg ‘

NiO,—NPs
IKBER

NiO,—NPs
DER

B 1 (MR E) NiO,-NPs/K 5 7 1 #1] £ i f B

NiOHKI AR

270°CH#EL h

t BEEk, BENBRER |
/ﬁl&Tﬁ/}L/E/J}ET

-«

.
|
|

80°CF &8 h (>3 min

Figure 1 (Color online) Synthesis flowchart of NiO,-NPs aqueous solution.

TR B0, PA4000 rmin T #E5E B 03 min. UL
B LE TR, SoEER T A T 480°C T 158 h
JEF B EOR ;B E ENR K, &
270°C 7S JBRE 1 WA L JBE /K 20 Mt pl SR i s fe e
BREEHLLA350 r min~ FE BT BRI 12 15 31 2 (k) K
T3 SR 5 AL DAk 25 B 43 DI 26 B 1% 2 E0R K AN,
KA AP HL20 mg NiO KK K 2 i F 100 mL%E
Bk, VKK IR A AL FES minj5 I NIO,-NPs 73 B
W, BE FH0.45 um LR I R VU 20 BE Skt oE, k15
Fa g B 5T INIO,-NPs K I 7K.

(3) MAPI | BRAA A

HEN, T EH T, 465 mg PbLAT160 mg MADH &
AT 1 mLIE/KDMFEH, it B R 41 mol L' %
W FRAEPEZIE 2 b, #H0.45 umFLAE 15 DY 5
2758 Skt e B A5 MAPT i SR A4 7537

(4) $24ZnO-NPsJPCBM VA i (15 ¥R ZPCBM
)

G BPCBMIE T JUA AL ] B 920 mg mL™!
MR, =|RBEPE12 hE 4. RAMHA T Z M
BB 50 B 29 °928.5 mg mL ™ A9 ZnO-NPs /3 B
5% 5 ¥ PCBMIE R A ZnO-NPs 7 BB 143 : 1 AR R HL TR
BRI 5] 5 HI15 535 42 ZnO-NPs I PCBMYA 7k (fai R
ZPCBM#TR).

22 B[EHE

PR B 54, FE R NRTE G
120 nm AL BI85 (ITO) I 1B 3 (15 mm % 15 mm
x 0.7 mm). {EJHEEATALER 5 FITTOB H _EAR UiE i
Aw:NiO Z 7 EH 2 . MAPbL G ZFZPCBM L T
IR, a P GEE TV Ag NG, B T2 Mk &0
AT

(1) J5 AT AL P I Fr

WRIKAL I TE /K S BEAN 25 BS T /KA TOBE Jr - 75
JEVELS min, NS KT G, #4715 mink 4 R AL BE
DL EBRERTA IR EY), & H.

(2) FEFAWNIOZ S AL =

FEHF 1L FIITO Fr R THR 100 pLI¥NIO,-NPs7K
L, B JE L3000 rmin™ B4 HEIR30 58 R — A
B, BE LARMNS DR, TR S RRE, RA
FEITOR: Fr B — ENIO K. 'BHE/ENIO,
JIE K THI 99 I 100 pL i Au-NPs/K VA, LA3000 r min~ %%
THER30 s, 515 Au-NPsH 5] ANIO, 78 . J@ it o A8
JHE ¥k Au-NPs 7K ¥ 0 1) U B0 5 ) ANTO, 5 1) Au-
NPs#{ &, B, TEAE MR 2 = IR ERNIO,-NPs7K ¥
T 58 A AWNIO JH I ] £ FAE i 3% 8 RIS AT
B B TR T R R, B 10°CHRIE T min; 2
70°CH ZE K ARG ] 25 min; 5 J5 fE100°C K 1%
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1.5 h, 15 2 B BUH ) Au:NiO, .

(3) EEMAPLLOLZ

7E Au:NiO, 78 JE 3R [H 7 1 100 uL YIMAPbI; Fif 3K A
T, LA3000 r min~ETE BEIRG0 s. TEHEREFIEE 10 s,
PR IN150 pLIG RN IEF. TeREs G, HFE i
E F100°CHINFAE & L H IR F45#20 min, &S H]
Fr S [iIMAPDI 78 i

(4) HERZPCBM L 1A% 2

PA3500 r min™ % e MAPDI R i, 7 L3
T BRI IN 100 uLIZPCBMIE &R, fRFFiEis:30 sH
A o b 2518 (I ZPCBMH .

(5) PR TEAgH

FEAE N2 x 1072 PalfifiEthrh, 7ERE S 2RI 2505 5
29150 nm I 5 Ag M, FAF B4 AR N9 mnt,
4514 NITO/Au:NiO/MAPbIy/ZPCBM/Ag ) Hi jth 25 1.

2.3 B MEEILNANE RERAE

5206 F) F TD3 500X 1 X 5 25 A7 5 X (XRD) E AiF
NiO, 44K H K FIMAPDI 78 I (1) Ak 25 #; FHISM-
7100F 24 F9 4 H 7 B 430082 (SEM) ML 4% J2 78 i 26 T A
J L 2 R AR TR T 30, R = e B0 A (EDS) i AT
JCERMT. 8 B EEUV-260081 5 4h-7] WU V-Vis)
A3 I6 6 T A Hitachi UH41507 48 4k -] W,-3f 21 41
(UV-Vis-NIR)Jt i % FAE Au-NPs 7K 7 RN 5% 78 JE A
i PRY IR SO A . el FH IR AXTS SUPRA+AL K4
I HL T REEAL(UPS) AR 32 T 4% )2 B 1 2 bR £ (W) Al
M T(VBM)RE. i UK K 9532 nm Y LPS-
532-100 mJ B OGS 7E5.85 mW IR 24 R L AENIO,/
MAPDBI; Al Au:NiO,/MAPDI; 5735 788 4 (1) 6 Bk O
(PL)1%. FIAHHET-RTALE /R R AENIO, F Au:
NiO, 7 5 ) B 5 2 (o) F1 25 T A% % (). FINewPort
92250 ALK FHOGARAL S BLAAM  1.5GHRHESR ;A
Keithley 24005753 7E 2 5 KA R AR HL il 2%
P P I 2 - P (J- 1) 2.

3 HRSIE

3.1 ERRASEHMEEFRIE

FH E2(a) AT 7 B Au:NiO, 8 i 3 THI SEM R F 7T 441,
AR N20-100 nm 1 A IRNIO, 49K [F157% (N Cs) 2H 35 7 1%
Biks 2 FLIINIO A K, WMIERERE S MELT

FLAE~20 nm I R T KL (52 38 (bR id), T3 1H % 2
~10" mm™. 3% XEDSE E(E2(b))iE B X L 5 F 1
KN Au-NPs. KE2(b)4 FIfE R T A LS5 i) %
NiO ¥ R JXRDE. XF ELAR#EXRD K H (PDF#47-
1049)RJ 51, f7F37.2°, 43.3°H162.8°1)3 AT 516 4331
K E L JTFINIO(111), (200)F11(220) 4 AT, X1
ARSI 44 NiO,-NCs A £ fiNiO,.  El2(c) NIEIRTE
AwNiO i - FIMAPDL; R ISEMIR J, HEW]
HIMAPDL 32 [~ B0, ARk £ 2°4100-370
nm, “FEIRAEZ)N170 nm. E2(d) NEERIEITOH: b
FIMAPDLL; i EXRD; B2 5 () bniEIITORT S g4,
FZT (@) BRVE R 2 AT 3 SR # IR T S 5 AHMAP-
bls, XA ] A MAPbIL S5 5 4. (515
RN, TE12°MEE AR MM B PbLAT I, XFRIFA
SCSEEG i £ MAPDL LR Ry 58 A4 2 B b, Ak i &
[FIPbL,. El2(e)f@7r 1 IEIRAEMAPDL R ) ZPCBM
TR A TR Z R ISEMR Fr. 1T DL M & B ks 1%
21910 nmf¥ ZnO-NPs#E % 7£ J0 2 TE FIPCBM AL i 1,
X F T 5 - AL T AR T, TG R T 1)
PCBMZE i K M54 N JZ FIMAPDL kL, W5 R PH RS
K E S T SMAPDIL 0 Bl E2(H R
TITO/Au:NiO,/MAPbI;/ZPCBM/A g F ith 2% 1 Fr A 485
MSEMM Jv; BT DUR L% 2 - F R 50, ST 75 M
Auw:NiO, # . MAPbI, [ F1ZPCBM 5 JE 15 43 531
%935, 2604140 nm.

3.2 ERAFFMRIE

Pl 3 (a) A S5 i 4% NGO, AT Au:Ni O U V-
VisW i F Tauc B 28, AH ELNIO, 7# /15, Au:NiO, J# ik 5
SRXTIE K< 300 nm (1EIR ISCIE A 3 I, AH 2 TR0
FEARAIE(~336 nm), FAWCAT WA, F-ATTR A Tauc
VEBVEAG SR e AT BRE, BB KR ATauc AR
(AhvY' = B(hv - Ey), sNHHARWOGEE, hh BT 4L,
VAR, BT E . MAPbI N E AL S
B2 Frlnfion2) R REE ARy (eV) =
1240/4 (nm), K ()N TRER (M), R85
L S s 22 ) (A v ) 2-hv e R R, AE MRS BT,
2R AETE — BOL AR M 1 X 35, 1% X 3 1) 26 5 42
K E AR (hvi A S, 28 AR E RN E,. dnl&]

X RAHFIRIE, (~3.8 eV); X 3K B ik N Au-NPsH AR i 2%
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(b) ’g = NiO, powder
z| ¢ s| =8 Q
k| 8| < S
- =
el b
& g
el £ 30 40 50 60 70
= 26 (degree)
£ Ni l A
= ) % Au:NiO, film
0 1 2 3 4 5 6
Energy (keV)
+MAPbDI,
—_ * [TO substrate
=
1 S
(|
g s
T =
o
a 4
T & 4§

1.5 20 2.5 3.() 3.5 40
20 (degree)

B2 (MR E) AuNiO K] (a) SEMIE R FI(b) EDSIE (i K 9NIO b A I XRDE &]). MAPbI; i ¥ (c) SEME F Al
(d) XRDHEH. (e) HERTEMAPDL S L FIZPCBME IEISEMIR . (f) ITO/Au:NiO,/MAPbI;/ZPCBM/Ag H b i A i SEM [ A
Figure 2 (Color online) (a) Top-view SEM image and (b) EDS spectrum of the Au:NiO;, film (inset in Figure 1(b) is the XRD spectrum of NiO,
powders). (c) Top-view SEM image and (d) XRD spectrum of the MAPbI; film. (e) Top-view SEM image of the ZPCBM film coated on the MAPbI;
film. (f) Cross-section SEM image of the ITO/Au:NiO,/MAPbI;/ZPCBM/Ag solar cell.

NiO R HIE,. EI3(b)E 7R 1 S50 il 2 MAPbI, )
UV-VisW i F(Ahv)>-hvitli 28; 7T DL&R FMAPDI 7 i
X K 400-750 nm ) AT L BLE AR SR el
(ARv)2-hv 28 76 W ST I2 BRI 2 (X3 1) 47) 2 7 R A
o EREEEEUNE, (~1.6 eV), iZHUH -5 SCHRIRIE S
SRBAREAR—FL

3.3 HUBEEEAEERITE
N T R BUR RERILACRE, AR HUPSE

TET & 2 WAL S FIWE R VBM S SR RE 45 &
BEZMH(VBM — WF). M El4(a) 22 I TR IIUPS T 5,
FATAT LAAF BINIO 43 IR n K (n = 1, 3F15)Au-NPs
1] £ 11 Au(n):NiO 7 5 ) — IR IE T (E uror) 45 5 BE
18, SRIFIRIEARWE = 21.22 eV — Eqyeor] AT
HWF/3512194.64, 4.57, 4.65114.59 eV. 3 Tk M E4
(a)£7 EIUPS T 2 /K V- # FE A7 B -5 VBM — WFZ1H,
T H 515 FINIO, M Au(1/3/5):NiO, TH I VBM 23 5l 47
F—5.14, =5.12, =5.17H1-5.11 eV. E4(b)E/R T HE ik
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031 1.5 ~
(a) = E/~38eV 51 S L0 E~16eV
o )
= = = B
<02t 2 05 <, =
5 ~ Q 4r T
o Q
g 00=—5—=5 ¢ 17
2 hv(eV) <
o) S
2 0.1 ) B 1+
< —NiO, <
Au:NiO, () MAFBI, ~ 783 nm
0.0— : : (I . . .
300 400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

B3 (MAHUEE) (2) NiOAAuNIO, M LL K (b) MAPbIL# B R AL A Tauc 2%
Figure 3 (Color online) Absorption spectra and Tauc plots of (a) NiO, and Au:NiO, as well as (b) MAPbI; films.

WF=4.57 eV

Intensity (arb.units)

16.57 eV
16.65 eV /

(@WF=2122 eV-E,,_ Au(5):NiO,
e Au(3):NiO,
WF=4.59 eV Eonon r/\\Iiu(()] S
=4.3Y¢ p— %
WEF=4.65 eV

Intensity (arb.units)

(b) MAPbI,

VB-WF=1.21 eV

16.58 eV 0.50 eV
18 17 16 15 10 05 00 18 17 16 2 1 0 -1
Binding energy (eV) Binding energy (eV)
(¢) ZnO (d) PCBM
Ecul-nfff

;2: / E ot

g @

5 E

5 z

2| wWF=s.17ev VBM-WF=255¢V| & WF=5.12 eV HOMO-WF=2.33 eV

E 5
E

1 16.05 eV 16.1 eV
18 17 16 15 4 2 0 18 17 16 15 4 2 0

Binding energy (eV)

Binding energy (eV)

Bl 4 (M%) (a) NiOMAu(1/3/5):NiO, i, (b) MAPDI;, (c) ZnO, LK (d) PCBMiFEUPS i f&) #
Figure 4 (Color online) Partial UPS spectra of (a) NiO, and Au(1/3/5):NiO, films, (b) MAPbI;, (¢) ZnO, and (d) PCBM films.

TENIO, [ _E FIMAPDBL # i UPSHE 1) E o FTVBM —
WFJRHE;  [RIEE ] iH 515 2 HWFAIVBM 73 51 21 44,68
H1-5.89 eV; P& & HE,fH(~1.6 eV) RIS HH H 37
(CBM)fii F—4.29 eV. [FIH, HE4(c)RI(d)r] 1A L5
55 1] % ZnOFIPCBM i JEWF 73 il 5. 17H15.12 eV,

ZnOMEVBM — WFJ92.55 ¢V; PCBMi#x & (55 7r 1
HIE(HOMO) S oK BE MM L5 A REZ(HOMO — WF)
N2.33 eV. 44T 7P I3RAR 1 ZnO A PCBM i i
EAH (5 7R3.4712.8 eV), HEH H —#HCBM 2L T
—4.32f1—4.65 eV.
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ZiG FRUPS/HT 45 3, AT &t an B S PR 1)
FMREZ R UL~ = Bl AHEENIO AT Au(1/5):NiO,
fE, Au(3):NiO 5 LA K. FHEITMAPbLIL
VBM; [t 75 B VBM B 23 W% 2 (I HTL S F1 +
FREZ L R B, ZnOLLPCBM R B B . 4
ITMAPDL; [JCBM, [H 58 R T4 HC . thab, FfiTvE
= F|Au(1/5):NiO, H# E ) VBMEELNIO, J# I 5 3%, iXAf
R85 Au-NPsFLAZ K /N S AR I p 1R 0 A RS K.
Yn = 10, Au-NPsECER D> B, B
AL, ToVE LA A AT R AR, M = SHY,
I E M Au-NPsAHH B A KK, 7T RER HINIO, A&
T, R T R T PR O 22

3.4  Au-NPsHER R BT R BER 220
AT 1 A g 4 Au-NPs & B (n) 12 ANIO,

WP Au-NPsIIEUE, S8R5 50 7 LAn i ek Au-NPsiil
2% B AuNiO, 8 5 (R FR Au(n):NiO,) NHTL, i %1

Jsc (mA em™?)

L1l @
Al.O--'~T e A .
o
=~ 09}
0.8}
0 1 2 3 4 5
80_(0)

FF (%)

o 1 2 3 4 5
Spin-coating cycle () of Au-NPs

g : )
* Z =] Z
o) & = i
Z = — &
—4.7 eV é % é:
3 <
d
3 I ——
E l(2 —5.14ev—35.12¢eV -5.11eV
- —5.17eV

-589eV

B 5 (M%IMEE) ITO/NIO/Au(1/3/5):NiO,/MAPbI/ZnO/
PCBM/AgHERR At 44 UL it 7~ = 14

Figure 5 (Color online) Energy level alignment of the ITO/NiO,/Au
(1/3/5):NiO,/MAPbI;/ZnO/PCBM/Ag stack.

{5 B MAPLL B &, A F Bt IR RES
TR SR A R R, FATTEA F S HR AT T % T
10 ALl AR, GEiE XS EE Au-NPs g iR 0EOn s it (R
PERE RIS,

I 6(a) ()RR, FEEIEERAu-NPsUELH)

15}
0o 1 2 3 4 5
15 (d)

PCE ( %)

o 12 3 4 5
Spin-coating cycle (7) of Au-NPs

B 6 (MR ) LA [E] Au-NPsHE i 1 B (n) 1) 45 1) Au(n):NiO 38 BE A HTLAMAPDI; FE It YR AR PEBE. (a) Voe, (b) Jsc, (c) FEA

(d) PCE. B4 ok B AH R S AFH % 1 104> 284

Figure 6 (Color online) Photovoltaic performance of MAPDI; cells with Au(r):NiO, HTLs fabricated with different spin-coating cycle (n) of Au-
NPs. (a) Voc, (b) Jsc, (¢) FF, and (d) PCE. Data are derived from 10 cells fabricated under identical conditions.
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F 2 UUAIAIAu-NPSHE LR IR E () il 4 (1 Au(n):NiO, 5 W HTL M AP BV AR 245
Table 2 Photovoltaic parameters of MAPbI; cells with Au(n):NiO, HTLs fabricated with different spin-coating cycles (n) of Au-NPs

HTL Voc (V) Jsc (mA cm™) FF (%) PCE (%)

NiO, 0.9915:03 19.39114¢ 67.951349 12.95:9%7
Au(1):NiO, 0.997504 18.81°239 67.23°2% 124877
Au(2):NiO, 1027593 19.517934 70.5473:43 1403733
Au3):NiO, 1007563 2090737 68.73553 1434555
Au(4):NiO, 1021592 20.137438 62.271332 12.71794¢
Au(5):NiO, 0.9715:08 17.075% 61.71:538 103132}
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Figure 7 (Color online) (a) J-V characteristics and temporal evolution of (b) V¢ and (b) PCE for un-encapsulated solar cells with NiO, or Au(3):
NiO, HTLs. Data in Figure 7(b) and (c) are derived from 5 cells fabricated under identical conditions.
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Table 3 Photovoltaic performance and environmental stability of MAPbI;-based solar cells with metal NPs embedded/doped HTLs. The values in

parentheses indicate the percentage performance enhancement of the optimal sample compared to the pristine one

5 _ e (i Stability
. opant 1n sc o o 3
Perovskite HTL HTL Voc (V) em?) FF (%) PCE (%) Value Stoz)ei;g;eenntwr- Ref.
(e} 0,
MAPbI, NiO, Ag" 1.07 2%1)  19.42 (11%7) 79.00 (10%1) 16.42 (24%17) >80% for 720 h 2;5/; fgf [11]
MAPbI, NiO, cs 1.08 (5%1) 2162 (5%1) 74.40 (6%1) 17.44 (17%1) ~90% for 1920h ™ Ngoil""e [12]
MAPbI, NiO,  Li*, Cu'/Cu®" 1.08 (3%1) 22.17 (5%1) 81.25 (4%1) 19.46 (12%1) - - [13]
MAPbI; NiO, Cu?* 1.03 2%1)  21.24 (5%1) 72.50 (4%1) 15.88 (10%1) - - [14]
MAPbI, NiO, Zn®t 1.10 (5%1)  22.80 (7%1) 78.00 (5%1) 19.60 (11%7) ~85% for 720 h gfg(‘)sft‘l‘::x [15]
MAPbI; NiO, st 111 (6%1) 22.73 (8%1) 79.40 (14%7) 20.05 (32%7) >60% for 2400h  18% RH [16]
O 0,
MAPbI; NiO, Co** 101 () 20.02 (6%1) 63.35 (15%1) 12.63 (31%1) >90% for 240h 0 %H“M’ [17]
MAPbI; NiO, Mg?* 1.08 (4%1)  21.30 (5%1) 79.00 (14%1) 18.50 (26%1) ~90% for 600 h 50%70% RH  [18]
MAPbI, NiO, y3* 1.00 (4%1)  23.82 (2%7) 68.00 (19%1) 1631 (28%1) - - [19]
MAPbI, NiO, La®t 1.01(28%1)  21.02 (7%1)  73.00 (9%1) 15.46 (21%1) 95% for 720h Moisture-free  [20]
MAPbI, NiO, AuNPs 111 2%%)  23.10 (7%%) 79.00 (10%%) 20.10 (16%1) ~75% for 720 h 20%-30% RH  [21]
MAPbL,_Cl, PEDOT:PSS ~ AgNPs 092 (5%1) 15.40 (12%1) 68.20 (4%]) 9.60 (13%1) ~90% for 1000h ™ Nljoil‘“’e [22]
500,
MAPbL;_,.Cl, PEDOT:PSS Ag+AINPs  0.83 ()  22.37 9%7) 67.64 (3%1) 12.68 (12%1) ~60% for 25 h IS‘HEHSM [23]
MAPbl;  PEDOT:PSS A“N@PSS‘OZ 1.04 (5%1)  20.70 (13%7) 72.00 (21%1) 15.60 (43%1) - - [24]
MAPbL;_,Cl, Sp‘rT"/;%Me' Ag%};‘OZ 1.06 (3%1) 22.00 (10%1) 69.00 (4%%) 1630 (20%7) - - [25]
MAPbI, SINiO,  Si@NiO, NPs 1.10 2%1) 22.09 (3%1) 78.00 (5%1) 18.54 (6%1) 85% for 700 h I\ﬁ:;?;tll‘og;“ [26]
0, 0,
MAPbI, NiO, AUNPs 101 (2%1) 20.15 (2%1) 79.52 (12%1) 16.19 (16%1) >60% for 720h 0 4%?*5 7 This work
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Figure 8 (Color online) (a) UV-Vis absorption spectra and (b) PL spectra of NiO,/MAPbI; and Au(3):NiO,/MAPbI; stacks.
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Figure 9 (Color online) (a) Resistances measured along a vertical/horizontal edge (Ry/Ry) and (b) Hall voltages of NiO, and Au(3):NiO, films.
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Au nanoparticle-embedded NiO, films for stable and efficient
MAPDI; solar cells

HUANG YaoSong', ZENG LiangQin', LI YuYi', YUAN SiYing', CHEN Ping'” &
QIU XiaoYan"*"
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2 Chongqing Key Laboratory of Micro/Nano-Structure Optoelectronics, Southwest University, Chongging 400715, China
*Corresponding author (email: gxy2001@swu.edu.cn)

Non-stoichiometric nickel oxide (NiO,) film has been widely applied as a low-cost hole transport layer in organic metal
halide perovskite (OMHP) solar cells due to its stable properties and tunable valence band maximum (VBM). However,
its relatively low electrical conductivity limits the power conversion efficiency (PCE) of OMHP solar cells. In this paper,
Au nanoparticles (NPs) with a diameter of ~20 nm are embedded in NiO, films (denoted as Au:NiO,) by spin coating
NiO, and Au nanoparticle solutions layer by layer. On the other hand, ZnO nanoparticle-embedded PCBM films (denoted
as ZPCBM) are fabricated by spin coating a blended solution with a ZnO:PCBM volume ratio of 1:3. Au:NiO, and
ZPCBM films serve as hole and electron transport layers in inverted planar MAPDI; solar cells, respectively. The optimal
ITO/Au:NiO,/MAPbI;/ZPCBM/Ag cell achieves a PCE of 16.19% with an open-circuit voltage (Voc) of 1.01 Vand a fill
factor of 79.52%, representing a 16% enhancement in PCE compared to the pristine one. Un-encapsulated solar cells
exhibit negligible Voc degradation and retain over 60% of their initial PCE after 720 h of air exposure, exhibiting
superior air stability over MAPDI; solar cells with other metal nanoparticles doped in the hole transport layers. The
downshifted VBM in Au:NiO, improves its alignment with MAPDbI;, optimizing the hole extraction efficiency. On the
other hand, the localized surface plasmon resonance (LSPR) of Au-NPs not only optimizes the light coupling into the
MAPbI; layer, but also increases the electrical conductivity and hole mobility of the NiO, film. Aforementioned factors
result in significant enhancements in photovoltaic performance and air stability of MAPbI; solar cells.

MAPDI; solar cell, gold nanoparticle, NiO, hole transport layer, air stability
PACS: 88.40.hj, 72.40.+w, 84.60.Jt
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