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S QR BRI $E TSR RO R M TR A EEAEA. I T MRS 9Kk 5 RO R HiEE
filt, JERT TAES A Au NPs@SiO, 5% W 25 4 HoLfif 5 BLAS 5 6 B A & 90K BORLILIRE R (34-2 M =&
WEWY): R ORIRBRATRER) T, 490K % 8 ORZ #5 4, NS S BRI 5 rTUER 2. T2, AR SCRA# T
BAF B4 R KRR 24 20 momy 14 4 490 K IR 2 50 i 4 i A SR AR A B PR b JFSR TR (9-Z MR FE i) 1 Ry 23 X
B 2, fH275% (NMA)yCs,, 1 Pb, Ly, F5EKH™ KOG A 19 5 K & G52 8 DA R A& i 4 99 oK 50K /i (1) 29 5.2
TN 83.2 ed/m?, F KM FRCRMNL 0.255% T+ 312 6.98%. HLERWF 5T R IH , 4 94K Tk 1& 1 () A AL 4R
By e 5 R FR R =2 [ AT USRS O 2 R . R P B v A a2 6 5 RS AR LA R, T DRGSR 2R R R A A
HOERER. 0K FURLB i 9 (NMA),Cs,, P, Iy, B5ELE 25 1F 5 66T Ao 6ol B RE A E G & IEM T %
RO R0 2 T30 (NMA),Cs,, P, Ly, o 85 EK A 2 619 50 A9 = ZEHLHT. Lk, X 4 409 K 0k %5 5 6 3% 14 & e 4
PEIEATHRSY, & BRZA 15 min WL FRF RS 1] A0 2% 2 E GRS A . )5, AR SCIBIE T 4 9 K WU X5 Bk 7 IR 351 | 45
Aty FEL 2 T R A 2 T R 4 90 DK ST 25 8 P AR PR SO AN S R AL AR TR 4 g K ORI Z R FH T 41 6 4
R RGBS . R ORI ES R RO RS SR T — AR AT AT A S SR B

eSS 4 L P S e U N S U 27 N ol 6

PACS: 78.67.Bf, 78.60.-b, 78.40.—q, 78.20.Ci

1 5

G JE KLY ESER (metal halide perovskites,
MHPs) fiE R ABX;, Hr A R iE— N AL
o 4 J& P ¥, 41 CH3NH; , CH(NH)3 , Cs*; B
EIE M EEHE T, 0 Pb2t, Sn*; X &K %
B+ Cl, Br, I. HTHEAERES T KB
G N SRz SN =TS v e a e S TN

ail%
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B, 2 55t Bl MHPs 78 &0 4 (light emitting
diode, LED) i 7R i EOR B ). 7RI 6—7 4F
o BSERE &t T (perovskite light emitting
diode, PeLED) B KoMt F40% (maximum ex-
ternal quantum efficiency, EQE,,,.) . 2 B4 (1
AF| 1%0, FGE T 20%7. Z5E Z BT EER T
i, BEZA T EZ R o5t B0, ge 2k
Fa LAl =141 DR e YL 1517 = ANJr TR
$E7+ PeLED 1T RE.
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TEa SO D7 T, ¥ 4 R (Gl W R 48 B
B) Ak S5 2] PeLED A2 T 8RR 1
— BT B (88 S SR R S5 ) F AR N
KHbiF- (nanoparticles, NPs)M FIZEKFE (nanorods,
NRs)WL. SR8 0P F 20k A T &8 9K 4s
R OB e 2oy QAT i K22 AN TR ) 1 TR
F R HR (localized surface plasmon resonance,
LSPR) 2 15 i 5 i) i 2 Ay 091 | 3% IO &%
o7 2O SR R 122 A A HAR I S 3
JERRER 4 R YUK SR e SR RO B
Hefik, ROATE &R /R OC)2 I o kA ™ )
AR G PR 23 O T X Fh RE R R
NATHE TP RS S — B R Si0, B 4R N
Kb FE5F R, T2 NPs@SiO, [A]f 2454 2324,
RAETEMER Si0, BA REFrIib = ta e v, I Bt
R ZE B GEPERERZ AR /N, (HR Si0, 4 2 M
SBHAF SR &G B 2 T A 24, T
NPs@SiO, 4 UHIXT NPs i & 7% 12525, 5 —
Tl 5 S f 4 B AN OK S5 MR & B S UL 2
(hole-transport layer, HTL)!26:27 5% B, 1% i |2
(electron-transport layer, ETL) Hr. fil 41, 7E3%
IERTE TAES, B4 9KBURL (gold nanoparticles,
Au NPs) /KIEW S HTL #ELER (3, 4-405 58 WE
W) OR LR B ) (poly (3, 4-ethylene dioxy-
thiophene):poly(styrene sulfonate), PEDOT:PSS)
H—ERHIR G, I T4t MAPbBr;!,
CsPbBry F1i 6 CsPbBr,Cly 1 PeLED 1, Jf:
HBHAT T EQE oy MIFET. AR, 2007 R MBS 7R
F: 1) PeLED H Au NPs f9 % B 0 DL, X &
Hi T4 PEDOT:PSS {A R LL T FERS, #REE 19 Au
NPs £ 5% 578 PEDOT:PSS 2 iy 3 i 13:23); 2) 3¢
/K #) PEDOT:PSS A idi & HIAE % 2 PeLED HY
HTLERY, X & H 5 PEDOT:PSS iR P23 8 ioh 45
b4 ) (indium tinoxide, ITO) i % ; [A] B,
PEDOT:PSS /855K & )2 FL i (1) Sl A5 2% AR
. N T SR S R, AR SR FH R TR
Au NPs B &7 ITO FH L. SR)5, B2 (9-
g FE IR ) (poly (9-vinylcarbazole), PVK)/E &
HTL JUFE Au NPs &4l ITO I, JFFH Tl 4
ECR I (NMA).Cs,, (Pb, 1,1 L% PeLED. 5
DL A T AE AR LG, 78 SC3E 2o 7 W R DT AR Au
NPs BRI HAEF: 1) HK PVK HEEK B
PEDOT:PSS ¥ 44F PeLED () HTLI2:29; 2) i
BR/N L)) Au NP ] DUAR I3 2] Hb 73 #0FE ITO

FI TS, IF9¢ 2k AR 35 nm PVK JZ2H, 4
Au NPs S5858K0 2 B4 i, 3) 38 52 W Bt st i) ]
DIZE5pHH ITTO b Au NPs U2 27; 4) (NMA),
Cs,, 1Pb, Ly, B0 LCIZ T AT Au
NPs By 0. 40t Au NPs &4 J5, (NMA),Cs,,
Pb, Iy, 21 9t PeLED [ fix K 5% & (maximum
luminance, Ly,..) M2 5.2 34 Jil £ £ 83.2 c¢d/m?,
EQE,... \#J 0.255% 35 I3 6.98%. & 5¢t %&
#F (photoluminescence, PL) Jtii& Fl M B AH AT &
STHIZRUESE Au NPs 42 /5 25 58508 1) 32 25 2
TR 5 R A ERE & ORI R %5 TR H45
R (AT S 3 LU AT WL AR ) Ry 1031
It PeLED T RHEA HOCRCRER THER AL
& W4 (organic light emitting diode, OLED).
ARTAEHER T Au NPs 74271 PeLED A4 HEsL
RFIEE, BIFE Au NPs 8168 ITO Ha b Fss
FLR 2 (BT B IR A, I3l 2k R i i s SR, Al
FRESPC S RAHDCZ Y SRR G R, 4%
PEREA DR, AT Miao 25 B2 B T & S
25K Au/ZnO /PEIE/MQW-Pero/TFB/ MoOs/
Au, ARSCITR Y 4 T8 AR KR S 45 40 HoAT
TR 1) ER R S . AR SOR A R
DURRR) G AR ORI SRR s . TTAE T0UA SO
gk, ORUEGH R, A b B — < rp AR
FIARTH (GEH <20 nm) . HEZSHERA KGR 4
HLBR S 5 7 A TR ) B AR A, DRI LG RBEER 1 Ll
PSP, 2) SR 2R R RE AN Z 52 . AR SCR
FL IR R TCRR A 4 R K UR AR 2520028 TTO F 2 R
PRLIECAN S M A2 o ) 2 T A8 TR T A ik
EEsHh, B S TR 4 (W =5.2eV) 5
TRIh R B EALEE (W =4.2 eV) — [N TE
ANJZ, TP T —EMRe R GHEE Y. 3) AR T2
JUAR . A SCRe FH 5 H R 6 D7 VRO RR 4 A K R, A
Ll T T A S5 0 s 235 ) 2 P 8] L s 8 M I A
TR I, AMEMPRHAIE T2 1, #5120 T AR,

2.1  Au NPs &R 5 W pt

SEHR HH Frens 2 29 il £ T RiAR 2974 20 nm
MKEEPE Au NPs. BT 24 i ds: R A TR
N #E G Ak ¥ (poly dimethyl diallyl ammonium
chloride, PDDA)(Aladdin, i & % & 218 20%),
AL (HAuCl,) (Macklin, 48%—50% Au basis)
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TOKEFIERR =8 (NayCgH;0,-2H,0) (FEZ54 1
feER A BR A | 46 =99.5%).

i FH SCRik [25] Hr AR B9 5 15 58 L Au NPs 78
ITO L Iy, 150, et A5 B R b 3
1) ITO HeAiz Al & 210 0.5% 1 PDDA 2
B, e IR, K5, K PDDA
M ITO FiR AT il 79 Au NPs /KT, Au
NPs FFR I SRR ER B, ©ATT DL o
HFH B VE FH 2285 31 TTO JEpi b 29, s — 25 3m ik
9 EL I B ENE ), 427 ITO i | Au NPs AU

2.2 BEHEE

¥ NMATL (74 % 5 3¢ ¢, 4 F >99%) , Pbl,
(Alfa Aesar, 4lifF>99.99%) , CsI (Alfa Aesar, 4fi
i >99.99%) , M 2:1:2 A4 BE R LR R 1E N,
N-—H BB (N, N-dimethylforamide, DMF)
R (AR TR L, A =99.5%, i) |
FEEW FHEFE 10 h 5 R E S =40 10% 1Y
(NMA)yCs,, 1Pb, I3, % W& . PVK & i 76 & K
(chlorobenzene, CB) (BT, 4lifE > 99.9%, i
af) A P B2 100 mg/mL i 9K 44
. SRR FIIGE & T 2% PeLED, #n44h
{4} ITO/Au NPs/PVK/(NMA),Cs, Pb L.,/
1,3, 5 = (3- (3-MkBEHL) ZREE) 7K (1, 3, 5-Tri(m-
pyrid-3-yl-phenyl)benzene, TmPyPB)/Liq/Al, H
HITO S M, PVK 287X JZ (2000 r/min,
60 s) , (NMA),Cs,, Pb,Is,,1 FEZ (3500 r/min,
60's) , TmPYPb Jy i1 1412, Liq/Al A B,
PeLED 78 S L2 h 6 mm?. il & 5¢ )5, 78
FEM OKFENERSEE/NT 1.0x10°%) Hit
i

2.3 RIESWK

Au NPs KBRS ih B E 55N
1T (Shimadzu UV-2600) 7%, $5EK4 W20
DG R A BE 95 R 0 A BB EF G (L
USB2000+) #1405 nm #HOG#E (LSR405CPD-400)
NS RIS S T Y DT 2 TN E R E N
F 2B (scanning electron microscope, SEM)
(JEOL, JSM-7100F) Wi%¢3k45; PVK JZ 2175 A
Bt B R 0 B R (atomic force microscope,
AFM) (Bruker, Innova) ll7%; £58K4 iR 45 itk
B X B ARRT AL (X-ray diffraction, XRD)
(Bruker, D2PHASER) 15 #; £5k 4 ¥ 5 A9 2l

##i (photoluminescence lifetime, PL lifetime)
B (8] 43 B2 66T (edinburgh instruments, Life-
Spec-1I) 15%]. PeLED fJHL IR 5% & -H & (current
density-uminance-voltage, J-L- V) f#EfhZkH Kei-
thley2400 A% % HL IR FI 52 211 (KONICA, LS-110)
F 6] I 75 ; PeLED 19 HL 2 & 5t (electrolumin-
escence, EL) St 3% i PR670 )% 3% 0% BE i >R 48
ITO KT 1Y 2 BRI 525G FRETE (ultraviolet
photoelectron spectroscopy, UPS) (Thermo-VG
Scientific, ESCALAB 250) 45, b & FrA il &
HR A 2 W R IR fEAT

3 EREXREIH
3.1 H/7 Au NPs {&ififd J-L- V 451%

K 1(a) B7R T 29 15 min i LB Au NPs
B4 i ITO Kt iy SEM K% . ol LLE ), Au
NPs 2 ERIE I 2157 50 fi #2 1TO B TIHS, %513 6 2
4 71.8 um 2. Au NPs &) PeLED AY#S {454
wiE 1(b) Frs. PVK 2 05 #5 H 7E 29 35 nm,
IR Au NPs 58 4ir A HTL H1. bah, 72K S1
(FHmAT kL) A T4 . JE Au NPs ) PVK JZ1
AFM ElZ. £ Au NPs IMAHI)S, PVK 3R JL
SEARFFAITE]. XA L JC Au NPs &40 PVK, #l
BERE 4> 591290 0.31 F110.34 nm. X MG R A
FITF IR B e o () S R V.

A . Jt Au NPs &) PeLED 1) J-L-V #§1%
WE 1(b)—(d) Fras. B 1(b) i J- VR B R
A . 7o Au NPs &M PeLED 1 i %5 B 1 2 JL°F-
HS. XK Au NPs 0] BEA 2R 25 14 10 2 P
fie. 5 J-VHEPEARTT, Au NPs 2] ks L-V
PE. & 1(c) BF s, Au NPs & ffii i PeLED ()
Liax 2979 83.2 ¢d/m?, 57JC Au NPs /] PeLED #H
F (Lyax Z9°4 5.2 cd/m?) #7573 16 £%5. [F W,
PeLED WA s E (8 A 1 edm 2 52 & F B 4K
S E) 7E Au NPs 81 5 M2 5.0 V FEIRE 2
3.0 V. Bl 1(d) %5 T . T Au NPs f&/ffif) PeLED
B EQE-V 4. Hdh EQE 238 1 H i 50K Al
EL i 3t 7] 2, EARTHE T3 75 WL 2 2% Sk [34).
Au NPs &4fift) PeLED EQE,,.. 214 6.98%, Tfi A
B Au NPs i EQE . X204 0.225%. 75296 V
RS T EL 3% W& 1(e) Bizs, Au NPs &1ifi
() EL 3205057 29 % 674 nm, A4 F KB Au NPs
BN EL 150647 (29672 nm) &4 T 2 nm FIZ1H.
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c ]
=
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o_‘_o_o_o,o‘-O L °'---o
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Voltage/V
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(©) 00— °
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10t > o
Q,O"¢"°‘°

a’/VVith Au NPS
o/ w/o Au NPS

100 ¢

10-1 9o

Lumainance/(cd-m~2)

Voltage/V

) K, With Au NPS
g °
= °
: a2
~ B
>
s
B
o
g
8
E} A
- w/o Au NPS
600 640 680 720

Wavelength/nm

B 1 (a) 15 min ¥ H W% B} A9 Au NPs & i 9 ITO 3 1 B9 SEM & 1% Fl Au NPs & i i PeLED %5 #4 75 % &, 1 BB /R T Au
NPs #1 PDDA 43+ F3; A . J& Au NPs &4fi () PeLED 9 (b) HLJR 2 - R (J-V) HHZR, (c) B KR (L-V) , (d) ShFR0R

(EQE-V) ML} (e) 46 V FHY EL 3%

Fig. 1. (a) SEM image of the Au NPs modified ITO with 15 min electrostatic adsorption and schematic diagram of the device struc-
ture of Au NPs modified PeLED, the insets show the Au NPs and the molecular structure of PDDA; (b) the J-V curve, (c) the L-V
curve, (d) EQE-V curve of PeLEDs with and without Au NPs modification, (e) EL spectrum of PeLEDs with and without Au NPs

modification working at about 6 V.

AL J- VR PE(HBESR ) L-V 1 EQE-V 5k 3
B, Au NPs B3R 2881624 M AR NI 3 s 281 14
LA PR RE.

3.2 Au NPs {&ifigs {1 ERER T H

M Au NPs X HEEIE S, 558007 45 i . FL 52
NeEERE =T AU, X Au NPs $2 T2 350R
FIPLHIIEATER ST, 5, XA . g6 Au NPs & 1fi iy
(NMA),Cs,, Pb, L5, F5EL0 IR IE i 47 SEM
FAE, A& 2(a) A 2(b). "TLAFE ] (NMA)Cs,,
Pb, Iy, BSEA0 &2 TS IR RS20 5.6 nm,
BRI R T L3 LR A9 2 50 B0 1 — 2
TR 25 R LA A ] T 100%. L, 51A Au
NPs %f (NMA),Cs,, 1Pb, I, 1 #5EK B B R JLF- 3%

.

HWWIIE Au NPs XEGERT 45 S, 51 2(c)
FE 2(d) FER TA 6 Au NPs B4l (NMA),
Cs, 1Pb,ls, | #5802 0 — 20 (% XRD K. 384
RI, —FHMUAE 10.4°, 14.9°, 21.8°, 25.2°, 29.9°,
30.9°, 35.8°F1 51.1°H B T AH [R] A4 117 e, 4331 %F
JEF (101), (100), (110), (111), (200), (303), (211)
1 (323) A 353637 1] FLAK 55 B JL-F- I8 el g
K, TAH Au NPs A3 R MASERT A4S k.

-, T HIN Au NPs %} PeLED Hi2#VEfE
HISZIE, XA . 6 Au NPs &4y ITO#E4T T UPS
M, W 2(e) Fras. 1 2(e) W, A Au NPs
J&i, ITO iy UPS LI AN FEUT A 5 4r. M
S E] Au NPs B4 fi )5, TTO i3 R 504 2y
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<
" g w/o Au NPs
~ . h ~—
‘E With Au NPs E 100 F \
= R With Au NPs
Q 5 .
© o
-
o
£
UPS survey bias-5 V 5 10-1 i
12 15 18 1
Voltage/V Voltage/V
wn
=
g
g |2 2 100 (h) Tav, With Au NPs = 9.62 ns
8 w/o Au NPs g Tav, W/0 Au NPs = 8.74 ns
< 4
z 2
g With Au NPs B
b i
= g
- g
k =
- —
o ~
2 |Au NPs solution
Q - 10—4 i i
< 450 600 750 0 40 80 120
Wavelength /nm Time/ns

B 2 A, Au NPs B (NMA),Cs, Pb,I,,. FEk# % (a), (b) SEM [&; (c) XRD [&; (d), (¢) UPS [&; (f) Bas g fF 1
JVIlEE; (2) Au NPs % 89 W GE% A4 | J6 Au NPs 184 9 (NMA),Cs,, Pb, I3, #5682 #9 PL & 5Fi%; (h) A . JC Au NPs &
i i) (NMA)oCs,, 1 Pb,l5,,, 1 B PL lifetime il 2%

Fig. 2. SEM images of (NMA),Cs, Pb,lI3,,; film (a) with and (b)without Au NPs; (¢) XRD patterns of (NMA),Cs, ;Pb, I3, film
with and without Au NPs; (d), (e) UPS characterizations of (NMA),Cs, ;Pb,I3,,; film with and without Au NPs; (f) J-V curves of
hole-only devices with and without Au NPs; (g) the absorption spectra of the Au NPs solution and the PL spectrums of the
(NMA),Cs,, Pb, I3, film with and without Au NPs; (h) PL lifetime decay curve of the (NMA),Cs, ;Pb, I3, ; film with and
without the Au NPs.

H4.75 F1 4.92 eV. H L, #EW Au NPs X} F ITO 4" tris(carbazol-9-yl)-triphenylamine, TCTA) /Al),
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Pb,Is,, /4, 4, 4"-= (FRPR—9-JL) =R )i (4, 47, Sk PeLED A= PEREBAT .2 AU SE .
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TN TR ST ERGE R, & FEEOL A 19
SRIMT, AR TAEH Au NPs J-30A B & B 555k
K1Y PL lifetime, 7T LAiX B LSPR 80 A& 5|
R ICHETR ) TR

Tavg =

3.3 ISR A ELFIBIGIE

T Au NPs 5| & PIRIESUV S (NMA),Cs,
Pb, Ly, w4 & OE 3G 58 1 = ZHLE . SRR,
AL LR VRS 58, Au NPs 84519 1TO 4
Ay U, ARl 3(a) BT, T, 76385 I 5 Be
(Au NPs &1y ITO) M4 55 (Al) Z AT L

%% 1 X:_l‘ . J& Au NPs 1@%5"] (NMA)QCSH len13n+1 %%@(ﬁﬁ%ﬂ%ﬁgﬁﬁ%%ﬁ*u%%ﬁ

Table 1.  Fitting parameters for PL lifetimes of the (NMA),Cs,, Pb, I3, films with and without Au NPs.

Au NPs A% As/% As/% T1/n8 Ty/18 73/n8 X
B 35.02 56.34 2.78 8.97 41.57 1.12
G 35.31 57.68 2.43 8.33 43.92 1.05

(a) AL},N‘I;S ”«’/ (b) : 1150 A: resonant
DIIIIIIIINIII T
ww . ) g
i v P i \\\ .g
i \ . Ky g
(NMA)2Csy—1Pbulsnsr | 5
\ 7 vy 7 N g
\\‘ :' mP‘y\PB “‘ -
.+ A Y
AV K - 215 A: not resonant
qu/Al 1 ! 1 i 1 i
0 700 1400 2100 2800
TmPYPb thickness/A
. TR (d) ) )
a2 |(© With Au NPs 1150 A - With Au NPs 1150 A -+ w/o Au NPs 650 A
5 With Au NPs 650 A & w/o Au NPs 1150 A
; —-15°__O° 150
g e
5 :
~
z
z w/o Au NPs
g 1150 A
=
A With Au NPs 650 A

600 700
Wavelength/nm

PL intensity/arb. units

3 (a) IR M R ERE; (b) PL & 3% B B TmPYPb & B 948k #i 2 ; A . JC Au NPs & ifi i PeLED #5% {4 7£ K [7l
TmPYPb B (650, 1150 A) B (c) PL & S5 (d) PL 35 5 16 £ 1 A48 1k il 2%

Fig. 3. (a) Schematic diagram of the micocavity structure; (b) the simulated evolution of PL intensity with TmPYPb thickness;
(c) the PL spectrums and (d) the angle dependent of PL intensities of the PeLEDs with and without Au NPs at different TmPYPb

thicknesses of about 650 and 1150 A.
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Table 2.  Summaries of optical refractive index and

thickness of each layer.

(NMA),

PVK TmPYPb  Liq

CSnflenISrHl
WHE 15624 2.46 1.75 15
JERE d/nm 35 35 115 2.5
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Fig. 4. (a)—(c) SEM images of Au NPs modified ITO substrates with 5, 15, and 60 min electrostatic adsorption, respectively;

(d)=(f) J-V, L-V and EQE-V curves for 5, 15, and 60 min electrostatic adsorption, respectively; (g), (h) time evolutions of L,
and EQE,,,, of PeLEDs with 5, 15, and 60 min electrostatic adsorption, respectively; (i) EL spectra of PeLEDs with 5, 15, and

60 min electrostatic adsorption working at about 6 V.
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Gold nanoparticals modified indium tin oxide anode for high
performance red perovskite light emitting diodes®
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Abstract

Gold nanoparticles (Au NPs) play an important role in improving the external quantum efficiency of
perovskite light emitting diodes (PeLED). To avoid direct contact between the Au NPs and the light emitting
layer, the Au NPs@SiO, structure and blending the Au NPs into the hole transport layer (HTL) or electron
transport layer (ETL) have been proposed previously. However, the Au NPs@SiO, is difficult to obtain and
affects the charge transport. When the Au NPs is blended in poly(3,4-ethylene dioxythiophene):poly(styrene
sulfonate) (PEDOT: PSS), the density of Au NPs is not easily controlled and the PEDOT:PSS is not an ideal
HTL for PeLED. Therefore, the electrostatic adsorption is used in this work to uniformly disperse the ~20 nm-
size Au NPs on the top of the ITO anode, and the Poly(9-vinylcarbazole) (PVK) is spin-coated as the HTL to
achieve the high performance red PeLED based on the (NMA),Cs, Pb,I,. ;. After the Au NPs modification,
the maximum luminous brightness rises from ~5.2 to ~83.2 ¢cd/m?. Meanwhile, the maximum external quantum
efficiency rises from ~0.255% to ~6.98%. Mechanism studies show that microcavity can be formed between the
Au NPs-modified ITO anode and the Al cathode, and the transmitted light and the reflected light interfere with
each other to improve the output couple efficiency of the PeLED. The photoluminescence (PL) spectrum and
angle dependent PL intensity of the Au NPs-modified PeLED prove that the fluorescence enhancement of the
(NMA),Cs,, 1Pb,ls, .1 perovskite is attributed mainly to the microcavity effect. Furthermore, the effects of Au
NPs density on the performance of the PeLED are investigated, which reveals that the device with ~15 min
adsorption is optimal. Finally, we rule out the contributions of Au NPs to the morphology, crystallization,
electrical properties and localized surface plasmon resonance (LSPR) effects of (NMA),Cs,, ;Pb,ls, ., perovskite
films. In this work, the Au NPs are successfully applied to red PeLED for the first time, providing a feasible
way of developing the low-cost and high-efficiency PeLED.
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