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Al ZK FR S 50 38 S = i oo R 3T BCz VBi
S o =R |Vl ol ol e Y b A

ITHRE BN KF FEKT

(PH R R YR S HOR B, R 400715)
(2023 4E 5 J 25 AUF]; 2023 4F 10 H 21 AYEMESR)

W EEOA L O G EME LU T R EROR . AR SR BC2VBI /R TR #2986 M R, 38 AL AR BRG] A
ITO/PEDOT:PSS/TAPC/BCzVBi:BCPO/TmPyPb/Liq/Al 5 Hl % St #% F i) TmPyPb B F &5 )2, 221X A
AL YA KITURL I 2 A0 358 457 B T80, e s I I R A % R s 898 AL, JE 2R 1 nm B, JE URGTAE 10 nm
Y 3 BLGKIBORL. 43X B ORI A TmPyPb 2 N R BCzVBI:BCPO K62 z =4, 8, 12 nm &b, 5%
A ALZ PR LE AR AR LG, e 0 R U 2 R R Dl P A 2 DR O 1L RS AR 22T R KR {HAE 2 = 8 nm, P
4 E m T, AL AT REAE T, o < 8 nm, 277 A b 3R A9 GK, T @ > 8 nm, F3A ALNURL 1998 ' w hdi ik
%, SCMERLFE AR R A5 Y SR A5 B AR 5. AE o = 8 nm, KB E RSE IR (9 V) A ARk, B KSEEM
4200 Cd/m? %3 3500 Cd/m?2, {H B i 2% B 41 )\ 335.19 mA /em? Y/ E] 145.71 mA /em?, {5 75 B 30 8% 3R I ifif AL
0.88 Cd/A #& = 5] 2.36 Cd/A, MIMHLAME T RCRIETE T 170%, 23 B LL UMK 78% K& %1 30.5%, e id 61%.
TE LU B R IK 270 mA Jem? B, HLJACR RIS i 1 RCR AL REHE T 66.5%. X 45 SR W], Al 9K ITURL = 4R

SR 1T 25 B I OT R S RE RS AT 8O R TR DA ML TR I KO TERE.

REIR: RIEDOCAYLEOCEE, SRR EOTAN, AL GURIFORL, OLHCR

PACS: 52.25.Tx, 33.50.—j, 42.70.Jk, 78.66.Bz

1 5

A L B &k L 48 7F (organic light-emitting
devices, OLEDs) HA 5Z B | MLt DIAEMR. 6
B BHA A AR S E 20N, T2
7 DA B[] 78 8B A5 40 el AR R FH e 6L AR
WM, 76 R CRBCER AR E M T, BOGRs 1 1) S E
BEALLEOEE. St RER B (AP,
] LR 5% (79, g AR R A S G T R LR
SR AR TRCE (external quantum efficiency,
EQE), EQE &g & & 56805 A2 4L
1 E 3.

A, AT H 4 8 0K UKL (nano parti-
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cles, NPs) /= A4 19 Ja) 38 2% T %5 25 34 ot (localized
surface plasmon polariton, LSPP) 3k 2 & OLED
i) EQEN-19. LSPP %W 2 48 75 58 A8 St i /E H
T, @EBE N B H B AR TR S
M AR TR IR, IX PRI NS K5t i 2%
(e nivEse el

KT LSPP X} OLEDs &t g ma i i 52
RELDT Au, Ag FFRETE T WL Bey™ i FU4%
BTN SR 4R NPs. N, # Ag 44k A #%
SEIT ALBAMR, AR ACRAET 15%, A Ag 90
K= LSPP, #5 Al B Ay SR ik & 4=
A, (AR B AR, AT SR T f -1 AR
2 AR AR A RE B T HLER I [N T4
B ARIRG WA, BI Ag-NPs ) LSPP 547
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A, 77 AR Ry Bl AR T 45 B IR 4R (local surface
plasmon resonance, LSPR), & &9 I\ %5 5 714
P TR EUH 238 16% BIRe R H F &6 1L ¥k
£ 20 nm ) Au-NPs BARTER (3, 4 LM —5A WE
W) (R IR ER) (PEDOT:PSS) 25 /& i |2
(hole transporting layer, HTL) #1, REHELAEGELH"
W RO GRS G IR T T 2.7 %, Wik 2
Au-NPs (Wi LSPP 5 MWk /& $F X 38 ($55k 0™
W) A A AR A BT B0 0L 3 1 L AR
NPs i T fF 123 7Ga %M, BIXHE g —il,
HEOCH BB R T2EANE, @6 XA >k
8 S5 S )06 SN W 52 AR B S
72 A AL T IO IRV B G R . FH I R AR
475 nm KOG, [FIAEIESE LSPP REHY s+
(%) S BRI R, DT 48 1 % 't ST i BE 1. 7
HTL i A — 21 Ag-NPs, 155 @830 (5%
S HLEOC A, Il T 5 LSPP ZIA &4
A, WIGTR T RECROLMERE, (HARIEIA R 15 ] Ag
SR LR P AR AF BTN, 7E 100 mA /em? [
EHLSEE R, AT TADF-OLEDs SRR
FEAN 49.75% FAKE 35.76%, 1Mt K HL AR A1
A 10.5%09. TADF (thermally activated delayed
fluorescence, # i b 4E R % )6 ) 48 5 — L&
S5 EEMAR T Z A REg 28N, fifs
T P BB A5 A 0 H 38 3 T Ak S 1) R T 8l
Sy A, 5L 100% TR, HRSeE &
i A7 P T R BE DR A RO EE . ML BCR R,
RICHEREBRGS. #70F & T, TEMRRIM % A, R
Y @S R Sl N - 1B N1 2 (1 == R
JE, AR N 200 TR, X — R NRCRIR
W RRIREELE T (Dmax — 1)/ Nmax FHE , o 1
I 43 I fe R R AL 805 R S R YA B 6T 1 7Y
HL AR, RCRCRIR B N JT, ROCRIRFE L),
1y Pt P, 35 T 3 O ) S U8/ ), 5 P O 72 Ak SR 1Y
ROCHEE PRS-

Xif F 3% 82 4 Ja W, LSPP AU AL IR R o, =
Vne2/(egm) , Hethn, e, o Fl m 53500 A T
BB W LR S HL RO L e T
A0SR G NPs, AR 2 T [ 09 AuFl Ag B9 n
B4R 5.90%x 1022 cm 3 F1 5.86x10%2 cm 3, wp fE
DEFCE AT WO B Be (N£rgot) R0 T ALY n
R 18.1x10%2 cm3, [t Au I Ag BYTE K, S EY
wy, A B A i B R 3 S8 AN B i SE AL w),

TEREEEAMX. (W 100—200 nm), NPs B i)
AEHBIZE KT 350 nm (UEZEGIX (K 350—
500 nm, H B HE ), KRB BoR R~ 19
I, B AL-NPs 1 LSPP &0 H9R % #% 5% OLED
1) 2 Y1 REIF B0 SOR R B, BLg ok & T AT
). AHXZ A 1k i A HH BRAR SE B 2R ) S B 5T

SRIMT, 7€ HTL hifi A AL-NPs, Al URIPI7ESE
B FEOEWM, SRR EE. A, ALY
FUAEH IR (WIR 2), g ss /L . ek
JEZE A ALNPs, KW S AL-NPs k442
i B B R, SRS AT RAR RS S S
R 5 RFOEBBHEE R, NIRRT & SR 2122,
P, AR S26 22306 ALNPs 1 A RS 60 1 H
T 1L Hi )2 (electron transporting layer, ETL), Jf
BB HAE ETL WIS (), 4 #rii sy LSPP
BN TR TS OLEDs & JCRCR S . I3 &
SRS NPs 7 Faa N A iz 600, BPXHER
B — 1, LB RO 5 BE B AN BN I
i SN RRA L G5 T

2 HwmdlE5NE

OLEDs 75 & & J6JZ P 43511300 3k M B AR A
PRSI A 2 ok 1) L 128 9, PIRR 3 I T AH B, B
BT, B46 5 DT RIE R lcRE &, R R
A, MISEI R . TN A e E A S
MIFERS, PO NHRZ TS (b=
) BIBES, WG, S RES. BT
mWEG, LAEEENES. FREE S AT
e re st PRt 488 AOUR0R, S E Al
R E A

AR R MO ZBEE, S HE R T 2 F
MBHETT L2 2254, 76 B BH F AR ] B ) R A
REZLBNER, J7 T8 2h AR T i . AL,
St 1Y OLED H A5 & K2 W 43 546 A H
T () EwZ BT (20 AR, Bk 5 2
SEHE, PN T A JZ SN A 2 B B LA

AWFFELL 4, 4% (9-2.FE-3-ME Wk 25 3 ) -1,
1R (BCzVBI) ME iR (A2 bR, 14 H 42
FRAE . [4-(9-FRme L) ZREE ] R SABE (BCPO) 5
W BR AR R 844 R0 7%, 7 BCPO
WIE)oEL, 784 K062, R BCzVBi:BCPO
(R E R L, K DIRem BHE T, EERMELE S, D)
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2 SEBR 1 RO R JE N BCzVBE). i TR
I, Hil %% ALNPs FIA S ALNPs /P fp i 7258
e, HE5H 5K 1(a), (b) Fis. BCzVBI:
BCPO &I¢JZ LR 3, 3-[5-[3-(3-MLhEdE) FE3E |
[1, 17 3/, 1=K -3, 3/- & | —mEhE (TmPy
Pb) /& ETL JZ, 5 LHAKIK R 8-F2Femsmk-4H (Liq)
HLF A SR AL BIZ. A RO62E T KK
W4, ALFREEET [N, N-Z (4-HIERSE) 2607 | (TA
PC) HTL JZ, PEDOT:PSS % 7UEAR, KA
#) (indium tin oxide, ITO) FHJZ. FEW Y ITO
AL T B AR I, Ut HTL )2 280X
TEAJZ L BABR 2 A s S dl, 10 #h i 5. PEDOT:
PSS HLE 2= 7 AAE F Y 22 RE Bt/ i) PEDOT,
1M PSS & W A4 78 2 R G £ 57, 48 PEDOT
TURLHE B B

EE 1(a) H, ZE R 1 nm 1Y AI-NPs JZ, &
A ETL JZMAFRREA (B % BCzVBi:BCPO &
HJE ERE 2 nm), ETL Z M EJEE N 35 nm. %
MR B B, #8254 S 35 /TTO(100 nm)/
PEDOT:PSS(30 nm)/TAPC(25 nm) /BCzVBi:BCPO
(30 nm)/TmPyPb(z nm)/Al(1 nm)/TmPyPb(35
— z nm)/Liq(3 nm)/A1(140 nm), H.H, z = 4, 8,
12 nm. BCzVBi ZCY IMUE S S Al-NPs 55 &
FARG RS RREE, O T 90 A 06 55 45 18 14
SR ) SRR E. B S A RUF A NPs 1 LSPP
RO R E BCzVBI 73T SRS &0, BT LSPP
Pl 5O RS Z M ES MR . T ALR
AR A L FEUE B, ALNPs 19 LSPP 1%
R EHR W I 2R A BRI B, 58 2T LUAL o

(a) | |

Lig (3 nm) ’

TmPyPb (35—z nm)
00000000900

TmPyPb (z nm) Al NPs ’

BCzVBi:BCPO (7%, 30 nm)

TAPC (25 nm) ’

PEDOT:PSS (30 nm) ’

BCzVBi & 5 % 6 1% i K3 Bl . A WF 58 F11 T AL
NPs [ LSPP &L 400, 75 B2 WA /E AL
. —J5 1, T E LSPP &0 il LAl BCzVBI #
EAMTAERI R A R R, B A5t s
BN, 3K TCEE 28 55 & G2 R BRI, HER
BT ANV R R 2 38 LSPP PG KA
MAEHIBE R — M AE 10 nm VAN, %—J7 T, E5H
LSPP % v 1] LA K BCzVBi 88 A5 3 7 5 5
SRR, RPN A — D AR TR
B P S s ) LSPP #7962 i1 FH bk 3
55, (HSCPPVE FEBILE 58 B B 2 1 s 0l L i —
BUHIEENS , — M n] UE B350 30 nmMY. £5 BB
&, AL-NPs [1J LSPP % X} BCzVBi:BCPO k&t
JE s, BT E R PR E AL 54, Rt
£ TmPyPb 2/ AL-NPs {7 — A 4 AL
B, 7EIALE B AT DUS BRI LSPP (2Ot
O 171 3 A LSPP Y 2 6 VR AR, M B b4 K
BCzVBi HUE KRR E SRy, Ao
R, BOMAEARTLI IS T 3 MHEANME, LT
AL o W R

Kl 1(b) AXT b as 4, HA5#9 % ITO(100 nm)/
PEDOT:PSS(30 nm)/TAPC(25 nm)/BCzVBi:
BCPO(30 nm)/TmPyPb(40 nm)/Liq(3 nm)/Al
(140 nm). HTL M 1E H 228 o0& S e i 7 BH Y,
ETL m1E 2 i e as 7O, FERHA AL
NPs (#5145 TmPyPb 2 KR 40 nm A2
35 nm, &% & T 1 nm J& AI-NPs JZ [ I & 5048
s Gl TN Eh: NS A WK & i E <6
HL AR AR R 3, SOME TmPyPb J2 ))&
FEIE 98N, AT X A 42 ] EQE 1421k

(b)

Lig (3 nm)

TmPyPb (40 nm)
BCzVBi:BCPO (7%, 30 nm)
TAPC (25 nm)

PEDOT:PSS (30 nm)

Kl 1 (a) TmPyPb JE ik A AI-NPs 9854451 (z = 4, 8, 12 nm); (b) X FeAs 4514
Fig. 1. (a) Structures of devices with Al-NPs inserted in TmPyPb layer (z = 4, 8, 12 nm); (b) structures of reference device.
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Bl 2 NS 2R g BBl 257 OND) Rk
4.8 eV I ITO Mk %, ZEHBkRIEA BC2VBI
1-5.4 eV iz 5 95 43 F #1138 (highest occupied
molecular orbital, HOMO). H ¥ W] M Iy p& %0 R
4.3 eV 1Y Al BAB I A, B kR #EA BC2zVBi (1)
-2.5 eV IR i 43F#1iE (lowest unoccupied
molecular orbital, LUMO). BCzVBi i HOMO I
LUMO TEEI LR B CORPREUH), 2 2.9 eV
1) RE B V0 R N A FE VTR, i +-28 XM I
T, TR A R ML, PEDOT ByS: L
RAF, 8% 20 LUMO, R4t HOMO. 48, 1&
TmPyPb ZNHHEA Al JZ, BB FREBE. X
B3 BIF FEL i B HICERS A ) S0 A8 I e~ — 00 %) 4% i
FLRH.

—2.0eV
—2.2 eV
-] —27ev
° —2.9 eV
(s}
O o !
& a i Al Al
< : SR [
H M : —4.3 eV
o> £Q -
TO_ prpor 9 z e
—48ev 22 T
5.2 eV R
—5.5eV
—5.8 eV
5.9 eV
—6.7 eV

K2 g ae g A

Fig. 2. Energy level diagram of reference device.

il % 28 ¢4m, PEDOT:PSS J2 % i 1.2,
A2 ¥R F B2 g & 0 5. FETE U B 25 0
B2 w0, B E A 1TO E W S a2 B 3k A
PR 6 75 3 7% 20 min, P 20 BEVE TRk, AR
15 min. HIHBATHEFN, 78 100 °C HE+ 10 min.
SR 5 AR 25 3 KX ITO #4175 min 19 3 17 Ak
P, DIBR R MA VL E Y, W64 ITO (%) 5 Hfg
1. Wil % PEDOT:PSS JZ £ 55 e 4k AU #4904~ 1ot
2, L1 4000 rad/min %) 3R EER 60 s, L
4 30 nm, ZJE7EFG N#AE] 120 °C 4R 20 min.
WEWR 2 J5 18 Y I T R BRI ik ay, ik
PEDOT FI PSS Wil 5 & W i[5 A A, 2 5
B HHEB R EASE RS T 4.0x107° Pa [ H 2 #H
KR EN, KM Ik T 2888, Kk TR
HAKE, HREEE Y 5 mm? i OLEDs. 4%
AHHUZ B UIRECR A E 0.05 nm/s, HA BCzVBI
4 0.001 nm/s, LAVEEC BRI 7% (B4 . Ul

FUAI-NPs JZ B9 3R 2 0.1 nm/s, TR Al BH#R Y
HORNNERE] 0.2 nm/s. R FHAIE A
B2 A 00 A S 000 R R JEE S o 1) 388 3 T AT 54
.

OLEDs {1 RE Il ik 4245 H [ (voltage)-HL i
E (current density)-+¢ (luminance)-HLFEECR
(current efficiency)-#MiE 2% (EQE) Mgk 2
FeEU &S (photo luminescence, PL) Jii | BEA 72
& (transient fluorescence) FEIH HZE | J5i+ 77 il
%% (atomic force microscope, AFM) &/ FHIFHiH
F B %% (scanning electron microscope, SEM)
B . o - i 5 - S - AR b e F
HOE ML AR T TOPCOM BM-7 5% B Y
Keithley 2400 J§ I & . PL St i ) & 2 4 i K
9 375 nm BYSCIERE M B, TESHADEEUROE,
i i PRO70 JGiECRETHAR I 4% 19 PL VERE. BF
2504 ] Edinburgh FLS920 £ 245 I 25 2¢ )t
JEIEAX, 15 BN EF BRSSP 2. AFM
F] Hitachi E-sweep SPM M %%, SEM % f] JEOL
JSM-7100 F Wi%%.

3 #ER53b
3.1 Al-NPs {238

Al-NPs 7 TmPyPb ETL W}, I 5 BCzVBi
WFVER, 724 LSPP &0, {5 AL )3 sR B0 1
ETL N1 F1& 50, th2swi ok OLED #F#im +
(FEF) RO 22 1 () . X 75 Bk A il
M) ALZIERE. AlJZ K, ALNPs 1Y 7 55 % FE X
(W& 3 LS AR AL B9 3HE ), LSPP & W AN A &5 K
JE, HLTAN 538 i R 2RO 3 AL B 2E B 1B
J2, B R OERCR 23 O REAIR 24,

& 3 kR AFM Fi1 SEM Wig2455) (%) Al-NPs
WA R AEIR, Al EAKAE TmPyPb I+, JEEES
A4 0.7 nm (] 3(b)). 1.0 nm (& 3(c)) #1 1.3 nm
(I 3(d)). YE X, F 3(a) ALK ALZE
[R5 B (4l TmPyPb % 18). & 3(a)—(d) 1Y
P RAHTR]. SEM () ERAR 43 #F27E 10 nm HiJ5, {H
SEBRERVE MR R A LU IRE, A5 F BIAR /N
ALNPs(5A1#%); AFM REAZ U H 5 /N1 2R 11 5
HE, AB AR EH A A SR AR A KL, AN 5
AR FLE RS RURAR. B LU PRI 58 5 Bt
SRAKIE SRS 1) AT A5 B
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3 (a) TmPyPb, LI KM TmPyPb E/EK (b) 0.7, (c) 1.0,
(d) 1.3 nm & Al B RTEDE S F &8 AFM EHR, T o7kt
N SEM FEl{%

Fig. 3. AFM (with inserted SEM if necessary) images of
(a) TmPyPb; (b) 0.7, (c) 1.0, (d) 1.3 nm thick Al films
grown on TmPyPb.

Kl 3(a) K AFM K. nTLUE H TmPyPb
(AR TR 20, T H R R R H S K22 HA 5 nm,
(EER RS

A=K 0.7 nm JE AL (€ 3(b)), BRIMGE K
7 ALR DL U H 25 8 R NPs,
S HE TmPyPb R, B 3 R, RiARH 401,
ML KB LR AN G5, R e R s i2E 4
11 nm, Ut AL-NPs 763 5T B J7 1] f s nl A
H 6 nm.

Al ZEEEHF] 1.0 nm (& 3(c)), AFM K%
HR] DUA B T 22 i/ NBORL, B R O KRR
-, A2 5 R RERLRIBR S, 15 3(b) HEBIMK
ORI A #E— R K, R R S R 22 WA R
11 nm, BERA ORI RS Te AR k. KR /N
UREAE — S8 X B — BT HE B 3R, (B =
FIRF 100% Z T, FFARTCIRHES:, Toie s [ ik
Phml. 7EE 3(c) B SEM EG H, & F B/ NEUkE £
RIF BT EeE 3(b) b, X Br TR AR, BT HE
SRR/ INURL IR 4341 %% FE 22 LU IET 3(b) 1 K A% 22,
AT A 55 BN 1k — B0k, S5 L
DIRIN 08 i B 22 5.

ALZEREEN 1.3 nm (B 3(d)), Al PUkifsi 4y i
THA, RIS A 5 nm, HE 3(a) &
A ALJZBYTEBUBA A & IX 5. XU AL 235501

Hil#5 PEDOT R, H T BB I 38 A7 XF 38 o4
AN KRR L, T LA 3(d) Rz 3(c)
P /INBRE (RF NPs) 2% 50HES, T T 8 35 %0
100% I “FEZEE . AlJZ AR, L5 Kl 3(d)
AR (REHET).

FETHLYY (Feln ik Sisli Sio,) iy & m b
ZEPE A JE MPORL, 38 I 1) TR R 2T R Y 4
J& 5y, R — e R, AR 4R B B eT %
W, TGRSR, (HR A SC G & B AL 25 8%
AV L, AV T8I B NPs, A Y7854
FNRIERT, NPs fU% B R 8 K, ALREA A ] fig i
B HR AR ZE R R T, ALNPs 23
FRorak, X5 2P TR IR LB A AR K
ZE5.

FPRIE ALJZ AU NPs IRES, ARSLE6 1k
E Al JZRUTFRE EEAR 2 1.0 nm, B HAfHAF| Tm
PyPb &5 2 NARRREA, Hirds it &6k
REfAS L. YT L 28 TmPyPb J2JEEEHANT 5 nm,
WARYE 1.0 nm JEMY Al ZH05E, 1L FRERERCER
FEAR—FL

3.2 Al-NPs 7£ ETL AAREIREHAE L K
I N ST 2

LSPP J& 37 Rl 42 & 91 K 25 460 1) 2% 1 WL A 2
) & LR R, WO M AR 3R T F R B . LSPP
JLYRAE ARG 5 NPs J&] Fil i) i i 0 B, AT 52
M — 7 B 8 Y B N 96 701 DG 1 & 5 00 S T
T EA AI-NPs 7£ ETL SRR L) LSPP 200,
HVE T — 212549 R 335 /BC2VBi:BCPO(30 nm)/
TmPyPb(4, 8, 12 nm)/Al NPs(1 nm)/TmPyPb
(30 nm) /A1(140 nm) BIFESL, LASEANE AI-NPs 1Y
3% 1 /BCzVBi:BCPO(30 nm)/TmPyPb(30 nm)/
A1(140 nm) XF AL &, Wl & BCzVBi:BCPO &%
JRTERAS T PL %, SiE2& 15" 4 LSPP 13 ak
Ji.. TmPyPb(30 nm) JZHI T8 AL-NPs J25 AL H
WA R B, X BLAY A1(140 nm) J2 5824 5OEEE Al
PP, A miil, Mo T Liq 2. 550 LSPP
R0 AT [ 3 8 BCZVBI 2 T B S AR
ARFRST A A AR, B A GG iR T (S RO G
55, PIFALHIAR B30 4, SRR BRI R AL A 7E
548 B8 S BB B 48 AT s, (EL i Rb ML ) S vl bR i
JEFLT S, P, R ROLEAR FBA —
JEEE, AS2E A DU B — A GG IR o,
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X — PR b AL TR LS, (515 02
DI R A 3 .

AR 375 nm [ B (8 2 AL AR A, IR
SRR S AR RR & B 38 X1 BCzVBi:BCPO 2,
M F A PL & LA 4(a), H o = A/F(Al free)
RO AL-NPs R IEOL. A7 5, 15 4
%) P {51 B £ ) i AR B R S I AT AL
NPs FE 5 0 e KRG R 1, #1710 — b B,
PR AR = By BRAH BT RE B R i &
T, REEEE T2 5 4 FR st B HLHIAE
A, &8 3K KT 375 nm BYESERE. TR
B, JUACHRE Y &G BE A M R 410 nm FF
Iz E I, 78 450 nm s BIE(E, 2 J5H BT FRE,
fE 460 nm X IR EIFF, F] 470 nm FRRGA 4,
SRJG— T N R, FBLH OB & e AT . KR TF
550 nm Ji5, & G5B GRSk ) T A
FEVREE G DI, P BE0LE (1 33 - 494E R 460 nm.
WA R B I LER G RE IS, T (R R R
& TIRshaE R M E Tb S S, B TFRe b4
BINMLER. KR LSPP RN R0 5 T30k A5
IRV R, WG ATE G HR AR RS & G R,
A LSPP A B FI o3 TR & Z M3 Be i 284, A
M AF BCzVBi ik A g i, it LSPP R H &
SIS R, (AR SUUEEZIR R, T 390—
435 nm & [l Ry £, 435—475 nm 3 {8 %6,
475—495 nm 8 B R EH G, Fr g k6 R DIR EE
ok E, WA TR E SIS WE 418
AT LIFE ], HEHLA ALNPs, H PL 58 EE#S X L
R, SIS A B SR T 4R NPs 5
W FHE R F Y, DI T BRAT e kN 7 &
A HI A, X ETHRTE T 0 F Bk E TR
2527 e A ALNPs 8, 24 ALNPs 5%

12} z/nm
—38

1.0} — 12
—

0.8} — A/JF

0.6

0.4

PL intensity/arb. units

0.2

0F

400 450 500 550 600 650 700
Wavelength/nm

YR Z R RGN 4 nm B, B SR LSPP 2% 5E,
1B B T2OER KA E RSO R R, &
HOEOLZE PL R KA i, UL TJC Al-NPs
PR Y PL SR RS e . S ALNPs 5 &6
FIFE B HE N3] 8 nm, PL %58 B 38 K . (5
> [H) PR PR B B NS 12 nm B, PL 35 A58 2 R
fiK, JEIR & A-NPs i LSPP %0 BE#E B3 k2 4
FRUGRIES, AP B — 2D K Y18 LSPP &40n s
Rz s . X 5 — A A LSPP 34 [l & A4
1E 1—20 nm Z [AJ L5 IR HEAAIAT 7. Ak, M PL
45 BLAT LIRS, 4 AL-NPs itk A7E ETL 9 8 nm
R, LSPP &0 i AE 45 R 5 i, BCzVBI Y
PL 5 BEREHE 5 15%, Wk % T4 BCzVBi 43111
NBRI G FRCRSE R 15%.

H T2 PL R B R ZR AR Z, Wi
BRI R TRCREE R T 15% "TREANERR. I,
HH 405 nm bR e S BOCEURRE L R R38R
77 =0 . BCzVBi:BCPO & 6)E & S HEEUR
o, MR ASHEREECR R DI E, 15263
KT =% (photo luminescence quantum yield,
PLQY). #fhH HAT BC2VBi 4> F#iid & &6, 1
HAA R A S 9L, 1S ZSEER PLQY H
J 72.4% (JC Al-NPs) 1 82.9% (# Al-NPs, ffi A
i r= 8 nm), B KMFE R 14.5%, 5 375 nm
SR RS PL SRS KR EE (15%) ML, 2251
K.

Kl 4(b) by i 10— 21 W] — 5 Y e S RO
IHIZR, PR 4(a) BOEIE DTk B,
R A — A G BT AL, TR Y, R ]
FAENFP L, MG HSTE = 1) e /7 MR IR

BECEIN. A ALNPs 25, SR AR, B

2 o N4 nm 2T 8 nm, FEIRE ARG EL, {H

x/nm

1000 g

100 g

10 ¢

Intensity/arb. units

Bl 4 (a) BCzVBi:BCPO WY A CEUL Sk (b) BF A2t 2800 il 2k
Fig. 4. (a) PL emission spectra of BCzVBi:BCPO; (b) fluorescence attenuation curves.
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8 nm AE N 12 nm, 3 ko BE L AR g, W] L, ik
NPs Fl & ST 2 0] B #2324, AR Gk 2. BR g
e (Fein o = 12 nm) B, LSPP R Xt & 6 )2
W BCzVBIi 7 F I A SR 8055 . BE BRI (kb
nax=4 nm), NGV KAE b 5%, LSPP &0
AR, K, z = 8 nm I}, BT HYF 5 fr i
L, BT S pH R e b, SR LSPP &0
Az AR A P S W 3. 3R 2 T N s el 1) 3 6 S
WOR SRR BR, BUEUL, © = 8 nm B, K4
THT-LSPP A&, WILHUT Ot8R A

3.3 AI-NPs {&{fi OLEDs BJ& 3 &

FL S - | S - HL | FRL ISR - FL T 2
FANE FRCR-E IR E 4 Fhh g s WL IE 5(a)—
(d). Horb, LA BERRACR A T BV A E [ PR A
£7 1 mA /cm?.

[ 5(a) MR- R INZ, IBZhrili & 5(b)
o = A/F F 8 nm il £k f K58 & XN 1) L
(9 V), Jr{EXT LG X Ly HE I 5 B AR 4. T LLA
H, FEHRIEE T 6 VG, & M8 T ih o 22 5.
HEHH A ALNPs, i BHE, F—EEH T

1000

(a)  x/nm
@ A/F
800 | -O-4

600

400

200

Current density/(mA-cm~2)

Voltage/V
(c) z/nm
4 @ A/F
-O-4
-3
3r | -©- 12

Current efficiency/(Cd-A~1)

0 50 100 150 200 250 300 350
Current density/(mA-cm~2)

F) LTI B 2308/, I ALNPs 231 k8841 i
TirBRA%E, R TmPyPb ZWEERITE &
T YR . X B ALNPs i #ioh A
RHELAS FL 22 1) 32 sh 9EH 28, TmPyPB 9 LUMO
BEZ-2.7 eV, Al DI BREUE 4.3 eV, ALY T
UREEIY FL TR BE, DA9R Sfiliak— MG 4 i 7
BCR BB T, X SR I A AE T AL SR THIAY
T2t ETL H i HoAth A% 4 v A BIBHASAE T, =
| ETL — % BB AR A AL B RLBER, Bl
TR B, AEA AL SR ETL 24 KT
5 nm. {HZX—IH A % IER] ALERK NPs J5
XTI HURE . 284806551 LSPP &0, iX
FRECRAE IR A T TR ARG, Fofe H iR
JEAIE H, IR AR 5L g0 22 . X 1A Ui LSPP
ROV SRR, FERl—HETR, 2 = 8 nm [JH
WHEE ¢ =4 nm Ml 2 = 12 nm AYERR, Rk i
LSPP &% BVE FEAS = = 8 nm B ROGIZHILT
IR R R, B3k 82 SRR .

HL 2 A LR R T 11 VS R, iR
Sl 2 B AT W B CEE . AL-NPs BOFFLE TR 5
U5 F= i A SO (P i = S o S LA A o
ALNPs 7EOE BER T, 774 2828 LSPP &0 i

5000
(b) x/nm
@ A/F
S‘.‘ 4000 -O-4
g -©-38
8 3000 | -©-12
I
[}
Q
S 2000}
i
g
5 1000 b
0
2 4 6 8 10
Voltage/V
(d) z/nm
3F
< |
=
c
=
1+
0

100 150 200 250 300 350

0 50
Current density/(mA-cm—2)

Kl 5  AJC Al-NPs &4i OLED f F [~ L it 7 B -5 JBE - H R AR - O ik T80 ke R [

Fig. 5. Voltage-current density-luminance-current efficiency-EQE characteristic curves of OLEDs modified with and without Al-

NPs.
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KGR, ALNPs 2 S B8R FiE B R4
2, [Al—HL R T ML B R R, BEEHAE A AL-NPs
XF HL A i — A LA S A S e fR I AR
AN K FT RETE 2 L s A b R A Tl B
WAk, B4, G2 i T B H AR J& H BCzVBI:
BCPO #Ji ¥ 52 & 2 & A 8 s X ik ¥l
LSPP A5 iff 5% 2575 | 38 S PR b T B s B R
G, BT R PR A B I R RS K. SR,
RICRCEMARTT et L3 2HE T 8 2 A 4 nm 34
KF| 8 nm, [Al—HEAEH T BRI SR, &
EHMWAR K. FEM M 8 nm B K F] 12 nm, [6
—HLURAEH T R X g, daEH itz
AN, X AR SR LSPP RO A >k iy 45 . mii S,
T ¢ = 4 nm B}, AI-NPs KEEn A2, 258k
BT rE A DBV K, TAE = 12 nm B, i F
Al-NPs 58 %62 Kit, LSPP RN AR5, 75 2 =
8 nm B, H LSPP & & 558 , 2 I K o g 411
i, A ARCRBOMAS BB 58, D15 R —
FEAEFAS A fL AL %5 B2 B AT e Rk, i 2 v il
TR /N BERT, KOG T 0 R A
P, IR M5 AT ARG R &, 01 B9 RE
WL L RES S AR S ATE B T4k 2k
BH. BT R ERRSRT, TE T
k.

Bl 5(b) S5 an Py sE B - R 2. i se i s
W H 2 AR E] 1 Cd/m? B i in i L
WA ALNPs 35t EZ R 4 V, i A AI-NPs
JE¥EERY) 5V, IEL 5] A ALNPs #2530
TAEHZ R TR R AL, SRR,
HAR T IRB A e T 09 L . AL-NPs (&1 1Y
P, o =4, 8 F1 12 nm A5 KA BE 2 20 K
2000, 3500, 1500 Cd/m?, 5 A Al-NPs# 41y
2 4200 Cd/m? AHEL, 73K T3 52.4%, 16.7%,
64.3%. Rl Ko EHAE TR, B7E © = 8 nm Y,
TR, IR AR TR AEOL T ALNPs 5
RCIZE B Fe A 1E, ALNPs %t & G2 v Kk
R F I, [FE LSPP %50 £ e b S B
B (TN, ST R AR, K
AHITER —E, RS A2 L. R
HE R, 2 AR T AMIEAE S5 R,
RMEE 2 A K S5 RN T2 7O E A
W — A5 (R 2045 RGBS
SEFREEIR, WL RIS X A i RE R ARG TR AR

Ji). WA ALNPs, fe KSeEEHBAER RN 9 V(R
Wi E N 335.19 mA /cm?) Ab. fE7E AL-NPs, o =
4 112 nm B PLAE 8.5 V(HLFiL % B0 1)k 39.7
M1 52.2 mA /em?), {H 2 = 8 nm, i K5EE HIH
HLRIRIE N 9 V(FIEEE R 145.71 mA /em?).

[l —HL B/ R, & 5(b) 7R Al-NPs #&4figs
RSS2 I, RS E T . (HEXORMRUR &
HAR L TR, TR RGO S WA 2 B 7 T AR
A TTERAY A S EL

Bl 5(c), (d) 25 H 25 25 14 1) H I8 2080 238 - F 3t 285
i 26 Fn EQE-HL Ui %5 B il 2k, i Sk B ds ok
N 2 B K58 FEX W 6 . A AL-NPs [ 2%
14, H B R R A O AU B Y e K EQE 43 318
4.0 Cd/A F1 3.1%, HHBAER IR LR 7.5 mA/
em? 4b. ZJE, B A HL U A BRSO, LU AR
EQE #AR R T B (B3 S SRR IR RS ). 77
Al-NPs (850, I 32 BT 1Y L JRACR A L v
A ALNPs K. 32 00 5 B ) R 52 e (F Hs (3] B
0.5V, VLIE 5(a)), B K HL T A5CR 1% HL it 2 i
EARNAWR R, 75 2 = 4, 8, 12 nm, #5F0 5
K HL TR RN B 1) 5K EQE 439lJ& 2.9 Cd/A,
2.3%; 3.4 Cd/A, 2.7%; 2.2 Cd/A, 1.7%. TR
BRI L AR5 BRI 27.5%, 15%, 45%. fe Kk
EQE 43 5 1% 25.8%, 12.9%, 45.2%. 7] W, it
JETE z = 8 nm W TR i/D. AL-NPs 2k
HL AR R K EQE FER, S22 AL-NPs B g
PAK, kA ETL J&, X H 712 ol B s e, i HL
Al-NPs i g oM i+, TR FBEBE, X
kR . 2 o = 12 nm ERFEN, BT
Al-NPs 8 % S )2 50k, LSPP R4 I 55 ifif ¢ 2
Wi/ N IR R L RRCR, AR b ol R 3 1
VAN F I, MTE 2 = 4 nm W, LSPP SUW EM%
L5115 1A SR E o 11 L = A e TN | S <.9) | W0/
KA, e KL ACERE T ARSIl Z2 1. iy
r = 8 nm W, ZOCEEIBN FEARE L bR, HIE LSPP
BN, B R HL ISR T BRI A2 (BT LEXT Ll 284
TFET 0.6 Cd/A).

MR 5(a)—(c), AL-NPs s S 58R AKH
T AR LA L[] — R T 1) FL i 288 B 5 FE R T %,
IF NPs &4 2 o Y. {HE, OLED ##F T.4/F
TE R SE JE BT W0, A di B 22 0 W A8 4.
ML 5(c), (d) WA Hh, Bl FL O 2 B 3G K, BR
T =12 nm MIEH, BIEHBCEA EQE TR LA
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Wik fF v = 4 nm, BORWE K AAEB TS R
230 mA /em? &b, B4 E THILH TS E (BlfHK
SEREXT N BT, O 39.7 mA Jem?), TGS
B HAE 2 = 8 nm, IFE KT 31.4 mA /em?,
RO R A 1, SRk B4 L B (145.71
mA /em?), MR FXT Fe gk 5 41 & ek e
XF g R AL R 2 R K, O 335.19 mA /em?.
FE Fe R B O I I L O 8 B (FRLUR Sl 9 V), X
FC %1 B H L SCR A EQE 4391l 0.88 Cd/A Fil
0.67%, T = = 8 nm 1) AI-NPsI& #4043 5] 4
2.36 Cd/A 1 1.82%, 4&THiE EE ik 5] 170%. BP Al-
NPs &M AR SR e K AOGSE B, H AT DLKIR
T T W R, A% R 270 mA/
cm? I, XF e #HY EQEA 0.929%, 1 2 = 8 nm
) AL-NPs &M #5435 2] 1.547%, & iR B Ay
66.5%.

FERENCRIRME L, WE 6 i, MG
FAE 100 mA Jem? (9= LSS BE T, XF LL#R R
(Nmax — 1)/ max = 47.5%; #x A Al-NPs, 2 = 4, 8
112 nm ZHFEY (Thmax — 1)/ Dmax W35 R 32.8%,
20.6% 1 31.8%. BT LA, JRAF 00 e K HL T ASCR
Bt HE AR R BT R, (HAE 100 mA /em? FHLIT
R, WOCRIE M L BN ARAT D3 el i
MR 14.7%, 26.9% F 16.7%. X 743 7% W] LSPP
SR IR S B A A9 %, I H Y 2 = 8 nm By
BRGNS FUARAR. QRN e e K & 65 B A R 1
() 850 IR B b, U B R 78% (HL I 4 B
335.19 mA/cm?), 1M = 8 nm AY AL-NPs & 1fi
4 30.5% (FELFEHE B 145.71 mA /em?), MR
HEREFET 61%.

100 F z/nm
@ A/F
-O-4
©-8
. 12

80

60

40 |

Roll-off ratio/%

20 |

0 50 100 150 200 250 300 350
Current density/(mA-cm~2)
Bl 6 F Al-NPs 24 OLED (505 IR L

Fig. 6. Roll-off ratios of OLEDs modified with and without
Al-NPs.

B2, z=8nm, HEN 9V EFEERK,
g 3500 Cd/m? (& 5(b)), X} Ry # HL T % B N
145.71 mA /em? (K 5(a)), AR N 2.36 Cd/A
(I 5(c)), AMETFRCE R 1.82% (& 5(d)), REHEH
TACE I 2 TRCRAETE 170%, MRCRIE &
W8 61%. TEF IS N 270 mA /em? B, HLIRRCR
FAI 2R A0 48 T I B BB IA B 66.5%. AU,
Al-NPs $H4F7E 2 = 8 nm B} LSPP & ik, KiIE
PE TIRWEE OLED M AERCR, ks TR%
TR R) .

4 % i

FEE AN A2 G R L AR ALK,
JE RS 1 nm B, T R B 9K UL . AR
i LSPP # % )2, i A ITO/PEDOT:PSS/TAPC/
BCzVBi:BCPO/TmPyPb/Liq/Al £ #L % St #% 1
7 TmPyPb ETL N &l R EEAL, #E o LK,
fii1% BCzVBI IR 9 K S e 15 4 1 A i e
FrorE S, A LA R ROCRCR RRARBCRIR R
. A-NPs 2E 5 BCzVBi &4 &2 8 nm, Jii
9V HE, SEREIRFIER K, 4 3500 Cd/m?, 5%
HifA Al-NPs 20X LA A L, B RieR fnah
T RCRIETE 170%, 18R IR B A 78% R F]
30.5%, M 61%. 7F LU % B =ik 270 mA /em?
i, HURRCE IS T RCR W RE SR T 66.5%. X 4k
SEIR W], AL GOR ORI A& 1 e 0 ) 1ol 2 1 45 15
POTH S RE RS AT SO SR IR A LR L A Y

S 30k
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Influence of high-frequency localized surface plasmon
polariton effect of Al nanoparticles on luminescence

efficiency of deep-blue BCzVBi OLED

Wang Yin-Xia  Bai Xiao-Chuan  Zhang Yong Li Guo-Qingf
(School of Physical Science & Technology, Southwest University, Chongging 400715, China)

( Received 25 May 2023; revised manuscript received 21 October 2023 )

Abstract

It is difficult to enhance the blue or purple luminescence efficiency of organic light-emitting device ( OLED)
for practice display applications. In this work, aluminum nano particles (Al-NPs) are inserted into the light-
tight TmPyPb electron transporting layer (ETL) of ITO/PEDOT:PSS/TAPC/BCzVBi:BCPO/TmPyPb/
Lig/Al OLEDs, in which BCzVBi can emit deep-blue fluorescent light, with the attempts to overcome the
above deficiency through the local surface plasmon polariton (LSPP) effect excited in A-NP at higher resonance
frequencies by the luminescence radiations from BCzVBi. The distances of Al-NPs from BCzVBi:BCPO
fluorescent layer are chosen as x = 4, 8, 12 nm. The morphologies observed by atom force microscope and scan
electron microscope show that the Al film with a thickness of 1 nm, deposited at room temperature by vacuum
heat evaporate, is composed of separated Al grains (therefore, called Al-NPs) with sizes on a 10 nm scale. By
inserting these Al-NPs into the TmPyPb ETL, both the current density and luminance at the same voltage
decrease in comparison with the counterparts of reference devices (i.e. ones without Al-NPs) due to the
worsened carrier mobility. However, the current density and luminance both rebound significantly at z = 8 nm.
This may be due to the fact that the fluorescence quenching strongly occurs at & < 8 nm, and on the other
hand, the local surface plasmon polariton is weakened too much at x > 8 nm due to attenuated radiation from
BCzVBi. At z = 8 nm, the voltage (9 V) at which the luminance reaches a maximum value is the same as that
for the reference device, but the maximum luminance itself decreases from 4200 Cd/m? to 3500 Cd/m?.
However, the current density also decreases from 335.19 mA /cm? to 145.71 mA /cm? This conversely results in
a promising great increase of current efficiency from 0.88 Cd-A! to 2.36 Cd-A!. Subsequently, the external
quantum efficiency (EQE) is enhanced by 170%, while the efficiency roll-off ratio decreases from 78% to 30.5%,
with a decrement of 61%. At a high current density of 270 mA/cm?, EQE enhances 66.5%. The coupling
between fluorescence excitation state and local surface plasmon polariton is determined by the overlapping
between fluorescence emitting peak and plasmon resonance peak. As aluminum has a number density of free
electrons, 18.1x10% c¢m 3, much larger than those for the other normally used metals (such as gold and silver),
its spectrum of local surface plasmon polariton is enough to cover the fluorescence wavelength range of BCzVBi.
These research results show that the luminescence efficiency of deep-blue OLEDs can be turned better by LSPP

excited in Al-NPs at higher resonance frequencies.

Keywords: deep-blue organic light emitting device, localized surface plasmon polariton, Al nanometer

particle, luminescence efficiency.
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