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WA HLH B AR F (WOLED). 5 X BUA G 2= S5 # 5t OLEDs 9 A e AL A i 4 fn it 2 24T R 48

WF5E a3 b, 5 AN Bt OLEDs 9 & G J2 45 9 AH
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519 2 &2 45 MWt WOLED e KL i 3%

FAME TR Y B A 34.6 cd/A Fl 13.5%; 4555 4 1000 cd/m? i, H A FSCR MM TR 23 914 33.9 cd/A
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TR AER IR T A VUM R R R A s K38
T EG XK R RN, 55 E R 5
HLIA AR RO (3RS 2123,

R T IRBRERMAR EDIAL R B AR, 740t
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AE AL ACIE 2 (0.020, 0.005). Yang %5 29 i
& T UL G Wk R IR0 £ &2 25 H it
WOLED, H:5E 1 4 1000 cd/m? B Y B Ji 8508
44.5 cd/A; ZEI 1000 cd/m? #4 % 15000 cd/ m?,
H CIE a3 A 4548 fb &8 ACIE 24 (0.006, 0.010),
IRBAEEE WOLED B & 6232k F =Rl
BRI, 5 T AR 4. BLAb, At fEss: 2o

http://wulixb.iphy.ac.cn

047202-1


http://doi.org/10.7498/aps.69.20191594
mailto:jwang@jlnu.edu.cn
mailto:jwang@jlnu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 69, No. 4 (2020) 047202

2T BT RO OSR]I g
Bt WOLED, 7E5¢ %4 1000 cd/m? I #5441
HL AR N 14.8 ed/A; 5% £ M\ 465 cd/m? 34 &
15950 c¢d/ m?, H CIE {5 B AL bR A8 fk it ACIE Hy
(0.023, 0.012).

AR SCR W (B A R Bis (3, 5-difluoro-2-
(2-pyridyl) phenyl- (2-carboxypyridyl) iridium
(III) (Firpic) FIF OBEEA R Iridium (TIT) bis (4-
(4-tert-butylphenyl)thieno|[3,2-c]pyridinato-N,C2/)
acetylacetonate (PO-01-TB) 43 BI1E b & e & 1k,
53 3 LA &5 A% i b RE 1, 3-Bis (carbazol-9-yl)
benzene (mCP) FlHL 5 1% 4 B4 L 1, 3, 5-Tri[(3-
pyridyl)-phen-3-yl] benzene (TmPyPB) 1§k & )
JZ TR, W5 T BURSGIR S5 B OLEDsIY A&
031G S = i T 4 e 1 R
P A0 KOG 2 KOG 2 S5 K W WOLED.
AR IR S BT 5 B Y RO R AL B
S 0 PR N RRE 1 DGR S, I EL 4 T 2R R
B RS B e KR R BRI A TR 3 0
34.6 cd/A H1 13.5%; ¢ B K 1000 cd/m? i, HH
VAR NS T3R50 0 33.9 F1 13.3%, Shie:
FROCRIRIEAUA 1.5%; 52 1000 od/m? 3 %
10000 cd/m?, M CIE & B A 475 45 fb it ACIEN
(0.016, 0.011).
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K1 g 1 b Bl A8 R Y RE 2% BT M
Firpic fl PO-01-TB ) b %= 45 #4 . PO-01-TB I
Liq Il A V9% ERFDE R A R, Al e
FRBEA TTO IS EER N S B HOLRHL 2 7 Il
K. A HUR R B R R A T HLE (lowest
unoccupied molecular orbital, LUMO) Flfx & 5
A4y FHLiA (highest occupied molecular orbital,
HOMO) e LA &k =8R8 & (Br) BINE &%
() SCHik h 3k 45 . T OLEDs #°% H 77 B f B 24
i 15 Q/sqf) ITO fE A BHME, 4, 4/, 4"-Tris (N-
3-methylphenyl-N-phenyl-amino) triphenylamine
(m-MTDATA) 1 N, N-Bis (naphthalen-1-yl)-N,
N’-bis(phenyl)-benzidine (NPB) 43 5ll1E k25 7
NER A A2, FEE 240 mCP AE AT B
JZ, TmPyPB et B 14 )= s S )Z, 8-
Hydroxyquinolinolato-lithium (Liq)/Al i & &
FFIK.
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Fig. 1. Energy level diagram of materials used in the

devices, and the chemical structures of Firpic and PO-01-
TB.
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6]} 10 min, #RJ5 & N, IR TEER R, &5
TEIREE 120 °C fH iR E 2 T4 T4 30 min. ¥
TiAb )5 ) SE IR A Z WA WL F AT R G
PIEEN. FERENNESELT 4 x 10 Pa. 45
HHLIIAREZ R R ZEEAE 1TO IR Z |, 78 iR
29 0.1—0.2 nm/s (Liq FZEHEH % 0.02 nm/s),
Z A U 22 95 I Al (~0.5 nm/s). FEf&L
Hil gt R SR FTM-V 507 3 G A 5 W A
X S B AT AR LR M. TTO 25 B Al 28X
BIE ) KGR ITI AR 4 mm?. F44 0B R
AER B LR IR (Keithley 2400) FYGiE 6
FEEETE (PR655) I k4 B 1INl R 48 A7 . 4b
B TCR (EQE) R Tanaka %5 27 $2 H (1) )k i
L | RO R B O R . A
HLEEIRE A I SO B S DB BUR YEERE (PL) 4331k
LHNAT WA e EE T (UV 1700, Shimadzu) Al
6% {L (Horiba JY Fluorolog-3) i#F47 £ .
a R EE BRI th R G ke, A I 2
TER IR SR T R AT
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3.1 XNEHXEZH OLEDs
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Fig. 2. Structure schematic of devices A-D.

ZERBEE OLEDs. & 2 A#8fF A—D &R
HE. i1 T Firpic HAR RN =ZZASREE (2.62 eV),
i T B 1k Firpic 28 32 R 9 5 ) B % 326 115 34
ARSI R, BEF R — 2R (2.9 eV) 1Y
25 7R B mCP VE R HFAR. 24 A BOLZES
WOGZ M AR, WA B WS i L b
# TmPyPB fENEGZ M LK. L4, mCP BA
a7 GIBA (~3.2 x 104 m?/Vs), KZAZHA T
TN 1.6 4529, TmPyPB HARG HOMO fig
(6.7 eV) MR FERESE (1.0 x 103 m?/Vs) P,
AL ZS OB F AL R AE mCP/TmPyPB $tifiAb.
IR, H T & G2 I = A R it 1y AR5 2
mCP 1 TmPyPB(2.78 eV) 2 il i 34 1 B 1 45
¥, BEASK T A AU 7 &L 2. S T 5T
Firpic 5 PO-01-TB 2 [H] (1) fig t 1% 3% 0] 8, 7% 2%
A F1 B 2 5 RO62 Z 4 56 A 3 nm
JE#yAEB 248 mCP Fl TmPyPB 8] )2, % 7 # 14:
A8k C A1 D. — % Dexter Fll Forster BE = &1
(22 R 3 nm B9, 3 nm JEE [ [a] B2 AT BEL
P4 Firpic ] PO-01-TB fUfERH &%,

W H OLEDs A W F 35 22 A4 7 IE s LT,
B B 5 A4 35 MR I F 17 2k P12, Forster g w14
ROR 5 RG)Z RRRERZ BN 0 FHEES
PR VM. S TWFE M A—D MBS
e, FATEA T ol il 4 T mCP(20 nm),
Firpic(20 nm) F1 PO-01-TB(20 nm) J#f, & T
L VR Y IR SO 1S AT PL . An (&l 3 B,
Firpic f1 PO-01-TB () 3 & Y& 535047 F 470 nm
F1558 nm. 7 350 nm %] 450 nm & Bl N Firpic A

BETERIWGE, 5 mCP (1) PL %A 8K iy &
Z X3, LM mCP £ Firpic I SZEA 07 HE &
&3k, 734k, PO-01-TB MINGBOGIETE 430—550 nm
JEFEN S Firpic 1Y PL A E&, U] Firpic 1
Reif AT LA — DA% 38 45 PO-01-TB.
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Fig. 3. UV-vis absorption and PL spectra of the deposited

films.

K425 T 8 A—D B EUR G, DU f
RGBT 468 nm ZbHEAY Firpic
VOGRS, WA T 556 nm &b PO-01-TB HYAHR &
e A —E 22 9. #30F B #OGRsR, I B
B JZ X 2R E B A AR X i 8 ik 553 114 52 M B . KT
wE A, W ILERE B T4 Firpic fig B AL 77 A
) PO-01-TB T LR, XA s L
M FEH R LA R RN, 2 A—D bkt
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PO-01-TB, S8 H &5 RO & 5T migeff A
L2 SR FE A X ME BRI, £ mCP:PO-
01-TB/mCP:Firpic 1 f i Fipic ¥ 1% B4
fi%, fii %38 45 PO-01-TB fE & i Firpic 3 T 505
B, FEPO-01-TB LGSR R . 74k, [H8
R R A A B2 25 14 B A D 6% A AR
PO-01-TB H4a5 &6

J TGS EE A R B & CE R AK L e R

1.0

—a— Device A
—o— Device B
—— Device C
—o— Device D

0.8

0.6 |

Normalized intensity/arb. units
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4 80 A—D M IH — L B BURDL G IE (B i % BN

20 mA/cm?)

Fig. 4. Normalized EL spectra of devices A—D at 20 mA /cm?.

Y L A7 KRR, A I A R 23 T (hole-only) g 14
H1-—H4 FIPUFP B H - (electron-only) # 4 E1—
B4, HESUNE 5(a) Fs. 256 HE 5(b) FE 5(c)
T ERLZS 5 ORTERL R 8 4 P O 2 B - P s it 4R T D &
M, mCP:Firpic 1% & Firpic BEAREIRZS /X, Ak
DL BARAR A R, KIS A—D 1Y mCP:
Firpic )29 Firpic #F Nk A H 3K mCP fJRERE
&3k, WidE Firpic 2R FIEIK. 1AL, X F PO-
01-TB /E M &R 42454, PO-01-TB #£ mCP:
PO-01-TB X} 25 7¢I oL F 3 HAT R AR VE L, 1
TmPypB:PO-01-TB 1 PO-01-TB L%} 55 /¢ B A
RIEARAE . RS gt IR £ E R T/ mCP:
PO-01-TB *f* PO-01-TB ) HOMO #l LUMO fg
RIIFEFE mCP XN REG =z, L5 Tk 2
FECHE T FE B 7 TmPypB:PO-01-TB 1 PO-
01-TB 5 TmPypB ik 1.7 eV 1 HOMO figgth
i SO BRI 23 BB A, R AR 1 28 7T
PAEH. L, SHBZEE B fl D PRALER
RO I I R B & AR PO-01-TB {73k 800 7
TE U - S0 .
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H2 mPy (10 nm) 2
> mCP (10 nm) <
X (45 nm) - mCP:PO-01-TB (1%, 25 nm) — X (45 nm)
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H3 PYPB ( ) E3
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Fig. 5. (a) Structure schematic of hole-only devices H1-H4 and electron-only devices E1-E4; current density-voltage characteristics

of (b) hole-only devices H1-H4 and (c) electron-only devices E1-E4.
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B 6 hnft A B fEAE TAER R T —
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mCP Y HL IR 33 I, ol ) B — 042 4 1 v
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Hom, SEEOLIR A PR, 5 A AL, 2R
F B RSG5 52 Bl i PR AR A B IE (IR f 3 T 2
mCP/TmPyPB F [ 4k 25 7% B2 A2 A 52, s
Y T 32 T AR A sg e (R R R X8 AR Ak
W R A R 2 B T O 2 TmPyPB:PO-01-
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Fig. 6. Normalized EL spectra of devices A(a) and B(b)
with different voltage. Inset is the corresponding enlarged
spectra at 540—570 nm.
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B 7 A AR B K5 - R B A Tk
R RBE M. E TAERE N 10 V I, 2%
4 A 1 B BUEERES K 442 c¢d/m?2 F1 1823 cd/m?,
XF N CIE @0 B2 Ak A5 235 9 (0.209, 0.352) Hl
(0.302, 0.412), & RiELRt, J5#H LI
HOGIX. 538, 58 B 1000 cd/m? i, & fF
A R B WA FRCE R 6.1% A1 11.7%, 439
BT 16.4% F1 1.7%.

10F - A
-O- B

108

10% ¢

10t £

100 |

Luminance/cd-m~2

,_.
o
L

0 4000 8000 12000
Luminance/cd-m~—2
. .

6 8 10 12 14 16 18
Voltage/V

—

(e}
|

N

Bl7 2R 0F AR B A58 B -FL IR OC AR R R 4R 3 O A
P A FI B ST ROR-58 HE OC R AR il 2k

Fig. 7. Luminance-voltage characteristics of devices A and

B. Inset is EQE-luminance characteristic of devices A and B.

3.2 ZANELH WOLEDs

h T ISR RO T A T, R BE  a
H &St B g 2 P, ¥ mCP:Firpic # T mCP:
PO-01-TB #1 TmPyPB:PO-01-TB Z [ii], JE ji =
WG S5 A2, I i U2 Firpic BB 44k
JE, #il& T 2 k24581 WOLEDs. & 8(a) 4
H TR E WL W2 B R ES /A& G2 T
B E AR, S W1 Hl W2 i Firpic (9824 ik
BE 4390 A 6% A1 4%. WE 8(b) fis, 76 TAEH &
10 VL 2 W 1 I W2 BBl 2252 cd/m?
3496 c¢d/m?, XF i i CIE & B A2 4% 43 5l A
(0.315, 0.386) 1 (0.333, 0.397), M FHEX. H
&l 8(c) AT, #aF W1 il W2 AR K HL IR AR L b
TR N 29.4 cd/A, 11.8% F1 34.6 cd/A,
13.5%. Al UL, ge0F W2 2B ARG ERE.
%18, Y5ERE N 1000 cd/m? B, #30F W2 B4k
HFRCER 13.3%, AT 1.5%:; RMiifE 5000 cd/m?
i, HAMETFRCRI N 11.7%, R 13.4%.
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Fig. 8. (a) Energy diagram and exciton dynamics of the WOLEDs W1 and W2. S; and T, are respectively the singlet (O) and
triplet (A) energy levels, and S; is the ground state (O). The blue dashed box depicts the main region of carrier recombination. Lu-
minance-voltage characteristics and the normalized EL spectra (b), and current efficiency-Luminance-external quantum efficiency
characteristics (c) of the WOLEDs W1 and W2; (d) EQE-current density of the OLEDs B and W2. The red and blue lines are cor-
responding fitting curves based on the TTA model, respectively.

W Wt OLEDs 78 &1 55 B B RCR TR Bt X HF LB AR AEMBEK, BBt OLEDs
%5 TTA, TPQ VUK 75T AT K = VI HFERRTEAXWETFHERK, TTA 25806

047202-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 69, No. 4 (2020)

047202

£ 1 #EA, BRFIZHE WL, W2 BB GIERES S

Table 1.

EL performance parameters of the OLEDs in our studies.

Max EQE/CE/Luminance/

At 1000 c¢d/m?

At 5000 cd/m?

Device

(%/[cd/A]/[cd/m?) EQE/CE/(%/[cd/A]) CIE/(x,y) CRI EQE/CE/(%/[cd/A]) CIE/(x,y) CRI

A 7.3/16.5/8589 6.1/13.8 0.209, 0.351 44 4.2/9.6 0.215,0.354 46

B 11.9/31.2/13890 11.7/30.8 0.303,0.413 56 9.0/23.4 0.294,0.408 56

w1 11.7/29.4/17260 11.4/28.3 0.320,0.390 64 9.8/23.7 0.309,0.383 65
W2 13.5/34.6/18340 13.3/33.9 0.342,0.403 64 11.7/29.3 0.331,0.395 65

AR R BB . Baldo 45 13 R3E ) TTA
BRI MR FRCR LT SRS TR

TT

%:ﬁ(,/usiq), (1)
Kb g AR TR BE R I UTC = ST 1K B
W AN TR, Jy H Nexe = n0/2 BHATIG LR
TR, MR IRA B J) MUK, TTA MRS,
T P XU O 22 22 01 T 5 A e A B L i R
BB R RS, A3 #ede i B F W2 /5
GRS, SR TTA BRI LR H R AT TS,
i 8(d) Fras, B R LA 25 R 5 S B T
BCRERLGT, RWI TTA &5 & B A1 W2 BV
KPFEFHER. 254 W2 WIEABIREE (), =
106 mA /cm?) 2R 854 B (J; = 72 mA/cm?) 1)
L5 A%, #E— R Z RO R AR T TTA /Y
FRRE. I 8(a) T AT LAE Y, Firpic =T HE
it AT UL 25 B MIAE AR ) PO-01-TB, FEIK T 2k
FH A X Firpic —ZSMFHEEHTRT L
FeX AT, MITFEAR T TTA BT, W% T 4%

| —— 1000 cd/m?
— 5000 cd/m?
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—— 10000 c¢d/m?
12
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Wavelength/nm
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AR R 0 — ke ORI  E ANA R CTE 8 8 AL b %

OB

Fig. 9. Normalized EL spectra and the corresponding CIE

coordinates, CRI of the device W2 at brightness of
1000-5000 cd/m?.
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H PO-01-TB By #0174k ) Firpic g% 1
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# K (0.016, 0.011), & {445 %k (CRI) fa & 7F
64—65 Z [A].
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Abstract

White organic light-emitting diodes (WOLEDs) have drawn considerable attention for next-generation
lighting and display applications owing to their remarkable advantages. Phosphorescent OLED technology is
crucial to realize high-efficiency white OLEDs because phosphorescent emitters enable to achieve almost 100%
internal quantum efficiency (IQE) by harvesting all the excitons of 75% of triplets and 25% of singlets.
However, an efficiency roll-off at high-brightness and a shift in color under various operation biases remains
challenges. With the goal towards commercial applications, it requires WOLEDs should simultaneously realize
high efficiency at high-brightness region over 1000 ¢cd/m? and good color stability over a wide electroluminescent
range. In this paper, we first investigated the energy transfer process between the blue-emitting Bis (3,5-
difluoro-2-(2-pyridyl)phenyl-(2-carboxypyridyl) iridium (III) (Firpic) and the orange emitting Iridium (III)
bis(4-(4-tert-butylphenyl)thieno[3,2-c]pyridinato-N,C2')acetylacetonate (PO-01-TB), in addition to the behavior
of the carrier trapping in the phosphorescent OLEDs with double emissive layers. Then we successfully
fabricated phosphorescent WOLED with multiple emissive layers. The resulting phosphorescent WOLED
achieves the maximum forward-viewing current efficiency (CE) of 34.6 c¢d/A and external quantum efficiency
(EQE) of 13.5%, and the CE and the EQE remain 33.9 ¢d/A and 13.3% at 1000 cd/m?, respectively, indicating
that the WOLED exhibits low efficiency roll-off. Furthermore, the WOLED shows very stable white emission
with small Commission Internationale de L’Eclairage (CIE) coordinate varying range of (0.016, 0.011) from 1000
to 10000 cd/m?. The results provide a promising avenue to simultaneously achieve high efficiency, lower the
efficiency roll-off at high brightness and color-stability for phosphorescent WOLEDs by carefully designing the

device architecture to redistribute the charge carriers and excitons in the recombination zone.
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