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dicarbazole-biphyenyl) # 2 I 32 #1574 Bt i fb
7 Ir(ppy)s (tris(2-phenylpyridine) iridium) F1%¢
JERPEL DCM2 772, S T B Lk ek, Fis
PR Ah T RCE M 0.9% 2= 2 3.7%. D’Andrade
5 19 38 1K B AN RO R S B R ) SR R
i O LT BRSO, e R A T
Baldo % 81 ) .25, iEBH T Ir(ppy)s Al DCM2 2
] /) Forsterfig it A28 BOR A] =35 100%, I44h i
FROREE T 9%. XUl B LR L))
17. Heimel &5 M 3 FHEDCHULIOLH & 1 mAga
TE R R RO, IR AR AR T # At
F I S AR I ], SO B T WA R RO B
@, Hast173fw (W16 5EE 1000 cd/m? /) 80%) ik
B 7 320 h, R AR e WE A OGER I RE T
B JTAEOR, SCHk [16-18) HGGE T 7E P HE
RPN (thermally activated delayed fluorescence,
TADF) & (4 it i B CBUb 5O R 3 w5 2 141
A, JLRCR R B ai B S B — PR, H
TADF a4 [ A 7 o 1 48 F1AS e P 0] A A 74 3
RIS, F34b, X Sede it 22 R IR B G
TADF & FHAP AL R B8 AR A6 8
pu e )| IEEES o B 310 W NS /S E 2/ S W ¢ M 17
AR ELORE B 45 ] 2 AR AR 28 R 3 DATTTRE
MR AB 4% LU 5], JE R AE E AR [R5 45 0
FRECARBA LI, T2 S R . an Sk Horp—
T AR Aok 3 2o e )2 119200 1 =X A AR A R
o —Fh & R 8282 T, W] LUITE Ak g
£ T2 R F R A B ARCR.

AL B TR FHBE AT R = R0% 7 43 F F B
LM =AW Re s, BT R e B
1 BRI =Rl AR DL, T, DL CBP
YER AR R SR H BT L7 CBP B A6
BEOCH R Ir(ppy)s, 15 FOGE RIS OERUT; #
5 DCM2 458 5P REZE LT 425 Ak DCM

(4-(Dicyanomethylene)-2-methyl-6-(4-dimethyl-

aminostyryl)-4 H-pyran) DL # 2 19 77 U486 A
CBP:Ir(ppy)s 1, 1E N LGS W5 €296 H K
BCzVB(1,4-bis[2-(3-N-ethylcarbazoryl)vinyl] ben-
zene) WL LLEMZ 1977 X E T CBP:Ir(ppy); M,
Bi £ F TAPC(1, 1-bis((di-4-tolylamino)phenyl)
cyclohexane) /CBP:Ir(ppy)s A CBP:Ir(ppy);/
TPBi(1, 3, 5-tris(1-phenyl-1 H-benzimidazol-2-yl)
benzene) FUI, VE R #ECRLY, dil 45 T BEOCHILE

JtH A OLED. Hif i A T80 N 2.5% (HLf AL
%4 5.1 cd/A), DCM ##)Z(; T#E TAPC/CBP:
Ir(ppy); 7+ 10 12 nm {7 & 45 7, 7£ 1 mA /cm?
I I % BE R Y [ PR IR B 22 51 25 (Commission
Internationale de L'Eclairage, CIE) At 458 (0.33,
0.33), ILH T BAR 6P 5.

s A 0 H LA PR T 2. (T A
J7 B4 50 Q/square 1Y % {1k # % (indium tin
oxide, ITO) 7 H1 3 #5 3% iy 4b # 5 55 AORA ) FRAK
UCHUTTIN I | A 2% 1 /K IR I SR A5 P
THUE 15 min, fe)m FHZLAME TR PLHE T B il
BAEHAS AN DU 500 T2 P IR] 4 Il s
i 2R B R AR, 49709 610 Pa. A e+
55 Ky ) £ i oK, k£ P A ZE B MoO3, TAPC,
BCzVB, CBP:Ir(ppy)s, DCM, TPBi, LiF fl Al
IR A TEAR 2 E | OOk
2 S OBOCB AR AOZ A aTO IR BT
At A2 P IEA R MBI, K14 1
A YRR B2 2k, 18] 2 D de PR A H S RE
IR, R 73 B SCHik [21-26]. 15, il
B 2R E S5 - TTO/MoO; (0.05 nm)/TAPC
(50 nm)/BCzVB (0.3 nm)/CBP:Ir(ppy)s (2%, 20
nm)/TPBi (20 nm)/LiF (1.5 nm)/Al, z =6, 3, 1,
0.7, 0.4, XN BEFAF 5 AE 0 AL, A2, A3, A4 Al
AB, RFFIRUEI S ST B 2 B2 18 o 70 48
i %€ Tr(ppy)s & 18 B 8 20 W B O 0.7%. K,
AL DOM Bt AGL &, il g F45 44 ITTO/
Mo00;(0.05 nm)/TAPC(50 nm)/BCzVB(0.3 nm)/
CBP:Ir(ppy); (0.7%, y nm)/DCM (0.3 nm)/CBP:
Ir(ppy)s (0.7%, 20—y nm)/BCzVB(0.3 nm)/TPBi
(20 nm)/LiF (1.5 nm)/Al y = 10, 12, 14, 16, %
R DCM B JF B BC2VB/CBP:Ir(ppy); 5 Ifi
A B, F O B 43 518 BL, B2, B3 Ml B4
& DCM 14i AN E R y = 12 nm. BEH], &+F
1 MoO; JEFE 0.05 nm A1 BCzVB J&FE 0.3 nm #J
SO, TEWSCHER [27]. 534h, DCM #YJREE
WAL, KIS BC2VB EEIR AL, 154
0.3 nm.

SR AT B AR IR 3 T2 T2 M 300 S ST i 42 3
JRERE , SR FH HL I 4 ] Keithley 2400 B4 5 2 |
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Fig. 1. The chemical structure of organic materials.
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Fig. 2. Schematic diagram of (a) device structure and (b) the corresponding energy level of the OLED.

PR650 56 47 4 €6 BE 11 A ST-86 LA Hi 4% g i
390 I 2 A RO PR L R B Ok (EL) 6%
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3 #X5it%w

BCzVB &I Ir(ppy); BB
BEREHAR
W&k LR B Ir(ppy) s B A £ KL CBP
0.3 nm JEMEE A5 R BCZ2VB # T CBP:
Ir(ppy)s B2 J2 B9 BH —M], AR B2k ) 18
11555 Ir(ppy)s MIIBZ2 U BEXT B AFRI0R | BRI 52

3.1

M, 153 Ir(ppy)s Al B A4 IE. Kl 3 4 Ir(ppy)s
BARIE 9N 6%, 3%, 1%, 0.7% 1 0.4% (%] 1
SCHGER AR IE AL, A2, A3, A4 Tl AB) #RF EL Ot
i (20 mA /em?). H1E 3 AT %, 1 Ir(ppy)s 124
JER R (6%, 3% F1 1%), #s{F i sh A &
— T 508 nm &bk [ Ir(ppy)s 75 F =&
FERIT I &%, BEE Tr(ppy)s 8 2% R (1 REAIR
(0.7% 1 0.4%), #% £ B9 63 PR T Ir(ppy)sfE
508 nm [} 35 Ay KOG I Sh, i 7E 444 1 468 nm
BHSEE H B T ok H BCzVB 43 T B4R A8 I T BRAE 1
ROGUE. — KU, 7E8448) OLED 1, 844551
THIE B EZA PRSI Ge A pLH 5 Ham 1
fFARHLT. B T8 2H Ir(ppy)s HIERAK R A 55
i (lowest unoccupied molecular orbital, LUMO)
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RE (~2.8 eV) IR T E&H K} CBP i LUMO fE
% (~2.0 eV), HIL7E CBP:Ir(ppy); BIK R,
Ir(ppy)s AIFZER L FIF 52k A PR A 25 X E 3R
B F. YBRERER S (=1%) i, #FA
CBP:Ir(ppy); B3 T R MEH EL 8 Ir(ppy); 17
RIEA Tr(ppy)s &6, HA D801 T REFE CBP
WE AR CBP T, CBP B4R FM=4%
B4 5liE i Forster fil Dexter g & 1% 19 5 =X
¥ RERAL 8 2 Ir(ppy)s T, #¢1F EL G L&
Ir(ppy); FIBEE K& I, B Tr(ppy)s BIIB 24 E
R, Ham 73R 0, i 77 CBP NWE &
JE 1 CBP 3 Ll K. ZEIE 4L T, CBP
AT Forster e AL 14 7 20K g 25 5]
3% 2 BCzVB H Ir(ppy);, CBP =i i i
Dexter fig i {538 1) i 2O e i 1%38 2 Ir(ppy)s, &
L TE BC2VB WA BTEM BC2VB 1. BCz-
VB/CBP:Ir(ppy); Z5H4 R AL R BN A 4 F7R.
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Fig. 3. EL spectra (@20 mA/cm?) of devices with different
Ir(ppy)s doping concentrations (6%, 3%, 1%, 0.7%, 0.4%).
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Fig. 4. Schematic diagram of the energy transfer with the
structure of BCzVB/ CBP:Ir(ppy)s.

JrLA, TE1B2% Ir(ppy )3 WREERS AT, T RE AL
FLVL Ir(ppy)s fEAREIRFHLEI 0 3, %h BCzVB
1 & Ir(ppy)s BAREEREALG , T EZIE L
+ CBP 1, )\ CBP %] BCzVB 5% Ir(ppy); HIRE=
L i IR & BT, S AP BRE S Ir(ppy);
KNIMEH LT BCzVB W&, FE%E Ir(ppy); #
BERIREAC, K A BCzVB 1Y &G 1G5, X2 A
NHEZH) CBP 7 #he 414 % BCzVB.

ATA] TIr(ppy)s B 22 W E (6%, 3%, 1%, 0.7%
F10.4%) w10 H T RIORR - FL U2 BE -5 BE R PR I 46
i 5 s, IWEH AT LUE ), 5 Fhas a0 s ik
BRI B A F U B B I TR, R TR
TR T R B = ™ A TTA LK HL IR
5 0T LB Bl i A i, AT RS IR 3 3
KRG EKOCHFETRE. A, Ir(ppy);
F e o5 A [) i A1 F, 2050 3 i b, . %85 B8 448 o i T g
B BE AT BT AT, Ir(ppy)s BB 24 MR B & i), B
SRA) U P Y A8 A vy (L o L 3 2 BN Bt B
Ir(ppy)s B 22 BERARAT, #RF0Y H 880K Rt F
UL B N R, (AR KL S R T 2
A H SR R A B P R 2. X LS OE S il T T
[BIAAER) TTA, HAE Ir(ppy)s =18 24k I 25 %)
KA AEAR TS 22 e BE B & A MR BEAIG . Ak,
Ir(ppy); B AW E BARES, i85 ) T35 M CBP
F| BCzVB W fig A% 38, i g5 14 b i O sl o 3
i, MTTA B ARAS G A S

~ 50 112
| o
< 40 + N
e g
S 30t 19 3
E 5}
g 20 E
£ 10 6 <
£ 2
=1 J <
§ —10 3w
E ia
O —20¢t
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5 AIEl In(ppy)s B2 W (6%, 3%, 1%, 0.7%, 0.4%) 4+
PR L U0 - T R - PR T 2

Fig. 5. Current efficiency-current density-brightness charac-
teristics of devices with different Ir(ppy)s doping concentra-
tions (6%, 3%, 1%, 0.7%, 0.4%).

HRHE b SCPInR, SRR g F 1 s SR R = R
FCHTT B ey, 148 Ir(ppy ) BIBARIRIE
H0.7%. AT IR, #ilE T7E CBP:Ir(ppy)s
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7 A7 WA [R] i 25 4% 0.3 nm JEE BCZVB 2 1 % 14
(cR A0), R Z5F R TTO/MoO4 (0.05 nm)/
TAPC (50 nm)/BCzVB (0.3 nm)/CBP:Ir(ppy);
(0.7%, 20 nm)/BCzVB (0.3 nm)/TPBi (20 nm)/
LiF (1.5 nm)/AL & 6 a4 A0 5 A4 1) EL Jti%
(@20 mA /cm?). W] & BLIE h iR &5 1419 EL )6
S S BCzVB Ml Ir(ppy)s B9 &G, Haw it
A0 P R IR B K Tk Ad. J7AE X —2
SIG R R AT R 2R B RE R S5 M A5 2 A RE . R 2
fi 7%, CBP:Ir(ppy);/BCzVB A i () LUMOfEY

ZEEK (~0.5 eV), ffifFHFH BCzVB f&4i% CBP
FeAs RXE (AR SCAT R, CBP:Ir(ppy)s 1 Ir(ppy)s
B J2 W B A L X T RE 2 E A In(ppy) i
LUMO figk, i FEH i B Al & M BCzVB
i LUMO g4 1 A CBP i LUMO fE%R), 3
T4 L T8 BC2VB 88 J1 5 FBH AR 1 3R 1 45 ¢ EL
HE AW BCz2VB ¥, Fin L4 CBP %
BCzVB Rt & 38 1M 7= A I, IX S8 F AR ST ER
T A RO, el AO A G LS KR 3
. JEEEFDERIRAT ISR A0 E5H S50 .

1.2} — BCzVB/CBP: 0.7% Ir(ppy)s
— BCzVB/CBP: 0.7% Ir(ppy)s/BCzVB

1.0}
0.8
0.6 [

0.4

EL intensity/arb. units

0.2

0F

4(.)0 450 5(.)0 5:50 6(.)0
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K6 7E0.7% Ir(ppy)s 5 22 BZ 2% 1T P40 26 55 1 B ) 2

P BCzVB #F EL G (@20 mA /cm?) L

Fig. 6. Comparison of EL spectra (@ 20 mA/cm?) of

devices with BCzVB deposited on both and one sides at a

doping concentration of 0.7% Ir(ppy)s.

JEHH CBP 5 BCzVB F Ir(ppy); Z I8l fiE
fEIRIEN, TEREHAR o354 CBP (20 nm),
CBP:Ir(ppy)s (0.7%, 20 nm) I BCzVB (0.3 nm)/
CBP:Ir(ppy)s; (0.7%, 20 nm)/BCzVB(0.3 nm) HY
W, FH LT a8 1 2 ) 25 A S HR L
SFAATE], 250 20 nm, Fo IR FOEEU
T, GERANE 7 PR, 3 PR SRS AR, T
JEECRICIEIE WA AR RIS, CBP#HER H H Ak
H CBP KR 4T, CBP:Ir(ppy)s il i [ 7716k

H CBP FlIr(ppy); HI&SHS, BCzVB/CBP:Ir(ppy)s/
BCzVB # i i [f] i 77 76 2k [ CBP, Ir(ppy)s Al
BCzVB & ft. 3 Fiidifirh CBP (6 (5 s a5
IRaE) BITE 90% LA, MRAE ARG I b T o
FRILAEE, AT LA Ok 1 22 0L CBP B9 BTkl
F, X5 FREEAE R X TOREUR G, # CBP
5 BCzVB # Ir(ppy); A1 EL Z 81 %A BE 2 1%
i, U] 3 I ) B EUR SRS I it LA CBP (1)
KSR, EFE IR LB, Ir(ppy)s#1 BCzVB X A&
JEHIBTER B AE 5% LAF, 1T LAZWG . (HS2 Bt )2
& CBP:Ir(ppy); IR P AEAE B3 0 Tr(ppy); HY
Wit &4, BCzVB/CBP:Ir(ppy);/BCzVB i
[ AETE I (ppy)s FOBEGH BC2VBRZ G &
5. YLl CBP 5 BCzVB Ml Ir(ppy)s =2 8] () fE %
FEAEARRE R L. WA, 2K Ir(ppy)s A
BCzVB &8/ D 4T, 68 & 1% 38 i 7= 2E 1
Ir(ppy)s Fil BCzVB [ &S A R, VAU P
AT R AETE 3% CBP R4 k5. ik, 78
BORIEAR T [RRE R TR R bR T IR B X R
ORI T X A TR R], SO e A%
HWACR AR, BBUROGR PR T A
BRHIT, T fE 2R BC2VB a4k T FLimbfhir, HibE
BB HOR AR . BRI E DR H
CBP W& SHRES, 1A R — 5.

Lor Excitation spectra
0.8 "’\ ﬁ Emission spectra

0.6 [
0.4
0.2

ok

—0.2} Black for CBP
Red for CBP:Ir(ppy)s
—0.4 | Green for BCzVB/CBP:Ir(ppy);/BCzVB

Intensity /arb. units

300 400 500 600
Wavelength /nm

7 CBP (20 nm), CBP:Ir(ppy); (0.7%, 20 nm) 1 BCzVB
(0.3 nm)/CBP:Ir(ppy)3(0.7%, 20 nm)/BCzVB (0.3 nm) 7
HA R FDCBUR G

Fig. 7. Excitation and Photoluminescence spectra of CBP
(20 nm), CBP:Ir(ppy)s (0.7%, 20 nm) and BCzVB (0.3 nm)/
CBP:Ir(ppy)s (0.7%, 20 nm)/BCzVB (0.3 nm) film.

3.2 ik DCM BENGIE

# 0.3 nm J& ) DCM #fi A CBP:Ir(ppy); &
A& JE AR, T %48 DCM 4 AL B
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SCIR TR A B & LB g, BERE A IS
(A AL, SRS B & 5. 18 DCM 4
AN BB CBP:Ir(ppy); M LA, Bl TAPC/
BCzVB/CBP:Ir(ppy); AH4M514 y = 10, 12, 14,
16 nm (% I 52 50 58 434 1 B1, B2, B3 1 B4) il
A ER A LAEXT . AR EEHTE 20 mA /em? H
T T I EL SGIE &l 8 Frs (R Tr(ppy)s BY
KA —1E). NEFRT IR W, et &a 34
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Fig. 8. EL spectra (@20 mA /cm?) of devices with ultra-thin
DCM layer in CBP:Ir(ppy); at distances of y = 10, 12, 14,
16 nm, respectively, from the (4+) BCzVB/CBP:Ir (ppy);

interface at anode side.
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K 9 BCzVB/CBP:Ir(ppy);/DCM/CBP:Ir(ppy)s;/BCzVB
g ey g e R

Fig. 9. Schematic diagram of the energy transfer with the
structure of BCzVB/CBP:Ir(ppy);/DCM/CBP:Ir(ppy)s/
BCzVB.
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AR B R G RCR T B 78 IR — L i 2% 2
T, B DCM 46 AL & [ B 7 10 8% 8, 1)
HL SR B WP, 76 1 mA /em? B E R, 4
TR BT RCR M 3.09, 2.73, 2.4, 2.03 cd /A,
Xof N7 F 52 B 43500 R 30.9, 27.3, 24, 20.3 ¢d/m?2. &
K Tl 25 S 0 JE R AT U B DOM. 43 748 B 7 1
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Fig. 10. Current density-voltage (a) and current efficiency-
current density-brightness (b) characteristics of devices
with ultra-thin DCM layer in CBP:Ir(ppy); at distances of
y = 10, 12, 14, 16 nm, respectively, from the (+) BCzVB/
CBP:Ir(ppy); interface at anode side.
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Fig. 11. EL spectra of the device with y = 12 nm at differ-
ent current density (voltage).
1 Xy =10, 12, 14, 16 nm #3149 CIE {4
AR RIS (@0.2—200 mA /cm?)
Table 1.  Variation of CIE color coordinates of de-
vices with y = 10, 12, 14, 16 nm (@0.2-200 mA /cm?).

i CIE (A b2 AL
Bl (y = 10) (0.28—0.22, 0.32—0.21)
B2 (y = 12) (0.34—0.23, 0.36—0.23)
B3 (y = 14) (0.41—0.25, 0.40—0.26)
B4 (y = 16) (0.46—0.27, 0.43—0.31)
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#% 2 OLED f#efFiERe gy
Table 2.  Summary of the EL performances of the
OLED.
anft HRAACE/(cd-AY) Fm5EE /(cdm?)

A0 (z=0.7) 9.53 23760

Al (z=106) 54.9 104900

A2 (z=3) 52.1 111276

A3 (z=1) 454 82830
A4 (z=0.7) 34.9 39072
A5 (z=0.4) 28.2 35046
B1 (y = 10) 5.1 12400
B2 (y =12) 44 11900
B3 (y = 14) 3.6 11500
B4 (y = 16) 2.85 10800

4 %

ZE LTk, LU 2B 2as A 07 il & T
BEOCHUE SO A PLRBUR OGS, 8 el As
DCM M2 96 AN B RS T AL, Hmsh
HFRCEN 2.5% (HIALEN 5.1 cd/A), FFE5E
JEh 12400 cd/m?. #$F B2(DCM i F y = 12 nm)
£ 1 mA /em? RZE T, CIE (@ARPRIAF] T HAH
FIEF 7 15 (0.33, 0.33). it B Gtk 7 6 vl L
BEEM B =L BT e AL RO R
it TTA, B F DCM HA J“ 8 1)k B K, R
il T2 RE AR T, Tk S SR RIS A e
JER L.
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Abstract

Although phosphorescent organic light-emitting devices (OLEDs) can have an internal quantum efficiency
(IQE) of 100%, the IQE usually decays at high current densities due to triplet-triplet annihilation. Phosphor-
sensitized fluorescence can realize the energy transfer between phosphorescent emitter and fluorescent emitter,
and can be used to suppress the efficiency fluctuations and adjust the color of the device. With this in mind,
white light emission including different colors of phosphorescent emitter and fluorescent emitter can be
expected. Herein, phosphor-sensitized fluorescent white OLEDs are fabricated by combining ultra-thin layer
insertion and doping, in which laser dyes DCM (4-(Dicyanomethylene)-2-methyl-6-(4-dimethyl-aminostyryl)-4H-
pyran), iridium complexes Ir(ppy)s (tris(2-phenylpyridine)iridium), and biphenyl ethylene derivatives BCzVB
(1,4-bis[2- (3-N-ethylcarbazoryl)vinyl|benzene) are used as red, green and blue emitters, respectively. By
adjusting the doping concentration of Ir(ppy)s phosphorescent green emitter in CBP (4,4’-N,N’-dicarbazole-
biphyenyl) host, with ultra-thin layers of BCzVB fluorescent blue emitter on both sides of CBP:Ir(ppy); doping
system and with ultra-thin layer of DCM fluorescent red emitter inserting in CBP:Ir(ppy)s layer, the three
colors can be balanced. White emissions are obtained in the device, the highest external quantum efficiency is

2.5% (current efficiency of 5.1 c¢d/A), the maximum

brightness is 12400 c¢d/m?, and Commission Interna- Host g t}}:{%}i(l
tionale de 1'Eclairage (CIE) co-ordinates can reach the T, -
ideal white light equilibrium point (0.33, 0.33) at a - ileTl

current density of 1 mA/cm? The acquisition of white 5 =1 s
light is attributed to the appropriate doping ratio of T -
Ir(ppy); and the position of DCM, which effectively

balances the emission ratio of three primary colors: red, Red

green, and blue. The results indicate that the partially s 1 cmtter 1 1 |
energy transfer of triplet excitons to singlet excitons by Ultrathin Ultrathin DOM in Ultrathin
phosphor-sensitized fluorescence scheme can be used to BCzVB CBP:Ir(ppy)s BCzVB

FRET = Forster energy transfer
DET = Dexter energy transfer
devices, thereby reducing energy consumption and ISC = Intersystem crossing

realize high-efficiency white organic electroluminescent

providing more room for promoting OLED applications.
Keywords: organic light-emitting devices, phosphor-sensitized fluorescence, ultrathin layer, laser dyes
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