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We demonstrate high-efficiency red electrophosphorescent organic light-emitting devices employ-
ing bis(2-(2’-benz4,5-dthieny)pyridinato-N,&') iridium(acetylacetonale] Btp,Ir(acag] as a

red phosphor. A maximum external quantum efficiencygf= (7.0=0.5)% and power efficiency

of 7,=(4.6+0.5) Im/W are achieved at a current densityJef 0.01 mA/cnt. At a higher current
density of J=100mA/cnt, 7e¢=(2.5+0.3)% and 7,=(0.56=0.05) Im/W are obtained. The
electroluminescent spectrum has a maximum at a wavelengi),gF616 nm with additional
intensity peaks at\g,;,=670 and 745 nm. The Commission Internationale de L’Eclairage
coordinates of X=0.68, y=0.32) are close to meeting video display standards. The short
phosphorescence lifetin{e-4 us) of Btp,Ir(acag leads to a significant improvement i, at high
currents as compared to the previously reported red phosphor, 2,3,7,8,12,13,17,18-octaethyl-12H,
23H-prophine platinum(Il) PtOEP with a lifetime of~50 us. © 2001 American Institute of
Physics. [DOI: 10.1063/1.1355007

Heavy-metal complexe's> where strong spin-orbit cou- (CBP).* However, the relatively long phosphorescence life-
pling leads to singlet-triplet state mixing, can result in high-time (~80 us) again results in T—T annihilation at high
efficiency electrophosphorescence in organic Iight—emittinglufrent?6
devices (OLEDs).3>~® For example, OLEDs employing the In this study, we demonstrate red organometallic
phosphor, factris(2-phenylpyridingiridium [Ir(ppy)s], ex- phosphors characterized by a high quantum efficiency
hibit green emission with an external quantum efficiency@d a short radiative lifetime. The metal complexes
(70 Of ~15%E By designing appropriate ligands for contain cyclometalated benzothlenylpyndlne,z ligands, i.e.,
heavy-metal complexes, high-efficiency electrophosphored?is(2-(2'-benz¢4,5-a]thieny) pyridinato-N,C") iridium
cence at other emission colors is anticipated for high{@cetyl-acetonaje [btpzlr(laca0]7 and  (2-(2'-benzg4,
performance full-color display applicatiosBoth red- 5-althienyDpyridinato-N,C) platinum (acetylacetonaje
emitting fluorescent and phosphorescent dopants have showptPt(@cad], shown in Fig. 1. The synthesis of btjtag
promise for use in OLEDs. While fluorescent dyes, includingV@S Prepared by a method analogous to that luded
4-dicyanomethylene-2-methyl{@-(2,3,6,7-tetra-hydro-1H, l:.)tpzlr(acac).. The smallvrfw* transmon- energy of the btp
5H-benzij Jquinolizin-8-y)-4H-pyran (DCM2)®° and por- ligand relative to other ligands used in heavy-metal phos-

ohyrin derivatives TPPL ZnTPP and TPG?), have been phors leads to a low-energy triplet excned_ state, giving
investinated. their maximum external ntum_ efficienc strong red phosphorescence. OLEDs employing these phos-
estigated, the aximum external quantum etlicie Cesphors were grown by high vacuum (19Torr) thermal

are limited 1o Ies§ than 1%. Furthermore, thglaed phOSphOévaporation onto pre-cleaned glass substrates as described
rescent  europium  complexes (E")'t_’ and  gisewherd. Device | is comprised of a 2001 indium tin
2,3,7,8,12,13,17,18-octaethyl-12H,23H-porphine  platinunyyiqge (ITO) anode, a 50-nm-thick 4,4igN-(1-naphthy)-

(I) (PtOER have been studietf: Although Euls complexes N-phenyl-amindbiphenyl! hole transport laygHTL), a 20-
show very strong red Ei ion emission(with an internal  nm-thick light-emitting laye(EML) consisting of a conduc-
quantum efficiencyz;,>80%)," the long lifetime of the tive CBP host doped with~7% of the guest phosphor, a
Eu' excited statd~350 us) results in pronounced triplet— 10-nm-thick 2,9-dimethyl-4,7-diphenyl-phenanthroline hole
triplet (T—T) annihilation at high currerif: In addition, the and exciton blocking layet, a 65-nm-thick trig8-
high triplet energy of the ligands causes backward energhydroxyquinolingaluminum (Alg) electron transport layer
transfer to the host molecule, leading #Q,<1.4%* The  (ETL), and a cathode comprised of a 100-nm-thi{dk:1)
highest 7.,,=5.6% for a red phosphor has been achievedMgAg layer, with a further 20 nm Ag deposited as a protec-
with PtOEP doped into 4/4N,N’-dicarbazole-biphenyl. tive cap(Fig. 1). Devicell has the ITO anode, a 60-nm-thick
4,4 -bigN,N’-(3-tolyl)aming-3,3 -dimethylbiphenyi HTL,

a 25-nm-thick 2,22"'-(1,3,5-benzenetriyiris[1-phenyl-
dElectronic mail: forrest@ee.princeton.edu 1H-benzimidazolg (TPBI)'® EML doped with ~7% phos-

0003-6951/2001/78(11)/1622/3/$18.00 1622 © 2001 American Institute of Physics
Downloaded 06 Apr 2011 to 133.5.128.1. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



Appl. Phys. Lett., Vol. 78, No. 11, 12 March 2001 Adachi et al. 1623

Ag Ag 10" e 10
65nm-Alg; | 50nm-Alg; 9 %%N S \ g
= £
o > £
e LONILECE é 25nm-TPBI g | %@% \ <
20nm-CBP & Q | O
£ 10° e 10° 3
50nm-a.-NPD 60nm-HMTPD 2 ‘%% 2
ITO ITO £ : 5
Glass Glass e 5
a L , 5

Device I Device II
I 10" T 10"
107 10" 10° 10’ 107 10°

Current density (mA/cmz)

/ FIG. 2. External quantum efficiencyn(,) and power efficiency 4,) vs
current density for devicewith a btplr(aca¢ guest.

Table | summarizes the electroluminescence characteris-
FIG. 1. Device structuresand|l. Molecular structure of the byM(acag  tics of btplr(acag, btpPtacag, PtOEP and E{ITA)sphen
phosphorghereM =1Ir, n=2 andM =Pt, n=1). (TTA =thenoyltrifluoroacetone,phenl, 10-phenanthroline)
guests in devicesand Il. A maximum 7g,~7% was ob-
phor, a 50-nm-thick Alg ETL, and the same cathode as in tained with btpir(acag in both devices andll, and PtOEP
device | in devicell. Also, the maximum 7, of btpzlr(aca() was
Figure 2 showsne, and the power efficiencysf,) as (4.6=0. 5) Im/W which is significantly higher than that of
functions of current density for devicenith a btplr(acag ~ PtOEP, since the spectral peak of the latter compourBiz
guest. A maximum 7e,=(7.0+0.5)% and 7,=(4.6 nm redshifted relative to bjpr(acag. A pronounced im-
+0.5) Im/W, and a luminance of 6.5 cdfmere obtained at provement iny,; of btp,ir(acag was observed at high cur-
J=0.1mA/cn?. The device showed a gradual decrease ofent. At J=100mA/cnt, the btplr(acag doped devicel
Next With increasing current, which has been previously at-showed a relatively highye—=(2.5+ 0.5)%, compared with
tributed to T—T annihilatiod*!® Nevertheless, atJ  PtOEP and E(TTA)sphen doped devicesdith 7.,=(0.61
=100 mA/cnt, the device efficiency remained high at,  =0.05)% andze,=(0.21+0.05)%, respectively. The roll
=(2.5£0.3)% and 7,=(0.56+0.05) Im/W. A maximum off in 7, with Jis consistent with the electrophosphorescent
luminance of 6800 cd/fwas obtained ai= 690 mA/nt. lifetimes, 7, of the several materials employed. As shown

TABLE |. Red electrophosphorescent OLED characteristics. External quantum efficigng), @nd power
efficiency (i) are given as functions of current density. Peak wavelength,J in electroluminescent spec-
trum. Transient electrophosphorescent timeunder electrical pulse excitation with pulse width of 500 ns. The
characteristic currentJg) of triplet—triplet annihilation.

next(%)
[ 7(Im/W)] at J(mA/cn)

J=001 01 1 10 100 1000 Apyp(nm) s Jo(mA/cd)

7.0 6.7 6.0 4.4 25 0.69

Device | @8 (GBI 21 (1.3 056 (0.1 6.5 27.4
Btp,Ir(acag 616
. 69 68 59 37 16 053
Devicell 4.0 11.0
- (7 @6 @5 (149 (057 (019
. 27 27 26 19 10 037
Device | 25 (14 (093 (054 (0.29 (0.083 9.3 37.7
BtpPtacag 610
. 22 22 21 13 057 002
Devicell 12 @1 (072 (034 012 (0.038 56 145
. 52 52 41 21 067 018
Devicel 13 (11 (0.64 (025 (0.066 (0.015 86.5 6.4
PtOEP 650
. 69 69 43 19 05 010
Devicel 14 10 (053 (017 (0.039 (0.010 49.6 26
EUTTA); . 14 13 12 068 021
phen Device | 12 (094 (053 (021 (0.08 614 350 3.6
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FIG. 3. Electroluminescent spectra of devicemploying btplr(acag, . .
PtOEP or btpRacag at a current density of=1.3mA/cn?. Inset: CIE 400 500 600 700
coordinates for btgr(acag (x=0.67, y=0.33), btpPtacad (x=0.67,y Wavelength (nm)

=0.33), PtOEP X=0.70, y=0.30) and E(@TTA)sphen &=0.68, y

=0.32) doped devices and a 2%-DCM2: Alk=0.61,y=0.39) device.  FIG. 4. Electroluminescent spectra of devicwith a btp,(acag guest dop-
The triangles show the NTSC recommended blue, green, and red coordint as a function of OLED drive current density.
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