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We demonstrate high-efficiency yellow organic light-emitting devic@LEDs) employ-

ing [2-methyl-6{2,3,6,7-tetrahydro-1H,5H-benfddquinolizin-9-y)ethenyl-4H-pyran-4-ylideng
propane-dinitrile (DCM2) as a fluorescent lumophore, with a green electrophospho-
rescent sensitizer, fac tt&phenylpyriding iridium [Ir(ppy)s] co-doped into a 4,4N,N’-
dicarbazole-biphenyl host. The devices exhibit peak external fluorescent quantum and power
efficiencies of 9%:1% (25 cd/A) and 17-2 Im/W at 0.01 mA/crA, respectively. At 10 mA/cr

the efficiencies are 4.1940.5% (11 cd/A) and 3.1-0.3 Im/W. We show that this exceptionally high
performance for a fluorescent dye is due to tht00% efficient transfer of both singlet and triplet
excited states in the doubly doped host to the fluorescent material uspyoy)e( as a sensitizing
agent. These results suggest that 100% internal quantum efficiency fluorescent OLEDs employing
this sensitization process are within reach. 26001 American Institute of Physics.

[DOI: 10.1063/1.1388159

Over the last two decades, advances in organic light{~1%) the fluorophore, hopping from the host triplets to the
emitting device (OLED) efficiencies have been made nonradiative triplet state of the fluorescent molecule is dis-
through the synthesis of efficient lumophores, optimizationcouraged. In principle, therefore, phosphor sensitization can
of the OLED structure, and doping of OLEDs with highly lead to 100% internal quantum efficiency of OLEDs radiat-
emissive phosphorescent and fluorescent matéridlsn ing from the singlet manifold of the fluorescent dopant mol-
particular, the highest external quantum efficientige)q,,) ecules.
of ~18% reported thus far employ the electrophosphorescent Here, we describe high-efficiency fluorescent OLEDs
molecule fac tri&-phenylpyriding iridium [Ir(ppy)s] using a phosphorescent sensitizer. These OLEDs were im-
doped into hosts such as %4M,N’-dicarbazole-biphenyl proved and simplified from previous wdrky uniformly co-
(CBP). The largez,, of these devices is attributed to emis- doping the two dyes into the host material instead of using
sive triplet excitons that set an upper limit to the internalthin layers of the host alternately doped with the phospho-
quantum efficiency 4;,) of 100%. In contrast, given a sta- rescent sensitizer and the fluorophore. At low current densi-
tistical limit of 1:3 for the singlet-to-triplet exciton ratio in ties, we obtain a maximum external quantum efficiency of
molecular organic materiafsthe maximumz, for fluores-  9%=*1% (corresponding to an internal efficiency 6560%)
cent materials is only-5%, ultimately limited by the output and a power efficiency of 172 Im/W for fluorescent mate-
coupling efficiency’ of ~20% for OLEDs with flat glass rials. Moreover,ze, is found to be equal to that obtained in
substrates. control devices containing only the phosphor, suggesting that

The recent demonstration of phosphor sensitizitimn-  the exciton transfer efficiency from phosphor to fluorophore
vides a means for fluorescent OLEDs to approach efficienis ~100%. This result indicates that phosphor-sensitized
cies similar to those of electrophosphorescent device§uorescence provides a realistic route for obtaining 100%
through resonant energy transfer between triplet excitons iinternal electroluminescence in fluorescent OLEDs.
the phosphor and singlets in the fluorophore. Phosphor sen- As previously? the host material was CBP, and the dop-
sitization works as follows: By doping a phosphor at highants were Irppy); and the yellow-red fluorescent dfe
concentrationg~5-10 wt% into a conductive host, both [2-methyl-6{2,3,6,7 - tetrahydro-1H,5H-benZidquinolizin-
singlet and triplet excitons can transfer onto the phospho®-yl)ethenyl-4H-pyran-4-ylidengpropane-dinitrile(DCM2).
molecule. If the phosphor contains a heavy metal atom, spir@rganic layers were deposited by high-vacu(if™’ Torr)
orbit coupling transfers all excited states on the phosphor tthermal evaporation onto a precleaned and uv—oZone
the radiative triplet manifold. These radiative states can thetreated glass substrate precoated with an indium—tin—oxide
be readily transferred via the dipole—dipolér§ter process (ITO) anode having a sheet resistance~20 )/sq. A 40-
to the radiative singlet state of the fluorophore co-doped witthm-thick film of N,N-diphenyliN,N-bis(3-methylphenyt

both the host and phosphor molecules. By lightly dopingl1,1-bipheny]-4, 4-diamine (TPD) served as the hole-
transport layer(HTL). Next, a 30-nm-thick light-emitting

layer (EML) consisting of the CBP host was deposited while

dDepartment of Chemistry, University of Southern California, Los Angeles

California 90089. 'being simultaneously d_oped with 4-12 vvt%_p;(y)3, and
YElectronic mail: forrest@princeton.edu 0.1-1.3 wt% DCM2 via thermal co-deposition from three
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FIG. 1. Electroluminescence spectrum of devices doped with 0.1, 0.2, 0.4, 107 107 10 L1010 2 10 10
and 1.3% DCM2 and 8 wt % Ig(py); in CBP. The intensity of Inopy)s; Current density (mA/cm®)

emission, indicated by the arrow, decreases, and the DCM2 peak emission

redshifts with increasing DCM2 concentration. Gaussian fits of the spectrafIG. 2. External quantum and power efficiencies of single- and double-

components of the device doped with 1.3 wt % DCM2 are shown as dashedoped OLEDs vs current density. A maximum external DCM2 quantum

lines. Inset: Schematic cross section of a phosphor-sensitized fluorescegfficiency of 3:1% (25 cd/A) and power efficiency of 1¥2 Im/W are

OLED. obtained for the 8 wt % Ifpy)4/0.2 wt % DCM2:CBP device. Dashed line
shows the convolution between the 8 wt %plp(y)3:CBP and the 0.2 wt %
DCM2:CBP emission curves. Inset: Current—voltage characteristic of an 8

independent source boats. A 12-nm-thick layer of bathocu®t% I"(PPY)s/0.2 wt % DCM2:CBP device.

proine(BCP) was used to confine excitolfsn the EML. By

trapping the excitons, their residence time and recombinatioffom I"(pPpy)s to DCM2 at all concentration combinations
probability in the EML were increased, leading to a con-employed.

comitant increase in OLED efficiency. A 30-nm-thick layer "€ maximum DCM2 gxternalquuantum ef_ﬁCianCy at
of tris-(8-hydroxy-quinolingaluminum (Alg) was used to low current densitiesI<10 = MA/CT) Was 7eq=9%1%

transport and inject electrons into the EML. A shadow mask(25 cd/A) for an 8 wt% Irppy)s/0.2 wt% DCM2-doped

with 1-mm-diam openings was used to define the cathodgewce’ corresponding to a maximum power efficiency of

o : . .
consisting of a 100-nm-thick 10:1 layer with a 30-nm-thick 170"0 %:Z/_n% ::lgvg(s\?ig;?égpg:;:ge\;l(flhm?cwﬁmaaﬁﬁ of
_sHver cap. A sch_ematlc cross section of the device structur%ted using current—voltage characteristics shown in the inset
is shown in the inset of Fig. 1.

i of Fig. 2. The variation in the hue was small over several
Electroluminescence(EL) was only observed from qars of magnitude in current density, as inferred from the
Ir(ppy)s and DCM2 in all double-doped devices, indicating g gpectra shown in Fig. 3, inset. The valuergt, is double

efficient transfer of excitons from the CBP host to the dop-ih5t of previously reportédsensitized devices between cur-
ants, in addition to direct formation of excitons ondfy) 5. rent densities of 0.1 and 30 mA/&mand nearly three times
Figure 1(dashed linesshows the emission of a device doped higher at current densities below 0.1 mMA&MVhere 7oy is
with 8 wt% Ir(ppy); and 1.3 wt% DCM2, fit using three comparable to a purely phosphorescenp fr(); device, also

Gaussian curves by an iterative chi-square minimization roushown in Fig. 2. This equivalence in maximum,, for the
tine with peaks at wavelengths 8520, 600, and 650 nm.

The summation of all three Gaussians is shown by the dottec' 5
line overlapping the actual spectrum. From the ratio of the
areas of the two DCM2 Gaussian spectral components to théig
total area under the curve, we can calculate the percentage (E
photons emitted from DCM2. Nearly 100% DCM2 emission
was observed with 1.3 wt% DCM2, and86% with a dop-
ing concentration of 0.1 wt% DCMZ2. Figure 1 also shows
the reduction in the residual ppy); emission intensity
(whose peak, indicated by the vertical arrow, ishat520
nm) for devices doped with an increasing concentration of @ | SO
DCM2. Furthermore, a red spectral shift of the DCM2 peak & o 4w% Irppy)gT <
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from A=560 nm tox=600 nm is observed with increasing & 23 fz“"m//"l(z‘;’y)g RN 1
DCM2 concentration. Since DCM2 is a polar molecule, “ _ ' . 3 . . . L
higher doping concentrations lead to a redshift in the ggq 0.4 0.8 1.2 16 2.0
emissior® along with a substantial increase in aggregate- Wt. % Doping of DCM2

induced quenching, which lowers the quantum efficiency.
There was no significant variation in the percentage of phoFIG. 3. External quantum efficiencies at 10 mAfcof devices co-doped

tons emitted by DCM2 between devices with different with various concentrations of Ippy); and DCM2. Inset: electrolumines-
cent emission intensity as a function of wavelengthr 0 8 wt %

Ir(ppy)s concentrations, provided that the DCM2 concentras(ppy)./0.2 wt % DCM2 OLED at several current densities. DCM2 emis-

tion was held fixed. This indicates efficient energy transfersion at 600 nm decreases from 96% at 0.5 mA&/6m93% at 100 mA/crh
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TABLE I. Forster transfer radii and the internal photoluminescence efficien-we find that each DCM2 molecule lies in a spherical volume
: o : . ) ‘ !
cies (') of the different molecules studied. of radius 38 A, close to a calculated iSter radius of 464
Material combination Fﬂter transfer ra.dll/A 770 A At >1 Wt% DCM2 dOpIng, there Sh0U|d be I|tt|e |m'
provement in the transfer efficiency and a concomitant in-

ggg:ﬁ(cp';"y) 23&3 g'gig'gg crease in the concentration quenchthof DCM2 emission,
|r(ppy)3_Dwa2 20+-4 0.66-0.06 consistent with the results in Fig. 3.

By independently varying concentrations of the dopants,
we optimized the efficiency of I{py); and DCM2 OLEDs,

with results shown in Fig. 3. The highest,; of similarly

phosphor and the phosphor-sensiti;gd fluorescent devices iElbped DCM2 OLEDs were observed for devices containing
dicates that the exciton transfer efficiency betweepp)s g 1104 Ir(ppy)s. Hopping between CBP and ppy)s is

and DCM2 is~100%. Given that only radiative triplet states g jiely at lower doping concentrations since fewer CBP

produced by spin-orbit coupling on the jby)s molecule o100 16 have Igpy); as a nearest neighbor. At higher
can transfer by Hster processes to DCM2, this suggests thaboping levels, concentration quenching ofdy) emission

the phosphor has successfully transferred all excited states 4ominanf Thus. we expect lowe,, for devices doped
from the host to the singlet manifold of the fluorescent dyewith 4 and i2 Wt‘;/o Irbpy)s, as obsg;tved. Also. there is a

A slow decrrﬁease imeXE between 0.01 mA/cfnat 4.7 V noticeable decrease in the efficiency of the devices as the
and 300 mA/cm at 17 V is observed for all double-doped concentration of DCM2 is increased due to concentration

systems. It is also observed 'in th? purely fluorescen[]uenching of singlets transferred to that molecule.
DCM2:CBP O_LED and Othe device using Ppy)s as the In conclusion, we have demonstrated that co-doping of
EOSt doped with O'_ZhWt % DCMZf' ilgugezz Sh;WSD?atZFhethe conductive host molecule CBP withl wt % DCM2 and

ecrease IN7ex W't current of the 0.2 wtd o, an Ir(ppy); sensitizer considerably improves the external
Ir(ppy)s dewce_ IS fa_ste_r than th_e_xt of the 0_'2_ WE% fuorescence quantum efficiency of OLEDs. Optimized de-
DCM2:CBP device, indicative of additional nonradiative en-, .« exhibity,=9+1% (25 cd/A) and 7,=17+2 Im/W at

. €X - . p -

ergy pathwqy; avalla}ble between fdiy); and DCM2, 0.01 mA/cn?. The results show that Fster transfer between
which are eliminated in the double-doped.system. Furtherrr(ppy)3 and DCM2 can be made 100% efficient leading
more, aggregate que_nchmg of PiY)s exutong substar.1- to fluorescent OLEDs whose efficiency is equal to that of
tially Iowers'the ma)é'mum”e’“ of the 0.2 wt% DCM2: purely electrophosphorescent OLEDSs. In addition, phosphor-
Ir(ppy)_g_dev_lce to=19%. _ sensitized fluorescent OLEDs exhibit redudedT annihila-

- EfflClenue:% of (_jogble-doped dewceos roll off sharply ation as compared with purely phosphor-doped devices due to
J=300 mAjcr, similar to the 8 wt% Irppy);:CBP the rapid and efficient transfer of radiative triplet states to the

devi_C(_a. .Thif roll off is due to triplet—trip_let =T singlet manifold of the fluorescent molecular dopant.
annihilatiort* between the Iffpy); and host triplets. The
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