APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 7 17 FEBRUARY 2003

Triplet exciton confinement in phosphorescent polymer
light-emitting diodes

Fang-Chung Chen, Gufeng He, and Yang Yang?®
Department of Materials Science and Engineering, University of California at Los Angeles,
Los Angeles, California 90095

(Received 1 July 2002; accepted 18 December 2002

A series of iridium complexes, with triplet energy levels above or below the triplet level of host
polymer, were used to study the flow of excitons between the host and the dopants. The performance
of phosphorescent polymer light-emitting diodes has been shown to be sensitive to the triplet energy
of the dopant. When the dopant exciton level was higher than that of the host polymer, a “backward
excitation energy transfer” occurred; hence, the photoluminescence is quenched and the device
performance is poor. When the triplet energy level of the dopant was lower than that of the host
polymer, the exciton is confined to the dopant site, and the device shows better performance due to
this confinement. €003 American Institute of Physic§DOI: 10.1063/1.1544658

Recently, the quantum efficiency of organic light- nm) was then spin-coated to serve as the emissive active
emitting diodes(OLEDs) has been significantly improved layer'® A bilayer electrode, consisting of indium-tin-
due to the harvest of both singlet and triplet excitbrsAn oxide (ITO)/glass substrate coated with a thin layer of
internal quantum efficiency of nearly 100% has beenthe conducting polymer, 3,4-polyethylenedioxythiophene-
demonstrated.Iridium(Ill) complexes have been shown to polystyrenesulfonatéPEDOT), for the anode. Calciurt600
be the most efficient dopants due to their short excitatiord)/aluminum (1000 A) bilayer cathodes were used in all of
lifetime.2~* OLEDs doped with Ir-complexes with emission our devices. All devices were tested under nitrogen environ-
from blue to red have demonstrated efficier€Although ~ ment.
many phosphorescent polymer light-emitting diodes  To investigate the photophysical properties of conju-
(PLEDS have been reported!? quantum efficiency compa- gated polymer/phosphorescent dopant systems, the PL spec-
rable to that of OLEDs has not yet been demonstrated, evelfia of various phosphorescent-dye-doped PF films were mea-
though the same dopant molecules have been used. In trsired. Curve-a in Fig. 2 shows the PL spectra of a neat PF
letter, backward excitation energy transfer from the phosphathin film. When the PF film was doped with Btplr, the emis-
rescent dopants to the semiconducting polymer was investsion from PF was quenched; meanwhile, a new, red emission
gated. In this study, a series of Ir-complexes with differentwith a peak at 616 nm was observemlirve-b, Fig. 2. This
triplet energy levels were used as the dopants for phosphelearly indicates that excitation energy transferred from PF to
rescent PLEDs. The triplet energies of these metal complexdstplr; however, the energy transfer was not completed, even
were finely tuned by modifying the chemical structure of thewhen the Btplr concentration was as high as 11 wt %. For the
ligands® Except for triplet energies, these dopant moleculePF/Btir blend system, although the emission of PF was
have similar photophysical properties, such as metal-toquenched, only weak dopant PL emission was observed for
ligand charge transfeiMLCT) absorption energies and trip- highly Btlr-doped films(curve-c, Fig. 2, implying little ex-
let excitation lifetime>® They provide a suitable system for citation energy transfer to the dopants. This situation is
investigating the influence of dopant excitation energy on thavorse in the PPIr-doped PF films: The PL of PF decreased
performance of phosphorescent PLEDs. Our results suggegtonotonically with doping of PPIr; no apparent emission
that confinement of triplet excitons is important to achievefrom PPIr could be observe(Fig. 2, curve-g. For all of
high efficiency. these three samples, the emission from PF was still observed,

Poly{9,9-bigoctyl)-fluorene-2,7-diy] (PP was chosen even at high dopant concentrations. This phenomenon is
as the host polymer because of its high photoluminescerarobably due to some aggregation of dopants.

(PL) efficiency and high conductivit® Energy diagrams of The absorption spectra of Btlr and Btplr have similar
these compounds are illustrated in Fig. 1. Highest occupied
molecular orbital§HOMOs) and lowest unoccupied molecu-

lar orbitals(LUMOSs) of polymers and dopants were deduced  -3-— Z2IW a6y 260V aay =
from cyclic voltammograms (CVs) or from the & e 22N
literature>***4 Triplet state energies were estimated from
their highest peak of phosphoresceft®. S -

To achieve charge balance, a 20-nm-thick hole- :g o
transporting layer, polyinylcarbazole¢ (PVK), was first § prpwe Ty
spin-coated onto the anode to facilitate charge injection. A 4;_ +0.40V ' 056V '
second layer of iridium-complexes-doped PF filifts100 R 097V

PVK PPIr Ix(ppy)s Bilr Biplr PF

Electronic mail: yangy@ucla.edu FIG. 1. Energy diagram of materials employed.
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FIG. 2. PL spectra ofa) undoped PF film, PF films doped with) 11 wt %
Btplr, (c) 10 wt % Btlr, and(d) 10 wt % PPIr. All spectra were obtained by

pumping at 382 nm. hosts and dopants in phosphorescent OLEDs was first

suggested by Baldet al!® The free-energy changeA)
on triplet transfer determines the resident time of triplet
overlapping with the PL spectra of PF. The different photo-excitons on either host or dopant triplet states. From the dis-
physical behaviors of the dopants cannot be well understoodyssion just presented, it is expected that a similar equilib-
considering the different energy transfer efficiencies from PRium also existed in semiconducting polymer/phosphorescent
to dopants. dopant systems. For example, in PF/Btlr systetG(
The different phosphorescent efficiencies of Ir- =0.08 eV), residue dopant emission could be observed in
complexes in the PF films can be qualitatively explained byhighly doped-PF films(curve-c, Fig. 2. According to this
the relative position of the triplet energy levels of the dopantsargumem, once the triplet energy of phosphorescent dye fur-
and to that of the host polymer. For the convenience of disther decreases, a better exciton confinement is expected. This
cussion, we divide polymer blends into three different catin fact has been demonstrated by using the blend of PF/
egories, based on the position of their dopant triplet energptOEP, in which high efficiency has been demonstrtetf.
levels. There are other possible reasons for the quenching of the
Case 1 The triplet energy of the dopant is higher than host PL, such as the formation of exciplexes or charge trans-
that of the host pOlymer. This is the case of the PF/PPIr blenq:br ion pairS]'Jle However’ no excip]exe emission was ob-
system. The excitation energy transfers from the singlet o§erved in the doped films was observed. From the energy
PF to the triplet of PPIr upon photoexcitation. Because th@evels shown in Fig. 1, the HOMO and LUMO levels of the
triplet energy {MLCT) of PPIr(2.41 eV} is higher than that  dopants are within the range of PF; hence, it is unlikely that
of 3PF(2.15 eV),'® thermodynamically, the excitation energy the blend of PF with Ir-dopants in this study can cause the
tends to flow to PF triplet energy states. Subsequently, thgxciton dissociation, which has been known to be one of the
PF decays via nonradiative transition to the ground statepossible processes for the PL quenching.
Unless the population of PF triplet states is extremely high,  Figure 3 shows current—light—voltage«L—V) curves
which is almost impossible under photoexcitation because obf devices consisting of PP(green emission dopandoped
the low efficiency of intersystem crossifitSC),*’ the PPIr  PF as the emitting media. The maximum quantum efficiency
emission can hardly be observed. was 0.9%. Although the PL intensity of the blend has been
Case 2 The triplet energy of the dopant is lower than significantly quenched due to the reason explained earlier;
that of the host polymer. This is the case of PF/Btplr systemihe remaining PL mainly came from PF. However, the elec-
the lowest triplet energy of Btpli2.0 eV) is lower than that  troluminescencéEL) is mostly from PPIr(curve-b of inset
of 3PF. The excitation energy transfers from the singlet of PRn Fig. 3, which is mainly due to carrier trappirg.
to the triplet of Btplr, and it would tend to stay in the Btplr. However, there was still residual PF host emission in the
Backflow of energy is unlikely to happen, since it is thermo-EL spectra even at low current densitiésset of Fig. 3,
dynamically unfavorable. In other words, the triplet excitonsindicating incomplete energy/charge transfer between the
are confined at Btplr. Thus, the emission of Btplr can behost and the dopant. In contrast to the low quantum effi-
observedFig. 2, curve-h. ciency of PPIr-doped devices, higher efficien@0% was
Case 3 The triplet energy level of the dopant is similar obtained when Btplr was utilized as the dopant. Moreover,
to that of the host polymer. In this case, it is a competitionthe device EL(inset of Fig. 3 exhibited very little host emis-
between the energy transfer from the dopant to the host polysion at the same current density, implying better energy
mer and the internal triplet exciton relaxation within the dop-transfer and exciton confinement, which is consistent with
ant, which is supported by the weak Btlr emission observegbrevious predictions from PL measurements. The perfor-
in curve-c of Fig. 2. mances of devices having different dopants are summarized

The dynamic equilibrium between triplet states ofin Table I.
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TABLE I. Comparison of device performance with different dopants.

Turn-on Maximum Maximum luminance
Dopant voltage quantum efficiency Triplet energ§
(Wt % in hos} (V) efficiency (cd/A) (eV)
Ir(ppy)s (3%) 4.5 0.90% 3.9 2.41
PPIr (3%) 4.5 0.95% 4.1 2.41
Btlr (5%) 5.2 1.0% 3.0 2.23
Btplr (5%) 5.0 2.0% 1.9 2.02

@Deduced from the highest peak of phosphorescent.

The quantum efficiency of the phosphorescent PLEDshould have a broad energy gap, high triplet energy level,
based on Btplr is still low compared with reported phospho-and bipolar charge transport capability.
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