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Origin of electrophosphorescence from a doped polymer light emitting diode
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The origin of electrophosphorescence from a doped polymer light emitting did€i®) has been investi-
gated. A luminescent polymer host, p@y9-dioctylfluoreng (PFO, was doped with a red phosphorescent
dye, 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrin platittiyniPtOEBR. The maximum external quantum
efficiency of 3.5% was obtained at a concentration of 4% PtOEP by weight. Energy transfer mechanisms
between PFO and PtOEP were studied by absorption, photoluminescence, and photoinduced absorption spec-
troscopy. Even though electroluminescence spectra were dominated by PtOEP at a concentration of only
0.2 wt% PtOEP, Fester transfer of singlet excitons was weak and there was no evidence for Dexter transfer
of triplet excitons. We conclude that the dominant emission mechanism in doped LED’s is charge trapping
followed by recombination on PtOEP molecules.
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[. INTRODUCTION arising from the use of phosphorescent dopants as emissive
centers in organic displays.

The performance of polymer light emitting diodes Both Faster and Dexter transfer can play a role in phos-
(LED’s) has improved dramatically over the last decade. Thephorescent LED’s. Fster transfer is a resonant dipole cou-
brightness, lifetime, stability, and efficiency of these devicesling process that transfers energy between singlet states and
are rapidly approaching the levels needed for commerciatonserves the spin state of the donor and acceptor chro-
application™? Until recently the radiative mechanism in mophores. It is dependent on the energetic overlap between
polymer LED’s was fluorescence, the spin allowedlS( the donor emission spectrum and the acceptor absorption
=0) dipole emission of light from singlet excited states. Ex-spectrum and has an inverse sixth power dependence on the
citon formation in polymer LED’s follows the Coulomb cap- donor-acceptor separatidhThe efficacy of Foster transfer
ture of nongeminate pairs of oppositely charged polarongetween two specific materials can be characterized by a
injected from the electrodes. Consequently both singket ( Forster transfer radiu®,. This corresponds to the average
=0) and triplet 6=1) excited states are formed with spin separation between donor and acceptor for which the prob-
statistics predicting a 25% yield of singlet excitons. Thisability of transfer is equal to the probability of recombination
calculation assumes similar cross sections for formation obn the donor. Fister transfer radii as high as 5 nm have been
triplets and singlets and has recently come under questiomeported'®!® Dexter transfer requires quantum mechanical
Singlet formation rates as high as 50% have beerunneling of electrons between the donor and acceptor. It is
proposed:* Radiative recombination of both singlet and trip- therefore a shorter range process requiring donor-acceptor
let states substantially increases the theoretical electrolumseparations of less than 1 nm. Unliker§er transfer, Dexter
nescence efficiency of organic LED'’s. transfer preserves the total spin of the system, but not the

Phosphorescent dyes have been used in organic LED’s &pin of the donor and acceptor. Dexter transfer thus allows
overcome the efficiency limit imposed by formation of triplet triplet-triplet energy transfer from donor to acceptor. This
excitons 16 These materials incorporate a heavy metal atontan occur when there is spectral overlap between the phos-
with strong spin-orbit coupling that mixes singlet and triplet phorescence emission spectrum of the host and the singlet
states. Phosphorescence, the radiative recombination of triground state to first triplet excited state absorption spectrum
let states, becomes allowed. The efficiency of intersystenof the guest. This ensures an energetic overlap of the states
crossing from the singlet to triplet excited states is also enbetween which tunneling occurs.
hanced. As a result, the lowest triplet state is efficiently We wish to investigate ar-conjugated polymer suitable
populated and can give light emission. For example, thdor Dexter transfer to PtOEP. The phosphorescence peak of
phosphorescence efficiency of 2,3,7,8,12,13,17,18-octaethyirtOEP is at 646 nm, requiring a polymer with a triplet state
21H,23H-porphyrin platinuifl) (PtOEB is four orders of energy greater than 2 eV. A serious problem arises in using
magnitude higher than its fluorescence efficien&pr these  -conjugated polymers as the host in phosphorescent LED's,
devices, the phosphorescent dopant is incorporated into l@ecause the singlet-triplet splitting is quite large. Recent
fluorescent host, either a small molecule Host,a polymer  measurements by Romanovskii al. have shown that the
with a luminescent sidechain chromophdfé® or a  zero phonon fluorescence and phosphorescence peaks of a
m-conjugated polymel?~*°Internal quantum efficiencies of ladder-type poljpara-phenyleng are separated by 0.62
23% for PtOEP in dicarbazole biphefynd 32% for trig2-  eV.2° This would suggest the use of a polymer with fluores-
phenylpyriding iridium in dicarbazole biphen§lhave been cence peak below 480 ni2.58 e\). We have accordingly
reported. These high efficiencies demonstrate the potentighosen pol{9,9-dioctylfluoreng (PFO as the host for phos-
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phorescent LED’s. The 0-0 fluorescence peak of PFO lies at

423 nm?* which would imply that the lowest triplet excited O Q

state is approximately 2.3 eV above the ground state. .
Despite the technological importance of phosphorescent

LED’s, energy transfer in such systems has received rela-

tively little attention. Baldcet al. showed that there was evi-

dence for Dexter transfer by comparing doped and undoped PFO PtOEP

LED’s.> A more direct approach is to compare triplet state

dynamics of the host and the host-guest blend. PFO and FIG. 1. The repeat unit of PFO and the chemical structure of

PtOEP are an attractive combination for such a study as thetOEP.

triplet lifetimes in the two systems differ by more than an

order of magnitude. Photoinduced absorption measuremeng$ @ rate of 3500 rpm to give a film thickness of 150 nm.
have shown that the triplet lifetime in PFO is a few Film thicknesses were measured using a surface profilome-

millliseconds?>?? whereas the phosphorescence lifetime oft€r- To prepare the doped PFO films weighed amounts of
PtOEP is 91 us in a polystyrene hostlf significant Dexter PtOEP were added to produce solutions with concentrations
transfer occurred from PFO to PtOEP, this would effectivelyUP t0 8% of PtOEP by weight. These were then spin-coated
open up a new, fast recombination channel. Hence, the PF@S for the pure PFO and gave the same film thickness.
triplet lifetime should significantly decrease. Even if Dexter Absorption spectra were measured in a Unicam UV-vis
transfer were relatively inefficient, the much longer triplet SPectrophotometer. Photoluminescer(&d) emission was
lifetime of PFO would result in an extension in the PtoEpcollected with an optical fiber, dispersed in a spectrograph,
phosphorescence lifetime. This reasoning is borne out by @d recorded with an Oriel charge-coupled devG£D)

recent study of organic LED’s in which the phosphorescengeteCtor- For this measurement, samples were gxcited by a
dye Ir(ppy); was used to sensitize a fluorescent dyeMonchromated 150 W xenon arc lamp. Absorption and lu-

(DCM2).? The radiative lifetime of DCM2 was extended to minescence measurements were performed in an ambient en-
follow the decay rate of Ir(ppy)triplets. vironment at 300 K. The _F"eter transfer r_adiuRO is defing_d

We describe the experimental techniques used in thi€S the donor-acceptor dlstance.for which the probability of
work in Sec. Il, studies of the operation of phosphorescentitérmolecular energy transfer is equal to that of fluores-
LED’s in Sec. IIl, and spectroscopic studies of PtOEP/PFCFENce. The Hster radius can be independently calculated by
blends in Sec. IV. Electroluminescence spectra of LED'scOmparing the fluorescence spectrum of PFO with the ab-
made from PtOEP/PFO blends are dominated by PtOESOrPtion spectrum of PtOEP. The expected relation is

emission, even at PtOEP concentrations as low as 0.2% by 0.529K2 [ F(E)eo(E)dE
weight. Absorption and photoluminescence spectra of Rg: ' 7 J m ?1 , 1)
PtOEP/PFO blends show thaf'ster transfer is weak, re- Nan E

quiring high loading of PtOEP to quench PFO fluorescencewhere K2 is an orientation factof2/3 for random orienta-
Measurements of triplet state dynamics in PFO by photointion), N, is Avogadro’s numbem is the refractive index of
duced absorption spectroscopy show that virtually no Dexteghe host,F , is the normalized fluorescence spectrum of the
transfer occurs. We conclude that PtOEP molecules imost, ¢, is the molar decadic extinction coefficient of the
LED’s are electrically excited by direct charge trapping Ofguest, ancE is the energy in wave numbets.
holes on PtOEP followed by electron capture and recombi- The LED's studied were bilayer structures with an indium
nation rather than by formation of excitons on the host fol-tji; oxide (ITO) anode, a hole transport layer of
lowed by energy_transfer to PtOEP. This ponclusion is SUPN, N-di(3-hydroxycarbonyl-phenyiN, N-diphenylbenzidene
ported by the increase of the operating voltage WithBEA) an electron transport and emissive layer of PFO/
increasing PtOEP concentration. This electrophosphoregstoEp, and a calcium cathode. All polymer solutions were
cence mechanism permits the fabrication of efficient reg/passed through a 0.5m pore filter before spin-coating. De-
LED’s despite weak energy transfer coupling between PFQjices with an active area of 4 nfmwere fabricated and
and PtOEP. tested in a nitrogen atmosphere. BFA was spin-coated from a
10 mg/ml dimethylformamide solution at a speed of 3000
rpm, to give a 45 nm thick film. This layer was then baked at
60 °C for 300 min under rotary vacuum to remove residual
PtOEP was purchased from Porphyrin Productsframd ~ solvent. The PFO and PtOEP/PFO doped layers were spin-
used without further purification. PFO is a well-characterizedcoated from a 15 mg/ml toluene solution at a speed of 3500
material that has been used as both an emissive and a trampm to give a thickness of 150 nm. BFA is not soluble in
port layer in polymer LED’Ysee Fig. 1.2* The synthesis and toluene and so the second layer can be deposited without
characterization of PFO have been previously described;  dissolving the first layer. A calcium cathode was evaporated
PFO has an ionization potential of 5.8 eV and an optical gapnto the emissive layer to give the final device structure
of 3.0 eV? For optical measurements, samples of PFO andTO:BFA:PFO/PtOEP:Ca. LED'’s containing PtOEP doping
PtOEP/PFO blends were spin-coated onto synthetic quarizoncentrations of 0.2% to 8% by weight were investigated.
(Spectrosil B disks from toluene solution. A solution con- Pulsed driving of the LED’s was also examined. The bias
taining the polymer at a concentration of 15 mg/ml was spurvoltage pulses had a magnitude of 70 V, aw duration,

II. EXPERIMENTAL METHODS
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FIG. 2. The electroluminescence spectra of PtOEP/PFO LED’s1%, 2%, 4%, and 8% by weight.

The spectra are normalized to the phosphorescence peak at 646 nm

and offset for comparison. PFO fluorescence and a broad emission band peaked at 550

) nm which has previously been assigned to excimer emission
and were spaced at 1 ms intervals. The pulsed electrolumjr, PEO32 No PFO emission was detected from the other

nesce-_(6EL) measurements were carried out under a vacuuievices and no fluorescence was detected from the PtOEP
of 107° mbar. Luminance values were measured using Ringlet at\=580 nm for any devicé®

Topcon BM8 luminance meter. The external electrolumines- Figures 3 and 4 show the dependence of the current den-
cence quantum efficiencyg, was determined by collecting  sjty and luminance, respectively, on the applied bias for dop-
light emitted in the forward direction only. ing concentrations of 1%, 2%, 4%, and 8% by weight.

Photoinduced absorptiotPA) spectroscopy was em-  \easurements of an undoped PFO LED are shown for com-
ployed to compare triplet state dynamics in PFO films andparison; the structure of the PFO LED was IT& nm
PtOEP/PFO blends. PA spectroscopy uses standard phasg-s)/200 nm PFQ/Ca?* The operating voltage required
sensitive lock-in techniques with a modulated pump beam tyr charge injection and the onset of electroluminescence in-
excite th_e material and a broad spectrum light source as &eases with doping up to 4 wt% and then decreases for the
probe. Films for PA measurements were prepared as for Ph vt o4 sample. Table | shows the bias required for a current
and absorption. The PA spectrum, defined as the normallze(qlensity of 5 mA/crA and for a luminance of 5 cd/AnThe

changeAT in the probe transmissioR is proportional to the  operating voltage increases with increasing concentration, al-
photoexcitation density, the excitation cross section, and th‘éhough there is a slight decrease in the bias required for

sample thickness. The excitation lifetime can be determined \a/cn? at 8 wt % doping. Tesslest al. have noted that
by measuring the dependence of the PA upon the modulatiofye gifference in the ionization potentials of PFO and PtOEP
frequency. For monomolecular recombination kinetics, theg greater than 0.5 V, making PtOEP a recombination center

magnitude of the PA signal depends upon the modulation; “"-oncentrations as low as 0.0%66The increase of the
frequency as

ATo[1+(w7)?] 705 ) 8 ARRRARARRARERS
70 E LR
where T is the transmission through the sampie,is the —_ Rl
pump modulation frequendyn rad/9, andr is the excitation Ng 60 - * a E
lifetime *>*! This relationship was also used to determine the B o Soee ;
phosphorescence lifetime of PtOEP. o : O a ]
Q 40 S o
< : . ¢ ]
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Figure 2 shows the EL spectra of LED’s with concentra- 10 [ * . e E
tions between 0.2% and 8% PtOEP by weight, measured at : ot anssd® ]
i — 0 Lowssdoevibnvanitanboloer i .. .1 .. .00,
a current density=22 mA/cn?. The spectra are normal- 0 5 10 15 20 25 30 35 40
ized to the EL peak ah =646 nm and offset for ease of Bias (Volts)

comparison. All devices have an EL spectrum characteristic

of PtOEP emission, with a peak at 646 nm and vibronic FIG. 4. The luminance as a function of applied bias of a PFO
sidebands at 685 nm and 718 nm. The 0.2 wt% doped de-ED and of PtOEP/PFO LED’s with PtOEP concentrations of 1%,
vice also shows a weak peak)at 430 nm characteristic of 2%, 4%, and 8% by weight.
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TABLE I. Summary of operating conditions of LED’s prepared from blends of PFO and PtOEP.

PtOEP concentration Bias at 5 mA/ém Bias at5 cd/A 7z Power efficiency  EL lifetime

(Wt %) V) V) (Im/W) (us)
PFO only 11.6 104V 0.2% 0.069 not available
1 21 19.5 1.5% 0.096
2 27 23 3% 0.177 565
4 33 24.5 3.5% 0.163 523
8 26 255 0.6% 0.03 543

8Reference 24.

operating voltage of doped LED’s with increasing PtOEPously reported phosphorescent dopant/polymer host system
concentration is clear evidence for charge trapping in thef PtOEP doped PNE.Guoet al. have recently reported an
doped system. external quantum efficiency of 2.3% at a luminance of
It is possible to reduce the operating voltage of the doped.1 cd/nf with a bilayer PFO devic& The maximum effi-
LED’s with PtOEP concentrations of 2 wt% and 4 wt% ciency in PtOEP doped PNP was observed at a significantly
below 8 V by optimizing the thickness of individual layers lower doping concentration (0.5%) than for PFO, perhaps
and incorporating a hole injection layer of due to the presence of different mechanisms for triplet for-
poly (3,4-ethylenedioxythiophenépoly (styrenesulfonate®*  mation on PtOERsee below. A maximum luminance of
The 4 wt% LED required a thinner active layer than the~200 cd/nt was observed here at a current density of
2 wt% LED for optimum performance. Such work will not 70 mA/cn? under dc operation. This gives an efficiency of
be discussed here, where our primary interest is an investd.28 cd/A, very similar to that previously reported for an
gation of the physics of an identically prepared series okqually bright blue LED made with an ITO/BFA/PFO/AI
doped LED’s rather than optimization of the performance ofstructure with optimized layer thicknesses. When operated
such devices. under pulsed driving, a peak brightness of 2000 cdivas
The external quantum efficiency of phosphorescenbbserved for the LED containing 4 wt% PtOEP.
LED’s (7g.) was deduced from the luminance and current Figure 6 shows the decay of the EL of doped LED’s un-
data as previously reportédFigure 5 shows the variation of der pulsed operation for concentrations of 0.2, 1, 4, and
ne. for the different PtOEP doping concentrations as a func8 wt% PtOEP in PFO. The data are arbitrarily scaled so as
tion of the LED luminance. The maximumg, values and to be offset from one another. The EL decay could be fitted
power efficiencies are shown in Table I. In each case théo a single exponential decay with a lifetime that did not vary
efficiency peaks at a luminance below 10 cd/fhe maxi-  significantly with PtOEP concentration. The EL lifetime of
mum power efficiency for all devices was reached at aall devices was measured to be between 51 anguS6and
brightness below 10 cd/m The efficiency drop at higher did not vary significantly with dopant concentration. These
luminance is consistent with the behavior previously ob-values are slightly lower than previously reported lifetimes
served for doped small molecule devices. of PtOEP in carbazole biphenyl (7@s)? though higher
The maximum external EL efficiency of 3.5% is more than for aluminum tris quinolate.The single exponential
than eight times that of optimized undoped PFO devftes

and is nearly an order of magnitude greater than the previ- 100» '
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FIG. 6. The electrophosphorescence decay of doped PtOEP/

FIG. 5. The external quantum efficiency versus luminance ofPFO LED’s at concentrations of 0.2%, 2%, 4%, and 8% by
PtOEP/PFO LED’s with PtOEP concentrations of 1%, 2%, 4% ,weight under pulsed operation. The bias voltage pulses had a mag-
and 8% by weight. nitude of 70 V, a 4 us duration, and were spaced at 1 ms intervals.
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FIG. 7. The absorption spectra of PR@ashed lingand PtOEP
(solid line), the fluorescence spectrum of PE@led symbols, and FIG. 8. The PFO fluorescence, PtOEP phosphorescence, and
the phosphorescence spectrum of Pt@ggen symbols total photoluminescence efficiencies as a function of PtOEP con-
centration. The excitation source was the 354 nm line of a HeCd
laser.

decay is inconsistent with Dexter transfer occurring in our

system. Dexter transfer typically takes place on a microsec- . ) .
ond time scalé®3® Cleaveet al. recently reported a 10 ms PL spectrum, although its relative strength varied among de-

time constant for Dexter transfer from PNP to PtOgPex- ~ Vices and depended upon the current density through the
ter transfer would therefore be expected to lead to a signdl€vice. This feature is currently under investigation.

with a rise time corresponding to the Dexter transfer rate and Figure 8 shows the fluorescence quantum yield of PFO,
biexponential decay as observed by Harrinearal®” Inves-  the phosphorescence quantum yield of PtOEP, and the total

tigations of Dexter transfer by photoinduced absorption specEL yield as a function of PtOEP concentration between 0 and
troscopy are described in Sec. IV. 8% by weight. The samples were excited by a HeCd laser at

354 nm, where PtOEP absorption is quite weak. Virtually all
of the absorption will be by the PFO host. The PL spectra of
the PtOEP/PFO blendsot shown are superpositions of the
individual spectra of PFO and PtOEPig. 7). The contribu-
There are three possible mechanisms for electrically extion of the PFO emission to the PL spectrum decreases sig-
citing PtOEP molecules in the doped LED) Forster trans-  nificantly as the PtOEP dopant concentration increases.
fer of PFO singlet excitongji) Dexter transfer of PFO triplet However, even at 8 wt% PtOEP concentration, emission
excitons; and(iii) charge trapping followed by recombina- from PFO is not completely quenched. The ratio of the PL
tion on PtOEP molecules. The increase of the operating voltyields of the blend components could be used to indepen-
age (Figs. 3 and # upon doping is consistent with charge dently calculate the Fster transfer radius. Energy transfer is
trapping, but does not rule out energy transfer nor can iequally probable at a typical PtOEP separation of 1.9 nm
determine which is the dominant excitation mechanism oflassuming a uniform dispersion of PtOEP in BF®@his
PtOEP molecules. We have therefore undertaken spectrealue is in good agreement with the overlap integral calcu-
scopic studies in order to elucidate the underlying mechatation. The PtOEP phosphorescence quantum yield decreases
nism for electrophosphorescencerster transfer was stud- from 28% at 1 wt% PtOEP to 20% at 8 wt% PtOEP.
ied by measuring the fluorescence spectrum of PFO and the There is some evidence for aggregation in the absorption
absorption spectrum of PtOEP as well as the photoluminesspectra of PtOEP in a polystyrene host. We observed in-
cence spectrum of blends as a function of PtOEP concentrareased scattering and some splitting of the absorption spec-
tion. Dexter transfer was studied by using photoinduced abtrum at PtOEP concentrations above 0.2 wt%. We suggest
sorption spectroscopy to compare triplet state dynamics of ¢hat intermolecular interactions between PtOEP molecules
PFO film and a PtOEP/PFO blend. are reducing the phosphorescence quantum yield. This is
Figure 7 shows the absorption and fluorescence spectra abnsistent with the lower applied bias required for a current
a PFO film and the absorption and phosphorescence specidansity of 5 mA/cri at 8 wt% PtOEP than at2 or 4 wt%
of PtOEP in PMMA at a concentration of 0.1% by weight. PtOEP. It is possible that the percolation threshold for con-
There is weak overlap between the fluorescence spectrum atiction through PtOEP has been reached at a concentration
PFO and the absorption spectrum of PtOEP. Thesteora-  of 8% by weight. This results in increased current, but not
dius for PtOEP in PFO was calculated using Hg.to be 1.7  luminance, as holes conduct through the PtOEP and exit the
nm; this will require relatively high doping concentrations to device rather than being trapped.
transfer singlet excitons from PFO to PtOEP. Such high con- A much higher PtOEP concentration is required to quench
centrations would be required for effective Dexter transfer inPFO emission for optical excitation than for electrical exci-
any event. The excimer emission band at 550 nm has a relgation. Consider the ratio of the emission peaks of PFO at
tively stronger contribution to the EL spectrum than to the440 nm and PtOEP at 646 nm; the same calibrated CCD

IV. SPECTROSCOPIC STUDIES OF BLENDS
OF PTOEP AND PFO
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FIG. 9. Phosphorescence decay of a PtOEP/PFO blend follow-
ing excitation. The symbols show experimental results and the solid
line a fit to exponential decay. Inset: Dependence of the phospho:
rescence intensity of PtOEP, measured with a lock-in amplifier, on
the pump modulation frequency. The symbols show the experimen-
tal results and the solid line is a fit to E@).

1.3 1.4 1.5 1.6 1.7 1.8 1.9
and spectrograph was used for both measurements. The rat Energy (eV)

of these peaks in the EL spectra at 0.2 wt % dogR®)0 is
nearly the same as that in the PL spectra at 8 wt% doping FIG. 10. In-phasdtop) and quadraturébottom) PA spectra of
(23.3. Only 1 wt% of PtOEP is required to completely (a8 an undoped film of PFO anth) a blend containing 8 wt %
guench PFO emission in the electroluminescence spectr&OEP.
Thus, Faster transfer of singlet excitons from PFO to PtOEP
cannot account for dominant PtOEP emission at low dopant
concentrations in the EL spectra shown in Fig. 2. Rather, &z with an optical blade chopper. The PA spectrum is domi-
mechanism other than Ester transfer must be operating. In nated by a sharp transition at 1.43 eV with a weak vibronic
order to fully understand the physics of phosphorescensideband at 1.62 eV and PA extending up to 2 eV. PA-
LED’s, it is necessary to investigate Dexter transfer also. Taletected magnetic resonance measurements of PFO deter-
determine whether Dexter transfer is also occurring, PFQnined the transitions for charged polarons to be 0.4 eV and
triplet dynamics must be measured in PtOEP/PFO blends$.93 eV?! We accordingly assign the sharp peak to excited
and compared to an undoped film of PFO. state absorption of triplet excitons. Such an assignment is
The PtOEP triplet lifetime in a PFO matrix was deter- also consistent with studies of ladder-type pbra-
mined by measuring the phosphorescence decay followinghenyleng (LPPP, which has the same conjugated back-
photoexcitation. The phosphorescence decay of a blend cobene as polyfluoren&:>° In this system, the triplet excited
taining 1 wt% PtOEP in PFO is shown in Fig. 9. The decaystate absorption is a sharp band at 1.3 eV. The PA spectrum
could be fitted to a lifetime of 55:81.5 us (solid line), in  of a doped PFO film containing 8 wt% PtOEP is shown in
excellent agreement with the pulsed EL measurementBig. 10b). The PFO triplet peak at 1.43 eV is the strongest
shown in Fig. 6. The deviation of the first 3@s of the data feature in the PA spectrum of the blend, although there is an
from exponential decay is due to fluorescence from PFO anddditional PA band between 1.5 and 1.7 eV. This additional
the fact that a blade chopper does not produce a pure squaP& band is correlated with the phosphorescence, having the
wave modulation. The phosphorescence lifetime was indesame relative weight for the in-phase and quadrature compo-
pendently determined by measuring the dependence of theents. The PA spectrum of a film containing 1 wt % PtOEP
phosphorescence intensity on the laser modulation frequendyg PMMA (not shown contains a PA band between 1.3 and
and fitting the resulting data to E@2). The result of this 1.7 eV. We therefore assign the additional PA band in
measurement is shown in the inset of Fig. 9. The symbols PtOEP/PFO blend to excited state absorption by PtOEP
show the experimental results and the solid line a fit to theriplets.
phosphorescence lifetime using E@). The phosphores- The spectrally narrow triplet PA band at 1.43 eV makes it
cence lifetime was determined to be 558 us, in good possible to compare PFO triplet state dynamics in the doped
agreement with the transient EL decay shown in Fig. 6 anénd undoped systems in order to look for evidence of Dexter
the transient PL shown in Fig. 9. transfer. The lifetime of the excited triplet state of PFO was
Figure 1@a) shows the PA spectrum of an undoped PFOdetermined by measuring the dependence of the triplet PA
film, measured at 80 K. The PFO film was excited with asignal upon the modulation frequency and modeling the re-
pump beam ak =363 nm modulated at a frequency of 200 sulting data by Eq(2). A series of PA spectra of a PFO film

235206-6



ORIGIN OF ELECTROPHOSPHORESCENCE FROM A . .. PHYSICAL REVIEW6B 235206

100 ——————— T — charges can subsequently recombine with electrons to gener-
C e o 1 ate both singlet and triplet states on the PtOEP. The singlets
® swi%pPoer | - are converted to triplets via efficient intersystem crossing
T and thus also result in phosphorescence. Any singlet states
formed directly on PFO by recombination of untrapped
charges can subsequentlyr&er transfer to the PtOEP sin-
glet and also contribute to the phosphorescence emission. As
we find no evidence for Dexter transfer, we conclude that
all excitons except PFO triplets are available to produce
emission.
The increase of the operating voltage of the doped devices
102 o ol e with increasing PtOEP concentration is a consequence of
10° 102 108 10" charge trapping on PtOEP molecules and reflects the domi-
Frequency (Hz) nance of hole injection and transport. Time-of-flight studies
FIG. 11. The dependence of the triplet PA of PFO at 1.43 thave_ Show_n that PF_O IS a trap-free transporter of HBles.
upon the pump modulation frequency for an undoped PFO filmT he ionization potential of PtOEP is 0.5 eV less than that of
(symbol$ and one containing 8 wt% PtOERolid ling. The PFO; therefore PtOEP will act to trap hofésCharge trap-
doped sample is scaled to the undoped sample for comparison. PiNg reduces the mobility of holes and thus much higher
fields are required to transport significant amounts of charge
through the device.

and an 8 wt% PtOEP/PFO blend were measured as a func- 1€ EL quantum yield increases with increasing dopant
tion of the laser modulation frequency between 10 Hz and #oncentration, reaching a maximum of 3.0% at 2 wt% dop-
kHz. The in-phase and quadature PA spectra were integratd@d and 3.5% at 4 wt% doping. We attribute these high
over the PFO triplet PA peak between 1.39 and 1.48 eV an§ficiencies to better charge balance between positive and
the integrated root mean square PA signal was calculatedi€gative carriers in the recombination zone and the use of

Figure 11 shows the frequency dependence of PFO triplethth s_inglet and triplet excited states to generate EL. The
PA in a neat film of PFO as a solid line. The resulting data®P€rating voltage and EL quantum efficiency decreased at

for PFO could not be fitted to a single excitation lifetime, but PIOEP concentrations above 4% by weight. Int&zractions.be—
could be simulated by a bimodal lifetime distribution with fween PtOEP molecules at a concentration of 8% by weight

lifetimes of 3.2 and 0.3 ms. The longer lifetime has 72%2'€ sufficiently strong that triplet quenching is seen in PL
weighting and the shorter lifetime 28%. measurements. Films of PtOEP in PMMA show that inter-

The lifetime of PFO triplet excitons is much longer than molecular interactions are sufficient to change the absorption
the phosphorescence lifetime of PtOEP in PIF@. 6). Dex- spectrum(Davidov splitting; the phosphorescence quantum
ter transfer from PFO to PtOEP should reduce the PFO tripyield is also reduced at this concentration. Measurements on
let lifetime, because PtOEP molecules decay at a much mofaF© films dopgd by the red dye tetraphenyl porphyrin show
rapid rate (56s) than PFO triplet€0.3 to 3.2 ms The similar results® It is plausible that charge transport occurs

symbols in Figure 11 show the frequency dependence of thBetween the dopant molecules at such high concentrations.
PFO triplet PA signal in an 8 wt% doped PFO film, mea- 1his would then increase hole mobilities through the device

sured under identical conditions as for the undoped film@nd reduce the trapped space charge and the EL efficiency.
In summary, we have fabricated LED’s using PtOEP

There is no difference in the frequency dependences of the

PA of the two different samples. Thus, if there is any DexterdoPed PFO as the emissive layer. This notably improved the
transfer from PFO to PtOEP, it must be exceedingly weakexternal quantum efficiency of electroluminescence when
This conclusion is supported by the fact that there was ngOmPared to undoped PFO devices. A maximum efficiency

evidence for phosphorescence originating from Dexter tran2! 3-5% was obtained for a LED containing 4% PtOEP by
fer of relatively long lived PFO triplets. This is a rather sur- Weight in PFO. Weak Hster transfer of singlets was ob-
prising result as PFO should be a good candidate for Dexteterved, but no Dexter transfer of triplets from the host to the
transfer of triplets to PtOEP. We speculate that the orientad®Pant occurred. We propose that the increase in device ef-

tion of PtOEP molecules in PFO is such that there is not aici€ncy is due to PtOEP acting as both a hole trap and a
sufficient overlap of wave functions for Dexter transfer to '€combination center, enabling the use of both singlet and
OCCUI. triplet excitons in the recombination process. This suggests

that, even without a good overlap of the phosphorescence
spectrum of the host with the singlet-triplet absorption spec-
trum of the dopant, phosphorescent dopants may be useful as

Neither Foster nor Dexter transfer can account for @ means to improve device efficiency.
changes in the EL spectra upon lightly doping (0.2 wt%) a
PFO LED with PtOEP. We therefore propose that PtOEP
molecules act as both hole traps and recombination centers.
ITO:PFO:Ca devices are injection limited and the current is The authors would like to thank Mike Inbasekaran and
dominated by holes that have a high mobifityThe trapped Mark Bernius of the Dow Chemical Company for providing
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Integrated PA (scaled)
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