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We present experimental measurements and theoretical calculations of the electrical and optical properties of
phosphor-doped polyp-phenylene vinylenelight-emitting diodes to determine the excitation processes that
lead to radiative recombination from the phosphor molecule. Three possible phosphor excitation processes are
considered(1) sequential electron and hole capture by the phosgR@prenergy transfer from the polymer
triplet exciton(Dexter transfer, and(3) energy transfer from the polymer singlet excit@iorster transfer The
properties of the doped polymer are investigated for doping levels up to about 20 wt %. At the highest doping
density, all radiative recombination occurs in the phosphor molecule and the observed electroluminescence
decay time increases significantly compared to the undoped polymer. Built-in potential and current-voltage
measurements indicate that the electron and hole energy levels of the phosphor are outside the energy gap of
the polymer, and that the phosphor molecule does not capture either individual electrons or holes. Measure-
ments of triplet optical absorption show that the triplet population in the polymer is not affected by the
presence of the phosphor, indicating that Dexter transfer processes are weak. Calculations of the triplet optical-
absorption cross section combined with the measurements of the triplet optical absorption determine the triplet
exciton density in the device. In an analogous chemically substituted polymer, no significant excitation transfer
occurs when there is no overlap between the emission spectrum of the polymer and the absorption spectrum of
the phosphor. These results demonstrate that the dominant excitation transfer path from the polymer to the
phosphor is dipole-dipoléFarsten coupling. Calculations of the charged and neutral electronic excitation
energies of the polymer and phosphor are performed using hybrid and time-dependent, density-functional
theory. The results of these calculations show whystes transfer is strong in this system, and why the other
two transfer processes do not take place.
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[. INTRODUCTION from the charged and neutral electronic excitation energies of
the dopant and host, which can be calculated using quantum-
The most efficient organic light-emitting diod€isED’s) chemical techniques. It is important to understand the exci-
use organic layers doped with phosphorescent molectifes. tation transfer processes in these doped organic systems in
The phosphor dopant increases the device quantum efférder to design appropriate phosphor molecules and organic
ciency because it has a high quantum vyield, and it allowsosts to optimize organic LED’s.
radiative recombination of triplet excitations that would oth-  This paper presents experimental measurements and the-
erwise recombine nonradiatively” In these doped organic oretical calculations of the electrical and optical properties of
diodes, electrons and holes are initially injected into the orphosphor doped polyp-phenylene vinylenelight-emitting
ganic host material, and then the excitation is transferred tdiodes to determine the excitation processes that lead to ra-
the dopant producing the phosphorescent excited state. Thedlgative recombination from the phosphor molecule. The
are three basic methods to produce the phosphorescent eseluble, conjugated polymer pdg,5-bigcholestanoxy1,4-
cited state in the dopant: sequential charge transfer from thehenylene vinylene(BCHA) was used as the host material
host, energy transfer from host triplet excitons, and energynd the small molecule 2, 3, 7, 8, 12, 13, 17, 18-octaethyl-
transfer from host singlet excitons. In the charge-transfe21H,23H-porphine platinumPtOEP was used as the dop-
process the electron and hole are captured sequentially by tleat. The properties of the doped BCHA were investigated for
dopant, leading to the creation of a phosphorescent excitd2tOEP doping levels up to about 20 wt%. At the highest
tion. In energy-transfer processes, the electron and hole firstoping density, essentially all radiative recombination occurs
combine in the host, producing either a triplet or singlet ex-in the phosphor molecule and the observed radiative decay
citon, and then the energy of this excitation is transferred tdime significantly increases. Built-in potential and current-
the dopant by Dexter or Fster processes, respectively. En- voltage measurements indicate that the electron and hole en-
ergy conservation limits the allowed excitation transfer pro-ergy levels of PtOEP are outside the energy gap of BCHA,
cesses. Therefore, the relevant processes can be determirsd that the phosphor is not charged by unipolar current
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FIG. 1. Chemical structure of BCHA-PP\ieft) and PtOEP
(right).

flow. This demonstrates that sequential charge capture by the
dopant does not occur. Measurements of triplet optical ab-
sorption show that the triplet population in BCHA is not
affected by the presence of the phosphor, indicating that
Dexter transfer processes are weak. No excitation transfer
occurs when a related, chemically substituted polymer with a
slightly redshifted emission spectrum that does not overlap
the dopant absorption spectrum is used. Together, these re-
sults demonstrate that the dominant active excitation transfer
path from BCHA to PtOEP is Heter transfer. These conclu-
sions are consistent with the charged and neutral electronic
excitation energies of BCHA and PtOEP model systems de-
termined by hybrid and time-dependent, density-functional-
theory calculations. _
The structure of this paper is as follows. Section Il pre- 0 s \ \ 0.0
sents the basic material and device properties. Section Il '(f‘.s 20 25 30 35 40
presents the results of quantum-chemical molecular calcula- Photon Energy (eV)
tions. Section IV discusses measurements of the excitation

transfer mechanisms. Section V summarizes the conclusions, F!G- 2. Measured photoluminescence or electroluminescence
(dashed, left vertical axisand absorbancgsolid, right vertical axis

for a BCHA film on a glass substratapper pangl a PtOEP solu-
Il. MATERIAL AND DEVICE PROPERTIES tion (center pangl and a BCHA:PtOER20 wt%) Pt/Ca diode

The chemical structures of BCHA and PtOEP are showr!©Wer panel.
in Fig. 1. BCHA is a member of the extensively studied poly
(p-phenylene vinylengfamily of polymers~"and PtOEP has spectrum of PtOEP, and thereforérfer energy transfer
been widely used in phosphorescent LEB’sThe devices processes are allowed. The absorption spectrum of the
consisted of a 150-nm-thick doped or undoped BCHA fiimBCHA:PtOEP device is essentially the weighted sum of the
sandwiched between a thin, semitransparent Pt or Al ele@absorption spectra of the BCHA and PtOEP molecules. The
trodes and a thick Ca contact. The fabrication procedures arelectroluminescence from the diode structure is dominated
device geometry were described previod8lyThe Pt/Ca by the emission from the PtOEP molecule. The electrolumi-
structures are hole dominant, bipolar devices, and the Al/Caescence and photoluminescence spectra of BCHA:PtOEP
structures are electron only, unipolar devitt$hese device devices are essentially identicalot shown. The lumines-
structures are weak microcavities. Strong microcavities carence spectrum of these films depends strongly on the PtOEP
significantly influence dipole-dipole coupling processes oc-concentration; at 20 wt% the spectrum is dominated by

Luminescence (arb. units)
(syun *gre) 30UBGIOSqY

curring in the film!213 PtOEP emission, but at 7 wt % the spectrum is roughly one-
Figure 2 shows the absorban@®lid) and photolumines- half BCHA emission and one-half PtOEP emission.
cence or electroluminescen¢dashed spectra of: a BCHA Figure 3 shows the electroluminescence as a function of

film on glass(upper panegl a PtOEP solutioricenter pane) time for doped(solid) and undopeddashed Pt/Ca diodes

and a BCHA:PtOER20 wt% PtOER Pt/Ca diode(lower  excited by a 1us electrical pulse. The rise and fall times of
pane). The absorption and photoluminescence spectra of ththe electrical pulse were about 15 ns. The luminescence from
BCHA film (upper panel have broad peaks about 0.5 eV the undoped diode decreases by one order of magnitude less
wide that overlap by about 0.2 eV. Cavity effects in thesethan 1us after the end of the pulgémited by the lumines-
structures are weak and the optical spectra of polymer blendence detection schemé&his is consistent with the roughly
films in the Pt/Ca diode are equivalent to similar spectra ofl-ns intrinsic radiative lifetime of BCHA singlet excitons.
bare films on glass. The absorption and emission spectra dte electroluminescence from the doped sample increases
PtOEP are about 0.1 eV wide, and separated by about 0.3 e&nd decreases much more slowly, consistent with long life-
The emission spectrum of BCHA overlaps the absorptiortime [>100us (Ref. 14], phosphorescent emission from
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spectively. The LANL2 relativistic effective core potential
and associated double-zeta basis set were used for the Pt
center. The basis set was, however, completely uncontracted,
and augmented with arfi-type polarization function &
=0.6). These modifications lead to as&p3d1f) Pt basis
set. All calculations utilized theAUsSIANgS suite?!

The molecular ionization potenti@dlP) and electron affin-
ity (EA) for the n=5 oligomer and Rporphyrin are re-
ported in Table I. These IP and EA values are for isolated
molecules. They differ from the IP and EA values of the
corresponding solid films because of the large solid state
polarization correction§® However, they can be used to
compare the relative energies of the solid-state charged exci-
tations of the host and the dopant because the polarization
Time (us) corrections for the oligomeisurrounded by other oligomers
and the Rjporphyrin (also surrounded by oligomegrshould
%be similar?

The vertical excitation energies computed for the various
oligomers are reported in Table |, and plotted as a function of

. oligomer lengthn in Fig. 4. Note that th&s,— S, excitation
PtOEP. Therefore, both spectral and time-resolved eleCtrOIU'nergy, whers, is the singlet ground state ag is the first

g]olrrzaif];?\rt]?uemﬁiﬁgﬁrzggir(ijr?ﬁ?enz:?gee LSS ﬁglet excited state, decreases dramatically for the first few
' members of the series. It is approximately 3.5 eV for the
dimer, decreasing to about 2.2 eV for the seven-unit oligo-
I1l. MOLECULAR CALCULATIONS mer, and extrapolates to about 2.1 eV for an infinite chain.
) ] ] Similar behavior is observed for the triplet state. In the
Molecular calculations of the electronic properties of gimer, it is stabilized by about 1.3 eV relative to the singlet.
BCHA and PtOEP model systems were performed to serve afy;s difference is somewhat smaller0.8 eV) in the seven-
a basi_s for understanding the excitation transfer mechanis%it oligomer. The large difference between singlet and trip-
occurring in the diode structure. The BCHA model system ige¢ energies is sometimes associated with large “electron cor-
identical to BCHA except that the side groupRs=CHs (see  rg|ation” effects, but here it is likely simply a manifestation
Fig. 1) instead of the larg&=cholesterol groups. These non- f the exchange integral between the highest occupied and
conjugated side groups primarily affect the polymer solubil-jgwest unoccupied molecular orbital8OMO and LUMO
ity and not its electronic structure. Several oligomers in thisyf the oligomer. In the Hartree-Fock approximation, if it is
series were studied, and for each the ground-state geometgsmed the orbitals do not relax in the excited states, the

was optimized using the hybrid B3LYP density functiorial excitation energies to the first singlet and triplet states are
and the 6-31G basis set. At the optimum geometry, theoretiyiyen py

cal excitation energies were determined with time-dependen
density functional theory TDDFT).6-2° For these excited-
state calculations, the basis set was improved to 6*31G
modification which augments the 6-31G basis with a set of wheree is the ground state orbital enerd¢,is the exchange
functions on each carbon and oxygen to allow for the possiintegral, and the plugminus sign is for the singleftriplet).
bility of orbital polarization. Because the exchange integkalcan be shown to be posi-
Pt(porphyrin was used as a model system for PtOEP. Theive, the triplet is expected to lie lower than the singlet by 2
Pt(porphyrin calculations again utilized the B3LYP approxi- K. The exchange integral should decrease as the HOMO's
mation, and the 6-31G and 6-31(ases on the porphyrin and LUMO’s delocalize with increasing oligomer length, and
ligand for optimization and excited-state calculations, re-this is likely the origin of the trend seen here. This relation-

1.0F

0.5

Electroluminescence (arb. units)

0.0

FIG. 3. Time-resolved electroluminescence from a BCHA Pt/C
diode (dashed ling and a BCHA:PtOER20 wt%) Pt/Ca diode
(solid line).

AE= g ymo— &Homo* Knomo,Lumo s (1)

TABLE |. Selected energetic propertiésV) computed with TDDFT/B3LYP and the basis sets discussed
in the text. For the dipole-allowed transitions, the oscillator strengths are given in parentheses.

(BCHA model),
Property n=2 n=3 n=>5 n=6 PtP
So—S 3.540.62 2.951.58 2.423.18 2.373.50 2.490.019
So— T 2.19 1.79 1.54 1.53 1.98
T,—Tn 2.581.18 1.881.76 1.273.08 1.233.14)
IP 5.45 7.01
EA 1.10 1.12
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1.6 - T~
. e~ . . .
14 1 T~~~ agreement with experiment for an oligomer length5. One
] . might conclude that either the TDDFT results systematically
1.2 “-~-._.A. underestimate these excitation energies or that the effective
i Ty A oligomer length in MEH-PPV i:n~5. We note, however,
1.0+ that the authors of Ref. 28 recently reported TDDFT results
— r z'; J é " é " ; for a series of polyene oligomers which suggest that B3LYP/
2 3 n TDDFT underestimates excitation energies to the low8st 1

state by 0.5 eV. Theoretical excitation energies to the lowest

FIG. 4. Calculated vertical excitation energies ofp@tphyrin triplet state are also somewhat too low. More work is needed

(horizontal lineg and the BCHA model oligomers as a function of to benchmark the accuracy of the TDDFT approximations
oligomer lengthn. for analogous systems for specific finite chains.

The first excited singlet in the Pt species is the doubly
ship is not strictly valid for TDDFT, but it is a useful inter- degenerat&, state corresponding to the well-knownband
pretive model and is consistent with our more detailed calof metalloporphyrins. It is computed to be at 2.49 eV, in
culations. excellent agreement with experiméniThe analogous triplet

We also present in Fig. 4 the excitation energy computedtate is at 1.98 eV, also in good agreement with experi?ﬁent
for the T,—Ty transition: £B,—N3A,. The oscillator (compare these with the absorption and emission spectra in
strength from the lowest triplet excited stailg, to higher-  Fig. 2). B3LYP/TDDFT has been shown to be very effective
lying triplet excited states is strongly concentrated in onein describing the excited states of free-base porphyrin and
specific state which we refer to g . The higher-lying trip-  the simplest metallo-porphyrin, magnesium porphyfin.
let state is the triplet analog of the low-lyirfy, singlet stud-  Nguyen and Pacht&rrecently showed that TDDFT provides
ied extensively in the polyene literatui&®*The T, state lies  a good account of the spectrum of Zn porphyrin and substi-
about 2.6 eV above the lowest triplet in the dimer, the dif-tuted analogues. These studies, along with the present results
ference rapidly decreasing to about 1.1 eV in the seven-unfor Pt(porphyrin, are quite encouraging given the complica-
oligomer. In this evolution, the indexN” varies from N tions associated with correlation effects in transition metal
=9 in the dimer tdN=6 in the seven-unit oligomer. During complexes.
this progression, the orbital character of g state remains
th_e same, but t_he energy of_ the state moves relatlye to other V. EXCITATION MECHANISMS
triplet states with small oscillator strength 7q. Oscillator
strengths computed for the transition are presented in Table I. The possible phosphor excitation mechanisms can best be
The oscillator strengths fof,;— Ty transitions are approxi- understood by considering the charged and neutral excita-
mate, and obtained using ti8g— T, and Sy— Ty transition  tions of the polymer host and the phosphor dopant. Sche-
densities which account for the dominant particle-hole conmatic electron energgg) and neutral excitatiofb) diagrams
tributions to the oscillator strength. The weaker contributionfor BCHA and PtOEP, derived from model molecular calcu-
from higher order electronic correlations included in TDDFT lations, are shown in Fig. 5. For the phosphor to capture an
are not taken into accoufi. electron, the electron affinity of the hos},, must be smaller

The experimental values for the various transitions arehan the electron affinity of the dopawl,, and for the phos-
roughly T,—Sy=1.3eV2® §,—S,=2.5eV? and Ty—T,  phor to capture a hole the ionization potential of the hfist,
=1.5 eV 2527 Our theoretical results extrapolated to infinite must be larger than the ionization potential of the dopqt,
chain length are generally somewhat smaller than these nunpexter and Frster transfer processes both involve the trans-
bers. However, the calculated values are in reasonably godér of a neutral excitation from the host BCHA to the dopant
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PtOEP. In order for a Dexter transfer to occur, the energy of
the first excited triplet in the host,;,, must be greater than
the energy of the first excited triplet in the dopaifi,g.
Similarly, for a Faster process to occur, the energy of first
excited singlet in the hos$;;,, must be greater than the
energy of the first excited singlet in the dopa8ty. The
molecular calculations are useful to determine if these pro-
cesses can occur. For the=5 oligomer, &,—&,
=-0.02eV, I,-Zy=—-156eV, T~ Ti4q=—0.44eV,
andS;,—S; 4= —0.07 eV. Based on these excitation energy
differences, it is unlikely that Dexter excitation transfer or
hole capture by PtOEP can occur. However, given the accu-
racy of the molecular calculations, the energy difference be- FIG. 6. Electroabsorption signal at the fundamental frequency of
tween the singlet excitations is too small to rule oltsfer  the applied ac bias as a function of bias for BCHA Pt(@ashed,
transfer and, similarly, the energy difference between theolid circle and BCHA:PtOER20 wt %) (solid, open squajePt/Ca
electron affinities is too small to rule out electron capture bydiodes.
PtOEP. Although electron capture by PtOEP may occur, the
large energy barrier to hole capture suggests that sequenti@ld in the structure, which can be nulled by application of
charge capture is not a likely process. Therefore, based amn external dc bias. The built-in potential in the structure is
the molecular calculations, the most likely phosphor excitathe bias at which the electroabsorption signal is a minimum.
tion mechanism is Fster transfer. Theoretical calculations Figure 6 shows the electroabsorption signal as a function of
can be used to design systems in which Dexter and chargelc bias voltage for undoped and PtOEP-doped Pt/Ca devices.
transfer excitations are dominant. The built-in potential is about 2.2 V in both structures. This
To determine the excitation transfer mechanism experidemonstrates that PtOEP doping does not change either the
mentally, a series of measurements of the material and devidet or Ca Schottky energy barrier. Because the Schottky bar-
structures were performed. The built-in potentials of devicerier does not change with PtOEP doping, this implies that
structures were measured to determine if the metal/organietOEP does not introduce energy levels that are deep in the
Schottky energy barriers were altered by the phosphor dopenergy gap of BCHA, and that reactions between the contact
ing. The metal/organic Schottky barrier could be modified bymetals and the PtOEP do not change the Schottky barrier
charge transfer to the phosphor dopant or by an interfaciabetween the contact metals and the polymer. These Schottky
chemical reaction with the phosphdiThe electron and hole energy barriers must be determined independently from
transport properties were assessed by measuring the curreptirrent-voltage I-V) measurements in order to ugeV
voltage characteristics of hole-dominant and electron-onl\characteristic{see below to assess the changes in carrier
devices. If the phosphor molecule has either an electron amobility due to the dopant. If the Schottky energy barriers
hole energy level in the energy gap of the polymer, then thare not independently known, then changes inlthé char-
respective charge-carrier mobility would be substantiallyacteristics could be caused either by carrier trapping on the
reduced"! If charge-carrier capture by the phosphor occursdopant or by changes in the Schottky barrier.
then the Schottky energy barriers and/or the carrier mobility Figure 7 shows the current-voltage characteristics of a
would be changed. Th&,-Ty absorption peak of the poly- series of electron only and hole dominant devices with both
mer was measured in the diodes. If there was a significanindoped and PtOEP doped BCHA layers. There are three
transfer of triplet excitons from the polymer to the phosphor
(Dexter transferthen the amplitude of th&;- Ty absorption
peak, which is a measure of the triplet population in the

¥
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polymer, should decrease. Finally, phosphor-doped devices
were made using a closely related polymer with similar elec-
tronic structure, but with a redshifted emission that does not
overlap the absorption spectrum of the phosphor. Since the
absorption and emission spectrtirdo not overlap, the Fe
ster energy-transfer process is not allowed in this case. These
measurements probe the excitation transfer processes indi-
vidually, allowing the dominant mechanism to be identified.
At zero bias in a fully depleted metal/organic/metal struc-
ture there is a built-in potential in the device equal to the
difference between the electron Schottky energy barriers of
the two metal contacts. The electroabsorption signal as a
function of bias voltage was measured to determine the
built-in potential in undoped and PtOEP-doped BCHA de-
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FIG. 7. Current-voltage characteristics of hole domin@ifCa,

vices. The electroabsorption signal at the fundamental freg, 7, and 20 wt % PtOBRand electron onlyAl/Ca, 0 and 20 wt %
qguency of the applied ac bias is proportional to the electri®tOER BCHA:PtOEP diodes.
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FIG. 8. Differential intensity spectra showifig-Ty absorption
features in Pt/Ca diodes fabricated from BClki4pper paneland
BCHA:PtOEP(20 wt %) (lower panel. The current density in each
case was 1.0 Alchn

x10® cn?/mole, determined assuming a rectangular triplet
absorption peak 0.1 eV wide. Because the polymer chains lie
predominantly in the plane of the film and the triplet transi-

Pt/Ca hole dominant current-voltage characteristics shown: 80n dipole is oriented along the chain, the effective triplet
Wt % PtOEP, 7 wt% PtOEP, and 20 wt % PtOEP. There ar@bsorption  coefficient in the films is about 2
two Al/Ca electron onlyl-V characteristics shown: 0 wt% *10° cn? mole. The maximum measured Al/l at the
PtOEP and 20 wt% PtOEP. THeV characteristics of the peak of the triplet absorption is aboux30~° in a 150-nm
devices are not significantly altered by the presence of th#hick film. Based on the theoretical oscillator strength this
PtOEP. This indicates that the PtOEP molecule does not acorresponds to a triplet density of aboux 20 cm™3.
as an electron or hole trap that would modify the carrier These measurements show that sequential charge capture
mobility and thus the current-voltage characteristic of theand Dexter transfer do not excite the PtOEP molecule. Com-
device. It is essential to measure the electron and hole cubined with the measured spectral overlap between the BCHA
rents, and thus their transport properties, independently temission and PtOEP absorption, this implies thatstew
determine that PtOEP does not act as a trap for either carrieéransfer produces the PtOEP excitation. To verify thastey
type. Nominally bipolar-V characteristics are often domi- transfer is the only active process in this system, we exam-
nated by a single carrier tyge.g., holey and therefore the ined polyf2-methoxy, 5¢2’'-ethyl-hexyloxy-1, 4-phenylene
bipolar |-V characteristic is not sensitive to changes in thevinylenel (MEH) based diodes. MEH has an energy structure
minority carrier mobility (e.g., electronsthat would be in-  similar to BCHA, except that the emission spectrum of MEH
troduced by carrier capture by the dopant. is slightly red shifted with respect to BCHA. As shown in
Figure 8 shows the modulation of the diode optical prop-Fig. 9, the emission spectrum of MEH does not overlap the
erties,— Al/l, under forward bias at a current density of 1 absorption spectrum of PtOEP and sarster transfer pro-
Alcm? for a PtOEP-doped and undoped Pt/Ca BCHA diodescesses are forbidden. Several MEH:PtOEP/Pt/Ca diodes,
The modulated optical properties were measured usingvith PtOEP concentrations up to 40 wt%, were measured.
pulsed electrical excitation and phase-sensitive detection &or all PtOEP concentrations, no emission from the PtOEP
room temperature. The incident light passed through a semdopant was observed, consistent with the conclusion that
transparent Pt contact and a polymer layer, reflected off thEarster transfer is the dominant active process in these sys-
thick Ca contact, and passed through the polymer layer angtms. Based on our absorption and emission measurements,
the transparent contact a second time. The modulated opticile calculated Fster transfer radius between BCHA and
signal intensity— Al/I is proportional taA ad, wherel isthe  PtOEP is about 5 nrit Therefore, a concentration of about 1
incident intensity,A« is the change in polymer absorption wt% PtOEP in BCHA should have equal emission intensity
coefficient, andl is the film thickness? The feature at about from BCHA and PtOEP. Experimentally, a concentration of
1.5 eV in the modulated optical spectrum is theTy ab-  about 7% was required to produce equal emission intensities.
sorption peak. The amplitude of the absorption peak is eswhen emission from both PtOEP and BCHA is observed, the
sentially the same in both the doped and undoped devicdsgher energy luminescence emission of BCHA is preferen-
implying that the BCHA triplet population is not substan- tially decreased. The emission spectrum of pure BCHA films
tially affected by the presence of the PtOEP. Because this much broader than other polymers in the PPV family. This
polymer triplet population is not affected by the dopant, thissuggests that the emission from pure BCHA films is from an
implies that Dexter transfer processes from the polymer tripinhomogeneous energy distribution of emitting sites. The in-
let state to the phosphor are not significant. The calculatedomogeneous energy distribution of emitting sites in the
oscillator strength for the excited-state triplet absorption aBCHA may account for the comparatively high concentra-
1.5 eV in then=5 oligomer is 3.08. This oscillator strength tion of PtOEP required for efficient Fster excitation trans-
corresponds to a peak absorption coefficient of 4fer in this system.
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and the absorption spectrum of PtOEP. These results demon-

strate that the dominant active excitation transfer path from

We presented experimental measurements and theoreticg

calculations of the electrical and optical properties of IDtOEP'sions are consistent with the charged and neutral electronic

excitation energies of the polymer and phosphor determined
B_y hybrid and time-dependent, density-functional-theory cal-
'Clations.

doped BCHA light-emitting diodes to determine the excita-
tion transfer processes that lead to radiative recombinatio
from PtOEP. Three possible excitation processes were co
sidered:(1) sequential electron and hole captu®), Dexter
energy transfer, antB) Forster energy transfer. Built-in po-

tential and current-voltage measurements indicate that the
electron and hole energy levels of PtOEP are outside the

HA to PtOEP is Frster energy transfer. These conclu-
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