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Quenching effects in organic electrophosphorescence
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We examine various electronic processes that underlie the quenching of the emission from highly efficient
phosphorescent and electrophosphorescent organic solid-state molecular systems. As an example, we study the
luminescent efficiencies from the phosphorescent iridium~III ! complex, fac tris ~2-phenylpyridine! iridium
@ Ir( ppy)3# doped into a diamine derivative doped polycarbonate hole-transporting matrix and in the form of
vacuum-evaporated films, as a function of electric field. We demonstrate that the observed decrease in elec-
trophosphorescence efficiencies at high electric fields, and electric-field-induced quenching of phosphorescence
from neat@ Ir( ppy)3# solid films is due to the field-assisted dissociation of Coulombically correlated electron-
hole ~e-h! pairs. They are formed in a bimolecular recombination process prior to the formation of emissive
triplet excitons, or are charge-transfer~CT! states originating from the localized electronic excited states as a
result of the initial charge separation upon photoexcitation, respectively. It is found that the high-field depen-
dence of the quenching efficiency in both cases follows the three-dimensional Onsager theory of geminate
recombination, the fit yielding the initial intercarrier distance (r 0) of the carrier pairs. We findr e-h>3.5 nm for
the triplet exciton precursor pairs in the bimolecular recombination, andr CT51.860.1 nm for the initial carrier
separation from the photo-excited electronic states. Triplet-triplet and triplet-charge carrier annihilation pro-
cesses are shown to play major roles in the decrease of the electrophosphorescence efficiency within the
lower-field regime at lower current densities. Summarizing the results allows us to point out some emitter
features important for identifying phosphors useful for practical electroluminescent devices.

DOI: 10.1103/PhysRevB.66.235321 PACS number~s!: 78.66.Qn, 78.60.Fi, 72.20.My
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I. INTRODUCTION

Organic electrophosphorescence~EPH! is a form of elec-
troluminescence~EL! where the optical emission originate
from triplet excitons relaxing radiatively to the singl
ground electronic state (S0), due to their quantum mechan
cal mixing with singlet states. In organic EL, excited sta
are created by applying an electric field to a liquid or a so
state specimen made of an organic compound. Differ
types of organic EL can be distinguished based on the e
tation mode of emitting states. These are~i! high-field EL
with excited states produced by direct electron tunnel
from the valence band or an acceptor state to the conduc
band; ~ii ! impact EL, occurring as a result of a field
accelerated electron impact with host molecules or dop
luminescent centers; and~iii ! recombination EL, where ex
cited states are produced in a bimolecular electron-hole~e-h!
recombination process. EL types~i! and~ii !, observed mostly
in inorganic semiconductors, were also considered to un
lie the optical emission in early works on organic EL. T
present efforts are focused on understanding and applica
of the recombination EL, perhaps the most common type
EL occurring in organics~a more detailed description of or
ganic EL can be found in Ref. 1!.

The formation of localized emitting species in the reco
bination process of the injected positive and negative cha
implies a natural intermediate step of Coulombically cor
lated charge pairs~CP’s! which have undefined spin chara
ter being a mixture of singlet and triplet states characteri
by antiparallel~↑↓, ↓↑! and parallel~↑↑, ↓↓! carrier spins,
0163-1829/2002/66~23!/235321~15!/$20.00 66 2353
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respectively~see Fig. 1!. The singlet-to-triplet amplitude ra
tio of their states is often assumed to be 1:3 by spin statis
arguments, supported partly by an experimental study of
archetype EL material, aluminumtris ~8-hydroxyquinoline!

FIG. 1. Formation of molecular excited states (S1 ,T1) and
charge pair states@~CP! and ~CT!# in the course of bimolecular
electron-hole recombination~a! and under optical excitation~b!.
For a phosphorescent material the radiative decay of singlets (kr) is
negligible, the system exhibits only phosphorescence and ele
phosphorescence.
©2002 The American Physical Society21-1



th
el
th
s.

e
t

n
al

pl
a

te
th
o

ni
or
ra
ov
te
to
,

ie
I

e-

in-
s
e
fi-
ro

th

m
rg
n-
g
e
e
f
ile
r t

ne
e-
ci

x
o
et
p
is
s

the
car-
ex-

se of
g

n

re-
out-
r-
to

ntal
vari-
fore

wn

ro-

cent
tric

J. KALINOWSKI et al. PHYSICAL REVIEW B 66, 235321 ~2002!
(Alq3).2 However, recent experimental3–5 and theoretical6

works provided support for previous suggestions that
singlet-to-triplet state outcome ratio can be complet
different.7 This is a consequence of carrier trapping and
spin-dependent formation cross section of excited state
one of the recombining carriers is trapped at a depthDE
.Eg2ES ~whereEg is the energy gap andES is the singlet
exciton energy!, the energetics of the process must be tak
into account,8 the recombination probability to form a single
state can be expressed asa15(1/4)exp$2@DE2(Eg
2ES)#/kT%, the probability of the formation of a triplet is the
a2512a1 . It is obvious that for deep traps and/or sm
Eg2ES , a1!1/4 anda2→1. The branching ratioa1 /a2 for
the CP states does not translate directly to the singlet/tri
spin occupation ratio of the final emitting states because e
of the CP states is a superposition of the overall eigensta
the initial reactant species and the overall eigenstate of
final products of the recombination reaction. The outcome
the recombination reaction is thus dominated by the io
character of the initial species; favoring the creation of c
related singlet excitons revealing a remarkable ionic cha
ter, whereas the correlated triplet excitons have a large c
lent character. Since, in turn, the ionicities are correla
with the overall optical gap, one would expect the singlet-
triplet outcome ratio to be strongly material dependent as
fact, was recently observed inp-conjugated polymers.5 For
the above reasons, resulting formation rates (a1 ,a2) appear
to be, in general, a complex function of material propert
including their chemical nature and sample morphology.
spite of this, in an overwhelming majority of organic mat
rials, thea1 /a2 ratio does not seem to overcome1

3, and the
spin-forbidden radiative decay of triplet excitons is very
efficient (kPH!kn in Fig. 1!. This means that in most case
we deal with electrofluorescence, the majority of excit
triplet states is lost for the emission, limiting the EL ef
ciency. Triplet excitons can be gained over to radiative p
cesses using a phosphorescent material9–12 and/or a fluores-
cent dye excited in an energy-transfer process from
phosphorescent triplets.13 A nearly 20% external EL quantum
efficiency was reached in organic light emitting devices e
ploying phosphorescent molecules doped into a wide ene
gap host.14,15 However, the overall EPH output does not i
crease in a simple proportion to the current flowing throu
the samples since the EPH quantum efficiency has b
found to decrease by more than one order of magnitud
high current densities.9,16 This is a serious shortcoming o
electrophosphorescent light-emitting diodes, and a deta
knowledge of the emission quenching is required in orde
improve their performance.

The observed quenching of the EPH output was explai
by triplet-triplet ~T-T! exciton annihilation, a process that b
comes very efficient at a high concentration of triplet ex
tons produced under high-current density conditions.16 Since
the exciton concentration is proportional to the intrinsic e
citon lifetime, one would expect the quenching effect f
long-living triplets to exceed that for short lifetime singl
excitons, whereas the observed high-current density dro
the electrofluorescent light-emitting diodes
comparable17–22 to that for electrophosphorescent system
23532
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Thus exciton-exciton annihilation alone cannot explain
observed exciton quenching phenomena. Exciton-charge
rier interaction and electric field-assisted dissociation of
citons ~or their CP precursors! are conceivable exciton
quenching mechanisms, as already discussed for the ca
electro-fluorescence22 and electric-field-induced quenchin
of fluorescence23,24 from organic solids.

Here we study electric-field-induced triplet excito
quenching effects using the phosphorfac tris-~2-
phenylpyridine! iridium @ Ir( ppy)3# either as an emitter in a
highly efficient EPH device or as a neat solid sample p
pared by a thermal vacuum evaporation technique. We
line a theoretical basis for triplet-triplet, triplet-charge ca
rier, and triplet exciton dissociation phenomena applied
explain the present and other existing already experime
results. Furthermore, we discuss discrepancies between
ous experimental data and the theoretical predictions, be
concluding.

II. EXPERIMENT

The electrically and optically excited structures are sho
in Fig. 2. The EPH properties of@ Ir( ppy)3# were studied in
thin film devices of which the device ITO/6% wt@ Ir( ppy)3#:
74 wt % TPD:20 wt % PC~50 nm!/100% PBD ~50 nm!/
Ca/Ag revealed the highest EPH quantum efficiency and p

FIG. 2. Schematic representations of the electrophosphores
system~a! and the sandwich configuration used to measure elec
field-induced phosphorescence quenching~b!. The molecular struc-
tures of the materials used:~c! @ Ir( ppy)3# fac tris ~2-phenyl-
pyridine! iridium, ~d! TPD (N,N8-diphenyl-N,N8-
bis(3-methylphenyl)-@1,18-biphenyl#-4,48-diamine, ~e! PBD
2-~biphenyl-4-yl!-5-~4-tert-butylphenyl!-1,3,4-oxadiazole, and~f!
PC bisphenol-A-polycarbonate.
1-2
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vided the most useful data for comparison with theory. T
phosphorescent iridium complex@ Ir( ppy)3# @fac tris~2-
phenyl-pyridine! iridium# was synthesized, identified and p
rified as described in the literature,25,26 PBD @2-~biphenyl-4-
yl!-5-~4-tert-butylphenyl!-1,3,4-oxadiazole# and TPD
@N,N8-diphenyl-N,N8-bis~3-methylphenyl-(1,18-biphenyl!-4,
48-diamine# were purchased from Aldrich, and P
@bisphenol-A-polycarbonate# of mw 32000–36000 from
Polysciences Inc. The three latter compounds were use
supplied. Double-layer devices were prepared by a comb
spin-coating and vacuum-evaporation techniques. The
layer was spun coat from a 10mg/ml dichloromethane so
tion onto patterned precleaned transparent to visible l
indium-tin-oxide ~ITO! coated glass substrates~20 V/sq!,
then the second layer of PBD deposited by vacuum eva
ration. The sandwich devices were completed by a vacu
deposited Ca covered with a protecting layer of Ag. Ty
cally, the active device areas were about 7 mm2. Chosen
spin-coating conditions~2000 rpm! led to 50–60-nm-thick
@ Ir( ppy)3#:TPD:PC films followed by a similar thicknes
vacuum-evaporated layer of PBD. The ionization potentia
the materials used, represented by the position of the hig
occupied molecular orbital~HOMO!, makes the ITO anode
good hole injecting contact to the TPD:PC mixture ho
transporting layer~HTL!. Their electron affinities, repre
sented by the lowest unoccupied molecular orbital~LUMO!
level, enable the Ca cathode to be an efficient injector
electrons and PBD an electron-transporting layer~ETL!. The
LUMO and HOMO levels of the@ Ir( ppy)3# were obtained
from the oxidationEox50.74 eV potential determined by cy
clic voltammetry using the saturated calomel reference e
trode in dichloromethane and the optical energy gap resu
from the optical absorption spectrum. The LUMO a
HOMO positions of TPD and PBD as referenced to vacu
resulted from the ionization potential of each material27,28

and the HOMO-LUMO gap identified with the optical en
ergy gap as determined from absorption spectra. Of the
terials used, PC is an electronically neutral compound s
ing as a binding matrix for electrically and optically activ
molecules of @ Ir( ppy)3# and TPD. The electron-hole
recombination occurs predominantly at th
$@ Ir( ppy)3#:TPD:PC%/PBD junction since a wide-gap PBD
forms a strong hole blocker. Its removal makes the dev
much less efficient because of the hole current leakage to
cathode~cf. Secs. III B and III C!. TPD and PBD are essen
tially fluorescent,29 TPD showing a weak phosphorescen
especially at low temperature.30 To our knowledge no phos
phorescence was reported from PBD. As already mentio
@ Ir( ppy)3# is a phosphor which emits at about 510 nm~cf.
Sec. III A! with a phosphorescent lifetime of 400 ns.11,30The
external EPH quantum efficiency,wEPH

(ext) , has been deter
mined from the total flux per unit area (I r in W/cm2! re-
ceived by the 1-cm2 area of an EG&G power meter pos
tioned at a distancer M55 cm from the devices with forward
emitting areaA57 mm2 and the average photon energ
(hn), accounted for the current densityj ~A/cm2!. Such a
light source-detector configuration allowed the light emitti
devices to be treated as point radiators with the total rad
23532
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flux per unit area,I e5(2pr M
2 /A) I r (W/cm2). Thus wEPH

(ext)

5(2pr M
2 /A)(I r /(hn))/( j /e) ~photon/electron!.

The electric-field effect on the@ Ir( ppy)3# phosphores-
cence was measured using typically 0.2-mm-thick vacuum-
evaporated films sandwiched between two semitranspa
Al electrodes@Fig. 2~b!#. The phosphorescence quenchi
efficiency was calculated from the difference between ph
phorescence signals without and with a dc voltage~U! ap-
plied to such sandwich structures. The phosphorescent
was viewed perpendicular to the sample surface. The spe
characteristics of the materials and devices under study w
measured with a Perkin Lambda 19UV/Vis/NIR spectro
eter and a Spex Fluorolog 2 spectrofluorimeter. The curre
voltage characteristics were measured with a Keith
Source-Measure Unit model 236 under continuous opera
mode. All EL measurements were conducted in an arg
atmosphere, electric-field phosphorescence quenching
periments were performed in air and at room temperatur

III. RESULTS

In this section optical and electrical characteristics of
devices described in Sec. II are reported.

A. Spectral characteristics

The EL spectra of the electrophosphorescent device f
Fig. 2~a!, taken at various voltages at room temperature,
presented in Fig. 3. Their shape does not change with
applied voltage and corresponds well to the PL spectrum
@ Ir( ppy)3#:TPD:PC layer. This indicates that the finale-h
recombination emissive products are identical with t

FIG. 3. The spectra of the electrophosphorescent~EPH! device
ITO/6%@ Ir( ppy)3#:74%TPD: 20% PC~50 nm!/100% PBD ~50
nm!/Ca/Ag @cf. Fig. 2~a!#, taken at different voltages,~given in the
Figure!, to be compared with the photoluminescence~PL! spectrum
of a thin film of the same composition. Both EPH and PL spec
show a peak atl>510 nm and a shoulder atl>540 nm character-
istic of @ Ir( ppy)3#. No emission from TPD: PC matrix and PBD
ETL is observed.
1-3
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photo-excited emissive states which are supposed to be molecular triplet excitons of@ Ir( ppy)3# since no fluorescence from
TPD, peaking at about 400 nm~see, e.g., Ref. 7!, was observed. There are two ways of their generation:
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Several processes determine the overall production
ciency of the emissive@ Ir( ppy)3# triplets in the reaction
sequence~a!: the probability (a2) of the formation of the
host ~TPD! triplets in the bimoleculare-h recombination re-
action, the rate (kSS) of the long-range~Förster type! singlet-
singlet energy transfer from the host~H! TPD to guest~G!
@ Ir( ppy)3# molecule, the rates of singlet-triplet inter-syste
crossing transitions for host@kISC

(H)# and guest@kISC
(G)# mol-

ecules, and the short-range~Dexter type! host-guest (kTT)
and guest-host (kb) triplet energy transfer. The absence
the fluorescence~>400 nm! from TPD suggests that the Fo¨r-
ster energy transfer rate (kSS) exceeds the radiative deca
rate from excited singlets of TPD. If the only source of t
guest triplet excitons were the intersystem crossing from
guest singlets populated by the Fo¨rster energy transfer from
the host matrix, the electro-phosphorescence quantum
ciency would fall in the 1% photon/electron range typical f
23532
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electrofluorescence underlain by the low values ofa1 /a2

spin branching ratio.20,22,31 Since the EPH quantum effi
ciency of the present device~see Sec. III B! exceeds by an
order of magnitude that for typical electro-fluorescent d
vices, one would expect additional efficient channels for g
eration of the phosphorescent guest triplets. This could be
host-guest triplet energy transfer and/or reaction~b!. Indeed,
long-time living triplets of the TPD host have been shown
transfer their energy to the phosphorescent guest molec
of @ Ir( ppy)3#.16 Though this transfer process is impeded
the unfavorable interrelation between the donor and acce
triplet energies $ET (TPD)>2.3 eV,ET@ Ir( ppy)3#
>2.4 eV%, it modifies the guest triplet lifetime to a grea
extent30 ~also see Sec. IV A!. An alternative process of the
production of the electro-phosphorescing triplets by react
~b! still involves the triplet energy exchange between h
and guest molecules.
1-4
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These conclusions are supported by the emission s
trum of an EPH device, where the separated HTL a
@ Ir( ppy)3# layers form a junction alleviating electron injec
tion into and recombination on hole-transporting TPD m
ecules. It shows up as a field-increasing blue componen
its EL spectra presented in Fig. 4. Because increasing vol
applied to the device reduces the energy barrier for elec
injection from the@ Ir( ppy)3# layer, both the concentratio
of electrons and their penetration depth into the HTL lead
the enhancede-h recombination on hole-transporting mo
ecules of TPD and formation of their emissive singlet exci
states. Yet the violet fluorescence from these states~>400
t
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nm! is very weak since, due to the narrowness of the reco
bination zone, singlet exciton energy transfer to t
@ Ir( ppy)3# layer is strongly competitive to their radiativ
decay. The major spectral feature is the maximum at ab
515 nm corresponding to the radiative decay of triplet ex
tons generated by the electron-hole recombination within
layer of @ Ir( ppy)3#. The relative increase of the violet fluo
rescence component upon removal of the hole blocking la
of PBD indicates a decrease in the EPH emission due to
increased leakage of holes through the@ Ir( ppy)3# ETL @Fig.
4~b!#.

There is an alternative for processes~a! and ~b!:
yer
e

This would invoke a rapid formation of single
@1(TPD1PBD2)* # and triplet@3(TPD1PBD2)* # exciplexes
at the @TPDIr(ppy)3 :PC#/PBD interface, the intersystem
crossing conversion of the former into their triplet count
parts, and then exciplex energy transfer to the molecul
dispersed@ Ir( ppy)3#. The triplet energy exchange betwee
molecules of Ir(ppy)3 and TPD~with different rateskb and
kTT) is still expected to affect the resulting concentration
guest triplets. If the transfer rate constant (kEX) were suffi-
ciently high, process~c! could provide a high-density popu
lation of the Ir complex triplets. However, an independe
study is needed to substantiate the occurrence of suc
mechanism.

B. EPH quantum efficiency

The experimentally determined EPH external quantum
ficiency results from the optical output,FEPH (eV/cm2 s),
and current densityj ~A/cm2!, driving an EL device,wEPH

~ext!

5(FEPH/^hn&)/( j /e) ~photon/electron!, where^hn& (eV) is
the photon energy averaged over the total emission spect
ande ~C! is the elementary charge. It constitutes only a fra
tion of the intrinsic~internal! quantum efficiency@wEPH

int # be-
cause a part of the light produced in the emitter is lost for
direct ~in face! measurement ofFEPH due to scattering and
the wave-guided modes in the material, substrate and
-
ly

f

t
a

f-

m,
-

e

O

FIG. 4. The electroluminescence~EL! spectra of systems with a
100%@ Ir( ppy)3# component layer.~a! three-layer device: ITO/75%
TPD:25% PC~40 nm!/100% @ Ir( ppy)3# ~40 nm!/100%PBD ~40
nm!/Ca/Ag, and ~b! double-layer device without blocking PBD
layer: ITO/75%TPD:25%PC (40 nm)/100%@ Ir( ppy)3#(40 nm)/
Ca/Ag. The residual emission from TPD:PC hole transporting la
is apparent atl>400 nm, increasing with the voltage applied to th
devices.
1-5
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electrode32 @wEPH
(ext)5jwEPH

(int) , where j is the so-called light
output coupling factor#. The external EL quantum efficienc
of three different devices is shown as a function of injec
current density in Fig. 5. The straight lines approximate
highest current density behavior demonstrating that exc
for the first run of the 6%@ Ir( ppy)3#:(TPD:PC) device, the
slopes are larger than 0.5 predicted by triplet-triplet~T-T!
quenching according to Eq.~18! in Sec. V. The pointPc
determines the critical value of the current densityj crit at
which theT-T annihilation dominates the triplet exciton d
cay; j crit is used in an evaluation of the second orderT-T
annihilation rate constant~Sec. V!. The role of the
@ Ir( ppy)3# dispersion and PBD hole blocking layer is appa
ent from decreasing efficiency as passing from the dev
with @ Ir( ppy)3# dispersed in hole-transporting matric
@~TPD:PC!, CBP# in the presence of the hole blocking lay
of PBD, through a 100%@ Ir( ppy)3# emitter layer, to a sys-
tem with no hole blocking layer.

The emission efficiency of the@ Ir( ppy)3#-doped TPD:PC
HTL device @Fig. 2~a!# is largely higher than those with
separated@ Ir( ppy)3# layer. Indeed, the peak efficiency o
(1161)% photons/electron exceeds largely the best resu
(0.860.2)% photons/electron for the three-lay
(TPD:PC)/100%@ Ir( ppy)3#/100%PBD device and (0.10
60.02)% photons/electron for the double-layer dev
(TPD:PC)/100%@ Ir( ppy)3#. Moreover, it exceeds by abou
30% the maximumwEPH

(ext) obtained from a complex fully
vacuum-evaporated four-layer structure where the lumin
cent layer consisted of a 6% dispersion of@ Ir( ppy)3# in
(4,48-N,N8-dicarbazole-biphenyl!~CBP! matrix.11

We note that the initial increase of the quantum efficien
is directly related to the recombination (t rec)-to-transit (t t)

FIG. 5. The external quantum efficiency of devices us
@ Ir( ppy)3# phosphorescent compound, as a function of the driv
current. The data for 6%@ Ir( ppy)3#: CBP ~circles! are taken from
Ref. 11. The squares show the data for the 6%@ Ir( ppy)3# in ~TP-
D:PC! system for the first run, the diamonds are the same sys
for the second run, the down triangles are the data for
(TPD:PC)/@ Ir( ppy)3#/PBD system, and the up triangles are t
data for the (TPD:PC)/@ Ir( ppy)3# system.
23532
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time ratio,1,7 wEL
(int)5a2wPH(11t rec/t t), which can be ex-

pressed by the actual current~j! flowing through the device
as33

t rec

t t
5

8eme

9g«o«

j SCL

j
. ~1!

Here wPH is the phosphorescence quantum efficiency,me is
the microscopic mobility of electrons,g is the second-orde
e-h recombination rate constant,« is the dielectric constan
of the material,«o is the dielectric permittivity of vacuum
and j SCL>(9/8)«o«mhF2/d represents the volume-limite
current which is here approximated by the unipolar spa
charge-limited ~SCL! current of majority carriers~holes!
flowing in the device of thicknessd. If the carrier injection at
a given voltage is insufficient to establish the highest curr
represented by the j SCL ( j , j SCL), t rec/t t.(8/9)
3(me /g«o«). At increasing voltage,j approachesj SCL, the
t rec-to-t t ratio decreases leading to increasing EL quant
efficiency. If at a certain electric fieldFo5Ucrit /d, j 5 j crit
5 j SCL, thet rec/t t ratio can become constant~whenever the
me /g ratio is a field-independent or weakly varying functio
of electric field quantity!. Such a situation with our device
occurs at current densities exceeding 1024 A/cm2 ~Fig. 5!
though the maximum EPH quantum efficiency can
reached at lower„the curve for@ Ir( ppy)3# in CBP, Fig. 5… or
much higher (.1022 A/cm2) ~Refs. 26 and 34! current den-
sities. The above considerations are clearly confirmed by
current-field characteristics presented in Sec. III C. Th
good reproducibility in a series of consecutive measurem
runs with the same device points out that an apparent dro
the EPH efficiency in the second run~seen in Fig. 5! cannot
be explained by a modification of electrical properties of t
system, but should be associated rather with the emis
stage of the electrophosphorescence process.

The most obvious feature of the current density dep
dence of thewEPH

(ext) , which we are mostly concerned with,
the quantum efficiency roll-off at increasing current den
ties. We translate selected curves from Fig. 5 into the fi
dependence of the EPH quantum efficiency in order to co
pare with the electric effect on phosphorescence~see Fig. 6!.
The phosphorescence output from the sandwich struc
Al/100%@ Ir( ppy)3#/Al @see Fig. 2~b!#, which did not show
any emission under action of an electric field only~without
photoexcitation!, decreases gradually as the applied field
creases and drops down by as much as 30% at a field a
23106 V/cm. A decrease of twice as much is observed
the wEPH

(ext) ~second run! at the same electric field. This sug
gests at least a large part of the reduction inwEPH

(ext) to have the
same origin as the electric field-induced quenching of ph
phorescence, and this could be the electric-field-assisted
sociation of Coulombically correlated electron-hole pa
mentioned in Sec. I and shown in Sec. V.

C. Current-field characteristics

In Fig. 7, the current density is shown as a function of t
effective electric field @Feff5(U2Ubi)/d5100 nm,Feff
5(U/d)2(Ubi /d)5F2Fbi# on a double logarithmic plot for
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the central electrophosphorescent device depicted in
2~a!. The curves seem to reveal three different regim
which can be attributed to35 ~A! leakage or diffusion-limited
conduction,~B! volume-controlled current with an expone
tial distribution of traps, j }Fl 11/dl , and ~C! volume-
controlled current with filled traps,j }F2/d. The slope of
regime ~B! is m53.9 and may be assigned to trapping
majority carriers~holes! traps distributed in energy~E! ac-
cording to an exponential functionh(E)5(H/ lkT)
3exp(2E/lkT), whereH is the total number of traps per un
volume,T is the absolute temperature,k is Boltzmann’s con-
stant, andl is a characteristic dimensionless parameter of
trap distributionl 5m2152.9. The fieldF5FTFL that cor-
responds to the transition between regimes~B! and ~C! is
usually referred to as the ‘‘trap-filled limit’’ when the las
traps~shallowest but not extremely shallow! are being filled.
From its value the total concentration of traps follows:35 H
>(3/2)«o«FTFL /ed>331019/cm3. This number can be in
error of about factor of two since the charge accumulate
the HTL/ETL interface can make the field to be no
uniformly distributed among these two layers. The nature
traps is not known, but the disorder occurring as a rule
molecularly doped and vacuum-deposited organic films
poses a statistical distribution of site energies within a 0.1
width.36 The trapping depth representing the exponential t
distribution with l 52.9, El5 l kT>0.07 eV, corresponds
well to this energy range. The energy domain probed un
most experimental conditions is such that the total numbe
states as a function of energy is comparable for both Ga
ian and exponential distribution functions; for this reason
exponential and Gaussian trap distributions lead appr
mately to identical current-voltage characteristics.37 Interest-
ingly, the currents are well reproducible from run to ru
suggesting that charge injection and transport conditions
not change significantly under electrical stress. Howeve
limited production of exciton quenching centers, due to m
terial deterioration processes,38 cannot be excluded as th
EPH quantum efficiency becomes reduced in succes

FIG. 6. Phosphorescence~PH! and electrophosphorescenc
~EPH! efficiency response to the dc applied electric field. The re
tive PH efficiency atlPH5(52566) nm was measured with a
excitation wavelength of 436 nm and an exciting light intensity
I 0>1014 quanta/cm2 s.
23532
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measurement runs~see Fig. 5!. There is an apparent correla
tion between the current regimes in Fig. 7 and the curr
evolution of the EPH quantum efficiency presented in Fig
Within the regime ~B! wEPH

(ext) remains approximately un
changed, and a well-pronounced decrease inwEPH

(ext) is ob-
served in regime~C!. As already discussed in Sec. III B, th
low-current EPH quantum efficiency increases with elec
field because the recombination-to-transit time ratio
creases being a consequence of the injection-controlled
mode,1 the SCL current regimes@~B! and ~C!# should be
characterized by a constant recombination-to-transit time
tio. However, the observed roll-off in thewEPH

(ext) indicates
some other factors to be invoked in determining the fi
EPH yield. They are discussed in Secs. IV and V.

IV. QUENCHING MECHANISMS

A. Triplet-triplet annihilation

We assume that a spatially homogeneous triplet exc
density~T! is formed either during steady-state excitation
light of intensity I 0 or created via the recombination of op
positely charged carriers injected from the electrodes o
sandwich electrode organic phosphor/electrode system o
ating under steady-state conditions of a dc injection. T
nine spin states (C i) of the (T...T) complex preceding the
final products of theT-T annihilation reaction, make the com
plex a singlet-triplet-quintet mixture due to various tripl
spin configurations.7,39 The quantum mechanical single
z^C i uS& z and triplet z^C i uT& z spin components lead to ene
getically accessible singlet~S! and triplet ~T! exciton final
products according to the reaction scheme

FIG. 7. A double-logarithmic plot of the field dependen
of the driving current in the electrophosphorescent dev
6%@ Ir( ppy)3#:(TPD:PC) ~for the complete device structure, se
the caption of Fig. 3!, measured at three different consecutive ru
The constantFbi523105 V/cm represents the built in electric fiel
due to the difference in the work functions of the electrodes. T
lines are fits to a power law with slopes equal to 3.9@segment~B!#
and 1.9@segment~C!#. The diverging data in segment~A! are dic-
tated by unstable current flow conditions at low voltages.

-
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~2!

~3!

Here gTT
(S) and gTT

(T) stand for the overall second order ra
constants~cm3 s21! in the singlet and triplet creating annih
lation processes~2! and ~3!. The radiative decay of singlet
and triplets results in the delayed fluorescence@reaction~2!#
and phosphorescence@reaction ~3!#. Steady-state conside
ations apply to our experiments. In any thin section of
sample at a distancex from the transparent~or semitranspar-
ent! reference electrode, the concentration dependenceS
andT may be described by the equations:

dS

dt
5a1~12h!

j

ew
1gTT

~S!T22@kr
~S!1kISC1kn

~S!#

3@12hex
~S!#21S50, ~4!

dT

dt
5a2~12h!

j

ew
1kISCS2@kr

~T!1kn
~T!#@12hex

~T!#21T

2@2gTT
~S!1gTT

~T!#T250, ~5!

where j is the recombination current density flowing with
the recombination zone of widthw, e is the elementary
charge, and the symbolk ~s21! denotes unimolecular rat
constants for radiative @kr

(S) ,kr
(T)# and radiationless

@kn
(S) ,kn

(T)# singlet and triplet exciton transitions, respe
tively, and for intersystem crossing singlet-triplet convers
(kISC). It must be pointed out here that, unlike earlier kin
ics assuming all the encounter charge pairs~CP! to form
excitons,16 Eqs.~4! and~5! include their spin weights and th
reduction factors due to the dissociation processes of
charge pairs~see Fig. 1!. The latter are accounted for by th
carrier separation probabilityh5h0V ~see Fig. 1!. The sepa-
23532
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ration probability can be simply expressed by the dissoc
tion unimolecular rate constant,kd , using the definition re-
lationship h5kd /(kr1kn1kISC1kd). We distinguish
betweenh andhex corresponding to generally different dis
sociation rates of the carrier recombination produced C
and charge transfers~CT’s! created in the exciton separatio
process. The rate equations~4! and~5! do not contain explic-
itly expressed energy transfer terms and transfer rates,kSS,
kTT , and kb . They can be considered as forming part
non-radiative decay rates and, in the case of Ir(ppy)3 , are
accounted for by the effective lifetime of triplet exciton
The direct contribution of TPD triplets to the emission of o
samples has been neglected for the following reasons.
energy of TPD triplet excitons~2.3 eV! ~Ref. 30! locates
their phosphorescence emission at>540 nm far beyond the
fluorescence maximum~> 400 nm!.7 The EL spectrum of a
single-layer light-emitting diode based on a 100% vacuu
evaporated thin film of TPD does not show any pronounc
feature around 540 nm.7 This concurs with direct measure
ments of the TPD phosphorescence which appeared to
very weak at room temperature.30 Major simplifications are
achieved if we consider two limits of low~case I! and high
~case II! either optical or electrical excitation levels at roo
temperature.

Case I: The triplet exciton concentration is too low to gi
rise to triplet-triplet fusion and theT2 terms in Eqs.~4! and
~5! can be dropped, so that

T>
~12h! j

ew

a21a1kISC/@kr
~S!1kISC1kn

~S!#

kr
~T!1kn

~T!
~6!

if hex
(S)>hex

(T)5hex.
The triplet exciton concentration increases linearly w

recombination current densityj. Thus, the quenching effi
ciency in theT-T annihilation process increases asj 2.

Case II: The triplet exciton lifetime is determined by th
T2 term in this regime, the monomolecular decay terms c
be neglected and the solutions to Eqs.~4! and ~5! are well
approximated by
T>S ~12h! j

ew

a21kISCa1@12hex
~S!#/@kr

~S!1kISC1kn
~S!#

@2gTT
~S!1gTT

~T!#2kISCgTT
~S!@12hex

~S!#/@kr
~S!1kISC1kn

~S!#
D 1/2

, ~7!
-

l

proportional toAj . A linear increase withj of theT2 terms in
Eqs.~4! and~5! is characteristic of theT-T quenching in this
case.

B. Triplet-charge carrier interaction

Correlated triplet-doublet pairs (T...D) are formed prior
to triplet quenching by a charge carrier,
~8!

where gTq (cm3 s21) is the overall second order triplet
doublet interaction rate constant. The final stateD* is an
excited doublet which can either relax toD or autoionize into
a free carrier~electron or hole! and a ground state neutra
trap. The constantgTq is determined by the quantum
1-8
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mechanical doublet spin component of the six doub
quartet mixtures of the complex (T...D61/2).

7,39 In kinetic
equations~4! and ~5!, quenching process~8! modifies the
first-order decay constant

ktot
~T!5@kr

~T!1kn
~T!1gTqn#@12hex

~T!#21 ~9!

wheren ~cm23! is the concentration of the interacting car
ers.

Assuming the process to be dominating andhex
(T)→0,

makes the triplet excitons to decay in a first order kine
defined in the previous section as case I. However, its
and high excitation subcases can now be distinguished b
on the contribution of the termgTqn. ~i! The triplet lifetime
is essentially independent of charge density,ktot

(T)>kr
(T)1kn

(T) .
~ii ! The triplet lifetime is determined by the triplet exciton
charge carrier interaction,ktot

(T)>gTqn, so that expressions fo

T5
aI 0kISC

gTqn@kr
~S!1kISC1kn

~S!#
~10!

under photoexcitation~a-linear absorption coefficient of th
exciting light!, and

T5
~12h! j

ew

a21a1kISC/@kr
~S!1kISC1kn

~S!#

gTqn
~11!

under electrical excitation, lead to a sublinear triplet conc
tration increase withI 0 or j, since alson is an increasing
function of the excitation level.

C. Dissociation of excited states

In the electron-hole recombination process, it is co
monly assumed that if the thermalized electron comes wi
a Coulombic capture radiusr c5e2/4p«0«kT of the hole,
then recombination is certain.37 However, it is possible tha
when the hole and electron are on adjoining sites, there
be sufficient thermal energy to dissociate such a pair,
process to be characterized by a dissociation timetd @Fig.
1~a!#. The same may happen to a CT exciton formed at
initial stage of the charge carrier separation (h0) from opti-
cally excited localized exciton states@Fig. 1~b!#. If such a
process proceeds in an external electric field (F), the prob-
ability to escape recombination strongly increases, we d
with a field-assisted dissociation of coulombically-correla
CP pairs. The field dependence of the dissociation reflec
the field dependence of intrinsic photoconduction37,40 or
electromodulated luminescence.23,24,40

The functional shape of the overall dissociation proba
ity h(F) depends on the physical mechanism underlying
charge separation. A common one is the Poole-Fren
effect.41,42 In the Poole-Frenkel~PF! framework the field-
dependent dissociation probability of an excited state int
pair of free carriers is given by
23532
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hPF~F !5h0

exp~bPFF
1/2/kT!

APF1exp~bPFF
1/2/kT!

, ~12!

where bPF5(e3/p«0«)1/2 is a characteristic Poole-Frenke
parameter determined by the dielectric constant« of the ma-
terial solely, and (11APF)

21 represents the zero-field disso
ciation probability.h0 denotes the probability of charge pa
formation which as a rule is smaller than unity under opti
excitation, andh051 in the bimolecular recombination pro
cess. The charge separation is here driven by a thermal
vation of a carrier over the counter charge Coulombic bar
established and decreasing with an increasing external e
tric field.

Another, even more employed in organics, separat
mechanism is the charge carrier diffusion in the coulo
field of its parent countercharge and the applied electric fie
It has been described by Onsager,43 and its field-dependen
probability expressed by37

hOns~F !5h0E g~r ,u! f ~r ,u!dt, ~13!

whereg(r ,u) is the probability per unit volume of finding
the ejected electron in a volume elementdt, r is the separa-
tion distancer andu is the angle between the radius vector
and the applied field vectorF, and f (r ,u) is the probability
that the charge pair will dissociate as a function of the se
ration distance and the angleu. For an isotropic system con
taining a low concentration of charge pairs~no interaction
between charge pairs! in thermal equilibrium with a dielec-
tric medium of dielectric constant«, the Onsager function
f (r ,u) reads

f ~r ,u!5exp@2~A1B!#(
m

`

(
n50

`
Am

m!

Bm1n

~m1n!!
. ~14!

Here A52q/r , B5br (11cosu), q5e2/8p«0«kT, b
5eF/2kT, andg(r ,u)dr du>4pr 2g(r ). The expansion co-
efficients in Eq.~14! are governed by the so-called ‘‘Onsag
radius’’ at which the Coulombic attraction is equal to th
thermal energy (kT), r c5e2/4p«0«kT, and a distribution
function for the initial separation of the CP states. Assum
the initial separation distance to be a discrete valuer 0
5r e-h ~or r CT), that is a delta function forg(r )5d(r
2r 0)/4pr 0

2, one arrives at a definition equation for the zer
field separation probabilityh(F50)5h0 exp(2rc /r0). An
analysis ofh(F) shows its Poole-Frenkel plots to be muc
steeper, and reaching the saturation point at a lower field t
those based on the Onsager theory.44 In the latter case, the
steepness and the saturation point are determined byh0 and
r 0 . For larger values ofr 0 a less steeph(F) curve reaches
saturation at lower field strength.

V. DISCUSSION

The rapid decrease seen in the EPH quantum efficienc
the current density increases~Fig. 5! can be ascribed to eithe
1-9
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of quenching mechanisms described in Sec. IV. The quan
efficiency as defined in Sec. III B is directly related to t
concentration~T! of triplet excitons:

wEPH
~ext!5jwPH

eTwe

tPHj
. ~15!

This is a definition relationship assuming a homogene
population of triplets~T! throughout the emission zone,we .
Let us recall that, in general, the emission zone does
coincide with the recombination zone~w!. If the latter is very
narrow, as in the present case, the emission zone is la
thanw, being limited on the large values side by the thic
ness of the emitting layerd/2550 nm. On the other hand
the external EPH efficiency can be expressed by the effec
triplet exciton lifetime (t tot) as

wEPH
~ext!5ja2~12h!wPH

t tot

tPH
~16!

wherewPH5kr
(T)/@kr

(T)1kn
(T)#, and

t tot
215@tPH

211gTqn#@12hex
T #211@2gTT

~S!1gTT
~T!#T ~17!

is the effective~total! triplet exciton rate constant includin
all monomolecular and bimolecular quenching proces
such as triplet-charge carrier or triplet-triplet annihilati
~see Sec. IV!, andtPH represents the intrinsic triplet excito
lifetime in the absence of quenching. Assuming that the d
sociation efficiency is independent of current density, th
the electric field applied to the system@h(F)5const#, the
current dependence of the EPH quantum efficiency@wEPH

(ext)#
should be projection of that for the effective lifetime of trip
lets @t tot(j)#. The experimental data for the EPH lifetime an
quantum efficiency show a pronounced discrepancy~Fig. 8!.
The quantum efficiency drops down by about 90% aj
>150 mA/cm2, whereas the effective lifetime decreases
less than 40% only at the same current density. A decrea
tendency in the phosphorescence lifetime as the photoe
ing energy pulse increases suggests both EPH and PH
times to be underlain by triplet-triplet annihilation proce
~Sec. IV A!.

Another test of the significance of triplet-triplet an
triplet-charge carrier annihilation is to follow the curre
density dependence of the concentration~T! of triplet exci-
tons, and thus, directly, the EPH quantum efficiency@Eq.
~15!# as a function of the current density. The linear curre
increase ofT in the absence of theT-T quenching~case I,
Sec. IV A!, leads towEPH

(ext)5const as, indeed, can be observ
at low current densities below a fieldF0 at which j 5 j crit ,
and where a pronounced decrease in the EPH efficiency
comes detectable~Fig. 5!. On the other extreme~case II, Sec.
IV A !, T is proportional toj 1/2 @Eq. ~7!#; thus, according to
Eq. ~15!, wEPH

(ext)} j 21/2. As a consequence, the efficiency d
crease at highest current densities would be expected to
straight line logarithmic plot$log@wEPH

(ext)# vs log j% with the
slope2 1

2 . For all the experimental curves of Fig. 5 it is n
the case, the greater slopes suggesting an additional que
23532
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ing mechanism operating in the device. An exception is
served for the first lower-current range run, where the slo
approaches2 1

2 . From its intersection (Pc) with the horizon-
tal line representingwEPH

(ext)5const511% photons/electron
one can evaluate theT-T annihilation rate constantgTT . At
the intersection pointwEPH

(ext)( j 5 j crit)50.11. ThewEPH
(ext) ~case

II, Sec. IV A! can be approximated by

wEPH
~ext!~ II !>

jwPH

2tPH
S ew

j critgTT
D 1/2

~18!

if h!1, a25 3
4 , gTT

(S)>gTT is assumed and contribution o
the intersystem crossing transitions to the triplet exciton c
centration is neglected@cf. Eq. ~7!#. The triplet-triplet anni-
hilation rate constant could be estimated from Eq.~18! on the
basis of the experimental value ofj crit if the recombination
zone width were known. The recombination zone, thou
difficult to evaluate exactly, can be assumed to be very n
row because of the confinement of charge carriers at
@TPD:Ir(ppy)3 :PC#/PBD interface, imposed by the rela
tively high-energy barriers for both holes and electrons@see
Fig. 2~a!#. This is confirmed by the volume controlled cu
rent flow in the device~Fig. 7!. Therefore, a lower limit forw
can be compared with the dimension of the two neare
neighbor molecules~> 2 nm!. The upper limit results from
the thickness of the emitter layer (>d/2>50 nm). Thus we
find 1310214 cm3/s<gTT<2.5310213 cm3/s, using tPH
515ms ~Ref. 30!, wPH540% ~Ref. 26!, j crit52
31023 A/cm2, andwEPH

(ext)( j 5 j crit)50.11 from Fig. 5. A typi-
cal value of the light output coupling factorj>0.2 has been
used in this evaluation.20 These values ofgTT agree reason-
ably with that for another organic phosphorescent syst

FIG. 8. Lifetime ~open circles! and EL quantum efficiency~tri-
angles! of the phosphorescent dye 2,3,7,8,12,13,17,18-octaet
21H, 23H-porphine platinum~II ! ~PtOEP! embedded in an Alq3
matrix as a function of the current density. Two filled circles are
lifetimes of the phosphorescence taken at increasing photoex
tion pulse~left: 160 nJ/cm2; right: 16mJ/cm2!. A strong divergence
at high current densities is apparent. The data is adapted f
Ref. 9.
1-10
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QUENCHING EFFECTS IN ORGANIC . . . PHYSICAL REVIEW B 66, 235321 ~2002!
PtOEP:CBP,gTT>3310214 cm3/s obtained from the fitting
of the experimental data ofwEPH

(ext)( j ) to the triplet-triplet
quenching mechanism.16 We recall that the long phosphore
cence lifetime of the guest molecules of@ Ir( ppy)3# in the
host TPD has been thought to be determined by the en
transfer rate from the long-living triplet excitons of TPD.30

Therefore, the above calculated constantgTT may be as-
cribed to the annihilation reaction between TPD triple
rather than excited triplets of@ Ir( ppy)3# which reveal a
much shorter intrinsic lifetime,tPH,1 ms ~Refs. 11 and 30!.
A possibility of the direct guest annihilation triplets or hos
guest triplet hetero annihilation process would lead to
gTT of two orders of magnitude higher,gTT>10211 cm3/s.
Finally, it is necessary to note that previous attempts to fit
wEPH

(ext)( j ) plots to the triplet-triplet quenching mechanis
failed for the@ Ir( ppy)3#:CBP electrophosphorescent syste
and revealed remarkable deflections at the highest cur
densities for other electrophosphorescent systems.16

Let us now consider the triplet-charge carrier annihilat
to be a dominating quenching process~Sec. IV B!. In order
to test this mechanism the current dependence of the ch
concentration~n! must be known@see Eq.~11!#. Using the
high-field current-field characteristic region @ j
5(9/8)«0«mhF2/d; thus n>(3/2)«0«F/ed, whered is the
device thickness#35 ~Fig. 7!, with the assumptions mad
above for the approximation ofT in the T-T annihilation
process, and definition~15! yields

wEPH
~ext!5

2

3

a2j~12h!wPHed

«0«gTqtPHF

we

w
. ~19!

A plot of wEPH
(ext) versusF21 is thus expected to give a straig

line with the slope dependent on three material («,gTq ,tPH)
and one sample~d! parameter of the system. Such straig
line plots poorly approximate experimental data~Fig. 9! and
their slopes lead togTq>5310212 cm3/s for the first run
andgTq>7.5310212 cm3/s for the second run at«53, tPH
515ms ~Ref. 30!, and d5100 nm. These numbers hav
been obtained usingw5wmin52 nm andwe<50 nm.

If one assumes that bothgTT andgTq are governed by the
triplet exciton motion, then the diffusion coefficient of triple
excitons (DT) can be calculated from their values,gTq
>gTT>8pRDT ~Ref. 37!: 431029 cm2/s<DT<3
31026 cm2/s. The hopping exciton distance has arbitrar
been taken asR51 nm in the calculation. These values
the triplet exciton diffusion coefficient are much lower
compared with those for singlet excitons (DS) which in an-
other metallic complex Alq3 fall in the range 1.2
31025 cm2/s<DS<331024 cm2/s ~Refs. 31 and 45–47!.
It is not surprising, the diffusion coefficients of triplets a
expected to be lower than of singlets since both energy do
and acceptor transitions are disallowed.37

The domination of the PH quenching by the triplet-trip
annihilation or by electrons injected from the Al cathode~see
Fig. 6! is highly improbable due to the irradiation condition
and charge injection properties of the Al/Ir(ppy)3 contact.
The used exciting light intensityI 0>1014 quanta/cm2/s
(lexc5436 nm) produces the triplet exciton concentration
23532
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about T5I 0at>531012/cm3, with an absorption coeffi-
cienta>53104 cm21 andt>1 ms. In order that the triplet-
triplet annihilation could dominate the triplet exciton deca
its second order rate constant should be as high asgTT

>(tT)21>231027 cm3/s. This is a value exceedinggTT

for the phosphorescent molecules of PtOE
@2,3,7,8,12,13,17,18-octaethyl-21H, 23H-porphine platinum
~II !# by nearly seven orders of magnitude,16 and by about
four orders of magnitude typical values of theT-T annihila-
tion rate constants in single organic crystals.37 There are no
particular reasons for Ir(ppy)3 to reveal such a high mobility
of excitons and, therefore triplet-triplet annihilation as a p
cess determining its phosphorescence quenching is hi
unlikely. The weakly injection Al cathode~the injection bar-
rier for electrons, as determined from the Al work functio
WAl>4.3 eV and the Ir(ppy)3 LUMO level, DE>1.3 eV)
supplies the sample with a measured injection current
than 0.01mA/cm2, and irradiated with the light exciting
phosphorescence shows a photocurrentj ph>1 mA/cm2. To
obtain a quenching efficiency on the level of 30% a curr
above 50 mA/cm2 is needed as comes from electrophosph
rescent experiments16 ~also see Figs. 5 and 10!. This value is
six orders of magnitude larger than the dark injection curr
in the Al/Ir(ppy)3 /Al system and four orders of magnitud
higher than than the photocurrent. Therefore, the trip
charge carrier interaction can be safely ruled out as the
cess determining the quenching of phosphorescence in
system described in Fig. 1~b!. If for some~unknown! reasons
the mobility of electrons in a 100% Ir(ppy)3 were very low
~say>10212 cm2/V s) and, thus, the charge concentration
the sample was much higher than in electrophosphores
diodes, a 30% quenching effect (d50.3) would require the
charge concentrationn5d/gTqt>331018/cm3 with gTq
>10213 cm3/s which is about two orders of magnitud
higher than the maximum capacitor chargenc>«0«F/ed
>831016/cm3. This, again, makes the hypothesis of char
quenching origin of the phosphorescence quenching inap
cable.

It is often suggested that the heat dissipated in the
cells under high current conditions can be responsible fo
reduction in the EL quantum efficiency. In our experimen
with a 6% content of Ir(ppy)3 in the HTL, the maximum
current density did not exceed 50 mA/cm2 at about U
540 V ~see Figs. 5 and 7!. Thus, at most 2 W/cm2 is dissi-
pated in our EPH cells. The blackbody radiation, the h
conduction of metal electrodes and leads as well as con
tion heat outflow due to the ambient gas can balance onl
part the electrical power input. Consequently, a tempera
increase of the sample would be expected. Such a temp
ture increase has been indeed observed in molecula
doped-polymer-based light emitting diodes~LED’s! ~Ref. 21,
part I! and in common organic LED’s based on th
TPD/Alq3 junction.48 For the first type of LED’s, the maxi-
mum temperature at a very high current of 470 mA/cm2 was
found to increase only to about 40 °C as measured wit
special IR pyrometer. In the second case, it did not exc
40 °C for the currents below 50 mA/cm2. Only insignificant
change in the PL efficiency has been observed with suc
1-11
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15% increase in the absolute emitter temperature~see e.g.,
Ref. 49!, the effect possibly contributing to a much larg
reduction of the EL efficiency. The fluorescence efficien
decreases because the increasing population of the v
tional levels of the singlet states increases the numbe
possible modes or radiationless transitions. This decrea
supposed to be less than that for phosphorescence or ev
disappear as for the same reason the intersystem cro
between the first excited singlet and triplet increases, prod
ing more phosphorescent states. Moreover, the tempera
dependence of the nonradiative decay rate constant for
eral transition metal complexes has been found to be v
weak.50 As far as electrical properties of the LED are co
cerned, increasing temperature increases only the ca
hopping mobilities within the SCL current regime. This c
cause a decrease in the Langevin-type recombina
probability,1,7 PR5@11mh(T)/me(T)#/@21mh(T)/me(T)#,
if the hole (mh)-to-electron (me) mobility ratio is compa-
rable to unity and decreases with temperature. Due to
undetectable mobility of electrons in TPD-doped PC a
their deep trapping on Ir(ppy)3 molecules one would expec
the hole mobility to be much larger than that for electrons
our LED emitter. Consequently,PR(T)>15const through-
out a relatively large temperature range. As a result, the o
all EL yield will not necessarily show up as a temperatu
decreasing quantity. But even in the case of a negative
balance factor, a possible drop in the EL efficiency sho
not be of crucial importance due to a narrow range of
temperature evolution at not too high driving currents.

Therefore, it may be concluded that a possible he
induced reduction in thewEL , and triplet-triplet and triplet-
charge carrier annihilation processes are insufficient to
plain the experimentally observed decrease of the
quantum efficiency of electrophosphorescent systems at
current densities and PH efficiency at high electric fields
ing weakly injecting electrodes Al. The field-increasing d
sociation efficiency~h! of charge pairs~Sec. IV C! appears to
be a straightforward candidate reducing significantly
EPH quantum efficiency as the applied voltage increases@see

FIG. 9. Quantum electrophosphorescence efficiency data f
Fig. 6 represented by awEPH

ext 2F21 plot in order to fit with the
triplet–charge-carrier interaction limit for triplet exciton decay a
cording to Eq.~19! ~solid lines!.
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Eq. ~16!#. In the high-field limit it can be considered as
dominating quenching factor. This means that t
t tot(F)/ttot(F0) ratio is a weakly varying function of electric
field, close to unity. The quenching efficiency is then simp
expressed by

d5
wEPH

~ext!~F0!2wEPH
~ext!~F !

wEPH
~ext!~F0!

>
h~F !2h~F0!

12h~F0!
. ~20!

d varies between 0 and 1 forh(F)5h(F0) for no quenching
andh(F)51 for the total quenching, respectively. Based
the data of Fig. 6, the quenching efficiency of two devic
depicted in Fig. 2 can be calculated~Fig. 10!. We fit its field
dependence to Eq.~20! using, for theh(F), expressions~12!
and~13! representing two different mechanisms of the fie
assisted CP dissociation process~Sec. III C!. Clearly, the
Poole-Frenkel model must be ruled out due to a very st
field increase and a low value of the saturation field rega
less of the value of the fitting parameter (APF), correspond-
ing to two different values of the zero-field dissociation e
ficiency (11APF)

2151028 and 10210 that differ by as much
as two orders of magnitude@the fitting procedure has bee
performed with bPF57310223 C(V cm)1/2 at «53, and
kT50.025 eV]. They correspond to two different initia
inter-carrier distancer e2h>1 and>0.8 nm, respectively, as
sumingh051 andr c5e2/4p«0«kT>19 nm as obtained a
«53, and kT50.025 eV. In contrast, the fit withh(F)
5hOns(F) @Eq. ~13!# resulting from the Onsager theory
accurate for the first run and reasonably good for the sec
run of the wEPH

(ext)(F) curves ~Fig. 6!. The curvature of the

m FIG. 10. Quenching efficiency@defined by Eq.~20!# as a func-
tion of the dc electric field applied to the electrophosphoresc
~EPH! and phosphorescent~PH! system from Figs. 2~a! and 2~b!
~circles and squares, and triangles, respectively!. The curves are fits
to the Poole-Frenkel and Onsager models for charge pair disso
tion in external electric fields. The Poole-Frenkel plots obtained
two different values ofAPF5108 ~dashed line! and 1010 ~dotted
steep line!. The Onsager formalism required different paramet
for EPH ~solid line!: h051.0 andr 0 /r c50.18. For PH~dotted line!
if required h050.9, andr 0 /r c50.095. In both cases«53 andT
5298 K have been assumed.
1-12
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d(F) plot is a function of two parametersr 0 andF0 . The fit
for the two consecutive measurement runs for the elec
phosphorescent device was made for samer 053.5 nm and
F058.553105 V/cm ~based on the experimental data of F
6!. It is necessary to note that the value ofr 053.5 nm stands
for a lower limit of the electron-hole distance in th
coulombically-correlated charge pair states@Fig. 1~a!#. This
is because the curvature of thed(F) function in the Onsage
formalism becomes insensitive tor 0 above 3.5 nm~see Fig.
11!. Thus, the average initiale-hdistance of the CP’s formed
in the bi-molecular recombination can be larger, that isr e-h
>3.5 nm. At such distances the attraction Coulomb ene
between the charges forming CP’s becomes comparable
the energy gained from the applied external electric fie
The increasingr 0 ~or equivalently temperature! does not
practically change the dissociation efficiency at a given fi
strength. The excellent fit of the phosphorescence quenc
@cf. Fig. 2~b!# data with the field-assisted CT dissociation
described in the Onsager theory, is obtained withr 05r CT
5(1.860.1) nm and F058.553105 V/cm. The roughly
twofold decrease inr 0 accompanying the observed dimin
tion in the quenching efficiency when passing from elect
phosphorescent to phosphorescent systems, illustrates
different origin of the CP states. Whereas coulombica
correlatede-hpairs in the EPH device originate in the mutu
approaching process of statistically independent carriers
jected from the electrodes@Fig. 1~a!#, CT states produced
under photoexcitation@Fig. 1~b!# originate from an electron
hole separation process of the initially excited molecular
citons. From the above values ofr 0 , we find the zero-field
dissociation efficiency to differ by about two orders of ma
nitude for the bimolecularly formed CP’s,he-h(F50)>4
31023, and for CT states,hCT(F50)>331025, as calcu-
lated withr c519 nm, andh051 andh050.9, respectively.
This means that of one million CP’s 4000 dissociate wh
formed by the carrier approach, and only 30 when formed

FIG. 11. Onsager plots of the quenching efficiency ath051,
r c519 nm, and varyingr 0 ~by curve numbers in nanometers!. F0

58.553105 V/cm is assumed to compare the curves with the
perimental data of Fig. 10. The plot curvature becomes insens
to r 0 above about 3.5 nm.
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the charge separation process from molecular excitons
must be noted that a possibility of the reduction in the P
efficiency by a dissociation of the initially excited highe
electronic states produced by LC ligand-centered transiti
can be here excluded since the exciting light~see Fig. 6! falls
in the metal-to-ligand charge transfer optical transitions51

where the quenching efficiency does not vary with excitat
wavelength~the data will be published in a forthcoming pub
lication!.

These results suggest that in addition to molecular pr
erties of electrophosphorescent molecules, the intermolec
material structure must be of great care in the optimiz
design of electrophosphorescent devices. The shorter is
intermolecular distance, the localized recombining carr
can approach closer each other forming a closely spaced
more difficult to dissociate due to the increased Coulom
attraction. As a consequence, the system becomes less s
tive to electric field-induced quenching. However, if speci
intermolecular interactions or molecular organization impo
near resonance between Frenkel and CT states, the ch
separation can be a weakly field-dependent process gove
by the Onsager mechanism with a relatively small init
separation distance.

VI. CONCLUSION

We have elucidated the quantum efficiency roll off in o
ganic electrophosphorescent systems. By fitting the m
sured current and electric field dependent quantum efficie
data to theoretical predictions based on different quench
mechanisms, including triplet-triplet~T-T! and triplet-charge
carrier ~T-q! annihilation, the field-assisted dissociation
the intermediate states—Coulombically correlated opposi
charged elementary carriers is identified as the princ
cause of this roll off at high electric fields. AlthoughT-T and
T-q annihilation processes contribute to the effect~especially
at lower fields!, as discussed already in the literature,16 they
are far insufficient to explain the experimental observatio
Evidence is provided that of two well-established Poo
Frenkel and Onsager dissociation mechanisms, only the
sager approach leads to good agreement with experim
The fitting procedure enables to evaluate the average in
inter-carrier distance (r e-h) of the charge pairs~CP’s! formed
in the bi-molecular electron-hole~e-h! recombination pro-
cess. For the electrophosphorescent complex@ Ir( ppy)3#,
r e-h>3.5 nm.

This work has also provided evidence that the CP dis
ciation obeying the Onsager theory is the basic mechan
that underlies the electric-field-induced quenching of ph
phorescence; the CP’s identified here as charge-transfer~CT!
states with a much smaller separation distance,r CT5(1.8
60.1) nm for the@ Ir( ppy)3# complex. The relation betwee
r e-h and r CT exemplified on the phosphorescent@ Ir( ppy)3#,
is expected to hold for other phosphorescent compou
since it is caused by the fundamental difference in CP f
mation processes. In contrast to electrophosphoresce
where CP’s are a result of the gradual approach of electr
and holes injected far away at opposite electrodes, the C
in phosphorescence are CT states, being charge separ

-
e
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products of localized excitons created under photoexcitat
Closely spaced molecular systems are thus expected to m
mize the electric-field-induced effect on their phosphor
cence and electrophosphorescence, except for those re
ing strong CT-Frenkel exciton mixing.
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