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Transient analysis of organic electrophosphorescence:
I. Transient analysis of triplet energy transfer

M. A. Baldo and S. R. Forrest
Center for Photonics and Optoelectronic Materials (POEM), Department of Electrical Engineering and the Princeton Materials In

Princeton University, Princeton, New Jersey 08544
~Received 3 January 2000; revised manuscript received 10 May 2000!

We examine triplet-exciton dynamics in several phosphorescent organic guest-host systems. In this first of
two papers, transient studies are used to understand triplet energy transfer between molecules and also to
ascertain the relative importance under electrical injection of charge trapping and direct exciton formation on
phosphorescent guest molecules. As an example, we study the distribution of triplet excitons as they diffuse
through amorphous films of tris~8-hydroxyquinoline! aluminum (Alq3). We find that triplet transport in Alq3 is
dispersive, and for high concentrations of triplets we find an average lifetime oft525615ms and a diffusion
coefficient ofDT5(865)31028 cm2/s. The understanding of the formation and transport of triplets in a host
material is extended in the following paper@Phys. Rev. B62, 10 967~2000!# to the study of nonlinearities in
the electroluminescent decay of phosphorescent organic guest materials. Finally, we summarize the principle
determinants of the efficiency of organic electrophosphorescent devices.
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I. INTRODUCTION

Phosphorescence in organic materials is distinguis
from fluorescence by its origin in forbidden transitions th
violate spin conservation.1 The excitons responsible fo
phosphorescence and fluorescence are named after thei
multiplicity as triplets and singlets, respectively. Given th
electrical excitation generates three triplets for every sin
exciton,2 triplet properties are of interest, not least because
their application to organic optoelectronic devices.3 How-
ever, triplet radiative decay rates are small and triplet de
can be difficult to observe, particularly at room temperat
where nonradiative decay dominates. But by employing m
ecules with high phosphorescence efficiencies, transient e
trophosphorescence may be used to observe the diffusio
triplets within a conductive organic host material, or it m
give evidence for charge trapping and direct exciton form
tion on dopant molecules within the host. Thus, it provide
convenient tool for examination of energy transfer, eith
from one host molecule to another, or from the host to
dopant.4

We are concerned in this work with electrical excitati
of thin amorphous organic films where a phosphoresc
guest is dispersed within a conductive host material. P
ceeding from exciton formation, we study the dynamics
triplets until the point of their radiative or nonradiative d
cay. In this paper~Paper I!, the energy levels of a selection o
guest and host materials are examined to determine whe
excitons form primarily on guest molecules, or whether th
are formed in the host and must diffuse to guest molecu
where they are subsequently trapped. We identify exam
of both systems and particularly study triplet diffusion in t
well-known electron-transporting material tris~8-
hydroxyquinoline! aluminum (Alq3). From the phosphores
cent transient decays, we are able to estimate the Alq3 triplet-
exciton diffusion coefficient and lifetime.

In the subsequent paper5 ~Paper II!, we examine the dy-
PRB 620163-1829/2000/62~16!/10958~9!/$15.00
d
t

pin
t
t
f

y
e
l-
c-
of

-
a
r
a

nt
-
f

er
y
s

es

namics of triplet excitons after they are localized on gu
molecules by observing the effect of triplet concentration
the phosphorescent transients. It is found that interacti
between triplets on adjacent molecules significantly aff
the efficiency of electrophosphorescence, particularly at h
luminescent intensities. We conclude by summarizing
properties of guest-host phosphorescent systems and pos
methods for minimizing nonradiative triplet losses.

In this paper, we outline the fundamental principles
triplet energy transfer in Sec. II. The experimental metho
are described in Sec. III and the chemical structures
excitonic energy levels of the various organic host and gu
materials are presented in Sec. IV. We isolate the molec
species upon which excitons form using transient analysi
Sec. V, and in Sec. VI we examine a guest-host combina
where triplet diffusion is significant. Conclusions are pr
sented in Sec. VII.

II. TRIPLET ENERGY TRANSFER

Four processes determine the overall efficiency of ene
transfer between a host and a guest molecule: the rate
exciton relaxation on the guest and host,kG andkH , respec-
tively, and the forward and reverse triplet transfer rates
tween guest and host,kF and kR , respectively. The rate
equations, in the absence of exciton-formation processes

dG

dt
52kGG2kRG1kFH,

~1!
dH

dt
52kHH2kFH1kRG,

where G and H are the densities of guest and host trip
excitons. The solutions to Eq.~1! are biexponential decays
of the form

G,H5A1 exp@2k1t#1A2 exp@2k2t#, ~2!
10 958 ©2000 The American Physical Society
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where A1 and A2 are determined by the initial conditions
and the characteristic decay ratesk1 andk2 , are given by

k1 ,k25
kF1kR1kH1kG

2

3S 16A12
4~kG1kR!~kH1kF!24kFkR

~kF1kR1kH1kG!2 D . ~3!

The energy-transfer processes are shown schematically i
inset of Fig. 1. It is apparent that to maximize guest ph
phorescence, we require that eitherkG@kH or kF@kR
@kH .

Situations wherekG@kH enable efficient phosphores
cence by minimizing losses in the host and can be real
by employing a host material with a long triplet lifetime (kH
small!. As shown below, efficient phosphorescence from
guest is possible even if its triplet energy is higher than t
of the host (DG.0 in Fig. 1!, in which case guest phospho
rescence may be slower than the natural phosphorescen
diative lifetime. The second case (kF@kR@kH) maximizes
the population of guest triplets and avoids any losses
may occur on the host.

Examination of the phosphorescent transient decay yi
the sum of the radiative and nonradiative rates of triplet
cay, or kH or kG for the host and guest, respectively. T
nonradiative rate of triplet decay is strongly enhanced
temperature increases; thus many materials exhibit little
no phosphorescence at room temperature. For these m
als, more complex methods such as transient absorp
spectroscopy,6 must be employed to determine triplet life

FIG. 1. The molecular structures of the materials studied:~a!
TPD (N,N8-diphenyl-N,N8-bis~3-methylphenyl!-@1,18-biphenyl#-
4,48-diamine!, ~b! BCP ~2, 9-dimethyl-4,7-diphenyl-1, 10-phenan
throline!, ~c! CBP ~4,48-N,N8-dicarbazole-biphenyl!, ~d! Alq3

tris~8-hydroxyquinoline! aluminum, ~e! Ir~ppy!3 fac tris~2-phenyl-
pyridine! iridium, and~f! PtOEP 2, 3, 7, 8, 12, 13, 17, 18-octaethy
21H,23H-porphine platinum~II !. Inset: Triplet dynamics in a guest
host system: the rates of forward and back transfer,kF and kB ,
respectively, are determined by the Gibb’s free energy cha
(DG) and the molecular overlap; also significant are the rates
decay from the guest and host triplet states, labeledkG and kH ,
respectively.
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times at room temperature. It is also possible to use de
rates measured at low temperature to estimate the ro
temperature triplet lifetimes.

To understand the origin ofkF and kR we must first ex-
amine the theory of triplet energy transfer. Dexter7 found
that exchange interactions permit exciton hops from o
molecule to the next with no change in spin. In such a p
cess, triplet transfer may be thought of as a simultane
transfer of an electron and a hole. Indeed, Closset al.8 have
studied triplet energy transfer in molecules of the gene
form D-Sp-A, whereD is 4-biphenylyl,A is 2-naphthyl, and
the spacer molecules~Sp! are trans-decalin and cyclohexan
with different regiochemical and stereochemical atta
ments. With correction of the reorganization energy a
comparison of the rates of triplet transfer with those of el
tron and hole transfer, the triplet transfer rate has b
demonstrated8 to be related to the product of the electron a
hole transfer rates calculated from Marcus theory.8–10

Applicable to systems with very weak overlap betwe
the electronic orbitals of the reactants, Marcus theory rec
nizes that the rate-limiting step is not the electron trans
itself, but rather the formation of the activated complex th
precedes the transfer. This is a reflection of the Fran
Condon principle: during an electronic transition, the ele
tronic motion is so rapid that the atomic configuration of t
reactant and product states is unchanged. The most prob
activated complex is determined by minimizing its free e
ergy of formation~G! under the restriction that the total en
ergy of the complex is unchanged during the electron tra
fer.

This reasoning leads to a transfer probability~k! of the
form10

k5A 4p3

h2lkBT
uMDAu2 expF2

~DG1l!2

4lkBT G , ~4!

where the matrix element mixing donor and acceptor state
MDA , h is Planck’s constant,kB is Boltzmann’s constant
and T is the temperature. If the transfer occurs with
change in free energy (DG50) or in the atomic configura-
tion of the reactants, then the energy barrier isl ~assumed to
be the same in both forward and reverse transfer directio!.
But for small changes in the free energy, Marcus transfer
an activated complex behaves similar to an Arrhenius bar
of approximatelyl/4. As the difference in the donor an
acceptor triplet energies increases, the rate also increase
til resonance is reached. For large differences the tran
rate decreases, giving the ‘‘Marcus inverted region.’’

In order to estimateDG, we measure the relaxed triple
state energies of both the donor and acceptor molecules
ing their phosphorescent spectra. As discussed in Sec.
due to the low probability of radiative triplet transition
spectra must generally be obtained by minimizing nonrad
tive transitions at low temperature. The spectra are cha
terized by several vibronic overtones in the ground st
manifold. The energy difference between the first exci
triplet state and the ground state is estimated from the h
est energy transition observed in phosphorescence.

In addition to the energy considerations of Eq.~4!, Dexter
transfer requires that the combined spin of the participat
molecules be conserved during energy transfer. For exam
triplet transfer may follow:

e
f



t
ive
g
t

ffi
o

re
em
f

th

at

is
t

co
no

a

e
a

ia

-
at
la
le
s-
te

c
ia

ib
l p
te
u
tin
er
n

e

g
r

rs
est

re

em-

uc-
n
yer

;
tors

d to
ost
and
tal
ion

rom
ully
are
the
and
on
oth
ch-

ring
plet
hos-

10 960 PRB 62M. A. BALDO AND S. R. FORREST
3D* 11A→1D13A* , ~5!

whereD is the donor andA the acceptor. Triplet and single
states are represented by superscript 3 and 1, respect
and the asterisk signifies an excited state. Note that sin
states in the host may also be transferred to the guest via
Dexter mechanism; however, if the spectral overlap is su
cient, then typically the long-range competing mechanism
dipole-dipole or Fo¨rster energy transfer predominates.11 Sin-
glet transfer is simply

1D* 11A→1D11A* . ~6!

After transfer, the singlets on the organometallic phospho
cent guest molecules studied in this work rapidly intersyst
cross to the triplet state. This is due to the presence o
heavy atom that introduces spin-orbit coupling, breaking
spin-selection rules.

Another energy-transfer mechanism is Fo¨rster energy
transfer from the triplet state of the donor to the singlet st
of the acceptor, following

3D* 11A→1D11A* . ~7!

This process may be very efficient if the donor
phosphorescent.12 It may be employed to transfer triple
states to the singlet state of the acceptor,12 but we observe it
here by dispersing a phosphorescent guest into a se
phosphorescent host. Unlike triplet-triplet transfer, the do
and acceptor molecules are well coupled in Fo¨rster transfer;
hence the rate depends on the overlap of donor emission
acceptor absorption.

III. EXPERIMENTAL TECHNIQUES

The phosphorescent spectra of our materials were m
sured to obtain their triplet energy levels. Luminescence w
measured from 2000-Å-thick films of each organic mater
following ;1-Hz excitation with a 500-ps pulse from a N2
laser at a wavelength ofl5337 nm. Delayed photolumines
cence~PL! was isolated using a streak camera and separ
into delayed fluorescence and phosphorescence. The de
fluorescence originates from singlets produced by trip
triplet annihilation1 and is easily distinguished from pho
phorescence since it scales with the square of pump in
sity.

The electroluminescent~EL! properties of various organi
films were studied by incorporating them as host mater
within organic light emitting devices~OLED’s!. It is charac-
teristic of electrophosphoresence for the peak efficiency
occur at low current densities (J,0.1 mA/cm2), necessitat-
ing the minimization of leakage currents that do not contr
ute to luminescence. Substrate cleanliness and materia
rity were found to be crucial in obtaining an accura
measurement of efficiency at low current density. Glass s
strates precoated with a 1400-Å-thick layer of indium
oxide ~ITO! were exposed to a uv/ozone flux for 5 min aft
sequential solvent cleaning with trichloroethylene, aceto
and isopropanol. The organic source materials~see Fig. 1!
were purified by train sublimation at least once before th
were loaded into a high vacuum (1026 Torr) thermal evapo-
ration chamber.13 For guest-host combinations, the dopin
fractions quoted are mass percentages determined du
ly,
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deposition by individual quartz-crystal thickness monito
positioned in the vacuum chamber adjacent to the gu
source and the substrate.

The materials used are~a! N,N8-diphenyl-N,N8-
bis~3-methylphenyl!-@1,18-biphenyl#-4,48-diamine ~TPD!,
~b! 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline~bathocu-
proine or BCP!, ~c! 4,48-N,N8-dicarbazole-biphenyl~CBP!,
~d! Alq3, ~e! fac tris~2-phenylpyridine! iridium @ Ir~ppy!3#

14

and ~f! 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine
platinum~II ! ~PtOEP!. Of these materials, TPD and CBP a
predominantly hole-transport, and Alq3 and BCP are
electron-transport materials. Two phosphors are also
ployed as guests: Ir~ppy!3, which emits at;510 nm with a
phosphorescent lifetime of;0.4 ms,14 and PtOEP, which
emits at 650 nm with a phosphorescent lifetime of;100ms.3

Two test structures were made, depending on the cond
tivity of the host material. If it is preferentially an electro
transporter, then it is used as an electron transport la
~ETL! and employed in the structure of Fig. 2~a!. Of the host
materials used, Alq3 and BCP films may serve as an ETL
the remaining materials are predominantly hole conduc
and can be used in hole-transport layers~HTL’s!. For these

FIG. 2. The structure of the electroluminescent devices use
observe the transient response of triplet diffusion in organic h
materials. Electron- and hole-transport layers are labeled ETL
HTL, respectively. The highest occupied molecular orbi
~HOMO! obtained for each material corresponds to its ionizat
potential~IP!. The lowest unoccupied molecular orbital~LUMO! is
equal to the IP plus the optical energy gap, as determined f
absorption spectra. Relative alignments of the energies in the f
assembled devices will differ from those shown. Two devices
shown: in ~a! the host preferentially transports electrons and
exciton formation zone is at the interface between the host
a-NPD, in ~b! the host preferentially transports holes and excit
formation is at the interface between the host and BCP. In b
devices triplets are forced to diffuse through the host before rea
ing a phosphorescent region, created by doping a narrow~;100-Å!
layer of the host with a phosphorescent dye. Singlets formed du
electrical excitation cause fluorescence within the host, thus tri
dynamics are reflected in the delay between fluorescence and p
phorescence.
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materials, a wide-energy-gap hole and exciton-blocking m
terial are required to contain the excitations within the HT
For this purpose, we used BCP in structures shown in
2~b!. It has previously been shown15 that BCP conducts elec
trons but blocks holes from entering the ETL.

For electroluminescent devices employing Alq3 as the
host, the exciton-formation zone is located at the interface
the HTL and Alq3. In the case of HTL host materials, th
exciton-formation zone is at the interface between the H
and BCP. To study exciton diffusion, undoped layers of
host material were inserted between the exciton-forma
interface and a phosphorescent layer. As shown in Fig
triplets are forced to diffuse through this undoped zone
fore being captured by the doped luminescent, or ‘‘trip
sensing,’’ layer. Also shown in Fig. 2 are proposed ene
levels for the host and guest materials. The electron ene
levels referenced to vacuum are indicated by the lowest
occupied molecular orbital~LUMO! and the energy levels o
holes are given by the highest occupied molecular orbi
~HOMO!, as determined from the ionization potential f
each material.16 Note that we have assumed that the HOM
LUMO gap is equal to the optical energy gap, as determi
from absorption spectra. Under this assumption, the LUM
does not necessarily serve as the lowest conduction leve
mobile electrons. Although not shown here, charge redis
butions and polarization effects at the heterointerfaces
expected to alter the relative energy-level alignments w
differing materials are brought into contact.17

The devices were fabricated by thermal evaporation of
source materials under high vacuum (;1026 Torr). In suc-
cessive evaporations, a hole-transport material was depo
on a precleaned3 glass substrate coated with ITO. This
followed by deposition of the host material. If the host is a
an HTL, a 120-Å-thick BCP blocking layer was employe
All devices employed an Alq3 ETL to separate the emissiv
region from the 1000-Å-thick 20:1 Mg:Ag cathode, there
positioning the luminescent region more favorably within t
microcavity created by the metal cathode.18 The devices
were completed by depositing a 500-Å-thick layer of Ag
protect the Mg-Ag cathode from oxidation. Metal depo
tions were defined by a shadow mask with an array of 1-m
diam openings.

Transient measurements were obtained by applying a
row ~200-ns! voltage pulse to the device under test and c
pling the emission into a streak camera. This pulse width
chosen to be less than the radiative rate of the phosphors
larger than the charging time of the OLED, which for a 50V
load and a typical capacitance of 1 nF is;50 ns. In some
cases, the sample was placed under210 V reverse bias fol-
lowing the electrical pulse. External EL quantum efficien
measurements were made by placing the completed OL
directly onto the surface of a calibrated silicon photodetec
and capturing every photon emitted in the forward~viewing!
direction.19 All measurements were performed in air, exce
for those at low-temperature which were performed in
evacuated closed-cycle refrigerator.

IV. PHOSPHORESCENT PROPERTIES
OF THE MATERIALS UNDER STUDY

The host materials, TPD, CBP, and Alq3 are fluorescent
and possess small or negligible phosphorescence at r
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temperature due to competing thermally activated nonra
tive decay processes. In addition to intramolecular pathwa
these nonradiative processes include triplet diffusion to
fect sites followed by dissipative transitions. Reducing t
temperature slows the rate of phonon-assisted decay and
let diffusion, and the phosphorescent PL spectra for TP
CBP, and BCP atT510 K are shown in Fig. 3 together with
the room-temperature spectra of PtOEP and Ir~ppy!3. After
extended sampling, it was possible to obtain the roo
temperature phosphorescent spectra and lifetimes for T
and CBP. These measurements were possible becaus
triplet lifetimes of these materials are relatively long at roo
temperature: 200650ms and.1 s, respectively. In fact, un
der ultraviolet excitation, weak orange CBP phosphor
cence is visible to the naked eye at room temperature
contrast, the triplet lifetime of BCP decreases rapidly as te
perature increases from;1 s at 10 K to,10 ms at room
temperature, although we note that short triplet lifetimes m
be dominated by energy transfer to physical or chemical
fects.

No phosphorescence was observed from Alq3 even at
temperatures as low as;10 K. In their study of hydrox-
yquinoline complexes, Ballardiniet al.20 were similarly un-
successful in observing phosphorescent emission from A3,
although they could observe the phosphorescent spectr
hydroxyquinoline complexes of Pb, Bi, Rh, Ir, and Pt. The
latter materials all show triplet emission at 590–650 nm a
while we cannot be certain that the triplet energy of Alq3 also
lies within this range, it seems likely that it is significant
red-shifted from the spectra of the other host materials
Fig. 3.

The triplet energies~measured from the highest energ
peak of the PL spectra! and decay lifetimes are summarize
in Table I. From the triplet energies, the free energy cha
DG on triplet transfer can be calculated for combinations
host and guest materials. Given the guest materials PtO
and Ir~ppy!3, it is possible to categorize several host a
guest combinations based on the magnitude and sign ofDG
~see Fig. 1!:

~i! DG!0. Example guest-host combinations where tr
lets on guest molecules are strongly confined include PtO
in CBP and PtOEP in TPD. In these cases, the guest and
triplet energies are nonresonant; hence althoughkF@kR ,
both rates are much smaller than their resonance maxim

~ii ! DG,0. There are two examples of weak triplet co
finement: PtOEP in Alq3 and Ir~ppy!3 in CBP. HerekF
.kR , the system is close to resonance, and significant po
lations of both guest and host triplets exist.

~iii ! DG.0. In films of Ir~ppy!3 in TPD the triplets are
expected to reside primarily on the host withkR.kF .

~iv! DG@0. Here, Ir~ppy!3 in Alq3 exhibits14 extremely
inefficient phosphorescence due to Alq3 quenching of
Ir~ppy!3 triplets ~corresponding tokR@kF), and will not be
considered further.

V. ELECTROLUMINESCENT TRANSIENT DATA

Together with the energetic considerations outlin
above, the efficiency of phosphorescence depends on the
ation rates of triplets on the host and guest species. For
ample, if the bulk of excitons are formed on the guest m
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FIG. 3. The phosphorescent spectra of TPD, BCP, CBP, and Ir~ppy!3 together with PtOEP. The spectra for TPD, BCP, and CBP w
recorded atT510 K due to their very low phosphorescent efficiency at room temperature. These materials also exhibited significant
fluorescence due to singlet generation after triplet-triplet annihilation, but these spectra were recorded 200 ms after excitation, a
time the fluorescence is negligible. Due to strong singlet-triplet mixing, the spectra for PtOEP and Ir~ppy!3 could be obtained at room
temperature. Not shown is the phosphorescence spectrum of Alq3, as its phosphorescent efficiency is negligible atT510 K. However, as
discussed in the text, we expect that its triplet energy is approximately 2.0 eV.
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lecular species, then efficient phosphorescence may
possible even though triplets are only weakly confin
Therefore, to understand a particular electrophosphores
guest-host system, we need to know the site of exciton
mation.

This may be determined by analysis of the phospho
cent transients. As discussed in Sec. III, the phosphores
zone in the structures of Fig. 2 can be displaced from
exciton formation zone, forcing triplets to diffuse across s
eral hundred Ångstroms of organic material prior to reco
bination. To measure the diffusion time, we first apply
short electrical pulse and generate singlet and triplet exci

TABLE I. Material triplet energies and room-temperature trip
lifetimes.

Material
Triplet energy

~60.1 eV! Triplet lifetime

PtOEP 1.9 110610msa

Ir~ppy!3 2.4 0.860.1msb

CBP 2.6 .1 s
BCP 2.5 ,10 ms
TPD 2.3 200650ms
Alq3

c 2.0 25615ms

a6% PtOEP doped in CBP, photoexcitation density,1017 cm23.
b6% Ir~ppy!3 doped in BCP, photoexcitation density,1017 cm23.
cThe Alq3 triplet energy is inferred from the phosphorescent spe
of related hydroxyquinoline complexes of Pb, Bi, Rb, and Ir~Ref.
20!. The triplet lifetime is calculated from the diffusion measur
ments in Sec. V.
be
.
nt

r-

s-
nt
e
-
-

ns

at the ETL/HTL interface. The formation of excitons follow
the current transient and is observed by measuring trans
fluorescence from singlets in the host material. Then after
electrical excitation has ceased, the delay between the fl
rescence and the onset of phosphorescence is measure
ther charge or triplet diffusion may be responsible for t
delay, but charge diffusion can be effectively ‘‘turned off
by applying reverse bias following the excitation pulse
discharge traps and sweep out the remaining charge.4 There-
fore, if similar delayed phosphorescence is observed in
presence and absence of reverse bias, then charge tra
on guest molecules must be significant.

Since the probability of triplet transfer is proportional
the product of the electron and hole transfer probabilitie8

we would expect that triplet diffusion should occur at
slower rate than charge transport. However, even in ca
where charge diffusion dominates the phosphorescent de
we cannot discount the possible additional presence of tri
diffusion. For example, the delay in triplet transport is lim
ited by the triplet lifetime, which may be shorter than th
charge-diffusion time. Or, the various species may diffu
over different distances prior to localization on a phosph
rescent molecule. Hence, in those systems where dela
phosphorescence is eliminated by reverse bias, we can
clude that charge trapping is significant, but we cannot
clude the possibility that rapid triplet diffusion also occurs

In Fig. 4 the transient responses of four electrophosp
rescent material systems are shown. The device in Fig.~a!
@cf. Fig. 2~a!# consists of a 600-Å-thick Alq3 diffusion layer
and a phosphorescent sensing layer of 8% PtOEP dope
Alq3 ~8% PtOEP:Alq3!. The PtOEP:Alq3 transients clearly

a
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FIG. 4. The transient response of four archetypal phosphorescent guest-host systems. The PtOEP transients were recordedl5650
610 nm and the Ir~ppy!3 transients atl5530630 nm. The initial peaks in the transient decays are host fluorescence at the wavelen
interest; they mark the formation of singlet excitons. Triplet energy transfer is demonstrated in~a! by PtOEP:Alq3. These transients exhibi
strong delayed phosphorescence due to triplet diffusion in Alq3 and also show minimal change when reverse bias is applied to empty t
This device had a 600-Å-thick Alq3 diffusion layer and a phosphorescent sensing layer of 8% PtOEP in Alq3. However, in~b! we observe
that PtOEP:CBP fails to show delayed phosphorescence when reverse bias is applied, indicating that charge trapping on PtOEP is
This device had a 400-Å-thick CBP diffusion layer and a phosphorescent sensing layer of 8% PtOEP in CBP. Similarly, in~c! the transient
response of Ir~ppy!3:CBP also exhibits charge trapping on Ir~ppy!3. This device had a 500-Å-thick CBP diffusion layer and a phosphores
sensing layer of 6% Ir~ppy!3 in CBP. Energy transfer to Ir~ppy!3 is observed in Ir~ppy!3:TPD ~d!. Here, the observed lifetime of Ir~ppy!3 is
15 ms, significantly longer than its natural radiative lifetime of 1ms. Taken together with the apparent absence of charge trapping on Ir~ppy!3

in TPD, this long lifetime indicates that energy transfer from TPD to Ir~ppy!3 might be the rate-limiting step in Ir~ppy!3 phosphorescence
This device had a 200-Å-thick TPD diffusion layer and a phosphorescent sensing layer of 6%Ir~ppy!3 in TPD. Note that the intensity of eac
transient measurement is arbitrary.
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PD
exhibit delayed phosphorescence due to triplet diffusion
Alq3 and also show minimal change when reverse bia
applied to the empty traps. However, in Fig. 4~b! we observe
that a similar structure using a 8% PtOEP:CBP emiss
layer fails to show delayed phosphorescence when rev
bias is applied. When reverse bias is absent, the decay
time is increased due to the transport of electrons across
400-Å-thick CBP spacer layer, indicating that in this ca
hole trapping on PtOEP is significant. Similarly, in Fig. 4~c!
the transient response of 6% Ir~ppy!3:CBP with a 500-Å-
thick diffusion layer also exhibits hole trapping on Ir~ppy!3.
In contrast, exciton transfer to Ir~ppy!3 is observed in 6%
Ir~ppy!3:TPD with a 200-Å-thick diffusion layer; see Fig
4~d!. Here, the observed lifetime of Ir~ppy!3 is ;15 ms, sig-
nificantly longer than its natural radiative decay of;1 ms.
Taken together with the apparent absence of charge trap
on Ir~ppy!3 in TPD, this long lifetime indicates that energ
transfer from TPD to Ir~ppy!3 is the rate-limiting step in
Ir~ppy!3 phosphorescence.

All systems exhibit delayed phosphorescence in the
sence of reverse bias; however, only~a! PtOEP:Alq3 and~d!
Ir~ppy!3:TPD retain delayed phosphorescence in the p
ence of a strong negative bias. Thus, we conclude that tr
energy transfer is present in these systems but that the o
systems,~b! PtOEP:CBP and~c! Ir~ppy!3:CBP, are domi-
nated by charge trapping and exciton formation directly up
n
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e-
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e

ing

b-
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n

the phosphorescent molecule; indeed, the deep HOMO l
of CBP makes hole trapping on the guest likely when it
used as a host. In Sec. VII, we discuss the relative merit
trapping and energy transfer as mechanisms for genera
very-high-efficiency phosphorescent emission in OLED
But in the remainder of this and the following section w
concentrate on those systems exhibiting energy transfer:
tably, PtOEP:Alq3 and Ir~ppy!3:TPD.

In Fig. 4~d!, the peak in the delayed phosphorescence
Ir~ppy!3:TPD occurs over 100ms after excitation. If we ex-
amine the transient of an Ir~ppy!3:TPD device where there is
no layer separating the exciton-formation interface from
luminescent zones, we find that delayed phosphorescen
absent and that the observed lifetime after electrical exc
tion is 1562 ms @see Fig. 5~a!#. Except for an initial peak
containing some TPD fluorescence, the decay is monoex
nential and completely comprised of Ir~ppy!3 emission. The
PL decay of 10% Ir~ppy!3:TPD also exhibits long-lived
Ir~ppy!3 emission@see Fig. 5~b!#; however, the PL transien
differs in that the initial peak is larger than that found in t
EL decay, and no emission is observed from TPD.

The data of Figs. 4~d!, 5~a!, and 5~b! are to be compared
with the natural phosphorescent lifetime of Ir~ppy!3, which is
only ;1 ms. As expected from the relative phosphoresc
spectra and lifetimes of TPD and Ir~ppy!3, these data can be
explained by triplets residing for extended periods on T
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molecules. The rate of forward transfer (kF) is slow ~;15
ms! and dominates the phosphorescent lifetime of Ir~ppy!3 in
TPD. We note that because the observed 15-ms Ir~ppy!3 EL
decay is also observed in the PL response, there mus
significant populations of triplets in TPD after photoexcit
tion, i.e.,kR@kF . The EL quantum efficiency of Ir~ppy!3 in

FIG. 5. ~a! The electroluminescent response of 8% Ir~ppy!3 in
TPD. The device contains no diffusion layer yet the lifetime
Ir~ppy!3 in TPD is significantly longer~15 ms! than the natural
radiative lifetime of Ir~ppy!3 ~;1 ms!. The initial peaks in the re-
sponse is principally due to fluorescence from TPD.~b! The photo-
luminescent response of 8% Ir~ppy!3 in TPD at T5292 K andT
5200 K. The lifetime increases at low temperatures, consis
with a thermally activated process. However, unlike the EL
sponse, the initial transient in the photoluminescent respons
comprised entirely of emission from photoexcited Ir~ppy!3.
be

TPD is h;3%, providing evidence that efficient electro
phosphorescence is possible even if it is energetically u
vorable for triplets to reside for an extended duration on
phosphor.

VI. TRIPLET DIFFUSION IN Alq 3

Previous work2,3 has demonstrated the existence of trip
diffusion in Alq3 and in Figs. 6 and 7 we study the behavi
of diffusing triplets as a function of time and distance. La
ers consisting of 8% PtOEP:Alq3 are used to detect the trip
lets via electrophosphorescence; but in contrast to the o
devices grown in this work, here we vary the thickness of
Alq3 spacer layer and observe the changes in the phos
rescent decay transient. Figure 6 shows the normalized t
sient responses of PtOEP phosphorescence atl5650 nm for
OLED’s with spacer layers of thickness~a! 200 Å, ~b! 400
Å, ~c! 600Å, and~d! 800 Å. All traces exhibit delayed phos
phorescence under reverse bias, demonstrating the pres
of triplet diffusion.

These delayed responses are understood as convolu
of the rate of triplet arrival at the phosphorescent sens
layer with the phosphorescent decay of PtOEP. By dec
volving the phosphorescent lifetime of PtOEP from the o
served decay, we can therefore extract the triplet-exciton
rent entering the phosphorescent sensing layer of each de
~see Fig. 7!. That is, the exciton current is calculated fro
the data of Fig. 6 by subtracting the initial fluorescent spik
smoothing, and then deconvolving the phosphorescent de
of PtOEP.

The triplet-exciton current, shown by the data points
Fig. 7, can be fitted to the diffusion equation

dw

dt
52

w

t
1DT

d2w

dx2 . ~8!

nt
-
is
a

FIG. 6. The normalized, phosphorescent transients for PtOEP in Alq3 recorded at 650 nm for diffusion distances of~a! 200 Å, ~b! 400

Å, ~c! 600 Å, and~d! 800 Å. Also shown are the calculated transients~smooth curves! based on nondispersive diffusion of triplets given
diffusion coefficient ofD5(865)31028 cm2/s, and a triplet exciton lifetime in Alq3 of t525615ms.
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FIG. 7. The exciton current incident in the phosphorescent zone for diffusion distances of~a! 200 Å, ~b! 400 Å, ~c! 600 Å, and~d! 800
Å ~points!. The current is calculated~points! by deconvolving the phosphorescent decay of PtOEP from the traces in Fig. 6. Also show
the best fits assuming nondispersive behavior, assuming that the concentration of exciton formation decreases exponentially wit
from the HTL/ETL interface with a characteristic length ofL;120 Å ~Ref. 21!. The smooth curves in Fig. 6 are calculated from these
by convolving them with the PtOEP phosphorescent decay.
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As shown by the solid lines in Fig. 7, this fit is used to obta
values for the lifetime~t! of Alq3 triplets and also their dif-
fusion constant (DT). Finally, as a check, the predicted e
citon currents are reconvolved with the PtOEP phospho
cent decay and compared to the measured transients of F
~solid lines!. For these fits, we assume that the excito
formation zone is the same in each device and that the e
ton concentration decreases exponentially with distance f
the HTL interface, with a characteristic length ofL
;120 Å.21 The spikes att→0 observed in the deconvolve
exciton currents are due to excess triplets formed within
phosphorescent zone and may indicate the presence o
sidual charge trapping.

From both Figs. 6 and 7, we find that the simple theo
provides a reasonable approximation to the observed t
sient decays of the PtOEP:Alq3 system. Nevertheless, give
a single value ofDT , it is impossible to reproduce both th
sharp initial increases in the phosphorescent transients
also their long tails. Thus, similar to charge transport,
data provide evidence for dispersive exciton transport, ei
due to the presence of exciton traps or a distribution in
diffusion coefficient arising from variation in molecular co
formations within the amorphous Alq3 film.

The data fall into two regimes: for short diffusion di
tances,DT determines the observed exciton currents, and
longer distances the currents are limited by the exciton l
time t. From fits to devices with a spacer layer thickness
200 or 400 Å, we obtain a diffusion coefficient ofDT5(8
65)31028 cm2/s, and from fits to the 600- and 800-Å de
vices, we obtain an exciton lifetime oft525615ms, taken
together to yield a diffusion length ofLd5140690 Å. This
is less than the length calculated previously2 at J
56.5 mA/cm2, however, the current densities applied duri
s-
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the 200-ns excitation pulses are significantly higherJ
;2500 mA/cm2). As discussed in Paper II, we expect th
increased triplet-triplet annihilation and triplet–charg
carrier quenching at high injection levels causes the obse
reduction in diffusion length.

Previously, the single-exciton diffusion coefficient in Alq3
was measured to beDS5(1.260.8)31025 cm2/s ~Ref. 22!
and DS52.631024 cm2/s ~Ref. 23!. The diffusion coeffi-
cient of triplets is typically lower than that of singlets sinc
both the donor and acceptor transitions are disallowed.6

VII. CONCLUSIONS

Unlike fluorescent guest-host systems, the phosphores
systems summarized in Table II do not require energy tra
fer from guest to host~i.e., DG,0). Given minimal triplet
losses in the host, the only relaxation pathway may be ph
phorescence from the guest, and, as is observed in Ir~ppy!3 in
TPD, the overall electroluminescent quantum efficiency
phosphorescent OLED’s withDG.0 can be as high as 3%
In such a system, the excitions reside primarily on the h
and are eventually transferred to phosphorescent guest
prior to emission. Although guest-host combinations w
DG,0 generally exhibit superior performance by minimi
ing losses at the host, systems withDG.0 may be useful for
high energy triplet emitters such as blue phosphors.

Similar to Ir~ppy)3 in TPD, triplet diffusion from host to
guest is observed for PtOEP in Alq3. From transient analyse
of exciton transport in Alq3, it is likely that the transport is
dispersive with behavior similar to charge transport. Nev
theless, in approximating it as a nondispersive system,
obtain a diffusion coefficient ofDT5(865)31028 cm2/s
and triplet lifetime oft5(25615) ms.
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TABLE II. The electrophosphorescent quantum efficiencies and several properties of a range of m
combinations.

Guest
~lifetime! Host

DG
~6 0.1 eV! Host lifetime

Emission
lifetime

~ms!
Trapping
on guest

EL quantum
efficiency

PtOEP CBP 20.7 .1 s 8065 Yes 6%
(110610ms)

Ir~ppy!3 20.5 ,0.1 ms 8065 ? 3%
TPD 20.4 200650ms 8065 Yes 3%
Alq3 20.1 25615ms 4065 No 3%

Ir~ppy!3 CBP 20.2 .1 s 0.460.05 Yes 8%
(0.860.1ms)

TPD 10.1 200650ms 1562 No 3%
Alq3 10.4 25615ms ,0.1 ? ,0.1%
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All the guest-host systems employing the green phosp
Ir~ppy!3 exhibit weak triplet confinement on the phosphore
cent guest, i.e.,DG;0. Indeed, reverse transfer from
Ir~ppy!3 to CBP is undoubtedly responsible for some los
in luminescence efficiency and the decrease in phospho
cent lifetime from;0.8 to;0.4 ms. In spite of this, externa
quantum efficiencies as high as 8% have been obtained
Ir~ppy!3 doped in CBP.4 As confirmed by the transient stud
ies here, these efficiencies are possible because a major
excitons are formed directly on Ir~ppy!3 following charge
trapping. The deep HOMO level of CBP, in particular, a
pears to encourage hole trapping on phosphorescent gu
But there remains significant room for improvement, and
least a further doubling of phosphorescent efficiency sho
be possible given the right host material.

In the following paper we address one of the paradoxe
phosphorescent OLED’s: the need for high concentration
phosphorescent guests despite the apparently long diffu
of
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lengths of triplets. It is determined that mobile triplets tend
annihilate, and therefore it is preferable to transfer them r
idly to phosphorescent guests where they are trapped. S
triplet transport is a short-range interaction, transfer rates
increased at high guest molecule concentrations when alm
every host molecule has at least one neighboring gues
this way, high concentrations of phosphorescent guest m
ecules may minimize triplet-triplet annihilation. Thus, th
ideal guest-host combination should exhibit both triplet co
finement and encourage the formation of triplets directly
the guest.
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