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Transient analysis of organic electrophosphorescence:
I. Transient analysis of triplet energy transfer
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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 ti8-hydroxyquinoling aluminum (Alg). We find that triplet transport in Algs
dispersive, and for high concentrations of triplets we find an average lifetime @26+ 15 us and a diffusion
coefficient ofDt=(8+5)x 10~ 8 cn?/s. The understanding of the formation and transport of triplets in a host
material is extended in the following papdthys. 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.

[. INTRODUCTION namics of triplet excitons after they are localized on guest
molecules by observing the effect of triplet concentration on

Phosphorescence in organic materials is distinguishethe phosphorescent transients. It is found that interactions
from fluorescence by its origin in forbidden transitions thatbetween triplets on adjacent molecules significantly affect
violate spin conservatich.The excitons responsible for the efficiency of electrophosphorescence, particularly at high
phosphorescence and fluorescence are named after their spininescent intensities. We conclude by summarizing the
multiplicity as triplets and singlets, respectively. Given thatProperties of guest-host phosphorescent systems and possible
electrical excitation generates three triplets for every singlef?€thods for minimizing nonradiative triplet losses.
exciton? triplet properties are of interest, not least because of . N this paper, we outline the fundamental principles of
their application to organic optoelectronic deviceslow- triplet energy transfer in Sec. Il. The experimental methods

ever, triplet radiative decay rates are small and triplet decaziiit%i?gre'ai? mle?/ilcé cl)lfl tgg%;ﬂgugh;m;%?é ﬁggf;rgs lfgg
can be difficult to observe, particularly at room temperature 9y 9 g

where nonradiative decay dominates. But by emplovin rnol_rnaterials are presented in Sec. IV. We isolate the molecular

| ith hiah ph hy ﬁ ut by tp yI gt | species upon which excitons form using transient analysis in
ecuies with nigh phosphorescence etliciencies, ansient €1eeq; v/ and in Sec. VI we examine a guest-host combination
trophosphorescence may be used to observe the diffusion W

) - . ; . ; here triplet diffusion is significant. Conclusions are pre-
tr_|plets _W|th|n a conductive organic host _materlal,_ or it May gaented in Sec. VII.
give evidence for charge trapping and direct exciton forma-
tion on dopant molecules within the host. Thus, it provides a
convenient tool for examination of energy transfer, either
from one host molecule to another, or from the host to a Four processes determine the overall efficiency of energy
dopant? transfer between a host and a guest molecule: the rates of
We are concerned in this work with electrical excitation exciton relaxation on the guest and hdgf,andky , respec-
of thin amorphous organic films where a phosphoresceriively, and the forward and reverse triplet transfer rates be-
guest is dispersed within a conductive host material. Protween guest and hoskg and kg, respectively. The rate
ceeding from exciton formation, we study the dynamics ofequations, in the absence of exciton-formation processes, are
triplets until the point of their radiative or nonradiative de-

Il. TRIPLET ENERGY TRANSFER

cay. In this pape¢Paper }, the energy levels of a selection of dG
. A . _—_kGG_kRG+kFH,
guest and host materials are examined to determine whether dt
excitons form primarily on guest molecules, or whether they (1)
are formed in the host and must diffuse to guest molecules dH
where they are subsequently trapped. We identify examples i~ kaH—KeH+kgG,

of both systems and particularly study triplet diffusion in the
well-known  electron-transporting ~ material ~ t8s  where G and H are the densities of guest and host triplet
hydroxyquinoling aluminum (Alg). From the phosphores- excitons. The solutions to Eql) are biexponential decays,
cent transient decays, we are able to estimate thetAfdet-  of the form
exciton diffusion coefficient and lifetime.

In the subsequent papeiPaper I), we examine the dy- G,H=A; exd —k;t]+A, exd —k,t], 2
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HOSTS GUESTS times at room temperature. It is also possible to use decay
@) rates measured at low temperature to estimate the room-
(a) @§ @ (e " temperature triplet lifetimes.
TPD db Ir(pY)s 3 To understand the origin df- andkg we must first ex-
amine the theory of triplet energy transfer. Dektésund
) ® w that exchange interactions permit exciton hops from one
BCP 6. PtOEP molecule to the next with no change in spin. In such a pro-
o cess, triplet transfer may be thought of as a simultaneous
transfer of an electron and a hole. Indeed, Cletsal® have
(c) Q O-0O O studied triplet energy transfer in molecules of the general
CBP &y O | ~ HOST \g AGI form D-Sp-A, whereD is 4-biphenylyl,A is 2-naphthyl, and
\ o— the spacer moleculd$p are trans-decalin and cyclohexane
() % ky ke™ ~ GUEST with different regiochemical and stereochemical attach-
Algg Mo , gks ments. With correction of the reorganization energy and

comparison of the rates of triplet transfer with those of elec-
: tron and hole transfer, the triplet transfer rate has been
FIG. 1. The molecular structures of the materials studiefi:  demonstratetto be related to the product of the electron and
TPD (N,N’-diphenyIN,N’-bis(3-methylphenyH[1,1'-biphenyl-  hole transfer rates calculated from Marcus thebry.
4,4 -diamine, (b) BCP (2, 9-dimethyl-4,7-diphenyl-1, 10-phenan-  applicable to systems with very weak overlap between
throline), (c) CBP (4,4-N,N’-dicarbazole-biphenyl (d) Alds e electronic orbitals of the reactants, Marcus theory recog-
tris(8-hydroxyquinoling aluminum, (€) Ir(ppy); fac tris(2-phenyl- ;705 that the rate-limiting step is not the electron transfer
pyridine) iridium, and(f) PIOEP 2, 3’_7’ 8,12, 13, 17, 18-octaethyl- itself, but rather the formation of the activated complex that
21H,23H-porphine platinurtil). Inset: Triplet dynamics in a guest- precedes the transfer. This is a reflection of the Franck-
I:;):Ft)esgt/isvtglr;. ;T: :jex‘atte;nczifngodm;;dtﬁgdc;?;;l; t]frae?{s;?gykihangCondon principle: during an electronic transition, the elec-
' P ronic motion is so rapid that the atomic configuration of the
(AG) and the molecular overlap; also significant are the rates Oreactant and productpstates is unchanged Thge most probable
decay from the guest and host triplet states, lab&edand ky, 3 . ) A
respgctively. 9 P e A activated complex is determined by minimizing its free en-
ergy of formation(G) under the restriction that the total en-

. o . ergy of the complex is unchanged during the electron trans-
where A; and A, are determined by the initial conditions, o,

and the characteristic decay ratgsandk,, are given by This reasoning leads to a transfer probabiliky of the

form?®©
" 2:kF+kR+kH+kG - 473 M |2ex;{—(AG+)\)2 "
2 h2xkgT ' DA ANKgT |
A(kg+Kg) (ky+ke) —4kekg where the matrix element mixing donor and acceptor states is
x| 1+ \/1— (ke ket K+ ka2 ) @ Mpa, his Planck's constantks is Boltzmann’s constant,

and T is the temperature. If the transfer occurs with no
change in free energyAG=0) or in the atomic configura-

The energy-transfer processes are shown schematically in thign of the reactants, then the energy barriex imssumed to
inset of Fig. 1. It is apparent that to maximize guest phoshe the same in both forward and reverse transfer diredtions
phorescence, we require that eithkg>ky or ke>kr  But for small changes in the free energy, Marcus transfer via
>k . an activated complex behaves similar to an Arrhenius barrier

Situations whereks>ky; enable efficient phosphores- of approximatelyn/4. As the difference in the donor and
cence by minimizing losses in the host and can be realizedcceptor triplet energies increases, the rate also increases un-
by employing a host material with a long triplet lifetime,(  til resonance is reached. For large differences the transfer
small). As shown below, efficient phosphorescence from theate decreases, giving the “Marcus inverted region.”
guest is possible even if its triplet energy is higher than that |n order to estimate\G, we measure the relaxed triplet
of the host AG>0 in Fig. 1), in which case guest phospho- state energies of both the donor and acceptor molecules us-
rescence may be slower than the natural phosphorescent tiag their phosphorescent spectra. As discussed in Sec. IV,
diative lifetime. The second cas&>kg>ky) maximizes due to the low probability of radiative triplet transitions,
the population of guest triplets and avoids any losses thapectra must generally be obtained by minimizing nonradia-
may occur on the host. tive transitions at low temperature. The spectra are charac-

Examination of the phosphorescent transient decay yieldgrized by several vibronic overtones in the ground state
the sum of the radiative and nonradiative rates of triplet demanifold. The energy difference between the first excited
cay, orky or kg for the host and guest, respectively. The triplet state and the ground state is estimated from the high-
nonradiative rate of triplet decay is strongly enhanced agst energy transition observed in phosphorescence.
temperature increases; thus many materials exhibit little or In addition to the energy considerations of E4), Dexter
no phosphorescence at room temperature. For these matettiansfer requires that the combined spin of the participating
als, more complex methods such as transient absorptiomolecules be conserved during energy transfer. For example,
spectroscop§, must be employed to determine triplet life- triplet transfer may follow:
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3% + 1 1 3p* 100 A thick phosphorescent region
— + phosp g
D A D A%, (5) LUMO Levels e.g. 8% PtOEP in Alq,
N

whereD is the donor and the acceptor. Triplet and singlet

states are represented by superscript 3 and 1, respectivel 2oy 31 ,e~v
and the asterisk signifies an excited state. Note that single'@ o HTL EMland |4 | -SIEL
states in the host may also be transferred to the guest via th 5004 o-NPD atusion | | 200AAg,
Dexter mechanism; however, if the spectral overlap is suffi- 7oV e_';_Vz[q—s -
cient, then typically the long-range competing mechanism of
dlpole-dlpole_or I_‘—‘oster energy transfer predominatéssin- HOMO Lovels 7 ¢ Ll
glet transfer is simply . )
LUMO Levels 100 A thlcksghlc:(sphc;r?:cgg:. region
ID* + A 1D + 1A%, 6) N pgev / o8 T HPRYs
2.9eV 2.9eV 3.1 eV

After transfer, the singlets on the organometallic phosphores-(p) ‘ 376V
cent guest molecules studied in this work rapidly intersystem ITo HTL HTL and ETL MgAg
cross to the triplet state. This is due to the presence of & 400A TPD oxciton ||| | 300A A
heavy atom that introduces spin-orbit coupling, breaking the 47 eV layer ||BCP
spin-selection rules. e9.CBP

Another energy-transfer mechanism isréter energy HOMO Levels” " 5:4 €V ‘ 5.8V
transfer from the triplet state of the donor to the singlet state 608V
of the acceptor, following N .

FIG. 2. The structure of the electroluminescent devices used to
3D* + 1A 1D+ 1ax . 7) observe the transient response of triplet diffusion in organic host

materials. Electron- and hole-transport layers are labeled ETL and
This process may be very efficient if the donor isHTL, respectively. The highest occupied molecular orbital
phosphorescert It may be employed to transfer triplet (HOMO) obtained for each material corresponds to its ionization
states to the singlet state of the accepfdrut we observe it  potential(IP). The lowest unoccupied molecular orbitalUMO) is
here by dispersing a phosphorescent guest into a secodual to the IP plus the optical energy gap, as determined from
phosphorescent host. Unlike triplet-triplet transfer, the donobsorption spectra. Relative alignments of the energies in the fully
and acceptor molecules are well coupled irster transfer; assembled devices will differ from those shown. Two devices are

hence the rate depends on the overlap of donor emission arsgown: in(a) the host preferentially transports electrons and the
acceptor absorption. exciton formation zone is at the interface between the host and

a-NPD, in (b) the host preferentially transports holes and exciton
formation is at the interface between the host and BCP. In both
IIl. EXPERIMENTAL TECHNIQUES devices triplets are forced to diffuse through the host before reach-

The phosphorescent spectra of our materials were med19 & phosphorescent region, created by doping a nafral@0-A)
sured to obtain their triplet energy levels. Luminescence waldyer of the host with a phosphorescent dye. Singlets formed during
measured from 2000-A-thick films of each organic material,6|eCtr'(:,a| excitation cau;e fluorescence within the host, thus triplet
following ~1-Hz excitation with a 500-ps pulse from &N dﬁnamlcs are reflected in the delay between fluorescence and phos-
laser at a wavelength of=337 nm. Delayed photolumines- phorescence.
cence(PL) was isolated using a streak camera and separated
into delayed fluorescence and phosphorescence. The delay@eposition by individual quartz-crystal thickness monitors
fluorescence originates from singlets produced by tripletpositioned in the vacuum chamber adjacent to the guest
triplet annihilatiot and is easily distinguished from phos- source and the substrate.
phorescence since it scales with the square of pump inten- The materials used arg@ N,N’-diphenylN,N’-
sity. bis(3-methylpheny}[ 1,1’ -biphenyl-4,4 -diamine (TPD),

The electroluminesceriEL) properties of various organic (b) 2,9-dimethyl-4,7-diphenyl-1,10-phenanthrolifathocu-
films were studied by incorporating them as host materialgroine or BCH, (c) 4,4 -N,N’'-dicarbazole-bipheny(CBP),
within organic light emitting device€OLED's). It is charac-  (d) Algs, (e) fac tris(2-phenylpyriding iridium [Ir(ppy)s]**
teristic of electrophosphoresence for the peak efficiency tand (f) 2,3,7,8,12,13,17,18-octaethylH2123H-porphine
occur at low current densities]€0.1 mA/cnT), necessitat- platinum(il) (PtOEB. Of these materials, TPD and CBP are
ing the minimization of leakage currents that do not contrib-predominantly hole-transport, and Algand BCP are
ute to luminescence. Substrate cleanliness and material palectron-transport materials. Two phosphors are also em-
rity were found to be crucial in obtaining an accurateployed as guests: (Ippy)s, which emits at~510 nm with a
measurement of efficiency at low current density. Glass subphosphorescent lifetime 0f0.4 us!* and PtOEP, which
strates precoated with a 1400-A-thick layer of indium tin emits at 650 nm with a phosphorescent lifetime-df00 us 3
oxide (ITO) were exposed to a uv/ozone flux for 5 min after  Two test structures were made, depending on the conduc-
sequential solvent cleaning with trichloroethylene, acetonetjvity of the host material. If it is preferentially an electron
and isopropanol. The organic source materigke Fig. 1  transporter, then it is used as an electron transport layer
were purified by train sublimation at least once before theylETL) and employed in the structure of Figa2 Of the host
were loaded into a high vacuum (19Torr) thermal evapo- materials used, Algand BCP films may serve as an ETL;
ration chambet® For guest-host combinations, the dopingthe remaining materials are predominantly hole conductors
fractions quoted are mass percentages determined duriregnd can be used in hole-transport lay@iJL’'s). For these
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materials, a wide-energy-gap hole and exciton-blocking matemperature due to competing thermally activated nonradia-
terial are required to contain the excitations within the HTL.tive decay processes. In addition to intramolecular pathways,
For this purpose, we used BCP in structures shown in Figthese nonradiative processes include triplet diffusion to de-
2(b). It has previously been showtthat BCP conducts elec- fect sites followed by dissipative transitions. Reducing the
trons but blocks holes from entering the ETL. temperature slows the rate of phonon-assisted decay and trip-

For electroluminescent devices employing fAlas the  let diffusion, and the phosphorescent PL spectra for TPD,
host, the exciton-formation zone is located at the interface o€BP, and BCP aT=10K are shown in Fig. 3 together with
the HTL and Alg. In the case of HTL host materials, the the room-temperature spectra of PtOEP aridply);. After
exciton-formation zone is at the interface between the HTLextended sampling, it was possible to obtain the room-
and BCP. To study exciton diffusion, undoped layers of thetemperature phosphorescent spectra and lifetimes for TPD
host material were inserted between the exciton-formatiomnd CBP. These measurements were possible because the
interface and a phosphorescent layer. As shown in Fig. Zriplet lifetimes of these materials are relatively long at room
triplets are forced to diffuse through this undoped zone betemperature: 20850us and>1 s, respectively. In fact, un-
fore being captured by the doped luminescent, or “tripletder ultraviolet excitation, weak orange CBP phosphores-
sensing,” layer. Also shown in Fig. 2 are proposed energycence is visible to the naked eye at room temperature. In
levels for the host and guest materials. The electron energyontrast, the triplet lifetime of BCP decreases rapidly as tem-
levels referenced to vacuum are indicated by the lowest urperature increases from1l s at 10 K to<<10 us at room
occupied molecular orbitd UMO) and the energy levels of temperature, although we note that short triplet lifetimes may
holes are given by the highest occupied molecular orbitalpe dominated by energy transfer to physical or chemical de-
(HOMO), as determined from the ionization potential for fects.
each materiat® Note that we have assumed that the HOMO-  No phosphorescence was observed from ,Adyen at
LUMO gap is equal to the optical energy gap, as determinetemperatures as low as10 K. In their study of hydrox-
from absorption spectra. Under this assumption, the LUMOyquinoline complexes, Ballardirét al?° were similarly un-
does not necessarily serve as the lowest conduction level fauccessful in observing phosphorescent emission frorg, Alg
mobile electrons. Although not shown here, charge redistrialthough they could observe the phosphorescent spectra of
butions and polarization effects at the heterointerfaces argydroxyquinoline complexes of Pb, Bi, Rh, Ir, and Pt. These
expected to alter the relative energy-level alignments whetatter materials all show triplet emission at 590-650 nm and
differing materials are brought into contaét. while we cannot be certain that the triplet energy of fdtpo

The devices were fabricated by thermal evaporation of thé¢ies within this range, it seems likely that it is significantly
source materials under high vacuum 10" 6 Torr). In suc-  red-shifted from the spectra of the other host materials in
cessive evaporations, a hole-transport material was depositéig. 3.
on a precleanédglass substrate coated with ITO. This is  The triplet energiegmeasured from the highest energy
followed by deposition of the host material. If the host is alsopeak of the PL spectyand decay lifetimes are summarized
an HTL, a 120-A-thick BCP blocking layer was employed. in Table I. From the triplet energies, the free energy change
All devices employed an AlQETL to separate the emissive AG on triplet transfer can be calculated for combinations of
region from the 1000-A-thick 20:1 Mg:Ag cathode, thereby host and guest materials. Given the guest materials PtOEP
positioning the luminescent region more favorably within theand Ippy),, it is possible to categorize several host and
microcavity created by the metal cathodeThe devices guest combinations based on the magnitude and signGof
were completed by depositing a 500-A-thick layer of Ag to (see Fig. I
protect the Mg-Ag cathode from oxidation. Metal deposi- (i) AG<0. Example guest-host combinations where trip-
tions were defined by a shadow mask with an array of 1-mmtets on guest molecules are strongly confined include PtOEP
diam openings. in CBP and PtOEP in TPD. In these cases, the guest and host

Transient measurements were obtained by applying a natriplet energies are nonresonant; hence altholgi kg,
row (200-ng voltage pulse to the device under test and couhoth rates are much smaller than their resonance maxima.
pling the emission into a streak camera. This pulse width is (ji) AG<0. There are two examples of weak triplet con-
chosen to be less than the radiative rate of the phosphors afilement: PtOEP in Alg and Ippy); in CBP. Herekg

larger than the charging time of the OLED, which for aB0- >k, the system is close to resonance, and significant popu-
load and a typical capacitance of 1 nF+4$0 ns. In some  |ations of both guest and host triplets exist.

cases, the sample was placed undd0 V reverse bias fol- (i) AG>0. In films of Ifppy); in TPD the triplets are

lowing the electrical pulse. External EL quantum efficiency expected to reside primarily on the host witg> Kk .
measurements were made by placing the completed OLED (jy) AG>0. Here, Ifppy)s in Algs exhibits* extremely

direction® All measurements were performed in air, excepteonsidered further.

for those at low-temperature which were performed in an

evacuated closed-cycle refrigerator.
V. ELECTROLUMINESCENT TRANSIENT DATA

IV. PHOSPHORESCENT PROPERTIES

OF THE MATERIALS UNDER STUDY Together with the energetic considerations outlined

above, the efficiency of phosphorescence depends on the cre-
The host materials, TPD, CBP, and Algre fluorescent ation rates of triplets on the host and guest species. For ex-
and possess small or negligible phosphorescence at rooample, if the bulk of excitons are formed on the guest mo-
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FIG. 3. The phosphorescent spectra of TPD, BCP, CBP, dpgy)s together with PtOEP. The spectra for TPD, BCP, and CBP were
recorded a =10 K due to their very low phosphorescent efficiency at room temperature. These materials also exhibited significant delayed
fluorescence due to singlet generation after triplet-triplet annihilation, but these spectra were recorded 200 ms after excitation, after which
time the fluorescence is negligible. Due to strong singlet-triplet mixing, the spectra for PtOEP(gmg;Icould be obtained at room
temperature. Not shown is the phosphorescence spectrum gf @ddts phosphorescent efficiency is negligiblelr'at10 K. However, as
discussed in the text, we expect that its triplet energy is approximately 2.0 eV.

lecular species, then efficient phosphorescence may bet the ETL/HTL interface. The formation of excitons follows
possible even though triplets are only weakly confinedthe current transient and is observed by measuring transient
Therefore, to understand a particular electrophosphorescefitiorescence from singlets in the host material. Then after the
guest-host system, we need to know the site of exciton forelectrical excitation has ceased, the delay between the fluo-
mation. rescence and the onset of phosphorescence is measured. Ei-
This may be determined by analysis of the phosphoresther charge or triplet diffusion may be responsible for the
cent t(ansients. As discussgd in Sec. lll, the phosphoresceagay, but charge diffusion can be effectively “turned off”
zone in the structures of Fig. 2 can be displaced from th%y applying reverse bias following the excitation pulse to

exciton formation zone, forcing triplets to diffuse across SeVijischarge traps and sweep out the remaining cHafgere-
eral hundred Angstroms of organic material prior to recoms-

fore, if similar delayed phosph is ob din th
bination. To measure the diffusion time, we first apply a ore, I simiar deayer pnosprores=ance Is opserved in e

: . . ‘ resence and absence of reverse bias, then charge trappin
short electrical pulse and generate singlet and triplet exmton%n guest molecules must be significant g pping

o ) _ Since the probability of triplet transfer is proportional to
. TABLE I. Material triplet energies and room-temperature triplet (o product of the electron and hole transfer probabilﬁies,
lifetimes. we would expect that triplet diffusion should occur at a
slower rate than charge transport. However, even in cases
where charge diffusion dominates the phosphorescent decay,

Triplet energy

Material (x01ev Triplet lifetime we cannot discount the possible additional presence of triplet
PtOEP 1.9 11810 us? diffusion. For example, the delay in triplet transport is lim-
Ir(ppy)3 2.4 0.8:0.1u¢ ited by the triplet lifetime, which may be shorter than the
CBP 26 >1s charge-diffusion time. Or, the various species may diffuse
BCP 25 <10 us over different distances prior to localization on a phospho-
TPD 23 200 50us rescent molecule. Hence, in those systems where delayed
Alg® 20 25+ 15 45 phosphorescence is ehmmated_byl reverse bias, we can con-
clude that charge trapping is significant, but we cannot ex-
%% PtOEP doped in CBP, photoexcitation densitg0'’ cm ™3, clude the possibility that rapid triplet diffusion also occurs.
®6% Ir(ppy); doped in BCP, photoexcitation density10'” cm™2. In Fig. 4 the transient responses of four electrophospho-

°The Algg, triplet energy is inferred from the phosphorescent spectraescent material systems are shown. The device in k&y. 4

of related hydroxyquinoline complexes of Pb, Bi, Rb, andRef.  [cf. Fig. 2a)] consists of a 600-A-thick Algdiffusion layer

20). The triplet lifetime is calculated from the diffusion measure- and a phosphorescent sensing layer of 8% PtOEP doped in
ments in Sec. V. Alg; (8% PtOEP:Alg). The PtOEP:Alg transients clearly
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FIG. 4. The transient response of four archetypal phosphorescent guest-host systems. The PtOEP transients were xee6fied at
+10nm and the [ppy); transients ah =530+ 30 nm. The initial peaks in the transient decays are host fluorescence at the wavelengths of
interest; they mark the formation of singlet excitons. Triplet energy transfer is demonstré&edynPtOEP:Alg. These transients exhibit
strong delayed phosphorescence due to triplet diffusion ig &gl also show minimal change when reverse bias is applied to empty traps.
This device had a 600-A-thick Alcdiffusion layer and a phosphorescent sensing layer of 8% PtOEP in Aimwever, in(b) we observe
that PtOEP:CBP fails to show delayed phosphorescence when reverse bias is applied, indicating that charge trapping on PtOEP is significant.
This device had a 400-A-thick CBP diffusion layer and a phosphorescent sensing layer of 8% PtOEP in CBP. Simitalgeitransient
response of lippy);:CBP also exhibits charge trapping ofpipy)s. This device had a 500-A-thick CBP diffusion layer and a phosphorescent
sensing layer of 6% (ppy); in CBP. Energy transfer to (ppy); is observed in lippy);:TPD (d). Here, the observed lifetime of(ppy); is
15 us, significantly longer than its natural radiative lifetime gi&. Taken together with the apparent absence of charge trappin(ppy)r
in TPD, this long lifetime indicates that energy transfer from TPD tpdy); might be the rate-limiting step in (Ippy); phosphorescence.

This device had a 200-A-thick TPD diffusion layer and a phosphorescent sensing layer ¢bpyalin TPD. Note that the intensity of each
transient measurement is arbitrary.

exhibit delayed phosphorescence due to triplet diffusion irthe phosphorescent molecule; indeed, the deep HOMO level
Alg; and also show minimal change when reverse bias i®f CBP makes hole trapping on the guest likely when it is
applied to the empty traps. However, in Figbjwe observe used as a host. In Sec. VII, we discuss the relative merits of
that a similar structure using a 8% PtOEP:CBP emissiorirapping and energy transfer as mechanisms for generating
layer fails to show delayed phosphorescence when reverseery-high-efficiency phosphorescent emission in OLED’s.
bias is applied. When reverse bias is absent, the decay lif8ut in the remainder of this and the following section we
time is increased due to the transport of electrons across thmncentrate on those systems exhibiting energy transfer: no-
400-A-thick CBP spacer layer, indicating that in this casetably, PtOEP:Alg and In(ppy);:TPD.
hole trapping on PtOEP is significant. Similarly, in Figcy In Fig. 4(d), the peak in the delayed phosphorescence of
the transient response of 6%(fdpy);:CBP with a 500-A-  Ir(ppy);:TPD occurs over 10@s after excitation. If we ex-
thick diffusion layer also exhibits hole trapping oridpy)s. amine the transient of an(ppy);:TPD device where there is
In contrast, exciton transfer to(ppy); is observed in 6% no layer separating the exciton-formation interface from the
Ir(ppy)s:TPD with a 200-A-thick diffusion layer; see Fig. luminescent zones, we find that delayed phosphorescence is
4(d). Here, the observed lifetime of(ppy); is ~15 us, sig- absent and that the observed lifetime after electrical excita-
nificantly longer than its natural radiative decay-efl us.  tion is 15-2 us [see Fig. %a)]. Except for an initial peak
Taken together with the apparent absence of charge trappirgpntaining some TPD fluorescence, the decay is monoexpo-
on Ir(ppy)s in TPD, this long lifetime indicates that energy nential and completely comprised ofppy); emission. The
transfer from TPD to lippy); is the rate-limiting step in PL decay of 10% lippy)s:TPD also exhibits long-lived
Ir(ppy); phosphorescence. Ir(ppy); emission[see Fig. B)]; however, the PL transient
All systems exhibit delayed phosphorescence in the abdiffers in that the initial peak is larger than that found in the
sence of reverse bias; however, ofdy PtOEP:Alg and (d) EL decay, and no emission is observed from TPD.
Ir(ppy)s:TPD retain delayed phosphorescence in the pres- The data of Figs. @l), 5(a), and b) are to be compared
ence of a strong negative bias. Thus, we conclude that triplewith the natural phosphorescent lifetime dfpipy)s, which is
energy transfer is present in these systems but that the othenly ~1 us. As expected from the relative phosphorescent
systems,(b) PtOEP:CBP andc) Ir(ppy);:CBP, are domi- spectra and lifetimes of TPD andppy);, these data can be
nated by charge trapping and exciton formation directly uporexplained by triplets residing for extended periods on TPD
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(a) @ 1000 TPD is ~3%, providing evidence that efficient electro-
5 phosphorescence is possible even if it is energetically unfa-
E 100 vorable for triplets to reside for an extended duration on the
e 7= (15£2)us phosphor.
g 10 ] VI. TRIPLET DIFFUSION IN Alg 5
£ 6% Ir(ppy);: TPD 1
Z 10 7 50 Previous work® has demonstrated the existence of triplet
Time (us) diffusion in Algz and in Figs. 6 and 7 we study the behavior
- of diffusing triplets as a function of time and distance. Lay-
(b) 5 1000 ¢ T=202K 1 ers consisting of 8% PtOEP:Ajare used to detect the trip-
g “ lets via electrophosphorescence; but in contrast to the other
5 o 7= (80L10)s devices grown in this work, here we vary the thickness of the
~ T=200K y Algs spacer layer and observe the changes in the phospho-
g 10F = (15£2)ps 3 rescent decay transient. Figure 6 shows the normalized tran-
E 6% Ir(ppy)s: TPD sient responses of PtOEP phosphorescenae=&50 nm for
& 1, " - m ™ 700 OLED’s with spacer layers of thicknega) 200 A, (b) 400
Time (us) A, (c) 600A, and(d) 800 A. All traces exhibit delayed phos-

FIG. 5. (@) The electroluminescent response of 8%pjfry); in phorescence under reverse bias, demonstrating the presence
TPD. The device contains no diffusion layer yet the lifetime of of triplet diffusion.
Ir(ppy)s in TPD is significantly longer(15 us) than the natural These delayed responses are understood as convolutions
radiative lifetime of Ifppy); (~1 us). The initial peaks in the re- of the rate of triplet arrival at the phosphorescent sensing
sponse is principally due to fluorescence from TR.The photo-  |ayer with the phosphorescent decay of PtOEP. By decon-
luminescent response of 8%(ppy); in TPD atT=292K andT  yolving the phosphorescent lifetime of PtOEP from the ob-
=200K. The lifetime increases at low temperatures, consistengerved decay, we can therefore extract the triplet-exciton cur-
with a thermally activated process. However, unlike the EL re-rent entering the phosphorescent sensing layer of each device
sponse, the |r_1|t|al transn_enF in the photolum!nescent response '(%ee Fig. 7. That is, the exciton current is calculated from
comprised entirely of emission from photoexcitebpy)s. the data of Fig. 6 by subtracting the initial fluorescent spikes,

smoothing, and then deconvolving the phosphorescent decay

molecules. The rate of forward transfet:] is slow (~15  of PtOEP.
us) and dominates the phosphorescent lifetime fdy)s in The triplet-exciton current, shown by the data points in

TPD. We note that because the observedus3+#(ppy); EL  Fig. 7, can be fitted to the diffusion equation
decay is also observed in the PL response, there must be

significant populations of triplets in TPD after photoexcita- djz ¢ d% ®)
tion, i.e.,kg>ke. The EL quantum efficiency of (ppy); in dt T Tdx? -
o 30 ' ' o 30 ‘ ‘
£ (a) 200A| £ (b) 400A
3 S
o S ol
§ 20 @ 20
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FIG. 6. The normalized, phosphorescent transients for PtOEP inrétgprded at 650 nm for diffusion distances(af 200 A, (b) 400

A, (c) 600 A, and(d) 800 A. Also shown are the calculated transigfstmooth curvesbased on nondispersive diffusion of triplets given a
diffusion coefficient ofD=(8+5)x 10 8 cn?/s, and a triplet exciton lifetime in Algof =25+ 15 us.
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FIG. 7. The exciton current incident in the phosphorescent zone for diffusion distan@<26D A, (b) 400 A, (c) 600 A, and(d) 800
A (points. The current is calculategboints by deconvolving the phosphorescent decay of PtOEP from the traces in Fig. 6. Also shown are
the best fits assuming nondispersive behavior, assuming that the concentration of exciton formation decreases exponentially with distance
from the HTL/ETL interface with a characteristic lengthlof- 120 A (Ref. 21). The smooth curves in Fig. 6 are calculated from these fits
by convolving them with the PtOEP phosphorescent decay.

As shown by the solid lines in Fig. 7, this fit is used to obtainthe 200-ns excitation pulses are significantly highdr (
values for the lifetime(7) of Algs triplets and also their dif-  ~2500 mA/cnf). As discussed in Paper I, we expect that
fusion constant@y). Finally, as a check, the predicted ex- increased triplet-triplet annihilation and triplet—charge-
citon currents are reconvolved with the PtOEP phosphoreszarrier quenching at high injection levels causes the observed
cent decay and compared to the measured transients of Figs&duction in diffusion length.

(solid lineg. For these fits, we assume that the exciton- Previously, the single-exciton diffusion coefficient in Alq
formation zone is the same in each device and that the excivas measured to bBgs=(1.2+0.8)x 10 ° cn?/s (Ref. 22

ton concentration decreases exponentially with distance frorand Dg=2.6x 10 % cn/s (Ref. 23. The diffusion coeffi-

the HTL interface, with a characteristic length d&f  cient of triplets is typically lower than that of singlets since

~120 A ** The spikes at—0 observed in the deconvolved poth the donor and acceptor transitions are disallofved.
exciton currents are due to excess triplets formed within the

phosphorescent zone and may indicate the presence of re- VIl. CONCLUSIONS
sidual charge trapping.

From both Figs. 6 and 7, we find that the simple theory Unlike fluorescent guest-host systems, the phosphorescent
provides a reasonable approximation to the observed trarsystems summarized in Table Il do not require energy trans-
sient decays of the PtOEP:Algystem. Nevertheless, given fer from guest to hosti.e., AG<0). Given minimal triplet
a single value oD, it is impossible to reproduce both the losses in the host, the only relaxation pathway may be phos-
sharp initial increases in the phosphorescent transients anmhorescence from the guest, and, as is observedppy); in
also their long tails. Thus, similar to charge transport, theTPD, the overall electroluminescent quantum efficiency of
data provide evidence for dispersive exciton transport, eithgphosphorescent OLED’s withG>0 can be as high as 3%.
due to the presence of exciton traps or a distribution in thén such a system, the excitions reside primarily on the host
diffusion coefficient arising from variation in molecular con- and are eventually transferred to phosphorescent guest sites
formations within the amorphous AJdilm. prior to emission. Although guest-host combinations with

The data fall into two regimes: for short diffusion dis- AG<0 generally exhibit superior performance by minimiz-
tances,D; determines the observed exciton currents, and aing losses at the host, systems wkis>0 may be useful for
longer distances the currents are limited by the exciton lifehigh energy triplet emitters such as blue phosphors.
time 7. From fits to devices with a spacer layer thickness of  Similar to Ippy); in TPD, triplet diffusion from host to
200 or 400 A, we obtain a diffusion coefficient Bf;=(8  guest is observed for PtOEP in AlgFrom transient analyses
+5)x 10 8cn?/s, and from fits to the 600- and 800-A de- of exciton transport in Alg, it is likely that the transport is
vices, we obtain an exciton lifetime ef=25+ 15us, taken dispersive with behavior similar to charge transport. Never-
together to yield a diffusion length df;=140+-90A. This theless, in approximating it as a nondispersive system, we
is less than the length calculated previoGslat J  obtain a diffusion coefficient oDt=(8+5)x 108 cn/s
=6.5mA/cnt, however, the current densities applied duringand triplet lifetime ofr=(25+15) us.
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TABLE II. The electrophosphorescent quantum efficiencies and several properties of a range of material
combinations.

Emission
Guest AG lifetime Trapping  EL quantum
(lifetime) Host (£ 01eV Host lifetime (us) on guest efficiency
PtOEP CBP -0.7 >1s 80t5 Yes 6%
(11010 us)
Ir(ppy); -0.5 <0.1us 80+5 ? 3%
TPD -0.4 200=50 us 80+5 Yes 3%
Algs -0.1 25-15us 40+5 No 3%
Ir(ppy)s CBP -0.2 >1s 0.4-0.05 Yes 8%
(0.8+0.1us)
TPD +0.1 200=50 us 15+2 No 3%
Algs +0.4 25+15us <0.1 ? <0.1%

All the guest-host systems employing the green phosphdengths of triplets. It is determined that mobile triplets tend to
Ir(ppy); exhibit weak triplet confinement on the phosphores-annihilate, and therefore it is preferable to transfer them rap-
cent guest, i.e.,AG~0. Indeed, reverse transfer from idly to phosphorescent guests where they are trapped. Since
Ir(ppy); to CBP is undoubtedly responsible for some lossedriplet transport is a short-range interaction, transfer rates are
in luminescence efficiency and the decrease in phosphoreiicreased at high guest molecule concentrations when almost
cent lifetime from~0.8 to~0.4 us. In spite of this, external every host molecule has at least one neighboring guest. In
guantum efficiencies as high as 8% have been obtained frothis way, high concentrations of phosphorescent guest mol-
Ir(ppy); doped in CBP. As confirmed by the transient stud- ecules may minimize triplet-triplet annihilation. Thus, the
ies here, these efficiencies are possible because a majority iofeal guest-host combination should exhibit both triplet con-
excitons are formed directly on(ppy); following charge finement and encourage the formation of triplets directly on
trapping. The deep HOMO level of CBP, in particular, ap-the guest.
pears to encourage hole trapping on phosphorescent guests.

But there remains significant room for improvgment, and at ACKNOWLEDGMENTS
least a further doubling of phosphorescent efficiency should
be possible given the right host material. This work was supported by Universal Display Corpora-

In the following paper we address one of the paradoxes ofion, the Defense Advanced Research Projects Agency, the
phosphorescent OLED's: the need for high concentrations ohir Force Office of Scientific Research, and the National
phosphorescent guests despite the apparently long diffusiddcience Foundation MRSEC program.

M. Klessinger and J. MichExcited States and Photochemistry of 183, R. Forrest, Chem. Re97, 1793(1997.

Organic MoleculegVCH, New York, 1995. 14M. A. Baldo, S. Lamansky, P. E. Burrows, M. E. Thompson, and
2M. A. Baldo, D. F. O'Brien, M. E. Thompson, and S. R. Forrest,  S. R. Forrest, Appl. Phys. Letf5, 4 (1999.
Phys. Rev. B60, 14 422(1999. 15D, F. O'Brien, M. A. Baldo, M. E. Thompson, and S. R. Forrest,

3M. A. Baldo, D. F. O'Brien, Y. You, A. Shoustikov, S. Sibley, M. Appl. Phys. Lett.74, 442 (1999.
E. Thompson, and S. R. Forrest, Natuteondon 395 151 16 G, Hjll and A. Kahn, J. Appl. Phys86, 4515(1999.

(1998. 17H. Ishii, K. Sugiyama, E. Ito, and K. Seki, Adv. Matet1, 605
4V. Cleave, G. Yahioglu, P. Le Barny, R. Friend, and N. Tessler, (1999.
i Adv. Mater. 11, 285(19_99. 18y, Bulovic, V. B. Khalfin, G. Gu, P. E. Burrows, D. Z. Garbuzov,
M. A. Baldo, C. Adachi, and S. R. Forrest, Phys. Rev6B

and S. R. Forrest, Phys. Rev.38, 3730(1998.

19p. 7. Garbuzov, V. Bulovic, P. E. Burrows, and S. R. Forrest,
Chem. Phys. Lett249 433(1996.

20R. Ballardini, G. Varani, M. T. Indelli, and F. Scandola, Inorg.
Chem.25, 3858(1986.

213. Kalinowski, N. Camaioni, P. Di Marco, V. Fattori, and A.

10967(2000.

M. Pope and C. Swenberglectronic Processes in Organic Crys-
tals (Oxford University Press, Oxford, 1982

’D. L. Dexter, J. Chem. Phy21, 836 (1953.

8G. L. Closs, M. D. Johnson, J. R. Miller, and P. Piotrowiak, J.
Am. Chem. Soc111, 3751(1989.

9G. L. Closs and J. R. Miller, Scienc40, 440 (1988. ,. artelli, Appl. Phys. Lett.72, 513(1998.
10R. A. Marcus, J. Chem. Phya4, 966 (1955. I. Sokolik, R. Priestley, A. D. Walser, R. Dorsinville, and C. W.
11T, Forster, Discuss. Faraday S@7, 7 (1959. Tang, Appl. Phys. Lett69, 4168(1996.

2M. A. Baldo, M. E. Thompson, and S. R. Forrest, Nat(ren- ?8C. W. Tang, S. A. VanSlyke, and C. H. Chen, J. Appl. PI6f.
don) 403 750(2000. 3610(1989.



