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II. Transient analysis of triplet-triplet annihilation
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In the preceding paper, PapdiRhys. Rev. B52, 10 958(2000 ], we studied the formation and diffusion of
excitons in several phosphorescent guest-host molecular organic systems. In this paper, we demonstrate that
the observed decrease in electrophosphorescent intensity in organic light-emitting devices at high current
densitieM. A. Baldo et al, Nature395, 151 (1998] is principally due to triplet-triplet annihilation. Using
parameters extracted from transient phosphorescent decays, we model the quantum efficiency versus current
characteristics of electrophosphorescent devices. It is found that the increase in luminance observed for phos-
phors with short excited-state lifetimes is due primarily to reduced triplet-triplet annihilation. We also derive an
expression for a limiting current densityq) above which triplet-triplet annihilation dominates. The expres-
sion for J, allows us to establish the criteria for identifying useful phosphors and to assist in the optimized
design of electrophosphorescent molecules and device structures.

[. INTRODUCTION than similar PtOEP-doped devices. Indeed, this is confirmed
by emission from the host molecules in PtOEP-doped de-
The successful applicatibi® of phosphorescent mol- vices at high current densitigs-100 mA/cnf) and the rela-
ecules in generating efficient organic electroluminescencéve absence of such emissions iripiy);-doped devices.
has facilitated a greater understanding of the physics of oftfowever, the onset of the efficiency roll-dff-1 mA/cnt for
ganic materiafsand has also enabled the fabrication of or-PtOEP and~100 mA/cnf for Ir(ppy)s] occurs at much
ganic light-emitting device6OLED’s) with remarkably high  lower current density than is required to fully saturate phos-
efficiencies’ Both of these attributes are a result of the abil-Phorescent sitéswith a density of~10cm™. We would
ity of phosphors to emit light from the relaxation of triplet also expect that saturation of the luminescent sites would

excitons formed by electron-hole combination after electricaf®@d 0 an efficiency roll-off proportional to 1/ whereJ is
injection of charge carriers® Emission from a triplet state the current density. But at the current densities of interest,

does not conserve spin; hence phosphorescence is a S|OV\;BP roll-off is much more gradual. Thus, saturation alone

process than the spin-conserving singlet transitions respoﬁ-annOt explain the observed behavior. Rather, we show that

. . . . Ithe observations are consistent with triplet-tripl€t T) an-
sible for fluorescence. But since approximately three triplet .~~~ L . .
hihilation dominating electrophosphorescence until relatively

excitons are formed for every singfwithout phosphores- igh current densities. From our modelfT dynamics, we
cent materials the bulk of excitons in an eIectroluminescengalculalte an onset current densitvwhere biexcitonic triplet
device is (,j'ff'cu“ fo observe or s_tudy, ,a”F' ‘?‘e"'ce Intermnalinseractions become significant. This parameter can be used
electroluminescent quantum efficiency is limited to 25% or, quantify the relative merits of different phosphors em-
less. , . . ployed in OLED's.

~ In the first part of this workPaper ), we discussed the — Thjs paper is organized as follows: in Sec. Il the theory of
influence of the host in phosphorescent guest-host organig. T annihilation is described, in Sec. Ill we discuss the fab-
systems. In this part, we concentrate on the processes Ocrication of the electroluminescent devices used in this work,
curring when the excitons are localized on the guest molangd in Sec. IV we study PtOEP andpy); doped into
ecules. One pronounced characteristic of electrophosphoregiferent host materials. In Sec. V we measure the rate of the
CenC.e IS a ro”-qﬁ n eﬂ:|C|ency at h|gh current dens|ﬂ.e§|n Competing process Of trip|et-charge Canﬂpoharor) annihi_
previous work, it has been noted that the onset of this roll-offation. Finally, in Sec. VI, we discuss discrepancies between

occurs at increasing current densities as the transient phogire results and our theoretical treatment, before concluding
phorescent lifetime is decreasédience, the phosphdac i Sec. VIL.

tris-(2-phenylpyriding iridium [Ir(ppy)s], with a ~500-ns
excited-state lifetimé has a significantly higher quantum ef-
ficiency at typical operating current densities of
~1 mAlcn? than does 2,3,7,8,12,13,17,18-octa-  For simplicity of analysis we assume that only guest trip-
ethylporphine platinuniPtOER, with a lifetime* of ~30 us.  lets participate in triplet-triplet annihilation and consider the
A possible explanation is that long transient lifetimes in-following exothermic reactions:

crease the likelihood for saturation of phosphorescent sites.

Thus, devices incorporating a conductive organic host mate- krr
rial doped with Ifppy); saturate at higher current densities SM* +3M* S IM* + M, (1)

Il. THEORY

S
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k% LUMO Levels
3M*+3M* 3M*+M. (2) 3.1eV
23eV 2.9eV
Here, 3M* represents the triplet excited staté* the sin- exciton 3.7eV
glet excited state, anil the ground state of the molecule. ITo formation 200A | MgAg
i . i 400 A region Al
The rate constants for the generation of singlets and triplets «=NPD 100A || 2004 %
from a triplet-triplet reaction ar&3; andki,, respectively. 476V PIOEP || ‘BCP
In this work the phosphorescent guest molecules posses 5.4eV or
. . . . . Ir(ppy)3
strong spin-orbit coupling; hence almost immediately fol- |, .0\ oo~ in CBP
lowing generation, singlets will cross to the triplet state, i.e., 600V S8eV
6.4 eV
IsC LUMO Levels
M+IM* ——— M+3M*. 3)
236V 31ev 296V 3jev
We define the total annihilation rate in Eq4) and (2) as 476V
kr[3M*]. Since each annihilation event generates a single o f;fg:ggn m
triplet exciton, the rate of triplet loss k[ SM*]. Hence :_",fpﬁ regon | |4 || 200 A
to second order, the concentration of triplet excitAl) * ], 47 eV ,;fgé BCP Alg,
is determined by the rate of triplet generatigoroportional ' 5 daV in Alg,
to current densityd), and the rates of monoexcitonic and A
biexcitonié triplet recombination, viz HOMO Levels
5.8 eV 5.8 eV
d°M*] M)

1 J
EkTT[BM*]Z"_ prg

G @

dt
Here,q is the electron chargel is the thickness of the exci-
ton formation zone, and is the phosphorescent recombina-
tion lifetime.
The transient decay ¢fM*(t)] following an excitation
pulse is

[*M*(0)]

[*M*(0)]= .
1+[3M*<0)]—kT2TT e“’—[‘*M*(on—kTZTT
(5)

Assuming that the luminescence intendity is linearly pro-
portional to the concentration of excited states, ilgt)

FIG. 1. Schematic cross sections of the electroluminescent de-
vices fabricated in this work. To control the concentration of triplet
excitons, the devices contain a narrow recombination and lumines-
cent zone. After pulsed electrical excitation, transient phosphores-
cence was measured by a streak camera and fitted t@6EdPro-
posed energy levels of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbitdlUMO) are
shown for devices containing Ajgand CBP, the two luminescent
host materials used in this work.

5 [Mlqd

s r

(10

where[ M ] is the total concentration of phosphorescent mol-

«<[3M* (t)]/ 7, then the phosphorescent emission intensity iscules.

L(0)

LU= ke ke ©
whereK is defined by
K=4 ke[ *M* (0)]. ™

The quantum efficiency of light emissiomy) can also be
calculated from the steady-state solution of E).to give

\/1+8J 1
J_O ’

where 7, is the quantum efficiency in the absenceTofT
annihilation, and

7 Jo

7]025

8

_ 4qd
_kTTTZ

9

Jo

is the “onset” current density afy= /2. For comparison,

In the following section, we analyze triplet dynamics in
five materials systems: PtOEP in 4,M,N’-dicarba-
zole-biphenyl(CBP), where according to Paper |, triplets are
formed primarily on PtOEP and the concentration of CBP
triplets is minimal; PtOEP in tri$8-hydroxyquinoling alu-
minum (Algg), which exhibits Dexter energy transfer of trip-
lets between species;(fipy); in CBP, where most triplets
are formed directly on (ppy); but there may also be a sig-
nificant population of triplets in the host; PtOEP iiipipy)s,
which may exhibit Foster energy transfer of triplets from
Ir(ppy)s to PtOEP, and finally a lanthanide complex,
EUu(TTA)sphen (TTA=thenoyltrifluoroacetone; phenl, 10-
phenanthrolingin CBP.

IIl. EXPERIMENTAL METHOD

The electrically pumped structures shown in Fig. 1 were
fabricated to study transient lifetimes afdTl annihilation in
different host and phosphorescent guest molecular combina-
tions. The fabrication process follows procedures desctibed

the current density required to excite every phosphoresceiit Paper I.

molecule(i.e., the onset of saturatipean also be calculated
from Eq. (4). Ignoring theT-T annihilation term, we get

The molecular structural formulas of most guest and host
materials employed are shown in Fig. 1 of Paper I. Follow-
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ing Paper |, the proposed energy-level diagraofsthe de- ' ' ' '

vice structures employed are shown in Fig. 1 here, as in- 4% PIOEP-CBP
ferred from direct measurement of the ionization potentials
and optical energy gaps of the various molecular spécies.
In all devices, the thin bathocuproifBCP) (2,9-dimethyl-
4,7 diphenyl-1, 10-phenanthrolinéayer acts to confine ex-
citons within the formation zone adjacent to either thesAlqg
a-NPD (4,4’ -big N-(1-napthy)-Nphenylamingdbipheny) or

the CBP/BCP interface. It possesses a large energy gag
(~3.5 eV), and the energy step between the highest occupiecg
molecular orbita(HOMO) of the host materials and of BCP £
(shown in Fig. 1 prevents holes from diffusing into the un-

doped Alg ETL. Measurements of film photoluminescence oo

6x10%6cm3 Photoluminescence

/

2x10"7¢m-3
01}

y (arbitrary units)

6x10'7cm-3

(PL) and OLED external quantum efficiency were performed 0 100 200 300 400 500
following procedures discussed in Paper |. Time (us)
IV. EXPERIMENTAL RESULTS AND ANALYSIS FIG. 2. A selection of transient phosphorescent decays observed

after the pulsed photoexcitation of a 4% PtOEP:CBP film. The ini-

In this section we study triplet-triplet annihilation in sev- tial concentrations of PtOEP triplet excitons generated from the
eral different combinations of guest and host materials. Irpump pulse are also shown. An intensity dependent nonlinearity is
Sec. IV A we demonstrate the existenceTofl effects in a  observed as the triplet concentration increases. The curves are nor-
simple photoexcited system. Then in Secs. IV B-IV D wemalized for comparison.
examine the effect of the triplet energy differenceQ) be-
tween the guest and host on the strength of tHE mecha-  ©n the opposite side of the luminescent layer. In devices
nism. Using the results of Paper I, we find that good agreeemploying Alg; as a host(blue) singlet emission is not ob-
ment with the Simp|eT_T theory of Eq(4) is found in served froma-NPD. Furthermoreq-NPD is Closely related
systems wherd G is greatest, and triplets are well confined to TPD, which has a triplet energy approximately 0.3 eV
to the guest phosphor_ In Sec. IVE, we us@lj’y)a as the greater than that of A!gs Hence, we infer that-NPD also
host material to enable rapid Foer transfer of triplets to the acts as a barrier to diffusion of excitons from AldJnfor-
guest_ Such a System not 0n|y confines trip|ets on the guegynately,a{'NPD is not an effective barrier to exciton diffu-
but also exhibit¥ rapid (~100-n$ energy transfer to the sion if the host material in the luminescent region possesses
guest. Finally, in Sec. IVF, we examine E@TA)zphen, an energy gap wider than AjgFor example, significant
where the emissive species is not a triplet, but where triplet§mission(~20%) from «-NPD is observed for luminescent

nevertheless participate in the energy transfer. layers consisting of CBP and low doping levets1%) of
the phosphors PtOEP and(dpy)s. Nevertheless, confine-
A. Triplet-triplet annihilation ment of the exciton-formation region and elimination of

N . 0 HTL luminescence is achieved by direct charge trapping on
~ To observeT-T annihilation, a film of 4% PtOEP doped pigher densities(>4%) of phosphorescent molecules in
in CBP (4% PtOEP:CBPwas excited by the pulsed,Naser, cgp.
generating singlet excitons on both the CBP and PtOEP mol-

ecules. The relatively high-energy CBP singlets then rapidly B. Electroluminescent response of PtOEP doped

transfer to PtOEP where they intersystem cross to the PtOEP in CBP (AG=—0.7eV)
triplet state. Since the energy of the CBP triplet state is ap- ) ' ) )
proximately 0.7 eV higher than that of PtOERriplets are The transient response of PtOEP doped into several dif-

strongly localized on PtOEP. In Fig. 2, the transient decay oférent host materials was studied as a function of PtOEP
PtOEP deviates from a monoexponential and becomes ireoncentration and excitation strength. Phosphorescent decay
creasingly curved with increasing pulse intensities, clearljiransients were fitted to E¢6) to obtain7 andK. The initial
demonstrating an intensity-dependent quenching of PtOEPoNncentration of triplet§ *M* (0)]) was estimated in order
triplets. to obtainkyt from K [Eq. (7)]. For the electroluminescent
An implicit assumption in Eq(4) is a uniform concentra- (EL) devices[*M*(0)] was determined by integrating the
tion of triplets within an exciton formation zone of thickness current in the excitation pulse and assuming that charge
d. We note that previous wotkwith 8% PtOEP:Alg has  trapped prior to exciton formation does not significantly con-
demonstrated that 60% of the triplets are transferred tdribute to the current. Furthermore, we presume that the
PtOEP within a length 0f~140 A, with the triplet transfer ~exciton-formation efficiency is unity. For the PL studies,
distance depending on the host material and the dopant coh®M* (0)] was calculated using an absorption coefficient of
centration. In this work we therefore confine the exciton-3x10°cm* for Algs* and 3x 10* cm™* for CBP " both at
formation zone to a thickness of only 100 A using BCP as a\ =337 nm.
barrier to charge and exciton transport. By trapping carriers In Fig. 3 we plot the dependence af and ktt on
and excitons within this narrow region it is reasonable to[*M*(0)] in 8% PtOEP:CBP. Photoluminescence data are
assume a uniform triplet density. shown as squares, and EL data as circles. Within experimen-
While it has been established that BCP acts as a barrier t@l error, both PL and EL data are consistent vkift=(3
hole transport, we must also ensure confinement of electrons 1)< 10" cm®s™2. The lifetimer, however, varies signifi-
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FIG. 3. The lifetime(7) and biexcitonic quenching raté{;) as
a function of the initial triplet concentration in 8% PtOEP:CBP.
Data points marked by squares and circles are calculated from pho- |G, 5. External quantum efficiency of PtOEP:CBP devices.
toluminescent(PL) and electroluminescentEL) decays, respec- The solid curves are fits using E() and they demonstrate good
tively. As discussed in the text, the significant difference betWeerhgreement with the behavior expected for biexcitonic quenching.
the PL and EL lifetime of PtOEP is due to absorption by the cath-tpe only deviation occurs at high current densitied00 mA/cr?)
ode in the EL structure. where saturation of PtOEP is important. Parameters extracted from
Fig. 3 are used to predict a threshold current for the 8% PtOEP:CBP
cantly whether measured from the PL or EL data. In Fig.device of J,=5 mA/cn?. The best fit to the datédashed ling
3(a), the smaller value of measured in EL relative to the PL yields Jo=4 mA/cn?.
lifetimes is due to nonradiative quenching by the metal cath-

ode in tre_ Ell‘ device: Inde?d, '2. agree?;er.‘t W'th.the da_\ta,l the concentration of PtOEP increases. This results from trip-
an anay_t|_c24 treatment of radiative litetimes In-optical o iteractions and-T annihilation, which increases as trip-
microcavities predicts that in the structure of Fig. 2, thg let percolation between adjacent or clustered PtOEP mol-
radiative lifetime should be reduced by 25% relative to its ; . . .
value in the absence of a cathode ecules is enhanced at high doping concentrations.
The variation ofk— and  with PthP concentration in a The external quantum efficiencies of PtOEP:CBP EL de-
T vices is shown in Fig. 5. We fit the steady-state characteris-

PtOEP:CBP EL device is shown in Fig. 4. The measure-. o a0 d 169 doned i devi
ments were recorded at a calculated excitation strength dicS Of 1%, 8%, and 16% PtOEP doped in CBP devices to

[3M*(0)]~1x 10¥cm 3. As the concentration of PtOEP Eqg. (8) to determine the value aof,. The fits are accurate
increasesr decreases slightly, possibly due to an increase ifPelow J~100 mA/cnf, where discrepancies occur, a point
the number of nonradiative pathways available to triplets inve shall return to in Sec. VI. Although this demonstrates that
PtOEP aggregates. This is an example of the concentratidhe efficiency roll-off observed in PtOEP:CBP devices can
quenching effect frequently found in fluorescent organicbe described by Eq8), we can also take the parameters
systems® A very weak increase iftr7 is also observed as extracted from the transient data in Figs. 3 and 4 and directly
predict the efficiency characteristics. For example, from the
8% PtOEP:CBP device analyzed in Fig. 3, we obtkijr

Current density (mA/cm?2)

@ 7T 9l PtOEP in CBP | =(3+1)x10 ¥cm’s tandr=65+5 us, yielding a value
= PO _ .
£ ;g i % """" % ,,,,, *‘E—‘ 1 of Jp=5*=x2 mAcm 2. This compares well to the observed
£ sl T . Sy value of J,=4.4+0.4mA cm 2 (see Table)l Thus, nonlin-
2 gg i T earities in the transient decays of phosphorescent OLED’s
50 s ' can be successfully used to predict their steady-state quan-
. ! ° tum efficiency characteristics. However, the predictions are
(b) é = gt not nearly as successful for OLED’s with low densities of
A g ,L% phosphorescent guest molecules. For example, from Fig. 4,
8F ,_%% """" % 1 we calculateJo=7=2mAcm 2 for 1% PtOEP:CBP de-
%”5 Bx10”2 % """"""" - vices. But fits in Fig. 5 for the same device yielg=0.8
S F e +0.1 mAcm 2. This apparent discrepancy is also discussed
§ ax10™® . . further in Sec. VI.

PtOEP concentration (%)

I o . C. Electroluminescent response
FIG. 4. The lifetime(7) and biexcitonic quenching rat&{;) as of PtOEP:Algs (AG~—0.1eV)

a function of the concentration of PtOEP in CBP. The data are o ) )
taken from an electroluminescent device with an initial triplet con- ~ Similar experiments were performed using PtOEP doped
centration of M* (0)]~1x10%cm™3, into Algs. There are several significant differences between
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TABLE I. Current densities at the onset ©f T annihilation J,) as compared to predictions based on
transient decays, and the estimated current density required to saturate the phosphors.

1% PtOEP 1% PtOEP 8% PtOEP 8% PtOEP 16% PtOEP  16% PtOEP
in CBP in Algs in CBP in Algs in CBP in Algs

Jo from 0.8+0.1 2.4-0.2 4.4-0.4 3.8:0.4 4.4-0.4 7.4-0.7
steady-state

response

(mA/cr)

Jo from 7+2 8+3 5+2 5+2 4+1 6+2
transient

response

(mA/cr?)

Saturation 40+ 20 200+ 100 400t 80 800+ 200 800t 200 100Q:=300
threshold

current

density

(mA/cr)

these devices and the electroluminescent behavior of PtOEP The twofold decrease im for 6% PtOEP:Alg (where 7
doped in CBP. In Fig. 6, we observe that the curvature of the= 32= 2 us) relative to 6% PtOEP: CBP=65*=5 us is evi-
PtOEP decay is increased relative to PtOEP:CBP devicedence for increased quenching of PtOEP triplets insABut
shown in Fig. 2. Indeed, in contrast to PtOEP:CBP, even a# is in the variation ofr andkt with PtOEP concentration
[3M*(0)]—0, the PtOEP:Alg system luminescence never Where PtOEP:Alg deviates most significantly from the be-
approaches a monoexponential decay transient. This curviavior exhibited by PtOEP:CBRee Fig. 8 As the concen-
ture may reflect energy transfer processes within thdration of PtOEP increases,also increases, opposite to ex-
PtOEP:Alg system not included in Eq4), or observed in ~Pectations of concentrauon-mduged guenching. Moreover,
PtOEP:CBP. However, the PtOEP:Alfansient decay still |- T annihilation as reflected ikry is found todecreaseas

possesses a pronounced intensity dependence; thus the ackift concentration of PIOEP increases. Both of these concen-
racy in the determination ok; in Fig. 7 improves as tration effects and the decreaseiwith decreased PtOEP

[3M*(0)] increases. Therefore, measurements ahd kyr concentratio'n are manifestation; of poor triplet conginement
were taken at large values BIM* (0)] (~1x 10€cm3). on PtOEP given an energy barn_er of orzﬂ)_G~0.l eV’ As
The quenching parameters for EL excitation of a gypdiscussed in Sec. VI, the analysis of Ed) is only accurate
PtOEP:Alg film are kyr=(1.2+0.4)x10 3cnds L and7  When triplets are well confined.

=32+2 us.

60 T T
(a) 8% PtOEP:Alq,

50

40 % ~~~~~ %@ —————————— % R I &

T v T T L— T

8% PtOEP:Alqg,,

Decay time
[x(us)]

. . 1 30 H e
= 1x10"7 em3 Photoluminescence ]
=
g 8x1077 cm3 10" 108
©
: () 5 10° | '
> 2 L
B o1k 1 B B
18 a3 ER I
‘g 3x10"8 cm gg 10" F - 17 E
g i‘E 14 L <
g =10
& \ _ .
1017 1018
0.01— —L - L - L - L . Injected exciton density (cm-3)
0 20 40 60 80
Time (us) FIG. 7. The lifetime(7) and biexcitonic quenching rat&;) as

a function of the initial triplet concentration in 8% PtOEP:Alq

FIG. 6. A selection of transient phosphorescent decays observeldata points marked by squares and triangles are calculated from
after the pulsed photoexcitation of an 8% PtOEPzAimM. The photoluminescentPL) and electroluminescefEL) decays, respec-
initial concentrations of PtOEP triplet excitons generated by theively. Note that the lifetime of PtOEP in Algis significantly
pump pulse are indicated. An intensity-dependent nonlinearity ishorter than its lifetime in CBP. Interactions between PtOEP and
observed as the triplet concentration increases. However, significadllq; are responsible for both the reduction in lifetime and the
intensity-independent curvature is observed in the decay of thintensity-independent curvature observed in the transient decay of
weakly excited film. The curves are normalized for comparison. PtOEP in Alg.
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(a) o PtOEP in Al (@) 0
o 35 % +—E|—< 4 8% Ir(ppy),:CBP
E_  af . z
3= 2 ] g
(=} 20 | l—I—T B 3
151 == ol
10 \ . 2 1000 o
08 1 2 4 5 8 10 20 2 Fit to bimolecular model ———ua, .,
O T T = b T
(b) g: ox10-13 . : X . . . . . .
S0 I 0 200 400 600 800 1000 1200 1400 1600 1800 2000
® g Time (ns)
ok 13- i R
10
E"N‘l 8x1074 F% ~~~~~~ . (b) ° l ' '
5 E ex104 %J, & 7
c x T oy “oee
S ax014 c 6
G 1 1 K]
08 1 2 4 6 8 10 20 § 5
PtOEP concentration (%) 2
=}
. . T . € 4
FIG. 8. The lifetime(7) and biexcitonic quenching raté{;) as §
a function of the concentration of PtOEP in Ald’he data are from o
an electroluminescent device with a high initial triplet concentration B.01 0.1 1 10 100
of [M*(0)]~1x10"®¥cm™3 to minimize errors in the fit due to Current density (mA/cm?)

intensity-independent curvature in the transient decays. Note that FIG. 10. The transient electroluminescent decay of an 8%
contrary to expectations of concentration quenching, the lifetime Ofr(ppy) "CBiD device. The decay cannot be accurately fitted to the
PtOEP increases with concentration. This is another example of tht%eorysc;f Eq.(4), but 'as discussed in the text, it is possible to fit the
importance of PtOEP-Alginteractions in this material system. ; ST : L T
transient with a biexponential decay. This behavior is similar to that

of PtOEP:Alg, and since both of these materials systems possess
The quantum efficiency of PtOEP:Algevertheless accu- overlap between guest and host triplet energies, we assume that the
rately fits the biexcitonic theory of E@4). As shown in Fig.  intensity-independent curvature observed iippy);:CBP is due to
9, the predicted quantum efficiency from the transient decayr(ppy)s-CBP interactions. Furthermore, we find that the quantum
of a 8% PtOEP:Alg device closely matches the steady-stateefficiency of I(ppy);:CBP cannot be fitted by a single value .
data, although deviations from the theory are again observethe quantum efficiency trend can, however, bésitlid curve with
at the highest current densitiés 100 mA/cn?). The results o values ofJ, (Joy=5.7 mA/ent,Jo,= 630 mA/crf). The fit is
are summarized in Table I, and we observe that the agre@Ptained by weighting the threshold current densities to 376
ment is excellent with the exception of devices with low and 68%o,.
concentrations of phosphorescent molecules. For example,
for 8% PtOEP:Alg, we calculatelo=5+2 mAcm 2 from

a —— — the transient data and measukg= 3.8+ 0.4 mA cm 2 from
the steady-state efficiency data.

8% PtOEP:Alq;
Jg=(4£0.4) mA/cm?

D. Electroluminescent response of I(ppy);
N in CBP (AG=—0.2¢eV)

J’;L?ggf:wtzmz The intensity-independent curvature found in PtOEP;Alq

o & : is also observed in (ppy);:CBP devices, but in this case the
J effect is so strong that the transients cannot be fitted to the
] model of Eq.(4). This is apparent in Fig. 10, where we show
the transient response of a 6%plpy);:CBP EL device for
[3M*(0)]~1x10®cm 3. The Inppy); transient exhibits at
least two characteristic decay times, and a biexponential fit
yields 7,~400ns andr,~ 1300 ns. We note that without a
o o . o firm physical basis for this behavior there is no clear justifi-
o1 1 10 100 cation for performing a biexponential fit to the data, as it is
extremely difficult to distinguish a biexponential fit from a
more complex distribution of transient lifetim&sHowever,

FIG. 9. External quantum efficiency of PtOEP:Aldevices. vye take the Iﬁppy)g_ transient curvature as evidence ,Of addi-
The solid curves are fits to the data using E).and demonstrate tional processes 'n_ (ppy);:CBP unaccounted for in the
good agreement with behavior expected for biexcitonic quenchingth€ory of Eq.(4). As in the case of PtOEP and Alqwe note
The only deviation occurs at high current densitied00 mA/cnf)  that these additional processes appear to be related to the
where saturation of PtOEP is first apparent. Transient parametefgnall energy differenceG= —0.2eV) between triplet en-
plotted in Fig. 7 are used to predict a threshold current for the 8%&rgies of the host and guésThus, it is likely that in both
PtOEP:CBP device ofl,=5 mA/cn?. The best fit to the data PtOEP:Alg and I(ppy)s:CBP, T-T annihilation is present
(dashed curveyields Jo=4 mA/cn?. in both the host and guest, and that energy transfer between

e SN

-
D

1% PtOEP:Algy ¥ ©
Jo=(2£0.2) mA/cm?

Quantum efficiency (%)

Current density (mA/cm?)
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the two species is responsible for the multiple lifetimes 3 T
needed to model the transient decays. By accounting fol ) ];15’;3;?;‘,‘;‘,’:23
triplet-host interactions, these processes are modeled in Se
VI. However, triplets in the host are undetectable in our lu- g
minescent experiments, and their behavior remains unquanz 1
tified. & o8 P
Given that it is not possible to accurately fit the & o6 412?0?%1?%23
Ir(ppy)3:CBP transient decays with a single value oéind g o o
ktt, it follows that the quantum efficiency of(ipy);:CBP 2 '
must also be fit by more than a single valuelgf In Fig. 10, g
we show that the quantum efficiency trend can be fitted with® o2
two values ofl, (Jo;=5.7 mA/cnt, Jy,=630 mA/cnt). Due
to the square dependence of onset current density on lifetimi
this range is plausible. The fit is obtained by weighting the 01 o1 e . o 100
onset current densities as 329, and 68%J,,. Despite Current density (mA/cm2)

doubts over the exact mechanism, the efficiency roll-off ex- S
hibited by I(ppy)3:CBP nevertheless indicates that these de- FIG. 11. The external quantum efficiencies of a 1%

vices are similarly dominated by biexcitonic quenching. ~ PtOEP:Itppy); device in comparison to a 1% PtOEP:CBP device.
It is expected that significant Fster energy transfer occurs from

the triplet state of lppy); to PtOEP, minimizing the triplet lifetime

in the host. This may be responsible for the significantly increased

onset current Jp;) of T-T annihilation observed in the

Ir(ppy)s-based devices. Note that the emission spectrum contains
The previous examples have all employed fluorescent doi(ppy); as well as PtOEP phosphorescence, but the quantum effi-

nors; however, systems featuring a phosphorescent donor agiency shown is that of PtOEP emission only.

also of interest because of the possibility for$ter energy

transfer from the triplet state of the donor to the singlet stat {OEP into Itppy), reflect ibl hanism for i
of the acceptor. Indeed, this mechanism has already been INto 1(ppy)s refiects a possibie mechanism for im-

successfully used to transfer triplet states to a fluorescent dﬁrovmg the performance of phosphorescent OLED’s.
and thereby increase its electroluminescent efficiéfidhe
process is relatively fast and occurs over a long rangé0
A) if the dipoles on the participating species are strongly
coupled. Hence it may be possible to use phosphorescent The triplet-triplet annihilation model can also be applied
host materials to simultaneously minimize host triplet life- to rare-earth complexes. Similar to PtOEP ar@py)s, ex-
times and the concentration of phosphorescent guests. Botiitons in the ligands of these well-studiéd® complexes ef-
of these effects should act to reduce triplet interactionsficiently cross intersystem from singlets to triplets. In
thereby reducing the importance ®f T annihilation. EUu(TTA);phen (see inset, Fig. 12 triplets on the TTA

To test this concept, we employeddpy); as a host ma- ligands are then transferred to the central ion, excitif®a
terial for PtOEP. Similar to PtOEP in Adgthere is strong state of EG*. Spectrally sharp phosphorescence at 612 nm
overlap between the emission offpy); and the absorption with a decay lifetime of~300 us results from the Bl
of PtOEP, ensuring the energetic resonance needed to facil’D,— 'F, transition'?
tate transfer. Using the structure of Figall we fabricated Unlike the other phosphors studied in this work, the phos-
two devices with emissive layers of 1% PtOEP in either CBPphorescent decay of the Euion is monoexponential and
or Ir(ppy)s. The quantum efficiency of both devices is shownindependent of the initial excitation densitgee Fig. 12
in Fig. 11. Evidently, using [ppy); as a host material not However, in Fig. 13 we find that the steady-state bimolecular
only increases the overall quantum efficiency of PtOEPT-T annihilation model of Eq(8) fits the measured EL quan-
emission, but also increases theT annihilation onset cur- tum efficiency of a 2% E(I'TA);phen:CBP device. The on-
rent toJo=7 mA/cn? from Jo=0.8 mA/cn?. Since the phos- set of T-T annihilation is observed d=6+ 1 mA/cn?, but
phorescent lifetime of PtOEP is similar in both cageg0  the intensity-independent decay[Fig. 12b)] of
us), the PL efficiency of PtOEP is unchanged. The energyeu(TTA)zphen phosphorescence demonstrates that the
confinement of triplets is also similar for PtOEP:CBP andquenching observed must occprior to energy transfer to
PtOEP:I(ppy)s; thus the difference in the strength ®T  the E¢' ion. The TTA triplet has a lifetime of only-0.1
annihilation in these two cases suggests that the rate of ems;* thus in the absence of an additional triplet state, TTA
ergy transfer may be slower for PtOEP:CBP, resulting in driplets are not expected to be present in sufficient densities
higher proportion of mobile host triplets in the latter materialto cause significanf-T annihilation. Analysi¥’ of the donor
combination. These host triplets participate readilyTHT and acceptor energy levels reveals that triplet energy transfer
annihilation, lowering both]y and the maximum quantum from CBP to TTA is relatively weak, and consequently CBP
efficiency. Triplet transfer in PtOEP:CBP is dependent ortriplets exist in high densities, promoting guest-host triplet
the concentration of PtOEP, but at least at these low densitiemnnihilation. In Sec. V, we eliminate the possibility of
(~1%), the results indicate that triplet transfer from CBP to charge-carrier—triplet annihilation. Thus, given the good fits
PtOEP is slower than 1@ 1. The successful doping of to Eq.(8), we must conclude thak-T annihilation exerts a

E. Electroluminescent response
of PtOEP:Ir (ppy); (AG=—0.5eV, ke=10"s71)

F. Electroluminescent response of E(TTA );phen:CBP
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minescence of PtOEP:CBP, it also does not yield a quadratic

(a)

, : : : ‘ Ql o Fa dependence of annihilation on excitation density. For ex-
g1 ) tH ample, if we assume that the concentration of steady-state
5 = space or trapped charge far exceeds the concentration of free
g S/]]  charge, then this annihilation process folloWs:
2z =
- T di3M*]  [3M*] . J
4 2% Eu(TTA);phen:CBP g =_ —k[3M*][n]+ —, (1)

04 L i 1 1 | ] i dt T qd
' IO 100 200 300 400 500 600 700 800
(b) s00 , Time (us) wherek, is the polaron-triplet annihilation rate in the active
400 i region, and[n,] is the average concentration of trapped
H X N — =% charge. Assuming bulk limited transpdft?® then [n,] is
o 300 | e & 2 E . 1 . .
£ 2003 i proportionaf® to the applied potentia¥, and we can solve
a Eq. (11) in steady state to get
100 - —
0 ' ‘ 20 1
1017 1018 1019 10° n

—=—, (12
Injected exciton density (cm-3) 7o l+taV

FIG. 12. (a) The electroluminescent decay of 2%(ETA);phen  where« is a constant. We find that in our devicgdsV!+1,
in CBP given an injected exciton density of8x10cm™3. The  with | ~8. Hence, Eq(12) can never possess the form of Eq.
decay is monoexponential, demonstrating that Eexcited states  (8) and cannot be made to fit the observed trends in quantum
do not participate in bimoleculaF-T quenching. The structure of efficiency (see Fig. 18
the device was ITO/TPD/EUTA);phen:CBP/BCP/Alg/MgAg However, if transport is not bulk limited ar{dh] is not
(Ref. 12. Inset: The chemical structure of BITA)sphen.(b) The  proportional to the applied potential, then Jec[n,]'*2,

characteristic phosphorescent lifetime as a function of current dengnere|>0. If |=1 corresponding to space-charge-limited
sity. transport, then E¢12) has the same form as E@®) and can

o ) ) be made to fit the observed trends in quantum efficideeg
significant effect on all systems where triplet excitons posig. 13. In order to test the significance of polaron-triplet

sess~1-us lifetimes and participate in energy transfer.  quenching it is necessary to measure its magnitude. This was
performed by observing changes in the transient decay of
V. TRIPLET-POLARON ANNIHILATION PtOEP molecules in the presence of an electron current in an

Alg; host. The structure employed consisted of a 1000-A-
An alternative model for quenching is triplet-polaron thick Algs; film deposited on indium tin oxidgITO), the
annihilation’*> On examination, however, this model not center 100 A was doped with 6% PtOEP, and a Mg:Ag cath-
only fails to explain the quenching observed in the photoluode was deposited as in the EL devices discussed earlier.
When a dc bias was applied, poor hole injection from ITO
ensured dominantly electron current in the film. Ultraviolet
laser pulses were applied through the ITO substrate, and the
- polaron model decay of the PtOEP molecules was measured on a streak
J~ng 7 camera. The transient response as a function of current den-
- / 1 sity is shown in Fig. 1), with fits to Eq.(5). Changes in
" _ both the linear and nonlinear terms were observed, possibly
- S~a . indicating the quenching of both Ajagand PtOEP triplets at
I / .4 Fitto triplet- |

T LI B e T L B R T T T

Fit to triplet-

-~

different rates. But in order to assess the rate of polaron—
PtOEP-triplet annihilation, only the linear component of the

Quantum efficiency (%)

o, ~n2 ,
| Fit to T-T model A J & decay was studied.
. Jo=(6+1)mA/om? " _ The linear componentr) decreased with increasing cur-
ke rent density; however, the quenching was observed to be
much weaker than th&-T effects studied earlier. The life-
0.1 T time was reduced to half its initial value at a current density
0.1 1 10 100 of J,=200mAcm? [see Fig. 14b)], over two orders of

magnitude greater than the onset current densities far

annihilation. We also note that electric-field-induced lumi-
FIG. 13. The external quantum efficiency of the n,escence_ qugnchi??g i,S indist.inguishable from p?'am”'

EUTTA)sphen:CBP device. It exhibits a roll-off characteristic of {fiPlet annihilation in this experiment. Although the field var-

T-T annihilation with an onset current density al,=6  ies only slightly from x10°Vem * atJ=13mAcm 2 to

+1 mAcm 2 The expected behavior of polaron-triplet quenching 1.3X 10°V.em™ at J=255 mAcm 2. In any case, the mag-

for bulk-limited transport §<[n,]8) does not fit the data. However, nhitude of the observed quenching is much less tfam

good agreement is obtained for polaron-triplet quenching model€ffects and can be ignored in most electrophosphorescent

whereJo[n]?. devices.

Current density (mA/cm?)
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served, as indicated in Sec. IV. Neither is it possible for

E triplets to percolate between guest molecules, and aggregates
in excess of 1H molecules are required to account for the
observation off - T annihilation at excitation densities as low

as 13%°cm™3. Therefore, we conclude that host triplets are
responsible for the quenching of guest triplets. For systems
3 where triplets are not tightly bound to guest molecules such

(a) 1000F

S
100 J=T6mAsemz” Ry

Intensity (a.u.)

0 10 20 20 20 50 as I(ppy);:CBP or PtOEP:Alg, triplets can diffuse from
Time (us) guest to host. However, for PtOEP:CBP or TPD the energy
£ 50 difference between host and guest is as high as 0.7 eV.
(b) g % e . A= We have already demonstrated that triplet transfer in 2%
2. 20 Slope=(075:0.12)—__ AT PtOEP:CBP is slower than 16°1. The energy transfer has
55 1ok . —’%’ . two components: triplet diffusion in CBP and then transfer
& 38 //'f' from PtOEP to CBP. By increasing the doping concentration
% 4 ’%,/’ of PtOEP in CBP, the triplet diffusion times can be reduced,
§ 2. = but even at 8-16% PtOEP:CBF;:T annihilation is still

observed, indicating the existence of mobile host triplets.

Thus, we conclude that the large energy difference between
FIG. 14. (a) PtOEP transient decays observed after pulsed phothe triplet levels of PtOEP and CBP results in inversion of

toexcitation of a 6% PtOEP:Algilm. The doped region is 100 A  the transfer rate. From Eq2) in Paper |, if we assume a

thick and contained within a 1000-A-thick film of AjgElectrical typical23 energy barrier o\~0.1eV and calculatég for

bias was applied to generate electron current and examine the effeeIBP to PtOEP 4G = —0.7 eV) we find that Marcus transfer

of triplet-polaron quenching(b) The measured polaron-triplet . . . .
guenching rate compared to the measured lifetime of PtOEP emi s in the inverted region. Although the valuelois unknown

sion in the absence of current. The current density where the effilof these materials, it seems playsible thaj[ triplets pe.rsist in
ciency of emission falls to half its initial value is), (he host because the energy difference is such kpais

=170 mAcni2 small.
Given the presence of host triplets we must reassess the
V. DISCUSSION accuracy of Eqs(4) and (8). In stegdy_ state, it is easy to
show from Eq.(1) in Paper | that if triplets are primarily
The measured and predicted valuesJgfare shown in  formed on the guest as is the case with PtOEP in CBP, then
Table | for a range of PtOEP concentrations in both CBP and
Algs. For comparison, the saturation current density thresh-
olds were also calculated using Ed0). Good agreement is
observed between the theoretical predictiongof annihi- [3M*]= kg [3M%] (13)
lation effects and the quantum efficiency of highly doped T ke+ky - G0
PtOEP devices.
However, the predictions of simple-T annihilation fol-
lowing Eq. (4) fail for low concentrations of PtOEP. For low O, if triplets are formed on the host, then
concentrations of guest molecules, emission from;Adq
a-NPD in the case of CBP-based devices, is typically re-
sponsible for>20% of the total emission. Thus, it is difficult
to calculate *M* (0)] and hencer from Eq. (7). Overes-
timating [3M* (0)] by ignoring the fraction of excitons in
the host or HTL artificially depressds;, leading to an
overestimate of,. Here, subscript$ andH correspond to guest and host, re-
It is likely that the density of host triplets will be highest spectively. Similarly kg andk, are the decay rates of trip-
for devices with low concentrations of phosphorescent aclets on the guest and host, respectively. Equatioim Paper
ceptors. Discrepancies between steady-state and transigrdontains only linear terms and does not consider bimolecu-
data should therefore arise due to the neglect of host tripletgr annihilation. Thus, for steady-state excitation, wHilel
in the theory of Eq.(4). It remains for us to evaluate the annihilation is small, the guest and host triplet concentrations
assumption that only guest triplets participate in the annihiyre in equilibrium and Eq@) is accurate. This is reflected in
lation process. the curve fits in Figs. 5, 9, and 11, which break dowT &%

_If we assume that the guest phosphorescent molecules agg iniiation becomes stronger. Given E¢3) and(14), in
distributed throughout the host, then even at high triplet denfhis case the triplet annihilation rate in E@l) should be
sities of~10®cm ™3, the average spacing between guest €Xteplaced by

cited states is~100 A. But triplet transfer requires signifi-
cant overlap of the molecular orbitals of the donor and
acceptor molecules, and since overlap is an exponential func-

Current density (mA/cm?)

ket Ko
Ke

M= [*ME]. (14)

tion of separation, we would expect thatr should increase xo= kﬁi or ki = kTM_ (15)
with increasing triplet density. However, this was not ob- Ke+ Ky Ke
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Equation(4) is valid for transient decays if equilibrium is VIl. CONCLUSION

maintained between host and guest triplet populations, i.e., - . .
[3M*]=[3M%]. This requires thake>kg and ke>ky . ._The guantum efﬁqency roll-off is arguably the most sig-

H G . TIRT G - CFZ M- nificant problem facing electrophosphorescent devices. By
However, given the relatively raplq rates of triplet decay.'ndemonstrating a link between nonlinearities in the transient
PIOEP and lppy)s, and th_e _some_t|mes large energy barr.'erbehavior and steady-state quantum efficieficyl annihila-
petween guest and hqst, itis unl!kely that the first Com.j't'ontion is identified as the principal cause of this roll-off. The
IS true. Thus, for transient _analysls, E@) shogld be rewrit- trength of the annihilation process is linked to the likelihood
ten to include all the possible triplet mteractlo_ns, guest-hos f interaction between triplet states. In particular, the phos-
(kgn), host-host kyp), and guest-gueskgg), i.e., phorescent lifetime and the concentration of phosphorescent

d[3M%] sites determine the current at the onseffeT annihilation.
—gt = KPMETHKRCME] = ke[ PMEIPME] Efforts to improve the efficiency of electrophosphorescent
dt emission should therefore concentrate on minimizing the
_1 IVERE: lifetime of triplet states and obtaining rapid energy transfer
§ knn[*M5 12, . . ;
16 of triplets to low concentrations of phosphorescent sites.
( Short lifetime phosphors such asgpy); have considerably
= —ka[*MEI+ke[*ME]— 3 ke[ MEI*MY] reducedT-T effects, and lanthanide complexes may also de-
serve further investigation due to the short lifetime of the
— L kao[*MET2 triplet state participating in energy transfer to the rare-earth-
metal phosphorescent ion. However, both materials require
Unfortunately, in the absence of knowledge of the host triphosts with an energetic triplet state to encourage triplet trans-
let population, the additional parameters in Efj6) make fer.
analysis of transient data more difficult. But we can neglect This work has also provided evidence that annihilation of
guest-guestT-T annihilation (e.g., ksg~0) because the host triplets is a significant loss mechanism in many systems.
guest triplets are well separated. Relative to host-guest intefFo counter this effect, it is possible to employ a phosphores-
actions, host-hosfT-T annihilation y4[3M}]2~0) can cent host that participates in long-range and rapidsfeo
also be neglected since the host triplet concentration is likelgnergy transfer to a guest. This not only reduces the lifetime
to be significantly smaller than the guest triplet concentra-of host triplets but also enables improved energy transfer at
tion. At low concentrations of guest molecules the host tripJow guest concentrations. Indeed, experiments demonstrating
let density increases and this later assumption breaks dowenergy transfer from (ppy); to a fluorescent gueStand
leading to the discrepancies we observe for low concentralr (ppy); to PtOEP have demonstrated that there is significant
tions of phosphorescent guests. However, applying botipotential in such approaches.
these assumptions, we are left with linear terms and the same
bimolecular term in both equations. In the limit of large
guest triplet densities, the decays of both host and guest trip-
lets are dominated by this guest-host annihilation term. Only This work was funded by Universal Display Corporation,
in this limit does Eq(4) become similar to Eq(16). Hence the Defense Advanced Research Projects Agency, the Air
the transient analysis of E() is correct only in the limit of  Force Office of Scientific Research, and the National Science
large triplet densities. Foundation MRSEC program.

d[*Mg]
dt
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