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Quenching effects in organic electrophosphorescence
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We examine various electronic processes that underlie the quenching of the emission from highly efficient
phosphorescent and electrophosphorescent organic solid-state molecular systems. As an example, we study the
luminescent efficiencies from the phosphorescent iridilit) complex, fac tris (2-phenylpyriding iridium
[Ir(ppy)s] doped into a diamine derivative doped polycarbonate hole-transporting matrix and in the form of
vacuum-evaporated films, as a function of electric field. We demonstrate that the observed decrease in elec-
trophosphorescence efficiencies at high electric fields, and electric-field-induced quenching of phosphorescence
from neat[ Ir(ppy)3] solid films is due to the field-assisted dissociation of Coulombically correlated electron-
hole (e-h) pairs. They are formed in a bimolecular recombination process prior to the formation of emissive
triplet excitons, or are charge-transf&T) states originating from the localized electronic excited states as a
result of the initial charge separation upon photoexcitation, respectively. It is found that the high-field depen-
dence of the quenching efficiency in both cases follows the three-dimensional Onsager theory of geminate
recombination, the fit yielding the initial intercarrier distancg)(of the carrier pairs. We find,.,,= 3.5 nm for
the triplet exciton precursor pairs in the bimolecular recombinationy gfe 1.8+ 0.1 nm for the initial carrier
separation from the photo-excited electronic states. Triplet-triplet and triplet-charge carrier annihilation pro-
cesses are shown to play major roles in the decrease of the electrophosphorescence efficiency within the
lower-field regime at lower current densities. Summarizing the results allows us to point out some emitter
features important for identifying phosphors useful for practical electroluminescent devices.
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[. INTRODUCTION respectively(see Fig. 1 The singlet-to-triplet amplitude ra-
tio of their states is often assumed to be 1:3 by spin statistics
Organic electrophosphorescer(&PH) is a form of elec- arguments, supported partly by an experimental study of the
troluminescencéEL) where the optical emission originates archetype EL material, aluminutnis (8-hydroxyquinoling
from triplet excitons relaxing radiatively to the singlet

ground electronic stateS(), due to their quantum mechani- @

o . ’ . . k;  electro-fluorescence
cal mixing with singlet states. In organic EL, excited states S, — S, + hvg
are created by applying an electric field to a liquid or a solid T o
state specimen made of an organic compound. Differente + h ——(Ccp) Kise
types of organic EL can be distinguished based on the exci- 14 ;2\ Kpit
tation mode of emitting states. These drehigh-field EL T,—— Sy + hvey
with excited states produced by direct electron tunnelinganode  cathode LK, electro-phosphorescence
from the valence band or an acceptor state to the conductiol §0 + phonons

band; (i) impact EL, occurring as a result of a field-

accelerated electron impact with host molecules or dopan ®

luminescent centers; andi) recombination EL, where ex- Sy +

cited states are produced in a bimolecular electron-teslts 4

recombination process. EL typé$ and(ii), observed mostly Kisc i In0 o |

in inorganic semiconductors, were also considered to undery, | g . g > T, > (CT) > o + h

lie the optical emission in early works on organic EL. The

present efforts are focused on understanding and application k, kpy

of the recombination EL, perhaps the most common type of

EL occurring in organicga more detailed description of or- So + hvg  Sp + hvpy

ganic EL can be found in Ref)1 fluorescence phosphorescence
The formation of localized emitting species in the recom-  F|G, 1. Formation of molecular excited stateS, (T,) and

bination process of the injected positive and negative chargasharge pair state§CP) and (CT)] in the course of bimolecular

implies a natural intermediate step of Coulombically corre-electron-hole recombinatiofe) and under optical excitatiotb).

lated charge pairCP’s) which have undefined spin charac- For a phosphorescent material the radiative decay of sindigtss(

ter being a mixture of singlet and triplet states characterizedegligible, the system exhibits only phosphorescence and electro-

by antiparallel(1], |1) and parallel({1, |]) carrier spins, phosphorescence.

phonons

s Ky

dissociation
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(Algs).2 However, recent experimenta? and theoreticdl ~ (a) Electro-phosphorescence  (b) Phosphorescence
works provided support for previous suggestions that thetumotevels  1pp 100%
singlet-to-triplet state outcome ratio can be completely 246V ca ey firper)]
different” This is a consequence of carrier trapping and the -30eY. 1 26eV Fgay

spin-dependent formation cross section of excited states. | Orippy)] S

one of the recombining carriers is trapped at a depth TPOPC 08D Photoexcitation —r—>

>E,— Es (whereEg is the energy gap anBls is the singlet soev A Al
exciton energy the energetics of the process must be taken ~ 1m0 | saev..

into account the recombination probability to form a singlet HOMO levels S5eV | ey

state can be expressed aa;=(1/4)exd—[AE—(E, u

—Eg/KT}, the probability of the formation of a triplet is then
a>=1—a,. It is obvious that for deep traps and/or small
Eq—Es, @;<1/4 anda,— 1. The branching ratia, / a, for
the CP states does not translate directly to the singlet/triple
spin occupation ratio of the final emitting states because eacl
of the CP states is a superposition of the overall eigenstate ¢
the initial reactant species and the overall eigenstate of the
final products of the recombination reaction. The outcome of
the recombination reaction is thus dominated by the ionic
character of the initial species; favoring the creation of cor- (€ ui}
Hy
C

(d)

[r{ppy)sl TPD

related singlet excitons revealing a remarkable ionic charac: NN ¢ 9

ter, whereas the qorrela_ted triplet explto_n_s_have a large cova va@—QO‘ Q Q {Q@QH"%

lent character. Since, in turn, the ionicities are correlated pC

with the overall optical gap, one would expect the singlet-to-

triplet outcome ratio to be strongly material dependent as, in  FIG. 2. Schematic representations of the electrophosphorescent

fact, was recently observed im-conjugated polymersFor  system(a) and the sandwich configuration used to measure electric

the above reasons, resulting formation rates, (,) appear field-induced phosphorescence quenching The molecular struc-

to be, in general, a complex function of material propertiegures of the materials usedc) [Ir(ppy)s] fac tris (2-phenyl-

including their chemical nature and sample morphology. Irpyriding) iridium, ~ (d) ~ TPD  (N,N’-diphenylN,N’-

spite of this, in an overwhelming majority of organic mate- bis(3-nethylphenyl){1,1'-biphenyl-4,4 -diamine, (¢) PBD

rials, thea, /a, ratio does not seem to overcorbeand the  2-(biphenyl-4-y)-5-(4-tert-butylphenyk1,3,4-oxadiazole, and(f)

spin-forbidden radiative decay of triplet excitons is very in- PC bisphenol-A-polycarbonate.

efficient (kpy<<k, in Fig. 1). This means that in most cases

we deal with electrofluorescence, the majority of excitedThus exciton-exciton annihilation alone cannot explain the

triplet states is lost for the emission, limiting the EL effi- observed exciton quenching phenomena. Exciton-charge car-

ciency. Triplet excitons can be gained over to radiative profier interaction and electric field-assisted dissociation of ex-

cesses using a phosphorescent mafeffaand/or a fluores-  Citons (or their CP precursoysare conceivable exciton

cent dye excited in an energy-transfer process from th@uenching mechanisms, as already discussed for the case of

phosphorescent tripletd A nearly 20% external EL quantum electro-fluorescené® and electric-field-induced quenching

efficiency was reached in organic light emitting devices em-of fluorescencé*from organic solids.

ploying phosphorescent molecules doped into a wide energy- Here we study electric-field-induced triplet exciton

gap host*'®> However, the overall EPH output does not in- quenching effects using the phosphofac tris-(2-

crease in a simple proportion to the current flowing throughPhenylpyriding iridium [Ir(ppy)s] either as an emitter in a

the samples since the EPH quantum efficiency has begmghly efficient EPH device or as a neat solid sample pre-

found to decrease by more than one order of magnitude &ared by a thermal vacuum evaporation technique. We out-

high current densitie$!® This is a serious shortcoming of line a theoretical basis for triplet-triplet, triplet-charge car-

electrophosphorescent light-emitting diodes, and a detailetier, and triplet exciton dissociation phenomena applied to

knowledge of the emission quenching is required in order t&Xplain the present and other existing already experimental

improve their performance. results. Furthermore, we discuss discrepancies between vari-
The observed quenching of the EPH output was explaine@us experimental data and the theoretical predictions, before

by triplet-triplet (T-T) exciton annihilation, a process that be- concluding.

comes very efficient at a high concentration of triplet exci-

tons prqduced under h_igh-_current de_:nsity condit@’c?rﬁln(_:e Il EXPERIMENT

the exciton concentration is proportional to the intrinsic ex-

citon lifetime, one would expect the quenching effect for The electrically and optically excited structures are shown

long-living triplets to exceed that for short lifetime singlet in Fig. 2. The EPH properties ¢fr(ppy)s] were studied in

excitons, whereas the observed high-current density drop ithin film devices of which the device ITO/6% pMt(ppy)s]:

the electrofluorescent light-emitting diodes is 74 wt% TPD:20 wt% P®GO0 nm/100% PBD (50 nm)/

comparabl&’~?2 to that for electrophosphorescent systems.Ca/Ag revealed the highest EPH quantum efficiency and pro-
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vided the most useful data for comparison with theory. The

phosphorescent iridium complekir(ppy)s] [fac tris(2- 40 T Pt 6% lIr(ppy) ] in (TPD:PC)
10V

phenyl-pyriding iridium] was synthesized, identified and pu-
rified as described in the literatuf&?® PBD [2-(biphenyl-4-
yl)-5-(4-tert-butylpheny}t1,3,4-oxadiazole  and  TPD
[N,N’-diphenylN,N’-bis(3-methylphenyl-(1,1-bipheny)-4,
4'-diamind were purchased from Aldrich, and PC 3 24T
[bisphenol-A-polycarbonate of mw 32000-36000 from
Polysciences Inc. The three latter compounds were used ag 16}
supplied. Double-layer devices were prepared by a combineg
spin-coating and vacuum-evaporation techniques. The firss
layer was spun coat from a 10mg/ml dichloromethane solu-D
tion onto patterned precleaned transparent to visible light
indium-tin-oxide (ITO) coated glass substrat€¢20 ()/sg), 0.0
then the second layer of PBD deposited by vacuum evapo. 400
ration. The sandwich devices were completed by a vacuum:
deposited Ca covered with a protecting layer of Ag. Typi-

cally, the active device areas were about 7 2ni@hosen FIG. 3. The spectra of the electrophosphores¢ERtH) device
spin-coating conditiong2000 rpm led to 50—60-nm-thick 'TO/e%["(ppy)?:]:M%TPD: 20% _PC(SO nn‘)/loo% PBD (50
[Ir(ppy)s]: TPD:PC films followed by a similar thickness nm)/Ca/Ag[cf. Fig. 2a)], taken at different voltagesgiven in the

o . igure), to be compared with the photoluminesceflek) spectrum
vacuum-evaporated layer of PBD. The ionization potential Ogc:)f a thin film of the same composition. Both EPH and PL spectra

the materials used, represented by the position of the highegf,o\y 4 peak at=510 nm and a shoulder at=540 nm character-
occupied molecular orbitdHOMO), makes the ITO anode a stic of [Ir(ppy)s]. No emission from TPD: PC matrix and PBD
good hole injecting contact to the TPD:PC mixture hole-ETL is observed.

transporting layer(HTL). Their electron affinities, repre-
sented by the lowest unoccupied molecular orkita)MO) . B 2 (ext)
level, enable the Ca cathode to be an efficient injector O{I_ux peg unit area,le—(_ZWrM/A)I, (Wien). Thus ¢ g3
electrons and PBD an electron-transporting lag@fL). The = (27Tw/A)(I/(hv))/(j/€) (photon/electron

LUMO and HOMO levels of thd Ir(ppy)s] were obtained ~1he electric-field effect on th¢ir(ppy)s] phosphores-
from the oxidatiorE®=0.74 eV potential determined by cy- C€Nce was measured using typically @u&+thick vacuum-

clic voltammetry using the saturated calomel reference elecgvaporated films sandwiched between two semitransparent
trode in dichloromethane and the optical energy gap resultef} €lectrodes[Fig. 2b)]. The phosphorescence quenching
from the optical absorption spectrum. The LUMO and efficiency was palculate_d from the d!ﬁerence between phos-
HOMO positions of TPD and PBD as referenced to vacuunfPhorescence signals without and with a dc voltage ap-
resulted from the ionization potential of each mat&fidl plied to such sandwich structures. The phosphorescent light
and the HOMO-LUMO gap identified with the optical en- Was viewed perpendicular to the sample surface. The spectral
ergy gap as determined from absorption spectra. Of the md&haracteristics of the materials and devices under study were
terials used, PC is an electronically neutral compound ser/n€@sured with a Perkin Lambda 19UV/Vis/NIR spectrom-
ing as a binding matrix for electrically and optically active eter and a Spex Fluorolog 2 spectrofluorimeter. The current-

molecules of [I(ppy)s] and TPD. The electron-hole voltage characterist_ics were measured vyith a Keithlgy
recombination 00CUTS predominantly at Source-Measure Unit model 236 under continuous operation
{[I(ppY)s]: TPD:PC/PBD junction since a wide-gap PBD mode. All EL meag,urgments were conducted in an argon
forms a strong hole blocker. Its removal makes the devic&tmosphere, electric-field phosphorescence quenching ex-
much less efficient because of the hole current leakage to tHETIments were performed in air and at room temperature.
cathode(cf. Secs. llIB and Il . TPD and PBD are essen-
tially fluorescent® TPD showing a weak phosphorescence
especially at low temperatuf®.To our knowledge no phos-
phorescence was reported from PBD. As already mentioned, In this section optical and electrical characteristics of the
[Ir(ppy)s] is a phosphor which emits at about 510 tich ~ devices described in Sec. Il are reported.

Sec. Il A) with a phosphorescent lifetime of 400 Hs°The
external EPH quantum efficiency®Y, has been deter-
mined from the total flux per unit ared,(in W/cn?) re-
ceived by the 1-ctharea of an EG&G power meter posi-  The EL spectra of the electrophosphorescent device from
tioned at a distance,,=5 cm from the devices with forward Fig. 2(a), taken at various voltages at room temperature, are
emitting areaA=7 mn? and the average photon energy presented in Fig. 3. Their shape does not change with the
(hv), accounted for the current density(A/cm?). Such a  applied voltage and corresponds well to the PL spectrum of a
light source-detector configuration allowed the light emitting[ Ir(ppy)3]: TPD:PC layer. This indicates that the finadh
devices to be treated as point radiators with the total radianecombination emissive products are identical with the

3.2F

[ arb. units ]

ensity

0.8

IIl. RESULTS

A. Spectral characteristics
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photo-excited emissive states which are supposed to be molecular triplet excifdnggfy)s] since no fluorescence from
TPD, peaking at about 400 nfsee, e.g., Ref.)7was observed. There are two ways of their generation:

a; S(TPD)
(a) h(TPD)+e(TPD) / ks
az\ T(TPD)

kysc @

kss
S(TPD) +So[It(ppy)s] —— S[Ir(ppy)s] ——— T[Ir(ppy)s]

kp
T[Ix(ppy)3]+So(TPD) —— T(TPD)

kT

T(TPD)+So[Ir(ppy)s] — T[Ir(ppy)s]

ay S[1r(ppy)s]

G
kISC( )

\ )
a  T[I(ppy)s]+So(TPD) ——— T(TPD)

kT

T(TPD)+So[Ir(ppy)s] —— T[Ir(ppy);]

(b) h(TPD)+e[Ir(ppy);]

Several processes determine the overall production effielectrofluorescence underlain by the low valuesaqf a»
ciency of the emissivéIr(ppy)s] triplets in the reaction spin branching ratié®?>3! Since the EPH quantum effi-
sequencda): the probability @,) of the formation of the ciency of the present devidsee Sec. Il B exceeds by an
host(TPD) triplets in the bimoleculae-h recombination re- order of magnitude that for typical electro-fluorescent de-
action, the rateKs9 of the long-rangeéForster type singlet-  vices, one would expect additional efficient channels for gen-
singlet energy transfer from the hodt) TPD to guestG)  eration of the phosphorescent guest triplets. This could be the
[Ir(ppYy)3] molecule, the rates of singlet-triplet inter-system host-guest triplet energy transfer and/or reaction Indeed,
crossing transitions for ho$1k,('§():] and guest[kl(seg] mol-  long-time living triplets of the TPD host have been shown to
ecules, and the short-rangBexter type host-guest K7) transfer their energy to the phosphorescent guest molecules
and guest-hostkg) triplet energy transfer. The absence of of [Ir(ppy)3].1® Though this transfer process is impeded by
the fluorescencé=400 nm from TPD suggests that the'Fo the unfavorable interrelation between the donor and acceptor
ster energy transfer ratkdd exceeds the radiative decay triplet energies {E; (TPD)=2.3 eV<E+[Ir(ppYy)s]

rate from excited singlets of TPD. If the only source of the=2.4 eV}, it modifies the guest triplet lifetime to a great
guest triplet excitons were the intersystem crossing from thextent® (also see Sec. IV A An alternative process of the
guest singlets populated by thérBter energy transfer from production of the electro-phosphorescing triplets by reaction
the host matrix, the electro-phosphorescence quantum effib) still involves the triplet energy exchange between host
ciency would fall in the 1% photon/electron range typical for and guest molecules.
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These conclusions are supported by the emission spea) is very weak since, due to the narrowness of the recom-
trum of an EPH device, where the separated HTL andination zone, singlet exciton energy transfer to the
[Ir(ppy)3] layers form a junction alleviating electron injec- [Ir(ppy)s] layer is strongly competitive to their radiative
tion into and recombination on hole-transporting TPD mol-decay. The major spectral feature is the maximum at about
ecules. It shows up as a field-increasing blue component d&15 nm corresponding to the radiative decay of triplet exci-
its EL spectra presented in Fig. 4. Because increasing voltagens generated by the electron-hole recombination within the
applied to the device reduces the energy barrier for electrotayer of[Ir(ppy)3]. The relative increase of the violet fluo-
injection from the[lr(ppy)s] layer, both the concentration rescence component upon removal of the hole blocking layer
of electrons and their penetration depth into the HTL lead taof PBD indicates a decrease in the EPH emission due to an
the enhanceck-h recombination on hole-transporting mol- increased leakage of holes through fh€ppy)s] ETL [Fig.
ecules of TPD and formation of their emissive singlet excited4(b)].

states. Yet the violet fluorescence from these st&et00 There is an alternative for procesges and (b):
|
;( {(TPDPBD)*
(¢)  h(TPD)+e(PBD) kisc
a, 3(TPD"PBD )*

kpx kp
*(TPD"PBD " )* +So[Ir(ppy)s] — s T[Ir(ppy);]+So(TPD) — T(TPD)

T |

krp

————T 77—
240 | @) I ITOf 75%TPD:PC(40nm) 1100%Ir(ppy) (40nm)/ 100%PBD(40)CalAg

This would invoke a rapid formation of singlet
[}(TPD"PBD)*] and triplet[ 3(TPD"PBD)* ] exciplexes
at the [TPDIr(ppy)5:PC]/PBD interface, the intersystem
crossing conversion of the former into their triplet counter- .
parts, and then exciplex energy transfer to the molecularly£
dispersed Ir(ppy)s]. The triplet energy exchange between
molecules of Irppy); and TPD(with different rates, and
k1) is still expected to affect the resulting concentration of
guest triplets. If the transfer rate constakty) were suffi-
ciently high, processc) could provide a high-density popu-

ELx300 8V
ELx3 15V
ELxt 18v
Elxt 20v

ELx15000 8V
ELx300 15V
ELx100 18V
ELxS0 20V

huN o Rens

120 + b) ITO/ 75%TPD:PG(40nm) /100%Ir(ppy),(40nm) /CalAg

1: ELx100 7V
2: Elx4 10V
3:

EL intensity [arb.u

lation of the Ir complex triplets. However, an independent b R
study is needed to substantiate the occurrence of such I Evao v
mechanism. 4r b=yl
B. EPH quantum efficiency 0 ==t S
) . 350 400 450 500 550 600 650 700
The experimentally determined EPH external quantum ef- A [nm]

ficiency results from the optical outpul)gpy (€VicnT s),

. 2 .. . (ext)
Eind curr/er;]t d(jn:‘sllty (Aacm )’/ dlrlvmg anhEL ?,]eVICe’(PEFTH FIG. 4. The electroluminescen¢EL) spectra of systems with a
=(Pep/(h»))/(j/e) (photon/electron where(hw) (eV) is 1009 Ir(ppy) 3] component layer(a) three-layer device: ITO/75%

the photon energy averaged over the total emission SpectruRipp.250, PC(40 NM/100% [Ir(ppy)s] (40 NM/L00%PBD (40
ande (C) is the elementary charge. It constitutes only a fraC-nm)/ca/ag, and(b) double-layer device without blocking PBD
tion of the intrinsic(interna) quantum efficiency ¢yl be-  |ayer: ITO/75%TPD:25%PC (40 nm)/10G%( ppy)s](40 nm)/
cause a part of the light produced in the emitter is lost for theca/Ag. The residual emission from TPD:PC hole transporting layer
direct (in face measurement ofgpy due to scattering and is apparent ax =400 nm, increasing with the voltage applied to the
the wave-guided modes in the material, substrate and IT@evices.
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107 g T T time ratio” @™ = q,op(1+ 7rec/7), Which can be ex-
i . \\\S,ope_o_m : p;gesssed by the actual currefpt flowing through the device
P N 1 a
TN Cc N
10" by I ) 3 .
— &K Trec 8eue jscL
2 o Pl s @)
S - - Tt Y€o€ |
M T ?@W@V@W N4 AN & 3 Here ¢py is the phosphorescence quantum efficiency,is
2 F . v vﬁ%%g$%%v | 049\5 the microscopic mobility of electrong; is the second-order
= [ ~ slope -0. ]

e-h recombination rate constan,is the dielectric constant
of the materiale, is the dielectric permittivity of vacuum,
and jsc =(9/8)s,eunF?/d represents the volume-limited
current which is here approximated by the unipolar space-
charge-limited (SCL) current of majority carriersholeg

10% 1~ el = e flowing in the device of thickness If the carrier injection at
10 10 10 e 0 10 10 a given voltage is insufficient to establish the highest current
j [Alem™] represented by the jso (<iscl),  Trecd! 7> (8/9)

- . _ X(uelyeoe). Atincreasing voltage, approachesgsc , the
FIG. 5. The external quantum efficiency of devices using _ """ : . ' :
[Ir(ppy)s] phosphorescent compound, as a function of the driving ¢ to-7, ratio decreases leading to increasing EL quantum

current. The data for 6Yr(ppy)s]: CBP (circles are taken from efficiency. If at a certain electric fielého=Ueri/d, ] =Jeri
Ref. 11. The squares show the data for the[&#ppy),] in (TP-  ~ JscL: t_he_Tfecl_Tt ratio can become Constafwhe_never th.e
D:PCO) system for the first run, the diamonds are the same systerﬁ‘e/V rat_'o ',S a ﬂeld"n_dependem O,r Wgakly yarylng fun_Ctlon
for the second run, the down triangles are the data for theof electric field quantlt)/.. _SUCh a S'“@“?” with g)ur ,dev'ces
(TPD:PC)[Ir(ppy)s]/PBD system, and the up triangles are the OCCUrS at current densities exceeding ‘i@\/cm (Fig. 5
data for the (TPD:PCJir(ppy)s] system. though the maximum EPH quantum efficiency can be
reached at lowefthe curve for Ir(ppy)s] in CBP, Fig. 5 or

2 (ex)_ o (in) . _ much higher 10 2 A/lcm?) (Refs. 26 and 34current den-
electrodé [oepr=E¢epn, Where ¢ is the so-called light  jties. The above considerations are clearly confirmed by the
output coupling factdr The external EL quantum efficiency cyrrent-field characteristics presented in Sec. IIIC. Their
of three different devices is shown as a function of injectedyood reproducibility in a series of consecutive measurement
current density in Fig. 5. The straight lines approximate th&ns with the same device points out that an apparent drop in
highest current density behavior demonstrating that exceghe EPH efficiency in the second réseen in Fig. 5cannot
for the first run of the 6%Ir(ppy)s]:(TPD:PC) device, the  pe explained by a modification of electrical properties of the
slopes are larger than 0.5 predicted by triplet-triglé{T)  system, but should be associated rather with the emission
quenching according to Eq18) in Sec. V. The pointP.  stage of the electrophosphorescence process.
determines the critical value of the current dengity; at The most obvious feature of the current density depen-
which theT-T annihilation dominates the triplet exciton de- yaonce of thep(&)

P ) ) £pH» Which we are mostly concerned with, is
cay; jeir 1S used in an evaluation of the second order e quantum efficiency roll-off at increasing current densi-
annihilation rate constantSec. \). The role of the

. . - ) ties. We translate selected curves from Fig. 5 into the field
[I"(ppy)s] dispersion and PBD hole blocking layer is appar-gependence of the EPH quantum efficiency in order to com-
ent from decreasing efficiency as passing from the deviceﬁare with the electric effect on phosphorescefsee Fig. 6.

with [Ir(ppy)s] dispersed in hole-transporting matrices The phosphorescence output from the sandwich structure
[(TPD:PQ, CBP] in the presence of th_e hole blocking layer Al/100%][ Ir(ppy)3]/Al [see Fig. 2b)], which did not show

of PBD, through a 100%Ir(ppy)s] emitter layer, t0 & SyS-  4ny emission under action of an electric field ofiithout

tem with no hole blocking layer. photoexcitatioh, decreases gradually as the applied field in-
The emission efficiency of ther(ppy)s]-doped TPD:PC  ¢reases and drops down by as much as 30% at a field about
HTL device [Fig. 2@)] is largely higher than those with & 55 106 \/iem. A decrease of twice as much is observed in
separated Ir(ppy)s] layer. Indeed, the peak efficiency of . o9 (second rupat the same electric field. This sug-
(11+1)% photons/electron exceeds largely the best result OJ EPH '
(0.8+0.2)% photons/electron for  the three-layer

. : same origin as the electric field-induced quenching of phos-
(TPD:PC)/100%lIr(ppy)3]/100%PBD device and (0.10 : T e o
+0.02)% photons/electron for the double-layer deVicephorescence, and this could be the electric-field-assisted dis

. sociation of Coulombically correlated electron-hole pairs
. 0,
(TPD.PC)/lOO./{)Ir(pp(glzt)g]. Mqreover, it exceeds by about | .00 din Sec. | and shown in Sec. V.
30% the maximumegpy obtained from a complex fully
vacuum-evaporated four-layer structure where the lumines-

cent layer consisted of a 6% dispersion [df(ppy)s] in

ests at least a large part of the reductiozpﬁﬂ to have the

C. Current-field characteristics

(4,4 -N,N’-dicarbazole-bipheny(CBP) matrix ! In Fig. 7, the current density is shown as a function of the
We note that the initial increase of the quantum efficiencyeffective electric  field [Fq4=(U—Uy)/d=100 nmF
is directly related to the recombinatiorr,§)-to-transit (r;) =(U/d)— (U /d)=F—F] on a double logarithmic plot for
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bi

(EPH) efficiency response to the dc applied electric field. The rela-
tive PH efficiency at\p,,=(525-6) nm was measured with an  F|G. 7. A double-logarithmic plot of the field dependence
excitation wavelength of 436 nm and an exciting light intensity of of the driving current in the electrophosphorescent device
lo=10" quanta/crs. 6% Ir(ppy)s]: (TPD:PC) (for the complete device structure, see
the caption of Fig. 8 measured at three different consecutive runs.
the central electrophosphorescent device depicted in Fidjhe constant_:bi=2><195 Vicm represents the built in electric field
2(a). The curves seem to reveal three different regimesque to the_ difference in the W_ork functions of the electrodes. The
which can be attributed 9 (A) leakage or diffusion-limited lines are fits to a power law with slopes equal to s6gmen(B)]
conduction,(B) volume-controlled current with an exponen- 21d 1.9lsegmentC)]. The diverging data in segme(#) are dic-
tial distribution of traps,jocF'+1/d', and (C) volume- tated by unstable current flow conditions at low voltages.
controlled current with filled trapsj«F?/d. The slope of
regime (B) is m=3.9 and may be assigned to trapping of measurement rurisee Fig. 3. There is an apparent correla-
majority Carriers(ho]es traps distributed in energ&E) ac- tion between the current regimes in Flg 7 and the current
cording to an exponential functionh(E)=(H/IKT) evolution of the EPH quantum efficiency presented in Fig. 5.
X exp(—E/IKT), whereH is the total number of traps per unit Within the regime (B) ¢{$f remains approximately un-
volume, T is the absolute temperatuteis Boltzmann’s con-  changed, and a well-pronounced decreasep$&}) is ob-
stant, and is a characteristic dimensionless parameter of theserved in regiméC). As already discussed in Sec. Il B, the
trap distributionl =m—1=2.9. The fieldF=F¢g_that cor- low-current EPH quantum efficiency increases with electric
responds to the transition between reginiB$ and (C) is  field because the recombination-to-transit time ratio de-
usually referred to as the “trap-filled limit” when the last creases being a consequence of the injection-controlled EL
traps(shallowest but not extremely shallpare being filled. mode! the SCL current regimef(B) and (C)] should be
From its value the total concentration of traps follotvds characterized by a constant recombination-to-transit time ra-
=(3/2)seF1p /€d=3Xx10"cn?. This number can be in tio. However, the observed roll-off in the®) indicates
error of about factor of two since the charge accumulated aiome other factors to be invoked in determining the final
the HTL/ETL interface can make the field to be non- EPH yield. They are discussed in Secs. IV and V.
uniformly distributed among these two layers. The nature of
traps is not known, but the disorder occurring as a rule in
molecularly doped and vacuum-deposited organic films im- IV. QUENCHING MECHANISMS
poses a statistical distribution of site energies within a 0.1 eV
width 3 The trapping depth representing the exponential trap
distribution with 1=2.9, E,=1 kT=0.07 eV, corresponds We assume that a spatially homogeneous triplet exciton
well to this energy range. The energy domain probed undedensity(T) is formed either during steady-state excitation by
most experimental conditions is such that the total number olight of intensity |, or created via the recombination of op-
states as a function of energy is comparable for both Gausgpositely charged carriers injected from the electrodes of a
ian and exponential distribution functions; for this reason thesandwich electrode organic phosphor/electrode system oper-
exponential and Gaussian trap distributions lead approxiating under steady-state conditions of a dc injection. The
mately to identical current-voltage characterisficinterest-  nine spin statesW;) of the (T...T) complex preceding the
ingly, the currents are well reproducible from run to run, final products of th@-T annihilation reaction, make the com-
suggesting that charge injection and transport conditions dplex a singlet-triplet-quintet mixture due to various triplet
not change significantly under electrical stress. However, apin configurationé®® The quantum mechanical singlet
limited production of exciton quenching centers, due to ma{(¥;|S)| and triplet|(';| )| spin components lead to ener-
terial deterioration process&scannot be excluded as the getically accessible singléf) and triplet(T) exciton final
EPH quantum efficiency becomes reduced in successiveroducts according to the reaction scheme

A. Triplet-triplet annihilation
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[ o

T+T'2(T..T)=2'S+5, )

VTT(T)

T+T' =(T..T)='T+S$, ©)

Here ¥{2 and /{7 stand for the overall second order rate
constantgcm®s ™) in the singlet and triplet creating annihi-
lation processef?) and (3). The radiative decay of singlets
and triplets results in the delayed fluorescefreaction(2)]
and phosphorescendeeaction (3)]. Steady-state consider-
ations apply to our experiments. In any thin section of th
sample at a distancefrom the transparer(or semitranspar-
end reference electrode, the concentration dependenc& of
andT may be described by the equations:

j
gt =~ (L= g T Tk Hiset kg

X[1- 751 's=0, (4)

j :
aa(1=7) gt kiscS— kK= 71T

dt

—[29% (5)

wherej is the recombination current density flowing within
the recombination zone of widthv, e is the elementary
charge, and the symbd (s™1) denotes unimolecular rate
constants for radiative [k!® k("] and radiationless
k(S kD] singlet and triplet exciton transitions, respec-

+ AR 1T2=0,

tively, and for intersystem crossing singlet-triplet conversion

(kiso)- It must be pointed out here that, unlike earlier kinet-
ics assuming all the encounter charge pa®) to form
excitons'® Egs.(4) and(5) include their spin weights and the

PHYSICAL REVIEW B 66, 235321 (2002

ration probability can be simply expressed by the dissocia-
tion unimolecular rate constarity, using the definition re-
lationship #7=kg/(k, +k,+ksctkyg). We distinguish
betweenz and 7., corresponding to generally different dis-
sociation rates of the carrier recombination produced CPs
and charge transfeX€T's) created in the exciton separation
process. The rate equatio@ and(5) do not contain explic-

itly expressed energy transfer terms and transfer ratgs,
kit, andk,. They can be considered as forming part of
non-radiative decay rates and, in the case gbpry), are
accounted for by the effective lifetime of triplet excitons.
The direct contribution of TPD triplets to the emission of our
samples has been neglected for the following reasons. The
energy of TPD triplet excitong2.3 eV) (Ref. 30 locates

Stheir phosphorescence emission=ei40 nm far beyond the

fluorescence maximurge 400 nm).” The EL spectrum of a
single-layer light-emitting diode based on a 100% vacuum-
evaporated thin film of TPD does not show any pronounced
feature around 540 nfiThis concurs with direct measure-
ments of the TPD phosphorescence which appeared to be
very weak at room temperatut® Major simplifications are
achieved if we consider two limits of lovicase } and high
(case ) either optical or electrical excitation levels at room
temperature.

Case I: The triplet exciton concentration is too low to give
rise to triplet-triplet fusion and th&? terms in Eqs(4) and
(5) can be dropped, so that

_ (1—7)j ezt akisc/[K® +kisct+ k]

T T
KD+ KD

(6)

ew

if 70 =750 = Tex:

The triplet exciton concentration increases linearly with
recombination current density Thus, the quenching effi-
ciency in theT-T annihilation process increases jds

Case II: The triplet exciton lifetime is determined by the

reduction factors due to the dissociation processes of th&? term in this regime, the monomolecular decay terms can

charge pairgsee Fig. 1 The latter are accounted for by the
carrier separation probability= 7,() (see Fig. 1L The sepa-

(1=n)j
T=

aytKigcag[1-

be neglected and the solutions to E@. and (5) are well
approximated by

ew

proportional to\j. A linear increase with of the T2 terms in
Egs.(4) and(5) is characteristic of th@-T quenching in this
case.

B. Triplet-charge carrier interaction

Correlated triplet-doublet pairsT(..D) are formed prior
to triplet quenching by a charge carrier,

S, (T S S
[27 3+ Y] —kiscy R 1— 7

PSR IKS +kisct k] v -
WK+ kisct k]
[
Y1q
T+D'=(T...D)="'Sy+D* ®

where y7, (cn®s 1) is the overall second order triplet-
doublet interaction rate constant. The final stBt€ is an
excited doublet which can either relax@oor autoionize into
a free carrier(electron or holg and a ground state neutral
trap. The constantyrq is determined by the quantum
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mechanical doublet spin component of the six doublet- exp(,BpFFl’z/kT)

quartet mixtures of the complexT(..D . 1,,).”*° In kinetic 7er(F) = 104 T exp BoE TIKT) (12
equations(4) and (5), quenching proces&) modifies the PF P
first-order decay constant

where Bpe=(€%/meoe)Y? is a characteristic Poole-Frenkel
parameter determined by the dielectric constaaf the ma-
kgt =Tk + KD+ yrgnl[1— 70172 (9) terial solely, and (¥ App) ~* represents the zero-field disso-
ciation probability.n, denotes the probability of charge pair
wheren (cm ) is the concentration of the interacting carri- fornjati_on which as a rule is §ma||er than unity ynder optical
ers excitation, andpy=1 in the bimolecular recombination pro-
. . — ) cess. The charge separation is here driven by a thermal acti-
Assuming the process to be dominating aﬂ@ —0.vation of a carrier over the counter charge Coulombic barrier

makes the triplet excitons to decay in a first order kinetiCqgiapjished and decreasing with an increasing external elec-
defined in the previous section as case I. However, its oW« fia|q.

and high excitation subcases can now be distinguished based pnqther even more employed in organics, separation

on the contribution of the termyrgn. (i) The_tripletaljifeti(rge mechanism is the charge carrier diffusion in the coulomb
is essentially independent of charge dend(ﬂ(l’gkf +ky’- field of its parent countercharge and the applied electric field.
(i) The triplet lifetime is determined by the triplet exciton- |t has been described by Onsafjeand its field-dependent
charge carrier interactiomg?s ¥rqN, SO that expressions for probability expressed B

I ok
T= n[k<cs¥>iklsc+k<s>] (10) noniF)=nof g(r,0)f(r,0)dr, (13)
YTNLK, isct Ky

o , . . whereg(r, 6) is the probability per unit volume of finding
und_gr phptoexmtaﬂoﬂa-lmear absorption coefficient of the he ejected electron in a volume element r is the separa-
exciting lighy, and tion distance and @ is the angle between the radius veator

and the applied field vectd¥, andf(r, ) is the probability
that the charge pair will dissociate as a function of the sepa-
(12) ration distance and the anghe For an isotropic system con-
ew parl taining a low concentration of charge pairso interaction
between charge pajrén thermal equilibrium with a dielec-
under electrical excitation, lead to a sublinear triplet concentric medium of dielectric constant, the Onsager function
tration increase with, or j, since alson is an increasing f(r,¢) reads
function of the excitation level.

T (1—7)j s+ arkisc/[K¥ +kisc+ k]

A Bm+n

C. Dissociation of excited states f(r,0)=exd —(A+ B)]% n§=:O m (menyt (14)

In the electron-hole recombination process, it is com-
monly assumed that if the thermalized electron comes withiHere A=2q/r, B=pr(1+cosf), q=e%8meyekT, S
a Coulombic capture radius,=e*/4meekT of the hole, =eF/2kT, andg(r,6)dr do=4=r?g(r). The expansion co-
then recombination is certafi.However, it is possible that efficients in Eq(14) are governed by the so-called “Onsager
when the hole and electron are on adjoining sites, there caradius” at which the Coulombic attraction is equal to the
be sufficient thermal energy to dissociate such a pair, thehermal energy KT), r.=e%/4meekT, and a distribution
process to be characterized by a dissociation titpp¢Fig.  function for the initial separation of the CP states. Assuming
1(a)]. The same may happen to a CT exciton formed at thehe initial separation distance to be a discrete valye
initial stage of the charge carrier separatiop) from opti-  =r_,, (or rg7), that is a delta function forg(r)=45(r
cally excited localized exciton stat¢kig. 1(b)]. If such a  —rg)/4xr3, one arrives at a definition equation for the zero-
process proceeds in an external electric fidtd,(the prob-  field separation probabilityp(F =0)= 7, exp(r./rg). An
ability to escape recombination strongly increases, we dealnalysis of7(F) shows its Poole-Frenkel plots to be much
with a field-assisted dissociation of coulombicalIy-correlatedsteeper, and reaching the saturation point at a lower field than
CP pairs. The field dependence of the dissociation reflects ithose based on the Onsager the‘ﬁrm the latter case, the
the field dependence of intrinsic photoconductisf or  steepness and the saturation point are determines,nd

; 40
electromodullated luminescente:** _ o _ro. For larger values of, a less steepy(F) curve reaches
The functional shape of the overall dissociation probabil-saturation at lower field strength.

ity »(F) depends on the physical mechanism underlying the
charge separation. A common one is the Poole-Frenkel
effect*?? In the Poole-Frenke(PF) framework the field-
dependent dissociation probability of an excited state into a The rapid decrease seen in the EPH quantum efficiency as
pair of free carriers is given by the current density increasésg. 5 can be ascribed to either

V. DISCUSSION
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of quenching mechanisms described in Sec. IV. The quantun 10" ¢ - 107
efficiency as defined in Sec. IlIB is directly related to the :
concentrationT) of triplet excitons: [ : ’

g T
eTw, ] T
(ext) _ € 15 2
PEPH §¢pHm- (15 g 5
nl 2
This is a definition relationship assuming a homogeneousg 10 ] 3
population of tripletdT) throughout the emission zone, . § 6.?
Let us recall that, in general, the emission zone does not® h
coincide with the recombination zot). If the latterisvery & g

narrow, as in the present case, the emission zone is large"
thanw, being limited on the large values side by the thick- . ‘ T P
ness of the emitting layed/2=50 nm. On the other hand, "%, o 100 107 pye ey
the external EPH efficiency can be expressed by the effective i [A/om?]

triplet exciton lifetime @) as

FIG. 8. Lifetime (open circles and EL quantum efficiencitri-
(exd Tiot angle$ of the phosphorescent dye 2,3,7,8,12,13,17,18-octaethyl-
Pepp= Ea(1— 7])‘PPHT_ (16)  21H, 23H-porphine platinunll) (PtOEP embedded in an Al
PH matrix as a function of the current density. Two filled circles are the
lifetimes of the phosphorescence taken at increasing photoexcita-
tion pulse(left: 160 nJ/crA; right: 16 wJ/cn?). A strong divergence
at high current densities is apparent. The data is adapted from

Tt =L7pat yronl[1= med H+[247+ APIT (17 Ref.9.

where op=k{"/[k{" +k{D], and

is the effective(total) triplet exciton rate constant including ing mechanism operating in the device. An exception is ob-

all monomolecular and bimolecular quenching processeserved for the first lower-current range run, where the slope

such as triplet-charge carrier or triplet-triplet annihilation approaches- 3. From its intersectionR.) with the horizon-

(see Sec. IV, and rpy represents the intrinsic triplet exciton tal line representingcp,(EeF’,‘,3= const=11% photons/electron,

lifetime in the absence of quenching. Assuming that the disene can evaluate th&T annihilation rate constangt. At

sociation efficiency is independent of current density, thughe intersection pointo{Y(j = j i) =0.11. TheeX) (case

the electric field applied to the systefwm(F)=consi, the ||, Sec. IVA) can be approximated by

current dependence of the EPH quantum efficiehe§2Y]

should be projection of that for the effective lifetime of trip-

lets[ 7io(j) ] The experimental data for the EPH lifetime and (ext) Eopy[ ew

guantum efficiency show a pronounced discrepaifiy. 8). eepr(ll)=

The quantum efficiency drops down by about 90%j at

=150 mA/cnt, whereas the effective lifetime decreases by

less than 40% only at the same current density. A decreasing »<1, a,=3, y(ﬁ); yr1 is assumed and contribution of

tendency in the phosphorescence lifetime as the photoexcithe intersystem crossing transitions to the triplet exciton con-

ing energy pulse increases suggests both EPH and PH lifgentration is neglecteftf. Eq. (7)]. The triplet-triplet anni-

times to be underlain by triplet-triplet annihilation processhilation rate constant could be estimated from @@) on the

(Sec. IVA). basis of the experimental value pf; if the recombination
Another test of the significance of triplet-triplet and zone width were known. The recombination zone, though

triplet-charge carrier annihilation is to follow the current difficult to evaluate exactly, can be assumed to be very nar-

density dependence of the concentrati®h of triplet exci-  row because of the confinement of charge carriers at the

tons, and thus, directly, the EPH quantum efficied&g.  [TPD:Ir(ppy),:PC]/PBD interface, imposed by the rela-

(15)] as a function of the current density. The linear Currenttive|y high_energy barriers for both holes and e|ectrtﬂ;m§

1/2

(18)

27pu \ JeritYTT

increase ofT in the absence of th&-T quenching(case |,  Fig. 2a)]. This is confirmed by the volume controlled cur-
Sec. IV A), leads top()=const as, indeed, can be observedrent flow in the devicéFig. 7). Therefore, a lower limit fow
at low current densities below a fiele, at which j=j ., can be compared with the dimension of the two nearest-

and where a pronounced decrease in the EPH efficiency beeighbor molecule$= 2 nm). The upper limit results from
comes detectablgig. 5. On the other extremgase Il, Sec. the thickness of the emitter laye=@d/2=50 nm). Thus we
IVA), T is proportional tojY [Eq. (7)]; thus, according to  find 1x10 4 cn/s< y;1<2.5x 1013 cmP/s, using ey
Eq. (15), &Y< 12 As a consequence, the efficiency de-=15us (Ref. 30, ¢py=40% (Ref. 26, j.i=2
crease at highest current densities would be expected to bexal0~3 Alcm?, ande &) (j =) =0.11 from Fig. 5. A typi-
straight line logarithmic pIot{Iog[w(Ee,éﬂ] vs logj} with the  cal value of the light output coupling factge0.2 has been
slope—1. For all the experimental curves of Fig. 5 it is not used in this evaluatioff. These values of/r agree reason-

the case, the greater slopes suggesting an additional quenably with that for another organic phosphorescent system,
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PtOEP:CBPyy7=3x10"1* cm®/s obtained from the fitting about T=1,a7=5x10'%cm®, with an absorption coeffi-
of the experimental data 0p{&Y(j) to the triplet-triplet  cienta=5x10* cm ! and7=1 us. In order that the triplet-
quenching mechanisii.We recall that the long phosphores- triplet annihilation could dominate the triplet exciton decay,
cence lifetime of the guest molecules [df(ppy)s] in the its second order rate constant should be as highygs
host TPD has been thought to be determined by the energy (7T) 1=2x10" " cm?®/s. This is a value exceedingt
transfer rate from the long-living triplet excitons of TB®. for  the phosphorescent  molecules of PtOEP
Therefore, the above calculated constany may be as- [2,3,7,8,12,13,17,18-octaethyl421 23H-porphine platinum
Cribed to the annihilation I’eaCtion betWeen TPD trlpletS(“)] by near'y seven orders of magnituﬁeand by about
rather than excited triplets dfirf(ppy)s] which reveal a  four orders of magnitude typical values of tfiel annihila-
much shorter intrinsic lifetimerpy<1 s (Refs. 11 and 30 ion rate constants in single organic crystdighere are no
A p035|k_)|llty of the dlrect_ guest annihilation triplets or host- particular reasons for Ippy)s to reveal such a high mobility
guest triplet hetero ann|h|l_at|on process X\IOUlCiJesg to th%f excitons and, therefore triplet-triplet annihilation as a pro-
?:’.TT ﬁf two orders of magnltudﬁ hlghey,TT=10 c /S];. hCess determining its phosphorescence quenching is highly
inally, it s necessary to note that previous attempts to fit t %nlikely. The weakly injection Al cathodéhe injection bar-

(ext)/ s ot tr : . . . _
¢epn(]) plots to the triplet-triplet quenching mechanism rier for electrons, as determined from the Al work function

failed for the[Ir(ppy)s]:CBP electrophosphorescent systemWAEAf_:3 eV and the Ifpy)s LUMO level, AE=1.3 eV)

3ggs?§g§?gerdotrﬁé?aerlkei?rlg ﬂggeﬁg?ggcgﬁntzes%%fg curreghpp”es the sample with a measured injection current less
phosp Y : than 0.01uA/cm?, and irradiated with the light exciting

Let us now consider the triplet-charge carrier annihilation hosoh h hot o1 LA, T
to be a dominating quenching procg§ec. IV B). In order phosphorescence Snows a pnotocuriigh= 1 w/vcm:. 1o
é)gtam a quenching efficiency on the level of 30% a current

to test this mechanism the current dependence of the char X
concentration(n) must be knowr{see Eq.(11)]. Using the above 50 mA/crhis needed as comes from electrophospho-

high-field  current-field  characteristic  region [] rescent experimerit(also see Figs. 5 and L0This value is
= (9/8)e e wnF2/d: thus n=(3/2)e,eF/ed, whered is the six orders of magnitude larger than the dark injection current
device thicknes€® (Fig. 7), with the assumptions made in the Al/lr(ppy)s/Al system and four orders of magnitude

above for the approximation Gf in the T-T annihilation higher than than the photocurrent. Therefore, the ftriplet-
process, and definitiofL5) yields charge carrier interaction can be safely ruled out as the pro-

cess determining the quenching of phosphorescence in our
system described in Fig(ld). If for some(unknown reasons
(exy_ 2 @2€(1—n)ppred we (19 the mobility of electrons in a 100% Ip{y); were very low
EPHT3  eoeyrqTeF W' ) (say=10"12 cm?/V's) and, thus, the charge concentration in
the sample was much higher than in electrophosphorescent
A plot of o versusF 1 is thus expected to give a straight diodes, a 30% quenching effecs<0.3) would require the
line with the slope dependent on three materighfrq,7p)  charge concentratiom= &/ yr,r=3x10'%cm® with yr,
and one sampléd) parameter of the system. Such straight=10"'3 cm®/s which is about two orders of magnitude
line plots poorly approximate experimental d@dg. 9) and  higher than the maximum capacitor chargg=sqcF/ed
their slopes lead toyrq=5x10"'?cm?/s for the first run  =gx 10%cm?. This, again, makes the hypothesis of charge
and yrq=7.5x10" ' cm*/s for the second run at=3, 7y quenching origin of the phosphorescence quenching inappli-
=15us (Ref. 30, and d=100 nm. These numbers have caple.
been obtained using=wp;=2 nm andw,< 50 nm. It is often suggested that the heat dissipated in the EL
If one assumes that botprr and yr, are governed by the cells under high current conditions can be responsible for a
triplet exciton motion, then the diffusion coefficient of triplet reduction in the EL quantum efficiency. In our experiments
excitons Oy) can be calculated from their valuegiy  with a 6% content of Ihpy)s in the HTL, the maximum
=yr=87RD; (Ref. 37 4x10 %cm?/s<D;<3  current density did not exceed 50 mARmat aboutU
X 10 8 cné/s. The hopping exciton distance has arbitrarily =40 v (see Figs. 5 and)7Thus, at most 2 W/cfnis dissi-
been taken a®=1 nm in the calculation. These values of pated in our EPH cells. The blackbody radiation, the heat
the triplet exciton diffusion coefficient are much lower asconduction of metal electrodes and leads as well as convec-
compared with those for singlet exciton®4) which in an-  tion heat outflow due to the ambient gas can balance only in
other metallic complexAlqg; fall in the range 1.2 part the electrical power input. Consequently, a temperature
X 107° cm?/s<Dg=<3x10"“ cn?/s (Refs. 31 and 45-47 increase of the sample would be expected. Such a tempera-
It is not surprising, the diffusion coefficients of triplets are ture increase has been indeed observed in molecularly-
expected to be lower than of singlets since both energy donatoped-polymer-based light emitting diodé€D’s) (Ref. 21,
and acceptor transitions are disallowéd. part ) and in common organic LED's based on the
The domination of the PH quenching by the triplet-triplet TPD/Alg; junction?® For the first type of LED’s, the maxi-
annihilation or by electrons injected from the Al cathddee  mum temperature at a very high current of 470 mAdemas
Fig. 6) is highly improbable due to the irradiation conditions found to increase only to about 40 °C as measured with a
and charge injection properties of the Alffiijy); contact.  special IR pyrometer. In the second case, it did not exceed
The used exciting light intensityl ;=10 quanta/cr¥s 40 °C for the currents below 50 mA/@mOnly insignificant
(Nexc=436 nm) produces the triplet exciton concentration ofchange in the PL efficiency has been observed with such a
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0.12 10° ¢ _
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_ FIG. 9. Quantum electrophols.phores_cence efficie_ncy_ data from £ 10. Quenching efficiencidefined by Eq(20)] as a func-
Fig. 6 represented by @gp—F " plot in order to fit with the o of the dc electric field applied to the electrophosphorescent
trlplgt—charge-carrler interaction limit for triplet exciton decay ac- (EPH) and phosphoresceifPH) system from Figs. @) and 2b)
cording to Eq.(19) (solid lines. (circles and squares, and triangles, respectjvalge curves are fits
15% increase in the absolute emitter temperatses e.g., to the Poole-Frenkel and Onsager models for charge pair dissocia-

; TR ion i | electric fields. The Poole-Frenkel plots obtained for
Ref. 49, the effect possibly contributing to a much larger 0N In externa S , plots
reduction of the EL efficiency. The fluorescence efﬁciencytw0 different values OfAF’F_lOS_(daShEd_“W and 16° (dotted
teep ling. The Onsager formalism required different parameters

d_ecreases because t.he Increasing population of the Vlbré_r EPH (solid ling): 7,=1.0 andr,/r.=0.18. For PHdotted ling
tional levels of the singlet states increases the number of . _ _ —

. 2 -, . If required n,=0.9, andry/r.=0.095. In both cases=3 andT
possible modes or radiationless transitions. This decrease Is

=298 K have been assumed.
supposed to be less than that for phosphorescence or even to

disappear as for the same reason the intersystem crossin N Lo .
between the first excited singlet and triplet increases, producE%' (.16)]_' In the h|gh-f|eld limit it can be considered as a
flominating quenching factor. This means that the

ing more phosphorescent states. Moreover, the temperatu - . i .
dependence of the nonradiative decay rate constant for seT.wt(F)/ Tiot(Fo) ratio Is a weakly varying f.unctlo_n of elegtrlc
eral transition metal complexes has been found to be veréeld' close to unity. The quenching efficiency is then simply
weak>® As far as electrical properties of the LED are con- xpressed by

cerned, increasing temperature increases only the carrier

hopping mobilities within the SCL current regime. This can P(Fo)— o (F)  5(F)— n(Fo)
cause a decrease in the Langevin-type recombination = exD =— (20
(PEPH(Fo) 1 77(F0)

probability” Pr=[1+ un(T)/ e(T) /[ 2+ un(T)/ pe(T)1,
if the hole (u,)-to-electron ) mobility ratio is compa- ) .
rable to unity and decreases with temperature. Due to thé varies between 0 and 1 foy(F) = 7(F) for no quenching
undetectable mobility of electrons in TPD-doped PC andnd7(F)=1 for the total quenching, respectively. Based on
their deep trapping on Ip(py); molecules one would expect the .data _of F_|g. 6, the quenching efficiency of_tvyo QeV|ces
the hole mobility to be much larger than that for electrons indepicted in Fig. 2 can be calculatéféig. 10. We fit its field
our LED emitter. ConsequentlPr(T)=1=const through- dependence to E¢0) using, for they(F), expressionsl2)
out a relatively large temperature range. As a result, the ove@nd (13) representing two different mechanisms of the field-
all EL yield will not necessarily show up as a temperature@ssisted CP dissociation proceec. 1IIQ. Clearly, the
decreasing quantity. But even in the case of a negative imE00le-Frenkel model must be ruled out due to a very steep
balance factor, a possible drop in the EL efficiency shouldield increase and a low _value of the saturation field regard-
not be of crucial importance due to a narrow range of thdess of the value of the fitting parametekg), correspond-
temperature evolution at not too high driving currents. ing to two different values of the zero-field dissociation ef-
Therefore, it may be concluded that a possible heatficiency (1+Apg) =10 ° and 10 *°that differ by as much
induced reduction in theg, , and triplet-triplet and triplet- as two orders of magnitudehe fitting procedure has been
charge carrier annihilation processes are insufficient to experformed with Bpe=7Xx10"2°C(Vem)*? at =3, and
plain the experimentally observed decrease of the EIKT=0.025eV]. They correspond to two different initial
quantum efficiency of electrophosphorescent systems at highter-carrier distance,_,=1 and=0.8 nm, respectively, as-
current densities and PH efficiency at high electric fields usSuming 7o=1 andr =e’/4me,ckT=19 nm as obtained at
ing weakly injecting electrodes Al. The field-increasing dis-e=3, and kT=0.025eV. In contrast, the fit withy(F)
sociation efficiencyz) of charge pairgSec. IV Q appearsto = 7ondF) [EQ. (13)] resulting from the Onsager theory is
be a straightforward candidate reducing significantly theaccurate for the first run and reasonably good for the second

EPH quantum efficiency as the applied voltage increpsms  run of the SI(F) curves (Fig. 6). The curvature of the
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10° the charge separation process from molecular excitons. It
. must be noted that a possibility of the reduction in the PH
= efficiency by a dissociation of the initially excited higher

g electronic states produced by LC ligand-centered transitions

5 can be here excluded since the exciting ligtge Fig. 6falls

£ in the metal-to-ligand charge transfer optical transitiths,

o y where the quenching efficiency does not vary with excitation

£ 0 wavelengththe data will be published in a forthcoming pub-

g lication).

3 These results suggest that in addition to molecular prop-
erties of electrophosphorescent molecules, the intermolecular
material structure must be of great care in the optimized
design of electrophosphorescent devices. The shorter is the

107 - '107 intermolecular distance, the localized recombining carrier

can approach closer each other forming a closely spaced pair
F [ Vicm] more difficult to dissociate due to the increased Coulombic
attraction. As a consequence, the system becomes less sensi-
tive to electric field-induced quenching. However, if specific
intermolecular interactions or molecular organization impose
perimental data of Fig. 10. The plot curvature becomes insensitivgear re;onance between Frgnkel and CT states, the charge
to 1y above about 3.5 nm. Separation can be a Weak_ly fleld_-depender)t process g(_)v_e_rned
by the Onsager mechanism with a relatively small initial
separation distance.

FIG. 11. Onsager plots of the quenching efficiencyrgt1,
r.=19 nm, and varying, (by curve numbers in nanometgr§ ,
=8.55x 10° V/cm is assumed to compare the curves with the ex-

O(F) plot is a function of two parameterg andF. The fit

for the two consecutive measurement runs for the electro-

phosphorescent device was made for sagre3.5 nm and V1. CONCLUSION

Fo=8.55<10° V/cm (based on the experimental data of Fig.  \we have elucidated the quantum efficiency roll off in or-
6). Itis necessary to note that the valuergf3.5 nm stands  ganic electrophosphorescent systems. By fitting the mea-
for a lower limit of the electron-hole distance in the sured current and electric field dependent quantum efficiency
coulombically-correlated charge pair stafé®y. 1(a)]. This  data to theoretical predictions based on different quenching
is because the curvature of théF) function in the Onsager mechanisms, including triplet-triplgT-T) and triplet-charge
formalism becomes insensitive tg above 3.5 nn{see Fig.  carrier (T-g) annihilation, the field-assisted dissociation of
11). Thus, the average initig-hdistance of the CP’s formed the intermediate states—Coulombically correlated oppositely
in the bi-molecular recombination can be larger, that.ig charged elementary carriers is identified as the principal
=3.5 nm. At such distances the attraction Coulomb energgause of this roll off at high electric fields. Althoug@hT and
between the charges forming CP’s becomes comparable with-q annihilation processes contribute to the eff@stpecially

the energy gained from the applied external electric fieldat lower fields, as discussed already in the literatiff¢hey

The increasingry (or equivalently temperaturedoes not are far insufficient to explain the experimental observations.
practically change the dissociation efficiency at a given fieldEvidence is provided that of two well-established Poole-
strength. The excellent fit of the phosphorescence quenchirégrenkel and Onsager dissociation mechanisms, only the On-
[cf. Fig. Ab)] data with the field-assisted CT dissociation assager approach leads to good agreement with experiment.
described in the Onsager theory, is obtained wigk-rcr  The fitting procedure enables to evaluate the average initial
=(1.8+0.1) nm and F;=8.55x10° V/cm. The roughly inter-carrier distancer(. ) of the charge pair€CP’s) formed
twofold decrease img accompanying the observed diminu- in the bi-molecular electron-holée-h) recombination pro-
tion in the quenching efficiency when passing from electro-cess. For the electrophosphorescent comple&ppy)s],
phosphorescent to phosphorescent systems, illustrates thg,=3.5 nm.

different origin of the CP states. Whereas coulombically- This work has also provided evidence that the CP disso-
correlatede-hpairs in the EPH device originate in the mutual ciation obeying the Onsager theory is the basic mechanism
approaching process of statistically independent carriers inthat underlies the electric-field-induced quenching of phos-
jected from the electrodeldig. 1(a)], CT states produced phorescence; the CP’s identified here as charge-tra(Gier
under photoexcitatiofiFig. 1(b)] originate from an electron- states with a much smaller separation distangg= (1.8

hole separation process of the initially excited molecular ex-+0.1) nm for the Ir(ppy) ;] complex. The relation between
citons. From the above values of, we find the zero-field r., andrc; exemplified on the phosphorescéit ppy);],
dissociation efficiency to differ by about two orders of mag-is expected to hold for other phosphorescent compounds
nitude for the bimolecularly formed CP’gp..,(F=0)=4 since it is caused by the fundamental difference in CP for-
x 103, and for CT statesycr(F=0)=3x 10 °, as calcu- mation processes. In contrast to electrophosphorescence,
lated withr =19 nm, andnpy,=1 and7,=0.9, respectively. where CP’s are a result of the gradual approach of electrons
This means that of one million CP’s 4000 dissociate wherand holes injected far away at opposite electrodes, the CP’s
formed by the carrier approach, and only 30 when formed byn phosphorescence are CT states, being charge separation

235321-13
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products of localized excitons created under photoexcitation.

PHYSICAL REVIEW B 66, 235321 (2002
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