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Efficient exciplex emitting organic electroluminescent devices

M. Cocchi, D. Virgili, G. Giro, V. Fattori, and P. Di Marco
Institute of Photochemistry and High Energy Radiation, C.N.R., 1-40129 Bologna, Italy

J. Kalinowski® ) ]
Department of Molecular Physics, Technical University of GdarPL-80-952 Gdask, Poland

Y. Shirota
Department of Applied Chemistry, Faculty of Engineering, Osaka University, Osaka 565-0871, Japan

(Received 6 August 2001; accepted for publication 1 February)2002

Organic electroluminesce(fL) single-layer(SL) and double-layefDL ) light-emitting diodes were
fabricated based on 4,4"-tris[ 3-methylphenylphenydaming] triphenylamine(m-MTDATA) and
2-(biphenyl-4-y)-5-(4-tert-butylpheny}1,3,4-oxadiazole (PBD) molecules incorporated in
bisphenol-A-polycarbonatéPC) matrix. The external EL quantum efficiency of the dominating
exciplex emission of the indium tin oxidéTO)/m-MTDATA:PBD:PC/Ca SL structure is=0.4%
photon/electron and that from the ITO/m-MTDATA:PC/PBD/Ca DL device exceeds 1% photon/
electron. The operating voltage of the DL device at maximum efficiency is 4.8 V and the onset
voltage of the EL is as low as 2.0 V. The photoluminesce quantum efficiency of the exciplex is
greater than 17%. The high exciplex emission-based EL yield from the DL device is attributed to the
narrow recombination zone imposed by the high energy barriers for the electron and hole transfer
at the(m-MTDATA:PC)/PBD interface. ©2002 American Institute of Physics.

[DOI: 10.1063/1.1467614

In typical organic electroluminesce(fL) devices, light troplexes D" —A") in cases where molecular dipole mo-
originates from radiative relaxation of well-localized mo- ment is large, an exciplex contains a large charge-transfer
lecular excited states formed by bimolecular recombinatiorCT) configuration component, or th®("...A™) pair forms
of electrons(e) and holes(h) injected from electrodes into an electropleX. The effect is manifested by the electric field-
single component organic layers, bilayers or blehd@eir  driven tuning of the emission color either toward the Bloe
EL quantum efficiency ¢g ) is determined by the creation the red® The major problem in utilizing these effects in tech-
ability of singlet and triplet molecular excitons in nological devices is finding systems that work with high ex-
electrofluorescing and electrophosphorescihgevices, re- ciplex emission efficiency.

Spective|y’ and by decay of these excited states inc|uding In this letter, we report EL devices with efficient emis-
radiative relaxation represented usually by the photoluminession from exciplexes formed by donor molecules of
cence (PL) quantum efficiency ¢p). With blend and 44 4'-tris[3-methy(pheny)aming  triphenylamine (m-
bilayer devices, involving electron donéd) and electron MTDATA) and acceptor molecules of (Biphenyl-4-y)-5-
acceptor (A) entities, formation of exciplexes (4-tert-buty|phen9L1,3,4—oxad|azole (PBF)) dlspersed in
[(D*A),(A*D),(D*A")*] may occur as a competitive path- blsphenql-A-poncarbonate{PC) matrix in a single-layer
way to the radiative relaxation of molecular excitdns. (SL) device, an(_j electron donor and e!ectron acceptor mol-
Moreover, if the formation of excited states is underlain byeCuIeS brough_t into the co_ntact at the interface of a double-
the bimoleculare—h recombination proces&s in organic layer (DL ) device that consists of tHen-MTDATA:PC) hole
! I : _ transport layefHTL) and a 100% PBD as the electron trans-

EL), a Coulombically correlated ionic paiD("...A”) be- . - . o
comes a natural intermediate state. It may evolve to a Ies%ort Iayer(ETL)..Unhke the Iow—efﬁmency. exciplex e”.““'”g

) . . _ L olymer EL device$, the PL spectra of mixedd+A) films
distant ion pair D*—A™) which, in turn, may relax by the Poly

o o L ; . and EL spectra of present SL and DL LEDs practically do
nonradiative or radiative cross transition reducing virtual

not show monomolecular emission from either electron do-

population of molecular excitons and exciplexes. Their radla-nor and electron acceptor components.

tive relaxation produces a redshifted emission band called The chemical structure of the materials, and their energy
“electroplex” emission~® This generally results in multi- |eye| diagram completed with the Fermi level positions for
component EL spectra and reduces the device performancgn indium tin oxide(ITO) anode and Ca cathode are shown
On the other hand, varying the ionization potential and/of, Fig. 1. The m-MTDATA was synthesized as reported ear-
electron affinity of electron donor and electron acceptor comyier and purified by train sublimatiol. The PBD was pur-
ponents of the EL devices enables tuning of their emissiohased from Aldrich, and PC of mW 32 000—36 000 from
color>®1% The high electric fields operating in organic polysciences Inc., and used as supplied. The-
light-emitting diodes(LEDs) can alter the intensity ratio of MTDATA:PBD:PC) films and(m-MTDATA:PC) HTLs were

the excimer emission band and that emanated from elegpin cast at 2000 rpm from a 10 mg/ml dichloromethane
solution onto quartz substrates for absorptigis) and PL

aauthor to whom correspondence should be addressed; electronic maifl€asurements, _and onto ITO C_Oated glass subst(@@s
kalino@polnet.cc QJ/sg) for EL devices. The DL devices were completed by a

0003-6951/2002/80(13)/2401/3/$19.00 2401 © 2002 American Institute of Physics
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47 eV o.1eV FIG. 2. EL spectra of a SL ITQ40% m-MTDATA: 40% PBD: 20% PT(60
nm)/Ca(a) and a DL ITO(75% m-MTDATA: 25% PG (60 nm/100% PBD
————————— (60 nm/Ca(b) device at different voltages. Abs and PL spectra excited with
5.5eV o= 300 nm of(75% m-MTDATA: 25% PG, (75% PBD: 25% PG, and
6.3 eV (40% m-MTDATA: 40% PBD: 20% PLspin-cast films are given for com-
HOMO parison.
Levels

ship using one-electron oxidation and reduction potentfals,
FIG. 1. Molecular structurés) of the materials used in preparation of LEDs
and energy level diagrartb) for the EL devices. Lowest unoccupied mo- hvex(CT)=E®(m-MTDATA) — EVEd(PBD) —0.15+0.1 eV
lecular orbital and highest occupied molecular orbital positi¢iesshed
lines) for N,N’-bis(3-methylpheny-N,N’-diphenyl{1,1'-biphenyl-4,4 - =(0.31+2.01-0.15*+0.1 eV=2.2+0.1eV, (1)
diamine(TPD) are given for comparison in paft).

where the oxidation potential of the donor,
thermally evaporated 60 nm PBD ETL. The SL and DL or- E®(m-MTDATA) =0.31 eV, and the reduction potential of
ganic systems were sandwiched by subsequent evaporatitime acceptorE"*{PBD)=—2.01 eV, were determined by
of a Ca electrode resulting in active device areas=@fmnt. cyclic voltammetry using the saturated calomel reference
The absorption was measured with a Perkin Lambda 19 ulelectrode in dichloromethane.
traviolet visible near-infrared spectrometer. The PL and EL  The valuehvgx=2.3 eV, following from the PL spec-
measurements were made using an EG&G power meter aricim of the(m-MTDATA:PBD:PC) mixture [Fig. 2@)], is in
a Spex Fluorolog 2 spectrofluorimeter. The time-resolved Plgood agreement with the estimation in Et). However, two
measurements were made using a single-photon IBH Modelecay time constants,r(22%)=40ns and 7,(78%)
5000 counter. The current—voltage characteristics were mea= 180 ns, inferred from the two-exponential emission decay
sured with a Keithley Source-Measure unit model 236 undecurve(Fig. 3), suggest the coexistence of two different emit-
continuous operation mode. All characteristics have been raging EX configurations. Though the long-time tail points of
producible for many runs excluding irreversible morphologi-the decay curve are largely scattered, it is impossible to fit all
cal changes in the samples. All measurements were corthe data with a single-exponential decay which in the semi-
ducted in an argon atmosphere. logarithmic scale of Fig. 3 would show up as a single straight

Figure 2 shows the Abs and PL spectra of SLs of Pdine over the applied time range. A difference in the PL and

dispersions of m-MTDATA and PBD, their mixture, and the EL spectra of the SL structuf&ig. 2(a)] is a consequence of
EL spectra of the SL and DL structures. The lack of any newdifferent excitation mechanisms. EX formation by bimolecu-
absorption feature in then-MTDATA:PBD:PC) mixture im-  lar recombination of statistically independent holes and elec-
plies that the new emitting species are not directly accessiblgons in EL involves the intermediate species such as Cou-
from the ground state CT states, consistent with the assighembically correlated e—-h pairs @©*...A”) and
ment of an excipleXEX). The maximum emission energy of electroplexes D "-A~).%~° These states must not be con-
CT EXs (hvgy) can be evaluated from an empirical relation- fused with the CT EXD*A™)* which requires short inter-
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FIG. 3. Experimental PL decay curve for the dispersion of 40% of
m-MTDATA and 40% of PBD in PQpointg, and its best fit to the two-

exponential decay with time constantsand 7, as given(solid line). FIG. 4. External EL quantum efficiency as a function of applied electric

field for the SL(1) and DL (2) structures from Fig. 2. The data for the

: : _ ITO/(40% TPD: 40% PBD: 20% PQ60 nm)/Ca (3) and for the ITQ75%
molecular dIStanceKOA nm and a Iarge overlap Intermo TPD: 25% PQ (60 nm/100% PBD(60 nm/Ca(4) structures are shown for

lecular conformatiort® The redshift of the EL spectra for the ¢omparisor(as adapted from Ref)9
SL structure can be ascribed to the superposition of the EX

emission and possible emission band originating _fromgelecEL results have been obtained with a lower bound on the
troplex as observed for the S{IIPD:PBD:PC) EL devices uantum efficiency of the exciplex emissionp (EX)
One may wonder whether the difference between EL spectra 17% as estimated by comparison of the PL output of the
of the SL and DL devices comes from a difference in theirmixed film with that of a suitable layer of Alg[taking
thickness, if they were considered as the microcavities WithgopL(AIq3)=25%] 2 under photoexcitation at,,.=350 nm
. . ’ exc "
the ITO anode and Ca cathode forming the mirrors 60 NMyjo5 1y “the EL performance of the devices can be further
and 120 nm apart, respectively. The resonance condition 'Wnproved by increasingp,
such microcavitiesp;d;=m(\/2)", wheren; and d; repre- In summary, polycarbonate dispersions of m-MTDATA
sent the refractive index and thickness of iftle layer (in- and PBD show both PL and EL spectra dominated by EX
cluding a 150 nm-thlcl_< ITO_Iaer wo::ld lead t0 an en- ¢ ission with a relatively high overall EL quantum effi-
rlancement of the emitted “ght_atSL=402 nm and\oL  Giency as compared with a common donor TPD-based EL
ZSOZ nm an calculated er]th,To_—1.92(,j Memitter™— 1d9 ?nd devices. The exciplex EL quantum efficiency from ttme-
Nen =1.75(cf. Ref. 14 for them=2 mode perpendicular to \;rpATA:pC)/PBD heterojunction is greatly enhanced over
the emitting sgrface. Thus, a possible microcavity effect, 'fthe SL diode and exceeds by about two orders of magnitude
any, Wou(ljd §r;:ﬁr]the If:)l_h dewcg EL spe}::'tru.m to tEe red aSynat for the(TPD:PQ/PBD junction-based LEDs. This is due
compared with that of the SL device. This is not the case i, wigh interfacial barriers for charge transport and resulting

the present study as shown in Fig. 2'. . . narrow recombination zone at the donor—acceptor material
The EL spectrum from the DL devices is entirely due t0;:rtace

EX emission[Fig. 2(b)], with external quantum efficiencies

exceeding 1% photon/electron at a luminance 1000 C& m

This value as compared to SL devices increases by a factoYJ. Kalinowski, J. Phys. 32, R179(1999.

of three and over two Orders of magnitude as Compared W|th2‘] Kalinowski, L. C. Picciolo, H. Murata, and Z. H. Kafafi, J. Appl PhyS.
TPD-based DL devices. These relati_or_ms can be seen in Fig' 4*"’IE\;/IQ isg(;(lggm[)) F. O'Brien, M. E. Thompson, and S. R. Forrest, Phys.
where the external EL quantum efficiency as a function of rey. Be0, 14422(1999.

applied field for various EL devices is displayed. The high “D. D. Gebler, Y. Z. Wang, J. W. Blatchford, S. W. Jessen, D.-K. Fu, T. M.
EL quantum efficiency of the DL device is primarily due to S‘g’gge“ A. G. Mac Diarmid, and A. J. Epstein, Appl. Phys. L&®.1644
charge confi_nement_at tHen-MTDATA:PC)/PBD i_nterface. Sk |t2rio, H. Ogawa, and Y. Shirota, Appl. Phys. L&, 636 (1999,

Due to the high barriers for charge to cross the interfaee 5G. Giro, M. Cocchi, J. Kalinowski, P. Di Marco, and V. Fattori, Chem.
Fig. 1(b)], both electrons and holes are there closely con- Phys. Lett.318 137(2000.

fined. As the carrier transport through ttre-MTDATA:PC)/ 'M. Berggren, G. Gustafsson, O. Ingan. R. Andersson, T. Hjertberg,
and O. Wennerstro, J. Appl. Phys76, 900(1994).

PBD interface is practically eliminated by high energy bar- s, Cao, X. Gao, and C.-H. Huang, Appl. Surf. SEB1, 443 (2000.

riers, the observed current can be identified with the®J. Kalinowski, M. Cocchi, P. Di Marco, W. Stampor, G. Giro, and V.
recombination current. Thus, the recombination zone should Fattori, J. Phys. 83, 2379(2000. .

be limited to a nearest-neighbor donor and acceptor mol- 2} %g";"(vfég% Okuda, and . Shirota, Appl. Phys. A: Mater. Sci. Process.
ecules that is should fall withiw=(2-3) nm. Using this 11y Shirota, T. Kobata, and N. Noma, Chem. Lett. 144989.

value of w, the recombination probabilityPg=(1—w/d) 2A. Weller, in The Exciplexedited by M. Gordon and W. R. Waréca-
=0.98 can be evaluatédThis is not the case with the | ,demic, London, 1975 p. 27. _ _
injection-controlled SL device, where up to about 60% of J.hlszgks,Photophysms of Aromatic Moleculé¢g/iley, London, 1970,
carriers decay at the electrodes and ¢héh recombination 145 k5o, W. K. Choi, L. M. Leung, and K. Neyts, Appl. Phys. Létt,
proceeds throughout the entire emitter thickness. The presenti939(1999.
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