
ELSEVIER 
Coordinat ion ('imnfislry Review~ 

17I ( i998t [61-174 

 BISTRY 
REVIEWS 

Metal chelates as emitting materials for organic 
electroluminescence 
C.H. C h e n  *, J i a n m i n  Shi  

Imaging ResearH~ and Advanced Dere&pment,  Eastman K,.)dak Company, Rodwster ,  
N Y  14650-21 lO, USA 

R e c e m  d 7 July 1997: received in revised fv:~m 30 Augus! 1997: accepted I9 November  1997 

Contents 

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  161 

t. lnIroduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16I 

2. Dc,.ice smlcmre  and fabncatum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  162 

3, Maleru~t cca;stderalmns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i64 

3. i. 8d-i[ydrox3quinolinc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  t6(~ 

3.2. 5..Su bsti,~uted-8-h.,, d ro x> q u m c, line~ . . . . . . . . . . . . . . . . . . . . . . . .  K;7 

I I ?-MelhH.g-h~dwxvqumolme<~ a61 

3.4. 4-Hydroxy- l ,5-naphth>ndme and 5-h'~droxv,.uin,.~xahm: . . . . . . . . . . . . . . . . . .  i58 

35. o - !N-Pher~b2-~crz  ~;daz,.~? p~et~l  . . . . . . . . . . . . . . . . . . . . . . . . . . .  i69 

4. Sntbifil 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i70 

5. ()ulh:ok., . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  172 

Ack m,~ tedgemen*.~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  173 

Re(crences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ! ";3 

Abstract 

R e c e m  d e v e ! o p m e n t s  in the  desig~~ a n d  use  o f  v a p o r - d e p o s i t e d  t hm- f i !m  m e t a l  c h e l a t e s  as  
o r g a n i c  e l e c t r o l u m i n e s c e n t  m a t e r i a ! s  ,q)r d i s p l a y  app!ica~k,n, ;  ~:"., !..~ . ~:,-,' "rb.: ~ ~t,:>,ia~ 

issues  p e r t a i n i n g  to  co !o r ,  e m i s s i o n  ef i ic iencics ,  a~d  opera*.io~->~! .., b~! :. : ~b, .3  " i99g  

EIse~ier  Sc ience  S A .  

Keywor&: O r g a n i c  cmc*r 'o . t~mu'esceace:  to.,Lr.D. Mau:,'~a~s: LJev~ce~, ,Humi!ah~m C i M a t e ;  

D i s p i a y  

t. ht|rmluction 

Orgau ic  elect,-om,a,i~,sce~:.t { EL} device!~_ are o f  growing mCeres~ ~.r~ var ious  d~.splay 
appl ica t ions  because  o f  their  hie:h,,. . . m , m o a  ~° ~,;'- ~ . . . .  ~ eI~ciencv a~ad carJabili~y o f  emi t t ing  
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map~y colors throughout the visible spectrum. Much progres,~; has been made since 
flae discovery of a ,~ris(8-hydroxyquinolinato)alunmmm (AiQ3)-based multi!ayer 
thin-fihn device by ~2mg and co-workers in 1987 [ I. 21. This phenomenon is attributed 
Iargely to the continuing discovery of new and improved EL materials, From smal! 
H uo re~;ce~t ~ moiecules (lbr a recent review see ref. [ 3 ] ) ~o c o n  t~ga ted polymers [4~ 5 ]. 
intense research eHbrt in both industrial and academic laboratories has yielded 
organic EL devices with remarkab!e efliciencies [61] and operational stability [7-9]. 
These advance:; have in turn stimulated conbiderabie commercial interest m develoi> 
mg this ~.~,ew di:,play tcchmflogy that olRrs sig~fifica~v advantage:¢ o v e r  those of the 
currcut Hal pam:l dispiays[ I0}. 

This artick: is wriue~ primarii7 from a chemist'.~; perspective. It is imended to 
~bca:~ on the most sig~ificant developmen{s in A]Q,, chelate derivatives that have 
bee~ desigp, ed a~d sy~thesized specifically *br ~,g~mic EL app!ication. A more 
extensive review o~ orga+fic eRctrotummescent ~;~ater~als and devices cm+~ be ibu~d 
in a m>a'ly publi:~hed bo<k [+li+ The device prmcip!e, applications requhements a,ad 
':eiiabilitv issues of orgamc eRctroiuminescent devices have also been discussed 
recendy [ i 2 I. 

,,~ ~,., ~4rm-mre arid fal~ricati~m 
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f]uorescen~ dye. and the hole-transport layer is .-.t-.naphtb.ylpher@biphenyi amine 
(NPB). An addV'.iomll layer, copper phtba~ocyanme (CuPcL was inserted betwee.u 
the NPB layer and ~he indmm-tin-oxide. (FI'O) electrode° which is typicaily 300 A 
thick with a sheet resistance of  about ~00 ohms/square. 

AII organic layers were prepared in a vacuum chambm {about I × I0 -s Tort) by 
vapor deposition usi~,g re:Asiivety heated tan~aIum boats. TypicaNy. the depositim~ 
rate was 4 .~/s. After ~he deposition of {be orga~ie layer:< and witho~Jt a vacuum 
break, the Mg:Ag ( i o:t ) ck'olrode w,.w~ dcp.osi~ed on top of ~he organic layer,s usi,ug 
separately controlled sources. Ti~e deposition raie tbr Mg and Ag was l:ypicaIly I0 
and i A/s. respectively. The ac*,ive ~:rea of  the EL de~ice, defined by the overlap of  
the ITO and the Mg:Ag electrodes, was 0. ~. cm a. The EL device was completed with 
encapsulatio~ m a dry argon glove box. 

The devi<e is current driven and ~he light emissioi~ whose waveiep, gth usually 
corresponds ~.o the photolunqnescence of tb.e emitting materia! is measured f'rom ~he 
tran,~;parent glass side. as shown in Fig. I ,  A typical standard EL celt based on 
AtQ.<o .. without ariv. dopar'~t has ar~ ~m~,al h:mim-mce ~.~-," abo~ft ..,0 c d m -  driven at a 
co~smr~t current dea,~dty of 20 mA'm:° The mi~ia! h~mJeance-currer~t-voltage 
{L.-I. t'} ant .b<. corresponding L- I  chanJcJeris~ics of a .~>,,.ard device are 
~hown in Fig. 2. The Imnino~Js power eNci, acy has a maxim~ma value of" 0.73 I m W  
a~ about 9,5 V a::d the emissio~ q::ec:r~m"~ ;:eaks at arout,~d 528 nm wilb a FWHM 
about I00 ~r..'~ wbici~ is . . . . .  indepe~~dem t:, ¢ 0~m~<,,~, tew:ls [7]. 
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Using this multilayer structure and several other variations, we have shown that 
the dectron-hole pair recombination can be largely confined to the interlace between 
the hole-transport (NPB) m~d electron-transport emitting (A1Q3) layers. By spacing 
this interface at a sufficient distance from the contacts, the probability of  quenching 
near the metallic surfaces is greatly reduced. As a result, the EL emission is very 
efficient. 

The AtQ.z layer in the EL structure described above is responsible for the broad- 
band green Eli., emission. Other EL colors can, in principle, be obtained by choosing 
differex:t organic fluorescent materials as emitters. Indeed, numerous fluorescent 
molecules have been found to produce EL emissio:.s of other hues. ttowever, the 
pret?rred method for tuning the El, colors is by doping a guest molecule into a host 
emitting material., sucl:- as AIQ3 [ 13]. By direct excitation or via energy transfer from 
the host, the guest molecule emits with its characteristic luminescence. In addition 
to tuning the EL colors, this scheme also provides a means of enhancing the overall 
EL efficiency by fully capitalizing on the strong fluorescence of the guest. In the 
doped AtQ~ system, a greater than three-fold increase in elIiciency has been realized 
over the undoped system [~4]. As will be discussed later, the A1QSdopant emitter 
also greatly enhances the operational stability of the organic EL device. 

3. Materia! considerations 

To be useful as emitting materials tbr vapor-deposited organic light-emitting 
devices (OLED), metal chelates must be isolable, thermally stable, highly fluorescem 
in the solid state, thin-film forming upon vacuum depositmn: and also capable of  
transporting electrons. Many metal chelates are highly luminescent in solution, but 
o~aly a handful of chelates can ~atisl:~, all of the above requirements for EL applica- 
tio,qs. The difference lies in the tact that in solution, most metal complexes can exist 
width opm~ coordination sites that are stabilized by additional solvating molecules, 
such as water. This solvation is no lo'ager possible for metal chelates that are isolated 
as solids° Therefore. ma:ay I]ttoresc~..n, metal chelates with open coordination sites 
are ~o~ thermally stable unless tb.e~ are filled by additional ligands. 

B~;-B q~ Z~CBrgb 

Mosl of the !umitlescc~,~ EL metal che!ates km.~> rt to date con{sin meta! ions that 
bekmg to Group ti or Ill of the periodic chart, Within Group IlI me{a!s, AI ~+ 
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(with coordination number 6) is the most important, while in Group II, Be 2+ and 
Zn 2+ (with coordination number 4) are the most prominent electron-transport 
emitting materials for electroluminescence. Besides AIQ~, the most noteworthy ber- 
yllium chelate is the green fluorescent bis( 10-hydroxybenzo[h]quinolinato)beryl!ium 
known as BeBqz [15]. EL cells fabricated using rubrene doped (emission 
2m~=562 rim) in BeBq2 have recorded a half-decay time of over 15 000 h [t6] at 
an initial luminance of 100 cd/m 2. A recent example of zinc chelate is the electron- 
transporting bis[2-(2-hydroxyphenyl)benzothiazolatolzinc known as Zn(BTZ)2, 
which showed greenish white emission with a very broad EL spectrum ( F W t i M =  
157nm, emission ,a~,~,~x=486, 524nm). It exhibited a high luminance of 
10 190 cd/m 2 at an applied voltage of 8 V, making it a good candidate for a rare 
single-component white emitter [ 17]. 

/ o o ', ( o / 'b  \ 

Th(AcAcI3Phen Eu(TTFA):}Ph~ 

There are also a number of lan~.hanide complexes, such as 
tris(2,4-pentanediono)-l,iO-phena~lthro!ine terbmm(III)  [ 18} arid tris[4,4,4-trifl~oro- 
t-( 2-thienyl )- ~ ,3-butanediono]- l, i 0-phenamhrotine europium ( t II ) [ l 9], that have 
been used as emitting materials to provide nearly monochromatic green 
(fi~,,,.~ = 543 nm) and red emissions (fi~,, .-= 6~ 3 rim) in organic electrok~mir~escence. 
Both Tb  3+ and Eu 3~ ions have nine coordi~;~atio.*~ sites which must be completely 
filled with additional ligands, such as i.10-phenanthrolme, in order to prod~.*ce 
vacuum sublimabte chelates. Besides their inherent e×treme~y sharp emi~,sion bands, 
one of  the motivations to use la~?thanide complexes as emitters in EL devices is their 
potentially high internal quantum efficiency, tn general, orgamc molecuIar com- 
pounds produce emission due to their ~-~.* transitions rest~lting in luminescence 
halt:-bandwidths of about 80 to t00 nm. Spin statistic estimatiol~s lead to an internal 
quantum efficiency of dye-.based EL devices ,iimited to only about 25%~ ln comrast,  
the fluorescence of lanthanide chelates is based on at! intramolecutar energy trmasger 
from the ~riple~. state of the organdie ligar~.d to the 41' energy states of the metal ion. 
Therefore, the theoretical internal quantum e~ciency is, m priricipie, not !imited, 

In the folIowing sections, we will discuss severa } important  classes of light-emitting 
aluminum chelates used in organic etectrobarainescent devices according to their 
ligand structures. 
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3. t. 8-Hydro.Kvquinoline 

Without doubt, the most important milestone in the material research which 
led to the development of a stable organic EL device was the discovery of 
t~'is(8-hydroxyquinolinato)aluminum (A1Q3), which is used. as an electron-transport 
emitting layer. A1Q3 belongs to a class of metal chelates known as the "inner complex 
salt" [20] in which the central metal ion, A13+, is surrounded by three bidentate 
8-hydroxyquinoline anions. Tbe chelate net charge is, therefore, zero and its coordi- 
nation sites are completely filled. As a result, A1Q3 is a remarkably stable material 
which can be sublimed without decomposition at a temperature of about 350 °C. 
Its DMF ~'obation photoluminescence quantum ~fficiency is about 11% [21] and its 
thin-film room-temperature PL quantum efficiency is reported to be around 32% 
independent of film thickness from 100 A to 1.35 gm [22]. Electron mobility of 
A1Q3 was estimated to be around I0 -5 cm2/V s [23] with its hole ~nobility only 
about 1/100th as much [24]. 

tn practice, aluminum chelates have been found to provide the best combination 
of" stability and efficiency. The tris-chelate A1Q3 has been studied most extensively 
and, as mentioned before, is used mostly as the host material for the green and red 
emitting device configurations. The nature of the metal ion has been shown to 
influence the emission color, efficiency, stability ard ev,porability of the metal 
complex. A few general rules which govern the fluorescence of metal chelates of 
8-.hydroxyquinoline have been formulated [25,26]. (1) Chelates with metal ions that 
are paramagnetic are essentially non-fluorescent due to a high rate of intersystem 
crossing fi'om the excited singlet to triplet state (e.g. Cr, Ni). (2) Fluorescence is 
reduced with increasing atomic number of the metal ion, also caused by an increase 
ia the rate of intersystem crossing known as the heavy atom effect. For example, 
InQ3 is less fluorescent compared to GaQ3 which, in turn, is less fluorescent than 
A1Q> ( 3 ) As the covalent nature of the metal-ligand bonding (primarily metal-nitro- 
gen) is increased, the emission shifts to longer wavelength. For example, the chelates 
~brmed with A1, Ga, and In emit at progressively longer wavelengths of 532, 545, 
and 558 nm, respectively. Conversely, more ionic metal-ligand bonding results in a 
biue shift. For example, MgQ2 emits at a shorter wavelength (500 nm) compared to 
the anaiogous ZnQ2, which emits at 557 nm. 

One of the best attributes of AtQ3 is its propensity to form a good thin-film upon 
vacumn deposition, and it: has a relatively high Tg (t75 ~C ) as well. Vapor-deposited 
A1Q3 films consist of a solid solution of two geometric isomers (called meridianal 
av, d facial) that may hinder the recrystaEization of AIQ3 films and explain their 
long-term stability in a g!assy tbrm. F'rom a dye chemist's point of view, AIQa can 
also be considered as a metatlized pigment, which is invariably more stable than a 
"dye". In additiom it also possesses organic ligands that may provide the best 
compromise for mediating phase incompatibility between a metallic phase (Mg:Ag) 
cathode and a pure organic phase (hole-transport material ). The molecular geometry 
of AIQ3 that was determined by single-crystal X-ray clystatlography is roughly 
shaped as a ball [27]. It is believed to have little, ~ no, propensity to form exciplex 
with an electron-rich hole-transporting molecule at the interface. 
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3.2. 5-Substituted 8-hydro.~Tquinolines 

Many derivatives of A1Q 3 have been designed and synthesized for use as organic 
light-emitting materials, among which the C-5 substituted ones are the most preva- 
lent. It is known that the electronic 1t-r~* transitions in AIQ.~ are localized on the 
quinolate ligands. The filled rc orbitals (HOMOs) are located on the phenoxide side 
of the quinolate ligand, and the unfilled re* orbita!s (LUMOs) are on the pyridyl 
side. According to a prediction made by molecular modeling [28], substitution of 
an electron-withdrawing substituent at C-5 or C-7 position of the phenoxide side of 
the quinolate ligand will cause a blue-shift of the absorption spectrum of  AIQ3, 
while an electro_~-withdrawing substituent at C-4 or C-2 position of the pyridyl side 
will cause a red-shift. The direction of spectral shift will be reversed if the substituents 
are electron-donating instead at the respective positions. In the following table, the 
shifts of  photoluminescence of several substituted A1Qa are compared with that of  
the parent A1Qa in solution. From this data, it is apparent that the blue-shift causv.d 
by substituting an acceptor group at C-5 (e.g. CN) [29] is small compared to the 
donating effect at C-4 (e.g. Me). This result is also consistent with the ZINDO semi- 
empirical MO calculation [30]. 

_ Group :_ 
A Xmax 

5 4 

4..Me 1 5-Me 5-F 28 
I (-~nm ~ 2 , ~  +lSnm 

5"C122 I 5-CN 
+lOnm ,[ -3rim 

7-t~-prt3 t 
+35 nm 

3.3. 2-Methyl 8-t~ydrc, xyquhlotine 

Many efforts have been spent to sb.ifl the emission of AIQ3 to the blue. A 
blue electroluminescent emitter is essential for the development of a full-color 
display based either on the °'color changing medium" technology [31] or the 
RGB filtered white emission. For the above mentioned tris(4-methyl.8- 
hydroxyquinolinato)aluminum(llI),  although blue shifted fi'om AIQ3, its emission 
at around 515 nm is still not suitable for use as the blue emitter for display purposes. 

Interestingly, methyl substitution at C-2 position prevents the formation of stable 
tris-chelate with aluminum. Attempts to isolate a tris-chelate instead results in the 
formation of an oxo-bridged complex, (QA1)zO; which emits at a peak wavelength 
of 490 nm [32]. However, because of the unfilled coordination sites remaining in 
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 o.A 
~ '  " N " "i N I ~  

(QAI)20 
QzAI-OAr  

the AI 3~, its stability is far i¥om satisfactory. A more stable blue emission was 
achieved by using the modified chelate Q,AI-L. where Q is "8-hydroxy- 
2-methylquinoJine" and L is a phenolic or an aryl carboxylate derivative [33]. A 
represe~atative example is shown as structure Q2AI-OAr. A bulky substituent, such 
as 2,5-dimethylphenol which effectively shields the A13+ from nucteophilic attack. 
was found to improve stability. 

3.4, 4oHydroa:v-l,5onaphthyridirw and 5-hydroxyquinoxaline 

Erc, m the molecu!ar design point of" view, the best way to alter the re-.~* transition 
without distorting the moIecular shape of AIQ3 is by incorporation ofa "heteroatom" 
i~to the 8@~ydroxyquinoline ring system. The first example of such a iigand modifica- 
tion synthesized for OLED application was 5-hydroxyquinoxaline whose aluminum 
chelate is shown as AIXs [28]. As predicted by the ZINDO calculation, its PL 
emission at 580 nm is red-shifted 60 mn relative to AIQs. This large bathochromic 
shift, can be attributed to the intrinsic electron-withdrawing nature of nitrogem 
wMch replaces d~e "'CII'" at the 4-position of the quinolate tigand. 

o.., i / o .  ~. o,,~ i i . o ,  

{~ .L 0 t~ l N / k  .0 u 

AI(NQ }.~ AtX3 

Recemiy. we have applied this methodology to efI~ct a hypsochromic shift of 
AIQ:~ by replacia~D the ~CH" at the 5-position of the qumotate tigand with nitrogen. 
~ndeed, the new AI(NQh can be readily prepared tkom the modified ligand, 
4-hydroxy..l,Smaphthyridine. by following a heeramre procedure [34], Its photo- 
hmai~:vescence at 440 nm is blue-shifted abom 90 nm from that of" A1Qe,. 

Fig. 3 compares the PL of new AI(NQ).~ with those of AtQ:~ and the blue ahm~irmm 
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Fig. 3. Pho~oiumme'.-;ccnce bpeclra of At~ NQ)~ AIX,, and AIQ~. 

chelate, QzAI-OAr. Single-crystal X-ray analyses of both the *rans( 1,2,6)-{brm of 
A1Q3 and At(NQ )3 confirmed that they have an essentia ity identical molecular shape 
with both At-N and Ai-O bond lengths equal to (2.04 ~z 0.02 ~,) and ( t.84.~20.02 A) 

respectively. 

3.5. o-( 5,-pl~.e~o'l-2..benztmtaozoO,]) p~em~, 

We have recently discovered another bidentate ligand, o-(Nophei~yI- 
2obenzimidazo!yl)phenoI, which complexes with A~ ~ and Be :~+ ~o ~brm stable, 
thermally evaporabfe, and blue-emitting metal ci~elate:~ abbreviated as Alf PBt )~ and 
Be(PB1 )> respectively [36]. 

The syatt~esis is outlined in Scheme l. Thus~, to a solution of N- 
phenyt-l,2-pheL@enediamine i~ )~Zmethyl pyrrotidi~aone ~NMP) was reacted with 
an equal motar of o-anisoyl c,,on&: at room temperature under nitrogen to give a 
96% yield of N°phenyI-2-(o-anisoyI)benzamide. The ~at~er was cyclized by heating 
at 220 :'C under 0.3 atm of positive nitrogen pressure to the correspondilag bmtzimida~ 
zo!e. Demethylation was conveniemly accomplished by heating ~phenyl-2-(o-anisyl )- 
ber~zimidazole with excess pyridinium ~~ydrochloride to reflux at around 200 C to 
give. after passing through a short silica gel coK~mm the bidm~tate ligand~ o°(N- 
phenyt-2-benNmidazolyl )phenol in 80% yield. The ,tr)-chelate was synthesi~ed by 
refluxing 3 equiv, o-(N-phenyb2-benzimidazo~yl )phenol with a~umirmm i-propoxide 
in dry ethanol under nitrogen to give 9i% yield of Ai(Pgl)> Thi:~ material was 
ptlrified farther by s~.~biimation a{ 345 ~C under a co~,~stam. 2 Tort argon presst~re 
be%re s~bj(ueting to device fabricatior~ Similarly, t~e berylli~m chelate, Be{PBI )> 
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1'2 , 

" = - . ~ /  i4 MeO-- 

PyrIdmtur~,. 
HCi 

/ 

BeSO~ )/.~Et~OH 
/ 

/ 

Bo(pl))~ 

I -  N 

C -o. 
! 

AffOPrq)3 

EtOH 

Scheme I. Synlhcsi.~ of AIi BPt h and Be( PBI )~. 

can be prepared in 71% yield by heating the bidentate ligand, o-(N-phenyt- 
2-be~zimidazolyl )phenol with beryllium sulfate tetrahydrate in ethanol in the pres- 
e;~ce o[ NaOtt. 

The El. device was fabricated under I x I0-s Torr by sequentially depositing onto 
a clean ITO.-coated glass substrate as follows: [ITO/150 A CuPc/600 A NPB/400 
Ai(P!.~h/2000A Mg:Ag (t0:l)].  The Eght ovJput from this EL device was 
216 cd/m e who, i~ was driven by a current of 20 mA/m x and at a bias voltage of 
it  V. The EL color is bk;e with 193', CfE color coordinates of x=0.153: ),=0.125. 
From the device configuration, i~ is conclnded that the blue-emitting AI(PBI)3 is 
also electron t~'ansporting. 

in a similar device, using Be(PBI)x in place of At(PBI)3, the light output was 
504 cd/m ? whei~ it was driven by a current source of 20 mA/m 2 and at a bias voltage 
of 8.7 V. The bh,e EL color according to 193l CIE color coordinates is x=0.i54" 
y=0 .  iS1. 

4, StabiIRy 

Practical applk:ations using organic EL devices are only feasible if the devices are 
sufficiently long-lived under normal operating conditions. However, most organic 
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EL devices reported so far have a rather short operational iifetime (with some 
reports which did not even mention stability at ali), ranging t)om a few hours to 
several hundred hours. This instability has been attributed to the deterioration of" 
the organic [37] as well as the electrode layers [38] and is highly dependent on the 
device configuration [391. 

For " 'undoped" cells, highly stable organic electroluminescence devices based on 
vapor-deposited AIQ3 thin films have been reported recently [7]. The improvement 
in stability is derived from several factors including: ( i t  a multilayer thin-film 
structure with a CuPc stabilized hole-injection contact; (2) a NPB hole-transport 
layer: and (31 an a.c. drive waveform. These emissive devices have shown an 
operational half-life of about 4000 h fi'om an initial luminance of about 510 cd/m 2. 

This stability can be improved further with the judicious selection of dopants in 
the host A1Q3 emitting layer. Fig. 4 compares the stability and EL performance of 
three green AIQ3 devices driven by a constant current of 20 mA/cm a, using an 
undoped and two doped emitters. For the quinacridone (QA)-doped AIQ3, the initial 
luminance (i600 cd/m2l is almost tripled compared to that of the undoped device 
because of the enhanced luminance efficiency. The stability is, however, rather poor, 
providing a T~/z of only about 300-400 h. With N,N-dimethylquinacridone (DMQA) 
as dopant,  an EL device with superior stability and high luminance has been 
~*chieved. The T~, a is more than 7000 h with an initial luminance of t400 cd/m::. 

These examples show that the EL stability can be profoundly affected by the 
particular choice of dopant,  among other factors. The T,/2 value is dependent on 
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! Undoped 0.8% QA 08% DMQA 
Ligh~ oatput (¢.d,/rn~2) 518 1650 1450 
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Fi~. 4. Stabi i i~  and EL f~¢if~rm:mc~" o f  dop~:d .~,()~ }~.L dcv~ces. 
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the luminance level produced by the EL device, and a longer T~:2 is obtainable for 
operation at a lower luminance. Thus, a half-life in excess of 50 000 h can be 
reasonably projected for the DMQA-doped AtQ3 device operating at an initial 
tumimmce of about !00 cd/m 2 [10]. 

With ti~ese lifetimes, applications ranging from directly modulated fast-switching 
Jight sources for optical imaging to large-area, full-co!or, flat panel displays can be 
envisioned. Wherea~ much more work remains to be done, particularly in further 
improving the EL stability, we are confident that organic electroluminescence will 
prove to be a~ important technology with a "bright" future. 

5. Outlo~k 

Tremendous progress has been made in organic electroluminescence, particularly 
in the last few years. We have witnessed an explosion of R&D efforts coming from 
both industrial and academic laboratories. As this review has shown, prototypical 
materials such as the ubiquitous AIQ3/dopant have achieved luminous efficiency 
well in excess of several lm/W, and EL operation at 100 cd/m °, with half-life greater 
them 10 000 h has been demonstrated. 

Further improvement in the organic EL device performance can be anticipated 
as more materials are being designed and synthesized by ct~emists specifically for 
EL applications~ The molecular design criteria for high fluorescence efficiency and 
glass transition temperatures are well understood. The classic ru~es of rigid and 
sterically hindered molecular structures are generally applicable to the design of 
organic EL materials. Less clear, however, is the dependence of the carrier transport 
characteristics on the molecular structure. As the carrier transport is related to the 
magnitude of the injection current through the EL device (the light o-atputL it is 
important to be able to design EL materials with superior hole or electron mobitities. 
This task is challenging, considering that there are additional constraints that other 
EL material parm-neters, such as fluorescence efficiency, cannot be degraded signifi- 
cantly in the process. 

Although organic EL devices have achieved lotlg operational stability, the material 
issnes underlying the EL degradation are still poorly understood. Probable causes 
for degradation snch as interracial interactions between layers, electrochemical and 
excited-state reactions, and thin-film phase change:~ have been suggested. However, 
~one have been conclusively proven to be the key degradation mechanism. More 
a~mlytical effort would be needed in sorting out the degradation pathways. 
Particularly important is the identification of chemical species responsible for the 
device instability, as such analysis could provide insight into the design of new and 
improved EL materials. 

Commercial interest in organic EL techno!ogy has been the main driving force m 
fueling the recent research and development activities. Anticipated applications are 
mainly in flat panel displays, including backlights for LCD, alphanumeric displays, 
and dot~matrix panels for both low and high information content. Already, high- 
resolution monochrome green dot-rnatrix displays with 256 x 64 pixels by Pioneer 
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Electronic Corp. [40} and an RGB [75 × (7 x 3)] muttico!or prototype EL, display 
by Idemitsu Kosan Co. have been demonstrated [41]. [The fabrication of a QVGA 
(320 x 240) monocolor display has just been annotmced by idem!tsu Kosan Co,, at 
the recent SID 97 meeting in Boston, MA, 15 May 1997.] Also, TDK Corp. has 
recently announced plans to develop an advanced active matrix display, 

In comparison with other more mature display technologies such as LCD, organic 
EL is still in its adolescent stage. However, its promise of low power consumption 
and excellent emissive quality with a wide viewing angle is unique among display 
technologies. These advantages will no doubt be successfully exploited and commer- 
cial use for organic EL devices will be realized in the near future. 
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