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O (57) Abstract: The luminous efficiency and radiance of light emitting diodes (LEDs) fabricated from organic emissive materials
can be increased by using a muitilayer cathode including a low work function layer and a high work function high reﬂecuwty layer,
in combination with a high work function, high reflectivity anode material in the device,



I nproved.|l um nous effi-ciency and i nproved radi ance: Descript] e
Rel ated Art 10 Di odes-and particularly light emtting di oggéjé'?%é%gs)é‘b
fabricated with conjugated organic polyner |ayers have attracted attention
due to t{g)ére@iential for use in display technol ogy. A Fcanksogoge! ymer
LED architecture includes the following |layers in contact sequence: a
substrate with a coating of indiumtin - oxide (1TO, a passivation |ayer,
em ssive polyner, ‘followed by a .single-1ayer 15 cathode. In the field of
organi ¢ pol yner-based LEDs, it is coh&ﬁto enploy a relatively high work
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whi ch serves to inject electrons into the otherw se enpty n*-band of the
sem confucting, 20 el ectrolum nescent polyner. The hol es which are

I nj ected a:}..t Be il gelﬁﬂd the electrons which are injected at the cathode
reconbi ne ' hin the active layer and light is emtted.

Typi cal rel ati vefnts Hvehtioretatdsud ot gt olinaer lighs-ehatingid@deawitanode material s
i ncl ude transparent conducting thin filns of indiurrntin-oxide

Al t er nat i vemprovedilwmirionssffisiengp pydimnproved fadiapee conducti ng ener al di ne sal t

-form can 23 be .used.f T! hg’ nﬂ 'dl of indiumtin-oxide and thin filns of
pol yani | i ne=$52 = e"|‘1$en'eraldine salt formare traditionally
preferngd becaussjodasardARSRMBTight ene€ihg attass (IBDsh fdeichiet vittle enitted

light fromthe LED to radiate fromthe device in useful |evels. Typical
rel ati vel y conjngaisd lorganiecpdlymenieyess baverptiracigdeattsphiemiedoftgir patentiad = 30

cat hode materi al.s .ar al s sugh _as; cal ci u Nesi . Lum Al kal i
metal s tend°t %seﬂg-dgsggayg%%ﬁnf)@)ggn& S&%’fdafcgp@ g} It‘]gg%e%ﬁgés{?}\?el% g‘g%?thfe. g.,

el ectrol umppsERRtaRH Wdhlact {BBERRYa SEdEhRGviENOidaEngbHindiagempt abl y short
device lifetines. I r 13 January 2004 WD 01/06576__ PCTI USO0/ 19476 -1t is

known in t heider¢ITYaa passivhterekyém emissiveolimest, faHowed bywe pinglerlaydr of eit her

| k fyncti tal .[see. Cao. Y. P .98/ 573 Pichler, K.,
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the otherwise filled n-band of the semiconducting, electroluminescent polymer.

Relatively low work functioﬁ metals are preferred as the cathode material, which
serves to inject electrons into the otherwise efnpty 7¥-band of the semiconducting,

20 electrolominescent polymer. The holes which are injected at the anode and the
electrons which are injected at the cathode recombine radiatively within the active
layer and light 15 emitted. Typical relatively high work function materials for use
as anode materials include transparent conducting thin films of indium/tin-oxide
Altemaﬁ\'/ely; thin films of polyaniline in the conducting emeraldine salt form can

25  beused . Thin films of indium/tin-oxide and thin films of polyaniline in the
conducting e‘rn’erﬂdine salt fonn are traditionally preferred because, as transparent
electrodes, both permit the emitted light from the LED to radiate from the device
in useful levels.

Typi'ca'l- relativé]y low work function metals that are suitable for use as

30  cathode materials are metals such as calcium, magnesium, and barium. Alkali
metals tend to be too mobile and act to dope the emissive layer (e.g.,
electroluminescent polymer), thereby causing shorts and unacceptably short

device lifetimes.



S5 LEDs which offer conparable or better initial performance (e.g.,
brightness and efficiency) and extended operating lifeti MR A8 %Qred to
simlar lﬁ%ﬂyggr,sch enpl oy conventional thick film cathodes, JBe | te t he :
i nprovenents 1 n the fabrication of polynmer LEDs, issues r%quﬁ

resol ved. For exmmhmwmh@mqmaﬁasd@,nﬂﬂeff&hﬁbmwmhuﬂ@dm 10 LEDS are
sufficient for themto be used in certain plications. However,

in battery BHer ajoxywask fusson metal [-‘@mqﬂ@u‘g é’ﬂ’f W%ﬂwn&l andcPichleral

t eff. dir na.l er period
g?r 3?3 \?\nrt hou?‘nre %%S}P%HF I Sfé Jgﬁ@'ﬁg ri’:ﬁ‘r 'i"l‘ lhyed‘wé‘,a% i ngusI
efficiency \Bﬁt&tﬁimldnaﬁethrbﬂdd\{@&f Y rm@xp?ﬁcaq'ioﬁmébyim?ﬁﬁgh@éﬁ Thus, a

need exi sts for 8 yner LEDs Wit h higher “15 | um nous effici
speci fi & apgiPew lcbrﬁé'ferF%nghtorbattgumnabpqﬁceﬁmnwee(d g. rightriess armi nar r ow

cone in the Lrecti ch applicati gh_radi ance is
especial ly ?fﬁ’ﬁls&g’é\%{‘&i ’gﬁ{’iﬁgo etﬁimﬁ HIRR/ER PPTERATS t"’l’ﬁB’JJ&F@ﬁt‘Vmﬁh’entl on
rel ates to @nplb@bdmentidndl BicilfiReeateag | Sing an anode that includes a
sem -transparent_layer having a high reflectivity and a high work function,

wherei n the seniDespia8pampmovedrenty inlths fabricafdnasftpolynier IHDxssh@ast 86% and
a cathode 1incl t one f'r%r:% cat hode | ayer of a | ow work
T

d
functi on nﬂFlelF]ingPlbgg‘Fse’i‘fB@d OF SYATRE ighiness agd cHiciency of eabieat | ons
th f RSl
r efelr ggtlrov?tm?/a%tnzgka hi lge%?/\%rE guwrrtégﬁ%é%qg%&% ﬁg\égggcrﬁ%s%g?vgo%g\v%r di sposed

bet ween thebamxdepta'atﬂ:dfdevmm,ctmhﬂﬂﬁoﬂs&;fﬁd&wﬂd‘}ﬂé aicrititd] pasiihei&d \}ﬁghéryer isin
contact with the f cat ode | ayer, wherein said device is a netal

etal on m crRaPPE @Eqnﬁ)ftr?ﬂ‘ ﬁ%%ctlywédm;ﬁpmmvwmuérﬁ@bmm nous

efficienc r |
sem -t ranggg%]garﬁeq)alggr %Jn%d'ihlgp%glé%ljnlg cac{uﬁ ﬁ &?’ﬁg% B%gguste lP@f‘Ylgﬁrt ivity 30
of at | eastrar@;‘ of isphay applicationt.uDhis, amegd exibte forl folymICEIDs @ith WigHep 2

preferr g nbodi ment, both the senm -transparent |ayer and the second
cat hodd |a§%‘f*lﬂ3}’%ﬁ fepgy.. Inspeaifis apphieajions e hehtoune sapefered e bSEO 19476

As used her, t Q" do mean that one
| ayer is |rzrl§rie Pgtcg yﬂhng%?ﬁ%ﬂg’ﬁggﬁ% lﬂsugua% 11@8 el%ng(%?‘% cf\éé or layers
may be proesmenillp@hperamt) ayers t hat are sai d to be adj acent . used her ei n
the phrase "reflectivity .:.at wavel ength of em ssion” refers 5 to the

reflectivity of a'layer at a particular wavel ength_of |ight. The wavel ength

at ,. ,‘ SUMMARY OF THE INVENTION

20 The present invention relates to a light-emitting diode comprising an anode that
includes a semi-transparent layer having a high reflectivity and a high work function,
wherein the semi-transparent layer has a reflectivity of at least 86%; and a cathode
including at least one first cathode layer of a low work function material selected from
metal, metal oxide and combinations thereof, and at least one second cathode layer having

25  ahigh reflectivity and a high work function, at least one emissive layer disposed between
the anode and first cathode layer wherein the emissive layer is in contact with the first
cathode layer, wherein said device is a metal etalon microcavity structure.

The invention achieves improved luminous efficiency and improved radiance. In a
first embodiment, the semi-transparent layer or the second cathode layer has a reflectivity

30  ofatleast 91.4% and a work function greater than about 4 €V. In a preferred embodiment,

both the semi-transparent layer and the second cathode layer are silver.
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“‘which the reflectivity is quo'tedis_that of the peak em sgi r e
device. The reflectivity value is read from standard text%%g%ﬂatrgg?%g in

- "Optical Properties of netals and sem conductors”. T.H Waver, H P.R

Freder i ks b1mssHC Handbook, Page 12-117; 10 As used her eipamitsaomuase
"sem -transparent” is defined to mean capable of transmtting at |east
sonme |ight, prefayrabl fiedeni, deephradecaijaddit aoTdlo2baotafectdsarilyammunatof | i ght of
a particular wavel'ength_ of interest. BRI EF DESCRI g%l ON OF THE DRAW NGS
Figure 1 i $nglayensimmedialyarsgo srotenaysimén Intepnadistedayer 8BhiYeSrati on 15
useful in eL ! FeSeallPlo H d to be to scale. Figure
2 shows th?@e%ﬁ?ﬁ%??%%k&%&%ﬁ%ye t(yelq:dg '?lﬂ as a function of

. wavel engt h. Fi gutsusedhsziivthe phfasel efitctdlityl a eavelengthy entission’” offes

conpar ati ve exanpl e, pol yner LED made _using. Covion. PDQ 122, with an I TO

el ect rofe dpdhegeticaivity oRp laepat 3 pavECYlar wavelsyRihntdighi leBStRat i gure 4
» shows t he | _nes ang=Ye : resent

nventi on, Cnche s A ERE RIS el BE ool BRI ke SRR 02T ¢

3). Fi gur é rBflectiitywalid & rehd dbiitattiaficeedosletablre il (Optidal Broportieadhit i ve 25
pol ymer LED made using Covion PDY 131 with_an ITO el ectrode and a Ba/Al

el ectrode (metals andempaenductass Bl dhpY eaver, B §u Feedsriksso R, glandbook,

el ectrol urrilpes?g_ﬁcf .spectrum of a polymer LED of the present invention,
made usi ng G8Yi Y 131, with a 300 A silver anode and a Ba/Ag cat hode

(i.e., 1pxanpl e 4sus3@hkrefithe phrast Oxmiarabirer®? istdefinkd fo Medicepyisie of ol t age
curves fromdevices of Exanple 4 and Conparative Exanple C_ 13 January
2004 WO 01/tGesSTBLRCH/essbeyme iglh, prokstiy btvern gout 4t adLRREBEEMBODI VENTS

As best seen in Figure.1l. an LED devi ijJacl udes a substrate 110 and
an anode 12"5?0”%%%1%68%3EﬁcPlﬁwﬁﬁgnéﬁg%%QQT S?‘anspalr ent layer 122 of a high
reflectivity netal and mpmmm¥@w®pqﬂmnglﬂmc;$28. The

sem -transparent 5 layer 122 has a first surface 124 adjacent to the
substrate 110 arfigun 1oppsecdiematic drawing of a polymer LED device configuration

15  useful in the present invention. It is not intended to be to scale.

Figure 2 shows the sensitivity of the human eye to light, as a function of
wavelength, = & o B
. Figure'3 shows thé electroluminescence spectrum of a comparative
example polymer LED made using Covion PDO 122, with an ITO electrode and a
20  Ba/Al electrode (i.e. Comparative Example A).
Figure 4 shows the electroluminescence spectrum of a polymer LED of the
present invention, with a 300 A silver anode and a Ba/Ag electrode (i.e.,
Example 3).
‘Figure 5 shows the electroluminescence spectrum of 2 comparative
25  polymer LED made using Covion PDY 131 with an ITO electrode and 2 Ba/Al
electrode (i.e., Comparative Exampie C).
Figure 6 shows the electroluminescence spectrum of a polymer LED of the
present invention, made using Covion PDY 131, with a 300 A silver anode and a
Ba/Ag cathode (i.e., Example 4).-
30 Figure 7 shows a plot of the luminance vs. voltage curves from devices of

Example 4 and Comparative Example C.
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second surface 126. At |east one emissive layer 130 is di en the
anode 120 and a cat hode 140. The cat hode 140 i ncludes a fQS’é@%{}P@%e

| ayer 142 of a |ow work function material and a second cathode | ayer 144
of a hi gh™PH Ve vity rret al . Light is enitted through suBSTASPUHATY as
shown by arrow 150. nQ 5 : can be used as a
substrate 110 i ncl ude EX AN | 6. Anode
VWile it is nornnlsbpsmen meﬁgmut;mhLE@ @vﬁcreeumﬁﬁﬂ@ms ashibstiatODH) &idch as | TO
at 15 the side of the device where light is emtted.. in order to mnimze

transni ssi o fredlsd20t s apers 1O @F@é@%wltwsﬁﬁf@ﬁéﬁ‘ﬂcr 13t iigh repl aces or

augnents th I f reflect|V|ty

nmet al Iayer&PféﬁW?{lgg{eda%eﬁgﬁa%%?ﬁebﬁ?a& ﬁ? hg%gé%n?ctéﬂhﬂé}e est seen in

Figure 15 thoeaidadesbhiiistGarfacd i Ladiaponi the sibayete, 1 10B6EaPpsisite he

sem -transparent |ayer 126 and the 20 passivation |layer 128 of conductive

pol ymer coateandsiriace 136cbhigas one smissivedayst 13 fredisnoned betwperpthe enedd ayer

126. In a f t€n nod | udes only a
1504ndd LEA0R A0° TR LABRL 140 DL IONRL LSRG 08

conductive, “current carry ayer 'élCt I Ng

l'ayer, and Hﬁseﬁzorm%chminuﬁﬁaﬁaﬂmﬁcﬁﬁd cmodeauﬁerr 144 Bf 2ahpAGeMsttaity er nat e
enbodi ment (not shown), the 25 anode includes a transparent conductive

| ayer such mEstal.TiORhH]sEmeled thoughesubstrate 11Q oy thevm byzmonf 1 30he

sem -tragpspar ent Ialye 126 as well as the passivation layer 128. 1In a
third al'ternate Bhbodrment (not shown), the anode includes a transparent
-conduct i ve | dyer Ssitle dstetidlo tAdlcas BO bsddastad\@ibbir4t8 | 1 Gibchude ol ednfie t he semi -
transparent |ayer 126 and does not include a passivation layer. The sem 30
t r anspar ent glessyaad pphgnesic films. conposite anode 120 or the alternative single
anode |ayer (noj_shown) is made of an anode material selected fromthe
group of high r etivity nmetal s of high work function (typically greater
than about 4.0 eWhile lﬁé%ﬂﬁhﬂ?rﬂfﬂc%% ﬁﬁﬁi&aﬁﬁi\%ﬁ&nﬂ d16duiede sidH a481TO Hol d,

al um num and copper. In a 3 January 2004 01/ 06576- PCT/ USOQ: 19476
pref er riéd eihb@iﬂgmﬁﬂ‘ne dﬁtwwhgh’faﬁs’m@nm drdyeto mip@nige agsmiesibrect i vity of

(having a cBrabePudl el R site ot dish Bt R Sieperi€iner ™ “ana

bei ng Capabﬂrﬁ-lsﬁirent electrode with a thin layer of high reflectivity metal layer 126 to

increase the efficiency of the device. As best seen in Figure 1, the anode 120 can
be a composite layer, made up of the semi-transparent layer 126 and the

20  passivation layer 128 of conductive polymer coated on the second surface 124 of
the semi-transparent layer 126.

In a first alternate embodiment (not shown), the anode includes only a
conductive, current carrying layer that can serve as a hole-injecting layer, and does
not include a passivation layer. In a second altemnate embodiment (not shown), the

~ 25  anode includes a transparent conductive layer such as ITO adjacent to the first
surface 124 of the semi-transparent layer 126 as well as the passivation layer 128.
In a third altemate embodiment (not shown), the anode includes a transparent
conductive layer such as ITO adjacent to the first surface 124 of the semi-
transparent Jayer 126 and does not include a passivation layer. The semi-

30  transparent layer 126 of the composite anode 120 or the alternative single anode

layer (not shown) 1s made of an anode material selected from the group of high
reflectivity metals of high work function (typically greater than about 4.0 eV),

Examples of suitable metals include silver, gold, aluminum and copper. Ina
4
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formng into snmooth, contiguous film In a second \preferrn?%‘]ﬁ{ﬂégg% t, the
5 sem -transparent |ayer has a Teflectivity of nore than abou oat the
wavel ength emssion. In a fl-drd preferred enbodi nent, the

sem -t r amapow/@sts | ayer has a reflectivity of between abowtTAZYe/a0 about
96. 5% at the wavel ength emission. In a fourth preferred enbodi nent, the
sem -t r ans pasfemndd tray@limbnats the semidranspavdrt Jayaf 126ihas nedlecavionbl 4484sand about
96. 5% at the wavelength em ssion. In a fif,tg 10 preferred enbodi nent, the
sem -tran?éér/eﬁfteméi}%‘ﬂwi%e%1Fé1gP€@F]i‘39‘F‘P 03?%?‘%@3{%5 about 96% at the
wavel engt h } SSi nRed -egpod] m -t ransparent
| ayer 126 ﬁ%@%@ﬁ?%ﬁ?ﬂ%@é{ﬁ t@%ﬁ:{ugégtﬁ%éﬁ?a{jéngﬁﬁ Eanr%ésagfg%lﬁ%?wavel engt h of
» from 400 mMforiring @lo & sMooth) adtitlipRsudfilns Uk w @befliprafeired edbodifithtidige Si l ver,

al um num gold and copper, as well as alloys of such netals. 15 1.. ~ The

seni - t r &ns pamthendpaseet laygds amellspivits pf pordhimabentcdd’e ot tsivayslagtiof t he
techni ques kaawn 11l o\ igy ﬁr{egeﬁfeﬂr m&{%_agﬁjéﬁ&' e sé’fi.-&a*}.'sé‘ar§ﬂet'(;§9r?e} ht nel udi ng, for

exanpl e, vacuum evaporati sep _ eposition,* e T0 hdam deposi tion,
or chem cakefle¢aP®y ofieRp@sdrt 4310t 9295 iR ab&iit 966941 Rtee wRiHléhgiebmissionl Il | oys or
other filmprecursors. The thickness of the netal |ayer can be controlled

by the rat & feurth pricfesred zmbeflinesansibe aghotinsppertilnjephas gyeflgetivit ofr at e of

evapor ati on/ deposi ti.@n,i S .about t 10 sec. .The thickness of the -
e -1 r ansBEVERD ShotsoafugtiBit o st 4 b deisfindl bty ARt st sone
Light (§0 pRFérdd enhiSodsBit; the 3BHRBARYarent 123810 26 MhCleMRAMHE orbAer REHVI de a
continuous | ayer. Ty |caliy, the sem -transparent netal layer 126 has a

t hi ckness about 96 atileewavdength emissisnuln Soteppreferred embpdimant.gher r ed

enbodi ment, 25 the sem -tr. are .ayer ) thickness .of from about 250
to about '45‘?5‘11,55“1'}53“5“% %%&25 gf%ﬁephﬁﬁ%%%aﬁ@ﬁt)? WRNSTYEHP2 ¢ r anspar ent
llayer has al8lesknes o 4000 86PN, F5ampRs 3PQich ag6dk Matetifl Mchubbr d

preferred enbodi ment, the sem -transparen | ayer has a thickness of from
about 275 sidvezaduminges gold apdecopper anwell paaitiye at sush mefgisr 128 of conducti ve

mat er i enabl es.the use 30 af hi refl ect, vi netals with rk
ot | Bhs tnat - 416 S4B FeReredeytiap ek ot hetar vp8ane! Bher s bei ng
utilized. {RBniIGY&GCWIIFMRS arf RIFWeBbJitGh FBLBY filalk, inbseinie! for BxdhpR, | nvention
may vary widely and is not critical. Exanples of suit abl e conductive

mat eri al i Meduydeevaponation.cspalter depesitier) efestrop béapf eefiosition) or ghemjgadni | i ne) 5 13

January Zogélpor e;?ols/itg)o%?zgmg %legasx%e} 1931411%6metals or alloys or other film

precursors. The thickness of the metal layer can be controlled by the rate and time
20 of evaporation/deposition. A typical rate of evaporation/deposition is about 0.5 to
10 A/sec. The thickness of the semi-transparent layer should be thin enough to
transmit at least some light: (so that 1t is semi-transparent), and thick enough to
provide a continuous layer. Typically, the semi-transparent metal layer 126 has a
thickness of from about 100 A to about 500 A. In a first preferred embodiment,
25  the semi-transparent layer has a thickness of from about 250 to about 400 A. Ina
second preferred embodiment, the semi-transparent layer has a thickness of from
about 275 to about 350 A. In a third preferred embodiment, the semi-transparent
layer has a thickness of from about 275 to about 325 A.
The optional passivation layer 128 of conductive matenal enables the use
30  of high reflectivity metals with work functions that are not precisely matched with
the emissive polymers being utilized. The exact form of conductive material
useful in this invention may vary widely and is not cnitical. Examples of suitabie

conductive materjal include, but are not limited to, poly(aniline), poly(aniline)
5



bl ends, pol yt hi ophenes, and pol yt hi ophene bl ends, Usef ul %H%hi' S
pol y(ani lines) include the honopol yner, derivatives and bﬁgg S ?ﬁodbu’r'k'

pol ymers. s of useful poly(aniline) include those disclosed in U S. .
Pat ent l\%@i@ ,631 and U.S. Patent No. 5,723,873. UsefufCdBidlit¥¢ e

| yt hi ophepgs,5 ipgl.ude the ho ol yner, deriyatives _and bl ends with bul k
D P e ot Sl B Bt E e EirgRasife®! onds W eh bu
pol y( et hyl eg@?{ﬁﬁﬁm APREO R holddp b ner i afes and biends with bulk

pol y(3, 4-et enedi oxyt hi ophene, "and those disclosed in U
5,766, 515 apeolyues. Bxampias oflosefd] @3 a0i2ige) ibhinde those djscloyecthinl 1715 Paend

houbstt oot SRS BRSLREO S FhEniNE S T 6. Dkshil aombeitt cpoiare gy
acconpanyi ngcr e dino érga%rwa{iyssaﬂdddl&dgggﬁh}lﬁkg?ﬁrgr%gs.ﬁa%aﬁlg;%ef t he

mat eri al conductive. t'hode The first cat e lay I'sS'Ss cted from
| ow wor k f uotusefih pobtlabphenes intlnde polytethyl addiconythisptene) XPEDT ) (duyhieecal | y | ess

t han about 3.5 e ampl es. of 15 suitahle | ow work function material s
“include al kafrlb’(ﬁ%%‘k&ﬁfxl?fgg’@é‘?lPﬂh%daﬂdéﬁPW?fd@eﬁé? L% Potent ek des of alkali,
al kal i ne ea t ' T J s etal” is used
herein in tf}’zg%g%%c?pbwﬁgﬁeggﬁgg’@of%ze 'Qrﬁ] %tgﬁg}‘ 8%%?&11’% oup IA of the
peri odi c t afpodythibpbertes? e wed Abieimmnaticalli Waniclide subethub@draidn in t he

conventional sense to refer to_conpounds of an alkali nmetal and oxygen.
For corhfeni WiseBstiteigd giaterials. Jhisalsogispd asa magnerdp dnqlede any ageqrapanymg t he
chemical fo 1| . QH@! I ol i 4. 120, Na20, K20,
Rb20, and C&é C*’?’%‘tvlveeﬁ\}%rhfg&%]%?%?re e'rg%ﬁzéép%%gg{ﬁl)éng%ﬁ%éﬁ?gg%%ch‘e’e‘i s intended
t o enconpass ot h@stheds des, i ncluding m xed oxi des and non-stoichionetric'
oxides (e.g., LIiQ,O Na"O K O, Rb.,O and Cs0,O where xis fromabout 0.1
to about 2). 25 FeliEskeathods laverilAd sessiacked fiqma low work Seetinemeatals ph t he |
conventi ong . _ f e_periaodic table.
brof or'r ed oPtar oor8tiod feBl okRet BN el meh B 8 &0, BRBRS o8 F une
(i.e., 16a),susthbleddw work furetion Siajeriadidclubaralitin, GikaBne edpfh) and TR@h&r@adn

"al kaline earth netal_ oxi Is used herein in the conventional sense to

| de" S '
refer to cdrpdlsrad ogdeant kel alkelinegerth and danthamée wiplse hhe tegm “Rlali
conveni enc o i | X] r fern rein.,by.the
oo oot T anet@lt8bodheldh Wt Eb A cpBithASEnd S rLEl &/ der o TANE * 00
SrO and Baé&periduicvebis The fins “aifal reaslndidetibasa epéie ivkied@niéntionblended to

enconpass ot her oxides, including m xed oxides and_non-stoi chionetric
oxi des (e. gFenseNresieptpgompounds of an'alkali metal and oxygen. For convenience,

20  alkali metal oxides are referred to herein by the chemical formula of the
corresponding simple oxide (e.g., Li>O, Na;0, K;0, Rb,;0, and Cs;0); however,
this reference to the simple oxide is intended to encompass other oxides, including
mixed oxides and non-stoichiometric oxides (e.g., Li,O, Na,0, K,O, Rb,O, and
Cs,O, where x is from about 0.1 to about 2).

25 The term “alkaline earth metal” is used herein in the conventional sense to
refer to elements of Group IIA of the periodic table. Preferred alkaline earth
metals include magnesium (i.e., Mg), calcium (i.e., Ca), strontium (i.e., Sr), and
barium (i.e., Ba). The term “alkaline earth metal oxide” is used herein in the
conventional sense to refer to compounds of an alkaline earth metal and oxygen.

30  For convenience, alkaline earth metal oxides are referred to herein by the chemical
formula of the corresponding simplie oxide (e.g., MgO, BaO, Ca0, SrQ, and
BaO0); however, this reference to the simple oxide is intended to encompass other

oxides, including mixed oxides and non-stoichiometric oxides (e.g., Mg, O, Ba,0,
6



" 13 January 2004 WD 01/06576 Ca, O, Sr,,O and Ba,, O where | r bout
0.1 to about 1. PCTIUS00119476 The term "l ant hani de net al Jéfjésﬁuuafs%gﬂq?]ﬁrei n
in the conventional sense to refer to elenents of the | anthani de series of

- t he peri oglowihedbe, fromcerium(i. e., Ce) through | utetipmifisonans7elu) .
Preferred | anthanide netals include 5 samarium (i.e., Sm, Ytterbium(i.e.,

Yb), and neQgynEHO, fhd BaO, Mhere d hefrérambout'd. brtdbant e netal oxi de" is used
herein in the conventional sense to refer to. conpounds of a |anthanide
metal and oxygenlbertgrm clapibapide megal” e BFfEBan iBa CANVERYITRLEENSE 0 referred to

herein by t ) cal r [ ' Xl de of the +3
val ency staﬁQgerggag%‘?ﬂ%ﬁE%%@‘ﬁfg%ﬁégﬁ%‘%gﬁ?aﬁ%?}@%ﬁ“éﬁlo ref erence

. to the sinpfie., O} theough lasfiended, Lo). referpa mtinhitermetaisdedudd ncl udi ng i xed
oxi des and non-stoichionetric oxides (e.qg.,. SO .Yb,,0 and NdxO, where
X i's frém awgurinm e Sméeb‘é'(sﬁrbmns(l-e}ﬁés ﬁ%&%?ﬁ&%ﬁﬁo&?&@? ¥ st cat hode

- layer 142 "qgﬂtﬁﬁ%g ebré&gi &H&é" isgly{)hcyﬁér%g i?ﬁ{gﬁéﬁgﬁé{tﬂﬁﬁ' setl€ioflrbfeblo cat hode _l ayer

142 can typi'ca eposite vacuum evapor ati on.

Typi cal |y, ddagohhdsdf adahthadee hieye and 42ydeas Far ¢dnvelienss lafthahidermetklout 10 to
200 A. A typical rate of evaporation/deposition is fromapout 0,2 to about
4 A per secemdes arg teéerreddo berein by the shemical formyia of 1heCorrefRORdRGHAPEAt hode

| ayer 144 has.,a ..high reflectivityesan | .00, d i s nade of
a materi al ?’ﬂgﬁ"fctg‘ﬁggga}e SE%FX%%‘HS%P@:‘"?@Q%’O%# &é%#?%&’gﬁ% ilm Typically
the second gatéiRde tha¥Rhpld édideasintented ko Entdaipheyvibér axidm] Behidingn 4 eV In a
preferred enbodi nent, the second cathode |ayer 144 has a reflectivity of

at | east 91miggl axidesindnrstoishiomstne pxides(eg., SIS NP-ph 8reNEdd): enbodi nent ,
t he second cgt hode Iayﬁr t}ﬁf a ro%f g%?ti"i ty of between 92% and 96. 5% at
the wavel entPHeEAT TR TP BN E> preferred 25 embodi nent, the second

cat hode | ayer hag adréfeirk@embydibeng firfiebibeania9éi4iaciudes % wbrkt he
wavel ength em ssion. In a fourth preferred enbodinent, the reflectivity of

the second Gmtthoduethlapadesi Thediret cathede doos K2 eandymiGHE Bhéapesitadiysi on. 1n

anot her_ preferred enbodi nent., . a..net I hylity of at -I|east
86% at ‘&n € %?Hﬁcmeéﬁlag?{&ﬂn'ory??%hﬁ’Ef%gﬁrrsln%’aatﬁz)oadgd%tek%ﬁlﬁ gxguésgd as the 30
second cat hagentawe frodfhouR0 W 200 Ahe gpitktfatesTepap@ation/dypesitib2 @ t he

second cathode layer 144 inc¢ludes a cathode material selected fromnetals
and netal fromabout0.2 to about 4 A per second. :

- Like thé semi-transparent layer 126, the second cathode layer 144 hasa

high reflectivity and a high work fuinction, and is made of a material that can be

20  formed into a smooth, contiguous film. Typically the second cathode layer 144
has a work function of greater than 4 ¢V .In a preferred embodiment, the second
cathode layer 144 has a reflectivity of at least 91.4% at emission wavelength. In a
second preferred embodiment, the second cathode layer has a reflectivity of
between 92% and 96.5% at the wavelength emission. In a third" preferred

25  embodiment, the second cathode layer has a reflectivity of between 94% and
96.5% at the wavelength emission. In a fourth preferred embodiment, the
reﬂectivity of the second cathode layer is more than 96% at the wavelength
emission. In another preferred embodiment, a metal that has a reflectivity of at
least 86% at an emission wavelength of from 400 nm to 500 nm is used as the

30  second cathode layer ]44.. As with the semi-transparent layer 126, the second
cathode layer 144 includes a cathode material selected from metals and metal
alloys. Examples of suitable high work function metals include aluminum, silver,

copper, gold and the like, as well as alloys of such metals.
7



al l'oys. Exanpl es of suitable high work function metals in um
silver, copper, gold and the like, as well as alloys of %c%ﬁ'aﬁyﬂﬁ 7 13
January 2004 WD 01/ 06576 PCT/ US00119476 A preferred enbodi nent uses neta
or netal WPPYYFYhat has a reflectivity of at |east 91.4% BtTURWARM6ss| on

wavel ength as bog préfeged BfibodihRABRRE Gtkal bﬁﬂﬁfallﬁ&rﬂaﬁﬂ%s%%eﬂ&ﬁw%?%?nd -
cathode layer 144. In another preferred enmbodinment, a metal that has a

reflectivi tzy I@fst %1 4Yecni the @BiEsIaN wsﬁwelengtbgs b@ﬁﬂbﬁlmmﬂtntflamla@o nmto 5

500 nm are bot ent 2 as the second
cat hode et ISR 1 BB st erbRgimiit. el not pe
the sane rr%arnaela r@ﬁect"&fl‘g@ffapfeaét%Wﬁ%thﬁﬁw&%g{moﬂaﬁom%otb exanpl e,
gol d coul d be used for h work function sem -transparent anode, and

silver 6ouli00tmn aueuked 95 both the @lnliwampﬁbmdaywﬂﬂ@mme seopad cathodde bi |l ayer
cat hode. r‘i g ferred enbodinent, the high reflectivity layer 142 has a
metal with ‘&F ectivity of at least 91.4% or a reflectivity of at | east

86% at an eni ssigABMEHRHBnPEathé RITEAP 4N rRed ﬁoﬁ&%@ame Aatdpaf & the
second cat hode layer 144 and as the sem -transparent |ayer 126. In a nore

preferred embd)rﬁ:rrthﬂsamlsmnspare@wgyerr ]§6u§ede:amplb@tgh}d taldbayisedddt thet i vity
nmetal 15 | yer rk%m'qec bi | ayer cat hode g as t he aﬁ -tr ns arent anode.
Opt i onal | y, gh WgF HOR FeTRisr RS RRrCR Aaen 2R SHVET 5B Pe s 8d For
exanpl a r bI y, of
suffi crelent JEH IC ﬁéstﬁltlgy rgh g%a%u%%fﬁ e C f@%gt?ﬁﬁ nayﬂgrtﬁéﬁ anot her

hi gh refl eq’eﬂautivyty ot hé2ihad a;tfeta,lmthimﬂemiyqtgefrwﬂmml A%ser a ef | ective than
the first hiﬁh reflectﬂ&wtﬁy 0 cat hode | ay to-Ia er

cat hode- capfierg Vet irhlsrsSoanat anfEisHpR P ‘Enﬁﬁle? nBeth?RP%abr e met al
capabl e of %%{H gs@comqmaae@ag@rrw eftﬁ%%ft&hspzﬁ'glgg@l F126 1 NUM of

al um num al ubsequent rs can ic function such
as for exarrpbxe,préfeﬂeqbambodmtenngn]amd@mlusa@amiﬁothrﬂmldghmfhctwlﬁxmmal es of

| ayers useful for sealing the devi ce include an air-stable capping 25
| ayer. $he t‘)é?fﬁ?ﬂ'%ﬁtrﬂaé'?rﬁﬂé’ er"’@flé’? theysgmi-Hanspaient #3Pd€o protect the | ayers

e ORI LA Rl BSS AIERSy fot L o b
i ncl ude a r&bmplepn firetiafer ofihighyreflectivity cathode layer (preferably, of sufficient
thickness to be opaque) may be covered by a layer of another high reflectivity
cathode 1ayer, which may be more or less reflective than the first high reﬂectiviry
20  cathode layer. In a tri-layer cathode-capping configuration, the uppermost metal
may be any stable metal capable of forming a smopth, contiguous film, for
example, aluminun'r or aluminum alloy. Subsequent layers can be added for
specific function such as for example, for passivating and sealing of the device.
Examples of layers useful for sealing the device include an air-stable capping
25  layer. The term “air-stable” refers to the ability to protect.the layers underneath
the capping layer from ambient oxygen and moisture that may be present around
the device. Suitable materials for air-stable capping layer include a metal or metal
alloy.
-~ As with the semi-transparent layer 126, the second cathode layer 144 can
30 be fabn'cated using known deposition techniques. A ltypical rate of
evaporation/deposition is from about 1 to 20 A/sec. The thickness of the second

. cathode layer 144 should be thick enough to cover the first cathode layer and be



" As with the sem -transparent |ayer 126, the second.cat hode(\ er % 4, can
30 be fabricated using known deposition techniques. A typ| o"I
evapor ati on/ deposition is fromabout 1 to 20 A/sec. The thi ckness of the
second ogbhodertayer 144 shoul d be thick enough to cover gdgukignsizecat hode
~layer and be 8 13 January 2004 WO 01/06576 PCTI US00/ 19476 opaque enough to
gi ve high repaernoughtoLive bigh seflestivitgatithowayeiensieefintersspi Tapically,t he second
cat hode | ay o Em ssive layers In
t he LEDs ofﬂI @aIdg%athrIItd%II%gn%s I“P%%%; eafI’ %%@0 I ssive layer 130 5
(al so ref erEﬁﬂssﬁxﬁe lagers he | um nescent | ayer or the electrolum nescent |ayer)
conpri ses an el ectrol um nescent, sem conducting, organic material.

. General ly, mateft Bed Epgpf thggrea@t@vﬁeggoméher Weassonerﬁnume layed 1dde pol yneric

I I h I |
pecif1 i | yisoaptandy Bs Wil iR |5 by PERAIRRBERERLH G hat are

sol ubl e andc@ﬁp@msnreleetrﬁmmaés@exaoéwﬁm&mmﬁﬁg) oiﬂgihfc%zm:ﬂiil' Gehblally; Exanples
of useful nolecular em ssive material s incl | ude si nmpl e organic nol ecul es

such as ant FReEsakdor nsg asdimissivelapers in/BEDy includgpolyoemewr imoletedarvat i ves  are

known to show el ence. I n addi.ti.on S such as

8- hydroxqu%no asgthwethI'IPI’I'eFég?é'ﬁImff?ﬁ?%e g rIZI%IF n%lﬁcéﬁyfnﬁtfeﬂ?ﬁsnum are

al so 15 sui fabbikirtRetryamikdsedrca hid ﬂﬁﬁm@%ﬁ&'ble%ﬁ Irdbessme fR%aMPl e, Tang et
al., US Patent 5,552,678. Exanples of useful po ymeric em ssive

mat eri al® | sndntieintosenifoson@incfimee conj ugat ed pol yners. Exanpl es of

sui tabl e sem conductiyve at.ed .pol yners incl ud 0 hen ene

vi nyl ene), PPV, gﬁﬁnglgf SﬁI‘SeeIﬁIIg?‘?is%{‘Ip’\P&éS%Y ]?3?\7“?3 ‘ﬁg%é’ﬁ

pol y(2- met hgsYechrek gucﬁs%hﬁﬁ&ﬁh”tﬁ?émazéle%ﬂbﬁméh SnE cUﬁIﬂéﬂI’?@@i’IvathEg_I' PPV, a
sem conduct i n?mgol ymer with an energy gap Eg of -j 2.1 eV. This material is

descri bed i #re'kneva telshaw bleplmol\MMIESC@CG Iﬁl@gémonS;O;mpIdxamguch@.s Pakbaz, K.,

et UETEI v et I E SRR TRV, S
pol y(2, B bi ﬁﬁ@hﬁleﬁﬁgﬁwienmswa%eanﬁ 16k e:ydn%l@)rangét ﬁc'tfs Pen@

sem conductl ng polymer with an energy gap Eg of -- eV. This materl al
i s described> %ﬁm)re detail in United States Patent No 5,189, 136. O her

ZI:‘IS E: ?P Ib g d pol y er Ex Ieéj 9{3 ﬁse%ucf %IHR:I e%ixsin\IrIeemgtenX](s mc?ucI(e sIssztnIlIcIo% uctIIvee:S ) as

con]ugated polymers. Examples of suitable semiconductive conjugated polymers

incIudg poly(phenylene vinylene), PPV, and soluble derivatives of PPV such as
20 poly(Z-methoﬁcy—S-(Z'-ethyl-hexyloxy)-l,4—phenylenc vinylene), MEH-PPV, a
semiconch_;cting polymer with an energy gap E; of ~2.1 ¢V. This material is
described in'more detail in Wudl, F., Hoger, S., Zhang, C., Pakbaz, K., Heeger,
A. Y., Polymer Preprints, 1993, 34 (no. 1), 197. Another material described as
useful in this application is poly(2,5-bis(cholestanoxy)-1,4-phenylene vinylene),
25 BCHA-PPV, a semiconducting polymer with an energy gap E, of ~2.2 ¢V. This
matenal is described in more detail in United States Patent No. 5,189,136. Other
suitable polymers include, for example, the poly(3-alkylthiophenes) as described
by Braun, D., Gustafsson, G., McBranch D., and Heeger, A. J.,
“Electroluminescence and electrica] transport in poly(3-thiophene) diodes™.J. -
30 Appl Phys., 1992, 72, 564; poly(para-phenylene) as described by Grem, G.,
Leditzky, G., Ullrich, B., and Leising, G., “Realization of blue-light-emitting

dcviée using poly(-p-phenvylene).” 4dv. Mater., 1992, 4, 36, and its soluble




by Braun, D., Qustafsson, G, MBranch D., and Heeger, - A. 19 January 2004
"El ectrol um nescence and él ectri cal transporf i'n pol A3- th| ophene odes

J. 30 Agpbmfdgg%( 1992 72, 564; poly(para-phenyl ene) as%ﬁgf%g (Vlg’%"f

G em , UIIrlch B., and Lei sing, , "Re

bl ue-| |ght @éﬂﬁa{bé\gas % KNen t.ef. ...1992, 4,
36, and its sol ulbl e 9&?3%}2#33@%200201\{/\8 0% Slg{ggr E%ﬁ‘%s%@@i%‘l-
deri-vat i ves_ﬂﬁﬂiﬁmﬁ_ﬂmﬂg@i Macr@moZ’eculeSGIQGB; k6, 1188; andpoKafudfodinE as E.

" Sol ubl e bl# dgla} eip L&p qQf " Macrqnol ecul es, 1993, 26, 1188 and
pol yqui nol i fig“a LREKFT, 8};5] rocfo, M., “Effagientdlue Marrocco, M,
"Effici ent aleéwmﬁ#&@éeheé &H?n"a%ﬁ&ﬁ—ﬁfifedfﬂo%‘uﬂmﬁin%@ghﬂﬁﬁﬁ N7 éegyﬁ;g%' ne’

Appl . Phys. Lett.,” 1994, ©b, b 1Z27Z. BI ends ol ucting

pol ymer & wi IWZn@iemﬂsrqfwga;Mgaiedhmlcomucﬁﬂg pml@mem)\hzﬁhrﬁbﬁcaﬂjﬁ ab§gogtsef ul as
LEDs, _as_ described by Z % von Seggern,

the active |la
H., Pakbaz,© »{*)émek L)E%quafs alsogspfiyd @t th CPFUVB\AﬁyefalmOH@b’g Dspas J., "Bl ue

el ect r ol um yesasiaty %dZPa?n S urv% yl | ene vi nyl ene)
in poly(9-vinylcarbazo g ¢ ﬁ%ﬁ?m% '1&%!8%9;’ Sofg‘“%%"ﬁgl so useful
are bl ends Wormd Hxieger, M., OBluseleetrolufiitkgodin di gtk WiBEife bihids foﬁ&;&(p?' ed by Yu,
G, and Heeger, A J., "Hi gh eff|C|9ency photoni c devices made W (th

= 3 n lens)

sem conducth : Vindearbazola)gbynigsc M3, 199, 6he

enbodi Nt , 44t mat er

el ectrgq?J um3r15e2€1(55ﬂ'1 ?&%L%Lg%@?&ﬁﬁbm mg’a%reolﬁo‘ﬂ}%’r’@?mdm}wr%&ﬁyner is a 15
n- conj ugat ettsqribled MY QrG.| ndH €egen) A ¥ITEHi MU GBI ea 0PRSS AEG & ﬁé%eof

ar-conj ugat ed -noi eties. COI’]]J ugat ed pol ynmers are we nown I n e art.

Sui t abl e eﬂ@&h@é&%ﬁ“_&lw.@i@i %@#@GnMetdenl%ndﬂdﬂBag, organi ¢ pol yners
include, but- anpg L t.e hen ene vinylene) and
Its derivatives su sth][ ?@%F“ hczﬁe‘slaﬂrl%wg ‘%’8 28henyl ene

noi ety; (i ielecpoluyipesebetydnGibendtcivg, %Bﬁhmamyllnreﬁ vﬂﬁg yﬁ/ﬁ%&e& gSubstituted at

various positions on the vinylene noiety, (iii) poly(p-phenylene vinylene)

and itd5 der"ﬁ-%ﬂ%@@ﬁm!wgcrlctruseeb-aolymcawhmhscqmmnssegnmnmmft he phenyl ene

noi ety and al so s gstllutea?at varlo ositions 25 on the vinylene
fdmpiche

noi ety; (i V) POIEHES) W?@F@)P &re Yyell @W%Hbthﬁﬂ?bé;usta B noieties

as examples of eléctroluminescent, semiconducting, organic polymers include, but

. are in no way limited to:
- (1) po]y(p-phenylené vinylene) and its derivatives substituted at
20  various positions on the phenyléne moiety;
(11) poly{p-phenylene vinylene) and its derivatives substituted at
various positions on the vinylene moiety;
(iii) poly(p-phenylene vinylene) and its derivatives substituted at
various positions on the phenylene moiety and also substituted at varions positions
25 onthe vinylene moiety;
(1v) poly(arylene vinylene), where the arylene may be such moieties as
naphthalene, anthracene, furylene, thienylene, oxadiazole, and the like;
(v) derivatives of poly(arylene vinylene), where the arylene may be as
in (iv) above, and additionally have substituents at various positions on the
30  arylene;
(vi) denvatives of poly(arylene vinylene), where the arylene may be as

in (iv) above, and additionally have substituents at various positions on the

vinylene;
10



" napht hal ene, anthracene, furylene, thienylene, oxadiazol emmatrngM ke;

(v) derivatives of poly(arylene vinylene), where the aryl ene nmay

(iv) above, and additionally have substituents at various positions on the
30 aryl eYé 0106576 deri vati ves of pol y(aryl ene vinyl ene), wi&TdUsMa?ipy| ene
may be as in (iv) above, and additionally have substituents at various
positions on the {Vilydesnetives of pay(raylers vinyloue). Wiem thogsipse magite: JSOO 19476

(Vi1) der i Ryl MRl PO CARILEAE MDY CRRln SLSO 1B AENL BRG™) be @ [

(iv) above, i‘ona e ents at various positions on the

aryl ene andryigesdndisiBHitsents at vasibUfosiivek bh @sviayiesdle vinyl ene; (viii)
co-polyners of arylene vinylene oligoners, such as those in (iv), 5 (v),

C(vi), and (vii) wi Criiihempelymerspiteadcns vigyges elizomety. spell 85 thoghi@iMene) and

its derivatiyves, subst.it ut.ed at vari gus. tions on the phenyl ene nviety,
i ncl udi Rg |(§)d§‘8¥=%@f‘?ﬂe“ﬂ’h’é%‘??ﬂ‘%@@l°ﬁ“%§ss pol y(9, 9-di al kyl fl uorene)

and the like; (x) pehyoéRpIRAeRre)MMAIiE defiOativey sEHEInITRY adRridMEh NDi eties as
10 napht hal ene, anthracene, furylene, thienylene, oxadiazole, and the |ike;

and their pdsitipnsern the phemybecimaeiedingtuding laddes pobaier domvatiygs serbh asr y| ene

noi ety; (xi = pol s_of. oljgoaryl enes such as those in (x) with non-

conj ugat ed P)BPYK%S%@?%YTI%[‘%?F‘%“?)M%W‘%0| ine and its derivatives; 15 (xiii)

co-pol yners of pol MWWM%eW&%r@ﬂWMﬁ&BWB@Q&hixﬁéi%@&a(?,n the phenyl ene
y

with, for exanple, a or al'koxy groups to provide solubility; (xiv)
rigid i0d peplthalene, sutbtacere, foligpe,shignylcan exadigzolband thy lske) and Sled) , -
pol y(p- phenyl.ene- 2, 6- benzohi soxazol e, ol.y(p-phenyl ene- 2, 6-

benzi ni dazgfx"é)""}twﬁﬁﬂ'_‘ Hiited E&é’ﬂ?}ﬁtﬂoﬁﬁé?s gﬁt%r?gy{%ﬂ%nﬁe%%. Al so useful .are
conbi nations_of Se(ﬂi?@&ﬁ%eﬁ@a%@i@bé@%@ﬂs&ﬁ'aﬁ ARS8 i) vithhsier et e

nol ecul es, with the discréte nol ecul ar conmpounds bl ended with the

sen conductcomggatehpligrmeast pol yner or covalently attached to via a coval ent

bond. - (xii) polyguinoline and its derivatives;

15 - (xiii) co-polymers of polyquinoline with p-phenylene substituted on
| the phenylene with, for example, alkyl or alkoxy groups to provide solubility;
_-(xiv) rigid rod polymers such as poly(p-pheﬁylene-2,6—. o
benzobisthiazole), poly(p-phenylene-2,6-benzobisoxazole}, poly(p-phenylene-2,6-
benzimidazole), and their derivatives;
20  andthe like. .

. Also useful are corhbinations of semiconducting conjugated polymers with
discrete molecules, with the discrete molecular compounds blended with the
semiconducting conjﬁgated polymer or covalently attached to via a covalent bond.

Also useful are poly(fluorene) derivatives. See for example, US Pat. No.
25  5,777,070; U.S. Pat. No. 5,708,130; and U.S. Pat. No. 5,900,327.

_In one embodiment, the electroluminescent, semiconducting, organic
material is an electroluminescent, semiconducting, organic polymer. In preferred
embodiments, the electroluminescent, semiconducting, organic material is
selected from the group consisting of: poly(p-phenylene vinylene)s, poly(arylene

3_0 vinylene)s, poly(p-phenylene)s, and poly(arylene)s. ‘

. The emissive layer may also comprise other materials, such as carmer

polymers and additives. Typically, the emissive layer has a thickness of about 600

11
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Al so useful are pol y(fluorene) derivatives. " See for exa”phﬁfuaﬁ&rfééoi'\b- 25
5,777,070; U S. Pat. No. 5,6708,130; and U. S. Pat. No. 5,900,327." I'n one
enbodi e | ectrol um nescent, sem conducting, organi¢ _paterial is an
el ectrol %OHQE% ﬁt , sem conducting, organic polyner. In pr EFTAPRyo47e

nbodi t h I | unj. t, .sem duct i . ' ial i
AP E S et i L R
pol y(aryl engvidpsigknyl ene)s, pol y(p-phenyl ene)s, and poly(arylene)s. The

em ssive layer may al so conprise other materials, such as carrier polyners
and additives. TEiH aaissiye layhecantypiciliycbd fahmeatddazsing anyi of Kineetechmwfiuesbout 600

11 13 January 2004, WO 01/ 0657 CI/ U 9476 .tq about 1100 A, dependi ng on
t he desi reg"'&&@iﬁﬁ%ﬁ?&f“%’?ﬂ‘g’&ﬁ%ﬁ? rﬂ%ﬁfi}lﬂ’@ﬁ’ﬂg{“e gﬁ@ﬁrﬁgp@lecﬁé eni ssi ve
layer can té&i@&?hﬂﬁ@%@@ﬂf&?i&ﬂxﬂ%wé&mf& céshﬁgﬁﬁé&fyﬂbkﬁs known in the
art, particularly those nethods known in the art of organic nolecular 5
and or gani colutiopnand ¢aStbeg of mpdlyatienprecreor fokewed by reaetsan (ege. diy leaatihg) f rom

solution, and casti 0 ol ynmer precursor followed by reaction (e.g., by
heat i ng) ﬁ%gqra}ﬁ\etdr%gi’ﬁi%‘?a}?"gar'polyrrer. W have found that using a

mul -1 ayer cat \edaGOmHlHAgsk o FARlIaf Sanbld Ecthilidind ANeist Bhe the | ow

~work function netal or netal-oxide (for efficient 10 -€lectron injection)
capped wi t hiteathinghysref hecipivavork foedtain, mételgetrheal-aidd(fancfiicmde conprising a

sem -transparent, high reflectivi fnygpms | ayer, one achjeves excellent

. I
el ectrdR i§fssEPP sriecmy AR Crogtt 2 y?ftlf_?ﬁlw Befah REAPErdheR fyede
ar chit ect u%@mp?@@lglatﬁﬁfi-gl%ts Mt%ﬁ?réﬂé@ﬁﬂ%eﬁ Fa &, SH&%CMSI nproved

radi ance. It | eve at a mcrocavity e ct enhances the | um nous
ef fi ci ency eacellent elgbiroremgectibhchiglbrafietutity digh Qurghmiabtadtyiaditisecofe,t he
sem -transparent netal anode and the cathqQde bilayer of the device result
in the for#8f thsretyt imnreved @W!Wﬁﬁﬁa}ff&@nﬁe}mﬁé’ﬁd radegnce.n ltds Religvseavi t y
structure. ' G LY, L ' : | F t bandw dt h
of 11 ght - eryitq EerReRY ik Bhigits e Slhindut rekieRBy bV bithlss) TR vl engt h
-of thelfaj eelativelphighheflphnitgnd tlendehti egntaran natd anodears thheathudmn eye i s

nore 20 sensitive (see, Figure gz}%ﬁ nd thereby to significantly increase the
| uni nous éflﬁy%iogﬁh@fqyfcetrﬁaﬂm ??%ﬁa{w Abths mghneriosmangspygegd-£D
el ectrol umhg ﬁﬁ%%&viﬁps%%ﬁhléﬂ The microcavity effect results in a narrowing of the

bandwidth of light emitted. The result of this narrowing is to shift the wavelength

of the majority of the photons emitted to an area where the human eye is more

20  sensitive (see Figure 2) and thereby to significantly increase the luminous
efficiency of the light emitting structure. The broad electroluminescence spectrum
of a polymer LED fabricated in the traditional structure with the same luminescent
polymer is shown for comparison in Figure 3.

Encapsnlation .

25 It 1s typically preferred to encapsulate the LEDs of the present invention to
prevent long term degradation. Methods of encapsulation are well known in the
art. For example, devices can be sealed between glass plates, or sealed between
barrier polymer layers.

] ‘ EXAMPLES

30  The following examples illustrate certain features and advantages of the present

invention. They are intended to be illustrative of the invention, but not limiting.
In the Examples and Comparative Examples below, the following

procedure was followed to determine the following measurements:
12



" of 'a polymer LED fabricated in the traditional structure W Uhnddhe

| um nescent pol ynmer i.s shown for conparison in Figure 3. Encap_su?atl on 25
It is typically preferred to encapsul ate the LEDs of the present invention
to prevanoolesst.t erm degradati on. Met hods of encapsul ati ecTarssonsizé known
in the art. For exanple, devices can be seal ed between gl ass plates, or
seal ed bet Efeiendyarrier pol ymer |ayers. EXAMPLES 30 The fol |l owi ng exarrpl es

N f f i Th
ore' i nt onaEEEE Y e e Pang s (L SI7S efbmsitt RAIRTE For i [ Y e
Exanpl es apg GpHadha Sciéntifis AGIs SSD1RebOMA) Whﬁ;hflﬁﬂlﬁ&ééﬁa%otdaﬁ&iéQHMPQ was

followed to determne the follow ng neasurenents: 12 1 3 January 2004 WO
01/ 06576 _ calitratesesing hersocegnge deisembsg: belyw | Tieabotadindrds ealibeatediazed usi ng a

UDT S37 t f UDT S tif f S
Di ego. ) TR A M AL et SO omev Chal i WBipi PR 0SPRg the
: procedure GRS a5dd0 admbal Wi usddfo ﬂﬁ%ﬂ?'aQ%tb&n?ﬁie's’%Qif‘ﬁ% piRel zeti{@! | ows: A

KIST calibrated light source, with a known, uniformlight em ssion was
used. A nasicawss engiell. %ephcaodlodbwaaplacgmt dguen dislens remadhe lighs, pi xel

active area d.. The phot |ve di st ance
" from the | ABh enugi?&f?ﬁ lﬁm% °8?do‘awg fggs g@ﬁ’é‘%b %t%ﬁta COTFREROn ‘F‘ﬁe nunber of
volts COI’I’?&QBM[:&QII ey (34L& WERmbRLensi ty (340 cd/nR) were

known. 10 Radl ance: di ance” was neasured usi ng a Newport phot odi ode
(avai | &bl eRfadmd\Iewport Cor poration of Irvine, Lifetinme: For

215 of acREBAEE VAR LR ﬁ%@ﬁiﬁp&%ﬁ% I BoBNSRAT | nai vi dual
pi xel' s in g devifpadrmenstayt current, 0.5 nsec pul ses, 0. 5% dut y cycle, at
5 mA per pixel. The tine required for a pixel to decay to zero |ight
out put was lrfeamar ed using the UDT S370 optoneter with the calibrated
phot odi ode. For s e?e{t%glgl\/}f'\fetlme Hip sting the LEDs were sealed using an epoxy resin and a
15 glass cover. Lifetime testing was carried out, in air, on individual pixels in a
device at constant current, 0.5 msec pulses, 0.5% duty cycle, at 5 mA per pixél.
The time required for a pixel to decay to zero light output was measured using the
UDT 8370 optometef with the calibrated photodiode.
' Comparative Example A
20 A polymer LED device was fabricated as follows: On a glass substraie
partialty coated with ITO was spin-coated at 6,000 rpm in air, a solution of
poly(aniline) blend (general method of preparation is described in U.S. Patent
No. 5,626,795). The resulting film was dried on a hot plate at 50 °C for
30 minutes and then ovemight under vacuum at 70 °C. A toluene solution of
25  Covion PDO 122, available from Covion Organic Semiconductors GmbH
(Frankfurt, Germany), was spincoated at 1,800 rpm onto the pAni thin film (in a -
nitrégcn glove box). The film was dried under vacuum at room temperature for
1 hour. A barium cathode was vapor deposited on the polymeric film of Covion

PDO 122 to a thickness of 30 angstroms. A layer of aluminum was vapor

30  deposited on top of the barium layer to a thickness of 3,000 A.

13



20 A pol ymer LED device was fabricated as follows: On a g|,@ SnEPsbdat e
partially coatedwith | TO was spin-coated at 6,000 rpmin a?rr,‘ a solution

of pol y('@aiog}bg% bl end (general method of preparation is Egiﬁ%b@ﬁggw’] n U S.

Pat ent , 795). The resulting filmwas dried on a at 50 C
for 30 mnutes and then overni @mﬁgwe;%%at 70 C. A toluene solution
of 25 Covion PDO 122, avail abl'e Trom Covion O ganic Sem conductors GrbH
(Frankfurt, Ger margolymevdsER gievico atee febaicated 89 Companatice Exeenpddi, thin film
(ina nitrogen gloye box). The film dried under .yacuum.at room

t enper at ur e“¥P &i‘t %8 aﬁmﬁmﬁa’? S JRplaeRdn amr\ggawteﬁgaa&?r{%@%ﬁ % he

pol yneric fijispnefs favegna, PDO 122 to a thickness of 30 angstroms. A |ayer
of al um num was vapor 30 deposited on top of the bariumlayer to a

t hi ckness of 3,000 A 13 13 Januar EXAMRPIRO 01/ 06576 PCTI'US00/ 19476
Conpar ati ve Exanple B A palynmer LED_device was_.fabricated as in Conparative
Exanpl e A, excep R%&Peftlr@&ﬁwmﬁf%%aﬁa% T CoMRRTERY JF Adeposi t ed
layer of silueh: @bt @e [FOWHIEHTcl with 2 0bot defasiBldyet ofAiREL HEr LED device
was fabri ca!taecgﬁas t|neCorrpar at%?]v% Exarrpl%)A, exceﬁ t%at1 the 1 TO was

repl aced wi thickaessagf®@00deposited | ayer of silver at a thickness of 300 A

EXAMPLE 2 10 A pol ymer LED device ﬁs fEEEi cated as in Conparative Exanple
A, except that a layer of silver ness of 3001 was vapor

deposi t on top : 1he, his E{@E;ﬁ i)S simlar to

t hat of anpl e ﬁogéjrll)gh&%%ﬂr;%gzg aggb&gé%??%g]deﬁ%*ow V% EAs 15 A

pol ymer LEDextepi thet aagerfefhilvaadt adhiaknade s£30(hAdvasrvapiradepbsiteld cartop Bkanpl e 2

except that the alum num | ayer was replaced_with a ¥§por deposited |ayer
O

of silver atedTPnilhenseiermaancs ofdiys devies wisinpidady that of Fxaeplgdvandes wer e
neasur ed. Tﬁ%ﬂ&%“s‘?&@@é&‘&ﬁbé&béﬁ@. devices is sunmarized in Table 1:

EXAMPLE 3
15 A polymer LED device was fabricated as described in Example 1 or

Example 2 except that the aluminum layer was replaced with a vapor deposited
layer of silver at a thickness of 3,000 A. Efficiency of these devices were - ...
measured.

The performance of the devices is summarized in Table 1:

20 L - TABLE1
Efficiency (cd/A) & Operating Voltage at 0.3 mA of Devices
Example No. Efficiency at 0.3 mA (Cd/A) Voltage (V)
Comp. Example A 525 113
Comp. Example B 4.54 9.6
Example 1 5.9 o 10.2
Example 3 - 9.5 10.4

Table 1 above shows that replacement of ITO with 300 A of silver (but
leaving the aluminum in place) improves the light output somewhat, yielding a
25  12% increase in bn'ghtnéss (i.e., Comparative Example A vs. Example 1).
However, the most dramatic improvement is achieved in devices of the structure
described by Example 3, where a silver anode is used, and silver is the high

reflectivity metal used in the bilayer cathode structure. The device from
14



20TABLE 1 Efficiency (cd/A) & Operating Voltage at 0.3 rrA1g)fja,Q§aa\ﬂ,§@@4
Exanpl e No. Efficiency at 0.3 mA (Cd/ A) Vol tage (V)_Conp. Exanple A5.2511.3
Conp. Exanpl e B4.549.6 Exanpl e 15.910.2 Exanple 39.510.4 Table 1 above
shows thayobpidsagenent of 1 TOwith 300 A of silver (but |ayIsH194Ye

al um numin place) inproves the |ight output sonewhat, yielding a 25 12%

i ncrease i MRk RESSre(thai£80% GHBREAT Biah\eat B Bi¥lleticAin/Compxanpd e 1).
However, the nost-dramatic inprovenent is achieved in devices of the
structure Kiaspi¢ Bed'able Ealawn]ouetra,es thiabsimply mplagiag abmgaem veth§bEr atand si | ver

is the hig reflectivi metal wused.iQ .t il,aye e.structure. The
devi ce froﬂbiﬁa%&%&fé%%@%npfw e\%@fﬁ)‘%@’%ﬁ%ﬁﬁ%@%ﬁ%‘%ﬁpl e 3is nore
than 80% brj ghifed 4B ndt Raprot thd ErfisRMEFLSS the AGAED BT Rk, ke isBxanpl e A. Tabl e
| also illustrates that sinply replacing alumnumw th silver at the

cat hode 5si dedycBonpmbightiongpuExanpl e A vs. B) and | eaving the anode side
unchanged does t inprove th ff.ici of the device. .ln.fact, there is
a 5 reduction igﬂfeie&ﬁ%‘%%ﬁmtﬁegﬁ‘g%ﬁﬁe@@/gﬁmﬁ%ﬂ ?‘rf‘f?e/é é’gﬁallzsé)sbeof t he

Exanpl es | andy3 440 5dmmR Snitd BRFAD, WRichHaQMPBnEhG ghitted fhe CY¥esY / M) ,

whi ch neasurenent 1gnores the effect °“0f the human eye response and

measur es | iqghilie lnuhamigye mspohsoindtracdserasdighRespitts absahwe symeaResadd i n Table 2

bel ow. Note that the radiance fro he deyi ce .10 fabrjicated according to
this i nventﬁ%mﬁﬁ%ﬁ?lléT?;P%gd‘?WS ot that é‘?é%dt‘@celﬁl‘?ghﬂ‘fa YI°©f r om a devi ce

rabri cgled 4 &E&ﬁkﬁﬁ&fiﬂi uRRIHGE (B 8T WRLHIS Stk fealch Buch AR

| um nescent polynmer. Fidure shows e €l ectrolum nesénce spectrum of a
devi ce fronrdmfameliee fibrichiet én tHearadationalpoigmef LED stredtexctwith teisams cence

em ssion relative to the 15 spectrumseen in Figure 3, even though the sanme

em ssive pdpwcqnépﬁwr-i n both devices. It'is believed that confinenent
of the Covion P%g%}%\él_%@%;s% G Rl ohcO Epdei BARIFG ddvicE 1okt Bxdrfip1Bar r ow ng

of the em ssion.
3. Note the narrowing of the electroluminescence emission relative to the

15  spectrum seen in Figure 3, even though the same emissive polymer is used in both
devices. It is believed that confinement of the Covion PDO 122 in the microcavity

of Exampie 3 results in narrowing of the emission.

TABLE 2
Radiance of Devices
Example No. Radiance at 0.3 mA (W/Sr/m2)
Comp. Example A ‘ 32
Comp. Example B 28
Example 1 . 41
Example3 = ' 102
20 - COMPARATIVE EXAMPLE C-

A polymer LED device was fabricated as in Comparative Example A,
except that the semi-conducting conjugated polymer employed was Covion PDY
131‘, available from Covion Organic Semiconductors GmbH (Frankfurt,
Germany), and the film of Covion PDY 131 was spincoated at 3,000 rpm. The
25  barium layer thickness was 15 A.

The electroluminescence spectrum of this device 1s shown in Figure 5.

15



Radi ance of Devi ceé Exanpl e No. Radi ance at 0.3 mA (W Srl nple - R
A32-Conp. Exanple B28 Exanple 141 Exanple 3102 20 COVPARZ%\")@@YAE/E?% CA

pol yrer . ce was fabricated as in Conparative Exanple A __ except that

t he sem I-_‘ggnog@g#ﬂg conj ugat ed pol yner enpl oyed was Covi onPﬁﬁqJS“'i’é%?E

avai | abl e from Covi on Organic Sem & rs GroH (Frankfurt, GCermany),
and the filmof Covion PDY 131 was d at 3,000 rpm The 25 barium

| ayer thickness wasolhRerLET A8viet 6ak FOHBALNSSHENGIOe CkEdpRl thehi s device
is shown in Figure 5, 15 13 January 2004 WO 01/ 06576 PCTI USOCO' 19476 EXAMPLE
4 A pol ymer senEEraddvetng eonpighitgd pobymes dmatoyed wEs Lloplan PD¥XSdpndtheat t he
sem - conducgjn nj u ol yner enmpl was vi.on. PDY 131 and the

film of Covﬁkﬂgﬁgé%%ﬁég& g&%é%afoe%%aq?%;i%@mr :ﬁ;\e ]%1@ Y tkness was 5
151. The el egt&r ol um nescence spectrum of this device is shown in Figure 6.
TABLE 3 Efficiency (cd/A) & Operating Voltage at 0.3 mA of Devices of the
Exanpl es Exanpl eThie cleEfrdlimmineatence epbalruniaif thig deyivg isisho@unp&igtre e Exanpl e C
10.8 8.9 Exanple 4 27.4 10 TABLE 4:@—&21? of Devices of the Exanples
Exanpl e No. Radiance at 0.3 mA (WS nparative Exanple C 36 Exanple

4 83 Efficiency (cd/A) & Operating Voltage
at 0.3 mA of Devices of the Examples
Example No. Efficient (cd/A) Voltage (V)
Comparative Example C - 10.8 8.9
Example 4 274 10
10 |
TABLE 4
Radiance of Devices of the Examples
_ Example No. Radiance at 0.3 mA (W/Sr/m2)

Comparative Example C - 36
Example 4 83

- Tables 3 and 4 above show results from devices of Comparative

15 Exémple C and Example 4. It is clear that the invention is not limited to one
semi-conducting polymer, because major improvements in light output are also
realized with another semi-conducting polymer, when the cathode cgpping metal
1s changed from aluminum to silver, and the ITO is replaced by silver at the anode
side. The device from Example 4 exhibited a luminous efficiency that was

20 2.5 times greater than that of the device in Comparative Example C (Table 3).

-~ The light output vs voltage (L-V) curves for the devices of Example 4 and

Comparative Example C were measured and the measurement shown in Figure 7.
The data in Figure 7 demonstrate that significantly higher brightness was obtained
from the device fabncated in Example 4.

25 “Table 5 below shows that the devices of Examples 1 and 3 have a longer
lifetime and are more stable that the comparative device that includes an ITO

anode layer. :
16



~ Tables 3 and 4 above show results from devices of Conparayjygnay Bsg4mpl e C
and Exanple 4. It is clear that the inventionis not limted to one

sem - conducti ng pol ymer, because major inprovenments in |ight output are

al so realwviparmesvet h anot her sem - conducting pol yner, when poeusaioge
capping netal is changed fromalumnumto silver, and the ITOis replaced
by silver at the anode side. The dEABI&E 3Irom Exanple 4 exhibited a '

| um nous efficiency..that s 20 tin re r n.that of the device
in Conparative Exarfi€of PIBICES éﬁ*ﬁﬁ%ﬁﬂ%ﬁﬂ%ﬁﬁgﬁ)mﬁ‘%& tage (L-V)

curves for the devi efRgample 4 and  Compgd @b to/fer&Xghihfiple Wer e
nmeasured and the neasurenent shown in Figure 7. [he daza in Figure 7

. denonst r at eCérhpdrativegiiafnpl@At | y hi gher bri ght ness was2dbtai ned fromthe
device fabricated, in Exanple 4. 25 -Table 5 bel ow sho th he devi ces of
Exanpl es | Fa???&‘ée have a longer lifetine Qﬂhreé‘ihéyﬁﬁ?'ﬁ%ttﬁﬁﬁis i“ﬁit t he

» conparativ T that includes an ITO PHSARA%EEnd dbtediF1dARyary 2004 WO
01/ 06576 PCTIL 67 16056 | TABLE & L1t et iyo OEftAglkEEnd pielet H?ﬁ Curr ent
(Stress) Conditions Exanple No. Time (h) to zero light output Conparative
Exanple A 2.5 Exanple. 1 Not reached at end of test (15 hrs. Exanpl e 3 Not
reached at end ofheds¥ices abExgmplesthandé g well 25 Lomparaive EXAmRie A Vs wel | as
Conpar at.i v re . t te J.S4:GANS to be very

i ghcurr ent RO MEakE pEnidtr kO G Hh Bl RRRASIETRRE 12 T per

pi xel ) in gades, 0.8%atuoetyeleahtes inAepadiing) radess acabdate thesagingjoeessest i ng of
‘many devices. O the three devices, the device of . Conparative Exanple A
emtted thenddhusenpblgigsting af mepY dagees- (Qf the thsesdrvicesdpt dFYice ho | ght

ent i on aldGhpdad 10l A TRRAFUAE Ab X LRSS (F D00 IndX gkl Very 10

di fferent benavior over ‘their I'mes. “I'n each case, the Ss
decreases t@o ligppdmixdiomitdr2 SROarof. Tiadevivies bAExamplee] andl3 tRbibitveryai ns at
that level. In the cases of devices fromExanples 1 and 3, the point of

f ai | ur d Ocoudiffersat bebaviprayas teiieEmest Bxeach §asiadic FEERBGSTURIHI2EEEC Ther ef or e,

while 1TO i s QCRGLAN 00PLERE iR TGS arfdl th¥PlenBiingH ehAMRAE 1nANEEases

of dévices from Exaiples 1-and 3, the point of failure could not be reached before

‘testing was deéimed complete. -
Therefore’,’ while ITO is generally pféferféd over silver as the dnode layer,
15 the present invention obtains improved operéting lifetimes with the silver .

structure than with ITO devices. *
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15 the present invention obtains inproved operating lifeti rres wth the
silver structure than with I TO devices. 17 13 January 2004 I\@x
light-emtting device conprising: an anode conprising a sem sparent

| ayer having a high reflectivity and a high work function, wherein the
semtransparent |ayer has a reflectivity of at |east 86% and a cat hode
conprising at gﬂ :Spne first cathode |ayer of a |l ow work function materi al
selected fro nmet al oxi de and conbi nations thereof, and at |east one
second cat hode Iayer having a high reflectivity and a hi gh wor k

finction. | east one en SSIN %’?ﬁm 'd ween the anode and first
cat hode | ayer1 wherein the em sg%h{l/e ayer é{lagél n @g%&?%ﬁ? QRA fJrst
cat hodeai @pede ophgrsing a semi-travapseent dayar hevige ahip té‘f‘ c ?3“%13 R ur e
2. The @e\ies, @Eerﬁn%abérm @deﬂtlfa &kﬁ@ﬁ‘reﬂdoﬁﬂﬁpafﬁrléast g%y aihs a wor k

fraction of greater than 4
sem - ![ rans pag Peiothadg rempns g:glpcjégasgﬂne ﬁfﬁg&aﬁ“ﬂﬁ? %ﬂﬁa?ta%g(} eﬁov‘%%chﬁqn?rlght%%? s and
met al abéleatsd ﬁ4>m Ehﬁldmttaﬂ; extife Adadombinatione teireof bl sicleasidne se¢nmd

has a t t The device of Claiml1,
wher ei n qyﬁgh% F@a’%ﬁo aa?/lgrakﬁ%g g{g(mgé éat hode, paterja ‘Lﬁ sel e ted.
frromnetal s aaieas&tmeaﬂn’ﬂaﬂlw)wer dispophd QFWF%@G@PO@F and diest Gtapds laver

sem-trﬂ%@@* Ot 1h2Y Blin 08Stad wilts e Skt cottiore Bivent | east 91.4%at the
wavel en fﬁ Ag@?gm7 Tugde e of Clajm] wherein the

seni -t ranspal"'@fﬁfcmﬁ [depiss isp me THEIQFAEEY AP han about 92% at t he
wavel engt h ofz, em SSI onI'heBdsdeeeafdiamme wiieréh dhesamiviremspdrenttifger has a work

sem-trgns%are t g‘%g‘ h‘ggv reflect|V|ty of from92 to 96.5% at the

wavel en The device of daiml1l wherein the

seni -trans paBent | ayerTheedgvice of&ilpist ] wharginghe yamjrirangparentdgyes dpckides ga
vl eI Sle Ao Bt R I ) ML
wavel engt h of* eni ssi onThei "'1 CE} ibﬁfré&l%g? ?ﬁan%Egﬁeqean%é ©
senmi -t r fRfpanh ©f brdaky @ancheWr i ses  si | ver .
5. The device of Claim 1, wherein the second cathode layer includes a
cathode material selected from metals and metal alloys.
6. The device of Claim 1 wherein the semi-transparent layer has a
réflectivity of at Jeast 91.4% at the wavelength of emission.
7. The device of Claim 1 wherein the semi-transparent layer bas a
reflectivity of more than about 92% at the wavelength of emission.
8. The device of Claim 1 wherein the semi-transparent layer has a
reflectivity of from 92 to 96.5% at the wavelength of emission. '
9. The device of Claim 1 wherein the semi-transparent layer has a
reflectivity of from 94 o 96.5% at the wavelength of emission.
10. The device of Claim 1 wherein the semi-transparent layer has a

reflectivity of more than about 96% at the wavelength of emission.

11. The device of Claim 1 wherein the semi-transparent layer comprises

silver.
12. The device of Claim 1 wherein the at least one second cathode layer

comprises silver.
13. The device of Claim 1wherein the at least one second cathode layer has

rofleciivity of at least 91.4% at the wavelength of emission.

18



12. The device of Claim| wherein the at |east one second cathode |ayer
conprises silver. 13. The device of Caimlwberein the at \Rlé\e,fast ogﬁogecond
cathode |l ayer has reflectivity of at least 91.4% at the SP%% f

em ssion 18 13 January 2004 14 The device of Claiml Werein the at |east
one second cathode | ayer has reflectivity of between about 92 and 96. 5% at
t he wavel ength of emi ssion. 15. The. device of aiml| wherein the at |east
one second cathode | ayer has refilectivity of between about 94 to 96.5 a/a
at the wavel eddth of enilwidemice d6Clakinel whukinshobt iGsaione deonhd cathndd hgeras

| east ONgR2EH owag@y%aﬁgﬁ_s%g evHeﬁr&%‘g%ﬂﬂfﬁg er than about 96%

at the wavel egg h of em_ssion. I ce wherein the at
d

| east one sec cat hoddbeglguice of cdatmglewherenghe at ls3st ape seppnd rathpds Wyedast ed
Ion a sihl Mﬂédfiﬁﬂﬁ?fbé%}gﬁﬂﬁ%uﬁ%kﬁ%.@?ﬁ%%&Waﬂzet:mﬁgmd Qf&éﬁsfsm.sem :transr)ar egt
ayer has a fijst surfa ace 0 cat hode and an oppos secon
su?/f ace; the A%‘ode furtﬁz’r‘a%&%‘ﬁﬁf’?@% la“’ﬁ%Fe’Qitg%?‘ﬁW Pﬂ?%@g@f%@%‘ﬁe{lﬂ?ﬁ' e
first sureflectyity bborepesthan abouw 96Vastahe vengength nfjemisgiagsi vati on materi al

sel ected fromypol y(anili . j | i . '

pol yt hi qphene1 1 ends. 'lé[fﬂ' @?des?&gl:%gf;aﬁ%el @?3‘8“311 ‘Fﬁngthéa\%g{r?ée%c%‘ﬁg&ﬁg& la%}d
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thickness of from about 100 up to 500 A.

20. The device of Claim 1 wherein the semi-transparent layer has a
thickness of from about 250 up to 400 A.

21. The device of Claim 1 wherein the semi-transparent fayer has a
thickeess of from about 275 up to 350 A.

22. The device of Claim 1 wherein the semi-transparent layer has a
thickness of from about 275 up to 325 A.

23. The device of Claim 1, wherein:

the semi-transparent layer has a first surface adjacent to the cathode and an opposite
second surface;

the anode forther comprises a transparent layer of indiurn/tin oxide adjacent to the
second surface of the semi-transparent layer.
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