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Field of the Invention

This invention relates to organic polymer light-emitting diodes with
improved lurninous efficiency and improved radiance.
Description of the Related Art -

10 ' Diodes and particularly i ght emitting diodes (LEDs) fabricated with
conjugated organic polymer layers have attracted attention due to their potential
for use in display technology. A standard polymer LED architecture includes the
following layers in contact sequence: a substrate with a coating of indium-tin
bxide (ITO), a passivation layer, emissive polymer, foltowed by a single-layer

15  cathode. In the field of organic polymer-based LEDs, it is common to employ a -
relati\}ely high work fiinction metal as the anode, which serves to inject holes into
the otherwise filled n-band of the semiconducting, electroluminescent polymer.
Relatively low work function 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.
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i nprovenents in the fabrication of polynmer LEDs, issues

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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cat hode |af8}°“3$‘gﬁéﬁt"?%??‘“§‘°.“ﬂ§’ %ﬁ%ar}@hggﬁ%? 01/ 06576 - PCTI USOQ 19476
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t he phrase "reflectivity... . at vel f .Sslen” refers 5 to the
refl ectlsvi t"ﬂ?e Imatﬁ? BV@?Xé?vegggg'\p?ilégﬁﬁﬁgg&g\%@etpZ’r%;?Eéag{! light. The wavel ength
at which the refifaebishbivy tHeSseitifviedof the hivdhn ofe follizhpesls femdtisniopn from the

device. The reflectivity value is read fromstandard textbook tables, in
"Optical Prwgyelengilss ‘of “netal s and 'seni conductors". T.H Waver, H P.R

Frederi kse i n CRC Handbook.,, .. -~ X '-At‘ﬁ Y L.p.1 he phrase

"sem -transpar gﬁt%ungs %‘f"f %f??acgr%}}ééﬁg%cé%%%ﬁgg 0 %?rggﬁ'@h?%ﬁ%g at | east

sone | i ght,exphmplediolphat 1R WREB uaiBg Tovitth RIDO 1223 %vith ati TRO electrode and a :
20  Ba/Al electrode (i.e. Comparative Example A). o ‘

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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As best seen in F_iggure 1, an LED device 100 includes a substrate 110 and

an anode 12wetakheiphhsdaittedthirongh rabsiraie § birps shoamdpyamemt 13Gyer 122 of a high
reflectjyvity nmetal, and an optional passivation |layer 128. The

sem -trllé)nsparentg%%é'ygcer 122 has a first surface 124 adjacent to the
-substrate 110 anghigdblOREREalsQhat$as B dssdisl268s3a6 11MnchRastor 808nfEl Ssi ve

| ayer 130 is disposed between the anode 120 and a cat hode 140. The cat hode
140 i ncl udeglass @dpolymenichdlms. | ayer 142 of a |owwork function material and
a second cat hodeglaﬁer 144 of a high reflectivity metal. Light is emtted
t hrough substrat as shown by arrow 150. 10 Substrate Suitable

material s that comilkdt 49@fm@Apractis dShiiRicea ddfiphial d6trodt Shichexam® £, 9l ass

and polyneric filnms. Anode o . o .
15  the side of the device where light is emitted, in order to minimize transmission

losses through the electrode the present invention replaces or augments the
transparent 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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at least 91.4% at eni.ssi vel N g, el ectr.ical conductor
(having a SORGUELPUCR,SEF 7P S abgire Tivois faghoe o agission; 1™ 4ng
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preferred enbodi nent, the 5 sem -transparent |ayer has a Teflectivity of

nmore t han sibventalgampm, soldeandopppeneg Well enklioys ohsuch megals.| - drd preferred
enbodi nt, the.sem -transparent l.ayer has reflectivi.ty of t ween about
550 aniP abodt | SaE Pt BB hCIaYes 1 2b rem Aitielty R FbSEkd Y A aP B o 7 o
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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
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silver, al umi num gol d and copper, as well as alloys of s r'ﬂ]:a‘hf]‘ 15 1.. *
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pol yt hi ophene bl @&milsde Usef ul conductive pol y(am i nes) [ ncI ude the ‘
honopol yner, derivatives and bl ends with bul k polyners. Exanples of useful
pol y(ani |ine) i nEreiuest eatlnde layes d#d sseglactpdUfrazn looymeasl fungon mepalpob31 and

hormopor ooy loN work AEEA herel BRI (GARANPIL BaR Sboth B AR RES i 181 Ule the

honopol yrrer derl vati1ves and ymars of useful

pol yt hiidphesusisbli tew wabek ;ﬁmcnélehhwramdtmytamtam andaﬁﬁe) ea(rBEBH)lantﬁmae as
pol y( 3, 4- et hyl ened| gﬁét hi ophene, and those disclosed in U S. Patent No_
5 766, 515 dnef2lyasd opilest aflgh, gkl capth and anthanids meflsy Bhe tarmealkalid

POt DIEREP s B AAH B Sl GRBRAGEReS il LIS BEARPL G0 2 10

unsubsti t ut egtg erl a use n a nanner
acconpanyi ngje peliqiditable. The tenhitiatialiyn@al liide rie edd 1@dréin is 8@ dofvémidder t he

mat eri al conductive. Cathode )
: : sense to refer to compounds 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 simple oxide (e.g., MgO, Ba0O, Ca0, Sr0O, 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



" The first cat hode | ayer 142 is sel ected from | ow wor k funnggﬁhﬁ%‘gaml os
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conpounds of an Breder “lapthanidgmetal jijishd hersin 1p hr eanventinal 89s8i% ) i net al
oxi des are I r ctign correspondi ng
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K 0, Rb. 5 O, sagmwaiumcé e, Smlwniésreing . ehrm HWGIredmipm 95 The term
| kal t t t | t f
“alkal i ne e‘argl?tﬂa&n@e e 6)3?952913&?&?&? E}[ c@ﬁ &R%i{ﬁrkteh ﬂ%ﬁ{bse 0 rerer

to el enents referre al i ne earth
nmetal s i nC'éUﬁﬂ)dﬁﬁ@lﬁ%' 1u:ﬁthémdemetalvghd ofydei Bor ¢dnveniendeq Jantisinidehétaim (i . e.
Sr), and barium (i.e., Ba). The term "al kaline earth netal, oxide" is used

herein in tmdas@m@medﬁ@he@ﬁh@ethwhﬁ@%k forrguia SRR FRIECSBPNAIRE BRI i ne earth

t al d E d
o or rod-t oM Sithe £y VIR AN S8k SFEOR O A SRT:p bR i A0S 01
oxi de (®) 9 refdMifoe tPRLsintFlPoxide ) intéided BR&)compaysniher, oxlidéssinclefiimgence to the

sinple oxide is intended to enconpass other oxides, including m xed oxides
and non- st md@m$m@mﬁ@1§h@@l€t§ﬂc oNEes (eBaBmE). P PaAtdN:OD04 WO

01/ 06576 Ca, O, S re x is fromabout 0.1 to about I.

PCTI US00119%78°¢ *H%fr?rgra uﬁﬁf%%nqugg%mt al" is used herein in the

conventional sengg ﬁr@ferré@éxﬁbo&ﬁzeﬁ{ Qﬁ‘ﬁrﬂaﬁmﬂé 1alyBrel 420t indss Idaensaikl es of t he
periodic table, fromcerium ( through lutetium(i.e

e., »
Preferr ed Iﬁmcthmm@t@l qxedes| %ﬁmtw@@’@e ﬁ’ﬁ}‘??lﬁﬁﬂ(tb’l?’éaﬂy Weposi‘ﬁdé’rybl um (i .e.,

0. L PSRN o TOB T OO T e 1 O 12 e

metal and %ﬂﬁé‘ss oF BEmCAHBVETD REND A| anfypial e sTeaporation/dgwsiaibr iy ef erred to
herein by the chem.cal formula of the corresponding sinple oxide of the +3

val ency stair@n(ab0|§02®r@93t4msew@ﬁd Nd203); however, this 10 reference

o505 o Sk RS HEER S B PR BB g g 0 e

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 embodxment the
reﬂectmty 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



where x is fromabout 0.1 to about 1.5. In a preferred e %ﬂﬁﬁ# sttt
cat hode | ayer 142 includes |ow work function netal OX|dg£§ he ??éﬁ

cat hode | a er 142 can typically be deposited by 15 thernmal vacu .
evapor at i O 48Yfcal Iy, the first cathode | ayer 142 has a ?9?@@%@@57 of from

about 10 to 200 Apr@fe&&@bﬁﬁbdlhﬁh@ué& YA R htdl ﬂ%ﬁ&ﬁﬂﬁsta'r@ﬂedtﬁntgfofom about
0.2 to about 4 A per second. Like the sem -transparent |ayer

second cat hajdl@st %yé% 441113 mgsmnmwghngtbfaﬁ bethithd ae;mar@swmtgwmm functi on,
and i s nmade rrat er 2 for nto.a spooth, . conti guous
i STypi iy e aegi Sy ade i heu e Re SR FEREh of gr oat or
than 4 eV |tﬁa13ha@ %&Eﬁé&ﬁﬁy%ﬁfﬁpﬂhﬁ%% attahenﬁemndave%tghp&tqrdxﬁmon&% has a
reflectivity of at |east”  91.4% at emnm ssion wavel ength. In a second

preferréd eifanh aerused ahbothdbosemictaarispatent|layeed 2hand 25 the fécend icethoge of
bet ween 92% an 6. 5% at the wavelength emission. In a third = preferred 25
ermbodi nent ,*@feé*Second cathode | ayer has a reflectivity of between 94% and

96.5% at the wavel QRGN IR shOBathAd® 1dyd: 24 tdee@ﬁ&f&rmegaﬁamenw&t, the
reflectivity of the second cat hode layer is nore than 96% at the wavel engt h

em ssion. lwsedhwtthe semiredrsparedt leydyd@6n¥ot exampisigald ¢dukd bdreseddorthé | ectivity
of at | east. 86%.at an em ssion wavel ength_of from n nmis used
as the 30 ge%wﬁ%ﬁm%e&%y@mmﬁ 0deape, Sives ool wsﬂ‘gi)@rgrﬂ?ﬂ | ayer 126,
t he seggnd c [ from

G9 reﬁ@&{%%‘%ﬁtﬂ?yer%g}gp t}?f‘aér&d%&oﬁe g-{)zf‘ﬁ@ﬁexféﬁteﬁ{ﬂo éift) hEh

metal s "and neta oys urt I gh wor unct I ofm netals

i ncl ude al usflennivitydayey @42 hacoppel witha dflenity loé altﬂdaewla@Ay\mrd as al |l oys of
such netals. 7 _13 January g004 WO 01/ 065(3 q_;’/gé 0119476 A preferred
ermbodi nent ra@e*éwrrért%raﬂﬁﬁst#ét it 3 qTRiFSIPTH A EVHEnsiyo PR P EMat | east

91.4% at t \ B 284 Dot R e yer 126
and as thehageggﬂn &hwg: ﬂ.4°gye 1‘144 gl'Finzganot er pre err%ﬁ% ]élgrrent, a
met al thatmdsta?prafeﬁed Exabbdimeny, siifera(Ag) sastd 8686ththelnighk nefesiivity matakl engt h of
from400 nmto. 5 50Q nmare used as both the sem -transparent |ayer 126 and

as t he 18ecdAvFr dnthedulayen cathade pad as fhe SS@HEF%‘IP"IGPEQ’%‘SCOM cathode | ayer 144
oot ot e e GPRRIN bl e AL e oy gz o | aver 126
sem -t r anspaemple, arfostdayeanf hivhl reBectivity athbde lugcﬁrc{pmferhﬂsig, dfisghhciént
e il 2o b Shque e be vovared by S ey o anorher hidh sebethiy <PO% et
cathode 1ayer, which may be more or less reflective than the first high reﬂectivity
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



“reflectivity layer 142 has a netal with a reflectivity of | e 4%
or a reflectivity of at |east 86% at an em ssion wavel en&?ﬂa%a?fé%(?ﬂu

nrn to 500 nm- as both the second cat hode | ayer 144 and as the

sem -trangpai®ébes! ayer 126. In a nore preferred enbodi mnenggr/Bkdovi®47¢( AQ) i S
~used as both the high reflectivity netal 15 layer in the bilayer cathode
and as the: §E@ﬂu‘3t"3ﬂa¥§b@r@m hlﬂhmﬂ,fmw ﬁtdh%lwyelelmthwﬂlmeﬁs&y&ple@limode syst em

(not shown) 4 of high reflectivity
cat hode | ayer as?p&g]f erﬁﬁ'@l |C|gsesn ﬁaék?n%égbf% be opaque) nmay be
covered by Enixazyx&rla@érsanot her h| gh reflectivity cathode |ayer, which may

be nore or less reflective than the first high reflectivity 20 cat hode

.layer. In ato ‘phﬁhérL@%mh@P@aWﬂwﬂﬁ@hﬂhgﬂrlwtmBmlmvmbmgrlﬁﬂst met al

may be y I f oth, ous film for
agl atlfobrle?erfgattg ﬁ’l%q 1neF$ent a?!gru%'r}.g%algﬂ?qwg§0§ﬂ€]tgxgﬁ

exanpl e, m num-or alunnu e added for

specific fua@hpﬁm:s%ﬂ@lhcaahmﬁesemnwnacoﬂdqaurpgt@ﬁgamtnhdi&uand}eﬁ@ﬁhf;ng of the
device. Exanples of layers useful for seallng t he device include an

ai r- st abl e B@fspalsgfopuse aseapissivehlayers itnl-ERp moéuf&m()bﬂnemfoemlecmlarhe ability to

protect the_] ng( t he cappin yer fro I ent ygen and -
noi st ure thr%a?%%{ftgﬁi 5 tgﬁefgglﬁjgﬂﬂ%fce'fc% m’% crgore%c%ﬁpb Iﬁﬁtf’ﬁfl al's for
ai r-stabl e gapRilKit bRYESuinidstdRe andBiabhreQBIuBRI Al pradetdMe s W th the
sem -transparent |ayer 126, the second cathode Iayer 144 can 30 be

fabricat®d sMtigp lﬂfﬂ)vmfmupfbmﬁm techni ques. A typical rate of
evapor at i on/ deposi t| to 20 Als The ckness of the

second cat hode 1§‘ ei E %ﬁﬁtd’i"g‘ %@“WJE%%V%WS[?BFRSF&%%\FEPP IPE8F¢ st cat hode
llayer and bgiofcifs dmr%ﬂ%%e\@agﬂa&gl@%ﬁvﬁﬁk R0 BodR4TDderRRAGEE enough to

give high reflectivity at the wavel ength of interest. Typically, the second
cat hode | ay@e knawndo Elkﬂ%khe@@lmlﬁn@ceﬂcedstadémmm&ﬁmcx&s sudbds ssive_layers In

t he LEDs of resent inve ti eas ne enissive |ayer 130 5
(al so ref er?%‘&& gy%lgn? W%Y@%BEWFE&?W&TPWC ﬂ&”@?@%‘bﬁ“ﬁﬂsﬂescent | ayer)
conpri Sgs aéhl@bﬁ%ﬁﬁl%%ﬁnﬁﬁﬁﬁ@”ﬁ&dé&iﬁe@%%?&id?ﬁb]e AH2Ri 4., TRE Spdrale
Generally, materials, for use as em ssive layers in LEDS i'ncl ude pol yrrerlc

or nol ecul a¥ 55%Y%r| aI s that exhibitel ectrol um nescence, and still nore
h bit el ectro]u nce.and that are

fically,
ot bt br et of A G P ST R PR AR P e 20 | e
of useful nwngargate@rpo@yﬂa&@.l ERamiplee bt alifableNehtictRatitielcBnREaad bSlymers

inciudg poly(phenylene vinylene), PPV, and soluble derivatives of PPV such as
20 poly(Z-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene), MEH-PPV, a

semicongh_;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




mol ecul es such as anthracene, thiadiazole derivatives, -‘an%gm' 4
derivatives are known to show el ectrol um nescence. |In addition,” conpl exes

such as Balypdspxyaquinolate with trivalent netal ions, par*d'g&ﬁl Wg
SPYEST60r

al um numare al'so 15 suitable em ssive materials, as descr _
exanpl e, Tap&ivativéd as deskrbed BATEM % Z258Rdik0 1 8an cﬁ&m% Of‘ M3Ek ll ol ymeri c
emi ssive materials include .Sem conducti vé "’ conj uga e anpl es

of suitabl e_ﬂémuﬁmmmﬂ,fwagmg@f@dlep,dlwapﬂs, lleﬂfﬂnu(iﬁlmiﬁt{lﬂb%w ene

I PPV.. f PPV h 20
\p/>|o|n¥( ik h%??yf“%ead(n’é"’ ﬁae‘i‘ %?1&%1 éx;f’ﬁg%scag “Egnbiue | ene), NVEH PPV, a
sem conducté;ggr&&hméen%h% %ﬁlﬁﬁg‘lﬁg’lﬁg ”Ablfzf’r}%ysexetwg‘fq< ter| al is
n "nore detarl | K.,

descri bed in "nore detal

Heeger, 5 A 1272, Fatdsmicofugated Emmcoﬂdiﬁﬂng Pélytriess with noﬂ—%n]uﬁit@& h&dt mat erial
descri bed as usefuk in thi is application is

pol y( 2, 5- bi F(CHYT ESLRTR -2 O@ﬁﬁﬁéﬁiﬂhéﬁ@hm lﬁnyféﬁ@PlyT@!)lE@ﬂAaSDPv a

sem conduct I h 2 mat eri al
e Hooer | e PR BB € vaRSEARhEX SORPED 1) Kisp e . g B ™ o her
sui t abl e poWyraadi-IaegerL wdé., “Ble exathhfnestdit ddeder 0Btk vldnht 8p ) as

descrl bed Gustafsson G, MBranch D., an eger, A J.
"El ect rol ur S7a/z NS A2 ipyparpa ’hS'}pdteASdelaplﬂazlerl odes”

J. plas 64 ol y( ara phen e), as descri bed by

Grem éﬁp d{n f(lsef&%ggb]ﬁﬁﬁs ¥ gm}g%rﬂgﬁesﬁo p%’lyﬂbeé'f’laiatl on of

gleue I:j ghz -chmrltﬁeglrbgﬁgdg;?ﬁm&gegéﬂggjﬁx Hficled ho‘mcd%& &madel 992, 4,
and its soluble anuar

deri vati ves¥ ‘::-' SEHHS ’Smthetzsmlwkwm 85 di@3Karasz F. E.,

ool yaui nol i ne add ﬁ%s@%@“ R el oSSR, SR eptengis BB co, M and

"Ef ficient dicteluntiheetibdnitHRREGHE S Grydoletl WH AP QPP ¥gUi nol i ne”

Appl . Phys. Lett., 1994, 65, 5 161% r% gr%sy%f con 51?5 egpig)eém conducti ng

pol yrrer1§ WTQ-CFPWE@CRQIHQQICEGS fospolyorer which @mtgind gagmeatsaufe al so useful as

the active | aye LEDs, as. described by Zhang, C., von Seggern,
H., Pakbaz, S/E’%J“%%JF QJB eSB Cor@tﬂ#ﬁdcﬁo YIReTS arg weld kaowm inyibe arta Sujtable” B| ue

el ectrol umiepgs Eﬂbfgh&gﬁﬁrnﬂkhé ' @g@&. 0 lene vinyl ene)
in poly(9- \t/:;l ny}:Hcar bazol el , " Syehr}fﬁglgllc?h talgkgrg%]gf%n%g&é%ﬁ% so usef ul
are bl ends ammnplvmy‘ﬂgnttad)toor m)re conj ugated polyners, as descri bed by Yu,

G, and Heeger, f| ¢i ency photonic devices made with
seni conduct i ng poI HBlry;@P ﬁéfﬂyée ang s dargativesmbstituipd at

20 various positions on the phenylene mmety,

(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 various 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



" In one enbodi nent, the el ectrol um nescent, organic- materi 3 4k Sy 2004

el ectrol um nescent, sem conducting, organic polyner, which poly Is a 15
n-conj ugated polynmer or is a co-polynmer which contains segnents of

ar - conj ud¥® 8H065% et i es. Conj ugated pol ymers are wel | knowdGTAUSME44pt .

Sui tabl e exanpl es of el ectrolum nescent, sem conducting, organic polyners

i nclude, but are (wx)rdynwespﬁpfal&@m@wvnylemh yhereghearyleap@ayitey| ene) and

its derlvatlve ituyt S yl ene

noi ety, (i |a)s @ V?’% %haé’ﬁy g‘ﬁgﬁa&ﬁn eﬁe ged eﬁ% Att%%! Hélp%gltultogggggﬁé;sti tuted at
various powlbﬁﬁd%ﬁbm@em@ aﬂwhae@ﬁ; poRitRinY on (hd vihylegd;y ( p- phenyl ene vi nyl ene)
and its derivatives substituted at various positions on the phenyl ene

. i ety and al so sulbwti) eerpelymars Qfmlmwpﬂgm pligpsnerg sughas hess/An{iMene

nnlety, RV Vi n Ien the aryl ene maybe such noieties
as napfit ad')eﬁ‘g %ﬁ{%p °n' Nl éé Alenyl ene,  oxadi azol e, and the

l'ike; (v) derivati m;sp@@g;gﬂ{e&&&ﬁhwl @aqw\ﬂeﬁykw)submé@aﬂmoag yl ene may be
as in (iv) above, and additi onal have substituents at various positions

on the 30 @ositienson @wm)lem@nemmﬁyembtdlrggdaﬁeawlm denivasivemeych asher e t he
aryl ene ma iV vV, nd additionally have substituents at
various po%"’g‘?%ﬁé“%wt 2“\9??{1%1‘5%3‘% €10 13 January 2004 WD 01/ 06576

PCTI t JSOO 19476 (V()t))pdljﬁh;y JALd) aErOfRAUYIEM MheBE sathindiefi@as Wher e the
arylene may be as i'n above, and additionally have substituents at

vari ou30 pomphtbdsneoanmeneamlsna th:ndylsu@swﬁbdlaw@@nétthaﬂdm eud thersi ti ons on
t he vinyl ene;. Qviih@y yer s oftar q% iﬁ%lene ol i goners, such as
those in (iGAVAIVES§ nn% m@ﬁﬁ‘f@1 ﬁPE e B at ed ol i gorers; (ix)
pol y(p- phenyl ene) anglcdt, §1Pr%f§df%‘ll'g8ﬂ§1§1k!p§khta§tﬂﬁﬁ,eﬂ{(x‘}%hﬂﬂ‘kb?l positions on
t he phenyl ene noiety, including | addér polyner derivatives such as

pol y(9, 9- dwathMBdbMQHEMa) and the like; (x) poly(arylenes) where the

aryl enemay be- such hthalene ant hracene, furyl ene,

S..as
thienyl ene, oxadi a? 53"3%’;%5‘0 lﬂ%arfqoﬁség TR thei r  derivatives substituted at
variougspositions gniij &fpalmeRNHT pBBigRinbline 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-phenylene-2,6-
benzoblstlnazole) poly(p-phenylene-2,6-benzobisoxazole}, poly(p-phenylene-z 6-
ben21m_1dazole), and their denivatives;

20  and the 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



(xi‘) co- pol ymers of oligoaryl enes such as those in (x) wiq@J%q_pj-ryg j'ugated -~

ol i gomers; (xii) polyquinoline and its derivatives; 15 (xill) co-polyners

of pol yquj | wi th p-phenyl ene substituted on the phenylene with, for
exanpl e, %%’f’&g? al koxy groups to provide solubility; (xi é?T’fnlS&q’H“?%d

pol ymers sych, as yP-phenyl ene- 2, 6-. enzoFis hiazagl e

ol 3 b phorty PRits. 0 e R G G5 SRR R asten andipence the

benzi m dazeh@y siggd their derivatives; 20 and the like. Al so useful .are
conbi nati ons of sem conducting conjugated polyners with discrete

mol ecul es, wi t h Theceriissive byer ¢apl tepicdlbrbeclobpenteddesing anycd dhavechnigees

i conduct, | ugat ed. pol lentl.y .att d t.0 Vi | ent
bond. Al sSnvern G HE MR R TR o8 B Ree itai"OU8 pat
- No. 25 8, 77ercerQéxﬁlejp§}ynP§tLEllﬁ9incﬁldﬂ§§f&@bﬂ@&gc%ﬁ% dRadiy fom 5,900, 327. In

one enbodi ment, the el’ectrol um nescent, sem conducting, ‘'organic material
i s an el ectsolition arebeashng okepolpwatprecirsgy, fobowehbyreactiomierg., bynhgatied)er r ed
enbodi nent s, .t he_el ectrol ym nescent, sem conducting, organic material is
sel ect ed fﬁ%fﬁ%@e&%ﬁ'ﬁ?ﬁo@ﬂﬁg%ti ng of. pol y(p-phenyl ene vinyl ene)s,

pol y(aryl ene 30 WiehyhERtha hRAHER NGNS REhSde ARGy 4L 6E) S. The

~em ssive |layer may al so conprise other naterials, such™as carrier polyners
and addi t i witsathifyipyeraif lthe, lowheornusdionendtaly@nmétalsoxade {focéfifiernt of about 600

11 13 January 2004 WD 01/ 06576 PCT/USQX 19476 tq about 1100 A, dependi ng on
t he deépre-&{%w’aﬁ&m?awr&ﬁi%m B ﬁ%@mnﬁ'ﬂi togetheryith pn @nodehe e ssi ve
| ayer can I cal | -f ' | . j: s known in the
art, parti t@éﬁ?ﬁ?@ g%ﬁhosé t%é’%%a?oﬂgﬁgﬁ%a%ﬂ%gtﬁﬁﬁyhlgg%} %a?%f B’Z‘?%ﬁ%&ém ecular 5
and or gani expdleptelectedrlimjection) high reflectivity, highilirea miastdvity a¢hitectutrey from

solution, and castinhg of pol ynmer_precursor foll owed by _reaction (e.g., by
heating) B4 {RsTeRY lﬁ&”ﬂ‘é"éﬁi‘é’a"%’é S{rencY\ARA FADOVED %"‘Pﬁa{t i g?hf@/e%

T L AT A TSR P B e 0
-capped 1% t kelatitvdlghighetflextivityiof yheneehatrantiegeit etalwinbde amd thaododeconpri sing a
Sem - LT ANS pay CToF the davice Tesult tn the Fofmation of the ek pevibmance polymer LED
in a microcavity structure. 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



excel lent electron injection, high reflectivity, high Qi Ny 86w i ty
architecture, and thereby inproved |um nous efficiency aggg?ﬁrpp_a?_)éved
radiance. It is believed that a mcrocavity effect enhances the | um nous
ef fi ci eno ewgstsri ght ness. The 15 rel atively high refl ect ircTiosemisdrbe
sem -transparent netal anode and the cathode bilayer of the device result
in the for Eifidiencyof the hi gh performance polynmer LED in a microcavity

tructure. i. C it f ect ' i f bandwi dt h
of [T gnt - eRTraamieat Asihed 45k o LB 5570 bitafefE (v GiilP b ol engt h
of the maj 95:&bvGefnniar&iaiﬁtﬁt,o(sussﬁrmiﬁgs,obprﬁﬁhaﬁ&aqeé@gihgtddmehyﬁa@ eye is

more 20 sensitive (see Figure 2) an thereb_éteto significantly increase the
| um nous  edlftirated weips die nrecedpiegtescribprdthelowy Brembotadasie iTtalibpatodias

| ect ] . of | yier , LED fahricated in.th
radi 1 onalolEDrn A SIS PR st sfBR i alcara. \Bor Rk aBstBun ¢ or
- CoMmpar i SONyjz8 u§ddd Wl Bask- wiszeP st bRY a 1ht béank thelsiRioFMd pixBrLfigs red to

encapsul ate the LEDs of the present invention to prevent long term
degr adat i oareavesisodted The pheipdioiatas plased avwegiverkdistanced forh e lights . For

~exanple, devices can be seal ed between gl gss plates, .or seal ed. bet ween
barri er pola{}‘iré‘r‘: nI“H&’SF gf"%,&f\?ﬁ_fégor‘%@- %ﬁ‘gs Iqu&}ﬁeﬁﬁfs‘@péﬁﬁpg?of‘ Péstrate

certain fegl yﬁﬁ%c{ﬂgﬁﬁéﬂYﬁ&;ﬁg%§4@£dﬁﬂ§§wef@§@%. i nvention. They are intended

to be illustrative of the invention, but not limting. |In the Exanples and

Conpar 4@ i vRa#ienem| es bel ow, the following procedure was followed to
determ ne the.foll ow ng neasure ts: 12 1 anua 2004 01/ 06576 _
PCTI USOQY 1g%fanceas E‘?egﬂ’é | ugRg @M@Fe@%%@g%@a?ﬁ%&gﬁ@i TUDT S370
optoneter aua-hall FiiRICcWyT. a part of Gamma Scientific, of San Diego,

CA) which includes a photodi'ode that is calibrated using the procedure
descri bed bektme: The photodiode is calibrated 'as 5 follows: A KIST

calibrated Light source, .with.a kn uni form, | i.ght eni ssian s used. A
otk s s B ke telife s MetestUR uSiE on AP ROh 2808, ve® af ca
was emjkte g, i YRPs L asgibuitin @irod el fgromthe |ight,
and thn]és nu agi%eg\%fe?gie\?\gﬁg rec%rded%@ﬁﬂgfrgéﬁ/hga}ﬂan%gﬁﬁ Iégl.ts

cor r espondidengce dtaonstpatrcuirent] Q6 rhieghmlsent®ifdiduty ¢y8k)atcimdPpenpired known. 10

Radi ance: di.ance asured using a ort phot odi ode vai |l abl e from
: ‘?%e time reqlﬁlxae%l or a pslxel 10 dLécay t% zerol\ﬁ\g,m outpquas measured Ss?ng the

Newpor t _
UDT S370 optometer 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 Senﬁconduﬁtors 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



Corporation of Irvine, CA Lifetinme: For operational i f%iJ 56d419 the
LEDs were seal ed-using an epoxy resin and a 15 gl ass cover.gﬁabgt(?ne

testing RS o1k 7?ed out, in air, on individual pixels in ﬁﬁgﬁ&ﬁﬁg&"ﬁl

constant curren 0.5 nmsec pulses, 0.5%duty cycle, at 5 prrxel. The
time required for a pixel to deggy,dRiveah@nipi@ht output was neasured using
the UDT S370 optoneter with the cali1brated photodi ode. Conparative Exanple
A 20 A pol yner LBpaguerdeERasvicabrs Ghrncatedss moComparati@Examplads substrate
partially coated wth ] TO was spin-coated at 6,000.r in air, sol ution
b1 pol y{ anPrieRE AL AT EROr S TeRat Rt bt iR epe B Ipeofhier figed i n U s
Patent  No. 119:188& d13D000 Ahe resulting filmwas dried on a hot plate at 50 C

for 30 minutes and then overnight under vacuumat 70 C. A toluene sol ution
of 25 Govion PDO 122, avail abl e f BXAMBULEdN O ganic Semiconductors GrbH

(Frankfurt, GCermany), incoated.at 1,800 rpmonto the pAni thin film
(in a nitrogen%@@%ﬁ%ﬁ PHEE Naf %gteﬁla?%é B%rfm‘(Fa%’Eﬂﬁﬂﬁgﬂroom
tenperature REYTO wWhs2a5ih LG B9 V!Eﬁ YRE ByeORASEL &89 on the

pol ymeri c ff’f%%tfh%tcov?g% P%%&%%H%i' to a %ﬁ)irc noesss ofy 30 angstrons. A | ayer
of al um nunhieknessagf®0030 deposited on top of the bariumlayer to a

t hi ckness of 3,000 A 13 13 Januaré 5004 gﬁ 01/ 06576 PCTI US00/ 19476
Conpar ati ve Exanple B A polynmer LE s fabricated as in Conparative

Exanpl , excep 1] g%gmg nlc deposi t ed
| ayer o OA\si | ver %‘tﬁ Jﬁﬁ%@?{%ﬁ? o} %Q%%Streg\.gé %&gﬁgﬁ%&%iﬁ%ﬁw%f LED devi ce
was fabri catadpathai nlaGargiailasn ate thickmsk of 200 Aexaeppor depbsitddeon tdof\as

replaced with _a vapor deposited | ayer of si]ver at ? t hi.ckness of 300 A.
EXAMPLE 2 1@6H9@|ﬁ?@6ﬁ9%ﬂf@5%‘§0q wisrmdaite dhat of Erareplgdandt i ve Exanpl e

A, except %Q%g%@g:,gy%{%&}e%é]*ﬁr at a thickness of 3001 was vapor

deposited o e performance of this device is simlar to
that of Exanple | and Exanple 3, as BXaMPiid bel ow

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

(5]

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



EXAMPLE 3 15 A polyner LED device was fabricated as descri®aghidey bsgml e |
or Exanple 2 except that the alum numlayer was replaced with a vapor
deposited layer of silver at a thickness of 3,000 A Efficiency of these
devi ces wehe1pdge@sured. The perfornmance of the devices is mwunuswohdsed in
Table 1: 20TABLE 1 Efficiency (cd/A) & Operating Voltage at 0.3 mA of

Devi ces Exaiphf1d\0 idhbiccthNg0%s dkightcd (i thdedh (e \delica¢eCoMpareav®. Exanpl e
A5.2511. 3 Conp. Exanpl e B4.549. 6 Exanpl e 15.910.2 Exanpl e 39.510.4 Table 1
above showExaimpie AeJlzhtrehelae ilystratgthat simpkorplaciag abiipum wiugilver @avi ng t he

al um num i | ace) i es thedigh t lelding a 25 12%
ingreage :ﬂh‘g?ﬁaf@?ii%é s( \ﬁ}pgenveg%gﬁpgﬁg&gpl&gﬁg?%ﬂ%a@g aX eas(r?}%elg 1).
However, th@ARipld db@& it isptdve HRVERBRAcY 6f thE Bévedteth fabt, dfyd Bes of - the

structure described by Exanple 3, where a silver anode is used, and silver
is the Bi ghreducgbhentightiayputet al used in the bilayer cathode structure. The

devi f 14 J 2004 .01/ 78 PCTI 76 le 3 i
o w1 o T BRRERY $B00f R, ORI E B PRI gL e 3,15 o e
| also "'g@%@%ﬁ%m R meti R {\gpé/@g?vqr R ki iBntbd iRlerRE T he

h
cat hode si nparative Exanp B) and | eaving the anode side
unchanged ddeise Inahar egerespentdmdahédsores hght aftpite athohite ermb.nReswdts, there i s
a 5 reduction in light, qutput. The_em ssion fromthe devjces of the
Exanpl es | aa%wn%@%eddr@@%@& belews éﬂ%ﬂ%ﬁh&é@dl%@%‘g‘ﬁﬁﬂ@(w Sr/np),
whi ch 1Bas yhaNERL - PANTRE HENE of ARP IS AnANd
measurgg’ I:% %tdﬁgwgﬁgﬁgfﬁeéﬁ%@n%nﬂﬁgg)uI ts are égllcjmrari zed in Table 2
bel ow. Not erdrhatdetiee fataitared detiertmditidne] plyinec]l AD sfradiniecritietheaamer di ng to
this invention (Exanple 3) was 2.5 tinmes greater than that froma device
fabri cat ed InEiReReent PAYMEF onal pol ymer LED structure with the sane
| um nescent pol Fi 4 L YR NSRS ResL M of a
devi ce from Exanp e 4354.11%%'?%3 %lﬁ%ﬁﬁ?%%nﬁg%&%e eal ect rgﬁ%umﬁnesé:ence
emi ssi on r €, dldtytietnarrbiving 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



15 spectrum seen in Figure 3, even though the sane em ssi | ys used °
in-both devices. It'is believed that confinement of the y:gx“)lg'g%#g?)%%zz I n

t he rTich&, V@ﬁsﬁ Example 3 results in narrowi ng of the enmi_ssion. TABLE 2
Radi ance 0 P’®es Exanpl e No. Radiance at 0.3 mA (W Sr1 n2FCESIFE 1Bl e

A32 Conmp. Exanple B28 Exanple 141 102 20 COVPARATI VE EXAMPLE C A

pol ymer LED devi ce was fabricated m%par ative Exanple A, except that

the .sem - conduct iAngbigRed IUUR Hercd May FBHCABPhOMEk e %{égﬂ tiiiothe 131,

avai |l abl e from Covi on Organic Sem conductors GybH (Frankfurt, Gernany),

and the filsaokcapdueing eOivgaed paiyenes ginplayad suds AlovBnRIDY ridmandiles 25 bari um

| ayer thickpess s. 1 e el ectrolum cence.spectrum of this device

i s shown inﬁﬁﬁaﬁgw‘g}l%fél 1@3’3&5@{%%&3@6&%@%?%%%&%476 EXAMPLE
4 A pol wrer14BD device was fabricated as in Exanple 3 except that the .
sem - conducti ng conjugated pol ymer enpl oyed was Covi on PDY 131 and the
filmof Covion PD¥etBttroluminspiance spastiumtof 3hi@devicpin shPive iBFigure 6kness was 5
151. The el ectrol um nescence spectr f_this device is shown in Figure 6.
TABLE 3 Efficiency (cd/A) & Operati %ﬁ—éage at 0.3 mA of Devices of the
Exanpl es Exanpl e No. Effi%fﬁ@fenéfﬁ:&ﬁ%g&/@ﬁe% (Wojtakf Comparative Exanple C
10.8 8.9 Exanple 4 27.4 10 TABLE 4 Radi ance gf DevVi ces of the Exanples
Exanpl e No. Radi ance at 0.8 OAmANMSDENESs 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 capping metal
is changed from aluminum to silver, and the ITO is replaced by silvér 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



~ Conparative Exanple C,36 Exanple 4 83 Tables 3 and 4 aboyg sshoy, besal ts
from devi ces of Conparative 15 Exanple C and Exanple 4. It is clear that

the invention is not limted to one sem -conducting polynmer, because nmajor

i npr ovenewsriioes7ei ght output are also realized w th anot heerasooi947e

sem - conducti ng. pol ynmer, when the cathode capping netal is changed from

alumnumto silver, and the ITO is Eapl&ced by silver at the anode side.

The device from Exanpl e 4 hj bi | ym nous, efficiency that was 20 2.5
times greater thgﬁﬂ?ﬁ’gfesé’f%ﬁ’é?eﬂbg‘aﬁéﬁgﬁ%?BB@SS?FS\);{OEEQ%’E% C (Table 3).
The |ight output vs mold o{L-V) curves forifd\@) #exdrs BghQdutpanpl e 4 and
Conpar at i vngmgmmm_mmw gure 7.
. The dat a i rICémhparative/ExchenpdnAt rat e that significantly Bidgher brightness was
obtained fromthe device fabricated in anpl .. 25, - Tabl el ow shows
t hat the de@’i%‘@egf Exanpl es | and 3 have atrz{g’ﬁﬁ"ﬁglateqq‘?fetle?t Sgﬁg are nore
» stabl e that nmparative device that igfglHdesqanehd St derhayer. 16 13
January 20051’&’&%]%% Da596 beT) LS00, 10406 | TRutaGRd end e8I AT 1O O

High Current (Stress) Conditions Exanple No. Tinme (h) to zero |ight output

Conpar ati ve Exanple A 2.5 Exanple 1 Not reached at end _of test (15 hrs.)
Exanmpl e 3 Not re%lﬁf@ﬂ’cﬁﬁ olgkppmyties h%déﬁwﬁﬁﬁ%’?ﬁ@aﬁé‘wg@*me@éﬁ%l es 1 and

3 as wel %g?tég?@m?oa& FhlsE B L1 e Phigh hBHEARMRBAL (M1fthed S CONSI der ed

to be véry current conditrons (0. sec pul ses, uty cycle, at 5

MA per pi xglulses/0.S%dity dyeleaaicEmey pérepitdipinagiago peaaiess theaging prosesenabl e
‘testing of many devices. O the three devices, the device of _Conparative
Exanpl e A eawdithusengble testing of mrpndevipes- dddhe Huevdgviresdhe dpyet of apidly  (no
i ght em ssikon L er i xhibit -
very 10 di rroedrt Eaymy R diteq RANeAT Kb ERd deo R, B0 i Brfig

bri ght ness (getipzpeasissiboafia@ly kudrspt Fle/desitts of Exdmplen] tndB exhibiteeand t hen
remains at that level. In the cases of devices fromExanples 1 and 3, the

poi nt d0 f adifferest Repaviar o tsdr lifekmeed nmeach cese; BsbrghngasIEReidO conpl et e:
Therefore, Wil §mbhedfy d0% GPME AL RELR hETr MRS o e RveRSmidi€cABOde | ayer,

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. *

17



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

sem -t ranspaBent | ayerTheadevice ofHlrige 1 whergindhe yamjrirangparentdgyes dpckides ga

wavel enghibaRELOSIR fin cififs de¥ Rl ol ai m | wherein t he

sem -transparent |ayer | ec nor e t he
wavel ength oft- em ssi onThei "'1 CE} ibﬁfré&l%g? WPD%%&%}@Q?%E&??\%%

sem -t r gitfefioh Of brdaty @anchePr i ses  si | ver. 12. The device of Caim| wherein
the at least jone secong Calhadg id¥el, whQPRthS&Rosd bithiéde 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 to 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



13. The device of Claimlwberein the at | east one second cathode | ayer has
reflectivity of at |east: 91.4% at the wavel ength of em ssi1(§n 1§ 1% égnuary
2004 14 The device of Caiml Werein the at | east one se o’ﬁa i H e

| ayer has reflectivity of between about 92 and 96.5% at the wavel ength of
em ssion. 15. The. device of Caiml| wherein the at |east one second

cat hode |l ayer has refilectivity of between about 94 to 96.5 a/a at the
wavel ength of emi ssion. 16. The device of Caim1l wherein the at |east one
second cat hodd4} ayer hadhe'degick of Claimt )y whéreprthatideast bas sebod tath6dé ayer s

vavel ek doaly it S5l dhol 07 4o 96XV O widdhullt] PG e at | east one

second cat hodei-, ayer includes a_[ayer alr-s e netal coated on a

silver layer. 188. The deéredevise ofCldm hwhprsingheat least oo sseond aabpds laner rasyer
hasfa fi retﬁt;cﬁuatfgsw%@m&tf t 94m9aswa£th@%va&@g@t_ af@@ml ot € _secotndt .
sur f ace; e gpode fur r conpr ng @ passiyation |ayer a e 0 t he
first surfaceaet he pas&%?élwlggo%% %H%FP#%@“S”E)Q@%F%?&%%‘EWE?]&WTM
sel ect edrefleotivigobf/grantet thae phoyi 64 atrthe waedlength efetsissipnl yt hi ophene, and

pol yt hi ophene bl ends. 184, .3 T e ' i

sem -tra,_ns[)ar é?ft | ayer. ﬁggdg%ggﬂfg negls&%_ r%ﬁ%%ﬂé%?ﬁ%%%ﬁ%%g%%o%l&y% 20.
The deviBeluies glayierpf aipatable metalroatadrn a silveslsseent | ayer has a t hi ckness

of from about 1850 up t oT40Qedice tClaithNewrgy¥ince of Caim | wherein the
sem transpare r gm abou 350 A.22. .

t |layer has t hj ckngss of f 27 t
The device of S&#ﬁ fnm@gﬂﬁc’f 2 HFFf SYTFach afiace £ T&‘ﬁfé nggncgan PPR¥KFiess
of from sdoond sig¥deeyp to 325 A. 23. The device of Claim1, wherein: the
opposi o oociRgee Firdfeudurdngh oAb RS e 26500 b i (AR RS O
of I ndi urpaskivaticn sexenmursing a passivetion matenid] salacteddicomn pobsifenibine) pmlﬁr@mﬂimg ent
l'ayer. I§ends, polythiophene, and polythiophene blends.
' 19. . The device of Claim 1 wherein the semi-transparent layer has a
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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