1 6 OCT 2003 1 A nmethod in the fabrication of organic thin-film

sem conducti ng devi ces The present invention concerns a nethod in the
fabrication of an electrode neans for a non-photonic organic thin edrﬁ?'
sem conduct or device, wherein the sem conductor device is a rectif il T 2003
diode with a high rectification ratio or 51 an organic thin-filmtransistor
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material of the anode, alternative conductlve materials can be used,
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The Cort%uctlgfoep%ghz %dﬁﬁféahe% ggalti'c\tﬁmﬂﬁggelﬁﬁ:rddd% B iSEs b

be pol yet hyl IOXI ene pol ystyrene sul phonat e
( PEDOT- PSS) %awemﬁry rf@ctr;ﬁcatsﬁmrﬁap.q{r@"gﬂn@r dan-film retifieso
preferred thafodedide work functlon shall be high and in any case the anode
mat eri al shoul d be transparent and translucent, at |east over sone of its

area and thyg;substita pubiRfe H'a?a%tlcﬁﬁoﬁ%:i/%?io (CAnttHd EBIGHIRy 9! 2SS

sheet, nust
Technology, Ltd.) there is dis¢losed a method for patterning an organic

20 light-emitting device having an organic light-emitting layer underlying an
electrode layer. The device also comprises another unpatterned electrode
layer which forms the anode df the device. This anode layer shall inject
positive charge carriers in an active organic semiconducting material and is
formed as a double layer of indium tin oxide (ITO) which is transparent and

25 polyethylene dioxide thiophene doped with polystyrene sulphonic acid
(PEDOT-PSS) which contacts| the active material. Although ITO is the
preferred contact material of tihe anode, alternative conductive materials can
be used, including various do;t)ed metal oxides or metals such as gold or its
alloys. The conductive polymér for injecting positive charge carriers may

30 then be polyethylene dioxide thiophene doped with polystyrene sulphonate
(PEDOT-PSS) or doped polyaniline or combinations thereof. It is also
preferred that the work function shall be high and in any case the anode
material should be transparent and translucent, at least over some of its area
and thus substrate supporting the anode layer, in this case a glass sheet, must

35 likewise be transparent. The use of transparent, translucent or at least



35 likewi se be transparent. The use of transparent, translucent or at |east
1 6 OCT2003 2 patterned el ectrode neans is, of course, a requi remerlgiJ b
light-emitting or photovoltaic devices as also will be seen from $ Ebm
patent application EP 0 901 176 A2 (Canbr4 dge Di splay Technol ogy Ltd.)
wherein the anode layer 1 in the formof 1TOis deposited patterned on a
transparent substrate 5 and covered w th PEDOT- PSS for contacting the
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the gate electrode are given as gold or a bimetal compound layer of

chromium and gold. Again this choice of electrode materials may prove

20 problematic in conjunction with an organic thin-film semiconductor as is the

case here.

A paper by M. Granstrom & al., “Laminated fabrication of polymeric
photovoltaic diodes”, Nature, Vol. 395, pp. 257-260 (1998), discloses a
photovoltaic diode with a double layer of semiconducting polymers.

25 Photoexcited electron transfer between donor and acceptor molecular
semiconductors provides a method of efficient charge generation after
photoabsorption and can be exploited in photovoltaic diodes. But efficient
charge separation and transport to the collector electrodes are problematic,
because the absorbed photons must be close to the donor-acceptor

30 heterojunction, while at the same time good connectivity of the donor and
acceptor materials in the respective electrodes is required. Mixtures of
acceptor and donor semiconducting polymers can provide phase-separated
structures which to some extent meet this requirement, providing high
photoconductive efficiencies. To this end Granstrém & al. disclose two-layer

35 polymer diodes where the acceptor material is a fluorescent cyano derivative




phot oconductive efficiencies. To this end Ganstrom & al. disclose

two- 1 ayer 35 pol yner di odes where the acceptor material is a fluorescent
cyano derivative 1 6 OCT 2003 3 of pol y(p-phenyl ene vinyl ene) (MVEHTR0BP03
doped with a small anpunt of a derivative of polythiophene (POPT). The
acceptor layer is contacted by an electrode and covered by a gl ass
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POPT doped \Abfp ﬁ,@p}{dé )?’IEG_?_é’W ﬁE%@tgﬁE}Q&rﬁ’WWgsgea% Iar!;nemtaﬁﬂ)m of

either indiu tes or gl as oat e
pol y( et hyl ena dgriyatiye qucdrméﬁp epo pRE Pt Whepﬁﬂcygwrlays@r wqm@ﬁﬁé bycany

( PEDOT- PSS) . ¢[E@irae n‘?l %J&%%@ﬁss@%ﬁbﬁh@%e zi’cée?'t& 1ag)é?'is Rimigatel was

thernal l'y evaporate substrate before terial was

spi n- coat ed ‘t’qﬂ@i]&inWItde@n@ bayer od RQ@P A dopey welbica ﬁ@éfaalﬁﬂ%b‘) ltaic

di ode, ist 'Sh@'Hd@N-PPNaMﬁEﬁYs i E’(%teﬁ%cﬁ'ﬂﬂﬁqn\ﬁ‘iﬁrﬁ m@bked@mco)a high
rectification ratio such as w | desi rabl e | swi.tc Joé)%ﬁn i}ades 8‘6@{

a di f f er enceSybstEaes @bgkasmﬂ,aﬁ%w%pabféew Enedioife opgth
i ssue, althopghy }f}ener@hﬁfhcahé a@m/[BED@T-fPiHS)t T aiegde.a lbﬁ%oﬁﬁ@ﬂes:@t@dc@m d

Il h h h. I f II
oo oo S R R BB PR S Tl
belt nlg al m)ﬁttl'm PEDOT drbnaei\aeltwasl splhamabaeme‘reundSithmrstnmIé‘aralydnobl e
metal s suc num,cause in, a it n
ol yrrerid i ndpseheie fhcre Guiftic RHPUE IS akpDL PG Y vt e SonBerAWiih) "
presents pi noblismgvhigh seeificiticiDraic syptlabt eviiiendedieabilelinsvatahingr anged
' dwi LY 45 | d.j ' t
apparent |y chiesr ot & ARG wERubrK B ottt tht faendiand e,
and hi gh worknd\dmanusrrucvalhheughtthblrmgerllabst em¥isa gD ﬂ’@sanadc JWQ, T
duct t
2t of the | aRERALE AR WY gt Bictl MAEHDRN Pl ARghBrioR BN KRG R0 B

at of the latte bl e an e cont act

sur f acd et weeh ahoed &M brePEROE andrgddntheewiorly BBF‘}%W%WH hsrlattere

efficient chﬁ{,g%ehﬁ%g%b%mmgr this latter feature is not of concern for
col l ector el ectrod that are the anodes, in a photovoltaic device based

on oronLe BGRB8 A e e BBk
properties wplatimespaeuvse i alpqoascquadmy@ff a @chladlg:émgl:mlymﬁblue ftlﬂtd»mﬁctﬂdng
pol ymer bas eﬂle%'upon and very often the polymer film presents pin holes which are not
20 acceptable when the films are arranged in a sandwiched geometry. Moreover
gold is a costly material, but apparently Granstrom & al. have selected gold
because of its transparency and high work function value matching that of

PEDOT-PSS.

In switching semiconductor devices with diode structures a high rectification

25 ratio at of the latter will be desirable and it is also desired that the contact
surface between an electrode and a semiconducting polymer should provide
efficient charge injection, but this latter feature is not of concern for
collector electrodes, that are the anodes, in a photovoltaic device based on
organic semtconducting materials.

30 It is known that the contact surface between a conducting and a
semiconducting polymer has superior properties with respect to injection of
charge. For example a conducting polymer based on
poly(3,4-ethylenedioxythiophene) (PEDOT) possesses a very high work
function which makes it suitable as anode in semiconductor components

35 based on organic semiconductors, but the high resistivity of PEDOT limits



pol y(3, 4-et hyl enedi oxyt hi ophene) (PEDOT) possesses a very high work
function which makes it suitable as anode in sem conduct or corrponenltl?s ?2[]
based on organi c sem conductors, but the high resistivity of PEDOT | At 2003
160CT2003 4 the perfornmance of conponents jbecause of a very high series
resistance. This is particularly unfortunate when the el ectrodes are
patterned with line wwdths of the order of 1m However, it is believed
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of 1 m Fi naf®y bemaruizctged withnaicroigbricaionagng nt invention to provide
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i nvention 30 which is characterized by depositing the first layer in the
formof a badde ahovstmenptigRed ofierannd advantaggs @ropchicvad wiBiabston of a

base netal affktRHd according to the invention which is characterized by forming a first

20 layer of a base metal or an inorganic semiconducting material or as a
combination of a base metal and an inorganic semiconducting material,
depositing a second layer of a conducting polymer on the first layer, said
conducting polymer being selected among conducting polymers with a work
function greater than the work function of the first layer, such that the actual

25 work function of the electrode means in any case becomes equal to the work
function of the selected conducting polymer, and providing the electrode
means in the semiconductor device such that the second layer contacts at
least a portion of an active organic semiconducting material in the
semiconductor device; and with a second method according to the invention

30 which is characterized by depositing the first layer in the form of a base
metal or an inorganic semiconductor or a combination of a base metal and an
inorganic semiconductor on an insulating substrate, said first layer being
deposited patterned or unpatterned such that at least a portion of the substrate
is covered thereby, and depositing the second layer in the form of a

35 conducting polymer over the first layer such that the second layer wholly or
partly covers the first layer, said conducting polymer being selected as a



I norgani ¢ sem conductor on an insulating substrate, said first |ayer being
deposited patterned or unpatterned such that at |east a portion of tg
substrate is covered thereby, and depositing the second |layer in t A& §CJr 2003
of a 35 conducting polyner over the first |ayer such that the second | ayer
wholly or partly covers the first |ayer, $ai d conducting pol ynmer being
selected as a 1 6 0Cl 2003 5 conducting polyner with the work function
greater than the work function of the first |ayer, whereby the work
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pol y( 4- styr eggssolbahanaeail frdth EQ%Son dnalReratively gepesitaiment of the

met hod accordleﬂ to.the invention the doped conjugated polyner is selected

as pol y(3, 4-8t g‘IapBHQBVBQ)HrHF%%hene) ( PEDOT) doped wi th pol y(4-styrene

sul phonat e) itSS) I n an enbodi ment wherein only a portion of the substrate
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h
ampr phous 3,4-dioxyethylene thiophene; substituted poly(thiophenes), substituted
poly(pyrroles), substituted poly(anilines) or copolymers thereof, whereas the
dopant for the conjugated polymer preferably is poly(4-styrene sulphonate)
20 (PSS).

In a preferred embodiment of the method according to the invention the
doped conjugated polymer is selected as poly(3,4-ethylenedioxythiophene)
(PEDOQOT) doped with poly(4-styrene sulphonate) (PSS).

In an embodiment wherein only a portion of the substrate is covered by the
25 anode, the third layer may additionally be deposited over at least a part of the
portion of the substrate which is not covered by the anode.

It is according to the invention advantageous selecting the organic
semiconducting organic material in the third layer among conjugated
polymers, or crystalline, polycrystalline, microcrystalline and amorphous
30 organic compounds, and in case the conjugated polymer is selected, it is
preferred that this is selected among
poly(2-methoxy, 5-(2'-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV)
“or poly(3-hexylthiophene) (P3HT).



30 organi c conpounds, and in case the conjugated polynmer is selected, it is
preferred that this is sel ected anong pol y(2- net hoxy,
5-(2' - et hyl hexyl oxy) - 1, 4- phenyl ene vi nyl ene) (MEH PPV) or 160CT 2003
pol y( 3- hexyl t hi ophene) (P3HT). 1 6 0C12003 6 Finally it is according to the
I nventi on advant ageous sel ecting the metal®of the fourth | ayer anong
metal s which have a | ower work function than that of the anode and then
particularly seH§§ting the metal of the fourth |ayer as the ane af %he

dbe eaatal s

metal sel ect EdN3Ldy 1t icaqeprding) tgytbe inyention ady antageestfelecHngthe mela

particul arly thef6@ltRIhfst AfiohBendtRisalvhith hie § WwehwWdkSuncibR thaN $hat ON
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In noré_detail th reference to the cconpanyi ng
drawi ng fi gufdsanedgeangd tggnﬂﬂaﬁé%ﬁﬁgwé@mﬁtl%1wﬁta§£ége fgpbta aYGi hii gh
rectificati ogamatdsotheaieiAGEl e BGCeding 1iver! Bet ARinIRGuR codlBgnRinsseRe
I nvention. 10 Fig. ayzhciws ﬁn -exanpl e_of thg stﬁzcture of a conducting
pol yrer ,? vi zPartIﬁ%E;@%Ly selecigd asghg metad gfithe dpuithdaysn ucture of a
conj ugat ed pol ymer belonging to the class of polythiophenes, viz. P3HT,
fig. |c an eXaephyeofiontshaltmow therdesofibaddonporgadetdilpwithmefercatotgiing t o

of Ca firat eRsSamRanyRIrEAGRE Al a0hel ¥yto MaBlnlisof pbfimerpas@on V! o
present i nvedidodgs, withghightreatification iratio shamrfactieed acbodlingrio thé methioddy

made accordi : t he present invention, 20 fig. 2c a cross
section al oné’g‘ihi“?ﬁ?‘ﬁ‘éﬁ‘i@ﬁl irough the diode in fig. 2b, fig. 3a the ohnic

current/yvol tage characteristics, of PEDOT | ayer between c er el ectrodes
accor di Ml t oF3%i b7 SBOWS AEXAmRIEARS e Srustuss: of #§ORGUSRE PAIVIRER cfiE-
processi ng pPB»OA-BSStig. 3b the current density/voltage characteristics
of a diode made by the 25 nethod according to the present invention, and of

a di ode nade | ' G- ; L4 l4,age
characteri st %Qgﬁg@gftq ée ﬁgggg %@ﬁ%tﬁéé Ogédt o&&gﬁggwé{lﬁgfe{ %%ﬁdeé%é\e/tgght

i nvention, aftpssfofapalydueprhengs. xé&dthg to prior art, 30 fig. 3d the
current density/voltage characteristics of a diode nmade by the

fig. 1c an example of the structure of a conjugated polymer belonging to the
15 class of polyphenylene vinylenes, viz. MEH-PPV,

fig. 2a a plan view of a first embodiment of a diode made according to the
method of the present invention,

fig. 2b a plan view of another embodiment of a diode made according the
method of the present invention,

20 fig. 2c a cross section along the line A-A through the diode in fig. 2b,

fig. 3a the ohmic current/voltage characteristics of a PEDOT layer between
copper electrodes according to prior art and manufactured according to two
different processing protocols,

fig. 3b the current density/voltage characteristics of a diode made by the
25 method according to the present invention, and of a diode made according to
prior art,

fig. 3¢ the current density/voltage characteristics of a diode made by the
method according to the present invention, and of a diode made according to
prior art,

30 fig. 3d the current density/voltage characteristics of a diode made by the
method of the present invention, and of a diode made according to prior art,



met hod of the present invention, and of a di ode made according to prior

art, 1 6 001 2003 7 fig. 3e the current density/voltage characteristics of
a di ode made by the nethod according to the present invention, and]&f0C 2003
di ode made according to prior art, fig. 3f the rectification ratio of a
standard di ode made by the nethod 5 according to the present invention,
fig. 4 a semlog plot of the current density/voltage characteristics of a
prior art di ode and a diode according to the present invention, wth

i nsert show fig. Jehderaurérnti densityrvoltagcockaraateristics iofra (bfodehmadclllya@@ for

the di ode aC&fétﬂb?gack%%ﬁ%gtoghg}ggéedtq}{%ﬁﬁé}’ﬂ rftﬂof h%oﬁe%‘fdé Qéé’l?’dﬂhg to

current densi accordin I nven
scaled with phmrfart,vvard current -density of the |nvent|ve d| ode in fig. 4,
with insert showing a semlog pl.ot of the current/voltage characteristics

of the_ 100 nf 'mﬁe réé‘ﬁ‘ﬁﬁhﬂon@aﬁb%ffaoit\ﬂ/ﬁﬂﬁirdcﬂ'fdd%%ad@'Bff;"t’hl‘, MRkthddl N2 di ode
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The use of these materials is well-known within organic sem conduct or

t echnol ogy. ﬁﬁg}gﬁ | N e
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The present invention can be used to realize electrode means for organic
semiconductor components in thin-film electronics. In the anode a

20 conducting polymer is used in the form of a conjugated polymer to which has
been added a suitable dopant. Fig. 1 shows a structure of such a conducting
polymer where the conjugated polymer is poly(3,4-ethylenedioxythiophene)
(PEDOT) doped with poly(4-styrenesulphonate)} (PSS). This type of
conducting polymer shall in the following be termed as PEDOT-PSS. Fig 1b

25 shows the structure of a semiconducting conjugated polymer belonging to the
class of polythiophenes, namely poly(3-hexylthiophene) (P3HT) and fig. 1¢
shows the structure of another semiconducting conjugated polymer,
belonging to the class of polyphenylenevinylenes, namely
poly(2-methoxy,5-(2'-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV).

30 The use of these materials is well-known within organic semiconductor
technology.

Fig. 2a shows a first embodiment of a diode in thin-film technology made by
the method according to the present invention. On a substrate 1 which is
made by an electrically insulating material, e.g. glass or silicon where the



made by an electrically insulating material, e.g. glass or silicon where
the 16 0 C 7 2003 8 surface is selectively oxidised to formsilicon
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for instance preferably poly(2-methoxy,5-(2'- ethylhexyloxy) 1,4-phenylene
vinylene) (MEH-PPV). Other semiconducting polymers may also be used,
e.g. poly(3-hexylthiophene) (P3HT) may be relevant. Over the third layer 4
of semiconducting material the cathode 5 is now applied as a stripe electrode

25 made from a metal with a suitably low work function value. This metal may
e.g. be aluminium, but is not limited thereto and may in principle be made
from other materials with comparable electronic properties, e.g. indium tin
oxide (ITO). The diode in fig. 2a now appears as a sandwich structure with
the anode made from several patterned stripe electrodes and shall be

30 representative for embodiments where the active area, i.e. the semiconductor
layer 4, typically is of the size in the order of 1 -100 pm?,

Fig. 2b shows a diode structure where the metal layer in the anode 2, 3 is
deposited unpatterned, e.g. on one half of the substrate 1. The conducting
material 3 which again preferably may be PEDOT-PSS, is deposited mainly

35 over the whole metal layer 2 and the anode 2, 3 is now realized and is well
suited for use in high-power diodes. Again, the active material 4 in the form
of a semiconducting material is deposited over the anode 2, 3, with the



material 3 which again preferably may be PEDOT-PSS, is deposited mainly 35
over the whole netal layer 2 and the anode 2, 3 is nowrealized and is well
suited for use in high-power diodes. Again, the active material 4 i &{({d 2003
form of a sem conducting material is depo§ited over the anode 2, 3, with

the 1 6 OCT 2003 9 cathode 5 on top, nade frome.g. alum nium deposited as
two parallel wde stripes and formng the fourth |ayer in the diode

t t . FiLg., 2 h ti th h th [ f fi 2 t
ol ona the 11 Fatbadk AR R e Smet e e Ripinhds SapbRed aR W obarnlL vide | pe
5. Typi cal | ystripesearbbfinmeint thedoutthelagiep tre tles dddevstructufé. gdg. 2b shosvs2r may
5Presert 2 GBSO BB b B Th BN NEREBSRIRNLS ores,
enmerge as or fagitudinahdiretviondhodezh 4 eathoslzrsdvipe 5. ciypscaliy tho smbRidgmeds
STous O BFREBIANPL BRIl 1) B4 55 iy B Solodi iy Byt
curve with fhfdaed.&ithelaetivesentconduanaaten & pEtheerdsr HEP) WM R- coat ed at
4000 rpm and the curve with open circles the characteristics of PEDOI spin-

coated at 100§ chpincaidehdlembadiachetl oeaa. 2handdpemeeteat bogasicithin-film
appr oxi mat el ﬁ 1. mm and the. characteristic is linear, which is typical of an
15 ohnic resPidFFID 2 BYAW %‘Pﬂf&’fsuct“r‘f’él'current densi ty/ vol t age

characteristic expressed respectively through the forward current in the
conduct i ng dFigcia shows@hmigcueend/ valtageneharactenistics ofla prgotiartedavios inf a
di ode aggor dj | | ' i I ng
Lo the Tt holl ol sty Z*’fn_%dez‘%"*?‘nl’;%ﬁ"ﬂ@ﬁéfﬁv.@é&gg%‘?fh@’s?ﬁ?fig’éﬁﬁo‘?’%{:ﬁ%e
known di ode Furyfawathyillgdmirgies showpdhe sharasterigissngt RERO T spinwertedakt ed
at 600 rpm f 5oUDapm HBA The A Wath opélf cRtlcanteEhagicveastids 6P PEIDOANgGSia- and
an al um ni um categode, %[{)esrgeﬁ]l \éﬁlé TE)e currﬁgﬁ% in th forélard di rection
i's shown by FREGAIIOULIRT. The flistaRae bREVEST FSnEORRFT HECBAERNE d directi on
by the | ower agptiximdtelsy. 1 T a2kl theattiratrdeistiv it Mimear! Whithacypitaioftan t he
pr esent 'nven%ll an has. an anode 2, 3 made from a double | ayer of copper and
PEDOT- as PRUCIENSINSCng  pol yner, spin-coated at 3000 rpm The active

sem conducting material P3HT is spin-coated at 600 rpmfroma 5 ng/m
sol ution, andighb shewsdbe icuriead densitpimoliagrichiatanteriptic kxoresssd ¢ he

characteri st k@sﬂ&ﬁv%efhr%gﬁrtﬁk TEAVAIY SHIEnGR e JRARMI®iRbcti6n afd. and
as can be Se%chf(\gvgpgi fc{ngfen? n %l?e? b{oec lilrllé ?iir%z:?ion of a diode according to prior art
(solid lines) and of a diode made according to the method of the present
20 invention (lines with circles/dots). The known diode is made with P3HT as
the semiconducting material, spin-coated at 600 rpm from a 5 mg/ml solution
and arranged between a copper anode and an aluminium cathode,
respectively. The current in the forward direction is shown by the upper solid
line and the current in the backward direction by the lower solid line. The
25 diode made by the method according to the present invention has an anode 2,
3 made from a double layer of copper and PEDOT-PSS as the conducting
polymer, spin-coated at 3000 rpm. The active semiconducting material P3HT
is spin-coated at 600 rpm from a 5 mg/ml solution, and the cathode is made
from aluminium. In this case the characteristic has been determined through
30 two measurement series, and as can be seen from fig. 3b the results are
virtually identical. The respective measurement series are discerned through
curves with open or closed circles, respectively. The two upper, almost
coinciding curves exhibit the current in the forward direction, while the
lower curves exhibit the current in the backward direction. The difference
35 compared to the diode made by conventional means ts obvious.



virtually identical. The respective neasurenent series are discerned
through curves wth open or closed circles, respectively. The two upper,

al rost  coinciding curves exhibit the current in the forward directli®BfT 2003
while the |ower curves exhibit the current in the backward direction. The
di fference 35 conpared to the di.ode nade By conventional means is obvious.
16 0C7 2003 10 Correspondingly fig. 3c shows the current density/voltage
characteristics of a _diode according to prior art and a di ode nade
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20 Fig. 3e shows the current density/voltage characteristics of a diode according
to prior art and a diode made by the method according to the invention. The
known diode employs active material consisting of MEH-PPV spin-coated at
600 rpm from a 5 mg/ml solution and arranged in sandwich between a nickel
anode and an aluminium cathode. The characteristic is in this case shown by

25 a curve with filled circles. The diode made by the method according to the
present invention employs an anode made by a double layer of nickel and
PEDOT-PSS spin-coated at 4000 rpm, while the active material is MEH-PPV
spin-coated at 600 rpm from a 5 mg/ml solution, and the cathode is again
aluminium. The characteristic is in this case shown by a curve with open

30 circles.

Finally, fig. 3f shows the rectification ratio for a standard diode made by the
method according to the present invention and with an anode in the form of a
double layer of Cu/PEDOT-PSS, the active organic semiconductor in the
form of MEH-PPV, and with aluminium as the cathode. As can be seen, at



30 circles. Finally, fig. 3f shows the rectification ratio for a standard
di ode made by the nethod according to the present invention and with an
anode in the formof a double |ayer of Cu/PEDOT-PSS, the active orggr[yy 2003
sem conductor in the formof MEH PPV, anggwith al um nium as the cat hode

As can be seen, at 1 6 OCT 2003 11 voltag of 3 volt and above a
rectification ratio as high as 106 - 107 is achi eved Accordi ng to the
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anode. The use of metal under PEDOT yields higher conductivity along the

20 electrodes compared to the conducting polymer itself. Even with patterned
electrodes with line widths of the order of 1um, high current density can be
achieved in combination with superior charge injection properties. This can
be used to realize memory cells in polymer memories with high data storage
density, and it becomes possible to achieve high read-out speeds because of

25 the highly conducting electrodes. At the same time the memory cells may be
realized with line widths in the order of 1um by suitable patterning of the
metal/polymer layer. In this connection it should be remarked that the contact
between any metal in the anode and a highly doped conducting polymer shall
be ohmic.

30 Below follows examples of diodes made by the method according to the
present invention and the associated current/voltage characteristics that have
been achieved, and associated figures.

Example
A large effort has been undertaken towards fabrication of electronic devices

35 using polymers. Most of these are directed towards field-effect transistors



30 Bel ow foll ows exanpl es of di odes nade by the nethod according to the
present invention and the associated current/voltage characteristics that
have been achieved, and associated figures. Exanple A |arge efforitg Dgh2003
been undertaken towards fabrication of electronic devices 35 using

pol yners. Mbst of these are directed towarlds field-effect transistors 1 6 0
C T2003 12 and diodes, in imtation of silicon electronics. Anbong the
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metal (0m) o thavelppobadhestomcThe oxodizBERORdd &MY poBimerepobtiB-netal s |i ke
gol d anﬂ) Pl ate{ﬂwghedioxythiophene) doped with poly(4-styrene sulphonate)
(PEDOT-PSS) was found to have the high work function value 5,2 eV which
allows efficient hole injection in LEDs or collectors in photodiodes.
However, the higher resistance of PEDOT-PSS compared with ordinary
metals may compromise the diode performance in thin patterned lines, due to
25 voltage drop under high currents. To handle this problem, a metal layer under
the polymer is used. Any metal can be used as the underlying layer as it is not
necessary to match the work function of the metal (¢, ) with the work
function of PEDOT (¢pepot)- Since noble metals like gold and platinum
which is commonly used in organic light-emitting diodes, are known to
30 comport detrimental effects when used in conjunction with PEDOT, the
preferred metals will be base metals with high conductivity. — The expression
“base metals” as used herein, as opposed to noble metals, should be
understood as metals with electrochemical potential less than 1 voit.
— Diodes made with several metals (Al (4,2 eV), Ag (4,3 eV), Cu (4,5 e¢V))
35 were tested. In all cases the current flow of holes which was contact-limited,
changed to bulk-limited when a PEDOT-PSS layer was used between the
anode metal and the semiconducting polymer MEH-PPV (poly(2-methoxy, 5-
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semiconducting polymer layer was deposited by spin-coating using a MEH-
PPV polymer dissolved into chloroform at the concentration of Smg/ml, to a
thickness of 190 nm. The second electrode Al was vacuum evaporated
through a shadow mask defining the active area. For the diodes with 1 pm?
25 and 10 pm? of active area the construction followed the patterning steps
common in the Si technology. The processing includes patterning of Cu layer
(200 nm thick) with PEDOT-PSS (80 nm thick) on top in 500 pm long stripes
with width of 1 pm and 10pum, followed by the annealing treatment. This
patterned substrate was covered with MEH-PPV by spin-coating and Al was
30 sputtered on top and patterned in stripes similar to Cu in order to make
intersections of 1 pm? and 100 pum?®. The geometry of diodes of this kind is
presented in fig. 2b.

The I-V characteristics of two similar diodes made using MEH-PPV polymer
is presented in fig. 4, which shows a semilog plot of the current
35 density/voltage characteristics of a MEH-PPV-based diode using a copper
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orders mf little charge flow occurs. This condition is due to the difference in the work

function values of the electrodes (PEDOT-PSS and Al = 1eV) which creates
an inherent potential in the polymer layer that opposes hole injection. One
first has to apply this voltage in order to inject charge. Between 1 and 2 volts
the current has an exponential behaviour, and increases by five orders of

25 magnitude. This dramatic increase is a property of the interface
PEDOT-PSS/MEH-PPV with its low energy barrier. Beyond 2 volts the
current becomes dependent on the transport properties of the MEH-PPV
layer. The insert graph in fig. 4 shows the rectification ratio value of this
diode as a function of voltage, the rectification ratio being taken by dividing

30 the forward by the reverse current. At 3 volts it already shows a rectification
ratio of six orders of magnitude, increasing to seven between 4 and 8 volts.
Beyond 8 volts the injection of holes from Al to MEH-PPV increases the
reverse current decreasing the rectification ratio value.

Fig. 5 shows the forward current density of a 100 um? diode according to the
35 invention and with Cu/PEDOT-PSS/MEH-PPV/ALI structure (solid triangles)
scaled with the forward current density (solid circles) of the diode according
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20 scale very well with the larger diode. In these small diodes, the area
extension is only ten times the thickness of the layers, and fringe fields are
expected to start becoming important; even more important may be the
existing irregularities causing any geometrical estimates to err.

The electrical transport properties of conjugated polymers and

25 polymer/metals junctions has been studied for quite some time. The first
attempt in modelling the PPV-based diodes was based on the Fowler-
Nordheim model describing the tunnelling process in the diode. It was
possible to obtain the approximate values for barrier heights and for the
polymer energy levels. A number of models has since then been presented

30 taking in account more parameters for detailing the interface properties. It is
proposed that when the current is contact-limited it can be determined by the
image force, the effect of Coulomb trapping of carriers at the interface. This
trapping results in an increase of the encrgy barrier height, decreasing the
injection flow. It was concluded that the presence of an insulating material

35 free of traps could increase the charge injection. In the case of PEDOT-PSS
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In summary, the present invention provides a high rectification ratio polymer
diode using two low work function metals, where the anode was modified by
the introduction of a conducting polymer layer, PEDOT doped with PSS.
With this surface modification it was possible to progress from a low

25 injection contact-limited current to a high injection bulk-limited current. The

' PEDOT/PSS segregation might add to the charge injection by avoiding
Coulomb trapping at the interface due to the image force effects. The
possibility of making these diodes patterned on micrometer scale has been
shown, This offers the prospect of fabricating such diodes for

30 microelectronics with active devices such as switching diodes and switching
transistors, but also in electrically addressable high-density thin-film
mermories in e.g. a passive matrix.

In addition electrode means as herein disclosed may also be used for the

electrodes in organic thin-film transistors, for instance of the kind disclosed
35 in the above-mentioned patent application EP 0 716 459 A2, for replacing

conventional electrodes with gold or gold combined with another metal.
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2. A method for fabricating an organic thin-film rectifier diode with high
rectification ratio, wherein the rectifier diode comprises a first layer and a
20 second layer provided on the first layer, such that the first and the second
layer together forms the anode of the rectifier diode, a third layer of an
organic semiconducting material provided over the anode, such that the third
layer forms the active semiconductor material of the diode, and a fourth layer
of metal provided patterned or unpatterned over the third layer, such that the
25 fourth layer forms the cathode of the rectifier diode, and wherein the method
1s
characterized by
depositing the first layer in the form of a base metal or an inorganic
semiconductor or a combination of a base metal and an inorganic
30 semiconductor on an insulating substrate, said first layer being deposited
patterned or unpatterned such that at least a portion of the substrate is
covered thereby, and
depositing the second layer in the form of a conducting polymer over the first
layer such that the second layer wholly or partly covers the first layer, said
35 conducting polymer being selected as a conducting polymer with a work
function greater than the work function of the first layer, whereby the work



20 second | ayer provided on the first layer, such that the first and the
second |ayer together forns the anode of the rectifier diode, a tgugﬁ

| ayer of an organic sem conducting material provided over the anode, EL@Wﬁ
that the third layer forns the active seqiconductor mat eri al of the diode,
and a fourth layer of netal provided patté&ned or unpatterned over the
third layer, such that the 25 fourth | ayer forns the cathode of the
rectifier diqde,. and erein the netho i s characteri zed by. deposi ti t he
[rst 1ayer funcughosthi ghode st SaTmasapesphes saiar iame vk BERatatdPeor o
conbi nati on @bndubdag putyialer and @@vatenohgathewddk fentiondiahecatioden

I nsul ating substrate, said first |ayer being deposited patterned or

hor eby, " and depodt 11 Ao (EeBlARRRBidbaR L (") (22 Conducti ng.
pol ymet " over _Cbngaefterrige bVasy&ctmgclhetb%pmﬁ@l ﬁdbﬁdimbgﬁé’rermwng/cwitgan 'y
covers tde f('glﬁaflﬂr%dr@é&r%luﬁﬁhﬁfrﬁﬁligféﬂg'éﬁfoagé‘lgopﬁllv&@r being selected as a

conducting p r-wth a wo uncti greater than the work function of
the first |ayer, erﬁgg t he %k 1(@ .00]I 2003. 18 function of the anode in
any case becdmes éyiinPd achardiBR oA il FRip conducting pol ymer and
great er thanchbhrmoteriked byl aningf thehimoegariodemidonductet lnddhadost tiyeg t o
claiml or clajm2..,characterize y. | ecting. £+ he base netal of the first
| ayer anong 3@*@%%11&%’%éﬂgghéﬁ,ogﬁamﬁhéﬁsgﬁﬂd%kel, copper or silver. 4. A
met hod according to claim1 or , claim?2, characterjzed by selecting the

i nor gani ¢ semt coneﬂlé@‘ﬁﬁ‘)@facﬁﬁ@mgrt@tdﬁl&@/éror ARSI | i con, ger mani um or

gal I'i um@r sephdpactérizéd BHLPDsAELOTHE fbond 1ek et 83 h di§péikRITrém 40
characteri zelc(il.éoge deposi ting .t#ﬁ s&cond A E er - as di spersion froma

di spergent odisEergent ek galisspiyed materiablom a50l¥dien. 6. A net hod
according to claiml or claim2, characterized by depositing the second
layer in a mélt apgpmethodmecprdingde.clgim A oretlasy Zaccording to claim 1 or

claimz2, 15 ghﬁf%ﬁéﬁﬁé&sgt%%gf%&ﬂr@&gﬂﬁ l%gt@xgﬂpﬁin%lt ngﬂ’i@ﬁfioh rbb&sssecond

| ayer as a doped conjug od according to claim?7,
7. A method according to claim 1 or claim 2,
15 characterized by selecting the conducting polymer in the second layer as a

doped conjugated polymer.

8. A method according to claim 7,

characterized by selecting the conjugated polymer among

poly(3,4-dioxyethylene thiophene) (PEDOT), a copolymer which includes the
20 monomer 3,4-dioxyethylene thiophene; substituted poly(thiophenes),

substituted poly(pyrroles), substituted poly(anilines) or copolymers thereof.

9. A method according to claim 7,
characterized by selecting the dopant for the conjugated polymer as
poly(4-styrene sulphonate) (PSS).

25 10. A method according to claims 7 or 8,
characterized by selecting as the doped conjugated polymer as
poly(3,4-ethylenedioxythiophene) (PEDOT) doped with poly(4-styrene
sulphonate) (PSS).

11. A method according to claim 2, wherein only a portion of the substrate
30 is covered by the anode,

characterized by the third layer additionally being deposited over at least a

part of the portion of the substrate which is not covered by the anode.



characterized by selecting the conjugated pol ynmer anong
pol y(3, 4- di oxyet hyl ene t hi ophene) (PEDOT), a copol yner which incl udiﬁ t he

20 nononer 3, 4-di oxyet hyl ene t hi ophene; substituted poly(thiophenes 0CT 2003
substituted pol y(pyrroles), substituted polgy(ani | i nes) or copolyners
thereof. 9. A method according to claim 7 characterized by selecting the
dopant for the conjugated polynmer as poI y(4 styrene sul phonate) (PSS). 25
10. A method according,tq cla characterized by selecting as the
doped conj uga@ed p%l@‘?ibpgé’é’cﬁﬁg(tg CAa’é‘E Kyl enedi oxyt hi ophene) (PEDOT)

doped wi th pQ'hﬁfsztéhié&B? seliédtﬁfg)ﬂl%t(ﬁ‘)gaﬁRS@mlcbhduétlﬂgtlﬁmrﬁNﬁmm dgirdo
claim2, wherein onl red by the

K F‘ tri? subst rta]é 301| S COYIS

anode, char adf¥F ¥RANGFOPMEated PQ 1189@’ 0L FOYH ISy PP YA dBPosi t ed over
at least a maicko®fystdiinpanti anoffhoulergahit caahpowtdch is not covered by
the anode. 1 6 OCT 2003 19 12. A nethod according to claim2, characterized

by sel ecti ng jshe %gﬁélhﬁdsd%%P@ﬁg%tdl paterial in the thi rd | ayer anong

conj ugat ed poI ynmers, or Crys yérystal line, m crocrystal i ne and
anor phous or @anmt@nwbbﬁcs@lecsmgzthemmugm Dedpmer i the teirdilayer among

charact eri zegm@/(zsﬂ{e%ﬁégphyl%’eetﬁ ng«%ﬁg) PQ' 1bRe ¥ 1&3&)}' MEYFP W

pol y(2- met h 5-(2 exyl ox ne vi nyl ene VEH PP or
pol y(3- hexyl t9i rsprEehby sy ithgph thod accordl ng to clai m 2, 10
characterized by selecting the metal of the fourth |layer anong netal s which
have a Iower Mor k A wmethbdractbedinghtatclain 2he anode. 15. A net hod accor di ng

e sand e’ HARAAEEEA BF LePeifHE B Py HinERb Bl Tyl Gimb Y rhRral S Hi B
a(r:]co][ di nght Io}mIvalarﬂON&;r whelt fienadion thnbthat of ¢lee Angdel uni num as the net aI of
the fourt ayer

15. A method according to claim 14,
characterized by selecting the metal of the fourth layer as the same as the
base metal selected for the first layer.

15 16. A method according to claim 15,
characterized by selecting aluminum as the metal of the fourth layer.





