WO 01/ 47044 PCT/ GBOO 04940 1 FORM NG | NTERCONNECTS This invention rel ates
to formng interconnects, especially by solution processing.

Sem conduglg g-6Qn] ugat ed polymer thin-filmtransistors (THeiSdp@daM&io
recently becone of interest for applications in cheap, logic circuits

integrated on plastic substrates (C. Drury, et al., APL 73, 108 (1998))
and optoelectronic integrated devices and pixel transistor switches in
hi gh-resol ution active-matrix displays (H Sirringhaus, et al., Science
280, 1741 (1998), A. Dodabal apur, et al. Appl. Phys. Lett. 73, 142
(1998)). In test device configurations with a polynmer sem conductor and
i nor gani ¢ OBMINGINTERCEONNEGTGat e di el ectric | ayers high-performance TFTs
have been denonstrated. Charge carrier nobilities up to 0.1 cnR/Vs and
ON- OFF current ratios of .106-108 have been reached, which is conparable
to the perfrs imecivnoklatemiofbioisg sitencomecld; Espédibllydyrsalutiphguscessingal . |
Advances in Solid State Physics 39, 101 (1999)). Thin, device-quality
films of conjugated polyner seni conductors can be formed by coating a
sol ution OfSérhleorﬁkﬂﬂc&iﬁchdnﬂJgatdebg@ﬁie@ thipkilentransistord ITEFF8)bRaveatecentipe

t echnol ogy |s t her i deal | uited fo eap, ea sol yti.on
processi ng e@BWSa?feE‘? %%ﬁ appiea?'fav% In L%%Q.'BG'QIPH%'?%%%W@ AURESHIGI | use
of the potefipkhte§qEt DAY, &RSIE APL 7BOGES nsm pdmrvpﬁmmohncl lﬁtéé]%iécﬁ abl e
that all conponents of the devices inclu t he sem conductin IqP/ers

the di el ectqavices Ay Rixgldrapsistorwitchas '%B‘ﬂbﬁ@%‘?’%@%?%’?r%@i& digpigys (
i nt erconne%lﬁjr‘@hﬁuéje&%‘f' E@i@n&é 280 SPMW(HQQS) 75\0 HePidafe &ldi-RepIyeRys. TFT

devices and circult | ow ng mai n_probl ens  have to be overcone: -

Integrity diet’fnuTii,ﬂI“@y(éQQ%)l) rludﬁﬁtrd@V'C&ﬁoﬂﬂ@J@mflﬁW@?\ad&h@é‘?rﬁe@ﬁcwuﬁ%sequent
sem COndUCt%’ﬂleO?é%IélVlg%{angb%ﬂgé aﬁ@ ggféC@]é@emh%{ﬁ@ highe éﬁlﬁﬁéhé’é fgTSayers

shoul d not e so| vent use e deposition
of the subwygleen deawrstrateSV\@hargﬁgcaordﬁfun@bllitress@I tpeht cmé/Msranst @Br@FEd i nt o

the WO 01/ 4&91%%’( P%Aﬁ@l%%‘ﬁ have been reached, which is comparable fo the

performance of amorphous silicon TFTs (H. Sirringhaus, et al., Advances in Solid
State Physics 39, 101 (1999)).

Thin, device-quality films of conjugated polymer semiconductors can be formed by
coating a solution of the polymer in an organic solvent onto the substrate. The
technology is therefore ideally suited for cheap, large-area solution processing
compatible with flexible, plastic substrates. To make full use of the potential cost
and ease of processing advantages it is desirable that all components of the
devices including the semiconducting layers, the dielectric layers as well as the

conducting electrodes and interconnects are deposited from solution.

To fabricate all-polymer TFT devices and circuits the following main problems

have to be overcome:

- Integrity of multilayer structure: During solution deposition of subsequent
semiconducting, insulating and/or conducting layers the underlying layers
should not be dissolved, or swelled by the solvent used for the deposition of

the subsequent layers. Swelling occurs if solvent is incorporated into the



2 underlying layer which usually results in a degradation of the properties

of the layer. - H gh-resolution patterning of electrodes: The conducting
| ayers neq@d dgia7h@ patterned to form well-defined intercompgetgooaasioTFT
channels with channel lengths L (err) 10(err)m - To fabricate TFT

circuits vertical interconnect areas (vka holes) need to be fornmed to
electrically connect electrodes in different |layers of the device. In WO
99/ 10939 A2 a nethod to fabricate an all-polyner TFT is denonstrated that
relies on the conversion of the solution-processed |ayers of the device
into an insoluble formprior to the deposition of subsequent |ayers of the
devi ce. This UBderhisnieyer waich usuplyesyts inia degradation @‘rmemqrﬁl‘?ﬁggfdhe

under | ying | apfes. However, it severely limts the choice of

sem conducting materials, that can be wused, to the small and in several
respects urrdeg‘ilgl'talfﬂséluépfaspﬁﬁéfn"ﬁﬁ F legypdes;of henspaductingt lawersonesd to be
cross-1inking i LGasi i 1 d I :
fabrication OPQ%?rg-Qﬁéﬁggﬂn?%u%ﬂgﬂgﬂcéjr?g e%{tér ?Edlwg?géﬁ%ﬁswgﬂ%?ngﬂch t hat
t echni ques sutdngts lmedBami. cal punching are used (WD 99/10939 Al). According

to a first aspec f r t_invention there i royvided a method for
form ng an ‘el @8#%8?%?%%31?8@,3&@0@?33'h"&?@h?ﬁi %rgag (P Br g?lg oﬂ%ﬁﬁ{gﬁ 58 or
sem conduct i véoringydo eldctricaily gormesegjeeinmiesdf differdnt &seroofehe devtat i ng | ayer
and at | east one sem conducting |ayer over the first conductive or

sem conductive layer; locally depositing solvents at a |ocalised region of

the insul atinng/d APEIISO A5 at Methdtise Tapcaid @nsapsaer TFTiisehrnshgeand
sem conductjng |.a erz in the ,reg;F1 nto, |leave a (¥P| d exft ﬁndi ng t hrough t he
sequence _ofthP SF_@? on e CoREEIPR %8&938'8&%@%6 yer AJhE JeViFe A 8Per i al
in the voi dinssiublealhy prive t60h¥edipdsitib® dieRBsédRMt Ty bRk Welite. This
Alternatively, the solvents nmay be deposited sequenti al Ig. WO 01/ 47044
PCT/ GBOQ 04@¥comes the problems of dissolution and swelling of underlying layers.
However, it severely limits the choice of semiconducting materials, that can be
used, to the small and in several respects undesirable class of precursor
polymers. Furthermore, cross-linking of the dielectric gate insulating layer makes
the fabrication of via-holes through the dielectric layers difficult, such that

techniques such as mechanical punching are used (WO 99/10939 A1).

+4

According to a first aspect of the present invention there is provided a method for
forming an electronic device, comprising: forming a first conductive or
semiconductive layer; forming a sequence of at least one insulating layer and at
least one semiconducting layer over the first conductive or semiconductive layer;
locally depositing solvents at a localised region of the insulating layer so as to
dissolve the sequence of insulating and semiconducting layers in the region to
leave a void extending through the sequence of layers; and depositing conductive

or semiconductive material in the void.

Suitably the solvents are deposited simultaneously. Alternatively, the solvents

may be deposited sequentially.



According to a second aspect of the present invention there is provided a
nmethod for formng an el ectronic device, conprising: formng a first
conduct i vegar/476amM conductive | ayer; form ng a sol ubl e | ngpdratingdmyer
over the first conductive or sem conductive |layer; locally depositing a
solvent at a localised region of the imsulating |ayer so as to dissol ve
the first insulating layer in the region to | eave a void extending through
the insulating | ayer; and depositing conductive or sen conductive nateri al
in the void. The first layer is preferably substantially insoluble in the
said solvent or solvents. The first |layer may conprise a sem conductive
conj ugat ed polyner, for ex | e T2 or TEB. The first layer is suitably
o net ve. 1 AGRFIES tq n@eerubaRsct of Bevierent KiEntt NSt SATPRHR) BBt ses | he
step of depwsifbiifigaak 08IbEAHiY Eddvitéer comisting: t fdemingr 8t fitsY&dndudti® or
conductive |layer may be an el ectrode of the electronic device. The first

| ayer pref e?%P‘}“%ﬁYﬂ feyes farmpiba quseiuje iRsHgtingdavay qyer i first Sanduave t he

vol une of thesqRicthRREVE MyePl o8l VEipbSithg a0sNr at lhRRalldRat repRAWItRE O
di ssol ve the sequence of i'nsul ati n%h and sem conducting layersS in the
|

region.  SuneWaiing leiehseips soMissplyn the fist inshlating layegdptie woiaHatlea@aence.
The met hod EQ8Rih eth?&l{gfﬁ! ¥ AnSulAfiYe Tafe N At | Eoéifingge riiBEiC o ve

Iayer over t _e seqqe ce O_ ]nSU| a.tl Nng anda Ssem con ctin ayers or t he
i nsul ati ng $emyiepndugtive materi@hindbe vaidt h t he material in the void The first

conductive or sem conductive |ayer may form an el ectrode or an

i nt erconnec ; R,cggﬂ;, i I ] i orm an
el ectrode otheaf-r?g[elia (twe'% ? gérf%%gt . V%aé%@%sﬁum&%%%d\éﬁ)&@szsdllﬁéehtgé'ai d

solvent or solvents are deposited by ink jet pri_ntiﬁrgig. The sai d sol vent or
sol vents rra]]h%ﬁrsélé%@éi"ﬂ%’dc%mﬁes@ ﬁg!ﬂ&oafiwwétcowga P@Ymﬁ'f‘,ifﬁ"t P’F@‘.‘m?he sai d
sol vent or pgrvgnfiz.are suitably deposited as a plurality of droplets by

The first layer is suitably an active layer of the electronic device.

The method suitably comprises the step of depositing a conductive layer under

the first layer. The conductive layer may be an electrode of the electronic device.
The first layer preferably comprises a conductive conjugated polymer.

Suitably the volume of the said solvent or solvents is greater than that required to
dissolve the sequence of insulating and semiconducting layers in the region.
Suitably such dissolution is of the full depth of that sequence.

The method may comprise forming a further conductive or semiconductive layer
over the sequence of insulating and semiconducting layers or the insulating layer
and in contact with the material in the void

The first conductive or semiconductive layer may form an electrode or an
interconnect.

The further conductive or semiconductive layer may form an electrode or an
interconnect.



ink-jet printing. Suitably the boiling point of the said solvent or of the
said solvents in conbination is greater than 80C or greater than 100C. It
may alterwaigiueds be | ess than 100C. Each of the said | aygrnscedsiosadl y has
a solubility greater than | or 2 weight percent per volunme in one or nore
of the said solvents. Suitably the firsg insulating |ayer has a solubility
greater than | or 2 weight percent per volune in the said solvent. The
vol une of deposited solvent nay be less than 50 pl or |ess than 20 pl or
less than 5 pl. The contact angle of the deposited solvent on the pol yner
| ayer to be dissolved is suitably Iarger than 5, but less than 90; or

| arger than_200, but |ess than | arger than 50, _but | ess than 90.

The surface QﬁSQ'%éOIﬁ%FWN%?‘r@t@p@éﬁ%ﬁ RY¥ &kd%fdprf@'é’gpr-ré‘leeﬁ%ﬁgw%

treated in sopfA& mh§ beHeBBSiRA dsSa &ﬁ@@ldr@a@t%y.ﬁk.ﬁtfbﬂn osited sol vent
droplets. Such surface reatment 1S suitabl’y provided by deposition of a

sel f-assenbl ed nonol ayer. The el ectronijc deV| ce may be a transistor and the
mat er i al de-B@sP@'écﬁoi'W“f RE SQlyeRts ff‘fﬁysul'téP%d&p\?ﬁ'ée%QF@ Piralibe shAwplets &Y ween

el ectrodes jaRsHt @Finfify.er connect lines in different layers of the device.

The sol vent or one of the solvents may be an al cohol for i nstance- | PA or
nmet hanol . WO 01/ 47044 PCT/ GBBOO 04940 5 The cget hod, n’er se . the step of
forming a coMEREReRoilipg et ¢ e gpid SEWﬁ'FF Higighe ﬁ%’d W‘?@Fﬁ SPMENEHgAt s to

the | ocal i sigtyreg@t MarlBoE ¥R yrhtet tifanV@b6901d It RIZYPSIdMBRelyHE lesd than
confinement structure may be provided by a self-assenbled nonol ayer.

Accordi ng t¥08Cfurt her aspect of the present invention there is provided a
met hod for formng an el ectronic device, conprising: formng a first

conduct i ve Rich of the said layers suitably has a solubility greater than 1 or 2 weight percent

per volume in one or more of the said solvents.

Suitably the first insulating layer has a solubility greater than 1 or 2 weight percent

per volume in the said soivent.

The volume of deposited solvent may be less than 50 pl or less than 20 pl or less
than 5 pl.

The contact angle of the deposited solvent on the polymer layer to be dissolved is
suitably larger than 5°, but less than 90°; or larger than 20°, but less than 90°; or
larger than 50°, but less than 90°.

The surface of the polymer layer to be dissolved has preferably been treated in
order to enhance its repellence for the deposited solvent droplets. Such surface

treatment is suitably provided by deposition of a self-assembled monolayer.

The electronic device may be a transistor and the material deposited in the void
may form a via hole interconnect between electrodes and/or interconnect lines in

different layers of the device.

The solvent or one of the solvents may be an alcohol, for instance IPA or

methanol.



sem conductive layer; form ng a sequence of insulating and sem conducti ng

| ayers over the first conductive or sem conductive |ayer; locally

deposi ti ngo1/4diduf usi ve dopant from solution at a | ocal i se¢megioaef the
insulating layer so as to nodify the insulating and sem conducting | ayers
in the region and thereby forma channgl of electrically conductive

mat eri al extendi ng through the sequence of |ayers. The diffusive dopant is
suitably deposited by ink jet printing. The electronic device is suitably a
transi stor and the said channel nmay forma via hole interconnect between
el ectrodes and/or interconnect lines in different |ayers of t he devi ce.

The insul at conpy i s VP S i.tably one of th Iat ng | ayer
and a | ayerﬁlﬁ Féeg%/?{/ rﬂﬂ%éﬁ"ﬁ Fepsg) f‘meé“gr? gon qrg(?rﬁ ?)t gLH s'@nd the
ot her of th@nfiniagltaé lsag/ehaysesolaaﬁtsttbethé aeliset reefdrl By mergher ofyitsn@eitingi S
soluble in a non‘#)ol ar solvent. According to furth r aspegt of th

present i nVERRGTHSS-t RACB 3 gorﬁmme@éatraﬁureeif@&t%wow §E\RYcR Sf Pﬁ%@f"@?

met hod as sféndMiferabove. According to a further aspect of the present
invention there is provided a logic circuit, display or nenory device

conpri sing luralit f devices as set out aboye. WO 01/47044

PoT, Gaon ABrdlES Je. 8 dhinelrPEeEot s rererbdyerforoeia, 5 HPYCERA TaveR: i on
there is prigvife@sing é@géléctréhlé CdbhviceS OfaMprisingg @ridlngr al rnfsf &dndau@e @gVi ces
i nterconnected so as tq performa [|ogical function. | east a_ first one

of the devi%aycondychve d@fﬁ‘ieé‘?@ﬂ“@ o2 aﬁﬁgyﬁ@ﬁ"@ of ‘Pﬁ@aml%‘ésswmoﬂ%@g of

conductive |gRr8r dvalr ﬂh@cﬁﬂs?%ohﬂuéhvéobﬂ sEﬁ’ﬁd&Quétﬁéolégér %célﬁlaéépd%mh | gyer of
the first one of the devices. The display device nmay conprise an optlcally

active regidiusivg @@Wéﬁlf@nwo@t@hafa@\ 'OC@I'%QQ iegigncof da insulating daver ee@sdAi c
devi ce bei ngoGRHAESHsUIRidg ShdPBerhicBhdlCiRS iayePs [E@kBgion and thereby form a

channel of electrically conductive material extending through the sequence of
layers.

The diffusive dopant is suitably deposited by ink-jet printing.

The electronic device is suitably a transistor and the said channel may form a via
hole interconnect between electrodes and/or interconnect lines in different layers
of the device.

The insulating layer may comprise PVP.

Suitably one of the insulating layer and a layer directly underlying it is soluble in a
polar solvents and the other of the insulating layer and the layer directly

underlying it is soluble in a non-polar solvent.

According to a further aspect of the present invention there is provided an

electronic device formed by a method as set out above.

Accoirding to a further aspect of the present invention there is provided a logic
circuit, display or memory device comprising a plurality of devices as set out
above.



by neans of conductive material located in a void forned through at | east
one |ayer of the device. According to a further aspect of the present

i nvent i onwigh@arsodss provided a an el ectronic device havi ngpa@/@Biwoaddot y of
dielectric layers and being formed by a nethod as set out above so as to
have a void through at |east one of thegdielectric |ayers, the device
conprising |layers of interconnects spaced apart by the said one of the
dielectric layers, wherein at | east one of the interconnects in one |ayer
is electrically connected to an interconnect in another |ayer by means of
conductive nmaterial |ocated in the void. The present invention will now be

descri bed b’K \I\ﬂ% of example, with reference to _the acqoman@g dr.awi ngs,
in which: fAGErENG terpiather AERed M thenresent dmeEyen AeT8rs FEPVISR atlPeh
processed, @l &Héjfﬁﬁgt d '~'p’|[lﬁ' nt&llo@lébeh %teﬁiﬁemntéﬂfcaﬁﬁé@éd eBadARt Bédisiii 6S Of

i o] g. cC W

pol ymer TFTs accordi ng i a F8T2 active |ayer, a PVP gate

i nsul at i ng lpgigalfunetig. a PEDOT/ PSS gate el ectrode; figure 3 shows transfer
characteristics of polyner TFTs according to Fig. 1 ¢ wth a F8T2 active

| ayer, a PVR @aktes first ehatdri e HaV&ds map BedoRRE%Ed BSananbe ol e Qb4 44
PCT/ GBOO/ 04940 7 el ectrodes deposited with the sanple held at room

t enper at ur emeans ahaondyshye Rateriab igeatsidn(@yoid forgdethioughogideatitgngtiay®) and

transfer c BLi-SLi ; F8T2 all - |l ynmer TFT t ai ni F8
! er Chanac iRk bRk of fheldhidek, 2 al |- pol ymer containing a
di ffusion barri e'r andoa PVP 'surface nodi fication layer as in figure 1(a);

figure 5 shows transfer characteristics of F8T2 all|-polyper TFTs as in
figure 1(a)The dispiayHemcedpansempiiean gpiisgly eﬁtjvedﬁemﬁmﬁ%hﬁ%lﬁ PYSUCRAR a pvP

surface mogdbbigad HeRce,aKe klecibiddRvize HaMiScRPIcARb itk bptitany aemaiegh an
al |l -polymer TFT according to . .
by means of conductive material located in a void formed through at least one

layer of the device.

According to a further aspect of the present invention there is provided a an
electronic device having a plurality of dielectric layers and being formed by a
method as set out above so as to have a void through at least one of the dielectric
layers, the device comprising layers of interconnects spaced apart by the said one
of the dielectric layers, wherein at least one of the interconnects in one layer is
electrically connected to an interconnect in another layer by means of conductive

material located in the void.

The present invention will now be described by way of example, with reference to
the accompanying drawings, in which:

figure 1 shows different device configurations of solution processed, all-
polymer TFTs;

figure 2 shows transfer characteristics of polymer TFTs according to Fig. 1¢
with a F8T2 active layer, a PVP gate insulating layer, and a PEDOT/PSS gate
electrode;

figure 3 shows transfer characteristics of polymer TFTs according to Fig. 1¢c
with a F8T2 active layer, a PVP gate insulating layer, and a PEDOT/PSS gate



figure 1(a) with an F8T2 active | ayer and source-drain el ectrodes printed
directly onto a bare glass substrate; figure 7 shows the fabrication of
TFTs w t hwey@ldo@ahannel | ength and snmall overl ap capacit ggegidaoasi@h
patterning of the substrate surface into hydrophobic and hydrophilic
areas; figure 8 shows optical mcrographs of the channel region of
transistors with L = 20 (err)m(a) and L = 5, um (b) after IJP deposition
of PEDOT/ PSS source/drain electrodes in the vicinity of a hydrophobic
pol yi m de bank; Figure 9 shows optical mcrographs taken during the

deposi tion of i nk droplets in the vicinity of a polyimde bank. figures 10
and 11 showleﬁﬁ»tosas derpsited nwiter then seaplacrhield i als repmt ﬁ%iﬁ@@"@f%?s(a)félﬁ d as

in figure Ei()o(b} gﬁyo hannel |l engths L = 20 pmand 7 ,um
respectivel Y gure 12 vvs a schematic diagram (a) Dekt ak profil onetry

and optical m ¢igomgr apﬂmv\(sbsoutptﬂt (e eansr banrsfer ofarpeteristing () of o IFE$2 Y-
i t t
el et r o TN TEE el S REHHANR bifer HACa S Surdth ribbaty 091 ©

di anet er onaydreasdn figeeet(apf t he |nkj et droplets and the thickness of the
PVP | ayer ; fi showsth ren |t ar | st ugh a
Vi a hol>/e wth gi'gﬁ%at goﬁq(ﬂ%n ?%Lengﬁ%s ?9 8?&@@%’&@32 fﬁg%?éﬁlg

i Il ustrat esfigdié fl &) evith TEBE} @sd boly‘statyheqa} diffusian thalries ;and@ PYP4Alfade

PCT/ GBOO 049 Ei re 15 shows applications of via holes such as |ogic
inverters (’H%‘gf'@’iofiﬂ Moad (a), enhancenent-load (b) and resistance-| oad
(c)), and nulti If@uﬂd 6 shoteranopeeRl naclogrms dfdr al’lJpglymermebdelh@eo

Fabr i cat ed e 1) HoaD H STyRaAer TS Shice e aies i G
sizes WL adnt Bebakevglaks 80B4tHET S-

figure 7 shows the fabrication of TFTs with small channel length and small
overlap capacitance through patterning of the substrate surface into hydrophobic
and hydrophilic areas;

figure 8 shows optical micrographs of the channel region of fransistors with
L =20 um (a) and L = 5 ym (b) after IJP deposition of PEDOT/PSS source/drain
electrodes in the vicinity of a hydrophobic polyimide bank;

Figure 9 shows optical micrographs taken during the deposition of ink
droplets in the vicinity of a polyimide bank.

figures 10 and 11 show output and transfer characteristics of transistors
formed as in figure 7(c) and having channel lengths L = 20 ym and 7 ym
respectively;

figure 12 shows a schematic diagram (a) Dektak profilometry and optical
micrographs (b) of the process of forming via holes by successive deposition of
methanol droplets onto a 1.3 ym thick PVP gate dielectric layer and (c)
dependence of the via-hole outer and inner diameter on the diameter of the inkjet
droplets and the thickness of the PVP layer ;

figure 13 shows the current-voltage characteristics through a via hole with
a bottom PEDOT electrode and a top electrode.

figure 14 illustrates different processes to fabricate via-holes;



figure 17 shows an alternative bottomgate device configuration; figure 18
shows a schematic drawing of an active matrix pixel in which the display

or menoryweJ@ngedy i s controlled by a voltage (a) or a cur rigtGgRdd)ogedol gur e
19 shows possible configurations of the pixel of an active matrix; figure

20 shows pol ari zed optical absorption o an aligned F8T2 TFT; figure 21
shows (a) polyner TFTs with a patterned active |ayer island fabricated by
printing of sem conducting and dielectric |ayers and (b) the overlap

regi on between to conducting interconnects separated by a printed
insulating island; figure 22 shows a matrix of transistor devices

connect ed by a figukgotksiagws ppmicpiiens: @foimbeles steh pandiciavertersdderieiamed

el eCtrONi ¢ 645 Clht Sonf2EbRGhERa b Cafd ORsRRIRNSICRS) | bR Ak per i

the fabrication of an organi c,” solution-processed’thin-fi
t ransi st or ,iniercanhectrschemesdd);t he | ayers is converted or cross-linked into

an insoluble for, [ . i I Qs N t hat
" soruble in ¢HGUEDTE o e dRoriaRigs SetiERedRn BET R LRUIOEE!
descri bed iin fiyores 1@ tfabiicabed with drintesi alhpdiymer AF$s myithediffagendfatiosofitbat i ng

via- holes thr hopltihel eciri ¢ insulating |ayers based on | ocal deposition
a

of sol vent s%€ ﬁéWP TENHE S or exanpl e, .conprise one or nore of the

foll owi ng conpaigard 7 showsdr alterastiveduttont-gatg device confiljumationand gat e
el ectrodes and interconpects. - a sem conducting,.layer. wi.th.a char
carrier nobili t}'gﬂ%igﬁﬁﬁ‘ﬁs G.ﬂe@ﬁg‘f W'%a‘pa“ ﬁ‘igté\‘r? 'éﬁfrwx“ti]dﬁ] ?N@hc?' tg\%l t chi ng
rati o exceedlpigy d0hemorpelehicnt Bajotrbifuaibyed Valtagedspor. a Wbrdhit ()7 044
PCT/ GBOO 04940 9 - flgadi ffusion barrjer | a%eé t hat ﬁ{sot ects the
semi conducti ng "Gy _%0"_1’5}1%033_? gerfiorrayons g ’ﬁheePéf‘@ﬁ'_ T aﬁ?vﬁtrﬁﬁtf'?(’onal dopi ng
by inpurities agguted shélid bl optical@bsbiption ef amdiidrictatsTRmEBYyer t hat
enabl es hi gh-resol ution patterning of _the %’z'at e el ectrode by printi Qg
t echni ques. figure 21 shows (a) polymer TFTs with a patterned active layer islan

fabricated by printing of semiconducting and dielectric layers and (b) the overlap

region between to conducting interconnects separated by a printed insulating

island; '

figure 22 shows a matrix of transistor devices connected by a network of

IJP interconnects to fabricate user-defined electronic circuits;

Preferred fabrication methods described herein permit the fabrication of an all-
organic, solution-processed thin-film transistor, in which none of the layers is
converted or cross-linked into an insoluble form. Each layer of such a device may
remain in a form that is soluble in the solvent from which it was deposited. As will
be described in more detail below, this enables a simple way of fabricating via-
holes through dielectric insulating layers based on local deposition of solvents.
Such a device may, for example, comprise one or more of the following
components:

- patterned conducting source-drain and gate electrodes and interconnects.

- a semiconducting layer with a charge carrier mobility exceeding 0.01 cm?Vs

and a high ON-OFF current switching ratio exceeding 104,

- a thin gate insulating layer.



- via-holes for interconnects through dielectric |ayers. However, it wll
be appreciated that the nethods described herein are not limted to the
fabri cati o @fs7el@vi ces having all the features set out abaaycHiW®4940
fabrication of a first illustrative device will now be described with
reference to figure 1. The device of fggure 1 is a thin-filmfield effect
transistor (TFT) configured to have a top-gate structure. On top of a

cl eaned 7059 gl ass substrate | source-drain el ectrodes 2, 3 and

i nterconnect |ines between the el ectrodes and the contact pads (not shomn)
are deposited by ink-jet printing a solution of the conducting poly

pol yet hyl enedi éx¥iiffusiophbaeiepdeyast rbpseipetsntieesgrpicpmiuqtiog slayei ghd ﬂ»& / PSS
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Bayer (avail abLﬂ%teaélgctr&f%ﬁy B%tﬁ" )tech-mﬁx %JP printer is of the piezoelectric

type. It is eq ci'sioh tTwo-di nensional translation stage
and a mcr oscop;m-b@lagénremlabjmngcts treougti d|gi¢n’eintlawfrs subsequently printed

patterns with respect tr: vol t age
pul se. Sui tla%‘fv%ve(ﬁ’r? é" é%ﬁ%ﬁ%cﬁé&ﬁ@té &e hcj?rop({%%?'% éfhgrel §r%| ')({:8;§Il'pr]|t%f1 °
content of ta.tlﬁief@npeﬂordmmﬂvwesaiaemg@h|tlm/iedtuma$ betaoypabees. hel ght of 20V,

rise time of 10 /is, and a fall time of 10 ,us.. After drying on the gl ass
substrate they produce a PEDOT dot wth a typ| cal diameter of 50 pm and

typi cal thiThdeBsicatidn S0P filst iliTegath@&Rieyicet Wikt neasec gestribbd weihaefaradestoi s

performed ipn air._Afterwar t he sa sfer e n.i nert

P hoaphor & ed: Bh% deyie hotme Sambir dndedeledinSisr g1y ih/ahsolisn

PCT/ GBOO 041%4%\,6330{0?_ R SiriiddGel N the organic solvent that will |ater be
io

used for the deposi n of the active sem conducting |ayer, such as m xed
xyl enes in the case of polyfluorene polyners. They are then anneal ed for
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sol vent and other vol atile species in the
interconnect lines between the electrodes and the contact pads (not shown) are
deposited by ink-jet printing a solution of the conducting polymer
polyethylenedioxythiophene/polystyrolsulfonate (PEDOT (0.5 weight %) / PSS
(0.8 weight %)) in water. Other solvents such as methanol, ethanol, isopropanol or
acetone may be added to affect surface tension, viscosity and wetting properties
of the ink. PEDOT/PSS is obtained commercially from Bayer (available as
"Baytron P"). The IJP printer is of the piezoelectric type. It is equipped with a
precision two-dimensional translation stage and a microscope stage enabling the
alignment of subsequently printed patterns with respect to each other. The IJP
head is driven with a voltage pulse. Suitable drive conditions to eject droplets of a
typical solid content of 0.4 ng per droplet are achieved with a pulse height of 20V,
rise time of 10 us, and a fall time of 10 us. After drying on the glass substrate
they produce a PEDOT dot with a typical diameter of 50 ym, and typical thickness

of 500 A.

The IJP of the source-drain electrodes is performed in air. Afterwards the samples

are transferred to an inert atmosphere glove box system. The substrates are then



PEDOT/ PSS el ectrodes. Then a 200-1000 A thick filmof the active

sem conducting polyner 4 is deposited by spin-coating. Various

sem condugig Na7o4aol ymers have been used such as regi or equlpT/GB00/04940

pol y- 3- hexyl t hi ophene (P3HT), and pol yfl uorene co-pol yners such as
poly-9, 9" -dioctyl fl uorene-co-dithiopheng (F8T2). F8T2 is a preferred
choice as it exhibits good stability in air during the deposition of the
gate electrode in air. A 5-10 ng/m solution of F8T2 in anhydrous, m xed
xyl enes (purchased fromRom|) is spin-coated at 1500-2000 rpm In the
case of P3HT a 1 weight % solution in m xed xyl ene was used. The

under | yi ng HEDOies| iacthe sugania selverishelwilldlates b& ysie f9pthe depepiioncofstBe vent
such as éeﬁﬂg semﬁoﬁdugﬂﬁgo@e{y@r,tmﬂ a%oha&eqrm&emntth@ c%e{evcﬁgyowba@nw N

| at er be us sI'tion of gat’e 1 nsul at or such as

i sopr opanol p@ymetst hdhey are\th@bgen@@fm femP@aninuigs AteZ &G in H@fﬁ’t péragent or med

to enhance étﬁﬁ:ﬁgﬁgrreg?o TP Qe i OB&dr e ?p&’f oﬂh@ { ﬂ%‘é 'rHJ fa! ymer.
a ase eva

For pol ynmers hirbit a~ Irquid crys I ne p
t enper at ur eBEROTERSS n@laxtrodes. erﬁ’mnatajr 200-4000 eAt Hbicki djlh d-of r j;hﬁ adadtnvae

othor. 10 pTEaidickfo BehSTErt lecdhoBNicd'Ey BBV EElnG," Yedys B8bRefueih8 °5 0"
m n under ipéyhel2hatenbephearsed dilvh aanpieegalae pohedheryihibpheneidRBHEY t o
roomtenperature to freeze |§/the orientati,o g(;f.t cha ns ?Bﬁ? roduce an
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hi gher turn-on v his 1s attributed to a | ower den5|ty of
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as- deposi t ede RAARR of the gate insulator layer 5, such as isopropanol or methanol.

A subsequent annealing step can then be performed to enhance the charge
transport properties of the semiconducting polymer. For polymers that exhibit a
liquid crystalline phase at elevated temperatures annealing at a temperature
above the liquid-crystalline transition results in orientation of the polymer chains
parallel to each other. In the case of F8T2, annealing is performed at 275-285°C
for 5-20 min under inert N» atmosphere. The samples are then rapidly quenched
to room temperature to freeze in the orientation of the chains and produce an
amorphous glass. If samples are prepared on plain glass substrates without an
alignment layer the polymer adopts a multidomain configuration in which several
liquid-crystalline domains with random orientation are located within the TFT
channel. Transistor devices in which the F8T2 is prepared in a glassy state by
quenching from a liduid-crystalline phase exhibit mobilities on the order of 5.10°
cm?/Vs, that are by more than an order of magnitude higher than mobilities
measured on devices with as-spun F8T2 films. As-deposited devices also exhibit



that is partially crystalline. Further inprovenents of the nobility by
typically a factor of 3-5 can be obtained if the polyner is prepared in a

nonodomai Wwosdi1ateaw t h uni axi al al i gnment of the pol yner okgi@goopasal | el to
the transistor channel. This can be achieved by coating the glass
substrate with a suitable alignment | ayer, such as a nechanically rubbed
polyimde layer (9 in figure 1(b)). In the nonodonain state the polyner
chains are aligned uniaxially parallel to the rubbing direction of the
underlying polyinmde layer. This results in a further enhancement of

charge carrier nmobility in devices in which the TFT channel is parallel to
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deposi t ed lijwaislplpart@diacryﬁ@ll@esol ution of pol yhydroxystyrene (al so-called
pol yvi nyl phenol (PVP)) froma polar solvent in which the underlying

sem conducting polyner is not soluble. A preferred choice of solvents are
al cohol s smtheasnpmvbmanls onhep)mpmtyoH)y Wpicbllu affextor ofr8-Sican he robiaipe @r

pol ymers su
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so be u | ectrod i s .then depopsited over
The  gat o | rGNaN: walyoparaiflclog Hibe ot redion 85 & By B, SpbET e
directly ovgyerd Wﬁlsgéglﬂts'|H%thﬁﬁérrkg1h'aﬁé’e9ﬁer(t$ﬂ%hé Ltfa@rlerjrﬁéﬁll)tyﬂf dévigdsannmay be
one or nore internedi ate | ayers (see gure 1(a) or WO 01/47044

PCT/ GBOQ 04whigh thezTEIéWﬁP@elf'%Par ‘F'ftaé'ée ﬁ&ﬂ%fé rﬁﬁ‘i‘Pn gﬁ%?l@?@ﬁ Pae fer or
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number 9914489.1.

After deposition of the semiconductor layer, the gate insulating layer 5 is
deposited by spin-coating a solution of polyhydroxystyrene (also-called
polyvinylphenol (PVP)) from a polar solvent in which the underlying
semiconducting polymer is not soluble. A preferred choice of solvents are alcohols
such as methanol, 2-propanol or butanol, in which non-polar polymers such as
F8T2 have exceptionally low solubility and do not swell. The thickness of the gate
insulating layer is between 300 nm (solution concentration 30 mg/ml) and 1.3 ym
(solution concentration 100 mg/ml). Other insulating polymers and solvents that
satisfy the solubility requirements such as poly-vinylalcohol (PVA) in water or
poly-methyl-methacrylate (PMMA) in butyl acetate or propylene glycol methyl
ether acetate may also be used.

The gate electrode 6 is then deposited over the gate insulating layer. The gate
electrode layer may be deposited directly over the gate insulating layer (see figure
1(c)) or there may be one or more intermediate layers (see figure 1(a) and (b)), for



To formthe sinpler device of figure 1(c) a PEDOI/ PSS gate 6 may be printed
directly on top of the PVP insulating |ayer 5. The substrate is transferred
to the |Iwd @&4ab440n in air again where a PEDOT/ PSS gate elgaicp@d@sp@mttern
is printed from a water solution. The underlying PVP gate insulating |ayer
has a low solubility in water such that the integrity of the gate
dielectric is preserved during the printing of the PEDOI/ PSS gate

el ectrode. Although PVP contains a |large density of polar hydroxyl groups,
its solubility in water is | ow because of the very non-pol ar

pol ystyrene-1i ke backbone. Simlarly PMMA is insoluble in water. Figure 2
shows the exzamié dor shdace raxdifictiias diffusion baPieTRT Wocéssare@8dzs such as
sem conduct j I .a.. PVP gate insulating |ayer, and |JP PEDOI/ PSS
sour ce-dr ai#v\geﬁégxﬁ)gn%}ﬁ'%‘ctrodes. The device characteristics are neasured
under nitrogen atnosphere. Consecutive rreasur enents are shown with
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source-drain and gate el ectrodes were found to ex narmal |y of f
behavi our (%’fe&swh tha% theyjecrty; of tiengale dielertihis Preperved Sup ”g? é;

(figure 2(b)pink @ngﬁJWP@S%@&é leﬁect@aé %ih‘bu@ﬁ M8/ FOBSREMS & l%b%n@[)ﬁo@dlérl but ed
to high concentration of nobile ionic inpurities (see below). If the sweep

is started hyrersdoradns. ity splupliy=imaxafer isnlow toesadses Obrthe uens neR-rlans o - -
+20V (Upv‘argo#étyr@ 9|l|ﬁ§)oack%8fﬂév%'imllé?g lf’ﬂmlAr %Vlﬁécﬁﬁbleﬁﬁ%térdWY@sthbWsang| es)

the transis only turns at wr V. The normal |l y-on behavi our and
t he hyst er ebiestrafsfesceharapteristicreafyan bJPOEFEa\MI%Q BYT2 semiceneeciopdayast @ oni c

species Ln gUp (o i iRy fyer, And i PEBO PRSSTRR MBHALAY gatb idioBes) 1 ve

val ues of Ion is negative positive speci es WO
01/ 47044 Pdmmem:@matectemaime dndesuredogsies dittogen apessiwre Gansecyivet he

mobi | e Charﬁl%agtﬂemé%tsa%?éjrgﬁlo%i Rfin increasing (upward friangles) and decreasing

(downward triangles) gate voltage, respectively. The characteristics belong to

devices made from a freshly prepared batch (a) and a one-year old batch (b) of
PEDOT/PSS (Baytron P). Transistor action can clearly be seen, however, the
devices exhibit an unusual normally-on behaviour with positive threshold voltages
Vo>10V, whereas reference devices fabricated with evaporated gold source-drain
and gate electrodes were found to exhibit normally off behaviour (Vo < 0). In
devices formed from the "old" batch of PEDOT (figure 2(b)) large hysteresis
effects were observed which are attributed to high concentration of mobile ionic
impurities (see below). If the sweep is started in deep depletion (Vg=+40V), the
transistor turns on at Vi ~ +20V (upward triangles). However, on the reverse

scan (downward triangles) the transistor only turns off at Vo > +35V.

The normally-on behaviour and the hysteresis effects are likely to be caused by
the diffusion of ionic species in one of the layers of the device. The unusually
large positive values of Vg suggest that the ion is negative. A positive species



| ayer and lead to a shift of Vo to nore negative values. To identify the
origin of this ionic species devices were fabricated in which the top-gate
| JP PEDOTwrhi1aebé440de was repl aced by an evaporated gol d elggicp@dassdi | e t he
ot her layers and the PEDOT source/drain el ectrodes were fabricated as
descri bed above. It was found that in18his configuration the devices are
normal | y-of f and exhibit stable threshold voltages. This inplies that the
dopi ng and hysteresis effects in the all- polynmer device are related to the
sol ution deposition of the conducting polymer top gate electrode, and the

possi ble diffusion of mobile, ionic inpurities fromthe PEDOT .
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be prevented by incorporation of a diffusion barrier layer. In the device
of figure a d athin ayer of non-pol. ar Lyner is osited
on top of {haee\Rlgh e bptselia i beriel e g oS tRieshniBfites g e
conduct i ng realisdTele gabentedicRfsiaresls bliepokiBiii§ithd §aldbiediradtiE0dmto ROME4EBEOD 04940
14 believed to act_as diffusion barrjer bl ocki n% t he di ffusi on_of ( S)ni c
speci es t hr%‘l?éﬁate- This reduces the drying time of the droplet on the substrate. Fig. 3(b

shows the transfer characteristics of a TFT device for which the substrate was

heated to a temperature of 50 °C during deposition of the gate electrode. It can be

seen that the hysteresis effect is much smaller than for gate deposition at room

temperature (Fig. 3b), and that Vy has a relatively small positive value of 6V. By

controlling the deposition temperature the threshold voltage can be adjusted in a

range of Vo = 1-20V.

Devices with gate electrodes deposited directly onto the PVP layer as in figure
1(c) are of the depletion-type. This normally-on behaviour is useful for depletion-

type logic circuits such as the simple depletion-load logic inverter (figure 14(a)).

To fabricate enhancement-type, normally-off TFTs the doping of the
semiconductor during the deposition of the gate can be prevented by
incorporation of a diffusion barrier layer. In the device of figure 1(a) and (b) a thin
layer 7 of a non-polar polymer is deposited on top of the PVP gate insulating layer
prior to the deposition of the conducting polymer gate electrode. This layer is



the noderately polar PVP insulator. PVP contains a high density of polar
hydr oxyl groups which tend to enhance the conductivity and diffusivity of

i ons throw@oilshes film Several non-polar polyners have bagm¢s@dissdch as
poly-9, 9" -dioctylfluorene (F8), polystyrene (PS),

pol y(9, 9' -di octyl -fl uorene-co-N (4-butyidphenyl) di phenyl am ne) (TFB) or
F8T2. Thin filnms of these polyners on the order of 50- 100nm can be
deposited on the surface of the PVP gate insulating |layer froma solution
in a non-polar organic solvent such as xylene, in which PVP is insoluble.
Direct prlntlng of PEDOT/ PSS froma polar solution in water on top of the

non- pol ar RRlieves fvAchkas ﬁﬁéﬁ'of‘%ﬂer(ﬂlowgt the dfusiomationis %ﬂe&'eﬁéh@tugﬁol yner
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pol yners contalnlng a hydrophilic and a hydrophoblc functlonal group
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01/ 47044 PCY deoxneupalgr polymer.  This layer provndes a hydrophlhc rather than
hydrophobic surface on to which the PEDOT/PSS may more readily be formed.

This permits enables high-resolution printing of the gate electrode pattern. To
form the surface modification layer a thin layer of PVP can be deposited from
isopropanol solution, in which the underlying diffusion barrier layer is insoluble.
The thickness of the PVP layer is preferably less than 50 nm. High-resolution
printing of PEDOT/PSS is possible on the surface of PVP. Alternative surface
modification layers may be used. These include thin layers of soap-like
surfactants or polymers containing a hydrophilic and a hydrophobic functional
group. These molecules would tend to phase-separate with the hydrophobic and
hydrophilic groups being attracted towards the intérface with the underlying non-
polar polymer and the free surface, respectively. Another possibility is the brief
exbosure of the surface of the non-polar diffusion barrier to a mild O, plasma
rendering the surface hydrophilic. A suitable plasma treatment that does not
degrade the TFT device performance is exposure to a 13.5 MHz O, plasma with a
power of 50 W for 12 s.



A surface nodification layer on top of the non-polar diffusion barrier may
not be required if the gate electrode is printed froma solvent that is

| ess pol ayvgdhanomat er such as formul ati on contai ni ng al cagal&Boo/04940

(i sopropanol, nethanol etc.). The integrity of the |ayer sequence relies on
the alternating deposition of polynmer qgaterials from polar and non-pol ar
solvents. It is desirable that the solubility of a first layer in the

sol vent used for the deposition of a second layer is less than 0.1 %

wei ght per volune, preferably I ess than 0.01 % wei ght per volune. The
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sol vent, and no swelling occurs. I'n order to obtain sufficiently abrupt
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WO 01/ 47044liRaT/stBeOOMai®40for these parameters can be calculated if the molecular
structure is known by adding contributions from the different functional groups of
the polymer. They are tabulated for most common polymers. Often O, and Ogare
combined to 0,*=04%0,%
The free energy of mixing is given by 0Gp = OHp - T-0Sm, where :0S,>0 is the
entropy of mixing and OHm = V- ¢p* ds * ((Ov"-0v®)?+(0n"-0n°)?). (V: volume; dp, ds:
volume fraction of polymer (P) /solvent (S) in the mixture). From this it is expected
that a polymer (P) is the more soluble in a solvent (S) the smaller OHy, i.e., the
smaller D = ((0,°-0,°5%+(0n"-0:°)%)"2. As an approximate criterion, if the
interaction parameter D is smaller than approximately 5 the polymer is soluble in
the solvent. If D is between 5-10, swelling is often observed. If D is larger than 10,
the polymer is substantially insoluble in the solvent, and no swelling occurs.
In order to obtain sufficiently abrupt interfaces in a solution-processed TFT device
it is therefore desirable that the respective D values for each of the polymer layers
and the solvent of the next layer should be larger than approximately 10. This is



16 particularly inmportant for the sem conducting polyner |ayer and the
solvent of the gate dielectric. In the case of F8T2 and i sopropanol (butyl

acetate) we Asbthgate D to be approximately 16 (12). For SYEcRRN:ER
configurations the entire nmultilayer structure nmay be built up by an

al ternati ng sequence of polyners that tain mainly polar groups and are
soluble in a highly polar solvent such as water, and polyners that contain
only a few or do not contain any polar groups and are soluble in a
non- pol ar solvent, such as xylene. In this case the interaction paraneter
Dis large because of the differences of (err)p for the polyner |ayer and
sol vent of pé\ﬁcmmr)ty xmmnt fdkrthe samroadusting| pblyreerdayerearsi $iecsolveat btine
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sgch as a pwwawbﬂmpheqm)om t ed from wat er solution, a non- polar
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the deposition of the |ayer uence, ,.and PEDOI/ PSS gat e el e tr
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This layer sequence is also possible by using rate y pol ar pol yner
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However, it is often convenient to have a non-polar semiconducting layer and a
polar gate electrode layer separated by a single dielectric layer. This layer
sequence is also possible by using a moderately polar polymer layer deposited
from a moderately polar solvent sandwiched between the highly polar and non-
polar polymer layer. . A moderately polar polymer is a polymer that contains both
polar and non-polar groups, and is substantially insoluble in a highly polar solvent.
Analogously, a moderately polar solvent contains both polar and non-polar
groups, but does not substantially dissolve a non-polar polymer. In terms of the
solubility parameters a moderately polar solvent may be defined as one where the
solubility parameter O, is largely different from that of the underlying polymer. In
this case swelling may be avoided (large D) even if the polar solubility parameter
Op (Oy) of the solvent may be similar to that of the underlying polymer layer. The
moderately polar polymer may contain a specific functional group such as a
hydroxyl group that makes it soluble in a solvent containing a functional group that

is atiracted to the functional group of the polymer. This attraction may be a



is attracted to the functional group of the polymer. This attraction may be
a WO 01/47044 PCT/ GBOO 04940 17 hydrogen bonding interaction. This

funct i onalwig o1/49644t he pol ymer may be used to enhance its s@tubBdoiohysel N a
noderately polar solvent and decrease its solubility in a polar solvent.

An exanpl e of a noderately polar polymary is a PVP gate dielectric |ayer
sandwi ched between a non-pol ar sem conductor |ayer and a PEDOT/ PSS gate

el ectrode |l ayer (Fig. 1c). An exanple of a noderately polar solvent is an
al kyl al cohol such as IPA (~h = 8; F8T2: ~h 0). Fi gure 4 shows the output
(a) and transfer (b) characteristics of an all- ymer F8T2 IJP TFT with a
PVP gate i nadregesr bongdjeg interaptomi Fiiw dunshomiity Pé?hq BYl¥mes mapyabe pigpd dar f ace
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el ectrodes | d eff | on the order of 0.005-0.01 cn®/Vs
and the O\I—%HSBQE éH?h ?%ﬁ&’%([ﬂg'aéu’lf%’%z'ggﬁ?@en Vg=0 and -60V is on the
order of 104-105. Devices have been fabricated with a broad range of

non- pol ar diffusion barrier a ers, .suc F8, TFB ure ﬁ%a shows
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smal | hysteresis effects and threshold voltage shifts were__observed, which
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similar to those of standard devices fabricated under inert atmosphere conditions
with Au source-drain and gate electrodes. The field effect-mobility is on the order
of 0.005-0.01 cm?/Vs and the ON-OFF current ratio measured between V,=0 and
-60V is on the order of 10%-10°.

Devices have been fabricated with a broad range of non-polar diffusion barrier
layers, such as F8, TFB (figure 5(a) shows transfer characteristics), PS (figure
5(b) shows transfer characteristics), and F8T2. In each case clean normally-off
behaviour and small hysteresis effects and threshold voltage shifts were
observed, which were of the same order of magnitude as those of reference
devices with gold source-drain electrodes. This supported the interpretation that
insertion of a non-polar polymer below the gate electrode blocks diffusion of ionic
impurities during and after the solution deposition of the gate insulating layer.
This has been found to result in reproducible TFT threshold voltages and good
operating stability.



WO 01/ 47044 PCT/ GBOO' 04940 18 Normal |l y-of f devices containing a diffusion
barrier are preferred conpared to the depletion-type device described
above, siweiidodss expected that the former exhibit bett eicthop®oiesnm

t hreshol d voltage stability and better lifetinme due to suppression of
ionic diffusion. For the sem conductingid ayer any sol ution processible
conjugated polyneric or oligoneric material that exhibits adequate
field-effect nobilities exceeding 10"3 cnR2/Vs, preferably exceeding 10"2
cn2Ns, may be used. Suitable materials are reviewed for exanple in H E.
Katz, J. Mater. Chem 7, 369 (1997), or Z. Bao, Advanced Materials 12, 227
(2000) . OneNefmallyeofi dg\deesapentriaigid difftpios begiarase infefesred dontpatedToTEeW t h
good stabil | . an iab t o k6. i gh +the

sem conduct?%%et}g{]gP |Qggblcgg-g%@eau%htl{ogg’esﬁéﬁ)'h% é%gg%hgi/mgtfh@%h%hb? oxygen
and wat er doetierdonchtermpithoesioll vojtagae dstahilityaind dpetierlifetimPrdust tedsuppfessioave been
fabricated WIEHI i ANGE of sem conducting polyners as the active

sem conduct I ng Fayer, such as F8T2 (see above), or regioregular P3HT
deposited from m xed xylene solution. In the case of P3HT TFTs prepared in
test devi Ceco figurat hg"r@ unlder inertl t Nos her.g, the. fie d-ieffect
mobi | ity of F8. % BSTICORSNE NI i SO REFCEPHAR FOIYSRICE RORMETIC FgTo.
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ON- OFF curreat ratios of >106 h&ée been denonstrated for P3HT, but this
requires a rewrncer\MatgeRls J2ned’s0B0after the deposition, such as exposure
to hydrazi ne vapour (H Sirringhaus, et al., Advances in Solid State
Physics 39, 101 (1999)), However, on the |JP TFTs descri bed above this
reductive pO&e-Yrihedaprrgnisiagpiremanist tofabiikate d¥ipted & he avitht goagostrbilityl so
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gnificantly. erefore, to achieve high current swtching ratios 1t is
against unintentional doping by atmospheric oxygen and water during the
processing and printing steps. Printed TFTs have been fabricated with a range of
semiconducting polymers as the active semiconducting layer, such as F8T2 (see
above), or regioregular P3HT deposited frEJm mixed xylene solution. In the case
of P3HT TFTs prepared in test device configurations under inert atmosphere the
field-effect mobility of 0.05-0.1 cm?Vs is somewhat higher than in the case of
F8T2. However, regioregular P3HT is unstable against doping by oxygen and/or
water, resulting in an increase of the film conductivity during the printing steps in
air and poor ON-OFF current ratio.  This is related to the relatively low ionisation
potential of P3HT, I, = 4.9 eV. High ON-OFF current ratios of >10° have been
demonstrated for P3HT, but this requires a reductive dedoping step after the
deposition, such as exposure fo hydrazine vapour (H. Sirringhaus, et al.,
Advances in Solid State Physics 39, 101 (1999)). However, on the IJP TFTs
described above this reductive post-processing step cénnot be performed since it
would also result in dedoping of the PEDOT electrodes and reduce their

conductivity significantly. Therefore, to achieve high current switching ratios it is



WO 01/ 47044 PCT/ GBOO' 04940 19 inportant that a pol yner sem conductor is
used with good stability against unintentional doping by oxygen or water.
A preferra@d) @lagg of materials to achi eve good environnentgdr/Se@auddt y and
high mnobility are A-B rigid-rod bl ock-copol yners containing a regular
ordered sequence of A and B bl ocks. Sujg abl e A bl ocks are structurally
wel | defined, |adder type noieties with a high band gap, that have high
ionisation potentials larger than 5.5eV as a honopol ynmer and good
environmental stability. Exanples of suitable A blocks are fluorene
derivatives (US 5,777,070), indenofluorene derivatives (S. Setayesh,
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(1998)). Instead of hole transporting sem conducting polynmers solu

el ectron tPelRYpH: Margowaleéwlﬁ§|3§ A816 (900Y epheryians! qr. ladd%émoer@myle@ea hi gh
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prevent resi ua at eri |npur|t|es such to act as carrier
traps. Sui tﬁmsaoorfmgemmtwnmtmIﬂwem@éndmmhabrmpm roptgms such as

Nt ur e 404, ST IgBpGEE anE B SHrioREmECRAl sl phrentig g -
5.5eV. Examples of hole-transporting B blocks are thiophene derivatives, or
triarylamine derivatives. The effect of the B block is to lower the ionisation
potential of the block copolymer. The ionisation potential of the biock copolymer is
preferably in the range of 4.9eV < |, 5.5eV. Examples of such copolymers are
F8T2 (ionisation potential 5.5 eV) or TFB (US 5,777,070).

Other suitable hole transporting polymers are homopolymers of polythiophene
derivatives with ionisation potential larger than 5 eV, such as polythiophenes with
alkoxy or fluorinated side chains (R.D. McCullough, Advanced Materials 10, 93
(1998)).

Instead of hole fransporting semiconducting polymers soluble electron
transporting materials may be used as well. These require a high electron affinity
larger than 3 eV, preferably larger than 3.5 eV, to prevent residual atmospheric
impurities such as oxygen to act as carrier traps. Suitable materials may include
solution processible electron-transporting small molecule semiconductors (H.E.
Katz et al., Nature 404, 478 (2000)), or polythiophene derivatives with electron-



WO 01/ 47044 PCT/ GBOO 04940 20 deficient fluorinated side chains. AB-type
bl ock copolynmers with a structurally-well defined, |adder-type A bl ock

wi th a higlpgdgianbgati on potential |arger than 5.5eV and ampcT/GB00/04940

el ectron-transporting B block that increases the electron affinity of the
copol ymer to a value higher than 3eV, ppeferably higher than 3.5eV are al so
sui tabl e. Exanples of A blocks are fluorene derivatives (US 5,777,070),

i ndenof | uorene derivatives (S. Setayesh, Mcronol ecul es 33, 2016 (2000)),
phenyl ene or | adder-type phenyl ene derivatives (J. Gime et al., Adv. Mat.
7, 292 (1995)). Exanples of electron-transporting B bl ocks are
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t echni que descr.i bed | ow makes use of ink-surface | er ctions . to confine

ink jet dropingfe ggiiveless (Fackalgr ety aky bistrgr 404 T‘Fﬂ% hi%élofnatege  used
to achi eve mupheadabhrfivebannel |engths than can be achieved by
conventional ink-jet printing. This confinenent technique can be used to
permt fine-resolution deposition of a dep05|ted material on to a

substrate. ghees va@&gﬁo@& Fo'@f% T%H;'aﬁé% Endrpel lehgfh LB?%eeg ng.é}o@réiﬁrthbo

render sel ected parts atively attractive and atlve y repellent
for overlap between source/draln and gate d have to be as small as possible, that is

typically a few microns. The most critical dimension is L, because the operation
speed of a transistor circuit is approximately proportional to L. This is particularly

important for semiconducting layers with relatively low mobility.

Such high-resolution patterning cannot be achieved with present-day ink-jet
printing technology, which is limited to feature sizes of 10-20 ym even with state-
of-the-art IJP technology (figure 6). If faster operation and denser packing of
features is required thén a technique that allows finer féature resolution must be
employed. The technique described below makes use of ink-surface interactions
to confine ink-jet droplets on the surface of a substrate. This technique can be
used to achieve much smaller channel lengths than can be achieved by

conventional ink-jet printing.

This confinement technique can be used to permit fine-resolution deposition of a
deposited material on to a substrate. The surface of the substrate is first treated

in order to render selected parts of it relatively attractive and relatively repellent for
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the substrate could be pre-patterned so as to be partially hydrophobic in

sone areawoandiyeparti ally hydrophilic in other areas. Wt hpdiiaesoon4940
pre-patterning step performed at high resolution and/ or precise

regi stration the subsequent deposition2gan be accurately defined. One
enbodi nent of pre-patterning is illustrated in figure 7. Figure 7
illustrates the formation of a device of the type shown in figure 1(c) but
with an especially fine channel length L. Like parts are nunbered as for
figure 1(c). Figure 7(a) illustrates a nethod to fabricate a pre-patterned

substrat e. thpgueierial ) be depasited: Bar examplei e sHbstratekcitth Priiepaitersad a
pre-patter r@,ﬁa i t; bk i e-dral
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1. This pol3reas.déVittajks prespatianeing sten perferated: at higl resautian and/emerepisaces in
whi ch the s i e : renoval step may
be done by faé’d%ﬁ%?%ﬁ ﬂe&g@%ﬁﬁe{n@ggéoositgc)zmséaﬂoﬁéa?c{cgwgHgflﬂ_e;bgat ure definition
and/ or accurate registration. In one exanple of such a process the
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to which th hot oresi,st, s resistant. Then thg photores{st_.can renmoved
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it is rel atillusttates bydethpd b fabricallees paspitteangd asisstistdis Figare 7(13 illstratesvel y
hydr ophi | i C'r' Itn thg_i qut .stGep ; PEDOI _na‘iﬁerrigls t?r ftor m the source-drain

el ectrodes PENHEF5CiRGOTHDEMERt orig PrespaiRTad SURISS he hydr ophi | i c substrate
areas 12. \Wen ink droplets spreading on the glass substrate areas hit the
boundary of _a hydrophobi ¢ palyimde region 10, the ink is repelled and
prevent ed f?B?ﬁtf\;Iﬂ&%\/ﬁﬁﬁoﬁ'qﬂr‘oc_’ftt%%S‘I’WB_?‘(S*E%'&E#G@%}QG?? a’c%ag'?'éapfg.'y'm'ﬁﬁﬂ%@ﬂot hi s
confi nenentisefofrfied dvep thdlgldss sleRRSI.t ethid PolyiiRidBYIEYEPRI findy pHitbed toar eas
only and high-resolution patterns with small” gaps and transi stor channel

lengths of Tegaayetihim e Placee 4 vhichy e srICe-Argjuelechipgsy are to be formed.

The removal step may be done by a photolithographic process to allow fine
feature definition and/or accurate registration. In one example of such a process
the polyimide may be covered with a layer of photoresist 11. The photoresist can
be patterned photolithographically to remove it in the places where the polyimide
is to be removed. Next the polyimide is removed by a process to which the
photoresist is resistant. Then the photoresist can be removed to leave the
accurately patterned polyimide. Polyimide is selected because it is relatively
hydrophobic, whereas the glass substrate is relatively hydrophilic. In the next step
PEDOT material to form the source-drain electrodes is deposited by ink-jet
printing onto the hydrophilic substrate areas 12. When ink droplets spreading on
the glass substrate areas hit the boundary of a hydrophobic polyimide region 10
the ink is repelled and prevented from flowing into the hydrophobic surface areas.
Through this confinement effect the ink is deposited in the hydrophilic surface
areas only and high-resolution patterns with small gaps and transistor channel
lengths of less than 10 um can be defined (figure 7(b)).



WO 01/ 47044 PCT/ GBOO 04940 22 One exanple of a process by which the
polyi m de may be renoved, or which may be enployed to enhance the relative

surface eliaaisoafter renoval of polyimde, is illustrataeg¢masfoiogee 7(a).
The polyimde |ayer 10 and the photoresist 11 are exposed to an oxygen

pl asma. The oxygen plasma etches the thkpn (500 A) polyimde |ayer faster
than the thick (1.5 ,um photoresist |ayer. The exposed bare glass surface
12 in the area of the source-drain electrodes is made very hydrophilic by
exposure to an 02 plasma prior to renoval of the photoresist. Note that
during the renoval of polyimde the surface of the polyimde is protected
by the phoPoe exasplesi@ nrepessiy wiidh disnrMyimidg pay éalﬁﬁmemeq 198 Whish gy de

surf ace cary ey RAe, 6 Eidrnd YOERRNAbisEo oA aredinbnak paiRgaYis Lo a
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deposited fr er solu an t erned olyimde |layer as
desor bed, Ao avHko! gy Fce e RE Yed bPT e ff Mot b e
areas even uh‘é mb&;rgémrymelreﬂngmgtﬁydkopheblenl y a fewmcrons (figure 7(b)) To
facilitate the confinement of ink droplets the kinetic energy of ink

droplets is kept as small as possible. The | arger the size of the

droplets, 1hgef@redCthel PSlyiiide suffacERaN D6 nitidd &Vem h@weiydtdpaombqhaanl ity

that the spreading droplets will “ignore' the ic confjn nt
structure adfitignal |exgogie;ix @ REighBYDR &F 4h@,la§r3%h{lqlqe@aterse81eoﬁg’ylrm¥ :

01747044 PG r%@%@l"t%& not interact with the hydrophilic glass substrate. This additional
plasma treatment may be performed prior to removal of the photoresist, in which
case only the side walls of the polyimide pattern 10 become fluorinated, or after

removal of the resist.

The contact angle of PEDOT/PSS in water on Oz plasma-treated 7059 glass is
Oglass ~ 20° compared to a contact angle of 0p, ~ 70°-80° on the polyimide surface.

The contact angle of PEDOT/PSS in water on fluorinated polyimide is 120°.

When PEDOT/PSS is deposited from a water solution onto the pre-patterned
polyimide layer as described, the PEDOT/PSS ink is confined to the source-drain

electrode areas even if the channel length L is only a few microns (figure 7(b)).

To facilitate the confinement of ink droplets the kinetic energy of ink droplets is
kept as small as possible. The larger the size of the droplets, the larger the kinetic
energy, and the larger the probability that the spreading droplets will ‘ignore’ the
hydrophilic confinement structure and spill over into neighbouring hydrophilic
regions.



23 Preferably deposition of the ink droplets 13 is onto the hydrophilic
substrate areas 12 at a distance d between the centre of the droplet and

t he pol yi wigda/dbeyndary. On one hand d needs to be suffi cipgiidsoomasdl that
t he boundary is reached by the spreading ink and the PEDOT fil m extends

all the way to the polyimde boundary. 230n the other hand, d needs to be
sufficiently large that the rapidly spreading ink does not "spill over”
into the hydrophobic surface areas. This would increase the risk of PEDOT
deposition on top of the polyimde region 10 defining the TFT channel and
may give rise to short circuits between source and drain el ectrodes. For
PEDOT droplets with a solid content of 0.4 ng deposited wth a | ateral
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lateral distance between subsequently deposited droplets, the frequency, with

which droplets are deposited, and the drying time of the solution.

The hydrophobic confinement layer to define the channel length of the transistor
may also provide a second functionality. It may be used as an aligning template
for the subsequent deposition of thé semiconducting polymer in the channel of the
transistor. The polyimide layer 10 may be mechanically rubbed or photoaligned
and can then be used as an alignment layer 9 (figure 1(b)) to provide

monodomain alignment of a liquid-crystalline semiconducting polymers 4.

The gate electrode 6 may be similarly confined by a patterned layer 14 formed on
top of the gate insulating layer 5 that provides attractive and repelling surface
areas for the solution from which the gate electrode is deposited. The patterned
layer 6 may be aligned with respect to the source-drain pattern to minimize the

overlap area between source/drain and gate electrodes (figure7(c).



accurate pre-patterning techniques than photolithography may be used.
Figure 8 denonstrates the ability of a structure of relatively hydrophobic

and hydrawhitldresql ayers to confine liquid "ink" deposited geyr/gBdorosed
printing. Figure 8 shows optical mcrographs of substrates including thin
strips of polyimde 10 that have beensdyreated as descri bed above to be

rel atively hydrophobic and |arger regions of the bare glass substrate 12
that have been treated as descri bed above to be relatively hydrophilic.
PEDOT material for the source and drain el ectrodes has been deposited by
ink jet printing of a series of droplets running in lines 2 and 3 close to
the strips Meterialst stbergthanheolyimidg aayeee naee forathesprewsattesgdcleverr a9thart can

e Seen 1 ofid b B UBld ik S IRk Klndd A Vpp i ases 2 and 3 o

deposi epos mater s been confined by
the strips 10, even down to a strip thickness of L = 5(err)m Figure 9
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Figure 9 shows photographs of the ink jet deposition process in the vicinity of a
polyimide strip 10. The images were taken with a stroboscopic camera mounted
underneath the transparent substrate. The edges of the polyimide pattern 10 can
be seen as white lines. The ink droplets 21 are ejected from the nozzle of the ink
jet head 20 and land with their centre being a distance d away from the polyimide
strip 10. Images such as this can be used for precise local alignment of the ink-jet
deposition with respect to the étrip pattern 10, and may also used to automate the

local alignment procedure using pattern recognition (see below).

Figures 10 and 11 show output and transfer characteristics of transistors formed
as in figure 7(c) and having channel lengths L of 20 yum and 7 um respectively,
defined by means of the differential wetting process described above. In both
cases the channel width W is 3 mm. Figure 10(a) shows output characteristics of
the 20 um device. Figure 10(b) shows output characteristics of the 7 um device.
Figure 11(a) shows transfer characteristics of the 20 um device. Figure 11(b)



characteristic short channel behaviour with reduced current at snal
source-drain voltage and finite output conductance in the saturation

regi ne. TWwe ¢tabidsity and ON-OFF current ratio of short chamneBoodaydoces is
simlar to that of the Iong channel devices discussed above, that is p =
0.005-0.01 cnR/(err)s, and IOV I1OFF 1(@%- 105. Ink confinenent is a result
of the difference in wetting properties on the hydrophobic and hydrophilic
surfaces, and does not require the existence of a topographic profile. In
t he above enbodi ment the polyimde filmcan be made very thin (500 A),

that is nuch thinner than the size of the inkjet droplets in the |iquid
state (sevetowsniranefaechpiacterishes of Jhe,7 4m deYise: Vidier Ecii BRMSe SBOVEbr i cat e

a substr at gprQemiicishon dRANECHHROBUr WA tediosin@irenn et snBmsbaREIgpAnOf t he
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exposur e t hehanghl deviedsadisoussad labpve, Baylsnmira0805-8.01 cmaYgnand ladee, =885
(2000)). or ‘Tﬂ‘@{ contact printing (Brittain et al., Physics Wrld May 1998,
p. 31). Pre-patterning of the substrate is readily conpatible with ' the
process flow described above as the pre-patterning is performed prior to

t he depositjon of.the .l.ayer TF refore,. a f
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the glass substrate with a patterned self-assembled monolayer (SAM), for

example a SAM containing hydrophobic alkyl or fluorogroups such as tri-

fluoropropyl-trimethoxysilane or polar groups such as alkoxy groups. The SAM

can be patterned by suitable techniques such as UV light exposure through a

shadow mask (H. Sugimura et al., Langmuir 2000, 885 (2000)) or microcontact

printing (Brittain et al., Physics World May 1998, p. 31).

Pre-patterning of the substrate is readily compatible with the process flow
described above as the pre-patterning is performed prior to the deposition of the
layers of the TFT. Therefore, a broad range of patterning and printing techniques
can be used to generate the high-resolution pre-pattern without risking

degradation of the active polymer layers.

Similar techniques can be applied to pre-pattern the surface of the gate insulating
layer or the surface modification layer prior to the deposition of the gate electrode
to achieve small overlap capacitance. As shown in figure 7(c) the gate electrode 6

may be confined by a patterned layer 14. One possible embodiment of such pre-



nmonol ayer (SAM containing chlorosilane or nmethoxy silane groups, such as
octadecyl trichlorosil ane. These nol ecul es form stabl e nonol ayers on the
surface @S2 or gl ass substrate where they chem cal Ipcthop@/ueuot he
hydr oxyl groups on the polar surface, and render the surface hydrophobic.
We found that it is possible to formsigm|ar nonolayers on the surface of
the gate dielectric polynmer such as PVP or PMMA. This is believed to be
due to bonding of the nolecules to the hydroxyl groups on the PVP surface.
A surface free energy pattern consisting of a fine hydrophilic line with a
wel | -defined small overlap with the source-drain el ectrodes surrounded by
SAM coat ed, Paiietniog He bintsrecagianh prioting exsVY yplhistopdtermiegl oquf ssfassembladgr aphl C

LD TSk DR IR P R grdl 03698 O
gngeir Isy 11 2 goea_ziadwltmmcvms@rec fl' heskemolathies farno Gtﬁihl& tnongl,ayamt @n teasigthce 8O|Hiy lrr:s (r:
[ Tme def 1 nedl byqrs L8 SEBLERRIRL (BB iR bRR 1 e Mo LGP P
linewi dth cthe poﬂm sancﬂace\amli rehdar tpéleunfmrrerfeydrd»pm{am Wefooind dmatutrip pbssibleed gat e
Over o espBabr A IS\RehSELS el B SR Sh e uith APREE L o 38

overlap cap
possi bl e t opf/abcbn PRIMA N igib-is hefiebved @ObE d@ermmdrﬁlr@aéﬁdweomddmle'EFtE ta@d

vi a- hol e fapr |on roc scri her ei n. t he cruci al

equi r ement QYRG! RUPBABY T8 11 TR 105, AHAPGE Bpe &R HELeBy e SIPGer 2ar eas
i s the regisid atybrphaiedind lv@ﬂfménl/veﬂfdehﬁ@i deils ovép Withh tHee $BB&E-draint he
pattern on the substrate. AchleV|nq% uate registration js artlcularly
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(figure 9). ;thy&ind® Whé@%%s@%ﬁ@%%}%%@ In4flis way a smaller linewidth can

be achieved than the normal linewidth on an unpatterned gate dielectric layer.

This results in a reduction of source/drain-to-gate overlap capacitance.

With the help of pre-patterned substrates it is possible to fabricate high-speed

fogic circuits based on the TFT and via-hole fabrication process described herein.

One of the crucial requirements for the fabrication of transistor circuits over large
areas is the registration and alignment of the deposition with respect to the pattern
on the substrate. Achieving adequate registration is particularly difficult on flexible
subsirates that exhibit distortions over large areas. If between subsequent
patterning steps the substrate distorts, the next mask level in a photolithographic
process will no longer overlap with the underlying pattern. The high-resolution ink-
jet printing process developed here is suitéble to achieve accurate registration
over large areas even on a plastic substrates, since the position of the ink jet head
can be adjusted locally with respect to the pattern on the substrate (figure 9). This



| ocal alignnent process can be automated using pattern recognition

techni ques using images such as that of figure 9 conbined with a feedback
mechani smpign1/4664ar ect the position of the inkjet head. |n prdeBootoqodoor m a
multi-transistor integrated circuit using devices of the type described
above, it is desirable to be able to ngle via hole interconnects directly

t hrough the thickness of the device. This can allow such circuits to be
formed especially conpactly. One nethod of making such interconnects is by
the use of solvent-forned via holes, as will now be described. The nethod
t akes advantage of the fact that none of the sol ution-processed | ayers of
the TFTs delocali digomeidpeocesasabdunagiomatad gsing rpatieen réqogoitiobltectniques Thi s
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sol vent 29 cagrabtphespdsdibnl ajdlzd inkjebheadbp of the |[ayers through which the via
hole is to be forned. The solvent is selected so that it is capable of

di ssolving the wunderlying |ayers through which the hole is to be forned.
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aspects are: 1. that the solvent an he process conditions are such that
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i naccurate dissolution of the device; and 2. that the solvent is eposited
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substrate; and 3. that the dianmeter of the via hole is affected by the

surface t enordfleppsifipe of syt dropl et and the ability of the solvent to
wet the substrate; and WO 01/47044 PCT/ GBOO' 04940

In order to make a solvent-formed via hole (figure 12(a)), a quantity of a suitable
solvent 29 is deposited locally on top of the layers through which the via hole is to
be formed. The solvent is selected so that it is capable of dissolving the
underlying layers through which the hole is to be formed. The solvent sinks
through the layers by progressive dissolution until the via hole is formed. The
dissolved material is deposited onto the side walls W of the via-hole. The type of
solvent and the method of deposifing it may be selected for individual
applications. However, three preferred aspects are:

1. that the solvent and the process conditions are such that the solvent
evaporates or is otherwise readily removed so that it does not interfere with
subsequent processing and does not cause excessive or inaccurate
dissolution of the device; and ,

2. that the solvent is deposited by a selective process such as IJP, whereby
accurately conirolled volumes of the solvent may be applied accurately to the
desired location on the substrate; and

3. that the diameter of the via hole is affected by the surface tension of the
solvent droplet and the ability of the solvent to wet the substrate; and



28 4. that the solvent does not dissolve the underlying |ayer to which an
el ectrical connection is to be nmade. Figure 12(a) illustrates the

deposi ti oWwo @f47éuqdr opl et 29 of met hanol sol vent (cont ai nipag/@goongofecr
droplet) on a partially forned transistor device of the general type
illustrated in figure 1(c). The partialgdevice of figure 12(a) includes a
1.3 pm thick PVP insulating |ayer 28, an F8T2 sem conducting | ayer 27, a
PEDOT el ectrode |ayer 26 and a gl ass substrate 25. In this exanple it is
desired to forma via hole through the insulating PVP | ayer. Methanol is
sel ected as the solvent because of its ability to readily dissolve PVP;
because it 4athabéizd kylventagorsana dissolwestheotndeslyingridysr toubliel@erelegificalessi ng;
and because it has sat i C wetting properties for PVP. In order to
formthe via HOIEHRT S 8$%'§§(%Ie an IJP printing head is noved to the

| ocation on the substrate at which the via hole is desired to be f or med.
Then t he necessar
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the via-hole by deposition of a Single solvent droplet. For a 300 nmthick
filmand a ercapBer b Ehilly tnoleadily dissalve FIVPabecaisenitcan eapilysevapgrate 8Ps

requires the ﬁ?ﬂ fégﬁ:hgérﬁfl%?ebbgn ;ft‘l ﬁ%ssin% Lhe b%eélré?ﬂt Ha8 &%sﬁéb@ﬂ?ﬂveﬁ#ﬁ@n 1-2 %

wei ght per desirab vi a- hol e
f or mati on wproperdies ifwgPHP ¢n opslestto ifermy wad@le imthishexaraple %’f IJE\,mntmg

1, 2- di ment hp(éaflgl(sbrﬁﬁ@z Sn Q)'R'\{h% F%%t%t? 3y lég tH8 vpé)hc% |§Ee§|?e"§1 tg can be

used Fi gure s the e roppi ng of several
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panel's show r%géé) HSR ht?‘ne EJFI l?’1%ad until the via is complete. The period between

successive drops is selected for compatibility with the rate at which the methanol
dissolves the layers of the device. It is preferred that each drop has fully or
almost fully evaporated before the next drop is deposited. Note that when the via-
hole reaches the bottom non-polar semiconducting layer the etching stops such
that underlying layers are not removed. Other solvents such as isopropanol,
ethanol, butanol or actone may also be used. To achieve high throughput it is
desirable to complete the via-hole by deposition of a single solvent droplet. For a
300 nm thick film and a droplet with a volume of 30 pl and diameter of 50 um this
requires the solubility of the layer in the solvent to be higher than 1-2 % weight per
volume. A higher boiling point is also desirable if via-hole formation with a single
droplet is required. In the case of PVP 1,2-dimenthyl-2-imidazolidinone (DMI) with
a boiling point of 225 °C can be used.

Figure 12(b) illustrates the effect of the dropping of several droplets of methanol in

sequence onto the via hole location. The right panels show micrographs of the



WO 01/ 47044 PCT/ GBOO 04940 29 device after 1, 3 and 10 droplets have been
dropped. The left panels show Dektak surface profile nmeasurenents of the
sanme devi gep1ac6QAssS the via hole as it is formed. (The | ggatdeoe/adsot he vi a
hole is indicated generally at position "V' in each panel). \Wen several
droplets are deposited in sequence ont@gthe sane |ocation a crater opens
up in the PVP film The depth of the crater increases as successive
droplets act, and after approximately 6 droplets the surface of the
underlying F8T2 | ayer .is uncovered. The dissolved PVP material is deposited
ina wall Wat the sides of the via-hole. The dianeter of the via-hole is
on the ordetevB® afign i @i andl 1Bydropletss hae been itsoppash| dihe i pansisz ehow
suitable f | [ r ea

i spl ays. | el SulS bl RSeuraehst e e HolSHS WBros ¥ VB 2R 72,

sol vent dr aplse’iosned“ h@ hedbeatimnesf tbé vichkolbdé mdmﬁedagemraladait pod]imrdi\/i"ent I y

proportion ay t p e h ter

di anet er aéefchep e Mmg{éﬁ éaéé,eP tdéé%gtsdéig Je%g?'hécs% %é:dl% 8&s%§r°et g‘ %agrﬂ%f t he
first dropl led:atloaruicmen opbepepdierthe GVR filen. tTﬁhe kapttisofathe ctdter ipofepses ab ayer
that is dissolved. The. i.nner di r of t ecre ses

i ncr easi ng POFGYe FFIRIR L5 qggnﬁgnbapprgémagﬂg tﬂﬁg‘}'ﬁet&}g F‘I}eﬂf tﬁﬁ%l es are
reqULr ed, s\dmaerly;a?mml l%yetrrse?@édwtetsdn THesdibsuhied lewmnaaﬁdnlh@gewsﬁadi @tasi Eles
can be use strate an e- patterne suyjtabl e
oot que’ el Rl e SR T Gt fipgicy o e o Rglar E eda hoEds PO Astad o hor
sol vents meymainsied BetHesside of thaVdtdpldeTHE &ikel EUithbIR fof Frizdgeapplicdtiohs
nmeasurenents that the formation of the via hole causes naterial to be
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the droplets (see Fig. 12c). The outer diameter of the side wall is determined by

the size and spreading of the first droplet, and is independent of the thickness of |

the polymer layer that is dissolved. The inner diameter of the side wall decreases

with increasing polymer thickness. For applications where even smaller holes are

required, such as in high-resolution displays, even smaller droplet sizes can be

used, or the substrate surface can be pre-patterned by a suitable technique to

confine the droplet on the surface as described above. Other solvents may also-

be used.

It will be seen from the surface profile measurements that the formation of the via
hole causes material to be dissolved and displaced to the edges of the via hole,
where it remains after the solvent has been evaporated (indicated at W in figure
12(b)). It should be noted that the displaced material is of a smoother formation
than illustrated by figure 12(b) , the x and y axes of the surface profile plots of.
figure 12(b) being to dissimilar scales (x in units of ym, y in units of A).



30 The mechanismfor via-hole formation, i.e. the novenent of material to
the side walls, is believed to be simlar to that of the well-known

cof f ee- st@igyiahéhct, which occurs if the contact |ine of prrdtsionge@r opl et
containing a solute is pinned. Pinning can occur for exanple due to
surface roughness or chemi cal heterogengity. Note that deposition of a
good sol vent al ways generates surface roughness during dissolution. Wen
t he sol vent evaporates, capillary flow occurs in order to replace the

sol vent evaporating near the contact line. Mre solvent is evaporating near
the contact |line because of the larger surface-to-bulk ratio near the
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20.)/(2n-20c). Therefore, v increases with increasing A, that is decreasing contact

angle 6., Therefore, mass deposition at the edges occurs the faster the smaller
the contact angle. '

For the opening of via-holes it is therefore important that (a) the contact line of the
initial droplet is pinned, (b) that the contact angle of the droplets on top of the
polymer to be dissolved is sufficiently small, and (c) that evaporation of the
solvent is sufficiently fast such that polymer solute diffusion can be neglected. In
the case of IPA on PVP the contact angle is on the order of 12°, and the droplets

typically dry within less than 1s.

The smaller the contact angle, the faster will be the capillary flow velocity inside
the droplet, i.e. the more reliable will be the formation of the side wall. However,
on the other hand, the smaller the contact angle the larger the droplet diameter.
An optimum contact angle therefore exists to achieve small diameter via-holes

with well-defined side walls. To achieve a larger contact angle for a good solvent



with well-defined side walls. To achieve a | arger contact angle for a good
sol vent WD 01/47044 PCT/ GBOO' 04940 31 the surface of the substrate may be

treated, wyoiexeapl e with a self-assenbled nonol ayer w t bpcg/dBdoaRS40
repell ence for the solvent. The sel f-assenbl ed nonol ayer nmay be patterned,

such as to provide hydrophobi c and hydrgphilic surface regions, in order
to confine the deposition of the solvent to a snall area. The depth and
etch rate of the via hole can be controlled by a conbination of the nunber
of drops of solvent that are dropped, the frequency at which they are
deposited, and the rate of evaporation of the solvent in conparison to the
rate at mtf@hsuriacesofdapaiybétraie nodys be | tigatry, tfacexarpelerwitiea spifeassamplednment
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PEDOT el ectrode, 25 and a conducti ng el ectrode 29 deposited on top of the
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char act er i s¢pléentinaybe ysechiglimitiie depd of issehttiophr ough the via-hole is
several orders of nmagnitude higher than the | eakage current through the

gate insulator in
Since the layer sequence of the TFT consists of alternating polar and non-polar

layers, it is possible to choose solvents and solvent combinations such that
etching stops at well defined depths.

In order to make contact through the via hole a conductive layer may be deposited
over it so that it extends into the via hole and make electrical connection with the
material at the bottom of the via hole. Figure 13(a) shows a device of the type
shown in figure 12(a) but including a gold electrode 25 formed after the making of

a via hole as described above.

Figure 13 shows at curve 30 the current voltage characteristics measured
between the bottom PEDOT electrode 25 and a conducting elecirode 29
deposited on top of the PVP gate insulating layer 28. The diameter of the via hole
was 50 um. For comparison, curve 31 shows a reference sample, in which no via-
holes are located in the overlap region between the top and bottom electrodes.
The characteristics cleariy show that the current through the via-hole is several

orders of magnitude higher than the leakage current through the gate insulator in



WO 01/ 47044 PCT/ GBOO 04940 32 the absence of the via hole. The neasured
current through the via hole is |limted by the conductivity of the PEDOT
el ectrodego @a7¢An be seen by perform ng conductivity neggurep@muswof the
i ndi vi dual PEDOT el ectrodes. It is not limted by the resistance of the
via-hole, such that only a lower limt g@stinmate for the via- hole

resi stance Rv can be obtained fromthese neasurenents : R' < 500 k(err).
The nethod of via hole formation descri bed above in relation to figure 12
is directly applicable to depletion-type devices w thout a diffusion
barrier (as in figure 1(c)) and to devices in which the diffusion barrier
i s deposi t etieafbsencd bithepaémhalg. dhe mdesuredacthitsing throfghytheevia fiplg)is dmilgd a
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resistance Rv. A suitable diffusion barrier is a thin layer of TFB as

shown in figure 5(a). If an even | ower contact resistance is required then

the sem congyetRinb@YR ia MY fehRfioRSddRIBAE dbale i Fetioh OlRusd te.jsThis is
preferably done after the diffusion barrier has been formed., The diffusion

barrier 7 aditectifi@pplsableoiocippiation-tys geniees withosh aslifysiprabarje@s ébfiges by 1JP
deposi tion r - ; : i i | e. By
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the layer tg glﬁusqc')ns So%lrr\lleerdpolyﬁ\Qero ]/ ﬁa750 %%eﬁq-g{n%me?(ﬁgd'gepo%ﬁion of the gate
electrode 6. In this case the diffusion barrier layer needs to exhibit good charge
transporting properties in order to minimise the via-hole resistance R.. A suitable
diffusion barrier is a thin layer of TFB as shown in figure 5(a).

If an even lower contact resistance is required then the semiconductor layers may
also be removed at the via hole site. This is preferably done after the diffusion
barrier has been formed. The diffusion barrier 7 and the semiconducting polymer
4 can be locally dissolved by IJP deposition of a good solvent for them - such as
xylene in this example. By mixing good solvents for both the semiconducting and
the insulating material, both layers may be dissolved at the same time. A device in
which this has been done followed by deposition of the gate electrode is shown in

figure 14(c).

Mixtures of solvents can also be used to reduce the diameter of the via-hole by

increasing the contact angle of the solvent mixture on the layer to be dissolved.



An alternative technique to formng a via hole interconnection and then
depositing a conductive material to bridge it is to locally deposit a

mat eri al $ead/greuacapabl e of | ocally nodi fyi ng the under| WdgcB@was4s)
substrate so as to render them conductive. One exanple is the local IJP
deposition of a solution containing a 3aobile dopant that is able to
diffuse into one or several of the layers. This is illustrated in figure
14(d), where region 32 indicates naterial that has been rendered
conductive by treatnment with a dopant. The dopant may be a snall

conj ugated nol ecule such as a triarylamne |like N, N -di phenyl-N, N -bis(3-
met hyl phenyh altarnptivebiesheiaye yo foraingoa yigi hede (MigvcHnnettien dop &ran depogitisger abl y
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for exanple
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t he maxi num s| ope of the characteristics is larger than 1, which is a
necessary ce®lyPtadss fobthe et AESS: abri cati on of nore conplex circuits such
as ring oscillators. Via-holes as descri bed above may al so be used to

provi de el ectrical connections between interconnect lines in different
| ayers. For Thematesd 6f ¥igrhalaifermatioa dhiosgh RNR dielgdiic jayees eyhhesed dRenes

[t er connecr 273 B B g T Rl A e P om
conpat i bl e soderlyimgdaydr aguraguired,dpy examplehtsr @slogig isvatter emice as\ghopy 87044
PCT/ GBOOY 04?1@915. Similar via-hole connections are required in most logic transistor circuits.

Figure 16 shows plots of the characteristics of enhancement-load inverter devices
formed with two normally-off transistor devices as in figure 15(b). Two inverters
with different ratio of the channel width to channel length ratio (W/L) for the two
transistors are shown (plot 35 ratio 3:1, plot 36 ratio 5:1)). It can be seen that the
output voltage changes from a logic high (-20V) to a logic low (=0V) state when
the input voltage changes from logic low to logic high. The gain of the inverter,
that is the maximum slope of the characteristics is larger than 1, which is a
necessary condition to allow the fabricatioh of more complex circuits such as ring

oscillators.

Via-holes as described above may also be used to provide electrical connections
between interconnect lines in different layers. For complex electronic circuits
multilevel interconnect schemes are required. This may be fabricated by
depositing a sequence of interconnects 72 and different dielectric layers 70, 71
deposited from compatible solvents (figure 15(d)). Via-holes 73 can then be



34 fornmed in the way descri bed above with the interconnect |ines providing
automatic etch stop. Exanples for suitable dielectric materials are polar

pol yrmers w&/4seah as PVP and non-pol ar diel ectric pol ymaa/¢Biob)oassdch as
pol ystyrene. These can be deposited alternatively from polar and non-pol ar

solvents. Via-holes can be opened by Isgcal deposition of good solvents for
the respective dielectric layer while the underlying dielectric |ayer is
provi ding an etch-stopping layer. In selecting materials and deposition
processes for devices of the type described above, it should be borne in

m nd that great advantages can be obtained if each l|ayer is deposited from
a sol vent tieanedeifiensy denssbethabare Yithithedaieienpaet lineppeMiding pYtom@der | yi ng

| ayer. In t&%ﬁ WY successive layers can be built up by solution
processing e way to sinplify selection of such materials and process
steps is to aimto deposit two or nore layers alternately from pol ar and

non- pol ar  BRNMBL Sor @5eBIE Rl alObis! 18 hNeOaIRAHERES slepcsl bgd above.
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aed. San'al Tk B RDeeREn BRI EHE Lo S0 30 18U om gat o
configuration shown in figure 17, in which it is also possible to
incorporate a diffusion barrier 7 and surfac dific i on I
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Devi ces ot her than tranS| stors may be formed in an anal ogous way.

WO
01/ 47044 PORYeRiSYIsReied 3pm a solvent that does not substantially dissolveé the
immediately underlying layer. In this way successive layers can be built up by

solution processing. One way to simplify selection of such materials and process
steps is to aim to deposit two or more layers alternately from polér and non-polar
solvents, as exemplified for the layer sequence described above. In this way
multilayer devices containing soluble, conducting, semiconducting and insulating
layers can readily be formed. This can circumvent the problems of dissolution

and swelling of underlying layers.

The device structures, materials and processes described above are merely

illustrative. It will be appreciated that they may be varied.

Other device configurations than the top-gate configuration shown in figure 1 may -
be used. An alternative configuration is the more standard bottom-gate
configuration shown in figure 17, in which it is also possible to incorporate a
diffusion barrier 7 and surface modification layer 8 if required. In figure 17 like
parts are numbered as for figure 1. Other device configurations with different
layer sequences may also be used. Devices other than transistors may be formed
in an analogous way.



PEDOT/ PSS may be replaced by any conducting polynmer that can be deposited
fromsol ution. Exanples include polyaniline or polypyrrole. However, sone

of the awg@aauiMe features of PEDOI/ PSS are: (a) a pol ymaidigce@masni (PSS)
with inherently lowdiffusivity, (b) good thernmal stability and stability
inair, and (c) a work function of 5.1V that is well matched to the
ionisation potential of comon hol e-transporting sem conducti ng pol yners
allowing for efficient hole charge carrier injection. Efficient charge
carrier injection is crucial in particular for short-channel transistor
devices with channel lengths L < 10(err)m In such devices source-drain
contact resistance effects may limt the TFT current for small
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PEDOT source/drain electrodes is more efficient than injection from inorganic gold
electrodes. This indicates that a polymeric source-drain electrode with an
ionisation potential that is well matched to that of the semiconductor may be

preferable to an inorganic electrode material.

The conductivity of PEDOT/PSS deposited from a water solution (Baytron P) is on
the order of 0.1-1 S/cm. Higher conductivities up to 100 S/cm can be obtained
with formulations that contain a mixture of solvents (Bayer CPP 105T, containing
isopropanol and N-methyl-2-pyrrolidone (NMP)). In the latter case care needs to
be taken that the solvent combination of the formulation is compatible with the
solubility requirerhents of the layer sequence. For applications in which even
higher conductivities are required other conducting polymers or solution-
processible inorganic conductors, such as colloidal suspensions of metallic

inorganic particles in a liquid, may be used.

The processes and devices described herein are not limited to devices fabricated
with solution-processed polymers. Some of the conducting electrodes of the TFT



frominorgani c conductors, that can, for exanple, be deposited by printing
of a colloidal suspension or by electroplating onto a pre-patterned

substrat ewg q/476lavi ces in which not all layers are to be deaassdogdodor om
solution one or nore PEDOI/PSS portions of the device may be replaced with
an insol ubl e conductive material suchags a vacuum deposited conductor. The
sem conducting |l ayer may al so be repl aced by anot her sol ution-processible
sem conducting material. Possibilities include small conjugated nol ecul es
with solubilising side chains (J.G Laquindanum et al., J. Am Chem Soc.
120, 664 (1998)), sem conducting organic-inorganic hybr| d materials
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may al so be
Science 286, 746 (1999)).

The electrodes may be patterned by techniques other than ink-jet printing.
Suitable techniques include soft lithographic printing (J.A. Rogers et al., Appl.
Phys. Lett. 75, 1010 (1999); S. Brittain et al., Physics World May 1998, p. 31),
screen printing (Z. Bao, et al.,, Chem. Mat. 9, 12999 (1997)), photolithographic
patterning (see WO 99/10939) or plating, or simple dip-coating of a patterned
substrate with hydrophobic and hydrophilic surface regions. Ink-jet printing is
considered to be particularly suitable for large area patterning with good

registration, in particular for flexible plastic substrates.

Instead of a glass sheet, the device(s) could be deposited on to another substrate
material, such as Perspex or a flexible, plastic substrate such as
polyethersulphone . Such a material is preferably in the form of a sheet, is
preferably of a polymer material, and may be transparent and/or flexible.



vacuum deposition techni ques and/or patterned by a photolithographic
process. Devices such as TFTs fabricated as descri bed above nay be part of
a nore coigphigoQl rcuit or device in which one or nore sugrmgdesijogascan be
integrated wth each other and or with other devices. Exanples of
applications include logic circuits amg¢ active matrix circuitry for a

di splay or a nenory device, or a user- defined gate array circuit. The
basi ¢ conmponent of a logic circuit is the inverter shown in figure 15. If
all transistors on the substrate are either of the depletion or of the
accunul ation type three possible configurations are possible. The

depl et i on- |AJt@uphvirefesably fallglayers ﬁB@ gompogesisi phhe deyicedand ciceihare ar e

normal |y O %&h&%ﬁd )arr?eadby?)s] d&sss, RABGHIBAG JeQNbhgyrat i on
? ¢ ﬁ@ 3? %flgur S §

(figure 15( i's used for norma I st 1(a/b) and
4). Both cononegamrapomfﬁs r%lthaseaasammorlrducwgmyneenast labsoghe edepebitast byde of

the |oad ”xﬁa’&ﬁb@l c%rpo@{ﬂgn itéc?mnﬁq[?uﬁé (éﬁd/‘apg?tgerrﬁéd]?ygégﬁatroﬁﬂ%gra{pﬂ%%&és%el y. AN

alternative configuration 1s e resiSstance rnver Igure 15(c)).
The Ilatter device can be fabricated by printing a thin, narrow PEDOT |ine

of adequat Ien h ,and tivity a d resistor. ng the
conduc?i Vit fﬁ?s‘ g% 'ﬁ%ﬁeg %@%‘F ﬁ&ﬂsﬁ%ﬁdet'ﬂéy |b§t (SJF EID%%?% °
P][EDOT t he dcﬁm}g@h c;m‘:l.gts be dewes iirs taichl dree o atord guch mlemceedan'ﬂeemte%gmiadt ivity
of Baytron P PEDQT+PS ight ratio of O
Teasur ed T OVBLST PR BREF iR % Sekee FiPmaRe AL ahbliePRs e P, "
anneal i ng t@rc@ﬁ@@nﬁcdchﬂ@ riatfIx Wirdeitry X8r a afisprapbe s enémerc aades;tarva tger-

i ncreased t S {n d| | yting tr%e solution with PSS the conductivity
coul d be detFP588 %?" - of magnitude. For a PEDOT/ ( PEDOT+PSS) wei ght
ratio of 0.04 a conduct|V|ty of 10-3 S/cmwas neasured after annealing at

280C. Resistors with a resistance of 50 I\/tsnerr were WO 01/47044
PCT/ GBOO 04Bhspbasig qogmongat efgangaic itpet ispierpysier showpdndigupeter Halln a

w dth on the,aides o theGubsirate Bre @rﬂﬁeraofltﬁéleémemn W &acdituidiidr spent
inkjet printing conponents that have been devel oped, i.e. transistors,
three possible configurations are possible. The depletion-load inverter (figure

15(a)) is suitable for device that are normally on, (figure 1(c) and 3), and the
enhancement-load configuration (figure 15(b)) is used for normally-off transistors
(figures 1(a/b) and 4). Both configurations require a via-hole between the gate
electrode of the load transistor and its source and drain electrode, respectively.
An alternative configuration is the resistance load inverter (figure 15(c)). The
latter device can be fabricated by printing a thin, narrow PEDOT line of adequate
length and conductivity as the load resistor. By reducing the conductivity of
PEDOT, for example by increasing the ratio of PSS to PEDOT, the length of the
resistor line can be minimized. The conductivity of Baytron P PEDOT/PSS with a
PEDOT/(PEDOT+PSS) weight ratio of 0.4 was measured to be on the order of 0.2
S/cm for an as-deposited fiim. By annealing to 280°C for 20 min under N2
atmosphere the conductivity increased to 2 S/cm. By diluting the solution with
PSS the conductivity could be decreased by orders of magnitude. For a
PEDOT/(PEDOT+PSS) weight ratio of 0.04 a conductivity of 10° S/cm was

measured after annealing at 280°C. Resistors with a resistance of 50 MQ were



vi a-hol e i nterconnections, resistors, capacitors, nultilayer interconnect
schenes etc., can be integrated to fabricate integrated el ectronic
circuits Wo@/meeabi nation of direct printing and sol uti orpqIIEERHI9400 -

I nkj et printing can be used for all processing steps where |ateral
patterning is required. The sinple invegter circuits described above are
the buil ding bl ocks for nore conplex logic circuits. Sol ution-processed
TFTs as descri bed above may be used as pixel switching transistors of
active matrix displays such as |iquid-crystal (LCD) or el ectrophoretic

di splays (B. Com skey et al., Nature 394, 253 1998% for which a suitable
circuit i sfabhieated by imkigfupentiray a)ine f PEDQRtwiera Width@ratheduden A0 ( H.
Sirri nghaus Qeé le?]bth fs%@[ﬁﬁlce 280, 1741 (1998), for which a suitable
circuit is s ?lgure 18(b); or as an active matrix addressing

el ement of a rrermry devi ce, such as a random access nenory (RAM. In

figures 18( I J / y

transi stor sﬂiesgiﬁgrseﬁ?g?rl})i%%ﬁﬁ%ﬁgﬁ%éaweﬁfsgga%v}gbpﬁsde n? logfeg,i 'rgaqra%'g{&s ‘menory
el ement wi tvViadote mtdrcamrbcliond, agasmpdqpapmts midkitayer ersteuionperﬂssdhbmedevi ce
conflguratlonsto con t eontheeetr a

el ect r ophor 8Fi &2BiP&pN r%{?é: F%Wf %n@@?%eﬁ roﬁlﬁ C&%ﬁ'ﬁu%’ ché)”%ﬁ%gn are
nunber ed asoff diredti @ﬂ‘rtmgland rsotdtien ctfrmssg@ dhkjéil gtiniingl af alse fused ffogulles 7,
14, and 17, for exa ?{%ﬂe Fﬂ‘% nsul atin 8 émﬁ’m ncl ude a i

mul tilayer RPPERSNg &t 55 fteTg BRtATRING 45 SrAUYEHy TRY SURRIP dnveslgr FLgts

modi fi cat i ofedcAbed ab& Aré thé BUildn Tglbl()éﬁsfor meteedrhpigx eyid tigiuite. 18, the source
and gate electrodes 2, 3 of the TFT are connected to the data 44 and

addressing 43 lines of the active matri x, which may be fabricated froma

di fferent coputed-hridesRECTFRS é@d@é‘dﬂbé&%b@dé% ®e ggébdugtplyeltw@nm | onger
| engths. The drain electrode 3 of the TFT so be the WO 01/47044

PCT/ GBOQ 04tsanpisters ofiacive aadiot dléaléymiuchrﬁ%hw%éWS@' @&Pbe&elﬁatfppé@fqt@r med
froma di ffﬁi&ﬁl@ S g@n%%g ot Rt wahﬁé R, bB3 f(@@»@foaam.dhrb dendofesiratini ch

rely on applicati l'ecttic fiel rat her "t han charge carrier
i nj ection it showndn figoeril B&d Qﬂ%hgmﬁmﬁl@g dliqdeodieplays (H Sirringhausc et aont act

display el eggnh 980, SHaN @808, drUich STs(RbAL eultlLiorPRdigie Galbhior
as an active matrix addressing element of a memory device, such as a random
access memory (RAM). In figures 18(a) and (b) transistors T1 and/or T2 may be
formed from transistors as described above. Features 40 represent a display or

memory element with current and voltage supply pads.

Examples of possible device configurations to control the voltage on the electrode
of a LCD or an electrophoretic display are shown in figure 19, in which like parts
are numbered as for figure 1. In the drawings of figure 19 (as for figures 7, 14,
and 17, for example) the gate insulating layer may include a multilayer structure

containing a diffusion barrier and/or surface modification layer, as in figure 1(a).

Referring to figure 18, the source and gate elecirodes 2, 3 of the TFT are
connected to the data 44 and addressing 43 lines of the active maitrix, which may
be fabricated from a different conducting material to achieve adequate

conductivity over longer lengths. The drain electrode 3 of the TFT may also be the



etc. In this configuration the total pixel area occupied by the TFT and
interconnect lines has to be kept small to achi eve adequate aperture ratio
and to regiefpQtential cross-tal k between the display el 00hQo@nd the
signals on the data and addressing |ines 43 and 44. The configuration in
figure 19(b) is nore conplicated. Howewgr, the whole pixel or a large
portion of the pixel area is available tor the TFTs and interconnect |ines,
and the display elenment is shielded fromthe signals on the data and
addressing |lines 44, and 43 by the pixel electrode 41. Fabrication of this
configuration requires an additional dielectric |layer 42 and a via-hole
fihl | ed V\A;jt i’pimrulhmtol deel1. mae ebiehkledBodeomagrbedotmed&om x diffeedre conduddingl t o
the TFT drain electrode 3., The  via-hol.e can be fabricated b he.procedure
described aBgiFdal ﬁBt'ré%QH?t 1ér'nl”tﬁiﬁ"éce@o‘ﬁt?'%ﬁ%&tqnoﬁp@?fag'%@?ﬂr%ecﬁréct f'%dcan be
][raxi (rjnj zefl ar@dwér}iuarbeha@@pwﬂﬁhin[%ti&%(ﬁ?/rshrﬁnireqlﬁimmf iratitiss ietectroda 44l isdnbe used
or display application wth a backlight sych as transnj ssive LCD

di spl ays, s‘i"\’%’g canichgisplayrelament 4% suchRg 8 dadig %?%Fa? rﬁﬂeﬁﬁgﬂﬂ‘:@e S BKspar ent

in the visigkensRRdonfiburaf®d the BtBBRI Z@a cEBAYIEd Bpithe TFT alpgariteidoRRegpect r a
measured on a F8T2 poly in which the pglyner chains, are aligned

TFT
uni axi al ly |B’@§d§§ﬁ)§$ tk]enggéth%mﬁﬁ deiashiavg sadaauaite PRIEie IeHA NG Iy e mer on
a rubbed pOQI)%fﬁmefﬂ%nfésL@mn@a&veé@xﬁé d&fpla%lahém 56 5ME Ihe AfgralCorP iRy @akt er ni ng

| ayer for high-resolution frlntlng. t “can be seen that the device is

hi ghl y tr andphaddiessing biest4oand 4 vi si bl e spectral range because of the
relatively high band gap of F8T2. Even better transparency can be achi eved
if sem conducting |layers such as F8 or TFB or other pol yfl uorene

deri vat i vesTlessonflguratipnon digussi 19 his giere q@H‘rP(HC@fQQSH@NQVQHséG.WhDIbeié@HQj nnent

of the poly [ J [ 0 i ' : ~Ld ght
pol ari sed p%?épg&%H[bg' ?ﬁfggﬁ)f%rﬁn%anis ?/%[aéfil% jbbﬁ%l -B%#% %@W@%@%&@B&Q
direction (@hathe dibglhy etbmerit i$ shiplded from ¢hes sigoalglon thiesdath @dd tddreskinght
pol ari zed er pendi_cyl o,the. align ir ' of.. e 1),
The opti cal f i g{g’t ?ﬁgyﬁ cbgntrl?egﬁ(?!a(?%cﬁggéL E‘?{;srp?% {8?8/'4 Itoc; c]; thfr t% Qrglrgluféigp ease
t he opti cal rdquires @ar eddifiorefi didlectric layer 42 and a via-hole filled with conductive
material 45 to connect the pixel electrode 41 to the TFT drain electrode 3. The

via-hole can be fabricated by the procedure described above.

Note that in this configuration the aperture ratio can be maximized and may be
approaching 100%. This configuration can also be used for display application
with a backlight such as transmissive LCD displays, since all-polymer TFTs as
fabricated here are highly transparent in the visible spectral range. Figure 20
shows optical absorption spectra measured on a F8T2 polymer TFT, in which the
polymer chains are aligned uniaxially by depositing the liquid-crystalline
semiconducting polymer on a rubbed polyimide alignment layer which also serves
as the pre-patterning layer for high-resolution printing. 1t can be seen that the
device is highly fransparent in most of the visible spectral range because of the
relatively high band gap of F8T2. Even better transparency can be achieved if
semiconducting layers such as F8 or TFB or other polyfluorene derivatives (US
5,777,070) with higher band gaps are used. The alignment of the polymer chains
gives rise to optical anisotropy such that light polarised parallel to the alignment



TFTs by orienting the alignment direction of the polynmer chains normal to
the polarizer between the gl ass backpl ane and t he backlight. Under

pol ari sedwlg @htodshe transi stor devi ces appear al nost col gri€sm/osuovi si bl e
light, if the thickness of the F8T2 |ayer is below 500 A. Al the other

| ayers of the TFT including PEDOT has 4gow optical absorption in the

vi si bl e spectral range. Another advantage of the | ow optical absorption of
the sem conducting layer is the reduced photosensitivity of the TFT
characteristics to visible light. In the case of anorphous silicon TFTs a
bl ack matrix has to be used to prevent |large OFF current under I|ight

i 11 uni nat i odirection t (péotcabellest "Bb’l)y'ﬁemonETstromb/hamQIbedbathdn g@b"f polarized

sen conductors i 0 uired.to tect t.he TET fro ght
and from tPIPEA %'?V{QP{{*‘&%H@GB?@'&C@ Hfila B%'R;ﬂ g‘u} 2;‘8‘?083’19@)
i s al so wel garsybtueddfivm LOB didiaetd fuRNsH inbiRasd the bphcal tﬂaEEbm‘e:ScW afythéfi gure
18(b)), since it allows the drive current of the TFT to be increased by

fabricati onTbls & 9nantipg;the (ligament disgeligh o dhe ROl Fhaine ferpRldoweh
I 'arge channghiaMieitaWddieiladéSsacRplahd @nd td badke tUUﬁéérﬁﬁﬂérhseHh@hDﬂhé9|

el ectrode 41. Alternatively, the bottomgate TF?confl gurat| on of fi'gure
17 can al sotresigigedeyiges appeasfalmost C@Wés%lﬂp‘?"?'é@t lighks tHa tickaeaelchs. “one

of the 'WOF&ﬁfﬁaggP%mb iRPh. A feSthELla yéﬂaeofftﬁ@wmhbmam fPE\ﬁ@‘T\h%smi”' X

circuits is t nt act e ween t he PEDOI/ PSS TFT and pi xel el ectrodes
2,3,6 and loneoptisalabisogptiontie theovisibletspestrabsang®; 44, and 41. Due to its
strong acidic nature PEDOI/PSS is not conpatible with many common

inorganic nmetals such as aluminium Alumniumis easily oxidised in
contact w tAn@lﬁ@Cﬁd\%ﬁg@féhMV@QWhﬁDaﬁB@i@m@m sawitondydiingdaysr i e
solution is_t I es 43,
34, "and 41" FeBfed REPIEEEhI R shE P FGTRBRA it S G v RUHE i i o iae>
refractory amet*;ﬁiossomhcmno’d‘ﬁ'és amaIEek inaatrix dnaisnig berusedttabprevent larget OFF

envi ronment bur?ernt un%er ?geht JlummatS H tlr? lﬁweecgs [ of chlyllngy $FTs with wide band gap
semiconductors it is not required to protect the TFTs from ambient light and from
the backlight of the display.

The configuration in figure 19(b) is also well suited for the drive transistor T1 of an
LED display (figure 18(b)), since it allows the drive current of the TFT to be
increased by fabrication of an interdigitated array of source-drain electrode with
large channel width W making use of the full area underneath the pixel elecirode
41.

Alternatively, the bottom-gate TFT configuration of figure 17 can also be used in
all of the above applications (figure 19(c)).

One of the important technological issues for the fabrication of active matrix
circuits is the contact between the PEDOT/PSS TFT and pixel electrodes 2,3,6
and the metallic interconnect lines 43, 44, and 41. Due to its strong acidic nature
PEDOT/PSS is not compatible with many common inorganic metals such as
aluminium. Aluminium is easily oxidised in contact with PEDOT/PSS. One



In the case of a display application it may al so be desirable to fabricate
TFTs with a small channel length by printing onto a pre-patterned
substr at ewigiseefued as 10 in figure 19, as described aboweT/SBawidkedp devi ce
configurations for active matrix transistor switches can also be wused if
the pixel elenent to be controlled is a9t a display elenment but a nenory

el ement such as a capacitor or a diode, as for exanple in a dynam c random
access nmenory. In addition to the conducting el ectrodes, sonme of the other
| ayers of the TFTs may also be patterned by direct printing nethods, such
as screen printing or 1JP. Figure 21(a) (in which like parts are nunbered
as for figuwassibje selolien is thefabacation aftiniercoaneeiclinescandapive! ¢lettensgsdt3. t he
sem conducty\r@hoth RGNl AReAa0 ATO) A albIM, thiKEn andBiheP ferPictdty o
directly. In'thrs case no Via Roles are requi red, but connections tan be
made by di rreetalspeni andtigr roatedalshavingbneregsiakilitylie ¢his edwirgranerdr or tbe useefar eas
wher e addressi: of 1. onnect lines 43, 44 overlap thick islands of a
dielectric %§W%%¥?6%@g%%g&be printed to provide electrical insulation
(figure 21(b)). A plurality of devices forned as descri bed above may be

formed on Lhal e ubstrate and. intercaonnected. tiv s. The
devi ces na ”3@938?%8{3&‘ disrgfag %ﬁpﬁgﬁ‘q@”ﬁe%)/ a%Peb(?ng‘?%%éleﬁﬁg%&g%ée f'ét%%’ﬁﬁsone
devi ces beiaigniatiromadneriendip byfprinbibdnents. a Bye-pstternéd sobstrate imioatedsas 1Ps and
vi a- hol es as _descy i bed, abgve especially conpact circuit arrangenents nay
be formed. M9HE @Eﬁeﬁ@% 84940 42 The technol ogy devel oped here for
the fabrication of ink jet printed transistors, via-holes and interconnect
lines may be used to fabricate integrated el ectraoni

. U | ic ¢ircuits [ nk-j et
printing. ASPYEF &sViceatRHIoLRYeRs dereaEiyRt BRH PN a'&‘ﬂ&SF Sidfchgs C?ﬂ/dﬁﬁ%ph?l ic and
hydr ophobi cu@ari?w?&@gélemnmb@@ommﬁd_tiélabt gefidpsy &l6mephBONEmerh@pgt h of
the transistors and/or the width of the interconnect |ines. The substrate

may al so coPlEdient sHChEs A capPatiiopRr v digasuas ifTgeraseRle N @ AMRAMIE ARG | nes.
Using a cog@eggpﬁé;ﬁb@f ink jet printing and deposition of continuous
| ayers from solution an
In addition to the conducting electrodes, some of the other layers of the TFTs may
also be patterned by direct printing methods, such as screen printing or IJP.
Figure 21(a) (in which like parts are numbered as for figure 1) shows a device in
which an active layer island of the semiconducting layer 4 and the gate insulating
layer 5 may be printed directly. In this case no via-holes are required, but
connections can be made by direct printing of a suitable gate electrode pattern 6.
In areas where addressing or interconnect lines 43, 44 overlap thick islands of a

dielectric polymer 46 may be printed to provide electrical insulation (figure 21(b)).

A plurality of devices formed as described above may be formed on a single
substrate and interconnected by conductive layers. The devices may be formed
on a single level or on more than one level, some devices being formed on top of
others. By use of interconnect strips and via-holes as described above especially

compact circuit arrangements may be formed.



array of transistor devices is defined in customlocations and with custom
channel wdths. An integrated circuit is then fabricated by form ng

el ectri calvgcamneQt i ons between pairs of transistors and SWii@Bod4940

i nterconnects using ink jet printing of via- holes and conducting lines. It
is also possible that the prefabricatedosubstrate may al ready contain one
or nore of the conponents of the transistor devices. The substrate nmay
contain, for exanple, an array of conpleted inorganic transistor devices
each having at |east one exposed electrode. In this case ink jet
fabrication of an integrated circuit would conprise the formation of

el ectrical Tuniratnplogy develpeed hese for e fabrieaionseloink-jeinerintere @epIsHI%.i on of
a_single- of, Tlds &Y GrercBhRE FROE Fha PQEUE%dUtB' Eruzéteiﬂn f'at&f 'e@c?ﬁs‘n)c -

vi a- hol es, 1 nterconnect |1 nes, and I solation pads (see gure 1
addi tion toc:tauﬁsnsmstlmf-Jedemrttleg tPherefabricaterhi stibsirateucontawmingalesoataynnfi se

other actiy @aolﬁvhyﬁoﬁﬁc{b‘?&‘&ﬁﬂ& Bhé Weﬂh?ﬁhé‘ﬁ’n he!Bhahhd]

el enents or e’ or resistive nlques
descri bed alength cﬁ theittankistare gnd/op lthe widtrn pf tife Mtammcbhmesrﬁ_\he dubstratiened and

t hen configured, for .specific e nt.. us -b d
pr ocessi nlggu%lals(?@ﬁ)gﬁ' %nz?lr@l%?'fgz@ &Eﬁ{ﬁt}@ rﬁe%{gﬁtﬁ&onﬂ%ﬁ Iﬁg %;{#s'ﬁ 032650
?f t he tylpecahlmmaltldmofﬁnlgwt@n&ﬁng)anc(di)épo&moﬁ@)’pomtmubhsléyersmmrh saILgagem array,
or exa e on.a astic s er devi ces
Coeh Aol CHEY G rahasa e 18 BTl S BT lnghbrf SRuvEh et el o
sheet WO O1ywifd ArPfalé Fﬁﬁ@@/f EARHGs tidsh mYcéledRiyam(ﬂlrlgneléﬁtnbﬁlkcdrﬁbcﬁtmsnt er

or

having a printi ngﬁhea a suitabl e saolvent for vi a- hol es 52

(e g et haPRWEOARAIE 06 lsisPS 2rsk siphie lmf@rcopaﬁw?ﬂfamgd%nwﬂmw PRKs 53

and for filhdBYaNd BortRlcBBq ey PEDOT). The ink-jet printer may be
oper abl e under the contr ? of a suitable programed conputer, having

know edge of the | ocation and configuration of the transistors on the

sheet. Theny js RysPpENE NALI 812 Sefabridatedl &ibsBEERI9 IRy 'd@)h%rﬁ@ﬁee&t' on
steps the ink-jet printer can configure the circuit for perform n?
or

desired el edor®al hiegrompnfiestss efiibe itreRsistpy devices. The substrate may contain
example, an array of completed inorganic transistor devices each having at least

one exposed electrode. In this case ink-jet fabrication of an integrated circuit
would comprise the formation of electrical connections between pairs of
transistors and the deposition of a single- or multilevel interconnect scheme using

ink-jet printed via-holes, interconnect lines, and isolation pads (see figure 15(d)).

[n addition to transistor devices the electronic circuit may also comprise other
active and passive circuit elements such as display or memory elements or

capacitive or resistive elements.

Using the techniques described above a unit having a plurality of transistors may
be formed and then configured for a specific subsequent use by means of
solution-based processing. For example, a substrate having a plurality of
transistors 50 of the type shown in figure 1(a), (b) or (c), in the form of a gate
array, for example, may be formed on a plastic sheet (figure 22). Other devices

such as diodes or capacitors may also be formed on the sheet. Then the sheet



i nterconnecting the transistors in the desired way. This technol ogy thus
allows for the formation of |logic-specific circuits on substrates using

smal |, i ngxpAansiMe apparatus. Exanpl es of the applicati orpcafigsisaim
circuit are for printing of active electronic tickets, |uggage and

identification tags. A ticket or tag prigiting device may be |oaded with a
nunber of non-configured units each conprising a substrate carrying a
plurality of transistors. The ticket printing device includes a conputer
that is capable of controlling an ink jet printer as described above and
that is capable of determning an electronic circuit that is indicative of
the valid fmayﬂoiecmaccm in talndnk-jet enter Waeing meginting debd fara sitablet sahkartt farhe

inti d b t th 1 t
Pt e t oy s SB-PEE 52 e &bt el i SuatiE ofelatef 8 nEHh PR
tr ansihst o[) scardutihe tisattksta?;aa%mj far ellla@prwmea(eeglk }PEID@HTI LTgxengiﬁjet Ehetesltﬂwt rate
t hen e enc a or I N W a es|ve astl Cs
Sheet | IeavPhgBraNe A 8nREAT o CobHir #rdaramiaed, FORTUAEN. MBS | cie
is then di speiwaedhe WtRO Iddatioh abl &bnfi nb@‘ M@ltrarsiboms o TSI BeRT ghéppl i ed

ratfo
to one or rmreln ut term nal % uts of the circuj t one or
more out put PY &P H’@I’“gn Sf é'arﬂ?iﬁ ?QS'?“@ oR 8” @rf:9nri|e(c§orp gieesit %Inﬁfdgt PFREET: i cket s

coul d pref eggpbonfiyere Hd BiF&ht R pEH@%hlhb Ga Bsnell dedttdnid bRIRRK fPcligik &yt hem
convenient for use as tickets. "User-defined circuits other than for

pricing or VRSEIRECHRG B@sté%“sl‘ﬁé?fsb%”fea‘ﬁﬁﬁ'r@ﬁt"‘&i’ This techpelpgy thugellows for

Verificati ofpcaffmbg&tidhAogitc- srpgé”lﬂé'du‘él—.llté DNMBYb MR l&&n&@rﬁalb%n%éﬁ%{v@m‘l‘l
PCT/ GBOO 04940 44 renpte probing using for exanple radi o frequency

radi ati on (W%?t% World March 1999, page 31). The ability of the end-user
to define circuits by sinple ink-jet printing of appropriate connections
onto a standard array offers significantly increased flexibility conpared
to factory- Bé@mglﬁed:fdm eoplicatioteé spele seeitclitrarerfor printing efcactive relectignico t he

o901 19 AL WaodBPER) Pntdi 6250 ek 6 g by B!
loaded with a number of non-configured units each comprising a substrate
carrying a plurality of transistors. The ticket printing device includes a computer
that is capable of controlling an ink-jet printer as described above and that is
capable of determining an electronic circuit that is indicative of the valid function of
the ticket. When required to print a ticket the printing device configures a
substrate for the appropriate electronic circuit by printing via-holes and/or
conductive material so that the transistors on the subsirate are appropriately
configured. The substrate can then be encapsulated, for example by sealing with
adhesive plastics sheet, leaving electrical connection terminals 54, 55 exposed.
The ticket is then dispensed. When the ticket is to be validated, inputs are applied
to one or more input terminals and the outputs of the circuit at one or more output
terminals are monitored to verify its functioning. The tickets could preferably be

printed on flexible plastic substrates to make them convenient for use as tickets.

User-defined circuits dther than for pricing or tagging purposes may be fabricated

in a similar way. Verification and reading of the circuits may also be made by



described herein and all novel and/or inventive conbinations of the
features described herein. The applicant draws attention to the fact that
t he presewo diwenti ons may i nclude any feature or conbi ngidrans@iosdgat ur es
di scl osed herein either inplicitly or explicitly or any generalisation
thereof, without limtation to the scopg of any definitions set out above.
In view of the foregoing description it will be evident  to a person
skilled in the art that various nodifications may be nmade within the scope
of the inventions. WO 01/47044 PCT/ GBOO 04940 45 CLAIMS 1. A nethod for
formng an el ectronic device, conprising: formng a first conductive or
sem conductrew®té probing dsimgrfang@xampkegadivdeqienay rddedion (BhysicadioridtNlargh| ayer
and at Ieas{ gne S$P§conducting | ayer over the first conductive or

sem conduct /"l ocally depositing solvents at a |ocalised region of
the insulating Iayer SO as to di ssol ve the sequence of insulating and

sem conductj ng ers | |on t eav voi d ext thro gh t he
sequence ofh%féﬁé %{n@%eﬁﬁg 98&(&&"‘39'252} Y SIARIE Ed%tt |p88t"}9&t rial in
the void. Qapp{’o;ﬂﬁt@oébrﬁécﬁdrﬁl Gﬁﬁ) lan stdndbid brrapheffet Nsighiicatlyv Bietensad e
deposited sinultaneously . A et hgg&as claimed in claim1l, wherein the

sol vent s arf@XMBbg?'ﬂ‘Baredst%ﬁ@WTd&ﬂgy IrcYlSyret hod for formng an el ectronic
device, conprising: formng a first conductive or sem conductive |ayer;
formng a soluble insulating | ayer. over the first conductive or

seni conduct Thee PFGISQSJEH’WGPWHHSI Rotdipitad ta thg faragsingeptanples, |ASPEFE<AdNPegi on
of the 'ns%réééfﬁlgml\/ébﬁ?dn FRURR al 3wd1ﬁe§%%}6$ ihéhti/k ' SdpelciS bF ahé NBnkansr in

the region to | eave a void exten hr ough
described herein and all novel and/or inventive combinations of the features

described herein.

The applicant draws attention to the fact that the present inventions may include
any feature or combination of features disclosed herein either implicitly or
explicitly or any generalisation thereof, without limitation to the scope of any
definitions set out above. In view of the foregoing description it will be evident to a
person skilled in the art that various modifications may be made within the scope

of the inventions.



the insulating |ayer; and depositing conductive or sem conductive materi al
inthe void. 5. A nethod as clainmed in any of clainms claiml to 4, wherein

the firstwAnahodss substantially insoluble in the said sqlMedkooR940
solvents. 6. A nethod as clainmed in claimb5, wherein the first |ayer

conprises a sem conductive conjugat ed\%ﬁol ymer. WO 01/47044 PCT/ GBOO 04940
46 7. A nethod as clained in claimb, erein the first |ayer conprises
F8T2 or TFB. 8. A nmethod as clained in any of clainms 5 to 7, wherein the
first layer is an active |layer of the electronic device. 9. A nethod as
claimed in any of clains 5 to 8, conprising the step of depositing a
conductive | ayer under the first layer. 10. A nmethod as clainmed in claim9,
wherein the @&mu ve layer is an electrode of the electronic device. 11.

A et hod asc dinclaimb5, wherein the first |ayer conprises a

conductive conjugated polyner. 12. A nethod as clainmed in claim5, wherein
t he vol une bf HAheethad dorfoimiagtana@lectrepic\denics, cangniséag:er t han that required
to dissolve the se

uence of insulating and.,. m.conducting layers in the
region. 13. A f aiﬁgs%gpag%laephs%rﬂgo%ﬂgc '¥%fq¥sﬁcl aim conprising formng
a further condowiihy e Geqaemiec @hcatCleasie ohayisulatiey layee asedjugneastobne
insul ating and sem.conducting |l ayers or.the insulating layer and in
contact w t?ﬁn_ﬂlﬁ@fﬁlg{l%q {éé(f"r_ ?Vﬁf%?%f@%b%ﬂfﬂuﬁt&{e A SFEY TR té‘%é?)é med in claim 13,
wherein the finsdallg@egositin gol@énts%eailﬁmde@tré%m baies inbQatfy RPecseasr ode or
an interconnect. 15 A nethod as clained in claim13 or 14, wherein the

) c . £
further con@uitsoe B Segéﬁﬁ‘%?fdﬂﬁlﬁﬁw gl semicghaHeting 1yess iy BadegiPn 4n

i nt er conneckave a void extending through the sequence of layers; and

depositing conductive or semiconductive material in the void.

2. A method as claimed in claim 1, wherein the solvents are deposited

simultaneously.

3. A method as claimed in claim 1, wherein the solvents are deposited

sequentially.

4. A method for forming an electronic device, comprising:

forming a first conductive or semiconductive layer;

forming a soluble insulating layer over the first conductive or semiconductive
layer;

locally depositing a solvent at a localised region of the insulating layer so as
to dissolve the first insulating layer in the region to leave a void extending through
the insulating layer; and

depositing conductive or semiconductive material in the void.

5. A method as claimed in any of claims claim 1 to 4, wherein the first layer is

' substantially insoluble in the said solvent or solvents.

6. A method as claimed in claim 5, wherein the first layer comprises a

semiconductive conjugated polymer.



16. A method as clained in any preceding claim wherein the said solvent or
sol vents are deposited by ink jet printing. WO 01/47044 PCT/ GBOO 04940 47
17. A nmetWerhiaso@l ained in claim 16, wherein the said sol wgntgedogdovent s
are deposited as a single droplet by ink-jet printing. -18. A nmethod as
clained in claim 16, wherein the said ggl vent or solvents are deposited as
a plurality of droplets by ink jet printing. 19. A nethod as clained in any
preceding claim wherein the boiling point of the said solvent or of the
said solvents in conbination is greater than 80G 20. A nethod as cl ai ned
in any preceding claim wherein the boiling point of the said solvent or
of the said solvents in conbination is greater than 100C. 21. A nethod as
cl ai med in %ny df methadngs dlaineed B, claiepevhereiethBdirst layerpeimrises F8TROrsai d
sol vent or the said solvents in conmbination is | ess than 100C. 22. A

met hod as clained in claim1 or any of clains 5 to 20 as dependant

directly or indirectly on claim1, wherein each of the said |ayers has a
sol ubi I ity 8.gr edt Bethashas clajgegin apy Pt elaimpartovoMheseinthe fiestdayerds anof t he
sai d sol vents; QoA kmed in claiml or any of clains 5 to 20
as dependanqiélvcej%?,grct tl;P/]igorl .r?gf&rdgé’ﬁey on claim1, wherein each of the said

| ayers has a solubilit greater than 2 weight percent per volunme in one or
nore of thedsai d é‘@ﬁtb‘é%taﬁ claimedn i@l oRf @l8ing i E?eév CRMPriging e otterm) of
claims 5 t oyjefdshing AeiRBdeRe lafiriRBE! heFstididir ectly on claim 4, wherein the
first insulating (T:’ayer has a solubility greater than 1 weight percent per
volunme in the said solvent. 25. A nethod as clainmed in claim4 or any of
claims 5 tol®0o 4% rorthed@hclaiged e'BtF'?'”brg’i‘HB‘?"F@cH'Fey CBACYGINE HRYer {fhaPein t he
first insul bRl XSS cleBBodcgelig®i | ity greater than 2 weight percent per
volume in the said solvent. 26. A nethod as clainmed in any preceding claim
in which the vol unme of deposited sol ,veqst i S I,esaqt?ar% 50 rpI. WD 01/ 47044
PCT/ GBOQY 04blio A method as ‘claimed in claim 5, wherein the first layer comprises a

conductive conjugated polymer.

12. A method as claimed in claim 5, wherein the volume of the said solvent or
solvents is greater than that required to dissolve the sequence of insulating and

semiconducting layers in the region.

13. A method as claimed in any preceding claim, comprising forming a further
conductive or semiconductive layer over the sequence of insulating and
" semiconducting layers or the insulating layer and in contact with the material in

the void

14. A method as claimed in claim 13, wherein the first conductive or

semiconductive layer forms an electrode or an interconnect.

15. A method as claimed in claim 13 or 14, wherein the further conductive or

semiconductive layer forms an electrode or an interconnect.

16. A method as claimed in any preceding claim, wherein the said solvent or

solvents are deposited by ink-jet printing.



48 27. A nmethod as clainmed in any preceding claim in which the vol une of
deposited solvent is less than 20 pl. 28. A nethod as clainmed in any
precedlng“ﬁhﬁhq&‘in whi ch the volune of deposited sol ventpdSgh@isodhan 5
pl. 29. A od as clainmed in any preceding claim in which the contact
angl e of the deposited solvent on the420Iyner | ayer to be dissolved is

| arger than 5, but Iess than 900. 30. nmet hod as clainmed in any preceding
claim in which the contact angle of the deposited solvent on the pol yner

| ayer to be dissolved is larger than 20, but |ess than 90. 31. A nethod as
clainmed in any preceding claim in which the contact angle of the
deposited solvent on the polyner |layer to be dissolved is |arger than 50,
but less ttian FOmedd As chirhed iraclaicl 46,melcereim thaysajh sdeatitng solvantsiaren whi ch

t he surface, of al. r | r.ta be. di ssol ved has been treated in order
to provide %epé’lst%‘fg?gSﬂ'@%ﬁfogﬁggyfr@?ﬂeﬁw%aéposi ted solvent droplets. 33. A
nmethod as claimed in claim32, in which the surface treatnment is provided
by depositith ofA melledd aaskimed ardclauncbﬁ,a\yberemsthe saichetihed asobleaismard i n any

retor an CaciBeed RS PR B RS | 202 fomnect hetvcen

el ectrodes and/or interconnect lines in different |ayers of the device. 35.
A et hod as12l aiAmmethod as\clgimed éaliany pn:dzca'd'mg olhier, evirereineths dioiliwgt paitt afne of

the ol vent iy L £PG) o MO PAALAE BOTH ERO0L04940. 9, i, A et hod s

claimed in pr 2t ed| I'ng c aim SRR or one of the solvents
is IPA or nethanol. 37. A nethod as clained in any preceding claim
conpri sing 2he gq\@pﬁtbqsd as claimed in any preceding claim, wherein the boiling point of

the said solvent or of the said solvents in combination is greater than 100°C.

21. A method as claimed in any of claims 1 to 18, wherein the boiling point of
the said solvent or of the said solvents in combination is less than 100°C.

22. A method as claimed in claim 1 or‘ any of claims 5 to 20 as dependant
directly or indirectly on claim 1, wherein each of the said layers has a solubility

greater than 1 weight percent per volume in one or more of the said solvents.

23. A method as claimed in claim 1 or any of claims 5 to 20 as dependant
directly or indirectly on claim 1, wherein each of the said layers has a solubility

greater than 2 weight percent per volume in one or more of the said solvents.

24. A method as claimed in claim 4 or any of claims 5 to 20 as dependant
directly or indirectly on claim 4, wherein the first insulating layer has a solubility

greater than 1 weight percent per volume in the said solvent.

25. A method as claimed in claim 4 or any of claims 5 to 20 as dependant
directly or indirectly on claim 4, wherein the first insulating layer has a solubility

greater than 2 weight percent per volume in the said solvent.

26. A method as claimed in any preceding claim, in which the volume of
deposited solvent is less than 50 pl.



formng a confinenent structure for confining the solvent or solvents to
the |l|ocalised region by neans of its wetting properties. 38. A nethod as
in claimggoehguei n the confinement structure is provi degdddyYep@/04940

sel f-assenbl ed nonol ayer. 39. A nethod for form ng an el ectronic device,
conprising: formng a first conducti vggor sem conductive layer; formng a
sequence of insulating and sem conducting |ayers over the first conductive
or sem conductive layer; locally depositing a diffusive dopant from
solution at a localised region of the insulating |layer so as to nodify the
i nsul ati ng and sem conducting layers in the region and thereby forma
channel of electrically conductive material extending through the sequence
of layers. 20. A netctivall as ddimedeid any pltezeding 9claivh einewnich Hbe diofunes ol e

dopant is deposited.  by.ink jet printing. 41. A nethod as clained in claim
39 or 40, 85@5?%6’@%‘8??@1‘?1“8% vice is a transistor and the said
channel forns a via hole interconnect between el ectrodes and/or

i nt erconnec28.| i esmethati B eslamied| iayamys pafceding daiwi, cie. wHizh the naefumagl ofis

clainmed in an recedi clapm rein the insulating |layer conprises PVP.
43. A net ho%pﬁgg%facﬁmﬁ%lﬁsih?ng:@t:edi ng claim wherein one of the
insulating layer and a layer directly underlying it is soluble in a polar

sol vent s arzb.t heA ondthod asfcldimed imany preceding algem, iarwhicththel copéact dinglecf | vy
underlying it s spoluble in nons pol ar ol vent . 01{ 470 0

T Gabo 048 ePaB st dndo? PONRE dater 18 oF STl o, S T e B di ng to
any precediggs Hapigge. 45. A logic circuit, display or nmenory device
conprising a plurality of devices as claimed in claim44. 46. A logic

circuit conprising a pluralit f devices a | ai ' | ai m 44
0. A gme’chgd %s clle{imgd ?n any grlecec?mg %Ia?mfailnnvsl%cl% H‘ISCCO%I’[aC‘[ angle of
the deposited solvent on the polymer layer to be dissolved is larger than 20°, but

less than 20°.

31. A method as claimed in any preceding claim, in which the contact angle of
the deposited solvent on the polymer layer to be dissolved is larger than 50°, but

less than 90°.

32. A method as claimed in any preceding claim, in which the surface of the
polymer layer to be dissolved has been treated in order to provide a greater

repellence for the deposited solvent droplets.

33. A method as claimed in claim 32, in which the surface treatment is

provided by deposition of a self-assembled monolayer.

34. A method as claimed in any preceding claim, wherein the electronic device
is a transistor and the material deposited in the void forms a via hole interconnect

between electrodes and/or interconnect lines in different layers of the device.

35. A method as claimed in any preceding claim, wherein the solvent or one of

the solvents is an alcohol.



I nterconnected so as to performa |logical function. 47. Alogic circuit as
clainmed in claimd46, wherein at least a first one of the devices is
connect edwigman@isher of the devi ces by nmeans of conducti vedmmtsgioloadso

| ocated in a void fornmed through at | east one |ayer of the first one of the
devices. 48. A display device conprisiggg an optically active region
switchable by an electronic device as clained in claim44, the electronic
devi ce being coupled to the optically active region by neans of conductive
material located in a void formed through at |east one | ayer of the
device. 49. An electronic device having a plurality of dielectric |ayers
and being formed by a nmethod as clainmed in any of clains 1 to 43 so as to
have a voi d36-t hrol§ihast as daisrecdbineanyroresasling elpieb twheseindhe palventins afeaice

conprising qh@é%fv%n&fi IPAbLERERYREFEt S spaced apart by the said one of the
dielectric layers, erein at |east one of the interconnects in one |ayer

Is electrically connected to_an interconnect in another |ayer by neans of
conduct i ve ¥t er dnethee A glaimed He @i greceding claim, comprising ‘the stép of

forming a confinement structure for confining the solvent or solvents to the

localised region by meéns of its wetting properties.

38. A method as in claim 37, wherein the confinement structure is provided by

a self-assembled monolayer.

39. A method for forming an electronic device; comprising:

forming a first conductive or semiconductive layer;

forming a sequence of insulating and semiconducting layers over the first
conductive or semiconductive layer;

locally depositing a diffusive dopant from solution at a localised region of the
insulating layer so as to modify the insulating and semiconducting layers in the
region and thereby form a channel of electrically conductive material extending

through the sequence of layers.

40. A method as claimed in claim 39, wherein the diffusive dopant is deposited
by ink-jet printing.

41. A method as claimed in claim 39 or 40, wherein the electronic device is a
transistor and the said channel forms a via hole interconnect between electrodes

and/or interconnect lines in different layers of the device.

42. A method as claimed in any preceding claim wherein the insulating layer
comprises PVP.

43. A method as claimed in any preceding claim, wherein one of the insulating
layer and a layer directly underlying it is soluble in a polar solvents and the other -
of the insulating layer and the layer directly underlying it is soluble in a non-polar
solvent.



WO 01/47044 PCT/GB00/04940

50

44.  An electronic device formed by a method according to any preceding claim.

45. A logic circuit, display or memory device comprising a plurality of devices
as claimed in claim 44.

46. A logic circuit comprising a plurality of devices as claimed in claim 44

interconnected so as to perform a logical function.

47. A logic circuit as claimed in claim 46, wherein at least a first one of the
devices is connected to another of the devices by means of conductive material

located in a void formed through at least one layer of the first one of the devices.

48. A display device comprising an optically active region switchable by an
electronic device as claimed in claim 44, the electronic device being coupled to
the optically active region by means of conductive material located in a void
formed through at least one layer of the device.

49. An electronic device having a plurality of dielectric layers and being
formed by a method as claimed in any of claims 1 to 43 so as to have a void
through at least one of the dielectric layers, the device comprising layers of
interconnects spaced apart by the said one of the dielectric layers, wherein at
least one of the interconnects in one layer is electrically connected to an

interconnect in another layer by means of conductive material located in the void.



