WO 01/ 047045 PCT/ GBOQO 04942 SOLUTI ON PROCESSI NG This invention relates to
sol ution processed devices and nethods for form ng such devices.

Sem conduwDing4manj ugat ed pol yner thin-filmtransistors (PETHBMAYE?
recently becone of interest for applications in cheap, logic circuits
integrated on plastic substrates (C. Drury, et al., APL 73, 108 (1998))
and optoel ectronic 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 deV|ce configurations with a polynmer sem conductor and

i norgani c MY TION: ﬁ% gate dielectric layers high-performance TFTs
have been denonstrated Charge carrier nobilities up to 0.1 cn2Ns and
ON-OFF current ratios of 106-108 have been reached, which is conparable to
the perf orihiiogersionaeigtgshiosslution iprenessedrdevices ad Methgra far, foring such
Advances inyopLid State Physics 39, 101 (1999)). Thin, device-quality
films of conjugated pol yner sem conductors can be f or med by coating a
solution of the polyner in an organic solvent onto the substrate The

echnol o8y 4 ARLELRE %o LB pohhP Sl DBl 979 e Bl

processi ng iC su S ul | use
of the pot ebetconle @‘asteresatrfdr aaplmabbnsprmchw nopiadirantsaipdegratedi an diasiic abl e

tha al! COIRENSRL oo ol R A4S 78 had) At by SpandnE haddhay e s

the diel ect¥ con ctro es an
i nt er conneddesicas mndqpmeSlttaamsfdrmwnsbémtn bigh- ré’svllit-hracmadmnaih* dzplaysd€H. TFT

devices and.circuits the_foll [ vet eo conme: -
Integrity %‘"Vf‘ﬁﬁ?ﬁ 5;&8? SEIFQCY %@gﬁ& 1%@ 50t Qﬂ?a%gﬂoﬁ 'cﬁppl'%ryﬁbsequent
Sﬁm' fgndUCtLdﬁg ,73,napl (a098)y lﬂm@ut@ev@ercdungura@dsayms pbtymenrsdaﬁdomngot ayers
t b
zf OU\O 02?0 medg:)qsg%%lc\é%g@ g{ggﬁ%@ Islzzgtand ggtetcp gectnc éayrc]atrs ngﬁ -pe oFmgrE]c% I?'POSI tion
have been demonstrated. Charge carrier mobilities up to 0.1 cm?Vs and ON-OFF
current ratios of 10°-10® have been reached, which is comparable to 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



t he subsequent |ayers. Swelling occurs if solvent is incorporated into the
underlying layer which usually results in a degradation of the properties
of the |wgpen/47043i gh-resol uti on patterni ng of el ectrodesPCThaBowomdact i ng
| ayers need to be patterned to formwell-defined interconnects and TFT
channels with channel Ilengths L<_ 10Nm - To fabricate TFT circuits
vertical interconnect areas (via holes) need to be formed to electrically
connect electrodes in different |ayers of the device. In WO 99/10939 A2 a
met hod to fabricate an all-polyner TFT is denonstrated that relies on the
conversion of the solution-processed |ayers of the device into an
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| ayers. However, "I severely linits the choice of sem conducting
materials, th@yercan be wused, to the small and in several respects
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dielectric gate insulati ~ mal the fabrication of via-holes

t hrough the dpaiteseed ta faraywel-defifed iptgreonnegishanhaf T ¢haonels guiths ckanse! as
mechani cal pu i n sed (WD 99/10939 Al). According to one aspect of
t he present i'%\ﬁgfrqts?‘o%ﬁ@ﬁﬁél're is provided a nethod for formng on a
substrate an Tbdabricate TFTesrauits ivecticatlimercamnestt exxeas ¢ad |hpleshmeedttoviee or
sem conducti v t he eration of the

material, in a plurali of . regi on
device util ifg’frﬂﬁé g%?'legtﬁ'f’g”fyl ?thci%pg§g}§ﬁ%r§pglﬁy?r8 Of MELNE 1 egi on, the
nmet hod conprising: formng a mxture by mxing the material with a |iquid,
formng on t S te_a copfinepent structure in ing a first zone in
a first ar éar‘&P ggfibég%@r%t%et %t%l?&g@@t?nﬂn T*P@F r?%ﬂ@oﬁﬁ"ﬁ?%@%’f t he
substrate, thherefliéd 6h tHeORVERIGMEF the 8bRBHRProce 8RR hpsts &f tY ddvig iftoxdrur e than
the second zone, and a third zone in a third area of the substrate spaced

from the sdb¥leblaredn Byior e the deposiian, of puesanupRt layeigeohli fRyicea Yrat er
repel | ence §Rfcdnhtd Thet proBlefiianft BRsdittidd #RNGwefing Qﬁﬂﬁﬁi’eﬁyiﬁg fabérs.
material on the substrate by anI ying the m xture over the substrate
wher eby t heHowrMbsit tseveraiyt lihitsa thendijoiere of sAMIGBAUEINTt Materiglsathal Canelfel | ence
of the firsfsedong @ 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).

According to one aspect of the present invention there is provided a method for
forming on a substrate an electronic device including an electrically conductive or
semiconductive material in a plurality of regions, the operation of the device
utilising current flow from a first region to a second region, the method comprising:
forming a mixture by mixing the material with a liquid; forming on the substrate a
confinement structure including a first zone in a first area of the substrate and a
second zone in a second area of the substrate, the first zone having a greater
repellence for the mixture than the second zone, and a third zone in a third area of
the substrate spaced from the second area by the first area, the first zone having
a greater repellence for the mixture than the third zone, and depositing the
material on the substrate by applying the mixture over the substrate whereby the
deposited material may be confined by the relative repellence of the first zone to



WO 01/ 047045 PCT/ GBBOO' 04942 3 spaced apart regions defining the said first
and second regions of the device and being electrically separated in their
pl ane by wean®4whisthe rel ative repellence of the first zeoos/GBudota2be
absent fromthe first area of the substrate so as to resist the flow
across the first zone of electrical cur3ent between the spaced apart
regions of the deposited material. According to another aspect of the
present invention there is provided a nethod for formng on a substrate an
el ectronic switching device including an electrically conductive or

sem conducti ve materlal in pluralit ions, the t hod risin
forming a rPRCEY 8PRY "?S'Sl"“‘h@e t¥ng Wﬁtﬁé’f‘{ﬁs‘ apf%e%pqd regions 8?%%\@0%%&{ he ¥

substrate e bicB@BIN s&idratelUn ehdinplaHEibydmaad b6theZ@Nfive tepellehts bf ar ea of
the substrate and a second zone in a second area of the substrate, the

first zone thadistizgna agddatberabsepeiromarbe firsaremer We.gubstaterinay fecresist ond
zone, and Bé Mdw BRIAS theMfirdt LBhE bf dI6@n@l dutenf WRehded theSBasRd Bpan the
first area by the second area, the third zone having a greater repellence
for the m xegossohte delﬁ@SlMdBﬁt@”ane and depositing the material on the
substrate by applying the m xture over the substrate; whereby the

deposi ted MRdRFdiRd tdrEHotF\Qr ﬁﬂfgc't B?ﬂwebﬂre'fs@rﬂ lﬁ\%n"ﬁbh \fl‘i‘erer@%\)lcﬁébcﬁ nfdthédre first
and third zones to the said second zone. said first area
bet ween t hefos EFGHRY arr‘n@ supsirateaarealgciranig @th@mmg/ dﬁ\é‘@% mqluﬂﬂg ap elfcticghs and
preferably éo‘?ﬁﬁct}vléae &{d%ﬁve Merr@t r hahlufﬁﬂyr% rgglohgetheg%é{héd)ace‘j
apart regions suitably Tornms source and drain electro a transistor.
The net hod coampristigy fqrmu'pg A geigturehby s1ixipg die tefrsiel with@ liguld;ferving eatke i al in
the space n_t 1:Q0S u { al
deposi ted |ér?lj%ts¥}%§ g %@gﬁﬁhgr\wl\i%ﬁ? %ea@gllugm fﬁ)%& éon-éq]?] fraeﬁrfsg%geé;g);%%r m a
channel of sLibstrattermdsassamnd Hoee fin raSSecmtiearealofrthq soibstkedtecthei tirst lzgne
conduct i ve an I t

Furthor mat aving = Gis5 s deadlshP for ER PL RS he BB TR BN 2308,
deposi t ed fm MhBOIMa ohthemubémtatsbycaj foinuhe dirstianeaby the second area, the

third zone having a greater repellence for the mixture than the second zone; and

be

depositing the material on the substrate by applying the mixture over the
substrate; whereby the deposited material may be confined by the relative

repellence of the first and third zones to the said second zone.

The width of the said first area between the second and third areas is suitably less
than 20 microns and preferably less than 10 microns. The material formed in the
said spaced apart regions suitably forms source and drain electrodes of a

transistor.

The method suitably comprises the step of depositing a further material in the
space between the said spaced apart regions. The further material deposited in
the space between the said spaced apart regions may form a channel of the
transistor. The first material may be electrically conductive and the said further
material may be semiconductive. The further material may be a polymer material.
The further material may be deposited from solution, preferably a solution in a

liquid that is not substantially repelled by the first zone.



liquid that is not substantially repelled by the first zone. WD 01/ 047045
PCT/ G(BBOO' 04942 4 The width of the said second zone is suitably |less than
20 m cronwo ofhhe7ous dt h of the second zone is suitably | esecriaBrob@®42i Crons.
The material deposited in the second zone is suitably electrically
conductive. Such material suitably forms an interconnect. The material may
forma gate electrode of a transistor. The wdth of the overlap region

bet ween the gate el ectrode of the transistor and the source and drain

el ectrodes, respectively, is preferably I ess than 20 mcrons. The w dth of
t he overlap region between the gate el ectrode of the transistor and the

source and drain el ectrodes spective r ef rabl | ess t han

i orons. | Tile wiiTeriBe 5Rd:seeobd Hore &t Bty 158 BRB OBy ot Se Mo anb e
monol ayer etﬁ@l séont ©8Rk |§§@itébiy r@betrfanrﬁt midREnss TN thatOrite YepByitedan @ i ned by
patterning of the self- assenb nonol ayer. The ster_@(i)fH att rn|n t he

sel f - assenbiesandBALE éﬁ/éﬁ"taﬁﬁyelﬁét“[ﬁ@tyf?ﬂ‘}qﬁ Mgy Skghh ugh a

shadow WHSKnte?&&nééteﬁhefméteﬁéleﬁgyﬂ&%%t@@b&u@@@@ﬂ@h%&.ﬁ@ﬁol ayer may be
performed by bringing the substrate in contact wwth a soft stanp. The

first and second zones fornmed on xp d,surface of a |aye
deposi t ed olfeawish I“bﬁ&thes? '@PJFQP” P@ﬂ%’@r" tth %8%&8?’38 Jietrapsigipfea xture
in the fi rsthe%@%e'aﬁd%%lﬁ %@c}fo@ésﬁ?ééﬁecﬁlbélﬂ% préfér@cﬁly 138 thdraPo intog Nt act
angl e of the mxture in the second area. A rret od as clainmed in any

precedi ng rein the surf rovided by a
sel f - assenbl & WWHhBFﬁS‘Fe?"e&'ﬂB rﬁg'oi‘z&g't’e%‘n e(ﬁa %4TP5%Pf Q}%Pag%% n®"%Zones is
defined by taalsb@icBiang dedin eletregdd, respeemi s prerpalsly Riss tHae1G oy,
patterning the self-assenbl ed rmnol ayer is suitably perforned by exposure

to light t hlth r}fa%esb ?he subn?rate may be prowc?ed by a %erf-gs?’gegn&eg mono?ayer and
at least one of the first and second zones may be defined by patterning of the self-

assembled monolayer.

The step of patterning the self-assembled monolayer may be performed by

exposure to light through a shadow mask.

The step of patterning the self-assembled monolayer may be performed by

bringing the substrate in contact with a soft stamp.

The first and second zones may be formed on the exposed surface of a layer

deposited on a planar structural member.

The contact angle of the mixture in the first area is suitably greater by 20°, 40° or

80° than the contact angle of the mixture in the second area.

A method as claimed in any preceding claim, wherein the surface of the substrate
is provided by a self-assembled monolayer and at least one of the first and

second zones is defined by patterning of the self-assembled monolayer.

The step of patterning the self-assembled monolayer is suitably performed by

exposure to light through a shadow mask.



The step of patterning the self-assenbl ed nonol ayer is perforned by
bringing the substrate in contact with a soft stanp. A nethod as cl ai ned
in any prwoadiomm4&l ai m wherein the surface of the substra@ca/GBmw/oprdevi ded
by a non-polar material and at | east one of the first and second zones s
defined by surface treatnent of the norspolar polynmer The non-pol ar
material nay be a polyimde. The nethod may conprise the step of

mechani cal |y rubbing or otherwi se surface treating the polyimde to
pronot e nol ecul ar alignment of the polyimde. The nmethod may conprise the
step of opti cal ly treating the polyimde to prormte nol ecul ar al i gnnment of

the polyim The, said surface treatne be. et ching.  The said surface
{reat ment | T P OpPasRY M Ssntss R molBlRyer s RerRrEra Y o adBa

tetrafl uorigi@swate/iPEorRistanth a pdfastamp. The surface treatment nmay conprise
exposure to ultraviol et Iight Pr ef erably t he sai d one of the zones is the

second zone, The first. zo i nduce or bIe i al i gned
nol ecul ar F}%@H{ﬁ%c'sv“‘% '8 @grﬁr%%?rqfi@cq? 1 %\9 et?ﬁ"ﬁ%lel({fq@ ﬁ@%’c%%ve
mat eri al . Tﬁ@rdvideﬁtbyzamempslammm ahdrat ldagt o.amabihe fot aridseriond zahéggnment
of polynmer c sa{J ng F tri caII nductl ve or sem conductive
& sedlmerdof

pol yner . TH%theﬂby e&fﬂa‘fﬂ' 'T"?{dum ng alignment of the

chains of a polynmer nmaterial deposited over the first zone. The said
al i gnnent i ‘hemictigolariohygterial reaylbe ag@olyimideunni ng bet ween t he second and
third zones. WD 01/047045 PCT/ GBOO' 04942 6 Preferably the said chains are
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eposite

The method may comprise the step of optically treating the polyimide to promote

molecular alignment of the polyimide.

The said surface treatment may be etching. The said surface treatment may be
plasma treatment. The plasma is preferably a carbon tetrafluoride and/or oxygen

plasma.
The surface treatment may comprise exposure to ultraviolet light.
Preferably the said one of the zones is the second zone.

The first zone may induce or be capable of inducing an aligned molecular

structure of the semiconductive or electrically conductive material.

The first zone is most preferably capable of inducing alignment of polymer chains

in the said electrically conductive or semiconductive polymer.

The first zone is suitably capable of inducing alignment of the chains of a polymer

material deposited over the first zone.

The said alignment is preferably in a direction running between the second and

third zones.



by ink-jet printing. Preferably the width of at |east one of the zones is
smal l er than the droplet dianeter forned in the said ink-jet printing
step. PreWercabhist he boundary between the first and secon®CTEEI®/0#S2
optically distinct, and the nethod includes the step of optically
detecting the boundary between the firmst and second zones and | ocating
ink-jet printing apparatus relative to the substrate in dependence on that
detection. The first material may be a polyner, preferably a conjugated
polymer. The first material nay be an inorganic particulate materi al
capabl e of suspension in the said liquid. According to a further aspect of
the present_ipventjon there is provid a_ | ogi circuit, display or nenory
devi ce forr%ﬂgﬁ%qlfh}? ﬁ?é({]ﬁlﬁf]%?reaﬁq?mﬁrogg@d?%@ﬂ’{ﬁgf ma{e”ﬂ cording to a further
aspect of the present invention there is provided a logic circuit, display
or nmenory Rrefetably tigpsaid efegtrizallyacdnduetiveadr semieondugticd palymlet isadapogitef

transistors for by t.he nethod of any preceding claim The present
i nvention \?ﬁqu%ﬁgﬁ??fésﬁggtri bed by way of exanple, with reference to the

acconpanyi ng drawi ngs, in which: figure 1 shows different device

confi gur at i Rmeferatfly $red said elecpicatiesaratiictive or- squoibgnictivie-pglym@Dis0dePosirea 5

PCT/ GBBOO 0%942 z f.it%ure 2 shows transfer characteristics of polyner TFTs
accordi ng tg'fl‘f'be_ PH™5i th a F8T2 active | ayer, a PVP gate insulating

| ayer, and a PEDOT/ PSS gate electrode; figure 3 shows transfer

char act er i Rretesatdy thelwidibr ofTET deast coedofnthet gorfisgis gmallerwinah the F8Tplehct i ve

| ayer, a Pvd??rﬂg\‘tteﬁfdr&%lir?{eﬂe%ddﬂg-ﬁét;pr@% gte EDOT/ PSS gate el ectrodes

deposited w € sanp 0 erature (a) and approxinmately

50C (b). figure 4 shows output (a) and transfer characteristics gb) of a
F8T2 al | - Preferably the boundary between the first and second zones is optically distinct,

and the method includes the step of optically detecting the boundary between the
first and second zones and locating ink-jet printing apparatus relative to the

substrate in dependence on that detection.

The first material may be a polymer, preferably a conjugated polymer. The first
material may be an inorganic particulate material capable of suspension in the

said liquid.

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

circuit, display or memory device formed by the method of any preceding claim.

According to a further aspect of the present invention there is provided a logic
circuit, display or memory device comprising an active matrix array of a plurality of

transistors formed by the method of any preceding claim.

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;



pol ymer TFT containing a F8 diffusion barrier and a PVP surface

nodi fication layer as in figure 1(a); figure 5 shows transfer

char act erwetoios70e3 F8T2 al |l - pol yner TFTs as in figure 1(&@cTwroo/0894IFB (a)
and pol ystyrene (b) diffusion barrier and a PVP surface nodification

| ayer; figure 6 shows an optical mcrograph of an all-polynmer TFT according
to figure 1(a) wth an F8T2 active |ayer and source-drain el ectrodes
printed directly onto a bare glass substrate; figure 7 shows the
fabrication of TFTs with small channel length and small overlap

capaci tance through patterni n of the substrate surf ce | ophobi c
and hydrophilicf ‘Q‘Hré&"gsmf‘"fsgi{ﬁ & ChRGRterispes efao Wi‘%'r-gzg ‘iﬂ t"r’ggc nnel

region of tyi@ngirsTer Sctivktifyerla PV g8 (BLIaBAG 1dyer, End @ ré@nbo&hﬁss datP
deposition of PEDOI/ PSS source/drain electrodes in the vicinity of a

hydr ophobi E€lgs¥iogeni de bank; Figure 9 shows optical mcrographs taken during
the deposi tion Bf eksndifPhis dharatct@.sms%ﬂbdwn&fTrarmcwdm ® Bghte

figures 10 and 11 show out put and transfer characteristics of transistors

formed as iwith 8 iT@ aqtivy layal. BRVR @atsh inskiating dayer.hand a=PEROJRSH @ate pm
[ESPECt ] Vel factiohBh fepk? nté(? Wi 22 BRI Sl S FBhAlerRBlrbRfe FEPT AP Y

and opti cal ocess 0 m ng Vi a
successi ve awepmmahetyrﬁQ‘iC (bhet hanol dropl ets onto a 1.3 pmthick PVP gate

dielectric |aye 1,0 4 n jof the
vi a- hol e outer ?' | nn@%’wg\%@éft @%ﬁétﬁ ﬁ&q&é&.@cﬁb?w% E?Pf%ropl ets
and the t hlpnllymmsTl'f')T cohtirf\VP al B§ adiffusidn ganrier BBd sth WP lshéaccmmoelﬂcatvm t age
characteristics throu .via hole with a bottom PEDOT el ectrode and a top
el ectrode. ﬁﬂ Q& %L"gm%st rates different processes to fabricate

vi a- hol es; figure 5 shows transfer characteristics of F8T2 all-polymer TFTs as in

figure 1(a) with a TFB (a) and polystyrene (b) diffusion barrier and a PVP surface
modification layer; '

figure 6 shows an optical micrograph of an all-polymer TFT according to
figure 1(a) with an F8T2 active layer and source-drain electrodes printed directly
onto a bare glass substrate;

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 transistors 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)



figure 15 shows applications of via holes such as logic inverters
(depletion- load (a), enhancenent-|load (b) and resistance-load (c)), and
mul til eveWo onngmutonnect schenmes (d); figure 16 shows t hePchasBIonen2sti cs
of enhancenent-load inverter circuits as in figure 1(a) fabricated with
printed all-polynmer TFTs with differentgratios of the sizes WL of the two
transistors. figure 17 shows an alternative bottom gate device
configuration; figure 18 shows a schematic drawi ng of an active matrix

pi xel in which the display or menory elenent is controlled by a voltage
(a) or a current (b); figure 19 shows possjble congkgﬁration of . t he pi xel
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al i gned F8TRoJiEE;ankited! Hickhdss B FvD |aP@,I ymer TFTs with a patterned active
| ayer island " fabricated by printing of sem conducting and dielectric

| ayers and (b) fislereoldephews theegrmnt-veliageethararterisiigs dIPHe Pt Pel§Hwltt s
separat ed hy,&ideh PEDRST é,g%ﬁé% tdpdi&difddel 1 gure 22 shows a matrix of

transi stor devices connected by a network of |JP interconnects to
fabricate user - figtreriddilestiates diferentprocesses to faberalerviathelasr i cat i on net hods

descri bed herei r{a e i cat | < i .
sol ution- pr oces@gl@%tﬁ %h% erlép??éat‘r@?s(itfg‘ré, chglﬁé\g/]\ﬂ?lc%us ﬁgﬁgﬁ%rﬁrﬁédﬁpée;gps IS
converted doacr (®s-énhakneementtloadn (b)nsasidubesistaocedoa@adk))l agred oltirveh a

device may . _r Lo f that is soluble in the solvent fromwhich it
was deposi t'%tg?c%g%ﬁ%&nggf escribed in nore detail below, this enables a

sinmpl e way of f diburect shuyvsvthe chamlctesistids aflephanicarhentiioadinverter|crcuiteyas ayer s
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conmponent s:sizespAlll efrthe tdve tankistbisng sour ce-drain and gate el ectrodes and
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figure 18 shows a schematic drawing of an active matrix pixel in which the
display or memory element is controlled by a voltage (a) or a current (b);

figure 19 shows possible configurations of the pixel of an active matrix;

figure 20 shows polarized optical absorption of an aligned F8T2 TFT;

figure 21 shows (a) polymer TFTs with a patterned active layer island
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.



and a high ONOFF current switching ratio exceeding 104. - a thin gate
insulating layer. - a diffusion barrier |ayer that protects the

sem conduwwoiomg4doayer and the insulating |ayer agai nst unipota&RoDo#ERL dopi ng
by inpurities and ionic diffusion. - a surface nodification |ayer that
enabl es hi gh-resolution patterning of the gate electrode by printing
techni ques. - via-holes for interconnects through dielectric |ayers.
However, it will be appreciated that the methods descri bed herein are not
limted to the fabrication of devices having all the features set out
above. The fabrication of a first iJlustrative device w I# nova Fe_descri bed
with referetHd Bodeyicgumay., forrgxamele; COMRrise; gif 01 Mage 0k fig FeHAWRG i el d

ef fect trang benfsTFT) configured to have a top-gate structure. On top of
a cleaned 7059 gl ass substrate 1 source-drain electrodes 2, 3 and
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are deposi_t ed shyenhiBiduglinglay Bt Wit adnaRjeUddrRdt Mbbifit) LxEOEWING bioA PPy Mer

pol yet hyl enedi gxyt H%&eﬁrﬁ aggyst y?ql s_quef or;at e (IJE%O%(“(O. Il1Skywei ght %9 / PSS
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to the fabrication of devices having all the features set out above.

The fabrication of a first illustrative device will now be described with reference to
figure 1. The device of figure 1 is a thin-film field effect transistor (TFT) configured

to have a top-gate structure.

On top of a cleaned 7059 glass substrate 1 source-drain electrodes 2, 3 and
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,



The JP of the source-drain electrodes is perforned in air. Afterwards the
sanples are transferred to an inert atnosphere gl ove box system The
substr at ewoam@4token spun-dried in the organic sol vent thacnigBo/okameer be
used for the deposition of the active sem conducting |ayer, such as m xed
xyl enes in the case of polyfluorene pdlbyners. They are then anneal ed for
20 mnutes at 200 Cin inert nitrogen atnosphere to renove residual
sol vent and other volatile species in the PEDOI/PSS el ectrodes. Then a
200- 1000 A thick filmof the active sem conducting polynmer 4 is deposited
by spin-coating. Various sem conductin pol ymers have been used such as
s%ﬁh9 iﬁ s.Aﬁ
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deposi ti on ¥500He gate electrode in air. A 5-10 mg/ni solution of F8T2 in
anhydrous, m xed xyl enes (purchased fromRom ) is spin-coated at 1500-2000
rom In the case of P3HT a 1 weight %solution in mxed xyl ene was used.
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transition results in orientatio f _the.p chai.n: rall el each
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nmul ti domai n confiquration in which several liquid-crystalline domains with
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(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 mg/ml solution of F8T2 in
anhydrous, mixed xylenes (purchased from Romil) is spin-coated at 1500-2000
rpm. In the case of P3HT a 1 weight % solution in mixed xylene was used. The
underlying PEDOT electrodes are insoluble in a non-polar organic solvent such as
xylene. The films are then spun-dried in the solvent that will later be used for the

deposition 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
liqguid 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



channel . Transistor devices in which the F8T2 is prepared in a glassy state
by quenching froma liquid-crystalline phase exhibit nobilities on the
order of WD0HB4708:12Ns, that are by nore than an order of magrironde4hi gher
than nmobilities neasured on devices with as-spun F8T2 filns. As-deposited
devices al so exhibit higher turn-on vditages VO. This is attributed to a

| oner density of localized electronic trap states in the glassy phase
conpared to the as-deposited phase, that is partially crystalline. Further
inprovenents of the nDbiIity by typically a factor of 3-5 can be obt ai ned
if the p | ared in %Rnodo N state wi th uniax] al i gnment

of the poI%&QBF“eEH aP%lY’P%r aqQpts RMPideraR: configyaterin wi sse(‘,’ﬁ'?? be
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such as a nmechanically rubbed polyimde |ayer (9 in figure 1( b)?. In the
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further enh arge carri nmobi ity 1n devices 1n which the TFT
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preferred cthaiispartfallgotygtalling. are al cohol s such as nethanol, 2-propanol or
but anol, in which non-polar polynmers such as F8T2 have exceptionally | ow
solubility and do not swell. The thickness of the gate insulating layer is

bet ween 300FuHRet &ﬁbmemam@aﬂctmwoannm @Bucmg/ aﬂréct@rrtd 315 apBe obtmdd if on
concentrati on 100 and sol vent st hat

2 Q her |nsulat|n n%
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vat er or WO ENh&AdRAE FErail<PRON R AstorlchaRAbly THRB tdav! beEiHsvet Wyadoatind®MVA) i n
butyl acetate or propyl ene glycol nethyl

the glass subsfrate wnth a Suitable alignment layer, such as a mechanically rubbed

polyimide layer (9 in figure 1(b)). In the monodomain state the polymer chains are

aligned uniaxially parallel to the rubbing direction of the underlying polyimide

layer. This results in a further enhancement of charge carrier mobility in devices in

which the TFT channel is parallel to the alignment direction of the chains. Such a

process is described in more detail in our co-pending UK patent application

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 yum
(solution concentration 100 mg/ml). Other insulating polymers and solvents that

satisfy the solubility requirements such as poly-vinylalcohol (PVA) in water or



ether acetate may al so be used. The gate electrode 6 is then deposited over
the gate insulating |ayer. The gate electrode |ayer nay be deposited
directly woan/ttwes gate i nsulating | ayer (see figure 1(c))carGRoo@us2zmay be
one or nore internediate |ayers (see figure 1(a) and (b)), for exanple for
surface nodification, diffusion barrien2or process reasons such as solvent
conpatibility. 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 [1JP station in air again where a PEDOI/ PSS

gate electrode pattern is printed from a water solution. The under]|ying
PVP gate i rely-methygmetiiasrylatas(PMMOI i3 Ut acatste; or piepvisnesglyselt methvt he

integrity QlihdmRetid alifidsd fidgy. i s preserved during the printing of the
PEDOT/ PSS gate el ectrode. Although PVP contains a | arge density of polar

hydroxyl groups, its solubility in water is | ow because of the very

non- pol ar Y6k &R SitedShVlr 16 lotePM¥halisg i18P! tRL atd) Wat er .
Figure 2 shﬁ\jﬁilﬁé/&%h‘%é\?&g%germgﬁ?%ggt eerdisgtircs g% é;n I?Iﬁgﬂ:d%évwm g’aFSTZ
sem conductdlegirodayayer may F/gepnsited direcilyavienthel gate insukatiag layer epdipurss

sour ce-drai lectro : ' L Si asured
ander it clyen SaERe fiel R et anEiHleaR D MeRTHGEE Tl BRa 8. BF

i ncreasi ng exapyie dort surfavgl mellificatind difussi barrie( dowrmoess reasansgsush)agjat e
vol t age, respectively. .The characteristics belong to devices nmade froma
freshly pr eﬁﬁ’g{’ﬁ@h"‘%{ﬁ?%tf?” %i) and a one-year old batch (b) of PEDOI/ PSS
(Baytron P). Transistor action can clearly be seen, however, the devices
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water such that the integrity of the gate dielectric is preserved during the printing
of the PEDOT/PSS gate electrode. Although PVP contains a large density of polar
hydroxyl groups, its solubility in water is low because of the very non-polar
polystyrene-like backbone. Similarly PMMA is insoluble in water. Figure 2 shows
the transfer characteristics of an IJP TFT with a F8T2 semiconducting layer, a
PVP gate insulating layer, and IJP PEDOT/PSS source-drain and gate electrodes.
The device characteristics are measured under nitrogen atmosphere. Consecutive
measurements are shown with increasing (upward triangles) 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 Vfo +20V (upward triangles). However, on the reverse
scan (downward triangles) the transistor only turns off at V0O > +35V. The
nor mal | y-wo ocaelans our and the hysteresis effects are |ikelpgTiGBobR4BAUSEd by
the diffusion of ionic species in one of the |ayers of the device. The
unusual ly large positive values of Voiguggest that the ion is negative. A
positive species would be expected to conpensate sone of the nobile charge
in the accunmulation layer and lead to a shift of VOto nore negative
values. To identify the origin of this ionic species devices were
fabricated in which the top-gate | JP PEDOT el ectrode was replaced by an
evapor at ed teosistas| taesr @t M # et 20Ne(Upwaed tiangiesy lémuaweﬁeorpémreverse

sour ce/ df al Rafl @ELAAE Hiathled) R RRIG SRR tt\¢9>falf@ - was found

that in this guratio evi ces are nor ma and exhl bit stable
threshold voltages. This inplies that the doping and hystere5| s effects in
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room tenpdieRiide was P %‘{?F by, AR ?Vﬁ‘BPra%’snB]g § ¢l Y"b'gq J%sﬁﬁ‘lef? §8 tive
val ue of 6\andBihe REDOTOSdUrEWdiahE clEPESst Ware fa@ﬁeaéatasr@esrchsed apevdiat d
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type logic circuits such as the sinple ion- oa | ogi c_inverter

(figure 14(RQymengevice ewmi%eqb@rﬁf@wmagposmn of the conductmg polymer

top gate electrode, and the possible diffusion of mobile, ionic impurities from the

PEDOT solution/film into the underlying layers of the device.

it was found to be possible to control the value of the threshold voltage and to
reduce the amount of hysteresis by depositing the gate electrode onto a heated
substrate. 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 Vo 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 enhancenent-type, normally-off TFTs the doping of the

sem conduct or during the deposition of the gate can be prevented by

i ncor por awoan/oefo4m di ffusion barrier layer. In the devi ceprafl/dBogous21(a)
and (b) a thin layer 7 of a non-polar polyner is deposited on top of the
PVP gate insulating |ayer prior to the4deposition of the conducting

pol ynmer gate electrode. This layer is believed to act as diffusion barrier
bl ocki ng the diffusion of ionic species through the noderately polar PVP

i nsul ator. PVP contains a high density of polar hydroxyl groups which tend
to enhance the conductivity and diffusivity of ions through the film
Several non-polar polyners have been used such as poly-9, 9" -dioctylfluorene
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Direct printing of PEDOT/PSS from a polar solution in water on top of the non-
polar diffusion barrier layer or on top of a moderately polar polymer such as
PMMA has been found to be problematic because of poor wetting and large
contact angles. To address this, a surface modification layer 8 is deposited on top
of the non-polar polymer. This layer provides a hydrophilic 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 interface with the underlying non-



15 pol ar polynmer and the free surface, respectively. Another possibility is
the brief exposure of the surface of the non-polar diffusion barrier to a
mld 02 pwesmm47onenderi ng the surface hydrophilic. A suit @oreGroasama
treatment that does not degrade the TFT device performance is exposure to
a 13.5 Miz 02 plasma with a power of %9 Wfor 12 s. A surface nodification
| ayer on top of the non-polar diffusion barrier nmay not be required if the
gate electrode is printed froma solvent that is | ess polar than water

such as fornul ati on containing al cohols (isopropanol, mnethanol etc.). The
integrity of the |ayer sequence relies on the alternati ng,de, osi tion of
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SP and 8d are conbined to S"2= 8d 2+ SP2. The free energy of mxing is
given by AGm = AHm - TASm where ASn»0 is the entropy of m xing and AHm =
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approximate criterion, if the WO 01/047045 PCT/ GBOO 04942
weight per volume, preferably less than 0.01% weight per volume.

The criterion for solvent compatibility may be quantified using the Hildebrand
solubility parameters by which the degree of polarity can be quantified (D.W. van
Krevelen, Properties of polymers, Elsevier, Amsterdam (1990)). The solubility
behaviour of each polymer (solvent) is described by three -characteristic
parameters 8q, 8p, 8n, characterising the degree of dispersive interactions, polar,
and hydrogen bonding interactions between polymer (solvent) molecules in the
liquid state. Values for 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 &, and 84 are
combined to 8,°= 842" 8,°.

The free energy of mixing is given by AGn = AHm - T:ASy, where ‘:AS,>0 is the
entropy of mixing and AHm = V- ¢p- ds * (( 87~ 8,°)2+( 8n"- 8n°)%). (V: volume; ¢p, 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 AHp, i.e., the

smaller D = ({88 )%+(8: - 8:°)%)"2. As an approximate criterion, if the



16 interaction paranmeter Dis smaller than approximately 5 the polyner is
soluble in the solvent. If Dis between 5-10, swelling is often observed.
If D is Iwogenstomdrn 10, the polyner is substantially insecaldsoiomsthe
solvent, and no swelling occurs. In order to obtain sufficiently abrupt
interfaces in a solution-processed TFT1gevice it is therefore desirable
that the respective D values for each of the polyner |ayers and the

sol vent of the next |ayer should be |arger than approximately 10. This is
particularly inportant for the sem conducting polyner |ayer and the sol vent
of the gate dielectric. In the case of F8T2 and isopropanol (butyl

acet at e) wdntegctigaparametepDpe sEpebieRaPerqxinately121he pelymen fesiellé
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sol vent of
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such as a palywi 0 ar
it fusi on oty Helbl BF YBrcAtBRT FiRE S SRR RL U shb ol e B8R o,
t he depos|tb|berappfo>dmaatelyar>ea(rl2)sequence and a PEDOT/ PSS gate el ectrode.
However, is often convenient to have a non-pol ar sem conducting | ayer

and a poI ate Iectroel er .separate e di rlcla er
This |ayer % %V"fescoa“'? QUF%'\é% it gr?t "ﬁge t%ﬂ&? 5 58 tHP B zrrer
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noderat el y pol ar sol vent contalns ol ar and non-polar groups, but

does not sulbEhastxyigney Inythis gpse the w&ﬁaﬁ@nanarwpgﬂm is large; BegAuseof g

differences of &, for the polymer layer and solvent of the next layer. An example
would be a transistor device comprising a highly polar source-drain electrode of
PEDOT/PSS, a non-polar semiconducting layer such as F8T2, a highly-polar gate
dielectric layer such as a polyvinylalcohol deposited from water solution, a non-
polar diffusion barrier layer of TFB that also acts as a buffer layer to allow the

deposition of the layer sequence, and a PEDOT/PSS gate electrode.

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 paranmeters a noderately polar solvent may be defined as one
where the WO 01/047045 PCT/ GBOO 04942 17 solubility paraneter Sh is

| ar gel y owOfoenemnss from t hat of the underlying polyner. |nPpCrlémoosse

swel ling may be avoided (large D) even if the polar solubility paraneter

S, (Sv) of the solvent may be simlar #® that of the underlying polyner

| ayer. The nopderately polar polyner may contain a specific functional
group such as a hydroxyl group that nmakes it soluble in a sol vent
containing a functional group that is attracted to the functional group of
the polyner. This attraction nmay be a h¥dro en bonding interaction. This
f unct i onal iSojubHity pR@Msien dreis |argieivodiffereat from %hﬁéﬁ@eumf%yw RAWMER W in a
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order of 104-105. Devi ces hav een fabricated with a broad range of

non- pol ar dilkvlaleshohsidyas BA (GhaPeF8T2:ueW)as F8, TFB (figure 5(a) shows
transfer characteristics), PS (figure 5(b) shows transfer
characteristics), and F8T2. In each case clean normally-off behavi our and
smal | hyst dfigeiesd shbesttise antput lfa)esib transfel (Rlgehashitértisticasnfean all-polymer

F8T2 IJP TFT with a PVP gate insulator layer, a F8 diffusion barrier layer and a
PVP surface modification layer, as illustrated in figure 1(a) (L = 50 ym). The
device exhibits clean, near-ideal normally -off transistor action with turn-on at Vy <
0V. The threshold voltage shift between upward (upward triangles) and downward
(downward triangles) voltage sweeps is < 1V. The device characteristics are very
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 Vg=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



observed, which were of the sane order of magnitude as those of reference
devices with gold source-drain electrodes. This supported the

i nt er pretwpican4tohmat WO 01/ 047045 PCT/ GBOO 04942 18 i nser tPICArGRN/08942

non- pol ar pol ynmer bel ow the gate el ectrode bl ocks diffusion of ionic
inmpurities during and after the solutidB8 deposition of the gate insulating
| ayer. This has been found to result in reproducible TFT threshold

vol tages and good operating stability. Normally-off devices containing a
diffusion barrier are preferred conpared to the depl etion-type device

descri bed above, since it at th r etter lon
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conj ugat ed I meric or oligonmeric materjal_that exhibits adequate
field-effec 8?4hqeﬂefguwé%é%ﬁ%n1r69r:§>duel9r'@|\EFT 6'?"8?%9'96109%%&%&99@‘1 10" 2
Cn2Ns, may ﬁ%ﬁstaﬁﬁ{ table materials are reviewed for exanple in H E
Kat z, J. l\/ater , 369 (1997), or Z. Bao, Advanced Materials 12, 227

(2000) One of the inportant requirenments to fabricate printed TFTs with
good st abi I ygpnall ngreﬁk éu\w&és%n%ng W Giffidior} Bamar 'a?e 9%@&@ horteu t8ftnd he

sem conduct| n terl al al nst - uni ntentional dopin spheric oxygen
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sem conducting la such abov or regioregula

deposi t ed fofaenieditiedioryl ene solution. In the case of P3HT TFTs prepared in
test device configurations under inert atnosphere the field-effect
mobility of 0.05-0.1 cn2Ns is somewhat higher than in the case of F8T2.
However, r e@roﬂhegsémicorRﬁjdﬁng Sayensirabé@tmgapmsess&d@iamgjl.dggtetdxpcgymeﬂmdt or

wat er, resultln n il Q Ctivi dur i t hes
pri nt i ng st%llgg C rg? ”3' g"ag ﬁlbgmaag&u%tﬁrfméigﬁl?é b'\% gx?eselaﬁ]& Eﬁed to
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current rat r'eS’Féw%E f(>)r1 %Qarggle in ﬁ%n Katz, J. Mater. Chem. 7, 369 (1997), or Z. Bao,

Advanced Materials 12, 227 (2000).

One of the important requirements to fabricate printed TFTs with good stability
and high ON-OFF current ratio is good stability of the semiconducting material
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 from 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, |, ~ 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 to hydrazine vapour (H. Sirringhaus, et al,



denonstrated for P3HT, but this requires a reductive dedoping step after
the deposition, such as exposure to hydrazine vapour (H Sirringhaus, et
al ., WO OwOo04/860m% PCT/ GBOO 04942 19 Advances in Solid Stace/ddvwsias 39,
101 (1999)). However, on the 1JP TFTs described above this reductive

post - processi ng step cannot be performgd since it would also result in
dedopi ng of the PEDOT el ectrodes and reduce their conductivity
significantly. Therefore, to achieve high current switching ratios it is
inportant that a polyner sem conductor is used with good stability against

uni ntentional doping oxygen or. water. [ erred cl ass,  of ials to
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phenyl ene tbNRnaY Gy &l .. Adv. Mat. 7, 292 (1999)).
Suitable B Lﬂﬁ%ﬁs arg q]by ) ansportl ng noieties wt h | ower bandgaps t hat

contain heteroatons such as sul phur or nitrogen, and as a honopol ymer have

i oni sati on Lals less B
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(1998)). Setayesh, Macromolecules 33, 2016 (2000)), phenylene or ladder-type phenylene
derivatives (J. Grimme et al., Adv. Mat. 7, 292 (1995)). Suitable B blocks are hole-
transporting moieties with lower bandgaps that contain heteroatoms such as
sulphur or nitrogen, and as a homopolymer have ionisation potentials less than
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 block copolymer is
preferably in the range of 4.9eV < I, 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 transporting semiconducting polymers soluble electron
transporting materials may be used as well. These require a high electron affinity



I nstead of hole transporting sem conducting pol yners sol uble el ectron
transporting materials nay be used as well. These require a high electron
af finity WO WM47045 PCT/ GBBOO 04942 20 | arger than 3 eVpurasomenadbky

| arger than 3.5 eV, to prevent residual atnospheric inpurities such as
oxygen to act as carrier traps. Suitabbg materials may include solution
processi bl e el ectron-transporting small nol ecul e sem conductors (H E. Katz
et al., Nature 404, 478 (2000)), or polythi ophene derivatives with

el ectron- deficient fluorinated side chains. AB-type bl ock copolymers with
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thiophene derivatives.

For fast operation of logic circuits the channel length L of the transistors and the
overlap between source/drain 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 L2, 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 um even with state-
of-the-art IJP technology (figure 6). If faster operation and denser packing of
features is required then a technique that allows finer feature 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.



to confine ink-jet droplets on the surface of a substrate. This technique
can be wused to achieve nuch smaller channel |engths than can be achi eved
by convewoDiomaloss nk-jet printing. WO 01/ 047045 PCT/ GBOOQ ®€342B002194Thi s
confinement technique can be used to permt fine-resolution deposition of a
deposited material on to a substrate. Zhe surface of the substrate is first
treated in order to render selected parts of it relatively attractive and
relatively repellent for the material to be deposited. For exanple, the
substrate could be pre-patterned so as to be partially hydrophobic in sone
areas and partially hydrophilic in other areas. Wth the pre-patterning
step perforned at high resolution and/or precise registration the

subsequent BRPESHnkRRRNE ?ébhﬁ@]ué%H M7t @dedy t@eﬂérﬁﬂcftne%@olﬁfﬁ?pdéﬂ&mon(ﬁf a

pre-patterning is illustrated in figure 7. Figure 7 illustrates the
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be done by {0 rocess to a eature definition
and/ or accurate registration. In one exanple of such a process the

pol yi m de be, caver d Wt l. a hat esi3 11. Jt esi st
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t he polyi mfgenatiod dfca bewceeasbmdtypéiehbwn hneﬂgmew (o) det With aansspedalbyfime process
to which th g@o{?or sist . is r&m st ant g tgg hotor? |SL§: can be renoved
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hydrophilic. |In the next ste PEDOT material to formthe source-drain

el ectrodes nr@tmaa%mké@nmem 9ne pre-patter ned substrate.

Prior to the deposition of the source-drain electrodes 2, 3 a thin polyimide layer 10
is formed over the glass sheet 1. This polyimide layer is finely patterned to
remove it in the places in which the source-drain electrodes 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.



printing onto the hydrophilic substrate areas 12. When ink droplets
spreading on the glass substrate areas hit the boundary of a hydrophobic
pol yi m dewoegioar4d0 the ink is repelled and prevented fr@erfdRmiony2i nt o

t he hydrophobic surface areas. WO 01/047045 PCT/ GBOQ' 04942 22 Through this
confinement effect the ink is deposited2in the hydrophilic surface areas
only and high-resolution patterns with snmall gaps and transi stor channel

| engt hs of |ess than 10 pm can be defined (figure 7(b)). One exanple of a
process by which the polyimde nay be renoved, or which may be enpl oyed to
enhance the relative surface effects after renpval of R yimde, is
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phot or esi stex%oﬁec{m? A oeEsL BF% tﬁr sP eﬁeﬁﬁgr%é éttcﬁgs tﬁ%%m ?t ern 10
becone fl uqmlyrratdedayewfastér( than thetmc&aﬁ mpmt) lpbotoee;snsﬂtlayeThﬁne:emoaed baragl e of
PEDOT/ PSS i n wat er 1%2. asm refa%h ed 7059 | ass F % ‘f 200
conpar ed t #& C8H'ff3?ﬁ nfﬁ)é %fareg € g@urcg Phe ElSSTOteR % r@% §aCY  The
(I;Ego_?_fésgng'iyﬁadﬂhlhewd prﬁﬁeltB aned)@plagmafdnbﬂtd remic@l poihgi prioteesist. Nﬂga When

i s osite ro ter, solution o e: pat ne
pol yi i de It a%‘(im Eer’F‘PBg]d% p}(giv [5gﬁ“/sfé§€c? HE ‘gﬂﬂﬁ%@cprp [qqeby
sour ce- dr aitRe pﬁb@gésmgﬁdaérﬁgﬁsﬁy&aphéb@ he channel Iength Lisonly afew
m crons (figure 7(b)).

A

If required the polyimide surface can be made even more hydrophobic by an
additional exposure to a CF4 plasma. CF4 plasma fluorinates the polyimide
surface, but does 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 O, plasma-treated 7059 glass is
Bgiass ~ 20" compared to a contact angle of 8g ~ 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)).



WO 01/047045 PCT/ GBOO 04942 23 To facilitate the confinenent of ink
droplets the kinetic energy of ink droplets is kept as small as possible.
The | argewotthem4niuze of the droplets, the |arger the kinetipCT/GBIWONGA2 and
the larger the probability that the spreading droplets will “ignore' the
hydrophilic confinenent structure and gpill over into nei ghbouring
hydrophilic regions. 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 the polyinde boundary. On one hand d needs to be

suffici entl_e/ smal | that the boundary is reached by the spreading ink and
the PEDOT f§q facdiate for caniinament\gink gropigts g bingti énﬁtgéirﬂfd?'&droﬁs the ot her

hand, d negq@st b skl %Eéfpfobﬁb@nﬁ'héfldr%kerEeEﬂétofmbedrroﬁ@téj'tr)(e RRGA AR RBelidk  does

not "spill over"” into the hydro c surface areas. This would increase
the risk (ﬂnePHD@FddB@dﬁDGF Rjﬁb@bjlﬁy dhatithe sprgagding ¢repletgwiinionorei dhg ni ng

the TFT c ggh.u.engo ‘éE%or% b Feeta?ldSQﬂLtO\/é'rr 9 hai HS&Ybﬁﬁnh?d?’dbﬁﬁ’c and

drain el ect ts wt a50|dcntent of 0.4 ng
deposited viegiang | ateral pitch of 12.5 Nm between two successive dr opl ets
onto 02 plasma treated 7059 glass a value of d z 30-40 pmwas found
suitable. The optinum val ue d depends on the wetting properties on the
surface as FWefeIrabi}s depoditinn efdhe 9k dropletsi tXis, ondd e Ih)&’!rtm’rtﬂic $L&1$Eaf&lard$$;t ance

e e SR I PR bE 1 BB & ink Bod ECSCAG roIdR offBled.

droplets a he drying tine sol
hydr ophobi cOm:oné |haemelrrneeldayerbetsmffdﬁntlyesmdﬂdhaihaa rbehndiamgs reaohed bg the

transi st or r,Qvli 6] nc onall . |t . nma e used as an
o Poni no.t ek R At e BER R AL I By I memendBiediniRED: o
pol %rre_r llnlmdﬂmet:)bmanahn@fd hb@ds_tdl@éldsufﬁtighﬂy Fﬁk@hpmlt yhatraedly ap:eaduhglmﬂay be
nmechnani ca ru Qt o 1 gn n n then used s an al | gnnent
Tayer o (1 i9heedeL( 5P VBT PG aEIRBRE SRS AR Tt TG nerRsE the

l'i qui d- crysiskl bf neom@mt b:ﬁlq(:wfxﬁ@rp‘blyﬁnld&h@gmt %Qieﬁﬁhg(lﬁé BTTay be
simlarly confined a patterned |layer 14 fornmed on dﬂg the ate

i nsul ati ng 4hapae! aﬁdt rﬁay gb’red\ﬁed@ssr%ﬁ’(tt irgHits Petwesn SosfRE 1 raﬁh?'?%
For PEDOT droplets with a solid content of 0.4 ng deposited with a lateral pitch of

12.5 yum between two successive droplets onto O, plasma treated 7059 glass a
value of d ~ 30-40 um was found suitable. The optimum value d depends on the
wetting properties on the surface as well as on the deposition pitch, that is the
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 the 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
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el ectrode is deposited. The patterned I|ayer 6 may be aligned with respect
to the sowomendna n pattern to mnimze the overlap areaPoetiGBdeN4942
source/drain and gate el ectrodes (figure7(c). Mterials other than
polyi mi de may be used for the pre-pattegned | ayer. Other accurate
pre-patterning techni ques than photolithography may be used. Figure 8
denonstrates the ability of a structure of relatively hydrophobic and
hydrophilic layers to confine liquid "ink" deposited by ink-jet printing.
Figure 8 shows optical mcrographs of substrates including thin strips of
pol yi mi de Rweamhir the solution fam whighdbe gatejelselredsois danosied oMsePatiamed vel v

hydr ophobi q%ﬁ:'?% RIS aligredi RS rédbeth® PR QuilASSins pasdrh ab Gnikitnikd & have
been treated as deScribed above 1o be relatively hydrophilic. PEDOT

materi al f Gvetdparsehetseemspuieeiinqincandgate glestrodess(figbe@{ (@eposi t ed by i nk-j et
printing of a series of droplets running in lines 2 and 3 close to the
strips 10. Although the ink-jetted material shows |low contrast it can be
seen from tNateads \gthdrythae rmolyimidednay e eded: o teeprespatteroed layeandOBebf t he

deposi ted { t ; I B fined by the
Strips 10, Teyeld rspter il fGos ManBRLEi Borchhy cREB G "6 1Y o

phot ographs of the ink jet deposition process in the vicinity of a
pol yi m de stri 0, The, i re take ' : '

nounted u d%%rge%t%qwgtr?tgggﬁgaﬁlﬁ osfu%sstrt]r}’g’iu%“l.] #h’éfaégégg‘%@?dp?‘ﬁé@g%@ m de
pattern 10 hydrophhie lagers tasconfing diqlidnirsk” depesitetk byl rinipjettpsinfiig. arfegwee et ed
fromthe nozzle of the ink jet. head 20.and.lapnd wth their ce eing a
i ot ance d s e Tetodants oh HESraBRHNnd P Skl dpi BB ek b2
Uﬁed for prr%ﬁbStﬁaéni%@éted:jdsgdé@iﬁ}be@fabbh@ tbrﬂe}mtiveq«amﬁbpﬂolm 911& hargespect to
the strip pattern ,. and, may so ysed to aytomate the |ocal alignnment
procedure (89IRES phihedare B@@ﬁgﬁ‘fsﬂ%ﬁq%ég@ Q?é’?g?ﬁf’mf—qa %%dﬁifﬂgﬁﬂ a&g how
out put and b iRnNglfivelghBidpsphicl PEDGT aatérizAf6r theotirdeobn@ draifldcirofiegur e

7(c) and having channel” | engths L of 20 pmand 7 pm resrﬁ)_ect,i vely, WD
01/ 047045 pPas/hegndepasiied by ink-jet printing of a series of droplets running in lines 2 and

3 close to the strips 10. Although the ink-jetted material shows low contrast it can
be seen from the abruptly terminated form of the end surfaces 2 and 3 of the
deposited material that the deposited material has been confined by the strips 10,

even down to a strip thickness of L = Sum.

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 strip 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 um and 7 ym respectively,



25 defined by neans of the differential wetting process described above. In
both cases the channel wwdth Wis 3 nm Figure 10(a) shows out put

char act erwetoios70es the 20 um device. Figure 10(b) shows @Uir@B00/04942
characteristics of the 7 ,umdevice. Figure 11(a) shows transfer
characteristics of the 20 pm device. Fpgure 11(b) shows transfer
characteristics of the 7 pmdevice. The 7 pm device shows characteristic
short channel behaviour with reduced current at small source-drain voltage
and finite output conductance in the saturation reginme. The nobility and
ON- OFF current ratio of short channel devices is siml|ar to that of the

long chanrsigfineb\pycasans o thke siffesprdipk wetting: piosess depcrigd- abqye. dmR¥) and
| ON/ | OFF = 4210 . i ;. . !
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wetting properties on t and hydrophilic surfaces, and does

not requir éhe BE uaxidsvieec Eigure 40(k) spoys aptput charetieristics| of theg /apnsigwice.
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m cr onet er show§higaresfer eharattedstivat ofv thet dchmi gadse.t dhé abrume sdayice skt rat e

pre-patter . functi i 1,0 ] e of
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through a chbAdeWevRes distusSetaboven tiedt igly = 0.00R000 rerd08), arBBRnIAPC0) ) or

m crocont act_, Bgi nting (Brittain et al., Physics Wrld May 1998, p. 31).
Pre-patter n1i0n‘é of the substrate is readily conpatible with the process flow

descri bed above as the pre-patterning is perforned prior to the deposition

of the layers of the TFT. Therefare, g _broad range. of patterning and
printing tdehritiBeMmeet s fe rgedy othﬁea@lrééﬁ’@et Hb"‘%tWr Reirtigs g the

pre-patterm, chﬁg@@bﬁb A kydrephife duAgals! @Rd Aoesiotaehiive tiRoleyidRInck a¥ers. WO

01/ 047045 PCT/ GBOO 04942 _ ]
topographic profile. In the above embodiment the polyimide film can be made very
thin (500 A), that is much thinner than the size of the inkjet droplets in the liquid
state (several micrometers). Therefore, alternative techniques to fabricate a
substrate pre-pattern can be used, such as the functionalization of the surface of
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.



26 Sim |l ar techniques can be applied to pre-pattern the surface of the gate
insulating |ayer or the surface nodification |layer prior to the deposition
of the gawe oelogmts ode to achieve small overlap capacit an®eT/GEosaan i n
figure 7(c) the gate electrode 6 may be confined by a patterned | ayer 14.
One possi bl e enbodi nent of such pre- pasterning is mcrocontact printing or
WV phot opatterni ng of a self-assenbled nonolayer (SAM containing

chl orosi |l ane or nethoxy silane groups, such as octadecyltrichlorosilane.
These nol ecul es form stabl e nnnolayers on the surface of a Si02 or glass
substrate where the%ﬂchen1c ps.on e pol ar

bond to the h dro
surface, ariMi@higehniaues st %@\ép'fﬁfjotpdﬁﬁBBF%m é%%g{ﬁgtgaltq 'n?E!'aB%m bl e

to formsi ﬂhi/@rorﬁﬁélgb@é/&r Ho@ificatitR 18y éﬁi@ﬁtd)ﬂ\etdé@og%ﬁ ofltre! gé eicetrb@é yer
such as PVP or PMWA. This is believed to be due to bondi n? of the
&
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over | ap w th he source-drain el ectrodes surrounded ?f' SAM coat ed
hydr ophobi cPatiegningds dairrasaatapt PHetingepr A4 Pheippaieming oh@gselassenlietpi ng.
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defi ned by asse I new dt h
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i hol f
Fequi rement 30 oRUPT RBFTE BYPCHEFS: S SHEPE Bre eray PrLeterSIEY 2 or cas

i's the regifier h’ydr@ﬂhlﬁdﬂd|né| whnan\n/eloﬁeﬂriee dmpmswelrlap with htheesquecé-diain t he
pattern on the substrat Vi n e registration is particularly
BT Eoul ¢ ciedtiosis grimotufiey Shictbe PidiPheC iticts nsasi belEfaede
areas. |f hsgt¥éelithsylRpARURANDINGAThE ISMMBing IneRsbé perforhsd LAde 4H spdal s, the
next mask level in a photolifhographjc

microscope or a mask aligner in order to align the stamp pattern with respect to

the underlying source-drain electrodes. When a conducting, water-based

polymer ink is deposited on top the deposition is confined to the fine, hydrophilic

line defined by the self-assembled monolayer. In this 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

logic 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
substrates that exhibit distortions over large areas. If between subsequent

patterning steps the substrate distorts, the next mask level in a photolithographic
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underlying pattern. The high-resolution ink- jet printing process devel oped
here i s swDtoalbkm®4i 0 achi eve accurate registration over | aCEGEVOEE2EVEN 0N
a plastic substrates, since the position of the ink jet head can be
adjusted locally with respect to the partern on the substrate (figure 9).
This local alignnent process can be autonated using pattern recognition
techni ques using inmages such as that of figure 9 conbined with a feedback
mechanismto correct the position of the inkjet head. In order to forma

mul ti-transistor integrated circujt using devices of the type . described
above, it i%o%iW'%BPgoﬁ%rﬁée%ﬁﬁ with B‘Qn'ﬁlé’g”W‘% PREF®- iTH?é‘fgéHVﬁﬁ%'et@ WKt ectly

through t heet pliirgesoceds HBRIGRY Rére iShduitaBRNtodhdHiVeS HEdUrate! @distratidrP be
formed especially conpactly. One nethod of making such interconnects is by

the use of OveblaygharenseNed odiaplagicasbsales, sincerfbppaitigr stinerriiet iprd net hod
takes advaniAdR adilstbd fochfhith RpeBORANE bakélf SHOKISUBRIAL AfgRe of Triver s Of

the TFTs descri be ove been converted into an insol orm This
al | ows t he logabriliggment progesroras beyautprpated wrih pattersreepanilinn, @eheiques, or der
to make a - J.Qr j i : : g&[ﬁé&i - itable
sol vent 29§%Hsn\éggtﬁ)a(§j§|gt%qlé§cgﬁarg# g%&%o%ué@bﬁgq%lg'ygﬁg t r‘éuﬁdﬁcﬁnﬁﬁjhe Vi a
hol e i s t o copecttbempeditiombttredhkjetriteads sel ected so that it is capable of

di ssolving the wunderlying |ayers through which the hole is to be forned.
The sol vent sinks through the layers by progressive dissolution until the
via hol e i dnfaderth fdrive a diulisiohnsisiomtegratetl circud eysing dedicentod thérdyps de

wal | s Wof the.via-hole. The .type of ol e f siting
it my be s sgrétEe dal?od’l’a ’ 'tﬁ%pef'ﬁ% to %%Sﬁlfeééﬁp%ﬁg\ng qu\,%e'\?gﬁg}t%ggéed'%?@?er red
aspect s ar ehroligh tthathitkreess alf ibatdesicd. tTrds panctiow suzhdiitcuits1so becfosuedh t hat
t he sol vent ev.a@arat es . .or is otherw.se teadiclgyiHEﬁ(?erved S0 oes not

that it
interfere ViSPRCIALY SUBBARN: Qi OELOd - MANG By conagsts "8%2@%%%0&
i naccur at e solliepsIrtied Qb Bdles, s Wik \Wokete 8éstribed. The method takes advantage

of the fact that none of the solution-processed layers of the TFTs described above
has been converted into an insoluble form. This allows the opening of via-holes by

local deposition of solvents.

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 depositing 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
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sel ective process such as |JP, whereby accurately controlled vol unes of

t he sol vewD omay7ok®e applied accurately to the desired | oca&CiraBoon4dshe
substrate; and 3. that the dianeter of the via hole is affected by the
surface tension of the solvent droplet8and the ability of the solvent to
wet the substrate; and 4. that the solvent does not dissolve the underlying
| ayer to which an electrical connection is to be nade. Figure 12(a)
illustrates the deposition of a droplet 29 of nethanol solvent (containing
20 ng per dro Iet on artially formed transistor device t he égyeneral

type illusta f@at |V§U'|E)@ ?L%Qﬂs'tgq'mé( Bareleclye pLogess N1dg e WRRM

includes a 1. 3chimtelyNddhlrodPvolises aF titdsdlder 'maBbe aagné%Té’ccﬁ:%m@wtl ng
layer 27, a PEDOT ~électrode |ayer 26 and a glass substrate 25. In this

exampl e it i sdepediecation Oﬂd'ﬁ%ﬁé\bStr\?FeaaHGI e through the insulating PVP | ayer.

Met hanol i s3 S§aeGhedittetbP®f I VR holebRCAHR P by Itheé sababé it¥ndich beasd | y
di ssol ve PVP; because it can easily evaporate so as not to hinder

subsequent pr 8eeeididmpletand the ebiliyofithe ﬁ?i‘éerééﬁ yvetthesgbstraietandng properties
for PVP. Iy Oflﬁ?rth%]golt/é’rﬁtrﬁc}eg%df'(ﬁsgaﬂ)eethbrhﬁdghﬁng)fwltg mﬁ*ﬂ-hH A eRddiritial N9

head i s noved | ocat1 on on the substrate at "which e via hole is
desired to beornectientlis talhemadee necessary nunber of suitably-sized droplets
of nmethanol are dropped fromthe IJP head until the via is conplete. The
period between successive drops is selected for conpatibility with the
rate at whifigurehé2(@tilasieites dhe sddppeition hef lageapiet 029 t dfe mbdhdnoe . solvent s

refe dt ful th
et dr op 1 60aBBE2EAS Brodielbllcis ol SRTho behoP VARG BLAE Bl 7
Inon- pol ar stgpe diasitated iinng'gthmyle(c) {The pairttdhidegics tod igureutd{a) inblatdesiadied kyn ng
ayers a d t h ,
but anol - or BEkREPTES RIS ke ot T3 12 Eﬁ?rg@nhﬁﬁﬁgt'%?«z?"gzpa?‘%ﬁ%
desirabl e teesmipligjer ZBfEhd\/a Ql‘ab@bebdlmtdﬂ@dﬂlthlswmmblealt &l degired smfoneuru

dropl et. For
di aget er ?wgdwoﬁ&rw he msulatung P‘v}?dla%/epr gh%%ol\’\fstshelgctt\e/c? o rgﬁe solvent and

because of its ability to readily dissolve PVP; because it can easily evaporate so
as not to hinder subsequent processing; and because it has satisfactory wetting
properties for PVP. In order to form the via hole in this example an IJP printing
head is moved to the location on the substrate at which the via hole is desired to
be formed. Then the necessary number of suitably-sized droplets of methanol are
dropped from the IJP head 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 ym 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



requires the solubility of the layer in the solvent to be higher than 1-2 %
wei ght per volune. A higher boiling point is also desirable if via-hole
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required. In the case of PVP 1, 2-di nent hyl-2-im dazolidinone (DM) with a
boiling point of 225 C can be used. Figere 12(b) illustrates the effect of
the dropping of several droplets of nmethanol in sequence onto the via hole
| ocation. The right panels show m crographs of the device after 1, 3 and
10 dropl ets have been dropped. The | eft panels show Dektak surface profile
measurenents of the sanme devices across_the vi d. (The

hol ax -
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panel ). Wiemhsimiesciht d2oBletcandetisdgposi ted in sequence onto the sane
| ocation a crater opens up in the PVP film The depth of the crater

i ncreases as successive droplets act, and after approximtely 6 droplets
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material is deposited In a wa \ sides of the via-hole. The
di amet er ofseghencg entadhe viashelg leeatiopr dee Bght pamelsi shave migpgrapbs of Me of t he

dropl et. ThisS:-Si i | i LANS i

Ci r(F:)ui ts, ?ﬁglcﬁargé g’rg?@?i%ﬁéé@étsﬁ%%v?g%g@&%?ang?é?gf?éﬁggltgg%nqlgvned by
t he size ofDektak surfgcetprefie veeasuthnogritepstheTdame devioes agross thehda holecashas
observed t [ eq i I ' the.draplefs (see
Fro. 120) . tritdofteErThs IRERBR AT Rl e S fltpRElerdl 2t RGN0 % 7L° 1 22
and spr eadieaghqgfanehe Wiheatsedempldadpletsiade idspositgdpereggnenasd obtoethetsapkeness of

t he polyner | ayer that is dissolve The ipner di aneter . i.de. wal l
decr eases 'Wat%ﬁni%‘&r?geéﬁpﬁas SBI'G AR Byﬁl RnesE d@gb °g'§b‘? F'@g‘{ri'éﬁga%‘?e?ese even
smal | er holsegcedstve deplets @di, sdchftasapproXimately 6sdlopleto thedisapacey of treven
smal | er droplet si an be used the su te, surface can be
o 6. pat t er ey FETR i B unsoriet dhesiSsoRHR FAE AT it S B Piee
surface as waisarathes siab9vetheQidpbles TheeidrfeteByf thkb Ya-hdie idisethe drlevd | be
seen fromthe surface profile nmeasurenents that the formation of the via
um limited by the size of the droplet. This size is suitable for many applications

such as logic circuits, and large area displays.

The via-hole diameter is determined by the size of the inkjet solvent droplets. The
diameter of the hole was observed to be directly proportional to the diameter of
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



hol e 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
Win figuwe i®is 047045 PCT/ GBOO 04942 30 12(b)). It shaeardhwe/omared t hat
the displaced material is of a smobother formation than illustrated by
figure 12(b) , the x and y axes of the3gurface profile plots of figure
12(b) being to dissimlar scales (x in units of,um yin units of A). The
mechani sm for via-hole formation, i.e. the novenent of nmaterial to the side
walls, is believed to be simlar to that of the well-known coffee-stain
effect, which occurs if the contact |ine of a_ dr in% dropl et _containing a
solute is pided! skowdibggnoted thab diee dispigced wagtplia '%l?é %S“%‘ﬁp?raf@ém?mfghness

or chem calihieliRERSEA Yyt tgurdlably) [tRatx SEPYSdxes Wl tRE sArfdeOBraifl YR ofll Way's
generates surface roughness during dissolution. Wen the, sol vent

evapor at esfiggegpi 2(Phpging todisgrdar scales (simenits e 4o inesits ohd).-sol vent
evaporating near the contact line. Mre solvent is evaporating near the
contact |ine because of the |arger surface-to-bulk ratio near the contact
line. The Tdwpinethanjsm Ifewvigdoleciormaiion, li.er e wonpaeridoftmateral toythe side
di ffusion IIQF‘stt%@Iie\Zébc{b 6({@%“3?% € of ﬁe%lf-kr%vﬁ oﬁéé?st&ﬂ%l%cf?fwﬁiap
droplet, and solute deposition occurs only near the rim but not 1n the
centre of tdeeundrif/thegcontasplime of Rdryingddesgieh centainiing a Nalute is pid8sl, P8ring 1997)) .
D ffusion of sol t t ; Y of the
pol ymer ov e"F“t%&H’\tﬂﬁ’é}gg%E'ga&%g%’ nsqjorliag%l ?\%U%"fh\ 8%@?@@%@% 6&?@9%@@& B ﬁgen
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am.centre; i,us) s

v(r) (r: dj.stance f R droplet .rad proport.i to
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i ncreasi ng the solvédtteviapordéing RS thg contatilite. Mang belvéit.is ehapoehtingeneantiss
deposition at the edges occurs,the faster the spaller, the conta angl e.
For the opé%‘?f‘}?&f‘ g’fe gg%?—%ﬁloggh? farg%r ?LH%FE’F%';’H& fﬁE@PFafniheﬁ?ﬁa#é{?e-t cont act
line of theapilBhtiic velbe isliarge dehipasst to(the tydied! difiRicrovdiesty, and ®adf the
droplets on top . of the polyner to be dissolved is suffici entql:l_}/ smal |, and
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sol ute dif fis} 82 GANLRGONRGAhE €LREe of the drying droplet (R.D. Deegan et al., Nature

389, 827 (1997)). Diffusion of solute would tend to favour homogeneous

redeposition of the polymer over the whole area upon drying of the solvent, rather

than formation of a side wall. Theory predicts that the capillary flow velocity v(r) (r:

distance from centre; R; droplet radius) is proportional to (R-r)*, where A=(n-

20.)/(2n-20.). 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 case of I PA on PVP the contact angle is on the order of 12, and the
droplets typically dry within less than 1 s. WO 01/047045 PCT/ GBOO' 04942
31 The snwbloa4toh® contact angle, the faster will be the eapi¢Bonysdl ow
velocity inside the droplet, i.e. the nore reliable will be the formation
of the side wall. However, on the othgft hand, the smaller the contact
angle the larger the droplet dianeter. An optinmmcontact angle therefore
exists to achieve small dianeter via-holes wth well-defined side walls.
To achieve a |l arger contact angle for a good solvent the surface of the
substrate may be treated, for exa a sel f-assenbl ed rmnolggrgr W th

| ith
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and sol ventregionyiimatdeo fscatfiob thdrdeposdioalof tiyp siived taad smalllareef | ned dept hs.
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deposited over it so that it extends into the via hole and nake el ectri cal
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Figure 13 slepusited afdthe rald of Beasotatictnéf thelsoReat Bheonisdridbh 36 tresrameasur ed
which it is capable of dissolving the substrate. The environment in which the
deposition takes place and the substrate temperature may influence the
evaporation rate. A layer of material that is insoluble or only slowly soluble to the

solvent may be used to limit the depth of dissolution.

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 electrode 29



bet ween the bottom PEDOT el ectrode 25 and a conducting el ectrode 29 WO

01/ 047045 PCT/ GBOO 04942 32 deposited on top of the PVP gate insulating

| ayer 28.woOhe/odioasret er of the via hole was 50 pm For compar@momngsdeurve 31
shows a reference sanple,: in which no via- holes are located in the overlap
regi on between the top and bottom el ecBpodes. The characteristics clearly
show that the current through the via-hole is several orders of magnitude
hi gher than the | eakage current through the gate insulator in the absence
of the via hole. The neasured current through the via hole is limted by

t he conductivity of the PEDQOT el ectrodes, as can_be seen by performng
conduct i vi t#pﬁﬁéﬁlﬁ@?@rﬂ@h%PVﬂ&at? insulating ayepeBoine fiaptatggd dhe via Noe not
limted bXNésJ";ﬁO LS 8t 88HBarRon! 8fve B2-shBWE a rétehénde RimRI8) it vihidtoSlial | m t
estimate for the via- hole resistance R' can be obtalned fromthese

measur enentholes @e lecalgd irdhe Prerlapetaginn betweea theltep AOH hettPEnelgetsedeashed
above 1n Ieni blladiBidicditiCarkiroh bk 1RE Lli¥edtPRUGRANE VinbiRAS Seldlay Ly Pe
devi ces without a |1J usion barrier (as in ?lgure 1(c)) and to devices in
whi ch t he dirf@¢rasif omadnitudé bighes théepbe ileakdgeaicueent: througpdhe wgteoinsulates in

vi a- hol es. Fi 4 evi | ' ' e f or med
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barrier | dyethe Eorgluctvitydobthes PEREO T eddatriotles, ae\caoebe seaniyh perferaring

formati on of the. via hal a.di sian. Ler 7 ha 2n.. f or med
bef ore depocgpgf'cgw}{%?n%aﬁg%é%‘?rgg OFth;éc&nagﬁg’%[iﬁkﬁr? f%éeg&gaesse Pﬁe ngfﬁ'ﬂﬁés(?on
barrier | aysrthaeesistahce ekthebvia-hglepducththagenly tar lawsp timitiestimateofoe the @a- i n
order to mnimse the via-hole resjstance R A suitabl diffusion barrier
s thn INeSBantRd s SR AT FogbeeTnassuremed: Ryendibidr *Cont act
resistance is required then the sem conductor |ayers may also be renoved

at the via hole site. This is preferably done after the diffusion  barrier
has been f ofMeemethase ofjivier heleofermation describgdqakaye Berglationdieciiowg Pl mer 4

can be |OCQ:iiHeXtI)déﬁﬁ@hUIEQOla)épllet](%- BRRLicEoWitAbutea BiWQoﬁ%bHﬁe'ﬂt(asfb @{ﬁﬁ]‘h{’tﬁ;ﬂ -

such as xylene In this exanple. "By m xing good solvents for _
senm conducti(e)y anddo deviees wswhieh thediffesien balrier isstapopitgebafier g openiag 5ol ved

at the samgnlifBhoiés ARGuRE 14(3) shows a device in which a via hole has been formed
and the gate electrode then deposited without an intervening diffusion barrier
layer. Figure 14(b) shows a similar device in which after formation of the via hole
a diffusion barrier polymer 7 has been formed before deposition 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).



whi ch this has been done followed by deposition of the gate electrode is
shown in figure 14(c). WO 01/047045 PCT/ GBOO' 04942 33 M xtures of

sol vent s wani1ai®es be used to reduce the di aneter of.the vipaTlaHoe0w2

i ncreasing the contact angle of the solvent m xture on the |ayer to be

di ssol ved. An alternative technique to3gormng a via hole interconnection
and then depositing a conductive material to bridge it is to locally
deposit a material that is capable of locally nodifying the underlying

| ayer (s) substrate so as to render them conductive. One exanple is the

| ocal 1JP deposition of a solution containing a nobile dopant that is able
to diffuse into one or several of the layers. This is illustrated in

figure 14( q\)llxtu‘féhebﬁsél%ﬂté)%aﬁ?aléd"% ¢8t& %o PRIREItAE dﬁd?ﬁétehastrl@e\ﬂ@horeewer ed

conductive by treatnment with a dopant. The dopant may be a snall
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nmet hyl phenyl )- (1, 1" -bi phenyl)-4,4"-diamne (TPD). The dopant is preferably
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PVP di el ectAn altaragtivesteehniqusetoforning @ via balecoterednaegiianeand bendgaesitig t he TFT
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as ring oscil
delivered as for the solvent case.

The method of via-hole formation through PVP dielectric layers can be used to
connect the gate electrode of the TFT to a source or drain electrode in the
underlying layer as required, for example, for a logic inverter device as shown in
Fig. 15. 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 fabrication of more complex circuits such as ring

oscillators.



WO 01/ 047045 PCT/ GBBOO 04942 34 Vi a-hol es as descri bed above may al so be
used to provide electrical connections between interconnect lines in

di f f er entwbay®#®45 For conplex electronic circuits multil ecelGRonbeeonnect
schenmes are required. This nmay be fabricated by depositing a sequence of
interconnects 72 and different dielect@dc |ayers 70, 71 deposited from
conpati ble solvents (figure 15(d)). Via-holes 73 can then be forned in the
way descri bed above with the interconnect |ines providing automatic etch
stop. Exanples for suitable dielectric materials are polar polymers (70)

such as PVP,_ and non-pol ar djelectri ol ymer 71) such.as pol ystyrene.
These can DéaTaESCRN FeRFrard bas A gsd boppblabrosite SIHr R Bmedotent o
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respective dielectric layer while the underlying dielectric layer is
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processi ng. e way to y selection of such mate process
steps is tceteh atopo deposit two or nore |ayers alternately from polar and
non-pol ar solvents, as exenplified for the | ayer sequence descri bed above.
In this way nultilayer devices containing soluble, conducting,

seni conductExanpies fornsuitablei digleclriayreaterialarare geodfir] polyneersoi7 Bk duchr s PN
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01/ 047045 RGHile@BOONBBAR dielectric layer is providing an etch-stopping layer.

In selecting materials and deposition processes for devices of the type described
above, it should be borne in mind that great advantages can be obtained if each
layer is deposited from a solvent that does not substantially dissolve 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 polar 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



35 configuration shown in figure 17, in which it is also possible to
incorporate a diffusion barrier 7 and surface nodification |layer 8 if
requi red.wonipimus e 17 |like parts are nunbered as for fi guraBED/ORUber
device configurations with different |ayer sequences may al so be used.
Devi ces other than transistors may be 8ernmed in an anal ogous way.

PEDOT/ PSS may be replaced by any conducting polyner that can be deposited
from sol uti on. Exanpl es include polyaniline or polypyrrole. However, sone
of the attractive features of PEDOI/PSS are: (a) a polyneric dopant (PSS)
with inherently |ow diffusivity, (b% ood thermal stability and stability
in air, andopigurgtion,§hRWR R digueh 187 | ."‘%"é\/'tt'ﬁaﬁls? Pogeble {ateRPerate & ne
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sour ce- dr aiinap@nalegeds WAy.gure 10(b)). In devi ces of conparabl e channel
length it was found that injection from PEDOT source/drain electrodes is
nore efficient than injection frominorganic gold electrodes. This
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Efficient charge carrier injection is crucial in particular for short-channel transistor
devices with channel lengths L < 10um. In such devices source-drain contact
resistance effects may limit the TFT current for small source-drain voltages (figure
10(b)). In devices of comparable channel length it was found that injection from
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 requirements of the layer sequence. For applications in which even
higher conductivities are required other conducting polymers or solution-



36 processible inorganic conductors, such as colloidal suspensions of
nmetallic 1inorganic particles in a liquid, my be used. The processes and
devi ces dwemiomas herein are not limted to devices fabri earaBoonidsh

sol uti on-processed pol yners. Some of the conducting el ectrodes of the TFT
and/or the interconnects in a circuit ge display device (see below may be
formed frominorganic conductors, that can, for exanple, be deposited by
printing of a colloidal suspension or by electroplating onto a
pre-patterned substrate. In devices in which not all layers are to be
deposited from sol ution one or nore PEDOI/ PSS portions of the device may
be repl acedrogassibin ingiganigheendusiont: c ishe aSrrﬁP'Jﬂ“i‘adl sugpeRsigas of metallic
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Ch;am I\/a'; cQaV|ck2969Nr(|dl'99|6) =1 |4WHD$ cdre ttdn cgpr aqsﬂusded feim splution dneeati)r MBre )
99/ 10939 coa attern su ate wt
vt ophobi CCERG TR Bafiens o Bisraciids Fagbenth bh iRl GoRLih

consi der ed thatehal soeh tak@Wallivm- cﬁayobwézi @rfdoctohar ge area patterning with good
registration, in particular for flexible plastic substrates. W 01/ 047045

PCT/ GBOO' 04942 37 Instead of a glass sheet, the device(s) could be
deposited orhed SerditBhdRting U\ Er Midyealso be replaced by another solution-processible

semiconducting material. Possibilities include small conjugated molecules with
solubilising side chains (J.G. Laquindanum, et al., J. Am. Chem. Soc. 120, 664
(1998)), semiconducting organic-inorganic hybrid materials self-assembled from
solution (C.R. Kagan, et al., Science 286, 946 (1999)), or solution-deposited
inorganic semiconductors such as CdSe nanoparticles (B. A. Ridley, et al,
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.



material, such as Perspex or a flexible, plastic substrate such as

pol yet her sul phone . Such a material is preferably in the formof a sheet,
is prefewabipsohs a pol ymer material, and nay be transpar @atr/GBud/oay42
flexible. Athough preferably all |ayers and conmponents of the device and
circuit are deposited and patterned bg7sol uti on processing and printing
techni ques, one or nore conponents such as a sem conducting |ayer may al so
be deposited by vacuum deposition techniques and/or patterned by a

phot ol i t hographi c process. Devices such as TFTs fabricated as descri bed
above may be part of a nore conplex circuit or device in which ogne or nore
such devi cd8steas oha glansetiiest de deyieaiskeaur be Aeposisd oprioaneHheps rag%vi ces.
Exanpl es of magphi CalbRNasi Noédpek | 801 &  fidxibili tfadRd adistrde NBldh Xas
circuitry for a display or a nenory device, or a user- defined gate array
circuit. TheolysdRersulpbeRfonefiuchfa anateraldis crreterably i theydoimmafra sheathddn i n
figure 15. ﬂrfafe‘?ét}ly of & BOIFiet Rater2l dnbn& s traiparaHt @ndlot Agkibie! the depletion
or of the accunulation type three possible configurations are possible.
The depletion-load inverter (figure 15(a)) is suitable for device that are
normal [y on i n . hgn s Btk 0 fi ation
(figure 15(%”{&?5%@%&?%&'% rémafl F@@d%owlﬁngﬁﬂéi g{'ors %?Fg%ﬁhegﬁﬁlg% E% and
4). Bot h catdpogitechind mattewedi byeselutidrapiocksesing ane aminting tephnislues) ere Pobde of
the load tr [ [ uL C, i Jvely. An
alternati verﬁg%n? %’@h‘r’@%ﬁ%ﬁh?g %hé s%ggla'g}og]rr.\c@ed] II gg‘?tﬁeﬁ%eglr%? eég?%ﬁg%{reg &%( c)).
The | at t ervateumodepositioh &chaigues aha@/dr pattgomechivy aghaetotithbgraphiemrasesPEDOT | i ne
of adequate length and conductivity as the | oad resistor. By reducing the
conductivity of PEDOT, for exanple by increasing the ratio of PSS to
PEDOT, the Devigishsodh bbeTFTsefabsitated | dasndesaibet eabovai may &@d. pdrhef @onduet i vity
of Baytron P PI?DOT/ PStS w,th a. PIEDQT/ PEDOT+PSS% \gei.ght rag}i Q 1iof Q 4 was
measur ed t “99PIEH CUHAL B dayicein yhe cfh F9Fe SHEM SEYERR §PY 28 'PieRrRe Ry
anneal i ng twit88¢h btBEr 2R BF WithideRsr dbizicd¥) BXA0AI68 4% applidatBe¥Indiad 20giS8

at nosphere the conducti vi tg/ dncr e_as?d to 2 S/cm Bg di |élt ing the solution
with circuits and active matrix circuitry for a display or a meémory device, or a user-

defined gate array circuit.

The basic component 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 accumulation type
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/lcm for an as-deposited film. By annealing to 280°C for 20 min under N



PSS the conductivity could be decreased by orders of magnitude. For a
PEDOT/ ( PEDOT+PSS) wei ght ratio of 0.04 a conductivity of 10"3 S/ cm was
nmeasur ed witean4mamneal i ng at 280C. Resistors with a resi st @aTaGE#/0592 M52
were fabricated by inkjet printing a line of PEDOT with a width on the
order of 60m and a |length of 500m Thggdifferent inkjet printing
conponents that have been devel oped, i.e. transistors, via-hole

i nterconnections, resistors, capacitors, nmultilayer interconnect schenes
etc., can be integrated to fabricate integrated electronic circuits by a
conmbi nation of direct printing and solution processing. |Inkjet printing

can be usectmgpphgre the, cgpduddivitgincreased \ifer /¢y BY Ailuting  Besatgionsvittequi r ed.

The sinpl e pgy efhbebofdUciityt ToudeBer UBQEashO\y dFdurs N6 hbdritlde Pbecks for
nore conpl ex |O%I c circuits. Solution-processed TFTs as described above may
[

be used as PEREN/(BERPQIHPSS) weighkiaticoos 04 & cpidudhuity iok W ssla@ wasich as

liquid-cry s St CoictlicS S ] -

Nat ur e 394%%%‘%%@%?%%3? éﬁ?% 8ac'e' s%‘?sf'sétg*lsem(tzr?r%cr&ggtar}gg@m@&veﬁ gure
18(a); and fhbridsted: by trikietg pdntordea dins pf RED @HwitBi a widtlyloaube cederadf.G0untci ence
280, 1741 (1998%3’ for which a suitable circuit is shown in figure 18(b); or
as an act i \Admere% AFPWBsi ng el enent of a menory device, such as a random

access nmenory (RAM. In figures 18(a) and (b) transistors T1 and/or T2 nmay
be formed fromtransistors as described above. Features 40 represent a

di spl ay or Theediiergniinkigbpiintigioiaempeneeisdhatiave beengevalonis y-epbrisisteRanyl es
of possi bl &;4lRYieCiRterHnbEtENM! rédistolsO capatlitotd, hiifiay&l inféteorect BEnéthest r ode
of a LCD or an electrophoretic di spf_ay are shown in figure 19, in which

| i ke parts eter eambaiietegitedstor igprigate integrated eleetranieiciseMitay dFombigatien 19 (as
for figures,7, - , - t he: NS LN r y
i ncl ude a srﬁjl?lﬁjcgfélrnﬂs r%ncz:it ﬁélgﬁorﬁéﬂ%’{}a&%ﬁm’gr@%?‘%ﬁ?gpoﬁgrﬁrgh ?seérdagcﬁd?lg?
sur f ace nodirbéessingosiepsawbere lateralrpatietningisiregired\d he1gigwOinSerneTHICBOY 04942

B el 48 e r AR R B ol 20Tl
whi ch may

Solution-processed TFTs as described above may be used as pixel switching

transistors of active matrix displays such as liquid-crystal (LCD) or electrophoretic

displays (B. Comiskey et al., Nature 394, 253 (1998)) for which a suitable circuit

is shown in figure 18(a); and light-emitting diode displays (H. Sirringhaus, et al.,

Science 280, 1741 (1998), for which a suitable circuit is shown in figure 18(b); or

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).



be fabricated froma different conducting material to achieve adequate
conductivity over longer lengths. The drain electrode 3 of the TFT nay al so
be the pwoali/oetoeet rode 41. The pixel el ectrode may be fomreadcBEMOM4Q
different conducting material as in figure 19. In devices which rely on
application of an electric field rathgg than charge carrier injection it
is not required that this electrode 41 is in direct contact display

el enent 40, such as a liquid crystal or electrophoretic ink etc. In this
configuration the total pixel area occupied by the TFT and interconnect
lines has to be kept small to achieve ade%yate %?erture rati o_and to reduce

potential c¢refREng Jokfige Wt nthengore Andy Jaleefigrlrodts and Phd&iTEaPe on the

data and adfdp&ssd Rotrel RS 44 hndrtlicfidbsinges HRRIAFANE BEHRMbRiX! WEith@ndhP(D) 1S
nore conplicated. However, the whole pixel or a |arge portion of the pixel

area i s avdiel dpbicates frore prifferant iGendpeithandeaterialndg, achive t #leqyRl| ay
element is csha@étﬁgfcﬁe r95h P ferRHIFhe dedin hRirdad 3 drask @F'ﬁh]fa%ﬁélé‘tgbe kighes 44,

and 43 by the piXx cttode "41. Fabrication of this confi'guration

requi res arpixelelectrodet1 dThe pixelrélectiogganayibe frmed fiara ardifferent eanslygcting: h
conducti ve ar : ol lLect: LRI drain
el ectrode én 5@&% és\‘i‘!na@(g{aglgggﬂraggk?%g&] fd@alié doﬁf%f) ﬁ]%a‘ﬁgﬁooﬁagfﬁgﬁt gsﬁ-(gral bed
above. Not gathkeathamchaige ceuier iinjectni ibis nhereguised dhal thist ¢lecteede $t isvixi mi zed

q be . . y ) . : I .
i spl 2y apSiERapRBE fhay Seinel P, REOLEE Y Rl Rl o SRBRRO AP o
si nce al | - mtd.ymhis Toiifiguaationfthd tatalaties] anea eccupedhhygthe yT RTr amdsiptaresrinech t he

vi si bl e spectral_ range. Fiqur 0_.,sho i,cal ornti ectr

reasur od g fer 0o dF skl SHief, @ oiRfer ac@ishs HaelHE e it BT gnea

uni axi al | y poyertiapo®isé-taik) betveeeni thei dispiay skealent 46 arsiethiecsigrehie b rthe gatayner on

a rubbed pol yi mi de align t |l gyer which also serves as the pre-patterning
GRS g PER A An

| ayer for I'ng. It can be seen that the device is

hi ghly transparent in nost of the visible spectral range because of the WO
01/ 047045 PCT/ GBOO' 04942 40 re ively high ban ap of F8T2. bet t
transparencvec‘é}ﬁ‘fiﬁlérag‘&'hirbﬁﬂéﬁe i192bﬂsl r¥10rey con|1 icate%.?—lo%/eeer, the whcﬁe pE(\é cr)]r erter

a large portion of the pixel area is available for the TFTs and interconnect lines,
and the display element is shielded from the 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 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. It can be seen that the
device is highly transparent in most of the visible spectral range because of the



sem conducting |ayers such as F8 or TFB or other polyfluorene derivatives
(US 5,777,070) with higher band gaps are used. The alignnent of the
pol yrmer cWeaiom®470¢5 ves rise to optical anisotropy such thatcCriggw/opakari sed

parallel to the alignment direction (plot labelled " I I ") is nore
strongly absorbed than |ight polarized4pperpendicular to the alignnment
direction (plot labelled "I"). The optical anisotropy can be used in a LCD

display to further increase the optical transparency of the TFTs by
orienting the alignnment direction of the polynmer chains normal to the

pol ari zer between the gl ass backpl ane and t he backlight. Under oI arised
light the relalivaly Sigh bard oar of fiti@akvanmstier SiGNSRATERSS cam @i aghigved|if ght , | f

the thi Cknes%%l&indhb Fa%&% é@ﬁeés F8 &efFHVo5%91e?\ pofiffluotdne qdriVativdsayue s of

the TFT includin %}) has |ow optical absorption in the visible spectral
range. Anothéf7.@ afwtfh@lGhQﬁ bargdegapsvare pised al heapkanmant o tfdﬁ pelp@er chains

d
Shar Sorary ifes e opteal Bfisof GG RACHAR PoRlrsbd Iptail td B dighment
bl ack mat r idirektisn t(plobdabatied | "bn‘savnamte Isuorggiy Gﬁ%ortmgir tieamt lightd @olarizeht
|1 t | t he TFT "
Lo condue e TliculE G38E Afnmen TEGick (lateddied" $Ar2RE PoHER apiseiory | gne

and from tdae teakdd mhé LD tikpladits mlirther iddreasiothk @urcat fr@sparericy @Artiee 19(b)
is also well sujted for t edrlvetranslstgr T1 of LED dlm%@}% (figure

18(b)), sindes by 2rieByRg insealgnment dreciRt obthe REIYREF Ghgingenor R&d by

fabricati orbdpénzeﬂbeme@h dhdglasé Bcipldrdyarif the DaCKIRIhE '@ der pbREiEEP Aght \Whd h
| arge channel wi dth Wnaking use of the full area underneath the pixel

el ectrode tEﬁI‘S'SIQrtC@VW&ﬁaPEP?f alfnest slpurassdavisibietigble iffthg dhigkness %ﬁhq i gure

17 can al sgd1® |4 &qs'u&mmabbosé\f Amhﬁewqa@wbr%trmwdd.@pmtﬂ( fag - VO
01/ 047045 PCT/ GBOO 04942 he I'nportant technol ogical issues for

t he fabri cdew®ntiedl ahserpiien 'r"r‘r;ih‘r3 Nb‘élb'Q:'ﬁFPQ%riatf@nQ% t he contact between the
PEDOT/ PSS TFT and pi xel electrodes 2,3,6 and the netallic interconnect

lines 43, 44, and 41. Due to its strong acidic nature
Another advantage of the low optical absorption of the semiconducting layer is the

reduced photosensitivity of the TFT characteristics to visible light. In the case of
amorphous silicon TFTs a black matrix has to be used to prevent large OFF
current under light illumination. In the case of polymer TFTs 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 electrode
41.

Alternatively, the bottom-gate TFT configuration of figure 17 can also be used in

all of the above applications (figure 19(c)).



PEDOT/ PSS is not conpatible with many common inorganic netals such as
alumnium Alumniumis easily oxidised in contact wth PEDOT/PSS. One
possi bl e wolowb#oms i s the fabrication of interconnect |inegcaraBopioxab

el ectrodes 43, 44, and 41 fromindiumtin-oxide (ITO or tantalum
tungsten and other refractory netals an another material having nore
stability in this environnent, or the use of a suitable barrier layer. In
the case of a display application it may also be desirable to fabricate
TFTs with a small channel length by printing onto a pre-patterned
substrate indicated as 10 in figure 19, as described above. Simlar device

conf i gur at i &M of dhe dBPPUé“tnﬁCFFQOQ'P@nﬁ%Q%forswet fahesationn oh astve, atis e i f

the pixel eligiRNls the Lmts?@Hehwédrethe SEDOT/PSYiTHA 8)d ‘bﬁ)@ﬂ@l’éfctrbéﬁs 8,30 nmor y
el enent such as a cagamtor or a diode, as for exanple in }/namc random

access menmANg. the medalde inteygonnect H@%%d%c?ﬂ%&el@&ﬁod%m”ﬁ iPalure ot her
| ayers of thepdi/Esdray nfelc%%rggﬁbngamﬁw ea;m nembrgynwmaasr@khogss such

as screen pri nti ng or gure arts are nunber ed
as for fi gualeminjunshéeniniudevs casiin oxme@hlra@oatam \Wéthl Eﬁ&OT/BS%d @te t he

sem Conduct %rt%leaé/cﬁutlo[h %Wﬂe?fgﬁl&lﬂbﬁ of c%h&ﬂ Imle@é‘?lﬁ pixdTBled¥odBs 4Bt ed
In I's case no Vi a-

directly. are requir connections can be
made by di r@ctanpr4i1rfr¢mgndj¢1mairs¢,mdeaﬂlf@) gat@t@mctur@d@npmdt ether @fractony ar eas
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dielectric e prln i'ye e ectrlcal I nsu

(figure 21(abgyitableogptierlayart y of devi ces forrred as descri bed above may be
formed on a single substrate and interconnected by conductive | ayers. The
devices may be fornmed WO 01/047045 PCT/ GBOO 04942 42 on a single level or
on nore than tdeadecored dusﬁl@mpdmdtnoea rha&y algo berdesialsia té camrméte tﬁmwu By use

of interconnect s a-.hol es ,as descrj bed a e es I conpact
circuit ar raaﬁ'ﬁé*‘rﬁh?’gpeirﬁ’gf‘gﬂbw SFRRg oAt P@c‘?‘?ﬁt@f%&g’ aieo 'B '(‘ia aeqy}%r {rﬁe
fabri cati onn@fulento; hSdesdribatieBolé.ansi st ors,

Similar device configurations for active matrix transistor switches can also be
used if the pixel element to be controlled is not a display element but a memory
element such as a capacitor or a diode, as for example in a dynamic random

access memory.

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



vi a- hol es and interconnect lines may be used to fabricate integrated
electronic circuits by ink-jet printing. A prefabricated substrate

cont ai ni yoam/osgmonmy of hydrophilic and hydrophobi ¢ surfaeeTrapons2may be
used that define the channel Ilength of the transistors and/or the w dth of
the interconnect |ines. The substrate 4pmy al so contain an array of highly
conducting netallic interconnect lines. Using a conbination of ink-jet
printing and deposition of continuous |ayers fromsolution an array of
transi stor devices is defined in customlocations and with custom channel
widths. An integrated circuit is then fabricated by fornin | ectrical
connect i on" BENQUSIFVHAreE @Pr%t?aﬂ@f‘%t'%’reg Some ‘getﬁ"i tﬁeénqn}ﬂ“g‘fagé?ﬁrf%to usi ng

ink-jet pridikdrg Bfusd &-inleflophedirigsOaiahindtes! ds\@sscribéd bBod &spepiasipi bl e
that the prefabricated substrate may al ready contain one or nore of the
conponent s @MRAskCifqUirpsiaggemenisyNakke forRédsubstrate may contain, for

exanpl e, an array of conpleted inorganic transistor devices each having at
| east one exposed el ectrode. In this case ink-jet fabrication of an
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holes and conducting lines.

It is also possible that the prefabricated substrate may already contain one or
more of the components of the transistor devices. The substrate may contain, for
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)).

In 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



formng via-holes 52 (e.g. nmethanol) and a suitable material for formng
conductive tracks 53 and for filling via-holes (e.g. PEDOT). The ink-jet
printer maQolberoeperabl e under the control of a suitabl e pCogBmEd2
conputer, having know edge of the |ocation and configuration of the
transistors on the sheet. Then, by a g®nbination of via-hole formation and
I nterconnection steps the ink-jet printer can configure the circuit for
perform ng a desired electronic or logic function, by interconnecting the
transistors in the desired way. This technology thus allows for the
formation of 1ogic-specific circuits on substrates using snall, inexpensive
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o nal s e bREb Bl oo POt e Bation s Sn@RBibEgon! e Be Ml il ht
are rmgl toro];ald ctcmgigarel flhy dircait ffcbrnpab rfovmirgga d“ébneid elektdsic apudglc mr&ﬁu?natw y be
rinted on exi bl e i c substrates to, make m.co ent, for, use as
'Ito i ckets. V@@i%ﬁ%ﬁ‘% tg%%"ﬁﬂ%ﬁﬁ'ﬁ)@éﬁ? degiyed way. ZE@‘P? 0 gy% S aloys eyt han
for pricingh@rfofmdiinner MgidesesicTBclre dilyuberdted usiny anillMineXpetéive
Verification and reading of the circuits may al so be nade by renote

probi ng usidRgaradysS-exanpl e radi o frequency radiation (Physics World March

Examples of the application of such a circuit are for printing of active electronic
tickets, luggage and identification tags. A ticket or tag printing device may be
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 substrate 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.



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
si gni fi cawDlog/okTeas eased flexibility conpared to factory- ®@e3igpood4sizrcuits.
The present invention is not limted to the foregoi ng exanpl es. Aspects of
the present invention include all novah and/or inventive aspects of the
concepts described herein and all novel and/or inventive conbinations of
the features described herein. The applicant draws attention to the fact
that the present inventions may include any feature or conbination of
features disclosed herein either inplicitly or explicitly or any
generalisation thereof, without limtation to the scope of any definitions

set out ab &rd'eﬂntq]é‘\%lﬂg &tmma{ﬁﬂ r.eifa sgggrnqb%osés Wialy IbeliBbadtétent to a

person skil I'n e art that var| |f|ca|ons may be made within the
scope of tihe sm@ntwaynéleﬂmt@m/@m?(ﬁﬂglw teCcyquts 4pay also g mads by A

et hod. o1 Ll BRLPR AikiRE LkahBletRuBIRELEAY Bafkh fonyule! Wl icie,

electrlcally con emc uctlve mat’er 1 al ural i

regi ons, th‘I@QQopmeaM)on of the deV| ce utilising current flow froma first
region to a second region, the nethod conprising: formng a mxture by
m xing the material with a liquid; formng on the substrate a confi nenent
structure iTE watilig of fher €ndasae to ndefinef icirsditsabgasiofple hiek-gribptintinige oiind a

d d f. th
o cat or r erfEPTEN ron e Rle™s: e & pRHdEH AL it AariferffifeRBiedd 2o
in a third fexpiitpéorhpared b BHctary-desipaebdrduitom t he second area by the first

area, the first zone having a greater repellence for the mxture than the
third zone, and depositing the material on the substrate by applying the

m Xt ure overhe PRsent invention is not limited to the foregoing examples. Aspects of the
present invention include all novel and/or inventive aspects of the concepts
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.



substrate whereby the deposited material may be confined by the relative
repellence of the first zone to spaced apart regions defining the said
first andweadomm®4¥ egi ons of the device and being el ectri earigBisopaeat ed i n
their plane by neans of the relative repellence of the first zone and to
be absent fromthe first area of the ggbstrate so as to resist the flow
across the first zone of electrical current between the spaced apart
regions of the deposited material. 2. A nethod as clainmed in claiml1,
wherein the width of the first area between the second and third areas is
| ess than 20 microns 3. A nethod as clained in claim1l1l, wherein the width
of the fir<&LAIMSy between the second and third areas is |ess than 10
mcrons. 4. A nmethod as clained in claimany preceding claim wherein the
material  fior meda imethbé féﬁf&n%ﬁ@ﬁda }0BStEats €O GRGtrdMAE TeviReUNEIRdiAGthrdr ai n

el ectrodes of a transistor 01/ 047045 PCT/ GBOO 04942 46 5. A nethod as
cl ai med i n %eiGaAlY copduetivesPheeivandyctive dratgealosi 8 iRldakityr ofy ta9ians. g eri al
in the spachebstionefthd B6viseislishRatPentifeW froredfifth Pegiéh toha BBEdHIGegNC| ai Med
inclaimb5, wherein the further material deposited in the space between
the said sﬁa%gwtfm%?qmnr@mgons forms a channel of the transistor. 7. A

nmet hod as cl ai erial is electrically
conductive andrf’f'%ar éhdggl &ﬂ%Erttﬁ'rg ﬁgﬁ%&%lyltg?rrl{%ductl ve. 8. A nethod as
clai med in anyf@ming an ke subsirafe agesfisementhwructire irguding arfirall zane ing pol yner
mat eri al al i he
further m?g?tﬁggg%?%dg%%ﬁsla?éegﬁéjrO%cgﬂ Stef'%ﬁ 4 orij %Ra%of ngsru? g?trk}ed in
clai m9, whbe dirst Zohe Haymngha greatereepeallence fdretb@sﬂntwe tham thess¢apndaaenen a

liquidt hatand a i SUNRSh A8 drda bERR! dBYr LY stpggeé rbit th ¥&Bond area by

the first area, the first zone having a greater repellence for the mixture than the

third zone,

and depositing the material on the substrate by applying the mixture over the
substrate

whereby the deposited material may be confined by the relative repellence
of the first zone to spaced apart regions defining the said first and second regions
of the device and being electrically separated in their plane by means of the
relative repellence of the first zone and to be absent from the first area of the
substrate so as to resist the flow across the first zone of electrical current between

the spaced apart regions of the deposited material.

2. A method as claimed in claim 1, wherein the width of the first area

between the second and third areas is less than 20 microns

3. A method as claimed in claim 1, wherein the width of the first area

between the second and third areas is less than 10 microns.

4. A method as claimed in claim any preceding claim, wherein the material
formed in the said spaced apart regions forms source and drain electrodes of a

transistor.



11. A nmethod for formng on a substrate an electronic swtching device
including an electrically conductive or sem conductive material in a

pl ural i t ywofo1/onmgs ons, the nethod conprising: form ng a mPCTGRENOOYI4RI Xi NQ
the material with a liquid; formng on the substrate a confinenent
structure including a first zone in a 46irst area of the substrate and a
second zone in a second area of the substrate, the first zone having a
greater repellence for the m xture than the second zone, and a third zone
inathird area of the substrate spaced fromthe first area by the second
area, the third zone having a greater repellence for the m xture than the

second zone; and, de ting the mater on th bstr ing the
rxture ovel t neA TR o8 RS EGH0. 4, GamPres Gt pD.56 40mosne LrEED  ne
deposi ted rmatefibiah tiegpdee beerddnthd shid spaeed apat iegorsepel | ence  of the first
and third zones to the said second zone. 12. A nethod as clainmed in claim

11, wherein th f d 13. A
ot hod as. Ol ai neb TS 26 RS0 JREPET B bhee HEnuehet R albie i <

| ess than Xfe nip‘afcénsetwbén thensaibogbated chpdrtradgibns sfosm®fa ahannel afl thed 13,
wherein the mat r| al is electrically conductive. 15. A nmethod as cl ai ned
in clai mléf AR ein the material forns an interconnect. 16. A nmethod as
clained in claim 14, wherein the material forns a control electrode of the
transi stor %.he vmlm@tgedms cidimeld insclaiap@bivberetn thef finse nedtertpl dsieteetrically | ow

bet ween adj oi ions qf the device. thod as clainmed in claim
14 or 16, QBB&%‘? tﬁ%ﬁ@ﬁif%{ihqu} fl 'Sg%ﬁr%'co'éq'“g:ﬁ\’?'ode of a transistor.
8. A method as claimed in any of claims 5 to 7, wherein the further material is

a polymer material.

9. A method as claimed in any of claims 5 to 8, wherein the further material is

deposited from solution.

10. A method as claimed in claim 9, wherein the further material is deposited

from solution in a liquid that is not substantially repelled by the first zone.

11. A method for forming on a substrate an electronic switching device
including an electrically conductive or semiconductive material in a plurality of
regions, the method comprising:

forming a mixture by mixing the material with a liquid,;

forming on the substrate a confinement structure including a first zone in a
first area of the substrate and a second zone in a second area of the substrate,
the first zone having a greater repellence for the mixture than the second zone,
and a third zone in a third area of the substrate spaced from the first area by the
second area, the third zone having a greater repellence for the mixture than the
second zone;

and depositing the material on the substrate by applying the mixture over the

substrate;



18. A method as in claim17, wherein the wdth of the overlap region
between the gate el ectrode of the transistor and the source and drain

el ect rodewp o1nempecti vely, is less than 20 m crons. 19. Apaaid¢Bid/ossi2i n
claim17, wherein the width of the overlap region between the gate

el ectrode of the transistor and the soyyce and drain el ectrodes,
respectively, is less than 10 mcrons. 20. A nethod as clained in any of
claims 11 to 19, wherein the surface of the substrate is provided by a.
sel f -assenbl ed nonol ayer and at | east one of the first and second zones is
defined by patterning of the self-assenbl ed nonol ayer. WD 01/047045

PCT/ GBOQ' 04942 Whegeby1the depgsitrsimateri@) mayere P(PnftE‘Paltm the, relative &eRelleReE st ep of

patterning drlage &8t dnd %8%%@6tﬁ9@9u'das\é€6nd sorer formed by exposure to |ight

t hrough a shadow mask. . A nethod as clainmed in claim?21, wher ein the
step of patterning the se f- assenbl ed nmonol ayer s pfrfor med bringing
the substratde i Eibetes Gripedin dajm 15 vigsein sae width,g WScFe&Q”Q: PR i n any

precedi Nng qbk&y then WOShielonst he first and second =zones are forned on the
exposed surface of a |ayer deposited on a planar structural nmenber. 24. A
met hod as cl.ainmed in any precedjn m, wherein the_contact angle of the
Txtare e Th Gl s RN bataim By WSTERA Wi BoiIeatecageae st t he
mxture ineddwBagaoemeronsea. 25. A nethod as claimed in any preceding
claim wherein the contact angle of the mxture in the first area is

greater by 40 t e cont act angl e of the in.the s .ar ea.
To. A et hold as & MaeHaR B AP S HRETRal IO dReMOPTE e BHRHRLLS angi o

of the m@mmaupcbm&.vést ar ea is greater by 80 than the contact angle
of the mxture in the second area. 27. A nethod as clained in any
preceding C1|5‘?l ! mAV\'Pn%[h%Idn atshglalsr#é 6}r(%eclglm ﬂ? wherein the material forms an

interconnect.

16. A method as claimed in claim 14, wherein the material forms a control
electrode of the transistor the voltage on which is capable of influencing current

flow between adjoining regions of the device.

17. A method as claimed in claim 14 or 16, wherein the material forms a gate

electrode of a transistor.

18. A method as in claim 17, wherein the width of the overlap region between
the gate electrode of the transistor and the source and drain electrodes,

respectively, is less than 20 microns.

19. A method as in claim 17, wherein the width of the overlap region between
the gate electrode of the fransistor and the source and drain electrodes,

respectively, is less than 10 microns.

20. A method as claimed in any of claims 11 to 19, wherein the surface of the
substrate is provided by a self-assembled monolayer and at least one of the first

and second zones is defined by patterning of the self-assembled monolayer.



substrate is provided by a self-assenbl ed nonol ayer and at | east one of the
first and second zones is defined by patterning of the self-assenbl ed
nonol ayerw028/04mW43ret hod as clained in claim27, wherein tReTSIBP/ON42
patterning the self- assenbl ed nonol ayer is perfornmed by exposure to |ight
t hrough a shadow mask. 29. A nethod aggclainmed in claim?27, wherein the
step of patterning the self- assenbl ed nonol ayer is performed by bringing
the substrate in contact with a soft stanp. WO 01/047045 PCT/ GBOQO 04942
49 30. A nethod as clainmed in any preceding claim wherein the surface of
the substrate is provided by a non-polar material and at | east one of the

first and second zones i s defined b ace treatnment of the non-pol ar
pol ymer 31.2'A net A a%l"!ﬁ"ﬂ%‘a"] a@&ﬁn’(" grel %?Plofﬁét?mwgﬁa?é?”ﬁaterlaI

is a pol Y'ﬁbéﬂﬂbleEZmoﬁola?érHQQeﬁ&n@dad oéﬁfe%ﬁ@ﬁﬂtﬁrbugﬁ@@héd&h'ﬂéhs’khe step
of mechanically rubbi ng t he pol y| m to pr ormt e nol ecul ar alignnent of

t he polyi m de. asc |S|n the step of
optically t4eat i’?\ﬁ‘eﬁ? F gfl OWB?@' e%tﬁfl) Qfmét?rﬁmenf’ S6H- t he

pol yi mi de. a%éemBleG'Ethtﬂfbla’:}%rGé @bﬂ@rﬁhddnbyﬂ bBhghGAhe BOBStRItE ifi ltentaut tbea
treatnment is_etching. 35. A nmethod as clained in claim30, wherein the
surface tr SRR s plasma treatnent. 36. A nethod as clained in claim
35, wherein the plasma is carbon tetrafluoride and/or oxygen plasma. 37. A
met hod as ci3ai rretdnienhad aér, Eﬂaﬁﬂed eryqiracéd*mg slaini, agiteréingat fiesttand Gepondes

exposure to ul travi oI gn}?.r d hod A3 IcI ai ged |tn a%ﬁ/ of| clainms 30
to 37, wher®@NfS t#e QEW SRethsr exppsed; ?h@y%re BRI AT a381aNA" pt hod
as in any pteeeedlntesbati m wherein the fi rst zone induces an aligned
nol ecul ar structure of the sem conductive or electrically conductive

24. A method as claimed in any preceding claim, wherein the contact angle of

the mixture in the first area is greater by 20° than the contact angle of the mixture

in the second area.

25. A method as claimed in any preceding claim, wherein the contact angle of
the mixture in the first area is greater by 40° than the contact angle of the mixture

in the second area.

26. A method as claimed in any preceding claim, wherein the contact angle of
the mixture in the first area is greater by 80° than the contact angle of the mixture

in the second area.

27. A method as claimed in any preceding claim, wherein the surface of the
substrate is provided by a self-assembled monolayer and at least one of the first

and second zones is defined by patterning of the self-assembled monolayer.

28. A method as claimed in claim 27, wherein the step of patterning the self-

assembled monolayer is performed by exposure to light through a shadow mask.

29. A method as claimed in claim 27, wherein the step of patterning the self-
assembled monolayer is performed by bringing the substrate in contact with a

soft stamp.



material. 40. A nethod as clainmed in any preceding claim wherein the first
zone is capable of inducing alignnment of polynmer chains in the said

el ectri cawbyioondgucti ve or sem conductive pol yner. WO 01/,Q47BbS/04942

PCT/ GBOO/ 04942 50 41. A nethod as in clained in any preceding claim
wherein the first zone is capable of gaducing alignment of the chains of a
pol ynmer material deposited over the first zone. 42. A nethod as clained in
claim40, wherein the said alignnent is in a direction running between the
second and third zones. 43. A nethod as clainmed in claim4l as dependant
directly or indirectly on claimb5, wherein the said chains are chains of
the said fyrther mater

t hod . di I
whor et nollsa o BTRLERd B ged o ik e, IR KR VR ROR S s

deposi ted tsmémel|§tpr@kﬂ@@cslbylamonfbalarﬁnatetuéloahoast ozt oRe ofrtherfystpam:edl ng
claim wherein the said electri g_ condu &]&ve or sem conductive pol yner
i s deposi t S§CBYA Fonesjiggeingdmy; Wéfaacﬂ ealinent OF 5§ NO-RAIELRAMINE™ ¢l ai m 44 or

45, wherein the mndth of at |east one of the zones is snaller than the
dropl et di @71et erA fresthed dsnclalmteds & dlairmk3g, evhgreinnthengon-pdlap material As reet hod as
clainmed in cla|n145 or 46, wherein the boundary between the first and
second zond9MMBi98pt i cal Iy distinct, and the method includes the step of
optically detecting the boundary between the first and second zones and

| ocating i32k-j eA nsthod iasgclaipear it claint 1atcomgrisiagtthe steyh <if rmad¢ehanically
dependence o any preceding

1t hat t
cl ai m wher HbPIPG, Qqﬁiﬁ?‘?‘f?atpé)f?rﬁptel @éﬁﬁﬁlbﬁ&gﬁg\enfgﬁhe/gowﬁl A8d as claimed in

any of clains 1 to 44, wherein the first material is a conjugated polyner.
33. A method as claimed in claim 31, comprising the step of optically treating

the polyimide to promote molecular alignment of the polyimide.
34. A method as claimed in claim 30, wherein the surface treatment is etching.

35. A method as claimed in claim 30, wherein the surface treatment is plasma

treatment.

36. A method as claimed in claim 35, wherein the plasma is carbon

tetrafluoride and/or oxygen plasma.

37. A method as claimed in claim 30, wherein the surface treatment comprises

exposure to ultraviolet light.

38. A method as claimed in any of claims 30 to 37, wherein the said one of the

zones is the second zone.

39. A method as in any preceding claim wherein the first zone induces an
aligned molecular structure of the semiconductive or electrically conductive

material.

40. A method as claimed in any preceding claim, wherein the first zone is
capable of inducing alignment of polymer chains in the said electrically conductive

or semiconductive polymer.



50. A nethod as clainmed in any of clains 1 to 48, wherein the first

material is an inorganic particulate material capable of suspension in the
said | i quwa.01M008L/ 047045 PCT/ GBBOO 04942 51 51. A | ogi ¢ ecraBob/o4despl ay
or nmenory device formed by the method of any preceding claim 52. Alogic
circuit, display or nmenory device conpsgsing an active matrix array of a
plurality of transistors forned by the nethod of any preceding claim

41. A method as in claimed in any preceding claim, wherein the first zone is
capable of inducing alignment of the chains of a polymer material deposited over

the first zone.

42. A method as claimed in claim 40, wherein the said alignment is in a

direction running between the second and third zones.

43. A method as claimed in claim 41 as dependant directly or indirectly on

claim 5, wherein the said chains are chains of the said further material.

44, A method as claimed in any preceding claim, wherein the said electrically

conductive or semiconductive polymer is deposited by droplet deposition.

45. A method as claimed in any preceding claim, wherein the said electrically

conductive or semiconductive polymer is deposited by ink-jet printing.

46. A method as claimed in claim 44 or 45, wherein the width of at least one of
the zones is smaller than the droplet diameter formed in the said ink-jet printing

step.

47. A method as claimed in claim 45 or 46, wherein the boundary between the
first and second zones is optically distinct, and the method includes the step of
optically detecting the boundary between the first and second zones and locating
ink-jet printing apparatus relative to the substrate in dependence on that

detection.

48. A method as claimed in any preceding claim wherein the first material is a

polymer.

49. A method as claimed in any of claims 1 to 44, wherein the first material is

a conjugated polymer.

50. A method as claimed in any of claims 1 to 48, wherein the first material is

an inorganic particulate material capable of suspension in the said liquid.
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51. A logic circuit, display or memory device formed by the method of any
preceding claim.

52. A logic circuit, display or memory device comprising an active matrix array
of a plurality of transistors formed by the method of any preceding claim.



