13; AUG 2003 ALI GNED POLYMERS FOR AN ORGANI C TFT Thi s |nvent|og ﬁl ates to
al i gned polyners, especially aligned polyners suitable for Usev0Bes
such as polyner thin filmtransistors, and nethods of aligning polynmers.
The aligned polymers are preferably substantially parallel aligned,

i quid-crystalline conjugated polyners. Sem conducting conjugated pol yner
field-effect transistors (FETs) have potential applications as key

el enents of integrated logic circuits (C. Drury, et al., APL 73, 108

(1998)) and opt oel GQIIVI@INEDWLWEQ'EJF@RVAN@ﬁ@B!@I(?TFT' , Science 280,
1741 (1998)) based on solution processing on flexible plastic substrates.

One main criterion to obtain high charge carrier nobilities has been found
to be a high degree of structural order in the active sem conducting

pol ymer. ey m%@ﬁﬁormtm&rt@ dligned ponaBrst @sB@c@ﬂ%&l@ﬂm@d belyidyeaitaiedyd al
alignment of the polynmer chains in thin fil usi ng processing

t echni quesesincHedses anghuis -p@yoaydhin ’(IUB)tr&I@m@iSL mmﬂ (ﬂwih@}ﬁﬂs érfodlgnintthem

Mat 2284 tch I t

1388r(19§9j>5mer5r(?13@05hgn%$ EeEh i A e =Rl SHEeC T PorR el et
al . ,_Appl;l _ r’ﬁstaﬂlﬁietcorﬁl]gatﬁa%h(rﬂ@%)) Pol ymer FET devi ces have been
fabri cate with uniaxially aligned polynmer filns fabricated by stretch

alignnment ((P. Dyreklev, et al., Solid State Conmunications 82, 317

(1992)) 300k BoERS L flaSe FA N IR B hens Tl PRLLEE i 210
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achi eved maki ng use of the tendency of sone polynmers to sel f - or.gani se.
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For some polymers it is known to be possible to induce uniaxial alignment of the
polymer chains in thin films by using processing techniques such as Langmuir-
Blodgett (LB) deposition (R. Silerova, Chem. Mater. 10, 2284 (1998)), stretch
alignment (D. Bradley, J. Phys. D 20, 1389 (1987)), or rubbing of the conjugated
polymer film (M. Hamaguchi, et al., Appl. Phys. Lett. 67, 3381 (1995)). Polymer
FET devices have been fabricated with uniaxially aligned polymer films fabricated
by stretch alignment ((P. Dyreklev, et al., Solid State Communications 82, 317
(1992)) and LB deposition (J. Paloheimo, et al., Thin Solid Films 210/211, 283
(1992)). However, the field-effect mobilities in these studies have been low
(< 107 cmPVs).

Local order in thin polymer films can be achieved by making use of the tendency
of some polymers to self-organise. An example is poly-3-hexylthiophene (P3HT)
in which lamella-type ordered structures can be formed by phase segregation of
rigid main chains and flexible side chains. By using suitable deposition techniques
and chemical medification of the substrate it is possible to induce preferential
orientations of the ordered domains of the polymer with respect to the substrate

surface. At present P3HT yields the highest known field-effect mobilities of



1 3 AUG 2003 2 0.05-0.1 cnR/Vs for polymer FETs (H. Sirri nghafJf%,A;qe@ ?JI[B’

Sci ence 280, 1741 (1998)). In these known devices there is no”
preferential, uniaxial alignment of the polynmer chains in the plane of the
film Sone conjugated polynmers and small nol ecul es exhibit
l'iquid-crystalline (LC) phases. By definition, a liquid-crystalline phase
is a state of matter, in which the nolecules have a preferenti al
orientation in space. This alignnent s conventionally regarded as being
alignment with respect to a vector called the director. Unlike in the

solid, crystalline state the positiops.of the nolecul gs.in t hase
are rana&ﬂ—@-1cﬁr§%ﬁfisbtﬁfe80|iyﬁ‘%t Eéiés@noﬁﬁr‘?@kﬁ%&i%n?tjé&w | nggg’nH? ﬁz type
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| ong- r pagencardhaisin thiegblane détheblim.no positional order. Smectic phases are

characterized by a two-di nensional (2D) |ayered structure, in which the
nol ecul es self-assenble into a stack of |ayers each with a uniform
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A e e S rer et g it AN eBUBESS (RuchIaheblc Abnadéd Uk 371,
characterized by a two-dimensional (2D) layered structure, in which the molecules
self-assemble into a stack of layers each with a uniform orientation” of the
molecules with respect to the layer normal, but either no positional order or a
reduced degree of positional order in the 2D layers. LC phases occur mainly in
polymers / molecules with a significant shape anisotropy. Examples of conjugated
LC polymers are main-chain polymers with a rigid-rod conjugated backbone and
short flexible side chains, so-called hairy-rod or rigid-rod polymers. Examples are
poly-alkyl-fluorenes (M. Grell, et al., Adv. Mat. 9, 798 (1998)) or ladder-type poly-
paraphenylenes (U. Scherf, et al., Makromol. Chem., Rap'id; Commun. 12, 489
(1991)). Another type of LC polymers are side-chain polymers with a flexible non-
conjugated backbone and rigid conjugated units in the side chains.

A special class of liquid-crystalline organic molecules are disc-shaped molecules
with a rigid 2D conjugated core and flexible side chains such as
hexabenzocoronenes (HBC) (P. Herwig, et al., Adv. Mater. 8, 510 (1996)) or
triphenylenes (D. Adam, et al. Nature 371, 141 (1994)). They tend to form so-

called discotic mesophases in which 1-dimensional columns are formed by r—n

stacking of the disc-shaped conjugated cores (Fig. 8).



call ed discotic nesophases in which 1-di nensional colums are] foaA®d?(BE n-n
stacki ng of the disc-shaped conjugated cores (Fig. 8. 13 AU G 2003 3 LC
phases typically occur at elevated tenperatures in the undiluted organic
material (thernotropic phases) or if the organic material is dissolved in a
solvent at a sufficiently high concentration (lyotropic phases) (see, for
exanple, A°M Donald, AH Wndle, Liquid Cystalline Polyners, Canbridge
Solid State Science Series, ed. RW Cahn, E A Davis, |I.M Ward,

Canbri dge University Press, Canbridge, UK (1992)). LC polynmers can be
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pol yi m decé%ng@@u;( (qgggp , Adv Mat 9, 798 (1998)), a layer evaporated
at an oblique angle onto the substrate, or a layer wth a grooved surface.

For a review of the varl ous techni ques which can be used to ali gn LC
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l'i quid-crystalline po rs have een I ncorporated as active
the LC polymer onto a substrate with an alignment tayer exhibiting a uniaxial

anisotropy in the plane of the substrate. The alignment layer may be a
méchanically rubbed organic layer such as polyimide (M. Grell, et al., Adv. Mat. 9,
788 (1998)), a layer evaporated at an oblique angle onto the substrate, or a layer
with a grooved surface. For a review of the various techniques which can be used
to align LC molecules see for example, J. Cognard, J. Molec. Cryst. Lig. Cryst.
Suppl. Ser. 1, 1 (1982). '

A particularly attractive technique is photoalignment which is less prone to
mechanical damage than rubbing. A photosensitive polymer is polymerized by
exposure with linearly polarized light. The plane of polarization of the light defines
a preferential orientation of the chains of the photosensitive polymer. Such layers
can be used as alignment layers for a broad range of polymer and small molecule
liquid crystals (M. Schadt, et al., Nature 381, 212 (1996)). _

Uniaxially aligned liquid-crystaliine polymei’s have been incorporated as active
light-emissive layers into polymer light emitting diodes to produce linearly
pelarized light (M. Grell, et al., Adv. Mat. 9, 798 (1998); G. Liissem, et al., Liguid
Crystals 21, 903 (1998)). |



| ight-em ssive layers into polyner light emtting diodes to pr odicdUb 2003
linearly polarized light (M Gell, et al., Adv. Mat. 9, 798 (1998); G
Lussem et at., Liquid Crystals 21, 903 (1996)). 13 Al.; a 2003 4 EP 0786
820 A2 discl oses the device structure of an organic thin filmtransistor in
whi ch the organic sem conducting layer is in contact with an orientation
film such as a rubbed polyimde |ayey. The orientation filmis intended
to induce alignnent of the organic sem conducting |ayer when the latter is
deposited on top of the orientation film However, for nost organic
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pol yner, the od conpri si ng aligning the chains of the polyner parall el
to each m‘tdmatldwﬁib“rusngntﬁgﬁtcmtrb@ltr;dme alignoteant linh the dﬁgan}cssamquff@u E?%i

This aspect of the invention also provides an el ectronic device for rred by
such a method. According to a second aspect of the present invention there

i's provi %@@1 0@1@%%6%@99?%9@@ d?s?é(d)éleg Al @ UTdidetnintg aaEnyVrﬂaH foler in
whi ch the polynmer chains have been aligned parallel to each other

bringi ng etfmt reingister inkelwing buiiding dpca 9@tsa+h|nkﬁé |pyerserugvesr end s fme@h@

chai ns ar igned paralle Q_eac Th t i may
Sur tabl y Seorbigs radnigtaTieshin e L ghmert Ealh RUSRR plhut i RO
local i sednglcgnalerfo% pﬁfdr@cﬁ‘%@lhh@ﬁde@@gmﬂﬁrc@trﬁé pEeriabky over a wider extent,
the parallel alignment of the polyner chains indicates a single axis of

al i gnnent .
According to one aspect of the present invention there is provided a method for

forming an electronic device having a semiconducting active layer comprising a
polymer, the method comprising aligning the chains of the polymer parallel to
each other by bringing the polymer into a liquid-crystalline phase. This aspect of

the invention aiso provides an electronic device formed by such a method.

- According to a second aspect of the present invention there is providedian
~electronic device having a semiconducting active layer in which the polymer
chains have been aligned paralle! to each other by bringing the polymer into a

liquid-crystalline phase. Preferably the chains are aligned parallel to each other.

The alignment of the chains may suitably be referred to as uniaxial alignment
since at least-within a localised domain of orientation, and more preferably over a
wider extent, the parallel alignment of the polymer chains indicates a single axis of

alignment.

The electronic device is suitably a switching device. The electronic device is
preferably a transistor, most preferably a thin-film transistor. The device may thus

be a polymer transistor.



The el ectronic device is suitably a switching device. The elecqr@nA@Pqﬁm3ce
is preferably a transistor, nost preferably a thin-filmtransistor

device may thus be a polyner transi stor. 19 AUG 2003 5 The said

| i quid-crystalline phase may be a nematic phase or a snmectic phase. The
step of bringing the polyner into the liquid-crystalline phase suitably
conprises heating the polyner. There ig preferably a subsequent step of
cooling the polymer to fix its structure. That cooling is preferably
sufficiently rapid that the polynmer retains the said alignment in a

pr ef er r ed heriaa iiqliddiryeetinerprakeanay be a ceokiioghathercovheoic pagshe
sufficiently rapid that the polyner is in an anorphous, glassy state after
the cooling. The cooling may involve quenching the polynmer. The cooling is

pref er abhy, f iy a@%ﬁgmgo%és?oxkﬁ%msm Othd QigRR- a4t pﬁ&% RRJitsBES . The

cooling is COI’] eni ent t tenperature, for exanple room
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uni axi al rﬁngtﬁHﬁ?ﬁraW% e area of the electronic device. However,
per f or mance i nprovenents may

The said method may comprise forming source and drain electrodes of the
transistor in locations relative to the active layer such that the channel of the
transistor is oriented parallel to the alignment direction of the polymer chains.
Accordingly, the said device may have a channel that is oriented parallel to the

alignment direction of the polymer chains.

The method preferably comprises depositing the polymer on top of an alignment
layer capable of inducing the said alignment of the polymer. The method
preferably comprises the step of forming the alignment layer, for example by

mechanical rubbing of a substrate.

Preferably the paralle! alignment of the polymer chains extends over a distance /
domain size of at least 100 nm and more preferably at least 1-um, most preferably

atleast 10 um.

It is preferred that the polymer chains have moncdomain, uniaxial alignment over
the area of the electronic device. However, performance improvemenis may
alreédy be obtained if the alignment occurs only locally, that is, if the polymer is in
a multidomain configuration with several domains with randomly oriented directors

located within the active area of the device. In each domain the polymer chains



al ready be obtained if the alignment occurs only locally, that {s, AU ptig
polymer is in a nmultidomain configuration with several domains with
randomy oriented directors |located within the active area of the device.
In each domain the polynmer chains 1 3 AlJ 2Q03 6 woul d be aligned
uniaxially parallel to the director, when brought into the LC phase. To
produce filnms in a nultilayer configugation no alignnent |ayer is needed.
The pol yner may be a seni conducting pol ymer. The polyner may be a rigid-rod
|'i quid-crystalline polyner. The polynmer may be a conjugated. pol r. The
pol ynerwaeld be alignsidy tnigsdaliyeppsilighie the glirestamprieen Dsepgmt e é%‘g‘?—rﬁ)rm-

ol ymer ,or_a pol yflyore based Dl 0 - Th f.or
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deposi tggedadpm sol ution. It is preferred that it is soluble in a non-polar -

organic solvent, but is insoluble in a polar solvent. The nethod may al so
conprise the step of formng an active interface of the transistor by
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is not selhgubergThe sol ution deposition of the second polynmer |ayer is
preferably perforned after the said alignnent step. The second |ayer nmay

be soluble in an al cohol solvent, such as isopropanol or butanol. It may
npr i i nyl | ) t i i -al
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preferred that it is soluble in a non-polar organic solvent, but is insoluble in a polar

solvent.

The method may also comprise the step of forming an active interface of the
transistor by solution deposition of a second polymer layer. That second polymer
layer may be deposited on top of a solution-processed polymer layer that has not
been converted into an insoluble form prior to the deposition of the second
polymer layer. The solution-processed layer may be the aforesaid aligned layer

and/or semiconductor active layer.

The second layer may provide a gate insulator of the transistor. The second layer
may be deposited from a polar organic solvent in which the said solution-
processed polymer layer is not soluble. The solution deposition of the second
polymer layer is preferably performed after the said alignment step. The second
layer may be soluble in an alcohol solvent, such as isopropanol or butanol. it may

comprise polyvinylpheno! (PVP).

An aspect of the present invention also provides a logic circuit comprising a
transistor as set out above. Such a logic circuit may also include at least one

optical device. An aspect of the present invention also provides an active matrix



transi stor as set out above.

one opti

active matrix 1 3 AUG 2003 7 display conprising a transistor as set out
above, for exanple as part of voltage hold circuitry of a pixel of the

~di spl ay.
provi ded

According to a further aspect of the present invention there is

a nethod for formng an el ectronic device (for exanple a

transi stor) conprising the step of formng an active interface of the

devi ce by
sol uti on-

sol ution deposition of a polymer layer directly on top of a
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According to a further aspect of the invention there is provided a method for
forming an electronic device having a semiconducting active layer comprising a
polymer, the method comprising the step of bringing the polymer into a liquid-

crystalline phase.

According to a further aspect of the invention there is provided a method for
forming an electronic device having a semiconducting active layer comprising a
polymer, the method comprising aligning the chains of the polymer within domains

by bringing the polymer into a liquid-crystalline phaée.

A method for forming an electronic device having a semiconducting active iayer
comprising a polymer, the method comprising aligning the chains of the polymer
as a monodomain-oriented in a preferred uniaxial direction within the layer of the

electronic device by bringing it into a liquid-crystalline phase.

Preferred aspects of the said further aspects of the invention include analogously

all those set out above in relation to the other aspects of the invention.

fISHRY i nvention there is provided a method

ose set out above in relation to

Such a logic circuit may al so incltudeh8t pP@dst
cal device. An aspect of the present invention also provides an

in



13 AU 20 3 8 The present invention will now be described by wayidf Aéxarfie
with reference to the acconpanying drawings, in which: figure 1 is a
schemati c di agram of the top-gate device configuration for LC polyner TFTs
and orientation of the devices on the substrate with respect to the
rubbing direction; figure 2 shows the pol arized optical absorption spectra
of a uniaxially aligned T2/PVP TFT ngasured in the netal-free regions with
pol ari zation of the 1light parallel and normal to the rubbing direction;
figure 3 shows an optical mcrograph of an aligned T2/ PVP TFT viewed under
cr ossed Tpel pebeer mwveiitien sdlnce mEndestrived &) ealraddesmpe aviteféfaerhagyto

phot ol i t hography (Channel length L = 20 n); figure 4 shows a schematic

di agr amiift 26eRTBANYIAY AN NGSpIg4RiEN (b) TFT configurations; figure 5 shows

out put  char a&té;ﬁFé. §lik Cassca{en':f‘aﬂco&l'agﬁatrﬁ of ik {da%xgafg':a_e\ﬁ Ronfih@asiopuBsLLAL €;

figure 6 sho out put characteristics transter characteristics (b)

of an ablynedTFop-ayat eidiRaiRPolTRE déviceR bornthe cubsirete wittit fespeet 1D Bien) ;
figure 7 shows saturated (a) and linear (b) transfer characteristics of

T2/ PvP TeRINGidiRCEARNnel s oriented parallel and normal to the rubbing

qriection . {inglrd Htholleirl Dfdhizeh! b Sshiio Wpebirhust o @rbidlhe

discotic liqu crystal no enzocoronene (HBC) and the desired
or i ent atlignedfTA/R¥PATET aheaswret untibe onetal-freeakppmsentth |ppj@nizationhot ¥epect to

the directjon of in-gl ane FET CQLPBE; e transport; and figure 9 shows
al t er nat'B0EPRGES 2RM BPIBAOEe igﬁgﬁe%‘i’yrrer TFTs. The present nethod

For exani e, 0 ShT & O B ey RO A e owedr use:
under crossed polarizers. The source and drain electrodes were defined by
photolithography (Channel length L = 20 pm);

figure 4 shows a schematic diagram of bottom (a) and top-gate (b) TFT
configurations; .

figure 5 shows output characteristics of a top-gate P3HT/PVP TFT on a
glass substrate;

figure 6 shows output characteristics (a) and transfer characteristics (b) of
an aligned top-gate T2/PVP TFT (L = 210um, channel width W = 1.5mmj,

figure 7 shows saturated (a) and linear (b) transfer characteristics of
T2/PVP TFTs with channels oriented parallel and normal to the rubbing direction
(L =210pm, W = 1.5mm);

figure 8 shows the structure of the discotic liquid crystai molecule
hexabenzocoronene (HBC) and the desired orientation of the discotic columns on
the alignment layer with respect to the direction of in-plane FET charge transport;
and

figure 9 shows alternative configurations for aligned polymer TFTs.

The present method provides a means of forming uniaxially aligned polymers
suitable for use, for example, as an active semiconductor fayer in an electronic
device such as a transistor — especiaily a polymer thin film transistor (TFT). The

method involves alignment of the polymer by means of a liquid crystai phase.



device such as a transistor - especially a polynmer thin f|In1trpqu5@ogm3
(TFT). The nethod involves alignnent of the polyner by means of a liquid
crystal phase. 13 4U G 2003 9 In a device such as a TFT formed with such
pol yner as the active layer, current flowis suitably either
preferentially along the polyner chains or preferentially normal to the
pol ymer chains (Fig. 1). This can allowuseful uniformty of charge
“transport- properties in the relevant direction. The nethod is described

bel ow vvlth specific reference to pol yfluorene-based honopolyners such as
pol y- 9, 9-18i d&keyice sens 3 Ha] fampehMidKkswops! yWﬁ@sStb@rﬁCiag layer, current
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.and LC pdrémaRat prqpegg%s iPrtherelgientiEgdioned step of the nethod a pol ymeric
‘gate insulator may be deposited by sol ution-deposition on top of the

al i gned sem conductive polynmer formng an abrupt active interface between

t he sem cpmsluntthiodaisd deberibars WetdwwrwitThpetifibr icfatenes ©f patyflabrareedapsad yner
FET having a top-gate thin filmtransistor (TET) configuration will now be
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65 C for 15 mn and 300C for 1 his polyi m de precursor was sel ected for
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on a mechanl caI drumto allow it to act as an alignnment |ayer as will be
descri beo‘ bel ow. A sui ta? groced re for form such an %{ nrrent Iayer
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forming an abrupt active interface between the semiconductor and the insulator.

The fabrication of an aligned polymer FET having a top-gate thin film transistor
(TFT) configuration will now be described. (See figure 1). Other devices and
devices of other formations may alternatively be made. In a first step a thin
(500A) polyimide precursor film (Merck ZL! 2630 Polyimide kit) is spin-coated onto
a glass substrate (7059 glass, Corning) and converted to polyimide by heating at
65 °C for 15 min and 300°C for 1 h. This polyimide precursor was selected for its
high thermal stability and glass transition temperature providing good alignment
capability at elevated temperature. Other materials may be used. Then the
polyimide film is rubbed mechanical'v with a nylon cloth mounted on a mechanical
drum to allow it to act as an alignment layer as will be described below. A suitable
procedure for forming such an alignment layer is described in M. Grell, et al., Adv.
Mat. 8, 798 (1998). Care is preferably taken to minimize the particle contamination
during the rubbing process as particles are believed to be primarily responsibie for

device failure and gate leakage in finished devices



during the rubbing process as particles are believed to be pri mqrg’ lM?'G 03
responsible for device failure and gate | eakage in finished devices "1 Zig,
AUG 2003 10 Ot her techniques to fabricate the alignnment |ayer could be used
as well instead of the above technique. A particularly attractive

techni que is photoalignnment, as it does not involve any nechani cal
treatnments of the alignnent |ayer thatTHay cause nechanical damage to the
filmand reduce the yield of devices (M Schadt, et al., Nature 381, 212

(1996) . d source-drain, el ectrodes are.then defined on the ..
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the gold electrodes |ift-of techniques are preferred. Direct etching of
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lift-of f Naghnsgvesid nogaich the surface of the polyimde is only exposed
to the acetone solvent with which the photoresist and the gold filmis

lifted-off, the alignnment of the LC polyners between the source and drain
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direct iRighket by i BUAPG=E6n athesifhictd NGhBabWTEmMAHRChoAS by  conventional
pol yet hyl enedi oxyt hi ophene doped with pol ystyrene sulfonate (PEDQI/ PSS)

may be usbelolithodmaehy iy themiiciitees @ehiceatiening ddhppst elecliibrienlited TFT
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the polynmer filmis on the order of 150-1000 A. Thin polyner filns are

pr ef er r e®Vt Brodificatian & henpalytmiflesswitage ewhenf expesashts e BIChiRaropBion of

charge C?ééﬂfrrégigs].rmﬂhiﬁ-off—techniques in which the surface of the polyimide is only
exposed to the acetone solvent with which the photoresist and the gold fim is
lifted-off, the alignment of the LC polymers between the source and drain
electrodes (Fig.3) was as high as on plain substrates without source-drain

electrodes.

Other deposition and patterning of the electrodes such as direct ink-jet printing of
a conducting polymer such as polyethyienedioxythiophene doped with polystyrene
sulfonate (PEDOT/PSS) may be used. On the same substrates devices are
defined in which the TFT channel is either paraliel or perpendicular to the rubbing

direction.

As the next step the LC semiconducting polyfluorene polymer is deposited by
spin-coating from a 1 weight % solution in mixed xylenes. The thickness of the
polymer film is on the order of 150-1000 A. Thin polymer films are preferred to
minimize contact resistance effects caused by transport of charge carriers through
the bulk of the semiconducting film from the source-drain contacts to the active
interface. The polymer film is then heated into its LC phase at 200 °C for 24-48 h
(F8) and 280 °C for 1-15 minutes (F8T2), respectively. During the annealing the

polymer aligns on the surface of the rubbed polyimide surface. The films are then



the bul k of the sem conducting filmfromthe source-drain contac%s 1Ot ham3
active interface. The polyner filmis then heated into its LC phase at 200
Cfor 24-48 h (F8) and 280 C for 1-15 mnutes (F8T2), respectively. During
t he annealing the polynmer aligns on the surface of the rubbed polyimde
surface. The filnms are then AU G 2003 11 brought into a glassy state by
rapi d quenching to roomtenperature. The quenching is performed by quickly
noving the substrates fromthe hot stage onto a netallic surface at room
tenperature- The quenching step is thought to preserve the UnIaXIﬁé
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st r onger-cbataningte thwkarfacedfihs qddlyahet dilrh hy rpabfbrmgng tier eahéaimgt stapsf or
| i ght pol arized perpendicular to it. Since this optical transition is
pol ar i zeBIBFIIRYANETHET {REST BREIAIMASPRBIR:| ude that the pol ymer chains are
aligned parallel to the rubbing direction. The dichroic ratio estimated
fromthe absorption spectrais 9.6, which is a neasure of the high degree
of. uni axiTal furﬁieirgimmrtceofhd htruuul'ammrdefiih rtheF[b(gym%r fivawsndrhepeigeed of
m crogrth of .the channel %I on of ? onpl eted TFT
niaxial alignment addm [ annealing steps at lower temperatures may be
performed. The sample may also be kept in a saturated solvent atmosphere at

- elevated temperatures after the alignment.

Fig. 2 shows optical absorption spectra measured in the metal-free regions of the
completed TFT substrate. The absorption between 2.5-3 eV belongs to the T2
polymer. The absorption is stronger for light polarized parallel to the rubbing
direction than for light polarized perpendicular fo it. Since this optical transition is
polarized along the polymer chain we conciude that the polymer chains are
aligned paraliel to the rubbing direction. The dichroic ratio estimated from the
absorption spectra is ~ 9.6, which is a measure of the high degree of uniaxial

alignment of the polymer film. -

Fig. 3 shows an opticai micrograph of the channel region of a completed TFT
device with a uniaxially aligned T2 layer. The image is viewed in reflection mode
through the glass substrate. Under crossed polarizers the interdigitated gold
source-drain electrodes appear dark. If the polarizers make a 45° angle with the
rubbing direction s (paraliel to the channel length L) the plane of polarization of
the incident light is rotated when passing through the uniaxially aligned polymer

film and some of the reflected light can pass through the second polarizer. As a



device with a uniaxially aligned T2 |layer. The inmage is viemedﬁfm AUG ﬂm%
reflection node through the glass substrate. Under crossed polafizers the
interdigitated gold source-drain electrodes appear dark. |If the polarizers
make a 45 angle with the rubbing direction s (parallel to the channel

| ength L) the plane of polarization of the incident light is rotated when
passi ng through the uniaxially aligned2polyner filmand sonme of the
reflected |ight can pass through the second polarizer. As a "1 3 Ali G 2003
12 consequence the fil mappears bright in between the dark source drain
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of a gate insulating layer and a netallic gate el ectrode on top. In order

to al | owpbhenerfcitging ate alipnsid uniaxiehuinsthetahenerbah®e dnit-he top surface of
the aligned LC polynmer filmsone critical problens had to be sol ved. For
the formation of a device having optinmal electrical properties it is

greatly preleffeethroarsiingt ahfieannstgingy iskepd ayfetise asignment difss vactiveor
swel l ed by the solvents used for the deposition of the gate |nsgl at ofr and
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thick interfacial |ayer at the interface hetween the activ semh%onduct or

and the §hnsommsaritgamrofesehachto baselredl RPT Bif 10878HON ST o RS NPKEY
per for manee o ofdriddi broferdiss Rl oREPretdied (a) that the underlying layers are

not dissolved nor swelled by the solvents used for the deposition of the gate
insulator and (b) that at the same time the wetling properties of the solutions on
the underlying layers allow the deposition of smooth and continuous insu[ating_

films.

It should be emphasized that preferred feature (a) is particularly critical since the
current flow in ‘a TFT is confined to a typically 10 nm thick interfacial layer at the
interface between the active semiconductor and the gate insulator, where the
accumulation layer is formed. The performance of the TFT is determined by the
structural and electronic properties of this interfacial layer, whereas the properties
of the bulk of the semiconductor layer are of secondary importance only. The
performance of the TFT is very sensitive to- the structural properties and
abruptness of the active interface. Any intermixing between the semiconductor
and the insulator during the solution deposition will result in high interfacial

roughness and degradation of the electronic properties of the accumulation tayer.



structural and el ectronic properties of this interfacial |ayer, herggaspgihe
properties of the bulk of the sem conductor |ayer are of secondary

i nportance only. The performance of the TFT is very sensitive to the
structural properties and abruptness of the active interface. Any
“interm xi ng between the sem conduct or ?gd the insulator during the
solution deposition will result in high'Tnterfacial roughness and
degradation of the electronic properties of the accumulation layer. 1 3 AU
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general to solution processed, all-polymer TFTs with top-gate structure
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chem cal h@gq&ion to forma nore rigid polymer backbone or a cross- |inking
reaction. “THe ebnversion usual ly involves a heat treatnent and/or exposure
to a chemi cal reagent. To fabricate bottomgate all-polymer TFTs

precursor-route insulating | age_rs (Fig. 4a) such as polyimde (Z Bao, et
al ., Chenfrewaus appragades(iedeiygathalepBwear iEdd haverusedprgatsatevitiessA
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insulati n% pol ynmers. For many pol é_‘r‘;er s, such as high-nobili
pol y- 3- heX Bt RPOYHSIGS MPsHRYOlNE Hia tedipisatinme @ifr soltbilisiige sidg groups, an

intrachain chemical reaction to form a more rigid polymer backbone or a cross-
linking reaction. The conversion usually involves a heat treatment and/or
exposure to a chemical reagent. To fabricate bottom-gate all-potymer TFTs
precursor-route insulating layers (Fig. 4a) such as polyimide (Z. Bao, et al., Chem.
Mat. 9, 1299 (1997)) have been used. For top-gate devices precursor-route poly-
thienylene-vinylene (PTV} as the active semiconductor has been used (C. Drury,
et al., APL 73, 108 (1998)). However, the use of precursor routes severely limits
the choice of semiconducting and insulating polymers. For many polymers such
as high-mobility poly-3-hexyithiophenes (P3HT) no suitable precursor routes are
known. To the best of our knowledge all-polymer top-gate FETs with a soluble
__polymer as the active semiconductor have not been fabricated. It is non-obvious
and has not been demonstrated yet that a sufficiently abrupt interface can be -

formed by solution-deposition techniques.

Here we demonstrate a method by which high-mobility all-polymer top-gate TFTs
can be fabricated with solution-processible polymers by making use of the
different solubility of the semiconducting and insulating polymers in polar and non-

polar solvents. We use non-polar semiconducting conjugated polymers such as



known. To the best of our know edge all-pol yner top-gate FETs wi tjH &b 2003
sol ubl e polyner as the active sem conductor have not been fabricated. It

i s non-obvious and has not been denonstrated yet that a sufficiently
abrupt interface can be - formed by solution-deposition techniques. Here we
denonstrate a nethod by which high-nobility all-polyner top-gate TFTs can
be fabricated with sol ution-processi bl1é pol ynmers by maki ng use of the
different solubility of the sem conducting and insulating polyners in polar
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of the solution on the surface of the underl )él ng sem conducting pol yner.

Al cohol s PEeRHTSISTOMER Hanarury edtrilndiPL 7hutndi998ek i sopropanol have been
found to be particularly suitable. Mst non- polar sem conducting pol yners
have exceptionally low solubility in alcohols. This is partly because of

t he hi ghithepodrécuipatsolventfnstbeingysbivoogt CQMM!o@flstd‘lﬁ)s@hC@i‘mﬁdingmﬂ)rmby
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PVP in alco ativel'y high viscosity. This is

bel i eved butartud, paisdprophuteoltitaviehteen found to be particularly suitable. Maost non-
polar semiconducting polymers have exceptionally low solubility in alcohols. This
is partly because of the highly polar nature of the hydroxyt groups of the alcohol,
partly because of hydrogen bonding among the alcohol molecules in solution. This
further lowers the solubility of those hydrophobic polymers that cannot take part in
hydrogen bonding. Solutions of insulating polymers such as PVP in alcohols also
tend to exhibit a relatively high viscosity. This is believed to be partly due to the
hydrdgen bonding between alcohol solvent molecules and the hydroxyl groups of
the PVP polymer in solution. A moderately high viscosity facilitates the deposition
of continuous smooth films helping to overcome the wetting problems of a polar
solution on a non-polar substrate. Alcohols with different boiling points can be,
used. Films fabricated from high hoiling point alcohols such as butanol tend to
have smoother film morphology than those prepared from low boiling alcohols
such as isopropanol or methanol. However, no significant differences of TFT
mobility were observed for devices fabricated with the same gate insulating
polymer deposited from different alcohel solvents. This indicates that the integrity

and abruptness of the active interface is well preserved with alcohol solvents.



hydr ogen bondi ng between al cohol solvent nol ecul es and the hyd{gxymnggups
of the PVP polymer in solution. A noderately high viscosity facilitat'es
the deposition of continuous snooth filnms hel ping to overconme the wetting
probl ens of a polar solution on a non-polar substrate. Al cohols with
different boiling points can be, wused. Filns fabricated from high boiling
poi nt al cohol s such as butanol tend td5 have snoother film norphol ogy than
t hose prepared fromlow boiling al cohols such as isopropanol or nethanol.
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~13 A1 1 OFfienopitityawas dymiealtysa Saetnr a§ 2pewer thaspyitbraicengiciveirtpef Digcet at e

h b d f ul| . h i G
Ot i aHEnu Ak SME ST FRROGe BRI Tot I Rb Pl Bolt e ¢
“lover thagap ﬁ@rﬁéﬁ%&be:ﬁolwﬁ%ﬁ tHI® Fypoltifesad tHd TUtieds twerom@inseTBEd in

residual "solubiTity of the pol%fl uorene polyner in the polar pygnea
sol vent . pygmeesfor shverahypotthesbmatisimnges mf the opticaehsasation sPe(§BLT or

| s. Snal |l ch f,_the. i.cal j ] th
i1 m ver ORI e OaPae v e LairRgornat finaoRerOERER LNt wi'th
the surfkapgcobs terEs7 2ihikrndraiy 88tolayofios slelinigynNersusivedianags wéde such
changes were observed in the case of al cohol solvents. Wth PVP gate

i nsul at oobsdppdsnitied cheenf alcobhlosolé@niat i ons TFTs were fabricated with a
per formance conparable to that of control devices fabricated on standard
Si 2/ Si FET substrates- Before deposition of the PVP the substrate is

coat ed bypyjsh pa/rs e #ltphols salosset fdatalesholsetutions THes RResfabritated and
spun-dried. This™ step is intended to wash off any al cohol -sol ubl e, resi dual
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the same alcohol solvent that is used for the PVP solution and s_.pun—dried. This
step is intended to wash off any alcohol-soluble residual components of the
polymer film. The PVP gate insulator is then spin-coated from a 5-10 weight %
solution, preferably in an alcohol such as isopropano! or butanol. The capacitance
of 1.2um thick PVP films are on the order of 3-5 nFlem? as measured by
impedance spectroscopy on metal-insulator-semiconductor (MIS) diodes, and
plain capacitor structures. Thinner PVP gate insulators with thicknesses of 200-
500 nm are preferred and have been fabricated as well. The devices are

completed by deposition of a gold top-gate electrode through a shadow mask.

The source-drain and gate electrodes of the TFT may also be fabricated from a
conducting polymer that is patterned by a suitable technique such as ink-jet

printing, soft-lithographic patterning or screen printing.

Fig. 5 shows the output characteristics of a top-gate P3HT/PVP TFT fabricated on
a standard glass substrate (without the polyimide alignment layer). The device
characteristics are comparable to that of devices fabricated in the same
deposition run on conventional TFT substrates with bottom-gate SiO» inéulators.

The mobility extracted from the transfer characteristics in the saturation regime is
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pl ai n capacitor structures. Thinner PVP gate insulators with thicknesses of
200- 500 nm are preferred and have been fabricated as well. The devices are
conpl eted by deposition of a gold top-gate el ectrode through a shadow mask.

The source-drain and gate el ectrodes o the TFT may al so be fabricated from
a conducting polymer that is patterned by a suitable technique. such as

i nk-jet printing, soft-lithographic patterning or screen printi ig. 5
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t he surfg%gﬂadshgt BEBHcisHEd 286, py4t esdghial oxygen. This is not related to
the specific device structure and coul d be sol ved by exposing P3HT to a

reductive dedoping treatnent in hydrazine prior to the deposition of PVP
(H  Sirringhaus, et al Sci ence, 2 41 ( . i l.s0
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substr a;@ it f1aks sab¥iriBotatanwhbanar aligh@gat layeetbott tee mobiliy 0§0.6030. 003-
0.005 c ?Vs and the ON-OFF current ratio are conparable to tgr,gﬁe of

bottom @&06 amidsiandbte PAbORTacedeshratiocere qpegarabia ip {R0sFeRbRetY™:
clearly t%at it.is P%Si bl e to E bricate abrupt interfaces between two
sol uti ond ?6&%&%8“3& Jigte |%{§/§ 2and maintain the high degree of
interfacial order which is required to obtain high charge carrier

nobilities of > 10-3- 10-2 cmNs in the accurul ati gn la¥er of .a TET
These results demonstrate clearly that it is possible to fabricate abrupt interfaces

“between two solution-processed polymer layers and maintain the high degree of
“interfacial order which is required to obtain high charge carrier mobilities of > 107-

102 cm/Vs in the accumulation layer of a TFT.

The procedure to deposit a polymeric gate insulator from a polar solvent has been
applied to fabricate top-gate TFT devices on top of uniaxially aligned LC polymer
films. Fig. 6 shows the output (a) and transfer characteristics (b) of an aligned
T2/PVP TFT with the channel oriented paraliel to the rubbing direction. The device
characteristics show good current saturation and ON-OFF current ratios >10%-10°.
Fig. 7 compares the transfer characteristics in the saturation (a) and linear (b)
regime of aligned T2/PVP TFT devices with channels paraltel and perpendicular
to the rubbing direction s. The devices are fabricated on the same subsirate. The
transistor current is higher by a factor of typically 5-8 if the current flow is along
- the rubbing direction, that is, along the preferential direction of the polymer
backbones. The mobilities exiracted from the transfer characteristics are 0.009 -
0.02 cm ¥ Vs for transport parallel to the direction of preferential alignment of the

polymer chains and 0.001 - 0.002 cm 21 Vs for the perpendicular direction.



The procedure to deposit a polyneric gate insulator froma pol arf 3okvVentli3
has been applied to fabricate top-gate TFT devices on top of uniaxially
aligned LC polynmer filns. Fig. 6 shows the output (a) and transfer
characteristics (b) of an aligned T2/PVP TFT with the channel oriented
parallel to the rubbing direction. The device characteristics show good
current saturation and ON-OFF current rktios >104-105 Fi g. 7 conpares the
transfer characteristics in the saturation (a) and linear (b) regine of
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extent as microcrystalline grain boundaries in as-spun films.

The observation of a significant mobility anisotropy shows that with the device
configuration demonstrated here it is possible to exploit fast intrachain transport
along the polymer chain using conjugated polymers that form LC phases and can
be aligned by using alignment layers. Further optimisation of the alignment
process, which will include optimisation of the annealing and rubbing procedure
and treatment of the aligned films with solvent vapours is likely to result in a

further increase of the dichroic ratio in the channel region and higher mobilities.

Other LC polymers may be used as well. Higher mobilities are expected in
materials that show _stronger interchain interactions, and facilitate interchain
hopping of charge carriers between adjacent polymer chains. The most desirable
orientation to obtain high mobilities would be a structure in which the direction of
-1 stacking was preferentially oriented in the plane of the film perpendicular to
the rubbing direction. This would require a biaxial liquid crystalline polymer
showing an anisotropy and preferred orientation of the molecules in a plane

normal to the alignment direction of the polymer backbone (A.M. Donald, A.H.



The observation of a significant nobility anisotropy shows that ’é"'ﬁlﬁ‘"t’i@@'j
device configuration denonstrated here it is possible to expl o'g fast
intrachain transport along the polyner chain using conjugated polyners
that form LC phases and can be aligned by using alignnment |ayers. Further
optim sation of the alignnment process, which will include optimsation of
t he anneal ing and rubbing procedure &8d treatnment of the aligned filns
with solvent vapours is likely to result in a further increase of the

dichroic ratio in_the channel regi on_and hi r. ilities. her
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hoppi ng of tcthargé Carriers between adjacent polyner chalins. The nost

desi rabl@gogy). entation to obtain high nobilities would be a structure in

which the direction of t--7r stacking was preferentially oriented in the
pl ane of the fil mperpendicular to the rubbing direction. This would
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Liquid Crystalline Polyners, Canbridge Solid State Science Series, ed.

R W mhﬁ?oﬁxﬂﬁcﬁé\/ﬁoﬁ'eimhwg&”@%ﬁmri dge University Press, Canbridge, UK
(1992)). LC polyners that yield a higher degree of alignment and | onger
persistence length along the polynmer chain (M Gell et al.,
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mobilities. In order to allow for efficient hole injection fr
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such as P%EnDOT. inigch {/@te%asejchogs ljgdgﬂrecul es to which this TFT fabrication
process FRNGHH :

Other types of LC molecules to which this TFT fabrication process is applicable
are disc-shaped conjugated molecules with flexible side chains forming discotic
mesophases. Along the 1 D columnar stacks high charge carrier mobilities can be
obtained (D. Adam, et al. Nature 371, 141 (1994)). in some discotic molecules
such as hexabenzocoronenes (HBC)) (P. Herwig, et al., Adv. Mater. 8, 510
(199'6)) the columns tend to be oriented in the plane of the film such that the high
mobilities along the columns could be exploited in }n—plane transistor transport
{Fig. 8). HBC has a low solubility in polar solvents as well. Technigues to align
discotic molecules with the use of alignment layers have been developed (Mori,
Hiroyuki, European .patent application 94116645.6; Kamada, et al., European
pateiit application 94114956.9).

Several modifications of the device configuration are possible. The source/drain
electrodes may be deposited after deposition/and alignment of the LC polymer
(Fig. 9a). This will facilitate charge carrier injection at the source-drain electrodes,
and improve the alignment of the polymer in the vicinity of the electrodes. The
alignment layer may be used as the gate insulator itself in a conventional bottom

gate configuration either in a single-layer (Fig. 9c) or double-layer configuration
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Some preferred aspects of selection of semiconducting polymers for use as

described above will now be described.

The polymer should preferably be able to form monodomains on the alignment
| layer at temperatures below 300°C, most preferably below 200/150°C. To be able
to inject charge carriers and to obtain stable TFT characteristics the iQnisation
potential of the material should preferably be below 5.8eV, preferably below

5.5eV, most preferably below 5.1eV.

The polymer needs preferably to have good stability against chemical reaction
with the atmosphere (oxygen, water) etc during the high temperature annealing
step. The polymer should have an ionisation potential larger than 4.9 eV,
preferably higher than 5.1eV. The TFT should have a ON-OFF current switching
ratio larger than 10"3,‘ most preferably larger than 10°4, and a tum-on gate

voitage VO less than -30V, most preferably less than -10V.

A preferred class of materials to achieve good envirocnmental stability and high

mobility are A-B rigid-rod block-copolymers containing a regular ordered



mobility along the direction of preferential uniaxial alignnment qutggg 2002
pol ymer chains conpared to the nobility of the isotropic polyner‘filn1can
be used to increase the operation speed and the drive current capability
of the TFTs. Sone preferred aspects of selection of sem conducting pol yners
for use as described above wll now be described. The pol yner shoul d
preferably be able to form nonodomai ns 84 the alignnent |ayer at

t enper at ures bel ow 300C, nost preferably bel ow 200/ 150C. To be able to
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greater than 2.5 eV), Have 1 g I onisation potentials larger than
5.5eV as &ahdgeps! foreexanmpigdess éhainr 28mel) ahat swabiini hgteroiess peeht wes

are preferapl e i ndependently and i n _conbi nation.. EX | es _of [ ta A

bl ocks. ar U HaTaEE T AP VES &IPSR St Roon SaPE arbellif iRt
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phenyl ene derivatives (for exanple those disclosed in J. Gime et al.,
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block copolymer. The ionisation potential of the block copolymer is preferably in

the range of 4.8eV < I, < 5.5eV. Examples of such copolymers are F8T2

(ionisation potential 5.5 eV) or TFB (US 5,777,070). -

Instead of hole transporting semiconducting polymers soluble electron
transporting materials may be used as well. These require a high electron affinity
larger than 3 eV, preferably larger than 3.5 eV, to prevent residual atmospheric
impurities such as oxygen to act as carrier traps. AB-type block copolymers with a
structurally-well defined, ladder-type A block with a high ionisation potential larger
than 5.5eV and an electron-transporting B block that increases the electron affinity
of the copolymer to a value higher than 3eV, preferably higher than 3.5eV are
preferred. Examples of A blocks are flucrene derivatives (for example those
disclosed in US 5,777,070), indenofiuorene derivatives, phenylene or ladder-type
phenylene derivatives (for example those disclosed in J. Grimme et al., Adv. Mat.
7. 292 (1995)). Examples of electron-transporting B blocks are benzothiadiazoie
derivatives (for example those disclosed in US 5,777,070), perylene derivatives,

naphtalenetetracarboxylic diimide derivatives or fluorinated thiophene derivatives.



sul phur or nitrogen, and as a honopol ymer have ionisation potentl al A5 e2¥3
than 5.5eV. These features are preferable i ndependently and in

conbi nati on. Exanples of hole-transporting B bl ocks are thiophene
derivatives, or triarylamne derivatives. The effect of the B block is to
~lower the ionisation potential of the | ock copol ymer. The ionisation
potential of the black copolyner is preferably in the range of 4.9eV < Ip
< b5.5eV. Exanpl es of such copolyners are F8T2 (ionisation potential 5.5
eV) or TRRanYSob tildse GBItk dopshesstsobxtibl eliduidesrnalin® preavsc andletdted
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Papht al enQEBEISRITas LA P e e A eulies We RV i Rersc inan
derivati vesorghcihyes2Petel Many of these bl ock copol ymers exhi bit

| i quid-crystalline phases at elevated tenperatures (F8, F8T2), whereas

ot hers such as TFB do not form LC phases. Wth TFB field-effect nobilities
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- been found to enhance the nobility and threshold voltage stabili t%.
. Al though deviees Egsdheeasmnindicsted ghovei polyBuereaekased: etk gopehmers

| mpr OVemeLls one preferred class of materials for aligned semiconductor layers of devices
described above.

The present invention may Include any feature or combination of features
disclosed herein either implicitly or explicitly or any generalisation thereof,
irrespective of whether it relates to the presently claimed invention. 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 invention.



of top-gate TFB devices is attributed to a reduction of charge trappigg 2003
structural defects such as crystalline domai n boundari es when the pol yner
is prepared in an anorphous glassy state. In general, polyfluorene-based
bl ock-copol yners are a prom sing new class of conjugated pol yners that
have not hitherto been used in polyner transistor devices. For the reasons
i ndi cat ed above, pol yfl uorene-based bl®tk copol yners are one preferred
class of materials for aligned sem conductor |ayers of devices described
above. TEﬁéﬂgﬁfent invention may include any feature or conbi nation of
features I'SCl osed herein either inmplicitly or explicitly or any
generalisation thereof, irrespective of whether it relates to the
presently claimed invention. In view of the foregoing description it wll
be evi deit A dnathssr sonfaring e plectrpsicadevice daving iaoagmlcrm@iupﬁ@ﬁtac‘éw@ may

be made wi thj e of . the invention. 1 3 AU G.2003,22 [ A
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| ayer conprigimer ap@eligner eadthethe® b adingPihespdigmel i@l M Bqdibargdtaiiing of
the polyner parallel to each other by bringing the polyner into a

| i qui d-crysth@96ine phase. 2. A nethod as claimed in claim1, wherein the
device is a transistor. 3. A nethod as clained in claim1l1l or 2, wherein the

| i qui d- crys i h | S: ; I LC - A et hod as
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into the liquid-crystalline phase conprises heating the polyner. 5. A

met hod a8. cA ahetbddias claghea 4n coapr bs 2ng/hichsin she piqold-guyetuinenghbde ipal ymer
subsequent to the said heating. 6. A nethod as clainmed in claimb5, wherein
the sai d qUEHBAIGE SEE5YE 8N882h as to formthe polyner into an anor phous
gl assy state.

4. A method as claimed in any preceding claim, wherein the step of bringing the

polymer into the liquid-crystalline phase comprises heating the polymer.

5. A method as claimed in claim 4, comprising the step of quenching the polymer

subsequent to the said heating.

6. A method as claimed in claim 5, wherein the said quenching step is such as to

form the polymer into an amorphous glassy state.

7. A method as claimed in any preceding claim, comprising: forming source and
drain electrodes of the fransistor in locations relative to the active payer such
that the channel of the transistor is oriented parallel to the alignment direction

of the polymer chains.

8. A method as claimed in any preceding claim, comprising depositing the
polymer on top of an alignment layer capable of inducing the said alignment of

the polymer.

9. A method as claimed in any preceding claim, comprising the step of forming

the alignment layer by mechanical rubbing of a substrate.

10.A method as claimed in any preceding claim, wherein the polymer is a

semiconducting polymer.



7. A nmethod as clainmed in any preceding claim conprising forningjsgugﬁg 3
and drain electrodes of the transistor in locations relative to the ‘ac i%%
payer such that the channel of the transistor is oriented parallel to the
alignment direction of the polyner chains. 8. A nethod as clainmed in any
preceding claim conprising depositing the polymer on top of an alignnment

| ayer capabl e of inducing the said al E§nment of the polymer. 9: A nethod
as claimed in any preceding ¢claim conprising the step of formng the

I armoa T/t cRai e B Y Rherai et paryha the BRIANAY | ng

pol ymer. 1.g4 [iquQ’;@Q@ﬁin%%ol}]meA nmet hod as clained in any preceding claim
wherein the polynmer’is a hairy- rod liquid-crystalline polyner. 1.2..A

2
“method as claimed in any preceding claim wherein the polyner is a rigid
rod i qid-d weyladisickimeeiy @y pracedingretasdwhsran Heealymeda fﬂﬁiaé%i ng
..claim wher.ein the pol r i.s a conjugated polyner. 14. A nethod as cl ai ned
“in any preéSHFHaYEF@Fﬁ¥&§M@?§in the sem conducting polyner is a
pol yfl uorene hono- pol yner or a pol yfluorene based co-polyner. 15. A nethod
as cl ai megl A mamydpeecedirngd chaany prbesding tihenserrcsoindtied i puympolignar is a
pol yfl uorene hono-pol ynmer or a pol yfluorene based bl ock co- polyner. 16. A
nmet hod as ¢pajuegsded pRoliyerpr ecedi ng clai m wherein the sem conducti ng
polynmer is F8 or F8T2. 17.A nethod as clainmed in any preceding claim-

conpri si P, of .y sen dugL.i | ¢
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step of forgsiyrger is a polyfluorene homo-polymer or a polyfluorene based co-polymer.

15.A method as claimed in any preceding claim, wherein the semiconducting
polymer is a polyfluorene homo-polymer cor a polyfluorene based block co-

polymer.

16.A method as claimed in any preceding claim, wherein the semicor_]ducting

polymer is Fé or F8T2.

17.A method as claimed in any preceding claim, comprising the step of depositing

the semiconducting polymer from solution.

18.A method as claimed in any preceding claim, comprising the step of forming
an active interface of the transistor by solution deposition of a second polymer
layer on top of a solution-processed polymer layer that has not been converted

into an insoluble form prior to the deposition of the second polymer layer.

19.A method as claimed in claim 18 wherein the second layer forms a gate

insulator of the transistor.

20.A method as claimed in claim 18 or 19, wherein the second fayer comprises
PVP.

21.A method as claimed in any of claims 18 to 20, wherein the said

semiconductive active layer is the said solution-processed polymer layer.



an active interface of the transistor by solution deposition of 3 ﬁﬁgoaﬁ
polynmer |ayer on top of a solution-processed polyner |ayer tha%“héé“n U3
been converted into an insoluble formprior to the deposition of the
second polyner layer. 19.A nethod as clainmed in claim 18 wherein the second
| ayer forns a gate insulator of the transistor. 20.A nethod as clained in
claim18 or 19, wherein the second Iaj%% conprises PVP. 21. A nethod as
clained in any of clains 18 to 20, wherein the said sem conductive active

layer is2phe ra@thddssd ldieRdPi0Eey TLIRRY ABMd ageivhelteid NEGZB0DIAbR2. A
met hod as clainmed in any of clains 18 to 20, wherein the said sol ution-

processed [obgeased ppbimers laysrubl solibleaimannpotzrlanogamnic soverintbutbat s
i nsol ubl e i.n g al.ar_ sql venlt. €3. A nmethod as clainmed in claim?22, wherein
the second "By IPREFT PLVeheposited from a pol ar organic sol vent, in
whi ch the said solution-processed polyner layer is not soluble. 24. A

met hod ag3 A ahaedd RisaBkirdbdClnaBml82t QvidteinMIBE eddbdrite poRléd ®Ver is
deposition of the second polyner |ayer is perfornmed after the said
al i gnment  dapepited grom snpplesdrasnicl siverd, imwiiish pressidi sgubtaiprpcastedei n

t he pol yner ' rranﬁgﬁg in uniaxial alignment. 26. A nethod as
clainmed in pé)?@%%ﬂ%ggéﬁnrgotao& "wherein the polyner chains are arranged in
uni axi al , monodonmain alignnment. 27. A nethod as clainmed in any preceding

claim wher @ mdthedpak yereimehahnangr&f crirmgned td Zmaheeeinf theoealutipar al | el
alignment. 28. An electronic device fornmed by the nethod of any preceding

claim 29.9erosiigncotifecsseorsopply mardayer is arirstast afier HeaparRlignmadi m 28.
30. A logi (‘St&i)rcui t as clainmed in claim?29 including at | east one opti cal
devi ce. '

25. A method as claimed in any preceding claim, wherein the polymer chains are

arranged in uniaxial alignment.

26. A method as claimed in any preceding claim, wherein the polymer chains are

arranged in uniaxial, monodomain alignment.

27. A method as claimed in any preceding claim, wherein the polymer chains are

aligned in domains of local parallel alignment.
'28. -An electronic device formed by the method of any preceding claim.
29. Alogic circuit comprising a transistor as claimed in claim 28.
30. A logic circuit as claimed in cléim 29 including at least one optical device.
31. An active matrix display comprising a transistor as claimed in claim 28.

32.An electronic device having a semiconducting active layer in which the
polymer chains have been aligned parallel to each other by bringing the

polymer into a liquid-crystalline phase.

33.An electronic device wherein the semiconductor layer comprises a block
copolymer having a first block of conjugated monomer units each linked by at

least two covalent bonds, and a second block of monomer units different from



31. An active matrix display conprising a transistor as claimed j mi& g

28. 32. An el ectronic device having a sem conducting active layer in whic
the polynmer chains have been aligned parallel to each other by bringing
the polymer into a liquid-crystalline phase. 33.An el ectronic device
wherein the sem conductor | ayer conpr? es a block copolyner having a first
bl ock of conjugated nononer units each linked by at |east two coval ent
bonds, and a second bl ock of nonomer units different from1l 3 ALib X003 25

those of tieski distheldlreckiock higcbblock coppyhareraviray engleatrad effinitprgradterni ty
greater than 3.0eV or 3.5eV_ 34. An electronic device wherein the

senm conductém B.8¢¥rorcdRBYi ses a bl ock copol ymer conprising a first bl ock
~of conjugated rmnorrer units each linked by at |east two coval ent bonds,

‘and a Ste%oﬂg\l %?l%n?(f d&ﬂ:%”%hé*@f shdll Jd Bl SHaUC{{BF qg‘)éérh‘aﬁﬁ'\p?seghﬁ blobrt

bl ock, copoly having an ionisation he range

- froms. 5chszo}4rr&¢\éor6;5nﬁmg e actt rtximlmoﬂe&mmgam (J1crauomrm)L mrmts:laachnhsged)r 34,
wherein the first block of nononer units cogﬁrlse one or nore t he

group conpP¥ SitiRas twpusvelrat besdsy aRd desecpnidddaek of JIRaopIrHyP n%’ reer”itvatl ve
and an i ndenaf | uqr eé’fe[heq%t'tﬂé‘&& “[ﬁeft’antﬁjci<t &ﬁﬁ@?ﬁa@h@%ﬁhéﬁ%ﬁwe'ﬁmtts
nprising a thro

COI'TpI’I ses one or gl’ oup ene derivative, a

triaryl am pettderangatfrora Sabel ao 4tm1zot h| adi azol e derivative. 36.An
el ectronic device as clained in claim33 to 35, wherein the sem conducting

| ayer conprises F8, F8T2 or TEB, 3 An eI tro evi.c i n any
of ol ai i A8 elecuBhicHIgHFe o ﬁ‘é’reﬁ inlaigy 3¢ Q%Wg%mgfﬂ%sﬂf?f @‘SEEE%E
been ali gn% @rl hﬂhst&,ﬁg@% orb?fhorQrdfn@\'en r6 C@.Q{pyl £ bnfieorane
l'i quid-crysta ne phase ectronlc devi s clainmed in any of
clai ns 33 derigétivey whi tziuidehtypesephermelnet denVa’g«e& hed Beenngeepiu@Enen a
gl assy st ah%rlegti\ﬂeuan thggsefcg?x E?Iock of monomer units comprises one or more of
the group comprising a thiophene derivative, a triarylamine derivative and a

benzothiadiazole derivative.

36.An electronic device as claimed in claim 33 to 35, wherein the semiconducting

layer comprises F8, F8T2 or TFB.

37.An electronic device as claimed in any of claims 33 to 36 in which the chains
of the semiconductor layer have been aligned parallel to each other by

bringing the polymer into a liquid-crystalline phase.

38.An electronic device as claimed in any of claims 33 to 36 in which the
semiconductor layer has been prepared in a glassy state by quenching from a

temperature above its glass transition temperature.

39. An electronic device as claimed in claim 38, in which the semiconductor layer
has been prepared in a glassy state by quenching from a temperature above

its glass transition temperature to ambient temperature.

40.An electronic device as claimed in claim 39, in which the semiconductor layer
has been prepared in a glassy state by quenching from a temperature above

its glass transition temperature to room temperature.



tenperature above its glass transition tenperature. 39. An el.ectroni
device as clained in claim38, in which the sem conductor | aﬂeg fﬁ.@@ @g%n
prepared in a glassy state by quenching froma tenperature above its glass
transition tenperature to ambient tenperature. 40. An el ectronic device as
claimed in claim39, in which the sem conductor |ayer has been prepared in
a glassy state by quenching from a terr%%rature above its glass transition
tenperature to roomtenperature. 1 3 AUG 20U5 26 411. A polyner transistor

as clai } ai ; 2 . hCc device as clained in
any of (r:rla gr%@og,gx?rg{ra%@fv?g%g ﬁ%ﬁféhdéﬂc?g\yiz%fgﬂ?@ls:ﬁ Eéa)t%d%l stor. 43.An

el ectronic device as clained in claim42, wherein the device is a thin-film
transi st d2. Ad4ledronit eetvicena s cldénmed én asy df aldind 3htecha] whédeiothd devideer ei n
the channel of the transistor is oriented substantially parallel to the
direction of %88 %ned pol ymer chains. 45.An el ectronic device as
claimed in any of clains 32 to 44, conprising an alignnment |layer directly

under | yi a@.Ahg%é&W@ dé’%}’ﬁgs%%i@%gﬁh%éiﬁpﬂi,cmﬂ%\’éi ShaAHSAR 1B thiR-Am

y of
clainms 32 to erein I'S a Sem conducting polymer. 47. An
el ectroni ¢ Wavsisteras clained in any of claims 32 to 46, wherein the pol yner
is in an anorphous glassy state. 48. A nethod for form ng an el ectronic

devi ce havi em.conducting active , lay c ri.sin pol ymer he
met hod cgﬁ;ﬁﬁsﬁqﬁéf%a Vi %%E?I'T@g_’%lqaémr&@ _agﬁwﬂ“ﬁéagﬁg? r‘fg'aéf]ek ‘hfetthﬁol yner
by bri ngi ngtrshas®e! Kmeriehfdido sébkt!aﬁﬂélgf YSled! {d e MARTBn 4P e MRlighed for
form ng an el ectronic device having em conducting active |ayer
conpri si ng polpoleywBains. he nmet hod conprising the step of bringing the

45.An electronic device as claimed in any of claims 32 to 44, comprising an

aiignment layer directly underlying the active layer.

46.An electronic device as claimed in any of claims 32 to 45, wherein the polymer

is a semiconducting poiymer.

47.An electronic device as claimed in any of claims 32 to 46, wherein the polymer

is in an amorphous glassy state.

48.A method for forming an electronic device having a semiconducting active
layer comprising a polymer, the methoad comprising inducing parallel alignment
in the chains of the poiymer‘by bringing the polymer into a liquid-crystalline

phase.

43.A method for forming an electronic device having a semiconducting active
layer comprising a polymer, the method comprising the step of bringing the

polymer into a liquid-crystalline phase. R

30.A method for forming an electronic device having a semiconducting active
layer comprising a polymer, the method comprising aligning the chains of the

polymer within domains by bringing the polymer into a liquid-crystalline phase.

51.A method for forming an electronic device having a semiconducting active

layer comprising a polymer, the method comprising aligning the chains of the



polymer into a liquid-crystalline phase. 50.A nethod for form g aisc 2003
el ectroni c device having a sem conducting active |ayer conprising a
pol ymer, the method conprising aligning the chains of the polymer within
dormai ns by bringing the polynmer into a liquid-crystalline phase. 5t. A
met hod for form ng an el ectroni c devi e havi ng a sem conducting active
| ayer conprising a polyner, the nmethod conprising aligning the chains of
the 1 3 AUG 2003 27 polynmer as a nonodonain oriented in a preferred
uni axi al de@@rﬁé@@sWrﬁbh@d@Hﬂ@in bAREdOh d hefetes UhRIkA dhevtice withibthagi ng
it into a liquid-crystalline phase. )

tayer of the electronic device by bringing it into a liquid-crystailine phase.



