1 N-CHANNEL TRANSI STOR The present invention concerns a new transistor
capabl e of n-channel field effect conduction and a nethod for making the
sanme. Field-effect transistors (FETs), are three-term nal devices that
conprise a source contact, a drain contact, and a gate contact. A

sem conductive |layer (the "channel") bridges the source and drain contacts,
and is itself spaced fromthe gate contact by an insulating |ayer called
the gate dielectric. In organic tranststors, the seniconductive |ayer is
fabricated froma sem conductive organic material. In particular, in

pol ymer transistors, the sem-coROWEL T8AUSFGEMOB | ayer is fabricated froma
sem conductive polyner, typically a n-conjugated organic polyner. This

| ayer may be deposited in the device by a precursor route or directly by’

sol uti opnBr @GRSEINAY. i dvyotidgechbicapnt i ad sf 088ahHesSOHT eapabheadit and the
drain contact.Further, in a field effect transistor, a voltage is applied

to the gafkaBBAtadiieffl sefbpehgecnfeistdena 30| & alihed t EPE fIR&king

currenttﬁglgggg.characteristics of the sem conductive layer lying directly
next to the gate dielectric by causing accumul ati on or depletion of charge
carriers there. This in turn nodul ates the channel resistance and the rate

our ce- AP ETR-CLEPBR S FRR A Ston A ce- Hrai nPUSE S gt Y es
accunul ahed icomplé sehanndurde @hecictonsd dradnpeochaane| dedi @e Jadteere t he
Chargescgg%ggg[at%dgé%fgg%da% qg%'l%&%rh%kﬁg'“channel”) bridges the
source and drain contacts, and is itself spaced from the
gate contact by an insulating layer called the gate
dielectric. In organic transistors, the semiconductive
layer is fabricated from a semiconductive organic material.
In particular, in polymer transistors, the semiconductive
organic layer 1s fabricated from a. semiconductive polymer,
typically a mn-conjugated organic polymer. This layer may be
deposited in the device by a precursor route or directly by

solution processing.

A voltage is applied across.the source contact and the drain
contact. Further, in a field effect transistor, a voltage
is applied to the gate contact. This voltage creates a
field that alters the current-voltage characteristics of the
semiconductive layer lying directly next to the gate
dielectric by causing accumulation or depletion of charge
carriers there. This in turn modulates the channel
resistance and the rate é& which charges pass from the
source to the drain contact (that 1s, the source-drain

current) for a given source-drain voltage.

In principle, organic field effect transistors (FETs) can

operate in two modes; either as an n-channel device (where



Advanced Functional Materials 13 (2003) pg 199-204 presents a new effect

i nfl uencing the operation of p-channel organic field-effect transistors
resulting fromthe choice of the gate insulator nmaterial. This docunent is
not concerned wi th n-channel conduction. This docunment investigates a
nunber of gate insulators with varying dielectric constant and polarity. It
is reported that p-channel device perfyormance inproved with | owk
insulators. Specifically, it is stateg that a consistent trend emerged of

i nproved hole nmobility when lowk insulators were used. An FET hol e

mobi | i tytbe 6XEEI8sceBeuBiBtes sl dth® BBAPBESI BIE i YHEPPAA Uer Pvati ves
tested. |t | ot hes] sed he pbseiuedeaf f aclounmd a8ug t ent henehange
in energ@tF%gagégrd£§§%€gth&ﬁﬁéﬁécoﬁgﬁctor/ggte dielectric interface. In
this regandnntli sresahodleédhnt | ow polarity interfaces are shown to be
beneficial. It is further said that this leads to trap filling at | ower
gate potential and that reduced threshold voltages therefore can be

att ai nedaqTheckAsrhaten onat en=ales iadwest3i geatB r apgelPPolD4i biresandisoxi de,
pol y(vi nyl phen%%%1(PVP) pol y(nmet hyl nethacrylate) (P pal i;nyl

al cohol ) 3 meN) e TFEGH pet F IR GEIthy i e RSB EM | Ogi ﬁyFMé/?é%rl) ?’r}g’%l@/
cyanopul lylane, rpoLYi SOt BREs PRL Y A1) hlof pent evepicand@ cheol yer
of pol ypropyl ene: poIy[propy[ene-coi(l-butene%}g 31t is particuL% |y
advant agepte tioshéasbremaseraallis8hbst HORUMERE pScR]MECPGEGRR C YR Thi s
opens up _the possibili f . fabticat cArPk ageBt aEY ekl aUnhmpwirt bf
extrenel§”V%ﬁggfzn889d%é&anéo%éﬁ%p??g%? as Is know% inthe field of

i nor gani ga%e FERs(R.atidarsowi tzthnd vakyiingl , dirdletirist EFeRsEant csand
Canbri dge University Press, 1989). par t.i ¢ I L ppl e May LR Qenerate
a conpl eHeARfYei ridui 151 $P65 85H€§§%xﬁf§¢ﬁﬁ%§% é?ghggnSF conduction in
the sane ;demicRd( §ieRl Yohyksehealabgr@n appropriate gate-voltage polarity).
Such a device is said to be anbi polar, and has been denonstrated with

i norgani ¢ anorphous Si (H Pfleiderer, W Kusian and B. Bullemer, Sienens
Forschungg -, W ckl upgsheri-ght @ nntSienesssReseat chirand Renealgepirent
Reports %%“%nggfgggf %14). However, to date, it has been general

accept ed dfhatmpreatahned lor gabidiFETehene 197k ednEBL3PREP al'CEFadEs of
very-high electron-affinity (EA) FCQndueter s; o SUCHH as s miad ni ng
perylenefgi aPﬁg ypﬁkél&¥yn5§éﬁ§§?;n%§3ri e, ﬁ%phthalenete??%carboxylate
di i mi de/ i anhydride @srphihabesyaasved unitsisohyphsbeswiser day Sths |
bandgaps(l ess than or equal tgo 1.6 e iich by virt f. I el do sl |
bandgaps WFaiaee \Adrfye d’@%l‘g‘&‘? r bR- j\é/%‘?l \gﬁf’:lf/lgesé&e <pe efq;|lcct exanpl es of
smal | ol gculig n- ghanpshgse 'QQQQuéti&Een@&eri@Jsimtemfimwe been wsled ar e:
Bi s( pht nal ocyanines) (G Cuillaud, MA _Sadound and M Mit rots,h Chen,g' cal
PhysicsIxﬁgamx.mﬁzu(nggq pgat5é3y_polar1ty interfaces are own  to

be beneficial. It is further said that this leads to trap

filling at lower gate potential and that reduced threshold

voltages therefore can be attained.

The insulator materials investigated range from silicon
dioxide, poly(vinyl phenol) (PVP), poly(methyl methacrylate)
(PMMA), poly(vinyl alcohol) (PVA), poly(perfluoroethylene-
co-butenyl vinyl ether), cyanopullulane, polyisobutylene,

poly(4~methyl—1~pentene), and a copolymer of polypropylene:
poly[propylene~co—(1~butene)].



Tetracyanoqui nodi net hane (A.R Brown, D.M de Leeuw, E

Havi nga, Synthetic Metals 66 (1994) pg. 257). 4 D| an‘r]]ydlr_iOSZsagng. =

di i m des of napthal enetetracarboxylic acids (J.G Laguindanum H E. Katz

A. Dodabal apur and A.J. Lovinger, Journal of the Anerican Chem cal - Soci eiy
118 (1996) pg. 11331; H E Katz, A J. Lovinger, J. Johnson, C Kloc, T
Siegrist, W Li, Y-Y. Lin and A Dodabal apur, Nature 404 (2000) pg ,47.8

-Di i mi desof peryl enet et racar boxl i caci d§(C. D. Di m trakopoul os and P RL

Mal enf ant, Advanced Materials 14 (2002) pg. 99). Exanpl es of smali rml ecul e

n-channel,. sem copducti ye, maLag :

€ 1 5Bk ELLak s gabRs aks0 YenaawlL é r em KataZ il alqtiNat
404 (20%16) pg.5478-481: Tﬂ?s docurygnt isn fact nentions the Sossi qilityu(r):‘a
anI o_rgf’vlg‘—c_ poldi npdehatieekct Pirganiewe FELS -no ex=rhf e SPGHSSUiUPabIb@e
pol yi m de is.gi,ven and. no.i Lon i i 1di iUl
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pol yi mi é’é’sw bé%gel eocﬁ ed?ag%?%%g%gt yS?Eng:ilg%ébgglg;?mgglré?d;%r??a},vnﬁlﬁ:ys aole
resi dualextCQRE 1gr Aups . s tSomib e xpopk es cohs Winghl @l ecBp oASafFINY 1ol $Rfoner

n-channel, sem conductive, materials tha i e used ymiqtsh i i
- Channel, SeSPIENl e, ToLer LAks (bhal DAYe besRaused hiLh, afbd neranic
A Vang, Y. gHQicfeonklcsPl r thRphadge TunMesksitand FReds,Fril@8d) - Angebemgt e ’
Chenmi e International Edition 39 (CZOOO) pg. 45453. - inod% te L ophene
f(Ri?J. Chrestiarduilaitdy G iPMewian, P. M8 @nfahs,or&‘?%mer:nv%%r&, ﬁﬁlpﬁaukaas,
g Mann, Lo LyoMibLer pareh GD. aFai pbiBanAdyancadubaten alrs e (2808) pg.
device (simply by selecting an appropriate gate-voltage |
polarity). Such a device is said to be ambipolar, and has
been demonstrated with inorganic amorphous Si (H.
Pfleiderer, W. Kusian and B. Bullemer, Siemens Forschungs -

Und Entwicklungsberichte - Siemens Research and Development

Reports 14 (1985) pp. 114).

However, to date, it has been generally accepted that n-
channel organic FETs are limited to special classes of very-
high electron-affinity (EA) semiconductors, such as those
containing perylenetetracarboxylate diimide/ dianhydride,
naphthalenetetracarboxylate diimide/ dianhydride or
phthalocyanine units; or those with very small bandgaps (less
than or equal to 1.6 eV), which by virtue of their small
bandgaps do have very high electron—-affinity.

Some specific examples of small molecule n—-channel

semiconductive materials that have been used are:

~-Bis (phthalocyanines) (G. Guillaud, M.A. Sadound and M.
Maitrot, Chemical Physics Letters 167 (1990) pg. 503).

-Tetracyanogquinodimethane (A.R. Brown, D.M. de Leeuw, E.J.

Lous and E.E. Havinga, Synthetic Metals 66 (1994) pg. 257).



An exanple of a high electron-affinity polyner n-channel sem conductive

mat eri al that has been used with an inorganic dielectric is:

- Pol y(benzobi si mi dazobenzophenant hroline) (A Babel and S. A Jenekhe,
Journal of the American Chemi cal Society 125 (2003) pg. 13656. This is a
very high EA polyner with el ectron-withdrawing imne nitrogens in the stiff
pol ymer backbone. To date, it al so has, been generally accepted that
materials that do not fall within the %bove "special classes"” do not show
and are not expected to show n-channel sem conductor behaviour. As a
resul t, theishbideidéssemndondiémdbernt Ofi alnapithelenehannerasPggnild CFETs
has been severely .limted. Very high-el on, af £ i Al riaks nd

| ow band@gﬁgﬁaﬁ r F’al S aq@&ﬁdﬁg\?}e{ht ﬁg’i&r' OR\(/a\a/(r:lCt%’i %'t a%cls%én%%ll%‘gfeé(g&npﬁé?'t hey
may be unbktiegtipnalibyrgepedody tddvermndriows i Ghemiceds, Sboietyanplé, H4,
amoni um and netal ions, especially under bias.to a pernmanen copducti ng
state. TH&P&Pdr &%t Wollld '%dvgﬁ¥ége%u§'t&mﬁgn§ﬁfé fg d@ggé%%nh-ghannel
and anbi pabar t+ansiisdrisd,rom.a gepenaly.cl ass ofndatzer i absavathpomy e
noder at e bandgaps and el ectron-affinities. As described in Nature Materials
2(2003) Pgruseg406né28p0t heamat M8 difficulties in achieving ambipol ar

transi stor operation is the injection of holes and electrons into a single
sem condugtignifieem t heyrsane géeeldnsdest rdiarelxddir ode aebdls to Haud.a

wor kfunction that allows injection of holes in the highest, occupie

mol ecul aPiBiErakPPeHERD) 288 tthél-1g & THifdtict o%,"%%eg@p h@aFﬁf%%fFoﬂ‘lof
electronqzbgzgh?g[o§@§g unoccupi ed nol ecul ar orbital (LUMO . Consequently,
this will result”in an injection barrier of at |east half of the bandgap
energy for one of the carriers. The above difficulty in achieving the
injection of holes and electrons into a single sem conductor fromthe sane
el ectrodexa @bi168ur sgr i ssgagat | yneDapoLndech-shanhe If actseihabnduchdmeel
activity in organic FETs in any case has been difficult to hi§§% ?ven

wi th t herassrophpasacelfdsrr dIW] doiqrikatehi &t naky | Bateee a4§ ndrQPo

(err oneokggl) yhewbhat ghect H&%@Fﬁ eMehow tlappeds(and bbesivendered

i mrobi | e} ¥i'n ‘most "organi ¢ materials, and therefore (again erroneous%y) no
usef ul nothamnelrdeilisc qoul wimelaadiec ¥ewmitche VERTCVRE or 1Py CERIPABSE

naterlal%"sﬁ?%%%l%h%ohgiaihgl%sN%E%%% g%hekbahifgrQQEQQEHHs provided
regarding how a suitable .polyimide may be selected.

Further, typically polyimides contain 1-5% residual -COOH .

groups.

Some examples of high electron-affinity oligomer mn-channel
semiconductive materials that have been used with an

inorganic dielectric are:

~a,0-diperfluorohexylsexithiophene (A. Facchetti, Y. Deng, A.
Wang, Y. Koide, H. Sirringhaus, T. Marks and R.H. Friend,
Angewangte Chemie International Edition 39 (2000) pg. 4545).

-Quinodal terthiophene (R.J. Chesterfield, C.R. Newman, T.M.
Pappenfus, P.C. Ewbank, M.H. Haukaas, K.R. Mann, L.L. Miller
and C.D. Frisbie, Advanced Materials 15 (2003) pg. 1278.



denonstrates anbi polar transistors using a thermally grown inorganic Si02
| ayer as the gate dielectric and heterogeneous bl ends, consisting of

i nterpenetrating networks of p-type and n-type seni conductors, as the

sem conductive layer. A blend of a derivatised C60 (PCBM which has a very
hi gh el ectron-affinity as the sem conductive electron transporter and
0C1C10- PPV pol yner as the sem conductive hole transporter is exenplified.
The HOMD | evel of the OCLC10 pol ymer i%s aligned with the work function of
the gold electrode. A 1.4eV msmatch is reported between the LUMO | evel of
t he PCBMumanchxtang lwor k£f usmncthiam oklehergotdféiettyodmlynert he-pheserte of

|l arge injection, barriers. The yeduction of the barrier is suggested by

usi ng sn%ﬁwl?ﬁﬂﬂﬂﬁi %ﬁnﬁ?ﬁﬁﬁﬂﬁi(;hftFQ@?(?%%%nB??ﬁoWéﬁg)aPslgggﬁBPFFied,
whi ch hagiéndandgapiof 1.55eV. However, the electron field effect
nobilities that have been realized in this docunent are still unacceptably

low in t 10:5 ¢ . Vs _domai.n. (PILF l,ectr bilit 10- / Vs vs
hol e rmbThllgcl’]tX/(,be xéf%g]SSlcm so;beannd)%ho@}rn %(?écl{%fgo ) ée/?i\beegrr%ﬁén%gﬁl'i ty,
3x10-5 crdddiehe/,s hohenaoboti the ZxdOidannlh¥m)call sacliygtyt hesSr 4r9e30f

anbi pol ar transistors that may be nade according to this teaching is
restrictld: ﬁéﬁ§ﬁerﬂH§ﬁhIFSb dy&ap¥s ﬁabn c Tt WhEh* € §6t%fp6 eV
tend to PeH@tAL VP! Mnd RS S st Al Siinc & H ey iafre paulyiRiabke kbene .

uni ntentional doping, and facile photochem cal reactions. On the other
hand, el ectron-conducting blends with CG networks are not only unstable,
due to facile chem cal reactions of the 060 anions and rapid oxygen

trappi ngTdudakaf f & FL$6 HaemRRsierdeneHzt b PPF?PB?dtHEageF@S%ﬂﬁéﬁ pat hs

due 10 L1, eqoyaial ldmal lencely | BfeS BByl gl e el eridansacqepte and
transporter. Prior to the above-described Nature Materials 2 docunent,

Sci ence 269 (2865)apy 1660 wusuridsestoheshee bf chaniabr genilcogduetor
dielectric and a bilaygr of a_hqgle:con tor,,and_el ectrqn- tar._to

achi eve %éhﬁ%ﬁﬁ%ﬂ* tran@?st%r BgﬁgngurgH%hecgség?roﬁ%bo%%ﬁ§%%g8%5%8§01 with
el ectromamdhiildly nkRasuredHanrddie rangmicf FEI3 ch/sVs beEhi s selveckrign
conductor, suffers fromthe sane problens as di scussed above in relation to
the NatutEvWNeEt%rials 2 docunent. 8 It will be appreciated fromthe above
that the main thrust of the effort to achieve n-channel FETs and anbi pol ar
transi stors has focussed on the sem conductive layer, particularly the

mat eri alVersed hbghthdesbrPRon@FEHNEY ayerteinh the 6RBEni 2 &RRWEPphol ogy

and Spahﬂﬂ{eﬂadleg)i ng,gf l'fah sepLepndust i vaneleidd . TYPRGR! l¥%ampie,
uc S

sem con 've materr al ave been tested against an inorganic SI02
interfacgheytt wdy beéeapprecirated itdretl vhi s daptest f adey i s aidveatiigblops
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need for uction I'n n-channél” 6rganic
FETs and-syddiRalaf engeri CoFESs b nee, peufaashtyy acomdyctimgt edatange of
organic materials are useable in such devices. '
Therefore it would be advantageous to be able to develop n-
channel and ambipolar transistors from a general class of
materials with more moderate bandgaps and electron-

affinities.

As described in Nature Materials 2(2003) pg. 678, one of the
main difficulties in achieving ambipolar transistor
operation is the injection of holes and electrons into a
single semiconductor from the same electrode. This electrode
needs to have a workfunction that allows injection of holes

in the highest occupied molecular orbital (HOMO) of the



The present invention ains to at |east partially address this need and to
provide in a first aspect a new n-channel transistor. Further in a second
aspect the present invention ains to provide a nethod for naking a new
transi stor according to the first aspect of the present invention. Still
further in a third aspect the present invention ains to provide the use of
a new transistor according to the firsé aspect of the present invention for
n- channel conduction. Thus, in a first” aspect of the present invention
there is provided an n-channel or anbipolar field-effect transistor

i ncl udi ngeami condanterseminconthect iviedtaysr dfaverRctarres egnr she domPBitnity
EA, om cond;. an n organi at e .di.el.ectrj ayer 1 i nterf.ace with
t he seni&@ﬁ&ﬁgpgsg I@@g??ugﬁgré%ﬁQﬁﬁﬁﬁﬂj(?Hﬁ?Lé¥ tké§ﬁ§%iy%é¥} ént?gﬁgon of
trappi ng vwgrnaupesuntt Her gat eimh @bepdd ikatayper 45 dessebbanhaDi8om hewhere a

trapping group is a group having (i) an electron affinity EA greater than
or equaIkPGdEﬂEeﬁP86g¥ SHHIBPe(gf)t%Fr%ﬁﬁﬁﬁ%ﬁ?'electron affinity EAnn

greater than or equal to EAsemcond . 2 ) For the purposes of the present

invention, EA, and EA " are determ ned as described herein.
The above difficulty in achieving the injection of holes and

electrons into a single semiconductor from the same
electrode, of course, is greatly compounded by‘the fact that
n-channel activity in organic FETs in any case has been
difficult to achieve even with the appropriate electron
injection. This has led to a general (erroneous) view that
electrons are somehow trapped (and thus rendered immobile)
in most organic materials, and therefore (again erroneously)
no useful n-channel FETs could be made from the vast

majority of these materials,

Never the less, this Nature Materials 2 document
demonstrates ambipolar transistors using a thermally grown
inorganic SiO, layer as the gate dielectric and heterogeneous
blends, consisting of interpenetrating networks of p-type
and n-type semiconductors, as the semiconductive layer. A
blend of a derivatised C60 (PCBM) which has a very high
electron-affinity as the semiconductive electron transporter
and 0OC1Cl0-PPV polymer as the semiconductive hole
transporter is exemplified. The HOMO level of the OCIClO0
polymer is aligned with the work function of the gold
electrode. A 1.4eV mismatch is reported between the LUMO
level of the PCBM and the work function of the gold

electrode.

This document also suggests that the lack of ambipolar

transistor action in wide bandgap semiconductors is due to



In a second aspect of the present invention there is provided a nethod for
maki ng a transistor as defined in the first aspect of the present
invention. In a third aspect. of the present invention there is provided
the use of a transistor as defined in the first aspect of the present

i nvention for n-channel conduction. In a fourth aspect of the present
invention there is provided the use of an organic insulating naterial that
does not contain any chemical groups hdving (i)EA greater than or equal to
3eV and/or (ii)EA"" greater than or equal to 0.5eV. According to the fourth
aspect, prief epabignedecodr danige | hsikatiory batetéad . dogas natdwantai noany
chem cal t[ghreoup r}aVi ng EA, greater %han o% equal ,to 2eV. Also preferably,
the organiC i nsUi*atichg materi 8PI94685 Hot B¥nt al it B3Py cHBATEal 15?%%%%? havi ng
EANn gr eateri ddmmcaorequabol ¢ (e¥enMpstopseder akl yexb%%laﬁgaai,c wiRssh at i ng
mat eri al does not contain_any chem cal groups having , Qgreater than or
equal to 'P%¢ PAPEgaRosf 5réfy°§Vabl y, the organic insulating 10 materi al
does not contain any chem cal groups having EAr." greater than or equal to
-1l eV. Inafifth aspect of the present invention there is provided a

devi ce oflaveygry tther edfedtysinudiimgld affansi stadrildddedithpt chathe Heest
aspect of_t resent..i.nvent i n ri.i a re.l rovided a circuit,
conpl enerﬁeéa:l?z(%idr ?Sll ttl’lolrrg a&%%lglﬁ%n%i ?g%i %'tl(i\#(gl l{}a%rglgegtta}%éﬁsiciﬁworl%&%? di ng
to the filtst asblcisofiomhénpr §Eam, | elMeniien. mbi bi sy xt Bxaspecin®f vhe

present invention there.js provided a hod fo Ki ng, a device or_a part
t hereof a¢ d ,'rlﬁedmf)ﬁlﬁﬁjéyfif%ﬁigspe(?fagz St hét e 50 eRt T oh? M Post  al |

of the pulldcthed waokidnty; chamel® tem@ysisst obs holdatmoasi §pcused oh the
preparation of organic sem conductors where n-channel conduction can be

observedcébéVﬁ)st a (hydrated) Si02 interface. Wthout w shing to be bound
by theory, the present invention provides a new general design strategy to

obtain n-channel conduction (and also ambipolar field-effect conduction)
for a faflgpdér r &RGe ronger ganiacsiart leondueneds torsn tihatcuraeritd ymadwught

possi bl eacTeaBresent iauent oLs have i dentiddied ihar neahanael fLelfh offect

conducti on can supporte a di'el’ectricl sentcondutt of it erface
only if bheddepl edmicomthestard prigdent-tdo daipgh<a. 6ongentieaid ofocofbe
charge-carriers induced in the

cheni cal ieties that can tr t he negativ
seni condﬁ%SglgﬁgﬁneﬁW th%t‘%?]e?d éflflgc?t. t%ietyhou_ het hddEr8et S ¢ to
interfacenigtbheisha® tepeabantinef e MtevpnddirrdinfllRat rida duldar efer abl y
al so shoul d be_consi dered, since ) .
the other hand, electron-conducting blends with Cgp networks
are not only unstable, due to facile chemical reactions of
the Cg¢o anions and rapid oxygen trapping but suffer also from
general instability of the percolation paths due to the
recrystallisation of the small molecule electron-acceptor

and transporter.

Prior to the above-described Nature Materials 2 document,
Science 269 (1985) pg 1560 describes the use of an inorganic
gate dielectric and a bilayer of a hole-conductor and
electron-conductor to achieve ambipolar transistor
behaviour. The electron conductor is Cgy, with electron
mobility measured in the range of 1073 cm?/Vs. This electron
conductor suffers from the same problems as discussed above

in relation to the Nature Materials 2 document.



11 bulk trap states can still be populated albeit very slowy. The induced
charge carriers travel along the interface and therefore are nost severely
affected by the traps they encounter at the interface. In contrast, the
charge carriers nmust tunnel into the bulk to be trapped there.
Neverthel ess, the bulk trap states are capable of retaining charge for a
long time, which is detrinmental to transistor behavior. The present

i nventors have di scovered that by apprébriate choi ce of the organic gate
insulating material, it is indeed possible to obtain n-channel FETs froma
much br oader range of organi ¢ sem conductors than has been known hitherto.

As such pr.es i nventj on ro vi des, for.the f t .Lime e unity
for n- chanE &g ct?QPF?Eﬂ?EF %ﬁ%aﬁ?% ggﬂ?%oﬁh&%t&Pe iﬁlggggéﬁc
dielectrigs Atbéoagff@ﬂge 134) [gﬁndé»dﬂuﬂ¥ﬁhen@énnyFeme) and pahy{pblarene)
derivatives and copol ynmers have been tested successfulh¥ the resent

i nvent or sStTARBIREYTF ™ PRAL e uss§ani ©Cgat €% ePERE 7R ?ﬁ%& yﬁBt

contain t%é?@i@ﬂl@fj?yp%r&t tter&%l' M RReT B Na é&n%omwwxﬁ@elayer
el ectron-transport |eve he organi c sem conductor) above a critical

concentraandnthﬁsoagaeslatloh,tmpsphnbenylemd @?@ﬁ%@bp@r¢%ﬁl%%t%fnthg
I orannel sehoaBh.EE] 9. 20d - B00L OO RLpPLARN  EGlPbRGONBYLohEbLY  gxRaNded.

It is no Fonger orga c se con uct or e|ng a very-
el ectron- ahtenbeynseasteddagadist Te jpresentid mmentmnSenﬁachavétidemtlf|ed
that the reason why n-ch neI EETS have heen so el usive t dage |s Ehat t he

gate dleIBEtFP§§eFH§Feﬁa BstEF 5 3G5t &5 nbR¥ Hota FReoH

oxi de, pohyataetayl F@EE@@EW at:emll13ep@bpwcmate@hen@t)taeﬂepekyétm de))
do not satisfy the specifications of the present invention. According to

the present NPAdeRPFORUSHECEaANEESYPREDTF sAL bBT ARBAN WoCRRAESE P t +BpPT ng
groups: reachiye téegénféld s T eged | VediRR%r Reaghhve tEFAPS acentBpse

that undergo a subseguent chem cal reaction se that the el ectron becomes
trapped iouareedlyanc: deepy stiatigeacharagaancit opUyAREE| yaterdpilts t Ree

el ectron. Hengc the_ trap s not reversible. Particularly ubiquitous
exanpl es of® ?ggét %eSF?gdgégﬁééﬁhose with active (acidic) hydrogens, such
as -COOH, and -CR2OH that can irreversibly trap electrons to expel
hydrogen. Non-reactive traps are those that can re- enit t he trapped

el ectrons. Reactive traps consune the induced_ carriers %ﬂ]ng t@ static
char gi ng &het RERGIectPVENEAPRr FEEE akhfl g?tgan‘tiflﬁtslﬁaﬁtsl% % hRESh6F

vol tages, Wikl 8eBAN-RACA VBrovide in a first aspect a new n-channel

transistor.

Further in a second aspect the present invention aims to
provide a method for making a new transistor according to

the first aspect of the present invention.

Still further in a third aspect the present invention aims
to provide the use of a new transistor according to the

first aspect of the present invention for n-channel

conduction.

Thus, in a first aspect of the present invention there is
provided an n-channel or ambipolar field-effect transistor

including an organic semiconductive layer having an electron



traps lead to | oss of charge-carrier nobility.Both of these are detrinental
to transistor devices.It is to be noted that the distinction between the
two kinds of traps is not always clear-cut, since non-reactive traps in the
presence of sone inpurities . (such as H20) can turn into reactive traps. The
person skilled in the art is credited wth knowwing if a particular chem cal
group is capable of acting as a reactive trap, a non-reactive trap, or
bot h, based on common know edge of elé%trochenistry 13 The present
invention requires the total concentration of both reactive traps and

non- r eactiffent E&PSELQ.RE.Hel emda ani toxgntonceaite atdigrlediridg | [Layer
appreci ated that, according _to the present invention, .whether ar . a

gr oup isférﬁﬁgﬁpiﬁ§1gr&@5e%§§Febe ter mthed b?e?%?g?%%%gl % tﬁé“%%é

erni cond .,29bctheigegani € semitcoplyctiuik Mabakkal raftioh fof mM:tdming

sem conductive |l ayer. Knowi ng the seni conductive nmateri al andléﬂus,g

EAser ai cg#@Upsa jger §BA 9alq edl¢tethe @r ta%PFI e 4BFE 18 AUse Y h&é™Maral ysi s
and the dgllaltl0sabeinkhg.anth EAAMOl giilupehQUink0 oTideEnaldiaamcal
groups present 1n an organic gate dielectric |ayer under consideration into
two seri esfiitihyr édpegretitest lthano oA equale. tackBsding 88 RE (11) 2
non-reactive trappin ropertire nd con %?Hg(i . radidg to
their re&@?F&évFréﬁfgﬁgxﬁfo%%#%ﬁég ) ﬁ%g?%egkéﬁﬁgf esé}i%gdeagﬁge?ggn
skilled imathe..aft20hen can use the electron affinity of the sem conductor
(EAmm cmid) to provide the cut-off values to identify which groups are not
trappi ng groups and so nay be permtted to exist in the gate dielectric
layer, apd Whifth QiRSSsdH O8PSLRE epkEappt NG ngeatp®naNdrso0 amay Hak, berer esent
above the critical concentration in the gate dielectric |ayer. Since the

i nduced cledegaicedr per desreéhefabfbR Rypically is of the order of 1012-1013
cm 2 under normal FET operation, and the traps are filled first before FET
conduction can occur, the critical concentration of reactive and |

non- r eactiirve at r apsoatl t hepsefri cofiduther /gaeecdtel éBVENELPRAt ebREER (P aterd
needs to be l.ess than 101 m 2 era h (ONEE 2;.an re
preferabeqW%QEdtﬁhﬁmTé¥ﬁ§c Oﬁ.mag%gghé E%%Egg§§83n?§%tionI%%%Jﬂ? Eher

correspordia@ tepart brerhaceressnentnaenbnonf 1012 cm2 is 1018 CM 3
according to the equation: Cnterf Cbulk 2" Thus, in accordance with the
present invention, the bulk concentration of trapping groups in the

di el ectrig lLayer; Justshed ess thanddddhcmdveTakongthate ascpuavidaderface
segregation, the bulk concentration preferably, is | east 1-2 orde£§ of

t
magni t udeHeowese Afpreferzrel Hidk ednEeAtP&EE; o]rPth?efE&rré 'sa%?f%%v

1017cn}3the present invention for n-channel conduction.

In a fourth aspect of the present invention there 1is
provided the use of an organic insulating material that does
not contain any chemical groups having (i)EAx greater than or
equal to 3eV and/or (ii)EAzm greater than or equal to 0.5eV.
According to the fourth aspect, preferably the organic
insulating material does not contain any chemical groups
having EA; greater than or equal to 2eV. Also preferably,
the organic insulating material does not contain any
chemical groups having EAgxm greater than or equal to OeV.
Most preferably, the organic insulating material does not
contain any chemical groups having EAx greater than or equal

to 1 eV. Also most preferably, the organic insulating



One can neasure the bulk concentration (cinmek) of a trapping group of
interest in the gate dielectric layer by a nunber of nethods, including by
FTIR Several exanples of suitable nethods that can be used to neasure the
bul k concentration (cbun) are given bel ow. These exanples take OH groups as
the trapping group of interest. Method (A): Forma filmof the test
dielectric to a thickness of 50-100 nl&rons on an | R-transparent substrate
such as single-side-polished intrinsic Si wafer by drop- casting or blade
coating. Measure the IR spectrumin an FTIR instrunent. Col |l ect sufficient
scans fomahefelf deesuaroonsonsaps |8ys ERGRLADL 4 9EB¥EELBRE hi E8ex ook up

t he absorgééggrgﬁg pgéié%ggf ggg%gqﬂgroup I n standard tables. For OH, this

is at pa? and aFso ca. cm 1. Quantify the band absorption
intensities at these wavenunbers. Convert to-an effective concentration
using In a fifth aspect of the present invention there is provided
a device or a part thereof including a transistor according
to the first aspect of the present invention. In particular
there is provided a circuit, complementary circuit or a
logic circuit including a transistor according to the first

aspect of the present invention.

In a sixth aspect of the present invention there is provided
a method for making a device or a part thereof as defined in

the fifth aspect of the present invention.

Almost all of the published work on n-channel transistors to
date has focused on the preparation of organic
semiconductors where n-channel conduction can be observed
against a (hydrated) SiO; interface. Without wishing to be
pound by theory, the present invention provides a new
general design strategy to obtain n-channel conduction (and
also ambipolar field-effect conduction) for a far wider

range of organic semiconductors than is currently thought

possible.

The present inventors have identified that n-channel field-
effect conduction can be stably supported at a dielectric/
semiconductor interface only if the dielectric does not
preéent too high a concentration of chemical moieties that
can trap the negative charge-carriers induced in the
semiconductor channel by the field effect. Although the
dielectric interface 1is the more important of the two, the

dielectric bulk preferably also should be considered, since



literature values for the band absorptivity or calibration values from
nmeasuring the absorption spectra of a film of known thickness and with
known concentrations of the OH group. 15 Method (B): Tag the group under
test with a suitable fluorine or silicon |abel using standard

gas- chromat ography derivatisation nethods, for exanple, by reacting the CH
in the gate dielectric material with the appropriate fluoro anhydride.
Purify. Make a filmabout 0.1-1 microhlthick on an intrinsic silicon wafer.
Carry out a secondary ion mass spectronetry neasurenent to measure the
concent r gui.rntehpt bealkabelded grolipe npehel fiddn afhvett suerabkéowly.
calibration. Method (C): Tag the group unde

) g tgst mﬁéﬁ a. s itgbée 0
fl uoresc@he REGECSHsiGy Ian8aF 8L BF Dchedy dal 2H-PRSr & %N&nt%B 2°F aB8F i ng
net hods. RubbEyre Measur e ddwiorRseenaee astiybtydt opbtiaid aereent kation
after suitable calibration. Electron affinity %FA%PiS t he ener%¥éreleased

when t heengpertar abctpesistesipsfs fRoRPRAERD BcECRBRISS FRATFEF Ps not

directly a i e pekhari fo@ pERt-ebhakdnehelre .t RRRR r@RK16QKN €l ation
bet ween gpggtﬁgﬂn% f?ﬂ??y%g%dk%¥éfegtric cgﬁgtant.eAccording to the present

i nvent i onheEAsdiki dorg. shatde deeecapabdef cdmugi@iingdn| ekawas r fjor a
experinments for the organic sem conduct fr i red ionization
+ﬁ89igﬁW§atV%h n%?géeﬁ%tgeéﬁéi(gb(yiané¥§toﬁsr%%% o&¢

energy. he” organi'c sem conductor can be
determ ned from standard ultravi ol et phot oem ssion experinents, as the

onset of the valence band feature in the ultraviolet photoen ssion spectra.
ol tammet 1. BT i Oha kPt ot BN af BTS¢ The coupl 60 ot darion and
reduct i oahpeaksoor thhe oagseti coxjadat iiasupeténti mbteEdslt) Lti Ast Hadeeddat i on
scan. Th;%ss%gle to obtain n-channel FETs from a much broader range
of organic semiconductors than haé been known hitherto. As
such, the present invention provides for the first time the
opportunity for n-channel conduction using an organic
semiconductor and an organic dielectric. A broad range of
poly (p-phenylenevinylene) and poly(fluorene) derivatives and
copolymers have Dbeen tested successfdlly by the present
inventors. The key is that the organic gate dielectric
layer must not contain trapping groups (that lie in energy
| near to or below the electron-transport level of the organic
semiconductor) above a critical concentration. As a result
of this invention, the scope for obtaining n-channel organic
FETs and ambipolar organic FETs is considerably expanded. It

is no longer limited to the organic semiconductor being a

very-high electron-affinity semiconductor.

The present inventors now have identified that the reason
why n-channel FETs have been so elusive to date is that the
gate dielectrics that have Dbeen tested to date (most

notably, silicon oxide, poly (methyl methacrylate},



potential is converted to the vacuum energy scal e using a standard energy
shift: 1E = EO (vs NHE) + 4.8 eV or Eonset (vs NHE) + 4.8 eV. The electron
affinity (EA) is calculated fromthe ionization energy according to the
foll owi ng equation: EA - IE - AE - BE The bandgap (AE) is-nmeasured using
optical absorption for exanple. The exciton binding energy (BE) is wdely
held to be 0.4 eV for a nunber of conjypgated polyners. Alternatively, the
EA of the organic sem conductor can be neasured in a nore direct way by

i nverse phot oenj ssjon, or hy stanpdard cyclic voltametry as {he m dpoint
pot enti al PPE JVGIYT hR b)ed ar“égu&qqéﬁlﬁ‘ﬁﬁleéii dgPi oﬁOEeaﬁétb?EYhetgﬁset
reducti onspetenidad i ionsetohe igrddmedyelanisaan. This potential is

converted to the vacuum energy scal e using a standard energy shift: IE = F
(vs NHE) + 4.8 eV or E'set (vs NHE) + 4.8 eV. For dielectric materials,

because OhoLORIInd1ONFONGEL ifidsdft VaANYRSLAGR [ BheMEE I ATLEMEuIO
measure directly.” However EA'Is a relatively l[ocal property of the chem cal
groups orbebiesn eswpr ekimds i wior aaprimnt gricabs.: | rexomtvasttrapli sand not

the case fgrrl_iené)cr@iqpvéﬁi mterials. Therefore, for the purposes of the
pr esent i AVENt on, e I"'an organic gate dielectric layer is conpatible

Wi th the Reshiannel tasps vaky ahosepalhiaitc uirate rg@M £ onalhied Qrents ceéwisined in
part by conpar] nrgﬁt he_jndividual EA's of the 17 constituent noieties of
the diel eEFFFCTEASX BRAT EAPRNFLEGAFRBL PRESBAT c SAGPPREcAtis @ IR phaRed EAs

of a w deqsgnge seht@r OURSt ares Al | QQHQnEBil?e tdi8r@at Ukge thiscPFONi des a
useful a priori neans to determne the EAx of a wi de range of chem cal
groups preesr: i ntRandtgaPeiapel a6t rind$ f drevedisdddieng purpesiescuielyisual

hydr ocar b&ﬁj e r nent S [ r.gani.G., di rics
(such as t etggjl Ip at?%éﬂéxﬂ%élyns@gngggﬁg%?/ %Egﬁy%g%e tt?lr?i%tes%ﬂntqlpo % %/I enes,
pol yst yr efesidia) dvelnogensi - estiechdeds andCOdiei r awl | dBpatie BAst areamften <

0 eV. Thi s_ries é‘asr.bllessc t harélt Q: elne_c%ron afii i Etj¥oofna

typi cal seni conducti ve material ‘(%IJ:cRsr% CSnSfRﬁl cﬂi”s gen.
Non~-reactive traps are those that can re-emit the trapped
electrons. Reactive traps consume the induced carriers
leading to static charging of the dielectric interface and
gigantic shifts in threshold voltages, while non-reactive
traps lead to loss of charge-carrier mobility. Both of
these are detrimental to transistor devices. It is to be
noted that the distinction between the two kinds of traps is
not always clear—-cut, since non-reactive traps in the
presence of some impurities. (such as H20) can turn into

reactive traps.

The person skilled in the art is credited with knowing if a
particular chemical group is capable of acting as a reactive
trap, a non-reactive trap, or Dboth, based on common

knowledge of electrochemistry



typi cal | y2-3eV(f or exanpl ef or pol yfl uorenes, pol yphenyl enes, pol ythi ophenes
and their copolyners). Therefore the presence of these units is acceptable
in an insulating material for use in the present invention. O her
chem cal /structural groups or noieties that are present in the dielectric
either by design (as a structural unit, particularly as a repeating unit or
end group) or as an inpurity (includi ng, chai n ends, polynerisation defects,
stabilizers, catalysts and inadvertent ~contam nants) however may have
considerably larger EAs. The present inventors have identified that in
order to TSsupecidpat tihgsationet Fesuigeemotheonpetal f opnthetebbion onr,
certain $hon.Lules. qu compl i,ed W . Separ.ate design rules may be
consi derg) ;hn respect of%trral %Ctl ve gﬁg %%EFég%t ?tvreaptsr agBi %ge g}?%g%‘g. aéll'he
desi gn rulrésienadbl ecoheersetatiidron ofta dedilr abbe gaperdicehestiri anmteri al
relative t%ogrpgnor %ni ésem' conﬁgct.or tg.be used. In this sense, the
present iNVeNtion is n PECPPHT t BVEBTABFY ni"iG tHES bl BOHI 81 &M e
materi al Sspey tseappisg egdougenibable delaaiiid By erbabscnsy be defi ned
dependi n%'on the organi c sem conductor to be used. Non-reactive trapping
groups Sreniroritr E4ct TR PFAPILCt AR PERPRAGI TS maverspbl whanl Jormse
Criteriacher 26h0UPn&QCDEyBON I ARRI NOxhs, Al thensol il ala il the
chem cal group in the dielectric material (EA”) to be less than em cond.
By way ofraégampleagdmihBA Bhaduesd.t or person gkiédpsdade shewartseowl | n
accordan R the S ' i on h val are calculated fromthe
gas-phasggEglbglat;é.2> %gsgﬁq%dgg%{g?%iﬁénéa?ﬁg id%fég’lsiécﬁlog egjofrro *t ﬁ@dgas
phase EAEBy.addivrg beéogel itd- sirdee pdllachzaticad emengy wiesknics ihaken here
to be 1.8 _eV_as qgiven by Pope and C. E. Swenberg, Electronic Processes in
Or gani ¢ &F%P%\Fs%ﬁﬁ? F%%l@%?%rfb(%yﬁruﬁﬁ”\?&rsi??n%% 1L 4YYolnfBi &
XSol i d- stakeeFAw(EY) ardshe AN | phatils, ces beay! ({: &0 acc8Ping- EONRnk:18nd
CN1.8-2.0 (b) Aromatic carbonyl (-CO, -000-, -CONR-)2.0-2.4

non~reactive trapping properties) and secondly to EBAn, (i.e.

according to their reactive trapping properties). In the

manner described, a person skilled in the art then can use

the electron affinity of the semiconductor (EAgemicond) LO

provide the cut-off values to identify which groups. are not

trapping groups and so may be permitted to exist in the gate

dielectric layer, and which other groups are trapping groups

and so may not be present above the critical concentration

in the gate dielectric layer.

Since the induced charge-carrier concentration typically is
of the order of 10%-10'* cm™ under normal FET operation, and
the traps are filled first before FET conduction can occur,
the critical concentration of reactive and non-reactive

traps at the semiconductor/gate dielectric interface (Cinters)

-2

needs to be less than 10%? cm 2

, preferably less than 10 cn

and more preferably less than 10%° cm™.



(c) Aromatic fluorocarbons2.3 (d) Quinoxalines2.5 (e) Aliphatic
fluorocarbons2.8-2.9 (f) Quinones3.4-3.6 a btai ned by adding the

pol ari zati on energy (taken to be 1.8 eV for the purposes of the present
invention) to the gas-phase EA of appropriate nodel conpounds. Therefore,
for an EAsem cond val ue of 2-3eV, the presence of 19 sem conductors.
However, the.presence of (b)-(d) at ajgoncentration above the critical
concentration nay not conpatible with n-channel activity of many organic

sem cond teork')s.lFurther t he, re?ence) of (e)-(f)_ above the critical

concent r ation’ W | Cﬂ%‘fe@ér%tbjrfg‘ét i Brvesni € OXHiihi BO seRi doidudestss.

Because tdwieemrativeh arl argé nuatieriof ppssible mpigti®shgonly arfew are

provi ded here for analysis. EA X | ues for other groups can be determ ned
s &

in the s&akdyn:Raotave=tr eh tTRps uhberagseardsags editladtieon t hat
nmekes detyRRRINAY iiAROSILRl € tHAN | I r Lon is the

expul si orI]:r of zril h)}élr ogen ato%hér (})o%)i%g}%gﬁcgét\%a?%Bgct%gvéc‘%%g)g%ggeﬁs.Oﬂjﬁ’?ce this
hydr ogen iat drhe sdiebeciriw olghesomusot ber Iegmti cohameaoli am@r mekamdai nat i on

to give ro y s | ectron _charge is irreversibly trapped on the
noi ety ug%ﬁlqlo g‘%?r% cﬁar éégﬁlég??%l isfgtrf‘agﬁ%g%ht t&’cecu]%iﬁl ﬁ:‘%‘ﬁﬁnggé Iofhe
initiall prefappedyel ect man lsasot Ir-e- eartiées, candmbbheieapacitdwes char ge
density of the ggte gkelectric becones filled by such immbile charges. In
the casePFIFEZEL VB fr GPRCCRFRA LI 9R diter §iditea 1y Hfd oo 18e WON- t r appi ng
requires a consideration of the reaction free energy. The gas phase EA
val ues for reactive traps are not avail able. Thus, for the purposes of the

present bherfarOMeddureS 118CESSHE YcORbYnt La S| dal,, hheo £ eacti¥Bpehgct ron
affinity for such groups.
group of interest in the gate dielectric layer by a number
of methods, . including by FTIR. Several examples of suitable
methods that can be used to measure the bulk concentration
(Cpuix) are given below. These examples take OH groups as the

trapping group of interest.

Method (A): Form a film of the test dielectric to a
thickness of 50-100 microns on an IR-transparent substrate

such as single-side-polished intrinsic Si wafer by drop-

casting or blade coating. Measure the IR spectrum in an
FTIR instrument. Collect sufficient scans for noise
fluctuations to be less than 107* absorbance units. Look up

the absorption band positions of the group in standard
tables. For OH, this is at ca. 3300 cm™ and also ca.900 cm”
o Quantify the band absorption intensities at these
wavenumbers. Convert to an effective concentration using
literature values for the band absorptivity or calibration
values from measuring the absorption spectra of a film of
known thickness and with known concentrations of the OH

group.



Consi dering the acidic -COCH noiety by way of an exanple, this noiety is
present as an inpurity at the sub% /|l evel in poly(nethyl nethacrylate); and
at the few 96 level in 20 polyimdes due to inconplete conversion of the
precursor material. During reactive trapping, the reaction being considered
is: Sem cond-(s) + Diel-COOH(s)Sen cond(s) + Diel-000-(s) + H(s) which
represents trapping of the induced el %Tc?tron initially present in the

sem conductor (sem cond-) onto - the dielectric (Diel-000-) with

|l ost of an H atom The exact ki netlc mechani sm i nvol ved does not affect the
ener get | ¥¢tHP héBodver alTag eabei o8LOWAI CHEIN li@séxpwfe’gbeda asuiHaksken of

Dol COON S e (4 OLb et OBBLTS) 5 BEe) (R, RSt on F T2 T ved

t he expuld§rfgwa@ﬁsathy>@r ogeThcatisom cher examplenebgetneca_&t_omq eldue | OH (Jm ) is
denoted a3t g, peoal Y fde Leacthye 16t nal ALfLabLY: (e e RANGr T

anhydride. Purify. Make a film about 0.1-1 micron thick on

an intrinsic silicon wafer. . Carry out a secondary ion mass
spectrometry measurement to measure the concentration of the

labelled groups in the film after suitable calibration.

Method (C): Tag the group under test with a suitable
fluorescent label wusing standard biochemical fluorescent
probe 1labelling methods. Purify. Measure fluorescence

activity to obtain concentration after suiltable calibration.

Electron affinity (EA) is the energy released when the
material accepts electrons from wvacuum. Electron affinity
is not directly related to the polarity of a material nor is
there any correlation Dbetween electron affinity and

dielectric constant.

Accoxding to the present invention, EAgsemicond. can be
determined from cyclic voltammetry experiments for the
organic semiconductor or from its measured ionization
energy. The ionization enerqgy (IE) of the organic
semiconductor can be determined from standard ultraviolet
photoemission experiments, as the onset of the wvalence band
feature 1in the wultraviolet photoemission spectra. Less
preferably, this quantity may also be estiﬁated from
standard cyclic voltammetry, as the midpoint potential (Bo )
of the coupled oxidation and reduction peaks or the onset

oxidation potential (Eopset), 1in the oxidation scan. This



present invention therefore, defines an EArn for reactive traps, which can
be estinmated using a Born-Haber thernodynam c cycle for a correspondi ng
smal | nol ecul e nmodel, an exanple of which is as follows: Diel-COOH(s) 9
Di el -COOH(g) Diel -COOH(g) 9 Diel-COCr(g) + H+(g) H+(g)e-(g) 3H (9)
Diel-000-(g) -> Diel-000-(s) H(g 9 H(s) AGm AGcnprot AGcmll Gpolar
-LGsUWbl  AGsubl 11 16

potential is converted to the vacuum energy scale using a
standard energy shift: IE = Eo, (vs NHE) + 4.8 eV or Eonset (VS
NHE) + 4.8 eV,

The electron affinity (EA) is calculated from the ionization

energy according to the following equation:
EA = IE - AE - BE

The bandgap (AE) is meastured using optical absorption for
example. The exciton binding energy (BE) is widely held to

be 0.4 eV for a number of conjugated polymers.

Alternatively, the EA of the organic semiconductor can be
measured in a more direct way by inverse photoemission, or
by standard cyclic' voltammetry as the midpoint potential
(E;) of the coupled reduction and oxidation peaks or the
onset reduction potential (Eopset), in a reduction scan. This
potential is converted to the vacuum energy scale using a
standard energy shift: IE = EJ (vs NHE) + 4.8 eV or Egpset (VS
NHE) + 4.8 eV.

For dielectric materials, because of their non-conducting,
EA values are far more difficult to measure directly.
However FEA is a relatively local property of the chemical
groups or molieties present in organic materials. In
contrast, this 1is not the case for inorganic materials.
Therefore, for the purposes of the present invention,
whether an organic gate dielectric layer is compatible with
the n-channel activity of a particular semiconductor is

determined in part by comparing the individual EA’s of the



where the three key energy terns are respectively the gas-phase

deprotonation energy (AGdepflA),

the negative of the H atomionization

energy (-AGrndi = -13.6 eV), and the nedium 21 polarization energy
(AGpol ar taken here to be -1.8 eV) for a snall nolecule to nodel Di el -COCH.
The overall energy for reaction (ii) is the sumof these energies, .-EAr"
ACGdeprot -AGQ on, H 4- AQGpol ar. AGdeprot 15.4 eV. Sublimation energies

LGsubl ,R are sufficiently small (probaBly less than 0.1 eV) to be

om tted.

gover ni ngowbBei beent BHest£at §f OURe CaNE BE O NYc actAy anlly #nogen aday nget as a

AGdeprot Can be obtained fromdata tables. The primary factor

reactive trap is thus its deprotonation energy. EAr"

EAsenicond - Because gas-phase EAs of "8 wide range of groups
are avallable in the literature, this provides a useful a
priori means to determine the EAy of a wide range of chemical
groups ©present 1in candidate dielectrics for screening

purposes.

The usual hydrocarbon backbone structural components present
in organic dielectrics (such as the aliphatic chains and
phenyl/ phenylene units in polyalkylenes, polystyrenes etc)

are not pi-extended and their solid state EAs are often < 0

eV. This i1s far less than the electron affinity of a
typical semiconductive  material (EAsenicond) r which is
typically 2-3 eV (for example for polyfluorenes,

polyphenylenes, polythiophenes and their copolymers).
Therefore the presence of these units is acceptable in an

insulating material for use in the present invention.

Other chemical/structural groups or moieties that are
present in the dielectric either by design (as a structural
unit, particularly as a repeating unit or end group) or as
an impurity (including chain ends, polymerisation defects,
stabilizers, catalysts and inadvertent contaminants) however
may have considerably larger EAs. The present inventors
have identified that in order to ensure that these moieties
do not compete for the electrons, certain design rules must

be complied with. Separate design rules may be considered in

respect of reactive and non-reactive trapping groups. The

design rules enable the selection of a desirable gate
dielectric material relative to the organic semiconductor to

be used. In this sense, the present invention is not



val ues obtained in this way for a range of conmon noieties that may act as
reactive traps are tabul ated bel ow. Miety XaGdeprot(eV)EAr"(eV) (a)
Aliphatic-NHR 16.6 -1.2 (b) Aliphatic-OH 15.9 -0.5

18

limited to defining desirable dielectric materials per se.
Instead, desirable dielectric materials may be defined

depending on the organic semiconductor to be used.

Non-reactive trapping groups

For non-reactive traps, the trapping is reversible and so
the criteria for a group to be non-trapping is for the
solid-state EA for the chemical group in the dielectric
material (EAy) to be less than EAsenicond-. By way of example
some EBA, values for common groups are shown below. In
accordance with the present invention, these values are
calculated from the gas-phase EA data. The solid state EA
value is calculated from the gas phase EA by adding the
solid-state polarization energy which is taken here to be
1.8 eV as given by M. Pope and C.E. Swenberg, Electronic
Processes in Organic Crystals and Polymers {Oxford

University Préss, 1999.

Moiety X ' Solid-state EA, (eV)?
(a) Aliphatic carbonyl (-CO-~, -COO-, —CONR-) and CN 1.8-2.0
(b) Aromatic carbonyl (-CO-, —C0O0~, —CONR-) 2.0-2.4
{e) Aromatic fluorocarbons 2.3
{d) Quinoxalines 2.5
{e) Aliphatic fluorocarbons ' 2.8-2.9
(£} Quinones 3.4-3.6

2 Obtained by adding the polarization energy (taken to be 1.8
eV for the purposes of the present invention) to the gas-

phase EA of appropriate model compounds.

Therefore, for an ERsemiconda value of 2-3eV, the presence of

(a) may be tolerated in the dielectric for some



(1401)8 Aromatic-NH?" 15.5 -0.1 (d) Aliphatic-SH 15.1 0.3 (e) Aromatic-OH
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semiconductors. However, the presence of (b)—{(d) at a
concentration above the critical concentration may not
compatible with n-channel activity of many organic
semiconductors. Further, the presence of (e)-(f) above the
critical concentration will not be compatible with most
organic semiconductors. Because there are such a large
number of possible moieties, only a few are provided here
for analysis. EAx values for other groups can be determined

in the same way.

Reactive traps

Such traps undergo a coupled reaction that makes detrapping
impossible. An example of a coupled reaction is the
expulsion of a hydrogen atom from moleties with active
hydrogens. Once this hydrogen atom is lost (through some
other radical reaction or recombination to give hydrogen
gas), the electron charge is irreversibly trapped on the
_moiety until some charge neutralization event occurs. In
any case, the initially trapped electron is not re-~emitted,
and the capacitive charge density of the gate dielectric
becomes filled by such immobile charges. In the case of
reactive traps, the criteria for a group to be non-trapping
‘requires a consideration of the reaction free energy. The
gas phase EA values for reactive traps are not available.
Thus, for the purposes of the present invention, it is

necessary only to consider the reactive electron affinity

for such groups.

Considering the acidic -COOH moiety by way of an example,

this moiety is present as an impurity at the sub% level in

o)

poly(methyl methacrylate); and at the few % level in



0.6 (f) Aliphatic-COCH 14.8 0.6 Aromati c-
.00 (9) ic-SH 14.5 0.9 (h)

20

polyimides due to incomplete conversion of the precursorn
material. During reactive trapping, the reaction being

considered is:
Semicond” (s) + Diel-COOH(s) = Semicond(s) + Diel-CO0 (s) + H(s)

which represents trapping of the induced electron initially
present in the semiconductor (semicond”™) onto =-COO" in the

dielectric (Diel-CO07) with lost of an H atom.

The exact kinetic mechanism involved does not affect the
energetics of the overall reaction, which can be expressed
as the sum of two half-reactions:

(i) Semicond (s) > Semicond(s) ¥+ e {g) EAgemicond

(ii) Diel-COOH(s) + e (g) > Diel-C0O0 (s} + H{s) = (BEBAyxn)

Reaction (ii) involves the expulsion of a hydrogen atom.
Here the energetics of reaction (ii) is denoted as the
negative of the reactive electron-affinity (ERgxa) . The
present invention therefore, defines an EAg for reactive
traps, which can Dbe estimated using a Born—Haber
thermodynamic cycle for a corresponding small molecule

model, an example of which is as follows:

(ii) {a) Diel—-COOH(s) = Diel-CCOH(g) AGgup1
(1i) (b) Diel-COOH(g) > Diel-C00™ (g) + H'(g) AGgeprot
(ii) (c) ' (g) + e (g) 2 H (9) ~AGion, n
(ii) (&) Diel—-COO™ (g) = Diel-CO0™(s) AGpotar —OGsub
(ii) (e) . H(g) > H(s) =AGsub1.n

where the three key energy terms are respectiyely the gas-
phase deprotonation energy (AGgeprot) » the negative of the H

atom ionization energy (-4Gion,s = —13.6 eV), and the medium



14.5 0.9 By experinent,the presentinventors havedeterm nedthat (e)
and(f)general | yarei nconpati bl ewi t hn- channel FET conduction for a range of
organi ¢ seniconductors (where EAsenmicond. 2 - 2.5 eV). Therefore, the
present inventors propose that in order for a noiety to be non-t’rappi ng
Its EArxn should be |l ess than that of EAsemicona by at least 2 eV, i.e ’
EArxn < ( EAsemcond - 2 eV ) . 22 o
21
polarization energy (AGpoiar taken here to be -1.8 eV) for a

small molecule to model Diel-COOH.

The overall energy for reaction (ii) is the sum of these
energies, ~EAym = AGdeprot ~AGion,# * A8Gpolar ~ OGeuwnn = AGdeprot ~
15.4 eV. Sublimation energies AGswi,n are sufficiently small
(probably less than 0.1 eV) to be omitted. AGgeprot Can be
obtained from data tables. The primary factor governing
whether a chemical group containing active hydrogen may act
as a reactive trap is thus its deprotonation energy. EAgx
values obtained in this way for a raﬁge of common moieties

that may act as reactive traps are tabulated below.

Moiety X AGgeprot_(€V) BERrxn_(eV)
{a) Aliphatic—NHR 16.6 -1.2
(b) Aliphatic-OH 15.9 -0.5
(c) Aromatic-NHR 15.5 ‘ -0.1
(d) Aliphatic-SH 15.1 0.3
(e) Aromatic—OH 14.8 0.6
(f) Aliphatic-COOH 14.8 0.6
(g) Aromatic-SH 14.5 0.9
(h) Aromatic-COOH 14.5 0.9

By experiment, the present inventors have determined that
(e) and (f) generally are incompatible with n-channel FET
conduction for a range of organic semiconductors (where
FAsemicona. ® 2 - 2.5 eV). Therefore, the present inventors
propose that in order for a moiety to be non-trapping, its
EAyxn shoﬁld be less than that of EAsemicona PY at least 2 eV,

i 2. EAIXD < ( EAsemicond - 2 eV ) .



W thout wishing to be bound by theory, this may be rationalized crudely by
considering that the trapping rate (kr) is a product of attenpt frequency
(v) and the probability of trap occupation (K): kr = v K The value of Kis
estimated by standard chemi cal thernodynamcs to be K = exp (-AGKT). For
kr < 10-7 s-1 (which corresponds to a characteristic trapping tine >100
days for a trap concentration simlar to the induced charge concentration)
and v = 1015 s-1 (the electronic freq&%ﬁcy) we require K < 10-22 and hence
AG > 1.5 eV. Therefore the analysis indicates that while (a)-(c) may be
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despite (@), (clshbeing wosmpati bl eronateasptve rEAqgeaypds,(vh hesachydiagen
bondi ng noieties tend to be hygroscopic and retain H20 strongly. H20
di sper sediabadtid iggl iod friram basugahiigh EA3:0keV) ,v i ciThchersloen alakie t he

presence of these noj et i es, agai n i ncompat i. bl n-channel condyct.i on A
wi th nostrgante tseectne%%nafl@ggﬁd C[%e' For Yt %he%mdéfél 8 Fhat© t ﬁe :}(ﬁlsul ating
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and ot her ydrogen bondi ng groups. A very small concentration of -OH groups
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10722 and hence AG > 1.5 eV.

Therefore the analysis indicates that while (a)-(c) may be
tolerated in the dielectric, (e)-(h) are not compatible with
most organic semiconductors if present above the critical
concentration. A similar analysis can be made for any other

moieties of interest.

Nevertheless despite (a)-(c) being compatiple on reactive EA
grounds, these hydrogen bonding moieties tend to be
hygroscopic and retain HpO strongly. H,O dispersed in the
solid film has a high EA (=~ 3.0 eV), which then can make the
presence of these moieties again incompatible with n-channel
conduction with most organic semiconductors. It is for this
reason that the insulating material preferably does not
include more than 0.1% by weight -OH groups and other
hydrogen-bonding groups. A very small concentration of -OH
groups and other hydrogen-bonding groups may be tolerated in
the insulating material. Preferably, the insulating polymer
contains less than 0.01% by weight -OH groups and other
hydrogen-bonding groups, more preferably less than 0.001% by
weight -OH groups and other hydrogen-bonding groups. Most



preferably the insulating polynmer is substantially free of - OH groups and
ot her hydrogen-bondi ng groups Taki ng as an exanpl e an organi ¢ sem conduct or
wi th an EAsenicond of 2.5 eV, the follow ng (non-exhaustive) groups if
present nust not exceed the critical concentration specified earlier:

qui noxal i nes, aliphatic fluorocarbons, quinones, aromatic-OH,

al i phatic-000H, aromatic-SH, aromatic-COOH The critical bulk concentration
has been di scussed above. Organic di eféctrics that contain these groups as
defects, chain ends, stabilizers or contam nants need to be rigorously
purifi edpseréhaibly heye ainspleseny belpwmet hiscsibstahttahbtent¥edi oh as

di scussed above. Referring to &he fi&gHFﬁgfectoofsthe present invention,
the tranSfis#bPUPe IR R EhahneY “ 5L -5 9 FEE st or or an anbi pol ar
field-effect transistor. The transistor nmay have a top-gate or bottom gate
configuration. In a transistor according to the present .invention, the gate
di el ect rTekingerafmyabe ¥MEPHRr P t PEGHG s&€HHC F8rgaWétgnsﬁpating

material o Oeﬁ-ect her g £ hs any | PRUN iEbi 8Swidhe (A8heedhehseiver bayepspref erably
does not cBNtAIn any trapping groups. This ensures that the concentration

of trapppngsgnbupsstsnbel ewcekd dhiet iccditiconc pRcanitéatinpr §PFFeferabl y t he
organic gate.insulatin terial e WIrse agepeaksunit
conpri si %argl?Fappﬁllrlljgmg}r{%g]p?e%/ost%#%?%r%gl >S/f,l t reo(\C(;.drgani C gggle i nsSI ating
mat er i al 3pehatecdORs NGiligOndtaidrCOOH,t r appdmgt §rotips. ATPIPERICCEOO -

EAsem cond. will be_greater than or. equal_ tq 2eV,..alt pr esent

i nvent i o”ﬁh\escﬁbi;15'61??Hflfeﬁ?nﬁ?’%%r?%&gﬂ?%%éinlusccéln%'%Iafoggfg'i n the
range of from 2eV to 4eV, nore typically in the range of from2 eV to 3 eV.
As mentioned above, trapping groups in the insulating material nmay be a

part of bhgahhsulftd NGty i ahapercain ethexel udiowpsi npsir ideifesitsor may
be present "as an inpurit Trappi ng groups also,nange present._as part of a

resi due ghpint ha@tndsy préééﬁﬂlﬁﬁefﬁe SPganfenFABHraEFRg M i afCdu€S o

i nconpl e%?gé%ﬂéwonpghfbédOfw“'&éwS%h@&l NgrERt §Féeénduriaigowpr epar at i on.
It wll be appreciated that whilst a trapping group may be tolerated as an
end groupritdéfett costabLrpgéenonsi ApsepssediaPe&tally will not be tol erated
as a repeating unit in the insulating material. This is because, when
present as a repeating unit, it may bring the concentration of trapping

groups t bove _the critic n (UN-T PN I5RG I RS HTRY, ,OrcHEY nhot
be tolergﬁgarfﬁng Eﬁ%ﬁfdi €%¥§9d§%§%%?n8 on thgﬁgbncentrqtion of residue
units intkhasesgani cis nsul ahi-ohamaeéri fleld-effect transistor or an

ambipolar field-effect transistor. The transistor may have a

top-gate or bottom—gate configuration.

Tn a transistor according to the present invention, the gate
dielectric layer may be considered to comprise an organic
gate insulating material together with any impurities. The
gate dielectric layer preferably does not contain any
trapping groups. This ensures that the concentration of

trapping groups is below the critical concentration.

More preferably the organic gate insulating material per se
does not comprise a repeat unit comprising a trapping group.
Most preferably, the organic gate insulating material per se

does not contain any trapping groups.



Preferably the insulating material does not contain a repeat unit or
residue unit conprising a group having (i) an electron affinity EA, greater
than or equal to 3eV and/or (ii) a reactive electron affinity EA ", greater
than or equal to 0.5eV. 25 aromatic -OH, aliphatic -COOH, aromatic -SH, or
aromati c COOH group. In sone enbodi ments, preferably the insulating

mat eri al does not conprise a repeat ugit or residue unit having an el ectron
affinity EA, greater than or equal to f.SeV, nore preferably greater than
or equal to 2eV. In these enbodinents, the insulating material preferably
does not contain a repeat unit and/or residue unit conprising an aliphatic

fl uorocar bon, gr.aoup. re preferabl | psul.ating terndal dee ot
contain af YRyes Yuni mW@rWFEZi {fe é%lg?tég%npt?lltasnl nag:ne%ronati c carbonyl ,

qui noxal i D 1A OFRd Cphbuenecalbemigrooup isPr eber abby theitedul fHlisy

material per se contains one or nore groups independently selecte rom
al kene, at kyl @ity cyioheadokend,llcyd odl Kyientdnge | 8£aﬁé? etzﬁgr ecé)xygeé/frf,

al kyl, cycl oal kyl., enyl d pyLene ghodpsy dhese=@roups may be
substi tut%ﬂr%rt%nlscuaglgt}?tlﬁit etgl% ‘Fﬁgge gr ougs optionally may be part of a
repeat unit of the insulating material. The insulating material per se may

contain one or npre oups i ndepend d fromdi phadicaeaidonyl,
cyano, aI?%ha??Etl%Péé atOMeT i c ?RWﬁ?&%%diﬁkgg%ﬁ, these groups optionally
may be pagl.ofi & repgatbdinat efrtt hef i nhel dtisng ateitrey i aaterrasoper S€

enbodi ments, the insulating materjal may be made f{rom regur to the
i nsul ati ngirat er PAFLUSLRG alBPRELFEYT) nal*t bemi%nv%ret e&)aﬁte(%et %e ?‘%nalgh

insulating matery al TPXpﬁPﬂ{}O?F:E@f)§ heast ey, Heorpexsemt easwipere tdfe afi nal

i nsul ati ng ertal "1s crosslinked, a precursor insulating .26 ,
residue unit that is present in the organic insulating
material due to incomplete formation of the organic
insulating material during preparation. It will  Dbe
appreciated that whilst a trapping group may be tolerated as
an end group, defect, stabilizer or impurity, it usually
will not be tolerated as a répeating unit in the insulating
material. This is because, when present as a repeating unit,
it may bring the concentration of trapping groups to above
the critical concentration. Trapping groups may or may not

be tolerated in a residue unit depending on  the

concentration of residue units in the organic insulating

material.

Preferably the insulating material does not contain a repeat
unit or residue unit comprising a group having (i) an
electron affinity EBy greater than or equal to 3eV and/or

(ii) a reactive electron affinity EApx greater than or equal

to 0.5eV.

Accordingly, preferably the insulating material does not

contain a repeat unit or residue unit comprising a guinone,



material nmay contain crosslinkable groups and the crosslinked insulating
material may be formed fromthe precursor by heating, for exanple.
Desirabl e groups to be present in a precursor insulating material include
al kene and styrene groups. In one enbodi nent the gate dielectric |ayer
preferably conprises an organic insulating polymer. Exanples of -

insul ating polymers which can be used after appropriate purification, are
given below (i) Pol y(si | oxanes) and&dpol yner st her eof ; suchas

pol y(di net hyl si | oxane), pol y(di phenyl si | oxane-co-di net hyl - sil oxane), and
copol ynermishdrcecfod, (al)lpRatyéalkentds) aamthacdpol y$ier sothemewitisuch as

atacti c polypropyl ene, poly(ethyl ene-co-propyl ene), polyisobutylene,
pon(he%gﬁ) 9ﬁ8§§(4-n€thyl-1-pentene)andcopo|yners thereof; (iii)
Pol y(oxyal kyl enes) and copol yners thereof, such as

pol y(oxymet hyl ene) , pol y(oxyet hyl ene) , andcopo] ynmers t hereof; (I
Pol y( st VimefdmearfliRashigigier s RifraelyTHE S eldé?i{latﬁ'ﬁrt% Ii‘%]t‘*tl?f(é"l\al/)b%ﬁfes

pol yirer gyodandobiderd | B aRLoRRgantf; £NSokal Lag: aoby g Useablg n dive
present invention, nay be sgbstltuted or unsubstituted provided that the
final i rsdcatriomg pof ymers Bdaptyeakeh thanalssyveedes] giior A -V, SUMSES t uent s

Ty R3S N RaRO GNANEGaBRTt ! A5 Pl 0P e e
embodiments, the insulating material preferably does not
contain a repeat unit and/or residue unit comprising an
aliphatic fluorocarbon group. More preferably, the
insulating material does not contain a repeat unit and/or
residue unit comprising an aromatic carbonyl, gquinoxaline or

aromatic fluorocarbon group.

Preferably the insulating material per se contains one or
more groups independently selected from alkene, alkylene,
cycloalkene, cycloalkylene, siloxane, ether oxygen, alkyl,
cycloalkyl, phenyl, and phenylene groups. These groups may
be substituted or unsubstituted. These groups optionally may

be part of a repeat unit of the insulating material.

The insulating material per se may contain one or more
groups independently selected from aliphatic carbonyl,
cyano, aliphatic -NHR, aromatic -NHR, and. Again, these
groups optionally may be part of a repeat unit of the

insulating material.

In some embodiments, the insulating material may be made
from a precursor to the insulating material. Such a
precursor may be converted to the final insulating material
by appropriate reaction. For example, where the . final

insulating material is crosslinked, a precursor insulating



27 Preferably, the insulating nmaterial is not a poly(imde). Preferably
the insulating polyner conprises an Si(R)2-0- Si(R)2 unit where each R

i ndependent|y conprises a hydrocarbon. In this regard, a preferred

pol y(sil oxane) as nentioned-above is an insulating polynmer where the
backbone of the polyner conprises a repeat unit conprising -Si(R)2-0-

Si (R) 2- where each R independently is thyl or substituted ' or
unsubstituted phenyl. As specific exaﬁgre of such a pol yner has general
formula: and may be substituted or unsubstituted. This polynmer may be nade
by crosshiatieniglnonaaer s kavkagngenerassibrmfe RRRUWRs and the '

crosslinked insulating material may be formed <£from the
precursor by heating, for example. Desirable groups to be
present in a precursor insulating material include alkene

and styrene groups.

In one embodiment the gate dielectric layer preferably
comprises an organic. insulating polymer. Examples of -
insulating polymers which can be used after appropriate

purification, are given below:

(1) Poly(siloxanes) and copolymers thereof; such as
poly(dimethylsiloxane), poly (diphenylsiloxane-co-dimethyl-
siloxane), and copolymers thereof.

(ii) Poly(alkenes) and copolymers thereof; such as atactic
polypropylene, poly (ethylene-co-propylene), polyisobutylene,
poly (hexene), poly (4-methyl-l~pentene) and copolymers
thereof;

(iii) Poly(oxyalkylenes) and copolymers thereof, such as
poly (oxymethylene), poly(oxyefhylene), and copolymers
thereof;

(IV) Poly(styrene) and copolymers thereof.

The repeat units in the above polymers, and indeed in any
organic insulating polymer useable in the present invention,
may be substituted or unsubstituted provided that the final
insulating polymers comply with the above design rules.
Substituents include functional substituents to enhance

particular properties of the polymer such as solubility.

Crosslinked derivatives of the above polymers also are

within the scope of the present invention.



28 I n another enbodinent, the insulating material preferably conprises an
insul ating oligoner or insulating small nolecule. In addition to

consi deration of the above design rules, it is inportant to select a
dielectric material that can forma high quality interface with the

adj acent sem conductive layer. The interface desirably is chemcally
stable, nolecularly abrupt and nnlecu?quy snooth. Further the dielectric
| ayer preferably should show high dielfectric breakdown strength, and very
| ow el ectrical conductivity. Also, the gate dielectric polynmer nust be
conpatible wth the overall designated processing schene of organic
(particubakl¥y e F aﬁgﬁg o ts, f ti . t destroy
earlier fornedgﬁg¥er£%%t£%€?%{§£?§ I ef%%lf§%éﬁﬁﬂﬁhégg' sﬁ%ﬁ@@é subsequent
solvent and thermal processing (if any). Further preferably the insulating

mat eri al _ ul |l ectri.cal. conductivity and high dielectric breakdown
st rengt h?géifggﬂ%gef%?e:bllyrfs%lhagcj‘lnr%u%ggiyﬁngrnaFg?lPﬁiLs‘%ﬁs Y gls;s@)tzr“gﬁsi tion
t enper at 8 éRpf gredter wiwmare 128€chnosk prietiepablyngneat efodharsdHb0Cy 29
The bul k rﬁ?iSt nce o% the insulating material preferably is greater than

1014 Chnb¥Af OhaEY Br ef8r atg'ilyS gF 8AREL t RarPHOEr 1§t B Y (TheO¥ 338 afieng

mat er i al m@esi s add yapbos! dsbanpracresablgy i hd Bafehi GheAblabhty pdekeohef ree

U|trathlgff%Lg]polymer comprises a repeat unit comprising -Si (R),-0-
Si(R)2- whére each R independently 'is methyl or siubstituted -
or unsubstituted phenyl. As specific example of such a

polymer has general formula:

and may be substituted or unsubstituted. This polymer may be

made by crosslinking monomers having general formula:

and derivatives thereof, for example
bis (benzocyclobutane)-divinyltetramethyldisiloxane

(available as Cyclotene®) or a derivative thereof.



The dielectric breakdown strength advantageously may be greater than 2 MW/
cm preferably greater than 3 MW/ cm (a) Preferably, the gate dielectric
is thermally and mechanically stable up to 150C, nore preferably up to
300C. Wien this is the case, the upper shelf/operating tenperature of the
devi ce becones essentially limted by the sem conducting polynmer' (and the

attached el ectrodes). In order to inp chem cal and nechanical stability,
the gate organic gate insulating material in one enbodi nent preferably is
crosslinked. In accordance with the present invention, the dielectric

| ayer may consist of a single |layer of a single insulating material or may

conpri se mpreanblta rongnbsyshedf, | Rl aiﬁ%é?u?g{' ALE Q5 23 gF{?) éperoal%lﬁie

insulating material s. Sem conductive materi hat "are us e in
present | $RARRISHT i neRuddnswdlalt imsl ecalliemey i goner s nandapahynersealome

exanpl es pf1 sWitabl e sem conductive pol yners are:
pol y(fl uorene) honopol yner sandcopol yners, pol y(p-
phenyl enevi nyl ene) honopol ynmer sandcopol yners, 30

poIy(oxadﬁ@zgﬁ&%@ﬂgppg|y%%%%%gg%g 9' m%fsthe above design rules, it
is important to select a dielectric material that can form a
high quality interface with the adjacent semiconductive
layer. The interface desirably is chemically stable,

molecularly abrupt and molecularly Smooth.

Further the dielectric layer preferably should show high
dielectric breakdown strength, and very low electrical

conductivity.

Also, the gate dielectric polymer must be compatible with
the overall designated processing scheme of organic
(particularly polymer) FETs. For example, its formation
must not destroy earlier formed layer integrities, while it
itself has to survive subsequent solvent and thermal

processing (if any).

Further preferably the insulating material has low bulk
electrical conductivity and high dielectric breakdown

strength.

Also preferably, the insulating material has a glass
transition temperature of greater than 120°c, most -

preferably greater than 150°C.



pol y(qui noxal i ne) honopol ynmers and copol yners, and honopol yners and

copol yners that include one or nore groups selected from

peryl enetetracarboxylic diin de,

napht hal enet et racar boxl i cdi anhydri de, qui nol i ne,

benzi m di azol e, oxadi azol e, qui noxal i nes, pyri di nes,

benzot hi adi azol e, acri di ne, phenazi ne, and tetraazaant hracene. The repeat
units in the above polyners, and i ndeéd in any sem conductive pol yner
useable in the_present invention, may be substituted or unsubstituted
providedTPﬁaPuﬂEerﬁﬁhétaﬁéﬁi@6ndb@tﬁMQUb@t?nﬁrmatemﬁhy wirklfetrhblgbdwe
design r u Lt ts~incl ude f ti | _substituents tqQ enh e
particulgkg%Fgge??%gs%gﬁ tﬁgﬁpéﬁgneyggﬁcggggeg% g%iﬁFFﬁ?eér&§§F}nﬁQ%
derivati @é® oh)the above seniconductive polynmers also are within the scope
of the present invention. Equivalent oligonmers of the above polyners are
usable in the present invention. In sone enbodi nents, the sem conductive

pol yner mhy besabaeidd onmbepLLLUHESL MOl Y BRouRHCheApRHEEULSR « MBY e
converted to the final sem conductive polyner by appropriate reaction. For
exanpl e, 2WhEFR THE ¥ h Ao iash o i@ thePy §8AM-s crossl i nked, a precur sor
sem conducti ve pol ynmer may contain crosslinkable groups and the crosslinked

sem conductive pol yner may be fornmed fromthe precursor by heating, for
exanple.Th%1 dielectric breakdown strength advantageously may be

greater than 1 MV/ cm, preferably greater than 3 MV/cm.

(a) Preferably, the gate dielectric is thermally and
mechanically stable up to 150°C, more preferably up to
300°cC. When this is the case, the upper shelf/operating
temperature of the device becomes essentially limited by the

semiconducting polymer’ (and the attached electrodes).

In order to impart chemical and mechanical stability, the
gate organic gate insulating material in one embodiment

preferably is crosslinked.

In accordance with the present invention, the dielectric
layer may consist of a single layer of a single insulating
material or may comprise more than one layer of insulating

materials or a blend of insulating materials.

Semiconductive materials that are usable in the present

invention include small molecules, oligomers and polymers.

Some examples of suitable semiconductive polymers are:

poly(fluorene) homopolymers and copolymers, poly{p-

phenylenevinylene) homopolymers and copolymers,



Sone exanpl es of suitable sem conductive small nol ecul es are: pentacene,
peryl enet et racar boxylic di anhydri de and diim de, naphthal enetetracarboxlic
di anhydride-and diim de. Preferably the charge-carrier nobility is as high
as possible. Presently, typical values obtainable with the present
invention are in the range 10-5 - 10-1 cn2 /V s. Referring to the second
aspect according to the present inventjon, suitable nethods for naking the
present transistor will be known to those skilled in this art. Cearly,
processi ng_condi tjons nust be selected so that trapping groups are not
present PRIYhexaib?&ete)i c | ay rOBPRREYRPES cri ti cld concentPRPLBHETFhis wil
I nvol ve gamﬁlhﬁ%gmﬁ) aPPLRIL3N gmBEACES SAAg condiLhohsRarticyharly
when formng the dielectric |ayer, for exanple so that e final dielectric
| ayer dobsmepelymemniand esppRbynend t shathat inadudetons oy apesrabeyeuphe
critical ratio nthegé:@%rl r.di i he secopd. ct of
the pr es%%?3§§€%nti on?fjgt%réa di el ectri %qﬁeg%gt%aaﬁgg?%glﬁgr t he gg%ﬂgggducti ve
| ayer preé&pehnbibhlenrie froramtdnl isol ut i on dieadesisiidg, Where ghénbhsukati ng
material _is_crosslinked, a sold.ltiorl cont ai ni,n rﬁactant mat erial for making
the cros8FFARBH T HEUTHE | ng FEEAZY Stay b@u&élgég' tB35by soPufitoh™es:

processi bgnzdtiei d®aciand, mat eri adctBdimen cur ed pwem@kind he crosshhaked
insulating material. One conmon nechanismfor curing is a condensation
react i ontWhF2MZR3IVIEI3HEE the reactant 32 naterial. This condensation
reaction typically involves the |oss of -OH | eaving groups fromthe
reactant material. However, where curing proceeds via a condensation

reaction with the loss of -OH | eaving groups, this typically will not
renove afthe- @epketviung tgr cupsthhatbeyee priagens i natdeindaetlanin naheri al .
Thus, the final ,crosslinked insulati material_w ll, include. residual -OH

| eavi ng %?%h%osr.ld Ctl&’eescg?? Ao rab‘%)s\/eea]?%lgsml1 st %s%%%%%?%g%%ﬁ%ngﬁ%nasm%ch, t he

react antb@&at@am i fuatedrabirnguh beb st bsst eak eskownislidaat ichg tnataei aFipaef erably
does not include any -OH | eavi ng groups. ,Preferably, the crosslinking group
' the | HETH SO THErP A VIR HioPPURDY o "iF BmiBeo ARYIS MEbI® gFBUPSI n ¢ he
react antsngé €l t@nddaticandee ceiesk Widout sthecd Qenf acd eayhngngeoup.
Exanpl es of such reactions include D elsAl der reactions between a di ene and

a di enopPaFel e RIANGF IEs B tthe PeddtesnSHEPwaEnSBERRHEYEY obut ene and
al kene), and a hydrosilylation reaction between Si-H and al kene. The
present invention now wi'll be described in further detail with reference to

the attaﬁ%ﬁ%@%éﬁ%i@i&s FRaures Lheoandsbii shonndhevd raasirerand

out put characteristics respectively for a transistor using BT as the
sem conduksd vaxre ayidhim tdec sicodec o fwithls Bxarpht invengiee- | c shows the
transfer characteristics for a transistor using CN-PPV as the

sem conductive layer in accordance with Exanple 1;

Equivalent oligomers of the above polymers are usable in the

present invention.

In some embodiments, the semiconductive polymer may be made
from a precursor polymer. Such a precursor may be converted
to the final semiconductive polymer by appropriate reaction.
For example, where the final semiconductive polymer is
crosslinked, a precursor semiconductive polymer may contain
crosslinkable groups and the crosslinked semiconductive
polymer may be formed from the precursor by heating, for

example.



33 Figure Id shows the . transfer characteristics for a transistor using
0C1C10- PPV as the sem conductive |layer in accordance with Exanple 1; Figure
| e shows the transfer characteristics for a transistorS using PPV as the
sem conductive layer in accordance with Exanple 1; Figures 2a and 2b show
the transfer and output characteristics respectively for a transistor using
F8BT as the sem conductive |ayer in accordance with Exanple 2; Figures 2c
and 2d show t he transfer and out put characteristics respectively of a
transi stor using CN-PPV as the sem conductive |ayer in accordance with
Exanpl e 2. Exanples Exanple 1: As an illustration of the general
principle, a p-doped silicon substrate with 200-nm Si 02 | ayer is overcoated
with a 5%emen taxasko IBEB lody esulbyak pe nnsenyl contutviyivgd BERa( Cy chol enetesThe Dow

Chemi cal pa Lution _in sityl.ene, and then rapi d-therjal - anneal ed
on a hotplate gé%ltét%eﬁﬁoc 557 nedleertyerﬁrtar%gé:g)r?xéftptéf < Jpaﬁ%y nllh%ar eqtifr ed

or gani ¢ ceimictmducdmrtli=sl drwere tspicareasdl iov el ahhgdstibst eatedasmadehin film
50-80-nmthick froma 1.3-1.8 wv%solution in the appropriate sol vent. W

have tested with a range of conjugated polyners: (i)

pol y(9, 9-dioctylfluorene-alt-benzo-2-thia- 1,3-diazqle) ("F8BT") from m xed
xyl enes%?‘ﬁpﬁr%)o]t%/w{é}é? dFoetYFTFabr ehe- 2“‘?%6?3@7% (“B8" 5 r xeds

xyl enes,pdddille. Presently, typical values obtainable with the

present invention are in the range 10™° - 107' cm? /V s.

Referring to the second aspect according to the present
invention, suitable methods for making the present
transistor will be known to those skilled in this art.
Clearly, processing conditions must- be selected so that
trapping groups are not present in the dielectric layer
above the critical concentration. This will involve the
selection of appropriate processing conditions particularly
when forming the dielectric layer, for example so that the
final dielectric layer does not contain residual units that

may act as traps above the critical concentration,

In the method according to the second aspect of the present
invention, the dielectric layer and the /or the
semiconductive layer preferably are formed by solution

processing.

Where the insulating material i1s crosslinked, a solution
containing reactant material for making the crosslinked
insulating material may be deposited by solution processing.
The reactant material is then cured to make the crosslinked
insulating material. One common mechanism for curing is a

condensation reaction which crosslinks the reactant



pol y(2, 5-di hexyl - p- phenyl enevi nyl ene-co-a, a' -di cyano-2,5- 34

di hexyl - p- phenyl enevi nyl ene) ("CN-PPV') from tol uene, (iv)

pol y(2- nmet hoxy-5- (3, 7-di met hyl ) oct oxy- p- phenyl enevi nyl ene) ("0C1C10- PPV")
from1l:3 (v/v) THF:tol uene and (v) precursor PPV ("PPV') from

met hanol . 100- nm cal cium el ectrode i s deposited through a shadow mask and
the el ectrode encapsulated with 30-n §iO to give source-drain top-contact
el ectrodes with channel length 25 um and width 2.5 nm Transistors were
then tested in glove box. Representative results are shown in Figs.

1(a) - (e) MAt§Eigla) JHd g O atient reAstdPnafdrdeegdty dmaPavesr it cs

respect| el fo FOST. 106 Ligea gl MexgRDI LAY {Bia) b iestidmt od to
be 5x10-§'cn2/ Vs. ggg. i?%, %h%&% he thnsfer charact%f?stic oﬁ'CN-PPV
(gFET, e HowdwE@-5 wre VeRrifygprocdpdshoiis thecrpdastetioharr®t@driost i c of

0C1C10- PPV, (j LEET = 0- Vs) . Fl 1¢e) .S f
characteﬁ?&%%km%fl%ﬁﬁ'?ﬁ%lég%ﬁ%%kg' xf&pgggﬁﬂﬁ%ég)Eg¥%ékgéﬁfgﬁgﬁbg§%ﬁo-PPv
filnms studimedeheatl haved a Ireedvdiigvebyotpgh tigiur weyel epebsahi chircausdes a

hi gh t hreshaol i i j St
g ersea%t%n%n%a relrfj:[all ‘n d?[‘\{fu%? %%aer a&t_r?:gi Stc'r%%'sl';fgkggs i@lsulating

material will include residual -OH 1leaving groups. As
described above this is disadvantageous and as such, the
reactant material for making the crosslinked insulating
material preferably does not include any -OH leaving groups.

Preferably, the crosslinking group in the insulating
material is derivable from a crosslinkabie group in the
reactant material that can be cured without the loss of a
leaving dgroup. Examples of such reactions include Diels-
Alder reactions between a diene and a dienophile (as
exemplified by the reaction between benzocyclobutene and
alkene), and a hydrosilylation reaction between Si-H and

alkene.

The present invention now will be described in further

detail with reference to the attached Figures in which:

Figures la and 1b show the transfer and output
characteristics respectively for a transistor using F8BT as

the semiconductive layer in accordance with Example 1;

Figure 1c shows the transfer characteristics for a
transistor using CN-PPV as the semiconductive layer in

accordance with Example 1;



rmai, e = 1x10-2 cnk/ Vs (transfer characteristic not shown). Wthout
overcoating with the BCB dielectric as in this exanple, no significant
n-channel activity can be observed evenafterpassivatingt heSi 02surfacew th
hexanet hyl di si| azane. This observation is consistent with the high EArxn
expected for the residual silanol groups on the surface of Si02. 35 This
set of exanples is provided to show the_ principle that appropriate choice
of gate dielectric can permt the fabr?%ation of n-channel FETs with a w de
range of organi c sem conductors so long as the appropriate injection
contact s ¥iywichi eldd. sirewe poltyenet tsansfathaceppraaeferssused afathe gate

diel ectri t(::rérizsnis%c;[r()pﬁgﬂxs %%E)Clot—%VObésai Eﬁg %’e?rﬂ%%%u&lgre layer in

accordance with Example 1;

Figure le shows the transfer characteristics for a
transistor using PPV as the semiconductive layer in

accordance with Example 1;

Figures 2a and 2b show the transfer and output
characteristics respectively for a transistor using F8BT as

the semiconductive layer in accordance with Example 2;

Figures 2¢c and 2d show the transfer and output
characteristics respectively of a transistor using CN-PPV as
the semiconductive layer in accordance with Example 2.

Examples

Example 1:

As an illustration of the general principle, a p-doped
silicon substrate with 200-nm Si0, layer i1s overcoated with a
50-nm-thick BCB layer by spinning a 4.4w/v% BCB (Cyclotene®,
The Dow Chemical Company) solution in mesitylene, and then
rapid-thermal-annealed on a hotplate set at 290°C 15s under
nitrogen (p0z < Sppm). The required 6rganic semiconductor is
then spin cast over the substrate as a thin film 50-80-nm
thick from a 1.3-1.8 w/v% solution 1in the appropriate
solvent. We have tested with a range of conjugated
polymers: (i) poly (9, 9-dioctylfluorene—-alt-benzo-2~thia-
1,3-diazole) (“F8BT”) from mixed =xylenes, (ii) poly(9,9-

dioctylfluorene-2,7-diyl) (“F8”) from mixed xylenes, (1ii)

poly(2,5—dihexyl—p—phenylenevinylene—co—a,a’—dicyano—Z,5—



mobility is very poor, with RFEte typically less than 10-6 cn2/Vs in the
pol y(fl uorene) derivatives. Wien poly(vinyl phenol) is used as the gate
dielectric, no n-channel FET behavi our can be obtai ned. Wen

hexanet hyl di si| azanetreated Si02 is used as the gate dielectric, no

n- channel FET behavi our can be obtained either. Al of these observations
are consistent with the design rules aqf, the present invention. Exanple 2:
As a further illustration of the general principle, this time with

al um ni um, ourgg-grgln Iectrodfs: a pxggped i 1icon substrate with 200-nm
5i 02 | ayér ' PEYSVBrROSPEG PTR80S hm t (TCK TECE | AFeR by XHithi nd )4, 4w v
BCB ( Cycltignieemethexhow-Cheni-gahe GoRPastnoss0! gr@hﬁr@ar{&ainw&@@, and then
rapi d-t hermal - anneal ed on a hotplate set at 290C 15s under nitrogen (p02 <

d
S5ppn) . THe OF&&dPr_aVor gdricm sle'n%p cOndUCt BEF 1 Ok URae spheh dH3t PERERTERE
ZBE?E ‘ atepas gbby fidBro0nnamblhi ck 1000mA dafedufl WiCSAM 198 1N the
phenyl ené¢pryiead- cotlarenghli cypanoskadowdi havaplk p- phényl Brevi eyketepdeCN- PPV
)fromtol Ui nisum el.gct c.ode . | sited _through a shadow
nask.Traﬁ§§§F8%293§§L% #gh%pes eéﬁﬁn%gl%&g%bggggﬁgpgégéﬁtgf'vgopégﬁ%ts are

shown i neffegsrodéa) -whh Fidmn(a) 1aRgthb)2shew t Baat ransfier 2amd qut put
characteristics respectively for F8BT. The linear-regime nobility (a FET
e) is Transistors were then tested in glove box.

Representative results are shown in Figs. 1l(a)-(e). Figs
l1(a) and (b) show the transfer and -output characteristics
respectively for F8BT. The linear-regime mobility ({er, o) is
estimated to be 5x107% cm?/ Vs. Fig. 1{c) shows the transfer
characteristic of CN-PPV (Usgr, e = 3x107° cm®/ Vs). Fig. 1(d)
shows the transfer characteristic of OCLC10-PPV (Uppr, ¢ =
4x107° cm?/ Vs). Fig. 1l(e) shows the transfer characteristic
of PPV (Mrer, e’= 5x107° cm?/ Vs). The PPV and OC1CL0-PPV films
studied here have a relatively high impurity level which
causes a high threshold and drift in device characteristics.
F8 has pemr, ¢ = 1x10™° cm?/ Vs (transfer characteristic not

shown) .

Without overcoating with the BCB dielectric as in this
example, no significant n-channel activity can be observed
even after passivating the Si0, surface with
hexamethyldisilazane. This observation is consistent with
the high EAgxn expected for the residual silanol groups on

the surface of $5i0,.



estimated to be 4x10-5 cnR2/ Vs.This is one order of magnitude | ower than
with Ca el ectrodes. The output characteristics also saturate too early. Both
of these are indicative of high contact resistance with the al um nium

el ectrodes. But neverthel ess n-channel activity has still been

obt ai ned. Fi gs. 2(c) and (d) show the transfer and output characteristic of
CN-PPV (11m e 4x10-5 cn2/ Vs). Thiggis conparable to the Ca devices and
i ndi cate that AI can |nject suff|C|entFy well into CN-PPV. This set of

exanpl es pr oy d d to show again the principle that approprlate choi ce of
gat e dieT%%frF%tag d@?@ﬂg’éﬁ ﬁ%tgﬁ%yﬁ et orPedntper RrenfhBLPabPREat i on

of n- Chaﬂ]ﬁ;ﬁfo;ﬁﬁTéSteWtBhallﬂédeo'fan@%t‘éf QI igand & :Sigdn conduchorgi Wi t hpkhe
appropriate jnjection contacts. le 3: As a further i1llustration of

the genef@Pririthigmpl ef tnhuf%laﬁnﬁé vﬁ‘Et gt e suriélaureanoel eft podesic
prepat t eLaRt - ARSs5UBShE ke aAd WobRoBriaRe0akGeckBadkent RSt rat e

is coated with 50-80-nmt
pol y( 9, 9igli ahdgv¥edior ene- altbenzo-2-thia-1,3-diazole) froma 1.7 wv%

solution in m xed

When poly(methyl methacrylate) is used as the gate
dielectric (in a top-gate FET), the obtained n-channel FET
mobility is very poor, with Hpgr,e typically less than 107°
cm?/Vs in the poly(fluorene) derivatives. When poly(vinyl
phenol) is used as the gate dielectric, no n-channel FET
behaviour can be obtained. When hexamethyldisilazane-
treated SiO, is used as the gate dielectric, no n-channel FET
behaviour can be obtained either. All of these observations
are ‘consistent with the design rules of the present

invention.

Example 2:

As a further dillustration of the general principle, this
time with aluminium source-drain electrodes: a p-doped
silicon substrate with 200-nm Si0, layer is overcoated witﬁ a
50-nm~thick BCB layer by spinning a 4.4w/v% BCB (Cyclotene®,
The Dow Chemical Company) solution in mesitylene, and then
rapid-thermal~annealed on a hotplate set at 290°C 15s under
nitrogen (pO; < S5ppm). The required organic semiconductor is
then spin cast over the substrate as a thin film 50-80-nm
thick from a 1.3-1.8 w/v% solution in the appropriate
solvent. We have tested with two conjugated polymers: (i)
poly (9, 9~dioctylfluorene-alt-benzo-2-thia-1,3~-diazole)

(“"F8BT"”) from mixed xylenes, and (ii) poly(2,5—dihexyl~p—



37 xylenes. The gate dielectric layer is then deposited by spinning a
200-nmthick BCB |l ayer froma 12. 7w/ v% BOB (extracted from Cycl ot eneO, The
Dow Chem cal Conpany) solution in decane at 30-40C, and then

rapi d-t hermal anneal ed on a hotplate set at 290C 15s under nitrogen (P02 <
5ppn). The top-gate electrode is then deposited by printing a
surfact ant -i on- exchanged pol y(3, 4- et hgkenedi oxyt hi ophene) -

pol y(styrenesul fonate) conplex ("PEDT:PSSR'). This surfactant-ion-exchanged
PEDT: PSSR conpl ex i s made from Baytron P (HC Starck of Leverﬁusen Ger many)
by di al y®Nen¥tERENGRYWERR~REXAARCYFEFYFRR Tyl 2ifhioif i Z e éhi ng t he
Bayt ron bRl y(styfmepesul fonfeopci d)oiti gl ve REPLESS hatin@nelinlO- 16.
The eIec?fo ngb? 3 ?g ca. ao 4 %Q/VSCDand i's limted b i nj ection.
Thereforeléatthée|Mﬁﬂdﬁ@@ﬁﬂﬂ%ﬁc§hr@@gmaéeS@@@ﬂ%ﬂ%ﬁﬁkatelfaﬂéﬁéﬁpéﬁal|S|ng
the gold_el ec e % ective work-function, using dipolar

sel f - assenﬁ% gﬂ%gngthgggﬂg %§$%£§%%le is provided to shOM/that t he

princi ples taught in thls i nvention can be applied also to top gate devices
with practical injection contacts 38 Caims 1. An n-channel or anbi pol ar
field-ef ar | AngREgank g seicongduct i l ayet jaavi ng an
electronfR P%F%%?EEEXE con rE%:ansorganlc ga?g d|eP§Et¥Pc | ay e? form ng
an inter kdeé wandlﬁhé sﬂnwcohdacﬁmw@SaneﬁUKthauEEU§HQQ§$QQKQWH§¢lFﬁe bul k
concentration of trapping_groups in the gate dielectric Iay IS Iess t han
1018 cm ¥esRR&tave Y r ABpi A 8B§rouﬁh?sl%P%#%nﬁ?Qﬁﬂﬁrﬂf3ﬁ519¥1 Fregeted o

affinity EA; gkeat efot hah wxigeaualco 2o Eﬁ§€ﬁlCQﬁdsanﬂé0roﬁ¢IknﬁkhﬁaQElve
electron affinity EA ," greater than or equal to (EAsem cond-2 eV).

transi st orgadsoddi ngowercl &hanl, Wiker eCa tﬁéeFF§ﬁ§F§tor i $h8n QHGPﬁSIar
field- Eff%%EaEE§9§EEEBE also saturate too early. Both of these are

indicative of high contact resistance with the aluminium

electrodes. But nevertheless n-channel .activity has still
been obtained. Figs. 2(c) and (d) show the transfer and
output characteristic of CN-PPV (Uger, ¢ = 4%107% cm®/ Vs).

This is comparable to the Ca devices and indicate that Al

can inject sufficiently well into CN-PPV.

This set of examples is provided to show again the principle
that appropriate choice of gate dielectric as discussed in
this invention can permit the fabrication of n-channel FETs

with a wide range of organic semiconductors with the

appropriate injection contacts.

Example 3:

As a further illustration of the general principle, this
time with gold source—drain electrodes prepatterned on a
glass substrate and with a top gate: the glass substrate is
coated with 50-80-nm thick poly(9,9-dioctylfluorene-alt-

benzo-2-thia—-1,3~diazole) from a 1.7 w/v% solution in nixed



3. Atransistor according to claim1l wherein EAsem cond. is greater than or
equal to 2 eV. 4. Atransistor according to claim3 wherein EAsem cond is
in the range of from2 eV to 4 eV. 5. Atransistor according to claim1
wherein the gate dielectric |ayer conprises an organic insulating materi al
and the organic insulating material does not contain a repeat unit or
residue unit conprising a trapping gr Qyp. 6. A transistor according to
claim1l1, wherein the insulating material does not contain a repeat unit or
residue unit conprising a group having (i) an electron affinify EA x
greater KNAAN®F-equihet waFe\antPebr{Fi ayereatti &g e‘é‘i’?%ﬁlgﬁ'?i Mm% y

EA X, , grea ﬁin%ha? 050 §IMRLL L Lc10 @Y. 1aydt LIk SLOT 13CCRI/AiNg Hap Cl ai m
6 whereii"the insulating matérial does not” contain a repeat unit or residue
unit conpeksiagtadquifmome, Curadmdeine®, OH,The i phawi c Chemdra lar SPEHa@YISH, or

aromatic -COOH group. 8. A transistor ording to claim1, . wherein the
i nsul ati A§LHELS iaFgcoﬂ?§?ﬁ§ ofE o%gﬁ%%c'grcﬂj’ﬁ’g st&eé)ct erc?prlrdo%ha ﬁ%ﬂgnrle,

al kyl ene,ngych eal kgng, neysloabkyteng: 366 vxanss usdfe £tRBtroxagepoalkyl,
cycl oal kyl, phenyl, and phenyl ene groups. 9. A transistor according to

claim1 kherein The itepubatenglrarepral teofpers SSPSLTRS Ut iffd Polher .
10, A L1 anSl Allc AGRUNG LR 8UM b1 YNEr AL i d DB NGRS T 5

sel ected fromthe group consisti'ng of substituted and unsubstituted
pol y(si | prapésiyandesopbbymees t hepmpfexsubstiREREFRP IR lunsubst i thited

pol y(al kene nd, copol ypers_ theregf..s it d yasubstyt uted,

pol y(sty?&ﬁgéfggﬂa %grﬁo%}yqﬁhear%é?(ﬁerg%??'g’?\%ﬁsugéﬁp%gged and unsubstit ut ed

pol y(oxyskkytenes) amd copatyieios tbeveofusen, Germany) by dialysis
exchange with hexadecyltrimethylammonium after enriching the
Baytron P with poly({styrenesulfonic acid) to give PEDT:PSS

ratio of 10-16.

The electron mobility is ca. 10™% cm?/Vs, and is limited by
injection, Therefore further improvements can be made by
appropriately functionalising the gold electrode to improve
its effective work-function, using dipolar self-assembled

monolayers.

This example is provided to show that the principles taught
in this invention can be applied also to top gate devices

with practical injection contacts.



11. A transistor according to claim10,_ wherein the backbone of the

I nsul ating pol yner conprises a repeat %i t conprising -Si (R)2-0-Si (R)2-
where each R independently is nethyl or substituted or unsubstituted
phenyl. _12. A transistor according to claim9, wherein the insulating

pol ymer Gl@M§ osslinked. 13. A transistor according to claim1 wherein the
organi ¢ sem conductive | ayer conprises a sem conductive polyner. 14. A
transi stor according to claim1 wherein the organic sem conductive |ayer
conpri sds a denicbadoekonambipolgsifield-effedt tramsistansickiddng a8 @bgaMiAg to ciaim 1

wherei n the organi ' uct i L [ ) ' i [ 1
mot ecul seroRRME BT ERI g B R ABPER e Sad BREREZR T 3!
Usehof @liélé@ﬂ’r\i&gjéﬂfloﬁﬁm?_raﬂ Ehgar’]fafbec\lvmh melsémﬁcdmduba\vmwyeqmmf attedsed in an
n-channel or anbipolar fie effect transistor. 18. ' t
Ul ot it etk BonGERAIBDES AP NGHOAPR P BRI BICU 5 BNRCHaST HIAT | SEA-
. greatefy14 hars | I |t

0. & oyt ooy B, Aibefd tapii oY Gloubifiaifh () alieheifth My B Baal 1O
wher ei n dgréater tisarl at eaqupl et i alogdaedion (i) acreattvenelmejrootadtinityalEAgr gtgatehavi ng

I ) EA x greater than_qr equa 2 eV
(()Zav. tﬁan At e uba (Eg\semicg]rté._& 3\8- eV and/or (EA,) greater than or equal to

2. A transistor according to claim 1, wherein the transistor is an ambipolar field-

effect transistor.

3. A transistor according to claim 1 wherein EAgsemicona. is greater than or equal to
2eV.

4. A transistor according to claim 3 wherein EAsemicona. is in the range of from 2
eVitodeV.

5. A transistor according to claim 1 wherein the gate dielectric layer comprises
an organic insulating material and the organic insulating material does not contain a

repeat unit or residue unit comprising a trapping group.

6. A transistor according to claim 1, wherein the insulating material does not
contain a repeat unit or residue unit comprising a group having (i) an electron affinity
EA, greater than or equal to 3 eV and/or (i) a reactive electron affinity EAx, greater

than or equal to 0.5 eV.

7. A transistor according to claim 6 wherein the insulating material does not
contain a repeat unit or residue unit comprising a quinone, aromatic —OH, aliphatic

—COOH, aromatic —SH, or aromatic —COOH group.

8. A transistor according to claim 1, wherein the insulating material contains one

or more groups selected from alkene, alkylene, cycloalkene, cycloalkylene, siloxane,



20. Acircuit, conplementary circuit, gg logic circuit including a
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ether oxygen, alkyl, cycloalkyl, phenyl, and phenylene groups.

9. A transistor according to claim 1 wherein the insulating material comprises an

insulating polymer.

10. A transistor according to claim 9, wherein the insulating polymer is selected
from the group consisting of substituted and unsubstituted poly(siloxanes) and
copolymers thereof; substituted and unsubstituted poly(alkenes) and copolymers
thereof; substituted and unsubstituted poly(styrenes) and copolymers thereof; and

substituted and unsubstituted poly(oxyalkylenes) and copolymers thereof.

11. A transistor according to claim 10, wherein the backbone of the insulating
polymer comprises a repeat unit comprising —Si(R),—O—Si(R).— where each R
independently is methyl or substituted or unsubstituted phenyl.

12. A transistor according to claim 9, wherein the insulating polymer is crosslinked.

13. A transistor according to claim 1 wherein the organic semiconductive layer

comprises a semiconductive polymer.

14. A transistor according to claim 1 wherein the organic semiconductive layer

comprises a semiconductive oligomer.

15. A transistor according to claim 1 wherein the organic semiconductive layer

comprises a semiconductive small molecule.
16. A method for making a transistor as defined in claim 1.

17.  Use of a transistor according to claim 1 for n-channel conduction in an n-

channel or ambipolar field effect transistor.

18.  Use of an organic gate insulating material that does not contain any chemical
groups having (i)EA« greater than or equal to 3 eV and/or (ii)EAx, greater than or

equal to 0.5 eV, for n-channel conduction.
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19.  Use according to claim 18, wherein the insulating material does not contain
any chemical groups having (i)EA greater than or equal to 2 eV and/or (EAxn)

greater than or equal to 0 eV.

20. A circuit, complementary circuit, or logic circuit including a transistor as

defined in claim 1.

21. A method for making a circuit, complementary circuit, or logic circuit as

defined in claim 20.



