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
sane. 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. Inqorganic transistors, the

sem conductive |ayer is fabricated fron1a sem conductive organic naterial.

In particular, in polyner transist m conductive organic layer is
fabricated from a. senlcondu@tF@éNgéﬁyﬂ%$§S§§yﬁ$calIy a n-conj ugated

organic polyner. This |ayer may be deposited in the device by a precursor
route or_directly by  solution processing. A voltage is applied across t he
sour ce cHit aefS8RATt HOVEHILPD RGNS Far PREr tiaiis stical ccepdlete of

transi Stzgfczhaﬁnﬂ/é’l tage1dl Se AR edohQuibfogatgaCont aeky Lhi §of/0}n5§9ﬁgcr eat es
a field that alters the current-voltage characteristics o

seni conduet issdayer lying directly next to the gate dielectric by causing
accunul ati on or depletion of charge carriers there. This in turn nodul ates
‘the channel resistance and the rate at which charges pass fromthe source
to the dfiadini-conteact trhﬁ$j£BQr$heFEmavcefdﬁﬁjmhr@@wtéwmjnébrdavgbuen
sour ce- draln vol t age. 8r|nC|g rganlc field effect tr £sist0£s (FETs)
can at comprise a source contact drain contact, a gate
contact. A semiconductive layer (the “channel”) bridges the
source and drain contacts, and 1is 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 1is fabricated from a. semiconductive polymer,
typically a n-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 is, the scurce-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



operate in two nodes; either as an n-channel device (where 2 the charges
accunul ated in the channel are electrons) or a p-channel device (where the
charges accunul ated in the channel are holes). Advanced Functi onal
Materials 13 (2003) pg 199-204 presents a new effect influencing the
operation of p-channel organic field-effect transistors resulting fromthe
choice of the gate insulator material. This docunment is not concerned with
n- channel conduction. This docunent ingyestigates a nunber of gate
insulators with varying dielectric constant and polarity. It is reported

t hat p- channel devi ce perfo nce., |i I AgW r
Speci fi cath, CRrYES st Fﬁﬁug%g?g 180n5|stéﬁ%H%renéggzégggﬁ%O%%qlzﬁ}d%ed
hol e nobilidnsrisan lewilkd ngwhater stier echsedes AacEEhuhatednobi| i tie of
6x10-3 cnkV-'"s-1 is said to be possible in the PTAA derivatives tested.

It is hypotHedilséde het-eshe observed effect was due to the change in
energetic disorder at the sem conductor/gate dielectric interface. In this

regard it is said that [ow polarity | nterfaces are sh to be bengficial.
It is furtdwemasal Furvdtiarsls M@ia@%letloSt%%p 2PPPPi By %9?0%%‘? BaeEcPbtenti al
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(PVA), poly(perfluoroeth Iene- ut en vinyl “e Yanepuh | 44 ane,

pol yi sob#dA% NS UIsHAF J‘r‘?y]1 -I ent eOnCI’} er%’é %Hﬁ%’éo (g/rrer %l(h

pol ypr opy|-€finnel conductlon This document 1nvestigates a number of
gate insulators with varying dielectric constant and
polarity. It is reported that p-channel device performance

improved with low-k insulators.

Specifically, it is stated that a consistent trend emerged
of improved hole mobility when low-k insulators were used.
An FET hole mobility of 62107 em®vls™ is said to be possible
in the PTAA derivatives tested. It is hypothesised that the
observed effect was due to the change in energetic disorder
at the semiconductor/gate dielectric interface. In this
regard it 1s said that low polarity interfaces are shown 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) (PVR), poly{perfluoroethylene-
co-butenyl vinyl ether), cyancpullulane, polyisobutylene,

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



pol ypropyl ene-co- (1-butene)]. 3 It is particularly advantageous to be able
to realise both n- and p-channel organic FETs. This opens up the
possibility of fabricating conplenentary circuits with extrenely | ow

st andby power consunption, as is known in the field of inorganic S

FETs(P. Horowitz and W Hill, The Art of Electronics, Canbridge University
Press, 1989). One particularly sinple way to generate a conpl enentary
circuit is to realise both n- and p-;?annel conduction in the sanme device
(sinply by selecting an appropriate gate-voltage polarity). Such a device
is said to be anbipolar, and has been denonstrated with inorganic

amor phous tSiis( hhartfdwsiaerer adnKauseears ahd Be Bitlente, rspérEfRs T8 schungs
- Und Entw ckl ungsberichte - Sienens R rch and..Reve nt...Reperts 14
(1985) pp~ 1f£% ﬁﬁﬁgﬁﬂﬂé%o EVAC R ﬁ%ggbeen ggﬁ%§al%€@§%ceSFedQ?ﬁgt re-
channel gbganbeiFEFs are |idbitiathtingpecomplehassesy of cveryithi ghvith
electron-affinity iEA) sem conductors, such as those ,co L igigg the

peryl eneE8FFER&FBox Gl ats 2aPH ROV arfHFiRde ° 2 napht hal nePetracagboxylate
di i m de/ cdiaghydr iide rgknikhtdial @eyan negddd 5z osind hwsenwitllh Tewy rerial |
bandgapsfless than or equal to 1.6 eV), which by virtue a their smal
bandgapscfio Bbeetx@richi g aartaciddn- FNEVerey tYso egﬁeci*g Sbxampl¥E of
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aud, A. Sadound and M Maitrot, Chemi cal
Physi cs ietter k37 s€1998)h pg- 5OS) .p-channel conduction in the same

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 -

ond Entwicklungsberichte - Siemens Research and Development

Reports 14 (19885) 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).

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

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



- Tet racyanoqui nodi nret hane (AR Brown, D.M de Leeuw, E.J. Lous and E E
Havi nga, Synthetic Metals 66 (1994) pg. 257). 4 -Di anhydrides and diim des
of napt hal enetetracarboxylic acids (J.G Laquindanum H E. Katz, A

Dodabal apur and A.J. Lovinger, Journal of the Anmerican Chem cal Society
118 (1996) pg. 11331; H E. Katz, A J. Lovinger, J. Johnson, C. Kioc, T.
Siegrist, W Li, Y-Y. Lin and A Dodabal apur, Nature 404 (2000) pg. 478.
-Dii mides of perylenetetracarboxlic ac'%ds (C.D. D mtrakopoul os and P.R L.
Mal enf ant, Advanced Materials 14 (2002) pg. 99). Exanples of snall

nol ecul e n-channel sem conductive A materials are aiso known fr.om Kftz et

al, Nat ur e 4GaNysEa0rs pernd7edidgiidemi < ochAR M+t Lot AEht Y ohd T he
possi bi ity 550f (AN Or gakk £ ROI WA, M der di ghegt riac. Dhdewewakpuro axanple. of  a
suitable polyimde is given and no information is provided regardjpg how a
sui t abl e Ipotiyigeirde Weyrbelseldct b Fuprhern typeedsay p‘éﬁ%?ﬁkﬂes%gnt ain
1-5% resi I E%%H ps 0 es o i | egtr ffdi ty,

ol i goner (g}é?ﬁ nriet %gl“rs’n?gbn ugt'?%g%ang%i% si?ﬁ%t g’vegbeg}'r%jﬁlssedéﬂmth an

i norgani ldicg! ectrisiegeista, ¢o- diiper f Yudr oHexy| gexi t Ai opbregald apur,
Facchetti, Y. Deng, A. ng, Koide, H Sirringhaus, T. Marks and R H
Fri end, Nﬁﬁ@éﬁaﬁ@ge(éﬁgﬁxgp%ntgFRational Edition 39 (2000) pg. 4545).

- Qui nodal terthiophene (R J. Chesterfield, C R _Newman, T.M Papgenf us,
P. C. Ewbatikimlildds Hauka@as, KpRryManateLrgcampexbic acids (C.D.

Dimitrakopoulos and P.R.L. Malenfant, Advanced Materials 14

(2002) pg. 99).

Examples of smal.l molecule n-channel semiconductive
materials are also known from Katz et al, Nature 404 (2000)
pg. 478-481. This document in fact mentions the possibility
of an organic polyimide dielectric. Howevexr, no example of
a suitable polyimide is given and no information is provided
regarding how a suitable .polyimide may be selected.

rurther, typically polyimides contain 1-5% residual ~COOH

groups.

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

inorganic dielectric are:

—q,0~diperfluorchexylsexithiophene (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.



and C. D.

hi gh el ectron-affinity polyner

Frisbie, Advanced Materials 15 (2003) pg. 1278. 5 An exanple of a

been used with an inorganic dielectric is:

- Pol y(benzobi si mi dazobenzophenant hrol i ne) (A. Babel and S. A Jenekhe,

Jour nal

very high EA polyner with electron- withdrawi ng imne nitrogens in the
stiff polyner backbone. To date, it al go has been generally accepted that

mat eri al
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result,

n- channel sem conductive material that has

of the Anerican Chemical Society 125 (2003) pg. 13656. This is a
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To date, it also has been generally accepted that materials
that do not fall within the above “special classes” do not
show and are not expected to show n-channel semiconductor
behaviour. As a result, the choice of s=semiconductor

materials for n-channel organic FETs has Dbeen severely

limited.
Very high-electron affinity materials (and low-bandgap
materials) can have their own limitations. For example,

they may be unintentionally doped by adventitious
impurities, for exanple, B, ammonium and metal ions,
especially under bias to a permanently conducting state.
Therefore it would be advantageous to be able to develop n-
channel and ambipolar transistors from a dgeneral class of

materials with more moderate bandgaps and electron-

affinities.

As described in Nature Materilals 2(2003) pg. 678, one cf the
main difficulties in achieving ambipolar transistor
operation 1s 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 meclecular orbital (HOMO) of the

ol es and el ectrons



needs to have a workfunction that allows injection of holes in the highest
occupi ed nol ecul ar orbital (HOMD of the 6 sem conductor, and the
injection of electrons in the | owest unoccupied nolecular orbital (LUMD).
Consequently, this wll 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 electrode, of course, i% greatly conpounded by the fact that
n-channel activity in organic FETs in any case has been difficult to

achi eve even with the appropriate electron injection. This has led to a
general (epPorREIRItA evrrhatheeladrFBASNAPE SRR ddpetRt ah8WEAbs

render ed {J%@g%gd if,[{;glrg%%}lﬁ%rgg?ggﬁ%t e[i@hs), . anddoheref.ane:(agathis

erroneous o useful n-channe cou d be made fromthe vast
maj ority wfll hessublt éni ahs inNevéionhbaksssr i & tNatarst Mkt i af sthe

docunent . denpnstrates i pol ar_transi . sing a thermally grown
i nor gani FPEGH a%errgé'saft[me Ognae't é’%it eeg%%?gégﬁd het er ogeneous bl ends,

consisting of interpenetrating networks of p-type and n-type

sem conductors, as the senjconductive |ayer. A, blend of a_derjvatised C60
(PCBM) whieh RV Verii ®ighy o eRthonIHi i e y st T He S et ¢ Biffiet 108
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reported ﬁﬁgﬁﬁﬂﬁ%lthgckk®@%y in organic FETs in any case has been
difficult teo achieve even with the appropriate electron
injection. This has led to a general {exxoneous) 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 Si0, 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 C6C (PCBM) which has a very high
electron~affinity as the semiconductive electron transporten
and OClCl1l0-PPV polymer as the semiconductive hole
transporter is exemplified. The HOMO level of the OCLCl0
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



| evel of the PCBM and the work function of the gold electrode. This
docunent al so suggests that the | ack of anbipolar transistor action in

wi de bandgap senmi conductors is due to 7 the presence of large injection
barriers. The reduction of the barrier is suggested by using snmall bandgap
sem conductors. Poly(indenofluorene) is exenplified, which has a bandgap
of 1.55eV. However, the electron field effect nobilities that have been
realized in this docunent are still unacceptably lowin the 10-5 cnR/ Vs
domain. (PIF, electron nobility, 5x10-5 cn2/ Vs vs hole nobility, 4x10-5
cn2/Vs; and for Cho-QOC Cl10-PPV, electron mobility, 3x10-5 cn2/VS vs hol e
nobi | i ty, tRR19rgseppe/ &) la@eaihyecthenr dageisfsantiipol aedtehhsisodr s

t hat may ma rdi.ng ta i chi is. restricted., Further, small
bandgap sgﬁ$coﬂ§%%$%$§ mf?% rpﬁﬁ éﬁ?g< .6%&% t%ﬁdggo bgmaﬂélatﬁﬁglfapess
stabl e siferl¢hesucirervul Pelgtiliedencfinortent i ohal dopipig, fiant f atiikh

phot ochenj cal _ r.eacti.ons. t ot her hand, el ectron-conducting bl ends

W th Chomkgfﬁ%ﬁﬁgm&gﬁgCﬁ%ﬁnéﬁfsgunstable, due to facile chem cal reactions
of the Cho anions and rapid oxygen trapping but suffer also from general

instabil%%g of thggfercolation aths due to the _recrystallisation of the
smal | ol EHAE =l 6dtF on-Sfddedt orteHhdet Fams gl ek t»§ ofheb hage been

above- desgdd et Natiir en Mt ghbahsng dOeURAL] SGIRNRGR 209 (1395) »PYLd 560
describes the use of an inorganic
107 cm®/ Vs domain. (PIF, electron mobility, 5x107° em?/ Vs
vs hole mobility, 4x10™° cm?/Vs; and for Ce~0C1lCl0-PPV,
electron mobility, 3x107° cm?/Vs vs hole mobility, 7x107

cm?/Vs) .

Clearly, the range of ambipolar transistors that may be made
according to this teaching is restricted. Further, small
bandgap semiconductors with n-m* gap <1.6 eV tend to be
relatively less stable since they are vulnerable to
unintentional doping, and facile photochemical reactions. On
the other hand, electron-conducting blends with Cg networks
are not only unstable, due to facile chemical reactions of
the Cgo 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 (1895) pg 1560 describes the use cof 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 107 cn®/Vs. This electron
conductor suffers from the same problems as discussed above

in relation to the Nature Materials 2 document.



gate dielectric and a bilayer of a hole-conductor and el ectron-conductor
to achi eve anbi pol ar transi stor behaviour. The el ectron conductor is Cho,
with electron nobility neasured in the range of 10-3 cn2/Vs. This el ectron
conductor suffers fromthe same problens as di scussed above in relation to

the Nature Materials 2 docunent. 8 It will be appreciated fromthe above
that the main thrust of the effort to achi eve n-channel FETs and anbi pol ar
transi stors has focussed on the seniconguctive | ayer, particularly the
material used for the sem conductive |ayer and the organization,

nor phol ogy and spatial ordering of the sem conductive material. Typically,
sem conductive materials have been tested against an inorganic Si02

interfaceclt, wql,.b Late at.this. | erhs LAavariallke
partiaIIyIth§qﬁgtéﬁ? %B??Eé?%tl %f%ﬁ %@EAS%FQ%%S?%ﬁPtEQt there exists a
need for fdrthée i ppfovenent ofchiehannetclonrict ikiTd n arel  cdimesiLagy gani ¢

FETs and i pel.ar._organic FETs singce, _cu nt | .a mt ge of
organic ngggpgéﬁgogge %ﬁgbaﬁﬁgq%§%uch0%ev%é§s.S%Wécﬁﬁggé%%bghvg%P%%ﬂ ai s
to at | eaphrpactilakly addr essertilkiis weetl Ao theprewidendncaifer Stayaspect a

new n-channel _transistor. Further in_a second asgggﬁ thgspnesent invention

ains to BREVIFHE QTHETHEGTEER nBRIRGCACHEWPFafBR FdPfg o Pehe
first aspeehi@bntierRPiyeseRterA¥ent nQRicSlinkl fWktibehduatavkhidadeaspast the
present invention ains to provide the use of a new transistor according to
t he have been tested against an inorganic Si0O; interface. It will
be appreciated that this interface is invariably partially
hydrated. Further, it will be appreciated that there exists
a need for further improvement of n-channel conduction in n-
channel organic FETs and ambipolar organic FETs since,
currently, a very limited range of organic materials are

useable in such devices.

The present invention aims to at least partially address

this need and to provide 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



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
anbi polar field-effect transistor including an organic seni conductive

| ayer having an electron 9 affinity EAsem cond; and an organic gate
dielectric layer formng an interface with the sem conductive | ayer;
characterised in that the bul k concentration of trapping groups in the
gate dielectric layer is |less than 1018§Cm 3, where a trapping group is a
group having (i) an electron affinity EAx greater than or equal to
EAsenlcond and/or %II) a reactjive electron affinity EArxn greater than or
equal to a{BAsdH ﬁﬁﬂuQTwFo@n@heaBur86§é§16f ﬂﬁEeprgé%%?ch%%nt}%% EA,
and EA...¢ah@ ndet ghm ngg ascdescribed hengi n. skhiacsecendvaspeciyof; the
present invention there is provided a nethod for nmaking a transistor as
defined ighametefiiped atpecthadt the prelentcanmeertbasni.on nod tRrePiapect ,
of the p I nyenti.o vid e; Us Nghse Qy-3 as
defi ned gﬁ§§ﬁ% fp¥s?5asB¥%?§o§lé$%££%%%sgggeﬁﬂvé%t?8% fgﬁk%?c%gnﬁg{
conduct i emerken @ foapplinaspectuof ishe present hawient i 6h) t hz@reel%ctm@w ded

t he use of__an.organi c ins Iatln materi al_{that not. _cQo ny

chemi cal Fa gyhg@ingrfl BAX GF8air & 1§%10€o E%ﬁﬁF”miong'e an /2 &

(11) BEAr Xp-egl-gaker dlmxofn egaainiey 0. EBMxn deecardirngHae tbe foustlh @spect,
preferably the organlc insulating material does not contain any chem cal
groups (ERsemscond.™2) -

For the purposes of the present invention, EA; and EAgum are

determined as described herein.

Iin a second aspect of the present dinvention there is
provided a method for making 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 invention for n-channel conduction.

In a fourth aspect of the present invention there is
provided the use of an organic insulating material that does
not contain any chemical groups having (i)EAyx greater than or
equal to 3eV and/or (ii)EAgm 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 eqgual to Z2eV. Alsc preferably,
the organic dinsulating material does not contain any
chemical groups having EAgnn greater than or egqual to 0OeV,
Most preferably, the organic insulating material does not
contain any chemical groups having EA, greater than or equal

to 1 eV. Also most preferably, the organic insulating



havi ng EAx greater than or equal to 2eV. Also preferably, the organic
insulating material does not contain any chem cal groups havi ng EArxn
greater than or equal to CeV. Most preferably, the organic insulating

mat eri al does not contain any chem cal groups having EA, greater than or
equal to 1 eV. Also nost preferably, the organic insulating 10 nmaterial
does not contain any chem cal groups having EArxn greater than or equal to
-1 eV. In afifth aspect of the presenty invention there is provided a
device or a part thereof including a transistor according to the first
aspect of the present invention. In garti g}ul ar .there is grovi deqma
circuit, "é6Rpr-éferiely BPFc NG ARG gicledFEadi t9F RS UdPRG %t ran&i st or
accordi ng ta:thechihhshy aspggt «8f-1hevpresent invention. In a sixth aspect
of the present invention there is provided a nmethod for making a device or

a part thereof as defined in the fifth aspect of the present invention.

Al most ally af 4 pPubldahed, sarde At dlchanfifleliansitidles 49 pudaliRidins

i
focused oA thé preparation of org sem conduct ors where n-channel
conduct i @n dearicee wbserpedt apairasf anchydiaved) tSiagsiisicer fare@rddftthout

w shing to bound by_t heor r i i.Qn pr Vii%ﬁi e
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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.

2lmost all of the published work on n-channel transistors to
date has focused on the preparation of crganic
semiconductors where n-channel conduction can be observed
against a (hydrated) 8i0O; interface. Without wishing 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 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 1if the dielectric does not
pre§ent 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 is the more important of the two, the

dielectric bulk preferably also should be considered, since



ef fect conduction can be stably supported at a dielectric/ sem conductor
interface only if the dielectric does not present too high a concentration
of chem cal noieties that can trap the negative charge-carriers induced in
the sem conductor channel by the field effect. Although the dielectric
interface is the nore inportant of the two, the dielectric bulk preferably
al so shoul d be considered, since 11 bulk trap states can still be

popul ated al beit 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 mnust_tunnel
into the B Hihes tdpedarhatéell NegePPREIEESS 2ilheibule T ap-States are
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transi stor behavi or. resent inventors have di scovered that
appr opr i dtteredlegieceast thSDrgaQVQﬂgaieaﬁﬁ§@¢§ﬁlnQYnatbelatrap$ |Eh¢mdeed
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conduct i n organi ¢ senicondu n organic _dielectri
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and copalygersnbavenhesnitegtedisusess sty d yahyi dthe: pasentor i nventors.
The key is that the organic gate dielectric layer nust not contain

trapping groups (that lie in energy near to or below the
el ectron-transport |evel of the organic sem conductor) above a critical

concent r ahkobrdAserit I €aukhtors have discovered that by appropriate
choice of the organic gate insulating material, it 1s indeed
possible to cobtain 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(fluoxene) derivatives and
copolymers have been tested successfﬁlly by the present
inventors. The key 1s 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 been tested to date (most

notably, silicon oxide, poly (methyl methacrylate},



of this invention, the scope for obtaining n-channel organic FETs and
anbi pol ar organic FETs is considerably expanded. It is no longer limted
to the organic sem conductor being a very-high electron-affinity

sem conductor. 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 been tested to date (nost notably, silicon oxide,

pol y(met hyl met hacrylate), 12 poly(vingl phenol) and poly(imde)) do not
satisfy the specifications of the present invention. According to the

present in t ne [ St ngui ) t ki nds of .t.r
gr oups: r@égpﬁ$88¥?apgﬁ§ﬁggsno%gged§?F0gﬁ%$%%9. E@%cfi e f%ﬁﬁégﬁfquﬁbse
t hat undesgecafsubsequentds ctiesi gadseeanivartismt hat the el ectron becones

trapped in a new (and deep) state that cannot ordinarily re-emt the

el ectron. Hence, the trapping is not reversible. Particularly ubiquitous
exanpl es phcheachiverdr apse argrd hose WidbraGtdve ordacicdine) Ndregenss such
as -000H, and -CR20H that can _irreversibly trap electrons to expel

hydr ogen. PRBYCRadtiVekirdps A e tERBREANEhATTHF T eTeAFL VR ¥Fappednd

el ectrons,,React lye d rapg,consume the induced carriers leading to static
charging of the dielectric interface and gigantic shifts in threshold

vol t ages, Reh¢tevamohrrpackiree thosgpsHadadinde tassa obubhaggentarchiesi cal

mobi 1 i ty. ¥§$¢1@i§{ §éh%@Staﬁ:ged%%'c%%%a'betco fel-ANs S;};.:{’erd devigegy,! tahy to be

noted tha e di stinctron between the two Kinds o raps i s
deep) state that cannot c¢rdinarily re-emit the electron.
Hence, the trapping is not reversible. Particularly
ubiguitous examples of reactive traps are those with active
(acidic) hydrogens, such as -COQH, and -CR:CH that can

irreversibly trap electrons to expel hydrogen.

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 1loss of charge-carrier mobility. Both of
these are detrimental to¢ transisteor devices. It is to be
noted that the distinction between the two kinds of traps is
net always clear—-cut, since non-reactive traps in the

presence of some iImpurities (such as H0) can turn into

reactive traps.

The person skilled in the art is credited with knowing if a
particular chemical group 1s capable of acting as & reactive
trap, a non-reactive trap, or both, based on common

knecwledge of electrochemistry



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
inthe art is credited with knowing if a particular chem cal group is
capable of acting as a reactive trap, a non-reactive trap, or both, based
on common know edge of electrochem stry 13 The present invention requires
the total concentration of both reactive traps and non-reactive traps to
be below a critical concentration. It;wll be appreciated that, according
to the present invention, whether or not a group is a trapping group nust
reference to the EAsem cond. of the organic

be det L.ned .
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sen condustilve rematarical t a5k t BUg %%ﬁﬂﬂééaﬂlveat9§ﬁ§°Qx§kbE|%%gf%tge art
will be able to use the analysis and the definitions for EA an EAr xn
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to EAx (i.e. according to their non-reactive trapping propertie

secondl y 1 EAFXAPPILNE. graceordisig he dhbérmirvadt bve defappineg propetsi es) .

In the ngpner descgi : son _skilled in the art .then can use the
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concentrakl @ble to use the analysis and the definitions for EAy and
ElAwyn given below, to order all chemical groups present in an
organic gate dielectric layer under consideration into two
series with respect firstly to EA, (i.e. according to their
non-reactive trapping properties) and secondly to EBye, (di.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 (ERcemicond) EO
provide the cut-off values to identify which groups are not
trapping groups and S0 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 (Cinrers)
needs to be less than 10" cm™®, preferably less than 10 cm™2

and more preferably less than 10*° cm™2.



in the gate dielectric layer. Since the induced charge-carrier
concentration typically is of the order of 1012 1013 cnR 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

sem conductor/gate dielectric interface (G nterf) needs to be |less than
1012 CM 2 , preferably less than 1011 cn2 and nore preferably | ess than
1010 cm 2. 14 The bul k concentration {gbul k) corresponding to an interface
concentration of 1012 CM-2 is 1018 cm -3 according to the equation:

f = 2 d h_ th h
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One can measure the bulk concentration (Cpuix} of a trapping
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
{Cohumx) 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 o¢n an IR-transparent substrate

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

casting or Dblade coating. Measure the IR spectrum in an
FTIR i1nstrument. 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.200 cm”
1, Quantify the band absorption intensities at these
wavenumbers. Convert to an effective concentration using
literature wvalues 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.



fluctuat

test wt

ions to be less than 10-4 absorbance units. Look up the absorption
band positions of the group in standard tables. For OH, this is at ca.
3300 cm-1 and also ca.900 cm 1. Quantify the band absorption intensities
at these wavenunbers. Convert to an effective concentration using
literature values for the band absorptivity or calibration values fr
measuring the absorption spectra of a filmof known thickness and w
known concentrations of the OH group.145 Method (B) Tag the group under

h a suitable fluorine or silicon |abel using standard
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Method {C): Tag the group under test with a suitable
fluorescent label wusing standard biochemical Ffluorescent
probe labelling methods. rPurify. Measure fluorescence

activity to obtain concentration after suitable calibration.

Electron affinity (EA) 1is 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.

Accoxrding to the present invention, Elsemiconda, Can be
determined from cyclic voltammetry experiments for the
crganic semiconductor or from its measured ionization
enerygy. The ionization energy {IE) of the organic
semiconductor can be determined from standard ultraviolet
pPhotoemission experiments, as the onset of the wvalence band
feature in the ultraviolet photcocemission spectra. Less
preferably, this quantity may also be estimated from
standard cyclic voltammetry, as the midpoint potential (Eo )
of the coupled oxidation and reduction peaks or the onset

oxidation potential (Eonset), 1n the oxidation scan. This
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determ ned fromcyclic voltamretry experinents for the organic

sem conductor or fromits neasured ionization energy. The ionization
energy (I E) of the organic sem conductor can be determ ned from standard
ultraviolet photoem ssion experinments, as the onset of the val ence band
feature in the ultraviol et photoem ssion spectra. Less preferably, this
quantity may al so be estimated from standard cyclic voltammetry, as the

m dpoi nt potential (EO0') of the couplgg oxidation and reduction peaks or
the onset oxidation potential (Eonset), in the oxidation scan. This 16
potential is converted to the vacuu nergy scale using a_.sta rd ener
shift: | EPLERLIRS NﬁEFQPWﬁ3§qgviﬁ?nE§ sg%¢8&? ?@%§g$9ﬁ9§lgvyg$%g e ect?gn
affinity (EMqd:s o atad f4.ome ke g,onjzatigm energyeaceormling testhe
followi ng equation: EA'= IE - AE - BE The bandgap (AE) is neasured using
optical aBbs®kptitrP O exanple. The exciton binding energy (BE) is widely
held to be 0.4 eV for a nunber of conjugated polyners. Alternatively, the
EA of the organic sem conductor can be neasured in a nore direct way by

i nverse photoem ssion, or, by standard c cIic1é%%t nnetr%%as t he ntioint

pot ent i al Thg E9Cigon HEt thubted (Fduidt | ot Shd FPBntPhRak@ br 2 tHe onset

reducti O%M%%ﬂtéc%oﬂd%%%) itHeN FR118¢aLET 8uaeapn: This potential is
converted to the vacuum'energy scale using a standard energy shift: IE =

Eon (vs NHE) + 4.8 eV or Eonset (vs NHE) + 4.8 eV.
EA = IE - AE -~ BE
The bandgap (AE) is measured 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
(EOW of the coupled reduction and oxidation peaks or the
onset reduction potential {Bonset}, in a reduction scan. This
potential 1s converted to the vacuum energy scale using a
standard energy shift: IE = E, (vs NHE} + 4.8 eV or Eoneet (VS
NHE} + 4.8 eV.

For dielectric materials, because of their non-conducting,
EA values are far more difficult to measure directly.
However EA is a relatively local property of the chemical
groups or moleties present in organic materials. In
contrast, this is 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



For dielectric materials, because of their non-conducting, EA values are
far nore difficult to nmeasure directly. However EAis a relatively | ocal
property of the chem cal groups or noieties present in organic materials.
In contrast, this is not the case for inorganic materials. Therefore, for
t he purposes of the present invention, whether. an organic gate dielectric
| ayer is conpatible with the n-channel activity of a particular

sem conductor is determned in part b% conparing the individual EA s of
the 17 constituent noieties of the di®lectric (EAx and EArxn) agai nst
EAsem cond Because gas-phase EAs of a wi de range of groups are available
in the |it¥r=tiientt Biod eidew dds thauskfaliect ripgr | (¥ ardnsRio) degaimihe t he
EAX of a i de range f m _ resent | andi_dat i ics
for scr eegr/ﬁsﬁmdc‘m%ur pggggfﬁ@%hegc%s ak?g%lygé%%a?) on% b&ég(ﬁ%o%ghgt% r &*fﬁ%?“%
conponentasrsprasehtable dngarie Hitbestnies (bdeh mxowikeal &phetifolchai ns
and phenyl. h ne units _in_polyal kyl engs ol.ystyrenes.etc) .are not
pi - ext engée&ldloarﬁd%{é%é%r %go{éieéegfné‘{lg g%ié %fgtaen‘gid% Z%WQT%FSCI? me%El"fl ess

t han t he galoeptr op@ffart t yief aantlyphtal semileendieki verdrat es¢cddening
(EAsemicond) , which is typically 2-3 eV (for exanple for polyfluorenes,
pol ypheny"&R&5E3pol yt hi ophenes and their copol ynmers). Therefore the

presence of these units is acceptable in an insulating material for use in
the present invention. Oher chem cal/structural groups or noieties that

are pre ﬁ,ggt ulsrllatl h %y%lr%lc%% rolnc b%\l c:t krlla%rn eb ys tdr%sélt%r}: a(lascoarlnpsg nreunctt su rparl esent
in organic dielectrics ({such as the aliphatic chains and
phenyl/ phenylene units in polyalkylenes, polystyrenes etc)

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

ev. This 1is far less than the electron affinity of a
typical semiconductive material (EAsemicond) s 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/structurai groups or moieties that are
present in the dielectric either by design (as a structural
unit, particularly as a repeating unit cr 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 1is not



unit, particularly as a repeating unit or end group) or as an inpurity

(i ncluding chain ends, polynerisation defects, stabilizers, catalysts and
i nadvertent contam nants) however nmy have considerably |arger EAs. The
present inventors have identified that in order to ensure that these
noieties do not conpete for the electrons, certain design rules nmust be
conplied with. Separate design rules nay be considered in respect of
reactive and non-reactive trapping groyps. The design rules enable the
selection of a desirable gate dielectric material relative to the organic
sem conductor to be used. In this sense, .the Fresent inveqﬁion is not 18

limted toI8EEFRI 4G &% dPalE@b+s cIMBLEFFAFS p&Tedéa:s RTead®
desirabl e;dieb8g! i Ge5BESH1 Q! SaiBYberdef i fRder depENdhNg Opet heegkgani ¢
sem conductor to be used. Non-reactive trapping groups For non-reactive
traps, thdepeagprhien sthevargible saawcgv@dqcﬁ@rcgpt &€i #5f8r a group to be
non-trapping is for the solid-state EA for the chem cal group in the
dielectric material (EA, ) to be |l ess than EAsem cond By way of exanple
some EA. values for comon groups are shown below. In accordance with the
present iHORTESIHACLYS REA MBI ES cal cul ated fromthe gas-phase EA data.
The solid state EA" value is calculated frgmthe gas phase. EA by, addi ng
t he soIi@0%t§99”6SP§FFY§tﬁﬂﬁﬁﬁherﬁyewﬁﬁéﬁpﬁggtd%%nrﬁggﬁsﬁglﬁei”%%8s8v as
given by M, Popg rand :C. ko Suenbetgp E%@C&kpnh6n~8£ggg§§§5 1§ @oganthe
Crystals and Polynmers (Oxford “University Press, 1999. ) _
solid~state EA for the chemical group in the dielectric

material (BAx) to be less than EAgenicond: By way of example
some EA, values for common groups are shown below. In
accordance with the present invention, these wvalues 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 Press, 19983,

Moiety X Solid-state EA, {ev)?
(a) Aliphatic carbonyl (-CO-, -C0O-, —CONR-) and CN 1.8-2.0
(b} Aromatic carbonyl {-C0-, -C00-, -CONR-) 2,0-2.4
{c) 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 FEBsemicora value of 2-3eV, the presence of

(a) may  be tolerated in  the dielectric for some



Moiety X Solid-state EA< (eV) a (a) Aliphatic carbonyl (-CO, -COO,
-CONR-) and CN 1.8-2.0 (b) Aromatic carbonyl (-CO, -COO, -CONK-) 2.0-2.4
(c) Aromatic fluorocarbons 2.3 (d) Quinoxalines 2.5 (e) Aliphatic
fluorocarbons 2.8-2.9 (f) Quinones 3.4-3.6 a Obtained by adding the

pol ari zation energy (taken to be 1.8 eV for the purposes of the present

i nvention) to the gas- phase EA of appropriate nodel conpounds. Therefore,
for an EAsem cond val ue of 2-3eV, the presence of (a) may be tolerated in
the dielectric for some 19 seni conductors. However, the presence of
(b)-(d) at a concentration above the critical concentration may not
conpat i blaeniccnduaitarmel Haotawety dfhenamresregars ¢ oSentondiict ots. &
Further, the presence of_.(e)-(f),. above .t. critl cent ration will not
be corrpatcloﬁjlcée%vt\_ﬁriaﬁcqr?ﬁlst abf)or geani%heserr(%&gloﬁll uc or%&ﬂ%egrlctaﬁcj%gt?ﬂer%%r enéwﬁch a

| arge nwdhentdblEossiilie nohethasnebnl yaa fwwyar e offr ovindast hepegahpe

anal ysis. EAx val ues for other groups can be determ.ned,_in the sape_way.
React i ve 35%4p€ Y=apst %ﬁé@%o gg'?:o@ﬁle&?nf:gac?% orﬂef haf ) m?beogrede?}r?%ppi ng
i npossi blg.; tAR zaxahe ok ra-¢eHpl i I eatdt omd s cbh@atexpel sivdbhofmast
hydrogen atom from noieties with active hydrogens. Once this hydrogen atom
is |ost @9PRBdGh SBRECOBEHBECFAd caBecelsti ohNBFer etithbishat] off t aﬁg%e

hydrogen  mper of possible moieties, only a few are provided here

for analysis. EAy 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 moieties with active
hydrogens. Once this hydrogen atom 1s 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 1is

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

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



gas), the electron charge is irreversibly trapped on the nviety until sonme
charge neutralization event occurs. In any case, the initially trapped
el ectron is not re-emtted, and the capacitive charge density of the gate
dielectric becones filled by such inmobile 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 val ues for
reactive traps are not avail abl e. Thgﬁy for the purposes of the present
invention, it is necessary only to cdnsider the reactive electron affinity
for such groups. Considering the acidic -COOH noiety by way of an exanpl e,
thi s noi etol viimigessedteast@an iingpmriiefeat ComEesHHop | &fel tha AR hyl
nmet hacryl ate);, and at _.the few 9 \, i . | yi-pi.de 40 imcapl ete
conversigﬁtﬁ%lﬁﬁé pregﬂFégé w%%%éﬁ%ig. t%&%?ﬁégﬁeaggkve§?€§g%§ng, tﬁgp
reacti on dagisngereandisdered is: Semicond-(s) + Diel-COOH(s) -3 Semicond(s) +
Diel-C00-(s) + H(s) which represents trapping of the induced el ectron
initiall i he _seni; condyict Qr; LS8k CoNar)1086® (= H @)t he
dielectr%@m?%%%f?%bdg]%F1 %ﬁgzggogyéﬁgﬁcgtoélpThe exact éiﬁggic mechani sm
i nvol ved does not affect the energeti of, the averall, reactli.qgn, jch can
be expre@%@&haﬁ?ﬁqﬁ?gﬂﬁﬁcﬁr?gﬁﬁW%J?£rg§8tﬁ€'gge|)e%§ﬁ%ﬁ§§uﬁﬁégh%?¥v
Sem cond(s). e Gy EABEM £aNtborlduid ol e s &) )+ entg) -40Df einCODS(s) +
H(s) (EArxn) Reaction (ii) involves the expul sion of a hydrogen atom
dielectric (Diel-C00") with lost of an H atom.

The exact kinetiec 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) ERgenicond

{ii) Diel~COO0H{s) + e {g) - Diel-C0O0™(s) + H{(s) —{BApun}

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 {(EArx) - The
present invention therefore, defines an EBR.m for reactive
traps, which can Dbe estimated using a Born—Haber
thermodynamic c¢ycle for a corresponding small molecule

model, an example of which is as follows:

(i) (a) Diel-COOH (s} = Diel-COCH({g) AGgup),

(ii} {b) Diel-COOH (g} <> Diel-C00”(g) + H'{g) AGgeprot

{ii} {c) E'(g) + e (g) 2> H (g —LGion, &

(ii) {d) Diel-CO0 (g} - Diel-COO (s) AGporar —AGsubi
(ii) {e) . H{g) =» H(s) = AGsub). B

where the three key energy terms are respectively the gas-

phase deproteonation enerdy (Gaeprot) » the negative of the H

atom ionization energy (—AGion,n = —13.6 eV), and the medium



Here the energetics of reaction (ii) is denoted as the negative of the
reactive electron-affinity (EArxn) The present invention therefore,
defines an EAr.xn for reactive traps, which can be estinated using a

Bor n- Haber thernodynamic cycle for a corresponding snmall nol ecul e nodel,
an exanple of which is as follows: (ii)(a) D el-COOHs) 3 D et-COOHg)
AGsubl (ii)(b) Diel-COOH(g) 3 Diel-000-(g) + H(g) AGdeprot (i i ) (c) W
(g0 +e(g) -3 H(9 -AGon,H(ii) (d) . Del-COOg) 3 Del-C00 (s) AGooi ar
-AGsubl  (ii) (e) H(g) 3 H(s) -AGsubl 28 where the three key energy terns
are respectively the gas- phase deprotonation energy (aCGdeprot), the
negat i ve peflatheaklicat emecroni zatc,on. enekgy (enG 6a, Bes =133 628V) FO&nd t he
medium 2 J. pol arizati on ener 0 taken here to be --1.8 eV) for a
B e N s e

hé"overall energy for reaction (ii) is
the sum of these energies, -EArxn = LGdeprot -6G on,H + OGool ar - aGsubl, H
LGdeprot 15.4 eV. Sublinmation energies OGsubl,H are sufficiently small

(probabl v, esg.Lhan Ou1.e) Lo, be oM iled. (Lefeprot cgan ey oblainad from

dat a t abl8s. FHE Pri n& ct'or” gover hl ng ether a chem cal group
cont ai ni pgeglibve hydrQoen maEy.akt —48Sna realbive treapwi.s thuade —

Common mavedi €.t AP P AT GE b dps T8 & A S st el B Nbi et y
X oGdeor qb,(peN1) BAWeN {14 ) 0. fa)evAl iphabé CodtiBE26.6 - AGRoror 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. ERrxn
values obtained in this way for a range of common molieties

that may act as reactive traps are tabulated below.

Moiety X AGgeprot (V) ERrxn_(€V)
{a) A}iphatic"NHR 16.6 -1.2
(b) Aliphatic-0H 15.9 -0.5
(c) Aromatic-NER 15.5 _ -0.1
(d) Aliphatic-SH 15.1 0.3
(e} Aromatic-CH 14.8 0.6
(f} Aliphatic-COOH 14.8 0.6
{(g) Aromatic-SH 14.5 0.9
(h) Aromatic-COCH 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
ERsemicond. = 2 — 2.5 eV). Therefore, the present inventors

propose that in order for a moiety to be non-trapping, its

EX,y, should be less than that of ERgemicona DY at least 2 eV,

i.e. EBRpyp < ( ERgsemicond — 2 ev )



(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-COON 14.8 0.6 (Q)
Aromatic-SH 14.5 0.9 (h) Aromatic-000H 14.5 0.9 By experinment, the present
inventors have determned that (e) and (f) generally are inconpatible with
n-channel FET conduction for a range of organic sem conductors (where
EAsem cond. 2 - 2.5 eV) . Therefore, the present inventors propose that in
order for a noiety to be non-trapping, ,iits EArxn should be | ess than that
of EAsem cond by at least 2 eV, 1i.e. rxa < ( EAsemcond - 2 eV ) 22
Wt hout wi shing to be bound by theory, this nay be rationalized crudely by
?o?sidgriﬁgt@%%t t Heskiappi B r&ce Had | a prleririct s of thi§ enPeYf r B§uency
v) and t ‘ i b r o] ' o+ Kleyz v val of K
s cot matas By ot anaara"BRER o Fhar audyiat s2°Fe BE KPS (TR
For kr < 107 sid (ahighogacresp@ndstitergt chévapiaidyst i ¢vi rappiing thiene
>100 days for a trap concentration simlar to the induced charge
concent r apt@mbibhey & WS scqugatheore| ot dni & Vr Equefibg) vaweSr 8dufre K <

10-22 and, henge, 251 eV, T f a IS, odi cat that »whi | e

(a)-(c) rr%t%) e l_@%f%r a_%ogd Sl\énaq(%gcgi%%ﬁ%r%, 9?%%‘@%§¥h§1ﬁ168%0$50§$aﬁ bl e

Wi th nmostyer ganicy kgenm conduct pr s<i fipreseht @bove tbereespbaat to a
characteristic trapping time  >100 days for a trap
concentration similar to the induced charge concentration}

and v = 10% s™' (the electronic frequency), we require K <

107%% and hence AG > 1.5 eV.

Therefore the analysis indicates that while (a)-(c) may be
rolerated in the dielectric, (e)-(h) are not compatible with
most organic semiconductors 1if present above the critical

concentration. A similar analysis can be made for any other

moieties of interest.

Nevertheless despite (a)-(c) being compatible on reactive EA
grounds, these hydrogen Dbonding moiefies tend to be
hygroscopic and retain HyO strongly. H,0 dispersed in the
solid film has a high BEA (= 3.0 eV), which then can make the
presence of these moieties again incompatible with n-channel
conduction with most organic semiconductors. It 1is for this
reason that the insulating material preferably does not
include more than 0.1% by weight +-0H groups and other
hydrogen-bonding groups. A very small concentration of -CH
groups and other hydrogen-bonding groups nay be tolerated in
the insulating material. Preferably, the insulating polymer
contains less than 0.01% by weight -0H groups and other
nydrogen-bonding groups, more preferably less than 0.001% by
weight -OH groups and other hydrogen-bonding groups. Most



concentration. A simlar analysis can be nade for any other noieties of
interest. Neverthel ess despite (a)-(c) being conpatible on reactive EA
grounds, these hydrogen bonding noieties tend to be hygroscopic and retain
H20O strongly. H2O dispersed in the solid filmhas a high EA (~ 3.0 eV),

whi ch then can nake the presence of these noieties again inconpatible with
n-channel conduction with nbst organic sem conductors. It is for this
reason that the insulating material preferably does not include nore than
0.1% by wei ght -OH groups and ot her dr ogen- bondi ng groups. A very snal
concentration of -OH groups and ot her hydrogen-bondi ng groups may be
tolerate@rbﬁerahéyimbalaMSmgamémQrp@ﬂympﬁeﬁér@Nm@ﬁaﬁﬁéaﬂg§uléﬁ@n@fpdlyner
cont ai ns

l.ess than_0.01%b i - C ) t her hydrogen-bondi ng
groups, 9§rgr8P8FeF58I§4% ésﬂ§ﬁg§&8?8§é§§§§& Vel % -OH groups and ot her
hydr ogen- bondi ng groups. Mst 23 preferably the insulating polyner is

substantially free of - OH groups _and ot her hydrogen-bhonding .gr.oups . .Taki ng
as an exgﬁﬁnganaﬁrgéﬁice§€ﬁ?£8nd33to?r%f?+FeuFe%#S%%$%on of t&ﬁ %Wt t he

fol | owi nga(non:exhausts vey, graupEdif owlhes ehonmeshanet: it eetaipe drf ti cal

emicon

concentration specified earlier: quinoxalines, %%%Phath f | uor ocar bons,
qui nonespreaprsimimieLORCtalesitad CheoH * arGat G LG i%?%iiﬁ%e The
cri tical Jfukkcconcentnaklennbas beefprhepyssediahauan ol gana tbmisct rics

that contain these groups as defects, chain ends, stabilizers or
cont ani nambsahéedCtip bexliphydriousiGOHhuri prevasdcriblt t PR Hirckdht bel ow

the The critical bulk concentration has been discussed above.

Organic dielectrics that contain these groups as defects,
chain ends, stabilizers or contaminants need to Dbe
rigorously purified so that they are present below the

critical concentration as discussed above.

Referring to the first aspect of the present invention, the
transistor is an n-channel field-effect transistor or an
ambipolar field-effect transistor. The transistor may have a

top-gate or bottom-gate configuration.

In a transistor according to the present invention, the gate
dielectric layer may be considered to comprise an oxrganic
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.



critical concentration as discussed above. Referring to the first aspect of
the present invention, the transistor is an n-channel field-effect

transi stor or an anbipolar field-effect transistor. The transistor my
have a top-gate or bottomgate configuration. In a transistor according to
the present invention, the gate dielectric |ayer nmay be considered to
conprise an organic gate insulating material together with any inpurities.
The ogate dielectric |ayer preferably 9 es not contain any trapping
groups. This ensures that the concentration of trapping groups is below
the critical concentration. Mre preferably the organic gate insulating

mat eri al per se . does not conprise a repeat unit conprising a trapping

group. Mpst era t he or S n bal meroge, does
PrEferably.  the nganic galensulaty ng.mies

not contafH ¥ap - ol pical |y, EAsenicona. will be greater
than or egughotign 2edhe @riheugh theeptes@ntl$nveﬁll@w i $imdttedo | fHPPed.

Also typically, EAsemcond, will be,in _the ran rom nor e
t ypi cal | ytyml@hblynan@ése@iomf e By 1B SNBVIRESHG Qrfjt'gorr%%l g%yVEe ?ggppl ng

groups in 5@5 { #g%# ”Quzmﬁk?@dﬂ ey beoa paet b Bhevi.nsul ati ng materi al
per se |. ) inpurities) or may be present as an inpurity.

Tfapping_groups al so nay be present as part of a residue unit that is
Pk "R SLPITE RRULR, RS Moty uhncam) euagtosmabion of

apprec'atﬁQtéﬁﬁﬁl“@@@sta &r gppitngof§r clie naysWest bher apégragl per se

(i.e. excluding dimpurities} or may be present as an

impurity. Trapping groups also may be present as part of a

- residue unit that is present 1in the organic insulating

material due to incomplete formation of the organic
insulating material  during preparation. It will be
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 repeating unit in the insulating
material. This is because, when present as a repeating unit,
it may bring the concentration of trapping groups to above
+he 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 & group having (i) an
electron affinity EA, greater than or equal to 3eV and/oxr

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

to 0.5eV.

Accordingly, preferably the insulating material does not

contain a repeat unit or residue unit comprising a guinone,



an end group, defect, stabilizer or inpurity, it usually wll not be

tolerated as a repeating unit in the insulating material. This is because,
when present as a repeating unit, it may bring the concentration of
trappi ng groups to above the critical concentration. Trapping groups nay
or may not be tolerated in a residue unit depending on the concentration

of residue units in the organic insulating material.

insulating material does not contain f\?repeat unit or residue unit

conprising a group having (i) an ele

equal to 3eV and/or (ii) a reactive electron affinity EA,, greater
or equal ar¢RR ol GeVOH Ac @didhadily, Tﬁ%ﬁbrﬂ%ﬂ%ﬁ@ﬁkatq]hgamae‘ﬁ%l does
not contghm garc{lﬁpeat unit or residue unit conprising a quinone, 25

Preferably the

ron affinity EA ,, greater than or

t han

aromatic -OH " aliphatic -COON, aromatic -SH, or aromatic COOH group. In
sone enbodi nent s, pref erably the insulating material does not conprise a
r epeat it o lwe unit hayi| t {eateL than
or equaIu’J[1 ?g%e%% nolr%en%{’eflgF% ‘@gglr}’é:%ﬁé: g%ﬁéj;chqg Eérl eV I'n these
enbodi memndis, ddwgrinsul at i ngpreadter ivali tpr efrer ablsyddeesunmtt bemagn -anr epeat
uni t and/ or residu unjt c isin al i phatic fluqroc gro Mor e
pr ef er abtyF ‘317tnr?é1 R Juma?:i’ng Pﬁreﬁgﬁrd(%‘ "hot* CSHPQIE QC %pgeg‘? un| and/or
residue fe /GRS | S§PQ288rar Rk C &ar beavhk) qbtldﬂoxablvne Om atReB&i C

fl uorocar bon gr oup.

embodiments, the insulating material preferably does not
contain a repeat unit and/or residue unit comprising an
aliphatic flucrocarbon group. More preferably, the
insulating material doces not contain a repeat unit and/or
residue unit comprising an aromatic carbonyl, guinoxaline 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



Preferably the insulating material per se contains one or nore groups
i ndependently sel ected from al kene, al kyl ene, cycloal kene, cycl oal kyl ene,
si | oxane, ether oxygen, alkyl, cycloalkyl, phenyl, and phenyl ene groups.
These groups may be substituted or unsubstituted. These groups optionally
may be part of a repeat unit of the insulating material. The insul ating
materi al per se may contain one or nore groups independently selected from
al i phatic carbonyl, cyano, aliphatic ;NHR , aromatic -NHR and. Again,
these groups optionally may be part 8% a repeat unit of the insulating
material. in sonme enbodi ments, the insul ati g terial may be pmade ., froma
pr ecur sormd el i n§@Watiﬁﬁ”ﬁﬁ@é%iaFFogﬁ&Hng bggecuggﬁPpﬁay B confrted to
the final_jinsulaidg TaLeNiakndY rdRREORNI ah8yr eBEL | @BrnEQr EXE&NPl€he Where
the final insulating material is crosslinked, a precursor insulating 26
mat eri al mERCUGRAI B c hesdiiingkabfer gesapBland Dafd radrlesseramed itRsdtSt i ng
mat eri al f d r r.sqr, by heating, :f.on a
EEsirabIéH%%gﬁﬁé ?%HEE Léggéégﬁriﬁjgﬁﬁﬁzgﬁﬁgd?g%%éﬁ %tﬂnglﬁgﬁeﬁggﬁﬂraclude
al kene and! styyreme growps.. | n one enbodi nent the gate dielectric |ayer
preferably conprises an organic insulating polymer. Exanples of -
i nsul ati ng polynmers which can be used after appropriate purification, are
gi ven below (i) Po si |l oxanes) an op ereof ;. s
pol y( di n@frhylog’iel) oi&‘%é%i?mﬁé‘lty( gi?lﬁheﬁgfz(séi | g%ﬁ%&’gf)&%u ng%ﬁ?ﬁ SR Arany

an -

comprises organic insulating polymer. Examples of

insulating polymers which can be used after appropriate

purification, are given below:

(i) 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;
(1ii) 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.



sil oxane), and copol yners thereof. (ii) Poly(al kenes) and copol yners

t hereof; such as atactic polypropylene, poly (ethyl ene-co-propyl ene),

pol yi sobutyl ene, pol y(hexene), poly(4-nethyl-I-pentene) and copol yners
thereof; (iii) Poly(oxyal kyl enes) and copol yners thereof, such as

pol y(oxynet hyl ene), pol y(oxyethyl ene), and copol yners thereof; (1V)

Pol y(styrene) and copol yners thereof. The repeat units in the above
polynmers, and indeed in any organic ijsisul ating polyner useable in the
present invention, nay be substituted or unsubstituted provided that the
final insulating polyners conply with the above design rul es.
Substituents include functional substituents to enhance particular
properti exedierthe ypoleyeeinsuthtasgsehubiidl yis Giossh i pked derdapat i ves of
t he above polyners also are wthin the scope of the present invention. 27
Preferably, the insulating material is not a poly(imde). Preferably the
i nsul at | pgepek-uBRY CORBN i Sesu Al Sid RiZnQmeS (R ik whepe gach) Ro-

i ndependent |y conprises a hydrocarbon. In this regarg, a preferre
poly(silé%éﬁiy a$tivent Voeed alsewd i sRan linvsgeadend Ipol yeerpnheee t ke
backbone | yreer ri repe i o] i.sLhg -Sl(R) 2-0-

S (R 2 e SRR M aer P e mornsr or e fb Py peqorape) a2
unsubst i penedophénygbovAas ispeqai finsekamie bl pueh ahepol yher daaskgener a
fornU|a'o%’gHgopolymer comprises a repeat unit comprising -Si{R),-0O-
S1(R}2- where each R inhdependently 'is methyl or substituted -
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:

R, /RR‘ R
| N SN
/
and derivatives thereof, for example

bis (benzocyclobutane)-divinyltetramethyldisiloxane

{available as Cyclotene®) or a derivative thereof.



S SSi RRRR~ ++ and may be substituted or unsubstituted. This pol yner
made by crosslinking nononers having general formula: RRRR \i/Q

may be
/ and d
bi s(benz
Cycl ot en
i nsul at i
i nsul ati
design r
forma

mol ecul arfy smdtHer Ferbbarnthe, dislectnisaibhayay preferabl v sheuldysho
high dielectric breakdown strength, and very IOM/eIectrlcaP

derivatives thereof, for exanple

ocycl obut ane) -di vi nyl tetranet hyl di si | oxane (avail able as
e(r)) or a derivative thereof. 28 |n another enbodinent, the
ng material preferably conprises an insulating oligoner or
ng small nolecule. In additiongto consideration of the above

ules, it is inportant to select a dielectric material that can
high quality interface with the adjacent sem conductive |ayer. The
interface desirably is chemcally stable, nolecularly abrupt and

Al so, the“Fae Bl effri AP MM Iustl beOBdRpatithl elndtkatite ogwpall

desi gnat
exanpl e,
while it
(i f any)

edops@crssi ng schene of organic (particularly polyner) FETs.

w
conductivity.

For

its formation nmust not destroy earlier fornmed |ayer integrities,
itself has to survive subsequent solvent and thermal processing

‘In addition to consideration of the 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 overail designated processing scheme of organic
(particularly polymer) FETs. For example, 1its 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 loﬁ 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.



Further preferably the insulating material has |low bulk electrical
conductivity and high dielectric breakdown strength. Al so preferably, the
insulating material has a glass transition tenperature of greater than
120C, nost preferably greater than 150C. 29 The bul k resi stance of the
insulating material preferably is greater than 1019 Chm cm nost
preferably greater than 1015 Owmcm. The insulating material desirably
shoul d be processable into a high-quajdty defect-free ultrathin film The

dielectric breakdomn strength advantageously may be greater than 1 MW/ cm
the gate dielectric is

pref er ablqy, an W/ ¢ (a), Preferably,
t her mal | yya%c}ﬁﬁ éa&ﬁl caﬁch? s?lg]bq @8%5 S0¢€ THore HefRrabt ARy ts  300C,
When thl$ﬂﬂ§ﬁdﬁ3tﬁ&£ 1©He<uﬁ@eém§hgbg&ogg@§@ﬁa%]ge%ggg@gyrghgg ghﬁsdeV|ce

becones %%fentlally limted by the sem conducting polyner’ (and the
attached odes) In order to inpart chem cal and nechanical stability,

the gate organic gate insulating material in one enbodinent preferably is
crosslinked. |In accordance with the present invention, the dielectric
| ayer na?h@oﬁ§@§ﬂaﬁﬂna @ﬁﬁ@ﬁéaﬁay@ﬁl@ﬁbéYSﬁhghédlmsyh;aqdupsahﬂeﬂmnﬁo or may

conprlseang&%htagglgg§ hayeLy of,.] Qs&qgg%gghnlgaﬁﬁhlals or a blend of

insulating materi al s.” Sem conductive erial’sthat are usable in the
present invention include small nolecules, oligoners and pol yners.

The 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 wup to 150°C, more preferably up to
300°C. 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 polyners are: poly(fluorene)
honmopol ynmers and copol yners, pol y(p- phenyl enevi nyl ene) honopol yners and
copolymers, 30 poly(oxadiazole) honopol yners and copol yners,

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 diimde, naphthal enetetracarboxlic dianhydride,

qui nol i ne, benzi m di azol e, oxadi azol &g qui noxal i nes, pyridines,
benzot hi adi azol e, acridi ne, phenazine, and tetraazaanthracene. The repeat

units in_t rs, a indeed in any semni conductiyv ol ymer
useabl e FﬁHSHzggﬁgggﬁhxyﬁventiggﬁoﬁgéymﬁéssubstit ed or ﬁ%ﬁﬁiﬁ%%gﬁbd
provi ded pioiat( quhieokehahe) sem loomguet yiver pol yrerds coapbylwnéhst he abave
design r %e%.o Substituents include fgngtional aubstituents t o enhance
parti cul &PRSPEHEFET s FHBOESW§ﬁ§rt Gch aLCdbroPRRt YT ERGEs 19 REY
derivati yveseetetihe aboyeosem consiwiel 1 ¥ee POt ya®s180:8)15Q¢ are Wdihinti ddye scope
of the present invention. Equjvalent oligoners of the above polyners are

usabl e | RPPREN2SFRSERETFFREMRFbIC I n sorl@HbEHi it s, t he BEMRGAEUCt i ve

pol ymer pBy-RRi AREEc14T OM 8o RLECAH SOL, PO! YR noxAUCH & P eC W SAry iR, be
converted to the final sem conductive pol ynmer by appropriate reaction.

For exanpPezolwhtadiafeldi nal senpedadbBEi ve pol yrBenpeinersossli nkedid a

precursoEet§§g§§§%@%F§ég§épolyner may contain crosslinkable groups and the
crosslinked sem conducti ve ~

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

particular properties of the polymer such as solubility.

Crosslinked derivatives of the above semiconductive polymers

also are within the scope of the present invention.

Equivalent oligomers of the above polymers are usable in the

present invention.

In some embodiments, the semliconduciive 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.



pol ymer may be forned fromthe precursor by heating, for exanple. 31 Sone
exanpl es of suitable sem conductive snmall nol ecules are: pentacene,

peryl enetetracarboxylic dianhydride and diim de, naphthal enetetracarboxlic
di anhydride and diimde. Preferably the charge-carrier nobility is as high
as possible. Presently, typical values obtainable with the present
invention are in the range 1005 - 10-1 cn2 /V s. Referring to the second
aspect according to the present invention, suitable methods for naking the
present transistor will be known to those skilled in this art. Cearly,
processi ng conditions nust be selected so that trapping groups are not
present in the dielectric |ayer above the critical concentration. This

will invaglve the selection of appropriate processing caonditiqgns
parti cul 3715 WRAIP 11 my CHe "aPaFec It PAYRTE L Tor Wil Bo08 SEA&E t he

final diekectripentayencfoesy&oyl ot aihda9gduali uni§sahhadrid@y agh as
traps abqQve the critical concentration. In the nethod according to the
second aSpettdds RFFRIekenrtelrRetion, i e aghedsédei @ndagédmang -t he / or
the sem conductive |ayer preferably are formed by solution processing.
Where the insulating material is crosslinked, a solution containing

react antppaterdisly f oehdekicRg rhBecaresski nked: 1ipsul ati ng graterdl gry be
deposited by solution processing. The reactant fmaterial is then cured to
make thePeFosstd nkedPrpR8OTFAY I ng-yRt @R avaloRs compinakethaniisi f 6hecuring

IS @  present invention are in the range 107° - 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 is 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 crossiinked
insulating material. One common mechanism for curing is a

condensation reaction which crosslinks the reactant



condensati on reaction which crosslinks the reactant 32 material. This
condensation reaction typically involves the |oss of -OH | eaving groups

fromthe reactant material. However, where curing proceeds via a
condensation reaction wth the loss of -OH | eaving groups, this typically
will not renove all -OH |leaving groups that were present in the reactant
material. Thus, the final crosslinked insulating material wll include

residual -OH | eaving groups. As descri-bed above this is disadvantageous
and as such, the reactant material for making the crosslinked insulating

mat eri al ferably does not .incl.u a - | eavi.n r oups. ef bly,
the cros srﬁ)gltﬁ r?inag gr oﬂblsl ng?%%érpsnas%dog} iPn%aCtgngfneﬁ\ﬁl%sﬁ%rfw& lf‘gé r‘gﬁmga
crosslinkadidse gfoupOHNn léevingacdanipsratferial thhat reaothatcunedemidhout the

| oss of 3{ | eavi ngﬁgr oup. Exanples of such reactions include D els: Alder
react i onS I BEiden FHT en&Udnd9a FhCSRERRi 167 a8 & SH ST by Re PRact i on
bet ween henzocye ahidener ansh BddeEn®) grighs Mdrosi o &1 on weactieon
between Si-H and _al kene. The present invention now will be described in

further XFECYS W th Te7 erifte % PREUBSt Lt MiShe e®TES Wi ch™  HiQures

la and | b shewnihgdvansier andueut pule DAL ACIERIJsShliGhJLSDeslivelyg for a
transistor using F8BT as the semi conductive |ayer in accordance wt
Exanpl e matEirgade Mé-ldhowsralivelet r giestieiacharddt erlisstiiesy f oFr@P 3+ afsi st or

using ONREV. 48 ckne 56 capduct i ye Jiaual-hila 2660r dange M thuExamplig 1.
reactant material for making the crosslinked insulating
material preferably does not include any -CH leaving groups.
Preferably, the crosslinking group in the insulating
material is derivable from a crosslinkable group in the
reactant material that can be cured without the loss of a
leaving group. 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;



33 Figure Id shows the transfer characteristics for a transistor using
0C1C10- PPV as the sem conductive layer in accordance with Exanple 1;
Figure |l e shows the transfer characteristics for a transistor using PPV as
t he sem conductive layer in accordance with Exanple 1; Figures 2a and 2b
show the transfer and output characteristics respectively for a transistor
using FBBT as the sem conductive |ayer in accordance with Exanple 2;

Fi gures 2c and 2d show the transfer andzoutput characteristics
respectively of a transistor using CN-PPV as the sem conductive layer in
n |IlustraE£8n of_ the

d h g '
Genoral peiRErDl o O pCHGHET  ONF i bR-LABRr T atd AT D00 TS BT aydh 18

general pri
overcoatedrmnshsaorS&ﬂﬂngrmCKCEMI@PwyeB bymsp$@mi@©n@uétﬁvév%h@@B in
(Cycl ot ene onpany) solution in nesitylene, and then

Che
r api d- theP%ﬁ%kgﬁﬂ%%I%ﬂ%% EﬁaﬂB?BI fe set at 290C 15s under nitrogen (P02 <

Sppm . The required organi c sem conductor is then spin cast over the
substrate _as a thin film50-80-nm thick froma 1.3-1.8 m[v@bsolution in
t he appr05F9%¥% 6 veRbOWPe Helte t BERBATGK t h A ATRTYS 05 TG ughted 2

pol yners: t(*él)xsi)@lhyfg %s%@ctyﬂ@\b uoagnet@lt BERZOs S dii s vl 3193;@%0' &h
("FBBT") fromm xed xyl enés, (il y(9,9- dioctylfluorene-2 diyl)

("F8") fr@mwd(@@p&w:ems!ﬂxmple) lrpol y (2
5-di hexyl - p- phenyl enevi nyl ene-co-a, a'-dicyano-2,5

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 2c and 2d show the transfer and ocutput
characteristics respectively of a transistor using CN-PPV as
the semiconductive layer in acccrdance with Example 2.

Examples

Example 1:

As an dillustration of the general principle, a p-doped
silicon substrate with 200-nm Si0; laver 1s 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 29%0°C 15s under
nitrogen (pO; < Sppm). The required drganic semiconducteor is
then spin cast over the substrate as a thin f£ilm 50-80-nm
thick from a 1.3-1.8 w/v% sclution 1in the appropriate
solvent. We have tested with a range of conjugated
polymers: (1) poly (9, 9-dicctylfluorene~alt-benzo~2~thia-
1,3-diazole) (“FB8BT”) from mixed =xylenes, (ii) poly(8,9-
dioctylfluorene-2, 7-diyl} (“F87) from mixed xylenes, (iii)

poly{2,5-dihexyl~p-phenylenevinylene~co-a,a’ -dicyano-2, 5~



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

pol y(2- nmet hoxy-5- (3, 7-dinethyl) octoxy-p-phenyl enevinyl ene)

("oc1c1o-pPPV') from1:3 (v/v) THF:toluene and (v) precursor PPV ("PPV'")
from met hanol. 100-nm calciumelectrode is deposited through a shadow mask
and the el ectrode encapsulated with 30-nm Si0 to give source-drain
top-contact electrodes with channel length 25 pmand width 2.5 mm

Transi stors were then tested in glove 1ox. Representative results are shown
in Figs. 1(a)-(e). Figs 1(a) and (b) show the transfer and out put

char act erd §1d:68 - SRRECHIAAIM phaEBRET(~Allebpy nealyIq0! 1B (AL} | Y3 HFET. €)

is estimted to be 5x Fig. 1(c) shows the trans
charactemﬂﬁﬁ(21%“1%&@P@~(BE7 démﬁtBXlDOgt@m@#ptﬁb@n?1§p8ﬂim@le@mbms t he

A e e T

shows the transfer char eristic e=5
The PPV &ﬁ@’OCIERE”PPfommrmmethammled helr® e e caleehat | gebythogh impurity

| evel which cau h. threshold.and drift in devi characteristics.
ko Tns. FicpbosRERST Bulelln UL IBhaaPRT Wk ¢ ariey| BRrcl Y i

Wthout evenpealhagdwitiith he-BeB dicelectyiie &Sodﬂ’bé-mr%lrﬁxﬁﬁ@lcﬂ)ntmbt
significant n-channel activity can be observed even after passivating the
Si 02 surfdeetwpeRs hekbietdHiddisl | dzagsh Th s tobsenvat wodths Lonsimst-ent

with the Fggggﬁgégénwg§gegkgg £8£té§e JQELQH9H>%L|a”°| groups on the

surface o

Representative results are shown in Figs. 1l(a)-{e). Figs
1(a) and (b} show the transfer and oultput characteristics
respectively for FBBT. The linear-regime mobility (pger, ) is
estimated to be 5x107° cm?/ Vs. Fig. 1{c) shows the transfer
characteristic of CN-PPV (pger, e = 3x10™° cm?/ Vs). Fig. 1(d)
shows the transfer characteristic of OCLCLO-PPV (lpgr, e =
4x10™° cm®*/ Vs). Fig. 1l(e) shows the transfer characteristic
of PPV {ppgr, e = 5x107° cm?/ Vs). The PPV and OClCI0~PPV films
studied here have a relatively high impurity level which

causegs a high threshold and drift in device characteristics.
F8 has pesr, ¢ = 1x10™° cm?/ Vs (transfer characteristic not

shown} .

Without overcoating with the BCB dielectric as in this
exanple, nc significant n-channel activity can be observed
even after passivating the Si0, surface with
hexamethyldisilazane. This observation is consistent with
the high EA;« expected for the residual silanol groups on

the surface of 5i10;.



This set of exanples is provided to show the principle that appropriate
choice of gate dielectric can permt the fabrication of n-channel FETs
with a wi de range of organic sem conductors so |long as the appropriate
injection contacts is achieved. Wen poly(nmethyl nethacrylate) is used as
the gate dielectric (in a top-gate FET), the obtained n-channel FET
mobility is very poor, with FET,e typically less than 10-6 cn2/Vs in the

pol y(fluorene) derivatives. Wen poly(®d nyl phenol) is used as the gate
di el ectric, no n-channel FET behavi our can be obtai ned. Wen

hexanet hylidisid.azane-_{t L02. LS d.as the gate dielectric.,, no
n- channel FET behavi %urﬁ%%ﬁgbgé oétrg?ﬁgggethhesﬁrlgwAlgﬁ%eofpﬁ%csleDloebs%}??/%t i ons
are consigppgaprieth t ddesi groff ul estof thelpresent chavemptdrant Exampl e 2:

As a fur L.l ratdi on of the g ral_.principl this time wth,
aIuniniu%?ggﬁféé¥§%aﬁﬁgé?e%??%Fggzg %-Hégéda'§f+$%oﬁa§885f?%u%5%ﬁ%3fi200-nm
Si 02 | ayeeniisondectoatedowlichga ashnemadhrele BER d ayefeddy: o3I FUH 1185

4. 4w v% BCB é(%cl otene(D, The Dow Chem cal Conpany) solution in
mesi tyl ens, 25RU°YR&n  rapi d-t her mal - anneal ed on a hotplate set at 290C 15s

under ni.trogen (P02 < 5ppm. The required organi c sem conductor is then
spin cast over the substrate as a thin film50-80-nm thick froma 1.3-1.8

W v% sol whenn ipo theneappriopr katBacsplvent . W& haygehested Whd twWre

conjugatgd ol nprs:,%i) _ . ~ _

pol y( 9, 9¥HP BTt YT ¥ udr-Bnét ab PP pehzd- BET hi athes-dbbabred p-FBRFPLf FdH ni xed

xylenes, na0eh {i}) ;B0IYLLy SpALNEXY B, 10 . typically less than 1076
cm?/Vs in the poly(fluorene) derivatives. When poly({vinyl
phenol) is used as the gate dielectric, nc n-channel FET
behaviour can be obtained. When hexamethyldisilazane-
treated 5i0; 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 Tfurther illustration of the general principle, this
time with aluminium source-drain electrodes: a p-doped
silicon substrate with 200-nm Si0O; 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 (p0Oy; < 5ppm}. The regquired 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)

("FBBT”) from mixed xvylenes, and (ii) poly(2,5wdiﬁexyl—pm



36 phenyl enevi nyl ene-co-a, a' -di cyano- 2, 5- di hexyl - p- phenyl ene- vi nyl ene)
("CN-PPV') fromtoluene, 100-nm alum nium electrode is deposited through a
shadow mask. Transistors were then tested in glove box. Representative
results are shown in Figs. 2(a)-(d). Figs. 2(a) and (b) show the transfer
and output characteristics respectively for F8BT. The linear-regine
mobility (.LFET,e) is estinmated to be 4x10-4 cnR2/ Vs. This is one order of
magni tude | ower than with Ca el ectrodesg The output characteristics also
saturate too early. Both of these are indicative of high contact
resistance with the alum nium el ectrodes. But neverthel ess n-channel
activity Hﬁ}é%n%]t(?{}qvuﬁé]eﬁfleoﬁ%%é’d.“dﬁicgﬁl.noz_@c;j?”gﬁg‘ef(& “EﬁB&eP%e??énsf er and
out put charagtardisti ciafy-GyPRV (FEEEn € Fod4xdQed cnBhoVeh. Jhsihdum
conparable to the Ca devices and indicate that Al can inject sufficiently
vel | i nt e'a¢Pmde Thi s deprosdtedx dhs1oeehi s pFBITedd MP6 Xshow! BT 1o fies

princi pl g, that, AP AL:§, CQNeeLBk Jate diel ectric as discussed in this
invention can permt the fabrication of n-channel FETs with a w de range
of organic sem conductors with the appropriate injection contacts. Exanple
3: As a further illustration of the general principle, this time wth gold
sour ce- drigddy8leetatades pLepatsd espedsanwa gl agsgsubstikateqand widsa top
gate: the glass substrate is coated with 50-80-nmthick .

pol y( 9, 9-Ziadct §7¢| Ubrendbayt thsenRIEB R a2 Pd3- W@ eFRAFORT A4S T SF v

SO|Utlonfé%§gé§%%ely for F8BT. The linear-regime mobility (ipsr, ) 18

estimated to be 4x10™ cm?/ Vs. This is one order of
magnitude lower than with Ca electrodes. - The output
characteristics 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 (fgmr, o = 4£x107° cm®/ Vs).

This is comparable to the Ca devices and indicgte that Al

can inject sufficlently 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 mixed



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

rapi d-thermal - anneal ed on a hotplate set at 290C 15s under nitrogen (p02 <
5ppm) . The top-gate electrode is then deposited by printing a
surfactant-ion-exchanged poly (3, 4-ethyl enedi oxyt hi ophene) -

pol y(styrenesul fonate) conplex ("PEDT:#8SR'). This

surf act ant-i on- exchanged PEDT PSSR conpl ex is made from Baytron P (HC

St ar ck of use ial.ysi exchang

hexadecyI}f eet% m%n?ﬁ dtl%)iegr??l %Zéhl ?\agy?ﬁe ““Ba %i”?onbjlgpc1 ifed by

pol y(styrmemﬂrfgomac maihnhﬁhgb\ke BEDT: E’SﬁerraErOmofaloizmw?Hn% eBert ron
mobi lity La 10-4 ¢cn/ Vs d |m b i njection. refore
further i dﬂ?é:r*ﬁ?r‘i]t s ‘?i“bec-‘r’rﬁg% 'app%laﬁrl ?P@"I y Ci‘a‘blnal R Y he gol d
el ectrode; f1qu:pr oua, 4% 0ff ecti ve ow%kcf UNghdonen USi NP di POLRE rrna -

sel f -assenbl ed nonol ayers. Th| s exanple is provided to show that the

princi pl e?@rzteallgldt Onl } thtgham\ieeﬁtsn:oatcaﬁObé appl bedeal S@tﬁ:QQEOp Q@te<

devi ces PS\“ lg i C%’ff ectll%rg:t%or&t acits the% &%s'\"%edl dg f&g gl or

anblpolar Gnsi s i“fcl adi I Ng" an ofgani ¢ se
| ayer hawi ngnafe et act -+ oo - eﬂdhamge;d EAsem Epmd%npﬁela@dmwmmgaeme) -

divel ect rig | aYel hOLh 08,20 M eI th {NEcSETEGRANCti ve T ayer
surfactant~ion—exchanged PEDT:PSSR complex 1s made from
Baytron P (HC Starck of Leverkusen, 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. 107 cn®/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.



characterised in that the bul k concentration of trapping groups in the
gate dielectric layer is less than 1018cms where a trapping group is a
group having (i) an electron affinity EA. greater than or equal to

EAsem cond and/or (ii) a reactive electron affinity EArxn greater than or
equal to (EAsem cond.-2eV) 2. A transistor according to claim1l1, wherein
the transistor is an anbipolar field-effect transistor. 3. A transistor
according to any one of the preceding zglains wherein EAsem cond. is
greater than or equal to 2eV. 4. A transistor according to claim3 wherein
EAsemi cond. is in the range of from2eV to 4eV. 5. A transistor according
to any onelaffMEhe preceding clains wherein the gate dielectric |ayer
conprises an organic insulating material and the organic insulating
materi al does not contain a repeat unit or residue unit conprising a

trapping group,,6. A Lransistor, aC&ﬁM’#é‘Ean’:O 0% 1808 £ 0kt he tRiecadiRg
cl ai s, érein"the insurating material does not contain a repeat unit or
resi due unhtledhpyi shngraagioupehacibnduci)vanlagerehadt-panaaf FiLHicHF oBAX

greater than.,ot. eq to 3eV and/or_ (il . re ive Al8ctshon af fiRity
EAr xn grea?g?niﬁgnq@$”§wﬁér ?BQO.%%Vﬂéeéaékér g#%toreaccogging nggiain16
wherein thermingul atr ngimekerkak doestiot thent asembcompestitmit leverresi due

uni ¢ comprsing 3 oul fone; aforc e, Gy Al LBNALLE ;. CBPH o AT UGS S O

groups in the gate dielectric layer is less than 10%%em3,
where a trapping group is a group having (i) an electron
affinity BBy greater than or equal to EAsemicond and/or (iil) =

reactive electron affinity EBpm greater than or equal to

( EJ'-le;emicond. -2 eV} .

2. A transistor according to claim 1, wherein  the

transistor is an ambipolar field-effect transistor.

3. A transistor according to any one of the preceding

claims wherein FAwmicond 3.5 greater than or equal to ZeV.

4. A transistor according to claim 3 wherein EAsemicond. is in

the range of from ZeV to 4eV,

5. A transistor according to any one of the preceding
claims 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 any one of the preceding
claims, wherein the insulating material does not contain a

repeat unit or residue unit comprising a group having (i) an



8. A transistor according to any one of the preceding clains, wherein the
insulating material contains one or nore groups selected from al kene,

al kyl ene, cycl oal kene, cycl oal kyl ene, sil oxane, ether oxygen, alkyl,
cycl oal kyl, phenyl, and phenyl ene groups. 9. A transistor according to any
one of clains 5 to 8 wherein the insulating material conprises an
insulating polyner. 10. A transistor according to claim9, wherein the
insul ating polyner is selected fromthgsgroup consisting of substituted
and unsubstituted pol y(siloxanes) and copolyners thereof; substituted and

unsubsti teted: pod yeakke ) mand +,GoRQLY t her - substi e
unsubsti tut ed pon(sty?gﬁeg%xaﬁh copgiygg%E Pgesg%F?'agg é%%étng?gﬁ and

unsubst i t tted HoF§Tesde ke eries)n amklf ool yivets dimrienf . tHdn Act eqnslst or
accordi ng-4 9 oJsat m 10, wherein the backbone of the insulating polyner

conprises a repeat unit conprising -Si(R2-0OSi(R)2- where each R
i ndependently is nmethyl or substituted or unsubstituted phenyl. 40 12. A

transi st acgor dj o..any one of clains 9 to_ 11, erein the insul ating
pol yner ?2 crggsltgﬁééﬁsq%g ASEFRAST8For WecofdrnG tggan %8ﬁ§l8f t Hee
pr ecedi ng.nscllatimowhereenibbe aogani sosenteopnsict ive tayesis COmpPL4 Sesy a

sem conduct i, ve pol% 14., A transistor according to any one of clains 1

, mer . A
to 12 WhEPE St iEL6r GRRPEISERTc EndIdtIoNg | ayéeratafpriddes al iehicomduct i ve

ol i gomer COOH, aromatic -3H, or aromatic —-COOH group.

8. A transistor according to any one of the preceding
claims, wherein the insulating material ceontains one or more
groups selected from alkene, alkyiene, cycloalkene,
cycloalkylene, siloxane, ether oxygen, alkyl, cycloalkyl,
phenyl, and phenylene groups.

9. A transistor according to any one of claims 5 to 8
wherein the insulating material comprises an insulating

polymer.

16. A transistor according to «claim 9, wherein the
insulating polymer is selected from the group consisting of
substituted and unsubstituted'poly{siloxanes) and copolyners
thereof; substituted and unéubstituted 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
-S51(R);~0-81{R})y~ where each R independently 1s methyl or
substituted or unsubstituted phenyl.



15. A transistor according to any one of clains 1 to 12 wherein the
organi ¢ sem conductive | ayer conprises a sem conductive small nol ecul e.
16. A method for maeking a transistor as defined any one of clains 1 to 15.
17. Use of a transistor according to any one of clainms 1 to 15 for

n- channel conduction in an n-channel or anbipolar field effect transistor.
18. Use of an organic gate insulating material that does not contain any
chemi cal groups having (i)EAx greater 4than or equal to 3eV and/or
(ii)EArxn greater than or equal to 0.5eV, for n-channel conduction. 19.
Use accorndi.ngaterehaistds, awhereiingt heo | Bayl alridgor mMehierimal ®Toes rndt,
contain any chem cal groups having (i)EAX reater. than or equal to 2eV
and/ or ( EREXR)-NglBst éPsthaklipe p%gﬁ%$rt%ﬁci§%3%h?n§%4'A circuit,
conplenmentary circuit, or logic circuit including a transistor as defined
in any one of clains 1 to 15. 21. A nmethod for making a circuit, .

conpl enedfar yAci Featistorr lasgioeddinecut® adefdnfedoifn Bhai miEEeding

claims wherein the organic semiconductive layer comprises a

semiconductive polymer.

14. A transistor according to any one of claims 1 to 12

wherein the organic semiconductive layer comprises a

semiconductive oligomer.

15. A transistor according to any one of claims 1 to 12

wherein the organic semiconductive layer comprises a

semiconductive small molecule.

16. A method for making a transistor as defined any one of

claims 1 to 15.

17. Use of a transistor according to any one of claims 1 to

15 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)BAx greater than or

equal to 3eV and/or (ii)BEArpm greater than or equal to 0.3eV,

for n—-channel conduction.

19. Use according te «claim 18, wherein the insulating
material does not contain any chemical groups having (i)EAy

greater than or equal to 2eV and/or (ER.wm) greater than or

equal to OeV.
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20. A c¢ircuit, complementary circuit, or logic circuit

including a transistor as defined in any one of claims 1 to

15.

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

logic circuit as defined in claim 20.



