N- CHANNEL TRANSI STOR The present invention concerns a

new transi stor capable of n- channel field effect
wa@oodoei4non and a net hod for naking the same. PCT/GB2005/000132

Field-effect transistors (FETs), are three - terni na

devi ces that conprise a source contact, a drain

contact, and a gate contact. A sem conductive |ayer

(the "channel ") bridges thé source and drain contacts,

and is itself spaced fromthe gate contact by an

insulating | ayer gatheguthergmtsergiiced ectric. In
organic transistors, the sem conductive |ayer is

fabricated froma sem conductive organic nmaterial. In
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ganic layer 1s fabricated froma sem conductive
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the ngﬁélayer 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.cont Further, _in field effect t t
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layer is fabricated from a semlconductlve organic material.
In particular, in polymer transistors, the semiconductive
organic layer 1s 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 source-drain

current) for a given source-drain voltage.

In principle, organic field effect transistors (FETs) can

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



In principle, organic field effect transistors (FETs)

can operate in two nodes; either as an n- channe
walensoev4)wher et he charges accumul ated in the chemosko05/000132

are el ectrons) or a p-channel device (where the

charges accunul ated in the channel are holes) .

Advanced Functional Materials 13 (2003) pg 199 - 204

presents a new effect influencing the operation of p-

channel organic field-effect transistors resulting

thef romAfRe chahaiRftddeigateei Baehator arat eslie@dtroii)s or a
docunent is not concerned with n- channel conducti on.

p-changedoc@RBRES | nVEBETYat'de a MFRISS o CGRIE LR atBr sthe

chathth gggyﬁﬁgeggglectric constant and polarity. It is
reported that p-channel device performance inproved

wth low- k insulators. Specifically, it is stated

t hat ,a_consi.stent _tr.en r.ged ' Y, h
nav e ES R e o o oL TS YR 2 o gpents
a n@bidifactofibxl@ B P WHS dpésatsiimn ¢H becpessebl erganic
_the PTAA derivatives tested, |t is_hyp thesiﬁed t hat th
£ 1 elfe B EF v BT SO Tiast Biie! 1019 ha=EHanges | AI8nEPgats cthe

gatdi Sesdentat hhecsemncondust aptgabst di gl a6tr cencerned with
interface. In this regard it is said that Iom1po|arit¥ of

n-chaneel acesdurtishowANEs BecuenBEi éPupstigatestar PHEPS
sai d. that is | t filds tslcowes o 98t &, d
gatg nr%s{@]atté{%st hxﬁf‘gﬁ Qfatréﬂ?% dild@ Atr ilcowes o t an

ote at reduce reshol d vol t ages
poltbireref orle chn WepattadneadhatThe ¢hsuleal odevincer pgir§ormance

,__investi ed range fromsilicon dioxide, poly(vinyl
1PERER |Y9?%vg?w of?fﬂék?@%shethacrylate) (PMVA), poly
(vinyl alcohol) (PVA), poly (perfluoroethyl eneco-
nyl vinyl her n ['1ul ane, ., pol yi
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of improved hole mobility when low-k insulators were used.

1 is said to be possible

An FET hole mobility of 6x107% cm?vV7's”
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. 1In this
regard it is 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) (PVA), poly(perfluoroethylene-
co-butenyl vinyl ether), cyanopullulane, polyisobutylene,
poly(4-methyl-l-pentene), and a copolymer of polypropylene:
poly[propylene-co- (l-butene)].



poly (4-nmethyl - |-pentene) , and a copol yner of
pol ypropyl ene: poly [propylene - co- (1l-butene) ].It

wo soopasd4ncul arly advant ageous to be abl e to rendT/682005/000132
both n and p-channel organic FETs. This opens up the
possibility of fabricating conplenmentary circuits wth
extrenel y | ow standby power consunption, as is known
inthe field of inorganic Si FETs(P. Horowitz and W.
Hll, The Art of Electronics, Canbridge University

RS th¥h r1 O | gernar
It rt rl R dd s 9o shaphBlvaydt o eateoth
a c npl enentary circuit #%g to realise bothon- and

n- pa@Hanmch@@nn@tlctlmawq heF&ke deviBeS(siORgy byP the
pos%gl(bﬁf:{ gl;ﬁl a%%b%@gﬁ:tl%ggatceomp\i%lﬁe@&%r@fo' 3613_1601ts with

evice i's sai be anbi pol ar, and has been
extd@m@nﬁtLaWedtmhﬂhyl@@M@anmwnammpphgus 8 (49 known in the

Pf | ei_de
fleﬂ:grglgh&%grgganﬁﬁd SEntE%Ffai(l}d % ro%lilt:%teg‘?{’ %?eqn-fe%g?' The Art

IUng eric

of Researcdh iyl Develpnnrpt Bapoetsiiy (ES985H), p;i98914) . One
However, to date, it has been neraII ccepted th
parh@hﬁhﬁélYoﬁ@%ﬁﬂ@ WEYs*é%eg?W%ﬁ o° %Ei%@ﬁ ET%%SClrcult

is Yo VRIM d. hiygh el gct bap p-2hbinAkely doBfMluction in the same
sem conductors, such as those containing

devpeey!| ememzely acay bo&@;l@@@rcg i AdeAP@raRRAYaFPdegate-voltage
polﬁﬁggééral e trac %99&( % sghlimtge/bed'zﬁﬁﬂ'%laq{e dnd has

ocy e i hose with very smal
beehand@aﬂa§n£tﬁ§sedhammh eqwatonganLoe ev)norpmp@h byi  (H.

virtue of the|r smal | d do h
PELGHEEERBn 1+ nEHTRly ATShb SORH T exarats oFStsghnas -
Und”%nec%i'cﬁ’qlﬁn%%@@%h%@mx OdHigsri o eRdd aratal snd hatvhagpment

been used are: - ht hal ocyani nes G
RepoAts gédéllﬁﬁﬁhn@{p[w 1]913 y ) ( Guil laud, M

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
pandgaps 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).

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

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



Maitrot, Chem cal Physics Letters 167 (1990) pg. 503)
. - Tetracyanoqui nodi nethane (AR . Brown, D .M. de
wae@ameo4kt J. Lous and E . E . Havinga, SynthetiPBCVBB2008/000132

66 (1994) pg. 257).-Di anhydrides and diim des of

napt hal enet et racar boxylic acids (J.G . Laqui ndanum H

.E . Katz, A . Dodabal apur and A.J. Lovinger, Journal

of the American Chem cal Sctiety 118 (1996) pg. 11331;
H.E. Katz, A J. Lovinger, J . Johnson, C. Koc, T.
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poI yimde is given and no information is provided
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typi ca es contain 1- 5%resi dual -
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20@ |gomsr B3 channel sem conductive materials that have
éénPlsed Wi th an inorganic dielectric are: -a, w
di perfl uorohexyl sexit hi ophene (A. Facchetti, Y . Deng,
A . Wang, Y . Koide, H. Sirringhaus, T . Mrks and

52551630007 Lpg. SHEhS) | HSL O Rbdal FEFLRrdpheng (R Jolotive
mateheater tirel dllSGeri‘daW‘raﬁ’J:omTKsz et al, Nature 404 (2000)
pg. 478-481. This document in fact mentions the possibility
of an organic polyimide dielectric. However, no example of
a suitable polyimide is given and no information is provided
regarding how a suitable . polyimide may be selected.

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

groups.

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

inorganic dielectric are:

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

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



Pappenfus, P .C Ewbank, M.H . Haukaas, K.R . Mann, L
.L. Mller and CD. Frisbie, Advanced Materials 15

W@ 2068y94py. 1278. An exanpl e of a hi gh el ect r onPelf/GBRi0500132
pol ymer n- channel sem conductive material that has
been used with an inorganic dielectricis : - Poly
(benzobi si m dazobenzophenant hrol i ne) (A Babel and S
.A . Jenekhe, Journal of the American Chemnical Society
125 (2003) pg. 13656. This is a very high EA pol ymner
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materials for n-channel organic FETs has Dbeen severely

limited.

Very high-electron affinity materials (and low-bandgap
materials) can have thelr own limitations. For example,
they may be unintentionally doped by adventitious
impurities, for example, H', ammonium and metal ions,
especially under bias to a permanently conducting state.
Therefore it would be advantageous to be able td develop n-
channel and ambipolar transistors from a general class of

materials with more moderate Dbandgaps and electron-

affinities.

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

in the highest occupied molecular orbital (HOMO) of the



singl e sem conductor fromthe sane el ectrode. This
el ectrode needs to have a workf unction that allows
wo ngososd40n of holes in the highest occupi ed noP€T/GIBa05/000132
orbital (HOMO) of thesem conductor, and the injection
of electrons in the | owest unoccupi ed nol ecul ar
orbital (LUMD . Consequently, this will result in an
injection barrier of at |eaét half of the bandgap
energy for one of the carriers. The above difficulty
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HOMO | evel of the OCl G O polyner is aligned with the
no\Mﬁspfp&ncprgﬁagpegheFggpd 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 C60 (PCBM) which has a very high
electron-affinity as the semiconductive electron transporter
and 0C1CL10-PPV polymer as the semiconductive hole
transporter 1is exemplified. The HOMO level of the 0ClCl0
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



electrode. A1 .4eV msmatch is reported between the
LUMO | evel of the PCBM and the work function of the
w@odod/oed4ect rode . This document al so suggests PEEHGBRIVS/000132

| ack of anbipolar transistor action in w de bandgap

sem conductors is due tothe presence of |arge

injection barriers. The reduction of the barrier is
suggested by using small baridgap sem conductors. Poly

(i ndenof |uorene) is exenplified, which has a bandgap

thef pkeBaVe Maveverqe t hgjebectroBatiebdsef el reduction of
mobilities that have been realized in this docunent
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7x10 4 cn2/Vs) . Cearly, the range of anbi pol ar
transi stors that may be nade according to this
Howeachj nghe SeI@@ﬁde)rﬂﬁ;delcEUéff@&t sl 11 thiaggaat have been

sem conductors with p- gap <1 .6 eV tend to be
regetzg vJelet]P%sdgFH’&?@t |aﬁ€e sttﬁéx]/ HPECFEPhePal| oo in the
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reactions. On the other_hang, electron - conducting
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oxygen trapping but suffer also from gener

cmi/istiabi | i ty of the percolation paths due to the
recrystallisation of the small nol ecul e
el ectron-acceptor and transporter. Prior to the above

Cleartescrithed-Majairer Matieipdl & 2 AQGMRIlrs that may be made
according to this teaching 1s restricted. Further, small
bandgap semiconductors with n-n* 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 Cgp 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 (1995) pg 1560 describes the use of an inorganic
gate dielectric and a bilayer of a hole~-conductor and
electron-conductor to achieve ambipolar transistor
behaviour. The electron conductor is Cgy, with electron
mobility measured in the range of 107° cm?/Vs. This electron
conductor suffers from the same problems as discussed above

in relation to the Nature Materials 2 document.



Sci ence 269 (1995) pg 1560 descri bes the use of an
inorganic gate dielectric and a bilayer of a hole -
w@omducor and el ectron - conductor to achi evePCT/GB2005/000132
anbi pol ar transi stor behavi our. The el ectron conductor
is Coor with electron nobility measured in the range
of 10 3 cn2/Vs. This el ectron conductor suffers from
the sane problens as di scussed above in relation to
the Nature Materials 2 docunent.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
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cniel] O S m S cnd b lpP1iFe BFEdeht FETs since,
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| nventl on al ns
useable in such devices.

The present invention aims to at 1least 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, 1in 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



to provide the use of a new transistor according to

the first aspect of the present invention for n-
we@b@sned4soconduction. Thus, in a first aspect oPCT/B82005/000132

present invention there is provided an n-channel or

anbi pol ar field- effect transistor including an

organi ¢ sem conductive | ayer having an

el ectronaffinity EA semicond ; and an organic gate

dielectric layer forming an interface with the
afSeniGonguct i ve, ] avels eharasgefisedgdte t hatetdecdid k layer

concentration of trapping groups in the gate |
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rearidivify %;??%ﬁ%?sﬁgﬁlﬁ§tﬂefﬁﬁ%&‘Fﬁr?ﬁge?i%@Fnaéﬁéc?q%?l to
(ed.ne. present invention. In a third aspect of the
present invention there is provided the use o f a
transistor as defined in the first aspect o f the
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aspect o he pfesent invention there is
detprmndirded atshelesse ibfdaheoegani ¢ i nsul ating materi al
t hat does not contain any chem cal groups having (i)EA
c greater than or equal to 3eV and/or (ii)EA rxn
In Orfatycdrian a@peeguabrt otRe Sepredacior dimgerioidrhe there is
fourth aspect, preferablg t he organic . .
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 1is
provided the use of an organic insulating material that does
not contain any chemical groups having (i)EAx greater than or
equal to 3eV and/or (ii)EApx greater than or equal to 0.5eV.
According to the fourth aspect, preferably the organic
insulating material does not contain any chemical groups
having EA, greater than or equal to 2eV. Also preferably,
the organic insulating material does not contain any
chemical groups having EAr, greater than or equal to OeV.
Most preferably, the organic insulating material does not
contain any chemical groups having EAx greater than or equal

to 1 eV. Also most preferably, the organic insulating



insul ating material does not contain any chem ca
groups having EAx greater than or equal to 2eV. Also
wWoe@sesabl y, the organic insulating material dPEFGBOI0S/000132
contain any chem cal groups having EArxn greater than
or equal to CeV. Mst preferably, the organic
i nsulating materi al does not contain any chem ca
groups having EAx greater ifan or equal to 1 eV. Al so
nmost preferably, the organic insulatingmaterial does
matBPlaCoRiRIN AY Chemheal LIOUFBehdyaNYgEALXE HAANRS ERrm
than or equal to - 1 eV. In a fifth aspect of the
grepresehannvenedenl t herel i% -provi ded a device or a part
thereof including a transistor according to the first
aspect of the present invention. In particular there
In stpfbhids@eatcbﬁc&h@,pceﬂphenénvanyi@hrChereoiSaprOVided
ogic circuit including.a,t jsto ' t :
2 GERISE REpcb T TR b Ch i ERGER [ onCEFae &b S, RobOfding
to aspedti@ft thepdqiesent thavpnésentt haventSopr ovhdpdraicular
met hod for nmaking a device or a rt thereof as
thegef j hed BEPVERE | ft hCREPE oFOf“Eileﬁ?%E%ﬁif i vertitonor @
logﬁlc:maﬁkc@hlt qf &1k iRYbld shed sardo o drordiainelo the first
transistors to date has focused on the preparation of
aspergaef cthenpronent breeMhe™ n- channel conduction can
be observed against a (hydrated) SiQ2 interface.
Wthout wishing to be bound by theory, the present
In ag%&athoaspﬁavi@ést@engwegen@rahVGQSign theaeedy ppovided
obtai.n_n- channel conduction (and_al ' a i .
a mﬁt@fﬁeéPrcﬁﬁgﬁegiGn%eyéFeaOFa% R gr%ggﬁggkgggoﬁag%ﬁég ln
theS@NEERNEYSEE BF Sot hele | Sredureninverdtiought possible .

Almost all of the published work on n-channel transistors to
date has focused on the preparation of organic
semiconductors where n-channel conduction can be observed
against a (hydrated) Si0O, 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 if the dielectric does not
preéent too high a concentration of chemical moieties that
can trap the negative charge-carriers induced in the
semiconductor channel by the field effect. Although the
dielectric interface is the more important of the two, the

dielectric bulk preferably also should be considered, since



The present inventors have identified that n- channe
fieldeffect conduction can be stably supported at a
waele@smewni c/ sem conductor interface only if tPEr/GB2005/000132

di el ectric 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 theldielectric interface is the
nore inportant of the two, the dielectric bulk

pull eferablva@d $o-shout d1 bepsopspdeseda sipeebukkrirapowly.
states can still be popul ated al beit very slowy. The

The nEeEEhahgeoeacairai§ T r &¥8Veal Gl Ghelhat éflr-aééaca%dand
£hd REEHOr 88 &y gg%t seyeL sl gy aftfrected by, thed rapsdheyney

encounter at t i nter I'n contrast the charge
enaunmﬂaaratnusnatinﬁ&ﬂfaqﬁ()ﬂnhgommthstm b@etcappg@ carriers

mus q:rl‘ginal nvert h qu;t hecoblf)ek ttrra, e%it \%ﬁ%%s ar %lev%ps%lg fess,

| r a I'ong

thedaitﬂl{feﬂi@ﬂ% ts@atéan%b:%t QfapbehlaVIoOfr reﬂm_rp;rre;semarge for a

i nventors_ have di scovered that by appropriate choice

lorgr tife s orfafitc 1§afetiARanER T Ny H%Vﬁaéﬁp Hter Pehaviledeed
possi ble to obtain n- channel FETs froma nuch broader
range of organic sem conductors than has been known

hitherto. As resent inventi rOV|des for
The EFERPSE ATHETERE Sop ot UnEEGOT O SR tnrey cpproBkiate
chdARAUGt itoR: Usidithian gasr@amn%u&aﬁhﬁ@n@\uete@ﬁaandlan1s indeed

rganic dielectric. A broad range of
Pos(spiéﬁeﬁ‘y?l A iy | en)anird Jo1Rp (l‘flr%r%n@‘)lclaebmaé?i?e@nge

§&ﬂ9|¥@ﬁ£§oﬂ§¥@tﬁ§§ntﬁgﬁtﬁgss%ggﬁﬁﬁﬁgﬁﬁ RYthdero. as

ent i nventors e key Is that the organic gate
suqheﬂﬁhﬁrpxedew@rlmwsmtrmn rmontigies thappiing Hiospstime the

Opé%@ﬁ%ﬁ%&f :ébenergg?qgﬁ%rtgu%ﬂhRQHS%trﬁ%f%§0t58n organic

semiconductor and an organic dielectric. A broad range of
poly (p-phenylenevinylene) and poly(fluorene) derivatives and
copolymers have Dbeen tested successfdlly by the present
inventors. The key is that the organic gate dielectric
layer must not contain trapping groups (that lie in energy
near to or below the electron-transport level of the organic
semiconductor) above a critical concentration. As a result
of this invention, the scope for obtaining n-channel organic
FETs and ambipolar organic FETs is considerably expanded. It
is no longer limited to the organic semiconductor being a

very-high electron-affinity semiconductor.

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

notably, silicon oxide, poly (methyl methacrylate),



sem conductor) above a critical concentration. As a

result of this invention, the scope for obtaining
wo2e@bacmel organi ¢ FETs and anbi pol ar or gani ¢ FEV&BR2®5/000132

consi derably expanded. It is no longer |imted to the

organi ¢ sem conductor being a very-high electron -

affinity sem conductor. The present inventors now have

identified that the reason y n- channel FETs have

been so elusive to date is that the gate dielectrics
poihéarihpve mieemllestad t podat(emimes) ndbabhyt skhttefiy the

' I t.hyl nmet hacryl ate) ., pol y(vi nyl phenol
Spgﬁ%gg%?]g{)?’??n(ﬁ)iﬁwedéarr?osteng:aﬁpéfie?)cﬁﬁg's)r/)éci fiycaltoi ons Z)f
the present invention. According to the present

i nvention one can distingui sh between two kinds of '
RACEPEDPINg U oulf® mEESSnFe tRIF5LARE nBRAe reartjdestinguish

be£&@&§-tR%aCkiﬂést&ﬁpstééﬁpiﬁfsﬁrbﬂgg:Uﬂﬂﬁi vk traps and

subsequent chem cal reaction so that the electron
nopeeesi e dppads i n a new (and deep) state that cannot

j narj e- ' he.electron. Hence, .the trappi.ng .
ReEls)és{jino J%%eg %s%??t EjfBa%Iret itgﬁl%aﬁny% eﬂ:gioqlfi t%uu%see%erﬁ)aqpe%heg?lcal
red@adtn veo t thps ahe theserwht heachevetfagpdtClin a new (and

hydr ogens, such as - ., and - CR2CH t hat can
de?g)r e\?gr"%lebl GheT aﬁ:aé}né’g r BHgl?%ré%%elreﬁ)?&EggeﬁheNo%l-eCtron'
Hed@ACl i ¥iee t r 8pSpBi Bgt h@se hhat candreipgw.t thepdfappedicly
el ectrons. Reactive traps consune the induced carriers
ubl @HIGH 1 FRtGT ehargrablvd Fherdi arecthiosei ntiddf st ive

(adh Gi 9GRSk U SsBht hieshaldhyol tages. cuhbke QN - cap
reactive'traps lead to |l oss of charge - carrier
iryebiddibly Botelp eflechesesate depel neydadgem. t ransi st or
devices. It is to be
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 1lead to 1loss of charge~carrier mobility. Both of
these are detrimental to transistor devices. It is to be
noted that the distinction between the two kinds of traps is
not always clear-cut, since non-reactive traps in the

presence of some impurities. (such as H;0) can turn into

reactive traps.

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

knowledge of electrochemistry



noted that the distinction between the two kinds of
traps is not always clear - cut, since non - reactive
WO e@p®6%4m t he presence of some inpurities (SucPCHEBRHS000132
) can turn into reactive traps. The person skilled in
the art is credited wwth knowing if a particul ar
chem cal group is capable of acting as a reactive
trap, a non - reactive trapt3or both, based on conmon
know edge of el ectrochem stryThe present invention
The eguieses tt hentatalorconeqnirasi aheof tbOdh reackh¥€ation of
bo%ﬁa@s andvgoq:- reactive traps to b e below a critical
dOnEEREFATFon TIRS wWelt PO ESACLLIVEL dF ARt toakor BRhgY 2
criiddie preseshtkAvest ] ongtwhetinar Ofe NOL R BLQUReHS &hat,
trappi ng group nust b e determned by réeference to

AcE K EE by cSHE. TBSERE Fryemitd oFenivdsidiect i v net eri @roup
; ' : en. cQn ti ) 0
o261 BSOS re,SEEILAY LA, BOOUBRLNEG 1o e

sem conduc
EAsshkkdnhedof nthae cggenii| Isebigonblhiet fve usetthtaanahyshs forms

d finiti EA d.EAr [ bel ow,. to,
T GEF T TEHBRL LS gH O pr SCBHE Pn aRfor odE GapEotive

matdimladctanidc drayerEalngdes  Gorsipdesah @iilnkd HWo t3er ks will
i accaording to their

wi.th respect firstly to EAx (i.e. ) g
berﬁﬁié TRabtfvE r&ﬁé#ﬁﬁlﬁrGﬁéprgsﬁe§ﬁ@l§é€8ﬁdﬁVrt@Ax and
EA AV 1a6CHdidWidr @itiheinerieadt iNeubtaPREREnt in an

properties) . In the manner described,” a person
orggaid Pt fRelaFtrinedayan uBeethecetvbdeatiaft i hitty two

sl I8 SETLEARC 1 (P er) RS, |11 PO R0 e
nOQyﬂ@@g§iaﬁdtmanm@%ngGOpernﬁesEdahdogexbsdlyntbhEAgzteg.e.
accgkgbp tr%& k%&?&’f@y%fyyéjkéggggn rS% Se? feé{?pphﬂg the
manner described, a person skilled in the art then can use
the electron affinity of the semiconductor (ERsemicond) LO
provide the cut-off values to identify which groups are not
trapping groups and so may be permitted to exist in the gate
dielectric layer, and which other groups are trapping groups
and so may not be present above the critical concentration

in the gate dielectric layer.

Since the induced charge-carrier concentration typically is
of the order of 10'-10'° cm™ under normal FET operation, and
the traps are filled first before FET conduction can occur,
the critical concentration of reactive and non-reactive
traps at the semiconductor/gate dielectric interface (Cinters)

needs to be less than 10 cm™, preferably less than 10% cm™

and more preferably less than 10'° cm™.



and so may not b e present above the critica
concentration in the gate dielectric layer. Since the
w0 paoedocharge - carrier concentration typi caPClGB2006#000132
the order o f 1012 - 1013 cm 2 under normal FET
operation, and the traps are filled first before FET
conduction can occur, the critical concentration o f
reactive and non-reactive ﬁﬂaps at the
sem conductor/gate dielectric interface (G terf)
Thendeigsk t gobcent ezbigmancd@d)?2 cor2espqudier abbyahesdsiterface
t cni 2morespreferabky | ess than 1010 cm 2
Cogéﬁygré%ﬁ%ncoﬁceﬁ?ggti%% ( cbui cOTt espBReR Ty 1D & the
equiarttienf:ace .concent (@l ptof 1032s cmiR i dBIBE® "Bith the
according tq the equation: Cinterf - (Cbuik)273 -
PrepRRd, VCRICOPdanbs Rtk CRECsRESaRLORNPENTLIt6RP 1NkEe gToUpS
in HK eoacestrati 08yo0f L3PPiJI ' 8 3 ;
di el ectric | ayer n%st bﬁgglggg:gﬁgﬁp%a%g %913(?nTakFﬁ§lng
intontdreRunintarér¢acsesagragapnon,thehebblik k concentration
ration.pr bly ,i s east. 1- 2 orders o f
pre%%g%??gdgﬁ%o%gr.ﬁ%sg?e egre%§%%+i é%%c@ﬁ??éf?é%l lower. A
prefrerefiobel kschetemt AUZom herd@aecdr measur e otenbul k
concentration (cbuik ) of a trapping group of interest
in the gate dielectric layer b y a nunber of nethods,

i ncl udi hy ETIR veral ~exanpl es of suitable )
oner SRR A T I B heeH 1 Webshe {FelBuide 2 trapping
groopneentireddrass t( Ghui kheg gheeguvencbel-ow. 1LRese RXaPh&Sber

t ak groups as the trapping group of interest.
of W@Fﬁ&gg(Af“PlﬁéﬂﬁgabM!ﬂ%ﬂ§-t§%¥Q%%# Franelas i @f t suptable
methBhsKRESS fardGse 10041 €50R% Q0 ran hR 'blﬁl@négﬂégﬂﬁtion

substrate such as single - side-polished intrinsic
(Coupnlf eqrrq)ygjd\fegpcka%kqmg These examples take OH groups as the

trapping group of interest.

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

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

casting or blade coating. Measure the IR spectrum in an
FTIR instrument. Collect sufficient scans for noise
fluctuations to be less than 10™* absorbance units. Look up

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

known thickneés and with known concentrations of the OH

group.



or bl ade coating. Measure the IR spectrumin an FTIR
instrunent. Collect sufficient scans for noise
wo baostoerdi ons to b e I ess than 10 4 absor banceP@miGB2005/000132
Look up the absorption band positions of the group in
standard tables. For OH, this is at ca . 3300 cm1l and
al so ca. 900 cnf |. Quantify the band absorption
intensities at these wavenumbers . Convert to an
effective concentration using literature val ues for
MetithHrel bg®d :absor#d i WiHey groopl ilmiddt orewal ugsthr can suitable

neasuring the absorption spectra of a film of known
FLT e Se Andtapth LRREMN SanGert PGS SIS THE G ooraphy

dexgreul saMatdintnd BlodsladréhecgeRpgPe YNBST Hsit Wit helde OH in
suitable fluorine or silicon |abel using standard gas-
thechpghat ot aphst et | vatiegdeionv kel hdds, fePrexahpie, fyporo
anHyRBGIHNG MG @ 1 N he 9ats gf ehectr 'O_C.flmit ehic@lonmichl cx on
the appropriate fluoro anhydride. Purify. Make a film
an gpomisilc dimoromwdfeck ofaanyi atti assecenbrrygnion mass
fer. ry qut a secqndary ian SS spectronetr
P e 4 s e h B B an T et O CaP CeHG ok of the
ladedheld edogipeups ithet Be1hi hftaft eiisablcalla ibration.
calibration. Method (C): Tag the group under test with
a suitable fluorescent |abel using standard

Methicecheny cal fiapr eseengrpngbaidahel kg MplHwds suitable
Purify. Measure fluorescence activity to obtain
fluegreeriitat ilGReA t BF1B4I t abredard i friaghemi@lectidgprescent

prodff | mgbxlﬁeﬁgtz; | Set se.nergxéu&%'fgased %r%éqe.f%toﬁreis@ence

accepts e rons from vacuum El ectr inity is
actiotitgi rtecbyadel abedebbraheopod Eres yswift adp lratcerliibdirandon.
Is there any correl ation between electron affinity and

Electron affinity (EA) 1is the energy released when the
material accepts electrons from vacuum. Electron affinity
is not directly related to the polarity of a material nor is
there any correlation Dbetween electron affinity and

dielectric constant.

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

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



di el ectric constant. According to the present

i nvention, EAsem cond. can be determ ned fromcyclic
wQodosaset ry experinents for the organi c sem cPOGBR@S/000132

or fromits neasured ionization energy. The ionization

energy (IE) of the organic sem conductor can be

determ ned from standard ul travi ol et phot oem ssion

experiments, as the onset éf the val ence band feature

in the ultraviol et photoem ssion spectra. Less:
potingfianably, cbhAvsradantit YCHE)/v@d'L&Em benéﬁtgyrf&icﬂd_ef nesing a

standard cyclic voltametry, as the m dpoint potentia
St%ﬂgﬁrd)eaﬁrgﬁesééﬁﬁle@EoX|%at|8ﬁ HRg) rédécﬁl%ﬁ Deakessesr (V
nuhhe angetyoxi dation potential (EO set), in the

OX|dat|on scan. Thispotential i s converted t o the

vacuum energy scale using a standard energy shift: IE

=EO"' (vs NHE) + 4.8 eV o r E onSet (vs NV

Theﬂé@%\c-'@bﬁ_laf@inl ganY Theceheatbenqakbbii the( EBhikasion

cal culated fromthe ionization energy according t o
enetrigy BoFPodilng &quahiofol PWARg |qEUatPRen: B E The
bandgap (DE ) i s measured using optical absorption
g & geXappl e. gghe exciton binding energy (BE) i s
wi del el d t obeO.4eVfor anunber of conjugated
polyners Alternatlvely the E Ao f the organic
Thes ena wdgrduct(8F) cars bmeaﬂ@a@@redihﬁ @ofgicaldi dleeermigyorh for

o B S R, o P RO HLE, s e

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
(Eo') of the coupled reduction and oxidation peaks or the
onset reduction potential (Eonset), in a reduction scan. This
potential is converted to the vacuum energy scale using a
standard energy shift: IE = Eo' (vs NHE) + 4.8 eV or Egpset (VS
NHE) + 4.8 eV.

For dielectric materials, because of their non-conducting,
EA values are far more difficult to measure directly.
However EA is a relatively local property of the chemical
groups or moieties 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



") of the coupled reduction and oxidation peaks o r

the onset reduction potential (E onset ) i in a
WO e@gosd4on scan. This potential i s converted PCDGBR@®5/000132

vacuum ener gy scal e using a standard energy shift: IE

=EO"' (vs NHE) + 4.8 eV o r EonSet (vs NHE) + 4.8

eV. For dielectric materials, because o f their non -

conducting, EA values are flar nore difficult t o

measure directly. However EAi s a relatively loca
corfyaRelhy @ofi ctthe sChenigrl (geqepsroc! (AR} e %R 8SeRkinst

in organic materials. In contrast, thls i s not the
]ﬂﬁeasedforB@ﬁ@ﬁ@ﬁmﬁﬁ%ﬂﬂhﬁﬁ%ﬂ%ﬁsTﬁ%réfdﬂ@ef%ﬁHQ%eOf groups
arén%$%ﬁﬁgbféf Q¥ﬂgeff9é éﬁ%&@t'Qﬂls“BQBQgBeé N, useful a

organi c gate ectrlc ayer i s conpatible with %
pripri m@anﬁertoadtertelrtnyne tha Partdftw aridsemacgedpdt ehemical

S. _det i n part onpat i e i ndi.vi dual _EA
ot HeaSht i Thenr RoideFee ot P Retafet cctPre CEAReRin
purdddeBAr xn ) agai nst EAsem cond Because gas - phase EAs

of a wide range of groups are available in the

literature, this provides a useful a priori neans to

deternmine the EAXx of a wi de range of chemnmical groups
Thqnuxnmﬂ Hyni rearachibdat é adikdlomet rdtasictaradcreepongnts present

oses ...The usuyal hydr carbon back truct.ural
R MBI Sl R A AT L Lk B St E EREEE
phedlyil phadH s yahkaiensuaingks pbﬁnﬁb&yﬁmﬁfﬂy&ﬁ@@ UBbl§stPrenes etc)

pol yal kyl enes, pol ystyrenes etc) are not I - extended
AL e I TSR Co e TR Tar e 1HE e AL THP sofen < 0
ev.far hess thansihe glectragraffidi ty ok rant nyPﬁllllty of a
sem conductive material (EAsen .Cond )/ whi
typical semiconductive material (EAwmwmm) Wthh is
typically 2-3 eV (for example for polyfluorenes,

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

insulating material for use in the present invention.

Other <chemical/structural groups or moieties that are
present in the dielectric either by design (as a structural
unit, particularly as a repeating unit or end group) or as
an impurity (including chain ends, polymerisation defects,
stabilizers, catalysts and inadvertent contaminants) however
may have considerably larger EAs. The present inventors
have identified that in order to ensure that these moieties
do not compete for the electrons, certain design rules must
be complied with. Separate design rules may be considered in
respect of reactive and non-reactive trapping groups. The
design rules enable the selection of a desirable gate
dielectric material relative to the organic semiconductor to

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



typically 2- 3 eV (for exanple for polyf |uorenes,
pol yphenyl enes, pol ythi ophenes and their copol yners)
wab@seéare the presence of these units i s accepCHBB2005/000132
an insulating material for use in the present
i nvention. OQther chem cal/structural groups or
noi eties that are present in the dielectric either by
design (as a structural unilt8 particularly a s a
repeating unit or end group) or as an inpurity
1ikd e Ugb ngeghal Rgends i ROIWTRL i Sddtan dehfed Sials per se.
stabilizers, catalysts and inadvertent contam nants)
InHerisher GRELTFRLE coHe IRaGtaBloy Matgeiakas. e Prreséiffined
defdBEMPIH RRLE odeRhLT Led: EbAkuL fo0TdeTnd Qunpure that
these noi eties do not conpete ?or t he el ectrons,
certain design rules nust b e conplied with. Separate
design rules may b e considered in .respect of

Nod-BaGldM& ARG aPPRny beBehsvVe trapping groups. The
esi ules enabt e e sel ection of a desirable gate

roldi BbRCEEL St IR eiti-@bsh el @td V@rﬁlﬁpiﬁbe 90afersible and so

sem conductor to be used. In this sense, the present
theg nggateshai sLeiot B nPredrt @ deei Moy desiniall els for the

i el I C ter] al e : st desir € dielectri
ol € Pt S g B el g epondi ng- on RS T
matorgiadi c(BRem danduct bess dhbe BBedicoNon- Beaedyvef example

trappi ng oups For non - reactive traps,_.the trapping
sone g veY%[‘B?g aritt s CTRE cFrP8PFa $oF 2 41'Bup kfeqé)%'e In
acdtarddaapping i tBef asrddwnisolingestabr, EA H@se t RBAlues are
chem cal group i n the dielectric nmaterjal

(EAX ) t .o
calgaliaged ¢ B nd 2oTNaS ByEhag2 bt - exahfl §Osdfe EALS Bhx
valM@ Ues o LAY JEOURS @ce &QQ""?hQ%leOV\EAl Y adding the

accordance wth the present invention, these val ues
soldrde-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, 1999.

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

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

phase EA of appropriate model compounds.

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

(a) may be tolerated in the dielectric for  some



cal cul ated fromthe gas - phase EA data . The solid

state EAx value i s calculated fromthe gas phase EA
whyooadetidny the solid - state polarization enerpyr/aBea/000132

i s taken heret o be 1 . 8 eV as given by M Pope and

C E. Swenberg, Electronic Processes i n Oganic

Crystals and Pol yners (Oxford University Press, 1999 .

Moiety X Solid-state (a) Ali%hatic carbonyl (- CO , -

COO , - CONR- ) and CN (b) Aromatic carbonyl (- CO-
semicorfdtors. C¥Revkr(C) thAeondtrkechckuobgcarborgdfd) at a

Qui noxal ines (e) Aliphatic f |uorocarbons i nones
congemitrAtied bRy ngltne GFoitdeZat |C&¥C§R§F§§l(’%k§ﬁyt o Bot

conﬁ) %hb%eev f.9rnt he, burposes ofy kheipkesent | Nyt i Ojrganic

e gasp ase EA of appropriate nbdel conpounds
senflerefuorter sf.or hart iEAsentkona regenecofof2- (e £ habove the
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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 is lost (through some
other radical reaction or recombination to give hydrogen
gas), the electron charge is irreversibly trapped on the
moiety until some charge neutralization event occurs. In
any case, the initially trapped electron is not re-emitted,
and the capacitive charge density of the gate dielectric
becomes filled by such immobile charges. In the case of
reactive traps, the criteria for a group to be non-trapping
‘requires a consideration of the reaction free energy. The
gas phase EA values for reactive traps are not available.
Thus, for the purposes of the present invention, it 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



Reactive traps Such traps undergo a coupl ed reaction
t hat makes detrappi ng i npossi ble. An exanple of a
w@owploedor eaction is the expul sion of a hydr ogk@I/&BoInS5/000132

fromnoieties with active hydrogens. Once this

hydrogen atomis | ost (through sonme other radica

reaction or reconbination to give hydrogen gas) , the

el ectron charge is irrevergPbly trapped on the noiety

until some charge neutralization event occurs. In any
pol§aR8debheqidi tical kycbhpppes elesbieions &t the precursor

fe-emtted, and the capacitive charge density of the
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precursor material. During reactive trapping, the
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as Qﬁgsgﬁﬁ bR the ﬁsmr5£@5%%&dﬂs(sen1cond ) onto - COO ln
dielectric (Diel - COO) with lost of an H atom

(1) Semicond  (s) = Semicond(s) + e {(g) FAsenicond

{(ii) Diel-COOH(s) + e (g} = Diel-COO (s) + H(s) ~(BAryn)

Reaction (ii) involves the expulsion of a hydrogen atom.
Here the energetics of reaction (ii) 1is denoted as the
negative of the reactive electron-affinity (EArxn) . The
present invention therefore, defines an EA,, for reactive
traps, which can be estimated using a Born—-Haber
thermodynamic cycle for a corresponding small molecule

model, an example of which is as follows:

(ii) (a) Diel—-CQOOH(s) = Diel~COOCH{g) AGgup1

(ii) (b) Diel-COOH (g) => Diel-CO0™(g) + H'(g) AGgeprot

(ii) (c) H'(g) + e’ (g) = H (9) ~AGion,

(ii) (d) Diel—-COO™(g) = Diel-COO™ (s) AGpotar —AGsupl
(ii) (e) . H(g) = H(s) —AGgup1.n

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

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



The exact kinetic nmechani sminvol ved does not affect

the energetics of the overall reaction, which can be
wezpsessietd as the sum of two hal f-reactions: (PCY/GB2005/000132

SemconcT (s ) - Semcond ( s ) + e (g ) EAsem oond

(i 1) Del - COOH s ) +e (g) Del - COO (s ) +

His ) - (EArxn ) Reaction (ii) involves the expul sion

of a hydrogen atom Here theé energetics of reaction

(ii) is denoted as the negative of the reactive
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COOH(s) - D el COOH(g) DGsubl (||) (b) Del - %1‘
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A\deprot

(a) Aliphatic—NHR 16.6 -1.2
(b) Aliphatic-OH 15.9 -0.5
(c) Aromatic-NHR 15.5 -0.1
(d) Aliphatic-SH 15.1 0.3
(e) Aromatic—OH 14.8 0.6
(f) Aliphatic-COOH 14.8 0.6
(g) Aromatic-SH 14.5 0.9
(h) Aromatic-COOH 14.5 0.9

By experiment, the present inventors have determined that
(e) and (f) generally are incompatible with n-channel FET

conduction for a range of organic semiconductors (where

ERsemicond. ® 2 — 2.5 eV). Therefore, the present inventors
propose that in order for a moiety to be non-trapping, its
EB,4n should be less than that of ERsemicona Py at least 2 eV,

i.e. EBApxn < ( EAsenicond ~ 2 ev )-



whet her a chem cal group containing active hydrogen

may act as a reactive trap is thus its deprotonation
W@r@sHy40EAr xn val ues obtained in this way forPeEr/GEBa@s/000132

of conmon noieties that may act as reactive traps are

tabul ated bel ow. Miety X DGdeprot (eV) EArxn (eV) (a)

Aliphatic - NHR1 6 . 6 - 1 . 2 (b) Aliphatic - OH 15

. 9- 0. 5 (c) AAomatic - 2HR 15 . 5 - 0. 1 (d)

Aliphatic SH15 . 1 0. 3 (e) Aromatic - OH1 4 . 8 0
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occupa = v K. _The value of K.is estlrra ted
andyyV st‘ar]rgar é#‘@al lter?éi'rr%’dﬁwgﬁ EE e K'E BRpUte K <
108 DK N Fng Kr1<51Qy7 s 1 (which corresponds to a
characterrstrc trappr ng time >100 days for a trap
Therefore the analysis indicates that while (a)-(c) may be

o))

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

moieties of interest.

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



concentration simlar to the induced charge
concentration) and v = 1015 s 1 (the electronic
wo c@gency) , we require K < 10~22 and hence DECHGB2®5/000132
eV. Therefore the analysis indicates that while (a)-
(c) may be tolerated in the dielectric, (e)- (h) are
not conpatible with nost organic sem conductors if
present above the critical 28oncentration. A sinilar
anal ysis can be nmade for any other noieties of
prafifr@rast crleverdineltasy gesphnee (8) subskahelinyly free of -
conpati ble on reactive EA grounds, these hydrogen
OH |[gediPig aiei ethes hEAHCTBRDROMARDSEIHRS and retain H20
strongly. H20O dispersed in the solid filmhas a high
EA ( 3.0 eV), which then can make the presence of
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0.001% by wei ght - OH groups and ot her hydrogen
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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 organic
gate insulating material together with any impurities. The
gate dielectric layer preferably does not contain any
trapping groups. This ensures that the concentration of

trapping groups is below the critical concentration.

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

does not contain any trapping groups.



earlier: quinoxalines, aliphatic fluorocarbons,
qui nones, aromatic - OH aliphatic-COOH, aromatic -
wekosasmonat ic - COOH  The critical bul k concenp@EGBIS/000132
has been discussed above. Organic dielectrics that
contain these groups as defects, chain ends,
stabilizers or contam nants need to be rigorously
purified so that they are Bfesent 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
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not contain any trapping groups. This ensures that the
concentration of trapping groups is belowthe crjti
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o B R St et
apBfeciated 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
the critical concentration. Trapping groups may or may not
be tolerated in a residue unit depending on  the

concentration of residue units in the organic insulating

material. -

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

to 0.5eV.

Accordingly, preferably the insulating material does not

contain a repeat unit or residue unit comprising a gquinone,



(i.e. excluding inpurities) or nay be present as an
impurity. Trapping groups also may be present as part
WoR008/06®81 due unit that is present in the orgar€T/GB2005/000132
insulating material due to inconplete formation of the
organic insulating material during preparation. It
w Il 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
arof&peat og, unilti ghiattilke ‘ool atd ngnaater +8d, bhi ddnatic -
because, when present as a repeating unit, it my
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the critical concentration. Trapplng groups may or may
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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



enbodi nents, the insulating material preferably does
not contain a repeat unit and/or residue unit
w@omsie'dng an al i phatic fluorocarbon group. MEEGB2005/000132
preferably, the insulating material does not contain a
repeat unit and/or. residue unit conprising an aromatic
carbonyl, quinoxaline or aromatic fluorocarbon group.
Preferably the insulating @&t erial per se contains one
or nore groups independently selected from al kene,
matdikdienemagycl eghkeng, cyebosd kykanies sid:gne, ehber the
oxygen, alkyl, cycloal kyl, phenyl, and phenyl ene
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~am%§§ﬁ%%n§|§% a gé - NHR, , aromatic - NHR, and. Again,
t hese groups optionally may be part of a repeat unit
of the insulating material. In sonme enbodi nents, the
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the insulating material. Such a precursor b _
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siloxane), and copolymers thereof.

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

(iii) Poly(oxyalkylenes) and copolymers thereof, such as
poly(oxymethylene), poly (oxyethylene), 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.



In one enbodi ment the gate dielectric |ayer preferably
conprises an organic insul ating polynmer. Exanpl es of
w0 p@dloed4dng pol yners which can be used after PCT/GB2005/000132
appropriate purification, are given below (i) Poly
(sil oxanes) and copol yners thereof; such as poly
(di met hyl sil oxane) , poly (di phenyl sil oxane - co-
di met hyl - siloxane) , and<“opol ynmers thereof. (ii)
Poly (al kenes) and copol yners thereof; such as atactic
pol ypropyl ene, poly (ethylene-co -propyl ene) |,

| yisobutyl ene, po hexene oly (4-nmethyl, -

F rei%%p%r@é’ne;t%&n&n B 6% rfgaF%]éi%%ffs (‘M )2 Fﬂﬂvv (imide) .
(oxyal kyl enes) and copol yners thereof, such as poly
e%oxynethylene)_, poly (oxyethylene) , and copol yners
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the insulating material is not a poly(imde).
polpmerehapl §erpeal nSeeitiayg pol yner conprises an Si
(R2- GSi (R)2 unit where each R i ndependently
conprises a hydrocarbon. In this regard, a preferred
e (sil oxane) -

and may be substituted or unsubstituted. This polymer may be

made by crosslinking monomers having general formula:

R RR R
\1/ Si
l\/\/ N /
=
and derivatives thereof, for example

bis (benzocyclobutane)-divinyltetramethyldisiloxane

(available as Cyclotene®) or a derivative thereof.



nmenti oned above is an insulating polynmer where the

backbone of the polynmer conprises a repeat unit
wae@ommpiesing - Si (R 2- OSi( R 2- where each RPCT/GB2005/000132

i ndependently is nmethyl or substituted or

unsubstituted phenyl. A s specific exanple of such a

pol ynmer has general fornula: and nay be substituted or

unsubstituted. This pol ymer2&may be made by

crosslinking nononers having general formula: RRR Rt

S " and derivatives thereof, for exanple bis

(ben% clobutane) d|V|nyltetranethyld|3|loxane
In (898 ?‘ﬁ%l e Iﬁgo‘@r&?r&t'en&’?) YiRiulptderg vaetesiahemusdfamably

corgatdeey eahodiingtathihg 'Qﬁ%dﬁﬂéﬂ’n@fer'ﬁguﬁgﬁgﬁgam§ﬁall
conprises an insulating oligoner or insulati
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design rules, it is inportant to select a dielectric
materi al that can forma high quality interface with
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Further the dielectric layer preferably should show high
dielectric Dbreakdown strength, and very low electrical

conductivity.

Also, the gate dielectric polymer must be compatible with
the overall designated processing scheme of organic
(particularly polymer) FETs. For example, 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 Dbreakdown

strength.

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

preferably greater than 150°C.



(particularly polyner) FETs. For exanple, its
formati on nust not destroy earlier fornmed | ayer
WO pa0sg6%40i es, while it itself has to survive sPUFEHASIN00132

sol vent and thermal processing (if any) . Further

preferably the insulating material has | ow bul k

el ectrical conductivity and high dielectric breakdown

strength. Also preferably, %he insulating material has

a glass transition tenperature of greater than 120 0C
The?rd@ll]‘prleﬁ@r%r}cegrce@ttﬁte t:hamlbﬁtﬁ)n@Cma'ﬂé&ﬂalll lpreferably is

i.st.ance 14t insulating materi a referably is
gr%asczea{:t e@qafrhafowglorlb}%ﬁ’flc e SP%&@F@L&& Prfédterthamnl 0°°
Ohrd @t .Ohmcm . The insulating material desirably

shoul d be processable into a high-quality defect -
free ultrathin film The dielectric breakdown strength

TheAdivt1ageous| e t i ,
preferabl %9F§§Fg¥a3h5%%§§%%; n?ﬂ?g%dgggfggggﬁﬁfaP%% into
a Iyghedgpéicrt dpéers-fhee mal txatanich fedimani cal |y stable
up to 15Q0C, nore preferably up to 300 OC . Wen this
- is the case, the upper shelf /operating tenperature of
Thet hdidéerteibecboneskéssentiatdnyth Madednkygeb@sly may be

sem _conduct i pol ymer' _(and the attached el ectrodes).
greﬁ%egrgg?nt% Qﬁﬁa??’c?ﬁﬁﬁ?ﬁﬂb%ﬁugﬁﬁééﬁﬁnFéép St ¥/ Fie y,
the gate organic gate insulating material in one

embodi ment preferably is crosslinked. In accordance
(@)wi FRetRB2Dt BsentPnvémtcon ditRecdirécectis ¢ thserallay and

mec6@A$Ee11 QT SNl & ayer ofpa-singl.g | ?ﬁ:lélf%tria%gy up to
300°cC. When this 1s 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,



material or may conprise nore than one |ayer of
insulating materials or a blend of insulating
woriosne|bs. Sem conductive materials that are PGHDBB2005/000132
the present invention include small nol ecul es,
ol i gomers and polyners. Sonme exanpl es of suitable
sem conducti ve polyners are: poly (fluorene)
hormopol ymers and copol yner$0 pol'y (pphenyl enevi nyl ene)
honmopol ynmers and copol yners, poly (oxadi azol e)
polidnepdiymeis) and copohypelgpepol y (quangxal i nekopolymers,

honopol rs and caopol rs, and honopol yners and .
p0133885§ﬁ%$§l?%gt i%%ﬁﬁﬁ%’éﬂ?rgr nn?%dgroé%gxgémﬁﬁﬁed and
hombpohyper y| enét ebpatanboxythst di iAtl8de one or more groups

napht hal enef et racar boxl i ¢ di anhydri de, quinoline,
Selﬁ@ﬁ??nidiaz A oxadiRFO ERF ARG PREY L 1By i di ngéinide,

napRENZ 0L R 86 SOl @ osacrd di ne, RheRdZIRe geand quinoline,
tetraazaant hracene . The repeat units in the above

benpanjdbesoland i ristiasrlany semudondadinee, pol yngridines,
ben%?@ﬁ?ég'éfbf$? presenécff&fﬁé}on’ na¥%£$n§%$5%)tUted and

unsubstituted provided that the fi
tetseateamducidare pol yners conply with the above design
rul es. Substituents include functional substituents to
enhance particul ar properties of the polynmer such as
solubility. Crosslinked derivatives of the above

The S@&beandustiitee Ol ¥ABr Slva0 B MMA) Naddeisgers o any
the present invention. Equivalent oligoners of the
56mb@@@@“?ﬁﬂ§&ﬁﬁ@ﬁ¥ﬁ%¥Lﬁﬁﬂﬁ _@nl@h%hﬁr@%%%@nﬁrﬁ@ﬁﬁmiﬁﬁndrmay
be %9%%3 ﬂ?ﬂﬂkﬁe%ks'uBQSbé@F%&QQ&U d A Y YRR MRy, e final
maae 1roma precursor polyner. uc a precursor nmay pe
semtodwadrtisive 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 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 semiconductive polymer may be made
from a precursor polymer. Such a precursor may be converted
to the final semiconductive polymer by appropriate reaction.
For example, where the final semiconductive polymer is
crosslinked, a precursor semiconductive polymer may contain
crosslinkable groups and the crosslinked semiconductive

polymer may be formed from the precursor by heating, for

example.



to the final sem conductive polynmer by appropriate

reacti on. For exanple, where the final sem conductive
w@ologers0i s crosslinked, a precursor sem condubCT/G82005/000132

pol ymer may contain crosslinkable groups and the

crosslinked sem conductive polynmer may be fornmed from

the precursor by heating, for exanple.Sonme exanpl es of

sui tabl e seni conductive smill nol ecul es are:

pent acene, peryl enetetracarboxylic dianhydri de and

di i m de, napht hal enetetracarboxlic di anhydride and

diimde. Preferably the charge - carrier nobility is
Somas &xghp &ss pasSi ke taBlesesthicotdipitciate vaa@d molecules

obtainable with the present inventiqn are_ jn_.the range
aref ST Erepymp PR El SR FATHE ¥ e SHOHY et and
diimdder dhaghtRalbge P& S rivdMER idARnhSdir-t abl enaelhodsde .

for making the present transistor will be known to

those skilled in this art. Cearly, processing

ondj tions _nust be sel ected so that trapping groups

Preg?ﬁah%Y ?B§en€h@ﬁgﬁﬁ§aHFéF§ctPPElﬂé§¥r aBovést hdiigh as
posSiblécal cepeentnali opypltis WehlekNVObveiddiBle with the

sel ection of appropriate processing condjtions
preparti tuyaR tiomhare o ilry aamwediléiect fik” 1ayer'V Bor

exanple so that the final dielectric | ayer does not

contain residual units that may act as traps above the
Referringaltconbent satond. dspadie aetbodimgcdradi nhet gotdwent
. 0 aspect. of, the_present ipventiaon, the djelectric
lnv?§§%$ghnd The For° thggge 8éon Lt i vEA A p?é?erd%ﬁ%ﬁent
traasestor med 1dy ®el ukhown priacesidbBg. skilled in this art.

Clearly, processing conditions must  be selected so that
trapping groups are not present 1in 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 crosslinked
insulating material. One common mechanism for curing is a

condensation reaction which crosslinks the reactant



Where the insulating material is crosslinked, a
sol ution containing reactant material for making the
w@e@ssbidnked i nsul ating material may be deposiPEUGBR005/000132
sol ution processing. The reactant material is then
cured to make the crosslinked insulating materia
One common nechanismfor curing is a condensation
reaction which crosslinks SRe reactantmaterial. This
condensation reaction typically involves the | oss of -
mat@tilagavi Mhigr cupsldnsahibne reeactiant typtienilal,. iHewdves, the
where cuging, proceeds via a condensation reaction wth
10516 OF 055081 LETHE TEalRiTG ofpEn (TRS CYHTaTy WATral-
HowkGte o, emitverdl burifll beavksgsgrauwpsat BahdweEgtpbASERE ction
.in the reactant material. Thus, the_ final crosslinked
withydheadiass et eraIl SAVIRY SCrURS  r ESiguAivricellye il hgnot
ren@RUPS11AS-gtesardRad jabgvsut i Sr=% dwaeevagfég&%ls i#Ndthe
as such, the reactant material for making the '
reagitads| imKer iaisul affihig - mdther | Bingk efepablynijeds imsulating
maﬂe&ggﬁdEWQEX 'igﬂlh%%V|QQSQBBHES'—BﬁefﬁgggEX tE%oups. As
crosslinking group in the i1nsulating m oridl 3
desderiicedbl & dvomtaicr oss| dikabivengegeapusn arte reactwdit, the
terial that_can.be cured w thout the |.ass of a
redl A i ng graabe . Exhnpl ot o uch edetoonaniedl u
natBréekd prAfdeebigaddeonsotbetmEenica aiver®@mnda&ing groups.
di enophile (as exenpljfied by the reaction_between _
PrefERz00yel obtitene ANeE LKES SAREPa Afidr oSFFyl aPPBAating
nmate@agli ons befaveenrdie krand 2l kengsiihkaeppees@dup in the
invention now will be described in further detail wth

reacEpatemed 95d- atthet 't aghRdPRi gres! | witlkeieh: thpgdioss 1&f a
lea@[ﬂggl %W t h%ﬁaﬁt@ﬂ%fsero@ngueh't Rdactions include Diels-

Alder reactions Dbetween a diene and a dienophile (as

gsulating

exenplified 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 1lc shows the transfer <characteristics for a
transistor wusing CN-PPV as the semiconductive layer in

accordance with Example 1;



characteristics respectively for a transistor using

F8BT as the sem conductive |ayer in accordance with
wWE@s0b|ol; Figure Ic shows the transfer PCT/GB2005/000132

characteristics for a transistor using CN- PPV as the

sem conductive | ayer in accordance with Exanple 1,

Figure Id shows the transfer characteristics for a.

transi stor using OCd C O PPV3&s the serai conductive

| ayer in accordance with Exanple 1; Figure le shows
Figheet r aidf eshowar actlee i stressfer a dhearsitstrdstissng for a

PPV.as the senic i | ayer_.in-accordance with .
trap AR e T iy QO oEO L HR¥ et R g raver in
acout-pehcehatiabt exbmbiesiyespectively for a transistor

usi ng F8BT as the sem conductive | ayer in accordance
with Exanple 2; Figures 2c and 2d show the transfer

riddeoutut gharact efhsti esanesPect idtaln@krdstics for a
transi stor using CN- PPV as the sem conductive | ayer

trpRsagEBFdansd e t hPB%anpFe Zhe BERMIdoahipice 1layess in
N-hLhHst at 0R,.of, e;general principle, a p- doped
acgiFPcon sugstraﬁg a}?h 800- nm Siq2 |layer is
overcoated with a 50- nm thick BCB | ayer by spinning

.a 4 . 4w y% BCB otene(r), [The Cheni cal
Fl%ﬁﬁgny)é{asol u?r?%nq,icjr%O messl?l i”/’l) enge ar?gc\l\]lf%%#%rapi gnd  output

chtbheepakisthoseakedeceniachot pbat @ setarati 290 AGikhS FSBT as
hunder,nitro en épgz <5 ?%@e requi red o&gﬁni o

the e AFRHAUALGOF TS tREAT sﬁ‘? OFE Ve SHBEPLSL €7 as
athinfilmb50- 80-nmthick froma 1 .3- 1.8 wv%
solution in the appropriate

Figures 2c and 2d show the transfer and output

characteristics respectively of a transistor using CN-PPV as

the semiconductive layer in accordance with Example 2.

Examples

Example 1:

As an illustration of the general principle, a p-doped
silicon substrate with 200-nm SiO, layer is overcoated with a
50-nm-thick BCB layer by spinning a 4.4w/v% BCB (Cyclotene®,
The Dow Chemical Company) solution in mesitylene, and then
rapid-thermal-annealed on a hotplate set at 290°C 15s under
nitrogen (pO2 < S5ppm). The required 6rganic semiconductor is
then spin cast over the substrate as a thin film 50-80-nm
thick from a 1.3-1.8 w/v% solution 1in the appropriate
solvent. We have tested with a range of conjugated
polymers: (i) poly (9, 9-dioctylfluorene—-alt-benzo-2-thia-
1,3-diazole) (“F8BT”) from mixed xylenes, (ii) poly(9,9-
dioctylfluorene-2,7-diyl) (“F8”) from mixed =xylenes, (iii)

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



solvent. We have tested with a range of conjugated
polynmers: (i) poly (9,9- dioctylf luorene - alt-benzo
w0 2®5/06930m - 1, 3- diazole) ("F8BT") from m xedPRyGBa@S/000132
(i1) poly (9,9- dioctylfluorene - 2,7- diyl) (I"F8")
fromm xed xylenes, (iii) poly (2,5- dihexyl
- p- phenyl enevi nyl ene - co-a,al/ -dicyano-2, 5-dihexyl-p
- phenyl enevi nyl ene) (" CN\ ﬁV') fromtoluene, (iv)
poly (2-methoxy - 5- (3 7-dinmethyl) octoxy
dlhﬁﬁyéhényhénwenyVenE}erQe)OCI (CCO-PPV™) ffocuml tbl(udne), (iv)
H _and(y) Q -
P 0 e i o S s oAk et sy Lene)
(“OCH€@OQEP3”$h&d©W sk anﬁfthﬁﬂéhﬁﬂhkﬂﬂe £m@apﬁu|@kedursor

O to ource .- drain - cant act
22V0) LeRitabs Wh BRUAREPLT engtAC2Bm i SHAL Wl i &5 G ofm 15
dep666ﬂ5d8t0t5rdﬁﬁw then tesd®d | maghkoveak®X. the electrode
Representative results are shown in Figs. |(a) (e).
enCépﬁglit%g) Wik GBy I &hEwOt ke ﬂﬂ&ﬁsfséiﬂrﬁﬁddéaf—ﬁuttop contact

eleete%gggrerg Bl ISCS rg@gﬁ%gﬁ% ega nﬁt%e @ ggebg'@gﬁf 2.5 mm.

Trannﬁétwks ﬁege ﬂhém)tsﬁmmﬁ:thMbwanaban characterlstlc
of CN PPV (nFEt, e = 3xIO5 cn/ Vs). Fig. 1 (d)
shows the transfer characteristic of OO d O - PPV

nFET = 4x| O-5 cnR/ Vs Fig. 1 (e) shows .
Rep%?%ﬁ%?%?“é%ar%?@ gﬁ st il’ (LHFEFI( (3% géi ch/Flgs
1 (aYs)and Thig) PRV oandc K elr@nsfé’f’vahul g tgdudi @Hah@e@ebﬁy@ics

a relatively high inpurity I evel which causes a high
reSPhcéi:,‘h@m Bovd BRRTt i ThadeMincerchegantempbiiésy Fgmhas) is

oot TR o3 B o S R PP B LA P or
cha§§ct@ri§t§c of CN-PPV (lpsr, e = 3x10™° cm?/ Vs). Fig. 1(d)
shows the transfer characteristic of O0OCLC1l0-PPV (Urez, ¢ =
4x107° cm?/ Vs). Fig. 1(e) shows the transfer characteristic
of PPV (Uper, ¢ = 5x107° cm?/ Vs). The PPV and OClC10-PPV films
studied here have a relatively high impurity level which

causes a high threshold and drift in device characteristics.
F8 has Upgr, ¢ = 1x107% cm?/ Vs (transfer characteristic not

shown) .

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

the surface of Si0,.



exanpl e, no significant n- channel activity can be

observed even after passivating the Siq2 surface with
wheooaoedtsby| di sil azane . This observation i s coPCI/&€Beivs/000132

with the high EArxn expected for the residual silanol

groups on the surface of Sig2This set of exanples is

provi ded to show the princi %I e that appropriate choice

of gate dielectric can perr?it the fabrication of n-

channel FETs with a wi de range of organic
Thiserfiortfuce v 8P 59s | bhgPasvided appr sppivattdei mréoriiphe that

apprRpLAGES | LRahieved: POuYe {OBL LYY ”'Séga“ék‘r@&@) the

is'used as the gate dielectric ?ln a top-gate FED);
fabrtigashrai mefd m=clodramalel FFE wbbhl iat ywiide vesygeoof, organic

i t t typi-cally less than 10.6.cn2/Vs in the
Sem\p%glogdgglgﬁgr%eﬁe . glrgi ég’t ie(:?/lees.apﬁeoﬁ3 38ty (MIRYIELGRefOMy-acts
is laghiseddas the gate dielectric, no n- channel FET

behavi our can be obtai ned. Wien hexanet hyl di si |l azane -

treated Si2 is used as the gate dielectric, no n-

chann ET .behavi o can, be obtai ned either. Al of
Whepy o P E‘é‘?we]l on@egﬁﬁcjé%}%?%)t ent-Swi t%°¢he @&si e gate
dienkkesief tihe Prespryatavent on.cHxasmt £ided AScBannel FET

further illustration of the general principle, this
mobiilfywiltsh #PuW miagm souride Heedreai tyel extrodésssatpan 107°

2 ed_silJjco rate wth 200-nm Si Q2 |ayer is .
om B Ao i wrery st bott ! | ReER B Fhger BUSE oPRw oyl
pheaod) . 4w v¥sBEB {<Lytchet enelr )didhecboive Chawi agdchannel FET

any) solu ionéaibn nmesi.tyl ene, and_t hen

Cor rapid.- .
behdRAPRAl  S3fnn@S edo5A 5Hot pl afliSet NEa966 gecg4lazane-

tredBd@rsio, is used as the gate dielectric, no n-channel FET
behaviour can be obtained either. All of these observations
are consistent with the design rules of the present

invention.

Example 2:

As a further illustration of the general principle, this
time with aluminium source-drain electrodes: a p-doped
silicon substrate with 200-nm SiO, layer is overcoated witﬁ a
50~nm~-thick BCB layer by spinning a 4.4w/v% BCB (Cyclotene®,
The Dow Chemical Company) solution in mesitylene, and then
rapid-thermal-annealed on a hotplate set at 290°C 15s under
nitrogen (pO; < 5ppm). The required organic semiconductor is
then spin cast over the substrate as a thin film 50-80-nm
thick from a 1.3-1.8 w/v% solution in the appropriate
solvent. We have tested with two conjugated polymers: (i)
poly(9,9-dioctylfluorene-alt-benzo-2-thia-1,3-diazole)

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



nitrogen (pg2 < 5ppm . The required organic

sem conductor is then spin cast over the substrate as
wW@2a08i06940i | m 50- 80-nmthick froma 1.3- 1.8 wW@P&GB2005/000132

solution in the appropriate solvent. W have tested

with two conjugated polyners: (i) poly (9,9- dioctylf

| uorene - alt-benzo - 2- thia - |,3- diazole) ("F8BT")

from m xed xyl enes, and (ii6 poly (2,5-dihexyl

- pphenyl enevi nyl ene - co-a,a -dicyano - 2,5-di hexyl
pherprlpherpingiiene ~\doryl, aneli ¢y &b - PP i oy 49l grene;lene-

1Q0- nn1a|un1n|un1electrode is deposited through a

VitgHEAGWw mask CNTERNSD st of §°%er e* 2 He G rest P ﬁmgl ovguminium

el&q&odlaepwsse @gwsdr %ﬁ%h nake Showy i Rafik 9S. Bedkistors
(d). a) and % owthe transfer and out put
2]

wereh Aheat %lelsé“rteldcénr 63 pEet y for F8BT. The linear -
reginme nobility (nFET, €) is estinmated to be 4xl1 0O 4
cnm2/ Vs. This is one order of magnitude | ower than
with Ca el ectrodes. The output characteristics al so
Re@ﬁsﬁpﬁﬁélﬁ@o ERFYNES Both 8ROThedB S ndt eatT @ of Flgs.

g 9 gontactsH&si shanasastda -t he@l gyt Bhumel-8GIted8s i cs
ut neverthel ess n- channel -activity has still been

resplefcaiivedy ElogsF8BT(c)T]aedlj;1déals-lfmgjmtte ntcrkaiﬂsfft@r apuaﬁ is

qQut put, char cter stl of , ET, e 4x| O
estalBRo0s) 0 Tt o 4 b ampdi bl € o { RBTEn GBviEas zfﬁaier of

magini@dueat e 1t A'th%@ln MﬂJtﬁCt cauf kiieterbligswel | A0 ENtput
PPV. This set of exanples is provided to show again
Chatﬂ%‘@tﬁﬁfilﬁ&lﬁﬁe 3SRt SERIPEGHE 08 GFilde of Byt eof these are

1nd(1' BheGLr 1 6£ a%fijk?c%ﬁ%gctn féﬂl%ﬂarh\(:%m Lq@'@hcaﬁ{hé’e%%hlnlum
he tabrication of n- channel FETs with a w de range

ele@fcr@rigam c Beni cevduthedssei tirchihengppraopridttey has still
be:einnJ oek%é Or{]e&omaﬁc gss 2(c) and (d) show the transfer and
output characteristic of CN-PPV (Mpgr, ¢ = 4x107° cm?/ Vs) .
This 1s comparable to the Ca devices and indicate that Al

can inject sufficiently well into CN-PPV.

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

with a wide range of organic semiconductors with the

appropriate injection contacts.

Example 3:

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

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



Exanple 3 : As a further illustration of the genera
principle, this tine with gold source - drain
web@sneades prepatterned on a glass substrat e POTIGR2G0K/000132
a top gate: the glass substrate is coated with 50-
80-nmthick poly (9,9- dioctylf |luorene - altbenzo -
2- thia - |,3- diazole) fr% al7 wv%solution in
m xedxyl enes. The gate diel’éctric layer is then
deposited by spinning a 200- nm thick BCB | ayer from
xyleng® .. 7w BEB-¢ extiedecsditr dmy®c| dseridan) , dghesDosd by
.Chem cal an ti in n 30- ad
SP% gLnIng aS‘. do% t_ﬁ}é%}_?g‘?%? a}%{:}]Beal %%%% zf%%% plaat g&ggtw@?’ BCB
(ex29@ AEd15sf womer Cy 1aioges®,( pg2he 5ppw) ChEhéchdp Company)
gate el ectrode is then deposited by printing a

solahipgct dft - Idewa@RchafigedOpéPyF/(3,2d  then Tapid-thermal-
l.enedio [ e =+ P ofs en f

e S LRELOIBRRTEL 33P0V EofLEaEIA Bl (o0 <

5ppmon- exXitteariyae RERT e IRESRoclendisexthies wego stitem Baymordmting

P Starck of lLever e N | al ysI.S . -
a %%%E%%%%gﬁﬁﬁﬂjﬁ?%% é%%#fr?%%fﬁ%ﬁgﬁﬁﬁllﬁﬁ%h égyﬁ%lOphene)
poleniteirieng sui€oBay el on Rowiptlexpol y((ERDT:a@@8sRi)f. onic  This

acid) to.give PEDT. PSS } 10- _16. The_el ectron
surlgtrty {P5 4O T 10080 cnBFOL: B | SPTPRFF ed By Tade " from
BaytHogCt bonucThet gt ek e Jrur t.Eesr kipE Oy emRAS NN HE WaEeysis

by appropriately functionalising the gold electrode to
exqhgpeey &vliths hepfastaquld ek by LeReri R, 2f§PRgeBrp6hapg the

Bay?:gloglh;)%v até, eabled JRROL-AXEES1 Fod NES 84 ANP& | §1PEO0¥EERd PSS

at the principles taught in this invention
ratganolfe 1@ppli-ed al so to top gate devices with practica
I njection contacts. CLAI M5

The electron mobility is ca. 107 cm?/Vs, and is limited by
injection. Therefore further improvements can be made by
appropriately functionalising the gold electrode to improve
its effective work-function, using dipolar self-assembled

monolayers.

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

with practical injection contacts.



1 . An n- channel or anbipolar field- effect
transistor including an organic sem conductive |ayer
whawsnoge4an el ectron affinity EAsem Cond' and aPCDGBa05000132
gate dielectric layer formng an interface with the
sem conductive | ayer; characterised in that the bulk
concentration of trapping groups in the gate
dielectric |layer is |less t h&h 1018cm-3, where a
trapping group is a group having (i) an electron
CL@M nity EAx greater than or equal to EAsem Cond
and/or (ii) a reactive electron affinity EArxn greater
than or equal to (EAsepiiCond .- 2eV) . 2. A
transi stor according to claiml1, wherein the
1.tralsi sptorhesnah awbi pamridglerd- Eiglskeffestsi stmnsiptor
. .- Atransjstor_accordi : t ] [
R TR e Tl R SR (e
afEBMt‘ﬁd] aEAg_ergirc@@sLsam aocoraigagitco ghaem @iehegetc EAayer
sem o _is,it range.. from 2eV o A
fofIFJa%%istaé‘r a,}laB?ﬁf?@ethﬁ&l ongh%f tsﬁténgﬁﬁg%ﬁelg?rl]ge layers
ch&l & fEr et e:irﬂlt t Bpagatihdli Fhe&grd’:@nctayzefatdmpr b§estmapping
organi c insulating material and the organic insulati -
gromper ial HoesIAbE GRS LA Cr elfedRt uﬁ?‘?i?rssr e@?acfhetlb&%m K
whiPdL t .COPRILSI NG BrbhAPRINTa JQWRp GhavAdd ans) skar electron
according ‘to any one of the preceding clains, wherein,
affheitnsbhat §¥ep el ekhal €besIHBL E6n 'swi@nqré‘ﬁ’é’a{torun(iltl) a
or. resi ri.sing ro I-N '
redtl B el PGP R E T o sy
(EARd/-04s.€2¢VY) a reactiive electron affinity EArxn greater
than or equal to 0.5eV.

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 EAgemicond 1S greater than or equal to Z2eV.

4, A transistor according to claim 3 wherein EAgmicond. 1S in

the range of from 2eV 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



7 . Atransistor according to claim®6 wherein the
insulating materi al does not contain a repeat unit or
WO e@sdemouni t conpri sing a qui none, aromatic -PCFGB2005/000132

aliphatic - COOH, aromatic - SH, or aromatic - COOH

group. 8 . A transistor according to any one of the
precedi ng clains, wherein Fﬂ? i nsul ating materi al

contai ns one or nore groups Selected from al kene,

al kyl ene, _cycl oal kene, cycl oal kyl ene, sil oxane, ether

e1o% , 2aF ki Lty cfékogitepiterpHerdt , cangapiadnytendeV  and/or
(i9) OMPBea&ivd %%02{ ?ifﬂ%@yd'mmt %x%%eq:glethoafn or equal

claims 5to 8 e I nsulating materi
tocomrVses an insulating polyner. 10. A transistor
according to claim9, wherein the insulating polyner
is selected fromthe group consisting of substituted
7. and® untubssisuved pakypr@ihboxanes) caatincomol yWRESein  the

. thereof; substituted and unsubstituted poly (al kenes)
1Nl § [Eoiso! JiReFS i erg8?? sUBEt i CoR RN uﬁgﬂﬁﬁﬁqtlHQ%i or
redialue QﬂﬁyfQﬁﬁ@kﬁ%ﬁ%gc@pQﬁMﬁﬁhé,tﬁ%bﬁﬁ&ican@H, aliphatic -
substituted and unsubstituted poly (oxyal kyl enes) "and
COQbp AR < t FefleoPr 3Yomatie anEQ@%/cﬁr%or ding to
claim 10, wherein the backbone of the insulating
pol ymer conprises a repeat unit conprising - Si (R)2-
8. O S tRp2sibiere emdrRingdependent | pnies oBt e opreceding

15 ;i o] n i d nyl ., 12, transi stor
o1 i B LIRS T BREDY 51 2on e Lh 8BRS BE more
graupsul asehgcpetlynefros crablsdnaked.alk3lehel r ansiyslloblkene,

ccarding to any one of the preceding clainms wherein
eYIREISVESAPE som PoHiuct IS/8 Fay BTV 0P (9ay 1 | Cveloalkyl,
phenyl, and phenylene groups.

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

polymer.

10. A transistor according to «claim 9, wherein the
insulating polymer is selected from the group consisting of
substituted and unsubstituted‘poly(siloxanes) and copolymers
thereof; substituted and 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
-S1(R)2-0-Si({R)2~ where each R independently is methyl or
substituted or unsubstituted phenyl.



sem conductive polynmer. 14. A transistor according to

any one of clains 1 to 12 wherein the organic
waesmsoenrducti ve | ayer conprises a sem conduct i RET/GB2005/000132

ol igoner. 15. A transistor according to any one of

claims 1 to 12 wherein the organi c sem conductive

| ayer conprises a sem conduygtive small nolecule. 16. A

nmet hod for nmaking a transistor as defined any one of

clainms 1 to 15. 17. Use of a transistor_ accordin

| S to
12. ohy GRADIS T AECATEHRE5 HPor . GRANRE SRt Portd nils

whe 88i R- tiebanngl: of i i hdrr filseld oakheakekr ansi stor.
18. Use of an organic gate insulating material that
does not contain any chem cal groups having (1) EAx

13. 91 §atEL, 1 Lqk 9y 36Y, anghor ofii) gr i
t han of’eq%gfﬁ{oggggegég?o?:n- C an%é% égﬁgégfioﬁ?éﬁéqlng
claijse abeoedinnghto axozinhcl &emndlvomeiucttive ilwsidatdonprises a
mat eri al. does not contain any chem cal groups having
Sem%??%ﬁ&g%ﬁ%ﬁu%ﬁlXWﬁﬁ# or equal to 2eV and/or (EArxn)
greater than or equal to GeV.20. Acircuit,
conpl enmentary circuit,, or Jogic circuit _i ncluding

14.{  Andrenai S5eT AR g BRY of"el BN IR 15, to 12

wheZdinA mBLhoth fn ek Bgnacshdedt ive COMRLBRENtRMprises a
circuit, or logic circuit as defined in claim20.
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)EAx dreater than or
equal to 3eV and/or (ii)EA;xn greater than or equal to 0.5eV,

for n-channel conduction.

19. Use according to <c¢laim 18, wherein the insulating
material does not contain any chemical groups having (i)EAg
greater than or equal to 2eV and/or (ER.:,) greater than or

equal to QeVv.
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20. A circuit, 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.



