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| MPROVEMENTS IN THI N FI LM PRODUCTI ON The present
invention relates to inprovenents in thin film
for electronic devices enployi ng PCT&B2@6/002528
sem conductors. In particular, the present invention
rel ates to an i mproved nethod of producing a thin film
of organic sem conductor withjuniformy dispersed

car bon nanot ubes and devi ces incorporating such a thin

film It sh ! ' j '

car bon nanoﬁﬁkgwl\?gsﬁﬁt H %ﬁﬂngm&p@

wal | ed carbon nanotubes (SWCNT), nulti-walled carbon
nanot ubes (MACNT) or a m xture of both. Furthernore,

si nce carbon nanotubes may be synthesised by several

di f f er entThegiréssuisingentign relatesite dhproxpoents de fhos il production,
(CVD), arc discharge and | aser ablation nethods) it
shoybdelbetrdiit davitdsadmploying apppgariic atmivondsctere! Thipaiticadhr, the
to any particul ar method of carbon nanotube

Pr ogGhOfverhidl @RkesdB ain 1ﬁ‘fpr6x%%lelﬁ6&1t3d I HréiRVRIOP ﬂﬁ’ﬁ‘ flm of
has "been carried out in thé area of carbon nanot ube

pr o [ t y
: pﬁ.?%*’%c? SemlABRaR, AT potRimE) RGRHRLY clcplif haRBREEE and
producti on. One such ion (PCT/ GB02/ 003438
( 7’6?(51}7"3‘%1?)’”111855?“@324'[)&’6“ fﬁ% production of car bon
nanot ubes at | ow tenperatures enabling themto be
deposi t edt 8hrudd Pe @eted) thatyngths wllaﬁf@rhfarbwwbe (CNT) is
Organi ¢ sem conductors can be processed into | arge
ar eantehdad fo mesn singleovalled wpoat nanetubss (§WENT), oveltirwalled
or printing techniques. Progress in the

carbon nanotubes (MWCNT) or a mixture of both. Furthermore, since carbon

nanotubes may be synthesised by several different methods (e.g. chemical
vapour deposition (CVD), arc discharge and laser ablation methods) it should
be noted that this application is not limited to any particular method of carbon
nanotube production.

A great deal of research and development has been carried out in the
area of carbon nanotube production. The applicant has previously filed patent
applications associated with carbon nanotube production. One such
application (PCT/GB02/003438 (WO03/011755)) relates to the production of
carbon nanotubes at low temperatures enabling them to be deposited onto
flexible plastics and at low cost.

Organic semiconductors can be processed into large area thin films at
room temperature using spin coating or printing techniques. Progress in the

development of electronic devices based on organic semiconductors has
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devel opment of el ectronic devices based on organic
sem conduct ors hasprogressed rapidly in recent years,

light-emtting di odes (OLEDs). Wil st OLEDs have
entered the market place in niche applications, the
potential of these devices hag not been fulfilled,
particularly in the field of |arge area displ ays.

Al's L&y Gol:ar kNnato realize .
ol s BSHan PR 18 oL S TR G 3B BRI brur Bt b
har i_ng.ener t.he,.sun 1.t hout sjgnjficant
el TR b S R
durability. \Wi|st conventjonal silicon solar cells
exhihitfchriaprlieations,; Wscrientiah@f dassp <devises 4185 ot Ppeen Afilled,
fabrication costs are prohibitively high. In view of

t he paitigelatly g tisdield ebldrdemreadigalays. | ow cost ener gy
solutions, solar cells are one of the nobst inportant

pot ent i alAlapptdanit sodarscellf camyteyen HeRlf ©ORAIHES potntial as
| arge anobunt of research and devel opnent has taken

Pl aaf dcbhémREIRNi&b1S SIHIE W HATFRfin g B-hEf A Snf R sun, without
devi ces. Organi c sem conductors can be broadly

cat fﬂ_cé?d iﬁl&%&feﬁleﬂ% t&ﬁpgp\%'e{ é&hgr%yolnarqffé%liﬁﬁcg% & device

follows: (1) nj ugate ymer ave no
wei ght s..exceeding 10, 000 at.ami ¢ nmass units (amy) and |
ey B o SRR e SeatipnaBiiens S PRl bt dudh e figicarics
print|j .technigues. (ii) Conjugated small nolecul es,
I nc » S ‘ 14:34 gW O
i P%fij&%’ Ceoturabitibn dhe Fhigation) costs|ase preditytively higs Inhaew of
a few 1000 anu and are normal ly deposited by vacuum
evaprugend slobghegdd foptleanyllew cosfamezysehitionscotdr @eks @t @ne
general ly descri bed as nol ecul ar sem conduct ors.
Mol efthk atost important potential applications of organic semiconductors.
A large amount of research and development has taken place into
organic semiconductor materials and devices. Organic semiconductors can be

broadly categorized according to their molecular weight as follows:

6] Conjugated polymers have molecular weights exceeding 10,000
atomic mass units (amu) and may be deposited from a solution
using spin coating or printing techniques.

(i)  Conjugated small molecules, including oligomers, have molecular
weights less than a few 1000 amu and are normally deposited by
vacuum evaporation. Small molecule organic semiconductors are
generally described as molecular semiconductors. Molecular

semiconductors deposited using vacuum evaporation cannot

PCT/GB2006/002528
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cannotnormal Iy be processed from solution owing to
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is known to conbi ne carbon nanotubes wi th pol yneric

sem conductors in order to produce a solution for use

in making thin filns. However3 this process has

several disadvantages. For exanple, carbon nanotubes

do not nor far i.spersion i | uti om.
of pol yner :Ti?é éﬂeé }111'3@8%} ug?%ggfoﬁg%]t%gf’% OYVbngstg%g}{ ﬁ(gor Soau%rﬁlty
carbon nanof ubes are nat held in solution for extended
peri ods but DORERYOTSENE FUVERS-  Consequently the
solution_nust be ultrasonically agitated inmedi atel .
prior tolthisn knowim depsoibing farbemr daanatebase dvighp e pekymeric
t he carbon nanotubes. U trasonically agitating the
conpasnicbaduatore dn atdel o praduce taosobutinrefs ivsg in Aiakirg thid fims.
is inconpatible with current printing technol ogi es

t herRINEvER BN PrdRefdUEs iseversloglsadwthge€NABSH RBathble, carbon
i npractical froma manufacturing perspective. The

agi ' ' : r ' .
oo oo Som Al B0 BbIC BB b3 shitfoR 0P BBlheric
pol I ructures, .are kngwn to stabil.ise carbon . .
Pan S0 isaBliis 18 81650 A e borh Pl st Bel i aotion
appl.ications is |imted. Furthernore, the solubilisin

£ under SHENCER periafis Bhice R BEHe P dr SreauTGY S solftirackust be
the formati on of a closely packed nolecular

ar r dhepminally ogitased nemediaslycpaeyte thim filer depositibi tiy order to
is widely known that it is difficult to place

mol eslidparsesthei cabatu anstabesn orGitakynicdiyo agitaihgbihev eatipdBite
evaporation, into a solution due to their poor

sol uhineiiiately RN B protdssii@SinRe ANFiFR M InthApatiblsS Wit t@Rent
can

printing technologies thereby raising production costs and rendering it

]

impractical from a manufacturing perspective. The agitation process can also
be damaging to the organic semiconductor. Only a limited number of specific
polymer structures are known to stabilise carbon nanotubes in a solution and
so the range of potential applications is limited. Furthermore, the solubilising
functionality in semiconductor polymers often hinders the formation of a
closely packed molecular arrangement, which reduces charge carrier mobility.

It is widely known that it is difficult to place molecular
semiconductors, normally deposited by vacuum evaporation, into a solution
due to their poor solubility. However, it has been shown that a solution can
be produced containing molecular semiconductors by functionalising the

molecular semiconductor with solubilising side groups. This solution can
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be produced contai ni ng nol ecul ar sem conductors by
functionalising the nol ecul ar sem conductor with

used to deposit an organic sem conductor filmfor use

in organic solar cells. However, the performance of

such devices is reported to bg very poor. It is also
known to use a small anount of sol ubl e nol ecul ar
senj.conduct dsarbed onto the quter.surface.of .

car 5R ﬁé(‘ﬁ%ff{?ocge?.om Wég@@fﬁ@ﬁ%ﬁ‘ﬂ%@aﬁ%ﬂ g‘?rr & L grganic solar
towards studies of the interaction of specific

conpdllsatiaveyen ter peiamapsaisuciierces ipreparted toshs Yeay goor.
of carbon nanotubes and towards enhancing the

sol ubi | i fty infalswakbownnenase besmadli pgouhi oofreelhbld. molecular
Usual Iy, the conpound is treated and dried out prior

t O Eedhicyhdi@to? UHdsEded dhfd B RRkdr Barfase oficdben masstubant These
dry conmpound. However, neither the solution nor the

res ﬂegi%en'fisr Yaré HRLKAd R ard LRGINAQN BT 11RO GintRARA of specific

nanot'ubes 1s suitable for the manufacturing process

i nvol ved .in_nmaki.n i [ ' t '

e PSSRl b RGOBRCE RO Bl on maotues
ca AR A SGARE e OHa Ot des GPinEdp dpeinod
netals. Filling the inner cavity is not known to

r en8lenallya tho pormpeimduls depated| ang| dsiadrow givien o sary@gragt certain
Filling the inner cavity is a nmeans of nodifying the

opt expdrinaenty on thd exstitamidry pompevid. e Howfeveheegherbiba solution
nanot ubes. These experinments have been carried out for

t he nprihpesRistart drly woshpoBit &f fusci@alibdd carbdritirsubes is suitable
W thout further processing, the resultant conpounds

T
devices.

It is also known to functionalise the internal cavities of carbon
nanotubes by filling the cavity with organic semiconductor material or certain
metals. Filling the inner cavity is not known to render carbon nanotubes
soluble in common solvents. Filling the inner cavity is a means of modifying
the optical and/or electronic properties of the carbon nanotubes. These
experiments have been carried out for the purposes of fundamental scientific
studies. Without further processing, the resultant compounds are not suitable
for the manufacturing process involved in making electronic devices.

Further, it is also known to manufacture devices using thin film

organic semiconductor layers, such as organic solar cells (photovoltaic

Thi s sol uti on cant hreI/l682006/002528
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Further, it is also known to manufacture devices using
thin filmorgani c sem conductor |ayers, such as

| f POT/GBR106/002528
solar cells are to be a comrercially viable neans of
harvesting energy from sunlight, they nust be
efficient, durable and low cagst. Organic solar cells
usi ng pol ymeric sem conductors can be manufactured

usi ng. | aw gost | Ut 1o I ' I; ;
e, FeRe Ll R LRE RS B QORI FiableP e of
screen printin However , .nost I i

s erfiAEv NG PIsTEY et FY Bk B e gieh spraplesend Joviggst
solar cell applications this limts, the device

ef fi ci erfosgahiecaols sollar yaingamolymrericn eseEBPAIAUSIOEt ¢ $45m be
Is not harvested. The band gap in nol ecul ar o
s eningmfaiiaied nsingllod osk seMtioh prosssing derdnisives sugly #s ink jet
utilising the solar spectrum However, this normally

r e%ﬁr{tﬁ‘f@, JPpimacdaiy deeast bladingret koden wWhintihg. WHewever, most
fabricating solar cells, is nmuch nore costly than

t hej i/ B 36V, 1l
ﬁgl)d(’:lglﬁlg%éé T kSR OBAR alml\/%kﬁfc@%nd%bydﬁ 3 €V. For solar ce

se rs are typica nore susceptible to

physi cal..and .chem cal degr oy I

e e R i S R R
their potential as a cle l,ow.cost . ener sol ution

t heSHs6 Bf 7otc h@i’f@%ﬁe‘i n d%g"u 4Bt | $apy 1 fmcflg@%r Setiegductors
must be inproved whilst retaining the cost advantages

of EloA-32i o) meessnducivapdth Wilisig e seky SBRATE-orowever,
have | ow charge carrier nobility, whichis alimting.

f acthiy nérmatlgtrequitesiangactiing depdsitor neyhast whash, sdwen fabricating
utilising this class of sem conductor. The ease wth

Whi ehlaChalsg®s hitich Gl @stlg dhae thagepolktic tnalbgiis.  Whereas,

determ ned by the degree of overlap between the

fr o%liyﬁ{eric semiconductors are typically more susceptible to physical and
chemical degradation than molecular semiconductors. If organic solar cells
are to achieve their potential as a clean low cost energy solution the power
efficiency and durability of these devices must be improved whilst retaining
the cost advantages of solution processing.

Most organic semiconductors have low charge carrier mobility, which
is a limiting factor in determining the efficiency of devices utilising this class
of semiconductor. The ease with which charge is transferred between
molecules is determined by the degree of overlap between the frontier
orbitals, Highest Occupied Molecular Orbital (HOMO) and Lowest Occupied

Molecular Orbital (LUMO), of adjacent molecules and is therefore a function

of the molecular arrangement within the solid. The charge carrier mobility in



orbitals, H ghest Occupied Mol ecular Obital (HOMO
and Lowest Occupied Ml ecular Obital (LUMD, of
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nol ecul ar arrangenment within the solid. The charge
carrier nmobility innolecular solids is therefore
hi ghest in highly ordered sol ibkds. However, cost

ef fective nethods of fabricating devices (e.g.

pri pid 18] i r:e 1k 3 ofo) Y
IR OSBP AR MR 10k SRR LY TR co
sem C r red.usin rinting.and spin .
coatrSaMECRPAb o PR YO B (ks Riae and Shor sareing) are

statef Con quegﬁL , Gharge carrier mobility® is low
(1078" Bpnaly;candyciye with We dppmajion of a prystafline letticge Organic
primary contribution to device series resistance. A

f ur SerBIcoBdIR ey LmARaEed fusing aitintingeantb kpinut@ating techniques most
interactions is the limted exciton diffusion | ength

i n clogelyiresesihie enndoepinns stathi Condelquidts, chargt Ruglep afobility -
of the absorbing |layers in organic solar cells,

t hetselow (1i0rfi ni’ng ™ st go 002 bRAIV-UeNS kY538 pRAWES contribution to
conversion efficiency. The exciton diffusionlength in

pol YE®EL CerpSMigRallctors is typically significantly
| ower than those 1 n nol ecul ar sem conductors. In

recent res by Wang et .al. .(Materials Science and
Engi neer ?Xngh% SC%B?qufg%q 26 1y%ak 5%%6‘?%?9 t Pisragiony 1s the
car pon nanof ube. and nol ecyl ar sem conduct or conposite
ﬁ{ﬂ tofl FXSton diffisiony lsnath i oremys SqBicPRANIcEy® Whigh limits the
interface between the carbon nanotube and dye
nol Béekness phtherahserbing Fagiers i toagamip haleocélisd tpecbychaitae the
transfer. Also, it is suggested that the nolecul ar
senpionatidetsity ané powelecaobrsionefhyieficsn Crheh@itos dFHsint1Bngth
al kyl chai ns.
in polymeric -semiconductors is typically significantly lower than those in
molecular semiconductors.
In recent research by Wang et al. (Materials Science and Engineering
2005 pp. 296-301), the fabrication of a carbon nanotube and molecular
semiconductor composite was discussed. This research aims to improve the
interface between the carbon nanotube and dye molecules in order to facilitate
photo-induced charge transfer. Also, it is suggested that the molecular
semiconductor is made soluble by functionalising with alkyl chains.
However, the films produced are only of one micron thickness, i.e. 'cast
coated'. Also, neither the molecular order within the semi-conducting matrix,

nor the electronic structure is addressed resulting in a film not suitable for use

in electronic devices.
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thi ckness, i.e. 'cast coated' . Also, neither the
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the electronic structure is addressed resulting in a
filmnot suitable for use in electronic

devi ces. Further, engineering7solutions to many of the
probl ens associated with protecting organi c devices

f th i . eff ; . ; .
B
AT E oL PR Lol o 1o MR g o T AR e

Wi t hst and extrenes of tenperature over Exteqded .
peranddexyeen ¢ee mowarstpiisied HEQWSVRE) PO ERe! crppggement m
generated heat anneals the organic |ayers causing them
t 0 thedeededicéd usmainsd aursdsogo problpmo| paytiewlprly hfrgselar cell
including | oss of interfacial adhesion. Wil st

an r@?libeﬁﬂ)n& OwhitdugastcRithdtald edremyspdfolenpiecalirecdien gateatded
the fabrication stage can enhance the performance of

ig{ﬁegéﬁé“ ot Qliod% h@Mfle) Hal pBkalRe Fé&ﬂaté@ Ikt anneals the

heat 1s ultimatel y detrinental to device

devieanE e FRlng i, WP R0 Bl TS MSphplogica

Si Stance mus e mnimzed. al

heating is rticularl, ohl epat.i c i lar cell. .
devFhaages Jaeludmenioss of ﬁé@gﬁc@h%{ﬂgﬁgnar %t anmegiing i, fydyee
harvested. The present_ invention ains to overcone, or h
at ¢asirollechimaphelpgicak ghangsrat fhe fBbrigation Hitegce C3k FERARSE dbe
problems. In one aspect the present invention provides
a npdrfoomande of o denjces (elg iliyer ietsoiprdtisinniglarriell®y heaf is
di spersed carbon nanot ubes, the nethod

ultimately detrimental to device lifetime. To keep Joule heating to a

minimum the device series resistance must be minimized. Optical heating is

particularly problematic in solar cell devices where the infrared photons are

not efficiently harvested.

The present invention aims to overcome, or at least alleviate, some or
all of the afore-mentioned problems.

In one aspect the present invention provides a method of producing a
thin film comprising uniformly dispersed carbon nanotubes, the method
comprising the steps of: adapting a molecular semiconductor to make it
soluble; adapting the molecular semiconductor to facilitate the formation of a

high degree of molecular order and frontier orbital overlap between adjacent

molecules; adapting carbon nanotubes to make them soluble; combining the
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conprising the steps of: adapting a nol ecul ar
sem conductor to nake it sol uble; adapting the

a high degree of nol ecular order and frontier orbital
overl ap between adjacent nol ecul es; adapting carbon
nanot ubes to make them sol ublRe; conbi ni ng t hesol ubl e
car bon nanot ubes and the sol ubl e nol ecul ar

; re ?8 Iﬂgﬁ g&%ﬁﬁ rtaﬁ? so %8 Nhe t é%h;ﬁ?é ”ﬁl@h&ﬁ!ﬁu tbftonductor in a

IImfro e solution. In one
pect of this inventio ar.bo 0 osite
" Raveptp st 7 st eift FE LRREAIG MR oRRIR
derivatives of nol ecul ar  sem. conductors, of the e
it is

nor mal | yin geso 83peeld of sy iny5aiiRHn @éﬁ%nt paPtERs A

To make these materials soluble in conmon organic
solprentral intbeacthin Uijat egingoroaly sofuble tdeoimatives el spolepdar
peri phery, or non-peripheral positions, wth
solg¥RiidonghdigrsToF @hé @gpe Wotmey desdsitsé mistgndamiimgeposition
pol yners these types of organic sem conductor can

ex hté@inﬁ ?E‘naﬁ%@ YhEE nPhterddd &1b18n 861HRON Orgadic lvents, the

sem - cr sta ine state) when processed from sol ution
ont 0 _ano 0

2y GaEA o F&i’éﬁ%%gﬁ aE s per: r% A
solub|I|S| functlon Ie t
© hevRbFUEISnE Ser S L s iR RisnE pbBrRgy fete types
bet ween frontier nol ecul ar orbltals on dj ac
mol efcuianic serpieprdigtarean ekbibH G igh derrse g? rljtﬂé?ﬁu?aé porder (i.e. a
nmobility and exciton diffusion | ength.

FunetriieongstdlBed i state) swizns processads £tanh esotatien @fto t gHPTRgous
the electronic structure of the nol ecul ar

SenjubSipstdudh af, dor kot igldse. BPRhtefirliselzntiorCaf the position and
nanot ubes can be stabilized in solution via

no nnéf&r\églfetﬂé sbfﬂﬁ)ﬁfsﬁfgt fuﬁf:@oﬁ’z\i'llw1 itt 8§osabrbeseiRt @flhmalecular

sem conduct or, surt sol'vent “or
configuration with maximum overlap between frontier molecular orbitals on

adjacent molecules, thereby maximizing the charge carrier mobility and
exciton diffusion length. Functionalisation is also a versatile means of tuning
the electronic structure of the molecular semiconductor for a specific
application. Carbon nanotubes can be stabilized in solution via non-covalent
interactions with the soluble molecular semiconductor, a suitable solvent or
direct chemical functionalisation using solubilising moieties. The method of
carbon nanotube stabilisation in solution is not limited to any particular
method.

This invention represents a significant advance in organic

semiconductor technology, enabling better device performance through
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direct chem cal functionalisation using solubilising
noi eti es. The nethod of carbon nanotube stabilisation
limted to any particul ar PEL/G8006/002528
This invention represents a significant advance in
organi ¢ sem conduct or technol ogy, enabling better

devi ce performance throughi nppoved stability and

device efficiency. Mire specifically this invention
inclﬁ@§ : e f CQiERS ' .. .
ex pI{ ol t Zté(li tg{r%%gﬁ pgﬁlga%c&es%ﬁgffzﬁgél I's; 1t ésgis,ﬁgﬁg}( ﬂ&léllfl‘éentlon
of fering high effici.e ood.qgperatiqnal stabjlity

and o gE P SEREHE it e ot P [Pitaten b Srasgis spjar cells
car hon nanot ube_and nol ecul ar sem conductors have

eno ar ells ptfesmg Jugh gHiciensmagoathpperptional wabHity and large
organi c el ectroni c devices when processed into thin

fi | iga dypesitiomenpebilith. s of fer: i. inproved thermal
managenent in organic electronic devices, owng to the
hi gh t heCoaipositesdofctarbirt Har@iueNIRl me¥dcandisBRidauh@srs have
lifetime. ii. enhanced device efficiencies due to

ef f éndriohs pBRMES £ unkfdnal MatEld RRLEXS Eﬁgt%&&ohici devices
enhanced device efficiencies due to redﬁce evice

Ser ivhn bRRbabaNAE i YiimE PPRRS Bl dAPRENY OF 11ht Tn
solar cells, owmng to e propensity of "carbon

nanotqbes to sca&%gﬁ Iight. v. versatilit ue to the
ability to {nem'gv? tniladﬁlg%mﬁlﬂdnbﬂrg% electronic devices,

owing to the high thermal conductivity of CNTs, extending

device lifetime.

i. enhanced . device efficiencies due to efficient charge carrier
injection/extraction.

iii. enhanced device efficiencies due to reduced device series
resistance.

iv. enhanced trapping of light in solar cells, owing to the propensity

of carbon nanotubes to scatter light.

\Z versatility due to the ability to tune the electronic and optical
properties of both the molecular semiconductor and carbon
nanotube, maximizing potential applications.

Vi. compatibility with flexible low cost substrates and existing low
cost, large area solution processing technologies.

Further advantages of using molecular semiconductors as described in

this patent application arise as follows:
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properties of both the nol ecul ar sem conductor and
carbon nanotube, maxim zing potential applications.

and existing |ow cost, |arge area sol ution processing
technol ogi es. Further advantages of using nol ecul ar
sem conductors as described i@ this patent application
arise as follows:(a) Suitably functionalised nol ecul ar

sem ¢ ) duc El?%%olf a (ﬁio%%ﬁ&ﬂs Sfiet@af © Egﬁlfceh@uc{téﬂs Megan  be

wi th hi g gree o ecular order. Mol ecul ar order

oD |1y aPEPORSECH (blF R LD G Lo LoEfag e ool order
enhanci ng device efficiency and ultimatel.y.device .
i etime. Mleabreendenrs SEEUh e Jf SIS gty gamier
nore chemcally and thermally stabl e than
sen conduc tmbilpyl andesssjtor difndom dengtly i thereby feshpneing device
(c) Readily avail abl e nol ecul ar sem conductors have a
greater raeffitidlcyhandltamsly dokice tifetare. be tuned using
appropriate functionality. Specific embodinents of the
presend) i nxesbh@n Wihlcon@wihe slesepidad Moravadhetfically and
Sxanpl%e) onF()S(,n vl\?th refcgr ence to t%‘g acgonpanyi r?g oy
rawi ngs, i,n. Wi Gh; i e jk'ﬁk‘ii i :
net al (coprgheerrsn a%ﬂl ﬁagféo%églnsleh@c oé@%pw%ﬂ ﬁgf Fi %u%é}}déﬁﬁﬁevme

shows the nml ecular c ' i i : ,
film of Hetie. © onfiguration (co-facial) in a

(c) Readily available molecular semiconductors have a greater range

of band gaps, which can be tuned using appropriate functionality.

Specific embodiments of the present invention will now be described
by way of example only, with reference to the accompanying drawings, in
which:

Figure 1A shows a functionalised metal (copper) phthalocyanine
compound;

Figure 1B shows the molecular configuration (co-facial) in a film of
the compound shown in Figure 1A when spin cast from an aqueous solution;

Figure 2A shows a functionalised metal-free phthalocyanine molecule;

Figure 2B shows the molecular configuration (herringbone) in a film
of the molecule shown in Figure 2A when spin cast from a chloroform

solution;
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t he conpound shown in Figure | A when spin cast from an
aqueous sol ution; Figure 2A shows a functionalised

Fi gur e 2BPGIIGBRE006/002528
t he nol ecul ar configuration (herringbone) in a film of

t he nol ecul e shown in Figure 2A when spin cast froma
chl orof orm sol ution; Figure 3 phows an atom c force

m croscope (AFM inmge of chopped multi-walled, acid
functi ong| . cast m_an
aqueous. caPet P onohR e AR e Tl RRonE A ENe] B Ve shompec
an AFEM.i of spin.cast thin filmusing a

conpos P, 36 RepgRepiset earbenmotibes dFnssh B eagueous
shown i.n Figure 3 and the water sol ubl e copper

pht AAUHEY SRfOfeMicA SUPSIRIE Fi gure | A, wherein the thin

fil mhas been partially deconposed to reveal the

car bon n&m@trelseshows gor AFS sinegws of &l spinlcaymthin film using a
transm ssion el ectron mcroscope (TEM inmage of a drop
cas tompbsiteadf the acidPasitibRalitbd th®oa ehibtibachofnah Fs&fe 3 and
carbon nanotubes shown in Figure 3 (weight percentage

3. 4td)waBsdlite VEHRY Eﬁﬁhl%@a?ﬁr%’s@ﬁ% iﬁ Ig‘ti %% g%%@fﬂjsl%ﬁi the thin

shown in Figure I'A. Figure 6 shows t

abs t f Lk wn 4.0 Flagure | A from
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sol uti on” (AZRSGOVF Ae) X 1 iy trangmission eleetranspicroseare (TEM)
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sholtR2genoirs Gier: cash fidwnefi # eamppsite ehthsmsifl Suictionalised carbon
functional i sed carbon nanotubes shown in Figure 3
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circles).

copper phthalocyanine shown in Figure 1A.

Figure 6 shows the Q-band absorption of the compound shown in
Figure 1A from: (i) a dilute aqueous solution (solid line); (ii) a thin film spin
cast from a concentrated aqueous solution (dashed line); (iii) a thin film spin
cast from a concentrated aqueous solution of the compound shown in Figure
1A combined with chopped acid functionalised carbon nanotubes shown in
Figure 3 (carbon nanotube weight percentage 11.8 %) (open circles).

Figure 7A shows a schematic diagram of a bilayer organic solar cell;

Figure 7B shows a band diagram of a bilayer organic solar cell;

Figure 8 shows a graph illustrating the current density as a function of
applied bias with and without simulated solar illumination of a bilayer organic
solar cell utilising a composite of acid functionalised carbon nanotubes

(Figure 3) and the molecular semiconductor in F igure 1A as the donor layer.
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(Figure I e d to
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char acteri stl cs, wth and without a conposite |ayer of
aci digdghct i onal i sed carbon nanotubes (Figure 3) and
t he nol ecul ar sem conductor shown in Figure I A
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are several stages required in order to produce a thin
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nanot ubes and nol ecul ar seni conduct or rial f

pre t 0 carbon
nam’%‘?ﬁ%‘s&lﬁ%ﬁ aftol BbE0GTRARE oF 230 %ﬁ‘e B ftetlr §2hdiumgtor
the ution to, for thin filmwherein the
car Son glno g}'°8139mt?‘1)1n£‘?{ﬁ g’iegll"?'i buted; (iii)
fabrication of an el ectronic device utilising the

car bon nanot ube- nmol ecul ar sem conductor thin film

10 FIRST EMBODIMENT
There are several stages required in order to produce a thin film device
incorporating a composite of carbon nanotubes and molecular semiconductor
material: (i) preparation of a stable composite solution of carbon nanotubes
and molecular semiconductor; (ii) processing the composite solution to form a
15 thin film wherein the carbon nanotubes are uniformly distributed; (iii)
fabrication of an electronic device utilising the carbon nanotube-molecular
semiconductor thin film.
The first stage is to grow carbon nanotube material using any known
carbon nanotube growth method. As discussed above, carbon nanotubes may
20 be synthesised by several different methods including chemical vapour
deposition (CVD), arc discharge and laser ablation methods. In this
embodiment, the carbon nanotubes are grown using a high temperature CVD

method, as is well known in the art.
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aci akidinéeby esid Feutmeny oc dss liks, toadrtaid pagar cgroups on the outer
functionalisation and renders the carbon nanot ubes
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adapted, or functionalised so that they becone
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di spersions 1s to the fabrication of nanoconposite

tsgi %151:}1% g}s W4 eﬁoffzafc QE% cgﬁgﬁ) (Jtﬁbe's Ardhd %Fé'dam Bircl8talised

20 ave a a5t ‘one

ol | oni n (1) ctronic functionality; (ii) a |low
surfoibatt @h@qcpylesgﬁllbi% not to isolate the car bon

nanot ubes fromthe sem conductor matri x;

sui t abl eThit peepsiatipr of staple ganbop Ragoyhs FIFSES‘F?H“S? 1? rﬁ%&@ the

the flow of charge carriers between the carbon
10 nanfibtibanasfchahbeprsposite dhigufthsr as described below. It is preferable

that solubilising moieties have at least one of the following:
(1) an electronic functionality;
(i)  alow surface density, so as not to isolate the carbon nanotubes
from the semiconductor matrix; or
15 (iii)  suitable dimensions so as not to significantly impede the flow
of charge carriers between the carbon nanotubes and the semiconductor
matrix (i.e. < 1 nm in length).
In this embodiment multi-walled carbon nanotubes with a typical
diameter of 10 nm are placed into a concentrated mixture of sulphuric acid
20 and nitric acid in the ratio 3:1. The mixture is then heated to a constant
temperature of 50 °C and agitated using ultra-sonic waves for a period of 6
hours. This treatment introduces polar oxygen containing functionality onto

the outer surface of the carbon nanotubes, rendering them water soluble and
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sul phuric acid and nitric acid in the ratio 3:1. The
m xture is then heated.to a constant tenperature of 50
OC and agitated using ultra-sppnic waves for a period
of 6 hours. This treatnment introduces polar oxygen
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sol thy siutiois elsluted evigle delofismtwatenalThe eerydawhsH of the solution
nanot ubes to settle over a period of 24 hours,

whecauspo the9dxd Ginctibgalized darbsn Aesaib&koteitle MRe a period of 24
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subperged in_a snall nt. of dei oni sed_ wat er. .

Me?-?u*%% r?"ﬁffsra“@&?ﬁéﬂr ﬁ% ﬁ‘é’%‘sﬂﬂgﬁ%ﬁﬁﬁ‘i ddthdejorased yeaterountil

I nt a_‘&sol tion. The resulti n% st abl e di spersion of _

car B§nv (5@ &5 peuial o The dltewpaner cagted in ganbepwarotubss is

resi dual particulate contam nation fromthe sol ution.

Fi gthea sppmstgsdsn a shadlpraennd fof deienised otdtanahdrsgbnrké @hrbon

pht hal ocyani ne conpound utilised in this enbodi ment.

Thenaretutes ubpanirzoady ddikpirsasia@l Wolution. The resulting stable
dispersion of carbon nanotubes in water is centrifuged to remove any residual
particulate contamination from the solution.

Figure 1A shows a diagram of the functionalised metal phthalocyanine
compound utilised in this embodiment. The tetrasulfonic acid tetrasodium
salt functionality renders the phthalocyanine core soluble in water.

Figure 1B shows a diagram of the typical molecular configuration in a
spin cast film of the compound shown in Figure 1A, as discussed below.

The molecular semiconductor used in this embodiment is a member of
a large family of compounds based around the phthalocyanine (Pc)
macrocycle. Pc can be metal free, or have a metal ion held in the central

cavity of the macrocycle as used in this embodiment. By peripheral, or non-

peripheral, functionalisation they can be made soluble in common solvents.
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t he conpound shown in Figure | A as discussed bel ow
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type and position,. of_ the solubilising groups has a
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confi guration when the conpound is processed into a

t hi §olumngr gtackhovliei eryftalijoe erdeB.is Tomlised endildess hor normally
col umar stacks. The crystalline order is |ocalised

and exford onatmagosvabicyarexst @he doyiee offBEIPHLMBBIs6lid B8RS trongly
The degree of order in the solid state strongly

i nf infRREES ith SoBdIeatdRed hRRefidR! QPE! L
carrier nobili tp;/l and exc:b?(giﬁ <13Ii f%ﬁ%i ollﬁggee%g{r%[. ﬁ-{&gﬁ@}‘? and
addigkd; j the bili and..filmf.ormn

pr operlg)?egﬁfg?fo]t}lﬁ%é%tﬂ 0 nlgo%dzlgksotﬁ {doe P f%%ﬂgsgltei %oﬂ?ltflg{yaf‘%(g film
an tive neans.gf tuning the electroni¢ structure .
and?(gp%i?% RFOPHS, Bt ﬁbeﬁe Sﬂgpg‘é’f‘gr degiyatisatign 44, é}so an effective
mol ecul ar . sem conduct or. Pht hal ocyani nes have a pl anar
st r TR @ tHApe; the elecirppic strpctpserand aptical-absortinn sharetteristics
macrocycles that is the driving force for aggregation.
Not ohthe meleerarcfenficonsiucionaPhtheldcRmings\ave hgldes stredure and
nmol ecul ar configuration when spin cast and so the

choitdethefr-Runetdcibad bétwes ite AR rEBRRs Whiths B8R iving force for

aggregation. Not all forms of functionalised Pc give the desired molecular
configuration when spin cast and so the choice of functionality must be made
with care.

In this embodiment the copper phthalocyanine molecular
semiconductor is functionalised at the periphery with tetrasulfonic acid
tetrasodium salt functionality to: (i) make the molecular semiconductor water
soluble; (ii) increase the molecular ionisation potential (tune the electronic
structure); (iii) promote a columnar molecular arrangement when the
compound is cast into a thin solid film for device applications, as discussed
below.

The molecular semiconductor is then dissolved in a suitable solvent,

which, in this embodiment, is water. The molecular semiconductor solutions
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(i) make the nol ecul ar sem conductor water sol uble;
(ii) increase the nolecular ionisation potential (tune
the electronic structure); (iig) pronote a col umar
nol ecul ar arrangenment when the conpound is cast into a
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step invol ves conbi ning the carbon nanotubes with the
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are placed in a suitable solvent, which, in this

enbegtabeNtolvsnt W hRh; inl fifs %BQ&H]GH@MQ@P Ff'h’étééﬂ%n' Iﬁmotube
t hen added to the solvent mxture that contains

I
gnghﬁtlggé' 155 C Hg%%hgosﬁ%ezl %&@? {hat, contains the molecular

di spersi o so u ion of nole r sem conduct or
andg%%lf%ﬁm °§n§ 1 P, R ey B B ORGHPT Honfhoems
athln{? ILn this enbodi ment, spin coating
t ecRABPSEYSACESIOR i | i sed. Spi n- coat i ng technology is a
sinmpl e ragl d filmformng process, making it
at tract i Fe Solutipn dfsneleailarsssatieondartof and warbonf nanotubes in a
devi ces.
solvent is then used to make a thin film. In this embodiment, spin coating
technology is utilised. Spin-coating technology is a simple rapid film forming
process, making it attractive for industrial-scale manufacture of devices.
Typically a drop of the composite solution is dropped onto a spinning
substrate. Upon contact the drop spreads uniformly across the substrate. The
film thickness is a function of the volume of the droplet, the solution
concentration, substrate spin speed and the solvent used. The resulting film is
typically less than 100 nm in thickness and comprises carbon nanotubes
uniformly distributed throughout the molecular semiconductor matrix, where
the semiconducting matrix has a high degree of molecular order.
In this embodiment the thin film is baked at 150°C in dry air for 30

minutes immediate]y after processing into a thin film to remove residual

water.
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Typically a drop of the conposite solution is dropped
onto a spinning substrate. Upon contact the drop

thickness is a function of the volune of the droplet,
the solution concentration, substrate spin speed and
the solvent used. The resultiyg filmis typically |ess
than 100 nmin thickness and conprises carbon

t ub b
Prslngc ﬂl gflg;hgém 1 gféér?é% a tg IC))C?:; htgflsﬂog%gégp Eﬂrﬁget e spin cast film
h. |
or 008 PHRST ML TRl pb AR i b dERRT e Rbof BRiutes shown

1500 n d i.r for 3 m nutes jmmediately after

pr ok lﬁi”ﬁ\‘gg M@ea"%t?r lfhlfr RORRST Phikplpeyanirg ﬂwn in Figure 1A.
wat er. Figure 4 shows a 3 x 3 m AFM t opogr aphi ¢ i mage

of Afiepithe depositioh|ofithe figinade Him e heateg s 1406° ©fin tirefor an
acid functionalised carbon nanotubes shown in Figure 3

andextendedapaiodstl phitiallg ofxeemppty tal oAl MAIH) A8ledlifg the
Figure 1A After the dep03|t|on of the film the film

was efbadded @&bcﬂp%&tﬂlﬁésm Exp&Ned aArton RARREHR Qfahoge tsﬁen all

partially deconpose the organic matrix, revealing t

emb n d carbon nanot ubes
can sggss?gg%ﬁ%%[ acr osglp[%aale Evei

e 1 nmagée. The height scale is
15 nm FF r éésho 1 X 1 n1tran§n1SS|on el ectron

mi cr oscop 6’5‘ Epsission Rlestron mickqsepperimage of
grid of the conposite of the acid functionalised
car BofORafst dB@s o8 rdtickeh FEMugaidzohiee teapsiterof the acid
sol ubl e copper phthal ocyani ne shown in Figure A The
conpwstienalifeds carher nanowbes shavkelin Figirgrd dnd The water soluble
thlckness of the conposite filmin the inmage is |ess
copper phthalocyanine shown in Figure 1A. The composite was cast onto a
nickel TEM grid. The thickness of the composite film in the image is less
than 100 nm. The carbon nanotubes are clearly visible uniformly distributed
within the phthalocyanine matrix.
Figure 6 shows the Q-band absorption of the compound shown in
Figure 1A from: (i) a dilute aqueous solution (solid line); (ii) a thin film spin
cast from a concentrated aqueous solution (dashed line); (iii) a thin film spin
cast from a concentrated aqueous solution of the compound shown in Figure
LA combined with chopped acid functionalised carbon nanotubes shown in
Figure 3 (carbon nanotube weight percentage 11.8 %) (open circles)
The Q-band in the spectra of both thin films is broadened and blue

shifted with respect that, in solution, indicative of a cofacial molecular

arrangement within the films. The Q-band in both thin film spectra have the

The fPECTGB2006/002528
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conmpound shown in Figure A from (i) a dilute aqueous
solution (solid Iine); (ii) a thin filmspin cast from
a concentrated aqueous solutiph (dashed line); (iii) a
thin filmspin cast froma concentrated aqueous
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and aggregate absorption (~ 625). Figure 6 shows
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KOS i bt . Wit Bediaie. oF sitban Manarubesn the

Figure 5.the weight percentage of carbon nanotubes in
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of carbon nanotubes to nol ecul ar sem conductor nmay
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be above the percol ation threshold. The percol ation

t hr emfgalod Heoabove the percolation threshold. The percolation threshold for
multi-walled carbon nanotubes uniformly distributed in a polymers matrix is
reported to be as low as 0.06%.

It is important to select a molecular semiconductor suitable for this
application. In order to do so, two tests can be carried out as follows. Ensure
the molecular semiconductor has a high degree of molecular order when
processed into a thin film. Ensure the solubilising functionality of the
molecular semiconductor, at least, does not hinder the formation of a
columnar (tilted or untilted) molecular arrangement when processed into a
thin film. Further, a test can be carried out to ensure that the introduction of
carbon nanotubes with the molecular semiconductor to form a composite

material does not disrupt the molecular arrangement within the molecular

semiconductor phase.
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condrtion, one of test a) or b) below could be used.

Ifthersult n i g h t hee saco
t est couﬁ eXLﬁig,%%ﬁ g?‘m @53?64 hzmr?olgfcuﬁﬁ "flotccular
sem cqond ctor i's swtable a) X-diffraction of a
sup??BF? Ve m of the nol ecul ar seni conductor: Fil ms
wth a 'high degree of nol ecul ar order' have one or
nore st riohgs pathkeshigh degreedifmola@ilar ydgrabavsrgne ogpeyf §trong
peaks are defined as peaks in the Xray

peaks in the diffraction pattern. Strong peaks are defined as peaks in the X-

ray diffraction pattern being sufficiently prominent that they are clearly
discernable from featureless characteristic of the supporting substrate and
background noise.

Amorphous materials are characterized by a broad, featureless X-ray
diffraction pattern.

b) Ultraviolet-visible spectroscopy (UV-vis).

HOMO-LUMO (i.e. frontier orbitals) transitions in molecular
semiconductors can normally be probed using ultra-violet or visible light.
HOMO-LUMO transitions are very sensitive to the proximity of neighboring
molecules and are therefore a good indicator of crystalline order.

The UV—vié spectrum of a very dilute solution of molecular

semiconductor corresponds to that of an amorphous state.



diffraction pattern being sufficiently prom nent that
they are clearly discernable fromfeaturel ess

w@h@rmeter i stic of the supporting substrate aneCT/GB2006/002528

background noi se. Anorphous nmaterials are
characterized by a broad, featureless X-ray
diffraction pattern. b) Utray ol et-visible
spectroscopy (UV-vis). HOMO- LUMO (i.e. frontier

or bi tal s)rpkr angild %Bécthﬂn UP% ?g u%/tlﬁ%f)r;tgcfn fROAYE tﬁﬂres nolctular

normal |y be probed using or Vi S1 bi'e

l'ight.. UMR.t.c.ansi tigns are very sensitjve to the
pr og‘%nrlﬁc}ta%&ng%%égg iang“%%b ﬁ%%fﬁ? & Igﬁl&c@pre Ofdr?ér %h%‘ﬂte Bg”fer
goog&oi ndi cat or of cr\h/st alline order. The UV-vis _
spe &Pt At ofathg cdmorghous atates | Where differgsicecl the spectrum is
sem conductor corresponds to that of an anorphous

st aflefingdeas y-discsmaplecehange @f tle shappomtlént Hositionodf 4Hserption
nol ecul ar sem conductor exhibiting a 'high degree of

mol peakisassignadeto HEMQULUMID fefeetrofic armntifiahs, dditdtiee of a known
anor phous state, where a difference in the spectrumis
def idestuds afalient@t. nabl e change in the shape and/ or
position of absorption peaks assigned to HOMO LUMO

-~ electronpc tr ﬁpﬁis&o‘ﬁﬁs‘resé,i. Rﬁ% glgc;viny ﬁla?@etaseosl{ﬂo(m%}{lg finctionality

nol ecul ar arrangenent. secon

sho hat ;the sol ubi i sing functionaljt f the .

nol g@&f eaﬁloéeé’}‘}fa& 5?\18{?8{“6‘1‘&% 8‘}‘?810@%5: Oy at fz?f‘%i @%@ notfygader the
not .hi nder the formati on of a columar (tilted or

unt fqreHen Ri| 2 cqlumpman (Hlpd eremmtilig moleodasaretngement when
solution into a thin film A columar nol ecul ar

10 ar r BE9gessed from solution into a thin film. A columnar molecular arrangement

15

20

is defined here as face-to-face stacking of the aromatic cores with at least 50%
area overlap between adjacent conjugated cores.

For planar aromatic molecular semiconductors, such as those
described in this application, a high intermolecular overlap is only realized for
a face-to-face arrangement of the aromatic molecular cores of neighboring
molecules. Consequently columnar (tilted or untilted) are the most favorable
molecular configurations.

To test this condition, one of tests, a), b), or c¢) could be used.

a) Ultraviolet-visible spectroscopy (UV-vis).

The UV-vis spectrum of a very dilute solution of molecular
semiconductor corresponds to that of an amorphous state.

HOMO-LUMO (i.e. frontier orbitals) transitions in molecular

semiconductors can normally be probed using ultra-violet or visible light.
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nol ecul ar sem conductors, such as those described in
this application, a high internolecular overlap is

only realized for a face-to-2mce arrangenent of the
aromati c nol ecul ar cores of neighboring nol ecul es.

Co CQ (o t i
o TOPESUNOSPBIIRRS ol varh SHhsBlveLiehe bRpmfy ST Bgborine
conditiqn, ope of tests, a),. h), or.c) .could

2) MRl Biham el %%Pé)&?lg%ét&wf (%ﬁ}??ﬂlf%‘) bR By
UV-vis spectrumof a very dilute solution of nolec% ar
sersouwatingtbe Eofvies poseationo spechie of aaﬁh‘é‘ng\hﬁh gt gmolecular
state. HOMO-LUMO (i.e. frontier orbitals) transitions

i n semiendhetor Gappartmichnc: wasspamnt svbstnate) tp thet giitbbagorphous
using ultra-violet or visible |ight.HOMO LUMO

t r apgt thORD 1RO BIr ¢EiYBaits ih iteefilno cdrheftqur texdsoetamel

nei ghbori ng nol ecul es and are therefore a good

i ndi cat qp) of ol ecylflBRCH HRAEYT BsedBYo CASTBIRIE dmbleEular
UV-vi s absorption spectra of a thin filmof nolecul ar

fgq%ﬁ ndylgﬁﬁgﬁégggﬁéﬁﬁgwgpﬁ.etransparent substrate)

anorphous state, the nol ecul ar

configuration j.n the fil m.can oft.en be ascertained
X-ray di ‘sf r actiIASGORY GRS %{fh[‘% nblg{og?cmyngf‘wor theHie,
nmol ecul ar configuration wthin a crystalline solid. c)
M ceandeaised tosimagaithrmeleawar sandignatipBscopy STM or t he

l'i ke, can be used to inmage the nol ecul ar )
confi gur#ti onn a third test it s determined that, in the composite material,

Pt

the carbon nanotubes do not disrupt the molecular arrangement within the
molecular semiconductor phase.

In this test it is shown that addition of carbon nanotubes does not
disrupt the ‘'high degree of molecular order' within the molecular
semiconductor phase of the composite.

a) Ultraviolet-visible spectroscopy (UV-vis) is used.

For low carbon nanotube concentration, e.g. weight percentage < 15%,
the peak position and shape of the bands corresponding to HOMO-LUMO
transitions in the molecular semiconductor component of the composite film
should not differ from those in the film spectrum of the pure semiconductor.

New peaks assigned to interactions between the carbon nanotube and
molecular semiconductor may appear. All peaks will be superimposed onto a

background absorption associated with carbon nanotubes. For carbon



3. hi athird test it is determined that, in the

conposite material, the carbon nanotubes do not
waele@roptoet he nol ecul ar arrangenment w thin t he Pol/6e82008/002528

sem conductor phase. hi this test it is shown that

addi ti on of carbon nanot ubes does not disrupt the

"high degree of nolecular order' within the nol ecul ar

sem conduct or phase of the conposite. a)

A LLRSBL Gleioth BERERBROCY 505 GORX dddliatbPlvithLattRRthanbibe-

on not ube

| ow car oncentration, e.g. weight

t <.15% th k .posi,ti d f -
DS raeents G ls” FaBt B IS B, e Noplpiating

nol ecul ar sem conduct or conponent of the conposite

fi|the SheDIRt®Bt differ fromthose in the film spectrum
of the pure sem conductor. New peaks assigned to | )

i nt er actThenmedvat imventiathmay be tilisadaneny bwepfElseionisudesice.
sem conduct or nmay appear. AUpeaks wi |l be superinposed

5 ontla thidambedigient tied slcrbniondadoni at @dganmd kolanrcbib(OSC),
nanot ubes. For carbonnanot ube wei ght percentages >

15%0ovReak e 33RAGbR1SHt Wntittdes iRedAaeRL ubenol ecul ar
sem conductor nay begin to dom nate the spectrum
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0
may be se n any type of electronic device.

thi s _enbodi nent, the el ectroni c,device is an organic
sol@?ﬂsggi‘tlaf?%%éw}cqﬂ‘?ﬁ‘\i’@%eﬁngw8 TR on i s not Iimited
to these _devices. Organic solar cells are, made é@ of .
one or noigEres & s @t srhepaiardiageny pf & Rypyey, @SC device

sandw ched between two el ectrodes.
10 according to this embodiment. The device comprises a transparent anode 303,

made of Indium-tin Oxide (ITO) coated glass with a sheet resistance of

< 100 Ohms per square. The ITO coating on the glass substrate is typically

100-300 nm thick. Next to the transparent anode 303 are two organic layers,

a donor layer 305 formed from the nanocomposite material, and an acceptor

15 layer 307. Next to the acceptor layer 307 is a cathode 309. The load 310 is

also indicated in the diagram. Light 301 enters the device through the
transparent anode 303 and is absorbed by the organic layers (305, 307).

Figure 7B shows a band diagram corresponding to the OSC device

shown in Figure 7A. When the light is absorbed by the organic layers

20 (305,307) tightly bound electron-hole pairs (excitons) are created in both the

donor and acceptor layer. At the organic interface, excitons are split and the

free charges transported to the electrodes, whereupon they are extracted to the

external circuit via the cathode.



weewpnd®es a transparent anode 303, made of

10

15

20

Figure 7A shows a schematic diagramof a bilayer OSC
devi ce according to this enbodi nent. The device

Oxide (I TO coated glass with a sheet resistance of <
100 Chns per square. The I TO coating on the gl ass

substrate is typically 100-399 nmthick. Next to the
transparent anode 303 are two organic |layers, a donor

| ayer 303 f f [ iial 4 ice
an” acceptt TarbiRE Hifer®18RRTRAS dofalTRY R melleh
is a cathaode 309.. Th oad_310 is,also.indicat I :

{ hesT i S PoFiEVBOA ot Hite Codn g adichBilef g 1Eferd flaction
transparent anode 303 and is absorbed by the or aqic 4

| ayiecempBesl byoryuunrdgpasiionsrisths ascepivn efd?‘&‘g?"%n’? ectrode.
corresponding to the OSC device shown in Figure 7A.
Wh€Fhet dveeptiog idyer sompsisaste 40 iy f4pst of Ruskminsigrilsrene (Coo).
(305, 307) tightly bound el ectron-hol e pairs (excitons)

ar eriy eah6dt compHidl 4 Fondonger andluadaimpi.orTHeaP8C. deseribed
the organic interface, excitons are split and the free

chapges efr@?cg% ROA B Eohfbsit %ioﬁd)ﬁﬁ%xoé&@ris‘iﬁgﬂ.ﬁmﬁighh@bon

are extra to the external circuit via the

2 8dfTle ARNPRAIRASINE AR R LAk Larndeadiger solution

ce structure shtiown in Figure .
e ST S IR B e gy o
A dcid mogpralise miheE SRRGIHGr IS Db T HPTELRHE |5 o
conprises a 50nm layer of alum nium The OSC descri bed
abothicke Mpivily be andestoedthebiic tienetomepositafitm cewlghbeiofjapy other
7.4% wei ght carbon nanot ubes. The nanoconposite film
IS SPirbprias thifless, &t eReMBIREorS QDAR00@M.

Carbon nanotubes have a high electrical conductivity and so when
dispersed in an organic semiconductor the conductivity of the resulting
composite can be enhanced. If the carbon nanotube concentration exceeds the
percolation threshold, the dispersed carbon nanotubes form a continuous
conductive network embedded within the semiconductor matrix. Under these
circumstances the composite is no longer a semiconductor. However, an
interpenetrating network of carbon nanotubes has important benefits for
OSCs, as follows: (i) The carbon nanotube network functions as a nanometric
heat sink, channelling heat generated electrically or optically during device
operation away from the heat sensitive semiconductor matrix, thus extending

device lifetime; (ii) A high area network electrode facilitates efficient charge

carrier extraction in solar cells, thus enhancing the power conversion

| NPCTIGBL006/002528
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containing 12.5 ng mM 1 of the conmpound shown in
Figure A and 1 ng mM 1 acid functionalised carbon
and i s approxi mately 15P@IMGB2006/002528
thick. It will be understood that the nanoconposite
filmcould be of any other appropriate thickness, for
exanpl e from 10-200 nm Carbo# nanot ubes have a high
electrical conductivity and so when dispersed in an

r od gf %181}]C§Ieéﬂdc ﬂféﬂ Gl &F thtegbg g ﬁgﬂegjaf'%noﬁanbhﬁ)es scatter light

e can I the carbon

nanot ube c¢ Nt r exc he erco

t hriBREYRE D fie @m ﬁ# Sy ffcgng layes.
conti nuous conductlve netmnrk,enbedded thint

sem condbigres 8 gkaws & sraphdadicatingstee EW@G:%?%}WC%Z‘ gﬂ’é“‘m of
conposite is no |onger a sem conductor. However,

i ntapphed iasawith andewitbowt sfmubaded svian dhvoriniéen I(}éb’ﬂ 5D 100
i nportant benefits for OSCs, as follows: (i) The

carfoncRaANesukp, 6red vlder f)tgaﬁicl sohs cel$ utilising aroetupiosithetcid
si nk, channelling heat generated electrically or

opt ﬁlﬁ@thclnﬁhégdr éa%ﬂjﬁé’do?@oeg REfchtd PNardVBY nidledilir@ntiediductor

sensitive sen conductor matrix, thus extendi ng device

L fEt]]ﬁ‘lg,éft é& % ftﬁ\c 19(%1- ﬁ%&a Tied é& %n%&ts{oqldgfﬁmenc% of solar

f acty ar ge c Frer extraction i
sol ar. cel | s,

Corfds 3F SHRPFITL AR bl FHPE: ﬁ#@"feﬁf T f i, whose

(iii) Carbon nanotubes scatter |i I NCreasi the .. .
| i kellarastraisties argisbowptindhgwy & Fere lgalm largedit é’b‘ﬁ% Enmligtic
| ayers. Figure 8 shows a graph indicating the current
densdlt srruatira Withcthe edditibn apai exadtoh bieskitigt lhyesmad wptipéigtion
simul ated solar illum nation (AML.5D, 100 mMiWcm 2 ( 1
sundd , thef 1ayedi tyRiiestdsgadtidc @baar wbtubet ilbadihgg sgnificant

conposite of acid functionalised carbon nanotubes
(Fi $i5Eveheri'th G QInS il Al e FBSRhGPERAUSE Spected. Furthermore

the fabrication process is environmentally friendly and safe because it does

not require the use of organic solvents.

SECOND EMBODIMENT

The invention may also be utilised in an organic light emitting diode
(OLED), as described in this embodiment.

OLEDs are made up of one or more semiconductor organic films that
are sandwiched between two electrodes.

Figures 9A shows a schematic diagram of a model bilayer OLED
device according to this embodiment. The device comprises a transparent

anode 901. Next to the transparent anode 901 are two organic layers, a hole



in Figure I A as the donor | ayer. The power conversion
efficiency of solar cells is proportional to the fil

wo awmvoe7oeiThe fill factor of the device, whose PCT/GB2006/002528
characteristics are shown in Figure 8, is relatively
| arge for such a sinplistic cell structure. Wth the
addi tion of an exciton bl ockpfg | ayer and optim sation
of the layer thicknesses and carbon nanot ube | oadi ng,

S| qpansféncﬁtyef‘ gﬁ%gﬂfgﬁ%ﬁué lagurt 3. CN@Xtetrosﬁh@ Rmitter layer is a

?fLICI y-ca e expecte ernore the

abricati ocess i s _environ | d n

s aratbaE S0 T GagmehBb P PR fee flkbs ﬁoé%gl%. Hagrom
sol vents. SECOND EMBODI MENT The, i nyenti ng % 8 .
Lt 19055 ebigih (A00) b7 BEAdE=q e THILET 136F A oaBt rlipje dadee
described in this enbodinent. OLEDs are nade up of one
or thmughztlmﬁdmtraimspbxﬁdam@ﬁ?amd fdde®0l hat are

sandwi ched between two el ectrodes. Figures 9A shows a

5 schenat i KigghicadB sliovey a dand deigrdm lcatyespofilikD tolehe ORED device
according to this enbodi nent. The device conprises a

tr ag3RArR g R 98e \ﬁﬁé‘n a Welard Biab Reapbliad 8dasant cRBQOE:s via

901 are two organic |layers, a holetransport | ayer 902

andal{agxtgrlgl ]tg%o%er.lsﬁéﬁ]& )((?85?) hpﬁ§taré Dy &b £hihé ﬁn&ﬁ)’(@m) hto

power supp y is also

il ted on 05. L

pr ofgwaih@ éﬂiSP?}'@ 3é(ﬁ{ &02? ﬁé?tr%?r H]éec ﬁ' mttﬁee: c hode mto
through the hole trans t | 902 d de o

Fi clbP STOETINREON) b MRS TGS L PGB RBAd AT et in the

OLED device shown in Figure 9A. Wen a forward bias is
10 appémitr dyep303) kbselte the mteréce iveith the hole transport layer (902).

Excitons formed in the emitter layer can decay with the emission of light
(906). Light exits the device through the hole transport layer and anode (901).
The model bilayer OLED employed in this embodiment comprises an
ITO glass anode / 50 nm TPD / 50 nm Alqs / 50 nm Al, where TPD is N,N'-
15 bis(3-methylphenyl)-N,N'-diphenyl-1,1"-biphenyl-4,4-diamine, ~ Alqs  is
tris(quinolin-8-olato)aluminium and Al is aluminium. The TPD, Alqs and Al
layers are vacuum deposited.
A spin cast thin film of the nanocomposite described in the first
embodiment is incorporated into the vacuum deposited OLED illustrated in
20 Figure 9A between the ITO glass anode and the TPD hole transport layer.
The spin cast film is of an approximate thickness of 25 nm. However, the
film could be of any appropriate thickness, for example, from 10-100 nm.

The nanocomposite layer comprising 11.8% weight percent carbon nanotubes
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an external power supply (905), holes are injected
fromthe anode (901) into the hole transport |ayer

the emtter layer (903). Electrons and hol es reconbine
to formexcitons in the emtter layer (903) close to
the interface wwth the hole Ré6ansport |ayer (902).
Excitons formed in the emtter |ayer can decay with

t h%ggg%a%f #gﬂk%}i a&ﬁ&m s&lﬁ@@r}sl' cohtattthe 49 &g rhh’(%%%! ichTh_ﬁgund

th(fj 9 e transportd ayer and anode (901).
il ay. D - i :
CorprEcs Bigtier ot i ek e RTRAAhingn, napotybes

/ 50 nmAl, where TPDis N N - ) ) e
bi sEEuRRBhy AiRisyRiptiRgenthe drpRrompOsite fnsHipnmiy t balesmicging
am ne, Alq3 is tris(quinolin-8-olato)alum niumand Al

i s layermifavilifeting le&ficiern positiys chatge/dartiety myiertign dnipathg davice.
deposited. A spin cast thin filmof the nanoconposite
desTlid higtl workt fudction sid especidiariendf the carbonnpooabefaciitaes
t he vacuum deposited OLED illustrated in Figure 9A

bet wagRnt N1 TR@tiBs Sindnade AOMOher Tl H@idtiohd1aBe Pedpper
| ayer. The spin cast filmis of an approxi mate

th@hﬂﬁé%ﬂh}%ﬁa@m However, the filmcould be of any
approprrate thic

ness, for exanple, from 10-100 nm
The nanogonposjt.e | aye onpri sing 11, 8% wej
per cent ﬁ’ﬁ?n%oibﬁér?ogéggs%ﬁﬁng:gﬁ 18?ﬁlcaen&§%geléé%$ stween. a
sol utions cont.aini ng 7.5 mg m of t con‘gound shavvn bed
i n ehjwatting dinde with ang wihoyt alaygr pifeaBneAmRasye describe
carbon nanotubes (Figure 3). At this interface the
nanincbenfios ierdotliment ibetveen sheal TEh prodergnd ERIh Bolediaapport layer.
facilitating efficient positive charge carrier
i Nj Thé paAPh ishdws tHaeimderpozion D ¢hik ifigletional khinfilat intnthe device
aspect ratio of the carbon nanotubes facilitates
structure significantly enhances device performance as compared to the same
device without the composite layer. The composite layer is indicated by the
dotted line, and the solid line indicates a reference device without a composite
layer. The graph shows the increased luminance achieved when the
composite layer is utilised when compared to the same device structure
without the composite layer for the same applied voltage. Figure 10 is

evidence that the nanocomposite layer enhanced charge carrier injection into

the OLED.

FURTHER EMBODIMENTS
It will be understood that embodiments of the present invention are

described herein by way of example only, and that various changes and



efficient hole injection into the HOMO of the
functional i sed copper phthal ocyanine matrix. Figure 10
W0 200a/0g10aph showi ng t he | um nance difference bRCTHEBR008/002528
light-emitting diode with and without a | ayer of the
nanoconposi te described in the first enbodi nent
between the | TO anode and TPD7hol e-transport | ayer.
The graph shows that incorporation of this functional
thif §ikLMLOt Qab Ne ARYAE Syittloul C&egﬁﬁing' @Rhf itR&Ndcope of the
enhances devi ce’ perfornmance as conpared to the sane
devi ce W thout the conposite |ayer. The conposite
| ayBYeRtON ndj cated by the dotted line, and the solid
line indicates a reference device wthou onposi.te
| ayer. Thathgr.db WIHMHQ%%OQ%%@A%“SF%H# ﬁ%h‘%egggpefsms of
achi eved when the conposite layer is utilised when
c onqagbemdnanotubke camire cdiddoent sisigoanyrwitableaethod,hwich as the
conposite layer for the sanme applied voltage. Figure
5 10 foloRHtigd@eteds Hiat etdmeplaantizosmpsi handteyes rmaynbarroralently
charge carrier injection into the OLED. FURTHER

EMBERLMENES ! dn ki buRe stvPalRniindQchilldat ettt ganb %ogqfle to

the present invention are described herein by way o

exatﬁg ld;l%;Fb%rﬁl %anoﬁﬂ)% stL@Pa%%V ?Tlfalggllé% ttﬁE acgfb%g nanotybes may be non-

and Icat1ons nay out departing from
LndehSeB0 fe Pl Faan e AR bvarel sfbrap v sotven,
car bon nanotubes can be carried out _usi ny sujtabple
met $ush , assyiline o1t fackenalisienyithepeofs m@%m@ﬁ% ﬁ?ﬂ“@?ncgﬁ 1S
car bon nanot ubes may be coval ently

10 including fullerenes.

Tt will be understood that the carbon nanotubes may be further
functionalised by adapting their interior structure. For example, by inserting
different metals, organic semiconductor materials (including either polymer or
molecular semiconductors) or a mixture of both into the internal cavity of the

15 carbon nanotube. The insertion of such a material changes the electronic
properties of the carbon naﬁotube and so allows the carbon nanotube to be
electronically tuned for its specific purpose.

It will be understood that the solution processed nanocomposites
described herein can be used in conjunction with organic polymers or vacuum

20 deposited molecular semiconductors, or a combination of them both, in order
to fabricate a complete device.

It will further be understood that other devices may be formed using

the solution processed nanocomposites described, wherein a thin film is
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functionalised on their outer surface using am de or
ester linkages to couple to the carbon nanot ube

t he carbon nanot ubes may bePCT/GB2006/002528
noncoval ently functionalised by introducing theminto
an aromatic am ne sol vent, such as aniline, or
functionalising with specifigg8nol ecul ar sem conductors
including fullerenes. It will be understood that the
carhon

ad gﬁglflﬁeg'ﬁa?)%ﬁﬁgﬁg rt}l?e‘éﬁo%@rtfek‘ Ik Mfekeih WG HHRA2! Ifo%eéiaﬁbgle, liquid

err r structure. For exanple, Dby

i nsertin ifferen tal s.,. i 1.C clarl:
ey QR B g PRI HERAIHA o im, os
sem conductors) or a mxture of both into the interna
cavdeseritgd abhee, dagomnTated Hst§iBe. The insertion of such a
mat erial changes the el ectronic properties of the )
car bon nkamdiluise Bnehdeotedd baktherselwwnipspcessedotagpeonpppsites
be electronically tuned for its specific purpose. It

Wi | deshighddnistesia tcan hetpradestddeingoh titin dilmpsuitablesfor application in
nanoconposi tes descri bed herein can be used in

co ”&#gg@k | 8t 0hic IR QR s hgPRlyY SREaSOprod@&E U éiﬁﬂx%ﬁd'r'ht(gdspin

nol eCul'ar sem conductors,” or a conbination of the
rur visePBy®) et B (AT R0 AR RN
UoLnS, U 380 454 B8 PASS RN Sl RRRRAPA, LRI R be
e by onu e e ETRE s e b
including a thin film as described above,
i ncofiytoreadfesot dremetendiffetentveéjugdtebmodeculad semiconduaterat For
the sol ution processed nanoconposites
example, the molecular semiconductor could be a mixture of copper
phthalocyanine and metal free phthalocyanine.

Other examples of molecular semiconductors that can potentially form
highly ordered thin films when functionalised to make them soluble, include
porphyrin, perylene, acene and oligothiophene derivatives. All of these
materials can be purchased commercially or synthesised as required. For
example, the molecular semiconductor may be a metal free phthalocyanine, as
shown in Figure 2A, where M = (H"), and R = (CHp);CHi. The alkyl
functionality renders the phthalocyanine core soluble in chloroform. This
produces a film with a herringbone molecular configuration as shown in
Figure 2B when spin cast from a chloroform solution. The molecules form

tilted columnar stacks. The crystalline order is localised and does not

normally extend over macroscopic areas.
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suitable for application in organic el ectronic devices
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coating; (ii) ink jet printing; (iii) screen printing;
(iv) doctor blading. It will also be understood that
t he nol ecul ar sem conductor mmy be any suitable type
of conjugated nol ecul ar sem conductor, or indeed may

be a m XEufRerOfhd WReRiod BLS t S8 rlh £ ?;@h %ﬁqe chip (SoC)

rml ecul ar sem conductors. For exanple, ecu

ucGt Qr xt ur e of co
pht al gégyaiolqne agl!riﬂdgngﬁ ot %léte?)hf’hgl E‘grh NgRotubs jgas sensor
exanpl es m conductors that can
pot ‘?g%\tF’EW lﬂ’g?"‘nﬂsﬁ W@Dobafé«?rgdrnqumowsmanm@we electronics
functionalised to nmake them sol ubl e, include
por Ph@rqommeye platéona, HoedeCawduld fugctidn aphduldy integrated gas
derivatives. Al of these materials can be purchased

consmsel pdwgred bysy hitiees icharded aising Qi 080, In&mAKBAPéRrding
t he nol ecul ar sem conductor may be a netal free

pht Bal detactioh Weoul@Be SEIRVMA toh fehidd 8evadd fi
and R = (CH2) 7CHS. “Fhe A IRyl functi onal i 36%%3%% wﬁ%a“

phtﬂﬁlaqgam]ﬂg core soluble in chloroform This
produces a filmwi th a herringbone nol ecul ar

confi gurat S S [ e when sp n cast .
froma cﬁl ‘Igﬁgfb %rlrlﬁdé{ﬂ%d ﬂ’ﬁf %h@ nég cfFvace, it q:,ﬂappqopgqusne
col umnar . st acks. q? crystalline order is localised

an dmr%ﬁ@l ' TeBlaRR eya“@fiﬁt@’h dpysy drstard 9o 66 @piwell as the donor
areas. Further, the invention nay be utilised in a
sys]laé% o?heeﬁe%?@@@@@nﬁwb@enarﬁmhedmmtbmnanamqt chosen
limted to, a carbon nanotube gas sensor integrated

Wi tWilhdep@ﬁtupﬁ_ﬁﬂichha}ete;rbe,ingliiepraeé?d.ocessor and drive

el ectronics

It will be understood that, in the OLED device, the nanocomposite
material may function as an electron injecting layer if incorporated between
the cathode and the emitter layer. The semiconductor and carbon nanotube
type and functionality chosen will depend on whether the nanocomposite
functions as an electron injecting layer or hole inj ecting layer.

Other examples of devices in which a thin film as described above
could be utilised are as follows: any type of photo detector or sensor, gas

detector or sensor, transistors or field emitting display.



on a common platform This SoC would function as a
fully integrated gas sensor powered by a battery

webargemeusi ng an OSC. I nformation regardi ng geGI/GB2006/002528

detection would be relayed to a renote device for
processing utilising an infra-red OLED. It will be
understood that, in the OSC d&yi ce, the nanoconposite
mat eri al may replace the acceptor |ayer instead of, or
as \wlArv§ t he donor layer. The sem conductor and

car bon nanot ube type and functionality chosen wl|
depend upon which layer is being replaced. It wll be
understood that, in the OLED device, the nanoconposite
material may function as an electron injecting |ayer
't incor poilethad BéPWééﬁmBr?eﬂ%tﬂ@d@%ﬂ@gwémé”mmlb'edismrsed
| ayer. The sem conduct or and carbon nanotube type and

© f uné€ttben apiatybeshibs arethid ¢onguisingthostephef her t he

10

15

20

nanoconposite functions as an el ectron injecting |ayer
or hol e edgptiagiangoleayier sen{diuctox RIvahleSit 8bluBRYi ces in
which a thin filmas descri bed above could be utilised

are as f alidppins themolddpe sehidRai@odet ﬁegi?a{etf; glliee%ﬁt?l?ﬁ%% of a

gas detector or sensor, transistors or

g Iosr’rgir gfﬁé’cile f L L %l;ac yrngrltdgg grrmg fe}agtgeg%%%iirt]aq %)é’%lg%.%h Egtg];eielle ?@1 acent

nmet rising the steps of: adapting a nol ecul ar
sen?%%ﬁﬁ%zior to make it sol uble; adapting the
nol ecul ar . sem conductor to facilitate the formation of
a hi gh d¢PERS Grrbeppaneinbgs tempke therysqlvllar i er or bi t al
over| ap between adj acent

combining the soluble carbon nanotubes and the soluble molecular

semiconductor in a solvent to form a solution;

producing the thin film from the solution.

2. Thg method of claim 1, wherein the step of adapting the carbon

nanotubes is carried out using a non-covalent bonding method during the

combining step.

3. The method of claim 2, further comprising the step of mixing the

carbon nanotubes with a solvent prior to combining with the molecular

semiconductor.



nol ecul es; adapti ng carbon nanot ubes to nake them
sol ubl e; conbi ning the sol ubl e carbon nanotubes and

wao b@7seiosbl e nol ecul ar sem conductor in a sol vRECE/GBR006/002528
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forma solution; producing the thin filmfromthe
solution. 2. The nethod of claim1, wherein the step

of adapting the carbon nanotgbes is carried out using

a non- covalent bondi ng met hod during the conbining

ste h h 1 i

ste of 0 x%r?{H%tcl %d%lgr gjh nan%rt U%YH%MI@% ﬂfeog{g% Oéelg?(ﬂ? e
prior . to conbln | ecul ar S
et A el 3vith BACHER: BOthip) ST R L] LB csfon
m xi ng the nol ecul ar sem conductor with a solvent

pr immotubesonbi ni ng Wi th the carbon nanotubes. 5. The

nmet hod of claim4, further conprising the step of

m xi ng the carbon nanotubes in a solvent to produce a
car bon nanotube sol ution, and addi ng the carbon

nangt ubeTro siidanot elatthed, naktaeutanpssing clondiept aff mixing the
solution. 6. The nethod of claim3 or 4, wherein the

SO| %’ail%n h§n ANANRLAIGeRoNStoddee d RALORRAGBE s@lu@lom and

rein t e aromatic amne is aniline. 8. The
th gl e for 84204 Rtk Btution.
car%@@?mnéhﬁ S TtosEdaRby! i Bechar 405 1 Btution
bondi ng method. 9. The nethod of claim8, wherein the
car bon nanot ubes are adapted

6. The method of claim 3 or 4, wherein the solvent is an aromatic amine.
7. The method of claim 6, wherein the aromatic amine is aniline.
8. The method of claim 1, wherein the step of adapting the carbon

nanotubes is carried out using a covalent bonding method.

9. The method of claim 8, wherein the carbon nanotubes are adapted

using amide or ester linkages.

10. The method of claim 1, wherein at least one of the molecular
semiconductor adapting steps is carried out by modifying the conjugated core

at the periphery of the semiconductor molecule with moieties.



using am de or ester |inkages. 10. The nmethod of claim
1, wherein at | east one of the nol ecul ar seni conduct or

w@aapootogl steps is carried out by nodifyi ng t hBCT/GB2006/002528
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conjugated core at the periphery of the sem conductor
mol ecule with noieties.11. The nethod of claim1,
wherein at | east one of the mfl ecul ar sem conduct or
adapting steps is carried out by nodifying the

conj ygat e CRIARL of M- REWIRRGHY atP ?e%ﬁtt ogg.h tﬁe Enoo&ecular

sem conduct or nol ecule with noieties

of |ou cl.ai m.canmprisi.n he furthe ste of
adag{%cgﬁﬁ (Ut AHTE slavdy Sresd Bt by o the pmbgatedcore
tune thelr electrlcal or optical_ properties. 13. The

met AT PERIebY PRgitigm e the segnicondusips maleqwle with niqietidser
step of adapting the carbon nanotubes on the inner
surface to tune their electrical or optical

properties. 14. The nethod of claim 13 wherein the

adap2.at i @Gheahethbé dfrasr peuichaataito opmpaSag tthe R ﬁé of

filling the inner cavity with a netal. 15. The netho
of  gdapitiiy e WABHE nBndtisesAMARL Jhie? BuBhed RBSGuhdH RS electmcal or
surface conprlses the step of filling the Inner cavity

WI t @c ggll eHlcar sem conductor. 16. The nethod of any
to 12 conprising the further step of

adaptl ng the nol ecul ar sem conductor to tune the
electrical or optical properties.1l7. The nethod of
cl aj Ehere n the nol ecul ar sem conductor is a

Lf] f r £Be 8%9%%&13“&%1 toHe ervapTising thecfusthen gtep of
V\,her ein the m)l ecul ar sem conductor is nmnetal

adapting the carbon nanotubes on the inner surface to tune their electrical or

optical properties.

14. The method of claim 13 wherein the adaptation of the inner surface

comprises the step of filling the inner cavity with a metal.

15. The method of claim 14 wherein the adaptation of the inner surface

comprises the step of filling the inner cavity with a molecular semiconductor.

16.  The method of any of claims 1 to 12 comprising the further step of
adapting the molecular semiconductor to tune the electrical or optical

properties.



free porphyrin. 19. A nethod of manufacturing an
el ectronic device, wherein the nethod conprises the

wae@p/oafospr oducing a thin filmlayer using thePeEGBRW6/002528
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according to any of clainms 1 to 18. 20. The nethod of
claim19, wherein the electronic device is a solar

cell. 21. The nethod of claim39, wherein the

el ectronic device is a light emtting diode. 22. The

met Red o [BF=)] [ e ' vice is. a
bach | ght"Sdantes ¥ SPUELE, Sl RERIANE hikidugyD «
23. . T met hod. of claim 19, wherein the electronic
devpggﬁﬁ§egH§V§F¥W?8ﬁ a chip device. 24. An electronic
devi ce conprising a thin filmproduced using the

nmet hod according to any of clains 1 to 18.25. A solar
cell device conprising a thin film produced using the
met A8&d adbemitihngl efcclainy 1,o0fhartinithemoleacolat 8smr6ndutor is metal
light-emitting device conprising a thin film produced
usi fige ptwphpmt.hod according to any of clains 1 to 18.

27. A backlight device conprising a thin film produced
usi ng the method according to any of clainms 1 to 18.

28. A systemon a chip device conprising a thin film

tpgo?%c ed AUSLMEd to@%la{ﬁ%‘feﬁﬁginﬁca%oélgét%ié Ee A wWHer&h Hd Biethod
comprises the step of producing a thin film layer using the method according

to any of claims 1 to 18.
20. The method of claim 19, wherein the electronic device is a solar cell.

21.  The method of claim 19, wherein the electronic device is a light

emitting diode.

22.  The method of claim 19, wherein the electronic device is a backlight

adapted for use in a liquid crystal display.

23.  The method of claim 19, wherein the electronic device is a system on

a chip device.

24, An electronic device comprising a thin film produced using the

method according to any of claims 1 to 18.
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25. A solar cell device comprising a thin film produced using the method

according to any of claims 1 to 18.

26. A light-emitting device comprising a thin film produced using the

method according to any of claims 1 to 18.

27. A backlight device comprising a thin film produced using the method

according to any of claims 1 to 18.

28. A system on a chip device comprising a thin film produced using the

method according to any of claims 1 to 18.



