WO 2007/007061 PCT/GB2006/002528 1 IMPROVEMENTS IN THIN
FILM PRODUCTION The present invention relates to improvements in
thin film production, for electronic devices employing organic
RifitoHdttors. In particular, the 5 present invention relat&§ Tg-&ao06/002528
improved method of producing a thin film of organic semiconductor with
uniformly dispersed carbon nanotubes and devices incorporating such a
thin film. 1t should be noted that in this application carbon nanotube (CNT)

muli-wallod 10 KON SRS NN 8% KRR Bl

Furthermore, since carbon nanotubes may be synthesised by several
different methods (e.g. chemical vapour deposition (CVD), are discharge

and laser abigfignmathadsiitshasid BengiedhakibisArricaiguis ot

limited to any particular method of carbon nanotube production. 15 A

great fiealiedirasearshcand:aiavelapmentRashbesncaiied outinibg.area
of carbon nanotube production. The applicant has previously filed patent

Aappligatens assotiatedadthicarbonpnardtubehprodfiptianc@pne gistilm of
application (PCT/.B02/003438 (WO03/011755)) relates to the production

of cafsginisanerubesisgtiowr i pevseones ehsdyipgltverhom bendbbosite!
onto 20 flexible plastics and at low cost. Organic semiconductors can be

procededashierraRgEEre S AL room temperature using spin
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mntended to mean single walled carbon nanotubes (SWCNT), multi-walled

10 carbon nanotubes (MWCNT) or a mixture of both. Furthermore, since carbon
nanotubes may be synthesised by several different methods (e.g. chemical
vapour depostiion (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.

15 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

20 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



WO 2007/007061 PCTIGB2006/002528 2 progressed rapidly in recent
years, none more so than in the area of organic light-emitting diodes
(OLEDSs). Whilst OLEDs have entered the market place in niche
Ve pitatiGi, the potential of these devices has not been fulfiff@#;B2006/602528
particularly in the field of large area displays. 5 Also, organic solar cells
cannot even begin to realize their poter}tial as an economically viable
path to harvesting energy from the sun; without significant improvements
in po ' ffici d device_durability. Whilst conventional
silico\rl%g?sgo aQrs_@ gg%@gﬁb% ﬁg‘f%xeﬁ%fé’n%?é’ﬁ and égv%]dﬁr{a iffty? thielrsane
fabricainn.aRssAIRAOMRIHYSY Righsi by iBWal40 Eg%}é'@t%gtx}% gbal lac
need for clean, low cost energy solutions, solar cells are one 0 the Most
imporianiipeteppatapplicationsefI08NG S NICABAUSIRMS. AYAY Rulfilled,
amount of research and development has taken place into organic
semiqowdudidy materadslandoevieesdicigaic semiconductors can be
broadly categorized according to their molecular weight as follows: 15 (i)
AConjugated Py isasdenroléceianateightseauc e dinkizd 060 Qortiamias
mass units (ann) and may be deposited from a solution using spin coating
or priftin{FIBeRHigihe sy igh Corfudatbarsesidnen milesyleoindhming, without
oligomers, have.molecular 20 weights less than a few 1000 amu and are
norm SR GSHEs ity BN e VRS ETat RV SHaN nedfisieyorgshnidevice

semi Jetors.are, generally described as molecular semiconductors,
Mole%%?%tﬂﬁ%? WP EORehtlonst Silicon sc%la;r cells exhn ?t high efficiencies

and device durability, the fabrication costs are prohibitively high. In view of

10 the urgent global need for clean, low cost energy solutions, solar cells are one
of the most 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:

15
() 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
20 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



semiconductors deposited using vacuum evaporation cannot WO
2007/007061 PCT/GB2006/002528 3 normally be processed from
solution owing to their poor solubility in common organic solvents. It is
wWahawritgsombine carbon nanotubes with polymeric semicarmdGBoes/ ms2s
order to produce a solution for use in making thin films. 5 However, this
process has several disadvantages. For example, carbon nanotubes do
not normally form a stable dispersion iA a solution of polymeric
semiconductors. That is to say, the carbon nanotubes are not held in

solution for extSRHEHRS RIBEHH ERE fpLetoR Stcis el nepipinlity

solution must ble C%Itrasonicall%/c%gli%t%d immediately prior to thin film
deposition in ordér g o ?é%ﬁ%perse the carbon nanotubes. Ultrasonically

agitating thgth@pl%;;gn ir@g]eég}qlt[%yepriorgolproces ig& intotﬁ filmlis .
. Oel.b W [ﬁ%&nc 10

incompatible with current printing techncgfoales ereby raising ion
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agitation process can also be damaging to the organic semiconductor.
50nlyadinited migbesceisspeciievdmPaixiiehsiMEUreSAreKRIMN Qrbon
stabilise carbon nanotubes in a solution and so the range of potential
applicationbds dimite dofuiiyetmorestshe: shtpbilizing funtionabipilymeric
semiconductor polymers often hinders the formation of a closely packed
molet@ifiradasigesmEhet ishickyethscustemargeotdrierenabilitid Hnisolvidety
known that it is difficult to place molecular 20 semiconductors, normally

depotsrsyrdarnieiaderd de sctiite e sSlomnauently taselrmomust be

solubiiitly. However, it hgs been shown that a solutioncan .
ultrasonically agitated mmmediately prior to thin film deposition in order to

10 redisperse the carbon namotubes. Ultrasonically agitating the composite
immediately prior to processing into a film is incompatible with current
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

15 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 15 widely known that it is difficult to place molecular

20 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 fiunctionalising the

molecular semiconductor with solubilising side groups. This solution can



be produced containing molecular semiconductors by functionalising the
molecular semiconductor with solubilising side groups. This solution can
WO 2007/007061 PCT/GB2006/002528 4 then be used to deposit an
vobgaiesesmiconductor film for use in organic solar cells. HetewB2)dbien2528
performance of such devices is reported to be very poor. It is also known
to use a small amount of soluble molecular semiconductor adsorbed onto
the outer surface of carbon nanotubes4 These 5 experiments are directed
towards studies of the interaction of specific conjugated aromatic
compbEhbis With BT S PR SPCHBH S BRIbS Sah Aol
enhancing the solubjlity of carbon nanotubes using this method. Usually,
the OB TS S eLFeee TG b 1 AT UL BRSgFy oo
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experiments,on e fesyliant dov,compaund: HOWENer, Mg I olyign
10 nor the resditant dry compouné of functionalised carbon nanotubes is

suitable .for e manuiacturing, Rrecsss IBVee b in RakingRIREI These

organic electronic devices. It is also known to functionalise the internal

scavitieg,ofi GRHO rh e Sthy NGl Ay NG th@EgRRR of specific
semiconductor material or certain 15 metals. Filling the inner cavity is not

knowgptgukeimdie sroariin dapoitde svibl ullecirtaomfon sdluebis. faillingthe
inner cavity is a means of modifying the optical and/or electronic
properntit®vkthe albdiomadrotalibBitT héserbexperioiahes hsive beoneihod.
carried out for the purposes of fundamental scientific studies. Without

furtherssrdle saieprame red itineied mpsotied AremBE SOIEBIEIngPTS CaTgin

manufacturing process involved in making electronic devices. X
experiments on the resultant dry compound. However, neither the solution

10 nor the resultant dry compound of functionalised carbon nanotubes is suitable
for the manufacturing process involved in making thin film organic electronic
devices.

It is also known to functionalise the internal cavities of carbon
nanotubes by filling the cavity with organic semiconductor material or certain

15 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

20 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



Further, it is also known to manufacture devices using thin film organic
semiconductor layers, such as organic solar cells (photovoltaic WO
2007/007061 PCT/GB2006/002528 5 devices). If organic solar cells are
e BEAEBMmercially viable means of harvesting energy frofT/Stiilefeo2s28
they must be efficient, durable and low cost. Organic solar cells using
polymeric semiconductors can be mapufactured using low cost solution
processing techniques such as ink jet” 5 printing, spin coating, doctor

blading .or screen printing, However, most polymeric. ' o
havedgﬁc(%fl?ticgie 85%8%&%1%‘% ﬁ\ég%eg.é %?)gofi{;?%/% ma%plgﬁgaqtﬁi%]sg E[ﬁés?i Enitfs
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normally requires a vacuum deposition method, which, when fabricating
solargelis:demuahmparsvcastssnanhaispelipatcatalagueh \Whale ss,
polymeric semiconductors are typically more susceptible to physical and
5 chenpitaide grad atvatithadonateclaling emicoocu o ny. ordaniey solarost
cells are to achieve their potential as a clean low cost energy solution the
powenlySiefiicientpah tdur hbiktprotrHed et garsointst ©é infreRlageel
whilst retaining the cost advantages of solution processing. Mr%lgt organic

semispisaidenrdHa b drge i FHOBRTF SR AT SRPATRidhy Tietor
in determining the eﬁicien%ﬁfﬁ%yi escgtilising}this lass of {conductors

semidSHHIRGE Phie ELE eh Eharg®is transterted Between
molegules js. 45 termined e Ae9re6 L oveHRR AEMEERRE TosETer,
10 this normally requires a vacuum deposition method, which, when fabricating
solar cells, is much more costly than their polymeric analogue. Whereas,
polymeric 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
15 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

20 | 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, 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
CRAGEMEPAEr mobility in WO 2007/007061 PCT/GB2006/0@25X832666/002528
molecular solids is therefore highest in highly ordered solids. However,
cost effective methods of fabricating devices (e.g. printing and spin
coating) are not normally conducive Wiﬁﬁ the formation of a crystalline
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techniques most 5 closely resemible an anforphous state ConsBYuEht st
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is the primary contribution to Eai%\?lgce serigsg rgiig?él%}élé. a&%usﬁhne?oam?g) e
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diffusion length in organic semiconductors, which limits the 10 thickneéss
of the mbsorhigttay grs:faredganic soiatice!s:dhgmebycimiing e RRiGaks:
density and power conversion efficiency. The exciton diffusion length in
Dolymefitcherricoiitietorsispypicathisighificantbnioweriianitosansvitty -
molecular semjgonguq§0(§. In recent research by Wang et at. (Materials
Scientelad Engmeding 13 DH05uBpY 296301, isHbcfatinvasionntitation to
carbog nanotube and molecular semiconductor composite was

discuSSEE THIETEERHPEA aims to improve the interface between the

carbon nanofu nd dye molecules in order to facilitate  photo-induced
charge trans‘%\quﬁs% , ft(y %S%%Jéaace%tcéf; AR BRI SrmRcHARdfoPTs

r.

made]ﬁ?ﬂféﬁ'%}&%&ﬂ']ﬁ%%lﬁ&% itk glug(grlzi%hsaeir%?donductors, which limits the
10 thickness of the absorbing layers in organic solar cells, thereby limiting the
optical density and power conversion efliciency. The exciton diffusion length
in polymeric -semiconductors is typically significantly lower than those in

molecular semiconductors.
In recent research by Wang et al. (Materials Science and Enginecring
15 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.
20 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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20 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. 7 Further, engineering solutions to
many of the problems associated with protecting organic devices from the
detrimental effects of ambient water -and oxygen are now established.
However, poor thermal management in these devices remains a serious

problem, particularly;far Splat el charBlicationss wiich saushyviastae

extremes of temperature over extended periods. Electrical (Joule heating)

and, Antically heatannealmthesarpanic kEpers cousiigntheseio
inter-diffuse and undergo morphological changes including loss of

intefacialadhesiofoWbilabHstrdalilittesintdupeor dntrolié drmonsimriogioal
change at the fabrication stage can enhance the 10 performance of some
deviess (degichilayenhiaterejusiiion sprablewlls)préisuistyltiferatepar cell
detrimental to device lifetime. To keep Joule heating to a minimum the :
devippliseiiies.radisth ropstuEhFanhipRATRY. SpreaTmEdthgye FEdsthrly
problematic in solar cell devices where the infrared hgg)/ s are nqt
cfereings: hATEEIEH, QUi BeBTash P BHEO TS T B Erep Ay e
least alleviate, some or g‘of the afore-mentione r8bl ms, ONSeical
emB“cﬁ?ﬂ?’l’e%ﬁFﬁe fﬁ]éséjé%?t Fgglggu%%?%rrow oS AT réljeﬁgogr%? pr&%c- g a.
thin. . comprising wfolimix disRaSasheathon RanaRsthe matkect
comprls%ng the steps of, adapting a molecular semiconductor to make it
- controlled morphological change at the fabrication stage can enhance the
performance of some devices (e.g. bilayer heterojunction solar cells), heat is
uitimately detrimental to device lifetime. To keep Joule heating to 2
minimum the device series resistance must be minimized. Optical heating is
particularly problematic in solar cell devices where the infrared photons are
not efficiently harvestsd.
The present invention aims to overcome, or at least allevié,te, some or -
all of the afore-mentioned problems.
in one embodiment, the present disclosure provides a method of produc- |
ing a thin film comprising uniformly dispersed carbon nanotubes, the method
comprising the steps of: adapting a2 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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20 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 8 soluble carbon nanotubes and the soluble
molecular semiconductor in a solvent to form a solution; producing the
thin film from the solution. In one embgdiment of this disclosure, a carbon
nanotube composite is prpared into a thin film using only soluble
derivafives of molesulatasamicandystoss shiedre aamaleepasited
using vacuum deposition technigues. To make these materials soluble in

COMEBAR,RTG3PIM SQlyRAk:; he dechiygaladcale isdunianalired at the
periphery, or non-peripheral positions, with solubilising moieties. Unlike
most semi¢andidctingopatymers thesél sypessrof brgahis SERIBSRERRTBICEEN
exhibit a high degree of molecular order (i.e. a 10 semi-crystalline state)
when pregessadiframisolufion estocanmtplioliblsudbeierdsesueh BY) feRIAT
example, glass. By careful selection of the position and nature of the,
solubtieierpfustsipnalithn RRsossIally Serasinth Hithe JREF B ARGUFSREn

with maximum overlap between frontier m?lecular orbitals on a 'ae% Nt .

moldEE e rE B PR R F HE S Rl e T AP RSB Rt A E5 &citon
diffusion. Saaih rundionalisation b ateeaNersalic N ALMHRAGHAS,

€ molecular semic ttor for ecific
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non-covalent Intefactions with the soluble molecular semiconductor, a

suitaple solventl.slisscishamisaltunclionalisaien paibpaokilising.c. a

moieties. The method of 20 carbon nanotube stabilisation in solution is not
limited 0. apmABriclats) when processed from solution onto amorphous

substrates such as, for example, giass. By careful selection of the position and
nature of the solubilising functionality it is possible to select the molecular
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.
o “According fo a first aspect, there is provided a method of producing

a thin film comprising uniformiy dispersed carbon nanotubes, the method



method. According to a first aspect, there is provided a method of
producing a thin film comprising uniformly dispersed carbon nanotubes,
the method 8a comprising the steps of. adapting a molecular
semiconductor to make it soluble; adapting carbon nanotubes to make
them soluble; combining the soluble ggrbon nanotubes and the soluble
molecular semiconductor in a solvent to form a solution; producing the

thin il fromm dhe soldtions . chaupgiRrises AXe RIS LAMBINBImake it

adapting the molecular semiconductor to facilitate the formation of a high

degreg@idnalesiiae Qrdehanshiiaptierorhirt averARpalveenAelidsethe

molecules by modiﬁ/ing the conjugated core of molecules of the
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there is provided a method of manufacturing an electronic device,

whetgiRdhe methiad comRplizes hesiemOkRiogusing A thinfilmdaygution;
using the method as defined above. According to a third aspect, there is

providachae alestrenic daviceicomprisingisdig, filaupseducereusingdb@ar
method as defined above. According to a fourth aspect, there is provided

a solarfeddaviee EPMRIIRHE athifilredrcedusing.thesmgthslasiar
defined above. According to a fifth aspect, there is provided a

light:pmitting device: comArisiagds hirfiem papdiiaechuribadhemetaedias

defined above. According to a sixth aspect, there is provided a backlight
devige: comBLSRY sotkinfilpredusedrugipatbe-methedmi sefirest with

above.
moieties.

According to a second aspect, there is provided a method of
manufacturing an electronic device, wherein the method comprises the step
of producing a thin film layer using the method as defined above,

According to a third aspect, there is provided an electronic device
comprising a thin film produced using the method as defined above.

According to a fourth aspect, there is provided a solar cell device‘
comprising a thin film produced using the method as defined above.

According to a fifth aspect, there 18 provided a light-emitting device
comprising a thin film produced using the method as defined above.

According to a sixth aspect, there is provided a backlight device
comprising a thin film produced using the method as defined above.

According to a seventh aspect, there is provided a system on a chip
device comprising a thin film produced using the method as defined above.

This invention represents a significant advance in organic

semiconductor technology, enabling better device performance through



According to a seventh aspect, there is provided a system on a chip
device comprising a thin film produced using the method as defined
above. This invention represents a significant advance in organic
weepiétmdactor technology, enabling better device performaaetstnwogins2s
WO 2007/007061 PCT/GB2006/002528 9 improved stability and device
efficiency. More specifically this invention increases the prospects for the
commercial exploitation of organic solar cells; the solar cells offering high

efficienc 0 rational stability and large area deposition capability.
R Bl e e R s T A

enor i ignal materials within arganic electronic
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thermal paahag i [ nj | . QW the hi
thermal conduc?i?/}t%%l;ﬁ Nms, g(%%%?’g g%g(%gg%%tﬁ??ﬁr%%g?}ﬁ%naﬁﬁ%égg
deviee-elfigiesiciesdpspiprefficient charge carrier injection/extraction. iii.
enhanced device efficiencies due to reduced device series resistance. 15

5 iv. enhancethtrayopiteg of tightinmsatanieehadaningitheRiepRAstYs Ghve
carbon nanotubes to scatter light. v. versatility due to the ability to tune the
electerigadeputal wropeitioslohbiotintherindlecigan seiitoniiudtoioand

carbon ) .
when processed into thin films. These materials offer:

1. improved thermal management in organic electronic devices,

owing to the high thermal conductivity of CNTs, extending

10 device lifetime.
ii. enhanced device efficiencies due to efficient charge carrier
injection/extraction.
i, enhanced device efficiencies due to reduced device series
resistance.
i5 iv. enhanced trapping of light in solar cells, owing to the propensity

of carbon nanotubes to scatter light.

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

20 vi. compatibility with flexible low cost substrates and existing low

cost, large area solution processing technologies.

Further advantages of using molecular semiconductors as deseribed in

this patent application arise as follows:



nanotube, maximizing potential applications. 20 vi. compatibility with
flexible low cost substrates and existing low cost, large area solution
processing technologies. Further advantages of using molecular

Ve ativorichectors as described in this patent application ariggCag:krowE2528
WO 2007/007061 PCT/GB2006/002528 10 (a) Suitably functionalised
molecular semiconductors can be pr? essed to form thin films with a high
degree of molecular order. Molecular order is desirable since it

maximises chgge@am r rPObI 'IQ’ nd %éiclt on dlfsféjnsilgn cﬁ;c%h thereb
enhan(:l(ﬁ devite? yeff&%%lé)y}l%na uItllﬁﬁateR/ device Iifetime. f%) I\/?nlecular

semiconductors are Qép[mc? m%ntre‘fg g@{ﬁggxl%ﬂqie@ggMQM?&&P

semlconductoPpo ymers, exte evice lifetime. (c) Readily available

molecular semiARAHEIQTIBAYE AMERICIA0R Haahhand.aaRs. which

can be tuned using appropriate functionality. Specific embodiments of the
present inventiggbwi, new be:Besditieddaywayhotiexampatonbinyithvice
reference to the accompanying drawings, in which: 15 Figure |A shows a
5 functionalised sffetieh{gopdailtiphthbl deyeain@ticempound; Figure IB shows
the molecular configuration (co-facial) in a film of the compound shown in
Figure |1&WwhedNspirnbasstoirraduarecus snhgrdly more chemically and

thermally stable than semiconductor polymers, extending device
lifetime.
(c) Readily available molecular semiconductors have a greater range

10 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:

15 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;

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

solution;



Figure 2A shows a funetionalised metal-free phthalocyanine molecule; 20
Figure 2B shows the molecular configuration (herringbone) in a film of the
molecule shown in Figure 2A when spin cast from a chloroform solution;

WUEQUR0070007061 PCTIG82006/002528 11 Figure 3 showsenvatamimozs2s

force microscope (AFM) image of chopped multi-walled, acid
functionalised carbon nanotubes drop cast from an aqueous solution onto
a mica substrate; Figure 4 shows an ARM image of a spin cast thin film
using a 5 cqmposite of the acid functionalised carbon nanotubes shown
in Figure 3 an@™the St SoRBR B SFORSIBEFARME BRRRTOTH KA
IA, wherein the thin. fihn has bee rtially decomposed to reveal the
SR EI “Q%“%Sﬁsyg AT BAHEREion BREdBrducous

carbon nanotuges; igure

microgGane(&EM +inage,of a.drop cast film of a composite of the acid
functionalised carbon 10 nanotubes shown in Figure 3 (weight

percentage 8;¢.%) ArAdthe watersolible. capperahthalogyanipe shown in

Figure 1A. Figure 6 shows the Q-band absorption of the compound shbdwn

Sn FigurephAifearniid)saidifueraauenus sebiiomsolic ingki @%Q?u;& o,
1]

spin cast from a concentrated aqueous solution (dashed line); (i) a thin
film spin Y8wastirmaponbinfatediagueous soRgias DA theeempauinch
shown in Figure IA combined with chopped acid functionalised carbon

nanotiffBashswpritirly des @esaddn asm tiise wisightperdentage 11.8

%) (open circles). Figure 7A shows a schematic diagram of a bilayer
organic So|§f.1gléiiﬁ 5 shows a 1 x 1 pm transmission electron microscope (TEM)

image of a drop cast film of a composite of the acid functionalised carbon

10 nanotubes shown in Figure 3 (weight percentage 3.4 %) and the water soluble

15

20

copper phthalocyanine shown in Figure 1A.

Figure 6 shows the Q-band absorption of the compound shown in
Figure 1A from: (i) 2 dilute aqueous solution (solid line); (1) a thin film spin
cast from a concentrated aqueous soluﬁon (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 curtrent 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 Figure 1A as the donor layer,



Figure 7B shows a band diagram of a bilayer organic solar cell; 20 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

Vo ap telragtilising a composite of acid functionalised carborp@rasstioesnzszs
(Figure 3) and the molecular semiconductor in Figure |A as the donor
layer. WO 2007/007061 PCTIGB2006/002528 12 Figure 9A shows a
schematic diagram of a bilayer organicl%ght- emitting diode; Figure 9B

shows a band diagram of a bilayer organic light-emitting diode; 5 Figure
10 shows a%gcl:%%ﬁ é%a ﬁqi‘gﬁ/é‘r %ér%eélhalgqi ngéf‘ﬁ?ttﬁfgadi‘?ﬂ?é(‘%r ﬁfﬁﬁﬁérﬂé@i’

charagigrstics, with and without a composite layer of acid functionalised
carbon nanotubes’ (Figure 3) and the molecular semiconductor shown in

Figure 1A ingpsperaiedipie the davigs, 10 %ﬁ%ﬁﬁ%@ﬁ&f&%{ﬁi\g There .
are several stages required in order to produce a thin film deviCe =
incorgérading a composite of carbon nanotubes and molecular

semiconductor material: (i) preparation of a stable composite solution of

Scarbon nandigbes 1 Gntiawslegilph sEmibbRILEto i NigEessiehh8iode's
composite solution to form a 15 thin film wherein the carbon nanotubes
are uRife¥iRNyishimeietstip falthicatbrvihant ekeatoonicsiteviegstitiisingd
the carbon nanotube-molecular semiconductor thin film. The first stage is

to growPEABR TR ARStPRA GésHer Sy Sherimolecular semiconductor

shown in Figure 1A incorporated into the device.

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 umiformly 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 mefhods including chemical vapour
deposition (CVD), arc discharge and laser ablation methods. JIn this
embodiment, the carbon nanotubes are grown using a high temperature CVD

method, as is well known in the art.



carbon nanotube growth method. As discussed above, carbon nanotubes
may 20 be synthesised by several different methods including chemical
vapour deposition (CVD), are discharge and laser ablation methods. In
winizeemibodiment, the carbon nanotubes are grown using aRigiGB2006/602528
temperature CVD method, as is well known in the art. WO 2007/007061
PCT/GB2006/002528 13 The resultant carbon nanotubes are bundled
together, and so need to be released!fom this state. In order to produce

a stable concentrated dispersion of carbon nanotubes, in this

embodimertigHEsEErBbRAFRIToRIBRRBHS “Hxhio S bl BLhFtrdthantoyl e

like, to create polar groups on the outey 5 surface of the carbon nanotub
incluBfnglams x@ﬁ@a&&%@%ﬂe&%ﬁf “DrcBEY lllscecazflesé‘:%lié?idc’om":;mg'("%éeaa
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arbon nanotubes are adapted, or functionalised so that they

becos&%a%weyaamrpgﬁga{et&w fiable carhenRaRahe dispaisions:is

key to the 10 tabrication of nanocomposite thin films as described below.

sltis preferalle thatspbbilisipamoistiesiavadbicast ane aldedellowing:
(i) an electronic functionality; (ii) a low surface density, so as not to isolate

the cafhersnaneiidie sciorarikte aalinationdatctoremiatsixther hbb(ii) suitaides
dimensions so as not to significantly impede the flow of charge carriers
betwedntlagrcerton hridt fescarphesdmbicomguickntethatrifug:bonalisein
in length).
so that they become soluble.
The preparation of stable carbon nanotube dispersions is key to the
10 fabrication of nanocomposite thin films as described below. It is preferable
that solubilising moieties have at least one of the following:
i) an electronic functionality;
(iiy  alow surface density, so as not to isolate the carbon nanotubes
from the semiconductor matrix; or
15 (i)  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



In this embodiment multi-walled carbon nanotubes with a typical diameter
of 10 run 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
wenweratese of 50 C and agitated using ultra-sonic waves et e geriocooi G
hours. This treatment introduces polar oxygen containing functionality
onto the outer surface of the carbon nanotubes, rendering them water
soluble and WO 20071007061 PCT/G¥20061002528 14 increasing the
carban nanotube work functiolg. The carbon nanotubes are also chopped

into shorter lengthe By THESFOEAGH TRter (G esaramanitbatsEnalso
nano t rated.acid, the solution is diluted with
deion%ge%?\?va%g}r). T%g%g%%\%{) B/Spésf]fﬁbec%dgﬁion 5 causes the acid

functionalisgd satban apRallhEs IRl A a RSO OLAAARUIS: ooig

whereupon 90% of the acid is decanted off. The remaining solution plus

carbenenaneisbesdisivathendibted usingdeionised yatet, dillered Using 2

0.1 mu polycarbonate (or PTFE) filter and washed with deionised water

Suntil dhsavaishings aretihlaiettrelbbhefilanpaper &oadas i £3830A of 24
nanotubes is 10 then submerged in a small amount of deionised water
wheréRipsnvthe amdio A0 arlotiub es Gpodtameed sist dighe rsenirtongolutitian
The resulting stable dispersion of carbon nanotubes in water is

centAUS & e BRse Y ey fediqudilutes veinarstoinadninttionl frod tbieg

solutjon. Figure 1A shows a diagram of the funetionalised metal
ohth OGBSI At T RS EhA lndpiprited water uni

s L b ey A TS SR I L S—
10 then submerged in a small amount of deionised water whereupon the carbon
nanotubes spontancously disperse info solution. 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
15 compound utilised in this embodiment. The tetrasulfonic acid tetrasodium
salt functionality renders the phthalocyanine core soluble in water.
Figure er 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
20 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.



Figure IB shows a diagram of the typical molecular configuration in a spin
cast film of the compound shown in Figure IA, as discussed below. The
molecular semiconductor used in this embodiment is a member of 20 a
Warge tamilet of compounds based around the phthalocyanine{Re}2006/002528
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 ¢an be made soluble in common

solvents. WO, 2007/007061 PCT/GB2006/002528 15 The number, type
and PO B G B BB AR oA ot ot
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processed into a thin film as shown in Figuré

columpadesiaghs:d hedkhySialing qrdenis logalised;gnd dpes not rf(lfésm g'r'}ﬁ
e

5 extend over macroscopic areas. The degree of order in the solid sta

strongbiuinfiienses itSToRteBISEIARIC RPN LS (&Y LIS S8 mall
mobility and exciton diffusion length). In addition to affecting the solubilit%/

Sand fitmieddrmmimgnpropentibs of theBh-chmpoundaiAariatisation s alspay
effective means of tuning the electronic structure and optical absorption
chardgféieeges 1o obthelastodetulpopemisotidyciarrBhthatoayanipashave
a planar structure and it is the 7t-in interactions between the macrocycles
that iSHHE ARG T Ersagfretidiven teorEhidone shef fohbildyatistdiRc
give tihe desired malecular configuration when spin cast and so the

* choice Of nEHAHTAE Mulise FREMS Hiitn Cefatstini dmparintentite
COppﬁ{thmlg?l&?ﬁ'ggn IHe éﬂa%ltreo(illﬂlzasrtmcture and optical absorption characteristics

10 of the molecular semiconductor. Phthalocyanines have a planar structure and
it is the -7 interactions between the macrocyeles that ig the driving force for
aggregation. Not all forms of functionalised Pc give the desired molecular
cénﬁguration when spin cast and so the choice of functionality must be made
with care.

15 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; (i) increase the molecular ionisation potential {tune the electronic
structure);, (ili) promote a columnar molecular arrangement when the

20 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



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
vedeswrapiieoagtructure); (iii) promote a columnar molecular arrargeserion252s
when the 20 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 embodi’rﬁent, is water. The molecular
semicagggétgtotgsgglé{tgngs W(? %007/1007961 PCT/GB2006/002528 16 are
often USed at & CONCENntTAton Iose teSaRFLHBIT T A G4l ki &0 iitiis
nece ijte eferably using a 0.1, micron filter, prior to |‘lenqding the
semi?%g%ggr{églﬁ%% ﬁv%??%%g/rgg%gigr?%}u%l&?nr lﬁe%rl;’e%g{etﬁ ig Fstnss e

combiging e carkenfanatubesuith the.p.molecular semiconductor.

That is, the carbon nanotubes are placed in a suitable solvent, which, in

this embodimentiswatgy. ithe.ecarbonmangtule MbdHredsthen agdded;to
the solvent mixture that contains the molecular semiconductor. This

Scarbonalembiulserrivoletwlar. seMhinoisduaioraalendriarsa.stakletisnension.
10 The solution of molecular semiconductor and carbon nanotubes in a

© solvefitiiRbisenlvsed wisiake Githimfilpdicherthis emibodifiventadpincaating
technology is utilised. Spin-coating technology is a simple rapid film
formifg<prodéstiematiisd itoathacalsnd st itns caramanbiactolesdhe
device% ic‘g}(laicalll){ argllrop of the composite solution is dropped onto a

Spinnsi% ucto § carbon nanotube-molecular semiconductor blend forms
a stable dispersion.

10 The solution of molecular semiconductor and carbon nanotubes in a
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

15 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 mm in thickness and comprises carbon nanotubes
uniformly distributed throughout the molecular semiconductor matrix, where

20 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 immedjate_ly after processing into a thin film to remove residual

water,



15 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
wesuitingfitm is typically less than 100 inn in thickness andreampnigasio2szs
carbon nanotubes uniformly distributed throughout the molecular
semiconductor matrix, where 20 the semiconducting matrix has a high
degree of molecular order. In this emblodiment the thin film is baked at
150C in drygair for 30 minutes_immediately after processing into a thin film

to remove re&TaT SHAEEA WO 26D 7N 082 B e G BoBDBGoPEREs! film

Figure 4 shows.a 3 x 3 Ain AEM topographic image of a spin cast film on
glassggf%ﬁaégc%fsr%%o%%épgflttﬁg %Qélll% ulﬁefh'é)ﬁté% HERF BT AU ES SRR

in Figyre; 3.8 the watek Lopper phihalocyanine shown in Figure
IA. Afte}?l the de&t[?c(%ition é??%%&%%ﬁm %ﬁ% ﬁl}%gv%a%wg%%éd %?Wadﬁnlzi'%f? rogf
an 5 extengedineriad io-paitiatindesomppse the ALgania patry. fevealing

the embedded carbon nanotubes. Exposed carbon nanotubes can be
Sseenallerarbgeribe inageialiedieigoscalesi ol nfighre:d shaws!

x 1 Am transmission electron microscope image of a drop cast film on a
nicketmEitletidaobohencompesite Bffthedciabdf funstionalised waten i
nanotubes shown in Figure 3 and the water soluble copper
phth&BeyaimBrsaewA i Imightscie FFHE somposite was cast onto a nickel

TEM grid. The thickness of the composite film in the image is less than
100 nm. THEEERDOAANA Guliek AHRcansanissinsiBlectintfaniptysepsibuasd of

a drop cast film on a nickel TEM grid of the composite of the acid
10 functionalised carbon nanotubes shown in Figure 3 and the water soluble
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. |
15 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 agueous 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
20 Figure 3 (ca;rbon‘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



within the phthalocyanine matrix. 15 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
vegolutonoashed line); (iii) a thin film spin cast from a concentrat8ebos/602528
agueous solution of the compound shown in Figure 1A combined with
chopped acid fanctionalised carbon nanotubes shown in 20 Figure 3
(carbon nanotube weight percentage 1488 %) (open circles) The Q-band

in thesg%ect a of both thin films is broadened and blue shifted with respect

et o R bl g e b

films. The QO-band in both thin film spectra have the WO 2007/007061.
PCT/GB2006/0025 tﬁeﬁg es i‘%‘éﬁ%{‘r‘?ﬂé’é elpoi%%?f‘u et

the carhen RaAAM - iablygistupt the degree. of malecul
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both mengme:absedHan4-(66dJun) and aggregate absorption (-j 625). 5
Figure 6 shows that the carbon nanotubes do not appreciably disrupt the

Sdegree of mBigaislar drsler sinobdherpositiamandsshape: ohie-RsBand i
the absorption spectra of thin films with and without carbon nanotubes are

compticatitardn FigureGitheoweighiqeaiceptaigionbodrtiapenanptubas:ia the
composite is 11.8 %. However the weight percentage of carbon

nanottib oo airmsRsetimp S iUty mdywishyacedrdingatotites are
application, rjd may or may not be above the percolation threshold. The

p.erc_d@%’ﬁf ivi&shiid’ %%?T%mmigﬁtmﬁ@ﬁ%rﬁﬁs@%ﬁwmws in the
dIStrIQH}gg‘)g@fea lgqu@%s ﬁ]o%}cralx)f(el‘sthe weight percentage of carbon nanotubes to

10 molecular semiconductor may vary according to the application, and may or
may not be above 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

15 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

20 thin film. Further, a test can be carried out to ensuré 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.



reported to be as low as 0.06%. It is important to select a molecular
semiconductor suitable for this 15 application. In order to do so, two tests
can be carried but as follows. Ensure the molecular semiconductor has a

wihighhtegree of molecular order when processed into a thirefinGEnsunes:s

10

15

20

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 Bb thin film. Further, a test can be

carried out to ensure that the introducti qg)%f calﬁjoz nanotubes with the
molecular semicOn8tRtt&iSto oI g‘%osr‘?iﬁ ite TS

Hal AHEL B Gigtipt
the molegular arrangement within the. malecular _semiconductor e.
WORIT 0 B BT B IO 00a8 U T S fret ek Ehonie g
squSl% t%og%?ougaﬁqﬁ?ﬁﬂﬁ%ﬁdyﬂgﬁa@m form th.in fillms havg a_high degree
of molecular order when processed from solution into a thin film on a

substrate. o deshihis caRditionnOpe ok testa)sdnhelamn wuld-be used.

If the 5 result of one is ambiguous, then the second test could be used to
deteeRine ibibhe; melsswhak Seecanshotar issuiallec ayodt-difftactinnofia
supported film of the molecular semiconductor: Films with a 'high degree
of mbteatlerutrterhaveane dr wmtridstrong 10 peaks in the diffraction

pattern. Strong peaks are defined as peaks in the X- ray diffraction pattern
being suffigiently’préiffisgivthatthey svenrsidedly film of the molecular

semiconductor:

Films with a 'high degree of moleculer order' have one or more strong
peaks in the diffraction pattern. Strong peaks are defined as peaks in the X-
ray diffraction pattern being sufficiently promninent 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 (.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.



discernable from featureless characteristic of the supporting substrate and
background noise. Amorphous materials are characterized by a broad,
featureless X-ray 15 diffraction pattern. b) Ultraviolet-visible spectroscopy
WO BOMO-LUMO (i.e. frontier orbitals) transitions in motecatzwe/to2528
semiconductors can normally be probed using ultra-violet or visible light.
HOMO-LUMO transitions are very sensitive to the proximity of neighboring
20 molecules and are therefore a goooeﬂwdicator of crystalline order. The
UV-vis spectfHén %fva very dillfjte solition of molecular semiconductor

f Satd R Sod B Pheihe molecular

corresponds to that o lzsamsgreno%ﬂoﬂ
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molecular semiconductor biting a *high degreé

shoulg gliffer.fremdhat.ab e, anarphoys.state %Sﬁé‘ Qﬁﬁ&%encgc%%ﬁﬁs

spectrum is defined as a discernable change in the shape andior position

of absiiptian:b perks:assigresie HOMO LM, sleconiG A ARSIIONSion

indicative of a known molecular arrangement. 2. In a second test, it |
Showpaiiattsezsalubiishivi furichimaliyrefitheamoiess aisemieduetsim

promotes, or, at least, does not hinder the formation of a columnar (tilted

or untifelgyuissrstmasnamangement when 10 processed from solution into
a thin film. A columnar molecular arrangement is defined here as
face-to-face’stackifig? S¢4eret dpsmidtie erwras inhthe ledshiloiog functionality

of the molecular semiconductor promotes, or, at least, does not hinder the
formation of a colummar (tilted or untilted) molecular arrangement when
10 processed from solution into a thin film. A columnar molecular arrangement
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
15 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 ¢) could be used.
a) Ultraviolet-visible spectroscopy (UV-vis).
20 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.



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 15 a face-to-face

varmngement of the aromatic molecular cores of neighboring-melesilamaszs
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 é’ﬁectroscopy (UV-vis). 20 The UV-vis
spectrum of a very dilute solution of molecular semiconductor
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orbitals) transitions in molecular semiconductars can normally be prohed
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21 HOMO-.LUI\A%C) trapsitions are very seqfc,itiv to the p?%jlm ty f tecul
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architecture, By, $OPRANGINE H)syis-aPSERIen speclrachafuin filpof

molecular semiconductor (supported on a transparent substrate) to that of

5 the amarphodsice siatemihe.mabacHiae confighr stientn thefikndan often
be ascertained. b) X-ray diffraction is widely used to determine molecular

configuratign withipraycryigtadtinensalidwijdifictestopy: Graniing tusinaling
microscopy STM or the like, can be used to image the molecular
configofagioxtichOndthin a ¢histkigst sblsldetermined that, in the composite
material,

c) Microscopy: scanning tunneling microscopy STM or the like,
can be used to image the molecular configuration.

10 3. In a third test it is determined that, in the composite material,
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

15 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

20 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



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’
wiithinrtiieariolecular 15 semiconductor phase of the compasiteGa)oos/002528
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 #OMO-LUMO transitions in the
molecular semiconductor compongnt of the composite.film 20 should not
differfroFH bROSESH #REATR eﬁe%t{:u&%’ oF i SRR T B e

faly 1y
e pure semlconauctor. EN‘GW

peaks, agsigned o ISIACHONR MEINER) ING.RIBIN.NARAMBE Asicaring
molecutar sémiconductor may app%ar. All peaks will be superimposed
onto @ .backaround absorption associated with carbon nanotubes. For

carbon WO 2007/007061 PCT/GB2006/002528 22 nanotube weight

percentagesiz R¥enPRaksiansasiatedwitbdGarken hnefue roaat.
semiconductor may begin to dominate the spectrum complicating the

sinterpretatioanThBnprasant Nsvantion tGaicbésutiisegdnianylype:if (OSC),
electronic device. 5 in this embodiment the electronic device is an organic
solarteete{@3IR)inrovaveriidimied tio hésavbienited to these devices.
Organic solar cells are made up of one or more semiconductor organic
films that afersatiewtcallsetfadann ¢leBs SHBIERFTHS MR Ky fsegre

schematic diagram of a bilayer OSC device
films that are sandwiched between two clectrodes.

Figure 7A shows a schematic diagram of a bilayer OSC device
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 mm 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 i 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,



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
wBstrater#sitypically 100-300 nm thick. Next to the transparentanoae@63
are two organic layers, a donor layer 305 fonned 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 inditated in the diagram. Light 301

enters the device through the transparent anode, 303 and is.abhsorhed b
the organic 135ePEOBPI07. B g%%ﬁo%vlg g 1%f)ﬁd{ila' %rlgrﬁge AR

corresponding to the QSC ice shown in,Fiqure 7A Whep the light is
. d
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organic interface, excitons are split and the free charges transported to
the efgetrodesowigieupapihey A58 exirasiaddo thekaxiamal et vg).
the cathode. WO 2007/007061 PCT/GB2006/002528 23 The

5 nanocRMpasiecnatesialdorTivihe doaoofaleriniine. d&liee0SGubtsmabed
shown in Figure 7A. In this case the semiconductor heterojunction is
complsted dyplayuamugepogitiols dbtee layeepromiasios driduosiehs riwe,
The acceptor layer comprises a 50 urn layer of Buckminsterfullerene

(CE0p®BtHbcsatiddrerprpirResita Bimis BRRrraimmbRiurAEs ogetion
described_ above employs a nanocomposite donor layer comprising 7.4%
weighPEaBe8 Heh Bt s.*ﬂ&ﬁ&ﬁ‘é’8&ﬂ‘§%§@ﬂﬁﬂé‘§%ﬁ%ﬁ%§ P
N Aoy SRR AR 009 (Pl SR DO AR B
10 thick. It will be understood that the nanocomposite film could be of any other
-appropriate: thickness, for example from 10-200 nm.

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

15 percolation threshold, the dispersed carbon nanotubes form a contimuous
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
0SCs, as follows: (i} The carbon nanotube network finctions as a nanometric

20 heat sink, channelling héat 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



acid functionalised carbon nanotubes (Figure 3), and is approximately 15
nm 10 thick. It will be understood that the nanocomposite film could be of
any other appropriate thickness, for example from 10-200 rim. Carbon
winkbise® have a high electrical conductivity and so when pdisjgasiec(ges2s
an organic semiconductor the conductivity of the resulting composite can
be enhanced. If the carbon nanotube %oncentration exceeds the 15
percolation threshold, the dispersed @Arbon nanotubes form a continuous
conductive netwo ltembe%g d within the icgnductor matrix. Under
oSt SR LT THb CoBBA T h Inye R SO R aia e
However, an interpenetrating.net orkg r uhes hasd ant
L Y Y R QIR AANQIHRGT (A3 JTIDGIL:
benefits” glrntt)t%gg?%%l ) o%%%: %ﬁﬂ‘# he ¢ r‘éon r%anotube networé%unectlons

as a nanomalric 20 Reaksink. ahanneiinghe dbaenaiaisd slectirRiyobr

optically during device operation away from the heat sensitive

semicomdualor Mathathusigianding.davice.difatimedina digh ama100
network electrode facilitates efficient charge carrier extraction in solar

5 cellsptivusnehtianaing dhe power egaviersion WOWRGSIRHO tGposite of acid
PCTIGB2006/002528 24 efficiency and lifetime of these devices; (iii)
Carb@nchangdistbsasoattendighbendlaasinyg tnd ke hivdeth bl apstrprgtsy
the organic semiconducting layers. Figure 8 shows a graph indicating the
curréptiignsitAassatharidanss BPEppIidE BRISHRPEARE ARROIRISHLRE BRI
solar illumination (AM1.SD, 100 5 mW CM -2 (1 er oié anic

2.(1 sun)), of a %a.
solarPdfl ’lﬁtﬁ’i@ﬂ%‘%ﬂﬁﬁ&éﬁeﬁgf Letar-runidhh AR X bh (R GBES®
(Figure 3) and the molecular micogduct r..in Figure %A as tg% T
B {ic
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10 cell structure. With the addition of an exciton blocking layer and optimisation
of the layer fhicknesses and carbon nanotube Ioading, significant
improvements in power conversion efficiency can be expected. Furthermore

the fabrication process is environmentally friendly and safe because it does

not require the use of organic solvents.

15
SECOND EMBODIMENT
The invention may also be utilised in an organic light emitting diode
(OLED), as descr‘ibe;i in this embodiment.
OLEDs are made up of one or more semiconductor organie films that
20 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



cells is proportional to the fill factor. The fill factor of the device, whose
characteristics are shown in Figure 8, is relatively large for such a
simplistic 10 cell structure. With the addition of an exciton blocking layer
vamdoopeirmisation of the layer thicknesses and carbon nanoribedsashiog2528
significant improvements in power conversion efficiency can be expected.
Furthermore the fabrication process is environmentally friendly and safe
because it does not require the use c?f50rganic solvents. 15 SECOND

EMBODIMENT The invention may also be ytilised in an organic light .
e e I S R
made f or.more, semiconductor organic films ;
iR T R SRR RN SRR Sy MR AR 21 BE chasram

diagrgmm of a,fnosiel bilayeQLER, deviesaccaidings ihis smbadimeante

The device comprises a transparent anode 901. Next to the transparent

anode, 903, ake fWe fraania layarsoa.halenhie §2107/007061
PCT/GB2006/002528 25 transport layer 902 and an emitter layer 903.

5 Next to the @miticsiayierds a baathodgrf4ofleepextitngabphwel Siipdlyise
also illustrated on the diagram 905. Light (906) is produced in the emitter
layers808maind axits e dévioe: frougibtcihapelicdrspon layelcdoxahea
anode 901. 5 Figure 9B shows a band diagram corresponding to the
OLEBndeeeen! Seoxnsp iy (PE9.A109m are Aerodraiad isapitédPat s

the electrodes via . .
the hole transport layer (902) and electrons are injected from the cathode into

the emitter layer (903). Electrons and holes recombine to form excitons i the
10 emitter layer (903) close to the interface with 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 empioyed in this embodiment comprises an
ITO glass anode / 50 nm TPD / 50 nm Algz / 50 nm Al, where TPD is N,N'-
15 bis(3-methylphenyl)-N,N'-diphenyl-1,1-biphenyl-4,4'-diamine,  Alqz  is
tris{quinolin-8-olato)aluminium and Al is aluminium. The TPD, Algs 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



an external power supply (905), holes are injected from the anode (901)
into the hole transport layer (902) and electrons are injected from the
cathode into the emitter layer (903). Electrons and holes recombine to
wippmgxcitons in the 10 emitter layer (903) close to the inteFecepaithstbres:s
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). Thezﬁemdel bilayer OLED employed in
this embodiment comprises an ITO glass anode / 50 nmp TPD / 50 nm
Al g§91géarﬁ$m1’1m g@\eﬁﬁbg?guﬂ?ﬁs_%gtammg 9 % mg rxrfl ofF‘zhe compotnd
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tris(quinolin-8-dlato)aluminium a is aluminium. The TPD, Alg3 and Al

layers; ate. vacumiepesited. feSRReash iR Qlde.0aneaompesie

described in'the first embodiment is incorporated into the vacuum
deposjtedRuERiLstRIRE IpoRBEIgHIROAbabregading TR glassanede
and the TPD hole transport layer, The spin cast film is of an approximate
5 thicknessigh 2 Anfuiloweved, ikescfilrroow] dheecafvanynapgdpsidteilitates
thickness, for example, from 10-100 ma. The nanocomposite layer
comgiiisingt 110890 jeigionpérceribealfoM Gandtubes WCi208 @0 7O6Rer
PCT/GB2006/002528 26 spin cast from an aqueous solutions containing
7.5 migh#Pesiime ¥8fBound shown in Figure 1A and 0.5 nig ml-1 acid
funetionalised carbon nanotubes (Figure 3). At this interface tl“lfﬁ
nanocompbStEsUieidAs H&PE RO iffetth anct ARG cHRtiERe 2
Dosi}ivg chagge C rr(fr in'ﬁzgggn into rthe devicEt. 5 The h‘i%lpworkéuncggg

- t
and é%ﬁegfl Yalis oFthe carson vﬁgn%%ugé?%& %lteerslanoc OSILE desH

- 10 in the first embodiment between the ITO anode and TPD hole-transport layer.
The graph shows that incorporation of this functional thin film into the device
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
15 layer. The praph shows the increased lwminance 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‘ |
20
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 functionalised copper
phthalocyanine matrix. Figure 10 is a graph showing the luminance
difference between a light-emitting diode with and without a layer of the

waracontpasite described 10 in the first embodiment between;theddddozs2s

5

- 10

15

20

anode and TPD hole-transport layer. The graph shows that incorporation
of this functional thin film into the device structure significantly enhances
device performance as compared to the same device without the
composite layer. The composite layer is indicated hy the‘hdotted line %nd
the SBRAHREAIGICERYs B it %c‘é@ggfcép% Bt & WmPSsitets |3§er1€
The graph shows the increased luminance achieved when the composite
laye Y RSed when compared to the same device structure without the

composite gy for the,s3me applisch valirgsFguer i iidenssithat

the nanocomposite layer enhanced charge carrier injection into the

OLER:ichh FHREBER SMBQRIMENT Bslhwilhbedindersteaddiaheh as the

embodiments of the present invention are described herein by way of

exanipiewrly naikbthaiorasiousphange s aboh\WMeh 200007062 covalently
PCT/GB2006/002528 27 modifications may be made without departing
from finetioaiecdbththeinverticnr fFertisers iomilk be eiidisitonts thapuple to

synthesis of stable dispersions of carbon nanotubes can be carried out
usinghanspehgnataotibenserfatseh Batles the carbon nanotubes may be non-

covalently functionalised by introducing them into an aromatic amine solvent,
such as aniline, or functionalising with specific molecular semiconductors
including fullerenes.

It 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
carbon nanotube. The insertion of such a material changes the electronic
properties of the carbon nan.otube 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
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



5 following methods for example. The carbon nanotubes may be
covalently functionalised on their outer surface using anode or ester
linkages to couple to the carbon nanotube surface. Further, the carbon
wianotubesimay be non- covalently functionalised by introdpcinggb@mointas
an aromatic amine solvent, such as aniline, or functionalising with specific
molecular semiconductors 10 including fullerenes. It will be understood
that the carbon nanotubes may be futther functionalised by adapting their
interior structure. For example, by inserting different metals, organic .
semieaidcrIbiNbRFifIs FRERIGRPEMETPARE S Mdiegampte, hawd
semiconductors) or a mixture of baoth inta the internal cavity of the 15
car O OTEI PR THEC TR EF SEE el RGBS Bttt
prop rtie%th evcalrbC%n Q%“e%l%i?é‘%‘eﬁw so allows the carbon nanotube to
be Sl&ctIdRica ?y?uﬁledr?or ﬁs specific purpose. It will be understood that

the solution, pracessad NARGEARIPASIER: dRsaiRGIReren caRRHSSEn

conjunction with organic polymers or vacuum 20 deposited molecular

5 SEMICARAKICIAIS R A LoMbinRHNM hihembotimiRerdes te ahlicaienin

complete device. It will further be understood that other devices may be
formeglasingctheselidionpictessad pandtomposite sodesaripéd, {heiain
a thin film is WO 2007/007061 PCC/G82006/002525 28 required
exhibitiigg¢h@ipirdpet iestasherigisees eribgd 2 FoY)ekarppbéadigaid crystal
display may include a backlight with OLEDs including a thin film, as
described ébwléﬁﬁ@dﬁ)@f@?éﬁ‘lﬁél@ﬁf.ﬂm molecular semiconductor may be

any suitable type of conjugated molecular semiconductor, or indeed may be a
10 mixture of two or more different conjugated molecular semiconductors. For
example, the molecular semiconductor could be a mixture of copper
phthalocyanine and metal free phthalocyanine.

Other examples of molecular semiconductors that can potentially form
highty ordered thin films when functionalised to make them soluble, include
15 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 = (CH);CHs. The alkyl
fimctionality renders the phthalocyanine core soluble in chloroform. This
20 -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.



It will also be understood that the solution processed nanocomposites 5
described herein can be processed into a thin film suitable for application
in organic electronic devices using any suitable process, for example: (i)
wpircoceating; (i) ink jet printing; (iii) screen printing; (iv) doaton klagingediszs
will also be understood that the molecular semiconductor may be any
suitable type of conjugated molecular semiconductor, or indeed may be a
10 mixture of two or more different corﬁagated molecular semiconductors.
For exampIeFthEelm%Jl%c.ular semiconductor.could be a mixture of copper

phthalocyanine and metal FPE8HARABEYENTE. Bihey dxanpiasdip (SoC)
mole r.Semj tars that can patentially form highly ordered thin
films %lv%%%éfur:\fgﬁ)%%%%@ ’tcE) tr%aﬂ?% th erl‘tﬁe(éotl?j bfe ,Cl%éﬂﬁ’dgmi%uﬁ&ﬁﬁ?ﬁﬁ?sm

per}"@ﬂ@g@a@@cﬂ@!iﬁpgn%g@t@@if %%t%?ﬂvrﬁwfgérd%gs%rtQﬁf%&g te er:ic%llrs e

be purchased commercially or synthesised as required. For examp ertfie

moleciar semicansugtenManlReammgialdres. ok vanin n
I Fiure 2 anert M (D5 R (CHE Ch . Tha Bl ot

Sunctismalitypendedsithe piithsletyapineserasahde ineioIelormhis.
20 produces a film with a herringbone molecular configuration as s%own in
Figuré&®? BejgsEnnspivuishbe frdaned thiorofenmdolatido: froecsepleetiesdo
tilted columnar stacks. The crystalline order is localised and does not
norméﬂ@aér%f;?&%%r macroscopic areas. WO 20071007061

PCT/GB20 ?/OO 528 29 Further, the invention may be utilised ina
system on a chip (8dTUgstned e dxdhtpleSEutbesintieasomearsin

”a“OPHQLSr%"i‘%%%”l%?;Tace the acceptor layer instead of, or as well as the donor
10 layer. The semiconductor and carbon nanotube type and functionality chosen
will depend upon which layer is being replaced.
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 ﬁanotube
15 type and functionality chosen will depend on whether the nanocomposite
functions as an electron injecting layer or hole mjecting 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.

20



integrated with an OSC, OLED, battery, microprocessor and drive
electronics on a common platform. This SoC would function as a fully
integrated gas 5 sensor powered Ry a battery charged using an OSC.
ﬁﬁ&gnatlon regarding gas detection would be relayed to a remote device
for processing utilising an infra-red OLED. It will be understood that, in
the OSC device, the nanocomposite material may replace the acceptor
Iaye/& mst%e [(J)f or as well as the donor 10 layer. The semiconductor and

1 carbbBTaRY 8%/%%95%8'?JHE%WB[?W@WB@@W*WIF%W%% which

naﬂ.ayg@gsthgmgtmg@@g%ﬂud/wg Q@Merstood that, in the OLED device, the
nanocomposite material may function as an electron injecting layer if

incaipRiited m@m@eﬁsqm@wmmehsemwer layer. The

sem puctor and ca{'bb tu e 15 type and functionality chosen will
P e “+lRe:
depen Rk e nanocompos &%tUiRctions as an electron injecting

layesabhoigiriesiing ks ihsisamples Ll dRvicasdinrdisha-hiadim
as described above could be utilised are as follows: any type of photo

in aROuRtbICPBEMERIkBRS detector or sensor, transistors or field emitting

dis %Uag 30, fﬁ’r@lMi? melihod of producing a thin film comprising

uni ormly ispersed carbon- ngé{)n%itﬂ%es the method comprising the steps

| chagictadsgting rmionel@éeutamsemdconductor to make it soluble; adapting
carbon nanotubes to make them soluble;
adapting the molecular semiconductor o facilitate the formation of a high degree
of molecular order and frontier orbital overlap between adjacent molecules by modifying

the conjugated core of molecules of the molecular semiconductor with moieties.

2. The method of claim 1, wherein adapting the molecular semiconductor to make it
soluble comprises modifying the conjugated core of molecules of the molecular

semiconductor with moieties,

3. The method of claim 1 or 2, wherein modifying the conjugated core of molecuies of
the molecular semiconductor with moieties comprises modifying the conjugated core at

the periphery of molecules of the molecular semiconductor with moieties.

4, The method of claim 1 or 2, wherein modifying the conjugated core of molecules of
the molecular semiconductor with moieties comprises madifying the conjugated core at a

non-periphery position of molecules of the molecular semiconductor with moisties.

5, The method of any one of claims 1 to 4, 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 5, further comprising the step of mixing the carbon nanoctubes

with a solvent prior to combining with the molecular semiconductor.



combining the soluble carbon nanotubes and the soluble molecular
semiconductor in a solvent to form a solution; producing the thin film from
the solution; characterised by, prior to the combining, adapting the
molecular semiconductor to facilitate the formation of a high degree of
molecular order and frontier orbital overlap between adjacent molecules
by modifying the conjugated core of molecules of the molecular
semiconductor with moieties. 2. The method of claim 1, wherein adapting
the molecular semiconductor to make it soluble comprises modifying the
conjugated core of molecules of the molecular semiconductor with
moieties. 3. The method of claim 1 or 2, wherein modifying the conjugated
core of molecules of the molecular semiconductor with moieties
comprises modifying the conjugated core at the periphery of molecules of
the molecular semiconductor with moieties. 4. The method of claim 1 or 2,
7. wherdlf IARHIRG R anfudhtssrBra raibr strebmitiaaittataleeular
semiconductor with moieties comprises modifying the conjugated core at
Segicr?gnppe?fp%?éﬁyaps E’]FS Pé'r"ﬁ%&&gmﬁg"SStW&'?ﬁBF%‘&%ﬂ%%@ﬁﬂe&mactor
with moieties. 5. The method.of any one of claims 1 to 4, wherein the step
of adapting the carbon nanotubes is carried out using a non-covalent
8. bonding makRcbAurng NeLceRbERIRE tHe HBE SPRIBALHE'AMS nanotubes
further comprising the step of mixing the carbon nanotubes™ with a solvent
in gsiaivéntdomhiding withten matecubar ssaminoniiciaiagd tHe IhedneiaastGbe
~ claim 5, further comprising the step of mixing the molecular
solytionid Hsutw e outar saoicendysrior soletenbining with the carbon
nanotubes. 8. The method of claim 7, further comprising the step of mixing
the carbon nanotubes

9. The method of claim 6 or 7, wherein the solvent is an aromatic amine.
10. The method of claim 2, wherein the aromatic amine is anifine.

11. The method of any one of claims 1 to 4, wherein the step of adapting the carbon

nanotubes is carried out using a covalent bonding method.

12. The method of claim 11, wherein the carbon nanotubes are adapted using amide

or ester linkages.



in a solvent to produce a.carbon nanotube solution, and adding the carbon
nanotube solution to the molecular semiconductor solution. 9. The
method of claim 6 or 7, wherein the solvent is an aromatic amine. 10. The
method of claim 9, wherein the aromatic amine is aniline. 11. The method
of any one of claims 1 to 4, wherein the step of adapting the carbon
nanotubes is carried out using a CO\SD lent bonding method. 12. The
method of claim 11, wherein the carbon nanotubes are adapted using
amide or ester linkages. 32 13. The method of any previous claim
comprising the further step of adapting the carbon nanotubes on the outer

4 3surfaﬁ]eeto tune thfir electrical or ﬂ?ﬁ‘tﬂcal properties. 14. The method of any
of claims T I ELESMORSHGHRERIAIREMAEY T Depiingiateraiadarting the

carBBRYHRSS L e sDel Ry e their.electrical or optical properties.
15. The method of claiméyéav&r%g%#}]{ghnee gdéﬁ%ﬁ%ﬁ’%?’tﬁ%%@ g[ﬁ‘é) es.
comprises the step of filling the inner cavity with a metal. 16. The method

1491 SR A5 HaETGR)s Adaplaton gbihe oner culase pomprssa e

step e Inner cavity with a molecular's

camsihes ol BaY of daimsek QA3-com RSk the furthes aleggt?éafr‘ggg%tg@é@?

molecular semiconductor to tune the electrical or optical proper
18. The method of claim 1, wherein the molecular semiconductor is a
metal free phthalocyanine. 19. The method of claim 1, wherein the
15.moléthd anatbdogdaiotordsvivestan fiteeagprizhiviinof the inner surface comprises the

step of filling the inner cavity with a metal.

16. The method of claim 15 wherein the adaptation of the inner surface comprises the

step of filling the inner cavity with a molecular semiconductor.

17. The method of any of claims 1 to 13 comprising the further step of adapting the

molecular semiconductor to tune the electrical or optical properties.



20. A method of manufacturing an electronic device, wherein the method
comprises the step of producing a thin film layer using the method
according to any of claims 1 to 19. 21. The method of claim 20, wherein
the electronic device is a solar cell. 22. The method of claim 20, wherein
the electronic device is a light emitting diode, 23. The method of claim 20,
wherein the electronic device is a backlight adapted for use in a liquid
crystal display. 24. The method of_claim 20, wherein the electronic device
is a system on a chip device. 25. An electronic device comprising a thin
film produced using the method according to any of claims 1 to 19. 34
26. A solar cell device comprising a thin film produced using the method
1&ccording twethny of dlaims, ek 2i& idightiemittinigateiics oo mphisitiree
a thin film produced using the method according to any of claims 1 to 19.
P?Q?%@B%Nﬁ@ht device comprising a thin film produced using the method
according to any of claims 1 to 19. 29. A system on a chip device
comprising a thin film produced using the method according to any of

1@|.a'msrﬂlet911£%1od of ¢claim 1, wherein the moiecuiar semiconductor is metal free

porphyrin.

20. A method of manufacturing an electronic device, wherein the method comprises

the step of producing a thin film layer using the method according to any of claims 1 to 19.
21, The method of claim 20, wherein the electronic device is a sofar cell.
22, The method of claim 20, wherein the electronic device is a light emitting diode.

23, The method of claim 20, wherein the electronic device is a backlight adapted for

use in a liquid crystal display.

24. The method of claim 20, wherein the electronic device is a system on a chip

device.

25. An electronic device comprising a thin film produced using the method according

to any of claims 1 to 12.



34

26. A solar cell device comprising a thin film produced using the method according to

any of claims 1 to 19.

27. A light-emitting device comprising a thin film produced using the method according

to any of claims 1 {o 19.

28. A backlight device comprising a thin film produced using the method according to

any of claims 1 to 18

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

according to any of claims 1 to 19.



