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1 | MPROVED CARBON NANOTUBE BASED SEM CONDUCTI NG

DEVI CES AND METHODS FOR THEI R PRODUCTI ON The present
invention relates to inproved photo-voltaic or |ight
emtting 5 devices and nethods for their pro '

?38ul ar, the present invention relat eSF(?IEE%ﬂBQOO@DS
met hod wherein carbon nanotubes are conbined with a
sel ect ed sem conductor organic material to forma
conposite material . It should be noted that in
this application carbon nanotube (CNT) is intended to
nmean single wall ed conducti ng, or sem - conducting:
carbon nanotubes 10 (SWCNT); nulti-wall ed carbon

nanotBes, & ¥ 0o ReRl lHE &effcdiBbBerd torohaul d
al so ‘be not edakh @erddbsSrdeN¥@itkl Sbpbsrivat restricted
to any particular length or dianmeter CNT.

Furt hernore, since carbon nanotubes may be

synt hesi sed by several different nmethods (e.g.

chem cal vapour deposition (CVD), arc discharge and

| aser ablation nmethods) it should be noted that thjs
appl i c 3 orese inwsation Tejaiesdo IBPRovedalplopeptinic | Light emitting
met hod of carbon nanot ube production. It should
aldspicpreamiometodshier their piailuctignp|ih eaticyar, dransseat fyention
is intended to nean organic sem conductor of _
notletss [tara, meihpdyovhsrein catbert paratihes g eonfinesin yithi ax salgcted

“thereof. Furthernore, the organic matrix may al so
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meamicondictyr orpnie notgiahiodomeatauprdiemaierisln conbi nat i on

‘wWith one or nore insulating organic 20 materi al :

A greaflt stwald o npedebatcin thiscerpbvedion pabon taagube EENT) is
carried out in the area of carbon nanotube
privichudtlito meanTiegla ppllédoanduchiag, opseviroudiciing cdrteeh patiahes
2 applications associated with carbon nanotube
p (BRUE T multOwell iU cnpreinbiobes: GAWORTY/oGBORHO8 48 Both. It
(WD03/011755)) relates to the production of carbon
nahaild bR6 bahotbdilat iRisereatian ie 8ot myriaed togny parfatlariedgilt or
wWith organic materials such as plastics.
diameter CNT. 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.

. It should also be noted that in this application organic matrix is ntended
to méan organic semiconductor of molecular, oligomer or polymeric type or any
mixture thereof. Furthermore, the organic matrx may also mean one or more
OTgATIC semjconduc;cor in combination with one or more insulating organic
material.

A great deal of research and development has been carried out in the area

of carbon nanotube production. The applicant has previously filed patent
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5A | arge anount of research and devel opnent has taken
pl ace into organi c sem conductor materials and
devi ces. The applicant has previously filed a patent

V&Eﬁ)lpl cation associated with conposites of Orﬂ?’ﬂbﬁzmﬁmowos

Y¥hfct ors and car bon nanotubes (UK Pate
Application No. 0514038.9), relating to a nethod of
producing a thin filmof organic sem conductor with
uni formy di spersed carbon 10 nanotubes and devices
i ncorporating such a thin film Organic
sem conductors can be procgssed,into | arge area thin
films at roomtenperature Using spin coating or

i nting techni : Ki h t1. i the..
A e e

l d light- L1 di odes. ilst .ganj
PGB RETaG Y OUNR AT e e PREHdE Sarkbe
place in niche applications, the u%%inagﬁ ggal one.l
| zangiEbes Walow EHPSFRIes FRPTRTMECaTRFRY B0 TR SEEAfg matenials
general illum nation cannot be realised w thout

f weh peplastepr ovenent s in devi ce performance. |f
organi c solar cells are to achieve their p?tential as
a cl ednlargyeredst obirar) % Aetclwmerhies fkeR Plagd I8P Eh
efficiency and operational stability must be _
i seprievpdestonghaterials puskdevises Thersaplicaat hag aveyinusly &ded gy paigyt
sol ution processing. Wil st conventional silicon
suipleation| dssocisiadl with chnpesites pf ersepisi wicoRdudiyy japd carbon

durability, the fabrication costs are pnohibitivelg
hiaghtubésn (UK. Patent Application No. 0514038.9), relating to a method of

producing a thin film of organic semiconductor with mmiformly dispersed carbon
nanotubes and devices incorporating such a thin film.

Organic semiconductors can be processed into large area thin films at
room temperature using spin coating or printing techniques, making them
atiractive as the basis for low cos;t eiectrom'c devices, such as solar cells and light-
emitting diodes. Whilst organic light-emitting diodes have now entered the
market place in niche applications, the ultimate goal of large area displays and
white light sources for general illumination cannot be realised without further
improvements in device performance. If -organic solar cells are to achieve their
potential as a clean low cost energy solution the power conversion efficiency and
operational stability must be improved, whilst retaining the cost advantages of

‘solution processing.  Whilst conventional silicon solar ¢ells exhibit high

efficiencies and device durzhbility, the fabrication costs are prohibitively high. In
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3 view of the urgent global need for clean, |ow cost
energy solutions, solar cells are one of the nost

“inportant potential applications of organic
sem conduct ors. It is wdely known that_carb
HBTUREY quench phot o-1 um nescent eni ssion ?913%?20%004908

organic materials when conbined to forma conposite
material. 5 That is, the photo-lumi nescent properties
of organic materials are di m nished when conbi ned

wi th carbon nanotubes to forma conposite. It

I s known -t hat carbon nanot ybes are visible
photo- | um nescent material 3 when excited with

et oo T LT 0

infra-red |ight causin tqenlto mt .visi.bl nght.
1P} fiecenst JohoHE GRIERER) B IcpPES SESERHE FHPGREPS
greater than the emtted |light. However, it is also
possi Bt ds vdsly frewe fstggrian pHStREs GPESh H}‘iog’ﬁ’t%“q’léﬁscent
| ess than the energy of the epitted light, in which

- cemgissiorhBomtpsgrmin TatsTige sdiea somiingl o formp gcogyposite material.

mul ti - photon absorption. Photo-I|um nescence from .
CHrbon thapbetafasingsserfopapeatiosyol] (TG drafeialssyP sigpished
carbon nanotubes, supported on a solid substrate or
subgrenubihed Biith cadbr pangipbes to form 3 LoMROSEE-so known t hat
vi si bl e phot o-1 um nescence from carbon nanot ubes can
be gr dtislkpown fahewboryanpiybestarvyigiblegitaty-mmacsgpiopaterials
surface. Enhanced visible | um nescence of carbon .
nahat abasd bythclebereatalldsyr) dighi fppinly, earomoprnefubsy, eifigically
Is believed to be nedi ated by defects forned during

f alnarbi winaliokes tiisble aovdnfte redotishp cavsing; thesg tq emifyasible jight.
functionality. It is inportant to note that visible
phatiellynhaescenad the alnsatEpig icgrdten thamBreuppidied dight.
di stinct from photol um nescence fromvisible

cHowerp ipisalsoglobslia dt tto eoargh ofitheahsrodsdight is less than| the
is known to manufacture devices using thin film
oEgaR of tbeshiced ikt or whialy esss thesabsérptisn proganicdsaitgd as
cells (photovol taic devices) and organic

| inghit pHRent dbbdiptichi. Bh&@s-luraesctive Semapiidnoatitobes it graetay
charge carrier nmobility (10-6 cn2 V-1 s-1 to 101. cn®
Vhichits§fih ikdlated @EBtinCnaseibapnphatdra aweiid sshstratees sspended
use of very 5 thin layers of these materials (<200
NWsolutiBn.Or gani ¢ sol ar cells the requirement to use
very thin organic filnms limts the |ight absorption.
Thi s pf bl kicwrekacakbrt ety mideecchiairbra dathan genaifibes
wavel engt hs over whi.ch organi ¢ sem conductors absorb.
These 58ah0hnhaney 8 fhiktibhdfsing e owéd duefae CBntahced visible
organitc solar cells because a large part of the solar

SRGGAdsLERLE §F BRboreRgnbE: BEaRIAaly modifying the outer surface is
believed to be mediated by defects formed during functionalisation and is not
fimited to specific functionality. It is important to note thit visible photo-

luminescence from adapted carbon nanotubes -is distinct from photo-

Juminescence from visible chromophores attached to carbon nanotubes.
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10el ectri cal energy. In research by Li et al
(Materials Chem stry and Physics 2004 vol. 88 pp.

53-58) the fabrication of a conposite naterial of
adapt ed carbon nanotubes and pol yacrylam de is

WO HEHBRI. This research ains to inprove thBCT/GB2006/004508
| oad- bearing and anti-wear properties of

pol yacrylam de thin Elns. It is docunented that 15
visible PL from pol yacryl am de i s weakly enhanced -

by a factor of 1.6 - when conbined with adapted

carbon nanotubes to forma,conposite material. Such a

weak effect can be attribu#ed to scattering of the

excitation |light and shows that the_energy |evels in
the. onteTREPIREHFLIFIIES HaTp it SRBPaTe FE Eraor
energy transfer fromthe adaPted,carbon)na ot ube hag
tlRgerp ofughee oFganiq solanapdlls ehatoeftais, AGiess) ARG @TE2R Bt
study is an insulator, rendering it unsuitqgwe %&sam
ceenifting diastep oferikese APRISRTEEI de pwbRreg ey grgnobility (1U” cm
apPI;cat[pngf . 9,. . It is also known_ that coloured
oY gahic 1 0ame’ VAK) inwaganicogmigopduchrgageptsitates the use of very
sem conductors, can be susceptible to o
phistlayent efdbése materis At 20Q nmp i prgagie solangsbs if eappepe it
causes the degradation of the chronorphoric noieties
wist hiery t hin orggaisi Glmmtliapifsathe Hghth absqgtiophdfjs problem is
absorption and/or em ssion characteristic is . .
| exnesrentel Hiy theglimilet. ramire ofusEagenghs| ovgr oFhigh guRime
sem conductors to photo-bleaching is a major limting
feati@ndigtors absorte alThswt facinrsofeverobmianit itk ¢iicigpeyppfeorganic
organi c solar cells which nmust be stable towards
i solaensBs dedoase 7 dotgabirdof filoy solarnspesioa & not used fo generate
Enbodi nents of the present invention aimto overcone,
odlecttical eaesgy. al | evi ate, the afore-nentioned probl ens.
According to one aspect of the present invention, -
t her e ThSesparclybylEletal. {blrtendls €hemrstst and Rgysies 2004 vol. 88 pp.
phot o-vol tai ¢ device conprising the steps of:
symsdané Sibfigativardianon@bsiteubasrial af agrpiedgratbior nanotubes and
synt hesi sed carbon nanotubes to provide a surface
g@ﬂﬁa%fylmb iAgocufhebE@allds sefll saisity émpaned ilgdpad-bearing
ef 1 ned by ground and excited electronic states;
Sgldesit-Rearagio NeCpsl A anidy chiar filmt & isadocwinkmtbd that
facilitates the efficient energy transfer between:

CREBRNPIN AR pRRsyRREdd Revakpodhend@t ey iadhctombfel. & when
the organic material 'is selected such that the

highgsda PR Riped ARJo8GHh@ibRrtbittal a cdithdslte antbrkb e a

unoccupi ed nol ecul ar orbital (LUMD energy |evels of

t NEIOLERNES BEBkEbhRl td k@nhela\$Tane bRaaaily ahdshels fak
the ground and excited el ectronic states of the

agla %&%y Ga/ROA HABRLKE§SAriE AHRiHAl BY nbhéraBldafi@eht energy

carbon hanot ubes and the sel ected organic nmaterial to

QTR £ONRRS ia&%téﬁatﬁﬁ&%mombe_ to M6 R UnifixAAlso the

further aspect of the present invention, there is

gé@%h&egseﬂ s Qfadf s B SEHGI0R YreRading M wBHdbld B0an active

ce conprising e steps of: synthesising carbon
nanot ubes; ing. the.. esi sed carbon -
n%ﬁ%%ﬁﬁ%éﬁ?%gggggﬁ%gﬁgwé5@?§%£hgefect such as to
create an effective band gap defined by ground and
excited electronic states; selecting an organic
sem conductor material which facilitates the
efficient energy transfer fromthe organic materi al
to the adapted carbon nanot ubes, wherein the organic
material is selected such that the energy | evels of
the ground and excited electronic states of the
adapt ed carbon nanotubes |ie between the HOMO and
LUMO energy |l evels of the organic material; conbining
t he adapted carbon nanotubes and the sel ected organic
material to forma conposite material .

A




According to yet a further aspect of the present
invention, there is provided a light emtting device
conpri sing carbon nanot ubes enbedded in an organic
mat eri al, the carbon nanotubes adapted to provide a
surface defect such as to create an effective band

"~ gap defined by ground and gxcited el ectronic states,
where the energy | evels of the ground and excited
el ectronic states of the adapted carbon nanotubes lie

bet yeqn fifie HHOVP anRd dddvkddenedgy hewehs, qfartchRrly organic
organic material. Adapted carbon nanot ubes

seRIRAGHRHs, Wait B BisadptiBIE 3 Plkfo-PrRschindBtThhXs GRMNoMRd exposure to

stimulated into an el ectronically excited state in

lighR 8arREs th¥BedfBMBon &f the BrbB&Hh@RUhGiates ¥t tBE bidinibl Slakgial,
coherent and/or incoherent l'i ght, where adapted

SRR MO HRESarIHP RAERA WALt P8RS d3galed. The
matri x can be electronically excited 7 through the

SL@&E%I%I()@ Brg@tfuc 'éérﬁlﬁﬁldﬁétgrls hotd-BleRthRie X a B ﬁmftﬁg factor in
I'i ght I n-direct el ec?rlcal excitation - That

thé %arlwo@eptdneﬁérrdry a£b1a8rg§[h@ Gdi5d &nd rvﬁtcd mulehe QRN Fards
host can be electrically excited via the injection of

iR RPBALIY LK BhRGkhQNS) and positive (holes) charge

carriers, which upon arrival at a carbon nanotube

- W tﬁtnﬂocﬁm&tte oPihd %Pésé:nt MRhbos £AMEARSALEE hOBLE AldvMte, the

-excited state on said carbon nanot ube. Throughout

% %%mﬁ&%h Gl Qn the energy gap between the energy
evel s coﬁpr|5|ng the ground and excited states on

d
S PRLEAAFLS0 ARPLLRE R 2 SRRATLDEG 0 kDBl 1
préci‘?l%‘. ﬁl)t%—qloﬁa% H&gc%rﬁﬁlgr?sq%gt H@Etg&s%@ sgﬁtgééﬁgﬁ%gl%o@éﬁoﬁggs

n| cC states on a bon” nanot

ad%&%gr an tﬁes%e(g E%{){ nk%}'iléthl%g o 0\%89& §ivface defect su'c:ﬁ]%’ ¥ rg

erred ween ganic matrix and car

eﬂ% %tb%n(f g de?lp)écﬂ?y( %,rrg dﬁe Coﬂted %%Bt?cﬂ\% ng: Ol Fﬁﬁ%an organic

er ent trans ér o
n_an

semlcon(}uc or g}atetrra{]whcer aci tat(ep?h)ét e?‘lr' (gl‘[’[ %qg' n%nﬁférlﬁ een carbon

of an elec ron a

nat (&q:fe? élﬁ 6 0§gamc }na[erl %r%m n e t cgthgtr%rﬁ;D & (sgbect§cl: QA P?Eh?l{ the

od that hi. s .
hI%]e?Jt 0001(;:&13 mte%ulartoerllglﬁs@ s{o gCa Idé%vg st un(?cgupd%delaolte%ulaﬁe Oerll%nal

|t f f .
BRI S ChePC R bfrerbiaRoptte s BL R, TR P o0
t ta t d t . .
gr%rlg xR 9o B e AR TR BrflbebErhiagre

ni.c matr bon nanot ubes

B0 TR e s e P TS foRRd PR Parial
degr adat.i on of the or c matr.ix rov
© heh e agub s e B AT & Py fed agythod
ex ndi n ﬁﬂ ifetine of the. organic and th
of deviEes £ ERIE Pevcry FTRGIE TR i o su g edoon
agenent in said naterials also enables their
“mdwreﬁsatron in high power devices.



This invention represents a significant advance in

materi als technol ogy, 5 enabling inproved perfornance

of el ectronic devices enploying organic

sem conductors. iconductors. Mre specifically this

i nvention increases the prospects for the commercia

exploitation of organic solar cells; the solar cells

of feri ng enhanced efficiency, good operationa

stability and | arge area, |ow cost deposition

capabi ity using solution processing techni ques such

as inkjet printing or spin-fQOcoating. Thi s

i nvention also increases the prospects for the

onmmerci al . exp] oitation of organic light-emttin

PR PR Dafen: fevpRayetd e Bie e
eratio

ilLum nation; t iodes offerin od o al.

b e B Dy Pt 5 saund 1) Setk e TeeR i Sing an
capabi ljity. 15Car hon nanpotubes have .enornpo

OB B APPSO RETR) VLT BHUBES 0 SR SRR fransfer from the

mat eri al s ic,solar cells. These

particularly in organ .

orpatiorel §f At adapled caPiR TR TP E e ey material s
efficiencies due t reater utilisati.o f the sol a

sedastedsuginihatythe éﬁﬁ%%"%@ Ofg}eb%ﬂmﬂa% teaﬂ@E,e?%?O% states of the

conjunction wth, organic sem condyctors to h%rv st
adapiefl ratven pretteiss ledityeep iy SO raad;ld{Mfcetey levels of the

phot o- bl eachi ng.of the organic matri x, thereby o
ORgHPR MTGGL FepbEEng the edanied carbone papgiibEale (e efected organic

lifetime, since_carbon nanotubes as |ight absorbers
maedal|tpfosm ¢ seppesitE BIaBTitlo physi cal and cheni cal

degr adati on t-han organi ¢ seni conductors, enhanced .

t r apysrergmafio ypighturfhsr appgrof dly pesenpifivaRfiopotherggs provided a

propensity of 5carbon nanotubes to scatter |ight.
photo-voltaic device comprising carbon nanotubes embedded in an organic material, the

carbon nanotubes adapted to provide a surface defect such as to create an effective band
gap defined by ground and excited electromic states, where the HOMO and LUMO
energy levels of the organic méterial lie between the energy levels of ground and excited
electronic states of the adapted carbon nanotubes.

According to yet a further aspect of the present invention, there is provided a light
emitting device comprising carbon nanotubes embedded in an organic material, the
carbon nanotubes adapted to provide a s_urface defect such as to create an effective band
gap defined by ground and excited electronic states, where the energy levels of the
ground and excited electronic states of the adapted carbon nanotubes lie between the
HOMO and LUMO energy levels of the organic material.

Adapted carbon nanotubes embedded within an organic host matrix can be
stimulated into an electronically excited state in one of two ways: (i) Direct optical
excitation using coherent and/or incoﬁerent light, where adapted carbon nanotubes

supported within an organic host matrix can be electronically excited
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v. versatility due to the ability to tune the

el ectronic and optical properties of both the organic
‘matri x and carbon nanot ubes, thereby naxinising
v$otent|al applications. vi. conpatibility wt

@ PRI ow cost substrates and exi sting |05FE@@?mmmmwm

10l arge area sol ution processing technol ogies. vii.
i mproved thermal managenment within the organic
matrix, owing to the high thermal conductivity of
car bon nanotubes, which retards thermal degradation
of the organic matrix extending the lifetinme of the
organic matri x and devi ces n which it is utilised
15viii. inproved thermal managenment wthin
ortyanile theaabsprption af mijra-Holeh eVlﬁblg et iRERFRs) llaht (i) Tn-direct
conduct|V|ty of carbon nanot ubes, ninim sing any heat
i redstrvd] exetlationi-Gfat is, exanplisetion; qffaa§leéwc|f@h?g&ﬁ opganic host
charge carrier nobility within the organic host,
t hven dioyelbntdiqelln gxeitedein ribainiection affHofl: pegatye d¢leafrsma) and
cell devices in which the conposite is utilised. 20
1 (ositive (holta) Gargerarrtry ddichato anixak aleh erbasuganotube Wlﬂlm
potential as part of a conposite with organic
methe pigakis makrix forganietectromballyesxcitadi staje dip sié sarbor n@noatbe
panel displays and general illum nation. These
meltesighbw thif fmiicationthoadrdyaged betvsebihe chérghlevelscampusng
due to the | um nescent properties of 5Sadapted carbon
nahe proned and agited edter @si sihping earben photubedhisedestribeg asfihe
the organic matri x, thereby extendi ng device
| i fedthvB®and gap of thendupted edrbde nhoeutlel freshould alse ibaaederstood
carbon nanotubes as light emtters are |ess
Su&ﬁemkl@%ﬁMHmmpbyﬁwdaﬂummdmchemscmjmﬂp@damﬂxmomnbh&ﬁs
organi c

comprise a disiribution of states.

Energy may be transferred between the organmic matrix and carbon
nanoctube in either direction, depending on the application, by; (i) the coherent
transfer of an electron and hole pair (Dexter transfer); (ii) secjuential transfer of
an electron and hole (qh;'ﬂge transfer); (iii) resonant coupling transfer (F'Orster
transfer); or any combination of (i)-(iii). Further it will be understood that in this
application the term energy transfer is used to mean complete or partial tranéfer
of energy.

Further, ;rhe carbon nanotubes embedded within the organic matrix retard
photo-degradation of the organic matrix, thereby extending lifetime of the

" organic matrix. | |

‘Further, the carbon nanotﬁbes embedded within the organic matrix retard

thermal degradation of the organic matrix by improving thermal management
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W 209781483 bl e | ow cost substrates and existi hg'P8

10semi conductors. iv. versatility due to the ability
to tune the electronic and optical properties of both

~the organic matrix and carbon nanot ubes, thereby

maxi m si ng potential applications. v. conpatibilit

cost, 15l arge area solution processing technol ogi es.
vi. inmproved thernmal nanagenment within the organic
matrix, owing to the high thermal conductivity of
car bon nanotubes, which retards thermal degradation
of the organic matrix. In ED applications inproved
t hermal nmanagenent all ows the device -to sustain high

20current densitjes increasing_ device brightness a
effihe B emPaFtE, .fhfif?i?arezskfr‘%‘gﬂms ﬂﬁ&ﬁ'&g@%ﬁ%ﬁ& Togfx F\’ilﬂﬂ'916
t he organic nat[ixh_omﬁﬁg t.o the_high thernal ) .
catier £F WRIGR &F I HilieHh Aahdrpsed hatmplfeaeemRg Myl
2007/ 074339PCT/ GB2006/ 004908 11 reduction in charge
c snetariels ajppisnatlesythef wilisshonehigh gawsrdelsst natri x
resulting horn heating. viii. The potential to for
hi ghl y T iaventien Teareshts ByicaificgHi adyancrén pafepal technology,
nanot ubes wi thin the organic host matrix. 5Specific
entibtingeimmowtl phéorprecse of ¢lenionici dAviGHs| FoploYing e organic
described by way of exanple only, with reference to
t hemigowsioatomn ey stpalideRy s infention drreasesghe rosrestidakths
scanni ng el ectron m croscope i mage of purified MACNT;
commercial exploitation of organic solar cells; the solar cells offering enhanced
efficiency, good operational stability and large area, low-cost deposition
capability using solution processing techniques such as inkjet printing or spin-
coating.

This invention also increases the prospects for the commmercial
exploitation of organic light-emilting diodes for large area flat panel displays and
general illumination; the diodes offering good operational stability and large area,

" Jow cost deposition capability.

Carbon nanotubes have enormous potential as part of a composite with
organic materials, particularly in organic solar cells. These materials offer:

i enhanced power conversion efficiencies due to greater utilisation of
* the solar spectrum, by employing carbon nanotubes, or in éonjunction
with, organic semiconductors to harvest incident photons.

ii. improvéd resistance to photo-bleaching of the organic matrix, thereby

extending device lifetime.

61004908



Figure 2 shows a photol um nescence spectrum of a pure
nyl on 10,10 film 10 using 488 nm excitation;

"Figure 3 shows photol um nescence spectra of nylon

10, 10: MACNT conposites with 1Vi WCNT wei ght

ViOAHEHYes of 5% 10% and 30% using an exch ¢ dEPHRH0M08

10

15

wavel engt h of 488 nm Figure 4 shows a graph
of the integrated photol um nescence intensity 15 from
nyl on 10, 10: MACNT conposites as a function of -wei ght
per cent age MACNT, using an excitation wavel ength of
488 nm Figure 5 shows a photol um nescence
spectrum of a nylon 10, 10 91 m usi ng 325 nm
excitation, Fi gure 6 shows a typical

photit! uni svbswweh deviep ifstims, fesmceaparﬁmmw% ligpt absorbers
conposite with a MACNT wei ght percentage of 15%
usi ng i n axiERt sraptibladypliveisgtand shengod deggadatipp than organic
Figure 7 shows a graph of the absorbance of an acid
treated Ma@iMbndrtersfi|l mas a function of wavel engt h;
Figure 8 shows a graph of the absorbance as a I

f undvi on amhawad étappigg bf fight imyélancells, AngAWCRE propensity of

~conposites with MVWCNT wei ght percentages of: (a) 5%

5 (b) 2. 5&rboamdndiches@dpcatter light. Fi gure 9 shows

phot o- | um nescent decay curves for a nylon -

10, 10: MAGNTsatihtypdsd tte the tabiliig\GNTune | tigh telqoreome rpnd geptiofl
30% (i) -and for pure nylon (ii). Figure 10 shows

phot ol un pesEtBcs Rietit oagaoitaatne dnd sirhgn 48®tubms, tgreby
excitation of a nylon 10, 10: MACNT conposite with :

MACNT wei ghtimp@icmitdnagieapplicai®d The series
corresponds to spectra recorded after exposures of 1
m nue (i JompAtibilitkivi flgiible low codt Bulistate and ¥xisting low cost,
mnutes (iv); and 40 m nutes (v); Figure 11

shows a shflatdaiserltienplogssihgieinddgigr am of the
process of photo-induced el ectronic excitation of the

MACNE;. andiptaéved Uhsaal eRhagmesesiiEs Hdoghnie mengy owing to
transfer fromthe MACNT to an em ssive centre in the

adj acent QFGagH GheMBAY bohdRIRitE HrSEIRR fanofibesivthich retards
em SSi Ve centre; :
thermal degradation of the organic matrix extending the lifetime of
the organic matrix and devices in which it is utilised.
viti.  improved thermal management within the organic matrix, owing to
the high thermal conductivity of carbon nanotubes, minimising any
heat induced reduction in exciton diffusion length or charge carrier

mobility within the organic host, thereby helping to maintain the

efﬁciéncy of solar cell devices in which the composite is utilised.

20



Fi gure 12A shows a schematic diagramof a nulti-|ayer
organi c solar cell (0OSC) device; Fi gure
12B shows a schematic energy | evel diagram
corresponding to the 20 device of Figure 12A
VO HPR4333A shows a schematic di agram of a rru*?riﬂgfnaﬂf)ﬁe”?mgﬂs
organi-c light-emtting diode (OLED); 13 Fi gure
13B shows a schematic energy |evel diagram

- corresponding to the device of Figure 13A; FIRST
EMBCDI MENT In this enbodi nent adapted carbon
nanot ubes enbedded wi thin a@ organic matrix are
stinmulated into an excited €l ectronic state by
coherent visible and ultra-violet light. It should .
hoviev eCabpn mereiabes RAC haye eppraophpeifrtab As St i‘%&l composite
exci tation of adapted carbon nanotubes nay be .
acwitleyraenic maiariale om evearie lightprrittipg digdes fgg gt PF”P% isplays and
and/or incoherent ‘light (e g. sun light). The
openeral illymiaxitint ddeseonaien YFanot ubes then transfer
the excitation energy, at |east in part, to em ssive
centers itmoadrhend vigi Behiamission dpg @t&%h‘ﬁ%ﬁﬁﬁf‘é‘ﬁ?ﬂ?mﬁs of
return to the ground state with the em ssion of

5 vi si bl e ladgted capontrangtuesybodi ment the |ight emtted
by the organic host matrix is of |ower energy than
t hat iiabs omipexdtedyestshuceaidapriodieahie af tha vegapigasatrixthgreby
i's, in this enbodi ment the conposite of adapted .
car bon 15emiadoteuivese Hfetingr gani c matri x functions as
an ultra-violet and visible |ight down converter.
Ther &i. ar esndmnvced ddviet lifgiirae, sgel careeh hanowbeicas Hebt priteng e
a conposite material where carbon nanotubes are
di spersedlewd tustaptinlenat phiyxicalfandrapemice! degrastation thapjdrganic
car bon nanot ube synthesis; (ii) carbon nanotube

10 puri fi cat eicon@idtons. car bon 20 nanot ube adaptation to
enhance | um nescent properties; (iv- ) judicious
sel egt i onveaftikipedas garhe abiitertb afune (thg obwhriwini ang vptal
adapt ed carbon nanot-ubes with the organic nmaterial.
14 properties of both the organic matrix and carbon nanotubes, thereby

maximising potential applications. -

V. compatibility with flexible low cost substrates and existing low cost,
15 large area solution processing technologies.
vi. - imprdved thermal management within the organic matrix, owing to

g,-the high thermal conductivity of carbon nanotubes, which retards
thermai_ degradation of the organic matrix. In OLED applications
improved thermal management allowé tile device to sustain high
| 20 current densities incrgasing device brightness and efficiency.
vil.  improved thermal management within the organic mairix, owing to

the high thermal conductivity of carbon nanotubes, minimises any



The first stage is to grow carbon nanotubes using any
known car bon nanotube growth nethod. As discussed
above, carbon nanotubes may be synthesised by severa
di fferent methods including chem cal vapour
WRHBEI BN (CVD), arc discharge and | aser abfQUfFBHL6/004908
met hods. It will be understood that the 5 | ow
t enperature carbon nanotube grow h process descri bed
in patent application: PCT/GB02/ 003438 (WO03/011755)
could be utilized to provide vertically aligned :
hi ghly ordered arrays of high purity carbon nanot ubes
on solid substrates. CTucib?Iy car bon nanot ubes grown
at low tenperature are intrinsically nore defective,
t han t hoseugioovin ctrghiogivier ewabdlitstvitian fhekorage Resnmatrix
easier to chemically 10 adapt. In this enbodi nent,
t he MACNiesdltieg froinlbiegeg. and gr own usi ng any known hi gh
tenperature (>500 C) -CvD net hod. The resul tant
car k@ih nThotputessal aoefot hishlyppelafiteddlight byestigpimg the carbon
anor phous carbon, carbon shells, fullerenes and netal
cat al yst npanibectvithin theorpdrichehibedixnent , t he carbon
nanotubes are purified by repeated washing with
5 hydr ocslepific emdodithedts of dhd prwed: inyentms il gowi berlescribed by
purified de-ionised water. However, it should be
NQhedréhalplddny, Wik eertiense tb sherotorhpanying drawngaiy which:
particul ar nmethod of carbon nanotube purification.
Fi gur epikughoWahoas Skbhriniagelectort mEcMONT imsgd of rpurified
enbodi nent. The high purity of the sanple is evident,
singenne | arge anorphous carbon or netal inpurities
are visible. 20To inprove conpatibility with the
or gani gigiRY hywa BghételuaiiRanmes ifeetrini o agecepln 10,10 film
properties, carbon nanotubes are adapted on the outer
10 SY5HSEE ndh Rxdiftlisn; embodi nent, the MACNT are firstly
oxidised in a 3:1 mxture of concentrated 15
sul ph uﬁ‘i‘gﬁreag OBk I inotoMehitledcencBr @EbtEL of Uiyfonc 80,10:MWCNT
carboxylic acid functionality. In a typica
agéarq QXA atd, QWA RRAL pdrBerBagdé 0P B t10VCakVONT using an
~ - added to a 200 m m xture of concentrated sulfuric

a 'aggcia{i{)ﬁ&,%y i.ggl%f@gg)bﬂrre 3:1, 98% and 60%

respective he mxfure is then ultra-sonically
agi tat F%maet 4%90&544(71 ér&l{h 3P1the integrated photoluminescence intensity
15 frém nylon 16,10:MWCNT composites as a function of weight percentage
MWCNT, using an excitation wavele;ngth of 488 nm; |
| Figure 5 shows a photoluminesceﬁce speetrum of a nylon %0,10 film
using 325 nm excitation;
Figure 6 shows a typicall photoluminescence spectra of a nylon:MWCNT
20 composite W1th a MWCNT weight peicentage of 15%, using an excitaﬁon

Wavelrength of 325 nm;



5 mnutes before stirring for 2 hours at 135C. The
m xture is then diluted ten-fold with de-ionised
wat er and vacuum filtered using an 0.22 um
ol ycar bonate nmenbrane filter. The solid is
ﬁ@‘&“?sépeat edly with distilled water unti |‘t"?ﬁ§“2p“ﬁt"°"”“s
value of the filtrate is 7. The filtered solid is
dri ed under vacuum for 12 hours at 60C, affording

. 5.8g of oxidized MACNT. Once purified and acid 10

10

15

20

functionalised the carbon nanotubes are conbined wth
the organic matri x by synthesis of the organic
material in-situ with carbbh nanotubes. In this
enbodi ment the polyner is synthesised fromthe diacid
and diBigie @ shoecugsph of thnalshidagness amewd gpatphM VN thin
functionalised MACNT: Typically 36g grans of the
mihoner fusationf wavepagtled by the recrystallisation of
the diacid (1, 10-decanedioic 15 acid) and diam ne
(1, 10-Epaeisnhoes agaph vhHihe pbsoshaneecastrefunepniof wavelength for
ni trogen atnosphere at 190C for two hours. Then the
PaAH 00150:MWCNT-cxipdiiee eitVIMONTN 4w platrrejcentpges afid 6l 5%;
and heat ed under vacuum at 225C for 4 hours. In this
e 218 a8€ (o) 0fguncti onal i sed MACNT are further
functionalised with nylon 10, 10

Figure 9 shows photo-luminescent decay curves for a mnylon

10,10:MWCNT composite with MWCNT weight percentage of 30% (i) and for
pure nylon (it}.

Figure 10 shows photoluminescence specira obtained using 488 nm
e;%citaﬁon of a nylon 10,J0:MWCNT commposite with MWCNT weight
percentage of 30%. The series corresponds to spectra recorded after exposures of
1 minute (i); 4 minutes (ii); 8 minutes (iif); 11 minutes (iv); and 40 minutes (v);

Figure 11 shows a simplified energy level diagram of the process of
photo-induced t“elect:rénic excitation of the MWOCNT and the subsequent processes
of energy transfer from the MWCNT to an emissive centre in j:he adjacent
prganic matrix and emission from said gmiésiire centre;

Figure 12A shows a schematic diagram of a multi-layer organic solar cell
(OSC) device; '

Figure 12B shows aschematic energf level diagram corresponding to the
* dovice of Figure 124; | “
Figure 13A shows a schematic diagram of a multi-layer organic Hght-

emitting diode (OLED);



(pol yarni de) noieties attached by am de |inkages. The
solid conposite therefore 20 conpri ses MACNT

- functionalised with nylon noieties and any unreacted
16 functionality fromthe previous acid oxi i

WOV boxyl i & acid moieties) wthin a M
nyl on 10, 10. It should be noted that this
invention is not limted to any particular type of
functionality or nethod of attachnent to the carbon
nanot ube. It should also be 5 noted that in this
invention the carbon nanotufes can be adapted in-situ
with the synthesis of the ofganic matrix, as
described in this enbodi nent, or adapted in an
-entirely separate process and sinply blended with the

organic, matrix to forma.conposjte of adapted carbop
nanot ubBETed PSP Y 4 SEHPRER © r%@’ ic??"g él}ﬁ%anh%(g{egpo dini Whe
conponent. of the organic matrix material is selected
bylcdet dtigwg 134ve 10 energy gap between the hi ghest
occupi ed nol ecul ar orbital (HOMO and | owest
uﬁgsgmaﬂQBOHBWB@EIar ofbital (LUMD) such that it lies
bet ween t he ground state and the exthed ﬁ%ﬁgérQrLc '
5 state 8F thih eSegmean; AaRisd | PO MO0 ED T an
carbon nanotube. The excited e] ectronic state on th
C AF4PBIY TS ergEmudaters o tap s e Fpdtronic Fiate b popereRbYipBls
nanotube. The organic material is selected such that
130 ke vielali ket [ shewd ewevsa by dwtddhutinfs apimeInies
to the ground state by transferring the excitation_
ereaeitpjion of aflapsest carhorp aamotubey) may degrchigkedc viRg peherent light
I nducing-an electronic excitation in the organic
nee-£i Jeser light) andios ipesbrrenistight (¢-BesunARYD- Jhe oRjgaly cxcited
~prepared using this nethod remain electrically o
10 | rsmbabinmgibey then drensfer 18O osdURNBMITeNS Ry WS 1east in Haptdioceatissig
that the 20 MACNT do not form a conti nuous )
i een ém Gteroaganigmaler ik, substquently e@ryiel the ground state with
electrically isolated. For MACNT. | oadi ng <10% w w t he
c diposistiesofivdsibledight. fn tisqalrodinent thplight emitted by the organic

host miatrix 1S of lower energy than that absorbed by the adapted carbon

nanotubes. That is, in this emBodiment the composite' of adapted carbon

15 nanotubes and organic matrix functions as an ulira-violet and visible light down
convetrter.

'i‘here are several sfages required in order to produée a composite material

where carbon nanotubes are dispersed within a matrix of organic material: (i)

carbon nanotube synthesis; (i) carbon nanotube purification; (iii) carbon

- 20 nanotube adaptation to enhance luﬁ;iﬁescént properties; (iv) judicious selection of |

the organic material; (v) combining the adapted carbon nanotubes with the

organic material.
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In this enbodi nent the organic matrix, nylon 10, 10,
contains a small anount of intrinsic em ssive centers
wi thin a non-em ssive bul k. The nunber density of

t hese emi ssive centers is very |low (< 0.0019
OHEEdEHt | y phot ol uni nescence is only obseﬂ%ggcpgp@mwmm
very intense excitation radiation. Wiilst 5 the exact
structure of the em ssive centers in nylon renains
the subject of debate, it is widely accepted that
they are fornmed during nylon synthesis and are not
confined to one structural form In this enbodinent
these | um nescent centers éérrespond to the organic
sem conduct or conponent of the organic matrix to sqne
of whi &he &mésiage i1 1Q BENS PAPPR RERGIERFS JES13Y KeRiyD carbon
Figure 2 shows the 10 photo-Iuninescence spectrum of
a npxdtgre TOWHD nesilingdl e AssAkeprspedyRbovss caen fgpotubes may be
exci tation. The shoulders on the PL band centered at

- s8hesired bndbvesd diffarent matheds inelading ghamyend ivepQyl; dgposition
nunber ~of contributions fromdifferent em ssive

c €aVB,sarc Afschergepmd|leseryeldatioppostheds. igviflihs yndesiged that the
“laser light (> 5 mn) the shape of this PL feature
bégi rsnpertot earbye: {aBpighe grov@) procend idesstibsdan pftent application:
phot o- bl eachi ng. The photo- 15 | um nescence band at -
5T TVGRO2/Q03BR r@IQI30 147 benlécbe otitizved tor prayids vertically
structurally related nylon inmpurities, each with a
diafifmedcighlsordered bricdyis lof high eripretton bheodeies erysolid substrates.
Fi gure. 3 shows the photo-Ilum nescence spectrum of the
nydracialM\ENTorC ampodiet @sovfrort 488 tempazatuiet @it iinmingeally more

“function of |VIWCNT weight percentage. For all MACNT

C WBfetid thid o grdven athighngmpemthratakibBhenassiette chameally
position, 20 full-w dth-at-half-maxi rumand form as

t haptenyhiveakodiaad, the MW frouiilideé apdigrewn ykiog asakgsive
This indicates that the sanme | um nescent centers are
I 88P0BSb&hiar (9500 fey VD hethodm nescent  eni ssi on,

rather. than new | um nescent 18 centers formed during
“nyl on g%eLRERdnS chrBot RENARRS QIRE thed fpuNINID. refhopt ainoghous
the integrated photol um nescence intensity for the
AR8rHdi) @xtfoh kRl ORI @8ned ahdifetal 041al9ft pahielewdh giié embodiment,
percentage incorporation of MACNT is shown in Figure
4 P\ sb M Rirofbbd e §ASIBed By tBFeaRiIOh Ahing RFiftehgesthloric acid
intensity by two orders of -magnitude 5 is observed as.
t eI wRE RS Sith 3ERAEQT AMAERE] Wwikek. adsRserd ft@Buli Bednoted
30% Thi s indicates that adapted MVCNT absorb 488 nm
| gt Bthefidn &1 iiiel 1R8] YParticiBr Bletioll aJfiabos RRAGIbe
to emssive centers intrinsic to the nylon matrix;

N ﬁ.hz[&n.an]?%kx%ci SRS 2B XENTALAQR dfths ANWCRNT S8ddVR: this

“increase In the
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centers, whi subsequently relax to the ground state

W Lo fEnt %Slﬁ@quﬂ{ghéﬂ Bk Qg.rﬁpltz b O den\BRYEnSR%e i@ rphous

ot ol umnescence signal begins to

SAUHAL Lol HESHENSDAGGAT ~580 urn originates from

em ssive centers intrinsic to nylon, progressively

r educi the f Lon. I a3 Lt c
nﬁ% H]éprﬁﬂér’yg%%%ﬂagpﬂlﬁe‘)} with 80 dr n,chﬁaﬁﬁr?ﬁ_stb énhance the

reduces m ssive cénters, ultimtely

¢ é@#&é‘%&#@%ﬁ%@?ﬁ%ﬁ?éﬁ%*%e?%é%%‘ op PRREEARRL g e
% . Ti 1 . ' 2
AT FoVO AR LR R PaRp Ry L AERRE o P Fphdes

nyFon: 30% MACNT sanple to be | ess than 60 ns,

indi cative of fluorescent, rather than phosphorescent
em ssion. Figure 5 shows the photo-Ium nescence
spectrum of a nylon 10: 10 sanple for 325 nm
excitation. Figure 6 shows the photol um nescence
spectrum of the ' =
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' attrlbUte

20 nyl on: MACNT conposi te conprising 15 % MACNT, al so
excited with 325 nmlight. The band between 325 and
700 rimfromthe nylon sanple is clearly conprised of
a nunmber of distinct peaks indicative of sev

WO PEERE enmissive 19 centers. Notably, éﬁﬁ@éBﬂmﬂgmmm
in the spectrum of the nyl on: MACNT conp05|tes, - 550
urn, does not correlate with maximumin the
phot ol um nescence spectrum of nylon, -600 run.
However, enhancenent of the weak bands between
325-475 rimin the nylon SFectrun1|s clearly evident
as a high energy shoul der ¥n spectrum shown in Figure
6. This result is evidence that MACNT absorb the
i snlpholéan tndB Bfri aeidl itg ptodaeedsuefats carberyliy acid dwertiepalithdn a
excitation energy to em ssive centers intrinsic to
tiiysical ykidroxidation wreatinerd 10igng redstied BOVENH et adstei toat30§ml
in said em ssive centers, which subsequently relax to
thehgs of Ron@h@itel wilfubictdnd remicsaidsn(volumei 1,01880 kndl60%
There is no evidence for enhancenent of the 10 band
akspectbRB)i MAe (mixe@re 1sothsh alidsm)callif highated abd@ dligefor 30
energy transfer can only occur when the ionisation
enRueYy babth dtianmsior 2Xeirt adl Bt @t Eheabixtuneis thamditesd gamtfold
center are |ocated between the energy states of the .
Bk BE db ShiRA 0w end OaRnSTiRGed eng @i 0.32 iydN polycdrbenate
MACNT. Consequent |y, energy cannot be-coupled to al

ROL AR LA Sk, Bl SBE ¥R Sreh dddiBr Y LM el Bhteh Yutil the
expl al ni ng the absence of any 15 enhancenent in the

gﬁ%ﬁ; o0 fikakt if 07 THRZB1eP B E i Blcki QRder TRAUAGYY PERrs

950 rimin the photo-lum nescence spectrum

gopedatk b nag 2% ng'n&te)éﬁidiz%!l' AMWERTIUG S eOdurited and acid

I nescence from adapt ed , rather

t ﬁﬂm %s%%'tﬂeecﬁﬁﬂ BldubBd He%hﬁnﬁeﬁ M - orfic matrix by
I n ra

|ntenS|ty verses MACNT | oadi ng

fe' Sn%hﬂ& %{ & %a%e alt W itof %@4%%@@ I%ﬁeuﬂét 'Iﬁnﬂns

bt ai ned { not s lgure 7 's

el G 0 i i
iy AP R P o
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O;Itmss% grleca%lwg‘;%etrtﬂ' two l¥ours ]I%en the prev:lously acid-oxidised MWCNT

(4 grams) are added and heated under vacuum at _225°C for 4 hours. In this way
the acid functionalised MWCNT are further functionalised with nylon 10,10
(polyamide) moieties attached by amide linkages. The solid composite therefore

comprises MWCNT functionalised with nylon moieties and any unreacted



- WRPWHO4Bere are two additional peaks in thePCT/GB2006/004508
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pp. 8116-8121]. The spectrumof nylon (Figure 8(c))
has a very simlar shape to 5 that of MACNT (Figure
7), with a peak maxi num at -260 urn. Apart fromthe
broad maxi ma at 260-270 nna characteristic of the

absorption spectra of the conposite (Figures 8(a) and
8(b)) at - 320 nmand -366 nm evidence of a ground
state electronic interaction between the acid
oxi di sed MACNT and nyl on matri x. Functionalising the
outer surface of 10 MACNT with organic nolecules is

" known to red shift the ir-16* optical absorption

maxi ma of MACNT by as nmuch as 80 nm i ndicating the

f ahdmbilon Bfm ahd peeiduc acitli axidativn f(e.pevariglie scidi indieties)
bondi ng and anti - bondi ng energi es conparable to those
Okithil 8 mbtridétahylonmo|@cul ar orbitals in pristine

M WCNT. The two new peaks in the absorption spectrum
of thet §RIRAS dotedaha thid eivefifureis hbt Hbited fouing gatiioulbhigpe
optical absorption maxi ma of MACNT functionalised in

t WRAIREHRAIERbY HetBbBb1 Aaathnay® thé édibon dahetubey liahoulhalks e
(i) covalent finctionalisation of the carbon nanotube

%&Ht%dﬁﬁﬁ M0 s 168 8dhsn A@bRBELEn bR RO, Wik the
surrtace

~ synthesis of the 6rganic matrix, as descﬁbed in this embodiment, or adapted nan

entirely separate process and simaply blended with the organic matrix to form a
composite of adapted carbon nanotubes dispersed within the organic host.

A component of the organic matiix material is selected by selecting the

energy gap between the highest occupied molecular orbital (HOMO) and lowest

unoccupied molecular orbital (LUMO) such that it lies between the ground state
and the excited electronic state of an electronic excitation on the modiﬁed carbon
nanotube. The excited electronic state on the carbon nanotube is associated with a
defective carbon mnamotube. The orgamic material is selected such that
electronically excited carbon nanotubes. can return to the ground state by
transferring the excitation energy, at least in part, to the organic matrix, inducing
an electronic excitation in the organic matnix. |
Composites of the MWCNT and nylon prepared using this method remain

electrically insulating even up to 30% MWCNT by weight, indicating that the

 MWCNT do not form a continuous interpenetrating network, but are largely

clectrically isolated. For MWCNT loading <10% w/w the commposites were semi-

transparent.



via am de |inkages; (ii) non-coval ent acid-base

_interaction between the imne nitrogens on nylon and

the carboxylic acid functionality on the OX|d|sed 20
MACNT surface. Inportantly, irrespective of the

VBP 2YT4743%ei t her of these new 21 peaks in thgCT"GBZ"Of’“’"””8
adsor ption spectrum of the conposite can account for
the greatly enhanced PL em ssion using 488 nm
excitation. : The fl uorescence and
phosphorescence from pol yner systens is often
observed to suffer from photo-bleaching. In this
process the intensity of the 5 | unmi nescence
permanent|y decays with exposure to light. For the
sanpl ea thisesthatiatnh dreeorghiie rhdntx redme i H, wastambk sosmall
observed to decay with exposure to 325 nmu and 488 nm

" | AR&Int PP @inemkse. ednsGid Genfers bk P hot-amvfivd k. The number
phot o- | um nescence intensity decay due to

Pheakity ifemeddi Bgistive | dgtefB8s nrty llasef< 0B eomséquantB0
%)NMCNT nyl on conposite. In Figure 10 a series of PL .

"~ spegslimindicenddii S gl Wedrved Gort wketcabd StitRn oatiHes. OVhilkt
mnute (i), 4 mnutes (ii), 8 mnutes 11 mnutes (ivV)

5 afid ofddt BRHEES thy dmistite Srd inQfYdnQeRaitleE eaget bNAdbae,

| um nescence intensity, a change in the shape of the

efiis Widdly BaBsled haP BRI NS dormERi FBri6H ANGR siMth&RAPR, are not

which leads to a red-shift in the band, is due to

didnlGREE R odeddi@eu FRBPIR-hik %ﬁfbb&tﬁﬁntotﬂaestehﬁmﬂie&feﬁtr Sddters

em ssion feature that constitute the em ssi on band.

TQrSIRANSE e ofelfic 's8infoRiucRiR UolpBh@R6h iRJorkMic thifrix to

pure polyner and the conposite, the integrated

| QRN e Endr %Sﬁlsgmt:»ﬁnw HoBeSEpRETIPIRE Clt‘lglﬁ'e Waghows the

measured as a function of exposure tinme Flgure

10 i%}%p‘t‘%ts i ée%{&b SIeCE% c%[ Mﬁ%n 10i1h {&M@&@T P88 nm
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pure p The decay constants to,

=

f
| 2%5%%%@% Zf‘ﬂa%gﬂt erebr%n'otﬁé PP baﬁci‘@en@e?éd‘&t 9)@% dx)admﬁtQ G H‘?s

yimer are 3. .

21%8 s@é&qe %ti' ﬁ%k ¥ nuﬂ%%s &t cﬂtﬁ\ﬁﬁoﬁ?ﬂbﬁ%ﬁm&ﬁ %}mstsnz% centers.

ave I nCcr ease resi stance

con%t?é?bb@%%? ”‘%unté;ﬁ't ehdtSlhatr OB 88 OyapDSE A pr.

RRRRGENS il e 10 KB ' hEooRhtenchine e
R S AR ”%5%‘% ey e§<{ b8 Ahoboraly
e g el § o R poRtRoR R eae

center u thernD

proce §g!{5?5 & @}zbtspc ﬁgwsl%jgain%sc%gcbeos%egﬁm ots ‘Ele nylon:tﬁ{\)r (ﬁ\ple

composites for 488 nm excitation as a function pf MWCNT weight percentage.
For all MWCNT concentrations the strong band at ~580 has the same position,
full-width-at-half-maximum and form as the vet"y- weak band observed for the
pure nylon sample. This intiittz;tes that the same luminescent centers are

résponsible for the photo-luminescent emission, rather than new luminescent
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froman optically excited MACNT to a surroundi ng
organic matri x can only occur when the highest
occupi ed nol ecul ar orbital (HOMD and | owest
unoccupi ed nol ecul ar orbital (LUMD of the episs]
WOr00%a¥ent) centre are | ocated between theﬂ%ﬁé?é@wmmmm
states of the electron and hol e conprising the 10
excitation on the MACNT. This process.is illustrated
schematicall'y in Figure 11. It should be noted that
in Figure 11 only one discrete ground and excited
el ectronic state associated with the defective carbon
nanot ube is shown. In realil®y there is a distribution
of ground and excited el ectronic states associ ated
weentere forhed diaing extlogmtheasiTih dha preseneesofiMWICRE'. fA plot of the
enbodi nent were obtained from sanpl es contai ni ng
f IntrgrasstpniolupBeicese imaoitp durdhe 48 Snm exdiiebensdsya frostion of
| evel s. By purposely introducing higher
clnceethtapércmpge fingeporgiondof M CEEcsnthows| iackibes huch
hi gher | um nescent intensifies would be expected. In
t Giamati@jnciodtMENTE thotd-bnthescini iitgety bniwl erdes of magrituide
conbi nati on wi-th, strongly absorbent organic 20
skrobsansdlstihe weiblot fesemesd oIMETNT adreates drom Griood§&anTleis
sol ar cells. Thi s enbodi nent al so denonstrates
t fdicatvW\ENT adipted ddOACNG sH3orb 488 on dight ad refficiéntly cansfer the
retard photo-bl eaching of the organic matrix, thereby
hedcithtigh enddeyt1o dpfigserdetictshiatrdkeab tbnhdoprepsal iidesngbn
the organic matri x against the detrinental effect of
PEISdRNGE Sk RXEMSIr Rid Qnissigh tent&EGaNCh EMBSERkMENKlax to the
Fabrication of an organic solar cell utilising this
| e ke witOhe @fiieios Af dasikle likht. CAPGYEI38% ha tncddasdTii fie
sem conducting organic filnm(s) sandw ched between two
eb R HRER cen&AGEBNdl | DIFIRBY GRNNRfel S Sirte Sthe Patd RSB0 adm
or a conposite of two or nore different materials.
FéihResl BOmShaVSvedcehfhe idrstc @f nflod) §héir@kag tit@Ring the

organi c sol ar cel
fraction of nylon in the composite reduces the number of emissive centers,
ultimately curtailing the lmninescént ‘intenéity. Consequently, the emission
intensity begins to satwate near to 30 % MWCNT. Time resolved
photoluminescence found the decay time for emission detected at ~580 nm from
the nylon: 30% MWCNT sa:rhpief io be 1§ss than 60 ns, indicative of ﬂuorescuen’.t, _
rather ktharn phosphorescent ‘emission.

Figure 5 shows the photo—lummescengé spectrum of a nylon 10:10 sample
for 325 nm eﬁcitation. Figure 6 shows the pﬁotoluminésceﬁoe spécu:um of the
nylon:MWCNT composite COIﬂpI’iSillé 15 % MWCNT, also excited with 325 nm
light. The band between 325 and 700 nm from the nylon sample is clearly |

comprised of a number of distinct peaks indicative of several different emissive



devi ce according to this enbodi mrent The device
conprises a transparent anode 10 301, nade of
Indiumtin Oxide (I TO coated glass with a sheet -

resi stance of < 100 Ohns per square. The I TQO
VW WHE4§%ass substrate is typically 100- SOOPéfﬁ%um%mmmm

thick. In shoul-d be understood that any

sem -transparent conducting substrate nmay be used as
the transparent el ectrode, including conducting

pol ymer - car bon nanot ube conposites such as

. poly(3, 4-ethyl ene dioxy-2,4- 15

5
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t hi ophene) - pol ystyrene sulﬁ%nate ( PEDOT: PSS) - MACNT

conposi tes, where a continuous network of MACNT

wictdtirn t Netabln dbe t inngmpol jamdbe fspeatuge of etbe rylany ST

its electrical conduetivity. It may al so be

unalepsiien d- t358t ninhaloty auot parrelate sfith cmagieemay the photo-

constitute a |am nar structure of conducting |ayers

( Bngnesooticd efseminal of peloy el nuNelowever, tehanceragnt phibe vteak

anode (301) are four organic 20 | ayers, a

heils ibsjveeh i305-47 5 yiar in302 nylan GPEHOBI seladpevideryagra high

- 303, an acceptor |l ayer 304 and an exciton bl ocki ng

| ayeesy SRfaldeNex kpdopuh hoex di tRigurd 60 CRhin gestilaje eviileca that
MWCNT absorb the incident 325 nm light and efficiently transfer the excitation
energy to emissive centers intrinsic to the nylon matrix, inducing an electronic
excitation in said emissive centers, which subsequently relax to the ground state
with the emission of visible light. There is no evidence for enhancement of the
band at ~ 600 nm (i.e. no shoulder). This is because energy transfer can only
occur when the ionisation energy and lowest excited state of the luminescent
center are located between the energy states of the electron and hole comprising
the excitation on the MWCNT. Conseqlienﬂy, epergy cannot be coupled io all
potentially emissive centers in the nylon matrix, explaining the absence of any
enhancemént in the peak at 600 nm for 325 nm excitation. The new peak at ~550
nm in the photo-luminescence spectrum obtained for 325 nm excitation (Figure
6) is attributed to luminescence from adapted MWCNT, rather than emissive
centers intrinsic to nylon. An iniegrated intensity verses MWCNT loading
relationship similar to that for 488 nm excitation can be obtained (not shown).

Figure 7 showsm the optical absorption characieristics for a thin film of

acid functionalized MWCNT supporied on quartz. The optical absorption

properties of the samples measured as a fimction of MWCNT loading is shown in



24 cat hode 306. Light 308 enters the device through
the transparent anode (301). The electrical |oad 307
is also illustrated. - Figure 128 shows an energy
| evel di agram corresponding to the organic solar cel

 WRT4ERown i n Figure 12A. To sinplify the BYHGPRARH004908

the hole-injection 5 layer and I TO el ectrode are - .
conmbi ned. When light is incident fromthe |ITO gl ass
side of the device it is absorbed by the donor and
acceptor layers (303, 304) to formtightly bound

el ectron-hole pairs (excitons). Excitons are nobile
in the acceptor and donor 2@&yers. Wien excitons
arrive at the donor-acceptor heterojunction they are
diigse @l MWAINToatsorbmhfdugkout hisr gesured epergx chtgerwith a peak
bl ocking 10 | ayer (305) reduces exciton quenching by
t Dsipath ot 43 Q6digMitth ok n ke toptichl Bgndithe frdmvhofiensity of
el ectrons to the cathode. Free charges fornmed at the

dRNAY 5 AGERRE Akt IRHGHO AL 6F AIOTouRaL oEXivkREI Cibrdifryt 112999

“external circuit via the electrodes (301, 306). In

thi 81 RID9H ﬁ{bgspts&ﬁn& BRASH {rezuRf 8@JARE £¢er§ARBOR shape to

not ubes a gani ¢ sem conduct of conprises the

%gﬁ%rﬂ\h ¢RI (\(/Fﬁlﬁé 7), M Sk SnakBrhidn B0-R0%RY, CApARHBAThe

nanot . I n"the sem conducting matrix of the
gjq-ge&{ mbA%E b i@u%flﬁﬁrﬁér&@éﬂsﬂc bt thelshbataede BY th¥8dditional
Iscrete energy |evels corresponding tora ground and
B GUEIEELEAN P O o ShSBld ARIATL OIS - o
G2 Yo @m{ ideifle Bt & oG8 BEA! aldcobil SnBUARILEMUENT.

-Inrea ere 1s a~distribution of ground and

. AR bR B ERT. Soh B RpAR PELRRRRGHE o BRePoRRLeor
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AR T, BB B B30 B o
e RS AR B BB e
o SRR o P Bl TS RGN e
B

hol e injecti I 302), PEDOL: PSS, s _.spi |
OGO Pea) FOUHEtRED OIS of o RRBRUTe “Sol HEISSH

and_annealed for_. 15 mnutes.in @] 150C, The, .
SRR it R pisel SPGB oY P ofngTionared n two

In this enmbodi nent  a conposite material of adapted
cebemimily distnd yags wiandhyaiemalEs: OF B‘@E‘F %qua?ﬂﬁléﬂ‘i"ﬂ gt
donor layer in the device structure shown in Fjgur
1the carbpre DenoHYS SPERce e BYIAR chadnssleliad dey %WW’H@N‘F&G
oxidised in a 10 3:1 m xture _of concentrated .
stk piidd Bnkeges; (i) ppe-coxalent peidpasdintciar HetRaer dheiige
and hydroxyl functionality on the nanotube surface,
avtogats nayp oglop hando e salipevlige add | freqiiopgity Hen fihg gfidised
enbodi ment of this document. The dry acid treated -
NMEBRONT Gugacg) Ingpcatatils poespectivie of S@irrarigst, ngilaar of Hicehyew
chloride (SO0C12) and refluxecl for 22 hours,
converting the carboxylic acids into acyl chlorides.
15 Residual thionyl chloride is renmoved by vacuum
evaporation (or washing wth anhydrous '
tetrahydrofuran and filtration) and dried under
vacuum The resulting acid chloride functionalised
carbon nanotubes are reacted with

1H, 1H Perfl uorol-tetradecanol (CF3(CF2)2CH20H) at
120C for 48 hours with continuous stirring to form
sui tably adapted carbon nanotubes. In a typica
reacti on 20 ng of

et




20 acid chloride functionalized MACNT is reacted with
1 g 11-1,111-Perfluoro- 1- tetradecanol in 30 n
anhydrous chlorof orm The adapted MACNT are separat ed

v§¥ vacuum filtration and repeated washi ng w

th

HYHPYEE chloroform 26 In this enbBYl/FEHP6/004908
the adapted MACNT are bl ended with a sol uble ,
pent acene precursor (PP) formed by the reaction of
pent acene with Nsul finyl acetanai de and

met hyl tri oxorheniumin chloroform In a typica
reaction | g of pentacene is added to 1. 14g

sul fi nyl acetani de and a catZl yti ¢ anount, 5 0.009g,

of methyltrioxorheniumin 60 m of chloroform The

r @adks iin thenadebmptien ispgectredl afxbe cémpose day accotittdor Gecgready
yield is >.90% and the PP product is then purified by
f leAlsnc M osmmibOgT @ip/4 88 Hhecaiapred 1VIWCNT ar e bl ended
with PP in chloroform (typically 9.5 ng ni4 PP: 0.5
ng ml4The ApsrectMACNE) phicaphicdsstenae Gmap pslytner Sydtatiis Broften
The conposite solution is then spin-cast in a

Nichée0@a o 1fAffat FosPPRste-bRhchE0On rthip . plocesnthe iatendilhQof the
substrate, pre-coated wi.th a PEDOT: PSS hol e-i nj ecti.ng

5 | ay@ihescéRe fpREtar@nlly | ddbaR DI ickPdstleytoSHghim Fhi ee @knples

adapt ed carbon nanotubes uniformy distributed within
a i@ HeteX thel fhotdsE@ice Was ST WRERedR deblyoniBeeipasRER 325
the filmis annealed at 150C for 5 mnutes in a

Nighd SAGRS A TRSRIR6RNs.| Fighid d sHaG s PIAEH5He 9ot hdhinkdence
conposite filmcould be of any other appropriate 15

t fiﬂt&i&ﬁf ASvay f108 t&%ﬂ@?@bﬁa&lﬁ@"ﬂ&ﬁg 289 nhMaddr WpdshredIraB0bR
under st ood that the ‘carbon nanotube | oading is not
defiyogenyidd, ddMpdsR amnlbﬁgu;ehm $ 8RS VRYCEHRERD are displayed,

het eroj unction i s conpl etted by vacuum deposition o

10 | R cRGEERLRSul RS mbfld Ve %imey@,wmﬁqﬁ&ggj)} illl?ﬁlirﬁlftes
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the excitoh bl ocking layer and top el ectro

f?‘ﬁ% he Bs gs.b BRERNAOY dbhaise i 20niRGEERE Hiensity,

er coul e deposited fromsolution using a
8 RO L OBITAE 1 g v
l Phth lea%zfo a I‘Bd;Shiﬁ in the band, is due to different rates of photo-bleaching

of the different émissiqn feature that constituie the emission band. To compare
 the rate of photo-bleaching for the pure polymer and the composite, the integrated
intensity of the photo-luminescence spectra was measured as a function of
leiposure time f. Figure 9 shows two such decay curves: (i) 30% MWCNT nylon
composite; (ii) pure polymer. The decay constants £,, assumes an exponential of
the form exp(-i/1,), for the composite and the polymer are 3.3 = 0.3 and 2.1 i 0.1,
respectively: These values indicate that the composites have increased Iesistaﬁce
10 photo~bleac;hing. Tt is likely that the high thermal conductivity of MWCNT

facilitates enhanced thermal management within the polymer film.
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conprises a 50 urn layer of Buckm nsterfullerene
(C60) which is deposited by vacuum evaporation. The
exciton bl ocking |layer conprises a 12 urn |ayer of
2,9- ditnethyl-4,7-di phenyl-1, 10- phenant hroline

WEESYI74 e cat hode conprises a 50 nin |ayer bf1/GB2006/004908

al um num The C60 and BCP are vacuum deposited at a
rate of 0.2 5 nms.The Al electrode is vacuum
deposited at 0.5 nnsl . In this enbodi ment the
sem conducting organic material is selected to
facilitate efficient energﬁatransfer from adapt ed

car bon nanot abes to the ses conducti ng organic
material, wherein the organic material is selected
such thatmivay, drieregpodiaent howe dhdhpdagiel MOKCNE rrdn labiviey
energy levels lies within 10 the effective band gap
ofight fo€ 326 aypt e &8 o amb aificieh®y irahgfert the Sxatmbon ienegy to
adapt ed carbon nanotubes have two main functions: (i)
t @lediiveeahissivé capkara Geritdive toaihe wmmton A, li0riesdenatrix| ingiding an
harnessed to generate electricity via increased
adledopicicReitatibin @ saliyeniimivesastiersg cel | efficiency; (i)
to retard the photo-degradation-of the organic

mat r i XEurthfiedosd) yhie xinbodiinaat thews dlet kel odeneof dferghtianErer

EMBODI MENT The invention nmay al so be utilised.
| ford RnQfpgiaAtiyCedcitgd MWITINT tong stir@adingQrfdlc magix can only
described in this enbodi ment. Organi c

| bt v@iah t fhi NEighks0 dRSusieTRidlsRl@NebREl (FOBIO) and lowest
sem conducting Organic filnm's) sandw ched between two

ehRedupRAaolcdds orbitdl N UBIO CEOMMRE icisstre {BucrtdREtE centre are
conmpound or "a conposite of two or ore different

CIRBR&AL BétSreen 2 energy stalelsO8Y 8% d18AroB NS héle SERBHABILE Ghe
diagram of a nulti-layer OLED device according to

t BleSatRARAG BN CNT MBS B26LEE isGRIRtel @6hethatié MY SH BIZORL1 1.
anode 901, made of Indiumtin Oxide (ITO coated-

O a8 SuldM dehndted AR Lin I BEkre  ANGRy Ufne<did@Re REMAPSId excited

square. The | TO coating on the glass substrate is

t MR |t 05BN Wi the defective carbon nanotube is shown. In reality
there is a distribution of ground and excited electronic states associated with cach
adapted CN T.

| The results in the first embodiment were obtained froﬁa samples

ccm‘iain;in-.gr fluorescent species incorporated at extremely low levels. By
purposely introducing higher concentrations of selected fluorescent molecules
much higher luminescent intensities v§0u1d be expected. - In this way MWCNT
coul& be utilised in place of, or in combi;iaﬁon with, strongly absorbent organic
semiconductors to harvest solar radiation in organic solar cells.

This embodiment also demonstrates that MWCNT embedded within an

organic matrix can retard photo-bleaching of the organic matrix, thereby helping



5 thick. Next to the transparent anode 901 are two
organic |ayers, a hole-transport -layer 902 and an
emtter layer 903. In this enbodinent the enmtter

| ayer conprises a conposite of adapted carbon

VH&%@?UH@? and organi ¢ seniconductor. The devPEHCBE006/004508
conpleted by a I ow work function netal cathode 904.

The external power supply 905 is also illustrated in

the figure. Light 906 is produced in the 10 emtter

| ayer (903) and exits the device through the

hol e-transport layer (902) and I TO anode (901). -

. Figure 13B shows an energy23 evel di agram

correspondiing to the OLED device shown in Figure 13A
VibermesarvE drevidactiotic @sopicgien phihe exkanic mpgx ttatnstihe detriogai]
via an external power supply (905), holes are

| effeecdfptblbigodetfsuanotghtl5 (901) into the

hol e-transport layer (902) and finally into conposite
esECOND EMBODIMESY. El ectrons are injected fromthe
cat hode (904) into the conposite emtter |ayer (903).
El ect rmaBscaticglofwl @gards @ldr cahsiflsingahls tiveaticgh t he -
organic matrix of the emtter |layer and reconbi ne on
adapt aStg@ad far JaHH edhiRs oé bhmbRaenitoidictng ofgahit flh(s)
(906). It should be noted that the schematic in
Fagak@hebMRtv on G 6 alcbiyods) BatiRint fub @ condprish arspratiterdiad or
the adapted MACNT - In reality there is a -

i Sdnkrdobitd dfeRo of mercuifiche@icht@¥iel t ed el ectronic states
associ ated wi th adapted carbon nanotubes. Crucially,

int hiffég&@ Nb&X$hokdes GEREAGR: R Btebjubetiont ale@fic @blat bal
adapt ed car bon : -

device according to this embodiment. The device comprises a trausparent anode

10 301, made of Indium-tin Oxide (ITO} coated glass with a sheef_resistanq; of <

15

20

100 Ohms per square. The ITO coating on the glass substrate is typically 100-
300 nm thick. In should be understooa that any semi-transparent conducting
'substrate may be used as the transparent electrode, including condﬁcting
polymer-carbon nanotube composites such as poly(3,4-cthylene dioxy-2,4-
thiophene)-polystyrene sulfonate (PEDOT:PSS)-MWCNT composites, where a
. continuous network of MWCNT. within the conducting polymer film serves to
énhance its electrical _cc;nducﬁvity. 1t may also be understood that the transparent
electrode may Cons-l‘,i‘l.‘l‘lte a 'laminar structire of conducting laye:fs (e.g.
oxide/metal/polymer).- Next to the transparent anode (301) are four orgamic
]a;yers, a hole-injection layer 302, a composite donor layer 303, an élcceptor layer

304 and an exciton blocking layer 305. Next to the exciton blocking layer is a



29 nanot ubes, which subsequently relax with the
em ssion of visible light, |lie between the HOMO and
LUMO energi es of the organic host matrix. Light exits
t he device through the hol e-transport | ayer '
WS¢ BB1) . The 01 .RD enployed in this enﬁ%%&%%%@gammm
conprises an I TO glass anode / 5 50 inn poly-TPD /
100 nm conposite emtter /50 nm Ca, where poly-TPD is
pol y(N, N - di phenyl benzi di ne di phenyl ether) and Ca is
calcium In this enbodinent the I TO gl ass substrates
are cleaned using a three-stage process conprising
ultrasonic agitation in toPbene, an aqueous sol ution
of the surfactant Decon Neutracon and finally
aaeoda 606.b&ight 808 eyiersghé dedee damel thenfiranspagent ageds. (38D-
This is followed by an oxygen-plasma treatnent to
r el ticakloati207 is alsbdiuscaied.ami nati on. The pol y- TPD
| ayer is spin cast froma 0.2% w w tetrahydrofuran
sol ut iTagure Th® showgars bieegynite rdisgtan sorpspehdordo flkeosrganic
MACNT oxidised in a 3:1 mxture of concentrated
SstlR Ml dsirEowm id FiguedRd. Tesipiphfithediegmindkyhdleingecticn
and 15 hydroxyl functionality on the nanotube surface
5 aﬁg&raﬁh D ERctidiR a8 eaadhude Wies tiphtiethcidant frven fhe T8O glass
enpbodi nent of this docunent. The dry acid treated
MMENTE 68 dvigd) it 3 ebsditep i 3Rsdinar 36 fcembr agat (108) By ko
chloride (80C12) and refluxed for 22 hours,
CRIAU B dhth Bolhte eleBir HONNE ié)@ilﬁ ChxdBorsNtRxciten are hhebillediasthe
Resi dual thionyl chloride is renoved by vacuum
CYRBAGALhONARF WRSH! WIho teReildds adiiyerQuthe donor-acceptor
tetrahydrofuran and filtration) and dried under S
VRGUHHhctibRah &L ! dis08aidE k6l fihl BEd ElRrdesTThd efabi SRoking
_ carbon nanotubes are reacted w th pentadecyl am ne
10 layer (305) reduces exciton quenching by the cathode (306) without retarding the

flow of electrons to the cathode. Free charges formed at the dénor—acceptor
heterojuﬁ;:ﬁon are extracted to the external circuit via the electrodes (3b1, 3006).

In this emBodiment the composite of adapted carbon nanotubes and organic
semiconductor comprises the donor layer (303). In Figure 12B an adapted carbon

15 nanotube within the semiconducting matrix of the donor layer is schemaﬁéally
illustrated by two discrete energy levels corresponding to a ground and excited
eIectroﬁic state of said carbon nanotube. It should be noted that the schematic in
Figure 12B is greatly simplified with respect to the adapted MWCNT - In reality
there is a disttibution of ground and excited electfdn;ic states associated with

20 adz{pted carbon nanotubes. It should also be noted that the adapted MWCNT in
* the current embodiment can be stimulated into an excited electronic state via

single photon, or multi-photon absorption.
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WORHHY S8 chl orof orm  The adapted MACNT are
by vacuum filtration and repeated washing wth

at 120C for 48 hours with continuous stirring to form
sui tably adapted carbon 30 nanotubes. In a typical
reaction 20 ng of acid chloride functionalized MACNT

is reacted with 0.5g pentadecyl amne in 30 nig%lag}%‘{“‘é’“ 4908

anhydrous chloroform 5The adapted MACNT are bl ended
with poly(9,9-dioctylfluorene); PFO in xylene
(typically 14.25 ng M1 PFO 0.75 ng m| adapted
IVIVWCNT) to forma conposite and spin cast onto a
clean | TO gl ass substrate ¥reviously coated with the
hol e-transport layer. In this enbodi nent the

.conpodi thes Einbediinentaihp 16Qi ghass eligstrage arengledyicd asing a three-

However, the filmcould be of any appropriate

tdnige kivep®eesh oomibfsiexalipdonic agitgimn i tdl@deran aquppus jplytion
context the conposite functions as the emtter |ayer.
TdfeheGarfediat DeoskeNesiracac endnfiraillp ositanecbedire driting infstreans of
nm1ll. . In this enbodinent the sem conducting
Ofigéh Qasralthertiodd injtisg laget @d2); BEDOATRIS, &t spimtdsi onterthe
energy transfer fromto the sem conducting organic
nEafibadate foora d d (3% dquatdxotutioa ant atneded fuhéf eiimitstie air at
organic material is selected such that the 15

ef sH|: tih¥ QoRmarihgpese bf thhPERGAMSSdapa idfidnmanot ubes
lies within the energy gap forned by the HOMO and

LUMO g @it ol a @bmpditie afaganl of ai@iel dafon nhitbtéles snd -
enbodi nent the organic host matrix conprises only one

t&f%ﬁﬁ@&ﬁﬁécﬁﬂﬁé’@r Rk GRNAMGE Qdyer 1l the iRtice shaum gholoe in
understood that the organic matri x nmay conprise a

nepen 2/t ﬂ{eféo%[f%&&e'%@ﬂﬂi i§ pERITEIORH MTWICHh axitiisel in a
different band 20 gaps, in order to facilitate the

efT} S8k FHoobtintrBied k@Phuric 234 nitric acid td ProkilideScaciriRxicid
carbon nanot ubes have two main functions: (i) to emt

Ving! <Vl QRLHRYEY & heRER e NBNR] 8RgEdiss tolthb prdebdure
retard the photo-degradation of the organic matrix,
LREGBRY 1Rk N ufbGhfeft b RS | RN THE iy avid trcated
I [ ‘
MWOCNT (0.9 g) are dispersed in 30 ml of neat thionyl chleride (SOCL) and
refluxed for 22 hours, converting the carboxylic acids into acyl chlorides.
Residual thionyl chloride is removed by vacnum evaporation (or washing with
anhydrous tetrahydrofuran and filiration) and dried under vacuum. The resulting
acid chloride functionalised carbon nanotubes are reacted with 1H,1H-Perfluoro-
1-tetradecanol (CFs(CF)12CHO0H) at 120°C for 48 hours with continuous
stirring to form suiiably adapted carbon nanotubes. In a typical reaction 20 mg of
acid chloride functionalized MWCNT is reacted with 1g 1H,1H-Perfluoro-1-

tetradecanol in 30 ml anhydrous chloroform. The adapted MWCNT are separated

by vacuum filtration and repeated washing with anhydrous chloroform.
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5/t will be understood that enbodi nents of the
present invention are described herein by way of
exanpl e only, and that various changes and
nodi fi cati ons may be nade w t hout departing fromthe

VR EWE0EP3% he i nventi on. Further, it wPflGEa006/004908
under st ood that nodification or adaptation of carbon
nanot ubes to enhance their |um nescent properties can
be carried out using any 10 suitable nethod, such as,
for exanple, the follow ng nethods: The carbon

nanot ubes may be covalently. functionalised on their
outer surface using am de 8 ester |inkages to couple
organic fimctionality to the carbon nanotube

sur f adie. this embodirhéntvihé hddpeedUMNECNT cuel blanded with acsoliidn
nanot ubes may be further functionalised by adapting
opentmeie pirargrsbhgiPP) ifotnedi by e r wettione of Rwntaecvanpite, N-
15 organic material s including nol ecul ar

- saiihgtaditide sdnmythilaiokahetitv@dn ichtooofine Tirt tgpiog |reaction
cavity of the carbon nanotube. The insertion of such
‘algref pehiadent laRA&S ohei4d edfifitactmpdopet bicemlytié atdoent,
car bon nanotube and so allows the carbon nanotube to
be.0edee 61 methiyEadtorhdnithesh dooml bt chicrpahf Tie: pattipn Sfxtudetis
will be further understood that the carbon nanotubes
RYluRl &0 peghyey TRO rdablidnogeidi 80 DO emdtihé PR product is then
substitutional defects into the carbon nanotube, such
apurfici HOGREL SroRAlcSRphyPOReAdahENTECNT A té@ed Wik Pe in
and optical properties of the 32 carbon nanotube and
Séhl bR HyipRal$ 8RR Mamet DBand el beddpsdad WaNT)ith $orm a
speci fic purpose. It will be understood that
CORk¥itdRYIuR6h. L TR ShEFIsRE DREVEEE thiie spihgadis IRltidgsn
and carbon nanotube in either direction, depending on
t B o8GR 2b60 YL Rnfd hNPOGAPRAE] hR-J¥BE Widla FEDAPPEE
utilised. - It wll be understood that energy

nﬁ&le—lﬂﬁectﬁfn% ﬂ?&? i RHmRE NES PRty §8 R LiniBR L 'haslﬁ@a Qarbon
nano t he

car bo ube 1n either direction by; (i)

?%Elgjtr’uggg ltll%‘if;)%g_gfe%gﬁnﬂﬁte@%itﬁﬁeé:f’f AUhed) (in laﬁie? tcP&@ntert PP into

1'1) sequential transfer of an

e%&x%cér%' &R P;OBLJ ﬁe{lﬁ Hh ?@Ct @&grfa@e)s in b bitloberPdimosphere. Tt
resonant coupling transter orsteritrans er).
will be understood that the composite film could be of any other appropniate
thickness, for example from 10-200 nm. It will also be understood that the carbon
nanotube loading is not defined.
In this example the semiconductor heterojunction is completed by vacuum
~deposition of the acceptor layer, followed by vacuum deposition of the exciton
blocking layer and top electrdde. Tt should however be undersiood that the

acceptor layer could also be deposited ﬁ-o_m solution using a soluble electron

acceptor, for example [6,6]-phenyl-Cs;. In this embodiment the acceptor layer



10 Further it will also be understood that the term
energy transfer is used to mean conplete or partia
transfer of energy. 7 It will be understood that
if the intended application of the conposite_of
VHY297/843¥ar bon nanot ubes and organic seniconaggg%?mp@mwm;
as a light harvester in organic solar cells, adapted
carbon nanotubes are electronically excited by the 15
absorption of |ight with subsequent conplete, or
partial, energy transfer to a surroundi ng organic
matrix. In.this context part, or all, of the organic
matrix is selected on the Basis that its ionization
energy-is.less than or equal to 5.5 eV. Further, the
ecomipgigesg@ PO et wyen of BeckHOhBramigrentXC), b hicheds deprstivriebit
of the organic matrix with ionization energy |ess

t NRBuR bvApGkaibn.t @h@e;_éit&i/blobl&nébﬁﬁ&_ cbRphseRh 120meiyalof 2.9-
2.8 eV. It will also be understood that if the
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car bon nanot ubes and .organi ¢ sem conductor is as a
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organi ¢ sem conductor matrix is electrically

5 Xt oAb RGP SEmidSpdsias oy ARel,  at | east in

part, to the adapted carbon nanotubes, which
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enmi ssion of light. | s context part, or all, of
{ DEHRID W el Bkl 8ndE! HORPAaffled REHBAShBORBA! 1 the
its 1onization enérgy Is not less than 4.8 eV.
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e conpo e ofganic matrix wth ionization
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15 HRDENRORIEINE {hat . carbon nanot ube composi tes
with organic materials.maybe used in orgﬁgjc sqQl ar..

cel | s B§ ippatipp gray alse \Pés‘t"ﬁlﬁﬁijy [ g organic light-¢mitimg” diode
(OLED), as described in this embodiment.

Organic light-emitting diodes comprise one or more semiconducting
organic film(s) sandwiched between two elecirodes. Each film may comprise a

20  single compound or a composite of two or more different compounds.



It will be understood that, carbon nanotube
conposites with organic materials naybe used in
organi c solar cells, having reduced susceptibility to
20 phot 0- bl eachi ng. - It will be under sfqadk

“@H@&Wﬁfﬁ?bon nanot ube conposites with organﬁ% 2006/004908
materi als maybe used in organic light-emtting diodes
as the light emtter. 34 It will be understood
that, carbon nanotube conposites with organic
materials maybe used in organic light-emtting

di odes, having reduced susceptibility to

phot o- bl eaching. It wll dBso be understood t hat
carbon nanot ube conposites wth organic 5 naterigls
may bEigused 3Anshawy asscharntic ipomay of 8 myives PhgPdevice
solar cell structure, where the open circuit voltage,
sbording tor thisi ¢misadiment ThadeyiotnemRIbHYy & TEPHATOBE F11085 8&ch
of the solar cell are dependent on the environnent in
whide lof Hidiims-tep@xidt i(H§)-coabd glasswith heshed apsistangs a8 a0
el ectrical response of the device upon illum nation,
Ghveepsyubed (Thatl TOroahg bh teglast sdptrainisttoallyrl PdAlTRg
environnment. In 10 this context the nechani sm by

5 WhbE NEheo eleatinspaat: aprdePel tiedwo ofganiedayso, ahokdtansparte

altered is doping of the organic sem -conducting
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utilised are photo-detectors, any kind of [ight
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10 emitter layer (903) and exits the device through the hole-transport layer (902) and
ITO anode (901).

| Figure 13B shows an energy level diagram corresponding to the OLED

device shown in Figure 13A. When a forward bias is applied across the

electrodes via an extémal power supply (905), holes are injected from the anode

15  (901) into the hole-transport layer (902) and finally nto composite emitter layer

(903). Electrons are injected from the cathode (904j into tﬁe composiie emitter

layer (963): Elecirons and holes are transported through the organic matrix of the

- emittér layer and recombine on adapted caﬁabn ﬁa};;otubes with the emission of

light (906). It should be noted that the schematic in Figure 13B is greatly

20 simplified with respect to the a:daptea MWOCNT - In reality there is ;cl distribution

of ground and excited electronic states associated with adapted carbon 'ﬁanotubes.

Crucially, in this context the ground and excited states of the adapted carbon
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WOHEN48Ych as to create an effective band g8

at 35 CLAIMS: 1. A nethod of producing a

phot o-vol tai ¢ device conprising the steps of:
synt hesi si-ng carbon nanot ubes; 5adapting the
synt hesi sed carbon nanotubes to provide a sug

defined by ground and excited el ectronic states;

sel ecting an organi ¢ seni conductor material which
facilitates the efficient energy transfer between
carbon nanotubes and the organic material, wherein
the 10 organic material is selected such that the
HOMO and LUMO energy |evel?d of the organic nateri al
lie between the energy levels of the ground and
evgittted, ehibt subseqmentiyatasx witht the wmiagpere ¢f e dight, lie
nanot ubes; conbi ning the adapted carbon
ai@tn esHAND tivk LEMOe erteegiesorfghm prgania thestinegtirixt. d-ight gxitsa
conposite material. 15 = ‘

the device through the hole-transport layer (902) and anode (901).

“The OLED employed in this embodiment comprises an ITO glass anode /
50 nm poly—Tf’D / 100 nm composite emitter /50 nm Ca, where poly-TPD is
poly(N N’-diphenylbenzidine diphenylether) and Ca is calcium. In this
embodiment the ITO glass substrates are cleaﬁed us_ing a three-siage pr-oc'ess
comprising ultrasonic agitation in toluene, an agueous solution of the surfactant
Dgc_on Neutracon and finally -acetone, before drying in stream of nitrogen gas.

This is followed by an oxygen-plasma ireatment to remove residual carbon

_contamination. The poly-TPD layer is spin cast from a 0.2% w/w tetrahydrofuran

solution. -

- The composite material is produced from MWCNT Qxidis.ed ina 3:1
mixture of concentrated sulphuric and nitric acid to produce carboxylic acid anda
hydroxyl functionality on the nanotube surface according to thé procedure
described m the first embodiment of thls document. The dry acid treated
MWCNT (0.9 g) are dispersed in 30 ml of neat thionyl chloride (SOCL) and
refluxed for 22 houss, convérting the carboxylic acids into acyl chlorides.
Residual thionyl chloride is removed by vacuum evaporation (or washing with

anhydrous tetrahydrofuran and ﬁltraﬁon) and dried under vacuum. The resulting

acid chloride fimctionalised caibon nanotubes are reacted with pentadecylamine

at 120°C for 48 hours with continuous stirring to form suitably adapted carbon

ﬁ&E2006/004908



2. A nmethod of producing a light emtting device
conprising the steps of: synthesising carbon

nanot ubes; ' adapti ng the synthesi sed Carbon"
nanot ubes to provide a surface defect such

WO WRTE4ER ef fective band gap dermed by groun ch&ﬁgzoomomos '

excited electronic 20 states ; - sel ecting an
organi ¢ sem conductor material which facilitates the
efficient energy transfer fromthe organic materi al
to the adapted carbon nanotubes, ZeltWd at the EPO
on Cct 29, 2007 16:37:53- Pa AVMENDED SHEET 36
wherein the organic materi38l is selected such that
the energy levels of the ground and excited
alhagibene tgiied esciid 20mes eldaist diprida fipsHonimdMPENT | e
bet ween the HOMO and LI TMO energy | evels of the
Qegaudi vitth® b e persthdecylamine in 30 wdpiydiavg chlewoferga ghe gdapted
-carbon nanot abes and the selected organic material -5

- WV AR cRpROSIt ey matmoi dliatBnThed repdatsd whshirigawiih
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1, further conprising the step of purifying the
GahRRsusaResfoles. 10 4. The nethod of claim |, wherein
energy is transferred between the carbon nanotubes

and t he QagAcH FIWENT iaxe byndel evitopay@9-divetglfisdrere);0PF@n
el ectron and hole pair.

" in xylene (typically 14. 25 mg ml™ PFO: 0.75 mg ™! adapted MWCNT) to form
2 composite and spin cast onto a clean ITO glass subsirate prev:lously coated with
the hole-transport layer. In this embodiment the composite film s approximately
100 nm thick. H-owever, the film could be of any appropriate ﬁﬁclmess, for
example, from 10-100 nm. In this context the coniposite functions as the emittef
layer. The Ca electrode is vacuum deposited at a rate of 0.5 nmn s,

In this embodiment the semiconducting }organic material is selected to
fécﬂitate efficient energy transfer from to the semiconducting organic ‘m'atexial,to'
adapted carbon nanotubes, wherein the organic material is selected such that the
eﬁeoﬁve band gap of the adaptcd carbon nanotubes lies within the energy gap
formed by the HOMO and LUMO energy levels of the organic material. In this
émbodiment the organic host matrix comprises only one type of organic -
semiconductor. It should however be undersiood that the organic matrix may

comprise a number of different organjc semiconductors having different band

gaps, n order to faci.litate the emission of white light.
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5. The method of claim1, wherein energy is
transferred between the carbon 15 nanotubes and the
organic matrix by the sequential transfer of an

el ectron and hole; 6. The nethod of Cla'"1lg?ﬁ%§éﬁb&mmm

WPHY43R transferred between the carbon nan

and the organic matrix by resonant coupling transfer.
20 7. The nethod of claiml, where energy is
transferred by -any conbi nati on of the energy transfer
processes of clainms 4 to 6. pved at the EPO on Cct

29, 2007 16:37:53. Pa AVENDED SHEET M Thonpson G ay
LLPMuni ch a 37 8.The neth®d of claim 1, wherein the

organic material is a sem -conducting
In this context carbon nanotubes have two main functions: (i) to emit

visible light over a range of wavelengths; (ii) to retard the photo;degradation of
the organic matrix, thereby extending device lifetime.
' 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

modifications may be made without departing frbm the scope of the invention.

Further, it will be understood that modification or adaptation of carbon
nanotubes to enhance their luminescent pf;)perties can be carried" out using any
suitable method, such as, for example, the following methods: The carbon
nanotubes may be covalently functionalised on their outer surface using amide or
ester linkages to cduple organic fimctionality to the carbon nanotube surface.

It WﬂI be understood that the carbon nanotubes may be further
functionalised bjr adapting or modifying their interior structure. For example,
organic materials in;:luding molecular semiconductors may be inserted into the
internal cavity of the carbon nanotube. The insertion of such a material changes
the electronic properties of the carbon nanofube and so allows the carbon
nanotube to be electronically tuned for its specific purpose.

Tt will be further understood that the carbon nanotubes may be doped by
introducing interstiﬁai or substitutional defects into the carbon na.notube; such as

nitrogen or boron. Doping changes the electronic and optical properiies of the
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VR MINYEY synthesis of the organic materi al

organic material. 5 9.The nmethod of claim1, wherein
the conbining Step conprises bl ending the sel ected

organic material with the carbon nanotubes. 10. The
nmet hod of claim11, wherein the conbining ste

W th the carbon nanotubes. 10 11. The nethod of
claim1, wherein the adaptation step further includes
adapti ng the carbon nanotubes to enhance the

| um nescent properties. 12. The method of claim
1, wherein-the adaptation step conprises a coval ent

15 bondi ng .met hod during t¥e conbining step. 13. The

met hod of claim 12, wherein the carbon nanol ubes are
adgphetnetsbagndawi dlews theesiion danetbetoshe Roed| for ityjgpecific
nmet hod of claim 1, wherein the adaptation step
caifarse.ses a non-coval ent bondi ng nmet hod during the
conmbi ning step. ved at the EPO on Cct 29, 2007

16: 37:16@ill RaundMsNBEDaBERerdy may be transferred between the organic

" matrix and carbon nanotube in either direction, depending on the device in which

the composite material 1s ;co *t;e utilised.

It will be understood that energy may be transferﬁd between the organic
matrix and carbon nanotube in eithﬂer direction by; (i) the coherent transfer of an
electron and hole pair (Dexter transfex); (ii) sequential transfer of an electron and
holé (charge transfer); (iii) or resonant coupling transfer (Forster transfer). .
Purther it will also be understood that the term energy transfer is used to mean
complete or partial transfer of energy.

It will be understood that if thf: intended applicaﬁon of the composite of ‘
adapted carbon naﬁotubes and orgénic serniconductor ris as a light harvester in
organic solar cells, adapted carbon nanotubes are electronically excited by the

absorption of light with subsequent complete, or partial, energy transfer to a

surrounding organic matrix. In this context part, or all, of the organic matrix is

selected on the basis that its ionization energy is less than or equal to 5.5 eV.
Further, the energy gap between the HOMO 'and LUMO of the component of the
orgéhic matrix with ionization energy less than or equal to 3.5 eV, is less than or '
eqﬁal t02.8 €V, | |

Tt will also be understood that if the intended application of the composite

of adapted carbon nanotubes and organic semiconductor is as a light emitter in

Pﬂl_‘lﬁi?({?ﬁ/ﬁﬁﬂﬂ&
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organic light emitting diodes, the organic semiconductor mairix is electrically

excited and the energy is transferred, at least in part, to the adapted carbon

nanotubes, which subsequenﬁy relaxes to the ground state with the emission of

light. Tn this context part, or all, of the organic matrix is sélected on the__basis that

its ignization enecrgy is not less than 4.8 €V. Further, the en&gy gap between the
~ HHOMO and LUMO of the component of the organic mairix with ionization

energy not less than 4.8 eV, is not less than 2.2 eV.

Tt will also be understood that suitable matrix materials_may include: (i)
| Soluble derivatives of molecular semiCOHductors such as porphyrins, acenes or
phthalocyanines; (i) Soluble derivatives of comjugated polymers including
polyphenylene vinylene, fluorene copolymers or polythtophene.

| It will also be understood that the cc;mpdsites with carbon nanotubes
described herein can be processed into a thin film suitable for. a"pplication, n
orgahic electronic devices using any suitable process, for example: (i) spin
coating; (ii) ink jet printing; (111} screen printiﬁg; (iv) doctor blading.

Tt will be undersiood that, carb.on nanotube composites with - organic
moaterials maybe used in organic solar cells as‘ thﬁ; light harvesting layer.

Tt will be understood that, carbon nanotube composites with brgallic
materials maybe used in organic solar celis, haviﬁg reduced susceptibility to
photo—blea;;hing.

Tt will be understood that, carbon nanotube composites with organjc

materials maybe used in organic light-emitting diodes as the light emitter.
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It will be understood that, carbon nanotube composites with organic
maierials maybe used in organic light-emitiing diodes, having reduced
susceptibility to photo-bleaching.
| I;:‘ will also be understood that carbon nanotube composites with organic
materials may be used in a gas sensing device comprising a soiar cell siructure, IV
where the open circuit voltage, short circuit current and power conversion
efficiency of the solar cell are dependent on the environment in which it is
operating - That is, the fourth quadrant electrical response of the device up;)n
iHlumination, gi\fes an indication of the gas(es) in the surrounding ezwironm%_:nt. In
this context the mechanism by which the electri.cal properties of the solar cell are
altered is doping of the organic semi-conducting component(s) of the device by
the gas. Crucially a gas sensor of this type provides its own electrical power
making it ideally suited to utilisation in a system on a chipt

Other examples of devices in which a thin film as described above could
be uiilised are photo-detectors, any kind of light light-emitting device, or gas

8CHIS0L.
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o G loBPk ThoMBEInEEMyLING ad PocSHGRICONPN | SAS 4R (0) 1278388850020 20
(et e NBRET i t uti onal dopi ng SUER ¥ The met hod of claim §c_j
IS ““Wherein the adaptation step ”éonprl ses a
n 5| nterstitial dopi ng step. 17. The nethod of claim
= 1, wherein the adaptation step conprises adapting.the

“interior structure of the carbon nanotubes. 10 18. The
met hod of claim 1, wherein the organic material is
selected fromorganic materials that have an
i oni zation energy |ess than or gqual to 5.5 electron
vol ts. 19. The nethod of clafi 18, wherein the '

~organig_material is selected from 15 organic
mat er i G4 ng a HOMO LUMO gap | ess than or equal
to 2.8 electron volts. 20. The nethod of claim 2,
wherein the organi c material is selected fromorganic

materi al s that an i,oni zati on ener, g/greater t han
or equ¥l tdﬁgm@o%@ gttclﬂ}w if)-yeltaic devit€ comprising the steps of:

synthesising earbon nanvtubes;.

5 adapting the synth%ised carbon nanotubes to provide a surface defect
such as to create an effective band gap deﬁued by ground and excited electronic
states;

selecting an organic semiconductor material which facilitates the efficient

enesgy transfer between carbon nanotubes and the grganic material, wherein the

10 c;rg,anic material i}; selected such that the HOMO and LUMO energy levels‘of the
organic material lic between the energy levels of the ground and excited
;:leut'onic states of the adapted carbon nanotubes; '

combining the adapted earbon nanotubes and the selected organic material

to form a composite material,

15
2. A method of produeing 2 light emfiting device comprising the steps of _
~ synthesising carbon nanotubes;
a_ldapﬁng the synthesised carbon nanotubes to provide a swrface defect
such as to create an effective band gap cfgﬁned by ground and excited electronic
20  states; |

- selecting an organde semiconductor material which facilitates the efficient

energy transfer from {he organic material to the adapted carbon nanotubes,
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wherein the organic maferial is sefected such that the energy levels of the ground
and excited elegtronic states of the adapted carbon nanotnbes lie hemeen‘ the
HOMO and LUMO energy levels of the organie materialy

combining thé adapted carbon nanotubes and the selected organic material

5 to form a composite material,

3. The method of claim 1, forther comprising the step of purifying 'the

carbon nanutubes.

10 4.°  The method of claim 1, wherein energy is transferred between the earbon
nanotubes and the organic matrix by the coherent transfer of an electron and hole

pair.

5. The method of claim 1, wherein energy is transferred between the carbon
15 nanotubes and the organic matrix by the sequential transfer of an elsciron and

haole;

6. The method of claim 1, wherein energy is transferred between the carbon
nanotubes and the organic matrix by resonant coupling transfer.
7: 'I‘hekn;ethod of claim 1, where energy is transferred by any combination of

the energy transfer processes of claims 4 10 6.

af%@ed at the EPO on Oct 29, 2007 16:37:53. Pa AMENDED SHEET




39 21.The nmethod of claim 20, wherein the organic
e wimtRrials Navhng dugeanises saco

s gumpeifed aLanbiaihdngssetiestia® from.org
% =] UMO gap greater t 3 ‘-aI to 2.2 electron %-: BoGOoIoE
volts., 5 22. The method of ¢laim 1 further conpri sing s

. , t he step of processing the conposite material to form
athinfilm 23. A photo-voltaic device conprising
car bon nanot ubes enbedded in an organic naterial, the
car bon nanot ubes adapted to provide a surface defect
such 10 as to create an effecti ve band gap defi ned by
ground and excited.electronic sfates, where the HOMO
and LU VI O energy :l evels of th organic material lie
bet ween the energy |l evels of the ground and excited

el ectronic states of the adapted car bon nanot ubes. -

15 24, A I N evi ce npri sing carbon
nanot Lﬁbes %ﬁla%]? ﬁ" (PEgAatc marera] i eatiserducting
nanotubes ad d to provi de a surface defect such as
to crea%’""“: 6%g'?a?ectlve band gap defined by ground and
excited electronic states, where the energy |evels of

- the ground and excited el ectroni c states of the

d ' I bet he HOMO and
aLIU ener gy ﬁ? Eﬁ%H%%F es I 3 ¥ %‘e Sompining r#emmang@sc’gtblending
the ERQ &f&c&&g&%ﬁ nél?e% Jn@h e céemfﬁan% pED SHEET

10.  The method of claim 1, wherein the combining step comprises synthesis
of the organit material iu-sitn with the carbon nanotubes,

10
11. . The method of claim 1, wherein the adaptation step farther includes

adapting the carbon nanotubes to enhance the luminescent propertics.

12.  The method of claim 1, wherein the adaptation step comprises a covalent

153 booding mét_hdd during the combining step.

13.  The method of claim 12, wheréin the carbon nanotubes are adapted using.

amide or ester linkages.

20 14, The me:thod of elaim 1 wherein the adaptauon step compnses 4 non-

covalent bonding method «durmﬂr the combining step.




40 25 The deV| ce of «cl al m 23 or 24, wherein the .
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ﬁfﬁ@g he devi ce of cl ai SR N the device is an '.glgh_l_j___‘; .
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15.  The method of claim 1, whercin the adaptation step comprises a

substitutional dopimg step,

16. The method of claim 1, wherein the adaptation step gomprises a

5 imerstitial doping step.

17.  The method of claim 1, wherein the adaptation step comprises adapting

the interior structure of thﬂlcarbon nanciubes,

10 , I8.  The method of claim 1, wherein the orgatic material is selected from
organic materials that have an ionization energy less than or equal tv 5.5 clecﬁ'on

voits,

19. . The method of claim 18, wherein the organie material is selected from
15 organic materials having a HOMO-LUMO gap less than or equal o 2.8 eleciron

volis.

‘20. ' The method of claim 2, whercin the organic material iy selected from
organic materials that have an jonization energy greater than or cqual to 4.8

20  electron volis.
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21.  The tnethod of claim 20, wherein the organic material is selected from
orgavic materials havmg a HOMO-LUMO gap preater than or equal to 2.2

clectmn volis.

3 22 The method of claim 1 further comprising the step of processing the

composite material to form a thin film.

23, A photo-voltaic device comprising carbon nanotubes embedded in an
organic ma;teﬁal, the carbon nanotubes adapted to provide a sﬁrfacc defect such

10 as to create an effective band gap defined by ground sand excited electronic states,
- where the HOMO and LUMO energy levels of the organic maserial He between

the energy levéls of the gronnd and excited electronic states of the adapted carbon

nanotubes. -

15 24, A light emitting.de_vicc coraprising carhon nanotubes embedded in an
organic material, the_barban' nanotubes adapted to provide a surfice defect such
a8 to create an effective band gap defined by ground and excited ¢lectronic states,
where ihe energy levels of the grnund anci excited electronic states of the adapted
carbon nanotubes lie between the HOMO and LUMO energy levels of the

20  organic material.

s
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25.  The device of claim 23 or 24, wherein the organic material is 4 semi-

conducting material.

26.  The device of claim 23, wherein the device is an drganie semiconductor

5  solarcell
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