METHOD OF MODI FYI NG ELECTRI CAL PROPERTI ES OF CARBON NANOTUBES USI NG
NANOPARTI CLES Cross- Reference to Related Application [0001] This

appl i cat iwo 20112196898t he benefit of priority of United StacesGRoaxwbassnal
Application No. 61/301, 791, filed 5 February 2010, the contents of which
bei ng hereby incorporated by reference it its entirety for all purposes.
Techni cal FMEBTHOI) 0F MOPBIING HIH GERIE€ALPROPERTHEOF GARBOIN car bon
nanot ubes, and for exanple, alternative nethod of nodifying or enhancing
the electrical propertiNANOTUEBES USINGNANGBARIAIFSOUN

[ 0003] Si ngl e-wal | ed carbon nanotubes (SWNTs) have attracted nuch attention
due to their great potential for post-silicon electronics. Utra-thin SWT
net wor ks have been successfully denonstrated as prom sing and | ow cost
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[ 0004] Attenpts to separate M SWNTs and S-SWNTs, to specifically grow .S
SWNTs, ai@PofRerales flisefetenee ¥ dneridnsbiuior P guamsssact eri stics of the devices by

Technical Field

[0002]> | Various embodiments relate to the field of carbon nanotubes, ahd for
example, alternative method of modifying or enhancing the electrical properties of

. carbon nanotubes.

Background

[0003] Single-walled carbon nanotubes (SWNTSs) have attracted much attention due
to their great poténtial vfor post-silicon electronics. Ultra-thin SWNT networks have
been successfully demonstrated as promising and low-cost materials for field-effect
transistors (FETs). Nevertheless, high-performance solution-processable SWNT
| networks, which aré suitable for printable electronics, still demand more investigations.
The major hurdle to obtain high-performance SWNT-netWork FETs is the difﬁculty in
obtaining high mobility and highly semiconducting devices due to thlcle cofexistence of
metallic (M) and semiconducting (S) tubes in fhe SWNT-network. |
[0004] Attempts to separate M-SWNTs and S-SWNTs, to specifically grow S-
SWNTs, and to enhance the sémiconducting characteristics of the devices by

application of chemical treatments on SWNTs or devices, however, are achieved with



application of chem cal treatnments on SWNTs or devices, however, are
achieved with Ilimted success in high-yield and high-reproducibility of
devi ce f aboi20mt196898. Recent|y, sem conducting FET devi ce®Cihasea 1000053
tens-nmthick SWNT filnms using the nanotubes treated with density gradi ent
ultra-centrifugation nglb_or nodi fied with organic diazoniumsalts, or

nodi fi ed lnited Bicgensiia hghtyield andhigh-reeredugibibicy efidevice Tabsicaivramesgalyof usi ng
thick SWNT film (tens-nmthick) is to increase the percolation paths and to
reduce t lremo@ndogingoFER deveesvasedon tens-nniBthick B&NE films msing ¢hd pamptubepbi | i ty)
of such devices are conprom sed by the presence of surfactants. Surfactants
ar e usualtreateds @ethf @¢nsithegraéivhic altfaddehirtfapativn GUY drombbigied Withhorghddit ci ency
in dispersing SWNTs. They are wi dely used for DGJ based and

di el ect r ophRLRsh SalRaseRoaRANAH SRahie ThibAYRSve BdaMEMR cateh "B SR/atltipl
surfactant nol ecul es degrade the &€l ectrical performance of SWNT devi ces by
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dom nanting factor to restrict the c tance of S networ k. .Summary
0008 Var e BholsalRahtRvise StriaiSnes B RS HREPRRCT dee tHONT S of SHfnc, ng

the charge nobility in carbon nanotubes, which overcones, or _at |east

al | evi at éLSemﬁ@eifawsorgigbbﬁﬁhwﬁ_p;f%wta]fw&ffrﬁe&tsé%@&%aﬁ@ﬁf%uﬁﬁiwe@ f;@r coati ng
ayer on -network- s which coating |layer is able to efficiently

screen ofthe dpece fphuichtign etinggfestheir (h_rﬁbset%fcmﬁhm sdispenging SNENGs chayyare ar gel y

enhance the device field effect nmobility and suppress their. hysteresis.

[ 0007] Varwidely ewtbdioneDIGU-pawdi ded adiebichropharésisrbakielly sapgratibe  edchaiquéscal
properties of carbon nanotubes. The nethod nmay i ncl ude: (i) providing a

subst r at eHddstiengthearddidnain andidudit SmoRpoIes tdxdrade teseledtdca pdrfdrhansdiREL r at e;
and (ii) depositing on the carbon nanotubes a coating |ayer having a

m xture ofwRANARASs I BereadingBid biéctidiettiinibt HesiaRRP &et o6l SSediottallt SSOI ved
or stabilized, and an ionic Tiquid.
environments of the SWNTs, and the inter-tube resistance which is the dominanting

factor to restrict the conductance of SWNT network.

Summary

[0005] Various embodiments provide for an alternative method for enhancing the
charge mobility in carbon nanotubes, which overcomes, or at least alleviates, the above
. problems.

- [0‘006] Various embodiments provide a coating layer on SWNT-network FETs
~which coating layer is able to efficiently screen off the impurity charges from.
surfactants, and consequently largely enhance the device field effect mobility and
suppress their hysteresis.

[0007] Various embodiments provide a rhethod of modifying the electrical

properties of carbon nanotubes. The method may include:



[ 0008] Vari ous enbodi nents provide a field-effect transistor. The
field-effect transistor may include carbon nanotubes nodified by: (i)

provi di ngwve 28ub®ssat e havi ng carbon nanot ubes deposit ed pom/sg26urh@sse of the
substrate; and ' (ii) depositing on the carbon nanotubes a coating |ayer
conprising a mxture of nanoparticles, a matrix in which the nanoparticles
are di ssol vedi)airowduigi 4 pubstratedragingncareon sanotuhes dlep¢siied In\vmpurdags ddrthodi ment s
provide a mxture for formng a coating |ayer. The m xture may incl ude
nanopar ti cl espbsirategtind X i n whi ch t he nanoparticles are dissol ved or
stabilized, and an ionic liquid. [0010] Vari ous enbodi nents provide a

coating | ayefrii) -HB%)s@tﬁigt bl Ghé aMonNBahokubel UdGoaing Mbe Bavihg NARARAIL bEl €S, a
matrix in which the nanoparticles are dissolved or stabilized, and an ionic
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nanoparticles, a matrix in which the nanoparticles are disso
stabilized, %E%rﬁ?lih\?lﬁi c liquid, wherein the m xture may be deposited on
carbon nanotubes to 'nodify the electrical properties. Brief Description of

erer o DAl amtaas SrPRI GG MOUse TEIGFEM (HSr e GEMuigs ar &
not necestrsa?lgiiétlo}/mggf ?r\_llgllﬁci[eocafbco?ll n%hotﬁbes modified by: . | |
(ij providing a substrate having carbon nanotubes deposited oﬁ a surface of the
substrate; and
(i1) depositing on the carbon nanotubes a coating layer comprising a mixture of
vnanoparticles; a matrix in Which the hanoparticles are dissolved or stabilized, and
an ionic liqﬁid. |
110009] Various embodiments provide a mixture for forming a coating layer. The
mixture may include nanoparticles, a matrix in which the nanoparticles are dissolved or
stabilized, and an ionic liquid.
[0010] Various. embodiments provide a coating layer. The coating layer may include
a mixture of nanoparticles, a matrix in which the nanoparticles are dissolved or -
- stabilized, and an ionic liquid.
| [0011] Various embodiments relafe to a use of a mixture including nanoparticles, a
’matrix in which the nanoparticle‘s are dissolved or stabilized, and an jonic liquid,
wherein the mixture may be deposited on carbon nanotubes to modify the electrical
properﬁes.

Brief Description of the Drawings

[0012] In the drawings, like reference characters genérally refer to the same parts

thriolugh'out the different views. The drawings are not necessarily drawn to scale,



enphasi s instead generally being placed upon illustrating the principles of
various enbodinents. In the foll ow ng description, various enbodi nents of

t he i nverwpani1zesddescri bed with reference to the fol | oRCHEGAIENDINGS .
[0013]Fig. 1 shows (a) a schematic illustration for a back-gated transistor
based on SWNT networks; and (b) transfer characteristics for a transistor
of (a) behmhesiarivstedd: generalbt beingi nlaceSyupar di@stratings thei pomeples adt vmens base
containing 20 wt% of EM M TFSI. [0014]Fig. 2 shows (a) effect of the wt % of
EM M TFSlendadaderito Ihhke Sllogdng @bipsoh, voives ehdstimmeits ofithei ixvéntigh @6 t he
mobi l ity enhancenent ratio for the SWNT transistors (the SWNT network

transi st QlescribRa inth réRiéceid theifblldwink dflangd .ty at approxi mately 5-8 n2/Vs);
and transfer curves for the devices before and after coated with (b) pure

PDVB, (C)pg Wrigh 1$hoiy Ihail& blik &0 ol b BL\’E Watefhn§]std
nanopart'i[cfe _and[%M MT]%gEP. gg‘%’gill&l g. %a%sﬂows tﬁe 3t put n%ﬁgdrrg%tsgdri stics
(Id vs.. drai. |.t age.\Vd the transistor. .ga)ts) bef ore .and ., after laying
Gown'  he T SO B RREST bl ittty POt RG s Gh e ResoifBy ot dhy Blofbun ) n
(a) suggests that the istine device exhibited Schottky-like contacts
li kely arnffefter .cgma Wﬁl{l éﬁ%@@ﬁﬁélﬁl@%%ﬂﬁ%@%Sewqt%ﬁg& T pytee 0 oat ed
with the m xture. [0016]Fig. 4 shows the nobility enhancenment factor
plotted dMEMITRRL i on of the initial device nobility. The initial nobility
of the transistors ranges from0.015 to 10.8 cn2Ns. [0017]Fig. 5 shows the
typi cal tOHGf er Figha? agltoavsi $a)i effeétoof ather a¥i of cEMIM-GFSI aatldedf teetheoat ed
with epoxy (MR 4H A/B, M radur, Singapore). , :
-Sylgard@184 silicone elastomer matrix (1g) on the mobility enhancement ratio for
‘the SWNT _transistors (the SWNT network transistors tested were.with initial
. mobiil’i}tfy at approximately 5-8 ¢m?/Vs); and transfer curves for the devices before
and‘ after coated with (b) pure PDMS, (c) PDMS with silica nanoparticles and (d)
'PDMS with silica nanoparticles and EMIM-TFSL '
[0015] Fig. 3 shows the output characteristics (I vs. drain voltage V4) of the
transistor (a) before and (b) after laying down the mixture. The slightly rectifying
(asymmetric) -V ‘curve shown in (a) suggests that the pristine device exhibited
Schottky-like contacts likely at metal-SWNT interface. The I-V curves become linear
~ after coated with the mixture.
[0016] Fig. 4 shows the mobility enhancement factor plotted as a function of the -
initial device mobility. The initial rhobility of the transistors ranges frbm 0.015 to 10.8
cm?/Vs.

[0017] Fig. 5 shows the typical transfer characteristics for a transistor before and

after coated with epoxy (MR 4H A/B, Miradur, Singapore).



WO 2011/ 096898PCT/ SG2011/ 000053 [0018] Fig. 6 shows the transfer curves for
a SWNT network transistor before and after coated with PDMS | ayer (with
silica nawoparyives¥8s and EM M TFSI) at the center of th@CEir&Rmdi000053

[0019] Fig. 7 shows the nobility enhancenment ratio is positively related to
the initial hysteresis of the SWNT network transistors. Data points include
bot h t he [8@A8] c esFige &t shawithentransifercuogss | fonk SHYNT et werkd@psistos ibefore ard

el astomer base containing 20 wt% of EMMTF SI and those with RTV enhanced
ti mes of aftebcdatadywah PEMS dater Ggithuvsilica RENGHart] DG2dHENIMSTESIY vk theaknteh e
typical transfer curves for the SWNT network transistor before and after
anneal i ngfihe chafnedt 260 C for 2 h, and after coating el astoner base
containing 20wt % of EM M TFSI; (b) the effect of the annealing time (at 260
Cin air) t hgs P Sitd r i1 2 aal XM BTG AYE atio
arter coltVRl SR SOGE FOBAEE ShPultbmlhtial el oA AIRESTCYS o

EM M TFSI. . ... it g%% - : i.Ng t ai. ri.pion refers to
t he acco ﬁ%g%%k‘%ﬁga%}ﬁaé t ha%;@ﬁ05%v?Ja%§W8§yD%§ %ll{ltggl?cr a(f??oé) rtlﬁhse pdeégllcF Tc
details and enbadi nents J. igh t [hvention be practised. These
erbodi reipted R tadurr pabiiafles SPeptiahi STERR <Btu oed ptiriog 1 od i n

the art to practise the invention. Qher enbodinents-may be utilized and
st ruct ur art7e pPEFMEYL:- TRy gand ghose ivaty RdYapgwaced{imes ofdnebdilify: #Esstcoadsar t i ng
fromthe scope of the invention. The various enbodi nents are not

necessar iwiﬂllgﬁlM%I | y exclusive, as sonme enbodi nents can be conbined with
one or nore other enbodinents to form new enbodi nents. [0022]In the

f ol | owi ngoaRedcr i Pigi 8 shoven(d)itind typivgl. eadsdaticoewrs forathe SRENPmetask ttahsistobe
expl ai ned. : :

before and after annealing in air at 260 °C for 2 h, and after coating elastomer base
| cdntaihipg 20wt% of EMIM-TFSI; (b) the effect of the annealing time (at 260 °C in air)
~ for the pristine transistors on the mobility enhancement ratio after coating Sylgard@184

silicone elastomer base added with 20wt% of EMIM-TFSI.

Description

[0021] ~ The foliowing detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
 may be practised. These embodiments are described in sufficient detail to enable those
‘skilled in the art to practise the invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be méde without departing from the séope
of thé invention. The various embodiments are not necessarily niutually exclusive, as
some embodiménts can be combined with one or more other embodiments to form new
embodiments.

. [0022] = In the following descﬁption non-limiting embodiments of the prdcess will be

: explained.



WO 2011/ 096898PCT/ SG2011/ 000053 [ 0023] According to various enbodi nents, it
has been surprisingly found that the electrical properties of carbon

nanot ubeswoayiieesyedi fied in a sinple, cost-effective, &OWSG2011/000053

sol uti on-processabl e net hod. Various enbodi nents relate to a nethod of
nodi fying the electrical properties of carbon nanotubes by depositing a
coati ng 1[6823] ovAccdriiagaanadounemboddibeats, Byhasdaed wurpgisinigly folued tthatché
properties of carbon nanotubes, inproved chenm cal and physical

char act erelestricab propyrtiee ofRbfoR anbtibemiah Weadsdified e andsplebbestapbtiveat i ons
of such nodified carbon nanotubes. For exanple, the nobility of FET devices

based on ﬁ%ﬁﬁ@ﬂ-}ﬁﬁcgéaﬂ@h&w %ﬁ%uégerhgocﬂmteht@@ﬁgﬁftz) em&Re b odi?ﬁ%at the

sanme tinme the hys esis may be significantly reduced. The enhancenent of

I i . i » - I ff f th
e ot oo BEAREE TPl 15,5 85, 39 AERL RN, U LSRR e oo

h , int figeld-ef t, ilit d,.dec, f hyste i f  SVNT
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cont ai ni ng di ssol ved qr stabilized nanoparticles and |iquid ions. The

met hod . alcheiical and physical fbgracieeisicremay dte abmined (Whicly ipgeasehiths, pessibitie use
of surfactants in aqueous solutions is presently the.-nost efficient manner
t o di sperppli@UinTs of suchs slodifiesncdrhere aanethbése For snampplsc dusmwbility fdiih t he

t hermal annealing may be used to burn off the surfactants to a certain
extent, tdeeicenbasad iondSWhlTahdtworksgnayl asreaat Beo 4 times efitracvadng t dnd daké ce

mobi lity. The current absence of practical surfactant-free processes nakes

the presephe apRy BRAUYsMek)s magbulsidnifiéaallyire@ide@NTRd eflagberp@t foPrerarreal
devi ces. [0024] Cenerally, a nano-structured material, such as nanotubes,

refers t Qéhefils&hifibe Wuk o FhdT8RELRRS eftBot! TP RNXFRE Hond f’el'gﬂﬁ_al surfactant

Nano-structured naterials can be classified into the follow ng dinensional

types: Zerq.dh i . . Na ! i

nanopar { TS U8 St ohe pRADGEGA AR enkl il € BRI AtetPuPBlI g o
nanof i ber,s) and nanot ubes; t di nensi onal D) : .nanof | akes,..

nanof | v e foRr e i s AAND e TS s 6TubisPamPaE) F 603

[ 0025] A car bon nanot ube as used in, various enbodi nents y be.a cylinder of
rol | ed -uﬁaygr ggﬁim?texs%@ergng gisagfyed or oed napRPaHIRSS Nt quadiohr

nanot ubes are known and can equally be used in the nethod of the present

i nvent i ometiusdalloasiohtodhfrdd inseament ¢f Bbdity dmbe adueved dThewsgtod sudaedantas in
the range fromabout 0.1 nmto about 10 Jim such as fromabout 1 nmto
about 5 piraqueoukrsoimtib@s nsnpreserthyo the Mokt efficient mamen trs despbrod i SWENTs , fot he
carbon nanotubes may have a length of at nost about 2 'amor a length in

t he r angsolutiomrbaiedufabficdbioRrprotessaabailtho@ghrtiie thernial citnedldigt mdy jpeased t@bout 2
pm The conductivity of the carbon nanotubes used may be freely sel ected

accor di ngutPofide SREMUtdtC 1o £aeritdif BREhS - thOeReadh aswillyl degrades aipamst of the
carbon. hexagon rings along the surface of the nanotubes, carbon nanotubes

can be m%hﬁéﬂcle&th‘érdeﬁ%mmgpﬁﬂ%a ‘ de%?){bs%ﬂ@é‘?fé;%%& Cg%lgﬁ%léaﬂpﬁée efdgs Used i n

a met hod accordi ng to vari ous enpodi nents. 6 on nanot es exist In

3252?2%4‘(&%25%;%%%‘“ aﬁ?ﬁ%ﬂ?ﬁ %%ft{%ﬁ%kﬁf?bﬁ%ﬁ%@f,ﬁ'ﬁ?@ﬁéé*%iﬁﬁé%:&r%#ﬁubes
ermbod oA WHics PRI o g VO nfhon it TR0 PR 4 BRIA! and

appreciated that other fornms or confiqurations of the carbon nangtubes may
al so be (f4B¥ gmensigns 7 thesygepryeier range N AOSIRG e alateriginean be slasnhied
graphite layer. For exanple, carbon nanotubes can be described as a

gr aphi t e igbghe f¢lkuwiog|dimdnsiorap hmnes’) Zetoedimensiphal d 0Dyt nangsphsiricalwparti¢lendr i cal
shape so that the structure is one-dinmensional wth axial symetry, and in
gener al. €xlbo leallédgamopagicies); arentionemionan (113)aldaadrodsi naomings (Alssicatiéd- wal |
nanot ube can be defined by a cylindrical sheet wwth a dianeter of about 0.7
t o about ndflofiiers)S b ASo@bEYt ankl tt@oabideénsd@aln2D): nanoflakes, nanoflowers,

“nanodiscs and nanofilms.



[ 0028] A DWNT has two | ayers of graphite sheets rolled in to forma tube
shape. The two |l ayers of graphite sheets can forma concentric cylinder.
The nanotwbesiiavesIsconsi dered as a cross between SWNT amdTNGRITI1a8005hey can
have the el ectronic properties of the SWNT, and the mechani cal strength of
MANT. DWNT nmay be sem conducting or netallic. [0029] A MANT has multiple

| ayers of[08@dphi Aecarbdr eahdtubeoas tsedfior varimus ghbodinagnés mahdenangindeesfcan
also exist in forms in which they have hydrophilic groups such as hydroxyl
group, pyokaesp gapldtis,shedts.obhgleamineste- and anlxydlledr @dibnanshotibes Wres

t hereof on their surface. [0030] Carbon nanot ubes may be prepared by several

di f f er entngRheScdaNEWALY bet 1Rd ahtthe RthGK B pre RN InvERYioR ETEE X80y

car bon nonoxi de (CO) disproportionation (deconposition into C and CO2) at

700- 950 G I 1y fi..P r t pcal es from
L'to 10 dehubetlad oo fiy ficis Reldhh, uch oE 35 8 el el AL WL M) on
a nmesoporous, Silica su rt,. leading t -called C T(r) S WNTs. Using
this ne_-t:ﬁﬁa?t | Witotish 2Rgr Bhoir repgerabout s iR Oégf?%c\%/p&l.%ﬂrﬂ?f’ﬁte]r “B‘oi%i bility
is the synthesis using high pressure carbon nonoxi de (H PCo) |eading to

s0- cal | ed/3HPHCIRLRANTREN!S AR EFTRPT anqtupes mgyHaye paenedy of shapest a%%tauymori s
formed in situ when Fe(C0)5 or Ni (CO)4 is injected into a reactor al ong
with a starleagthan thegagees fram aboue Adeitmattarbortzhym @f freth gheutdopmiteGdo® 2t a
pressure of about 30 to 50 atm The netal catalyst formed can be in the

f or m of nemdhet @ndgitrity qidng carbasnandnBEs uSdhisy hafretly spieotdd aechrdiak towi ng

t he di sproportionation of CO by the nmetal catal yst particles. In various

enbodi nenhg spédific taguasmehts SIbJendifyorbthelsR@géénttdTahe Birbed ABRigoRFAgess. | n
vari ous enbodi nents, CoMbCATO and H Pco SWNTs were used to denonstrate the

usabi it )éld?i(g thOSurPRE YWBlehatoQ6Ed, BEBoR BARItibes AN B Inéalli ObSse HARALERIR S
provi de.a nethod of nodifying the electrical properties of carbon

nanot ubesy ... T ' ude: (i ovi di a vi.ng

car bon et ool oEeh, TRtohBE HHR, he Wdd BhOK HARGE SUThESLF PRL

deposi ti %%rb%ﬂintlgn%s carbon nanotubes a coating layer including a m xture of
€s i

nanopartic a rmatrix in which the nanoparticles are dissolved or
stabiliz nd gn,ionic liquid, . | :
?8026? 8arbon nanotulbgs exist in different forms, such as single-walled carbon

nanotubes (SWNT), double-walled carbon nanotubes (DWNT), multi-walled carbon
nanotubes (MWNT), or modified multi-walled carbon nanotubes. Although various
embodiments descﬁbed herein relate to SWNT, it is to be understood and appreciated
that other forms or configurations of the carbon nanotubes may also be useful.
| - [0027] A SWNT is a seamless. cylinder formed from one graphite layer. For
example, carbon nanotubes can be described as a graphite plane (so called graphene)
sheet rolled inté a hollow cylindrical shape so that the structure is one-dimensional with
axial symmetry, and in general exhibiting a spiral conformation, called chirality. A
single-wall nanotube can be defined by a cylindrical sheet with a diameter of about 0.7
“to about 20 nm, such as about 1 to about 20 nm.
X | [0028] A DWNT has two léyérs of graphite sheets rolled in to form a tube shape.

The two layers of graphite sheets can form a concentric cylinder. The nanotubes are



[0032] A thin coating |ayer of the m xture containing nanoparticles, a
matrix in which the nanoparticles are dissolved or stabilized, and an ionic
l'i qui d combediiaPeS¥WT network FETs is able to efficientlpgrsceeamomss the
impurity charges fromsurfactants, and consequently |largely enhance the
device field effect nmobility and suppress their hysteresis. The Hall effect
measur eneossdatd as @ocrosbbetateen tISVENTaage MMWDAN ae iyt camnhavebttei ¢lgctadnicer
coating. This sinple strategy prom ses applications in high-performance and
pri nt abl @ropéifies RARAS WALT, @l €¢d Medtaafeal $tRA3E] dfMMVENT ODWeThed vesehs- the
car bon nanot ubes are single-walled carbon nanotubes. The single-walled
carbon n .dnvention may be used as field-effect transistor
(FET) de?rcé&HF%gg%%@ﬁﬁg,_various enbodi ments further provide a nethod for
manuf act yriJag:-a fi -effect. transistor. Tk hod include:. (i) -

modi fyi nséqi%g;el %c@%ﬁﬁ’aspﬁg’g?} ¢ |{]a gl%o%?r%%pgmgégﬁé%ﬁleongg’\r{ Gh antgﬁ%ts}ejafgg., t he
nodi fyi-ng conprising: provi.ding.a substrate havin ar.hon nanot uhes

deposi t edhEmaRowpis Haedlisy Sxipandanas bRy BeysolydFrRyIS §aums Sick Bon

nanot ubes a coating |ayer conprising a mxture of nanoparticles, a matrix
in whi chhyfrexHagropRrRIAIessesifTs HIoks dmyRas. acaoali goyR and AHEuES therept
liquid; (ii) formng the field-effect transistor using the at |east one
nmodi fi ed oodhrdmosurfageiot ube as an active area of the field-effect transistor,
in which active area a conductive channel may be fornmed. [0035]Fig. la
shows a $@isdjat i Carbbh uaictalidsanaypbe prdpacdd-tgasedraf diffdvasatethodsSSMdvmat wor ks,
prepared using the nanotubes nodified by, for exanple, organic radicals.
Basi cal | yhe tdie Fiof SkiifleUr SWNIWOlegS deWoorBwhalbyel @eddnodasneigsd gp@opd as
"source™ (S) and "drain" (D) connected by a sem conducting active area, on
whi ch a- j oy SSUERY r } se of
suitabfeagggggﬁggg?&ggFgﬁ?PalSja%h%ﬁgﬁgggggéfﬂ?%%ﬁgFE@#ﬂgﬂgf IEQZE?Q of the
FET structure. The met.al. r ct.i | e
Formd of bt B Shisth AR RN I RRR LS RS TS
substrat for. ex e. In conventional FET.devices he. conduct i ye, channel
mybe- i) §7d SO, OuES S5 5 VPR v ish PiRet: 1R Bhdtepl e
channel may be repl.aced hy carbon nanotubes nodified accordjng to various
enbodi me &0%E®Fsé¥1\lif§i Heng this Bisthodndiamstes caatro] f SWINY 8 cay beyadhievede FET
that is made with the nodified carbon nanotubes according to various

enbodi meAmethex oBsibibityhiigy thes syrthesisntsiag igh Presswet earbas monoxide (HiPCo)

leading to so-called HiPco SWNTs. Generally, in a HiPco method, metal catalyst is
formed in situ when Fe(CO)s or Ni(CO);, is injected into a reactor along with a stream of
'CO gas at a temperature range of about 900-1100 °C at a pressure of about 30 to 50 atm.
* The metal catalyst formed can bé in the form of nanometer sized particles. HiPCo
SWNTs may be produced following the disproportionation of CO by the metal catalyst
.particles. In various embodiments, all types of SWNTs may be used for the enrichment
process. In various embodiments, CoMoCAT® and HiPco SWNTs were used to
demonstrate the usability of the polymers described herein.'k
[0031] Various embodiments provide a method of modifying the electrical

: .prdperties of carbon nanotubes. The method may include:



[ 0036] One advant age of various enbodinents is that the nodification nethod
is sinple, lowcost, scalable, safe, and with high yield and high quality.
The FET dwoi2esass®g show hi gher nobility after depositi enToiG2a100e53 ng

| ayer of the invention. The FETs obtained with the nodified carbon

nanot ubes of various enbodi nents may find applications in nmacroel ectronics,
printabl e el é0tproviding 4 substratgshavirlg ¢asborpnanviterts elepedited mincs pyurfanecoffthexi bl e
el ectronics. [0037] The SWNTs nodi fied according to various enbodi nents nay
be used i n addbstiate)ahd the above in several applications, for exanple as

el ectroni c conponent. Exanples of further applications of carbon nanotubes

i nclude, but gy gefRltidg! 68 H#RAcdrBon lnﬁl%ﬁ'lb’éété ¥BatA3daérOfeRidRN Y thixture of

nanot ube/ pol yner ‘conposites, catal ysts, transparent el ectrodes, sensors and

nanoel ect r 0”%%@@5}&&&, deNAtfiLSn wAHS the ‘ﬁﬁ&orﬁaﬁﬁcl&a&ré Ass&%ed 6§ﬁhﬁ§ik9d? an@!r c€s.
Vi g I (e.g. t see above), ‘

sem conduct or - ces’in general ansi stors, \

ul tracapaci tors_or..i n.tderconnect s. In an illustrative exanple of such .
further appl iaBé?IF%Hg‘,u_ the use of netallic carbon nanotubes (whether
single-walled or multi-walled tubes) in the fabrication of transparent

) .
conduct i VB0 ect Aol cpaigplayeiodio feamix tispPaiAPINg RANABAItIBIES 2 MHAKES iR gat ed
recently for -their potential to address sone of the shortcom ngs of current
i ndi um t ivhidxihgaaeepasticlesoare disselverher stahilieed, apdamionicliqid pestechemdWibEs
nodi fi ed according to various enbodi ments of the present nethod may show
modi f i ed netvewrk FEJalis ghlo peefficestly saheraeft ¢hrhiammeity clongksdidm strfactanits, abd e f or
use as conductive el ectrodes. [0038] A coating |ayer is then. deposited on
t he car besnstqueitibéggelyhentaned ithg dedicer fietayeffevt | mobiliey rhdt suppredé their
nanoparticles; a matrix in which the nanoparticles are dissolved or

stabi | i'zegstemRd. e 10N 6ffbitAHEAburehltatsS 9185 | BErobGURY tHEBr d2CerlaRRsidnE th
directly -on the SWNT network i-h anmbient. [0039]In various enbodi nents, the

nanoparticlies. edm b0 I2fibs Sk nG,
Troo" Sy ks ROuft St imblcalch H6AMRS SHANELAH hn phifbimed

t hereof. It i.s é},ﬁﬁn erstood and appreciated that other snall-sized
particl esan%ffl ﬁhfc%an e'g Sg‘%halgrzog?fcgcr’lmggnat rix to provide enhanced
field-eff 31 nobjA)IOi tly and ge rease hysteresis of SVWNT ne \Nor]i;(fi devjces are
al o usefl0331] ool ousnemBodimsnie He SrRen RPN 26 selwallsd carkon por

exanpl e, the nangparticles nmay be di nethylvinylated and trinethyl ated
silica n mpqsi g single-walled carbon nanotubé of the invention may be used as field-

effect transistor (FET) device.
[0034] Thus, vén'ous embodiments further provide a method for manufacturing a
: field-effect transistor. The method may include:
(1) modifying the electrical properties of at least one carbon nanofube, the
modifying comprising:
providing a substrate having carbon nanotubes deposited on a surface of
the substrate; and
depositing on the carbon nanotubes a coating layer comprising a mixture
of nanoparticles, Ea ‘matrix in which the nanoparticles are dissolved or

stabilized, and an ionic liquid;



[0041] I n various enbodi nents, the matrix in which the nanoparticles may be
di ssol ved or stabilized may include an el astoner. [0042]1In various

enbodi nerwe,20timesyat ri x may be a silicone el astoner. [0@4¢3|SIGRONMADIOSEIS
enbodi nents, the matrix may be pol ydi net hyl sil oxane (PDVM5). WO

2011/ 096898PCT/ SG2011/ 000053 [0044]1t is to be understood and appreciated
t hat ot her sdiiydommisy she feld-bfitct dransmbireusing thessioleast one saahfi¢d zabome
nanoparticles may al so work as suitable matrices. [0045]1n various

enbodi ment s, nhfietub© s anldctué drearyf the fisld-effg@nrahsiin®) inUuwhichl dctive GE<h6] | n
various enbodinents, the ionic liquid my be 1-ethyl-3- nethylimdazolium

bi s(trifl uor @ogpdudryive ehdr@By iy 68 d8nfcBM M TESI ) . The chemical structure of
EM M TESI 'may.‘;be illustrated as ‘folllovvs: CH3 + - ' '
[0035] Fig. 1a shows a schematic illustration of a back-gated FET based on SWNT
: vnetWOrkvs, prepared using the ﬁanotubes modified by, for example, orgaﬁié radicals. |
| Baéically, the FET structure involves two metal electrodes designated as "source" (S)
aﬁd "drain" (D) connected by a semiconducting active area, on wilich a semiconducting
or conductive channel may be fqrrried in response of suitable electrical potentials at the
sQurCe,:jthe-drain and the gate;o:f the FET structure. The metal electrodes and the
: :. éondﬁc%iy}e éhaﬁnel may be fonnbd on a top surface of a substrate. The substrate may be |
v a SiO;/Si substr'ate, for example:. In conventional FET devices, the conductive channel
may be made of Si. In the FET of various embodiments, the conductive channel may be
replaced by carbon nanotubes modified according to various embodiments. The FET
using carbon nanotubes as an active area of the FET thaf is made with the modified
carbon nanotubes according to various embodiments exhibitsv high semi-conducting
characteristics.
| [0036]  One advantage of various embodiments is that the modification method is
simple, low-cost, scalable, safe, and with high yield and high quality. The FET devices
may show higher mobility after deposition of a coating layer of the invention. The FETs
obtained with the modified carbon nanotubes of various embodiments may find
applications in macroelectronics, printable electronics (such as ink jet printed
electronics), and flexible electronics. |
'[0037]. - The SWNTs modiﬁéd according to various embodiments may be used in
addition to fhe above in several :applications, for examplé as electronic component.

Examples of further applications of carbon nanotubes include, but are not limited to,
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OO0Il-1l FCGS-NS -CF3 311U "CH300 [0047] The m xture including the
nanoparticles, a matrix in which the nanoparticles are dissol ved or
st abi | i zewp 2anch96898i oni ¢ | iquid nay be m xed prior to c®@ariSeGgouRo@as bon
nanotub es. [0048] I n various enbodi nents, the nanoparticles may be '
di ssolved in the matrix prior to mxing with the ionic liquid. [0049]In
vari ous eohdditivenany] Higlestnaugthi xnanatube/golyines otampbsies, s tathliybts,z ddnsparent
nanoparticles therein nay be a silicone el astoner base. [0050]In one _
enbodi merdlectiotes, saisbisandarhogedionssehae chl devists hiditizedfon datgrts) fadla@ént her ei n
may be Syl gard@®84 (Dow Corni ng Corporation). |
-+ sources, semiconductor devices in general (e.g. transistors, see above), ultracapacitors
~or interconnects. In an illustrati\}e example of such further applications, the use of
metallic carbon nanotubes (whether single-walled or multi-walled tubes) in the
~fabrication of transparent conductive electrodes for photoVoltaic applications has been
- investigated recently for their potential to address some of the shortcomings of current
indium' tin oxide electrodes. In particular, metallic carbon nanotubes modified according
~" to various embodiments of the present method may show modified electrical properties
'suchgasfzéhhqnce'd conductivity suitable for use as conductive electrodes.
= [0038]_ " A coating layer is then deposited on the carbon nanotubes. The coating layer
may include a mixture of nanoparticles, a matrix in which the nanoparticles are
dissolved or stabilized, and an ionic liquid. The coating layer may be deposited directly
on the SWNT network in ambient.
[0039] In various embodiments, the nanoparticles may be selected from the group
, cqnsisting of silica, ZnO, TiO,, Al,O;, Fe;04, Fe,0s, clay, opal, glass, aerogel, and
mixtures thereof. It is to be understood and appreciated that other small-sized particles
which can be stabilized in a matrix to provide enhanced field-effect mobility and
decrease hysteresis of SWNT network devices are also useful.
[0040] In one embodiment, the nanoparticles - are silica. For example, the
nanoparticles may be dimethylvinylated and trimethylated silica nanoparticles.
[0041] In various embodiments, the matrix in which the nanoparticles may be
: dissolved or stabilized may includé an elastomer.

[0042] In various embodiments, the matrix may be a silicone elastomer.

[0043] In various embodiments, the matrix may be polydimethylsiloxane (PDMS).
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[ 0051] I n various enbodi nents, the mxing prior to coating may be carried
out by standard m xi ng net hods known in the art. Any suitable m xing device
may be uswo,20nmess8n t he enbodi nents are not |imted toPaTs&aR0i1®O000a8
device. In various enbodi nents, the m xing nay be carried out, but is not
limted to, by stirring or shaking the m xture. WO

2011/ 096408HACT/ StE29tb1¥00BIREB JdODE 2bpreciatad thatotkerisobientsystemstthas ang alileg may
be carried out for about 1 to about 30 m nutes, such as about 1 to about 20
m nut es a6 dizbelut odsthtsliadihe haddparticiestasy alke voek asulitableinftricdsxi ng time may be
about 15 mnutes. Al nentioned tine specifications my be the | ower or

upper i no4s)f amd @eRAS bmb6dikiclR, 3788 GRRIALY Be & S18hnit Al gaieTbodi ment s
may be readily understood and put into practical efféct, particular

enbodi nen i1l no desgci he y the;:f okl awingnony g ki n
exanpl e. qﬁ‘i“a% ehga\g?l?(g%ti g%{)g Pﬁm %ﬁ{;rgﬁ gé‘i‘ﬁ%n notbtr(}be%-e lg)étgd )
Field-Effe Transi.st or, .[ 0054] Car bo not.ubes, wer e. pur chased
from Soufﬂ&wg{lﬁ%%m c‘h‘%@?’i‘b‘%’%@e‘?%@?g‘&ﬁfi“\@% E(EW% S‘h gﬁl?e ﬁh"?‘h@‘r
purification. The salutiqn faor sem conducting device fabrication was based
on contréFW%‘%%%Mﬁ\ﬂ%ﬁrﬁdﬁ“ﬁ@dﬁPﬁﬁt ascfghﬁ@g‘t SWNTs with radicals produced
by an organic radical initiator, 1,1 - azobi s(cyanocycl ohexane) (ACN).
Briefly, 0.3 ng of SWNTs was dispersed in 30 nL of DMF solution via
probe-ultrasonication for 30 mn &,%oni cs & Materials Inc., Mdel: VCX 130).
Then, 1 nmL of DMF solution contaiming 25 ng/ L ACN was added to 10 nL SWNT
suspension, followed by 30 mn ‘rasopi catgon. After reaction with ACN,

t he suspensi:on was filtered t hAghh g g._ > Ditp PTFE menbrane, fol | owed by
repeat ed washing with DMF and a et off “§0 rgnove the residuals. The powders
col l ected from PTFE nenbrane werCH:e- dPsper®&ed in a 2 wt % of
co-surfactants which consists of sodi um dodecyl sulfate (SDS): and sodi um

chol ate hydrate (SC) (weight ratio=1:4). The nanotube bundles in the
suspension were renoved by centrifugation at 20000 rpm for 90 nmin. The
resul t i nd0fder nkbamixtipesnelnding thernoparticlss: @ Butivoin which fernanpparicles
field-effect transistors (FETs). WO 2011/ 096898PCT/ SG011/ 000053

are dissolved or stabilized, and an ionic liquid may be mixed prior to coating on carbon

nanotubes.

[0048] In various embodiments, the nanoparticles may be dissolved in the matrix
© prior to mixing with the ionic liquid.

[0049] In various embodir'nentsv, the matrix having dissolved or stabilized

nanoparticles therein may be a silicone elastomer base. |

[0050] In one embodiment, Ithe matrix having dissolved or stabilizéd nanoparticles

therein may }be Sylgard@184 (Dow Coming Corporatiqn).

[0051] © In various embodiments, the mixing prior to coating may be carried out by
standard mixing methods known in the art. Any suitable mixing device may be used,
Wherein : thé embodiments aré not limited to a particular device. In various

‘ erﬁbodiments, the mixing may be carried out, but is not limited to, by stirring or shaking

the mixture.
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[ 0055] The SWNT FETs ( SNFETs) were fabricated by drop-casting the suspension
of nodified SWNTs across two Au el ectrodes (100 nmthick) pre-patterned on
top of SiWD/Bi1/mwe¥st rate to form conducti ng channel appraxisSeaoriogos® 1-1111
| ong and approximately 25 um w de. The gate dielectrics Si02 is 300 nm
thick. For the drop-cast procedure, 25 uL of SWNT suspension was dropped
ont o t he [0@82] cesIn Yasious wadodiynegtsy thvgnmmg mekbe eapedant for aadt | fnghouy of
de-ioni zed water. The procedure was repeated until the density of

ACN- f unct30analuteaseshcBViNTabouts 1 ho ghowrzfunlintes oresoit 1 He abesti Fethimues. #ot | evel .
Furthernore, all electrical neasurenents were carried out in anbient

condi t i oRgampleNtheamis@id e YnHeHd mdust@hu&@%ﬂ&iﬁ&moﬂémﬁm&%EeMaa@ilonéZOO-
SCS. The extraction of field effect nobility was based on the slope of the

transfer & B’eﬁhe[&@e’?@} %é 'Hi%?é A é‘ctﬁ/@%n{@}% d ty enhancenent effect, the

PDVS el ast oner, Sy gard 84 5| e el ast omer base (1g; Dow corning
corporati A r h_vanri Qus nts of
1l-ethyl- 3[86\5311 hyl | Rk gjazo ?tu%flri%b%ﬂsl F%uo’?%%é hyﬁégg’( :M(r)lﬁylsof)% e P‘%M TFSI))
under continuqQus,.Stirri n for coatin Then ] Xt.ure was
coat ed off QFWPWCP 9 lg?enﬁﬁ Wgﬁ’i‘(w ﬁ‘%ﬁﬂ?iﬁghff oorft tF‘ﬁgp ¢H&ani sm
study part, silica nanopartl cles (particle size: 7 nm surface area: 390 40
nR per grn&ﬁ)hf%ﬁlégf#%ﬂﬁ’a gma- Al drich. Pure PDVS, pol y(di methylsiloxane) with
met hoxy term nated (Average M, approxi mately 27000) is al so purchased from
Sigma- Al drich. Electrical Nbasur ements and Characteristic Studies

[0057] Fig. |b displays the transfer curves (drain current Id vs. gate

vol t age Vg) of the SWAT-networ k FETEkshplee and after depositing a layer of
Syl gard@84 silicone el astomer base nixed with 20 w % of

(1- et hy| F3beRhivh ofSHpIOW IR0 T srbbh NaneeuIRg i tyd Field-Easekd TrimRko EM M TFSI ;
chem cal structure shown in Fig. 2a). The SylTgard@ 84 silicone el astoner

base 1S q00443c0UenbbH! HhnoRBERORGMIPT QREMSS( 60 pafldi TELAY kylMNAS ed and

trimethylated silica nanoparticles nd it beco s opaque after adding

EM M TFESI d | f

o e oy ianBRu Rkt HXSR] ahd &efl b n%‘h%ﬁ s REERATEL éﬁ‘ﬁ%ﬂv{f’ﬁ@% Yiuren
Th t 1 h t st f t hi .

roteqt Pebm iR REE R dBbt igh v, B 5 f e Hlhuish %lﬁg’tﬁr‘f&“%‘} 8be of

the transf ury descri em Rev., 2007, 1296 1323 and
the Vg ' " ColoCats SRy, Wlﬂbma%egﬁtw uges B¥gaR | Y86k tfél( ABitiatBhilbE Ty
extraction. Such a nobility enhancenent effect was observed on the

transi st @;zoluaom@gywlmam)c{éql‘é)n@@eﬂm b8bng iof p WNbigs disperspd N5 39 sl
approximately 10.8 cnm2Ns as shown in Fig. 4. This is also simlarly

obser ved of BIMF lselutiew viaggope-ultas@dcdtioorfrodhenn §venicse® MéitesbiTisc. i Motleldi ng
comerci ally avail abl e CoMoCAT, H PCO and Arc-di scharge based tubes. The
mobi | ity VCKaa0eMheh, Ml bEDMT selatiéro codiginigl Ao EMOW TWaSladdsbtoerd Ot her
types of coatings, such as water, organic solvents, epoxy resins, thernal

gl ues, p%NSWNT%H&ﬁ%ﬂsmﬂ%MHWE@B?BY)'thh @ehsbraiatlonli rRF eéakn&hamr&@mt s have
been tested but these materials general ly caused decrease in the devi ce

mobi | i tyu(&g eré?)onl WRORREH ghrog% §f®02f§uﬁ1h@fpé njRie E&lwea p&'ﬁ% ratio

(the enhance Ity to the rnitial nobility) for the SWNT "ne

transi st %aggfﬁé r vf’lth D{af %_ff@ ) eﬁoﬁ)@tqb ren e Q rres?(%lanMI% gFﬁ)der%dc%ﬁg%tE&) folf

Syl gard@ I'cone el astoner ancement occurs once

th I | i dt | i nk dded t
the oi i CORE '&5%%\?5%%?& £ lncmEev&t ?a&cb-?w%f”&ﬁ{ﬁ%&ae@“%%ssﬁo?e ’
gel ation or crossli mer chains. Instead, the opaC|t i's

li kely rég@}%@dﬁ% ﬁplfﬁé (595} @gia%qd&ﬁn&howeh@rq ¢ SO raticnled- The t he

m xture,  which will be discussed later. WD 2011/096898PCT/ SG2011/ 000053
.na'notube bundles in the suspension were removed by centrifugation at 20000 rpm for

90 min. The resulting supemataﬁt was then used for fabrication of thin-film field-effect

transistors (FETs).
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[0059] 1t is arguable that the nobility increase could be due to the changes
in environmental dielectrics, i.e. fromthe dielectric constant

appr oxi mewel29111096898 air) to approximtelt 2.5 (i n PDVS) PCT/SG2011/000053

Di el ectric-enhanced nobility has been reported for graphene based

transi stors. However, the results in Fig. 2b (coating with pure PDVD)
clearly d008dst TheaSWNE FElsI(ENFEILs) whrsrigeri¢atedalys dropotastingitbaisnspensign f act or .
To further clarify the causes of nmobility enhancenent, it is confirmed that
PDVS added medified SMNTs héross twanApaadatroles (1004 rivh ohitk )Epdeiaitéited opRog of 2¢) or
PDMS with EM M TFSI (w thout silica) (data not shown) both reduced the

devi ce  nm#i0b/Bt Ysubdthge NMDIfbink Ycodidhieripe rdBAineNagppRdtivhatidy €30V Qe Wieg bhe PDVS
| ayer was m xed with both silica nanoparticles and EM M TFSI as shown in
Fig. 2d. et 4.0NS; ichgd: 70 an.of sklica
nanopart i% }ggnfl?\tgigciesgﬁggg Iaigqlﬁ}f%aé a?égﬁlgg%tﬁﬂﬁﬁ/ks‘?%s]is 3?22132&?%@% 'aglg{aﬁéeg ﬁ%l)t/ role

i n enhancj e 'Iité«mlvth' h r serves as. t matrix to
host sil ipég&ﬁg%oﬁgﬂﬁr colfes and%r]\sﬁa%slmgu %r$%36%]§$8l¥ 3?‘(‘%%% q??l}loahéerdsb\énd t he
mechani erm.t he coating at the c&hter. of .the. conducting_channel w thout
cover i ng 4HBE it HOMS\RPSTANES @B SrRsiRe of Fsipnized WRiSTn T, PEYG5uts, Wake
nobility can still be enhanced even when the coating.is limted to the
conduct i Agpeatedniil the densey tof ALK HumctionalizadsePNS isfhigc enpugh do seachithe al | y
related to conducting channels. [0061] The results shown in Fig. 1 have
reveal ed debizad cementolioveli Furtherinome etk electricalimeeasunemienta neengstayried bt tihe

hyst eresi's change. Fig. 7 shows that the nobility enhancenent ratio was

| ess si grinfhigmrdonditiens ukieg lyKerhileg issmadontingompparatictee ahalgnsi bael 4206f or e
coating) was snaller, where the hysteresis was quantified based on the

met hod r &y0y. 1@ ekactionBAYisld éEfeenobility ¥a9baskd 3n tH/d8pelofidife tratitertupleer €si S
in SWNT transi.stors is caused by the trapped charges between SWNTs and

envi ronngpisy) di ¢ efrbEdiiesteOthet RRHARS edHahOIMGR dorfitr” BRI BBRKS SHAdkARLANTS. |t

has been verified that the coating"wth pure PDVS polymers does nof change

t he hyst ' t ' (K . the . r

nyst of oot PLTATH siftolt MERmANASE gy Dikh colting, Chil6Guioh, RaBRT KA

di el ectri Instead, it.is likely.due to suppressjon,of e influences
From ¢ he USAY et B8y wniteh, SiTiuoU0 Artnf B o el Shsthefuidraltivh,
separate_experi nent th t hor ough r.rinsing to reduce .the residual

sur f act arli’ﬂé&fé‘@r‘tr’&ethﬂ\?ﬂ%‘mé( Halde gﬁéﬁ%-&gﬂ)ﬁ UBHlerennligRoYsattiEtine Eo_r?,l 21 onpar ed
to that from devices wthout thorough rinsin %approxi mately 4.2).

Fur t her mbefore cpating Then fHee @@W@e\gawaéedam(@&?@ ngtwokgeansistagidireedy ivar i ous
time periods to burn off (or oxidize) the residual surfactants. As

expect ed ambient Edrehé meclwasimgiudypag|siling ranopgrti¢lbe(pddidegse: @xhmisurfage | ower
mobi | ity enhancenent ratio after coating silicone/EMMTFSI (Fig. 8)

[ 0062] To afdar t I390+c| 40 i fy” t lper efgfan) afe Sifilolc orSegEMAWIAMES! Rpat iFTMSHal |

ef fect measurenent based on Van der pawl nethod (Phihps Research Reports,
1958, 13 pol(&inetBsiRRahd) WIBHImEeMoR¥ terattatéd @ vepdle! M, ¥ppr6Ritdakdy 27000) is
concentration, and sheet resistance of the S networks (1 tcm X cn.
Table 1 shewsrdniadd iR Serhd-a¢dRg, Hal | nobility for all these filns

i ncreases after coating, consistent with the FET device results. In
general, the sheet resistance slightly increases after coating, which is
consistent with the observation of output characteristics in Fig. 3. The
sheet resgjstance increase is déj to the Ject.ease of hol e concentration
after coatfsigealgasurements.ang Characterisie et the negativel y charged
surfactants al so_reduces the hole concentration in SWTs. Silica

nanopar t (#4598 - c aFigy 1psusniavsdhs transierecus v (Jen crrent devis-regfe ¥alige daheht and
the interparticle electrostatic repul sion keeps them wel| separated and

di sper sedhd AWRHvBetwark iEThbefprecandpaftestdepasiting hilaysr dfiSoteard@hs4 isicenparti cl e
el ectrostatic repul sion appeared to be inefficient, due to the extensively
hi gh i onielas®hreengbéseof mnhilked | i githd R2Onswa¥td tdfe (bsthlyi-Bmgetbylivhidasslmbar ge
screening. Hence, silica nanoparticles tend to formclusters or _
aggr egat baiflubfsmkdthylagfongl)ikhide PEMINIYTEST, EhdvRcasstrabeey sRn ihtFigs2del i eved
that the negative ions fromresidual surfactants around SWNTs may be
attracted by or trapped into the silica-liquid ion aggregations, leading to
the screening of charge fromsurfactagys and the enhancenment of effective
mobi lity of the SNFETs. Sanple




Process Mobility (cnR/Vs) Sheet resistance (Chnisq.) Hole conc. (1cnR)

Before 8.07 8.51x105 9. 45x1011
WO 2011/096898 PCT/SG2011/000053

‘The Sylgard@184 silicone elastomer base is a viscous fluid, composed of PDMS
'(>60%)‘and dimetﬁylvinylated and trimethylated silica nénoparticles, and it becomes
op.aque “after -adding EMIM-TFSL. The mobility of th‘e pristine device increased
signiﬁcéntly from 8.1 cmz/Vs to 28.5 cm*/Vs after coveriﬁg with the silicorie/EMIM-:
- TFSI mixture. The output characteri:stics for this device were shown in Fig. 3. It is noted
. that the ﬁéldveffect mobility was extracted based on the slope of the transfer curve as
* described in Chem. Rev., 2007, 1 07(4), 1296-1323 and the ngscan was taken from
ij-»po"sitivv:eifto negative voltage for ijlobility extraction. Such a mobility enhancement effect
was dbSéfved on the transistor &vices with wide range of mobility from 0.015 cm¥Vs :
l.to épbr(j;(imqtely 10.8 cm?/Vs as sthn in Fig. 4. This is also similarly observed for the
devices prepared from other sources of SWNTs including commercially available
: CoMoCAT, HiPCO and Arc-discharge based tubes. The mobility enhancement may be
unique to the silicone/EMIM—TFSI system. Other types of coatings, such as water,
organic solvents, epoxy resins, thermal glues, polyethylamine, polymethacrylic acid and
different photoresists have been tested‘, but these materials generally caused decrease in
' the device mobility (Fig, 5). |
[0058] Fig. 2a shows that the mobility enhancement ratio (the enhanced mobility to
the initial mobility) for the SWNT network transistors strongly depends on the amount
of EMIM-TFSI added to the Sylgard@184 silicone elastomer base. The mobility
enhancement occurs once the silicbne liquid turns opaque. As no crosslinking reagent
- ‘was added to the silicone elastomer base, the induced opacity is not related to the
' ;gelativonb or crosslini( of PDMS polymer chains. Instead, the opacity is likely resulted
from the aggregation of the silicé nanoparticles in the mixture, which will be discussed

_ later.
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- [0059] It is arguable that the mobility increase could be due to the changes in

- environmental dielectrics, i.e. from the dielectric constant approximately 1 (in air) to

25. 40

'approximatelt 2.5 (in PDMS).. Dielectric-enhanced mobility has been reported for

~graphene based transistors. However, the results in Fig. 2b (coating with pure PDMS).

~“clearly suggest that the dielectric change is also not a dominating factor. To further

clarify the causes of mobility enhancement, it is confirmed that PDMS added with only

silica .n'a,noparticles (without EMIM-TFSI) (Fig. 2¢) or PDMS with EMIM-TFSI

. (Withqﬁt silica) (data not sho_‘wn') both reduced the device mobility. The mobility

enhahCément was only observed when the PDMS layer' was mixed with both silica

nanoparticles and EMIM-TFSI as shown in Fig. 2d. Taken all the ,obServations

' described, the aggregation of silica nanoparticles induced by liquid ions EMIM-TFSI.

~ seems to play the key role in enhancing the mobility, while the PDMS layer serves as

the matrix to host silica nanoparticles and liquid ions.

:[0060] To further understand the mechanism, the coating at the center of the

conducting channel without covering the metal-SWNT junctions was tested. As shown
in Fig. 6, the mobility can still be enhanced even when the coating is limited to the
conducting channel, suggesting that the observed effects are essentially related to

conducting channels.

[0061] The results shown in Fig. 1 have revealed that the mobility enhancement

occurs simultaneously with the hysteresis change. Fig. 7 shows that the mobility

- -enhancement ratio was less si@iﬁCmt when the hysteresis of the pristine transistor

- (before coating) was smaller, where the hysteresis'was quéntiﬁed based on the method -

reported in J. Phys. Chem. C. 2009, 113, 4745-4747. The hysteresis in SWNT
transistors is caused by the trapped charges between SWNTs and environmental
dielectrics or chargés introduced by residual surfactants. It has been verified that the
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- coating with pure PDMS polymers does not change the hysteresis of the present devices -
(Fig.'Zb). Hence, the observedvlﬂy:ster.esis reductiorvl’is nof resulted from the 'Qhange of -
environmental dielectrics. Instead, it is likely due to suppression of the influences from
the residual surfactants. This notion is further corroborated by a separate experiment

~ that thorough water rinsing to reduce thé residual surfactants led to lower enhancement ,
ratio of approximately 2.3 as compared to that from devices without.thorough rinsing |

: (approxi_mately 4.2). Furthgrmoré, the pristine devices were annealed at 260°C in air for

var10ust1me periods to burn 0fo g(c;r oxidize) the residual surfactants. As expected, with »
the iﬁcféasiﬂg a;lnealing time, the devices exhibit a lower mobility enhanéement ratio

“after coating silicone/EMIM-TFSI (Fig. 8) |
[0062] To further clarify the effect of silicone/EMIM-TFSI coating, Hall effect
measurement baséd on Van der pawl method (Philips Research Reports, 1958, 13, 1-9)
was performed to extract the mobility, carrier concentration, and sheet resistance of the
SWNT networks (1cm x 1cm). Table 1 shows that the extracted Hall mobility for all
these films increases after coating, consistent with the FET device results. In general,
the sheet resistance slightly increases after coating, which is consistent with the
observation of outpﬁt characteristics in Fig. 3. The sheet resistance increase is due to the

. decrease of hole concentration after coating, indicating that the screening of the
negatively charged surfactants also reduces the hole concentration in SWNTs. Silica

.nanopax;ticles carry positive surface charges in a  neutral environment and the
interparticle electrostatic repulsicgmb keeps them well separated and dispersed in PDMS.
‘With thé incorporation of liquid iohs, the interparticle elect;ostatic repulsion appeared to
be inefficient, due to the extensi?ely high ionic strength of the liquid ions and the

~ resulting surface-charge screening. Hence, silica nanoparticles tend to form clusters or

aggregations, resulting in its opacity in PDMS as-observed. It is believed that the
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1.67 1.20x106 3.18x1012 After 3.41 1.29x106 1.45x1012 5 Before 1.46
4.37x105 1.05X1013
. WO 2011/096898. PCT/SG2011/000053

‘negative ions from residual surfactants around SWNTs may be attracted by or trapped
: ‘into the silica-liquid ion aggregations; leading to the screening -of chafge from

- surfactants and the enhancement of effective mobility of the SNFETs.

Sample | Process Mobility Sheet resistance Hole conc.
o (cm?/Vs) (Ohm/sq) (/em?)

1 . | Before 8.07 8.51x10° 9.45x10"
| After | 2471 7.35x10° 4.32x10"!

2 . | Before 7.63 2.19x10° ~ 8.58x10"!

| | After 25.40 . 2.43x10° 1.33x10"!
| 3| Before 2.73 2.56x10° 1.04x10"
| After 444 3.15x10° 4.81x10"!
| 4 | Before 1.67 - 1.20x10° 3.18x10"
| After 341 1.29x10° 1.45x10"
5 Before 1.46 437x10° 1.05%x10"
After 624 6.80x10° _ 1.69x10'?

~ Table 1. Parameters extracted from Hall e_ffect measurements.

[0-063] The embodiments illustratively described herein may suitably be practiced
in the absence of any element or elements, limitation or limitations, not specifically
disclosed herein. Thus, for example, the terms "comprising”, "including", "containing",
etc. shall be read expansively and without limitation. Additionally, the terms and
expressions employed herein have been used as terms of description and not of
limitation, and there is no intention in the use of such terms and' expressions of
‘excluding aﬁy equivalents of the features shown and described or portions thereof, but it
‘is fecognized that various modiﬁcations are possible within the scope of the invention
j'..c:lazimt:d:.j Thus, it should be un_derétood that although the present invention.has been
specifically disclosed by specific embodiments and optional features, modification and
variation of the inventions embodied therein herein disclosed may be resorted to by

those skilled in the art, and that such modifications and variations are considered to be

within the scope of this invention.
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After 6.24 6.80x105 1.69x1012 Table 1. Paraneters extracted from Hal

ef fect nmeasurenents. [0063] The enbodi ments illustratively described herein
may suit awbyotieopsvacti ced in the absence of any el enment pam/Sekermmnios3
limtation or limtations, not specifically disclosed herein. Thus, for
exanple, the terms "conprising”, "including", "containing", etc. shall be
read expdf@ilel y Thednvgntienias been described bratdiy rrchgeneyicaliyh bereiy. fhaciaiofl -
expressi ons enpl oyed herein have been used as ternms of description and not
of i t ahé sarrovesrdpedies andi ssbgamerin fgeoupings falhing mathirs thefenerircdis¢lesuns aland
expressi ons of -excludi ng any equi valents of the features shown and

descri bedo@f p@bf tiavédtidneThis ifdhiddstthd Serlefic A@iirAeidn ol e Yid&itRUSwith a

nodi fications are possible within the scope of the invention claimed. Thus,
L Shoul Sriasd BrdRiaak AnlthRin RiroDRAFARY G BIAARA oD Heh A HARIAS B
specifically disclosed by specific enbodi'nents and optional features,
nodi fi cat Lagl . i i . jed therein herein

di scl ose lﬁ§§§§gn%§é%r %ﬁﬁf%&g%n?%%%%ﬁ@é¥fR%88?§8?né art, and that such
nmodi fi catj and .vari ati.ons are.considered to. be within the scope of this
inventLoAva { 2@?¥?6§%@§%¥?ﬁ%@%ﬁﬁ%¥7 @@gg@ﬁﬁﬁﬁf%ﬁémpﬁ@éw ?Bﬁé &S been
descri bed br.oadly and generically herein. Each of the narrower species and
subgener i% 2§Rsstip?ings nEntipp grefeskribed Metegas of Markpsbicgraarss ghose skilledimn par t
of the invention.” This includes the generic description of the invention
wi th a prlsiagowd} repegaize vibat| thei insertion iseatsw itheyelyh dessubpddn termst ef ahy om t he
genus, regardless of whether or not the excised material is.specifically
reci ted hmdieidnal member or subgroup of members of the Markush group. :

[0066] While the invention has been particularly shown and described with
reference to specific embodiments, it should be understood by those skilled in the art
 that various changes in form and detail may be made therein without departing from the
spirit and scope of the invention as defined by the appended claims. The scope of the
invention is thus indicated by the app‘ended claifns and all changes which come within
~ the meaning and range of equivalency of the claims are therefore intended to be

embraced.
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100651Cx her enbodi nents are in the following clainms. In addition, where
features or aspects of the invention are described in ternms of Mrkush
groups, twozeliglessded in the art will recognize that thecTsGentiioowsss al so
t hereby described in ternms of any individual nmenber or subgroup of nenbers
of the Markush group. [0066]While the invention has been particularly shown
and descr@lagus wi th reference to specific enbodinents, it should be
under st ood by those skilled in the art that various changes in form and
detail naly be AragetHolenéi modifyinguthed efdestti¢ad g pfoperties hef s@irtidrt rﬁtﬂdtubéisgpe of
the invention as defined by the appended clains. The scope of the invention
i's thus idgipsdingd by the appended clainms and all changes which come within
the meani ng and range of equival ency of the claims are therefore intended

Lo be embracedy g@n 'Jrﬁuﬁstﬂéfﬁéx}}?é’c%oﬂ‘}ﬁha bBabfiRited Bhi'd Lo PIARE! ¢ | €9

of carbon nan conpri sing . provi |ng s ra avi ng carbon
nanot ubes gﬁ%ﬁSIt d on a surface of the substrate; and dep05|t|ng on
the carbdh ‘oflibes a coating l.ayer conprising a m xture of nanoparticles,

a matrix in whjch . the naE particl es ?Je dlssolved or stabilized, and an
i oni ¢ i quid. 9PRESIHRE RBJNBcathog; fanptubes a gRaling;1Ayer OMAINBISaR {PIKfUES Ofr o
sel ect ed from the group consisting of silica, ZnO Ti-02, Al 203, Fe304,
Fe203, cmpopa@mlps agmaBix mawh@bethe nampaﬁﬁl@l@wr@sdlmmeéo:r stabtilizede ehrb n of
cla|n12 ‘

10nlc 11qu1d

2. Thé method of claim 1,
wherein the nanoparticles are selected from the group consisting of silica, ZnO,

Ti10,, Al,03, Fe;0q4, Fe, 03, clay, opal, glass, aerogel, and mixtures thereof.

- 3.. The method of claim 2,

wherein the nanoparticles comprise silica.

4. The methdd of claim 3,
wherein the silica nanoparticles comprise dimethylvinylated and trimethylated

silica nanoparticles.

5. vThe method of any one of fhe precéding claims,

wherein the matrix comprises an elastomer.

6.  The method of claim 5,

wherein the elastomer comprises silicone.
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wherein the nanoparticles conprise silica. 4. The nmethod of claim3,

wherein the silica nanoparticles conprise dinethylvinylated and

t ri met hylwoediigiobgsgsa nanoparti cl es. The met hod of any omeTsG20h@o@secedi ng
clainms, wherein the matri x conprises an el astoner. 6. The nethod of claimb5,
wherein the el astonmer conprises silicone. WD 2011/096898PCT/ SG2011/ 000053
7. The nmethod of claim6, wherein the silicone el astoner conprises

pol ydi et hyl si'l oxane. 8. The nmethod of any one of the preceding clains,
wher ei n the iTeimethodjof daiaoépri ses an organi ¢ azoliumsalt. The nethod of
claim8, ’

wherein the silicone elastomer comprises polydimethylsiloxane.

8. . The method of any one of fhe preceding claims,

- wherein the ionic liquid comprises an organic azolium salt.
: 9. The method of claim 8,
“wherein the ionic =~ liquid is il -ethyl-3-methylimidazolium

~ bis(trifluoromethylsulfonyl)imide. -

 10. The method of any one of the preceding claims, -

wherein the carbon nanotubes comprise single-walled carbon nanotubes.

11. The method of any one of the preceding claims,

wherein the substrate forms part of a transistor or resistor.

12. The method of claim 11,

wherein the substrate forms part of a field-effect transistor.

13. The method of'any one of the preceding claims, -

wherein the coating layer is deposited in ambient.

14.  The method of any one for the preceding claims,
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wher ei nt hei oni cl i qui di s1-ethyl-3-nethylim dazolium

bi s(trifluoronethylsulfonyl)imde. 10. The nethod of any one of the

pr ecedi ngwol2aimeesssher ei n t he carbon nanot ubes conpri sePsrsgkerwadoszd
carbon nanotubes. 11. The nethod of any one of the preceding clains,
wherein the substrate forns part” of a transistor or resistor. 12. The

met hod of cl avherein thevmixeirs of menenpasiieles tae nfaginin ydieh gie parfopaitiglesfarect
transistor. 13. The nethod of any one of the preceding clains; wherein the
coati ng |disgelved sordetplbized; daridn amnibnentiquid4is Mmiveedmptibodo afoatimy omnearbodi t he
precedi ng cl ai ns, wherein the m xture of nanoparticles, a matrix in
whi ch t heapeapgarti cl es are di ssolved or stabilized, and an ionic liquid is
m xed prior to coating on carbon nanotub es. 15. The nethod-of claim 14,
wherein the mxture is mxed for about 1 to about 30 mi nutes prior to
coating on carbon nanotubes. 16. The nethod of any one of the preceding

clainms, ;5 %%'h%tﬁo&&eclegﬁlnﬁ??a”i cles are dissolved in the matrix prior to
m Xi ng th the 1tonic 1iquid’

;w:herein the mixture is miXed for about 1 to about 30 minutes prior to coating on

~carbon nanotubes.

16. The method of any one of the preceding claims,
wherein the nanoparticles are dissolved in the matrix prior to mixing with the

1onic liquid.

- .17. The method of claim 16,

wherein the matrix is a silicone elastomer base.

18. The method of claim 17,

wherein the matrix is Sylgard@184.

19. The method of any one of the preceding claims,

: _ ‘wherein the substrate forms part of a conductive electrode.
20. A method for manufacturing a field-effect transistor, the method comprising;:

modifying the electrical properties of at least one carbon nanotube, the modifying

comprising:
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17. The method of claim 16, wherein the matrix is a silicone el astoner
base. 18. The nethod of claim 17, wherein the matrix is Sylgard@ 84. 19.
The net howoahiizmyssene of the precedi ng cl ai ns, wherein rhe/ssabdtonass f or s
part of a conductive electrode. 20. A nmethod for manufacturing a
field-effect transistor, the method conprising: nodifying the electrical
properties of at | esstdinge substtathhavdngcarben napwubasdiepgsited onanpirfase nf:
provi ding a substrate having carbon nanot ubes deposited on a surface of the
substrate; and depmssubstrage;andt he car bon nanotubes a coating | ayer
conprising a mxture of nanoparticles, a matrix in which the nanoparticles
are di ssol ved or stjepbditirgesh thardrbdn nafbtuBed 4 Bdktidg layer cormpPfisThgd mhiRGire
field-effect transistor using the at | east one nodified carbon nanot ube as
an active area of ' ff.e IS 10 ' i ' a
conducti ve channelBﬁgﬁﬁﬂgkgg%héd@&ﬂgaﬁp%m%%e%gfg@?égﬁg@?g%i?%%%?&ﬁgﬁprising
car bon nanot ubes i fied using a t.nod of any one of clains 1 to 18. 22.
i i2EE i afthrte [0

. ilize ; ) .
A mxture for. formng a wherein the m xture conprises

nanoparticlesg, a matrix ip which the nanoparticles are dissolved or
stabi i zed, ii‘?i’&“‘%na]_e&li-ﬁ)f‘é‘eﬁ%d’u’aﬂ.ﬂsmé 3?‘“&%%&1?%50?%%91%@8 PBIABCSYi xt ur e
of nanoparticles, a matrix in _which the nanoparticles are dissolved or
st abi | i z@¥an agfiveanies ofthe fieldgeffest tramsistoy, in whicherctive arep apasduntive chamst i sing a
coating layer of claim23, wherein the coating layer is deposited on a
subst r at enay blgFomyxke of a ni xture conprising nanoparticles, a matrix in
whi ch t-he nanoparticles are dissolved or stabilized, and an.ionic |iquid,
wherein the mxture is deposited on carbon nanotubes to nodify the
el ectrical properties. 2

21. A field-effect transistor comprising carbon nanotubes modified using a method of

~ any one of claims 1 to 18.

22. A mixture for forming a coating layer, wherein the mixture comprises
nanoparticles, a matrix in which the nanoparticles are dissolved or stabiliZed, and an

1onic liquid.

23. A coating layer comprising a mixture of nanoparticles, a matrix in which the

- nanoparticles are dissolved or stabilized, and an ionic liquid.

, .24; 'Azﬁeld-'effect transistor comprising a coating layer of claim 23,

wherein the coating layer is deposited on a substrate.

25. Use of a mixture comprising nanoparticles, a matrix in which the nanoparticles are
dissolved or stabilized, and an ionic liquid, wherein the mixture is deposited on carbon

nanotubes to modify the electrical properties.
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