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

applicatiogn clai the benefit of priority of United
Provi si on ﬁ?}g@ﬁu on No: 61/301,791, filed 5 Februa#@lt/%?blm{nﬁé
contents of which being hereby . incorporated ky reference it its

ent!rety. Tovpirbgy AREEERCTRIEAL PROVHRMATSI carpngivent s

relate to the of car]bon nanot ubes, and for exanple alternative

met hod of nodi fyi ng or :Pﬁﬁ@ erties of carbon
nanot ubes. Background Pﬁggggiglng?e-ma edﬁgér 3§i%§notubes ( SVNTs)

have attracted nuch attention due.to their great potential for
post-silicon electronics. Utra-thin SWNT networks have been

successful |l y denonstrat eg as _prom sin nd VY. st materials for
field-effect tranS| st or %MM@* \ - perfor mance

sol uti on- ess VT nej wor ks, 'c are. suiia f.or rlntale
ol ect ron: UOTIST T B GumimtionEius) 1 hePry st minaty Shuniss Sieh eRaiiaos
obt ai n hi gh- perfornan e SWNT-n k FETs the difficu ;
obt ai ni ngﬂ lgﬁtl%lﬁmql Plafitd: e gﬁﬁ? Hd@&f?lﬁaﬂﬂeéwl?@étb&aéh?rﬁbx he
co-exi stence of netallic (M and sem conducting (S)- tubes in the
SVNT- net viFRPORtSd 04 Folpietrdt ¥s endirety ARRMOSSVWNTSs and S: SWNTs, to
specifical ly grow 5- S WNTs, and to enhance the sem conducting

characteristics of the devices by application of chem cal treatnents

on SWNTs or devices, however, are achieved with
' Technical Field

[0002]' A Various embodiments relate to the field of- carbon nanotubes, énd for
-example, alternati_ve method of modifying or enhancing the electrical properties of

. carbon nanotubes.

Background

[0003] Single-walled carbon nanotubes (SWNTs) have atiracted much attention due
to their great poténtial_for post-silicon electronics. Ultra-thin SWNT networks have
been successfully demonstrated as promising and low-cost materials for ficld-effect
transistors (FETs). Nevertheless, high-performance solution-processable SWNT
B networks, which ar;a suitable for‘printable electronics, still demand more investigations.
- The major hurdle to obtain high-performance .SWNT~netv;r0rk FETs is the difficulty in
obtaining high mobility and highly semiconducting devices due to the cojexistence 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



limted success in high-yield and high-reproducibility of device
fabrication. Recently, sem conducting FET devices based on

tens-nmt Qi filnms using the nanotubes treated w nsj ty.
gr adi ent %@ﬁéﬁ%sri fugation (DAJ) or nodified with %éﬂﬁg’g’lﬁbﬂ%%3

di azonium salts, or nodified with organic radicals have been _
fabri cat e@imitw%u&esﬁﬂt@gﬁyiefd a4 High-FepkddaciBMN of ibvied BBARSaRAM. RBIRIEY, | S
to increase the percol ation paths and to reduee the device-to-device
variati Qggﬁni@bﬁduhlﬁ‘f‘gP@fﬁ@&ié@%@%&g(&%ﬂns-ﬁ'iﬁ-ﬁhikk EWN’Pfﬁhﬁé‘ﬁQn I faRSuse

conpr omi py t he “presence urfactants. Surfactants are usually
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provide. fqQr .an alternatjve nethod for_enhancing the-charge pobility
in car bongﬁva%.ﬂmgzprw%bsgﬁ@p@am of aa&anﬁse»‘ggftacfamsgm Wty useg for
above problens. [0Q006] Various enmbodi ments provide a_coating |ayer on
SWNT- net wiheidepies dabriggfiemowing e ihpin high efficiengy i digpepsing YV yhecieen
off the inmpurity charges from surfactants, and consequently |argely
enhance 't Widelieised for e PEUbased t andh Hliglpatspphorasishassd eseparetin rtechniques.
hysteresis. [0007] Vari ous enbodi nents provide a nmethod of nodifying

t he el ect Howaterpthepessiduals swfactant pemeayias odagirsls . thyhdeaigah ggripmyance of

i ncl ude: w&\l‘% providing a substrate having carbon nanotubes

deposi t edSBNT devieds hyeinoeasingethe flestrode-npanofybg registincedibp deral Elegrastatic he
carbon nanotubes a coating |ayer having a m xture of nanoparticles, a
mat ri x i neminosienth of M SPAYES, ahd theainterdiutwsishivtaticeowhish apitiei doaninarding an
ionic liquid. [0008]Various enbodi nents provide a

fi el d- ef f Gactot teamsirist the conflhetafoc oif GVBYT eetvotk. ansi st or may i ncl ude
carbon nanotubes nodified by: (i) providing a substrate having carbon
nanot ubes deposited on a surface of the substrate; and (ii)
depositing on the carbon nanotubes a coating |ayer conprising .a

m xture of nanoparticles, a matri xSummadrych t he nanoparticles are

di ssol ved or stabilized, and

[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.

; . [0b06] Various embodiments provide a coating layer on SWNT-network FETs

| ;Which. coatingr layer is able t6 efficiently screen off the impurity cha:%ges from.
surfactants, and consequently largely enhance the device field effect mobility_ and
suppress their hysteresis.
[0007] Various embodiments provide a ﬂlethod of modifying the electrical

properties of carbon nanotubes. The method may include:



an ionic liquid. [0009] Various enbodi nrents provide a m xture for
formng a coating |layer. The m xture may include nanoparticles, a

matrix in _whch t nanoparticles are dissolved or stapili an
ionic Itqaﬁgﬁﬁpbﬁgg]various enbodi nents provi de a coa?ﬁ%géégg%%ﬁgghe
coating layer may include a mxture of nanoparticles, a matrix in

whi ch the ”a’WBWdﬁigeas bk atd %%ﬁﬁé V8o harfitdiel |d'eﬁ&~ﬁed 809 BPFalON fhe

|l iquid. [0011l]Various enbodinents relate to a use of a m xture

i ncl udi ng nangpakkd.ches, a matrix in which the nanoparticles are
di ssol ved or stat)altt%’i zed, and an ionic liquid, wherein the m xture may
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enphasi s instead .gener,al |y being placed upon illustrating the :
princi ptes: ofan\}g?llgﬁ Wdenhodi ments. In the fol | owing description,

various- epqhodi-mepts of the. .invention are scrihed with _ref net(j
the fol [oﬁ%ﬁé dr XAPGs .emFEfb’PSTF#i BV es%diﬁgﬁ%éﬁct_'ér"é’élﬁ@ﬁa?f‘% field-effect -
illustration for a_ back-gated transistor based.on SWNT networks; and
(b) trans'F@}Sls_Fﬂ’ig}aé(é%cé‘Meé:ﬁb%nF‘EPrt“b&SﬁoéH'?Flg’b’br of (a) before and after
coated with (Sfy'l gard@ 84 silicone el astonerbase containing 20 w % of
EM M TFSI . [ dDRIPHAEE subpiEie hpvyng earher panptubep depgsiisdpn gvipcerd) the

added to the
. substrate; and

(i) depositing on the carbon nanotubes a coating layer comprising a mixture of
| jhanoparticles; a matrix in \fNI{lich the nanoparticles are dissolved or stabilized, and
* anionic liqﬁid. |
:{0:009] 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 eﬁbodiments relafe to a use of a mixture including nanoparticles, a -
' .matrix in which the na.noparticleé are dissolved or stabilized, 'and‘ an j’on%c liquid, |
wherein the mixture may be depﬁsited on carbon nanotubes to modify the electrical
properﬁes.

Brief Description of the Drawings

- [0012)  In the drawings, like reference characters generally refer to the same parts

: thfo_ughout the different views, The drawings are not necessarily drawn to scale,



Syl gard(r)184 silicone elastoner matrix (1g) on the nmobility
enhancenment ratio for the SWNT transistors (the SWNT networ k

t i st . ith initial bilit t I 5-8

c:rg?flls)s; ogﬁ%iﬁ?!g%e?g%s\é\/rer gur v\éms folrjn!t_ h_leade\r;ﬁ:)clesI bg-f gr eagﬁga&%@ﬁﬁé%%\’?ed

with (b) pure PDM5, (c) PDM5 with silica nanoparticles and (d) PDVS

out put. ¢hoRRRCRehd Fefeta)3[ et oModd Bhon KARERLR o pRAMEof Dtions
bef f i t he..m . i

(), ber " Sl BT QML IelBifhl el A Blhin we

pristine gevi.ge%lvg.t h}%%r%}%gt%@gg%wﬁ%%ke. contacts |ikely at netal - SWNT

-V C S

i nterface. es‘l"ﬁ P ter coated with the

e o funclOGH of id AT 18 HETEE WobFTT O RacT arief GRorur Preed o

the transi stor.s_ranges from0Q.015.to.10.8 cn®/Vs. [0017]Fig,. hows
the typica® YRR ia?%ﬁghgrt:rwf%hﬁwmalsv?% ias{r?)‘i‘“% (o (@)iwgm o

after coated with epoxy %QINR 411. A B,. Mradur, Si-ngapore).
' esri@

2U11/ 0968¥EPEIeAtyt Vb {@p3% siticgne glasiBigE befrecantaipiae 20 Wiip vés
for a SWNT network transistor before and after coated with PDVS |-ayer
(with si [EMIMidR8barticles and EM M TFSI) at the center of the
channel : 'm[000191Fi g. 7 shows the nobility enhancenent ratio is

posi tivel IP0R4 at Fig.t @ shoavs {a)i effest ofy sheemgls of EMIMeTEViNTddest iprthe
transistors. Data points include both the devices coated wth
non- cr ossPylarmi@ B4Syliepnec@st@rersnitrizdhe) en Hstrophtyoenbencorenairationfyr 20
wt % of EM M TESI and those with RTV enhanced tines of nobility after
coal i ng wihiehS WIS, transistors (the SWNT network transistors tested were . with initial
; mbbil‘iﬁy at approximately 5-8 ;cmZIVs); 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 Vg) of the
transistor (a) before and (b) after laying down the mixture. The slightly rectifying
(asymmetric) I-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.
[Oi]16] Fig. 4 shows the mobility enhancement factor plotted as a function of the -
initial device mobility. The initial rhobility of the transistors ranges from 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).



[0020] Fig. 8 shows (a) the typical transfer curves for the SWNT
netvvork transi stor beforel and after annealing in air at 260 C for
h, and af g el astoner base containing 20m % o

(b) the ew(g%:“ﬁﬂ@ﬁh@he annealing tine (at 260C in air) %gﬁ%%ﬂf%s’s
pristine transi stors on the mobility enhancenent ratio after coating
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These enbogdi ts are described in sufficient det a|I to enabl e those

n
skilled. if %Ehag{" to practise the invention. Qher enbodi nents nmay
and el ectrical

be utiliz tural

mado v ¢ n0SGepdie nahq“fso%etrﬂgv ﬁfé'oif@%cmeﬁ*erﬁﬂﬁvlérﬁ% KSR Ta B
enbodi nent s € not n [ uall excl usi.ve, one, .
enbodi nentnglailé (GESe et ﬁi@“ %{tw O LB taGOF? ingfpge Rptbethe devicss

f orm new enbodi ments. [0022]jn_the follomnng descrlptlon non-limting
enbodi nenadteds thhéloﬂrcé‘ls@é@{ | $ylgud @) 8¢ silicee elagipmer base containing 20
2011/ 096898PCT/.SG2011/ 000053 [0023] Accordi ng to vari ous enbodi ments,
it has bewHesfr BMIM-REFL andothaee withtRThenbinsed fimes of mabpiy tafles cesfing

carbon nanotubes may be nodified in a sinple, cost-effective, and
sol uti on-pibEPdabl e net hod. Vari ous enbodiments relate to a nethod

of modifying . the electrical properties of carbon nanotubes by
deposi t i n@020]Jc oaFign§ shewye(a) thedypicdl drangfer bioves fentbe GBEET n@yorkoldansigiong
the electrical properties of carbon nanotubes, inproved . chenical

and physi bebrecindradict emicalingin saypt 60 ¥b e hédawhaftdr doaingeelsvemerise
possi bl e appllcatlons of such nodified carbon nanotubes. For exanpl e,
t he nobi I¢dnya1mf1g FRTt Yl ef/ EMIE - Meﬁb)dwﬂﬂbm}fnm annedmgrtane (ah260°4sie a8) t o
4 times after coating, and at the sane tine the hysteresis may be -
si gni f i cafot the prietiectenbsistbseoncthi arbdite adhanferehertiv aftadl coatixgPdpari @484y
be due to the screening effect of the charges from residual

sur f act andilicvat elastbmsr tage hdded edtht 200g% of BMIM-TR8LINCed enhancerrent in
the field-effect nobility and

Deseription

[0021] ~ The folfowing detailed description refers toAthe 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 sc;ope |
of th;e invention. The various embodiments are not necessarily rﬁutually exclusive, as
some embodiménts can be combined with one or more other embodiments to form new

: '_ embodiments,
[0022] . Inthe following descﬁption non-limiting embodiments of the prdcess will be

o expiained.



decrease of hysteresis of SWNT network devices were achi eved sinply
by coating a |layer of a matrix containing dissolved or stabilized

nanopart i %\lf(ffo&,ﬁlggps‘si quid ions. The nethod allows a 3 tg?’éﬁ{;ﬂillﬂ?_?uoss
)1 F S

i ncrenent "0 'ty to be achieved. The use of surfa

aqueous solutions is presently the nost efficient manner to disperse
SWNTs for ut i gn-,; f .caty I
anneal i ng[@%] be%&g@@&%&o @ﬁ%soﬁﬁ%%ﬁg%ﬁﬁfg%ﬁ%ﬁ $ g&gg Qeﬁrn%}gil %Qte{h@ﬁ
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mat eri al ; .such as, nanotubes, refers to terjal wth dinmensiops. in
t he nanont el SToPREHTS o& (cphen d’u?B%F“‘i’r“éta‘@an%ﬂoémégr? ERAUIBE 2BET PYEdhe
into the fol | ow n&l di mensi onal. types: Zero di nepsional (QD):: R
nanospher $2580n Beaptubes. 8y modiiynedhy ¢ledrisshprpsiies of wdon n&wéu BESIEREIVER al-
(1D): nanorods, nanowi.res (also called nanofibers) and nanotubes; and
two di nendicanedl apg mhysiedl rhpragieastics iaaobe ohisingd whisl dicseasesathg possible:
nanofilnms. WO 2011/ 096898PCT/ SG2011/ 000053 [ 0025] A- car bon nanot ube
as used- i #ppligations 9f shtloalodifivdscarhop ganotbes, |Hopn ¢aample, thel nellitypof FET
graphitic sheets. Single-, double- and nulti-walled carbon nanotubes
are knowndevrgs basedequSWINT-tédweorke chayringriase Fetobtimes aftdrecoptings and at the

i nvention, The carbon nanotubes may be of any desired | ength, such
as i n t hesamentyee theolystebesist m@y be significantbioedaced OTimentwncsmeasof elestricabout
| nmto about 5 p.mor from10 nmto about 1 p.m In various _
enbodi menprepertiteeman bb clue natiat scoesingesffehtaviethe changgt Fronf resitualsetfacdmout

2 p.mor. alength i'n the range fromabout 0.5 pmto about 2 pm or

f r om abouinolkcyias bpthalecating? Thaprofiumcederhandeiment in thé fitldeffeatrtability and
nanot ubes used may be freely selected according to any specific
requi r eneddeseasdePiyitiresis ONSWINT actwarkgdavids vafe alldeved rsinply hexgtng a
rings along the surface of the nanotubes, carbon nanotubes can be

met al | i ¢ @yersEM @amistUdhiafdng 4igyolvddcdt seadilixed nmtopaitiche indtiyuiddonts Gtlei n

a nmethod according to various enbodinents.

method allows a 3 to 4 fold increment of mobility to be achieved. The use of surfactants
in aqueous solutions is presently the most efficient manner to disperse SWNTs for
solution-based fabfication processes. Although the thermal annealing may be used to
. burn off the surfactants to a certain extent, the annealing usually degrades rather than
‘ enhances the device mobility. The current absence of practical surfactant-free processes -

: makes the present approach very useful in fabrication of high-performance devices.
[0024] Generally, a nano-structured material, such as nanotubes, refers to a material
- with dimensions in the nanometer range. Nano-structured materials can be classified
into the following dimensional typf:s: Zero dimensional (OD): nanospherical particles
(also called nanoparticles); one dimensional (1D): nanorods, nanowires (also called
fnainoﬁb_el_'s) and panotubes; and two dimensional (2D): nanoflakes, ﬁanoﬂowers,

- nanodiscs and nanofilms.



[ 0026] Car bon nanot ubes exist in different forms, such as

si ngl e-wal | ed carbon nanot ubes (SWNT), doubl e-wal |l ed carbon nanot ubes
( DVWNT) , d carbon nanotubes (MANT), or nodif

mul ti - wal | e%ioég@%%)% nanot ubes. Al t hough various enbodi @%Gml e bed
herein relate to SWNT, it is to be understood and appreci ated that

ot her for Pﬁ%gfn CANEABU Rhdoflbe a@fusEd“fh Gé’r‘id%@ Qeni‘b%&ﬁ’&e'ﬂ{%erﬁay"’ﬁé’ a gﬁﬁdé?%

:Jseful A SWNT Iis a seam ess cylinder fornmed fromoné graphite
ol ane. (sof JE?*?S%F%%E@ i rﬁﬁ%‘:“%ﬁvﬂ%f"ﬁn?ﬁ’e%ﬁa%ﬁh?%%ﬁy A

h

shape so a,bactashgrbs s B0l g@&ﬂ)?@@ M Rk R, glw{tb@x

and in generzﬂ ormati O

i anet e?’a%%mE%%ﬁ%%% bel defdz%e%fnﬁcﬁ s dé%%%'tﬁoa? A d@‘&ulem%
00
Form ol CREMCHEAR H%Zasif{%‘él Gmfp Pt or el Lo dn

concentric c | i'nde The nanotubes re considered as a- cross betmeen
S WNT and"aY, g%‘fﬂﬁlﬁféfr ReFArpenRanply ese‘P@é‘ParVSﬁq?PgH} &éwfe@%tr PR
SWNT, and t he_ mechani cal strengt-h of be sem conducti ng
or met al | # tengfhgp s an aﬁmqmﬁ&gutrﬁﬁ PFb‘IOébP’éty?eP@ stfrcg@ awwmﬂ fhoyt 2 n
on to forma_ tube shape. The nanotubes can also exist in forns in
whi ch t heymh“é%cwww&bnorf fhe cgrhonmanankas used moboigely salentnd acpordingds
esters, thiols, amnes, a carboxyl group and mxtures thereof on
their sur#rafo@emfle@%mr@aﬁm rPepgnding pe shaggangenent of thecwtiop hesagenaings
different nmethods known in the art. For exanple, SWNT may be grown by
car bon nodens the serlicy ofithe parnielres @dwmlr@mmbbé@mrb@mﬂallmmr pernigor@ugting.
C2) at-700-950 Cin flow of pure CO at a total pressure that

t ypi cal I'yAnangek ¢arlum hatajulied atapn besiwsgd ainc at aleflotl ecopiingitngvanbal t
(Co) and nol ybdenum (Mb) on a -nmesoporous silica support, leading to
so- cal | edenGodd@AI.r ) SWNTs. Using this nethod, dianeter control of
SWNTs can be achi eved. Another possibility is the synthesis using

hi gh pres@02d caChbon mnoxbaecyis RGhJfetepafirmg, twhss- daglb-edllbd Rabdon
SWNTs. Generally, in a H Pco nethod, netal catalyst is formed in situ
when Fe( Giinbtubes [$WE1),Adouble-whlbmit mibomhmoa;bleeabwnammgwmém carbon
stream of CO gas at a tenperature range of about 900-1100C at a
pressure minoAbel (MSINTY) dbGnadified mii-wattéd kabad alaystibes o AlRohghavardas i n
the form of nanoneter. sized particles. H PCo SWNTs may be produced
fol | owi ngerhtvdirtlérp dexpatdd indh irelitead SONDYit i eimkbrstoati ahy appreciated
particles. In various enbodi nents, all types of SWNTs may be used for

the enri clig®jiker 618808 Sonflgiratioht Otie eAbOMAMBRAbEs mGPAR Hehisedut.and H Pco
SWNTs were used to denpnstrate the usability of the polyners

descri bedbgriei na EQRAIL]iVar sQ@ufe8HMdlErered IR dﬁeagrﬁﬁﬁtléoﬁy&f For
nodi fyi ng the el ectrical

example, carbon nanotubes can be described as a grgphlte plane (so called graphene)‘

- sheet Tolled int(; a hollow cylindrical shape so that the structure is one—dimensionél 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.

_ [0_023] A DWNT has two laiyérs of graphite sheets rolled in to form a tube shape.

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



properties of carbon nanotubes. The nethod may incl ude: (1)

provi ding a substrate having carbon nanot ubes deposited on a surface

of the substrate: and (ii) depositing on the carbon nanotubes a

coating | MAPHE%di ng a mi xture of nanopartiol es; a heIFFRIULss

VWhi ch the nanoparticles are dissolved or stabilized, and an ionic

Liquid. [O93aleq Ly ”cr%&’sa{)ét%%fés‘w¥ Ohd NN ’é%.‘ﬂﬂi? SaB”ﬁa%'egthé‘%l tronjc
SeG HEt FiX I I'ch SEvea: or

nanoparti cles, ma he nanoparti clFes are dl SSo

oo 11 cr et AT shlfep G RREY «Erhan MR IS bR b bl 1

consequent |y | argel nhance the device field effect mobility and
suppr ess 1 ?ﬁ‘mﬁgﬁffé?ﬁkﬁ s. The Hall effect neasurenent$ al so -
corroborate the | arge enhancenment in _nohility after coating. This .
sinPle stif@Hgy .ﬁrl\éﬁﬂ%@ga Bltipledlpyesnal Fﬁpblﬂiegrﬁﬁ , %tﬁéﬁ@éa&ﬁ)& shape. -
printabl e SWNT-based nacroel ectronics. [0033]1n various enbodi nents,
the car boHeneaRehpreenAlt &xi¥dn domms ip avhichathey havebdrenbalic gropps such as
singl e-wal I'ed -carbon nanot ube of the invention nay be used as
field-ef fhygroxy} aieyp.tyEencs,FEMESs, dEolscaningy @ FATbPRYsSTONm Ao arp BgTeREnt s
further provide a nethod for manufacturing a field-effect transistor.
The met howh theiysurfage-ude: (i) nodifying the electrical properties of
at | east one carbon nanotube, the nodifying conprising: providing a
subst r at €0030}i ngCarhob omotizhes mayds: preposi beskveral diffment asghadé khoren in
substrate; ~and. depositing on the carbon nanotubes a coating |ayer
conpri si ithe aani XEonr exahplparFaiit i méeshe agnemr iby icarbahi anbkde (CO)
nanoparticl es are dissolved or. stabilized, and an ionic |iquid;

- disproportionation (decomposition into C and CO;) at 700-950 °C in flow of pure CO at

a fotal ﬁressﬁre that typically ran:g,:e:é from 1 to 10 atm using a catalyst comprising cobalt
| .(Co) and molybdenum (Mo) on a mesoporous silica support, leading to 'so-calléd'
CoMoCAT@i SWNTs. Using this method, diémeter control of SWNTs can be achieved,
Another possibility.is' the éynthesis using high pressure carbon monoxide (HiPCo)
leading to so-called HiPco SWNTs. Generally, in a HiPco method, metal catalyst is
formed in situ when Fe(CQ)s or Ni(CQ), 1s 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 beE: 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 embo&iments, CoMoCAT® and HiPco SWNTs were used to
| demonsﬁate the usability of the polymers described herein.-_
[0031] Various embodiment:s provide a method of modifying the electrical

: .prc:yperties of carbon nanotubes. The method may include:



(ii) formng the field-effect transistor using the at |east one

nodi fi ed carbon nanotube as an active area of the field-effect
transisto i LN active area a conductive channel d.
[ 0035] Fi'g.RV %d]g oévjs% a schematic illustration of a back?g§¥(e;%?g§é@6£e
based on SWNT networks;, prepared using the nanotubes nodified by, for
exanpl e, - or gag) srovRHLCR kdbstriie Hatidk lodrboh handthes depbiited o8 a Shyfaby 85 theWo
netal el ectrodes designated as "source" (S) and "drain" (D)
connected by gpsemi-cppducting active area, on. which a sem conducting
or conductive channel may be formed in response of suitable

el ectrical pot I Ak e r | te . t

FET struct ureﬁﬁ%g&l}r@tg:{m g{}e%tir odlg@l)%l%?? %ég%%n; B%tlfn\glgd% fnrr% ﬁa@ebe
formed on a tg . a8 rate. Y. . =
501 S sunstTAPRHES 8 Rl WA U Bod Bt BE Qi el WeBliseiana
conductive 'chanlgell ima%l be made of Si. In the PET of various.
enbodi nment., tfie 38%85 tive channel may be repl aced by carbon . :
nanot ubes, mdi fied accor.di to variaous enbadi nents. The PET usi ng
car bon nalddties A0, £02g yer-ffale gHix e CHRPOPIEHanPRITtRlcre SR He

nodi fi ed-car bon nanotuhes agcording to. varioys enbadi npnts .exhjihits
hi gh sem Wgﬁﬁ&‘t&qapmﬁa%aéﬁg’éml‘éﬁdi%éﬁag{h@ P OARIOD/ L% %j’éteﬂf’n%%us
enbodi ments is that the nodification method is sinple, |owcost,

scal abl e, "&¥PE FElsds ol b ¢ffigipntly soregn affdhe mgppeity shargey fromuripetantgand ces
may show higher nobility after deposition of a coating |ayer of the

i nvent i oncomppuieptiyTdargely aerharrenibendevie fsldi eiferd wabibbn aph FBRRIBRS Stheif
vari ous:énbodiments may find applications in nacroel ectronics,

pri nt abl-ehistesesis dieddall effeds megsyramenta alsgr qomoberate) e tlargpicakancenend in.

fl exi bl e electronics. [0037] The SWNTs nodi fied according to various
embodi nmenméebitityaftes costing. Thisstaple iswrtegiopromdsca lgpplisationsga neghaper formance
appl i cations, for exanple as el ectronic conmponent. Exanpl es.of
further applpringableoRWNIFbased asroelegiveniashes i n¢l ude, but are not
limted- to, :
[0033] In various embodiments, the carbon nanotubes are single-walled carbon

nanotubes. The single-walled carbon nanotube of the invention may be used as field-
effect transistor (FET) device.
[0034] Thus, vﬁrious embodiments further provide a method for manufacturing a
| ﬁéld—effedt transistor. The method may include:
‘(i) modifying the electricai properties of at least one carbon nandmbe, the
modifying comprising:
providing a subsirate having carbon nanotuﬁes deposited on a surface of .
the substrate; and
depositing on the carbon nanotubes a coating layer comprising a mixture
of nanoparticles, a fmatrix in which the nénoparticles are dissolved or

sfabilizéd, and an ionic liquid;



conductive and hi gh-strength nanotube/pol ymer conposites, catalysts,
transparent el ectrodes, sensors and nanoel ectronechani cal devices,
addi ti vesg& F t%{ ries, radiation sources, sen conduc i in
general ( .(8501 /ﬁ_)a? ‘gi stors, see above), ultracapaci torshgilsE'jﬁ\ﬂ/&)(&?53
interconnects. In an illustrative exanple of such further

appl i cati ons. i ffriSe L IR gt ‘?raﬁ?&@xoﬂsiﬁgrf?éagpf‘e%st( WeEBBffied carbon

singl e-wal | ed i -wa tubes) Int rication o

transparent c [ e Ok [k \Y ' | J S
been | nvest i GRUEHE &8 Encieled BFER O i bk BRPLLE NS,
shortcom ngs of dcc”eﬂt ilndi Ul?mgtoi n _oxide el ectrodes. In particular, -
metal | i ¢-car bERNANSEUBES Hdar$1°88%accor di ng to various. enbodi nent's -

of the pr t- et hqd -show nodi.fied. el ectri.cal rti.es *
o6 ennanc S tonauis 1oV B aamRBe Mystios 6 veuaried FEE Sieadh UL
[ 0038] A-coating layer  is then deposited. on the_carbon nanotubes. The
coati ng -|-a§rar9rk§apr¢?§ﬁe¢ ot dheypdybes @Oﬂﬁ%b&r@r &é@?ﬁa, RrgeRir yadigpls.
whi ch the nanopartides are dissolved or stabilized, and an ionic

|i qui d.  THesiead3: the FHasteictueinvelyes &Bo spota ¢legirpdss idesizrpted e"savkg” (8
network in anbient. [0039]In various enbodi ments, the nanoparticles
may be seinscideain’t @M eonRRsted by Ascmiseailucting golgfe as¢a, pe #hichpagentgopgucting
Al 203, Fe304,. Fe203, clay, opal,. glass, aerogel, and m xtures

t her eof . - 1t condudtiye lshannaldars bo géﬂ wppnmee phgustable klgetrige!petentials at the
smal | -si.zed particles which can be stabilized in a matrix to provide
enhanced. fdueded thef- fixat amdithd zatg. odribie dEdr etmerturty Bhee metal slegfro@anand the -
net wor k--devi ces. are-al so useful. [0040]In one enbodi nent, the .
nanopar t-i cindsctveehainel way bé-formed amp kap, sutfaee ofarsopsdrate. Thesubsmgte bay be

di met hyl'vi nyl ated and trimethyl ated silica nanoparticles. [0041]In
vari ous - earSudliSiesnbsrate fie exatplexIn conwentonalt FET danasathe icendastiveaghatmeel

di ssolved or stabilized may include an el astoner. [0042]In various
enbodi meniay bé hadeef $ii In thaFEDef aasiusiembodimehtsthe cenducfi@Orhdhdehmagbe ous
enbodi nents, the matrix may be pol ydi net hyl si |l oxane (PDVM5). WO
2011/ 096 8RBREAMIRY tirb 6 Bardubel Afei4fidd adcording toevariode embatithess.dThe FET
appreci ated that other solvent systens that are able to dissolve or
st abi | i zeudidpecdrbdippaiotibed es aiaytiwl &oa vwOihe FET gt isalbde With the fwdified

carbon nanotubes according to various embodiments exhibits 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. fhe FET devices
may show higher mobility after deﬁosition ofa 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
electroriics), and flexible electronics. |

: 5[0_637_]._ ' Tﬁe SWNTs modiﬁf::d.according to va;'ious embodiments may be used in

: .ad;litiox.l to ﬂle above in several Eapplications, for examplé as electronic lco_rrllponent.

'Examples of further applications of carbon nanotubes include, b:ut are not limited to,
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[ 0045] I n various enbodi nents, the ionic liquid may be an organic
azoliurn salt. [0046] 1 n various enbodi nents, the ionic quuid may b
1-ethyl - 3 rret hé’llmdazollum bls(trlfluororret hylsulfong& l{,p

(EM MTES @Reni cal structure of EM M TFSI may b P PLVIEEqg
as foll ows: C|-134++CN00||-|| - F3GS NS -CF, &CH3 00

Lgﬁé‘ééf??c@éé%i o SRl SRR : 'Q%P%ﬁgﬂ‘?ﬁt% A AR,
erbod ﬁéh%ct‘%@ﬁ%‘%ﬁ%hgﬁag?ﬁaﬁ% <8 %s S B @%ﬁeﬁ sedtion

to mxing with the i t he

L i I ‘
Bt X hamuﬁgesmegg&qr@ﬁﬁgro?% ik EF %&ﬂs%ﬁ g g 2 %&i TReRRAIES .

-a

silicone-elastonmer b

e

e

- or inferconnects. afn an lllustrative example of such further appllcatlons, the use of "

metalli§ carbon nanotubes (whet_her single-walled or multi-walled tubes) in the
g faﬁricatioﬁ of transparent oonductiye electrodes for photd!)oltaic applications has been
_ investigated recently for their potential to address some of the sﬁortcbmings of current
.‘ indiu_mf tin oxide electrodes. In p.articular, metallic carbon nanotubes modified according
::_' toj var:i(;):us erhbodiments of the 'ﬁresent method may show modified eleclriéal properties
sﬁch as enhanced conduct1v1ty su1tablc for use as COl’ldllCthB electrodes.
[0038] A _coatmg layer is then deposned on the carbon nanotubes. ;The coating layer
| may include a rﬁixfure of ﬁanopaﬂigles, 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
_ co_nsisting of silicﬁ, Zn0, TiOz, Al,0;, Fe;04, Fe,0s, clay, opal, glass, aerogel, and
. mixtures fhereof. 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 netwdrk devices are alsq 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 whic:h the nanoparticles may be
| di:ssolv:gd or staﬁilized may incluﬁdé an elastomer.
[0ﬂ42] | In various ernbodimenté, the matrix may be a silicone elastomer.

[0043] In various embodiments, the matrix may be polydimethylsiloxane (PDMS).
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[ 0050] I n one enbodi ment, the matrix having dissolved or stabilized
nanoparticles therein nmay be Syl gard@ 84 (Dow Corning Corporation).
[0051] In yarious enbodi ments, the mXxing prior to coat _
carried ot J(W wﬁ’ﬁdard m xi ng nmet hods known in the ar%&%@@ﬁﬁ?”gbl e
m xi ng device may be used, wherein the enbodiments are not limted

to a part ighpr dayies: mid@rsiﬁﬂﬁigﬂt?%w?%@ﬁgd 5l biter bR AT Bl

carried o Is not Timte stlrrlng or

ermhod montQSPRE® Qi‘%%mﬁ%%éﬁeg%%ﬁ%aﬁ?‘@ f?}%‘ﬁ%“%?ﬁabgut 30
i nut os. _ BSFSL S HEPEs RubR PRl of Raik }fﬁrga%o%w‘%%n%#qﬁm i

nent i oned specifi.catio he | ower upper Jim.t f a-
respect.v@tﬂéﬁﬁe eSO BRN T o oS Sliboinbe e B

readily und d and put effe

erbodi freneth @wnb a&fbor%@hﬁi}ﬁfmaﬁ igog @M%f?é@!b gfhe chemical
non-limting exa eFarlcatlon of Si-ngl e-Walled Carbon
Nanot ubesstBE&EgC l‘éHM ﬁsﬁ@@b’bﬂl&ﬁgﬁ@flﬁ followsa] Car bon nanot ubes,
SVeNT@G 65, were purchased from Sout hWest Nanot echrol ogi es (USA) and
were used w thout further purification. The solution for

sem conducting device fabricatiogyvas based on controlled chenical
nmodi fi catiron of CoMbCat SWNTs wi Vh radi cal s produced by an organic
radical .initiator, 1,1'- azobi g(ﬂ'ﬁyanoa?/cl od>1exane) (ACN). Briefly, 0.3
ng of S"WNTs. Vias d| spersed in 5@4 ution via ~
probe-ultfasonication for 30 mi Sonllbs QiMaterials Inc., Model: VCX
130). Then, 1 nlL of DM sol ution® ont & ni n% 25 ing/nL ACN was added
to 10 ml SWNT :suspénsion, foll-owed by 30 min ultrasonication. After
reaction. wlth ACN, the suspension was fi I'tered through a 0.25 pm PTFE

mb oh h
menbrane, Lal i) ovede B V%x%ﬁﬁ&ﬁcﬁl ectg% idsNa AR ARG EHE Asndp@rticRIOV e

the resid The powders co m PTFE menbr ane wer e

I:I gd g 'C ; lpe r ;ﬁf? ?as%(gv?ds(% Mbll :3.{1] ?#%%H@ﬂ B&aﬁr}}aﬁm&éﬁ %ﬁ%&% ?6 a?mg on SREbK M

ratio=1:4) . IB&. nanotube bundl es in the suspension were rem)ved by
centrlfugaa%nl on at 20000 rpomfor 90 mn. The resulting supernatant was

e =001, AR A 6 R

( SNFETS) I\J/\Ilslaorr In%grrxé%%?hemﬁﬂcﬂqmﬁ casting the suspension

- [0049] In various embodlments, the matrix having dissolved or stabilized
nanoparticles therein may be a silicone elastomer base, |
[0050] In one embodiment, 'thc matrix having dissolved or stabiliz.ed ﬁanoparticles
thereir_l may be Sylgard@184 (Dow:Coming Corporatiqn).

[0051] - In various embodiments, the mixing prior fo coating may be carried out by
standard mixing methods known in the art. Any suitable mixing device may be used,

i wht;rein : thé embodiments are -not limited to a particular device. In various

ﬁ er;lbddiinenté, the mixing may be carried out, but is not limited to, by ;tirring or shaking

the mixture.
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of nodified SWNTs across two Au el ectrodes (100 nm t hi ck)
pre- patterned on top of Si02/Si substrate to form conducting channel
m | ong and approximately 25 Limw de

I
Slpglrgé![ P?t@(éa é\llﬁ)ﬁgss 300 nmthick. For the drop-cast pr]o)g'%g%‘ﬂ%@%ﬁ

111, of SWNT suspensi on was dropped onto the devices, followed by

dryi ng at gagm t%m&?atsteﬁl%o@iﬂﬁn(s' B8 o900 el ARIASRs 1Ryt 1T Gbout

procedure was repeated until the’ density of ACN-functionalized SWNTs

I's high e?@%ﬁﬂutéso sh a{shabtontel ‘E‘c?ﬁﬁc{u‘i"é %t%@%r Llf‘g‘g‘?'l o aH&ﬁtD%ﬂHRlﬁf‘es Al

el ectrica msasur’erre S Were arrle condi't1ons using

Kei t hl d -
et racti o B oo P S 9@%’[@2 st onerpE e tptsitafns
transfer .cur To inve tf grate th% mobi lity enhancenent effect
the PDVS B’&%%B%r“" gﬁf@gpea °s"i FECERE BrelPeier base (1g; Dow ‘

corning-c USA) , s fir

ration, | and, tl
various aBRd e if S hyie: PEHE 3 iy ahABRISSd and pie into
bi sftrifluoromethyl sul fonypi und conti_nuo ,
stirring Pgsticgse %Hﬁ@?ca}aée’@ %CPF‘FE tS""F &AWV tsl??é}e EF’@"‘(Mé’fg‘é’afgﬁﬂW’Bﬁ
SWNT network transistor directly in anbient. For the nmechani sm study
part, silPeBIHERESEMHPIEl es (particle size: 7 nm surface area: 390 40
n2 per gram are from Sigma-Aldrich. Pure PDVS,
pol y(di net hyI si oxane) w th nethoxy termnated, (Aver age Mw
appr oxi nat el y: .27000) is also pur chased from Signma- Al drich.- El ectri cal
Measurements.and Characteristic-StdBsample [0057]Fig. |b displays the
transfer:. curves (dral n current Id vS. gate voltage Vg) of t he
SVNT- net -wh4 ote- Yad A APASH i t : -_-‘:"s
silicone: eI astorrer base mxed Wi th 20 wt%of '
(1- et hy1- BOS4t hy Carbod agapoiubes, bS‘éf(eNFIi@$®0<ﬁfonwtﬂeypmnhefsc¢1yﬂrdm n$cd:@)West
(EM M TFESI; chemical -structure shown in Fig. 2a). The Sylgard@ 84
silicone Hhmachmﬂogibsaslésmsaral wesased withoatdiurtbarnpoisiedionf TROMBuiom6R%9)
and di nethylvinylated and trinethylated silica nanoparticles, and it
becones ogaderdadtingr deaibei falgidziibiviwhE Bhased Tdre comtolied tlenatal trhadificatison iofie
device increased significantly from8.1 cn2Ns to 28.5 cn2Ns after
covering @bMbCahSVENTS ocirte/ Nt pBbdutkd tiyr @n Jigeniouiapicdl initiator, 1,1'-
characteristics for this device were shown in Fig. 3. It is noted
that the #zobis@tyafdegebhaxaid)|(ACI)VBHeRy tOraked SKISTs was dispersedl 030 ol
the transfer curve as described in Chem Rev., 2007, 107(4),
1296- 1323canMIFtsaRtive v1a5ﬁaﬂib-mssdnﬁisﬂ6h for 80'min msmésl & ddtaridemal, Midel:
voltage for nobility extraction. Such a nobility enhancenent effect

was observest o).thRn! I MISISDOMF Mio@%nﬂrﬁrﬁsﬂ S/ ATN hs AR Ith 1Y
from 0. 015 chNs to apprOX| mately 10.8 cnR as shown in Fig. 4. This

is al so.sjyfm ﬂ\ﬁNTYsu@ﬁb’ﬁﬁbﬂ%ll&@éd 180 nI Vi taSshi RIS R ANGLr FerQIBrOVREACN,
sources of SWNTs including commercially avail abl e CoMbCAT, Hi PCO and

Arc-di sch@k ggs Egﬁs'i;@rfjwﬁéjﬁﬁéred Eﬂ@ugglpo bt ¥n SRR R, P@lﬁw@@bg@éﬁ}%dt 0
/ h as ,

the silicone/EM M TFSI system er types of coatings, suc

t | | @43, ne,
water, organif 3 dg&?%%rt'b%ﬁlﬂ ﬂ{ef}eglms Q\hb“faéw a9lcyedch! fdH ne

pﬁlyrrethacry c aC| ent photoresists have eentested but
( Fiée Ei“ f’f%%bﬁrﬁ?&%r%%ﬂeéﬁﬁ%,?%ﬁd BT 38,cF b RS Gl Vonih of
{ransi ot obadn Bk ls‘%“ S Ish e bl Bl Hd%*%ﬁﬁﬁ(#ﬁ%ﬁ AP S e

o 3 b SoRhe hES B S%‘?FPWE@SI"%‘S‘%%Se’mgée% e e A

was added to.t SI| cone e oner, base duc not

1S ar o o Bt M AR e A S R3S %%W@H-Qﬁwﬁ@-ﬁ@%ad

the opacity is |jkely resulted fromthe aggregation of the silica
transistors (FETs)y
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[0059] 1t is arguable that the nobility increase could be due to the
changes in environnental dielectrics, i.e. fromthe dielectric
const ant ap(groxi mately 1 (in air) to approximatelt 2.5 (in

PDMVB) . _
Dielectri® HHHPR?E"& nobility has been reported for grﬁ ﬁéﬁ%’lﬁﬁé@a

transi stors. However, the results in Fig. 2b (coating with pure PDVb)
clearly s t ot P%‘I@ I EtS vl 2R88 At =To Ny To) AN ) i ng -
factor. _TW gft h(;ﬂrYl @E:SIVgIF? y t ﬁgl@%aﬁées o&grrf)abléq ﬁ yl%g%%‘glﬁl égrrééér?ftsl?é’lgftogi S
confirnmed : ith oLy .Sid part | cl ' t :
e T 91 PR REC Gl AF el CROIIRRE et S s
not shown),. bat:h reduced the device nohility. The i ld.t :
enhancerre 6)2%3_5 bﬁgé}eog’s &P £ Rﬂg’ﬁn h %@%&}’8?1%3 §r91 %‘gﬁ 1ong wndot n
silica nanopartjcl and .EM M TFSL .as.s .in. Fig,.2d._  Taken all-
Phe < ope BmySnie SouBOnAG e sk o T SART ir700 EibidkeBor the &iop st
nanoparticles i nduced hy liguid ions EM M TFSI seens to pl t he key
role in eRREHEFSHEY Hg O%D%W&t SPSPERRTOP ¥ aSHlrO 0, iy desahebebligwed by
matrix to host silica nanoparticles and |iquid_ions. [0060]To
further ufidEigsehfepm HempEaHEnrdningiRg eode-ignizedt Wtsle Hisnpropcdyre ee
conducting channel w thout covering the netal - SWNT junctions was
t est ed. - AEpeieshantilithe pengity f AQNETunstipnaligd SWANTSt i highhmoughhtenieedh @9en
when thé coating is linmted to the conducting channel, suggesting
that t he- ébired arentf lewdt Sunhesmerss @it ¢ledtiigal me¢aguienienty wae dariel mut in
channel s.- [0061] The results shown in Fig. 1 have reveal ed -that the
mobi lity: gnbﬁ‘a'mc@mghi_ons using a Keithley semiconductor parameter analyzer Model 4200-
h SCS.: The extraction of field effect mobility was based on the slope of the tran_s'fer curve. .
[0056]. To investigate the mobility enhancement effect, the PDMS elastomer,
| Sylgard@184 silicone elastomer base (1g; Dow corning corporation, Midland, MI,
USA), was firstly mixed with various amounts of 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl}imide (EMIM-TFSI)) under continuous stirring for 15 min
before coating. Then the mixture was coated on SWNT network transistor directly in
-ambient. For the ﬁechmism study paft, silica nanoparticles (particle size: 7 nm; surface
‘area: 390+ 40 m® per gram) are from Sigma-AIdrich.. Pure PDMS,
+ poly(dimethylsiloxane) with methoxy terminated (Average M,, approximately 27000) is

also purchased from Sigma-Aldrich:

. Electrical Measurements and Characteristic Studies

-[0057] - Fig. 1b displays the t:ra:nsfer curves (drain current Iy vs. gate voltégc V) of
. the SWNT-network FET before and after depositing a layer of Sylgard@184 silicone -
‘elastomer base mixed with 20 Wwi% of (i-ethy1-3—methylifnidazolium

bis(trifluoromethylsulfonyl)imide) (EMIM-TFSI; chemical structure shown in Fig, 2a).
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occurs simultaneously with the hysteresis change. Fig. 7 shows that
the mobility enhancenent ratio was | ess significant when t he

hyst er esi ristine transistor (before 'coatin HB5h1 dser,
wher e the%ﬁiéFgggégs was quantified based on the nethogéiepor?&@b

J. Phys. Chem C. 2009, 113, 4745-4747. The hysteresis in SWNT

transi st offg B§1§%@ed $NconB &ldstRRp fhsé h@@gﬁ&mtﬂw&%ﬁ%ﬁi an®DpMs
envi ronnent.al “dielectrics or charges introduced by residual .

sur f act antgeoh bind ARnARAGN l%feHfdn@Qr]f'nlaﬁﬁrlattédesﬂmacﬂeﬁﬂ)gﬂﬂcl@é td AL b&oRilS
polyners oes” not change the ystereS|s of the present "devices -

(Fig. %gﬁ'?%ﬁ@r -all&lf %ﬁﬁ\!’d"ﬁl NY&E ShEsiify 0?4}—1&? %é %e\rz‘igé 15?@%&? ed .

fromthe nge of “envrronnen Ielectric

due 10 SUpRLRSIRORAT 841G ngg*fg,%bff\fs Yol D853 LHAhe hic&%e?éi?iﬁws

Thi s noti rcorro ara experi

LQ%?“SEh h ii'f”?h%?% %tr°51€d§‘i%’g§!itcgg‘iré€ dzwge\lai%‘éé R N
er_enh: c
the pri stiPHaRHgsHgEoLBP o B ReE Pl R bR o e Hope Ph e igop s o
i od “byrn of | h
Epect ed, doAFI RS et s PINY: SR 1490 Kdaind e VAGOR e ke fioem o

| ower nDbI]Jty enhancenent ratio_after- coatjnksilicone/ EM M TFS|

(Fig. 8) Hostigsioraceptive yolaeeionmopijity erdragtipns Sucyr mobility efheneement offest
coating;: Hal | -ef fect neasurenent based on Van der paw_ net-hod

(Phi | i ps. Wassobsrred w6 tensistondiyices 3ithiwidy ryngs of sobBityrfam GOk en 4¥s -

the nmobility, ‘carrier congentration, and sheet resistance of the SWNT
net wor ks t¢ ERprOXiragehy 10. &a@?/é’ s s slisvasintRigd. This insdse similady phserveddasithe t y
for all these films increases after coating, consistent with the FET
devi ce r elsuices prapared efiem agthert sraresh eaft SWaNTss inghidings perghercially rayeidable s
after coating, which is consistent with the observation of output
char act erGaMdC4aT| HiPEiQand3ArcThigchaige dpseddubhest Brcmobilityr enhigreeingnidmay bo

t he decrease of hole concentration after coating, indicating that the
scr eeni ngumifuet thethe sgmone/BMMe TS gotesu rOthert bpes ofiksatings; ducle sis twmerhol e
concentration in SWNTs. Silica nanoparticles carry positive surface
char ges iongaicirent| epery restnsntbedmah gbies, pelyethtylanpas, polyinethetreli¢ aod bt i C
repul si on keeps themwell separated and di spersed in PDVMS. Wth the

i ncor por atifferentghotlorayistschave begn tehed, ibnt thegeaniteridle galemntly castd deaease in
repul si on appeared to be inefficient, due to the extensively high

i oni ¢ st ribew@dviceafiobilitg (Figgs)i d i ons and the resulting surface-charge
screening. Hence, silica nanoparticles tend to form'clusters or

aggr egat i[ooas] r eBigl 24 HQwis thdt tife rﬁ@lﬂmyteymmneﬁ%ataﬁahmmeﬂcéeehobility kS
believed that the WD 2011/096898. PCT/ S&G011/ 000053 negative ions

from r esitadimitia$ wichbaRy)oret theBWNThetWI SrafBistoR8tBAEY Achnds by tHRraniduapped
into the silica-liquid ion aggregations, |leading to the screening of

;:Ear ge FfE [IganEIﬁM”ﬁTHIaéHdéd a9 dné N1 QANBISLRRIbnO klaObRRE btk THRDIbbAYy Of
e S

enhancement occurs once the s111cone liquid turns opaque. As no crosshnkmg reagent

‘was added to the silicone elastomer base, the induced opacity is not related to the
' :geiatlon or crosshnk of PDMS polymer chains. Instead, the opacity is likely resulted
'~ from the aggregation of the sﬂ:ca nanoparticles in the mixture, which will be discussed

: later.
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Sanmpl e Process Mobility (cnmR/Vs) Sheet resistance (Chnisq.) Hole

conc.

(1lcnm2) Before 8.07 8.51x105 9.45x1011 After

wO 2011/096898‘ . PCT/SG2011/000033

- [0059] It is arguable that the mobility increase couid be due to the changes in
: en:virolnmental &ielectrics, i.e. ﬁom the dielectric coﬁstarit approximately 1 (in air) to
.approximatelt 2.5 (in PDMS).j Dielectric-enhanced moﬁility has ﬁeen ;epbrted for .
graphén.e basedltransistor.s. However, the results in Fig, 2:b (coating with ﬁure PD.MS).

. "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‘ :ﬁanopaﬂicles (without EMIM-TFSI) (Fig. 2¢) or PDMS with EMIM-TFSI

(w1thout silica):- (data not shojvan‘) both reduced the device mobility. The mobility
= en.hlmjl'cé'ment \N;as bnly obsewéﬁ :when the PDMS: layer was mixed witfl both silica
-'*fnanopafrti'cle_s and EMIM-TFSI as shown in Fig. 2d. Taken all the observations
: descri’lﬁ_ted, thé 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.

:[0_060] To further understand the mechanism, the coating at the center of the
- conducting channel without coveﬁng 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

:enhance_ment ratio was [ess sighiﬁbant when the hysteresis of the pristine transistor
. (béforé,fcoating)‘ was smaller, where the hysteresis'was qiljantiﬁed based on the method i
‘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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24.71 7.35x105 4. 32x10" Before 7.63 2.19x106 8.58x10" After 25.40 1
2.43x106 1.33x1011 Before

- WO 2011/096898 PCT/SG2011/000053

-

co-ating with pure PDMS polymers does not change the hysteresis of the present devices -

: :(Fig.be). Hence, the observed-l-lyfste;esis reductiorll'is not: resulted from the 'c:hange of o
‘environmental dielectrics. Instead, it is likely due to suppr;assion of the influences from
the residual surfactants. This notion is further corroborated by a separate experiment

. that tiqﬁrough water rinsing to reduée thé residual surfactaﬁts led to lower enhancement _

j rafio of approximately 2.3 as compared to that from devi_cés Without‘thorough rinsing _

(ébprbxéi_mately 42) Furth_e_nnoré, the pristine devices were annealed at 260°C in air for

Vanoushme -pgﬁod_s to burn oﬁ ::(o:r oxidize) the residual surfactants, As expected, with l
.t'hx:a iﬁcféasiﬁg a;mealing time, the devices exhibit a lowef mobility enhan-;:ement ratio

a 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 :";heet resistance of the
:SWNT networks (lem x 1cm). Table 1 shows that the extracted Hall mobility for all
:thes_e 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

g decrease of hole concentration after coating, indicating that the screening of the
negatively charged surfactants also reduces the hole concentration in SWNTs. Silica
:nanopal.‘ticles carry positive sﬁrface charges in a- neﬁtral environment and the

'l iinterparticle electrostatic repulsién keeps tﬁem well separated and dispersed in PDMS.

i :Wit_h thie incorporation of liquid i_ohs, the interparticle electl_rostatic repulsion appeared to -
.be inefficient, due to the extensi;/ely high ionic strengtﬁ of the liqﬁid ions: and the

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

aggregations, resulting in its opacity m PDMS as-observed. It is believed that the
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2.73 2.56x106 1.04x1012 After 444, 3.15x106 4.81x1011 Before 1.67
1. 20x106 3.18x1012 After

. 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 chargc from -

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

' Sample | Process Mobility Sheet resistance ‘ Hole cone.
o (cm?/Vs) (Ohm/sq.) (fem®)
1 | Before 8.07 8.51x10° 9.45x10'"

] After | 2471 7.35x10° 4.32x10"!

| 2 . | Before 763 - - 2.19x10° 8.58x10"!

S T After 25.40 . 2.43x10° 1.33x10"!
=73 7"| Before 2,73 - 2.56x10° ~ - 104x10%
o o After 444 - 3.15x10° 4.81x10"

14 7 [ Before || 167 - [ 120x10° < | 3.18x10"
- After’ 341 - 1.29x10° 1.45x10"
5 Before 146 437x10° © 1.05x10"

After 624 6.80x10° _ 1.69%10"

~Table 1. Parameters exfracted from Hall effect 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”, “includiﬁg", "containing",
etc. shall be read expansively and without limitation. Additionally, the terms and
g 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 andl expressions of
_ ‘excluding aﬁy equivalents of the features shown and described or portions thereof, but it
jis 1:'ecog:n1'zed that various modiﬁcations are possiblé within the scope of the invention
E'_.‘cIa;i'I-néd:..: Thus, 1t should be un_der:stood that although the present invention.has.; been
speciﬁcélly disclosed by specific embodiments and 'option;al features, _modiﬁcétion and
| variation of the inventions embodied therein herein disclosed may be resoﬁed 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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3.41 1.29x106 1.45x1012 5 Before 1.46 4.37x105 1.05*1013 After 6.24
6. 80x105 1.69x1012 Table 1. Paraneters extracted fromHall effect

MeasUr €Ml $a011/096898 PCT/SG2011/000053
[0964] _ The imirention has biee_n described broadly and generically herein. Each of , :
the naﬁower species and subgenéric groupings falling witﬁin the generic disclosure also . 7
. form paﬁ of the invention. This includes the generic description of the invention with a
provisb or negative limitafion reino@'ing any subject matter‘from the genus, regardless of
3 whether or not the excised matérial is spéciﬁcally recited herein. |
7 [0é65] | O;ahe; embodiments are in the following claimsi;.' In addition, where features
or. aslioeféts of the iﬁvention are:tfiqjscribed in terms of Markush gioups, those skilled in
theartwﬂl 'rec.ogl_lize that théjirflvention is al‘soA thérebj described in terms of any
’ inaividﬁal member or subgr'ouplof ﬁlembers of the Markush group. -
' [0066] ' While the invention has been particularly shown and descﬁbed with
reference to specific embodiments,‘ it should be understood by those skilled in the art
] that various chanées 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 appended claiﬁs 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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[ 0063] The enbodiments illustratively described herein may suitably be

practiced in the absence of any elenment or elements, l[imtation or
limtations, not specifically disclosed herein. Thus, for exanple,
the ternms "conprising”, "including", "containing", etc. shall be read

expansiv§_ and without limtation. Additionally, the terns and

expr essi M2 nhpl oyed herein have been used as terms of descrlptlon
and not of limtatiaon, and there |s ntention in he use of s
terms antl exphedEhads ot n&@b‘{]’ﬁ’& Aef Wléaﬂi. geapenies of R é‘é‘Pﬁtﬂlg
shown and described or portions thereof, but it is recognized that
vari ous ¢ABHINfsingat i ons are possible within the scope of the invention
claimed. Thus, it should be understood that although the present

i nvention hasprbeidhlgspeubs‘tliatmha\yngjics@bmsmldottupesF}qmisitéct oerbswface mfshend
optional features, nodification and variation of the inventions
enbodi ecublettgiandher ei n di scl osed may be resorted to by those skilled
in the art, and that such nodifications and variation th are

consi der ed t 01d8sivhE inNthk h@rsuRORMotTbel B Soakify GiYdr Wdmprd@g a mixture of
20111096898PCT/ SG20111000053 [0064] The i nvention has been descri bed

oroadl y aRgpgRORL! £alalrky IPUAIR mEAGRRLiQECARANKAIRE FREMIRRAIAMN an
subgeneric %rouplngs Ing wthin t e generic disclosure al'so form
part of thﬁfln%Fntlon This includes the generic description of the
i nvent i of™\ provi so or negative limtation renoving any subject
matter fromthe genus, regardl ess of whether or not the excised
material is specifically recited herein. [0065] O her enbodi nents
are in the followng clains. In addition, where features of asp.
ects of %he Thevasihpdaf dad Ldescribed in tenns of Marl cush groups,
those skilled in the art will recognize that the invention is al so

t her eby descvhdreid the narapagicdds aepeleeted Viogu the gronp epnsstingufgiiléingp ZoP,
menbers of the Markush group. [0066]While the invention has been
par ti cul BiChyAkOevite;Qn Fesl@s chalybeehl, wildsk, acedget, end eiktoresplearedfi c

enbodi nents, it should be understood by those skilled in the art

3. The method of claim 2,

wherein the nanoparticles comprise silica.

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

silica nanoparticles.

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

wherein the matrix comprises an elastomer.

6. The method of claim 5,

wherein the elastomer comprises silicone.
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t hat various changes in formand detail may be nmade therein without
departing fromthe spirit and scope of the invention as defined by

t he appended cl ains. The scope of the invention is thus indicated by
t he appended clains and all changes which conme within the nmeani ng and
range of equivalency of the clains are therefore intended to be
enbraced. Cains 1. A nethod of nodifying the electrical

properties of carbon nanotubes, conprising: providing a
substrat & hathsgetad 86AaHARot ubes deposited on a surface of the
substrate; and depositing on the carbon nanotubes a coating

| ayer conpr i Wherginghersikicenceclastomerreopwrisescradydimgthylsiloxsns n whi ch t he
nanoparticles are dissolved or stabilized, and an ionic liquid. 2.
The nethod of claim1, wherein the nanoparticles are sel ected
fromthe group consisting of silica, ZnQ Ti 02, Al 203, Fe304, Fe203,

clay, opal, TDhexasthoder agebne @bl picsdditi@slaintier eof 3. The net hod of
claim2, wherein the nanoparticles conprise silica. 4. The nethod of

claim3,  whhemehdidateligiid topial aRdFdanfd £81i6ATRILI Se

di met hyl vinyl ated and trinmethylated silica nanoparticles. 5. The
met hod of any one of the preceding clains, wherein the matrix
conprises an elastoner. 6. The nethod of claimb5, wherein the

el ast omey coffprl 33, 5L R8e

wherein the ionic liquid is 1-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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7. The nethod of claim®6, wherein the silicone el astoner conprises
pol ydi net hyl si | oxane. 8. The nethod of any one of the preceding
clains, wherein the ionic liquid conprises an organic azoliumsalt.
9. The net hod of claim 8,

wh i ntheioni cliqguidisl-ethyl-3-nethylim | i .
b S( L 11 aor BHEPRy e PRGOS of aeaRtEagy & REHESh ot o gengmartisteang
pr ecedi % clainms, wherein the carbon nanotubes conprise single-walled

car bon riHFSIFHeqr stebilizepeang @Rotpnisy gRY BnBU¥d PHET P SOBHH PN FEPAR,
wherein the substrate forns part of a transistor or resistor. 12. The
met hod ofangti@ein 11, wherein the substrate forns part of a
field-effect transistor. 13. The nethod of any one of the preceding
clainms, wherein the coating layer is deposited in anbient. 14. The
met hod of any one for the preceding clains, wherein the

m xture . neEHpopehdd 6f €%im &4,matri x i n which the nanoparticles are

di ssol ved or stabilized, and an ionic liquid is mxed prior to
coating on GRKLER tR&RPAURES 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

ionic 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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15. The nmet hod of cl ai m 14, wherein the m xture is mxed for
about 1 to about 30 mnutes prior to coating on carbon nanotubes. 16.
The nmet hod of any one of the preceding clains, wherein the
nanoparticles are dissolved inthe matrix prior to nixing with the
ionic liquid. 17. The.

11 cone el ast omerPBAGHE 4 §iosTiie ER Ao MG R EPScHR & fsiehes® of
matrix is Sylgard 84 19. The nethod of any one of the preceding
claims, wherein tHBeSESERCAY £ or s part of a conductive el ectrode.
20. A nethod for manufacturing a field-effect transistor, the nethod
conpri sing: nodi f ydapgsiting OQFIEc@arbféamansﬂ@s@app@ﬁlgdﬂyea:tcom@&mg@ﬁélxture
carbon nanot ube, the nodifying conprising: provi ding a substrate
havi ng car bon nanaﬂUhE@pmﬁpbsiaedm@mimﬂﬁﬂdfdﬁenmﬁmmw@RSUMSﬂhaobﬁdamd
depositing on the carbon nanotubes a coating |ayer conprising a

m xture of nanoparstibilizd, aral amebtictiquid; whi ch t he nanoparticles are

di ssol ved or stabilized, and an ionic |iquid; formng the

field-effectfohhMBthé ﬁela-dfwcﬂ@aﬂsmﬁ)raisldg&ﬁ@ bt 1A oRBeddifed @aidRGianotube
nanot ube as an active area of the field-effect transistor, in which

active ajea AHcORINCE 'tﬁ{eeﬁ&@ %ﬁ@&ltrdnﬁstfo? rlH%‘ll&l actl% ardd d éo%hgctﬁfefcﬁﬁﬁnel

transi stor conpr|5|ng car bon nanot ubes nodi f using a net hod any
one of c%% to 18. 22. A mxture for fornlng a coating Iayer
wherein ‘ure conprises nanoparticles, a matrix in which the

nanopartlcles are di ssol ved or stabilized, and an ionic |iquid,
wherein the mxture is depositable on carbon nanotubes to nodify the

el ectrical pr%Pertles of .the carbon nanot ubes; and
21. A field-effect transistor comprising carbon nanofubes 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
ionic liquid;

wherein the mixture is depositable on carbon nanotubes to modify the electrical
properties of the carbon nanotubes; and

wherein the nanoparticles are selected from the group consisting of silica, ZnO,

Ti0,, Al,0s, Fes0q4, Fey0s, clay, opal, glass, aerogel, and mixtures thereof.

23. A coating layer comprising a mixture of nanoparticles, a matrix in which the
nanoparticles are dissolved or stabilized, and an ionic liquid,
wherein the mixture is depositable on carbon nanotubes to modify the electrical

properties of the carbon nanotubes; and
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wherein the nanoparticles are selected fromthe group consisting of
silica, 2ZnQ, Ti 02, Al 203, Fe304, Fe203, clay, opal, glass, aerogel,
and m xtures thereof 23. A coating l|layer conprising a m xture of
nanoparticles, a matrix in which the nanoparticles are dissol ved or
stabilized, ionic lLiquid rein t

deposi t abl = SRR 8&3%%&?&&@%@6 CEleRGHT ¢k gT&P%@PP%I%*%ﬂg WS A0
of the carbon nanot ubes; wher ei n tge nanop fles are

sel ect ed ﬂzﬁz@aé%@o&ﬁz%ﬁ%w%@% acrqgeband pHuresithercofs 203,

Fe304, Fe203, clay, opal, glass, aerogel, and m xtures thereof 24. A
field-effect transistor conprising a coating | ayer of claim 23,
wherein the coating layer is deposited on a substrate havi ng carbon
nanot ube3t. depdwld-effeco rassigor fongeisofg a tratisg byer effiadaim 25. Use of a

m xture conprising nanoparticles, a matrix in which the nanoparticles
are di ssol vegh®@¢insthakbhtizethyeaiddevsit@nbs a sufpsirste hahdgetabdnhganvtutlesir e
is deposited on carbon nanotubes to nodify the electrical properties.

deposited on a surface of the 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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