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WO 2008/013508 PCT/SG2007/000223 METHOD OF ALIGNING
NANOTUBES FIELD OF THE INVENTION 5 The present invention

relates to a method of aligning nanotubes. In particular, but not
eX¥RZNERI3HM® present invention relates to a method of aligNiNg1/sG2007/000223
nanotubes in one or more microchannels using fluidic alignment.
BACKGROUND TO THE INVENTION to Nanotubes, in particular carbon

nanotubes (CNTs)T?ﬁF ntjally on zﬁmensional metallic or
semiconducting ma eria%ﬁﬁé%l%&f? Hgﬁgﬁﬁggmtubes are
dependent on, amongst others, their dimensions and orientation. When
properly formed and oriented, nanotubes provide great electrical current

rapdino eanabiiyyviighidnthermal conductivity and high mechanical
strength. These properties make nanotubes an ideal material for

molecular or nano-scale electronic devices. Examples of electronic

devices that have been implemented using CNTs include CNT transistors
dhd ENTntsensaisn 28 drthe pastihodndtubesiip hacaviseSivesa: lIREht not
by spin-coating or other like techniques. The formed nanotubes were
FARUSHPY dibsribisssal Hiyenyientahige doan bt dunpebdidtahteretebtical one or
properties. More recently, however, nanotubes have been controllably

DB miTeshARG hicisireivifis Aagrmaiich assembly is typically done using

methods that fall in one of two categories: in situ synthesis and post
synthesis. In situ 1 WO 2008/013508 PCT/SG2007/000223

BACKGROUND TO THE INVENTION

Nanotubes, in particular carbon nanotubes (CNTs), are essentially one-dimensional
metallic or semiconducting materials. The electrical properties of nanotubes are
dependent on, amongst others, their dimensions and orientation. When properly formed
and oriented, nanotubes provide great electrical current handling capability, high
thermal conductivity and high mechanical strength. These properties make nanotubes
an ideal material fér molecular or nano-scale electronic devices. Examples of electronic

devices that have been implemented using CNTs include CNT transistors and CNT

S€nsors.

In the past, nanotubes in the devices were formed by spin-coating or other like
techniques. The formed nanotubes were randomly distributed, highly entangled and had
unpredictable electrical properties. More recently, however, nanotubes have been
controllably assembled into hierarchical arrays. Such assembly is typically done using

methods that fall in one of two categories: in situ synthesis and post synthesis. In situ
1
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synthesis methods typically involve catalyst patterning and chemical

vapour deposition (CVD). However, their high processing temperature
(typically >800C) significantly limits the choice of substrate materials,
Fuvthersoresothe as-grown nanotubes usually have many defeeissangh @80223
such, have varying conductivity. 5 Post-synthesis methods are typically
solution-based methods- One example method that is specific to

nanowires isclosed in an.articl titled "Di t

BB B N ROt kL T S ST By oo AFposition
6 O 2

e A e ity

Raie metbyliunctionalized areas: I R RAURIRS RAASHSIGRIRAIIRR usually

beam lithography and immersing the substrate in a solution of 3-
BRinepppyitiathexysilare, (APIRS)iA sidepatsined

polydimethylsiloxane (PDMS) mold is then provided over the substrate

such that a channel is formed between the mold and the substrate, A
nanowire suspension is then controllably flowed inside the channel 15 to
Bsgemistethiensthrowiesiniertir syl airiridiad oaithedrowire sxmhe ot that
of Lieber et al is, however, not suitable for nanotubes because it relies on

hERTSHArEanfTHERS it SRS e F o RISESH oHERoERsy AssRPLy of One-

nsuitability of the method of Lieber et for nanotubes has been noted i
O TS eSOt DElVTIEAE  CApRRERA Bribae 2oL

st Rkel i “edt%é%sa??é%gs%' i Z%f?n\”c%‘?gﬁﬁewﬁ%%%gdhaw
that Ligber shldsed s t&suc cRANQWIESS Wit coRtIRA JenaihRRd digmetel: is

and that these were not conditions that could be replicated for nanotubes
durdaihe texbiinans iaﬁkgeipﬁlynaﬁ&ma}@@@m eliveehivical solution of 3-

nanotubes.

Aminopropyltriethoxysilane (APTES). A micropatterned polydimethylsiloxane (PDMS)
mold is then provided over the substrate such that a channel is formed between the mold
and the substrate. A nanowire suspension is then controllably flowed inside the channel
to assemble the nanowires into arrays of individual nanowires. The method of Lieber et
al is, however, not suitable for nanotubes because it relies on the nanowires’ inherent
rigidity, which nanotubes do not have. ’fhe unsuitability of the method of Lieber et al
for nanotubes has been nofed in an article entitied ‘Self-Assembled, Deterministic
Carbon Nanotube Wiring Networks’ published by Heath et al (Angewandte Chemical
International Edition, 41, 351-356 (2002)). In particular, Heath et al noted that Lieber
et al used rigid nanowires with controlled length and diameter, and that these were not

conditions that could be replicated for nanotubes due to the flexibility and lack of

dimensional control of individual nanotubes.
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0 WO 2008/013508 PCT/SG2007/000223 SIAVIIVIARY OF THE

INVENTION In general terms, the present invention relates to a method of
aligning nanotubes by allowing a suspension of nanotubes to flow in one

or MW HUAHEIs to align the 5 nanotubes in a direction parall@Gd/$§@007/000223
longitudinal axis of the one or more channels. In a first specific aspect, the
present invention relates to a method of aligning nanotubes comprising:

Drmﬁlwpmﬂgfmﬂql@@q a substrate, placing a suspension of
nanotubes on or adjacent an open surface of the channels, and allowing

the suspension 10 of nanotubes to flow into the channels to align the
nanotubes substantially parallel to the longitudinal axis of the channels. In

a egendSpecific tispsesethdpresent irkueationaralatbedte h agtingdnghotubes by
aligning nanotubes comprising: providing a plurality of channelsona
sulistrare, plasipepsion PEumBeRtIen 16f AANORILES Araarta A& M thelien the
channels, and allowing the suspensijon to flow into the channels to al;l%gn |
thasRambes iR Suerdian BATR) paiaths (RrerdBRyTSIRA AR OF fRre channels.
channels. As used herein, the terms “align’, "aligned', 'aligning' and

“alignment' and their 20 grammatical equivalents in relation to nanotuhes

denote the act.of arrangi nd t £ i K beSnhotubes
tethe el @sgecg%%ﬁg%e&npﬁvf%%ma AUANYSMAN S NANADSSnotub

that approximately an ctively have a similar longitudinal direction

an&%sfﬂgnp@omu%%ﬁl%@ NanatubrSoRlike, HanEWIIESndh@8spension of

inherent flexibility and may not align themselves individually in one
dirggtinn BrCanBR&ae A Fig Wiem SARIGC oI dhsdadtvithetabawpension
terms are intended to not 3 .

of nanotubes to flow into the channels to align the nanotubes substantially parallel to the

longitudinal axis of the channels.

In a second specific aspect, the present invention relates to a method of aligning
nanotubes comprising: providing a plurality of channels on a substrate, placing a
suspension of nanotubes at a distance from the channels, and allowing the suspension to
flow into the channels to align the nanotubes substantially parallel to the longitudinal

axis of the channels.

As used herein, the terms ‘align’, ‘aligned’, ‘aligning’ and ‘alignment’ and their
grammatical equivalents in relation to nanotubes denote the act of arranging and. the
resulting arrangement of nanotubes that approximately and collectively have a similar
longitudinal direction and that form a conductive path. Nanotubes, unlike nanowires,
have inherent flexibility and may not align themselves individually in one direction, as

can be seen in Figures 6A to 6C. For this reason, the above terms ‘lare intended to not

3



WO 2608/013508 PCT/SG2007/000223 only cover alignment of

individual nanotubes, but to also generally cover an arrangement of

nanotubes that form a collectively aligned pattern and a conductive path,
regar&i‘é%%”gf/\?\}ﬁ%‘{%er one or more nanotubes are not in a similar PCT/5G2007/600223
longitudinal direction as others in the arrangement. 5 As used herein, the

terms “comprising' and “‘comprises' mean “consisting at least in part- of,

that (510 sav.whepintarpatingisiatementsindbis specification Apd-alRinMsver an
that include those terms, not only the features prefaced by the terms in
eachstalement sferdofibbeipreBenthid etiieefealigies eanealsade conductive path,
present. 10 BRIEF DESCRIPTION OF THE FIGURES Example

embogimiiats cfthetme thedwitbnonahedes cribedtwith sefdreioegititiesl direction
accompanying figures in which: 15 Figure 1 shows a flow chart of one
formesfotherme the erraarmen shows a schematic of a first example

embodiment, 20 Figure 3 shows a plan view of a nanotube suspension

adjacent a channel, Figure 4 shows a plan view of the suspension being

drawn into the channel. Figure 5 shows g side view of the aligned )
nano’%ﬁtﬁfgf{he\ﬁﬁ’ g&fo%?&“fs%%‘é%‘&%&s 0GFLBB0Z2 T Ely e BAgce least i part

ShOV\(I)%n:I %ga%sisotoe)s(&%lmgflgegligpe%jrmogw%%gem%his specification and claims that

include those terms, not only the features prefaced by the terms in each statement need

to be present but other features can also be present.

10
BRIEF DESCRIPTION OF THE FIGURES
Example embodiments of the method will now be described with reference to the
accompanying figures in which:
15
Figure 1 shows a flow chart of one form of the method,
Figure 2 shows a schematic of a first example embodiment,
20 Figure 3 shows a plan view of a nanotube suspension adjacent a chagnel,

Figure 4 shows a plan view of the suspension being drawn into the channel,

Figure 5 shows a side view of the aligned nanotubes,
4



Figure 7 shows a schematic of a second example embodiment, 5 Figures
8A and 8B show surface tension of the suspension aligning a nanotube,
Figure 9 shows one form of a third example embodiment, and 10 Figure
10 shew=z@sethsrsform of the third example embodiment. DETAIllpERsG2007/000223
DESCRIPTION OF EXAMPLE EMBODIMENTS Referring to Figure 1, a
flow chart of one form of the method is shown. The method 15 includes
providing a plurality of channels on a substrate (100), positioning a
suspension of nanotubes for flowing into the channels (102), and allowing
the suspension to flow nto the channels tq align the nanotubes (104). In
a first exarnSF eib8Gi 8Wtflﬁa|§ﬁ?r%?iﬁ7/‘?§f@$aarg E&%P%%?&@&%%ﬂs’
assembling a mold 20 and a substrate. The mold includes
lengthwise-open relief structures or channels that form lengthwise-closed
channels when plaged on araibsitale, Rahiz emhgdinsnbamsHspension
of nanotubes is positioned at or adjacent an open surface of the
dengthwise- closed channels and is drawn into the lengthwise-closed
channels by virtue of capillary 5 WO 2008/013508 PCT/SG2007/000223
attraction. Fhareapiland atrsciiomgenenaiatoa sherrsfepeeswithiighieg 2 nanotube,
suspension, which aligns the nanotubes substantially parallel to the
longitudinal axis of the channels. A schematic of the first example
embodiment is shown in Figure 2. The figure shows a 5 mold 200, such
as a PDMS sraSirbeioiae fRERIAS 6&@316{5%@6 grbedimsstdRi202. The
substrate 202 may be, for example, a silicon, quartz, glass or polyester
film substrate. As shown in the figure, the mold 200 is in conformal

180ntaCt Wltlg‘ig]ueres%fs %%vg) Eugg&er form of the third example embodiment.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

Referring to Figure 1, a flow chart of one form of the method is shown. The method
15  includes providing a plurality of channels on a substrate (100), positioning a suspension
of nanotubes for flowing into the channels (102), and allowing the suspension to flow

into the channels to align the nanotubes (104).

In a first example embodiment, a plurality of channels is provided by assembling a mold
20  and a substrate. The mold includes lengthwise-open relief structures or-channels that
form lengthwise-closed channels when placed on a substrate. In this embodiment, a
suspension of nanotubes is positioned at or adjacent an open surface of the lengthwise-

closed channels and is drawn into the lengthwise-closed channels by virtue of capillary



substrate such that the relief structures in the mold, which initially formed
lengthwise- open channels, form lengthwise-closed channels 204. Any
number of channels 204 10 may be provided, depending on the width of
the maoldanathesygidth of the respective channels. In the form sht%wn}
each of the channels 204 is provided with an open end 206 as the 853&2007/000223 ,
surface, although it is possible to provide two or more channels 204 with
~asingle open end. Also, it is possible for both ends of the channels 204 to
be opEFf e phicetrdiRrorEAtitgesnetios thehohdorels 2B ihdivespealdon, which
200 r%atxgb% tailored to 15 suit the eventual use of the nanotubes. As
illustfatEY ‘BRBACGFRE SRaTimtial il do Srlareitrdinslsadsiofthe channels.
(although it is also possible to have a rectangular, semi-circular, triangular
or other shape cross-section), and a length of 5mm or less (although this

s not essential sselheciepaihs navhe sed f desirablgor i reayred). It
a

2
should be noted, however, that it is not essenti Yo the hER el

individorilyoor sellectivelyiave @90@9%1%@(@&2&@139%6%% & %%Q%&Ssmte 202. The

illustrated, Figure 2 also shows a suspension of single-wall carbon

nanciuiestCNT $h308-{hat kasnpren plasad @Qﬂﬁg,egiagaeop%me%w 298 substrate.

of the channels 204. In this embodiment, the suspension 208 iS placed
immédiatelyadiatent aned, itheontbC 20t thecopRanentaR6cofBIMR surfice of the
2008/013508 PCT/5G2007/000223 the channels 204. The suspension

208 SRl S phrdB ol Sstisturse incttsriiokt, arbidn nddlijtiormed lengthwise-
nanotubes, When the suspension 208 is placed at the open end 206, it will

su bs?gﬁﬂéiﬁ?xgb%%tg?%é@?hWﬁ?éC@Pﬁﬁr@@@& BYAvirtyeyofiempbittapy channels 204

iple channels is essentially a

ttraction. The spaontaneous filling in mult
ey e R e S ML B, BRI P herespectiv

SE”%%&Q&%&&“@SE%R&%?%%?&’&%Q %%nncls 204 is provided with an open end

206 as the open surface, although it is possible to provide two or more channels 204
with a single open end. . Also, it is possible for both ends of the channels 204 to be open.
The placement or arrangement of the channels 204 in the mold 200 may be tailored to
15 suit the eventual use of the nanotubes. As ﬂlustrgted, each of the channels 204 has a
square cross-section (although it is also possible to have a rectangular, semi-circular,
triangular or other shape cfoss—section), and a length of 5Smm or less (although this is
not essential as other lengths may be used if desirable or if required). It should be noted,
however, that it is not essential for the channels 204 to individually or collectively have

20 the same shape or dimensions as illustrated,

Figure 2 also shows a suspension of single-wall carbon nanotubes (CNTs) 208 that has
been placed adjacent the open end 206 of the channels 204. In this embodiment, the

suspension 208 is placed immediately adjacent and in contact with the open end 206 of

6
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that of Lieber et al, where one channel is provided and filled one at a time.
After the channels 204 have been filled and any solvents (e.g. water) in

the suspension 208 have been evaporated, the mold 200 is removed,
leayvimgphehisnngsa pattern of aligned CNTs on the substrate 202 &0)sER&)7/000223
alignment of the CNTs will now he described in further detail with

reference to Figures 3 to 5. Figure 3 illustrates the starting point from a

plan view, where a suspension of nanotubes 308 is placed adjacent the

opersiendest W ehdhacrsopsientBes sty pURRTIHNE GiRsPORsiGAY Yol that are

velocity is zero and the direction of the CNTs in 15 the suspension i

rRRIBY R HBary AR ot RISOP RS A AIPRTE DWW SORAE B 206, it wil
illustrated in the plan vi tic of Fi 4, th t ill
CBBETBH G TR L AL pUISHET I (e ol i echon F by & Shee The

ear

; s tﬁ i . @rga)@%%ﬁﬁg% éﬁgnﬂ&%igié?s%ﬂﬂ%l%i%i%?ﬁﬁ%@ﬁ‘ﬁi&féeahgnment

esw ent themselves to be para the flow direction F to

"E%Q%@?&E%ﬁh?@kﬁ%g&&ﬁ% nehen.thens fsiidlustiatedin fthesies, such as

view schematic of Figure 5, once the suspension fills the channels and

thg SV ERNs @vapokaied, dhe nansilhesSi8ewilldefnsi inantaligmedAfier the
form on the surface of the substrate 502. 7 WO 2008/013508 PCT/SG2
0QE&AAA0 B2 RaTtassisllwithiefuidicealigmgemtapr) cesbaboyendiet208 have
mold and the substrate surface may be made relatively hydrophilic (i.e.
hévermcearperiftadtyiomeade?P OBy 1oreietintyamipdroping aisideameabencd CNTs on
hydrophilic substrate, the suspension may be drawn more quickly and

mBesEBTipRtd into the channels. This increases the flow in the
channels.

The alignment of the CNTs will now be described in further detail with reference to
Figures 3 to 5. Figure 3 illustrates the starting point from a plan view, where a
suspension of nanotubes 308 is placed adjacent the open end of a channel 304. At the
starting point, the suspension’s flow velocity is zero and the direction of the CNTs n
the suspension is random. Once capillary attraction takes place and the flow starts, as
illustrated in the plan view schematic of Figure 4, the nanotubes will be compelled to
align themselves parallel to the flow direction F by a shear force S, which is opposite to
the flow direction F. In consequence, the nanotubes will orient themselves to be
parallel to the flow direction F to minimise the shear force S acting on them. As
illustrated in the side view schematic of Figure 5, once the suspension fills the channels
and the solvent is evaporated, the nanotubes 510 will deposit in an aligned form on the

surface of the substrate 502.



5 which in turn increases the shear force acting on the nanotubes to
improve its alignment. Referring to Figure 4, the convex curve on the front
of the suspension 308 is typical of channels being hydrophilic. It should
he notauheweses, that the suspension should not be made to flcg.\ethg%1

, . : . : 2007/000223
quickly through the channel as this may not provide sufficient time for the g

nanotubes to reorient themselves before depositing on the substrate. i0 A
non-limiting experiment of the first example embodiment will now be

describBE Sk thn Sredi B arate rhathabstb ok aé dhs mibeate surface
parameters specified.and the substances used for the experiment are o
exaﬁ’%ﬁ?’e@%ﬁ’l@&%ﬁ%@ %1 c%%%g%u P dLEirBY/ M8 AP AHHBE JAFi@EH thy providing

o B R B e ok more

that was replicated from a submicron quartz mas or At PThue 8t

Aftegpeeling @fhthe @&%ﬁﬂk@éwm{a@s@fﬁp&%&&%pwﬁ&ng%@ﬂg%hmels,

out at 100C for 24 hours. Before use, the PDMS mold was cleaned in

sucoesisl it wlifasoniaaaths aeataining.aseionansthanalind.disiled (RBisnment,
water for 15 minutes, 15 minutes and 30 minutes respectively and then

drieRefet0QCAIGH @ahbuis: BrThecresting DM Nole HiagkeHBAMOOR typical of
channels having a width of 850f50nm, a depth of 40020nm, and a length

of 1Sl hembviSonisltwhshexibseddsdigongylasthet theasddanttion should not
PX-500 Cleaning System for 4 minutes to obtain a relatively hydrophilic

surfRe& AR RYatep Atic!te teorkgh iR shawgbrs Ho8 D 28808provide sufficient time
ate Wak SEUERERE KB R LGP A0 W B e B DA
1 elatively quickly, and preferably immediately. The
A non-limiting experiment of the ﬁré’c example embodiment will now be descﬁbed.
Skilled persons will appreciate that the steps carried out, the parameters specified and
the substances used for the experiment are examples only. Where necessary or desired,
they can be varied. In the experiment, the mold used was a PDMS
15 (polydimethylsiloxane) mold that was replicated from a submicron quartz master at
100°C for 16 hours. After peeling off the PDMS mold from the master, post curing was
carried out at 100°C for 24 hours. Before use, the PDMS mold was cleaned in
successive ultrasonic baths containing acetone, ethanol and distilled (DI) water for 15
minutes, 15 minutes and 30 minutes respectively and then dried at 100°C for 24 hours.
20 The resulting PDMS mold had submicron channels having a width of 850+50nm, a

depth of 400+20nm, and a length of 1-5mm.

The PDMS mold was‘exposed to argon plasma in a March PX-500 Cleaning System for

4 minutes to obtain a relatively hydrophilic surface. In this hydrophilic treatment, the
8



hydrophilic treatment is preferably carried out since an as-fabricated
PDMS mold may have inherent hydrophobicity (i.e. repels water), which
may prevent the suspension of 5 nanotubes from flowing into and filling

the ph@@nz%[fm'[pﬁg_rgatme_nt gllows the PDMS surface to becomeP T/SG2007/000223
sufficiently hydrophilic (deionised water contact angle of 50 or less (e.g.

46) or, preferably, 30 or less) to be wetted by water so that the suspension

may spontaneously fill the channels. As will be known to skilled persons,

a suhsianceislwater sortatitiHgedisithergmyiBoat wiichiathdShssers After air-aging
interface meets the surface of the 10 substance and is an indication of the
surfave’ hydnsphdbicinp6rwardrepshirsti Ay Higisklyared cortaeb Ao ediately. The
(70-90) denotes a highly hydrophobic surface, while a low water t
angley(BoBjlieEiTarRsT Hi @m@f@%ﬁm@%gwﬁﬁ&%&f@%ﬂﬁ?g mold may
preferably used relatively quickly after treatment since hydrophobi ion of
recoVEYS TRRT GaiBY BRRAPTALY ?afﬁ%%[ SVHEPHE é%'brs%gtgse VeerxrgE ployed o °

g?l?cglx V%‘g%eeesnégvn? ¢ to“lcﬁsf]l{lggos?nygqii]}?c[ ’fﬁi‘?‘ég 9&%%%%%sp‘ﬂ}/ee§£§ﬁnfl'ém alld%s the PDMS

r'was cu mall pieces, cleaned in piranha solution

(I-I2%%56&8%%50&@:s"u{-’ﬁg\{gﬂﬁg'f%cﬁlaﬂﬁgg ﬁ%cﬁgs@ai RUHLS cHREedMatB BH 50° or less

water for an hour, and dried at 120C for 1 hour. The wafers were then

furthgr glegneg in 2.0 Rlasimar (RO asidiesect)) tandaimitas. Sispension may
plasma treatment was carried out in a Technics 800-II Series Reactive

lon RishingSystermieduippadnaith a\Z00AV solicistateo reddibdreguensya substance’s
generator operating at 13.56MHz. For the glass wafer, the small pieces
werevhgrougiiyteaghed thesebe stivhiohisonitenatntcrapeanapy the surface of the
acetone_, ethanol and I_I)_I water for 15 minutgshlgr(r)n{lré%ggf, agdhsgyﬁﬂg?f. A high
respethvielcantciirtndrdgetepotibg surface’s hydrophobicity or hydropnilicity
water contact angle (70°-90°) denotes a highly hydrophobic surface, while a low water
contact angle (0°-30°). denotes a highly hydrophilic surface. The treated mold is
preferably used relatively quickly after treatment since hydrophobic recovery ﬁlay take
place in several hours.
15
The substrates employed in the experiment were silicon wafer, glass‘ wafer and
polyester film. The silicon wafer was cut into small pieces, cleaned in piranha solution
(H2S04 1 H20p = 1511 in volume) at 120°C for 30 minutes, rinsed with DI water for an
hour, and dried at 120°C for 1 hour. The wafers were then further cleaned in Os-
20 plasma (300W and 15scem) for 30 minutes. The plasma treatment was carried outin a
‘Technics 800-II Series Reactive Ion Etching System equipped with a 700W solid state
radio frequency generator operating at 13.56MHz. For the glass wafer, the small pieces

were thoroughly washed in successive ultrasonic baths containing acetone, ethanol and

DI water for 15 minutes, 15 minutes and 30 minutes respectively and then dried at 60°C

9



WO 2008/013508 PCT/SG2007/000223 for 24 hours. Before use, both

silicon and glass wafers were immersed in a lwt% ethanol solution of
amine-terminated silane (e.g, 3-aminopropyltriethoxysilane) at room

temperature for 2 hours, thoroughly rinsed with ethanol, followed by
thermakteading &0s100C for 1 hour, and used immediately. To PCY/SG2007/000223
hydrophilize the polyester films, the same 5 argon plasma treatment

conditions applied to PDMS molds as described above were adopted, i.e.

argon flow rate 350sccm, discharge power 100W, and exposure time 4

minue®s Rt abRraPCB AR HOcCRohiFG S stam ekfie Mgy g foramersed in 2 1wt
minutes, the hydrophilized polyester film was used immediat%l_x.c}i'lo Th

susp&HEIBR 8P HARBRITERTAS Brap et Ring forig TR S VIeTY i Sarzligf,ﬁane) at Toom
ingle-wall CNTs (s-SWNT). Th i d : .
eSO e By G ot o oA ToHE So0y L2y wetng
I ‘ ol it P s, the same
o S o YA e,

pyrification Jfhe:napeiHhes walahepaedda anmosnixtide (98%sdfbed above were
H,S04 70% HNO3 = 3:1) at 35-40C for about 10 hours with sonication

(ultras@bigcdyater hath) Bathapudficatian didiehoppingeolIBIVN Tadnakepsure time 4
use of the methods of Smalley's group (Science 1998, 280, 1253). The
collectenhgetids wevershsPERTIEY eadignietitD | \isteriragfingehto30 minutes, the
pH=4-5 with 10mM HC1 and NaOH solutions, and subsequently
ultrasdiitarsdipehnoktesies dbnrgieg ted imardtaétinding overnight, around

20 three quarters of the upper suspension was collected and diluted with
DI water to 20, 5.0; and 2.5mg.L-' s-SWNT suspensions. Prior to each

0 SRR S S 00 WESIE 4 oe cva
pu rifiee@éll\&[gwﬁpﬁ .d Lﬁ?ee rﬁ%ﬂa&%&%h%?ﬁ Q&és%g&%ﬂg dgC¥he method previously
reported by Smalley et al (Science 1998, 280, 1253). The starting material of CVD-
produced SWNTs with a purity of 60% was obtained from Chengdu Organic Chemicals
Co. Ltd. China. After purification, the nanotubes were chopped in an acid mixture (98%
15  H,SOs 70% HNO; = 3:1) at 35-40°C for about 10 hours with sonication (ultrasonic
water bath). Both purification and chopping of SWNTs make uée of the methods of
Smalley’s' group (Science 1998, 280, 1253). The collected solids were suspended in
deionized (DI) water, adjusted to pH=4-5 with 10mM HCl and NaOH solutions., and
subsequently ultrasonicated in a water bath for 1 hour. After stanaing overnight, around
20  three quarters of the upper suspension was collected and diluted with ;)I water to 20,
5.0, and 2.5mg.L" s-SWNT suspensions. Prior to each use, the suspensions were re-

ultrasonicated in a water bath for 10 minutes and used within 1 hour. To prepare the /-

SWNT suspension, purified SWNTs were dispérsed into 1wt% SDS (sodium dodecyl

10



10 WO 20081013508 PCT/SG20071000223 sulphate) solution and

ultra-sonicated for 1 hour in water bath. For the I-SWNT suspension, its

concentration was about 5mg.L-1. The s-SWNT suspension was

posiwshadsdtidoadjacent an open surface of the channels. 5 Onees&2007/000223

suspension came into contact with the channels, the suspension was

spontaneously drawn into the channels by capillary attraction. About 30

minutes or less after the channels were filled, the mold was carefully

rerfpBR T AR YRSIAR gﬁﬁ?\'@&“‘%ﬂl@f)n% a"SHEdR STst & ts s%g())rwtrlﬁnz’SWNT
the field emission scanning electron .micrgscope (FE-SEM) images of
Fig%ursé)gxg’.lcﬁg%srgog%fngﬁtggﬁdwéﬁagﬁ%ﬁ%&aIigned 10 nanotube patterns
respectively prepared from 20, 5.0 and 2.5m-..L:' s-SWNT suspensions.
The darker areas (shown generally as 600) in the images correspond to
nakegd subsitate.spEaces vadiherligbtes Areas(hown grnafialycas 6@82)khannels.
correspond to the nanotube patterns. It is worth to note that the ,

sdimen&ions ofilfemanotuhepatiernentuerewithitebebythendimetsionsmwehsion was
PDMS mold used and not the method itself. 15 The experiment shawed
thatpuhendhelgencentizteths SWNET SyspeibionaRontign. Ydowrighaynutes or less
dosages (more than IpL) of diluted solution is used, the resulting nanotube
patesierseheheaacknvse dpishldhr Al raigriireRt yHeWeves; i avagfing aligned
alignment was observed for normal dosages EO 2-1.0L) of the .5mg/L .an

d
2.5y Hileied SBICURPURSIGHE. 1F iSiARPefBrd HehanE SR BuFRERS clecton
tial, for t ion t trati 00 | .

O ORI T S0 T DG € FiEe O B 2T R aigacd

10  nanotube patterns respectively prepared from 20, 5.0 and 2.5mgL? s-SWNT

suspensions. The darker areas (showﬁ generally as 600) in the images correspond to
naked substrate surfaces and the lighter areas (shown generally as 602) correspond to
the nanotube patterns. It is worth to note that the dimensions of the nanotube pattemns
were limited by the dimensions of PDMS mold used and not the method itself.
15 |
The experiment showed that when the concentrated s-SWNT suspension (20mg.L™") or
higher dosages (more than 1uL) of diluted solution is used, the resulting nanotube
patterns showed an acceptable level of alignment. However, improved alignment was
observed for normal dosages (0.2-1.0pL) of the Smg/L. and 2.5mg/L diluted
20  suspensions. It is therefore preferable, although not essential, for the suspension to have

a concentration of 100mg/L or less.
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The concentration also affected the coverage of the substrate (i.e: how

many nanotubes were deposited). As the concentration increased, so did

the coverage. This indicated that the substrate coverage is controllable by
adjusti® 2#€/&dspfension concentration. 5 The experiment also shewwest2007/000223
that the substrate surface should be treated to ensure successful

alignment and patterning of nanotubes. For instance, the substrate may

be moém@ﬂé%wmém&%%%%%%&owﬂgg&%@’%@ REQUELy nanotubes

aminesiiane (e.g-, amino propyl trimethoxy silane) solution so tha

subsieateisppfiane NasRWAIREEANRACERAGIE O 2P 30! 185SaNiS-tNHSs indicated

hydrophilic. In one form, the substrate is treated 10 until it has a water

conthet tngidafdboor dess. if benesnesisienialas shaveed dhakibe cSabhS ation.
may deposit more quickly, robustly and in greater amounts on

functionalised silicon, quartz, glass or polyester film substrates as
compared to non-functionalised equivalent substrates. 15 Although the

expetifn ERSHES tafiied Barasdineps tisntiebsmath sunaks vitbuddwidttroted to ensure
around 850nm, it is possible to use instead submicron channels having ,
widtFPEIEB0h A SBRRY LG PR eBT RS FHRe TS th B ties BRaniBR SheFae may be

* 5m o&les _Itgs alt%o preferable,lglt ou%h.gote ial, for the channel
width 3nd Feight (re: debth) T BaArSorasitRsn: & RIBFLSEIRRRIRe (o8

Of t%mgéﬁsﬂétm%ﬁQﬁ%&ggoggﬁlgnolot %a%ot&vgﬁg ¢ Cagl %{lli'j(faO%F %ﬁg a water

length to t annel wid etween 1:1 and 1:2. The ratl

averg@genanoiubeengthdq the ﬁhﬁﬁsﬂ@d}%gmén%}{ Qﬁet}@ﬁﬂ,eﬁfé gu%sﬂ'gg is treated

1:1.5. Alternatively, the nanotubes may be provided with a length that is
1equahtd arHess thas dberwidificanel the beighs. ofithe shannrls: ASRAA%A that the

prevent clogging or jamming of the nanotubes as the nanotube _
susp8¥isiomfjodepasio thechaivhblsrd@stly and in greater amounts on functionalised

silicon, quartz, glass or polyester film substrates as compared to non-functionalised

equivalent substrates.

15 Although the experiment was carried out using submicron channels with a width of
around 850nm, it is possible to use instead submicron channels having width of 650nm
or less, or 1pm or less. The length of the channels may be Smm or less. It is also
preferable, although not essential, for the channel width and height (i.e. depth) to bear a
relationship with the average length of the nanotubes. For instance, the ratio of the

20 average nanotube length to the channel width may be between 1:1 and 1:2. The ratio of
the average panombe length to the channel height may be between 1:1 and 1:1.5.
Alternatively, the nanotubes may be provided with a length that is equal to or less than
the width and the height of the channels. This may prevent clogging or jamming of the

nanotubes as the nanotube suspension flows into the channels.

12



WO 2008/013508 PCT/SG20 0 7/000 223 In a second example

embodiment, the method may be carried out without the use of the mold

of the first example embodiment. Here, providing one or more channels on

a sulbstratesieigsuried out by locating or patterning lengthwise-opeT/sG2007/000223
channels on the 5 substrate, A schematic of the second example

embodiment is shown in Figure 7. The figure shows a patterning material

700 that has been patterned onto the substrate 702. In one form, the

material 700 is a photo-resist material (e.g.; AZ5214 from Clariant and

S1813 10 from Shipley) that is provided gn the substrate 702 and th

for ﬁw%e%(f?agr]ﬂ(@féjp}f) \I/ai/%énnq#%té éﬁﬁ‘éﬁa?é L:[%ep%alc%il;tﬂ%tg\?’é%ﬁle%. fuse of the
anothey form, the patterni rial. 70 y ylmethac els on a
P e e ) B G bR s

that have heew pisipatigned W@Qiﬁ@aé}”ﬁlﬁtg&ﬂnﬁ‘ﬁ%&ﬁﬁs%ﬁ%mﬁﬁﬁeﬁ on the
process. Besides photolithography, the channels may be provided by 15

moldingaswyface grafting or surface polymerization, with, the channels

being defined by a polymeric or organic material. Also, in the second

example embodiment, the suspension 708 of nanotubes need not be

placed at the open end 706 of the channels 704. However, the suspension

708 Maytsmagic pidbedaspidecsponiesorobtfaqisidd e dediiggcThe The figure
second example. embodiment simply gives the option of placing the

SuspREBIG PRIt BRI EIERERNEIS POk Das RSB RATIRETGRRE ﬁ%ﬂ@gq?fﬁ 702. In one
chamiele 104 e RS SUlecee 0 o o en DU AR OS o 1
l%haniggxlg Z%h%tﬁ"a@s@%@@%@ gg %h%%lé%uca%g 96‘20 99(?%::& forms the channels 704
when the substrate 702 is photolithographed. In another form, the patterning material
700 may be polymethylmethacrylate (PMMA) and organic-inorganic hybrid material
such as ORMOCER®s that have been pre—péttemed with changpels 704 through a
‘nanoimprinting process. Besides photolithography, the channels may be provided by
15 molding, surface grafting or surface polymerization, with the channels being defined by

a polymeric or organic material.

Also, in the second example embodiment, the suspension 708 of nanotubes need not be
placed at the open end 706 of the channels 704. However, the suspension 708 may be
20 placed at the open end 706 if required or desired. The second example, embodiment
simply gives the option of placing the suspension 708 on the channels 704, as shown in
Figure 7, since the channels 704 have open surfaces in the form of lengthwise-open

sides. By placing the suspension 708 on the lengthwise-open sides of the channels 704,

13



the suspension 708 may flow into and fill the channels 704 quicker than if

the suspension 708 was placed at one open end. To assist with

alignment, the channels are preferably provided with substantially 5
hydrophabroeosidsalls. This may be done by using a naturally  pc1/5G2007/000223
hydrophobic material to pattern the channels or by treating the patterning

material (or at least the side walls of the channel) to make it hydrophobic.

The benefit of providing hydrophobic sidewall.s is illustrated in Figures 8A |

and gi¢ |ﬁ%@%ﬁ$@hr&§ ﬂﬁ%%%ﬁﬁ&biéﬂ&d@\héﬁg SPEaEw A Hr FHEBIR 1 the
view and are labelled 804a and 804b. The base 812 of the channel, which

is 10 PHROFIPR PP brie SRS ¢ hydrophilic relative to the

sidewalls 804a and 804b. In one example form, the base may be treated
with an amine-terminated solution to make it hydrophilic. Due to the

different wetlipg,(ydrophilicshydrophohia) proRguissdyr swhannals, Wsstantally

nanotubes in a suspension that flows in the channels will "have a greater

affinity, jo.the hydrgphiligibaseisatheshande hydsophobiasidewaiiotd material to
As a result, the liquid-solid-air contact receding line in the channel would

form aamenisciisishane Wity aconyekdiperfan tonngsalrfacet Figtitegside walls of
shows the meniscus- shaped fluid-air interface surface 814 of the
suspetisichanitiiitawing intthé direbtionT¢ s efibofarsidingthiiiprhobic sidewalls is
suspension evaporates, leaving behind the nanotube 816. As_can be

seen iHiFsGaie 8B Figpics duapetBiom IRHoFares stiThedrraieRin B talls are shown

fluid-air 20 interface surface forces the nanotube 816 to align. itself .
substaREIRPEArERS BIAE HIgraaMmHE %é%%’[hae}%%r%ase gf%g ifig channel, which is

nnel,

%(egggfgggs%%%% n aé%%%%8%%§a etﬁ(:),fitshﬁyta?osp%ﬁg' %élgfl"vwg the sidewalls 804a and
804b. In one example form, the bas.e may be treated with an amine-terminated solution
to make it hydrophilic. Due to the different wetting (hydrophilic/hydrophobic)
properties for the channels, the nanotubes in a suspension that flows in the channels will
have a greater affinity to the hydrophilic base, rather than the hydrophobic sidewalls.

15  As a result, the liquid-solid-air contact receding line in the channel would form a
meniscus shape with a convex line face to dry surface. Figure 8A shows the meniscus-
shaped fluid-air interface surface 814 of the suspension withdrawing in the direction W
as the solvent witﬁn the suspension evaporates, leaving behind the nanotube 816. As
can be seen in Figure 8B, as the suspension withdraws, surface tension of the fluid-air

20 interface surface forces the nanotube 816 to align itself substé,ntiaﬂy paraliel to the
longitudinal axis of the channel, as it is deposited on the hydrophilic surface of the base

812.
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A non-limiting experiment of the second example embodiment will now be
described. As before, skilled persons will appreciate that the steps carried

out, the parameters specified and the substances used for the experiment

are exsimpiessiys In the experiment, about 50mg of single-wall GEB662007/000223
nanotubes (SWNTs) from Chengdu 5 Organic Chemicals Co. Ltd. China

was refluxed in 100mL of 2.0M HNOS for 4 hours. The solid was

collected and rinsed with deionised (DI) water an a 0.24m-pore.PTE cribe

(polyfe BB IRTETIHER ﬁéﬁé‘gﬁﬂ%‘%’.\gﬁﬁ%&%ﬁrﬁgf é%ﬁ%’g]@vﬁfi be described.
were 2m lon ere dispersed | ogj degyl.gulfan arameter
oo TEB S S e e o g P

MO/l BEIRTE, RGN U IR SUSRENSION HAS AR ARSI 000y, o the
:

rpm our and the supernatant SWNT suspension was collected for

the experiment. T Rages:the ehannelgioptbensubstiates PIEINEgistomm Chengdu
resin was used and photolithography was carried out, resulting in
nicrashannetheaeasuing BADGHaagyad SelGm=b. 30Amlidé 208 HNO; for 4 hours.
[.Oum=0.54m deep separated by 1.5 m-wide walls on a silicon wafer with a
100nihsilioba dicxid8depratthansealerilbadethreincintAE) Setian R gn0-2um-pore PTFE
amine-containing silane (3-aminopropyltrietnoxysilane (APTES), 0.5wt %)

solutitnelatete8nvtesiyireguracrap & [hhniRiEsd P Micontirgere 21m long
was functionalised so that its surface had a water contact.angle [ .o
less, Srersdispaed B SRodRTY AL d[ﬁ‘@lz% %ﬁ?&fﬁ; %nﬁtﬁsseoéutggﬁﬂégég%%w ). The
water, dried usin flow, and t Ilystreate C.far :
i GOL e TSE0 The SRy o the SN DL TS e by pension vas

rface, pr ti@. ' Si ft a ; 0ORM138RBension was
e

collected for the experiment.

To paﬁeﬁ the channels on the substrate, photo-resist resin was used and
photolithography was carried out, resulting in microchannels measuring 900pm long,
15 1.0pm*0.5pm wide and 1.0pm+0.5um deep separated by 1.5 #m—wide walls on a
silicon wafer with a 100nm silicon dioxide layer. The wafer was then immersed into an
amine-containing silane (3~aminopropy1triethoxysﬂane (APTES), 0.5wt %) solution at
room temperature for 4 hours. In this way, the silicon wafer was functionalised so that
its surface had a water contact angle of 25° or less, or 15° or less. Following that, the
20  wafer was rinsed using DI water, dried using Ny flow, and thermally freated at 100°C
for 2 hours. This treatment increases the affinity of the nanotubes to the substrate

surface, promoting their adhesion after patterning .
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The wafer patterned with the photoresist microchannels was then placed

on a flat hot plate, and a drop (0.2-1.0L) of freshly prepared SWNTT

suspension was placed on the microchannels. Once the microchannels

were fill o4 /rR843AFa8y action, the microchannels were allowed to dryd’i‘/sczom/ooozzs
the air at 40C. Once dried, the photoresist was 5 removed using acetone,

leaving aligned patterns of nanotubes on the silicon wafer. In a third
exampLFhemdelment the method may be carried out by including a pre-

alignment proceds Faf YH- etga BROIRIEHLY) Bistie h BenEsatolsed on a flat hot
adjacent the S ho rovj ides for the g of the

suspengs,lg% gltg g%?s?? ererlo@e%ﬁ %g csr}%a?’n% SRALH m ﬁﬁsﬁ?ésmn was placed on. the
suspengiep i flawstoward thg channels. Thi e@QOdggﬁ @11%)/ r;éﬂ‘aza/ action, the

incorporated into the first and second example embodiments \whé

alignmeritiscHasiead ke utad %W@Q@Si@fap%%g@ﬁ& R4, fhe photores1st was
nanotubes is essentially aimed at reducing a “log jam' 15 effect at the

opén sufacedithe ehaomekavihg i hedspspensian e anaiubes ows . Qbafer.
iIs drawn into the channels by capillary attraction. Without pre-alignment,

the randomly oriented nanotubes may patrtially block the open end of the

channels, preventing the suspension from being completely drawn into -

the Ch&ﬂr?e@néfﬁ@-@ﬁg?ﬂw@‘%%eﬂamﬁ%@bomélb‘fobka}ge'lm}ayubéy including a pre-
reduced since the nanotuhes would be aligned 20 substantially parallel to

the lonGitHRTAl RSB théleharRrebefoPLaRg) BritsPERE OB RinpIbes adjacent the

Pre-ali also improve. Itin a.ll nt where the i
nanotu%%sﬂga’l;gea%ot pfaced ad): a%:en{ anlﬂo pen smép %’%Fm%e’&ﬁ% bR distance from the

arg instgaghplaced anthe.chany i ond m le . ,
embodiment. 16 WO 2008/01350 gﬁ“ggr’?%% channels. This embodiment

may be incorporated into the first and second example embodiments where pre-

alignment is desired or required.

The process of pre-aligning the nanotubes is essentially aimed at reducing a ‘log jam’
15 effect at the open surface of the channels, where the suspension of nanotubes flows or is
drawn into the channels by capillary attraction. Without pre-alignment, the raﬁdomly
oriented nanotubes may partially block the open end of the channels, preventing the
suspension from being completely drawn into the channels. By pre-aligning the
nanbtubes, the blockage may be reduced since the nanotubes would be aligned
20  substantially parallel to the longitudinal axis of the channels before they enter the
channels. Pre-aligning may also improve the resulting alignment where the nanotubes
are not placed adjacent an open surface of the channels, but are instead placed on the

channels, as in the second example embodiment.
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There are a number of ways in which the nanotubes may be pre-aligned.

One way is to tilt the substrate so as to impart a flow to the suspension

before it reaches the channels. As can be seen in Figure 9, the

suspension 908 is placed at a distance d from the open surface of the
channelsot¥434H&%8hannels may be defined by a material 900, whi®§BSG2007/000223
may be the mold of the first example embodiment or the patterning

material of the second example embodiment. By tilting the substrate 902

at an angle of Q. fheysuspgrsion %9@%@'%8&9&%&9%@&{1%&? BEe way is to

direction of the channels 904. The flow imparts a shear force on

nanotyhege Wivsh.helpsaideastaomp AfitheHangiukes AligR!R REches the channdls.
parallel to the longitudinal axis of the channels. Where tilting is used to pre

10 aligws the banetubesiithe:til arglesPeakioulddseigieadal thaniBttabbau@bm the open
this is not essential where other means are used to pre-align the
nanotsivésscasi Wikl bhadegeriifdd Hdlowhaiiieds anglebmdsfibed1Byor tessri8D900, which
or less, or 60 or less. It should be noted that a high tilt angle (more than

60) meEEindsaitaieW tabi Srtasempleirabedisietey hgypHbTRagematerial of the

enough time before reaching the channels to be aligned progcerl via shear
15 forc@ A oewar 1R INERPo- afirdtseg @%&ﬁ%ﬁﬁ&t 8 ShcBhtPafn of ¢ the

f th NSi b idi . further pre:ali
et RS B a8 LT ReHGh I 4 1S (ROTS 1A by ki Chennels 904. The
thereforg g iaed wheteiesitad,l shouitbalan b RAIRGIMALING IS nanowbes

d may be changed to suit a particular concentration of suspension or a

particylartilt aegia-lthedistanesdmay hes fe 'ihggk?a@@@%%ﬁ{ng is used to pre-

more, or 1cm or more. Another way to pre-align the nanotubes is to eject
the nasiptuhes fremnibegatiewlt SR devite 1R Grausyringe OF QIRYYgh this is not

onto the substrate. This would provide some alignment to the nanotubes

beforecthenseispbrsianbeaches e chahnefse-align the nanotubes, as will be described
below). The angle may be 10° or less, 30° or less, or 60° or less. It should be noted that
a high tilt angle (more than 60°) may impart a flow that is so fast that the nanotubes may
not have enough time before reaching the channels to be aligned properly via shear

15  forces. However, this may be addressed by adjusting the concentration of the
suspension or by providing one or more further pre-alignment methods as described
below. A high tilt angle (more than 60°) may therefore be used where desired. It
should also be noted that the distance d may be changed to suit a particular

concentration of suspension or a particular tilt angle. The distance d may be, for

20  example, Smm or more, or lem or more.

Another way to pre-align the nanotubes is to eject the nanotubes from a needle or
similar device (e.g. a syringe or pump) onto the substrate. This would provide some

alignment to the nanotubes before the suspension reaches the channels.
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WO 2008/013508 PCT/SG2007/000223 A further way to pre-align the

nanotubes is to provide a hom-shaped or funnel-shaped open surface

(e.g. open end) for the channels. Fiore 10 shows two example forms of a
hom=sh@p(§: 09:%195%%1‘1' In the form illustrated, a material 1000, which

provides 5 channels 1_004, 1018 and 1020, is placed on a substrateP CT/5G2007/000223
1002. The material 1000 may be the mold of the first example

embodiment or the patterning material of the second example

embodiment. For clarity purposes, four channels have been shown in the

figure. Where necessary or desired, more channels or fewer channels

maybe aniplhyed.ayTepehialigetikOh isuble et oviifo aidapaitig- peadesunnel-shaped
that leads into one channel, while 10 the channel 1018 is shown with a
taperingmpenéng that fewd sididantb ochmores chiagurel$0 khdheseo example forms of a
channels, the tapering ends partway between the open end and the other

end of tECRmSEIOPChamdel T02bsHows dlufmetent fomristitdpklifg thich provides
begins at the open end and terminates at the other end of the channel.

The dinf %}8%%§8?‘%né%§ﬁ@ﬁﬁé’%%éﬁ RGPy hERisTEd 1% uitithaterial 1000 may
concen%rgg%n o&gus%pt%gsriloq beaitpn used 85'15 the si%le of the channels

themselves. Fof inStance the tapaing May Be-frSm LoR (S e bpign?! of the second

end) to %&%ﬂé %Wo@i}ﬁ&ﬁrinqigri%ﬁ% 8&1%%, %&ngﬁgﬂe@ rﬁ&vgh_geen shown in the

tapering may be from 104m (at the open end) to | .am over a tapering

distance afr3MhASRcBa6H GhaRReh MRY VR IC R NI HABERSHAE: employed.

widths connecting the tapering end to the other end of the channel. For
instancahthehapen 50d (lahietedwiiof ehernglobeR4Rmaalkhrveaa widdhannel, while
of 1mm, which decreases to a width of 1m partway through (labelled B)
théchatimetbAmoihéd t8per decfonmethire thp ofrennekwhidhtleadsaitdmo two or more
narrower portion (labelled C), which may have a width of 200nm. Stalled
person$ipitheisolaShrescriausis s thetresserdiapior e apedndgho drsn end and the

linear. Ngn-linear tapering, _
other end of the channels. Channel 1020 shows a different form of tapering that begins

at the open end and terminates at the other end of the channel. The dimensions of the
tapering open end may be tailored to suit the concentration of suspension being used or
15 the size of the channels themselves. For instance, the tapering may be from 10pm (at
the open end) to 200nm over a tapering distance of 2mm. In another form, the tapering
may be from 10pm (at the open end) to 1pm over a tapering Ehstance of 3mm. Also,
each channel may have one or more intermediate widths connecting the tapering end to
the other end of the channel. For instance, the open end (labelled 4) of channel 1004
20 may have a width of Imm, which decreases to a width of lpm partway through
(labelled B) the channel. Another taper is formed in the channel, which leads into a
narrower porﬁon (labelled C), which may have a width of 200nm. Skilled persons will

also appreciate that it is not essential for the tapering to be linear. Non-linear tapering,
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18 WO 2008/013508 PCTISG2007/000223 such as a curved taper.

multi-stage taper with varying dimensions or similar, may also be used.

Another way to pre-align the nanotubes is to blow the suspension of

nanotubes toward 5 the channels using a flow of gas in a direction

paralfepteoeRe 1Fag)itudinal axis of the channels. Here, the suspen&iditS&f007/000223
nanotubes is preferably placed at a distance from the channels, and is
subjected to a flow of gas. Non-limiting examples of gas that can be used

are air and N2. The flow of gas serves to pus usRension toward

chaﬁh‘é}sﬁfs gr’fﬁf\fﬁdgtoa eé’s%‘,gf?r"cs)tvq et%%ir%éga |§ra1£r$1’§enn§t to thegﬂir?é%mtubeslm’emay s
prio%touggéng drawn into the 10 channels. In particular, the flow of gas

over’the suspension may set up a circulation pattern in the suspension as

it is driven across the substrate toward the channels. The nanotubes float

in this circulation pattern and align themselves parallel to the fluid flow to

reduggJ@sisiance. prethismay, theonanaotshe dlinayiizessareivhnataligosides toward
parallel to the channel orientation before they reach the channels in a

moldnW\diare o usialg isfbbvuseghnimvhditsehenchamheldoafee dpagitudinal axis of the

lengthwise (e.g. the second example embodiment), the suspension mag from th
be bidwmintobid, Ahsrig PrRAEAROAEREOIRER IS PHOSERIL REEinibardifgnce from the
nanotubes to a second flow of gas after the susp§n510n has befesn rgagg/%at can be

into. theneplantields PRRISSHOIPIRAY S oS is I8 BrETF aBR IR 2
of Qe LG TORAE A ARG BB S EI i B e the T oo
b e e
JBStQQQmQQSSUﬂ%QI@cGTQcB{ Be eeveredyitha-thip flspatfswateraylfie up a circulation
pattern in the suspension as it is driven across the substrate toward the channels. The
nanotubes float in this circulation pattern and align themselves parallel to the fluid flow
to reduce resistance. In this way, the nanotubes may be somewhat aligned parallel to
fhe channel orientation before they reach the channels in a mold. Where no mold is

15 used or where the channels are open lengthwise (e.g. the second example embodiment),

the suspension may be blown into and along the channels.

Tt is also possible to subject the nanotubes to a second flow of gas after the suspension
has been drawn into. the channels. This secénd flow of gas is also preferably in a
20  direction parallel to the longitudinal axis of the channels. The second flow of gas may
further stretch the nanotubes and clear any debris from the aligned nanotubes. Once the
suspension has been drawn into the channels and allowed to dry, the substrate may not
be completely dry. Instead, the substrate may be covered with a thin film of water. The

nanotubes may still move along the surface of the substrate under 2 flow of gas,

19



nanotubes may still move along the surface of the substrate under a flow

of gas, 19 WO 2008/013508 PCT/SG2007/000223 although it may not

flow as freely as in a droplet. The second flow of gas, when used, may

exert a shear force on the individual nanotubes and lead to their alignment

and stvaighisnirngoalong the flow direction. When a misaligned nanetuizes2007/000223
is partly anchored to other aligned nanotubes by van der Waals

interaction, the shear force may bend or 5 rotate the.nanotube into better
alignment. The use of the first and second gas flows may alsq. increase

the leAgRAEAA! der et SOTE 2 ERH ot EiRch %ﬁ@ﬁé‘dﬁ?ﬁﬁ(ﬁfﬁﬁ Bgﬁe?ﬁ g when used,
compared to the patterps obtained.from . alignment that is carried.Qut ..
withorﬁ’faé'sﬁ%‘ﬁr%ag ‘oW Thidlis gslﬁc(gla/igﬂlflgtcl)aﬁwo {éeﬂgrel%}% fSr t‘%etgs%{:glrﬁm ent and

flow of gag el IR0 AuRR MBRRarial AN aYIRMIDE LRIER] Wighhiy anchored

of the aligne notibes pattern (e.g. 1m) either by direct gas force on

the ”%M@%l%wﬁ%&%@%%ﬂﬂiéemﬁ%ﬁ preduced bytha gasdlewmay bend or

As the nanotubes are drawn away from the patterns, they contact other

nanotuhes ancadhese tadhem: forgaingna connected chain. As this
process continues, a continuous nanotube strand, much longer 15 than
the individual nanotube, maybe formed. The above pre-alignment

techniques are examples only and are not essential to the method. Also,
the tedhwigersiieednoutbseerrié s fanaivianalsy iswsasetbfuisRsiipfnd decrease the
other techniques. Two or more techniques may be combined for improved.

alignmiiith20 8Pt ehSIL R HAER R GPRFAATRE b broide ARy ¢ained from

flow of gas may _be used to, push the suspension.toward the tapering end.
| ) € ;
Additi&ﬁﬁﬁﬁ?%h@ﬁbss%?n% %‘e’ﬁ}ﬂ‘é‘é&sl & aﬁrghn"r‘r’%’en esclﬁ|r‘?|53§5)€’c“H jo 10 the use 0

ues not

n]%ntiotgg%ie%lgnodVﬁb%ugp ggg', ‘%L‘Qéf% ﬁg%ﬁgegqxﬁﬁ@%'& away from the typical width of

the aligned nanotubes pattern (e.g. 1pum) either by direct gas force on the nanotubes or
by advection in fluid motion produced by the gas flow. As the nanotubes are drawn
away from the patterns, they contact other nanotubes and adhere to them, forming a
connected chain. As this process continues, a continuous ‘nanotube strand, much Jonger

15  than the individual nanotube, may be formed.

The above pre-alignment techniques are examples only and are mot essential to the
method. Also, the techniques need not be carried out individually to the exclusion of
other techniques. Two or more techniques may be combined for improved alignment.
20  For example, a tapering open end may be provided and a flow of gas i;1ay be used to
push the suspension toward the tapering end. Additionally, the substrate may be tilted.
Pre-alignment techniques not mentioned above, such as those relying on a magnetic
field, may also be used. Other combinations and techniques as will be apparent to

skilled persons are intended to be incorporated in this descn'ption;

20



field, may also he used. Other combinations and techniques as will be

apparent to skilled persons are intended to be incorporated in this

description. 20 WO 2008/013508 PCT/SG2007/000223 In a fourth
exampéecernisediseent, once the nanotubes have been aligned usingcdM6G2007/000223
one of the above example embodiments, the method may include placing

the nanotubes on an electrode that forms or that will form part of an

electronic device. In one example, 5 the aligned nanotubes may be

transferred to patterned gold electrodes, which may be arranged to form

a field eff ct tran5|stor (FEP ),.The transfer is prefera y done usin

Stam P AUHHS N SRRt s BB BB o640 ROy BRasing aay one

surface that WI|| secur th Id th I|g ed nan ubes F rexam le,
stamp?m&%tyabe treatanap?n arg)on fx%srhaEl 1€ s%lo ot se % Ité? flanotubes on

use tQﬁ §%@§U@é%£§%ﬁﬁ§ H}%@mﬁ égnTgﬁfeA?%H%g&%@ﬁ?c %@ch In one example,

preferably treated to securely receive the aligned nanotubes. For -

example aihe sUHacRetiheLlectiedasmay b e aeineatesciBogodes, which may be
self-assembled monolayer (SAM) of an aminothiol such as

11-Antnegddhercapioufcdcsie; eaniet (BBE) thitle amisfpiopedteribigldone using a
and so on. To create the SAM, the electrodes 15 are immersed into a
0.5mMamiretiickte[DBMSsohutiotfer 14 heer prStioseddenttytide a surface that will
electrodes are thoroughly rinsed with toluene and cleaned in an ultrasonic
bath eesAlNiRel@thanbErsd 15898 PsmoVer S35l SirfieRr arAPfiEsd in argon
The electrodes are then unrnersed_ into a pH=2.0 HC1 solution to convert
the NRSEIBu 5 NECPFTISIE BUSRY %%S%{ﬁﬁfﬁ%ﬁﬁt?ﬁsﬁf ghig stamp.
nanotubes is made to contact the electrodes for 20 several seconds.
here a S AMT is formed on the electrodes, the nanotubes may be

The electrodes are also preferably treated to securely receive the aligned nanotubes. For
example, the surface of the electrodes may be aminoated with a self-assembled
monolayer (SAM) of an aminothiol such as 11-Amino-l-mercaptoundecane,
aminoethane thiol, aminopropane thiol, and so on. To create the SAM, the electrodes
15  are immersed into a 0.5mM aminothiol toluene solution for 12 hours. Subsequently the
electrodes are thoroughly rinsed with toluene and cleaned in an ultrasonic bath
containing ethanol for 155 to remove possible surface contaminants. The electrodes are
then immersed into a PH=2.0 HCI solution to convert the NH, group to NH;*. Once
treated, the stamp with the aligned nanotubes is made to contact the electrodes for
20  several seconds. Where a SAM 1is formed on the electrodes, the nanotubes may be
transferred quickly at ambient temperature. To fﬁrther aid this transfer, the nanotubes
may be treated with nitric acid to produce carboxyl groups on their surfaces and ends
before the nanotubes undergo the alignment process. Once transferred, the cationic —

NH;" group (on the electrodes) and anionic ~COQO" group (on the nanotubes) complex
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transferred quickly at ambient temperature. To further aid this transfer, the
nanotubes may be treated with nitric acid to produce carboxyl groups on

their surfaces and ends before the nanotubes undergo the alignment
process. Once transferred, the cationic - NH3+ group (on the electrodes)

any aag#a 3OO0’ group (on the nanotubes) complex 21 WO PCT/SG2007/000223
2008/013508 PCT/SG2007/000223 electrostatically to transfer the

aligned nanotubes on the stamp onto the electrode surface. The stamp is

thenemavas, Yansierangdhe aigoed nanaiubes, o, the, Sleckades, cecroqe

surface. 5 Toreduce the contactresistance between the nanotubes and

theglectroges. dagrmal annealing. maydhecaried ail. fonexampedhe 1o the
annealing may be carried out at 300C for 30 minutes in an air
envicasinestrhbés may remove adsorbed molecules affecting the
nanotube-electrode interface. 10 It will be noted that transferring the

aligned nanotubes to an electrode is not essential. Where necessary or
desired, the nanotubes may be simultaneously aligned and placed on the
stpfaeduet the efavasdesiFeriashanceneleeredes biayiit Blackytoniehethermal
substrate and channels may be positioned over the electrodes such that
tRBNGREUBES EreatTinhatiatERy practicoh trrnetabins B RESHTIShRYhai300°C
in the channels. Alternatively, 15 electrode pads may be placed on the

alg st kR 30 AHdCBIEEPHRES halyBedyoigpede withe phawlgeules affecting
non-limiting example experiment- of the above transfer method will now

bR el RE s Gris &R fled persons will appreciate that the steps

carried out, the parameters 20 specified and the substances used for the
experiment are examples only. In the

It will be noted that transferring the aligned nanotubes to an electrode is not essential.
Where necessary or desired, the nanotubes may be simultaneously aligned and placed
on the surface of the electrode. For instance, electrodes may be placed on the substrate
and channels may be positioned over the electrodes such that the nanotubes are
immediately placed on the electrode once it is aligned in the channels. Alternatively,

electrode pads may be placed on the aligned nanotubes, and electrodes may be coupled

to the pads.

A non-limiting example experiment of the above transfer method will now be described.
As before, skilled persons will appreciate that the steps carried out, the parameters
specified and the substances used for the experiment are examples only.’; In the
experiment, about 80mg of single-wall carbon nanotubes (SWNTs) was refluxed in
50mL of 2.6 M HNO; for 48 hours. The solid was collected on a 0.2um-pore PTFE
membrane filter and rinsed with 100mL deionised (DI) water. The purified SWNTs

were dispersed again in DI water, adjusted to pH 4~5 with 10mM HCl and NaOH

22



experiment; about 80mg of single-wall carbon nanotubes (SITi Ts) was
refluxed in 50mL of 2.6 M HNOS3 for 48 hours. The solid was collected on

a 0.2m-pore PTFE membrane filter and rinsed with 100mL deionised (DI)
water. The purified SWNTs were dispersed again in DI water, adjusted to

PH 46 Wiio1mM HCl and NaOH 22 WO 2008/013508 PCT/SG2007/000223
PCT/SG2007/000223 solutions, and subsequently ultrasonicated in a

water bath for 1 hour. Before each use, the suspension was centrifuged

at the speed of 10,000 rpm for 1 hour and the supernatant solution was
ccﬂ@é@@mcﬂnﬂ@u&mﬁﬁ@w@wﬁ%ﬁéﬁ%é|§vmemga€y6§rinh@m- weEpre each use,
patterned on a PDMS mold that was replicated from a submicron quartz
ST SPRBS ARSI SIS rE o2 B mBesify 50 LSO TRTWitR farty™r and the
40020nm deep separated by 85Qurn-wide walls. Sylgard-184 (Dow
CSHQ%BTWW u%erllg‘ﬁ%sr(é @/%F %%ﬂrgkl e I§<’§1Msmeefl(§‘the Curing Agent was

used as the PDMS material. The curing condition was 100C for 16 hours.

After peeling from the master, the PDMS 10 mold was post-cured at 100C

forrd houmaubseauents ihe s M melds-were £IepRed niBiSUREE SRy @eplicated
ultrasonic baths containing acetone, ethanol and DI water for 15 minutes,
15 dtasmieb3Q natautes ke saestirelnandiben:diedsaind g, BF0l-S0nm wide
hour. The electrode used in the experiment comprised a silicon substrate
coatéd O0ith tnBi @R pls faytrdvbigh B S0pattedid cofvphsalel goldl StifesvoCetning) with
nm thickness deposited on the Si02 layer. An HS (CH2)11NH2 self
assevalsledratiordlayep{SENIpwwAS Proparet Byernhieasivgdtretkecdtnbiie material
(previously treated in piranha solution at 90C for 10 minutes) into a

HSestepsiaicenbiiaersHitioforo SRS Retiae ARy tioReiigethe PDMS

assembly, the electrode was rinsed with ethanol and_soni d in ethanol
10 for“l‘%%@’ééﬁ&%"%“f%ﬁ%ﬁe% 8 %or %enour. gu%sequenﬁ , the %ﬁ\?{gemor?d% were cleaned

15

20

t

in successive ultrasonic baths containing acetone, ethanol and DI water for 15 minutes,

15 minutes, and 30 minutes respectively and then dried at 100°C for 1 hour.

The electrode used in the experiment comprised a silicon substrate coated with a SiO;
layer with a pattern of parallel gold stripes of 40 nm thickness deposited on the SiO;
layer. An HS (CHa);NH, self assembled monolayer (SAM) was prepared by immersing
the electrode (previously treated in piranha solution at 90°C for 10 minutes) into a
HS(CH,)11NH, ethanol solution (0.5mM) for 12 hours. After monolayer assembly, the
electrode was rinsed with ethanol and sonicated in ethanol for 15 seconds to remove

possible surface contaminants.

The surface of the PDMS mold and stamp were treated in argon plasma with 350 scem
flow rate for 2 minutes in a Technics 800-II Series Reactive Ion Etching System

operated at 13.56 MHz. The glow discharge was ignited at 100 W. After exposure to
23 |



20 possible surface contaminants. The surface of the PDMS mold and
stamp were treated in argon plasma with 350 seem flow rate for 2
minutes in a Technics 800-1i Series Reactive lon Etching System
operated at 13.56 MHz. The glow discharge was ignited at 100 W. After
exposiire 03 34O 2008/013508 PCT/SG2007/000223 ambient 9@;@&2007/000223
about 30 minutes, the surfaces became temporarily hydrophilic. Then the
PDMS mold was placed channel side down in conformal contact with the
surface, of he PDM When the nanotubes solution was drop
outaf[a1

e SR A e fﬁaamfggﬁn%a%ﬁwﬁﬂéwehycf?ophmc Then

at anopen end

chanpel ttractio 555 IV'Ts in the
progggsﬁgpﬁ %a%ﬁ%#%%nlgy\?vha rlns% e anLile S V\?al:gl ﬁ\%’&taévgb%%mface of

PDMg-moiel wag-remayed, apd ﬁ%%@%@&ﬁt@ﬁt@é&‘ SR Was 9}3‘@1? end of the

in DI water for 2 hours to remove possible contaminant hd Joose

nancibibes eNibeisiiaceHLEE Gakh eleciredes previausly teated Withoning the

thiol solution were immersed into deionised water (90H=4.5) and then Spun

at 2008ppniddCI0rsaaahe priadeaverartbindie ofiwateractie SaBMIWIER was left to
aligned nanotube patterns was then contacted with the gold electrodes

for 4e¥eperds, Had thenldewrs et otred sfed ring theoalignediaandtuines taas dipped in
the gold surface. 15 Where used, the transfer method above may achieve

qwc%) e oitfer d?%%dﬁd@nq’éiﬁgéoa?@é?n%m!}w@pfatm trapsfaatorubes on the
man)%%ectrodes in ambient temperature. The transfer technique may

also be applled to non-fiat or undulating electrode patterns and surfaces,

and may be used to conveniently control the lateral orientation of the

nanotube patterns.

10 The gold electrodes previously treated with thiol solution were immersed into dejonised
water (pH=4.5) and then spun at 2000rpm for 10 seconds to leave a thin film of water.
The stamp with aligned nanotube patterns was then contacted with the gold electrodes

for 4 seconds, and then removed, transferring the aligned nanotubes to the gold surface.

15 Where used, the transfer method above may achieve quick (in the order 6f seconds)
large-area nanotube pattern transfer to many electrodes in ambient temperature. The
transfer technique may also be applied to non-flat or undulating electrode patterns and

surfaces, and may be used to conveniently control the lateral orientation of the nanotube
patterns.

20
The foregoing describes exemplary embodiments, which, as will be understood by those
skilled in the art, may be subject to many variations or modifications in design,
construction or Operati'on without departing from the scope of the present invention as

claimed. For example, although the example embodiments have Been described with
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20 The foregoing describes exemplar," embodiments, which, as will be
understood by those skilled in the art, may be subject to many variations

or modifications in design, construction or operation without departing

frory eepapsef the present invention as claimed. For examplect/sG2007/000223
although the example embodiments have been described with 24 WO
2008/013508 PCT/SG2007/000223 reference to single wall carbon

nanotubes, the method may also be used with multi-w%%ﬁgfarbon

nasistebesiosRBPgHHicCARNB RIS pSrike MTSec Siko ysed with multi-wall

e

experiments above provide aligned patter CNTs haying.a wjdih .
OB TN ol 56" ERGH 6] GhanI i TSt o HE channels "

in the mold or substrate. The le f .C S alsphevarftnay b
A ﬂ?ﬁéecﬂ%?ﬁh&él %/egr it gfoﬂ%ﬁ%ﬁ%gjﬁgﬁﬁﬁgg toh@;%}rl?lay cdﬂr%r?ect e

m%HXneE%C%ré%ea%mmenh@%mh%?{i&%ﬁﬂkmﬁ¥ alse be modifigehhy, Ty length of

exampte, adjusting the suspension concentration or dosage (i.e. how

mygh isplased, Qnihierubstiater 25 MBald-Prdal A, Ibnmetivothdd patterns
aligning nanotubes comprising: providing a plurality of channels on a

supsiratey sdlacing Apespendion dhaanautbestgronadjacertian spmadified by,
surface of the channels, and allowing the suspension to flow into the
chasnelsniplaligiutientrotepession concentration or dosage (i.e. how much is placed

on the substrate).
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substantially parallel to the longitudinal axis of the channels, wherein the
channels are lengthwise-closed channels and the open surface is an 10
open end. 2. The method of aligning nanotubes as claimed in claim |
wherein providing a plurality of channels comprises placing a mold having
a plurality of lengthwise-open channels onto the substrate to form a

plurality of lengthwise-closed channels. 15 3. The method of aligning MCSLLP

(HaabtMibes as claimed in claim 2 wherein the method further comprises
treating the mold so that the lengthwise-open channels are substantially
hydrophilic before placing the mold on the substrate. 20 4. The method of
aligning nanotubes as claimed in claim 3 wherein treating the mold

lcomprisexsthedtrglvgitinglasnau s Thexpratihgd of aligning nanotubes as

claimed in claim 3 or ,4 wherein, after being treated, the channels in the

mold Revedngateleitaet aheads 50'orietst26 Amended Sheet

MCSLLp 6. The method of aligning nanotubes as claimed in claim |

wherdifpRsvidingsapriedity ohenaiihels epneprisdiessincing enahesurface of the

substrate a hydrophobic material having patterned thereon
~open channels. 5 7. The method of aligning nanotubes as

claimed in claim 6 wherein providing one or more lengthwise open

chanr"f‘éllg‘*é’é‘ﬁlﬁh%e%‘b%“’tfgl‘ﬁmgtqeﬁ@fﬁmﬁ%@fdbéncéﬁ&ﬂﬁ]éls‘%rﬁltﬁé the nanotubes

substrate.
substant?atl y parallel to the longitudinal axis of the channels,

C

wherein the channels are lengthwise-closed channels and the open surface is an

open end.

2. The method of aligning nanotubes as claimed in claim 1 wherein providing a
plurality of channels comprises placing a mold having a plurality of lengthwise-open

channels onto the substrate to form a plurality of lengthwise-closed channels.

3. The method of aligning nanotubes as claimed in claim 2 wherein the method
further comprises treating the mold so that the lengthwise-open channels are

substantially hydrophilic before placing the mold on the substrate.

4, The method of aligning nanotubes as claimed in claim 3 wherein tréating the

mold comprises treating with plasma.

5. The method of aligning nanotubes as claimed in claim 3 or 4 wherein, after

being treated, the channels in the mold have a water contact angle of 50° or less.
26
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8. The method of aligning nanotubes as claimed in claim 7 wherein

patterning 10 lengthwise-open channels comprises patterning the

substrate using photolithography, molding, surface grafting or surface
polymerization with the channels being defined by a photoresist or other

polymeric or organic material. 9. The method of aligning nanotubes as MCSLLP
claimed in any one of claims 6 to 8 15 wherein the channels have

substantially hydrophobic sidewalls and the nanotubes are aligned

C S| by ..
stirface Tengrsortig alispeasiBRisbesaieti Rethi stagBnkidferein providing a
evaporates and withdraws from the one or more channels. 19 {)I'.he terial havin
PREHROP ot afiHIRG hEMBRIBES RELRAMBANH SHRTEHE B tHE HradugiRg " &
claims 20 wherejn the method furgher (l:omprises treating the substrate
SRR e Sibshate S ad K428 Water contact angle of 25 or less. -
27 Amended Sheet MCSLLP 11. The method of aligning nanotubes as
claimed in any one of the preceding claims wherein placing the

SySpen%Jﬁ?hn%%&%go$ygﬁ A RLSESRIBLING HR-3USPARSIPH IhBRIRA providing one

contact e open surface so that the suspension will flow into the

C!f'&a%%s1e%é1iﬁwT§%edBQ¥h&%ﬂ&!i€&B}H9r&@£‘%@&%ﬁg ¢laiphadii8-apdnhogiinnels on

of the preceding claims wherein the suspension of nanotubes is drawn

infa the.ghannels by capillary attraction. 13. The method of aligning

nanotubes as claimed in claim 12 wherein the nanotubes are aligned by a

shear force resulting from the capillary attraction. 10 14. The method of

aligning nanotubes as claimed in any one of the preceding claims
8. The method of aligning nanotubes as claimed in claim 7 wherein patterning
lengthwise-open channels comprises patterning the substrate using photolithography,
molding, surface grafting or surface polymerization with the channels being defined by

a photoresist or other polymeric or organic material.

9. The method of aligning nanotubes as claimed in any one of claims 6 to 8
wherein the channels have substantially hydrophobic sidewalls and the nanotubes are
aligned by surface tension of the suspension as a solvent in the suspension evaporates

and withdraws from the one or more channels.

10.  The method of aligning nanotubes as claimed in any one of the preceding claims
wherein the method further comprises treating the substrate such that the substrate

surface has a water contact angle of 25° or less.

27
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wherein allowing the suspension to flow into the channels comprises

allowing the suspension to be drawn into each of the plurality of channels
substantially simultaneously. 15 15. The method of aligning nanotubes as

claimed in any one of the preceding claims wherein the open surface is

selected from a group consisting of: an open end and a lengthwise-open MCSLLP
side. 20 16. The method of aligning nanotubes as claimed in any one of

the pfecedt;% Ims, wherein the method further comprises pre-aligning .
the nanotu es%%tﬁ%ds%fgeg&nslpcﬁwn%neoftou})ee Hitdwin ﬁ?e”éﬁgﬁé)r%i(?ﬁ S gy eding claims
into,the.chamaels, 28 A@?&Q‘F li;e t MMCSLLP 17. The me Ig}od of . :
aligningr nr{a}w?%tubegs a?s %Ia medg?}\%c glgrﬁé\l{lé\g@ ereil rf)sr%s-glrll]%cﬁ%gn Figuspension 1o be in
achigvied by itanediBgdhe.cRen AInindbe ALIEAS ONe RNARl A8 NGels
method of aligning nanotubes as claimed in"claim 17 wherein

pre-alignment 5 is achieved by providing the open end with a horn or

funnel shape. 19. The method of aligning nanotubes as claimed in any
sonel of clai: hfetholi® Mihigrei peeraligament ismchiaved by eiraieg & ding claims
suspension from a needle, syringe or pump. 10 20. The method of
aligningenariatsbgsad aiahec dudty i deaaiciaiontd 6HmAO s wheilary attraction.
pre-alignment is achieved by placing the suspension at a distance from

the

13, The method of aligning nanotubes as claimed in claim 12 wherein the nanotubes

are aligned by a shear force resulting from the capillary attraction.

14, The method of aligning nanotubes as claimed in any one of the preceding claims
wherein allowing the suspension to flow into the channels comprises allowing the

suspension to be drawn into each of the plurality of channels substantially

simultaneously.

15

15. The method of aligning nanotubes as claimed in any one of the preceding claims
wherein the open surface is selected from a group consisting of: an open end and a

lengthwise-open side.

20 16.  The method of aligning nanotubes as claimed in any one of the preceding claims
wherein the method further comprises pre-aligning the nanotubes in the suspension

before allowing the suspension to flow into the channels.

28
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channels and using a flow of gas to blow the suspension towards the

channels. 15 21. The method of aligning nanotubes as claimed in any one

of claims 16 to 20 wherein pre-alignment is achieved by placing the

suspension at a distance from the channels and tilting the substrate to MCSLLP
impart a flow to the suspension before allowing the suspension to flow

into the channels, 20 22. The method of aligning nanotubes as claimed in

I 21.wh ilting. th bst tilti

Were 0 0L 0758 ShrnCHata REG: MICBIT D 34 el g yore-slgnment
| d 2 t 22 f th

%‘QQ&“&,Q@Q}?% gﬁng aérﬁpoe[aeg]dag% %eea?;leagtlrc?ns 9 urther

comprising removin using a flow o gas Etlm}flow the aligned

" nanotubes in a direction parallel to the longitudinal axis of the aligned

nanotubes, 5 24. A method of aligning nanotubes comprising: providing a

niyralityraf chappelsrana FRiGLRIAGIRE, ArRSRENSIAN 19T WAPRIUNSES Al cnment

a distance from the channels, and allowing the suspension to flow into the

chaciels dopligaviiepanobeassubatantially paralist terHhe longitudinal
axis of the channels, 10 wherein the channels are lengthwise-closed

channels having at least one open end. 25. The method of aligning
nanotubes as claimed in claim 24 wherein allowing the suspension to flow
démpridés tiltinbothe Subigtiate tarimpbet afloluitadharsuspensioof tmims 16 to 18

wherein pre-alignment is achieved by ejecting the suspension from a needle, syringe or

pump.

20. The method of aligning nanotubes as claimed in any one of claims 16 to 19
wherein pre-alignment is achieved by placing the suspension at a distance from the

channels and using a flow of gas to blow the suspension towards the channels.

21. The method of aligning nanotubes as claimed in any one of claims 16 to 20
wherein pre-alignment is achieved by placing the suspension at a distance from the
channels and tilting the substrate to impart a flow to the suspension before allowing the

suspension to flow into the channels.

22.  The method of aligning nanotubes as claimed in claim 21 wherein tilting the

substrate comprises tilting at an angle 6, where 0° < 8 < 60°.

29
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26. The method of aligning nanotubes as claimed in claim 25 wherein
tilting the substrate comprises tilting at an angle 6, where 0 < B < 60. 27.
The method of aligning nanotubes as claimed in any one of claims 24 to
26 20 wherein allowing the suspension to flow comprises using a flow of
gas to blow the suspension toward the channels. 28. The method of
aligning nanotubes as claimed in any one of claims 24 to 27 further
CO{Mprisi llowyi Y, t in the suspension tq evaporate and ysin

w30 hmanded Shas R P B T e BB 2 0 22

in ghendir %8&%%@@%@%9&%9?%%%%@%@ lMﬁ Qaﬁowbqsit a%réla,g!y blow the aligned

evaporated. 29. The method of aligning nanotubes as claiméd in any one
of lalm® 41 A8SWheHIN ING,0REN, ADLLIAREIS,INIB ARE A OIS Af S es.
channels. 30. The method of aligning nanotubes as claimed In claims 29
wherein the open end has a horn or funnel shape. 10 31. The method of
aligning nanotubes as claimed in any one of claims 24 to 30 wherein
pla¢ing asshspenbidn i riapetuhesteerprisas piacing the suspension at a
distance of 5mm of more from the open end. 32. The method of aligning
nanotubescasicigimeldiia iany forienidhe preaedirgelaims 15 further
comprising placing the aligned nanotubes or aligning the nanotubes on an
electrod@lhavigg susprfacethiibas esntraddifiedddrinolddechannels, and

self-assembled monolayer.
allowing the suspension to flow into the channels to align the nanotubes

MCSLLP

substantially parallel to the longitudinal axis of the channels,

wherein the channels are lengthwise-closed channels having at least one open

end.

25. The method of aligning nanotubes as claimed in claim 24 wherein allowing the

suspension to flow comprises tilting the substrate to impart a flow to the suspension.

26.  The method of aligning nanotubes as claimed in claim 25 wherein tilting the

substrate comprises tilting at an angle 8, where 0° <8 < 60°,

27. The method of aligning nanotubes as claimed in any one of clai@s 24 to0 26
wherein allowing the suspension to flow comprises using a flow of gas to blow the
suspension toward the channels.

28. The method of aligning nanotubes as claimed in any one of claims 24 to 27

further comprising allowing any solvent in the suspension to evaporaie and using a flow

30
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33. The method of aligning nanotubes as claimed in claim 32 further

comprising 20 providing the channels such that the nanotubes are placed

on the electrode as they are aligned substantially parallel to the

longitudinal axis of the channels. 31 Amended Sheet MCSLLP 34. The MCSLLP

method of aligning nanotubes as claimed in claim 32 wherein placing the

aligned nanotubes comprises transferring the aligned nanotubes from the
qs”at?otg IeCForquSryzQ;% 2 35thTeh§1 e %thOd P f[haellgg nce the solvent

bCs as clalmed%n any one ot claims 32°76'34 whetein prow

0@1 {urgs%gtlaﬂgré%l Or%mdorlses providing a mold having one or more

IengthW|se open channels and placing the mold on the substrate or

electrode such that the lengthwise-open channels form lengthwise-closed

channels having at least one open end. 10 36. The method of aligning

nawgotubes, asclaimedin clainy, 32 fukhes camprising ﬁﬁeaﬁmﬁp%mmg 24 to 28

improve its hydrophilicity before placing the mold on the substrate.

Thengrethad ebalighingnanaiubes.as lainedin eclaihsg or 36 whereln
placing 15 the aligned nanotubes comprises removing the mold and using

the substrate as a stamp to place the aligned nanotubes on the electrode
surface. 38. The method of aligning nanotubes as claimed in claim 35 or

36 vherdiheptacing dfialalignghaanobubes deimedsascleamnsiesrinietioen the open end
aligned nanotubes from the substrate to 20 a stamp and subsequently
transtehingdhguatigngédpranotubes from the stamp to the

31.  The method of aligning nanotubes as claimed in any one of claims 24 to 30
wherein placing a suspension of nanotubes comprises placing the suspension at a

distance of Smm of more from the open end.

32. The method of aligning nanotubes as claimed in any one of the preceding claims
further comprising placing the aligned nanotubes or aligning the nanotubes on an
electrode having a surface that has been modified to include a self-assembled

monolayer.

33. The method of aligning nanotubes as claimed in claim 32 further comprising
providing the channels such that the nanotubes are placed on the electrode as they are

aligned substantially parallel to the longitudinal axis of the channels.
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electrode surface. 39. The method of aligning nanotubes as claimed in
claim 38 wherein the substrate and stamp are formed using
polydimethylsiloxane (PDMS). 32 Amended Sheet MCSLLP 40. The

method of aligning nanotubes as claimed in any one of claims 32 to 39 MCSLLP

further comprising placing a thin layer of water on the electrode surface
before placing the aligned nanotubes on the electrode. 5 41. The method

Of3§|.'gnm}gngqpé)t%%e.§faﬁi lr%lzm eﬁaﬁ%]% Ign%ésl%i\/a\llpr%gl?npé?aqrgg}é t\%rérf!?iy %rlacing the
of water comprises immersing the electrode into water and Spin-coating

thaiglesthodGufss I&ﬁﬂﬂ?&?%&@l‘&%‘ @%@ﬁéﬁg@%@(ﬁéﬁ%@gg | eagg{?strate to an

one of claims 32 to 41 °10 wherein the electro ectrode.
Thesmethod,9f @ligning nanotubes as claimed in any one of claims 32 to
42 wherein the self-assembled monolayer is provided by immersing the
electrode in a solution of an aminothiol. 15 44. The method of aligning
nanotubes as claimed in any one of the preceding claims wherein the

nasotubgs aracsieevall GaRoRaNeNetdaS  Adn e Meihedh ol RlIgRIG 32 1o 34
nanotubes as claimed in any one of the preceding claims 20 wherein the

navietebeparddoid dreatedndte Thennaathoehpfisigpng Aanoibes @%aving one or
claimed in claim 45 wherein the acid is
more lengthwise-open channels and placing the mold on the substrate or electrode such
that the lengthwise-open channels form lengthwise-closed channels having at least one

open end.

36. The method of aligning nanotubes as claimed in claim 35 further comprising

treating the mold to improve its hydrophilicity before placing the mold on the substrate.

37. The method of aligning nanotubes as claimed in claim 35 or 36 wherein placing
the aligned nanotubes comprises removing the mold and using the substrate as a stamp

to place the aligned nanotubes on the electrode surface.

38 The method of aligning nanotubes as claimed in claim 35 or 36 wherein placing
the aligned nanotubes comprises transferring the aligned nanotubes from the substrate to
a stamp and subsequently transferring the aligned nanotubes from the stamp to the

electrode surface,

39, The method of aligning nanotubes as claimed in claim 38 wherein the substrate

and stamp are formed using polydimethylsiloxane (PDMS).
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nitric acid. 33 Amended Sheet MCSLLP 47, The method of aligning

nanotubes as claimed in any one of the preceding claims wherein the

channels have an average width of 1.tm or less. 48. The method of

aligning nanotubes as claimed in any one of the preceding claims 5 MCSLLP
wherein the suspension of nanotubes has a nanotube concentration of

100mg/L or less. 49. The method of aligning nanotubes as claimed in

claim 48 wherein the nanotube concentration is between 2.5mg/L and

2amg/L. T:50THe mb it ivEatigrinegpansbtoliéssd Bameann ahygigs 32 o 39
of the preceding claims wherein the nanotubes in the suspension, of .
ndnohsbeshavieian pierage IBHYAYST YetinkarPt thep8ee THEATRASEe Placing
of aligning nanotubes as claimed in any one of the preceding 15 claims
wHerelietsd rane BBavERAhE&iiEIdGe length of nanotubes and the width

of the channels is in the range of 1: 1 to 1:2. 52. The method of aligning
nanotubes as claimed in any one of the preceding claims wherein the

ratio between the average length of nanotub?s anéi the heigm %fh%*}%nzgacmg a thin

cHHnnels BSMABILAGEHRPE 157101U8%395 RATBISHLA SRRt

layer of water comprises immersing the electrode into water and spin-coating the

electrode.

42, The method of aligning nanotubes as claimed in any one of claims 32 to 41

wherein the electrode is a gold electrode.

43, The method of aligning nanotubes as claimed in any one of claims 32 to 42
wherein the self-assembled monolayer is provided by immersing the electrode i a

solution of an aminothiol.

44, The method of aligning nanotubes as claimed in any one of the preceding claims

wherein the nanotubes are single-wall carbon nanotubes.

45. The method of aligning nanotubes as claimed in any one of the preceding claims

wherein the nanotubes are acid treated.

46. The method of aligning nanotubes as claimed in claim 45 wherein the acid is

nitric acid.
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47. The method of aligning nanotubes as claimed in any one of the preceding claims

wherein the channels have an average width of 1um or less.

48. The method of aligning nanotubes as claimed in any one of the preceding claims

wherein the suspension of nanotubes has a nanotube concentration of 100mg/L or less.

49, The method of aligning nanotubes as claimed in claim 48 wherein the nanotube

concentration is between 2.5mg/L and 20mg/L.

50. The method of aligning nanotubes as claimed in any one of the preceding claims
wherein the nanotubes in the suspension of nanotubes have an average length of

between 1 to 2um.

51. The method of aligning nanotubes as claimed in any one of the preceding
claims wherein the ratio between the average length of nanotubes and the width of the

channels is in the range of 1:1 to 1:2.

52. The method of aligning nanotubes as claimed in any one of the preceding claims
wherein the ratio between the average length of nanotubes and the height of the

channels is in the range of 1:1 to 1:1.5.

34
Amended Sheet



