WO 03/ 060923 PCT/1B02/04853 - 1 Mcrostructures Field of the Invention 5
The present invention generally relate to mcrostructures and particularly
rel ates twom3os®3sructures incorporating carbon nanot ube POTABOY/ @853
applications including mcroscopy and data storage. 10 Background of the

| nvention Atonic Force Mcroscopy (ARM™ is a well known form of Scanning
Probe M croscopy (SPM. AFMis conventionally enployed in 15 range of
surface imagi ng, nanoneter scale analysis and nanipulation applications.

| magi ng i s achieved via AFM by detecting forces occurring between a sensor
in formof atip at one end oficrosantidtemers and a sanple to be i maged. The
tip and cantilever in conbination will be herein after referred to 20 as a
tip assenbly in the interests of convenience. The tip is a relatively
reliahlie 0@l e RLQELEiRE highly localized confinement of interaction.
Thi s property has opened up a range of applications in the nanotechnol ogy
field. For exanple, in "The "MIlipede" - Mre than one thousand tips for
25 future AFE t r S =4 tot ) BMlaunnpalur@fs  Regearch
and DetT\lI}lleeI g%r?er??& %&%Zlﬁ%gl g,epnﬁé\éq%é)o%jglt eer 24(_% sn{l%(;léescril_%zdd a data storage
devi cparased lomw IAFMaiadies ttec mriciropr rysroviad ng SRt sy mFRSor, hi gher
capaci ty, .| ower_. A r : % BIEP, Vi ces.
The stng%gécél%fo t& (r%\gﬁo’f g%ﬂé\%gnﬁﬁgéwﬁylﬁd deviyce de[?eérﬁ on the
dur abisltiotrpgend qual ity of the tip. It would therefore be desirable to
pr§vi de such tips with optimal durability and quality via a cost effective
f8cess. It would also be desirable to produce highly integrated arrays of
such PRSErdund3®f the Invention

Atomic Force Microscopy (AFM) is a well known form of Scanning
Probe Microscopy (SPM). AFM is conventionally employed in

15 range of surface imaging, nanometer scale analysis and
manipulation applications. Imaging is achieved via AFM by
detecting forces occurring between a sensor in form of a tip
at one end of a cantilever and a sample to be imaged. The tip
and cantilever in combination will be herein after referred to

20 as a tip assembly in the interests of convenience. The tip is
a relatively reliable tool for providing highly localized
confinement of interaction. This property has opened up a
range of applications in the nanotechnology field. For

example, in “The “Millipede” - More than one thousand tips for

25 future AFM data storage”, P. Vettiger et al, IBM Journal of

Research and Development. Vol.44 No.3, May 2000, there is

described a data storage device based on AFM probe technology
providing smaller form factor, higher capacity, lower power,
and lower cost than conventional memory devices. The storage
30 density achievable in such a storage device depends on the
durability and quality of the tip. It would therefore be
desirable to provide such tips with optimal durability and
quality via a cost effective process. It would also be

desirable to produce highly integrated arrays of such sensors.

35



WD 03/ 060923 PCT/1B02/04853 2 1In a conventional AFMinstrument, the tip
assenbly, which is responsible for the spatial resolution of the

i nstrumernp 0306093 i butes a significant portion of the tot2CTAB6Y048$3
ownership (TCO of the instrument. The cantilever of the tip 5 assenbly is
typi cal ly hand-fabricated or batch m%rofabricated cantilever. In situ
within the instrunment, one end of the cantilever is fixed and the other

r emai free. The.tip.-i oca t th e eratiqn,. it he
canti %véar Cﬁélrvr% %go%&s§ﬁ§i o n%%on?ecneé’i (r;ﬁﬁeér acti (I;%'Sbéer{eo en ‘ﬁ%e&g]ilpé and the
sur f acespbiisdfbolichef cpr afted ssanplael esainfrice abserhatimstmadstby such an

instrunent .is.a funct.iion of the sample swface r d the shape of
the t icﬁ.ntf&lbﬁitl%smazg W&lsfacairfrt i desi 't 4 et%neotéoqgaﬁy CF%%/réie the tip as
shar p casigreddipbl (@CHuto faltdee timgamkenertthe Especniridteweofot hehd itpi@ms hi gh as

possi bl e. e aspect .15 .ratio of the tip is an.inverse function of the cone
angl e %5 ne tlisp.%yﬁd\ﬁ(?\}él‘ry: khasm{ H{z[ea%fs]ﬁ:eag:ted?é)trl & aorl?ce% I%Jicprol]ga]?rnlcﬁagtaes d, so
t he ticqaniedenes .nume Siragiviectand Subjiectt tumenear .ords uaid yof tHwe shape of

the tip is.determn by, wa f. tradeof f bet.wee t he tip robustness and
the i ré&itrjr&eéfﬁgl ilﬁ%dlﬁ?fydm‘?@gtﬂfbef & Bt TEOREHt inftﬁeaef‘ tﬁbé)ats?er?tﬁ y conprises
a m Qroehbakad eat ethec @ittdd evel. wird hhpradilagr atted «<Hdd Klonrdrt permifid e

all owi ng for s

me economy. of scale i roduct i,on costs er
hand- FADEICH 8d EarrCriot ereoman s b TSy 08 J8 At HefeSURiaqe
r gpat iofeltheeppensidveanyladd tdutaddhebssirvaatnod ifgads Bubjweet 40 wear
during nornmal operatiaon. \Wearin f the tip can |lead to incgnsistent
| mmgi NGSESSHRRE. LW tURG 0T 1R (T SAUE LIRS TARE (9P A o of the
i nst r wRNshaipat bFdweiang iy .ne.d ofio1i ntieguhayi dd,p inid addig a1k bt

repl acenment ti costs. It would be desirable to_reduce such ni toring
and tioﬁllﬁ’eﬁloaggﬁfé‘mt Gt @fe PTG D HBELTE RfodeE R T of

manuf agleUtisp@cd tapRed of the tip as high as possible. The aspect

15 ratio of the tip is an inverse function of the cone angle of
the tip. However, as the aspect ratio of a tip is increased,
so the tip becomes more fragile and subject to wear. Usually,
the shape of the tip is determined by way of tradeoff between
the tip robustness and the imaging quality.

20
An example of a conventional tip assembly comprises a
microfabricated cantilever with an integrated silicon tip.
While allowing for some economy of scale in production costs
over hand-fabricated cantilevers, this technology is

25 nonetheless still relatively expensive. In addition, the
silicon tip is subject to wear during normal operation.
Wearing of the tip can lead to inconsistent imaging results.
Wearing of the tip also makes the tip a consumable of the
instrument, introducing a need for regular tip monitoring and

30 replacement time costs. It would be desirable to reduce such

monitoring and tip replacement requirements.

WO 99/56176 discloses a method of manufacturing a tipped
cantilever comprising forming a tip-like indent in a

35 substrate, depositing a photoresist layer which fills the



cantil ever conprising formng a tip-like indent in a 35 substrate,
depositing a photoresist |ayer which fills the WD 03/060923 PCT/ | B02/ 04853
- 3 tip-wpla/osredent and covers at |east a part of said swkoTtiBeX@ss3 and
photol i t hographically structuring the_photoresist layer to formthe tipped
cantilever with tip out of the phot6r§srst. This technique lends itself
well to batch mcrofabrication of 5 plastic cantilevers at a | ower cost

t han tB@pafLQké”ﬁﬁ&éﬁﬂegndsbb{régg ra@cllagls@g)é phRtReYi ew:af sSekentiki C

I nstrunents, vol. 70 pages_ 2398- 2401, G Genol et et al.

" Sof t , 2Bt Pb@Fylibhiaﬁﬂé%ma@Hx 5?65@@%?195éaﬁnphatpéﬁéé% ePYSEOSY"

there férmdtﬁé|@§§9eé pLAbe1 BRde %@Ehr%| %htpbﬁsEh% pabebi-akiker scanning
probe m crosco pol ymer is used f ormn cantilever. The

pol yne?hbﬁo%;ﬁaggl%@hhﬁném ipeepér wneéé Fﬁapat§gemélpf—’f>iféblrﬂC?L&lQéthéve with

cl assigalssh ki €oRt { 86PBLEOQY - a1§o%E§ £aREi ¢ahhoRnHRr 8¢8%embaraoRakch process

in which the integrated tip and the |ever are defined in one
photol$%hbgpaph?0%@@bogﬁppl|ed Physi cal Letters, vol. 77, no. 21, 20
Novenber 2000, 20 R Stevens et al., "lInproved fabrication approach for

carbon nanot ube probe devices", dlscloses an |nEroved process for sinple
and efith@ﬁ%eWagfl%Glﬁ@hl5iccéﬁ§§ﬁum§n§§ub§oéro 8. devi besMayhé9BPocess

requirgsy ég02§§§p§4%flrét Ggﬂggggtgge jcartgihdge béggggg&ed usi ng chemi cal

vapor dep05|t|on e nanotubés’are transferred fromthe cartridge
t ol0a d@hot@plastng prokeecEer cSERBRANTCAPEOR MaAsPEBEPHBUnthErsi 1and/ or

silico %BL-FQ& Li olé‘éem C_”E%Ekéh yoi?VgELE@PhS m&%rgéi”ﬁbﬁ from

PIEZ echno ogles e nanot ub rown and then nmounted on
such t$p@nnangaprybeTmécreﬁgcpyofAtpelameacheduﬁadoﬁgbefpsmlnﬁehhe

! teraté%ﬁ?k%l%?@ﬁd ¥ha C:EZ;B&ES I)V%li%grHgEthléQQrb.@gbggtlggdtflgtl nspection

st eps. e appr at t
are difficult to achieve with classical silicon technology.

15 The fabrication process is a batch process in which the
integrated tip and the lever are defined in one

photolithography step.

Applied Physical Letters, vol. 77, no. 21, 20 November 2000,
20 R. Stevens et al., “Improved fabrication approach for carbon
nanotube probe devices”, discloses an improved process for
simple and efficient fabrication of carbon nanotube probe
devices. The process requires two steps. First, a nanotube
cartridge is created using chemical vapor deposition. Then,
25 the nanotubes are transferred from the cartridge to a device

using an electric field.

Carbon nanotube mounted Si and/or silicon nitride tips are
commercially available, for example, from PIEZOMAX

30 Technologies Inc. The nanotube is grown and then mounted‘on
such tips manually. The length of the attached nanotube is
then iteratively tuned via a series of alternating shortening
and re-inspection steps. It will be appreciated that this
serial production process is both time consuming, expensive,

35 and unsuitable for batch fabrication. Additionally, the



serial production process is both tine consum ng, expensive, 35 and

unsui table for batch fabrication. Additionally, the WD 03/060923

PCT/ 1 B0O2/W083860943 r obustness of the tip assenbly is govemragdBiy4ssse bond
between the nanotube and the tip. In general, the quality and durability
of tip assenblies 5 produced accordﬁng to the af orenent i oned conventi onal
techni ques present limtations is less than optimal for the range of

appl icatiops now enyjsaged f S F h r
reproﬁ%%?ﬁl??F§ 8% ghchg%Ppaasse#%plgg %%gg?g%%vg tg%%aﬁgﬁgtﬁgégggg

di ffi cehét nbnoacheesadwchboutpi.ncurring 10 additional cost. It would
desirable therefore, as nentioned wearlier, to provide mcrostructures such
as tip assenblies of optimal quality, durability and versatility that can
be neEnufastuaed ﬁheaghylitﬁ Sudmdnyabfilihg phveapi essenbadesr dance with
the pre iLnventign th L8 now  pr a formng a
n1§ro§¥?§3?ﬁgea088 F'§i 8 8e808¥ eg%%ggggdcgﬁbgﬂq FB%% a subgtrate

gr owi 8gchBnhnatetupeedntr oimt betsead matéesalthdapostumn@ fioTr 6Ber uct ur e
material on _the ubs rate to enbed the nanot b structure

mat er FaR9<afd, aHBiéEﬁ hgREhBOWLBEY 8RS0 Pel%ggg ?ﬁgggﬁg%gégtructure 25

The nEhbeHe@maférabh¢ frepirbancebapticges fsbaphngibhessenbilastr wétur e

material prior t el ease of the_..m tructure. r ruct.ure
naterF%?Vﬁﬁ9188ﬁng§§E lﬁnélgflguggl fers éeaieWQ%PPP% %é 3%%%%9 a
nmed al agandiofpallysbkicome WbalauH&bﬁahbl&ayhbeeﬁomaedabrm&namynede of 30
Silicon, _glass, quartz, ceramc

|
prefe?éﬁﬂ?eﬁonﬁPlEEQV&gFePﬁSFPﬁ rP5§8F§ FuS%fan%lpaﬁasgggéﬁ ISrecursor

mat er paksmalhgubili sy, PEEEHBS QL tiRkat sersprefetgbkypaconpni des a ful | erene

material, and the secong precursor material preferably conprises field
sens|pﬁpgfactured cheap

15 Summary of the Invention

Tn accordance with the present invention ,there is now
provided a method for forming a microstructure, comprising:
depositing a seed material on a substrate; growing a nanotube
20 from the seed material; depositing microstructure material on
the substrate to embed the nanotube in the microstructure
material; and, detaching the substrate to release the

microstructure.

25 The method preferably further comprises shaping the
microstructure material prior to release of the
microstructure. The microstructure material may comprise any
one of a polymer, a dielectric material, a metal, and
polysilicon. The substrate may be formed from any one of

30 Silicon, glass, quartz, ceramics, and plastic. The seed
material preferably comprises alternating layers of a first
and second precursor materials. The first precursor material
preferably comprises a fullerene material, and the second
precursor material preferably comprises field sensitive

35 material. The fullerene material may comprise any one of



35 material. The fullerene material may conprise any one of WD 03/060923
PCT/ 1 B02/ 04853 5 Carbon 60 and Carbon 82, and the field sensitive

mat eri al way3/oewepri se any one of Ni, Co, Fe and M. |n aPpmdaBex048%s

enbodi nent of the present invention, the fullerene material conprises
Carbon 60, and the field sensitive Teterial 5 conpri ses Nickel. The grow ng
of the nanotube preferably conprises: heating the substrate in vacuum

condi td el oAPR NG, 26| elih ind her S1bSiaidd £rd Jhenyacum Gaigl ti ons,

ina pre erred odinent of the present invention, conprise oxygen
pr essuranmyries amny e 10 Nbdio, T Hehtihg bred e?la%f?rli%d conpri ses

ol evatdjg dhed eperadns dledbermibniiaie d%e betvermatiandi4p 1000

degr ees rlga reld may conprise a magnetic field. The
magnetdandriisgal iGaripyefet abnd app ifide ot tﬂ@’g@h@w%’ natehe2kurface of the

SU*SS”@S&?I e%tdé)rﬂatéfd Arpodi pnis of the presente i Bventiom., 15 the

magneti C i's greater than or 'equal to 50 Gauss.  Additi onaI ly or
al t er nampuel sgs ¢ Heefatpptg ethd i silb ept e onprizeiun ede@ifiensi ard The

I f h
e Tt alg SR st el nuroalig e s oty o e

ing pre conprises depositing a sacrificial
| ayer mrefdrerD anh:cﬁcalmertif Q:Ttetlsfub_tsmermret prinoen t bome posiet b¥e ofxydrn

cantilever nateri agg MERE S| t an
el ect r%lﬁﬁs at tgelteaciepos Ion of %rmh%%?tq%%hgtﬁé%%%?ég Y
sdor i fdmm&id@sjwlqemﬁm@bﬂye cmtmezsewlem @hodee ssles tyate 1zrtftd a cat hode

sub- | ode sub- C 2 , Fe,

and nge%% % ca?rlll e siu e%sggérééxglsga%é,%o%}?@nﬁ]fﬂdrhe cat hode

sub- | ay®er amyociEra smgraetylcoffmﬂ,derhePtmagxgetmdfmldlnsa preferred

enbodi nent of the sen vent| the 0 i othe seed
el SR e o I A ' 68

mat er i&&f° o rests ayer on e substrate;
form r@ﬂ@en::aaptﬁt ure p:nefezhteedt essmlsdsdimmrs, aBsheagtdeesubstveteiont h a

r%%ISt layemgnéklc field is greater than or equal to 50 Gauss.

Additionally or altermatively, the applied field may comprise
a electric field. The electric field is preferably applied
orthogonally to the surface of the substrate. The detaching
preferably comprises depositing a sacrificial layer on the

20 surface of the substrate prior to deposition of the cantilever
material; and immersing the sacrificial layer in an
electrolyte after deposition of the microstructure material.
The sacrificial layer preferably comprises an anode sub-layer
and a cathode sub-layer. The anode sub-layer may comprise any

25 one of Al, Zn, Cr, Fe, and Co, and the cathode sub-layer
comprises a noble metal. The cathode sub-layer may comprise

any of Au, Pd, Pt, Ag, and Cu.

In a preferred embodiment of the present invention, the

30 depositing of the seed material comprises: depositing a
photo-resist layer on the substrate; forming an aperture in
the resist layer; masking the substrate with a resist layer to
locate the seed material at a site on the substrate defined by
the aperture; and, removing the resist layer to remove surplus

35 seed material. The forming of the aperture preferably



| ocate the seed material at a site on the substrate defined by the
aperture; and, renoving the resist |ayer to renove surplus 35 seed

mat er i al .wOhg/06me3ri ng of the aperture preferably WO 03/ 06@223B02/04853
PCT/ 1 B02/ 04853 6 conprises under-etching the resist |layer to produce a
cavity in the resist layer. Another Genbodi ment of the present invention
conpri ses forning 5 atipinmge in a substrate to produce a nDId for

recei vi ng _t.he r ost ruct.ure . mat td R,
prefer%‘% lcsor?pruinseeé: eec%ogll t% gcre%ogttolrgfsl E%grg;feo(rguoctné1::Jahd su trate

form ng ameaperdiwte liayetrhe phot o-resi st |ayer; and, under etching the
substrate beneath the photo-resist layer to 10 create the tip image. The
depositing of the seed nmaterial preferably conprises: masking the
substm@to&hwfrt lenidoe itesits to £ Itageerpﬂasémairefetrﬁeicsee:ﬂbmmﬁaésalfdmnirm apex of

the tip e' and, re V|n resist |ayer tor nove rpl u eed
ma? eri""alt IS0 Bt FERS n\Pé:rﬁ#Lbcn i 5nn(%ladnof eaczet)iégt gS &re is
provi dﬁ@z@dﬁrﬂdﬁﬁﬂe\l@dalﬂe&uadfmmlﬁ rﬂgaran:btgjy)mctrnel O:rlearndnaege nanot ube
enbedded e bo%ﬁportl O%&? e bod rtion ma%/ r%)rl Se cant| | ever
beam W- etr YN &OPGHE S EFFEF ST ormone end of
Ithe b@?,llmastﬁqstai IdxfoQﬁnm@diaw @h@azjhﬂt;urd hien bﬂd:y r%ﬂ:rttd—gﬁasrm ]caqamfd j smcg, f
atera extending tip w.th the nanotyhe e 25 i.n ,and extending from
t he aﬁé%@yeé’f SR lﬂgptth?h Sy 36T BT %}%ﬁ&% 5 AR Bhe B ol ymer, a
dijg! e¢lidaG dTRlRS itdly, imagret ahe @@mm&ig} icorehd tsewd Imdieeraippr eci at ed t hat
t he present invention extends 0 m ¢raonechani.c nsor corrprl sing a
M cr oSEEtERAR Ya S OMRE S e 53? Ct;?r é‘@e‘%t ﬁ'}ﬁ/ 5t al so
extendg e 2 dajcdtst @hage @V ke GOl | 5 RtheARRIH AE oihesmjp sensors for

image; and, removing the resist layer to remove surplus seed

material.

15
Viewing the present invention from another aspect, there is
provided a microstructure comprising a body portion and a
nanotube embedded in the body portion.

20

The body portion may comprise a cantilever beam with the
nanotube embedded in and extending laterally from one end of
the beam. Equally or additionally, the body portion may
comprise a laterally extending tip with the nanotube embedded
25 in and exfending from the apex of the tip. The body portion
may comprise any one of a polymer, a dielectric material, a

metal, and polysilicon.

It will be appreciated that the present invention extends to a
30 micromechanical sensor comprising a microstructure as

hereinbefore described. The present invention also extends to

a data storage device comprising an array of such sensors for

reading or writing data onto a storage surface.

35 The present invention advantageously provides a much stronger



reading or witing data onto a storage surface. 35 The present invention
advant ageousl y provides a nuch stronger WO 03/060923 PCT/1B02/04853 7 tip
assenbl y wban/o6t9e3 conventional tip assenblies herein bef@ceardexwsided
because the nanotube is enbedded in the tip material. Another advantage is
that the nanotube provides a major ihprovenent in imaging resol ution
because it offers a 5 smaller apex radius to the surface under anal ysis.

| n addi.t . u erm i i N yghgﬁr- r { because it
pr ovi S'Jelg) %%Sr?utr%?lwh?eg?%glr qﬁqeelog%({H\{%ﬂv\Ji gt Ll %s%ec%& rat |loé.éjl‘—%%%jr nore, the
nanot lrsef craes dars celidrd ipadavsesitlienesiotiies ey dmpeddedgimddic i bial
robustness ,and 'ArH%rtt%V%d S astye 10 f&fa&e 1{19e t%é%&@?ﬁé@i A
furthernore, "d nanot ube, as a %crono ecul’e may al so provide a predictable
pl at f oramoiro rintpineveinendt ijonalneggtriconr dao lottiem rreudesit sutfess @ hose of a
bi gcheni_cal _nature, J owi,ng .t.he producti 0 o i.n be chenical and
bi Io§1m §16ie§:er?§°§rxs.ra?5“‘§r etfogrtzﬁﬁ y,uﬁ ‘—’1eceseu(r%g%)er]I c%“r?gl slesg' ? undl e of

nanot wded. t iext, e ndien grafrraamiden e eapreixt pairidpimafoft heoudher Thecbansl e

pr ef er abl ratrudes .fromthe apex .partiaqn .of the tip, .The cantilever beam
my cOPASE ary Py B St %ch%ﬁl %n% g}ellaql}t r}ﬁ) W SR pol ysi 1 con.
The presdrt. iFetdrammad S clex rendstulee dadatem stlora@gel aelioss 1 lcorpre Si ng an
array of sensars as .herei f.ore descrihed for eading or witi dat a
ont o e}:%&rc?%é’géw . aégﬁ%lr?&a]aoﬁé% Sgcd’eess sofarﬁ]e”ﬁ‘rﬁré%’een THEH T on may be
appar énirde0 td hoge tsilg ldetnibl v .heswairtl asetheaxmargperaisalnafulide £old owi ng
description of preferred _enbodi nents. 30 Br. ef scription of the Draw ngs
Pr efef‘{%t?dfo&?ﬁﬁéf%@nf‘?yofaltsr?e Bhe% g RFé Jicg_ﬁ:‘%q 1® A %féﬁs(r:‘ﬁ%ed, by
way offiexaiipire1diation ty raflenengeldaulld®e such as those of a

biochemical nature, allowing the production of scanning probe

chemical and bioclogical sensors.

15
Preferably, the sensor comprises a bundle of nanotubes
extending from the apex portion of the tip. The bundle
preferably protrudes from the apex portion of the tip. The
cantilever beam may comprise any one of photoplastic material,

20 metal, and polysilicon.

The present invention also extends to a data storage device
comprising an array of sensors as hereinbefore described for
reading or writing data onto a storage surface.

25
Other advantages of the present invention may be apparent to
those skilled in the art based on a perusal of the following

description of preferred embodiments.

30 Brief Description of the Drawings

Preferred embodiments of the present invention will now be
described, by way of example only, with reference to the
accompanying drawings, in which:

35



acconpanyi ng drawi ngs, in which: 35 WO 03/060923 PCT/|1B02/ 04853 - 8
Figures 1A to 1J depict steps of a nethod of fabricating a mcrostructure
accor di ngwoeswbm2pr esent i nvention; Figures 2A to 21 depi PCTIBENEISTH

anot her nethod of fabricating 5 a mcrostructure according to the present
invention; and, Figure 3 is a block8diagram of a | ocal probe storage
device including an array of tips. Detailed Description of Preferred
Enbodi_nent s A f t f icatd 3. 1 ructure
accor dirfg 6 flL%et%r gégﬁbﬁﬁ\%eﬁ?‘l%% \%l%fjla ﬁ%v%ﬁqb@g{ é%;lcfrl e a{veltqr{?o%i ef erence to
Fi gur eitrosheuEicguee atcretiod wio Ithise pdesenitbadivenititpryief er ence to
fabrication of a mcrostructure in the form215 of a m cronechani cal
cantilever tip assenbly having an carbon nanotube crystal enbedded in a
tip forgedetr am &omalidaled c tmattepisalof Bowdeher, nethed lothe aappragdiiaied t hat
the nethod is, _equally appligcable to,fabri I,O her. nj.cy ostructures
ha€i n§ Hléﬁc’ff’ﬁlggél%(%ﬁﬁ% & ot ﬁ{glrn i %'o %&?eRg) g%%h?gq’fr%esr}to&t%g{'Fi@gnﬁr'e | A, a layer
2, of @iphetoBesisst bimicdr iddlagiran nift ealllogadeposidedtmrasdssticate 1. In a
preferre nbodi ment _of the present invention, the substrate 1 is forned
of Si FREGHIIBGWEYe T Y SthdrP&ibodi ment's of the 25 present invention, the
substrate 1 may be fornmed of a different material, such as glass, quartz,

ceram cs, .plastic, .and the iPke. Q her _suit blentréaterials wi |l be apparent
to t%@—iﬁ&—@@ﬁ&&&l ] r 2is deposited, in a

pgnticularly preferred enbodi ment of the 30 present invention, by spin
coating. However, in other _enbodinents qf the present intvuerntion, t he

resi sBN gyerPiengf pEFERSsitOd TPra CHHAG Ent™t it Such as physi cal

Vapor gccording to the present invention will now be described with

reference to Figure 1. The Figure 1 method will be described
with reference to fabrication of a microstructure in the form

15 of a micromechanical cantilever tip assembly having an carbon
nanotube crystal embedded in a tip formed from a moldable
material. However, it will be appreciated that the method is
equally applicable to fabrication of other microstructures
having nanotubes embedded therein.

20
Referring first to Figure 1A, a layer 2 of a photoresist
material is initially deposited on a substrate 1. In a
preferred embodiment of the present invention, the substrate 1
is formed of Silicon. However, in other embodiments of the

25 present invention, the substrate 1 may be formed of a
different material, such as glass, quartz, ceramics, plastic,
and the like. Other suitable materials will be apparent to
those skilled in the art. The photo resist layer 2 is
deposited, in a particuiarly preferred embodiment of the

30 present invention, by spin coating. However, in other
embodiments of the present invention, the resist layer 2 may
be deposited by a different technique, such as physical vapor
deposition or chemical vapor deposition. An aperture 3 of
about 300 nm in diameter is opened in the resist layer 2 to

35 expose the underlying Silicon of the substrate 1. In a



deposition or chem cal vapor deposition. An aperture 3 of about 300 nmin
dianeter is opened in the resist layer 2 to 35 expose the underlying
Silicon oWotlhmemabstrate 1. In a WO 03/ 060923 PCT/ | BO2/ 04863/1B02/@853
preferred enbodi nent of the present invention, the aperture 3 1is opened by
phot ol i t hogr aphy. However, it will be appreciated that, in other

enbodi nents of the present invention, different techniques may be enpl oyed

for openi r4 3. &gl Wt 0 HEGUr e 1lB, o3 Lok sl cavity
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o O by iSO e T sUbsT i T Beneat et e resy ot Tayar 2.

| sot r aichrarquesninsot epicmoplcassh e oenitey We angoysce to. provi de such
under etching. Different techniques for formng the cavity 4 nmay be

enpl oyed i n other enbodi nents of the present invention. 15 Referring to

Fi gur Kelférmamanuwhie sdedideayled, S iconimnl aceposy tedionthdre fagisl | ayer
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may be employed in other embodiments of the present invention.

15

Referring to Figure 1C, a nanotube seed layer 5 is then
deposited on the resist layer 2. In a particularly preferred
embodiment of the present invention, the seed layer 5 is

20 deposited by thermal evaporation. However, in other
embodiments of the present invention, the seed layer 5 may be
deposited by a different technigue, such as physical vapor

deposition or chemical vapor deposition.

25 In a preferred embodiment of the present invention in which
the substrate 1 is formed from Silicon, a protective layer is
disposed at least at the apex of the cavity 4. The protective
layer prevents diffusion of materials constituting the seed
layer 5 into the substrate 1. In a particularly preferred

30 embodiment of the present invention, the protective layer is
formed from Silicon Dioxide. In another preferred embodiment
of the present invention, the protective layer is formed from

Molybdenum.

35



of the present invention, the protective layer is formed from WMl ybdenum
35 WO 03/060923 PCT/1B02/04853 - 10 The seed layer 5 conprises a first
precur sorwoaB®sivat conprising full erene nol ecul es such CRQI/IBI488382, or
Cl116, and a second precursor material conprising a catalyst. In
particularly preferred enbodi nent s ot%the present invention, 5 the first
precursor materials conprises fullerene nolecule C60 and the catal yst
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each layer of precursor material has a thickness of between 5

15 and 30 nm. During deposition of the seed layer 5 by

evaporation, the resist layer 2 acts as a shadow mask

directing a portion of the seed layer 5 in the form of a

pellet 6 to the apex of the cavity 4. Conditions for

controlled nanotube growth such as seed material localization

20 and presence of a micron scale defect are thus optimized in

the apex of the cavity 4.

The evaporation of the precursor materials may be performed at
pressure of around 107 Torr. Control of such evaporation can be

25 achieved via an electromechanical shutter with an in situ
balance for monitoring the deposition rate of the precursor
materials. The evaporation can be thus regulated such that the
thickness of the layers decreases with their distance from the
substrate 1. This decreasing thickness increases the yield.

30 Also, the reduction in thickness may also lead to less of the
catalyst being transported towards the tip of the growing
nanotube crystal. The evaporation of some desirable catalysts,
such as Nickel for example, is technically difficult. This
difficulty makes it desirable to utilize only the minimum

35 necessary amount for the manufacturing process. Hence the



nanot ube crystal. The evaporation of some desirable catalysts, such as

Ni ckel for exanple, is technically difficult. This difficulty nakes it
desi r abl ewD®3406G923 ze only the m ni num 35 necessary anount PCEMBOX&S853
manuf act uri ng process. Hence the WD 03/060923 PCT/1B02/ 04853 - 11 anount
of catalyst material can be reduced By the thinner |ayers. Because the
gromh of the crystal begins at the base of the pellet 6, |less naterial
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i enFP&ﬁ.nFﬁspreferred enbodi nents of the present invention, the pellet 6
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the present (invention, the_se pell et 6.may_have _a.larg smal | er
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or, nor ref erably,, a-single nanotube.
(}omﬂﬁhﬁfpﬁﬁée5r§sF§Wa?nFslna?%@v&??&,O%nt eeF@WFgﬂyé%bgﬁﬁ%bnts of the
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subst P&ber] sPEoRdEERESt 8 EhEtiTe 8% °568 tand VB 1¢&gr sprGfQErred

embodiments of the present invention, the pellet 6 has a
15 diameter of the order of 300 nm. However in other embodiments
of the present invention, the seed pellet 6 may have a larger

or smaller diameter.

With reference to Figure 1E, a nanotube crystal 7 is then

20 grown from the pellet 6 at the apex of the cavity 4. The
crystal 7 may comprises a bundle of nanotubes or, more
preferably, a single nanotube. Growth of the crystal 7 is
activated, in preferred embodiments of the present invention,
by heating the substrate 1 in vacuum conditions and in the

25 presence of a magnetic or electric field or in combination of
magnetic and electric fields. In some embodiments of the
present invention, the substrate 1 may be heated in

substantially an inert gas atmosphere.

30 In preferred embodiments of the present invention, the
substrate 1 is heated to between 900 and 950 degrees
centigrade. The vacuum conditions, in a preferred embodiment
of the present invention are provided by a oxygen pressure
greater than 10°° mbar. In a preferred embodiment of the

35 present invention, the heating is performed in the presence of



centigrade. The vacuum conditions, in a preferred enbodi nent of the
present invention are provided by a oxygen pressure greater than 10-6
nbar. | n wopBm®b®es ed enbodi nent of the 35 present inventi @aI/IBéR04BEBati ng i s
performed in the presence of WD 03/060923 PCT/1B02/ 04853 - 12 a nagnetic
field in the region of 50 Gauss or‘hﬂﬁhér orthogonal to the plane of the
substrate 1. The crystal 7 grows in the direction of the applied magnetic

eld, &Ag;%%tg{é %&;&9 %ﬂ;t&l if{@é&%@qma& the Wi @ne- of the substrate

fi
5 1. I'n"a of t present invention, growh of the crystal
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t

cryst i iR AT ection per pendi cu o the " plane of the substrate 1. In
a par texngrating prefeerdiet ariyodinmemalbita Hprmelsare of netsWrstypioat h of

the crystal 7 is stinulated by heating 15 the substrate to 950 degrees

ce tidrade in a vacuumof 10-6 Torr and in the presence of a perpendicul ar

magnetic field for a period of between around three m nutes and around 30

m nutes. 20 Generally, adequate growth can be obtained with a heating tinme

in t hdmiangtemmybodiompsr e dthe PR hoNEH 31 ¢ FEIWER | Hprigve t he

resul tcng%fi”F’)t her g?r@coq_rn{eﬁcg %[Tb@rﬁjé s Hcd N M eSpiiedtventdon, a vacuum

of 10{ is used. 25 T I mensions of the pellet 6 determ ne the total

anountexgfendimg meemersticwierial Bhe pkang ©f MPER e T Heo POWMACDS the
napot oﬂk%/zotn?{ﬂ%lé e el 1t 6 1 hus, provd iese @ L eSeAYO0IF @f i ecursor

mater i Ich the nanotube crystal material 1s supplied. The
pr edetedrarienatfi drheofsuldsdmedteerial supply in 30 the pellet 6 has the effect
that the different precursor materials used in the growth of the nanotube

crystal 7 are predetermined in ternms of anmount and position. The novenent
of In a particularly preferred embodiment of the present

invention, growth of the crystal 7 is stimulated by heating

15 the substrate to 950 degrees centigrade in a vacuum of 107°
Torr and in the presence of a perpendicular magnetic field for
a period of between around three minutes and around 30

minutes.

20 Generally, adequate growth can be obtained with a heating time
in the minute range. Longer heating does not significantly
improve the result. In another preferred embodiment of the

present invention, a vacuum of 107 Torr is used.

25 The dimensions of the pellet 6 determine the total amount of
the precursor materials that are involved in the growth of the
nanotube crystal 7. The pellet 6 thus provides a reservoir of
precursor materials from which the nanotube crystal material
is supplied. The predete:mination of the material supply in

30 the pellet 6 has the effect that the different precursor
materials used in the growth of the nanotube crystal 7 are
predetermined in terms of amount and position. The movement of
the molecules of the precursor materials is hence confined
within the pellet 6, thereby leading to more defined growth

35 and location. The relative concentrations of the precursor



the nol ecul es of the precursor materials is hence confined wthin the
pellet 6, thereby |l eading to nore defined gromh 35 and |ocation. The

rel ati ve worgmeemoeat i ons of the precursor WO 03/ 060923 PCTPCBOBIXOUSS3 - 13
materials can affect growh of nanotube crystal 7. Again however, the
confinement of the precursor materiald in the pellet 6 |eads to a nore
defined ratio between the two precursor materials. 5 The stronger the

appl i field,_t |_ar, | | et t hat gr. ihto the crystal
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positioning of the nanotube crystal 7. The nucleation site nay be created

f oY exanple by evaporating through the resist layer 2 a material such as
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sequentially to produce the desired structure of the pellet 6. This

t echnf'gti& tb‘l%&iuces

A nucleation site may be placed on the substrate 1 to enable
15 controlled positioning of the nanotube crystal 7. The
nucleation site may be created for example by evaporating
through the résist layer 2 a material such as tungsten.
Because the resist layer 2 has a shadowing effect, an
evaporator for the nucleation material, situated sufficiently
20 apart from the evaporators for the precursor materials can
automatically generate the nucleation site near the pellet 6.
It ig desirable to locate the evaporétors for the precursor
materials as close together as possible to avoid lateral
misalignment of the alternate precursor‘layers in the pellet

35 6.

As indicated earlier, electromechanical shuttering combined
with an in situ quartz crystal micro-balance to monitor
deposition rates, may be used to ensure that both fullerene

30 and catalyst materials are evaporated segquentially to produce
the desired structure of the pellet 6. This technigue produces
the pellet 6 at a site determined by the relative position of
the aperture 3 and the substrate 1. The choice of substrate 1
can be influenced by the choice of fullerene and catalyst

35 materials.



the pellet 6 at a site determined by the relative position of the aperture
3 and the substrate 1. The choice of substrate 1 can be influenced by the
choi ce ofwbuBloewene and catal yst 35 nmaterials. WO 03/ 060928 TRBIY/14B832/ 04853
- 14 Acceptable results can be achieved with the substrate 1 being nade

of Silicon D oxide or nolybdenumin theformof a solid film Sputtered on
to a Silicon wafer. 5 In a particularly preferred enbodi nent of the present
invention, after evaporation of a pellet 6 of alternating |ayers Carbon 60

and Nickel on the substrate 1, the arrangenent is heated to 950C in a
vacuuAroeptebientasufitis &ar0bei mehilevell s téh dden SueStre e twdei e f ew

m nut nd -aQ . r %%j ViR | napotades i J ed

nor naﬁgfi% gﬁe%llgglréfgcg@g t%e%%ug‘??r at elH1 yrlgji nmrer si ng toﬁfe azu%rsdtlﬁg eina
magnefi¢mf spld teriednad teeepéidiiceraiaifert-ne substrate surface during heat
treatment. A field strength of around 1.5 Tesla 15 achi eves desirable
results. The application of an electric, electromagnetic or magnetic field
di recfls thease¢lifudsséybloyefmmdedr gapioddment, odf thise pyiasgnd- wal | ed car bon

nanot ybes. , The I ri iel_d.can a ial.d,
el ect rgtr)l?fﬁart\é e %ﬁﬁ‘% degféa%’og: gc%% eogﬁao%teﬁ(c:l\aﬁ%r r16eD§rff falﬁéﬁ%gn-sg{}c %s that of a
20 | ageyerAl SarbanoBiOc aincr tesked. an tder sWhelts efter des tiney be appli ed

duri wth. The di ti d terial
s oRrerREETEY L RE KERre o er Crince PrethRPECERd PREESESE e
pleécutsar watieh dk chopenatte ilhet battwelea sedend mpmetgss emndreahe kicadr .i s

Tt or PEPTE: FRgREE & 5F TheAr "BH OCres: 1\ d Chirohtsd ARsRREr kb MR S Cor
or hasus@seeoblfetheprapeatingtichdt bys imnidrnsemeed ey stullves tajpple édh fai el d to
exertmgg%gtggvkg%l%p%%%énted perpendicular to the substrate surface
during heat treatment. A field strength of around 1.5 Tesla
15 achieves desirable results. The application of an electric,
electromagnetic or magnetic field directs the self-assembly
and organization of the single-walled carbon nanotubes. The
electric field can be an AC or DC field. The electromagnetic
field can also be an optical near field such as that of a

20 laser. Also, atomic forces or Van der Waals forces may be

applied during growth.

The direction of movement of the second precursor material is
governed by the applied field. Hence the field and the second
25 precursor material cooperate in that the second precursor
material is moveable by the field. Such a property can be that
the second precursor material is magnetic or bears an
electric charge or a combination thereof, or has some other
property that is influenced by the applied field to exert a

30 moving force.

The nanotube bundle 7 produced in preferred embodiments of the
present invention typically has a diameter between 40nm and
900nm with length up to 2 microns. The nanotubes therein are

35 straight are single-wall carbon nanotubes forming straight



The nanot ube bundl e 7 produced in preferred enbodi nents of the present
invention typically has a dianeter between 40nm and 900nmw th |ength up
to 2 m crwnv3/0diee3 nanot ubes therein are 35 straight are sipagliBozaBs3 car bon
nanot ubes form ng strai ght WD 03/060923 PCT/1B02/ 04853 - 15 bundl es
normal to the substrate. The wall diafefers in the bundle are
substantially uniformand range fromabout 1.4nmto 2.3nm There is an

i nver se. carrelation hel waen wald:.and bundl 6., i alBhescd s thatcseml | wal |

di aneters are predo mnant In large 5 dianeter bundles whereas |arge wall
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application reference CH9-2001- 0071.

15
Turning now to Figure 1F, a sacrificial layer 8 is now
deposited on the substrate 1. The sacrificial layer 8 may be
deposited by any of a range of techniques, including physical
vapor deposition or chemical vapor deposition.

20

The sacrificial layer 8 comprises two electrically conductive
electrode materials having different oxido-reduction
potentials. The deposition of the two materials constituting
the sacrificial layer 8 is performed in such a way that an

25 electrical contact is present between them. The materials
cooperate to form a galvanic cell, with each material forming
a different electrode of the cell. The electrode with the
higher oxido-reduction potential forms the cathode and the .
electrode having the lower oxido-reduction potential forms the

30 anode. The cell is of sufficiently high electrochemical
potential that one of the materials is electro-etched away
when the sacrificial layer 8 is immersed in a suitable
electrolyte. In a preferred embodiment of the present
invention, the cathode is deposited first, and the anode is

35 subsequently deposited on top of the anode so that the cathode



el ectrode having the | ower oxido-reduction potential forns the 30 anode.
The cell is of sufficiently high electrochemcal potential that one of the
mat er i al sSWo3@b@es r o- et ched away when the sacrificial |aper/1Boy@siamersed
in a suitable electrolyte. In a preferred enbodi nent of the present

i nvention, the cathode is deposited £Prst, and the anode is 35 subsequent |y
deposited on top of the anode so that the cathode WO 03/060923

PCT/ 1 BQ2/ Q4853 ¢ otnd elgased W WL the SeNSer g heidradied. The

St Wit
el ectrodes nayﬁ%é%orﬁéépfron1a metal or doped sem conductor. The_ cathode
my begy dd dedmech fymwe cemsddilmeait slafed menpreashiciovefhoratdipdse

subst @%&Fée rpﬁ_»om%e%ﬂ,e tf adgs mbRe dared £ rom metals Prefarakly, the

cat hode “conprises a noble nmetal such as Au, Pd, Pt, Ag, Cu or the |like and
t he amdelzompkisdesit® et al selected froma group conprising A, Zn, Cr,
Fes Co or the like, or a doped 10 sem conductor. The difference between the
oxido-reduction potentials of the anode and the cathode should be as | arge
as posBidled dairoaics ewvy thee freniednimiectatelet cHRTRfefddly endye The 15

o1 eCt Ll YL Y DE I 0YeeA d oddiet 101D Qs Gld haia @ dd QUlgl @ & vapour
envi r SAMEN 10 1Oorm a gal vanic cell"with an  electrical potential high
enoughteo leitkeh aord eilea e deheomgicid ary cofmettisel awldectdd farquars iandwr | y

pref erred enbaodi nent of e esent | ti t yte used is an
aci di €3 ottt i"on I?(r%ldmté}t’o%reet'ch hoern\étﬁ%dél%qn%%’etbﬁ:a% eé%ianode and
cadhodencaiortmatery. thin (in the range of about 10 nm yet neverthel ess
produce a highly controllable and fast under etching. 25 Further details
of this sacrificial |ayer release technique are provided in our co-pending

pat entTrap i ffatricr o éfetmerce tHeHD:N0- Rt 1AM gehvaart@igel ofoferiileoyi ng t he
Sacrigﬁgég éﬁy%%e cathode should be as large as possible to
achieve the maximum electro-etching efficiency. The
15 electrolyte may be introduced in the form of either a liquid
or a vapour environment to form a galvanic cell with an
electrical potential high enough to etch or enhance the
etching of the anode. In a particularly preferred embodiment
of the present invention, the electrolyte used is an acidic
20 solution known to etch the anode material. The anode and
cathode can be very thin (in the range of about 10 nm) yet
nevertheless produce a highly controllable and fast under

etching.

25 Further details of this sacrificial layer release technique
are provided in our co-pending patent application reference
CH9-2000-0081. An advantage of employing the sacrificial layer
release technigue hereinbefore described for release of
microstructures from moulds is that the technique is well

30 suited to releasing microstructures from pre-structured

substrates.

With reference to Figure 1G, a layer of cantilever material 9
is then deposited onto the sacrificial layer 8. The cantilever

35 material 9 may be deposited by any of a range of techniques,



rel ease techni que herei nbefore described for rel ease of mcrostructures
fromnoulds is that the technique is well 30 suited to rel easing

m cr ost r WDWBMEeIRF om pre-structured substrates. Wth ref @CanBe/a8s3-i gure
1G a layer of cantilever material 9 is then deposited onto the
sacrificial layer 8 The cantilever 135 material 9 may be deposited by any
of a range of techniques, WO 03/060923 PCT/1B02/04853 - 17 i ncluding

phYSi Gal. NAAGLy YSRASILION lo.Chem 6al . 4APQL ERASIAY QlpdBferring to

Fi guré ever teri I's then shaped. Turning to Figure 11, a
body plertasdrt it .ofReflee ricanttd iaruds Yhertlvepositidever mateniml | ever

| ayer .9. The 5 d r.t i | Sqat PSQ ped. i ei nbefore
descrit S V\S/l%[a}‘?e?i(e)’f )eﬁﬂrugf(r%lclglq?or{OF?Fgl es ilrlf'aﬁ% bﬁ@iﬁﬁlﬁ&e}d}?n@ gﬂ‘inﬁ% by any of
a r angentfi lleecimiiguehen mepediinged lart Hoor aping 1 eteetichien,© arfthel asma
etching.. 10 I n .pref.erred enhodi nent.s. of [ it e body
porti gj%difo pé’r?g”t% lcsarﬁ%f‘elne\%a%eg'erﬁbe asr%aﬂﬁoﬁe om ;éﬁ%ﬂskgér}fecjf%anti | ever

mat er id@lscriftatd eantt lreeramteri@lFimyreonigt issel dife mayr re of a range of

mat eri.,al s, such olLymers, dielectr terjals,: or polysilicon.
I'n paffripilﬁnbﬁq%?%ﬁog@?%’eé)%? et r?efntc%ecor%%%deeagﬁr ésf{egﬁﬁ?#%vgenti on, the
cant i lewerograieii alwetc amartiises, arphailesta wtalriadg.e pol yner such as SU- 8.
Referring to now Figure 1J, the conpleted cantilever 11 is then rel eased
fromthe substrate 1 by imersing the substrate 20 .1 in an electrolyte

engi r glTRe el entycatietehisng ft hthe sacddritciialvdrayiem 8 tdse Herdin bef ore

descri bed., Thi_s rel ease r Qcess_exposes end of t anot.ube crystal 7
and | E4Fds-on He c,aziﬁfiq%eevé%r} SV Faﬁr?&/%?]y Riig ufloe{: ete}lgtf;r - lJl'leet%‘:iu%g?ness
of thessacnidicy aladeyierl 8 ™eterqameais] dwher [rengirh sdnchatyh i s e hame: cal
properties of tée nanot ube. crystal 7. The .l ateral rrechanéfallecri]gi dity of
the n&Fofife Gyd e METT S TEAYI 5 THE s et FaTT o°

materials, metals, or polysilicon. In particularly preferred
15 embodiments of the present invention, the cantilever material

comprises a photo-structurable polymer such as SU-8.

Referring to now Figure 1J, the completed cantilever 11 is
then released from the substrate 1 by immersing the substrate

20 .1 in an electrolyte environment and electro-etching the
sacrificial layer 8 as herein before described. This release
process exposes an end of the nanotube crystal 7 and leaves
the cantilever layer 9 and body 10 unaffected. The thickness
of the sacrificial layer 8 determines the length and thus

25 mechanical properties of the nanotube crystal 7. The lateral
mechanical rigidity of the nanotube crystal 7 depends on its

length and the aspect ratio.

In a preferred embodiment of the present invention

30 hereinbefore described, a sacrificial layer 8 was employed in
the release of the cantilever 11. However, in other
embodiments of the present invention, other release techniques
may be employed. For example, release may also be achieved
simply having a adhesion lost while drawing the cantilever 11

35 out of the substrate 11. The length of the nanotube crystal 7



In a preferred enbodi nent of the present invention 30 hereinbefore
described, a sacrificial layer 8 was enployed in the rel ease of the

cant i | evewoOb3/o6tdesvever, in other enbodi nents of the pres@ac/IBom/&si3d on,

ot her rel ease techniques may be enployed. For exanple, release may al so be
achi eved sinply having a adhesion | 6%t~ while drawing the cantilever 11 35
out of the substrate 11. The length of the nanotube crystal 7 WO 03/060923

PCT/ 1 BQ2/ 048 - thj ckness: of acrificial
I ayergg.y %%I t%glrnr?éit ?Dg'elt%ot\%g\?g{?l%%%h?ﬁ teerilqéj\et #Hoc%klt e n%noltétt}geelscr'yst al 7 may
be tuhddehbynadepediv ihnyervehuf frévre lapath ndt Wimwdndathearyatwel sherifici al

| ayer 8 and the cantil I i_a f I I s,diien enoved
af t er "Ff eo;tfu.nel%ﬁba) %ﬁﬁsclﬁ%?{ya Ibﬁl%éffe-egrﬁ*ggl%unbe; |tne%¥&% ) ts%e prergent
i nventhen satchrd fiufifedr layayeB iendr dimy echriny lervody mptagd il the Want il ever 11

r epai ni unaf f ect.ed l%%/ th . pr r]%qjﬁ@%%]f@?t of
thgap?)élggﬁff irir?\:)/(aGr;ft ilés’n,t e r%&%&g@%ffgrrnilgr}g}mﬁ%{féd Ig]%[ after iftoff,
t he carkifleeven iesndeliirzertatod] yhiehionreedrdowmyvmn tistrchadrite tloifebgrose t he
enbedded nanot ube cr al 7. .Anot her. . ex | e, of ]{1 f q,gLr ating a
m cr osE¥&Et die re&%’%d(sjitbﬁg SRS pr éLstgln?t %nvcea(r%\ﬁ%lner{g\né IOlO!LnoI\(/)éHbafel gisggri bed
wi t h uhirrefercencs tihdFieguhan?.. The aFicguree Dueefdroced ssmwerdiatdron af t he
met hod. her ei nbef or,e described.with ference t.o Figure 1. aiqq! ion, the
Fi gur 7% REESEE itV 1(&)&(:%}]@6%)%%%% rEETence OI%L(L){-' ‘_Tea%ra}r{cd;’t i%n o]%‘ a
M@ r OSHIFYIYT, e tagaidantl lidverf dremdefl idbbersd terlgmedhianmieshldavanthiyt ever tip
assenbl y_having an carbgon 20 na gpe crystal enbedded in a nol dabl e
mat er £4CR eFXRYSE %lhlel eg\%segi% %%&%ﬁ ecur%’%aat '?7h'e Figure 2 nethod is
equally applicable to fabrication of other mcrostructures having
nanot ubes enbedded _t herei n. eferri t.o Figure 2A th hqt Q- r esi st
| ayer 220theXy SR Y& & taealeﬁogh oéfut;s%g’rrdtcfti ot Aig qsgtlgfcgtdlrree 2B, the
apert e oFdisadal tHowRGant til®ention will now be described with
15 reference to Figure 2. The Figure 2 method is variation of the
method hereinbefore described with reference to Figure 1. In
addition, the Figure 2 method will be described with reference
to fabrication of a microstructure again in the form of a
micromechanical cantilever tip assembly having an carbon
20 nanotube crystal embedded in a moldable material. However, it
will also be appreciated that the Figure 2 method is egqually
applicable to fabrication of other microstructures having

nanotubes embedded therein.

25 Referring to Figure 2A, the photo-resist layer 2 is again

deposited on the substrate 2.

Turning to Figure 2B, the aperture 3 is again formed in the

resist layer 2 by, for example, exposure and development of
30 the resist layer 2. However, the aperture 3 is now

under-etched to form a cavity in the resist layer 2 having a

necked opening.

Referring to Figure 2C, the pellet 6 is now deposited on the

35 substrate 1 via the necked opening in the resist layer 2 using



resist layer 2 by, for exanple, exposure and devel opnent of 30 the resist
| ayer 2. However, the aperture 3 is now under-etched to forma cavity in

t he resi swoloaper2®2 having a necked opening. Referring toPETgRe2048%3, t he
pellet 6 is now deposited on the 35 substrate 1 via the necked opening in
the resist layer 2 using WO 03/0609289PCT/ |1 B02/ 04853 - 19 the shadow
maski ng techni que herei nbefore described wwth reference to Figure 1.

Turning to, Fi.gure 2D. the resi.st | 2. e fr. 5 the
subst F%esgaé%gvfnﬁgs%lﬁlg g_‘eeﬁ%e S gyr?g{erﬁ%r?gesfooyét hrzieer su\’%t%r g{le . Wth
ref er eecereack gur &i2frd He nanotube crystal 7 is then grown according to
the techni que hereinbefore described with 10 reference to Figure 1.
Referring to Figure 2F, a layer of cantilever naterial 9 is then deposited

on t heugubayr abe Fliguarg@f,i et hesianotisher & yist dlheh rEwwahtidtaver
material 9 is preferahly deposited y Spin _coating. t substrate 1. In a
pa&ti (’fglleargubﬁé'%@%ee& qe%ﬁ’dﬂfgrrzcﬁe &ejjtﬁhe% pigseénrﬁl%}lrﬁ/gen gl r(;-%fe t he, cantil ever

mat er isabstikata phot o-structurabl e pol ymer such as SU-8. Referring to Figure
2G the cantilever material 9 is then 20 structured in situ on the
substrate 1. Turning now to Figure 2H, the cantilever material 9, together

Wi th thehnaesuke cemeddddnihens,n thes neleased fryomalhe isubdterate 1. The
rel ease of the cantilever material, 9 be 25 effected, .for.ex l e, by
one ofTPHE AECEX ntge&:r?ni%ge%%%%g%%é?ﬁﬁ%e&f@%gﬁce to
Fihgur eckerkbhcihe o eviepird hat sacrificial |ayer release technique

her ei nbefore described with reference to Figure 1 is enployed, the

sacrificial layer is preferably deposited on the substrate 1 30 prior to
deposipkirerr@hdt ke maghste 12ayen Aaeheofeddm ivaonnaeidian W tihs Fi gure 2A.

then deposited on the substrate 1, engulfing the nanotube

crystal 7. The cantilever material 9 is preferably deposited
15 by spin coating the substrate 1. In a particular preferred

embodiment of the present invention, the cantilever material

is a photo-structurable polymer such as SU-8.

Referring to Figure 2G, the cantilever material 9 is then

20 structured in situ on the substrate 1.

Turning now to Figure 2H, the cantilever material 9, together
with the nanotube embedded therein, is released from the
substrate 1. The release of the cantilever material 9 may be
25 effected, for example, by one of the release techniques
hereinbefore described with reference to Figure 1. In the
event that sacrificial layer release technique hereinbefore
described with reference to Figure 1 is employed, the
sacrificial layer is preferably deposited on the substrate 1
30 prior to deposition of the resist layer 2 referred to in

connection with Figure 2A.

with reference to Figure 2I, the face of the cantilever
material previously in contact with the substrate 1 is now

35 thinned to expose an end of the nanotube crystal 7. The other



Wth reference to Figure 21, the face of the cantilever material
previously in contact with the substrate 1 is now 35 thinned to expose an
end of thwomaemabe crystal 7. The ot her WD 03/ 060923 PCT/PCBOBIOISH3 - 20
end of the crystal 78 remains enbedded in the cantilever material 9. Wth
reference to Figure 3, a cantilever Afnofactured 5 according to a nethod as
her ei nbefore described may find application in a two di nensional

cant il YRS SISO AL AN 2 L8 B ogpldugbe pala. SLatage.ey! ce 21 N

such a e sensor array I'S scanne atrve to a storage
surfaamtedin orthogonal directions parallel to the surface 22. 10
I ndentations fornmed in the surface 22 and representative of recorded data

are detected the ti 23 1n the array. anned across the
surfag'ilek%?.reé%%ﬁrﬁﬁ ECEZF% s~ acacﬁlarbel%er@l.ve%;ini%@?%l% %%ﬁ?i ndentations in
t he swdanelizdy therehye tlesdras rgedatrdbe fotdelsurf Hoed 282y Firndier detai |l s of
15 such a staor.age device 21 are provided i.n 1he aforenentione ettiger et
al . ar?x?@]&atéa i v r TR P B Biftie S H- HOETT daree i %lﬁraf}ﬂez%/r esent

i nventican are espeastsibd ydatsef st oraye siohi st drlageldeviclesa bdsause,2havi ng a

ti f ly f t f - et ' ' ter, h ti i d h
i Gher3D SRASEHE THT T hait CTVET Grot 11 e, i TROEM S T Rerel on made.

i n t hepaly Mt dnabid heest teis Whemlssnga e ckerfaokyier  film (thick
PR Ty R DL oot back senelfMAY) o A8 Lk g vear o
densi tyecAlat ddwen tdhes et @5 ednsluciiyiiipof23 hien nenot abeaeryGtas is
e o Sdaf o DT LA EFERE LS Ol rese
M cr osddil BN Q@fe F @1 zeB0c &1 £6:08 CoORJeradit datad Sl ofleges@apphdeatd ons. However,
owill bedparect aed thal e RISSEN WO T OR, ) S SAUGLLY; AR cabl @
15 such a storage device 21 are provided in the aforementioned
Vettiger et al. article. Cantilever sensors produced in
accordance with the present invention are especially useful in
such storage devices because, having a tip of only few tens of
nano-meters in diameter, such tips provide a much higher
20 aspect ratio than conventional tips. The indent dimension made
in the polymer will not be wider when using a thicker polymer
film (thick polymer film means better read back sensitivity).
As for imaging wear of the nanotube will not affect the
resolution, leading to the storage density. Also, the thermal

25 conductivity of the nanotube crystal is preferable to that of

a silicon tip.

Preferred embodiments of the present invention have been
hereinbefore described with reference to microstructures for
30 microscopy and data storage applications. However, it will be
appreciated that the present invention is equally applicable
to microstructures for a range of other applications. For
example, the present invention is equally applicable to charge
emissive microstructures such a field emission tips. Such tips
35 may be employed in a range of different application, including

display devices.



to mcrostructures for a range of other applications. For exanple, the
present invention is equally applicable to charge em ssive m crostructures
such a fiwbd3®missi on tips. Such tips 35 may be enpl oyed iPATABO20IgES of

di fferent application, including k%flay devi ces. WD 03/060923

PCT/1B02/ 04853 - 21 CLAIMS 5 1. hod for formng a m crostructure,
conprising: depositing a seed material on a substrate; growing a nanotube
fromthe seed material; depositing mcrostructure material on the
substrate to enbed the nanotube in the mcrostructure material; and,
detaching 10 the substrate to release the mcrostructure. 2. Method as
claimed in claiml1, conprising shap éhe m crostructure material prior
to release of the mcrostructure. — Method as clainmed in claim1l or
claim2, wherein the mcrostructure material conprises any one of a

poLymer, a_dielectric material, .a nmetal, .and polysilicqn,. 20 4. Method as
clai med i nM&irost g@&difr‘?dimj\ﬂgeraeinﬁcffﬁgtﬁlﬁﬁurraet’e cc%{n} losrl%gjfd from any one of
Silicon, ghapesiguait z, seeel amtes,iadndnplaastilstrmtdkbtdwviagy @ ai med in any

preceding claim wherein the 25 seed nmateri conpr.d ses alternating |ayers
of a first nﬁ‘ﬁtﬁ’tu?@cﬁd’“br%fursfﬁdsﬁﬁt% i e‘\s aé&?pq\%tp%&? as claimed in claim
5, wher ei npfihe dfditrsic el W=siri d1nter itdle camptsas: ad Wilkerderhamat eri al

and the second 30 precursor, mat?ri al_conprises, fiel ddse:gi ti e mat eri al .

7. Method ESNOtEFedd A FHHES ST R S e A& TR Conpri ses

any one of +Gar hemH9-ard darkarR32, thanaidedirldwensitive materi al
conpri ses any one of Ni, 35 Co, Fe and M.

2. Method ag claimed in claim 1, comprising shaping the
microstructure material prior to release of the
microstructure.

15

3. Method as claimed in claim 1 or claim 2, wherein the

microstructure material comprises any one of a polymer, a

dielectric material, a metal, and polysilicon.

20 4. Method as claimed in any preceding, wherein the substrate
igs formed from any one of Silicon, glass, quartz,

ceramics, and plastic.

5. Method as claimed in any preceding claim, wherein the
25 seed material comprises alternating layers of a first and

second precursor materials.

6. Method as claimed in claim 5, wherein the first precursor
material comprises a fullerene material, and the second

30 precursor material comprises field sensitive material.

7. Method as claimed in claim 6, wherein the fullerene
material comprises any one of Carbon 60 and Carbon 82,
and the field sensitive material comprises any one of Ni,

35 Co, Fe and Mo.



WO 03/ 060923 PCT/1B02/04853 - 22 8. Method as clained in claim7. Werein
the fullerene material conprises Carbon 60, and the field sensitive

mat eri al wormpis®es N ckel. 5 9. Method as clained in any pCaaBel/gscl ai m
wherein the grow ng of the nanotube (éorrpri ses: heating the substrate in
vacuum condi tions; and applying a fiéfd"to the substrate. 10 10. Method as
claimed in claim9, wherein the vacuum conditions conprise oxygen pressure
greater than 10-5 nbar. 15 11. Method as claimed in claim9 or claim 10,

wherein the heating conprises elevating the tenperature of the substrate
to bet8ween MEotathd s = U00CHekR ek ident r i1 Xhqpt hbies_Re1 ai med i n any

of clains t : vg}gtlg I 4 i i E£00D4 | S£8= - pRgneti c
field. 13. %%?las c %ln%e%?ﬁlé%?oar?@ '1(23%11%%% n the magnetic fieldis
appl i ed or medgonial ycarirkes Wideel of the substrate. 25 14. Method as
clainmed in claim13, wherein the magnetic field 1is greater than or equal
to"50 Gauss. 15. Method as clained in any of clains 9 to 11, wherein the
30 apd i ed Ma@Blafl conprisiosed B ety irrddedidg 16laNe: Hodersiel @itred in

surt ace of Pra st TR I b e S e T he3 Dages = 5 %54 het hod
as cl ai med im eyuyn evedligl ehsi mndtremiyninhes field to the
substrate.
10
10. Method as claimed in claim 9, wherein the vacuum

conditions comprise oxygen pressure greater than 107°

mbar.

15 11. Method as claimed in claim 9 or claim 10, wherein the
heating comprises elevating the temperature of the

substrate to between 900 and to 1000 degrees Centrigade.

12. Method asg claimed in any of claims 9 to 11, wherein the

20 applied field comprises a magnetic field.

13. Method as claimed in claims 12, wherein the magnetic

field is applied orthogonally to the surface of the

substrate.
25
14. Method as claimed in claim 13, Wherein the magnetic field
is greater than or equal to 50 Gauss.
15. Method as claimed in any of claims 9 to 11, wherein the
30 '~ applied field comprises a electric field.

16. Method as claimed in claims 14, wherein the electric
field is applied orthogonally to the surface of the
substrate.

35



detachi ng conprises depositing a sacrificial |ayer on the surface of the
substrate prior to deposition of the 5 cantilever material; and inmersing
t he sacriwooBabookmayer in an electrolyte after depositi onPefl/IBiR04853

m crostructure material. 18. Method as clained in claim17, wherein the
sacrificial 10 layer conprises an'aﬁBHé'sub-layer and a cat hode
sub-layer. 19. Method as clained in claim 18, wherein the anode sub-Ilayer
conprises any one of A, Zn, C, Fe,'and Co, 15 and the cathode sub-I ayer
conprises a noble netal. 20. Method as clainmed in claim19, wherein the
cat hod®7 . sufiethg@rasonprined anyapy RuecPdingt Clagm, aaergin2phel. Met hod
as cl ai med agtggﬂiﬂﬁegggbfgsgga&@boﬁ@@iﬁbnaFQﬁcrg§99§h§'nggg bherseed

mat eri al conprises: depositing a ~photo-resist layer on the substrate;
formi ng an swefaceeofi phehsubsesiate| pyepr hasRPrgsihéosubst £hee with a

res st | VSt orLOCAl 8o L0P; 90¢0afB! BhiBLs PhoAc ALl 8a0R 1 EIRI2D SHpSL! ate
defined by the aperture; ané, renovi ng the Tesist Fayer to renove surplus
seed materiah.a22eldetholivhs afaenedeposetabdm 22, thhemécmoshesutbrnneng of

t he apertqhgtggfyiises under-etching the resist layer to 30 produce a
cavity in the resist layer. 23. Method as claimed in any clai mpreceding
claim?22, conprising formng atip inmge in a substrate to produce a nold

for recgivi L C ture rial . 0 6 : L] BO2/ 04853
a5 NS PR M S IR Rl R SRR i
i nfge conprlsesr depositengan phofe-sestSdyérnyandoa cthbodebstrate; form ng
an aperture igLiheePhoto-resist 5 layer; and, under etching the substrate

beneat h thémlphd?%-resist | ayer to create the tip imge.

19. Method as claimed in claim 18, wherein the anode
sub-layer comprises any one of Al, zn, Cr, Fe, and Co,

15 and the cathode sub-layer comprises a noble metal.

20. Method as claimed in claim 19, wherein the cathode

sub-layer comprises any of Au, Pd, Pt, Ag, and Cu.

20 21. Method as claimed in any preceding claim, wherein the
depositing of the seed material comprises: depositing a
photo~resist layer on the substrate; forming an aperture
in the resist layer; masking the substrate with a resist

| layer to locate the seed material at a site on the

25 substrate defined by the aperture; and, removing the

resist layer to remove surplus seed material.

22. Method as claimed in claim 22, wherein the forming of the
aperture comprises under-etching the resist layer to

30 produce a cavity in the resist layer.

23. Method as claimed in any claim preceding claim 22,
comprising forming a tip image in a substrate to produce
a mold for receiving the microstructure material.

35



25. Method as clained in claim25, wherein the depositing of the seed

mat eri al conprises: masking the substrate with 10 the resist layer to

| ocat e t hwoamehoemt erial in the apex of the tip inage; amdI/IBexr@siang the
resist layer to renove surplus seed material. 26. A mcrostructure
conprising a body portion and a nanotdfoe 15 enbedded in the body portion.
27. A mcrostructure as clained in claim?27, wherein the body portion
conprises a cantil ever beam and the nanotube is enbedded in and extends
laterally fromone end of the 20 beam 28. A microstructure as clained in
cl ai m24. orMetldn 28, clakesdi int ababBdys porRebRitolpei Sesmany apér ey

ext endi ng ‘%EE ﬂ@gé heoRaRpLube aépsgt@gggd 'ﬁhéﬁ‘g §é£§§€31£1:{78£“ bhe apex

of the tip. A mcrostructure as clainmed in any claims 27 to 29,
wher ei n thetrb@d@ukp@wa’@@, chrprirgsamangreneube anpélll?rﬁ@hothrGﬁéﬁ‘éct ric

material, a&%@ add poLysiLign ng39%§05u@sH}&E(@n@éﬂéatﬁathéensor

conpri si ng crostructure as alnmed in any of clains 27 to 30. 31. A
dat a storag@h@EMTEQSxxﬂmﬁax%ngtancaeaég bhesbhsoiﬁaﬁg clainmed in claim31
for reading or witing data onto a 35 storage surface.

25. Method as claimed in claim 25, wherein the depositing of

the seed material comprises: masking the substrate with

10 the resist layer to locate the seed material in the apex
of the tip image; and, removing the resist layer to

remove surplus seed material.

26. A microstructure comprising a body portion and a nanotube

15 embedded in the body portion.

27. A microstructure as claimed in claim 27, wherein the body
portion comprises a cantilever beam and the nanotube is
embedded in and extends laterally from one end of the

20 beam.

28. A microstructure as claimed in claim 27 or claim 28,
wherein the body portion comprises a laterally extending
tip and the nanotube is embedded in and extends from the
apex of the tip.

25

29. A microstructure ag claimed in any of claims 27 to 29,

wherein the body portion comprises any one of a polymer,

a dielectric material, a metal, and polysilicon.

30 30. A micromechanical sensor comprising a microstructure as

claimed in any of claims 27 to 30.

31. A data storage device comprising an array of sensors as
claimed in claim 31 for reading or writing data onto a

35 storage surface.



