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BACKGROUND OF THE INVENTION

Field of the Invention - .
The present invention is directed generally to nanotechnology and, more

particularly, to a type of surface modification and methods for the manufacture and

coating of nanostructured components.

Description of the Related Art .
- - One-dimensional nanostructures, including nanotubes; nanowires, - - -

nanorods, and nanosprings, have attracted considerable attention in the past decade
due to their potential applications in fields such as biological and chemical sensors,
optoelectronic devices, and drug delivery carriers. In terms of realizing
nanotechnology based on the use of nanomaterials, the primary requirements are the
ability to synthesize large quantities of nanomaterials with uniform properties and
through a repeatable process. These requirements have been largely achieved for
nanoparticles and to a lesser extent for nanowires. However, the same cannot be said
for nanosprings. The first publication on the synthesis of boron carbide nanosprings
reported a yield of less than 10% and similar yields were reported for SiO-and SiC
nanosprings. Mcliroy D, Zhang D and Kranov Y 2001 Appl. Phys. Leit. 79 1540.
Zhang H, Wang C and Wang L, 2003 Nano Lett. 3 577. Zhang D, Alkhateeb A, Han
H, Mahmood H and Mcliroy 2003 Nano Lett. 3 983. Consequently, the development
of nanotechnology based on nanosprings is currently not viable. An additional problem
confronting nanosprings, as well as nanowires, is the incompatibility of the majority of
the synthesis processes with current semiconductor integrated circuit technologies.
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Figure 2 are SEMimages of silica nanosprings using
di fferent deposition tenperature (a) 300C (b) 650C,
(c) 1000C, and (d) an expanded image of panel (c).
Figure 3 illustrates X-ray photoel ectron spectroscopy
of a silica nanospring mat. Figure 4
illustrates visual
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Figure 8 illustrates high magnification TEM lmages of nanosprings from
panels (c) and (d) in Figure 7. "

Figure 9 are SEM images of selective area growth of silica nanosprings
with (a) low magnification (b) high magnification.

Figure 10 illustrates X-ray photoelectron spectroscopy data as a function
of hydrogen adsorption of the silicon 2p and 2s at room temperature and at low
temperature (200°K). '

Figure 11 is a flowchart illustrating an overview of processes for the
synthesis of nanostructured mats and subsequent metallization steps.

Figure 12 are TEM images of Ni NPs: (a) on a 100 nm SiO2 NW, (inset)
HRTEM image of Ni NP showing {111} lattice planes; (b) on a 70 nm SiO2 NW, (inset)
diffraction pattern; (c) on 20-40 nm SiO, NW; (d) histogram showing particle size
distribution for Ni NPs.

Figure 13 illustrates TEM images of Pt NPs: (a) on a 40 nm SiO2 NW,
(inset) HRTEM image of Pt NP showing {111} lattice planes; (b) on a 70 nm SiOz NW,
(inset) diffraction pattern; (c) on a 35 nm SiOz NW; (d) histogram showing patrticle size

distribution for Pt NPs.



Figure 11 is a flowhart illustrating an overvi ew of
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DETAILED DESCRIPTION OF THE INVENTION

" A new nanostructured surface coating and methods for production'thereof -
are described herein. A new chemical vapor deposition (CVD) method for synthesizing
nanostructures onto a variety of substrates using a flow furnace technique is described
herein. The synthesis temperature can be as low as 300°C, which is compatible with
current integrated circuit technology, and provides for a wide range of substrate
materials. Furthermore, we demonstrate that techniques can be employed to make
patterned nanostructured mats. These nanostructured mats have very high surface
areas (~500-1000 m?/g). Collectively these developments in nanostructure synthesis
open the door for their use in many emerging technologies, where a high surface area
material may provide for enhanced functional attributes.

Traditional methods for the synthesis of nanosprings and nanowires
(collectively referred to herein as “nanostructures”) involve the pre-treatment of a
surface with a catalytic material. Typically, this catalytic material is a metal or metal
alloy deposited onto the substrate as droplets of nanometer scale diameters. These
droplets are isolated from other droplets of catalyst on the substrate, and as a result
demonstrate a reduced melting point relative to a bulk material of identical composition.
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Figure 18 illustrates a SEMimge of Si02 NW produced
by the flow furnace techni que. Figure 19
illustrates a SEM i mage of 8102 nanosprings produced
by the flow furnace techni que. DETAI LED DESCRI PTI ON OF
THE | NVENTI ON - A new nanostructured surface coating
and
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The present invention conprises a nethod for the
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As noted above, a nunber of potential techniques for
surface pretreatnent (thin filmdeposition) are
avai l able to one skilled in the art, including but not
limted to, plating, chem cal vapor deposition, plasma
enhanced chem cal vapor deposition, thermal
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mich caplsrheBRean ISR s 168 patoREER L TEoNRER
inﬁ@émehtgtiéris%lﬁb éfrﬂ\a%king?ha}nwma:dved ?ubMUea’sﬂoinagosm;ctwre growth.
renmoved subseguen 0 nhanost ruc e gro
Once the Q’[}Pﬁ&%é‘ll‘kﬁﬂg_ﬂr?@'g? a ﬁ%‘"ﬁ' ﬁ‘?’h%éﬁsﬁ%“ have been
célaprefddithe hahestRictupe precarspt riatalialshare hatroalsiced) én agaseous form, to
precursor_materials are i

. i ntroduce i n. -
WAl doaPoe i R A Rp Ao v T T PECAY ™ ortcal
coi@ntrativh i€ réduned Withm tae datalytie thin film hamastrucioregromttabégins.

'Inznggfl (r: E g y\émg&lgﬁag\l&\ﬂg@ég ta lgr¥§ t'h% 'htlgtH‘tre]n{p'equ%rleﬁ were necessary to = -
gbratdlietd le%inémmtfﬁs@n&emﬁ?é pnecgnisgfs. tle mmpmsemte?tsxp;ﬁmemtation,

necessar 0 generate a_ sustai ned vapor pr . .
molRoUF OF Blegsns! Pregutsess BALSAETY fiFCafc ey PoRW boilhg point
n%r%ié@rutiﬁicalc@|ﬁ&f@rl=fsalt, the eplyrtemperanqra}restmmna|r¢|igt_eem itheet

as a gas or |low hoiljn | mat eri al s, ar
tGiapataib iz abhic e BRI el ediries & i BrA g eniefiure o
vﬂgi?;hté%‘ﬁofe@mlﬁ?ﬁr%bwsﬁr @édcoMr?oths Inteits bénstifuermmﬁ'gpogleym

econmes a_liquid,. an e tenperature a .

ol ecul ai e aRsclih dhe s s e Qe el Begyence orin
p&RNBIOBEMES only involve one préf@som tAdaitiontily) ilatfont dreoncentration

precursor, materials ?rr)?a/ occur, in saﬁ‘ge ce

vt can 57 SHEon A ey e RUBFREC regftoor Materils can be
uﬁ‘liigtl:td% ﬁfbglhialfet théi groerties @g. qamkmss?] af herresuitantinanostyyctured mat.
an e duration of exposure,tao i.nt roduc .
precur SONW@S‘?’HPLV ﬁ%oB%‘r%lﬂ?q' ég%uqtan Hggﬁl pi?%ur§%rés) exist, a
bREFRAEAHIRN df Bohe potdhitiakinpishernbtidnseare providerielow.
nanostruct ured mat. Many potenti al

variations for the introduction of the precursor(s)

IBYlefdentafioRti ef description of some potenti al _
P ene ntTahtisl, i?nnpsler%élﬁatﬁ)gnogérrqggeg %'lleol\’{\éatilng%lf gré%&tagt}s' oorrfm& boiling
point molecular (examples include, but are not limited to SiH,, SiH(CHa)s, SiCla,
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This i npl enentati on conprises the heating of a gaseous

or low boiling point nolecular (exanples include, but

are not limted to Sift', SiH(CH3)3, S1d4, Si(CH3)4,
GeRi, GeCl 4, SbH3, AI (R 3 (R= hydrocarbon)) or

el emental (e.g., C Si, G, Hg, Rb, Cs, B, A, Zr, In)
nanost ructure precur I a chanber, contai ni a .
SEHslerGaltie FoGin SPravlRiatFE: Mifosioan) erelergnial B¢ ¢, i oa.
H§URb, Cd, BN1AI 10, ER&icktractarespretarsovdd avwhambepearisining aofre-treated

he nanostructure glgéscurs]ﬁr_ el enent and hc;(ldi g% t he f
substraler melerial @ tRIPbYe SBiiSenHP SeRpisliyAstitiaRd vapol pressure o
thBHAASEtFULEIrE pPedirsbielenitin® A6 Boldingithe tepnicrbtumrelatively constant
This inmplenmentation conprises the heating of a solid
thequsieH e NABPRIGICIIE STAVEN PSESS. . S . Ga. B, Al, zr)

In) precursor in a chanber containing a pretreated
substrate paterial to a tenperature sufficient to
Implempentalioni2s yst ai ned vapor pressure of the

nanostr U%isrimplrzmgmtm fcoﬁ’ipﬂ%e\;\&ﬁd‘?irthbeh;jstgidtdlmnental )
te erature r tlveycntant | l,e a | thr.au
”?r‘é’gﬁ'ﬁﬁfé'_rei \8ed- Lfdi Hg S tA'ng'i* ?'T)ipl’i?(i%%f’rt"bai ﬁ?mg%ruéqnﬂﬁnlgg a pre-
tréét@&\lsg&ﬁét&aké ﬁ\t@tériéfto@@mwratﬁr@ stuffiient tcgeneests larsn?stamfe;d vapor
oSt Betarenl e BB e aed LORTGLE (RpSet S patvel
cHRtarfthdlie abldnb @RRigh nélod including, but not linfitédsto introducing a flow,
t1on COH‘IC)H ses t eat

1 npl ement e h | ng. 0 solid .
FRELto AR DRG R SR Pop S U sPegid pahogiructuebeursgr in g
géeoudimolddilari(8.g3 CHRATIE NG; NORonélegentsd fozin (et &0k, Nz, Cla) .
substrate material to a tenperature sufficient to
generate a sustai ned vapor pressure of the

|,_,$_|Q@§ﬁt@u§ﬁ gre precursor elenment and hol ding the

enperature relatively constang throughout .th

nanost r ud DI EPISRNAHOP SABEESS g BN ot Pollf Gomental

nJrﬁBst%ubmé ﬁf'éaﬁh*saﬁb (etcyl (tc,osipe%xﬁls,_SArlc m? Il’i)eﬁthichgmér eomdiiai?‘ga pre-

. containing a substrate material_to a te rature. o

rpalad SRR AR 8 4 ARt Ao o ST AT b teied Epor

piIs8Grdof e namoeirdtas (?ré@.lrb&%lerheﬁt anticholdiig fhertemnperature relatively

4, CGeH4, GeCl 4, SbH3,

Si H4, SiH(CH3)3, S1Cl4, Si

costagt thro M%ﬂ%\"ﬁ%ﬁ’ﬁ“}m VIRRPCRS N2, N2, 02,
A 2) is introduced through a gas flow to the chanber
during the heating process and once the chanber has

Ipplemgaiation ddet er m ned tenperature a second nol ecul ar
nanost r uqhiy i plinssrtstPlcotprieaPtrechdating ofie chamberaoetaining a

sdul;s@attee%a%e?ialstlo att'e’rnpglra|¥| rCe}o?)aF feast’100 °C, wherein a molecular
nanostructure precursor (examples include, but are not limited to SiH, SiH(CHa3)s,
SiCls, Si(CHs)s, GeHs, GeCls, SbHs, Al(R)s (R= hydrocarbon), CO,, CO, NO, NOz, Na,
0,, Cl,) is introduced through a gas flow to the chamber during the heating process and
once the chamber has reached predetermined temperature a second molecular
nanostructure precursor (examples include, but are not limited to SiHs, SiH(CHs)s,
SiCls, Si(CHas)s, GeHa, GeCly, SbHs, Al(R)s (R= hydrocarbon), COz, CO, NO, NOz, N,
0., Cly) is flowed through the chamber while the temperature is held constant.

The resulting nanostructured materials may be further modified through

the deposition of metal or metal alloy nanoparticles onto the surfaces of the
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Si (CH3)4, CGel-14, GeCl4, SbH3, A (R 3 (R=

hydr ocarbon), CO2, CO, NO N2, N23 02, d2) is flowed

t hrough the chanber while the tenperature is held

const ant. The resul ting nanostructured
materials may be further nodified through the

deposition of netal or netal alloy nanoparticles Onisgl'g:with

nanpstragitirese dhedgranpparticlas atkaghed & thedwnoskctrgapnbe Me
snﬁ?l%"l‘ﬁ 'ﬂﬁ.ﬂhﬁl%y?:@@ of‘ﬁ\@f&%t %Uﬁétéil@lowv magnéws rﬁidobérmleb hFor the sake

e or of netals, a neta

oﬂmgwewaecqw éhﬂé‘saflaflp‘éﬁ &impangptsil be iifered toclb?{\?'@rﬁserﬁeepamdes

Nilﬂﬁs Th¥ %FéééHmeG&ﬁfi%ﬁP@ﬁétﬁhnmeH ko B pepficiiiarestainpldaef 8P described
oparticles Ps). The present invention is not

hefeli-t ed to the partl cul ar exanpl es of NPs descri bed

her e| N.  The NPs may be Eeﬁoé‘ﬂgét }bﬁ”nyiﬂﬂﬁﬁértoﬁ!ﬁ'ndahé qh'@bdlng but
unber of nmeans, includi n&equt no{ limted

neHiregdp obgmicREB TGRS 18 SPLNTTLHEqCUROL FHIFOLP PiRRESps chemical

vEid? CiepSsiion arfd“lﬁ@él{éﬂlat%ﬁp Q’he§89NP§ ntdyde faﬂﬁeﬁ rﬁﬁcﬂf ed by attachment
abl at1 on. These may further nng

ofaatie Rheicabir BRI9gva SoNERIIR SRRSO e Eist=IZHHn BiRgess are

dEEHBBY fi5g rahtel B@taﬂﬁbﬁw i zation process are described in
greater det all belo Nanostruct ur

mat eri al ngpgtwqggeﬁ rr@tprm provide high-sutfags area sub sfsf'@tﬁg,tthat have
'E?dfeﬁi @ngé Bﬁé’p;ﬂ:éﬁﬂlﬂ %ngﬁ@q*rdlﬁ ﬂgdrbgéry stofat@ (eq. fa 8iD, nanospring
rogen storage (e. nanospr mat
rr@fhtp entica -4, suwea%én%ﬁm /B8 r9RRR ﬁ@gm@ e poated
wWitR NSt dppehdd Lwiti ah BAviMInhienbdiy r@éﬁ%ﬂ@ﬁ@ dmail infvlédules) or chemical

environnental |y responsi ve snal

(Q;g}eaﬁp@aqilng g'\qgme@b‘g%rﬁgpﬁ @nth wplwaare pgp&m—mt? fuch as a DNA
oPRNAGEhBEN L BRINY édudpar @th@r@ﬁ&lﬁn@l@@mp@er&oa\lﬁmrve%nty in both

sequence, amno acid or other small nol ecule
formeangfirationipreyidachby he matesials a%mﬂw&'ﬁd&ﬁ“mﬂ)&\nea% Tagitates
nbASStRILRS LifftzaticH Y nﬁﬁy%noﬂ&ﬁﬁfpléﬁ%té‘t@h@l Exémplalry tisdsdnclude

nanostructure utilization in

"buﬁﬁfﬁéﬁﬁhﬂ%&d fonBydregethior aaxzoﬁb%gh%yr?f% fiforag, cafplytic grocessing

??ntaﬁ@' of Shenhl¥4ly, At BellsO bulsiste! foEEhephiCdlisepanations) elgronic
tic processing (enzymatic or ¢

se@lmgs SGWP%F%%GW%FU@HW ©ORlicd éﬁ%ﬁ""&@’|§5‘H‘§°3’B‘F’¥E'tm8'?ﬁ°5‘"9'

L 5% dafBid GEHAY BFo@bcﬁWSﬁléMéte@frémbchMal (MEM) devices.
senS|ng envi ronnental nonitorin acers or

scaf f ol dd\ RIIOSHHEUIS GRRRENSRI AP ’lSr BRBePALTICHHR gkl or
n{ewlglo}d Ai6IBS attached to the nanofhdb 8fi@stlrel! fictdl @aﬂi@lﬁs&ﬁnmg Iparticle

nmpris a hanomat structure; net al nme
Sgaland PP EBRIAN e Ran AL THHCHEE s SRCLPITal ! Hectoal

5&5 %E@&ubé\y 'cB&bI@@fot theIn@nsméestiRtird & pérﬁhtechan?es in voltage or
strl ution on nanonat structure; and a

cwrermb@b/veawewé mea@tl@"w& Pamtﬁeféwytf@dﬁﬁ??é@et% 2lrhé ¥ensor

nARERIRL copdddded 8f Au b@rt@%‘s nta CHRMAASstiuttrel t age Of
current between ones of the pluraljty of cont acts

the pr esé’ne@wu@tugaa@oﬂcwngerr@mprwmgeﬁ.nanomﬁ %&%@é&ew‘ or

n%ftaléﬂo*’géﬁxblﬁé %ﬁaé?{édéio BRMRARE Strugthite fholecular recognltlon Alements
nanostructure optical sensor conprising

appendedie éhe smaéﬁ optherraetal pailicles, Waen ¢>m°é§feaf9taﬂ% Fﬁgagwgon target
a},&%g{‘%‘]g S Pgocg{%ecul ar recognition elenents
“the sur

ace of the netal particles. P r%
exposur e Ananqsséruszt@mﬁlepwahsqr&pge@marwga@maé‘amays ructure; metal

of Rl bl arfiblaf8ftachied '$s the nanomat structure; molecular recognition
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A nanostructure nol ecul ar sensor conprising: a nanomat
structure; netal or netal alloy particles attached to
t he nanomat structure; nol ecular recognition elenents
appended to the surface of the netal particles. Upon
exposure to the recogniti on target and detect abl e

chan occu A nanostructure h dro
e@ﬂ@n&g@p@ad@%@ the sprfacs ofdhe metgl partigleso SPPD the
rebOgnifidfit %n%%@bﬁcﬁﬂnb@%bﬁfs' nteract wit h the 5102

nanhost ruct ures. nanostructure, cat ti c

conver t eA RENOBIHEHIgydEPIED @ior?%ﬁl \iGe LQMprISings

nRYstuELRSmat. trRe Mg Erdgen itfediifiR UL Bihteadt Wit thé Beole
particles having a selected particle size and particle

NaNosEUEUERS: | buti on on the nanomat structure to provide
bondi ng ¢ AfDsir@dtueadafdiytil donverter compnsmgAa SiO; nanostructure and

nanostructure catal ytic converter coQ

NiF4 pagiclascatiapbed arthe hapamat el dae Bt deatlicles p\ipgsa selected
pEBBIREle SHd pHHiclks Siz¥aRkriulion BE tHEaMonPR Bfriictire t6 drevidedbonding
cat alytically convert a target nol ecul e. A

sitpseEeatalysitr e catal ytic converter conprising:

nanostrug{ Mr%str@&dré’@lél&tlc%hﬁélfér%n@h%mgm Harigstrubtare; and
nanonat structure; and nol ecul ar

etal FPcles SPRRRILD thonaRRM A HIPRUE WhTEa G particle cats to

cRafyliédlly @onvert a target mole&ilgCi fi ¢ inpl ementations are
providéd herein as |IIustrat|ons and are not knte

to |imit A mRNOSEUsErefatalyic GORYRIIRMCOMPASIngRanogiucture; &Rd metal
p?xﬁglbg 'ra'i;’cééﬂééi”cﬁ tiyd hénd&%?t Qifctar? ah@ BtmdlecudatorBhizyrheatt catalyst
appended to the sulztgce of the metal particle.
Specific implementations are provided herein as illustrations and are not
intended to limit the scope of the invention as various modifications will become

apparent to one skilled in the art.

Example 1
. Nanostructure growth

A: Surface Pre-Treatment

The catalyst is gold (Au) and is sputtered onto the support substrate in the
thickness range 15-90 nm. The sputtering chamber is operated at pressure of 60
mTorr, and the Au deposition rate is about 10nm/min. During deposition a constant O,
flow rate is maintained. The synthesis time is approximately 30 minutes. In order to
demonstrate the lithography capabilities the substrate was masked prior to sputtering of
the Au catalyst using tape, which was removed prior to nanospring synthesis. The
patterns were lines approximately 500 pm wide.

B: Nanowire Growth (Implementation 2)

The GaN nanowires are grown in a flow furnace where a ceramic boat
holds pellets of Ga. The furnace is raised to a temperature between 850°C and
1050°C. During warm-up the system is purged with nitrogen gas.
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Nanostructure growth A: Surface Pre-Treat nment

The catalyst is gold (Au) and is sputtered onto the
support substrate in the thickness range 15-90 nm The
sputtering chanber is operated at pressure of 60
nmrorr, and the Au deposition rate is about 10nrni m n.
During deposition a constant 02 flowrate is

mai nt ai nbkyon Teashingfemeeradure thrunifragerparsds ishakdowp a ammonia is
th@u‘?d’l{)dﬁlﬁed Irffo f?{ec*%‘/v fh@\a@@ RAE 16 e id PartedifRAS I°I-'51113d512)’ standard liters

Itires th trate was masked prior

p@rgumu@r(sh@ drom ﬁr@;s Roint o Bya/aRProaghes qaagg USWN ghe {irst is that the
s;(AE?érﬁgYﬁerﬂamfdu%d 4tqni8 @éméé}é!u?&aﬁd/ﬂm %?'1§~60Tlhﬁ1uié%t tiéert®cond

nes approxi mate

agproaehis (o alpse QQQseﬂq\nbw%gxhaust (i.e., seal %heﬂq@a@g)\wlth a s?atlc
pl’%@é\?@” %;szo%ﬁ cflf &%spﬁ‘erﬁ: Jr'h@ﬁefr L BhForitdfr 4 SEBOQﬂInatEsC In both

S pe ['ets o f'urnace i s raised
CQS@ﬁpf@f goal dewn éln%@mogmsﬂanad et spenitiagen §gs isthan haw?% pintil

rools Ed’ﬁe'raiw%%g@é%h@ﬂth ni trogen gas. Upon
reac

I'ng tenperature.the nitrogen gas i s shut down and

ammoni a Nan@snrmr@@wﬂe@mpwntqﬁ'enﬁb ow furnace. The
flow rat Q'Fé %uBﬁFét@Qs 5ré19éfb& mﬂtﬂQ\uS&o%ﬂﬁ'@r Thé coihg thiekness can be

m nut e Fromt poi nt on two roac

1anear higher. { ThesqubsisaterTast PRl i Tesivtaln SEMHSEAHE der than
3500 é\‘%’m%@étéigub%"ﬂgté is Qvicblintd afW flinabé 8Rd prldtessing takes

secon Is to close of gas flow and eXh'?%bslmﬂowof

place rom te HR5G°Gs AR’ Biphay if Hesi 24 Purigg MR 4R ]
I
trfi\%?l%@@ﬂﬂﬁé fs u)(tréﬁu'ggg ﬂ'ﬁﬁ EHeSH RN quH&E%r '103§e0c|;6ﬁm3w tArdehinutes and

m nut es cases, far cool

thentwmied offs Immedistely piterdheltrimethygiang aw l%tum?@ﬂoeff PYGOAYgen is
fl o(%/vt hﬁé%@ﬁh? USSPt r%té & 1-66T4RA THe s BAhaiRGiIned at

enent ati on he substrate is
teprnsypaitiea @xygmﬂ@wéltqmw tor®bmiyAS: ng t hi ckness can be

15nm or g Zﬁ%\eg E% Eéﬁ%ﬁlsr&hgs@b?ta Soéncibd ﬁxbh&rﬂawmﬁmace that
a tenperatur |p than_350C. The Au c

lsmmtedlabatmsphqmesswg ahe swrﬁmfw&@&%ﬁ? ah'ﬁf%E%%es?rﬁd‘mW"

|néﬁg qt. p)\ﬁ‘%?arﬁ%j@f %%Qtﬁal&l@ a&Qé%s 1élai§cdi§sab<ﬁi detﬁu ﬁﬂﬂcureyl D,
ring warmu ow of trinet

Alkhetesbifc @hangDoAstes B, |Naicy aramd*éomr E)Z%‘Q:/ Vg gondens.

A{Jﬁ}‘ £e1 &hﬂﬁ;ﬁ%ﬂﬁné&ﬁgl géifa[h%% ¥ tenipErRaicaaRde of0021000°C for

ane wils turned of f pure oxygen is
smd:a)mmmbsphng)agl’lhem furnace at a rate of 1-100 slm The
systemis maintained at tenperature and oxygen flow
from15 to 60 m nutes.

Example 2
Nanospring Characterization

- The nanospring mats were characterized by scanning electron
microscopy (SEM) using an AMRAY 1830 field emission scanning electron microscope
(FESEM) at 15 kV and individual nanosprings by transmission electron microscopy
(TEM) with a Philips CM200 transmission electron microscope (TEM) operated at 200
kV. The chemical composition of the nanosprings was determined by X-ray
photoelectron spectroscopy (XPS). The XPS data was acquired in a vacuum chamber
with a base pressure of 5x10™° Torr equipped with the Mg Ko emission line (1253 eV)
and a hemispherical energy analyzer with an energy resolution of 0.025 eV. The XPS
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The synthesis apparatus consists of a standard tubul ar
flow furnace that is operatea at atnospheric pressure.
The general principles of this furnace are known in

the art. An exanple of a suitable apparatus is

di scussed |n detail in Mllroy D, Al khateeb A Zhang

D, Aston D, l\/arc nd Nortagn MGZ 04 J
OaHIBSNISETEEPHOTRSEoH BANOPENgS A1PRERSd 87 3 U PLEsLERts-During

tHehePs ﬁ@@ur@tﬁ&% th@lﬂgﬁos’ﬁrmé @@mbm figutratizdd with a low energy (500

n an 0358 ag%t&%/qgafh 8? er to leggte S?Hlé()lf,?a(g‘@g@?g ﬁ%hﬁg?@p{% r[ge]ectron
n@ﬁt@n@@ttowdfzmnérwsgﬂmﬁwmnalLmzerdo BindingrepemymshiftsSEthe core level

30 field | ect
st%f’e%?a%é%@s & reabrpregbssnegy Tip prita FORAMD SearEE b PR glica
Foﬁﬁ@ ﬁfﬁt@gg@[‘m@ésﬁ@éd Gding'h MASBt?mDNeI (spEdtyosebpib e?ljgsg\gmter (J.A.
ransmi ssi on m croscope
?'Etcéﬂ £) Wigha ERP @ngﬁ é’ﬁ‘%@@ﬂ l}t%gﬁnp"os ition Ioof t he
n anospri 'llﬁlﬁol 2 Fl)lﬁsj Pigardm a;%tbeaIiSEMYmabﬁ ﬁfeiaao‘sprm mats grown
spect r 0sco e uire
ARG S ARk TORPHG vihiz. 600 gty P of S8 0 Tkt 2
dﬁrﬁ&h&&ﬁé& haf r{ibrto@ Brings d&m RNArowh @balldrge re(nb%%’i tahﬁerammbwuh no

em spherical energy anal yzer wt
ObSEIVAR FADGBE DN GeameTER & XSS, HigHE Ahs  wagpiied image of
F%EFJ %ﬂ%l&ﬂlhﬁb@ﬁ%‘&%é ReFerfdly RAFSBThslRaPstictupe bt tird ajority of
ring maasuremantsthe nanos r|n nev §
th@@ﬁnpwnngé&watth Figyre\ is 3BPERP ?%@af@ﬁ”% nonasl
s@ds%% th% @nCOélﬂ‘Pgl pedks hbvd Pedriiabalgd 'a@étﬁdlﬁbl?f ghegnd)br peaks
e sa el ectron neutrallzatlono

awﬁwg%’ nlgs}yc%@ the main cempnents,piibe AS;IENE} RRNOSRINGSs IHip worth
n&thfg‘; R Sdlfst ?éaﬂ(fs%?e 3Bsdrié IR ak oflBe @Y O\BidSPEsTE lavelistates.

opt|cal reflectivity ectra of the sjlic
Th%ﬁﬁﬁ}ﬂs Fgtesere aliays %M@EB@H'Q%'}‘?&'%S tsledive { fig actual core level
st%&%‘%nﬁch?é %ﬁ!f&ct@ b{tﬂltﬂﬁé’@ﬁitﬁé agﬂho%tloﬂ\épéﬂ @lattfsh floddirg) gun to

a spectral range of

BN AP JAPASVRICHEIEE 3 U5 SURIR FEROSSE Y gl sppray of the Si2p
cORNIARPIS 100818V, Swl%l‘i’i%fbeﬁleé’rQ@x@ buﬁﬁr%eu@éi@y 08O 6F imdxidized silicon

I'd catal yst | f
(B EV TS 1215 (198 8Vl BanenC VBT ogBaY Bhgeeetion
ShELRREEHHDES) Wethb 8. %&%M@é}b@ AL mrg&stbi@cbfr& in the

GOITEtrI es or sizes.:

nmosprlggﬁ & sg(r@yvhevmb@,twefen ode t"f*aﬂ%‘% Q i‘m%c%”ﬁg?"é%ﬁa bindihg energy
otHd &, Ryied is@hr&drﬁé{’ét ®3 é\atovstela ﬂ'xdiﬁhﬁtfdﬂSiOQfWabﬁer C, NIST

nanos n igure 3 is an
e hatoolaotoan Sepdumsocst 4P Dalheps o1 B8 subessss thet a gigpter
cl%rg@ fakseh YA Q?%?O fbﬁih@'sﬂiéa %‘éﬁ&ﬁhgﬂ' relativé® $l’®20ﬂ‘he bmdmg
peaks are Si_and which are the main con‘g ne g
enerey aéCg1rSdsv38h&Ho\ybach iRje the bindigd,aPTaY TGRS fga e, "shen D,
CﬁgﬁU Tghgf(t and7RaRY SS008 CHei. Rhys. Lettt I:IWSQWC'I'NsOl
SI core Tevel states. ese ghost states are al

indisates thitite RYTeaRePEIOMEEY &f MNPANGSRNG 18 SHORCxBhES <
dét%ﬂ'ﬁﬂneé B?bﬁ§nﬁ9ﬁleaér%lﬁf§ éff)@fé Fes@[té rTrﬁéJét@ﬁud @ortcbﬁtratlon of each

i cat an el ectron fl oodin qun to neutral

clemenpisgia2 4530k 40TE, 444 116 Yeiop 0o 308 12 e 61 0TS n i gbove

I
V%Q%ve ?{ ﬁt)ﬂ% @838;%]’ 2?)3 Y. eé}e? v?rﬂg ﬁ%{tﬁe Itlz ¢ ﬁEbdltlc%ggns of O
td Sidemhabonsteht, %aﬁelatfve&fmaer(tm(t@n 3f €\gan vanpgwighin the sangte and
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nanosprings, as opposed to subsurface. The carbon
could originate fromthe environnent or the S
precursor that contains sone carbon sources.
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X-ray photoel ectron spectroscopy data as a function of
hydr ogen adsorption of the silicon 2p and 2s at room
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catalyst thickness. The information gleaned from these studies will help to define the
geometric specifications of devices that can be constructed with mats of nanosprings,
which in turn, will provide a measure of the potential impact of this process on emerging
nanotechnology.

Example 4
Hydrogen Interaction

X-ray photoelectron spectroscopy data as a function of hydrogen
adsorption of the silicon 2p and 2s at room temperature and at low temperature are
given in Figure 10. The chemical shift with increasing exposure to H, indicates that the
bond to the nanosprings is to the Si sites on the surface and is physisorption, as
opposed to chemisorption.

Multiple implementations for the synthesis of nanostructures has been
described above. In addition, different examples of the applications of such
nanostructures have been described. One of the most important areas for metal NPs is
in catalysis because of their increased surface area compared to traditional thin film
materials, which results in more reaction sites. Two metals that have been studied for
this particular application are nickel (Ni) and platinum (Pt). Platinum NPs have potential
" Use in'thé oxidatioh of hydrocarbons, carbon monoxide, and methanol.. Nickel NPs ‘are
typically utilized in benzene hydrogenation (Boudjahem et al., 2002), ketone and ‘
aldehyde reduction, and the decomposition of hydrazine.

Controlling the particle size is necessary for many catalysts to enable
large surface areas and to produce an optimal size for catalyzing a particular reaction.
Maximum catalytic activity is a function of particle size. Haruta, M. Size- and Support-
Dependency in the Catalysis of Gold. Catal. Today. 36, 153 (1997). For example,
the oxidation of carbon monoxide (CO) by gold (Au) NPs supported by alkaline earth
metal hydroxides requires particles <2.0 nanometers (nm) in diameter. Photocatalytic
hydrogen production using Au NPs supported on TiO, is most efficient when particle
diameters are approximately 5.0 nm. Consequently, it becomes very important to be
able to predict, control, and produce NPs of a desired size. Tailoring NP size with a
selected substrate material will provide maximum efficiency for a catalyst system.

The majority of pollution emitted from automobiles is generated in the first
five minutes that the engine is running and is a direct result of the inactivity of the
current Pt- or Pd- based catalysts below 473 K. Campbell, C.T. The Active Site in
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Nanoparticle Gold Catalysis. Science 306, 234 (2004). A possible solution to the
limitations presented by existing catalyst materials is the use of Au-based catalysts. In
its bulk form gold is very unreactive. However, when the diameter of gold particles is
<10.0 nm the activity and selectivity become very structurally sensitive, making Au
nanoparticles (NPs) useful in many catalytic reactions. Haruta, M. Size-and support-
dependency in the catalysis of gold. Catal. Today. 36, 153 (1997).

It has been shown that different substrates are needed for effective
catalysis using Au NPs. For example, complete oxidation of CH, is most effective when
Co30, is used as the support (Haruta 1997). For the decomposition of dioxin, Fe;Os is
preferred as the support material (Haruta 2003). A technique that is capable of
producing NPs on different substrates in a single system setup would be an efficient
and economical method for producing catalytic materials.

As a consequence of the increased interest in Au NPs numerous
techniques have been investigated for their production. Table 1 summarizes the
majority of techniques that have been reported to produce Au NPs. In some of the
approaches Au NP have been evenly distributed over specific types of nanostructures,
while others produced depositions on planar substrates. There is a large variation in
deposition quality among techniques and only a limited number of systematic studies
"have been presentedto offer a means of tuning the particle size. - Hostetler, M.J., J.E:
Wingate, C-J Zhong, J.E. Harris, RW. Vachet, M.R. Clark, J.D. Londono, S.J.
Green, J.J. Stokes, G.D. Wignall, G.L. Glish, M.D. Porter, N.D. Evans, and R.W.
Murray. Alkanethiolate gold cluster molecules with core diameters from 1.5 t0 5.2 nm:
Core and monolayer properties as a function of core size. Langmuir 14, 17 (1 998).
Compagnini, G., A.A. Scalisi, O. Puglisi, and C. Spinella. Synthesis of gold colloids
by laser ablation in thiol-alkane solutions. J. Mater. Res. 19, 2795 (2004).

Pariicle
Technique  Size Ref.
(nm)

Deposition- 1-7  Satishkumar et al 1996

precipitation 10 Jiang and Gao 2003
1 Panigrahi et al 2004
4 Taubert et al 2003
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Ma et al 2005 lon inplantation 5-10 Guczi et at 2003
Di rect anodi ¢ exchange 1-20 |Ivanova et al 2004

2-7 Schimpf et al 2002
2-5 Han et al 2004

Molecular W t al 1998
Assembly angeta
1-5 Gutierrez-Wing et al 1998
Sonochemical 5 Pol et al 2003
Electrodless
. 3-4 Ma et al 2005
plating
lon
. . 5-10 Guczi et al 2003
implantation

Direct anodic
1-20 lvanova et al 2004

exchange
Aerosol 20 Magnusson et al 1999
CvD 2-7 Okumura et al 1998

Table 1. Summary of Various Techniques Used to Produce Gold NPs

As will be described below, the metallization techniques described herein
provides relatively uniform distribution of metal particles on the nanostructure and
allows for the control of particle diameter. Metallization of nanostructures involves the .
forming of metal nanoparticles on the surface on nanowires. Although the nanowires
may be synthesized by the techniques described above, those skilled in the art will
appreciate that the metallization process described herein may be applicable to any
nanostructure, whether or not synthesized by the techniques described herein. For
example, SiC NWs were produced by plasma-enhanced chemical vapor deposition
(PECVP) by techniques known in the art. Zhang, D., D.N. Mcliroy, Y. Geng, and
M.G. Norton. Growth and characterization of Boron Carbide Nanowires. J. Mater.
Sci. Letters 18, 349 (1999). Mcllroy, D.N., D. Zhang, R.M. Cohen, J. Wharton, Y.
Geng, M.G. Norton, G. De Stasio, B. Gilbert, L. Perfetti, J.H. Streiff, B. Broocks, and
J.L. McHale. Electronic and dynamic studies of boron carbide nanowires. Phys. Rev.
B 60, 4874 (1999). The SiC NWs were grown on a Si substrate and have diameters
ranging in size from 40-140 nm. The SiO,and GaN NW substrates were produced by
a flow furnace technique using a known apparatus. Zhang, H-F., C-M. Wang, E.C.
Buck, and L-S. Wang. Synthesis, characterization, and manipulation of helical Si02
nanosprings. Nano Lett. 3, 577 (2003). The NW produced therein were grown on a

single crystal Si substrate and have diameters ranging in size from 30-180 nm. Thus,
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TR AL COMPOWE WS Jalypredip e feponian grgBacaB oA to s4ae
iVan bigem strBAy. \ThB-suBstedies wete\easthertemperatifres tp o 833° K. The
chamber pressure could be varied and the range explored was 17 to 67 Pa.

The following precursor compounds were used (obtained from Strem
Chemicals, Inc):

Nickel: (bis(cyclopentadienyl)nickel [Ni-(CsHs)z])

Platinum: (trimethyl)methylcyclopentadienylplatinum [(CHa)s(CHsCsHa)Pt]

Gold; dimethyl(acetylacetonate)gold (Il
However, it has been determined that virtually any metal with ligands that has a vapor
pressure can be used for the metallization process.

RESULTS

The use of PECVD greatly increases the speed with which metallization is
completed. The use of nanosprings or nanomats increases the active surface area.
Following metallization, these nanostructures are useful in a number of applications
such as gas or aqueous sensors, hydrogen storage structures, catalytic converters, and
the like. In addition, a number of different metals have been successfully used for the
metallization of different nanostructure types. Specifically, SiO, , SiC and GaN
nanostructures have been successfully synthesized using the techniques described
herein. In addition, Au particles have been successfully aftached to SiOz and GaN
nanostructures. In addition, Ni particles and Pt particles have been successfully
attached to SiO, and SiC nanostructures. Those skilled in the art will appreciate that
other metals and other nanostructures may also be synthesized.

The combination of metallization particles and nanostructure may be
selected for particular applications. For example, Au particles are particularly useful for |

20



Geng, MG Norton, G De Stasi, B. Glbert, L.
Perfetti, J.H Streiff, B. Broocks, and J.L. MHale.
El ectronic and dynami c studies of boron carbide
nanow res. Phys. Rev. B 60, 4874 (1999). The SiC NW
were grown on a Si substrate and have di aneters

;
oRaTBen 8% & G=1AAG CpGGE ol Ny DAST foul 1t AL BNl ] o
n%kﬁdcégﬂctgaééi@(&i_é@fuamgégﬂu@ctdh ang, HF., CM Wng, E C
mani pul atShewnda FIQ@P‘%S %yggﬁ 8;:!%&'}{1%@@%1%@r 't@:{hﬁﬁd&cwgﬁEM)
ln:x”a e'éroz l\ﬁ r?@gﬁrlme'ﬁ*tm medum@l NV ey Rigurevie(a) ig 1 0@wnmdn diemeter
e Siclopbalan s et it Shawbe ReSsiir a1 11 bay PO e
s&l%ég%ﬁzgﬁ Eéé?ctéd Rféﬁﬁ:ﬁﬂ( eTre a\ieraijPm for this depigit was found to be
@&wp tha sﬁ%@@ggevgetgj@gnﬂ?bﬁ 5 h l;pes%t & Flgyre 1%3)%% ﬂg\’ﬁt reSolution
Tgﬁtaﬁiblief@\g) (h;\r%gte@lf a 5ir (WFCstbwiny the[{at Bl glarieszindtties PBCBYstalline
e S et i 1 IEE sk 14
wglg %{&é@r\ﬁgafr@taﬁgétg@. ofarith and Aver®prddecet att873cKsaridréyPa be a NW
R i cnee ot i CAFSHLANHR i P 0
ctélﬁfgwﬁtg?tﬁtﬁg lrt\h NP@raw Bd'swllmb%ndéléamlﬂesgm radonly edelated ootthe '
r
SuBRALR SsPe PSR 2 STPA T A il SR8 g from 2040
: (F:H gﬁéﬁo%ﬂhn%@gglﬁ?m&nm§ casd wm@ & chdmbdripeessaposfi42 RPmand a
T e 0 L Ak SEEN, D i
sthBafd \GHvRAIon BF € FHdIr BigGreul2dd)ashowsrd leistograch ot particengiee

explored was_ 17 t

rArBHTERSYS B N DR dePoied 4623 K st a Pty lseltd &7 Pa. From

%B’sggﬁ I_g)hgﬂle;’tﬁ% F;?J:a%ﬁ ﬁP s&@ls%(pp)f@dlmalemzadmdhgto)tai|sukfed:e area is

168 m t hyl ) met-hyl cycl opent adi enyI pl atinum
RCH3) 3( CHY&&EBRS h n@ﬂit@be ofi TEN! Iniagesoaf Rt INRssaroBiek. W subistrates.

obdepeslo sodiont 5 RER SRR S: BolEeukCrpeild it prosure
P97 el fsubshatdhietdtartdf 673 PKo e dnset of Figure 13(b) is a HRTEM
image of a 4 nm particle exhibiting a single crystal domain with lattice fringes
corresponding to the {111} planes. The NPs in Figure 13(b) were produced at 42 Pa
and 723 K on a NW 6f 70 nm diameter. The distinct rings of the inset diffraction pattern
in Figure 13(b) indicate the crystalline nature of the Pt NPs. The deposition shown in
Figure 13(c) was made at 67 Pa and 873 °Kon a NW 35 nm in diameter. Figure 13(d)
- shows a histogram for particle size measurements of Pt NPs deposited at 723 °K at a
chamber pressure of 42 Pa. The average particle size of all the Pt depositions was
near 3 nm, corresponding to a surface area of 95 m2/g.

TEM images of Au NPs formed on the NW substrates are shown in Figure
14. The distinct rings of the inset diffraction pattern in Figure 14(a) indicate the
~ crystalline nature of the NPs. The SiO, NWs are amorphous as evidenced by the
absence of clear diffraction maxima. The deposition conditions for the NPs in Figure
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RESULTS The use of PECVD greatly increases
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use of nanosprings or nanonmats increases the active
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The response ranges from 20%to 50% rel ative to the
vacuum On-going studies are exploring the sensitivity
of the sensors and their ability to operate in ambient
at nosphere. The ability to sense N2 is extrenely

val uable to the agricultural and water conmunities.
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The ability to grow high yield nanospring sanples
makes this process viable for commercialization and
easy integration into designs such as catalytic
converters or hydrogen storage. The nanosprings can be
grown on plates that can be stacked to produce
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claims. CLAIMS The invention clained is: 1. A
nmet hod for synthesizi ng nanostructures conpri sing:
coating a substrate material with a catalyst naterial;
and exposing the catalyst material to a first
precursor material at a tenperature at which the first

recursQr majerjal breaks down.intg its consti .
¢ Rens!t by adkionnsvani Poeaticae oA Poahpef by,
réBRue6N Rlexpliotlyorebitsth tHoseckiled th thaast wilh rédogniza thelt gath recitation

surface, erein the nanostyucture Lpdi vi

shoie Bty FaimopraishisugPangUas the el bl (i e
réditation 8f "Woe Feditatiore tviithgut dthersubdifieral tpicaliyamearesat least two
coating the substrate with the catalyst material to a
refitatiense PRWRY PREIRABLSYt t he catal yst materi al .

3. The nepdeolifly, SheinteRionhienet limitedextéptasrbydbe appearived
i ndi vi dual nanostructures and density of the
ClR®structured mat is determ ned by the thickness of
the catal yst material.
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4. The method of claim 1l wherein coating the substrate
conprises controlling tenperature whereby the catal yst
material fornms a thin film 5. The nmet hod of
claim4, further conprising masking the substrate
prior to coating the substrate with the catal yst

mat eri al . 6. The nmethod of claim4 wherein thin
filmcoating with the catal yst material is perforned
by a coating nethod sel ec®edM$ om a group of coating
nmet hods conprising plating, chem cal vapor deposition,
pl asma enhanced chem cal vapor deposition, thernal

The%ﬁ%ﬁb[aﬁﬁed gl ecul ar beam epi taxy, electron beam
evaporation, pulsed |aser deposition, sputtering,

reactive sputtering, and conbi nations thereof. 27

7.4 The A‘ﬁ{%?ﬁéjd @fr syll:tﬂlagri‘zﬂ'op"ﬂ%%{)@ir@ct Re doRipRIHt ur e at
TSt p

whi'ch t'he ecurso materlafJ breaks down is
betomting 3MGtratedmaial with a catalgst rmaterialeandd of claim 1

wherei n the substrate .nmpferi ' .

or Sl B8RPGk P i el P Bpppratre

net al  alhiely Stheofigstnpreceby Mrateriak ereaksc sowanihto its constituent

sem conductors, ) .
components to thereby permit assembly of the precursor materials into
nanostructured mats on the catalyst surface, wherein the nanostructured

mats individually include a mat of nanosprings.

2. The method of claim 1 wherein coating the substrate comprises coating
the substrate with the catalyst material to a predetermined thickness of the catalyst

material.

3. The method of claim 2 wherein the thickness of the individual
nanostructures and density of the nanostructured mat is determined by the thickness

of the catalyst material.

4, The method of claim 1 wherein coating the substrate comprises

controlling temperature whereby the catalyst material forms a thin film.

5. The method of claim 4, further comprising masking the substrate prior to

coating the substrate with the catalyst material.

6. The method of claim 4 wherein thin film coating with the catalyst material
is performed by a coating method selected from a group of coating methods
comprising plating, chemical vapor deposition, plasma enhanced chemical vapor
deposition, thermal evaporation, molecular beam epitaxy, electron beam evaporation,
pulsed laser deposition, sputtering, reactive sputtering, and combinations thereof.
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9. The nethod of claim1, further conprising
controlling a concentration of the first precursor

material . 10. The method of claim1, further
conprising controlling an exposure duration of the
first precursor material. 11. The net hod of

claiml wherein the first precursor material exist %
nafur al The ameﬂioga@f claina 1 ovherein {hey tempeRatyrgt at wdjich the first

pre%§0éma§1e§‘$tspr?§% X! v% R iBihder 865 an{ 86odd.r st precursor

_ _ VY Tom a grou pr ecur sor
rmt erials corrprl sing Si Fl14, SI H( CH3) 3, SiCl4,
éCHS)4 Ge ShH3,.. Al

r oc aFBOMe o cﬁ%% T \hergipghe g‘(ﬂé%;gar% ﬁat%'iall'@?elsﬁted from a
grou%if su@stra@ama{é}rals'?@mmﬁﬁsm@glaéb métal, methl lafloys, organic p8lymers,

met hod of claim 1, further conprising exposing the
ceragzicslapgtsemieendugiorso a second precursor Sr;’ratefl al ?hat
exists naturally as a gas or a |low boiling point
mat eri al . 14. The method of claim 13 wherein
ex9osi nthd et of glaim fafusthencomprising coatreliie gresngerigtion of

) occ subsequent to exposing the catal yst
the {%rleicgrsom'n ‘H@'flrst precursor naterial . 15.

The nethod of claim 13 wherein exposi ng the cat al yst
material to the second precursor

expdsi ngha Heetbad apfy slaimat e qrg]ertgprp;p{ésnfq nggé'ﬁé@ u%/\r'igio%x%osure
durdiBh of b ﬁrs?ﬁre@ursor material.

11. The method of claim 1 wherein the first precursor material exists

naturally as a gas or a low boiling point material.

12.  The method of claim 11 wherein the first precursor material is selected
from a group of precursor materials comprising SiHs, SiH(CHa)s, SiCls, Si(CHs)as,
GeHs, GeCls, SbHs, Al(R)s (R= hydrocarbon), CO,, CO, NO, NO;, elemental C, N,
0,, Cl,, Si, Ga, Hg, Rb, Cs, B, Al, Zr, and In.

13. The method of claim 1, further comprising exposing the catalyst material
to a second precursor material that exists naturally as a gas or a low boiling point

material.

14. The method of claim 13 wherein exposing the catalyst material to the
second precursor material occurs subsequent to exposing the catalyst material to the

first precursor material.

15. The method of claim 13 wherein exposing the catalyst material to the
second precursor material occurs while exposing the catalyst material to the first

precursor material.
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16. The nmethod of claim1, further conprising

nmetal i zing the nanostructure by attachi ng netal
nanoparticles of a substantially uniformdianeter to
t he nanostructure. 17. The nmethod of claim 16
wherein the nanostructure is synthesized as a Si 02

nanostructure and nmetal lization conprises attachin
Ni 16Pt , The mathecobskinils |f'¢r§16trc9mlssm@ef?é'ﬁ@§tthﬁJ\agP%t.fucthe
N 0 ai ' | il
by gl TR efiorg e, BF HFUSe ey TRkl dBieRt to. the
nanésthuotired from a group of nanostructures conprising a
Si 02 nanostructure and a GaN nanostructure. 19.
The nethod of claim 16 wherein the netallization

CORPI i SERe MdtR6doNglalh 1BAWhéeirethd pandstrubin® s synthesized as a

selected froma group of nangstructures ¢ rising a .
r Au rgaz@pamcles

SiOsnerostatssie anct metalization camerisematasing .t ©

to thE€ITELRBGltufel @ m 16 wherein the nmetallization
con'pﬁ ses aftaching Pt particles to the nanostructure

gel ected froma group of nanostructures conprising a

[ napost r yct ur nd j : ; ‘

ThaBmet hot refthed & 5D (hapgrd e mistilipie comprises ataching

Au ﬁé?ﬁ!tﬂbéili?d) th@ﬁ@lﬁ%sﬂﬁﬂaﬁé iskeleBtedofrarh taagioupod nambstiuctures comprising
particles to the nanostructure. 22. The net hod

aS'EﬁZ ”@FﬁﬁfHCi‘éfevﬁf@r%&?R'['Pﬁé‘oﬁ&P%Wq'zati on uses a plasma
enhanced chem cal vapor deposition to attach the netal

particles to the nanostructure. . 23. A nethod for. ,
sy h@hesTh¢ methechokelaintiGiwbereiniier metalfigation comprises attacliung Ni

particles to the nanostructure selected from a group of nanostructures comprising a

SiO; nanostructure and a SiC nanostructure.

20. The method of claim 16 wherein the metallization comprises attaching Pt
particles to the nanostructure selected from a group of nanostructures comprising a

SiO, nanostructure and a SiC nanostructure.

21.  The method of claim 16 wherein the metallization uses chemical vapor

deposition to attach the metal particles to the nanostructure.

22.  The method of claim 16 wherein the metallization uses a plasma

enhanced chemical vapor deposition to attach the metal particles to the nanostructure.

23. A method for synthesizing nanostructures comprising:

masking a substrate to form a pattern thereon;

coating a substrate material with a catalyst material using the masking pattern,

‘ and

exposing the catalyst material to a first precursor material at a temperature of
between 300 and 600°C to permit assembly of the precursor materials
into nanostructures on the catalyst surface in accordance with the
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maski ng a substrate to forma pattern thereon; coating

a substrate material wth a catalyst material using

t he masking pattern; and exposing the catal yst

material to a first precursor material at a

tenperature of between 300 and 600C to permt assenbly

of the precursor materials into nanostructures on the

cat al ystnasking aattermanct therelyrforma nanomat stiyglike gMprising a mat
pattern_and ther&by forma nanomat structure

conpr i s?ﬁ@ar}fsﬁﬂ? of nanosprings. 30 O
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