METHOD FOR MANUFACTURE AND COATI NG OF NANOSTRUCTURED COMPONENTS STATEMENT
REGARDI NG FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT The

i nvention was funded in part by the National Science Foundation under |daho
EPSCoR grant EPS0132626. The United States governnment has certain rights in
the invention. BACKGROUND OF THE I NVENTION Field of the Invention

The present invention is directed generally to nanotechnol ogy and, nore
particularly, to a type of surface nodification and nmethods for the

manufacture and coat i NOMETHIROR MANUFRG TURBARBICOATIRGCT I pti on of the
Rel ated Art di nensi onal nanostai ctures, including

nanot ubes, nanowi res, nanéWBUéNQ§ﬁ$UQ§HB%P(Hy§ ONENIS:t t r act ed
considerable attention in the past decade due to their potential
applications in fields such as biological and chem cal sensors,
opt oel ectroni c devices, and drug delivery carriers. In terns of realizing
nanot echnoSTAYEMENTIREGARMNGRERERAANOSROMNIGRED RESEARCH®R requirenment s

are the abbb&ﬁ_ ?&éﬁﬁt hesi ze | arge quantities of nanomaterials with

uni form pr Q t hrough a repeatabl e process. These requirenents
have been | argely adheawedtidrowasfundpdirt part btherdationakSdierxedroupdation f or
nanow r es. r, ane 1 d,f.or | t

publ i cat i oHP F‘%‘%ﬁ%ﬁ@ %’%‘?ngr%"t g%%@g{i%@%Ca qﬂ%ﬁa%%gg’%%@g‘r%gbo% Céé{ ag{?yl el d

of I ess thaghtd @thandleption.l ar yi el ds were reported for Si02 and SiC
nanosprings. Mllroy D, Zhang D and Kranov Y 2001 Appl. Phys. Lett. 79
1540. Zhang H, Wang C and Wang L, 2003 Nano Left. 3 577. Zhang D, Al khateeb
A, Han H, BRACKGROUNDOF VHEIINVENIIDS Nano Lett. 3 983. Consequently, the

devel opment., J npt echnol ogy based on nanosprings is currently not viable.
An addltlogﬁf——ﬁa@%&\%‘ﬁ%frontl ng nanosprings, as well as nanowires, is the
i nconpatibility of trhe pf@eﬁf intgntioh i¢ Hieectgthydresally tpmndssmmlwytamd;ment

sem conducég lculartly, % gttype o(%lsurcface mb&iCARN W Fethods 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. Lett. 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. 3983. 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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The majority of nanospring processes require growh tenperatures in excess
of 900C. Because nanosprings grow via a nodified vapor-liquid-solid (VLS
mechani sm which requires the use of a netal catalyst, the high synthesis
tenperature makes it difficult to confine the catalyst, (i.e., surface

m gration occurs). Wagner R and Ellis W1964 Appl. Phys. Lett. 489. Mllroy
D, Al khateeb A, Zhang D, Aston D, Marcy A and Norton M G 2004 J. Phys.:
Condens. Mihg efiajoritp oRddribspring processes reqfireeggrowthdemaeraiiresin excesf®frengs

have been nt hesi zed, .t hey have potential use.  in. | & ' hng from
cheni cal sEi9EAYSe 1350BPT] %"é{lv'arae'g‘gg'ﬁ%(&uY%ﬁS%dFsggamds )ﬁgé\%h%g%{‘%%%#ay be
tailored teedaeb tirpes éficmenticdislgstithedigt sytiesis teoperature naakes ipdt l9sed as
tenpl ates for_netal nanpparticles (NPs). One.o A t
dr awbacks SP“fth%ﬁ?taﬁ’égﬁrﬁ'tﬁlﬁécﬁggﬂaﬁ%' %?cgﬁt@érﬁ\%égo%ésﬁﬁ S5t %Q&p(?(liessi ng
time. For eppsplLet. 4be. MoHry@ AlktetietiA, dhang € wistaneD UMangy ByarcUterseMd?  al .
requires t bstr at terial, to ft in the reaction solution for 24
hours. A Eﬁﬁ%gkﬁ’yﬁ S%’n%ﬂs; ’@a.tteki hﬁ%ﬁl‘EY Sakampt o, T. Higuchi, N.
Sugi not o, S. | nagakiAfter Me nanowireser naHdRgringk havetbeen sghibasizad, theysmveThe
chem cal reduction process. used h oudj,.ahem | T L ' en hours
to prepar e Ppicatilpise iapplications ran QF@“ %m’%ﬂ'/g%‘aﬁ%fs tﬁ@é#'é@,sre%é%ﬁanbaj a
and M M Bgighahiés afd e&eisphiegeomay bé tdilessdloptir spedificrangibreashrapgingow Sur f ace
Area: Hydrogen Chem sorptJon d , TPD and. Catal9tic Propenid.es. Catal. Lett.
84, 115 (299@)03%3'1‘12%5’\3?@ éEmP@S‘%ﬁd‘P&ﬁ‘egi}/”% naé{lce?s g\fés 'still required
a procedur @reldrehedinosl prevdlentawisusks oftwarent ¥chniQueheethto produce medal N@sg and
J. Zhu. Coatjing of Carhon not ubes w th Tungst.en. ' or
Deposi ti onls th%l%mesf'as “’@o%anﬂﬂﬁ?‘anﬂg', t‘ﬁ"gf.pu?@%gfedﬁéw?{tﬁgmﬁéﬁoegﬁégﬂ\%ﬁ of netal
NPs to be eoRiskaatal. @quitds theGubsttdte tratdrial tpze lefidn thegeadtion sohdion &124pr oduce
NPs with small sizes and,a narr, art) al | Ze.Chi L: it & range of
substrate REYEr ?‘aﬁ @(_uoﬂa,q-l. AraK, Jwﬂ“ﬁéﬁ’éﬁ %Pg?'%?'i%' Iaﬂiagéﬁ'a%b?g@ﬁnggég' t hat
there is alrﬁggnii&wpekiﬁkamedo@m. Makérabhem! 65 [T62.qTee chemicatiedticionrperss
nanow res an aposprjings,as well as, a reliaghl a -ng-tective
t echni que Mggd Ygﬂﬁ plp@'ﬂﬁéggreqqgﬁ%ﬁléﬁepp@pgrssagfﬁ%ﬂazgg%ﬁ?s-i ﬁglé tl.ongpéévi des
this, and et hgsnteebrainiVRdEsrcqsDWGhinibada dad d.Mbdbttahat Heicke) Napapartclget ai | ed
descri ption and, accogpanyj n i gqures. BRI EF L) ERAL
VI EW6 OF TﬁEPM‘N aéf'g‘%\’éu aqef@a??&%ﬁg%é%%&@#n%gmscépﬁg ( SEM
i mage of aozedlytRiPropétiesinCal. dbeth WIS (202) Even the PVD process reported by

Zhang et al. still required a procedure time of almost one hour. Zhang Y., Q. Zhang, Y.

Li, N. Wang and J. Zhu. Coating of Carbon Nanotubes with Tungsten by Physical

Vapor Deposition. Solid State Commun. 115, 51 (2000) For the production of metal

NPs to be economical a rapid growth technique must be used that can produce NPs

with small sizes and a narrow particle size distribution on a range of substrate

materials.
Therefore, it can be appreciated that there is a significant need for reliable

techniques for manufacturing nanowires and nanosprings as well as a reliable, speedy,
and cost-effective technique for producing metal nanoparticles. The present invention
provides this, and other advantages as will be described in the following detailed

- description and accompanying figures.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)
Figure 1 is a scanning electron microscope (SEM) image of a mat of

silicon oxide nanosprings.



Figure 2 are SEMimges of silica nanosprings using different deposition
tenperature (a) 300C (b) 650C, (c) 1000C, and (d) an expanded i mge of
panel (c). Figure 3 illustrates X-ray photoel ectron
spectroscopy of a silica nanospring nat. Figure 4 illustrates
vi sual appearances of an as-grown nanospring mats on Si wafer at (a) a
glancing angle relative to the surface normal the supporting Si substrate
and (b) al ong the sFifuee ave/SEM images of silica nandspyngseusing differegt dgpesition

0. o o b5 ) 5P s rdbo SPREEP ) S RER Rofer el o
reference. FigurEi3giuistratesi %-ra phioldelentrga spéctedscopyaofreasilicepr i ngs gr own

with a 30 nm Au catalyst |layer. The bright spots are the Au catal yst at the
tips of thB2RGFRIELHMHGs. The inset is a magnification of the Au catal yst.

tFi gu;I _eff7 ar et b[i ght -Ffi'lfréfil iﬁds@r@ﬁd%i\ﬁﬁiaqémﬁam( Qofar':nj as-gmmmwr(o‘ﬁﬁmg ma’@gels of
wo different_, es si |l i ca nanospr, ngs;, (a)..an .i ona
types of n&ﬁ&ﬂé?ﬁf@?@&@?%q"i‘gﬁnﬂ? f@“&’?ﬂ&f“@ 8%?'&?216%55%§R%§) lare
_n?lnospri nggufr,lgfdg@dna (@E’dﬁglt.ﬁé Blfadeaithinal. €S. _ Figure 8

and (d) 1 Fgure 7 Houe % aGan lhgyids Dot SRy Fradad bpteRBlt U o) ca
growt h of gidwrean N8NsTs B BOTNMAL Bataiyst lagey. Mgrspkitnah iod 8idAfimlis iplluded as
magni fi cation, Figure 10 illustrates X-ray photoel ectron

spect r oscofye®88™®as a function of hydrogen adsorption of the silicon 2p
and 2s at room t enpeFi@irtBes arSEMimageoftstitaeraadsprings gioNg with a 30 nm Au

Synthosi s GRashBuP: e ol Ats A e Alpetiv A Fhapa T METERRP T, Ihe®
inset is a magnification of the Au catalyst.

Figure 7 are bright-field transmission electron microscope (TEM) images
of two different types of silica nanosprings: (a) and (b) are conventional types of
nanosprings consisting of a single nanowire, (c) and (d) are nanosprings formed from
multiple nanowires.

Figure 8 illustrates high magnification TEM images of nanosprings from
panels (¢) and (d) in Figure 7. " o

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 SiO2 NW,
(inset) diffraction pattern; (c) on a 35 nm SiOz NW; (d) histogram showing patrticle size
distribution for Pt NPs.



Figure 12 are TEMimages of Ni NPs: (a) on a 100 nm Si02 NW (inset) HRTEM
i mge of Ni NP showing {111} lattice planes; (b) on a70 nm Si 02 NW (inset)
diffraction pattern; (c) on 20-40 nm Si 02 NW (d) histogram show ng
particle size distribution for N NPs. Figure 13 illustrates
TEM i mages of Pt NPs: (a) on a 40 nm Si 02 NW (inset) HRTEMimage of Pt NP
showi ng {111} lattice planes; (b) on a 70 nm S102 NW (inset) diffraction
3?; Erelrgu ti(g)n ]g)n a Pfﬁi Pfeﬂmastms TEM iﬁégé@gfﬂmrNﬂso(a) oy apBdrm Si; NV e
or. . NPs. i Lgure 14 il lustr M i f
A NPs: - (gesh ditsgiawaaen: (AR 1 192em S8 NV o SRRt BN on s 100
gpqeglsgrzel\g\{]d( ;3) on Ef(g&ﬂa %ﬂllﬁétf%eé\m‘esgure.and temperakiirg effect i NP sizst (ehNEs
\d tenperature e .on Si ze; NP di ;
TR &, e Beesier b ALl ! e Al o SR g S &
i Ia z |e|s| 32 f' r g\{éﬁéﬂs%rgélé Qizebane s?ﬂﬁl’ ¥rrbobars bpplgtaalb datatpsints. ~ Figure
es i m o) u - (a) 8 et ' :
exhi biting mul tipl ew@ﬂgﬁ’s?ﬁ'“ﬁﬁ‘iﬁﬁ HgE')‘EM #&%ﬁ ogmHﬂ%vﬁaasém@?[?&e%‘%ﬁgﬁl?cl e;
g gzlefalnmNCésbmps raﬁri]mdmple ongsitdl d?h%ﬁf§,5ﬁn$e¢ﬁ2)hﬁﬁdng{létw¢tdl particlep(bpBames; (c)
Ing 1n size from5-9 n ' tipl |
The backgr@heat geiopyuth ql%arlﬁ'rrﬁﬁq‘}?ﬁjeﬁéaﬁﬁ@ﬁgﬁ?g‘%ﬁﬁi ??I\)I%Fﬁﬁ NFSEhgho ﬂPg@‘%“—'lr];ur e
17 i1l ust r péRS-G HinfshBvingahtiagie chyshdl detaies Tk backgrannpeoritiast issroootieed GaN

nanow res in vacuum and exposure to Ar, N2 and net hane. Fi gure
18 il lust rargen é”@@ﬂ?%ﬁ"ﬁ'age of 8102 NW produced by the flow furnace )
t echni que. Figurd{ DiluStratSs tlirrert voltdges(l-¥) Glives obiye narfopBitikes

nanosprings produced by, t '
P gcant)ed gaN nanov\\/rireshi% Jalczgt\J/Vm fa% r}a%gsérg ?cb R'r (Njgea'nd methane.
Figure 18 illustrates a SEM image of SiO, NWs produced by the flow
furnace technique.

Figure 19 illustrates a SEM image of SiO; nanosprings produced by the

flow furnace technique.

DETAILED DESCRIPTION OF THE INVENTION
" A riew 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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DETAI LED DESCRI PTI ON OF THE | NVENTI ON A new nanostruct ured
surface coatin-g and nethods for production thereof are described herein. A
new chem cal vapor deposition (CVD) nethod for synthesizing nanostructures
onto a variety of substrates using a flow furnace technique is described
herein. The synthesis tenperature can be as |ow as 300C, which is
conpatible with current integrated circuit technology, and provides for a
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The nanosprings are attached to the substrate and thus do not require a

bi nder. As will be described in greater detail bel ow, the nanostructures
and nanostructure mats may undergo a further process to be coated with
netallic, nmetal alloy or magnetic nanoparticl es. The nanospring
mat exhi bits excellent step coverage. That is, the nanospring mat can be
deposited on a non-planar surface and wl|l readlly follow the surface
contours. frgstrectire reata mayeuntergp @further precescioducegsted withnefaligge a nat

of silicon X|de n seen in Figure 1, the nanospring mat
foll ows th@ ¥L?”‘?§ge@éﬁ%'*c? g?ﬁdo "the substrate. Any substrate

material that is caPhéhanaspring e exhibitsexcetientistiaroeaverageuridabisolie
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contiguous field is erein nano?t ructured mar).
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growth of nanostructures on the surface of the substrate. Since the growth is’

substantially uniform about the surface, a mat, or contiguous fi field of nanostructures is

formed (this contiguous field is referred to herein as a “nanostructured mat’). This

process also allows for another level of control in that the thickness of the catalytic

coating may be varied between 5 and 200 nm. The thickness of the catalytic thin film

will modulate the properties (e.g., nanospring/nanowire density, thickness) of the

resulting nanostructure mat.
As noted above, a number of potential techniques for surface

pretreatment (thin film deposition) are available to one skilled_in the art, including but
not limited to, plating, chemical vapor deposition, plasma enhanced chemical vapor
deposition, thermal evaporation, molecular beam epitaxy, electron beam evaporation,



pul sed. | aser deposition, sputtering and reactive sputtering and vari ous
conbi nati ons thereof. An additional particular advantage of
utilizing a thin filmof catalyst is that this nethod allows for masking or
patterning of the substrate material prior to deposition of the catalytic
thin film This facilitates a patterning of the surface with a
nanostructured mat. The nanostructurers will only grow where the catalyst
has been dapes hgsh depasiiomepuneringearsiabaetivedpbijersw arst Variols conligalions t he
substrate with_a renovable material or substance that can be renoved prior
or subseqd@ﬁﬁe@o nanostructure synthesis. The surfaces may be patterned
through a nodi fi cat pamdaRibeaipagiculap hdvantagenofadilizing adhihdin obsatallet is thet ace

properties that prevent deposjtion of the ta | =2 PN

D1 event | nghisdneieb? alows r R of RRFRPRA 6 9ioStia REfbl b o qhglosibn
nanost r uct 4R cHMIytiEBIN Alhs OTHE fatlieReph patierdinghuf thegsurfacewdigraaphi ¢ met hods
appl i ed subsequent to synthesis of the nost r M1 C

i npl ement atanesiustHEedmaki Wgstgéptqrg%\@ﬁg n@%@&%&ﬁéjth{%&%ﬁ%ggg ta ?E%%rfjr e
growth.  geposited. MaSkif@miahDesehioned bpseletivebt covrtingitie substattivithaleposi ti on

have been conpl eted the nanostructure nrecur '  nt roduced,
in a gaseo‘”@@%}f‘?’éplﬁ]m‘ﬁ@"@'ﬁéSH‘&%@'?queaﬁ‘gtGﬁ? eg@ﬁ@ig‘g pﬁ?écﬁ{léruggé%l%@?ﬁ use iﬁt o the

Liqui d thi gaddstribtartsypireisd THelsufasés may bepattamied throsgh aaddigatipn hi n t he
catalytic thin filmnanostructur

e wt h _begi ns, .. .

t radi t i onalchemjsekpbatosheiral Qrathe) gétﬂ_etsg%g?qpﬁ?ggs et grer\]/ggteqsesdg?gzllo? o
genfar at et atplgléggaep}iﬂaﬁﬁlatg?@pﬁhefywﬁﬁw@%iﬁ? nafsstrpcicigowtis. Akernativelypr ese_ntt
i npl ement ation, ‘nol ecul ar or el enental precu . r st as a
gas or | oveasterninggf ﬁS‘GiW°§FH{“é‘1’rF§I"Eat§?aé’ 43?9 l'I?e? éécg)ﬁp'&ép%i trhg@} Lﬁﬁ t@‘{%ae&éénl y
terrpFr at u[) Pefiab 'ébﬁlfédt’éiﬁ)_ gé@j@ﬁd ® iymtﬁés& dfehpranstructuead mat. dmspasiict hin film
catal yst becones a liquid, and t t enper gt i
precur sor 'ﬂ'&&%’ﬁ%gf&“sﬂﬁ? B'Iqs?‘lgg E’Eﬁ@?? 'Eeﬁg(ﬁ’fagé gﬁeﬁéﬂw-r&tﬁo&rﬁ%r@%ﬁ&rhe
i ntroduction of thewcethy Sefacaretreaintentand tic fim depaséigndayve bgen i n

arallel, or may only inyolve one prec UA | (PR VAR s | | r
P it%? %%Yruatr%e PW&U%BF Q%Feiﬁfs S re (ﬂ'qbtdlueé]@ ll"l & gtaﬁgd)l}gfbﬁﬁ, 18

concent r at fAAPIG eXPOSUre to I nt roduced
Precur sor (rRtRatAlIS THayabeous protureststdiffusedntd dtesliquicbthin tipeand enpe@crgical

var o1 onbeioenesin st B B H i L g ot B ot 2
description of sonepghdiidiatimplemenrtatiotsthehigh tampeatares feale DREIFRATY to. —_—
s Sarereh ayetagg e RSB T PRy I WU atedlo of
linmited tomSicalar S Slekdhtal pSicGisérs that naturally exist as a gas or low boiling point
materials are utilized. As a result, the only temperature restrictions relate to the
temperature at which the thin film catalyst becomes a liquid, and the temperature at
which a molecular precursor decomposes into its constituent components.
The introduction of the precursor materials may occur in sequence or in
parallel, or may only involve one precursor. Additionally, dilution or concentration
variations, and the duration of exposure to the introduced precursor materials can be
utilized to modulate the properties (e.g., thickness) of the resultant nanostructured mat.
Many potential variations for the introduction of the precursor(s) exist, a

brief description of some potential implementations are provided below.

implementation 1. '
This implementation comprises the heating of a gaseous or low boiling

point molecular (examples include, but are not limited to SiHs, SiH(CHa)s, SiCly,
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Si (CH3)4, CGeH4, GeCl 4, SbH3, Al (R) 3 (R= hydrocarbon)) or elenental (e.g.,
C Si, Ga, Hg, Rb, GCs, 13, A, Zr, In) nanostructure precursor in a chanber
containing a pre-treated substrate material to a tenperature sufficient to
generate a sustai ned vapor pressure of the nanostructure precursor el enent
and holding the tenperature rel atively constant throughout the
nanostructure grow h process. Inplenentation 2. Thi s

i mpl ement &ijoMH).¢ Gepls, IG&I4,t8t&i3hAwIR)arﬁB—@ﬁ/dwcanh10n)j og elemantall(e.ga ko S8t ur e

br ottt et B Pt WP nanbihuolh? BICERy T BT (PR FpR 0atBd

sust ai ned svbgtrite maeawtcm winpelm:memmixnemm germrgte@msmeobvm REesawe 9ol di ng
the t t £ t
e e Sl Neb Y SEBha Ao ol pva iy Bt

static pr@ﬁ@ugmuttﬂw]m@miur@mMrmesse precursor in a gaseous nol ecul ar
(e.g., C&, CO NO NX) or elenental form(e.g., 02, N2, 012)

I mpl ement ation 3. Thi s inpl enent ati on conprises the heating of
a solid ellmmﬁie&katfaﬂrzostructure precursor (e.g., C S, G, B, A, Zr, In)

I n a chanber contaigi.n -pr At I jtenperature
sufficient to generﬂl %%qu'ﬁg'iﬁ %P%gﬁ%é%%ﬁ?? %Blﬁéleh{aérqgast ructure
FLGCUV EOY tn@t't&mr&,turel(\flgh@lt &, m,@hﬁ tferip)apm’cmser inel chtanvaslr gontaingidem pre-
roughou e, nanostr ur (o) ro
Thi o ol dlRCAPEA e it S diatibetalls AT Gen OB R 4 budingd s
subst [ at etpi‘@safd &Flthé ﬂar&os‘(trﬁﬁmﬁ ﬁﬂeumeooélem‘eni arasholdiog the tempsratune rg aﬁ‘mlllémilAfar
nanostructure prec rs [ xanpl e
Si H( OHB) 3 CORFtghUM GO eral g e it o ophind 2
OanbCO dlﬁﬁih Wchdﬁiﬂer?&a sfatid préssuie) theoskovad nahosiugtura PQ?SWS‘OTWt odt he
chanber durin a eaglie
pr edet er nid9Ae é‘ﬂ%@?‘j?rudeegg ; 8@% ﬁﬁ“‘ﬁ@q%’%(}%‘é"qn%%%s?{mg @Sz, 'ﬁlze' girj Sor
Goria GocLe. Soth A (RS (IR- hydrocarbony . 002 HES*B)N% ﬁb%“’mf’f o2 "
, ydr ocar bon

Cl2) is fmgu the chanber while the tenperature is held constant.
'Cli'he resul ti n]g nanolsth‘slmﬁplémdwtaﬂrltmomﬂ)rsemlye heatingrof Rsolidslgniantal throu]gh Lhe

eposition of netal or a o _of the
nanost r uct@nedru %pﬁ%ﬁ%sﬁé??%k @E‘% go%‘??’t ?\ae nano%??ﬂ%ﬁﬁgggﬁge
metal lic: \@,}e‘gfedsgubgﬂrae@matemﬁlm pltemperpiese obfficenttb generateea austaqnpéyaew magnet ic
nanoparticl es

th ke, of | |
e of er r iEsvre i tos oG pBRERLoBRRRL s Giidiny e RiperRIRABRIE !
limted t@ohdtantihrdugholtahe Bamsphelslre)grom;)mss@fl bed

Implementation 4.
This implementation comprises the heating of a chamber containing a

substrate material to a temperature of at least 100 °C, wherein a molecular
nanostructure precursor (examples include, but are not limited to SiHy, SiH(CH3)s,
SiCls, Si(CHa)s, GeHy, GeCly, SbHs, Al(R)s (R= hydrocarbon), COa, CO, NO, NO3, N,
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 SiH4, SiH(CHa)s,
SiCls, Si(CHs)4, GeHa, GeCly, SbHa, Al(R)s (R= hydrocarbon), COz, CO, NO, NO3, N,
O,, Cl) 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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her ei n. The NPs may be deposited through any nunber of neans,

i ncluding but not limted to chem cal synthesis in solution (reduction of
aqueous precursor), chem cal vapor deposition and | aser ablation. These NPs
may be further nodified by attachnent of active chem cal or biol ogical
conpounds exanples of the netallization process are described in greater
detail bel ow Nanostructures nmaterials provide high surface

ﬁr Sa subs tr’{a@b@ﬁuctﬂirbat Th@man@abtthﬂaahg@taihe ?ppdt)étmtnjrqa imay beameiatig wWithom
rogen stora nanos :

e%hanged F%‘Pﬁ%ﬁ’lg?@g'@B%%p?Sng eialﬁ,aq]gg E%u?rén%%heﬁgg%\# %?J'ﬁ{é’{ fgorﬂéﬁgélgé‘w th

?R env![ r?%ﬁ?@dﬁéﬁcé%ﬁ?ﬁ&ﬁb@s%}ﬁﬂbbnﬂﬁé aﬂiU{:&a&}ermd toherdin as neleo;@rtué@mendl ng
e nmetal particles wi mol.ecul a i 0 or

RNA. SquerBs) amenareardnERion Rept Uhird Sibp paliodir EEthapE I g ReRatll T |

i n both fQ{éaé,ﬁnd function provided by the materials and nmethods descri bed

h f litat t t utilj.zati ' |t :

ol ementat one. - BxBANEP praidEeeetsBRoR Aoy QuRRY ofiEals Biflans War ogen

(ﬁr anyI ;)tdb](grmlﬁéuam]mhal lca‘igwlitﬁwgs |n(?ﬂtﬂiow(iedupﬁolmuﬁwueg.l§(lﬁazwml i eheprical

cheni ca uel cells S es a r

sensi ng ( S@RPCIFRISHIORAN rﬁ?ﬁ a%%r'@%%s %W%P‘%f‘@ﬁ‘?ﬁ*&%‘%ﬁﬁr@%ﬁ@ﬁ? h‘f

noni t or i Ngf a@ﬁk%ccﬁfemwl oB biafogRiatconiguntis examplds of thermetallization process are

m cr oel ectronechani ¢ Ed\éﬁ%/{ egew ces. A nanostructure gas
sensor corfSEFiesy ngéeqi',%( beloW.-ucture; netal or netal alloy particles
attached to the nanQamdstratiutesimaterialspralidephigh sefface drea sustiates, thetdave ze and
particle distributio

nananat struc ture
el ectrical® Q’Bﬁ@&?ﬁg? EBP'Q@BUQI r9n@6ghp ?@ﬁ‘gﬁr‘g# pé#é %'ér(oes?’["gg perm t
cﬂanges ' ﬂnét?{d@ﬂi@alo(é g:,tﬁuﬁaaé ehlﬁm%@ﬂtanm&*eqﬁortsbérom anahostsuctifre coafedct s i n
the presen

nsor nate ial is.co es on a
baN nanost"Y'U"b@a‘? @pgended iR ah envg&omﬁq}g ¥ SEPOIRVES %ﬁl rﬁﬁlegélﬁégorrg%%%%l sing: a
nanomat st é@%p&féﬁdln@&hélméwl paticids veitH raylepalat fecbgritiart ¢lavients sushtasa BMAomat
structure; ecul ar recaogni t.i,on t he
Tetal  par tor BN SSUUR0RE G 0R APE O ST TPL BRI SR e o IFE vBRURY P Bhtn,
det ect abl goghar@rinetsrprdvided by the materidlsremdaséthods dessrlhed ben&iraflacd;@mﬁ)r
conpri si nanona ructure: al_,or ched to
t he nanor’rgla"9§tf‘{?§‘{rﬁ hza,tqep Iomeay a&@&%w@%ﬁ%ﬁg %#éq%( &?léﬁgq’}é & "ﬁ‘
sur f ace-ofpyt B ﬁmmmnte@w thiyelogen (ddemy othgyahemital)starage, roatabsgm proesssingr get and
det ect abl € change oc age
devi ce corfppzyaang.or ﬁhgﬂﬁl) rURsels: &gparf%eﬁﬁc{?%%gaﬁée;ba%@hg,%ﬁ
directly isahsihgdeniitdritiuctor ndhésiruotunes)f opticalsensing, environmental mqmﬁarm ructure
catal ytic converter a,.Si rticles
att ached 9o09TE oh SFRSNE Tot P aterBucth REMI e FlpcartiaH dSvices | C
particle size and panbhedtictirg gasisatsor bompisingra nammaantsuqur%mataitqur e to
Pr ovi de bongtlalnaqw)s/ Ip%ﬁlclefs%rttagﬁetdatloﬁé ﬁénomat structure, metal particles having particle
size and particle distribution on the nanomat structure; and a plurality of electrical
contacts operatively coupled to the nanomat structure to permit changes in voltage or
current between ones of the plurality of contacts in the presence of a gas. The sensor
material is composed of Au particles on a GaN nanostructure.
A nanostructure optical sensor comprising: a nanomat structure; metal or
metal alloy particles attached to the nanomat structure; molecular recognition elements
appended to the surface of the metal particles. Upon exposure to the recognition target
and optically detectable change occurs.
A nanostructure molecular sensor comprising: a nanomat structure; metal

or metal alloy particles attached to the nanomat structure; molecular recognition

9



A nanostructure catalytic converter conprising: a nanostructure; and netal
particles attached to the nanomat structure wherein the netal pérticle cats
to catalytically convert a target nolecule. A nanostructure
catal ytic converter conprising: nanostructure; and netal particles attached
to the nanomat structure; and a nol ecul ar or enzymatic catal yst appended to
the surface of the netal particle. Specific inplenentations are
provi ded hag@bnts appehdadsb tiad $10fase afitheanetahuarticles. edperuexposttertpthe he scope of

the invention as various difications w becone apparent to one skill
in the ar tr_ec%fﬂ;nlt@rgf?ar&%ﬂ%tggtghlgtcmggeg?%% 1A Surfacr:)g Pre- Tr eat m::n;5 Hed
tTEg ;:ﬁlt alkyst i's golﬂi{)gﬁbﬁotrmndehﬁdrsgentter@d denice comprisingpBiOsubstrate in
ckness range - The sputter,i [ at ed at
pressure &ar@étryﬁ-f&errpataﬁlae F@éo&ﬁp melsUps P%ﬁaﬁygﬁg{qagwgﬂl‘ogﬁ@ nm min. During
gSB?SI ti otrhala,ogg%ram,gg_t 02 flowrate is maintained. The synthesis tine is
oxl mat el'y m putes.. I n order.to N .
capabilities the s é‘?P%ﬁtE"‘\%ﬁ C%@@k‘é&o%%ﬁg?gé%&isﬁﬁ '? 2‘?'?683%&‘?%&?&? nd
;gt ?Lxr/ﬁts lNiPﬂg?r’_tia@eattmthe@hoMnmmemuqmneometwh@adbtasih@gingmemée%. The
were |lines roxi mat el v, 500 | ] - ' ;
(1 mpl ementRAIRSis anggg”'Cfé size fﬁﬁfﬁg*i@;\?ﬁtﬁ‘ﬁﬁ"\%ﬁ&é%‘%é? e g??)g\/\gl%ivﬁég%?lg\%
furnace whateg fér caedlyaid.c boat hol ds pellets of Ga. The furnace is raised to

a tenperature betwe rll'naggs %c?urllg c%“t%rtirgg bor%’érrttepgor)ﬁﬁl“lé?ﬁd?% AdhBstPycireane Ppur ged

wi th nitrogen gas.
metal particles attached to the nanomat structure wherein the metal particle cats to

catalytically convert a target molecule.
A nanostructure catalytic converter comprising: nanostructure; and metal
particles attached to the nanomat structure, and a molecular or enzymatic catalyst

appended to the surface 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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Upon reaching tenperature the nitrogen gas is shut down and ammonia is the
I ntroduced into the flow furnace. The flowrate is varied from1l- 100
standard liters per mnute (slm. Fromthis point on tw approaches can be
used. The first is that the systemis naintained at this tenperature and
flow for 15-60 m nutes. The second approach is to close of gas flow and
exhaust (i.e., seal the furnace) with a static pressure, approxinmately

at mospheric or hi ghgpen Rfachifg®erhperbinre the-ritfogenigak ésshut dowo iahd @aweania fSor

cool down the amonja i urned off_angd nitro | 5 ntil

r oom t enpdh@intiosuged ‘F‘@a@ﬁ @ﬂwr}@fﬁaﬂfa nmepﬁj(?"}’l S’tt?j'sg%t%ﬁg ?r?rrﬁpf A trge@%ﬁagdr’\\m%su

The subst g enihste REIRP.AFRAN Hiid Poiftorrinetdppgoachescarobe useyl. t hecialds that e be
15nm or higher. The substrate nust be ab t [ ' ure hi gher
Uhan 350G sysieen iumaaiaingg = fis teraeeeti Srifoulfy iFs0ithied, FTREc S
processi ng iPlAG6sd 5rYas FoRGdexhasd G, e. ssedl thedtmace)withea steie. Duri ng
warmup a 1-100 sImflow of trinethyl,Silane is int | i | ow
furnace f dWeIWIre,APBIXENRIEYEAIMERPNAH S B@hﬁ'ha??'hi}?h[é J?ﬁgﬁggﬁlb&%%@ i gi‘el y
after the dgbaBbhodol Sbva R drhmvhiads tunietbelf aid nirogen gas/igdhen fiowaddidl t hr ough
the furnace at a rate of 1-100 sIm The systemis nmaintained at tenperature
and oxygerOPMJRMPRIRANTe 1S ¥83C8RF- i nut es. The synt hesi s apparatus consists of
a standard tubul ar §| Qundspring Gowinaimplempntatibred) at at nospheric pressure.

The general principlet of this furnace.are kn ' : &xppp! e of
a sui tabl e appar at uhg §Uilﬁtr§&'§§é%?air it Q‘Flco?tﬁ‘gg/tﬁér%%ﬁ@{%ﬁgﬁ%t eeb A
Zhang D, Aﬁjf@moﬂnigﬁ&r TheAuBStEatdlatuisbbe hbli6 1@ Akihtain a tBmperaturedighenthanvat t er .
16 R415. The

silica nan@g)ﬁ&? rrng gl,éq%geggo @Tb%%;tgﬁ%glgggf in@%@@&ﬁrﬁé&&@f@?ﬁﬁ@?ﬁ%ooc for
place from 350°C to 1050°C, and higher if desired. During warm up a 1-100 sim flow of
trimethy! Silane is introduced into the flow furnace for 10 seconds to three minutes and
then turned off. Immediately after the trimethyl-Silane flow is turned off pure oxygen is
flowed through the fumace at a rate of 1-100 sim. The system is maintained at

temperature and oxygen flow from 15 to 60 minutes.
The synthesis apparatus consists of a standard tubular flow furnace that

is operafed at atmospheric pressure. The general principles of this furnace are known
in the art. An example of a suitable apparatus is discussed in detail in Mcllroy D, -
Alkhateeb A, Zhang D, Aston D, Marcy A and Norton M G 2004 J. Phys.: Condens.
Matter. 16 R415. The furnace is operated in the temperature range of 100-1000°C for

silica nanospring synthesis.

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 nanospring mats were characterized by scanning el ectron m croscopy
(SEM using an AMRAY 1830 field em ssion scanning el ectron m croscope
(FESEM at 15 kV and individual nanosprings by transm ssion el ectron
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Exam nation of the size of the Au catalyst at the tips of the nanosprings

i ndi cates that the average Au nanoparticle size decreases with decreasing
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Figure 7(c). Di splayed in Figure 8 are magnified i mages of
Figures 7(c) and 7(d), which illustrates the different degrees of coherence
bet ween the nanowires form ng the nanosprings. The nanospring shown in
Figure 8(a) is an exanple of what will be referred to as a coherent

mul ti-nanow re nanospring. The nanowires in this nanospring maintain a high
degree of coherence, where the nanow res track one another as opposed to
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Diagrams 4 2. The multi-nanowire nanosprings are considerably larger in diameter and
pitch than nanosprings formed from a single nanowire. However, the diameters of the
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consistent with earlier reports of nanospring formation Mcliroy D, Zhang D and Kranov
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catal yst thickness. The information gleaned fromthese studies will help to
define the geonetric specifications of devices that can be constructed with

mats of nanosprings, which in turn, will provide a measure of the potential
i npact of this process on emergi ng nanotechnol ogy. Exanple 4 Hydrogen
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consequence of this competition, some nanowires will have higher growth rates relative
to other nanowires within the nanospring. The differences in growth rates between the
nanowires of the nanospring produce torques on the catalyst which in turn produces the
helical trajectory. Furthermore, the competition may not always produce coherent
interactions that produce well formed multi-nanowire nanosprings of the type in

Figure 7(c).

Displayed in Figure 8 are magnified images of Figures 7(c) and 7(d),
which illustrates the different degrees of coherence between the nanowires forming the
nanosprings. The nanospring shown in Figure 8(a) is an example of what will be
referred to as a coherent multi-nanowire nanospring. The nanowires in this nanospring
maintain a high degree of coherence, where the nanowires track one another as
opposed to intertwining. The ratio of nanospring diameter to pitch is 1.34. From
examination of the nanospring in Figure 8(b) it can be seen the nanowires are
intertwined semi-coherently and it is postulated that the lack of well defined coherence
results in a smaller ratio of the nanospring diameter to pitch relative to coherent
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Nanoparticle Gold Catalysis. Science 306, 234 (2004). A possible solution
to the limtations presented by existing catalyst naterials is the use of
Au-based catalysts. Inits bulk formgold is very unreactive. However, when
the dianeter of gold particles is <10.0 nmthe activity and selectivity
become very structurally sensitive, making Au nanopartides (NPs) useful in
many catalytic reactions. Haruta, M Size- and support-dependency in. the
Cﬁ.t al yS|h s ma‘nog?ini;s. Eat tile. nafodpijng i8Eigure 8(k) 1tbisaptio is 0.70. tis suspegtediiat Bren
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Example 3

Surface patterning

Displayed in Figure 9 are SEM images of patterning of nanospring mats.
Figure 9(a) is of an approximately 500 pm wide line of a mat of nanosprings, Other
than the placement of the Au catalyst (60 nm) using a shadow mask, no additional
steps were required prior to insertion of the patterned substrate into the flow furnace.
The rough edges reflect the edge of the adhesive tape used as the shadow mask. The
deposition is confined to the area seeded with Au. A magnified SEM image of the edge
of the nanospring mat is displayed in Figure 9(b). The root mean square (rms)
roughness of the edge is on the order of 15 pm, which is likely a combination of the rms
roughness of the tape and the bleeding of the pattern due to the lateral growth of
nanosprings. This initial test has demonstrated that the simplest lithography techniques
can be utilized to pattern nanosprings mats. Because of the low processing
temperatures that can be achieved with this process (~300°C), minimal bleeding of the
catalyst will occur, thereby allowing for greater control for select area growth. The next
phase of lithography experiments will utilize formal lithography masks for catalyst
patterning in order to determine the smallest feature sizes obtainable as a function of
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Sonochenm cal 5 Pol et at 2003 El ectrodl ess

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 oxidation 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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plating 3-4 Ma et al 2005 lon inplantation 5-10 CGuczi et al 2003 Direct
anodi ¢ exchange 1-20

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 (1 997).

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 Oz 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 RW.
Murray. Alkanethiolate gold cluster molecules with core diameters from 1.5 to 5.2 nm:
Core and monolayer properties as a function of core size. Langmuir 14, 17 (1998).
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).

Particle
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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| vanova et at 2004 Aerosol 20 Magnusson et al 1999 CVD 2-7 Ckunura et at

1998 Table 1. Summary of Various Techni ques Used to Produce Gold NPs

As wi |l be described below, the netallization techniques described herein

provides relatively uniformdistribution of metal particles on the

nanostructure and allows for the control of particle diameter.

Metal l'i zation of nanostructures involves the formng of metal nanoparticles

on the surface on nanowi[res. Al t hougHT t heSchimpfiet @l2008y be synt hesi zed by

t he techni ques descri beg¢—abeve; t.’".s"g‘;S ski-H-et—ia-t artiw | | appreciate

that the netallization pr%«f:{c%'a(;escg‘l bed hﬁ%ﬁ%ﬁ%e applicable to any

nanostructure, whether ¢r ‘not synthagi zed Wanyletat €398ni ques descri bed

herein. For exanple, Si ¢ Negemblye produced by pl asna- anced chem cal

\I\//glolor dep33| tG:aon (PEcCi:VP by techni qirds QHféﬁM?Zr\&“'lgrfgﬂaéﬁgb Zhang, D., D.N.
roy, Y. Geng, an M ND); oWl N ' eri zation of

Car bi de Nanow res. J. I\/&%aé‘roa@%@%ﬁgtgars 188*‘9%4%[&?%%\ Mel | royo DBﬁlronD

Zhang, R M Cohen, J. Wh&idotodless S I

. 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). Mcliroy, 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 SiOzand 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 SiO2
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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Geng, MG Norton, G De Stasio, B. Glbert, L. Perfetti, J.H Strdff, B.
Broocks, and J.L. MHale. Electronic and dynam c studies of boron carbi de
nanow res. Phys. Rev. 860, 4874 (1999). The SIC NW were grown on a Si

substrate and have dianeters ranging in size from40-140 nm The Si 02 and
GaN NW substrates were produced by a flow furnace techni que using a known
apparatus. Zhang, HF., GM Wng, E G Buck, and L-S. \Wang. Synthesis
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Gold; dimethyl(acetylacetonate)gold (Ill)
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 attached to Si0; 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
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14(a), on a wire 130 nmin dianeter, were a substrate tenperature of 573 K
with a total chanber pressure of 17 Pa. The average NP size for this
deposit was determned to be 5 nm with a standard deviation of 1 nm The
NPs shown in Figure 14(b) are 7 nmin diameter with a standard devi ati on of
2 nm These NPs were produced at 723 K and 42 Pa on a NW approxi mately 100
nmin dianmeter. Figure 14(c) shows a NWof 80 nmin dianmeter, deposition
condi t i ons{4g},nBYRirk1amdmliid dizmeter; wera & agbstratextepperatyiecof §73 KHfithg nm wi t h
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0.10, 0.25 and 0.60, respectively.
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Prelimnary studies of Au nanoparticle coated GaN nanow res as gas sensors
have been conducted. The gas sensor consisted of a sinple four contact
design that allowed for current neasurenments to be conducted i ndependent of
t he applied voltage. The sensor response was neasured relative to vacuum
Di splayed in Figure 17 are the |-V curves for the nanowi re sensor in
vacuum Ar, N2 and nethane. No change in the |-V curve is observed for Ar,
a nobl e gas that shdhkdnetaltcopteshanewires eapbainsmediinte RaHeRHSEAERSt hat any
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High H, uptake by alkali-doped carbon nanotubes under ambient pressure and

moderate temperatures. Science 285, 91 (1999).

Boron oxide has also been proposed. The problem with boron oxide is that it reacts

with water, which changes the surfaceJhi, S-H., and Y-K. Kwon. Glassy materials as a

hydrogen storage medium: Density functional calculations, Phys. Rev. B. 71, 035408
(2005)
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The present disclosure denonstrates an econom cal, versatile technique with
an effective 100% vyield of nanosprings. This technique can be used to grow
8102 nanosprings on virtually any surface or geonetry provided the
substrate can withstand the process tenperature. The ability to
grow high yield nanospring sanpl es makes this process viable for
commercialization and easy integration intg designs such as catalytic

converters or hydr od8f SiPoppaguires pEdsRe o theiipw Banagsdeehnigie MaY pi at es t hat
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clainms. CLAIM 1. A device conprising: a substrate having a
substrate surface; and a nanostructured nmat coating the substrate surface
of the substrate, wherein the nanostructured nmat includes a mat of

nanospri ngs. 2. The device of claim1l wherein the substrate
conprises a plurality of substrate material s. 3. The device of claim
1 wherein the nanostructured mat conpri ses nanosprings of a substantially

uni form helical str Jdefpregoing described epphodiyagnte depiet differient coniposeaisn t he
substrate githmes withind 8N&drkbted i afferent other components. It is to be understood

that such depicted architectures are merely exemplary, and that in fact many other
architectures can be implemented which achieve the same functionality. Ina
conceptual sense, any arrangement of components to achieve the same functionality is
effectively "associated" such that the desired functionality is achieved. Hence, any two
components herein combined to achieve a particular functionality can be seen as
"associated with" each other such that the desired functionality is achieved, irrespective
of architectures or intermedial components. Likewise, any two components so
associated can also be viewed as being "operably connected", or "operably coupled", to
each other to achieve the desired functionality.

While particular embodiments of the present invention have been shown
and described, it will be obvious to those skilled in the art that, based upon the
teachings herein, changes and modifications may be made without departing from this
invention and its broader aspects and, therefore, the appended claims are to
encompass within their scope all such changes and modifications as are within the true
spirit and scope of this invention. Furthermore, it is to be understood that the invention
is solely defined by the appended claims. It will be understood by those within the art
that;in general, terms used herein, and -especially in the appended claims (e.g., bodies
of the appended claims) are generally intended as “open” terms (e.g., the term
“including” should be interpreted as “including but not limited to,” the term “having”
should be interpreted as “having at least,” the term “includes” should be interpreted as
“includes but is not limited to,” etc.). It will be further understood by those within the
art that if a specific number of an introduced claim recitation is intended, such an intent
will be explicitly recited in the claim, and in the absence of such recitation no such intent
is present. For example, as an aid to understanding, the following appended claims
may contain usage of the introductory phrases "at least one" and "one or more" to
introduce claim recitations. However, the use of such phrases should not be construed
to imply that the introduction of a claim recitation by the indefinite articles "a" or "an"
limits any particular claim containing such introduced claim recitation to inventions

containing only one such recitation, even when the same claim includes the
introductory phrases "one or more" or "at least one" and indefinite articles such as "a"
or"an" (e.g., “a” and/or “an” should typically be interpreted to mean “at least one™ or
“one or more”); the same holds true for the use of definite articles used to introduce
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5. The device of claim1l wherein the nanostructured mat fornms a pattern
that covers at |least a portion of the substrate surface. 6. The
device of claim 1l wherein the nanostructured mat is positioned between
first and second contact surfaces to forma connection between the first
and second contact surfaces. 7. The device of claim1l wherein the
nanosprings conprise one of a glass material, a sem conductor . material, and
a cerani c alimgecitdtions. In additon, Wi%n i evsbeeifip puBbal ohan iFRIUSEHA S8 g1 ass

materi al rQS’ alt’igﬁ?s e?%gglthﬁ_heclted thos l‘édqiﬁ’tﬁe%t \Qﬂl rééo@nﬁe&hmbﬁrébltbhm Sio2 is

anor phous. llarm 1,. further cge r SI ng net al
nanopart i csiheslddypxeal&ylheflafemrdﬁdtkhéleian@if {ragt tae reriied SpMbeg hebare 17 1he
deV' Ce of " %{.@ Bfikks! Iy AehHe ef Rastt@psi ti on

rSE;?at:%%wag‘?%&feﬁ%ishg\?' bin igﬁ\/\/ﬁer eﬂr?%?h% met al nanoparticles
i ncI ude a reatw:bnseiréwm edmbreoiecitationsk., Pd, Ni, and al |l oys thereof.

13. The device of c) g&xﬁ%"m&hﬁbﬂuéﬁe n@?ﬁrﬁﬁe&@&@ﬂ@éé bftesapperded a

substantial ly uni for m
claims.
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14. The device of claim 10 wherein at |east one of the netal nanoparticles
I s appended with a nol ecul ar recognition el enent. 15. The devi ce of
claim 14 wherein the recognition elenent is configured to produce a

physi cal |y detectable change in a surface property of the individual
nanosprings upon target binding. 16. A device conprising: a
substrate having a substrate surface; a nanostructured nmat coating the
substrate surface of the substrate, wherein the nanostructured mat includes
a mat of nanosprings and netal nanoparticles on a surface of the individual

nanosprings. 17. The device of claim 16 wherein the substrate
conprises a plurality of substrate gpAM$als. planar. 19. The device
of claim 16 wherein the substrate surface i s non-planar. 20. The

device of claim 16 wherein the nanostructured mat fornms a pattern that

covers at Ieaft a@aégiicg%mpr{smag:substrate surf ace.

a substrate having a substrate surface; and
a nanostructured mat coating the substrate surface of the substrate,

wherein the nanostructured mat includes a mat of nanosprings.

2. The device of claim 1 wherein the substrate comprises a plurality of

substrate materials.

3. The device of claim 1 wherein the nanostructured mat comprises

nanosprings of a substantially uniform helical structure.

4, The device of claim 1 wherein the substrate surface is generally

planar.

5. The device of claim 1 wherein the nanostructured mat forms a

pattern that covers at least a portion of the substrate surface.

6. The device of claim 1 wherein the nanostructured mat is positioned
between first and second contact surfaces to form a connection between the first

and second contact surfaces.

7. The device of claim 1 wherein the nanosprings comprise one of a

glass material, a semiconductor material, and a ceramic material.
8. The device of claim 7 wherein the glass material includes SiO..

9. The device of claim 8 wherein the SiO; is amorphous.
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21. The device of claim 16 wherein the nanostructured mat is positioned
between first and second contact surfaces to forma connection between the

first and second contact surfaces. 22. The device of claim 16 wherein
t he nanosprings conprise one of a glass material, a sem conductor material,
and a ceramc material . 23. The device of claim 16 wherein the netal
nanoparticles include a transition netal. 24. The device of claim 16
wherein at | east one of the netal nanoparticles is appended with a

nol ecul ar recognition el enent. 25. The device of claim 24 wherein the

recogni ti on ehemenThé slevizef dfgclaied 1t duntherdeoreprisind ysetabhayoptetides @bl 2 change
in a surface property of the individual nanosprings upon target binding.

26. The a@yaegolihedndvigalanesPENdsS-the netal is selected from Au, Pt, Pd,
Ni, and alloys thereof. 27.The device of claim 16 wherein the netal

nanoparticles are of a substantially uniformdianeter.
11.  The device of claim 10 wherein the metal nanoparticles include a

transition metal.

12.  The device of claim 10 wherein the metal nanoparticles include a

metal selected from Au, Pt, Pd, Ni, and alloys thereof.

13. The device of claim 10 wherein the metal nanoparticles are of a

substantially uniform diameter.

14. The device of claim 10 wherein at least one of the metal

nanoparticles is appended with a molecular recognition element.

15.  The device of claim 14 wherein the recognition element is configured
to produce a physically detectable change in a surface property of the individual

nanosprings upon target binding.

16. A device comprising:

a substrate having a substrate surface;

a nanostructured mat coating the substrate surface of the substrate,
wherein the nanostructured mat includes a mat of nanosprings and

metal nanoparticles on a surface of the individual nanosprings.

17.  The device of claim 16 wherein the substrate comprises a plurality of

substrate materials.
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18. The device of claim 16 wherein the substrate surface is generally

planar.

19.  The device of claim 16 wherein the substrate surface is non-planar.

20. The device of claim 16 wherein the nanostructured mat forms a

pattern that covers at least a portion of the substrate surface.

21.  The device of claim 16 wherein the nanostructured mat is positioned
between first and second contact surfaces to form a connection between the first

and second contact surfaces.

22.  The device of claim 16 wherein the nanosprings comprise one of a

glass material, a semiconductor material, and a ceramic material.

23. The device of claim 16 wherein the metal nanoparticles include a

transition metal.

24. The device of claim 16 wherein at least one of the metal

nanoparticles is appended with a molecular recognition element.
25.  The device of claim 24 wherein the recognition element is configured
to produce a physically detectable change in a surface property of the individual

nanosprings upon target binding.

26. The device of claim 16 wherein the metal is selected from Au, Pt, Pd,

Ni, and alloys thereof.
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27. The device of claim 16 wherein the metal nanoparticles are of a

substantially uniform diameter.
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