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appl i cat ivomoi/esenel at ed to application Serial No. 09/280, OE8T/USOIG5734ed
"Chemi cally Synthesized and Assenbl ed El ectronic Devices", filed on March
29, 1999, 15 which is directed to the formati on of nanow res used for
nanoscal e conputing and nenory circuits. The present application is also
related to applications Serial No. 09/280,225, entitled "Ml ecular Wre
Crossbar Interconnect (MACI) for Signal Rout- ing and Commruni cations”,
Serial No. 09/280, 045, entitled "Ml ecular Wre Crossbar Logic (MACL)",
Serial No. 09/280,189, entitled "Ml ecular Wre Crossbar Menory", 20 and
Serial No. 09/280, 188, entitled "Ml ecular Wre Transistor (MM)", all also
filed on March 29, 1999, which are all directed to various aspects of
menory and logic cir- cuits utilized in nanoconputing. TECHNI CAL FIELD 25
The present _invention is generally directed to nanoscal e conputing and
menory cirtuits, and, nore particularly, to the formati on of nanowi res for
devi ce applications. WO 01/ 65600 PCT/ US01/ 05734 2 BACKGROUND ART Wth the

constantly decreasing feature sizes of integrated-circuit devices, the
need for increasingly fineNANOMOARPPAZTERRNENGWNEOREHErning is limiting

further ad-
FORMATION OF EXTENSIVE WIRES

10
CROSS-REFERENCE TQ RELATED APPLICATIONS

The present application is related to application Serial No. 09/280,048, entitled

“Chemically Synthesized and Assembled Electronic Devices”, filed on March 29, 1999,

15  which is directed to the formation of nanowires used for nanoscale computing and
memory circuits. The present application is also related to applications Serial No.
09/280,225, entitled “Molecular Wire Crossbar Interconnect (MWCT) for Signal Rout-

ing and Communications”, Serial No. 09/280,045, entitled “Molecular Wire Crossbar
Logic (MWCL)”, Serial No. 09/280,189, entitled “Molecular Wire Crossbar Memory”,

20 and Serial No. 09/280,188, entitled “Molecular Wire Transistor (MWT)”, all also filed
on March 29, 1999, which are all directed to various aspects of memory and logic cir-

cuits utilized in nanocomputing.

TE AL FIELD
25
The present invention is generally directed to nanoscale computing and memory

circuits, and, more particularly, to the formation of nanowires for device applications.



5 vances of the technol ogy. Consequently, a grow ng anmount of effort is

bei ng devoted to self-assenbly techniques to form nanoscal e sw tching

el enent s;w@es¢s6e0 g., C. P. Col- lier et al, "ElectronicallpcOoRé/ga4abl e

Mol ecul ar - Based Logic Gates", Scienc Vol. _ 285, pp. 391-394 (16 July 1999).
The sel f-assenbl ed swtching el enents may De inte- grated on top of a Si

integrated circuit so that they car] gt% griven bg conventional Si 10
el ectronics in the underlying subst > s the switching el enents,
nanoscal e interconnections or wires, with widths I ess than 10 nm and

| engt hs exceeding 1 gm are needed. The self-assenbled wres connecting

the conventional elvgel Beécstahtly dB&reashtd featiBs eizbs @ﬂnﬁ&%rﬁt@di"cﬂélu?ﬂ@ﬂ@ékt $he
shoul d be anchored at | ocations defi ned liythe un- circuitry and

shoul d be conpeskefordncragsiegly ding, Etepgeaphish #ﬁmﬁd@aﬁeml@@ﬁahwmgﬁw&m edi t
processin Recent rt.s have~shown that catal ytic si.ti.on of

Si - cont ai i ng VEEs O@PO&?@PQ%Y gﬁﬁﬁq}i@t&u aoLs W?Bf?ﬁrgﬁgbm%ﬂ%‘(&t%es";
see, e.9., J. &3t uaLAbI a/e&clﬁﬁques M AhnBécald sl\i/l&‘?ﬁh ABAUALE. 83 . &, C.P. Col-
gol d/si |l ane vapor-l iq solid reaction", Journal of Vacuum Science and
Technol ogy B, livioét. al,l‘ﬂileptpom@ﬁlq Ga&ifigubdold Muienuleﬁg?a)seaﬂ']ﬂgﬁ GateZ0 Shipned, %ol et

I, "AL Ab| Ve f S f Cr I S -
ductor Nanow eag-%tﬁ 30126 (o 3980 it Ssbessoibledoihinareeriemsyy ba o

studies were & i&ggn ?‘@L@?‘S rb%g{] agggt\éc‘i’ |°8'§}ﬁf155 g@ﬁ c%nftf recgﬂl%ﬂtbkrycoﬁ%r{tﬁﬁaw

vapor - | i qui d- et “contai nin

nmetal andi®  leRclrogiad frithturidBying isibsbrfatel TIB a&dféSs &Msvﬂﬂi\hﬂfg éléfatts, V&hdnbsdaﬂe
growing end of the wire. The wires may ei 25 ther be forned in the gas

Phase or anchdrtergornections ehwireh vatlswikhs lese thageld) nm agd lenpths exce¢dingt K,
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t he syst em f odetyinpyircuivyentishodd bSicomBseidnif exptaiddeanpatibid witle Shinoégraned-

15  circuit processing.

Recent reports have shown that catalytic decomposition of a Si-containing gas

by a metal, such as Au or Fe, can form long “nanowires”; see, e.g., J. Westwater et al,

“Growth of silicon nanowires via gold/silane vapor-liquid-solid reaction”, Journal of

Vacuum Science and Technology B, Vol. 15, pp. 554-557 (May/June 1997) and A.M.

20 Morales et al, “A Laser Ablation Method for the Synthesis of Crystalline Semicon-

‘ ductor Nanowires”, Science, Vol. 279, pp. 208-211 (9 January 1998). These studies

were based an earlier-developed technique frequently called the vapor-liquid-solid

(VLS) mechanism. A liquid alloy droplet containing the metal and Si is located at the

tip of the wire and moves along with the growing end of the wire. The wires may ei-

25  ther be formed in the gas phase or anchored at one end on a substrate; see, e.g., J.L.

Liu et al, “Gas-source MBE growth of freestanding Si nano-wires on Au/Si substrate”,

Superlattices and Microstructures, Vol. 25, No. 1/2, pp. 477-479 (1999). However, Au

and Fe migrate into Si rapidly and create deep levels, which can degrade devices, such

as addressing circuitry and other portions of the system formed by conventional Si

30 integrated-circuit technology.



WO 01/ 65600 PCT/ US01/05734 3 Titaniumand Ti Si2 are conpatible with
integrated-circuit technology and are frequently used in Si circuits to
reduce reedst/awoe of silicon and polycrystalline-silicon PCONSUASTING
regions. Although Ti fornms deep levels in_Si, its solubility and diffusion
coefficient in Si are low, and the deep | dvel s are not at m d-gap. Wth
suitable han- 5 dling, Ti is generally accepted in integrated-circuit
facilities. Long, Titantm saddubl A5 cynpaiible wih ivtegitaderirauitt teehnglegy andctve as

carbon, can formed .h { al. -enhanced reagt.j.on of SeQus...pr ecur sors;
o I N S R R e s
catal ysts ar eopfit@gPekidhs. COMcHR Ti%orma 8RS £ 81, 9ist RibiRG ddaedisusibace
of a substrate or suspended in the reactor anmbient. 10 The nanow res nay be
useful in el eceffmmnt imiSi atehlow, dedithe deepslewéls lavr naron meidtgapn $Vitlosudtable han-

el ectronic el rren%, such a switch.or as, el ec.tfolﬂi.c el enent's t hensel ves;
see, e.g.? tHeMBabo§ SSHE Y?J‘f?éﬂteéé?gﬁ?grétﬁﬁcir@ﬁf 3GHE®er j al Nos. 09/ 280, 225,

09/ 280, 045, 09/ 280, 189 1,i,, & <8 M oafledi a1k Seifdia f foi
control the pl acecr%sorlﬁl ’ (’t)}%mtﬂg%ée%%reg{fjsg?gﬁ |\A%H§mrpgﬂgflalg’nﬂgbh%r%¥ﬂo%négﬁ bIeS

difficult to fofifed bgseutdlgn@nharesd irsactienl ofl pisegusapedursdiS; ced, Calp.t She Bbeve-
fabrication' of nanowires is inportant for device applications, such as

| ogi ¢ ci r cuimentioned paisat apphiastipe09/280:048Tvidie| catdlpws phiodion apelakeqnianng

approaches that have been wused on |arger,scal evices .inglude el ectron
peams ana. x rayeparigies Fyr SNEE pfes i rofrdt br SRPREER, ind5L Kot S80IRE "ana
woul d reqyi I eTiAsingHirddmah BchRam BYSEctRNSUST RBG- deTiies 2DeithePicodlecidkto @h an

X-ray beamis about 50 nni and there are no lenses available to focus an
X-ray beam Aletronichdernes soch ¥ a aygch ened elegromicsslembnts thaprselvasicsee,ags, the

A I RS RN L N T TR N T
event, it is pot o5heseRs! hoRAPE B G WPRERTEVEnHO! Hhe HlacliiBRN3E WRe! Rec-
standing wires, and therefore it is difficult to use these nanowires in real integrated
15  circuits.

The fabrication'of nanowires is important for device applications, such as logic
circuits, crossbar memories, etc. Two lithographic fabrication approaches that have been
used on larger scale devices include electron beams and X-rays. The typical size of an
electron beam is about 20 nm, and would require rastering the beam over a surface. The

20  typical size of an X-ray beam is about 50 nm, and there are no lenses available to focus
an X-ray beam. Also, the use of X-rays requires a synchrotron, and thus is very expen-
sive. Neither approach permits generation and use of a beam on the order of 10 nm,
which is required for nanowire fabrication.

In either event, it is not presently possible to achieve critical dimensions in

25  patterning down to 10 nm. The present invention solves this problem, enabling the
fabrication of nanowires with widths below 10 nm and with lengths extending into
microscale dimensions, thereby avoiding the difficulties of rastering and the cost of a

synchrotron, while permitting more accurate control of the placement of the nanowires.



25 patterning down to 10 nm The present invention solves this problem
enabling the fabrication of nanowires with widths below 10 nmand with

| engt hs axoeneiong i nto m croscal e di nensions, thereby avPCOUR/GShE
difficulties of rastering and the cost of a synchrotron, while permtting
nmore accurate control of the placement of #he nanowires. WD 01/ 65600

PCT/ US01/ 05734 4 DI SCLOSURE OF I NVENTION I n accordance wth the present

invention, a nmethod is provi ded ISCLOSUREAQFANVENFION useful for form ng

nanoscal e wires for device applications. The nethod com 5 prises: (a)
provi ding a substrate having a major surface; (b) formng a plurality of

al ternating | ayersypf.dowpindé %Wh+ fesERLRY .ngitbﬁ, ?Hlteﬁlto'a% %&%&é@%& (fg?n{n%ra{n a

stack having a major surface parallel tot 0 e substrate;

cl eavi ng the phankusefilfal farmitdearrmiaie warusffac detice apphiostorish@he metadd tom- 10
of alternating |ayers; and (d) etching the exposed plurality of alternating
| ayers to  chad¥én-depth using an etchant that etches one material at a

different rate than the, qt . 1 I t,0_.1the vide the surface with
AeAETiaRE Shbter A e

extensive strips of i ndé 1"on Gseful for nol di ng

masters for nano-i npri nihy¥arhidg ARRrakky of dkerhiithglaydresMtwaldidsheilRindi@ihld sn
then transferred into a substrate conprising a softer material to forma

negative of t the spbditats to, fomwh i stack Baviheamage duifacefparallblge that of s sitbefratepl so i n
accordance with the present invenption, a nano-inprinti devi ce,, or .

pl aten, conprises a pl ui§|qt1?aym§f %Ftﬁgﬁ'maﬁg’ﬁhﬁ %ISB’foC%% exRRse b RIVFALO,
material s, 5w Bpalte}-xth[?ig%?%?iaﬂé one material etched relative the |ayers of

the other materi a nden 20 tations of the one material. Each
mat eri al independently lkapetehihdilekaxposedwlitality of aliengting tfyedliowt cds¢h depth t 0

several hundred nm The device is then ariented such that the inden-,
using an etchant that etches one material at a different rate than the other material to
thereby provide the surface with extensive strips of indentations and form the platen
useful for molding masters for nano-imprinting technology.
15 The pattern of the platen is then transferred into a substrate comprising a softer
material to form a negative of the pattern, which is then used in further processing.

Also in accordance with the present invention, a nano-imprinting device, or
platen, comprises a plurality of alternating layers of the two dissimilar materials, with
the layers of one material etched relative the layers of the other material to form inden-

20 tations of the one material. Each material independently has a thickness within a range
of about 0.4 nm to several hundred nm. The device is then oriented such that the inden-
tations are parallel to a surface to be imprinted and the pattern created by the indenta-
tions is imprinted into the surface.

The fabrication of nanowires disclosed and claimed herein avoids most, if not

25  all, of the problems of the prior art.

BRIEF DESCRIPTT F THE DRAWIN

FIG. 1 is a cross-sectional view of a plurality of alternating layers of two materi-

30 als, forming a stack on a major surface of a substrate and showing a cleaving surface;



tations are parallel to a surface to be inprinted and the pattern created
by the indenta- tions is inprinted into the surface. The fabrication of
nanow r esvaoseicosed and cl ai ned herein avoids nost, if noPCT/PSo1lsi34 of the
probl ems of the prior art. BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a
cross-sectional view of a plurality of alternating layers of two materi- 30
als, formng a stack on a major surface of a substrate and show ng a

cl eavi ng surface; V@@llﬁ@%@f@ seetionelsgew @ igstack retated 99 degress s wsts pee theonal

view of the s K rot gg s so as to place the cleaved surface
facing downwal‘E%g Isg amggdgl V\F@rm'lar to that of FIG 2, but show ng

the effects of parti@ld % a @lehbiRflaP RS 1Al of PR3 BLSE bl?dvﬁﬂ%%eaéffe\é?s 6@;&{1‘%

other; 5 FIG 4is aviewsimlar to that of FIG use
etched stack atshmgon@bﬂuhngiammﬂsaﬁlahmtoﬁhmothen;rpr| nting in a material that is

softer than the et d materi al, dep one enbodi ment of performng
t he nano-itprinti ngPC?Lf’sWr?gVISWtWHaI(tHéL\% Fi@ 3,shgwang yhstod|thg efglad staskzas a

b
PUDSLTAUS: ot ol Ty LIk L o DI L 1
5, follow ng aépidftinlggnﬁfelﬁﬁaﬁlmém f Mﬂfﬁflg tHeQSin6 Hﬁbnhﬁﬁ’ge rugmg% -

portions of the thin nmetal layer; FIG 7 is a viewsimlar to that of FIG
6, follow ng &a@m@léﬁyetmaé&hwg@d por - tlons of the thin rretal Iayer and

rommining | Sof ter hiSTet ot VY SRt GaLptiIg 4 SIS A Eniealve dredin S5
BEST MODES FORefRRMAG OUT THE | NVENTI ON ’
FIG. 6 is a view similar to that of FIG. 5, following etching of the thin polymer
residual layers to expose portions of the thin metal layer;
FIG. 7 is a view similar to that of FIG. 6, following etching of the exposed por-
tions of the thin metal layer; and
15 FIG. 8 is a view similar to that of FIG. 7, following removal of the remaining

softer material to expose a plurality of parallel nano-wires.
BEST MODES FOR CARR T THE INVENTIL

20 Nanoscale strips for device applications are fabricated by depositing composite
thin films with different materials A and B, as illustrated in FIG. 1. Essentially, as de-
scribed in greater detail below, a plurality of alternating layers of A material 10 and B
material 12 are deposited on a major surface 14a of a substrate 14 to form a stack 16,
also having a major surface 16a, parallel to the major surface of the substrate. Prefera-

25  bly, the material having the least lattice mis-match with the substrate 14 is deposited in
order to keep a smooth growth surface and flat, sharp interfaces between materials 10
and 12.

The layers 10, 12 are then cleaved along a line 18 normal to the major surface
16a of the stack 16 to expose the cross-section, as shown in FIG. 2. Cleaving is per-

30 formed by any conventional technique useful in cleaving a plurality of alternating layers



20 Nanoscal e strips for device applications are fabricated by depositing
conposite thin films with different materials A and B, as illustrated in
FIG 1. BeQencicad |y, as de- scribed in greater detail bel p@r/vaompisasdal ity of
alternating layers of A material 10 and B _material 12 are deposited on a
maj or surface 14a of a substrate 14 to forfn a stack 16, also having a

maj or surface l1l6a, parallel, t he. maj or surhace of the substrate. Prefera

2 5 bly, the Pediesmgar HaGrias S?“ﬁé tge eg ¢ pelldnaya Intheast 1oy the mpferialp Bsadr at e

14 is deposit ' I - gtec.pd- rowh surface and flat, sharp
interfaces befo\?\é%rsn‘gflg(??af@w{i é%cﬁglég%t%hvg | ayers 10, 12 are then cl eaved
along a line 18 noTH&mateRial Belap®y 17, iStheh @tRed &b@ cartain Bepth! &Cshodd ih FIEXPOSE
the cross-section, as showmn in FIG 2. Cleaving is per- 30 formed by any

convent i onal aekdsmeredulliségseribedpelovs diarehy moyiding shd supfaed withestensivé sigps efyer s
WO 01/ 65600 PCT/ US01/05734 . 6 of dissjmlar materjals. .Such techniques are
wel | - knowr i niiEfRAUQYs, al?rwntWearﬁ%‘Y%??'Zh&lSu@ﬁ&ec a’r hﬁ“&@e%t%ﬁ%n@y%{s f%w are
di scussed bel gy diba-JmuRpi al B, layer 12, is then etched to a certain
depth, as showmn In FIG 3, and as nore fully described bel ow, thereby
provi di ng t he surf @heindehtatienst20rcan\be uséd agpsplaten 16° tondeldt amasiersin 1sje0 22 féxy

arrows 20. Thus, the second, fourth, sixth, etc. Iq]ﬁieers fromthe substrate
are etched. Th@loi'lﬁﬂ?@mlagitmd%yacﬁénﬂ]ﬁéﬁ%%‘%ﬂ’ BIG.o4.p Bedayars?2 mpyngsmeprige a

master in |aygr 22.for no- | nt.4.n I [ t i n.Fl G
4. The | ayer Hﬂ%ﬁ}as l_cc) S seg’ g)m% er’fﬁb%nglgg !aggp%?%((%??4’f %nglg%{)?c&lﬁ}graned
on a substy at grdidendiBios dr sl GRMERAL SRiePatbin DE LR BhoMiresBirRled iRlagEd al .
The pattern of the polynmer nanowires fornmed in layer 22, shown in FIG 5,

can then be t2ZmbbenriedIGoS,mandhenabrifransicresdite arrdal endior semivpnduséor Hapoweng

conventional |ithographic. and.jnk printin LQcesses; see, e.d. . Sun et
o TN e abensng s rerionl st eic, B Mk MRoRE ot ainy SEn on i
surfaces”, JouffigliaRr resist methods for nanoimprint lithography on nonflat surfaces”, Journal of

Vacuum Science and Technology, Vol. B16, No. 6, pp. 3922-3925 (1998).
15 Examples of A and B materials are set forth in Table I below.

.
-
-

Table I. Examples of A and B Materials.

A MATERIAL B MATERIAL SUBSTRATE
Si Si-Ge alloy Si
AlGaAs GaAs GaAs

Other semiconductor combinations may also be used, so long as there is a differ-

20 ential etching rate between the A and B materials. The etching rate of one material rela-

tive to the other is immaterial, except that the B material must etch at a faster rate than

the A material. Preferably, a differential etching rate of more than five times faster is
employed in order to minimize the amount of etching of the A material.

Where the silicon-germanium alloy is used as material B, the concentration of

25  silicon ranges from about 70 to 90 atomic percent (at%), and the balance (30 to 10 at%)

is germanium. Where the aluminum gallium arsenide alloy is used as material A, the



Vacuum Sci ence and Technol ogy, Vol. B16, No. 6, pp. 3922-3925 (1998). 15
Exanples of A and B materials are set forth in Table |I below. Table I.
Exanpl es vob 0r6zen@l B Materials. A MATERI AL B MATERI AL SUBSFEAURD1/6734Si - Ce
alloy Si Al GaAs GaAs GaAs Ot her sem conduft or conbi nations may al so be
used, so long as there is a differ- 20 ential etching rate between the A

and B materials. Th t chi t f teri -t to th th

ol mt er 1 &l SO O bl TAPES SO E P RORRICES (4 HOmEAMS) iecatloy i estrmvan

the A materi aéenteﬁrag‘k’?@ab_gb(s, mﬁmef@dfxfaﬁ%é’sfﬁdn%f&%ﬁi%Wdo%% of nmore than five
enployéd i er e

times faster 1s n or o mnimze 't amount of etching of the

A material. \Were Thetwss ldyesnt@ydlreach indepdddeitly Bawese thiddestaigd ef atdut Hhae
concentration of 25 silicon ranges from about 70 to 90 atom c percent

(at%, and thempapeysed hpaded smg andarggonvienicgly Aepsiied byvhemacal Mepaaidapasition

1] ' |l oy | terial A t 65600
DCT) USoL G VD, st e ane i eherasatapdsforas SUSE0R em) 6 am6-ar o6
(Al As). The a;gﬂiaga/ ﬁ}e%ufs%pg for ARMARDLRASGHAs, @lis- Wll-kNBRL BVISIcE@RIBEar leBlthd, f ew

at%to 100 at% The two |ayers 10, 12 each independently have a thickness
range of abouVBE}maynbd eltgsatorhl ethplngedeth the) depositienseofctherenireatetials, using

deposited by chem cal vapqQr depositjo 5 (GQVD), -using,or -si |l anes and
or gano- ger man®&ll-kpgyn PF@G%“FSFIRG@@%{]% metlpd %")pfﬁpﬁmﬁ ﬁﬂ%ﬁ@“g?@ %XFES S figy

Al GaAs and Gaﬁm %saréog‘ﬂ‘.{‘éaﬂnle'éﬁ? Wahiidypl ecul ar beam epitaxy (MBE) may be
alternatively errﬁl oyed in the eposifions of the two materials, using

wel | - knowrp pr ocedurksiwd hfatpialst A ahd Brargedhiedicafly Hepositedon heerficandhicirisayer s
does not forma part of the present invention. 10 The two materials A and
B are conveni gratd, pilitepdn itheerse of thesHffidamsiistenppr sybum arsenide in the case of the

AlGaAs/GaAs system (see Table I). In any semiconductor system employing a semi-
conductor substrate on which semiconductor layers are deposited, lattice mis-match is
always a consideration, and selection of substrate and materials A and B will be dictated
15 by minimizing the strain resulting from lattice mis-match. Such a determination is easily
within the ability of the person skilled in this art, and therefore does not constitute undue
experimentation.
Layers of the A and B materials are deposited on the substrate in alternating
fashion, each layer having a thickness within the range listed above. The number of A
20 and B layers depends on the requirement for the devices - a large number of devices re-
quires many wires in parallel, while a smaller number of devices requires fewer wires in
parallel. Typically the number of A and B layers is within the range of a few layers of
each material to several thousand layers of each material.
It will be appreciated by those skilled in this art that, based on the teachings
25  herein, the A and B layers can be formed with varying thicknesses, for making non-
periodic arrays of wires. For example, wires and spacings of different widths and aperi-
odic structures may be formed in accordance with the teachings of the present invention.
Such aperiodic arrays are useful, for example, for making blocks of crossbars with larger

wires for multiplexing.



strate, silicon in the case of the Si/Si-G systemor galliumarsenide in
the case of the Al GaAs/ GaAs system (see Table I). In any sem conduct or
system empd 063800 a sem - conduct or substrate on whi ch senPCDUdUAISE34 | ayer s
are deposited, lattice ms-match is al wayg a consi deration, and sel ection
of substrate and materials A and B will be®dictated 15 by m nim zing the

strain resulting fromlattic 1 S-mat ch., Such etermnation is easil
within the ability oF ?tﬁ@ngéffstg‘ﬁ i) pisgals twﬁsgdﬁt%dv%mésepﬁ Y deBpEneoby

not constit ut Gyl oo DS TRBHA G linis ko Rl ilhate ﬁl@ﬁ%@igmte%!raﬂge%ééf e

deposited on the subgtrate 1 n al ternati ng I'on, eac er havin

t hi ckness wi t Werntidlehetagt@etht itwbd enlatedialy ased] Tae dypthest eddhidy (iBdentatidnB820ppay S
depends on the requirenment for the devices - a |arge nunber of devices re
qui res many wileegs fremperertl mn towaysrd ndred| nnerand deperdsoin e vequirsmesigef thes

fewer wires in .parallel. Typically the nunber of A and B layers is wthin
t he range Sf }q%of%%o%¥&utgeﬁ%}yﬁgﬁ y?aélo'sllg‘?gpgﬁlg'p housand | ayers of
each material. It Wehlo-ReyAfiREesd Bicthd¥in! POSRes bdskiRgl o Platehi 1%’ ahtb 4 Bofor
based on the teachings 5 herein, the Aand B | ayers can be forned with

varyi ng thi cknastsgs,22f suchrs ki thermupiestip polymer, ¢cheaehyalyasteiring 2 pegatiFoof hr papl e,

wi res and spacings of different w dths, and aperi- odic_structures y . be
formed in accdemaiaBedpy kb mdentations %@t%&‘etsﬁ erymaternl ExpRiss o ﬁ‘.malggu@ﬁr'

win Varger  aipRgEgagih mdhat sSNALT o RlnlRe B BT anghy T aneRes
et chi ng of ot he(MMIA) NEbREVE] 6thér thathdplistic athvaialsageoitbsd, pentdriatsatertiftan ther-

chem cal etching, and known etchants are enployed that have the requisite
etch rate dif-mpplasistnaitriddemagdba employeddn Whebeactieg of the prpsentieyegion 150 dAng as

etching (indengations ra om several nmto several hundred nm
and depends on* . H@%@&éﬁ%ﬁ&%‘imﬁ?%ﬁﬁ%{t{‘%wﬁ§Péﬁt of the nanowires ultimately
formed by nano-i npr#d i88iting imprinted pattern, imprinted by the platen 16° into the softer mate-

rial 22, is then transferred into a substrate, e.g., semiconductor or metal, as a positive
15  image of the platen. The transferred pattern can then be used for further processing in
the formation of nanoscale devices.
There are many ways of transferring the pattern into a substrate. FIGS. 4-8 de-
pict one such method, but it will be understood that the present invention is not so lim-
ited. As shown in FIG. 4, prior to forming the soft material 22 on the substrate 24, a thin
20 ;netal layer 26 is first formed on the substrate, followed by formation of the soft material
thereon. The thickness of the thin metal layer 26 is in the nanoscale region, that is, on
the order of several nanometers to hundreds of nanometers.
After imprinting the pattern into the soft material 22, as shown in FIG. 5, the
thinner portions of the soft material 22 are removed, such as by etching with an etchant
25  that removes the soft material but does not etch the metal layer 26, thereby exposing
portions of the thin metal layer. This step is depicted in FIG. 6.
Next, the exposed portions of the metal layer 26 are removed, leaving behind
those portions 26’ of the metal layer covered by the soft material 22, as shown in FIG. 7.

The remaining soft material 22 is then removed, leaving a plurality of parallel metal



Nano-inprinting, as used herein, involves pressing a platen 16" into a
softer material 22, such as a thernoplastic polyner, thereby transferring
a negati weoof/eiche pat- tern formed by the indentations 18PCTVMUSOT/S@34s0ft er
materi al . Exanpl es of suitable ther- nopl ?sti c materials include polynethyl
met hacryl ate (PMVA) and net hyl nethacrylate 10 (MVA). However, other

t hernopl asti ¢. materi al.s and, indeed terd als other than . ther-_.noplastic
materials ma nﬁseﬁgn%? Weﬂ“gaﬁe Fﬁgjep?u%&%sg%]ﬁl}?ﬁ%et%ﬁ&eg +i 07 PF gfros 6° I ong
as the mat ekpigined? ateSth&Pfilr@Er frbcasddia fof ndridScal @vREs, b6 taughih@sdvstd t i ng
inprinted pattern, inprinted by the platen 16" into the softer mate- rial
22, is then transfiherforbgbimganethalifssdireated, toghe formeton obaghobliy afraltertatihg as

a positive 15 image_of the _platen. The transferred pattern can then_be
used for fur t#ers b deeusedie form 2 piatens -rT‘It;}ﬁ Wl%@”ﬁ%?@c%ﬁé%i@%glm&hﬁére

are many y i :) I El. - 8 de-
pi ct one éﬁc%f%eh?rh%%%%% Si {@v%,?lhﬁ LE’Z’E‘%%[ ertg?%e'(;rcri@%%%g??f :t{ﬁ%b%rsgge]%er}tﬁe’eﬁti on
I's not so |iAhoughatho AecebeyaViDiaid GBH, aprmatiohel divel Ag dlfemasofethrigiepr i al
22 on the substrate 24, a thin 20 netal layer 26 is first formed on the
substrate, fepllesitsgompndoys aulering’ isfanexemplsfod anethermregess gl dp the pragice of

t hi ckness of the thin nmetal Jlayer 26 is .in.the nanoscal e regi on, 4.h is,
on the. or derhresedt Bparie, S Ele B pisrnR ir S5atGR FE R BT 2 bt

i nprinting tRgeRatt &f nSﬂ)(ﬂftﬁlebm_ﬁh% wpRad 6hN3g SASpROOWAyifal FHdPiewdLet e
thinner portions of the soft material 22 are renbved, such as by etching
with an aochaas, V@583, bo. 12epp\2330423@3 §F Beptat ). dh spantandoesondating topbi ntahe

nmetal |ayer 26, thereby exposin ortions of the thipn netal layer. This
step i s depi de@d Wi ?WOS‘?HeRIé%(&FU"?LH% (A RoSERTaLaR) §38 Cgpp?%@ﬂ%ﬁgp Y Yy er

26 are r e”“"ﬁ)%ﬂa&i??%a aﬁ&ﬁ%tﬂxgzlagl&g’s& RY B{ Als é‘?s'si?fafar ﬁrﬁgeﬁ@% Wil ARk

covered by the 'so erra as shown remal ni ng soft

material 22 igguttiRs (6estcadratib®aViForgxampleyinalMigtdoped GaNrsdgletrysmlsathe \Wag-
01/ 65600 PCT/ US01/05734 9 o .
nesium atoms in GaN tend to concentrate and form regular periodic thin Mg-rich layers

15  buried in GaN. These periodic superlattices formed by spontaneous ordering can also be

to form the platen 16°.

TRIAL APPLICABILITY

20 The method of nanoscale patterning for the formation of extensive nanowires is

expected to find use in nanoscale computing and memory circuits.



lines 26' on the surface of the substrate 24. The nmetal l|ines 26', being of
nanoscal e thickness, are then further processed to form nanoscal e devi ces,
as taughtwebselwshere. The foregoing nethod is directed toPCh®Séorsnmti on of
a plurality of alternating layers 10, 12, Tﬁed to forma platen 16'. The
particular method of formng the plurality 5 of alternating |layers 10, 12
is inmmterial to the nethod of the presegt !ngention, al - though two
processes, CVD and MBE, are nentioned a —SR&n al ternate technique,

cal |l ed "spontaneous ordering” is an exanple of another process useful in
the practice of the present invention. Spontaneous ordering is discussed,
for exanpl e, bWhdtIsldldiedtifial - Weber et al, "Spontaneous Ordering in Bulk
GaN. My Sanpl es", Physical Review Let 10 tom Vol. 83, No. 12, pp. 2370-2373
(20 Sept. 1999). In spontaneous ordering, one ma- terial wth a honogeneous

structure r concent i deco se a forma su- perlattice w.th
al ternati ng(gso | ayers i(;fég \/\%}9 Oow}fo(rf\rgér}g"% %5’%‘1 %Fﬂlgré?refbnﬁllng W?Sﬁaelai“f’?eérf%@e"me
structures (orafpUbaRat tadhpAgag: For exanple, in My-doped GaN single
crystals, the nag- nesiumatons in GaN tend to concentrate and formregul ar
periodic thin My-rich | a(gpwvidnpasitsttaiehadalla fdiesserpes; i odi ¢ superl attices
formed by spontaneous orger.ing can, al.so to formthe platen 16'.

| NDUSTRI AL APPLI CABI LI TY(2)dorifRe ARty 8 5??&??6% YErS At e dissingler giaterigls on

comput i ng and. Tar ekt R R SR B B o o RERRERS o
Is Claimedds: 5 1. A nefhadedvirig &aid ndtag ﬁorﬂiaattenityslﬁg(bﬂ sir@ice ftOr Sfpdge said

nanoscal e wires for device_ applications conprising: (a) providing a
substrat e havi Plyralityrafjaliernating layers; and ,

(d) etching said exposed plurality of alternating layers to a chosen depth

using an etchant that etches one material at a different rate than the other material to
thereby provide said surface with extensive strips of indentations and form said platen

15  useful for molding masters for nano-imprinting technology.

2. The method of Claim 1 wherein said etching is performed by chemical etch-

ing.

20 3. The method of Claim 2 wherein one material is etched to a depth within a

range of several tens of nm to several hundred nm relative to said other material.

4. The method of Claim 2 wherein said two dissimilar materials are selected
from the group consisting of silicon/silicon-germanium alloy and aluminum gallium ar-

25  senide/gallium arsenide.

5. The method of Claim 4 wherein said silicon-germanium alloy comprises

about 70 to 90 at% silicon and 30 to 10 at% germanium.



(b) forming a plurality of alternating |layers of two dissimlar materials
on said substrate to forma stack having a major surface parallel to that
of said swbdst/esmde; 10 (c) cleaving said stack normal to iPET/HE)IOS7BIUrf ace
to expose said plurality of alternating ljgyers; and (d) etching said
exposed plurality of alternatlng | ayers to a chosen depth wusing an etchant

that etches one: ket @lelloa LS YTl Eid AN De A E s BIE B L

thereby provide sa ace extenarve St Of
said platen Aﬁ@dsafsumé@&rmmgedlﬁ@mmt@f@vﬁt%tom@ogt%rrprI nting technol ogy.
2. The nethod of Claim1 wherein said etching is performed by chen cal

etch- ing. 20 3. The nethod of Claim2 wherein one material is etched to a

depth within a of se ns, of. nmto.sever undr.ed re atlve
tppsaiq ot her nate?gﬁF”nﬂ%'¥ﬂé8h@Pﬁdﬂhg@n@%ﬁfﬂ aLWHq§§ﬂ@ﬁbaﬁw

dissim | are MBLAL LA, Affed Bf #thPYA e%}maﬁle#;anﬁpns' sting of
silicon/silicon-germaniu l'oy and alum numgall'iumar- 25 senide/gallium

arsenide. 5. The nmethod of ClaimAt wherein said silicon-gernani um al | oy

conprises about 70 to 90 at@bslllcon and 30 to 10 at % ger.nmani um
01/ 65600 PCT/ US01/ Bsiizymethed gf Claia Trwherein abflaxsrseifng %@Pfﬁlhﬁ"f‘s%lﬁtftamfﬁﬁrhum

gal I'i'um ar sentp(ith(_? s[%nél zﬁﬁfal){exp‘]df% thef Batatiaf hive®a 5&8 lﬁg&% JH:GW

at%to 100 at o] arm erein eac sal
Independentlym$%r&aymbﬁ%méSM@& Whid Bishudfdranarekedss.about 0.4 nmto several
hundred M he nmethod of Claim?7 wherein all |ayers of one materi al
have a fi¥&Gt uniform thickness and all layers of the other material have a

3%(:]9 (r;(rjmu? IhT grkg]ets 2 ! Sk’PﬁeSI%ethod o? E‘lal r’raywﬁerelrrrllEl e}fl lg}getrs BF ea:[cﬂ Said Mhaterial g\?el &ﬁ‘jellre%ts t

thicknesses with respect to each other.

10. The method of Claim 1 wherein said substrate comprises a semiconductor

15  material.

11. The method of Claim 10 wherein said semiconductor material is selected

from the group consisting of silicon and gallium arsenide.

20 12. The method of Claim 1 wherein said plurality of alternating layers ranges

from a few layers of each said material to several thousand layers of each said material.

13. The method of Claim 1 further comprising imprinting said pattern of said
platen into a material that is softer than that of said platen to form a negative of said

25  pattern.

14. The method of Claim 13 wherein said softer material is supported on a sec-

ond substrate, and said imprinted pattern is transferred into said second substrate.



10 9. The nmethod of Caim7 wherein all |ayers of each said material have
different thicknesses with respect to each other. 10. The nethod of Caim
1 wherei wa@ai/ésesubst rate conpri ses a sem conductor 15 naP€rivad/os1. The
met hod of Cl aim 10 wherein said sem conductgr nmaterial is selected from
the group consisting of silicon and galliunmarsenide. 20 12. The net hod of

Claim1 wherein sai ural it al ternati.ng layers ranges, froma few
| ayers of each said FFQ*‘O({SP ém:lglwrhﬁﬁﬂﬂgﬁlﬁ(f\é‘?ﬁéf’ss_ © Bagkcisdifipm the
material .  13.,TQhecdRIBAL oPhefals@inisdmicBhddiedrs.COMPr i sing inprinting said
pattern of said platen into a material that i1s softer than that of said

platen to forma negative of said 25 pattern. 14. The nethod of Caim 13

wherein said softer material is_supported on a _sec-_ond substrate, and said
i nprinted pattern ik thhejastbed of Glaimol shierein s mipralify of eliematinglayerscE6w0

L0 g T, S PRI

is selected from
The method of dohaiktiglofiaigtdl vapdricpbiifigd, ithdle@flaradehr dpthky) Ginl AYShtandhis b1O

5 dissimlar materials is forned on said substrate by a process sel ected
from the groupderivgnsi sting of chem cal vapor deposition, nolecular beam
epi taxy, and spontaneous or- dering. 17. A nano-inprinting device
conprising a plurality of alternating layers of two 10 dissimlar

materials, said |ay o) Legk Lg&ﬁé}%@iﬂ i3 s P
the other nmateri al p{? %r? mﬂiﬂ)rﬁgn?at‘?oens 0 sa% %b%%\dél\{frrgit éeitrelﬁga:ngg\}\n%%éﬁsrozfat?l
devi ce orilent edlsssmilr mhtetialsssaiddayardefidretrhaasal @tohep eelaive &b sdid lageswf tigc@hdro

be inprinted, wherein each said material in- . . ] .
material to form indentations of said one material, with said device oriented such that

said indentations are paralle] to a surface to be imprinted, wherein each said material in-

dependently has a thickness within a range of about 0.4 nm to several hundred nm.

15 18. The device of Claim 17 wherein one material has a depth of etching within a

range of several nm to several hundred nm relative to said other material.

19. The device of Claim 17 wherein said two dissimilar materials are. selected
from the group consisting of silicon/silicon-germanium alloy and aluminum gallium ar-

20  senide/gallium arsenide.

20. The device of Claim 19 wherein said silicon-germanium alloy comprises

about 70 to 90 wt% silicon and 30 to 10 wt% germanium.

25 21. The device of Claim 19 wherein said aluminum gallium arsenide comprises

Al,Ga, As, where x ranges from about a few at% to 100 at%.

22. The device of Claim 17 wherein all layers of one material have a first uni-
form thickness and all layers of the other material have a second uniform thickness,

30  which may or may not be the same as said first uniform thickness.



dependently has a thickness within a range of about 0.4 nmto several
hundred nm 15 18. The device of Claim 17 wherein one material has a depth
of etchi mowi/6d8dh a range of several nmto several hundrrdr/USWOSE4ati ve to
said other material. 19. The device of Cgam 17 wherein said tw dissimlar
materials are, selected fromthe group consisting of
silicon/silicon-germanium all oy and alum numgal lium ar- 20 senide/gallium
arseni de. 20. The device of Claim19 wherein said silicon-germanium al |l oy
conprises about 743, tThe Aevisk Y EldimCIomwidiein 30 1iyRrsLOf schos 8 ARG A Mhy 2B FRLL -
The device of C aim19 wherein said alum num gallium arseni de conprises
Gal_. As, wherantthickmmspes withagespadidecach dthey at % to 100 at % 22. The devi ce of
Claim 17 wherein all layers of one material have a first uni- form

t hi ckness and all layers of the other material have a second uniform

t hi ckness, 30 whi Y ' ' '

{hi ckness VO 01/ 60600 KET b Day 45 iy, SRR ysk S sl i Bor
wherein all |mayerisl. of each said nmaterial have differ- ent thicknesses with
respect to each other. 5 24. The device of Caim1l7 wherein said substrate
conprises a sem conductor material. 25. The device of Caim 24 wherein

S0 sem condust or b e 51 RS £ O A Ep AR SSB AN B3P,

silicon and gal l'i um arseni vice 0 _
plurality of ﬁbxh%@@bhﬁ%ﬂs@sﬁﬁ?%féiﬁé&ﬁﬁld dallii @&sdrede, | ayers of each said
material to several thousand layers of each said material.
10
26. The device of Claim 17 wherein said plurality of alternating layers ranges

from a few layers of each said material to several thousand layers of each said material.



