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i nvention was made with governnment support under U.S. Departnent of Energy
G ant No.wDBe®ED26996ERA45612, U. S. National Science Foumdattiseen2@zae No.
DVR- 9809365, and U.S. National Science Foundation G ant No. CTS-9871782.
The governnent has certain rights in this invention. Technical Field The
invention relates to fabrication of nanoscopic structures. In particular,
the invention relates to functionalized nanoscopic structures on surfaces.
Background The fabrication of USANQFABRYSAITIONdevi ces has proved
difficult. Approaches based on porous al um num oxi de (AnoporeTM,

i on-track-etched pol ycarbonate (NucleporeTM, ion-track-etched mca, and
ot her approaches, have been attenpted. Exanples of these are disclosed by
Mtchell et al., in "Tenpl at e- Syntthesimemt Ridnomaterials in

El ectrochem stry", Electroanal ytical Chemstry, A J. Bard and I|.
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12, (2000), 2068-2069;  Wiitney et al., in "Fabrication and Magnetic
PropertleHl&ﬁOVﬂmnmSh@fcememghts:mthMen‘esr}" SC| ence, 261, (1993), 1316;
and in United States Patent No. 6,185,961 for "Nanopost arrays and process
for maki ng sane,"” to Tonucci et al. TechnidalFielded St ates Patent No. 6,187, 165
for "Arrays of sem-netallic bisnmuth nanowi res and fabrication techni ques

t heref or, t dl'lEhnesntion relhtes W@bﬂceﬂ;@prodaaﬂn&ssopiesmhdtuﬂem hepaeticiddrsthehi ch can
be very difficult or att ern | at er al and/ or integrate.

O her deVPERLORAFIRES anﬁfngtéonﬁi%?fg‘i‘ OB}CeS Wﬁ?@osﬂﬂflé&?sn scal e, as disclosed
in United States Patent No. 6,187,164 for "Met hod for creating and
testing a conbi natorial array errpl oyﬁ?%—g@f‘é@vi dual Iy addressable

el ectrodes, " t rren et _al .. WO 2002/ 073699 PCT/ US2002/ 007769  Recently,
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(Nuclepore™), jon-track-etched mica, and other approaches, have been attempted.

Examples of these are disclosed by Mitchell et al., in “Template-Synthesized
Nanomaterials in Electrochemistry”, Electroanalytical Chemistry, A. J. Bard and 1.
Rubinstein, Eds., 21, (1999), 1-74; Strijkers et al., in “Structure and Magnetization of
Arrays of Electrodeposited Co Wires in Anodic Alumina,” J. App. Phys., 86, (1999),
5141; Han et al., in “Preparation of Noble Metal Nanowires Using Hexagonal
Mesoporous Silica SBA-15,” Chem. Mater., 12, (2000), 2068-2069; Whitney et al., in
“Fabrication and Magnetic Properties of Arrays of Metallic Nanowires,” Science, 261,
(1993), 1316; and in United States Patent No. 6,185,961 for “Nanopost arrays and
process for making same,” to Tonucci et al.; and United States Patent No. 6,187,165
for “Arrays of semi-metallic bismuth nanowires and fabrication techniques therefor,”
to Chien et al. These approaches result in materials which can be very difficult or
impossible to pattern laterally and/or integrate. Other devices which can be prepared
are macroscopic in scale, as disclosed in United States Patent No. 6,187,164 for a
“Method for creating and testing a combinatorial array employing individually

addressable electrodes,” to Warren et al.
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The efficiency of thermoelectric (TE) cooling devices has not increased
significantly during the last 40 years, and currently, the figure-of-merit (ZT) of the
best materials is less than one. Semimetal materials such as Bi and Bi,Te; have the
highest ZT values and are currently used in commercial TE devices manufactured by

20  companies such as Marlow and Melcor.

Summary

By laterally patterning nanoscale arrays, a pathway to a rapid and reliable
fabrication of three-dimensional nanostructures is provided. A simple method is
described herein for the production of well-ordered, multilevel nanostructures. This is

25  accomplished by patterning block copolymer templates with selective exposure to a
radiation source. The resulting multi-scale lithographic template can be treated with
post-fabrication steps to produce multilevel, three-dimensional, integrated nanoscale

media, devices, and systems.

In one aspect, the invention provides a method of preparing a laterally
30 patterned array. The method includes coating some of conducting or semiconducting

substrate (for example, a metal, such as gold) with a block copolymer film (for
2
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controlled to determine the amount of material deposited in the pores.

20 In another aspect, the invention provides an array manufactured by the
methods described herein. The array can include a substrate, a polymer film on the
substrate, and at least one set of parallel metallic (for example, gold, copper or nickel)
or semi-metallic cylinders in the film, and arranged perpendicular to the substrate.
The cylinders can include a magnetic material, such as cobalt or nickel. The magnetic

25  arrays can be used to make a magnetic storage medium, or a magnetoresistance
device, or a giant magnetoresistive device. Non-magnetic metals can be used in such
arrays to make, for example, a field emission device. In some embodiments of these
arrays, at least one set of cylinders includes n-type material and at least another set of
cylinders includes p-type material. Such an array can be used to create a

30  thermoelectric cooler. The cylinders can also include alternating layers of magnetic

and non-magnetic material, whether the layers alternate substantially regularly along

3



the length of the cylinders or not. In such arrays, the sets of cylinders
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(that is the ratio of length to 2002/ 073699 PCT/ US2002/ 007769
wire lengths and the period of the array can be in the nanoscale range, that is, within a

range of about a nanometer to over a thousand nanometers. As used herein the term
20 “nanowire” refers to nanoscale material created in an array pore. The term does not
imply that the aspect ratio of the material need be high, and in some embodiments, the
material to be deposited in an array can have a low aspect ratio. “Nanowires” can
also refer to material that is not necessarily electrically conductive, but is nevertheless

useful when present in nanoscale arrays.

25 As used herein, the term “multilevel” refers to structures that can be
constructed by multiple, independent levels of lithography, with at least one level
created with a laterally-patterned diblock copolymer film. As used herein, the term
“multilayering” refers to a structural element within a siqngle layer of lithography that
contains more than one material. As used herein, the term “wire” refers to conductive

30 material having width and length, where the aspect ratio (that is the ratio of length to
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The processes are parallel, scaleable, and not subject to the speed limitations
20  experienced in nanofabrication techniques based on serial writing. The techniques are
amenable to manufacture, in that they are simple, fast, and cost-effective. They are

readily adoptable by industry and compatible with other fabrication processes.

The techniques described herein significantly advance the general utility of

nanofabrication by self-assembling copolymer templates. The nanofabrication

25  techniques are amenable to manufacture, in that they are simple, fast, and cost-
effective. They are readily adoptable by industry and compatible with other industrial
microfabrication processes. For example, lateral patterning offers the capability of
using such systems for the manufacture of electronic circuits on chips. | The
integration of nanostructures within chips and the interfacing of the structures with

30  other chip elements in arbitrary locations is made possible through the methods

disclosed herein.



WD 2002/ 073699 PCT/ US2002/ 007769 For exanple, these three-di nensional
structures offer the neans to engineer electronic field-emssion arrays.
The arraywocase/tyac9ased in flat panel displays that are Pomiushe097769
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2b is an overhead view schematic di.agram of a selective exgosure process
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pat t er neceaidlagays, de:smmh yrmcnomgmatlc’améd&uhmbmubnullayele@tmm@s, fised 25 to
create a laterally patterned nanostructure, in this case, a triangle shaped
nano str UEEHPE: Fi g. 4 is a perspective view schematic di agram of a
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15 Brief Description of the Drawings

Fig. 1 is a schematic diagram of an exposure process that can be used to create

a nanoporous array, and subsequently can be used to create an array of nanowires.

Fig. 2ais a side view schematic diagram of a selective exposure process that

can be used to create a laterally patterned diblock copolymer film.

20 Fig. 2b is an overhead view schematic diagram of a selective exposure process
that can be used to create a laterally patterned diblock copolymer film, in this case, a

triangle pattern.

Fig. 3 is a schematic diagram of a selective exposure process that can be used
to create a laterally patterned diblock copolymer film, and subsequently can be used
25  to create a laterally patterned nanostructure, in this case, a triangle shaped

nanostructure.

Fig. 4 is a perspective view schematic diagram of a multilevel nanostructure

created from laterally patterned diblock copolymer film.

Fig. 5 is an overhead view schematic diagram of a multilevel nanostructure

30  created from laterally patterned diblock copolymer film.
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WO 2002/ 073699 PCT/ US2002/ 007769 Fig. 6 is a perspective view schematic
diagramof a field em ssion array created fromlaterally patterned di bl ock
copol ymerwDi2oeryo7869¢l udi ng two sets of nanowires. Fig. PCrasam2oveehead
view schematic diagramof a field em ssion array created 5 fromlaterally
patterned di bl ock copolynmer film including four individually- addressable
sets of nanowires. Fig. 8a is an overhead view optical inmage (at 5X) of a
sanpl e show ngiaw is ¢h8GhERYE vRAM §chEmatié &ﬁé@ny@ﬂéﬁadlehﬂsswﬂeﬁﬂtyed di bl ock
copolynmer filmcovering the surface. 10 Fig. 8b is an overhead view
optical Preatpd ftcm Igupllppattenecdshbiorie conadyme fgm, geluding @yo ¥ttt ron beam
patterni ng and renoval of a copol yner conponent to fonn nanopores. Fig. 8c
is an ovEfHEEEi ew optical image (at 5X) of the sanple fromFig. 8b after

nanow res are.gl ectrodeppsited on the s le. 15 Fig.: LS a_ eup

over head Vi eng%?Ciléﬁlll OY%E%BS Yat Sél naglf d?%algé’trpr%?lgﬁffg%rsﬁ%g%fugéf@%% ig. 9is
a per $pegidny QatviaBy patdiasBdiblbcR cagslgmenfilng iBélndhe fak aghviihaiyoel ectric
cooler created fromlaterally patterned diblock copolynmer film Fig. 10 is
a per speadingesableciftssd HamaYlres. di agram of a four-wire, giant 20

magnet oresi stive (GVWR) device created fromlaterally patterned diblock
copol yner fi |Fig. Sgiigan qverkead gyieyn opiicst Hozas (o1 B Jirseemle shosges ¢ht 1 OX) of a
four-wire net.oresi stive. [ t - erned di bl ock
copol yrer Pl Pro R i L oRuEl AR cobPbleP g A ickh} BT o

over head suifgay. optical inmage (at 10X) of a four-wire magnetoresistive
device created fromlaterally patterned di bl ock copolyner filmafter

nanowpre el ectp;@dpNosh bvReadri@y oplenl iBage @t 5 ofthe gindylt fivRgRet 84 esi st ance

measurenents of a four-wire device as depicted in Fig.' | |Ib, as a
funct i on afier destranebeaprpstieming ad rPmarAl i EZOpT B CHIIIERLOII 07769
nanopores.

Fig. 8c is an overhead view optical image (at 5X) of the sample from Fig. &b

after nanowires are electrodeposited on the sample.

15 Fig. 8d is a closeup overhead view optical image (at 5X) of the sample from

Fig. 8c.

Fig. 9 is a perspective view schematic diagram of a single-stage thermoelectric

cooler created from laterally patterned diblock copolymer film.

Fig. 10 is a perspective view schematic diagram of a four-wire, giant
20  magnetoresistive (GMR) device created from laterally patterned diblock copolymer
film.

Fig. 11ais an overhead view optical image (at 10X) of a four-wire
magnetoresistive device created from laterally patterned diblock copolymer film

before nanowire electrodeposition.

25 Fig. 11b is an overhead view optical image (at 10X) of a four-wire
magnetoresistive device created from laterally patterned diblock copolymer film after

nanowire electrodeposition.

Fig. 12ais a graph of giant magnetoresistance measurements of a four-wire

device as depicted in Fig.'11b, as a function of device temperature.
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Fig. 12b is a scanning el ectron mcrograph SEMinage of vertically oriented
nanowi res created fromlaterally patterned diblock copolyner film Fig. 13a
is a sidewoi2eer/wedsermati ¢ di agram of a particul ar confi gecatiseen2ohH77a9

magnet o-el ectroni ¢ transport nanodevice created fromlaterally patterned

di bl ock 5 copolynmer film where the "current in" and "current out”

el ectrodes are both on the substrate level. Fig. 13b is a perspective view

schemat|c di agL 3k a 3okt \HicnBAThbRIRh ST GO RIcr A9 orianted
magnet o- el ectroni'c transport nanodevi ce created fromlaterally patterned

di bl ock mapwirgsremate from lsteeally patterned dilrlek capalynegr édr ode is on the
substrate 10 |evel, and the "current out" electrode is on an upper

i nt er connect FigvEda is kisgle vicsdhsmatis ddgram efia putiewar jonfigiageanf 8f t hree

di stinct types of nmagneto- el ecironi c nanoel ei.nept i: e devi ces of
Fi gs. 13&3%W@‘31§6t?01ﬁ88?119£8§ RO 3108\%?’3{1%;3019?%%3@%%&#3 %acdlgllotggr am of a
par t '5CU|§$W1§1, QhercRBe ¢ QFREGNTRAN BourthOWiiNglepRbdee aRetshtpen piendi cul ar
media. 1 I"g. 14b’ is an overhead view schematic di agram of a further
parti cul substr&xdavel.e of patterned nedia, show ng custom zed patterned

per pendi cul ar nedia. Fig. 15a-e is a schematic depiction of a nethod of

i nterfacing niigal3telseqterspdaive wiw kchetnatip diagsan ahe et BArtiaEAbst r uct ur es

made by a nanoscal e di bl ock.copol ymer enpl.at. kas. is a series
of gr aph®SBUREGH Bﬂléaﬂl%t?éeﬁ%cg‘BWa{Q}FQrélﬁatqu%& (f‘%%e&:ggi\%/ll %tjee?%%foi cted in
Fig. 1 1byichflieRbBcl 8dpoPiterTRANGhER the Suiredt ineRlcatrddis onkhgsubbifates a

m cr oscope phot ograph ‘of” a device constructed as shown in Fig. 13. Fig. 18

i s alQyr aleheloéind thafreror esi’sleshode el WPREHINIEEONBPEEhN transport 25
through the device shown in Fig. 17. Fig. 19 is a microscope photograph of
a field em ssFignlbesta sdayew stheomtig diagsyn o6 theemdistings iwes akMagiieted in Fig.

6. Fig. 20 .is.a graph of electronic fi kSSl nmeasurenents nmade from
an arra eﬁfo%%ﬁ%qepweflgssusisilr\/téggﬁ‘ﬁ]&;sfosflﬁnﬁ?k@eé%&ecgﬁgé shown in Fig. 19. 8 WO

2002/ 073699 PCT/ US2002/ 007769 . Fi 21.1 i h of
particular fi ’rgdyg?ﬁsfﬁogﬁﬁ’te% Yle‘élla ?rga;tlcl Bt aﬁ'&ﬁ%ﬁ%ﬁﬂ%@&lﬁﬂg%@ °

patterned media, showing patterned perpendicular media.
15 Fig. 14b is an overhead view schematic diagram of a further particular

example of patterned media, showing customized patterned perpendicular media.

Fig. 15a-¢ is a schematic depiction of a method of interfacing metal electrodes
with the button and top of nanostructures made by a nanoscale diblock copolymer
template. |

20 Figs. 16a-c is a series of graphs of magnetoresistance measurements for the
device depicted in Fig. 11b, taken a various magnetic field orientations.

Fig. 17 is a microscope photograph of a device constructed as shown in Fig.
13.

Fig. 18 is a graph of magnetoresistance measurement of electron transport

25  through the device shown in Fig. 17.

Fig. 19 is a microscope photograph of a field emission test sample from a
device constructed as Idepicted in Fig. 6.

Fig. 20 is a graph of electronic field emission measurements made from an

array of cobalt wires in vacuum, from the device shown in Fig. 19.
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fromFig. 19, but magnified to 50x. Fig. 22 is a plot of normalized MR
response (%9 at O field versus tenperature, in the perpendicul ar

ori ent at iwp.20®/Med%ai | ed Description Described herein isPaTArSe@es87769

technol ogy for the fabrication of three- dinensional devices using

| ateral |l y-patterned bl ock copolynmer tenplates. In this nethod, copolyner
films are patterned laterally by sel ective-area exposure to radiation
sources. Thispy qulﬂé:@ﬁn@og%:pgbh&ggﬂaﬁhbf fraeonaphéle eintnate sathpiet is, a
regul ar 10 array of nanoscale pores with an overall lateral extent confined
to an ar fionrBigyl Qbut magsifieédo 8ési gn. The di nensions of the lateral design
can range fromthe nanoscale to the mcroscale. The patterned array
tenplate is cEidhizAdsia plof hf apprabiped MRetegpanst (*6) & fipld gersumpmpsEUFabr i cati on
steps to.produce nul t hr ee- di nensi onal integrated nanoscale nedia,

devi ces, Wﬂpg’il’ﬂl@%far?ﬂgﬁﬁ%?%od introduces the ability to integrate 15
nanos aI e functional elenents in lgrblltg@rs\/ aEd11 desired locations on a chip

and t i nt egrate t he functional ot her chi p conponents in a

practi cal ener al ut| I of .sel fz pol ymer
tenplates is E}?é?rglﬁq’ﬂfg]ﬁﬂsf?%rﬁﬁ?sf ye("’%%lv%goégh 103r°§ﬁng’er epa)r/atl ve
Techni que;i TO&iJme] M&s%ﬁl‘g%’f%ﬂy@ﬁftﬁn@d Blobl@é@iiblﬁﬂeﬁt@ﬁpfa&l’sﬁ&ﬁ tten of regul ar

arrays of material on surfaces. For exanple, diblock copolyners, conprised
of two chmtﬂmﬂamgplylmlsﬁhmc’ctre p@imm@rlgte@él\‘/éllya@iequ PSR 8¥PBSHE-P0- end, can be

sel f-assenpl ed into ered arr Y -l anel | ae,
dependi nér%ﬁlotnl‘ﬁé’u{f’gf 1sfp|r%c£ “Fon ot %“%Yetslht%%ra @ggaegﬁﬁl%@cég%g?i%ﬁg t he

pol yner GhaY Bf ndlok&aé pées dlith aasvenlIverat atttmtedniingd towintabiaaryeaatier nal fiel d
(for exanple an electric or magnetic field, or a tepperature or

concent r alesitad dgsigdi die Yimensipns é’§ thetlateygl G%%@U‘Fanfmlll%%ﬁ oithanagesiR Bt i on
suffici enlt i Qs%gre Ay er%ngd gllré}p‘%ﬁnggh%? 'Y liéd%ﬂp%p%ﬁﬁ%@éiﬁ thiREays of

nanow r e asp eéct I OS
Verti cal |pYe—Cahd@6§teidbrlcatiohm€hps mcalbroﬁﬁr&ﬁﬁulﬂldylebdke@ dinodngivenl ificgrated30 ar e

e b o cope (bl a8, by 709
pol ysltSyr %'Elﬁ dsgglle)fﬂﬁétf&ﬁhl dqELbas fnYelrﬁﬁl%udérﬁl RS S RRAMIHIBN aCRlp ARl toexenpl i fied.

Q her er constituents of the copol yner can be, for exanple,
mtegrate the functional elements with other chip components in a practical manner.
The general utility of self-assembled copolymer templates is thereby significantly

advanced.

20 General Preparative Technique

The methods described here are based on the formation of regular arrays of
material on surfaces. For example, diblock copolymers, comprised of two chemically
distinct polymers covalently linked end-to-end, can be self-assembled into well-
ordered arrays of spheres, cylinders or lamellae, depending on the volume fraction of

25  the components comprising the polymer chain. Directed self assembly, carried out
with an external field (for example an electric or magnetic field, or a temperature or
concentration gradient), can result in useful films, with orientation sufficiently long-
ranged to allow the production of extended arrays of nanowires having aspect ratios
of at least 2:1 or 3:1. Vertically-oriented, cylindrical phase diblock copolymer films

30 are created. Among many suitable diblock copolymers that can be use, a 70/30 (by

9



pol ybut adi enes, pol ycaprol actones, and other materials that can be
solubilized in solvents. O her matrix constituents can include

pol ybut adwerres/@se9ot her materials 5 which are not reacPCraSMmhozgent s
used to renove the cylinder constituents. A block copolynmer is first
deposited, e.g., spun-cast fromsolution onto a substrate, such as a
metallic, sem conducting, or insulating substrate. The substrate can be
rigid or vhlugd dcBionPolp@kienspbBimdinfi@ewairyBredibbehsbpal@sr @n eeast
partially coated wth a thin filmof netal; sem cqonducting substrates; and
sem condwsenplgfissfathengydindas congtiugys pf the cOPAVING CHdtee P R VRPS;

| I't hogr aphly%%%ald%e(i}gs? %'8%}'3? 'o%ala{o'ﬂeg L AHTEL BbteBhR G4t 0 be BADRL inSUidt abl e

subst rat €8 °né¢ e’ sl on, such as silicon wafers or chips; an

pol ymer i goRuefis! O@ied snatSx chnstisuckaman incbakepobbutddianks emhother meigealsonduct i ng
or sem conducting by coating at |east a rtion _of the substrate surface
with 4 covldelcarig @?C%‘@W%%W&?ﬁﬁgt%néw ?ﬁ}e. CYRREHSORHIF S ubst rat es, for
particul ar applications, the 15 oxidation of the metal .should not be as

rapid as the deplosk eprpiymeris fst depesilied. £ & Pyn158st AP SQPHRYOLRGr exanpl e,

substrat ez i Ofe US§ dsh 1 Qtﬁllgeé/eilﬁ@&}d%@l‘#n  eEldhhahesugser itagdufighei n may be

a coating or a’non-continuols surface Tayer on an underlying material that
need not dagbeapidiugtiiexible. TOE partioulat intdress aies tsnbdtmtassie thastgrartpdiyaogtedmount  t hat
al lows 20 the sub trgte to function as, an el ecirode, when el ectrodeposition

i s used totiiepesiiim of metali SRRFOTGHEEIE SEPstrafes; FAFIAMIHETTS TSI al
deposjt i q%g}sagﬁﬁgé&y&pmﬁ e ﬂ%géﬂh?call%_gsiéiv\{%aﬁfci% f?lEn SURStat&le S not

i)
limted. rate, 1 n enmbodiments in C is present as a coating
or surf agattérmy Sujtalde sulsératgs phdleds: tsdican, woldes silicergweighserrchins; #yd

conventional |ithographic.techni gues r.other.|lai quwn nethods of depositing
25 conduéto'}%ﬂwgg‘}aé%ss %aﬁ’g{?&\‘pﬁ ggch Pﬁwglg a%%ggﬁ%%lﬁﬁcﬁﬁ%él substrate can
i nclude m@ihdondudtRlc RXRERAEat 108 8 poltidn oPtRenbardeslifRBth 4 fedaethgt rate can
have gol d coated or deposited on an underlyin material. In sone

enbodi nerirsemichedunting mrajeréial c Amang reetelsabstiptasafor pitigular pplicaipisg thef or

examl.e, sili.con.qxide, e r rat | ng t quired,

ol T hadgh H4iET So L B e b8 AR RS R B B B AR B8 U e
by rinsi ngpwditeh. m | d acid and/ or base can be carried out. 10 WD

2002/ 073698 PCT/ US2002/ 007769 Di bl ock copol yners, conprised of two

chem cal |y di Stdregimplel stivetistes for use in the devices and techniques described herein
may be a coating or a non-continuous surface layer on an underlying material that
need not be conducting. The amount of substrate used can be any amount that allows

20 the substrate to function as an electrode, when electrodeposition is used to deposit

functional material. If other methods of material deposition are employed, the nature
and amount of substrate is not limited. The substrate, in embodiments in which it is
present as a coating or surface layer, can be applied to an underlying substrate by
conventional lithographic techniques, or other known methods of depositing "

25  conducting materials on surfaces.

In some embodiments, the substrate can include metals, for example, gold. In
other embodiments, the substrate can have gold coated or deposited on an underlying
material. In some embodiments, the substrate can be a semi-metal oxide, including
for example, silicon oxide. Particular preparation methods are not required, although

30  in some embodiments, washing the substrate with water, followed by rinsing with

mild acid and/or base can be carried out.
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covalently |inked end-to-end, can be self-assenbled into well-ordered
arrays of spheres, cylinders or |anellae, depending on the volunme fraction
of the cowpaexizse99conpri sing the pol ynmer chain. If thepPealusae2fonzie?i on of
a maj or conponent is about 5 0.7 (e.g., fromabout 0.65 to about 0.80), any
copolynmer will self-assenble into a hexagonal array of cylinders of the

m nor conponent enbedded in a matrix of the nmjor conponent. The nole

ratio of the ﬂgoqgéc %:O%r(’)rp I?eef‘g'tco%ritsgf(;ofjc%!cﬂ&lﬁic%ﬁ%ﬁ{sﬁﬂahoolﬁﬁ&sr ange from about

0.20 to about ermat e rmati on o crophiases such as wll
resul t i Bow¥dntiRdeked edyRtéraln cad Be $difeasvahbindifte aetlicodered atrings afaj or conponent
is 10 about 0.9, the m nor_conponent will form.spheres, which can be

el ongat espliersecxiiadsrs of fameltag) dapgriias QR & voligs fa fanfbtsﬂﬁ‘? %‘?IHPOI]@?%. , an
electric _fiel ' ied,. . Afi n M) TARIPIBESis Abbd as A-B
and A-C &6 %%Eg%% g yﬁgﬁg?n'ggﬁéhghﬁgg%m?%ﬁ8?gg¥%ﬁg§lindé?s of different
typess for7 @xampheauand5C apbitridk) sany depgiymer bilbedf-aspoblereioss such as

Copol yne o TRA Pl S S e PR TSRy B RedT o Tdet Fs For
exanpl e, , ‘]'Acg'itgé)ﬁ@UhéHt. WhE Gl FABYrYiEhidoR cdiforeANE@RnhO HivddWopdlyer mi | | i on

nol ecul ar units (Daltons) can result in a cylinder diameter of about
70 run. cén ranke futneabowed.3bito dbout R85 tangmivthe &yowtionof ougopkaseoHsican resul t

in a cylinder djaneter of about inn.  A.nmol ecuyl.ar [ out 4
mllion BaPEbFRsuY 8%‘&?%1‘?96‘1’ AL, | I&ﬁ?ﬁ’e"r"i“% Fiction it LRt 8 lthgﬁoel?tmloo m,
whi | ¢pa DBLEY. Me WRioS BEmBbnRDANI fokB spkie@daliélons eagondased intoavety amet er  of
about 1.0 nm For sone enbodi nents, the use of a block copol yner including

a conpondrih cylifders when deoriensies|fickk 6@ clpsgicriipd-ds amicd- conponent can be
crosslinked before or during renoval of another cog%onent, and can
t her ef or e add Asmitutewf diblpek eoimyers, suethes 235 aspdty AdlockTRPRlYES ponent can

be referred, to the matri.x c n eph) iC”S@ the matrix
conponent@hPf Psegzofﬁgterfﬁ'jﬁl}}geréc? H@%@%{“@fe é’gc)liopoipyl/rrer?gby {lllg Ue. Suitabl e
matrix coppeReldck dopslyides, padhystA{Be0easiblpcl yopelyaakire b also be used. The

pol ydi net hyl si | oxane, and ot her pol yners. Theig%:@?pent that is to be

removed crdlecuby weaghted therreopebmer sanporaind to pin gbotY et s, the core
L
pol ycapr ehifiecdroneleorlanw@bbt wiiegDaltons) tadA@s 2002 G866l MaFeUS2a02! GD7769
nm. A molecular weight in the range of about 20,000 Daltons can result in a cylinder
diameter of about 14 nm. A molecular weight of about 4 million Daltons results in
20  cylinders with a diameter of about 100 nm, while a molecular weight of about 15

kilodaltons results in a diameter of about 1.0 nm.

For some embodiments, the use of a block copolymer including a component
that can be crosslinked is desirable. This component can be crosslinked before or
during removal of another component, and can therefore add structural integrity to the

25  copolymer. This component can be referred to as the matrix component. In some
embodiments, the matrix component will be the major component of a copolymer, by
volume. Suitable matrix components include polystyrene, polybutadiene,
polydimethylsiloxane, and other polymers. The component that is to be removed can
be called the core component. In some embodiments, the core component will be a

30  minor component of a copolymer, by volume. Suitable core components include

polymethylmethacrylate, polybutadiene, polycaprolactone or a photoresist.
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General ly, core conponents are materials that can be degraded or deconposed
differentially than the matrix material. In other enbodi nents, bl ock

copol ynerwoabozi7gesene and net hyl net hacryl ate can be usedI/UsR020NE69

enbodi nents, the nethyl nethacryl ate bl ock constitutes a mnor 5 conponent.
For exanple, a 70/30 (by vol une) diblock copol yner of

pol ystyrene/ pol ynet hyl net hacryl ate can be enpl oyed. Any bl ock copol yners

can be %Eqﬁﬂfz %}&1 lj%lng%g %Irlhé(tlen ﬂké%é’éle ﬁrébﬂo{ @ééﬁm osed

hydroph| oph| roph o hydrophoblc/hydrophoblc
posi ti veﬂﬁffe@éntmﬁgaliml\tbé matmhaa@ﬂmll/ positively or negatl vel y charged,
uncharged/ positively or negatively charged, 10 or uncharged/ uncharged. The
filmthickness ethsr Mﬁlﬁqd11ﬁ6ntsleﬂd>dkad>pomeleodés’mbm arfdroethymbaacrga® i nn to
about 10 cm or from about t 5 nn_to about

b
1000 nn. cHrbaseRe. B areh PBEPLREEE e e ety O SERRY ¢ o
bet ween @&Jlﬁgsne}l? Fmb ?ebg%/38<29y%19ﬁ1%51§1b1&k05561 8beut 1 nicron to 200

m crons, Oientation of the copol yners can be
carried pultysuysenlag)o@nm@lm;tlmdﬂmaiylat@sammmyzploy@dqa‘tny Woclsedpolyyserenit Ye whi ch i s

era © quntie i o giaunlat B Vit o B B Ry F bt e, 1) on & O €
or' ent at} dto flﬂlmﬁ’%&éhbﬂgq{yﬁr&ﬁebﬂéﬁly@%ﬂmhlﬁﬁﬁ&e?fym ﬂegiim@xyanpl e, electric

field alignnent r annéal ing conditions, or or exanpl e
sel f-ori eMged/pqssnmmlmgr mergat;miw d@ﬂrg@b upehasgadinasilvelya diegatyiely clpgedel ect ri ¢

fiel d f.f t t f th
R e e

const ant gp&ft ot NBm t@@@&ity(r@fn de B eboul dmftbab@nqemfm @bﬁmhbcﬁltﬁ%m n the
dielectric constants can result in a speci , vertica

ori ent at it@about A0} e sqmeprefared, Cﬂ’!h?éllﬁ‘?m% rﬁh&tthlﬁ}ﬁnﬁéeﬁé:ﬁﬁ ALY B
pol ari z ag)l gxpeeg %8011%%1 Ogﬁg%cdb%hﬁgq%Fé?oﬁsh&hﬁglh' mc%lﬂo%orlhfcrc;}f%d' es that

are anis opic ers In parall to the

el ectri cofuﬁltcdalbdumesmﬂ or exanple, as descrl bed i n Mrkved, et al., "Local
control of mcrodomain orientation in diblock copolyner thi n films with

el ectsic fiel dxicntdbivhenaR, copdBmeflOBtje, caB B oul hiing didbdieadit-gssemblyal .

"Q/ercom Interfacial |nter ctlo with Ele c Fie cr omol ecul es,
30 33, 03 sgipaeremly ‘ﬂhﬁﬁhé%%‘?’?oteéit Yot extorigl f%ﬁﬁré%e"&m?ea%‘?lgg
bl ock- CO L ek G A Re@nyr 8lcBddntgtidd hdientl - VALibANTENT
Ki netics, C?\//Ia a(ljgrlrlrlﬁlé‘;f.1 %%‘H %11 ereor &
orientation of the cy1111de1s can be accomplished by, for example, electric field
alignment under annealing conditions, or, for example, self-orientation using

20  controlled interfacial conditions.

For electric field-induced orientation, the different chemical constitutions of
the blocks of the copolymer can result in a difference in the dielectric constants of the
copolymer domains. A difference of about 0.1% in the dielectric constants can result
in a specific, e.g., vertical, orientation. In an electric field, the orientation dependent

25  polarization energy associated with the cylinders, dielectric bodies that are anisotropic
in shape, will align the cylinders in parallel to the electric field lines, for example, as
described in Morkved, et al., “Local control of microdomain orientation in diblock
copolymer thin films with electric fields,” Science, 273, (1996), 931; Thurn-Albrecht,
et al., “Overcoming Interfacial Interactions with Electric Fields,” Macromolecules,

30 33, (2000) 3250-53; Amundson, et al., “Alignment of lamellar block-copolymier

microstructure in an electric-field. 1. Alignment kinetics,” Macromolecules 26,
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WD 2002/ 073699 PCT/ US2002/ 007769 (1993), 2698; and Amundson, et al.,
"Alignnment of |anellar block-copolyner mcrostructure in an

el ect ri c-wpDebe/0726¢99Mechani sns of al i gnment,” Macronol ec®C&aIS2002/00776994) ,
6559. Under strong enough fields parallel to the substrate, any surface

i nduced 5 alignnment of the norphol ogy can be overcone, producing
cylindrical mcrodomains oriented in parallel with the fields, which can
be nor mak)l 99??1'[2% Sé:fﬁsAﬁlﬁﬁdéonté?@cf ‘e RRthnt 6ORRALEIYCIL B RUEHera

one-m cron- |c attering experinents are an easy neans to
char act erﬂimesﬁﬂmumnn embhbﬁrmfﬁedﬂ 2t Mechandsropbizal gngeniicMaconidecalsstd’n film
When g fﬁﬁgm the side, a cylindrical structure oriented nonnal to the
substr at 139@ ateral ly periodic. Consequent I y, the scattering pattern

dat afinit d i sot i st
of o equat ol AP SORIGTRRAS S MRS BIRURTHEN e SIBOYT NG An ol ectri cal
fields 5L Oafd %flﬁéﬁt otflﬂ &?ﬁ%tﬁytéﬂﬁe ove?c&ﬁé%i/&fﬁl:ﬁlg@ﬁﬂ&iﬂal RgcrbayBsing s pl aced

on top o he copo m sandwi chi ng t he il mbetween two el ectrodes.
For ex arrphenteaucpa:rdllnzltth}gthb fiykds, wlsinh ban hi@{mmlaﬂ @dﬂlbyubﬁga@pﬂw edend ng and
then, after be renov n chem cal ,
or physi S%ng%ﬁﬁﬁau ?]éer"ﬁ‘éctl?]%/&lf}( ya&“ptl% $(hagt8]ﬁng gxapce%l%l%i % Easé/r can be
appl i ed, fahi %V@ﬂrééi'erﬁe@lﬁét(ﬁlen{a%ﬁ bf ﬂ{é&ﬁlcicﬁ)h@mfﬂl&ﬁ&eﬁ atﬁﬁuﬁilhﬁr'ﬁﬂmenor
spun-on. After annealing, the sacrificial |ayer can be renpoved by sol vent,

cheni cal Vldwed[ﬂWB |ﬂltfaﬂld6 etcyhiditgal stricaire erieted norgal y/8e Sebsvalsds et al , or
sem cond and t he
enti E@ hjaﬁ gg Ipfz%% §8hseguent aﬂe%@ t{%mlgg)%éﬂﬂfné%&lﬂe@ a@zpﬁg ﬁlci’c‘fe{%%r et al
can be U%ﬁgeﬁstfdiglyeﬂﬂﬁﬂlﬂ)ﬁ)imgoﬂsﬁﬁﬁg odtwd ét;ila&mmbBya’%ﬁ)eﬁksl m Metallized

| ayers, such as alum ni zed KAPTON(r) can al so be used. Metallized | ayers

can pronote thg séaE BRbbaimeats ealpn@ylﬁg)amkcﬂrlmlsﬁma ax:@malsﬂmrpo%nnatﬁlnn, e.g.
vertical orientation, is carried out. For ex in sone erirbod ment s, he
use 25 efremonilarordynnglayigs plzﬁy@% orpfoprs the ?PPBiYinéeé il osrndwichiy et he

copol y rrerﬁh%'be'g}vee%%o Gdtlotie dé o t@m{?ﬁ AP Y TRA bk BYSIsitdPHE D

conducti ng i's renove ue to stic and/ or tearing. um ni zed
Kapt of(r )spinScoauh@m&ttheﬁ aietimnealing, be mgoxsakiéry atgltihg, & ¢ dyeolheht  Kapton(r), in

whi ch the_ Kapton(r er js directl .contact th the copolynmer film
The Kapt @h%m)cal é&@%%i%tmh% %éeg@tw c@< PP ?%%F?E?@elvﬁaflrp? a% el eclt ric
field 30 gﬁﬂ%p If(%lﬁlm Ret %ﬁplaE/QQthl i8R dpotiied, ay@fer@dr §g@-sibskEat e on the

ot her

anneahng, the sacr1f1c1a1 layer can be removed by solvent, chemical, or physical
etching. This conducting layer can be metal, or semiconducting material, and can
20  optionally be in contact with the entire film surface. For example, aluminum, copper,

gold or other metal can be used as the conducting layer on the copolymer film.

Metallized layers, such as aluminized KAPTON® can also be used.

Metallized layers can promote the formation of a uniform film surface as orientation,

e.g., vertical orientation, is carried out. For example, in some embodiments, the use
25  of a metal conducting layer alone, in direct contact with the copolymer film, can result

in damage to the copolymer layer as the conducting layer is removed, due to sticking

and/or tearing. Aluminized Kapton® is a layer of aluminum in register with a layer of

Kapton®, in which the Kapton® layer is directly in contact with the copolymer film.

The Kapton® layer must not be so thick as to interfere with an electric field

30 established between the aluminum layer and the substrate on the other side of the
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WD 2002/ 073699 PCT/ US2002/ 007769 film O her nmetals and other polyneric
materials can be used to create netallized |layers for electric

fiel d-i ndwoedogsgdwcal orientation. To nobilize the nol @ecwlusgonznotiae

copol ynmer, the sandwi ch structure can be heated above the glass transition
tenperature of the copolynmer. Voltage is then 5 applied between the
substrate and the conducting |layer to create an electric field through the
nobi | i zeg;go i : laferial kNGt DStemetadizelieast 5

V/ fg%rﬁ'e@lrr%{ﬁg‘%taltétahﬁg%?ﬁ(ilgﬁ@? § Eafirl Qe S ukd ng the filmin this state
for a sutdyesifontletirivdiclbimdutalvertiml ogapaioprers to sel f-assenble, for

exanpl e, over 30 m nutes, over 60 mnutes, over 1.5, 10 over 2, or over 3
hours, the cofolmyeistizd ihemelssdastih theicopalyuiesdhe sandwidnghachireicas igel ow t he

glass transition tenperature, of the co mer. . The qrienti field, e.g.,
el ectri chegipdpbpveithe glagy ‘ir%ﬁ}t‘;?ntt?ﬁmﬁfu{iﬁp&tﬁ? POIYHE- %Odﬁag%bgqﬁ%{]s t aken pl ace.
At thks Q]gﬂlwd btel?\@?_lenctﬁggl%%ﬂaﬁgmh Alond @M cier &5 SRGleah etbcaftdidid onal | ayer,
is renove rom-t firlm

e pol ymer The fi'lmnow i ncludes an ordered array
of cyl i ndeosgiothe anebilkzpalopoiymet §lns.ofpoeleeitic dielsbdithagths areat deast $ x of anot her

copol yneg, component . - Sel f - I results in parallel orientation of the
bl ocks, éﬁ’@ﬁl ﬂ’a?xam?ée’@u?ﬁ%ﬁ@%“{%r ms cylinders with the cylinder axis
substantially | arallel to.each other . ..all naormal, to the surface
of the substr étfge,r%am%&tfﬁ%@}l? §}at_ﬁg?%§;u%pglem1t8n? i %{o%‘%hf ace itself. The
cyl i nder %op&%hel%% YelabRab1s Yhsdkanbicabler 3DrRIMutcbLRHBS tniRftes, sudiflage to the
surface of the 20 film The cylinders have dianeters rangi ng from about 5

inn 16 abwet2, PpOvenhhourhdhe penolywetr dilmyasgamblpis ¢aededdy aiterEperaire BRAI ns i n

the film,s the distance betwe h tral a cylinders, and is
propor t i OHaFass 13[“?3’210 DRUFRH (\)ifg]flég%i%oggg%hg% e@%@@“ﬁ?ﬂ%ﬁ 3 %ﬁhéetﬂg/ 3 powver).
| n enbodifmntsddsiablyiteined BE afet e koeintd ol tafentpiee. Hittids peinthenent is from

0.2 to 0.35, and the cylinders are hexagonally packeg;f,? tge 2? lgeri odicity
def i nes tchedusiingdayst. a9 apnasseyiric @ddigongbdayesds Epgyed 4 BYPeYHdr exanpl e,

from ab O"film;l‘ et AP inchfliel T oRbled GATy BE MRS oﬁ1@ic§|f<61§1ﬂgle- I'n ot her
nts, netho

enbodi ne s other than heating are used to nmake the nol ecul es of
t he a@polcynpbnéemleiibeddddon aenaripbanatiadr bepolymancdrepdrieny Idheassapblyymer to

its glass transition tenperature, one can, jn effect, |ower th | ass
transiti 6FFUH0 1 %@?ﬁ@‘?lé’t”ﬁp Flo’bﬁ?y PR S=éu‘ﬁh%te N! ?gl_.lt f&&?s ‘Q’ilgﬁ%r?e, one can
add a pl g Eégndé? axRQLNERalIPIn FarSIHIES Edchioted] e £ bl HornSll € thds
supercritica , to the copolyner to _

surface of the substrate, or substantially normal to the film surface itself. The

cylinders desirably extend substantially from the substrate surface to the surface of the
20  film. The cylinders have diameters ranging from about 5 nm to about 100 nm. The
periodicity (L) of the cylindrical domainsl in the film is the distance between the
central axes of the cylinders, and is proportional to the molecularlweight of the
copolymer (to the 2/3 power). In embodiments in which the mole fraction of the
minor component is from 0.2 to 0.35, and the cylinders are hexagonally packed, the
25  periodicity defines the diameter of the cylinders. Periodicity can range, for example,

from about 1.0 to about 70 nm, but can be outside this range.

In other embodiments, methods other than heating are used to make the
molecules of the' copolymer mobile. For example, rather than heating the copolymer
to its glass transition temperature, one can, in effect, lower the glass transition

30  temperature, by any of a number of ways. For example, one can add a plasticizer, a

solvent, or a supercritical fluid, such as supercritical CO», to the copolymer to
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14 WO 2002/ 073699 PCT/ US2002/ 007769 nobilize the nol ecules and all ow t hem
to nove and self-assenble. An orienting field is applied, and the

pl asti ci 2&0,20620178@0t , or supercritical fluid is renovedPCo/tisammbii7eze the
nol ecul es. Thereafter, the orienting field is renoved, but the immbilized
nmol ecul es maintain their orientation. 5 Orientation using electric field
allows a wi de range of filmthicknesses to be prepared, and thereby a w de
range of naRawd fh% n@cﬁ@&ﬁés drtal18% then REmBY O IME QI assHBPRW AL Lo ASRBE Feldat | 0OS can
range, for exanple, fromabout 0.05:1 to about 10,000:1; or about 0.1:1 to
about 5, 08@piliedoanditbe plasticizers solatriuy sEO@eriticabfluidistamaved to gnabbilize 10, 000: 1
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usef ul folﬁol%lgagmaﬁhtalﬁmeﬁﬂ&[e@ﬁ{tﬂoﬁ | arge magnetic coercivity though shape
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interaction i soM&ithticithidiedelb@Fic Hieldalilows bviti@idh o ob s khibikddi®es tdB8 exanpl e,

| ess than about 100nm or |ess than about 60nm or |ess than about 40m

t hi ck. Acmopaaicdqgnddles@yraw&eh@@@ ofmareiise amee rigoggpdetrediiced so 15 that it
presents neut r al urface to Copo

Hydr ogen- %3’3%«@%%%“ zi%folst%% ra%? tg)lr %X(;'E(;Oé gb Ut%qﬁs fa{or%lr? toan} (():(%)Opdl ymer

brush, ar& suhit@bleo exansl oy, oﬂ@wurtahtalabafnﬁcs@m dhatowdll eekoidti | 8 can be
spun-cast atop this surface and anneal ed The cylinders will self-orient

verti cal | J094% h%%boéﬁ?éc,tf’éHOIEéI:QOOa]s%ﬁHﬂu&ZTlrt@ﬁPa‘H S085d eF pkaut 2ildpd i n
SUr1 10 St 0D Sl 95 TR O S ATBL Eraldd S (00l fil Bgughout 20
manuf act usugficisnthyclergetrheznapploaeivitp thoagld slepb segoeoty, fenwalplof a top

el ectrode are not stri ct! y required. U tra- hi gh density nmagnetic data

st orage can beOaAehhttedbing comagiied interfigiad intahaidmay wrdl sulted fe frelativteiy nsi
sl Ut | GHTGHVISRR ATTF 1 FR S-ampbs Sobitan g7 i CPmet et Bih BISSAPTBE: FFat er al
Do b ol AR TR ROk, N RORel PR eRiAIE, B aien ol o0,
t he slfrf athet iopresdmes a i?lmtlltnaﬁ’eﬂmfylc@m senvpelymeo gillgakeiint. | Hydrogerdesiivatofl y

bstanti al.l mopot h. S rra and techniques for . producin
gﬂbgt ant : A1G ?11 |te @e"%‘%b? @@8@@%’?8@81@? H{'L%ﬁ1 qﬁgaulﬁbget @?E{@%a g’r ovi si onal
Pat ent  ApRlytaRdur@BesSertiRbibNeok s k8 bS¢Rin-dakd £6p YRS Gifadd an@BBRalelli t] ed

The cylinders will self-orient vertically without directed self assembly from an

external field in sufficiently thin diblock films, for example, films of less than about

20 100nm.

a

Such methods result in a very flat film surface and simplify manufacture, since
the application and subsequent removal of a top electrode aré not strictly required.
Ultra-high density magnetic data storage can be achieved if maignetic materials having
larger intrinsic anisotropies than cobalt are used. (FePt for example.) High pattern

25  resolution on thin films is possible using an electron beam for lateral patterning.

The surface of the copolymer film obtained after orientation can be used as
formed for a number of applications. For some applications, the surface of the
vertically oriented copolymer film is desirably substantially smooth. Such arrays and
techniques for producing substantially flat surfaces are described in United States

30 Provisional Patent Application Serial No. 60/191,340, filed March 22, 2000, titled

“Magnetic Arrays;” and United States Patent Application Serial No. 09/814,891, filed
15



"Magnetic Arrays;" and United States Patent Application Serial No.

09/ 814,891, filed 15 WD 2002/073699 PCT/ US2002/ 007769 March 22, 2001
titled "Naocoydi7aeder Arrays,” and each application is i RCEASR6RI0@TI6Y her ei n
by reference inits entirety. For exanple, for nmagnetic data storage
applications, in which a reading device passes rapidly over a nmagnetic
array, the surface is desirably snooth. Any application in which a read or

write head,RASEEsHN, Sl NehoRfliRier A2yS eGM ERN LA HORY MBSSSrated OOt hness
of a magnetic array for data "~ storage and retrieval applications desirably

ranges f remiabputfe®nde natsabtty. SFOr axample, Trenagnetiadas siofageerti cal |y
oriented COﬁg%ynE[ f'%ﬁs pqﬁab% made snnptﬁ_mﬁth the use of .an additiona
mat er i al “PBUEAHORS "G U LS TBNER CBY CAPEP TP P 9vCE 8 AT Dol ied to  the
conduct i ng-hayRdefRbs) Endkt Aﬁ?!ap}lfé’ﬁdaﬁﬂﬁ a1 Whidh 8 tredSoralSe WREEpdsalen. For
exanple, an 10 additi'onal material, such as a crosslinAced silicone,

i ncl udi ngver assrdynapaequirsdlighismootbydssi Powaihaess of ganaatiche guray fosdatdes, or

- pol yal kyl - aryl si | oxanes, ..i ncl udi n for xanpl e

crossl i nic& g%%zl‘ &F%Yﬂﬂ’g]ll?a&?gﬁ ?S“%glﬁ’ B&Sp Sﬂn%d’ W 840 3B Ty 1 ayer, or
in sone erRegiAeRoS vetiealdnodeliéd tspdRmdralRE catlbe Mas€ shbad wibowe uselhe
conductin Ia&gr, and/ or any associ ated additional layer, is coated with

the addi tdf@nandigpea mepteialcueh apr elaptamer efrdcrpsriinked dpoBPLRPdcd I cont act
Wth the tféé) ?ﬁﬁg1ﬁ1§}%1%gérrﬂefc¥g'§/§h§ﬂ orie?lﬁe{tf%ﬂts% 5 Lﬁ%?ﬁ:tﬁ{?ﬁ.' g, 9}&51&11 $pdescri bed

above, an remove romthe surtace e verticdl I’y oriented
copoligneradtiitionm] nferigysicaae aceansshgkedaizohd)éndinding nmoetlded- t han surf aces

created without the additional elastoneric terial.. Next, the njnor
conmponentPodyhalkHsidyace rﬂ%ﬂﬂﬁréﬁlé’xfff?é’ %]palryg_@efﬁﬁw E§ness mclfgmtgﬂtof_
substrat € fe?bl%gﬁgks&gagnﬁﬁéﬂlmumﬁavcaﬂ bE §hfiRANo GRBRAREGAL 18fr & di bl ock
copol yner can be "m nor r "maj or," and the conponents can al so be equally

pr esent ) .in Remo valbodiinentse tondmasiditcoaployents descralpdi abowel, The epndugiyngexposure to
radiatio ultraviolet ljght,. Xx-r radi at.i on Jradiation, .visible
[ ght,  hoaren Biia mdpseetls sk ey oGRS b Sar Bk on

sel eqtsi vVeh¥eARU5RORS 14/8R PIAdRAlin 6MBARAM the cafp 86 At Vaficar deconposi ng
agents such as reactive oxygen species, including for exanple, ozone, or
sol vent s @ientatigs istaaerodut, asaleseribed abevey geditheUhcrsiginsived fopythe sedsrebe  used

(0,208 205 e YT GBI  HT DR 25, BB BRI, o e
can be fahhwowethcbycraated@ithe@tl the hdditortad clagoMetic tfagerial.
Next, the minor component (or in some embodiments the major component) of
20  the substrate-associated copolymer is removed (either component of a diblock
copolymer can be “minor” or “major,” and the components can also be equally
present). Removal of the minor component is achieved, e.g., by exposure to radiation
(ultraviolet light, x-ray radiation, gamma radiation, visible light, heat, or an electron
beam or any other radiation source which selectively degrades the minor component).
25  Degradation or decomposing agents such as reactive oxygen species, including for
example, ozone, or solvents such as ethanol, can also be used. Ultraviolet light can be
used to degrade, for example, polymethylmethacrylate as a core component. Ethanol

can be used to degrade, for example, polybutadiene.

This treatment can be followed by a chemical rinse to remove the
30  decomposition by-product, and typically results in porous material having pore sizes

in the tens of nanometer range. A step to remove any residual component can include
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30 deconposition by-product, and typically results in porous materi al
havi ng pore sizes in the tens of nanoneter range. A step to renbve any
resi dual worgp@ngado9can i nclude 16 WO 2002/ 073699 PCT/ UBZ@AR2@Q/07689
treatment with a liquid, including washing with a solvent, or a materi al
that reacts preferentially with the residual conponent, such as an acid or
a base. In sone enbodinents, the material used to react with residua

degr aded t£QmQNRSHEL &H(ﬁ\l@einclﬁ@ihg VEXRINE Wi @scﬁ"!/e!n\%'to@ ahRiRQknAc&kic acid. The
volume fornerly fille by a now renoved 5 copol'ynmer conponent now conpri ses
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a conmponent that is not degraded 10 % an energy source or agent can add
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I s crossljpked. sk g}éafilﬂln el%‘é%l%a tl\kaie 8 gﬁ&g@f)# B 126 R008 %%5 eRol ymer

conponent. era I'on can o |ona rab Cros k and
subst ant |c@kﬂppnbmtrmbiislﬁef@reﬂh@amwmamﬁorrponent of the d| bl ock copol ynmer, so
that the matrix maintains the array structure even after the cylindrical 15

voi ds are Creaﬁladme/énfbaﬂm&ﬁatsoimn@ﬂb@d!esirﬁﬂﬁk@b}ﬁldnalljz b®ss-Heht i ng overal |
structure. For ex in the case of met hyl met hacryl at e (PMVR)
cyl i nder scom@oaeladafﬁlget W@H@l@f sy Gragsrl irskmaﬁ Gmlwrﬂ@%’f thaias Beti dsaradegr ades the

PMVA Wh' |b§r ;ﬁ;éﬁ%ﬁég s%lﬁfc'a%l %%é;ﬁt E§1 adcf stf’u%tuéﬂ%ﬁﬂeﬁ%ﬁ lt(?th%'}ﬁl:[]l tlﬁ' gofn@' tial

nDrphoIo copoly be retalne hout entire process of
degr adat iearhod@hérgs, anepblythsr ocﬁmp@rmmsrcgosehldcedrsumlﬂmnednkséy w2 thkonponent (e.g.,

chem cal an_be used. Either th ! ) conponent can
o 1 errovlFEBHAB PERRITT APOIFHE POREonbectiting b oaboilignss |y are the
same as tess19trdshigkerhishskiifially damRbise Mo hieix\CehibbsaH: bywdlﬁea@d

copolymer film and as such, the pore dianmeters can range from about 5 urn

to about cbpolyoren sgrthatrﬂmmatrlarmammsﬁm i &tmct;m@a\rmlraémjélefqybndm:abut 5.0 to

70 25, Sub | h | 1y filled
i th 57 or o PR dinppIul SR i Bl iAol bur ST StBe Fbnoeic
mat eri al Sxafd@ROs the @Rse@IF polfyritei @B tlactyBi(ANMM A2 1ihders BY 4 %)&Sist%he by, for

exanpl e, electrode505|t|on chem cal vapor deposition, ectrol ess

deposi t i dRS) Bakpaadrayiedetiradiation dagsarics Hie BMNHY prhile aroseliing the PS. It is

desirable that the initial morphology of the copolymer be retained throughout the
entire process of degradation. Other methods of removing one or the other

20  component (e.g., chemical methods) can be used. Either the “minor” or “major”
component can be removed or be remaining. The dimensions of the pores generally
are the same as those of the cylindrical domains of the vertically oriented copolymer
film, and as such, the pore diameters can range from about 5 nm to about 100 nm or

more, and the periodicity can range from about 5.0 to 70 nm.

25 Subsequently, the resulting pores are at least partially filled with, for example,
metallic, metalloid, semiconductor, and/or magnetic materials. Deposition of
functional material can be carried out by, for example, electrodeposition, chemical
vapor deposition, electroless deposition, surface chemistry, chemical adsorption, and
chemically driven layer-by-layer deposition. For deposition of material in pores that

30  have depths of more than about 30 nm, electrodeposition is a desirable method, since

1t provides a driving force for the deposition of material into the bottoms of the pores.
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chemcally driven | ayer-by-layer deposition. For deposition of material in
pores that 30 have depths of nore than about 30 nun, electrodeposition is a
desi r abl ewoenéeod3698i nce it provides a driving force foPCrhs2aeporivei on of
material into the bottons of the pores. 17 WD 2002/ 073699

PCT/ US2002/ 007769 For exanpl e el ectrodeposition within the pores of a
nanoscal e tenpl ate derived from filns of diblock copolyners provides a

conveni erliorr@ﬁaﬁﬁe@ecfuiohéﬂo@ﬁiohhﬁtﬂi@ﬂ%or@so%qfan&%ﬂe%@%%e&-ﬁ}e@ﬁlairg_h' y
controll ed manner to provide an array of nanow res. For those applications
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materials that are measurably 10 nagnetic, and can include nagnetic netals,
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or PERMA\I_1 . an a iTon and nic Wwth a

Ni 81Fel9)relyage sehhg@sicpagyaidsof Attt Alehandnictlidtlnge sgeamkeme mat eri al s
such as strontiumor bariumin conbination with iron oxide. Organic 15
magnet s, YKt 1@t JMAgRSIIAS PRdle aretBoseanalgidl s thahise syeesiraklymagnet i ¢
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non- magnetict, I'ncluding non- “magnetic netal's, such a$ copper, gold, silver,
and t he Im¥metiMagnetals andblérys dias castainains or heorppEthaseadatasaleggoits ¢ nanow r es

by deposi.tion .of alternati | .ay of magnetic tal s and non-magnetic
mat er i al $7° ﬁ‘r{“ﬁﬁa ?Wa?%ﬁ%ﬁﬁ@%@ an ]‘.}ﬁ’?g r%ﬁlﬁggﬁ "Ief»)}"’lﬁh%i, for sone
embodi mengsicieibhrdBY Wig, FEYUAAKLLY adinb SR oA etA8AntiRgink €8ULAC I tY can
include regul arly alternating anounts of such materials. For exanple, a

magnet i ¢ mziaasf sechosstioniai debazriun gagimbihatem Widlyzes oxflenfrgmial al t er nati ng
as: gnetic tal, non-magnetic material, netic netal; or. nhon-magnetic
mat ertal ,@?%ﬁ:ﬂcb G %ﬁc?’al%Sﬁly I’%}a’nc@_flia o%teg?r‘ﬁi%fe% %H@gﬁ?tfce];“ﬁtﬁflﬁﬁg | ayers can
be 25 optNigaakik ¥ystaf calalsocomt SirhRei e ths: Aesbi-ahbysticnPRivdaguar! y
alternating. More details are given in "Magnetic Miltilayers and G ant

Magnet or éB3geHpaetals, spelhsnonperagddasilyer, sadigerdikal  Appl i cations (Spri nger
Series in Surface Sciences, No .
Magnetic materials can also be prepared as magnetic nanowires by deposition

of alternating layers of magnetic metals and non-magnetic materials. Such alternating

20  layers can be optionally and, for some embodiments desirably, regularly alternating,
and the regularity can include regularly alternating amounts of such materials. For
example, a magnetic nanowire can include at least three layers of material alternating
as: magnetic metal, non-magnetic material, magnetic metal; or non-magnetic
material, magnetic metal, non-magnetic material. The alternating layers can be

25  optionally, and in some embodiments desirably, non-regularly alternating. More
details are given in “Magnetic Multilayers and Giant Magnetoresistance :
Fundamentals and Industrial Applications (Springer Series in Surface Sciences, No
37),” Uwe Hartmann (editor), 370 pages, (Springer-Verlag, 2000), which is
mcorporated herein by reference. Cobalt/copper alternating multilayers have been

30 found to be useful.

18



37)," Uwme Hartmann (editor), 370 pages, (Springer-Verlag, 2000), which is

i ncorporated herein by reference. Cobalt/copper alternating

mul ti | ayewe,2ne@vwg3deen 30 found to be useful. 18 WO 2002COAB6@R/007769

PCT/ US2002/ 007769 Magnetic materials can be generally chosen to have a

sel ected magnetic coercivity, which will depend on the desired application.
For exanple, by using just cobalt (Co) nanowi res, the coercivity can range
from about 70Q@,/Riic hidtdals daf W8 oendtiPEosed RN e aRpIORE hbgetfcabr i cati on
conditions, the perpendicular coercivity of a 5 cobalt nanowire array can
exceed 1cFerki®gyawhiBowll dépendtan thtdessipil japplidation. Eeragrampim by ssinepyst and

nanow res havi di aneter.s snmall.er than the si I ghetic

domai n. ?ﬂ]éazi%@g@%‘?w])rlesc 1 BEIEN SA™ FA8E Y g@&@gﬁ@%éegtgﬁggfoec ing specific
el ect r odepRskt i 10RdEappiobligRTabriRefiéh cinditking) the pageadlcilti acescivityosf £xanpl e,
using the techniques described herein %agpl ied field perpendicular to the
subst p at eobaldnanawatelaatay Ton excoff L & kOq & PO0knductaiheeylisrirdshirs pendi cul ar
coercivity. of out - - ' : i.Yiities can be
obt ai ned ® 13§°t(]:i%p osi l}aﬁlg&%r% lel%%é @ﬁmﬁt&%ﬁﬁ%ﬁﬁé@ ée? %?éﬁ sl\l/g%ﬁqext&:g}éét#at erials
can al so dbaup. tTiel doeragnet mrtesinsdd tv emhBéranaliees by saleckingyspeaificust i ng t he

t hi ckness of the nagnetic sections, the [ilh' kness, of the nor nmetal 15
sect i ons clesHadePRaition SARLIEPI S POteKiRATATIFT A Vgﬁ% SnaRbRFAmEES: WHELR® devi ces are
so-cal | ed,qpn @80k ﬂﬁ&{‘ﬁ&% sl i1 ddSah &r@foul 4 G sBb@rafenRil fakaR] Magnet i ¢
field seg%cg%lgltug??\esf at thée(?ﬂepgll stlarﬁf(]:%\[%han_éleas dr ar?ati caal |y 1%/% th a change

i N magneté wifeiagisil. orGrven establahyerpendicelat capmeilvity ofratioat 89Moe ot et devi ces

usi ng non-requl ar tilayeri.ng. For . exanple a,.thick netic. |ayer,
fol | owed HYPZFS: nﬁ‘}%?li 0% ClWEF%‘fanlbgfé’f%megiﬂw J5RaNtpy Fffl?)ﬁ%ng%ﬁﬁg%%’z“o thin
magneti ¢ | ayglis.can be deposited in nanowires to forman array useful to
design a two-state device. In other enbodi nents, one can reverse the

magnet i zation ME%HGEC Hatdes SHBldoave MRANBEIfetdrafve B¥hdviGTtBRRI 1YY t he
current through The device. A spin-polarized electron current |eaves the

| ar ger madiwsting thedbjickmesa @l thesnagnptécsestonsnths thisknesgaf themopgalragilet . Thi s

current exerts a torque on t.he etization in l.er. e and can
CoverSe chaaer e Pof o e A DA bt DT 8%, B Al R TS
typicall y'giaﬁﬂ'qﬁagaxt%fﬂr@gstmé Rviks Ghadheare FaRBReintgieas Heladeisess, 8t mace. This

0

results in a way ' _ _ _
the resistance changes dramatically with a change in magnetic field. One can also

intentionally make “two-state” devices using non-regular multilayering. For example,
a thick magnetic layer, followed by a thin normal metal layer, and then followed by a
20  thin magnetic layer can be deposited in nanowires to form an array useful to design a

two-state device.

In other embodiments, one can reverse the magnetization state of the smaller
magnetic layer by increasing the current through the device. A spin-polarized
electron current leaves the larger magnetic region and is injected into the smaller

25 magnet. This current exerts a torque on the magnetization in the smaller magnet and
can reverse the direction of magnetization. The change in magnetization is typically
accompanied by a discrete change in measured resistance. This results in a way to
"write and read" using current. One can “write” with a larger current, and “read” with
a smaller current. These concepts are discussed in Katine et al., “Current-driven

30 magnetization reversal and spin-wave excitations in Co/Cu/Co pillars,” Phys. Rev.

Lett., 84, (2000), 3149. Optimal electrodeposition of magnetic material can involve
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"wite and read" using current. One can "wite" with a |arger current, and
"read" with a smaller current. These concepts are discussed in Katine et
al ., "Curwermwex7dewen 30 magneti zation reversal and spi nPODUES2&RO01782 1 ons i n
Co/Cu/Co pillars,” Phys. Rev. Lett., 84, (2000), 3149. Opti nal

el ectrodeposition of magnetic material can involve 19 WO 2002/073699

PCT/ US2002/ 007769 the alignment of the magnetic axis of the materi al

nor mal  t ¢ctdi@nSkhf FeRe HRGRctMxEdbtthembRg Aleidrdalmtile hatace apcepaiht ed. For

t hose applications which do not rely on magnetic properties of arrays, any
ot her natlemzgnetihingkerigdis dspositedet r odeposi t ed can be enpl oyed, incl uding
netals 5 generally, sem-nmetals (including, for exanple, Bi and Bi Te), and
certain seni Eonidiost ippdicatiensrlitsde pejtrely o mrensiie BYoPSdEp 65 M EE. a0t i nal

el ectrodeposition. of. nmagnetjc t er.jal ' - gl nt of the
magnet i c OHF Lafsfiat lcﬁacf‘g&leg}ecur%}%egg?{aegtcﬁlgﬁ%f}l%o% g’ﬁflélpglg “g‘%%vgve normal to
the syrf ag:4BoBembinetild (ifclABaRb! &amle Bi ahd Bile)degozitaed. 10 The

t echni que descri bed above is generally depicted in Fi whi ch _shows an

Fig. 1,
or i ent ed seifisPedictios puttii thet ¢am bsrelegrodanesifed Ortym %‘%P‘Qg{%ﬁi’é]é’é’n% the
substr at ?naélgthlﬁglEtt%fel%l QR Plive B8 a‘ﬁgﬂ?&ﬂﬁﬁ R 19%%1}’6{1% agis R arknaoRal ymer, and

t he adj ace areas represent e ot onponent of the dibl ock
copol ynegubslangialipparalkliof deer ofrmat toeheophicy mpon fhichnthemheraticshrewalper f ect | y
flat. Thiis_condition can be preferable for 15 sone applications, although
this i s nolerasequi rement for the teclniique generally. Those applications
whi ch desirably involve the_production of substantially flat film surfaces
can UPilize nEDERFENIGNEARSHDE] 309G T BT I(tfj’ﬁtpf‘e R ll%pl?g’im‘ﬁll%o‘éfﬁﬁlél ymer
film For_. i | S| C hied8aressS the surface
of the ggp%t?@rangjﬁoc#%#%ﬁ%@%u&cled Sgﬁsgﬁhgestg%?%fﬁ%%?gt surface on the

copol yneregrédent orR0offbe cpapenents eitheadiplock eopadyrser, piktheatidcsnthghieri al i s
desirably renoved fromthe substrate rface after. deposition of

ot | ondreavipereea) S PHep Enmpotighp T e AR KoP e BE BRI RE,

desi rabl y, PR3 BMer RS AHRThowA pEFRASI flat. OThis @oRdiA¥h 9 B4 prefraplafor stability
to the array of nanowires, or to allow further post-fabrication

| i t hdgr aphine apgliepens, REhonghl thisfis neftarrequiremeat fathelgppeucagsica@ll¥d by treating
the array wth an agent .25.that. sel ect.i iex.materi al
with resodose %H?%Fﬁtéoqﬁ %\%1 Fl%sga lby 11V ggectlrhlg %%&élugg(gl% gf.iﬁ%sttagt?aIWa& Pm

surfaces can utilize methods which use a further polymer on top of the copolymer

film. For example, polydimethylsiloxane can be deposited across the surface of the

copolymer film to produce a substantially flat surface on the copolymer film.

20 For particular applications, the matrix material is desirably removed from the
substrate surface after deposition of functional material. In other applications, the
matrix material is desirably present subsequent to deposition to provide structural
stability to the array of nanowires, or to allow further post-fabrication lithographic
steps. Removal of matrix material can be achieved by treating the a:rray with an agent

25  that selectively degrades the matrix material with respect to the nanowires as

described above.

Selective Exposure

The methods of certain embodiments described herein are based on the

30  selective exposure of the diblock copolymer template to a radiation source which

20



Sel ective Exposure The nethods of certain enbodi nents described herein are
based on the 30 selective exposure of the diblock copolyner tenplate to a
radi at i orweauex3ei ch 20 WO 2002/ 073699 PCT/ US2002/ 00 PCEAIS2002/0077/6%
material fromthe polyner film to create three-di nensi onal nanoscal e
elements in a nmultilevel integrative technology. Special nultilevel
processi ng steps, specifically tailored to each particul ar device

cessi ng | y tail n | ce
oroduct neyorsgtli HE BB KRR e P PRl y i 1 o

conpl ex ieinegkaihadnptitduintogptiveltedneolegyi §eecp exulidledelposdessih@bepcat i on

| it hographic steps. The common technique to all cases of agn%%%ructure

f abri cat isperifieallytialosed tcsarh satispler aase @&ﬁg‘éﬁaﬂi)lhg“? Bdie @ SVerHe process

i nvol ves f e l&q{ﬂ%%ia’tﬂfﬁ @J*lﬁ%ﬁtﬂrgﬂwﬂnag?&gﬁtfe' GrteheRdivMckl10fAbron of a
nanopor ous copol yrrer tenplate,” e.g., by exposure to a radi ation source.

Sui t abl e litfbgradiyahig whilewr e ldbomtdgheedmbéott imey adegeqdat prenawt p&t-copol yner
conponent_ i ncl.ud for . exanple, ultraviolet | i gh el ectron beans, or
ot her soé@ﬁ@?hﬁﬁﬁﬂ@&?@??éﬁ*?héﬁ?GQHHME¥?$%F@ﬁ§$%ﬁ8%@?8%%“8?@5Wﬂ8nent_of a
di bl ock W% ]s thd B8edivR e85 yhner faRIGheRchagaeral Iy in Fig. 2a, which
shows a side view of a vertically oriented diblock copolynmer fihn on a

surface, wit hfh%‘f#@éebé)l vhIvRE PRIsBRc difRBiieRREkYHTRIC drkdsBr 1Jdi@iod Bf L adi ati on
renmoves materia romthe filmto create cylinders, and since the exposure

is sel ecahemroushepelyarce tam@ats, of., bhnexfosiumte haadiaiemt siureec yvitAder s, and

ar eag th;? do not . Fig.(ﬁb is an.g%erh ad VHQM/Of th&xﬁfﬂ%k&%L@% showi ng
expl i8i t IT§AipaR sougss fay; tHe delegtive degiadangn of AL PUINICE CHIROYSRERCINESISE G on t he
film surfageplel gsdbiolddgUiN light, 8lceRoBRNR, oledtREsoRRePOSIat00n can caot enti al |y
be carried out, depending on the characteristics of 20 the underlying

surf ace. dffigently dhgpidetascontpenenired asliljedseopalyinareSbp prasgsicAphiaied, with the

matri x conponent of the.fi.lmdeleted . ' - - bty 1 For
applicatﬁ%ﬁ?ﬂ %UB@@I%%Vgﬁgl%%3%35“%5H%?8E%9mg%ﬂbpﬁﬁgt&%@5%ﬁ#projection can
be used f®polsart fitth of @lseefhdey inlith radiaBsEsinipiegisg of deecopblyitte fiinr dhe For
applications involving electron heans, a focused electr?n beam witer or
ot herl5el gedipien wEWYFPMakeHal Bemdhe e lqaede FYNdsEa fRhFNeeing SKPRAYS!S The

exposure s@%fg{n%{) ﬁl&%gsa? %@P‘Ie%m tﬁWJdﬁﬁlﬁl @ﬁﬁg% éﬁpdl eﬁ@:fs%l#igh de ﬁotdi ctated by,
underlying Teatures in the filmor on an “underlying surface, or can be
unr el at ediig @bsisah of @atadrdsw of die saxenfiine shoatieg expieitly that, m this case, a
triangular shape has been imposed on the film surface, resulting in an area where
electrodeposition can potentially be carried out, depending on the characteristics of
20  the underlying surface. Fig. 3 depicts the same process and resulting template, with

the matrix component of the film deleted in Fig. 3 for clarity.

For applications involving the use of UV light, a UV mask or UV projection
can be used for spatial selectivity across the surface of the array. For applications
involving electron beams, a focused electron beam writer or other electron beam

25  source can be used for spatial selectivity. The exposure pattern imposed on the
surface can be related to, or dictated by, underlying features in the film or on an
underlying surface, or can be unrelated to such features. For example, when the
underlying surface includes an electrode pattern, specific alignment of portions of the
diblock exposure pattern with portions of the electrode pattern can be a requirement

30 for device manufacture. The resulting array is referred to as being laterally patterned.

21



under |l ying surface includes an el ectrode pattern, specific alignnment of
portions of the diblock exposure pattern with portions of the el ectrode
pattern c&o 2be/@3eequirement 30 for device nmanuf act ur e PCThES2002901769 Ng
array is referred to as being laterally patterned. 21 WD 2002/073699
PCT/ US2002/ 007769 Once a patterned nanoporous array tenplate is created,
surface-selective materials deposition nmethods can be used to |ocate
desired materigal s_i I Nanowi r es
Sl e o erifgap &E&nﬁé@‘fmlggéﬁ s billay EhEMEiNAN0E B acgrsgg@gﬁge;pose nowt
radi at i omateiath @p@ﬁﬁommaﬂﬁdmcalgbeamseéitcetdcataaﬂesnaddnattbxyalmgltb tes pdBesstor f ace of
the copolynmer film Novel use of el eﬁi)r ochem ¢ Plraé%lgis' t.i.on t hods, for

exanpl e, cientgriaagscalslanats. INHIOVEES ERIC PEFSRRO! vEur gEthe naterial s
deposi ti g, h?e%ag%ﬁﬁ)s% 1*9@&1&1‘? &fd afds EaiEhing ﬁcﬁl%@cﬁﬁhe VARSTyieResi ti on,

el ectrol ess position, surface chemstry, em cal adsor pt| on, and

chem £al kyfabeiof dire dopylmebyilhayer deposition, for exanple. 10 In the case of
el ectrochem cal deposition, different electrodes can be held at differing
vol tages duri dpveheseel eletiradhmidat depasposndthats, foo eatrhple; erablssevent

d t t h t d thi b f dt
" or ogr anfBii U eRBNTAIPBh. OSSR SERT T P CTRE G T Ry 81 et r odes ar o

separ at ey, AHMLRESPH]SicQVEp&! RESHOSIE elebRble RPBsiAbn, SLEBE QRaRIrGan be held
at a potene%l gr% appr oSr |1%1t e%f) Ee|505| tion of (gzllr?e 15 material, while other

el ectr odehem:rcel dusbwptian, apdtcbmmcalls delﬂlay@dayhl@iyeladep@W@l@;f@ls@tamﬁ% of that

i 11 6 ot MRS gt O e BB SO Rl R oyl o

of this R/Mﬁﬁ‘ge@fduﬂﬁ@ﬂfe%ﬁ%fctr@é‘ﬁdlﬂﬂaﬂ@pétﬁ@chﬁﬁo%ﬂlowrm Ipr@entidepobitioh at s a
schematic diagramof a nultilevel structure created using the concepts

descr i beghos2o ekdstrodes, andl thisgechpiquersen hatefeiredorigopesrapned HEPBHIS yner i s
del eted iy O 1ga1§y Wl oL th%lu\?\i#rtgﬁn%&@@%é&&’ ﬁfer s%%ﬁafe&%dﬂig%gaﬂlgndﬁe e écﬁb@e}]e(zt rodes

in, or or§ ace crea onventlona ogr aphy,

for ex aqunegl olgRib£gladtradas)tcan b heldean pbmmalrappaqmamubr deposieghsfoge Wi t h t he
underlying electrode pattern as desired, fall rv& b% ﬁl ectrodeposi tion of
a filst meateralavhil othenalectioges He heldah prigtials whichlo 1ok AW CEROSIEIS 5 shown.

Subseque lr&tf tlgllt ﬁj%tégrﬁg eﬂ:ﬁ el fHer @e)g)%.? Qe ﬁ%ﬁﬁﬁ Lakatilay, 1%'3hzﬁld?ﬁéréﬂd e

potentia ent tromthat use el ectrodéposition of the fi r st
mat eri al tyeswlf hsndwirdsken be dgatsitehomfhesemortipnanow res, as shown. First and
second nmaterials can differ in

An example of this type of nanofabrication is depicted in Fig. 4, which is a

schematic diagram of a multilevel structure created using the concepts described

20 above. In Fig. 4, the matrix component of the copolymer is deleted from view for
clarity. The substrate includes thin film electrodes in, or on, its surface, which can be
created by conventional lithography, for example. Lateral patterning can be carried
out in registry with the underlying electrode pattern as desired, followed by
electrodeposition of a first material, results in the creation of first nanowires, as

25  shown. Subsequent electrodeposition of a second material, at an electrode potential
different from that used for the electrodeposition of the first material results in the
creation of second nanowires, as shown. First and second materials can differ in
characteristics, particularly in characteristics which are relevant to the functional
aspects of the devices. The first and second materials can be metals or semi-metals,

CC 77

30  so that characteristics, such as reduction potential, semi-metal type (for example,
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characteristics, particularly in characteristics which are relevant to the
functional aspects of the devices. The first and second materials can be
nmet al s orweene2/aredsal s, 30 so that characteristics, suchPag/usedaodi7on
potential, sem-netal type (for exanple, "n"- 22 WD 2002/ 073699

PCT/ US2002/ 007769 or "p"-type sem -netal, netalloid or sem conducting

mat erials), reduction potential, and other useful characteristics can be
varied in different. | ocatj - i i v el al
pat t or ni Ha 160t Ryt bleBEBi ety g b FADEHEI pO BRI s
first nagpwthesiseful shawsierishiootdiese vaaicd imtiffeaditt dvoatiog Fttepfilln a 5 different
| ocation, followed by el ectrodeposition of a second material, at any

el ectrode pongskiafivelyllestdl batidriinghdllowedbl elecobdepesitionl ofiafici r es.
Subsequent IjthograPhy, al so known as el eptrgggegosi.t ed post-1|evel

connect i watsriabereatie fal pMEEEres AS SV | ARRTESTJAICEd PAEIRRME SIPo? bet ween set s
of nanow a0, b08kin §f AREELOhateARAPhSNy SddiHbtSs. Fi g.
5 shgsnvvsV\%lgéi%lémeg@’v@@@vv%@aﬁéﬁﬁgr8%>l<ar?p e of 'such a hree 10 di mensi onal
st r uct ur gotestigh@silzsi inghd dreatioalods¢cns hapowistsnwsSahsauentithegiiplyonlsect i ons

tuiderlying (level #1), .through (Il evel .#2 nd_qverlyin | evel #3) the
matrix @&%ﬁ%ﬂ?c%ﬁ‘d%??ﬁéte@l PB?t"g‘é‘fFS COPBE ?Re% op 16@?@3 eeOfﬁl%gPﬁg 4 connect i ons
in regi sLry WhdHR HRPIRABE B RativitRESRl Aioksahd @t AV ssmpler 86MBlex
applicatrons, 1t 1s desirable to use subsequent upper levels of 15

| i t hogr apinguifsoFig. it showe aneetrhend dend of araheraxironlpifspesetressuch enbodi ment s

are _depicted.in Figs. 13a, and 13b L Gh W i gurations of
magn&t o- d]élFeé’é’cOPBHt]El%ﬁF%rﬁgﬁ’g?ﬁlmﬂéﬁbe&)g@%@ P ﬁ?htglg.eﬁ %%tggﬁ(fgﬁ%ﬁég%i ct

magnet o- gh &G 1N{16v A RY), GRoudhQveDHNAA DR r iyt (1avel #3) 2l tegixspor t cur rent
through the nanowi res. These devices utilize anisotropic . ,

magnet or esipomzant ef thgidadreckesgakbimst & ¢rstts slestrical CBRFH1oNS LuFeeEy Vot cur r ent
swi t chi ng_magnet or esi st - iscussed in Katine et al., "Current-driven
magnet i zg?rPB%‘einés\/%}tzlgTe @ﬁ%?%]i%ﬁql\g\'/ave excitations in Co/Cu/Co pillars,"

Phys. Rev.  Let tac?lge gﬁpé}cé%cg}%gl)t {lS d?'e]s‘fil‘gble Eoo segg?%atsl%lg uggé}%%@s @ﬂd "spintronic”

pur poses. They" o nagnetic rage read head technol ogy,

magnes i ¢ RAM-apaRdoMMeREInEctioch RS imtggrapm pepbicensuclFegbodidanishows a fir st
configuration, in which the "current in" 25 and_"current out" el ectrodes

are on t HepisigBdn Figsel Joprd 13bamdiohribopritverhasifseRE g o &f MeehPhese t wo
cont i gur S BRe bR R T R e 3 i e s e Pate.
| evel andonfigurations that utilize transport current through the nanowires. These devices
utilize anisotropic magnetoresistance, giant magnetoresistance, or spin-polarized
20  current switching magnetoresistance, as discussed in Katine et al., “Current-driven
magnetization reversal and spin-wave excitations in Co/Cu/Co pillars,” Phys. Rev.
Lett., 84, (2000), 3149, for magnetic sensing and “spintronic” purposes. They are
relevant to magnetic data storage read head technology, magnetic RAM, and magnetic
sensing applications. Fig. 13a shows a first configuration, in which the “current in”
25  and “current out” electrodes are on the substrate level, and the interconnection
between these two electtodes is on the upper interconnect level. Fig. 13b shows a
second configuration, in which the “current in” electrode is on the substrate level and

the “current out” electrode is on the upper interconnect level. Particular combinations

of these configurations will be readily apparent to those designing circuits.

30 A device of the construction depicted in Fig. 13 has been made, and a

microscope photograph of this device is shown in Fig. 17. The patterned black
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the "current out" electrode is on the upper interconnect |evel. Particular
conbi nations of these configurations will be readily apparent to those
desi gni ngwoizeui7s8e®9 30 A device of the construction depiPCras$20m/0F7g2 13 has
been nade, and a m croscope photograph of this device is showmn in Fig. 17.
The patterned black 23 WO 2002/073699 PCT/ US2002/ 007769 regions are the

| ocati ons of the nanow res. Magnetoresistance neasurenents of el ectron

transpor }.e%gg%{s%?%{_hetfg&gﬁyiégﬁf ﬁﬁgﬁi&?ﬁ g&%gaoge_sis%céme%s@&ﬁ&ng gfried out, and

are shown now res thensel ves can be

mul ti | ayelkeedon transpgrtphioaghl tifs deviee tiemdeposFig dhhave eeh waricdopbpaht bat h, for
exanple, to create Cy/Co nmultilayers, or by sequential electrodeposition.
Sone enh&®iheWEdn 512il§l ti | ayered nanowires are depicted in Fig. 13c.

Magnetic nanowi res are, as discyssed above, created usin gnetic
materials, prithadditen.he noldch PeRSBAFE candiedR %, axelregnl,m]éggﬂﬂgei%l oys

contagni Bﬂach‘&&b%%%ti%ﬁl?h ﬁvo—@&q%ﬁ{eﬁt bk bt bxdnBile @B RS QDTS nBERGES) esi st ance

appl i cations. I'l'ayered magnetic nanowires are created using
subst ant oaby yequegtidlatdcyrodértositiont Soge cirdpdingentsf ofiragitibtEiod manayires ase and

non- magneti.c terials t hin individual nanow re (for. exanpl e, Co/Cu

al t er nat F%Cﬁegg%?b%igapﬁw@w&a‘?‘ﬁﬁfeﬁﬁ i Sst@r‘g&ﬁ%\feofnee%ﬁegfl glrll1 e

appl i cat i,ORYeti AR RIBL! piendBARGAI16diINE EEWNS hickell 1168 %nd abo ydatanshag
substantially nonregularly alternating fayers of magnetic and non-magnetic
mat er i al $hesasetals, ahd prelBe§pifor-apBPEPPIP SthebHOFSHIANSORRIIISR RS-

magnet or esi.st ance. | diatel.y afte . I t he

pol yﬁér ﬁ?lﬁiagBﬁé??%%%B?lV% P T artée@%é‘? g%@%@lﬁ%g&g@ﬁ??R?ﬂ!étﬁhgegr adat i on
by - pr odugisgis dmidtit RGN 4d roaTRQRent mastidlsdyitiinendividgalmanovirent ed

di bl ock copol ynmer in the unexposed regions. The coexistence of these three
stat es of(fosesamaplgi €pEnaalternabpg tayeishmnd aressefyl ferglangmazneiopsist@csf sol vent

or radiatjon, .. imders, or

al ter na FORROR A e e afe 5% i b1 ock
copol ymemonfegnlagyalphatingbetis of anpnkticand menuseghetionraemplseustédriaded pol yner
fragnents fromthe exposed area, but will not affect the matri x conponent.
An agént sPicRParized LUEEPSVEIChESRAgneRISE WGP renove material fromthe
virgin, unexposed di bl ock 25 copolyner. If deﬁfiéred, tﬁﬁ renoval of materi al
fromvirgin rdgmesskatelyigethg sHPEVEATHEXPPFES eR? et HIAGIHEF agent, for

exanpl e, p%gjnlxjeq‘QE thrbd dER4tBeks: UG 'RIRUAi01Phy-bidBucts; 2) the insoluble

component; and 3) the virgin, oriented diblock copolymer in the unexposed regions.
The coexistence of these three states offers additional fabrication versatility. By

20 choice of solvent or radiation, one can choose to remove only the exposed cylinders,
or alternatively, the exposed cylinders and the unexposed regions of diblock
copolymer. For example, acetic acid can be used to remove degraded polymer
fragments from the exposed area, but will not affect the matrix component. An agent
such as acetic acid will also not remove material from the virgin, unexposed diblock

25  copolymer. If desired, the removal of material from virgin regions can be achieved by
treatment with another agent, for example, toluene. If desired, the removal of the
unexposed diblock copolymer can be chosen to occur at a separate stage of

processing, for example, after nanowires have been fabricated in the pores.

It is also relevant to note that for high-dosage over-exposures, both polymer
30 blocks will crosslink, rendering a solid insoluble film that can also be used for

fabrication purposes. In such embodiments, neither component of the diblock
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unexposed di bl ock copol ymer can be chosen to occur at a separate stage of
processing, for exanple, after nanowi res have been fabricated in the pores.
It is al swored2xraey to note that for high-dosage over - eppddise@/001762 h

pol ymer 30 blocks will crosslink, rendering a solid insoluble filmthat
can al so be used for fabrication purposes. In such enbodi nents, neither
conponent of the diblock 24 WD 2002/ 073699 PCT/ US2002/ 007769 copol yner can

be re mvgog'olsy%(sf RaRhE ?@n&%ﬁ G ! %ggs & VeQRUPhs 1Bt fors, WhidprBteot ect the
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nanow res by w&%ﬁ%GQb}%ﬁéﬁﬁlﬂnﬁﬁﬂwﬁgbf madhdtid diehlyy tallisd useanowi res wit hin

a given set of nanow res have the same nagnetization direction, either up
or down, createpesgoadipergendiclaaegnetiy media, af shosm mFig.diar Gaoh sehof n ot her

applications .in.which t magneti.c sw t chi I Of LG arrays
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due to ndirgtionr ¢ithgr upandown.asrresnegdingie a da@itl §f HBperdST ol whet her t he
nanowire is found in a circle, 15 triangle, cross- or star-shape, or other
shape0whi ch t &nctber appiiaations e whichheinpgnesicsiachisg HERIHY BMAFHAN res to
each other or non- et i e 0 i e, 4 ¢ t.ent and shape
of an ar ?%?ysﬁlf?ﬁﬁg@%ﬂgé’ﬁg%%\ﬁﬁ@@sp a\f;&e ﬁ%&ia%?l(ﬂeﬁg@@ Eidt}getré;@'\nﬁ%ec f‘i?cerflltglgl%nbehavi or

dramat i cahb ynaglttizti6@Bwhehinpsek\Ed nagntienapgietdan bhystdéfieisi s curve
(magneti zation versus applied field) and in the magaetoresi tance of a

devi ce usibstpnpially by Feinpgnstic difioky tEaciRPsieTweterfich FuTle 13PE es we can
create "designer 1 Gl I [ @he he ndsshinerokdh a ceefR, be used in
magnet o- P?%‘}Y@f%r %“‘fné’\%lf'%‘@%@igﬁ’%%%@%‘% glslet%lé?;%l Pequilr e d?tscoﬁt i_cnl_Jous changes
at spsci Hiigmetdcrshardtdrishimts onsthérahapeothieh templplté vakingas ot armizeiths ze
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I Sonme of such,. . enbodi-nents are
exenpl i f EERPSFP FIGNOWHES Of3Fk Hﬂ@w\/voﬁt}?%’“teﬁF asgriPhihe gﬁ?}' él?‘g Eﬁ?rgf 25 sets of
nanow r egy oI (AnSEO5E I RN rSMeh &Y ASoRARBAWHIP InfRlenéS% GARMINEEVI ces can be

behavior dramatically. This can be observed in the magnetic hysteresis curve

(magnetization versus applied field) and in the magnetoresistance of a device using

20  such wires. Using the patterned diblock templates we can create “designer

micromagnetic media.” This designer media can be used in magneto-transport device

technologies that require discontinuous changes at specific threshold fields or for

other applications that utilize step-wise changes in magnetic field. Some of such

embodiments are exemplified in Fig. 14b, which show both triangular and circular

25  sets of nanowires. The discontinuous switching behavior of designed devices can be

enhanced for particular applications.

Applications
The three dimensional nanostructured arrays described herein can be used in

30 oftechnologies, including: display technology, cooling technology, magneto-

electronic technology, data storage technology, sensor technology, biomolecular array
25



enhanced for particular applications. Applications The three dinensional
nanostructured arrays described herein can be used in 30 of technol ogies,
i ncl udi ngwodnepi7a6p9t echnol ogy, cool i ng technol ogy, nagneCo/tsk@etonTyad c
technol ogy, data storage technol ogy, sensor technol ogy, bionolecular array
25 WD 2002/ 073699 PCT/ US2002/ 007769 technol ogy, nol ecul ar electronic

t echnol ogy;, wavegui de technol ogy, and other technol ogies. The techni ques
presented here are [ vali . of research
at or | al S0y aPefafo R R e Bt BUBIGE, BARER R B B T i ool v
(FEDs) oftédnoloih. Tht glahiigsss presnteddissy are gamesalmtiipoovidamtyafiteatte panel

desi gn. The displays can include an addressable array of field emtters
and a phoSprYos sesefeh St s SYstiSei ent fiel d emi ssion displays require

hi gh-aspect-rati o nanoscale netal tips (for exanple, from about 20:1, or
about 35:1, 10 or about 50:1 to about 10,000:1) to enable electronic field
em ssion at low threshold voltages. To achieve a sufficiently |arge
curreft densi theld Enassoon Applicatighe desirably arranged into a hi gh-density

array. To define display pixels, the arpag is desirably patterned

lateral |y int Figddemisfornrdismiens e8EDspioflier kigh Hrightegss, KepeWeni cal | y

addr essab] e, hese ts i.ncl e re
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of fers sifggM bhitees Pdecgmspingesnst schenabifidiént fiehl eraksiot displags regyuisewi t h

inproved orientation. The ultra-high density, laterally patterped arrays
ke i ol o

creat ed H}}gh'h%’e?@%‘ﬁ%ﬂénosﬂ%@é’fieitf_ﬁéﬂ’s F EYHRlS, .95’%&%?}3@8'513 taded for
hi 9“‘1%)95041-%&9;%0;1' BYLBARS 000 g)' 9 gﬁﬂﬂe @1Qct¥dlﬁe<§ah%nﬁgsﬁcm MoWeMkaRta The high
a ted by the te

aspect rati o of nanowmres cre chniques described herein allow
t he t hr eshithgesy dotaabevE asuffiticnslydarge curbent dexdsitycthe mtdityert eng desirabiat  power
consunption for. suc

. field emission devices is correspondi.ngly, | owered. The
devi ces éF%m&§EWHHaE@%*k%ﬁ@@??%bﬁﬁﬁﬁ%HQﬂH@§W§%¥%%ﬁ@fm@%ﬂﬁﬂ?%V%anitpr
screen, gﬁ‘&em@@ D¥erQiPBlto StS BE Rahotaek GEith SME DS cRBrryAtAReRIdrdARBldevi ces,
and any other devices 25 currently using LED or LCD displays . The thinness

of such fThebdsentansndndafromyae tallDos 3. s nalers ingrovoifess dertsndiagiosdke t o be far

than%r Rﬂgﬁe ﬁ%hgﬁimgvallable currently.

The present invention offers simplified processing and the ability to make tip

arrays with improved orientation.

The ultra-high density, laterally patterned arrays created by the methods

described herein can be successfully used for high-resolution, low power, thin and

20 flexible display devices. The high aspect ratio of nanowires created by the techniques
described herein allow the threshold voltage for emission to be sufficiently low so that
power consumption for such field emission devices is correspondingly lowered. The
devices are useful for television and video screens, computer monitor screen, and
many other display devices such as on watches, GPS devices, and any other devices

25  currently using LED or LCD displays . The thinness of such field emission arrays
allows the design of such devices to be far thinner than devices available currently.
Display devices made with the technology described herein are also much brighter for
a given level of energy consumption than those currently available. The possibility of
using a flexible substrate further expands the utility of display devices made with the

30  techniques described herein. Differing display applications will have differing

20



Di spl ay devices made with the technol ogy descri bed herein are also nuch
brighter for a given |evel of energy consunption than those currently
avai | abl ewOoTh&/(pe9i bi lity of wusing a flexible substratreTfuseedamnr7expands
the utility of display devices nmade with the 30 techni ques descri bed
herein. Differing display applications will have differing 26 WO

2002/ 073699 PCT/ US2002/ 007769 priorities as regards operating
characteri.stics: for a i gh
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filmthigk Et afld elept%l 9%%15'19&;11&%'[(962@6 ie@ssﬁeﬂan&éﬁr@sr"in {iotasexanpl e, 90% of
the fil mthickiess 0 by renoval of a portlon of the surface of

t he f| | rrtleli&;mta@amszvd(«hlemttebsctrh@@e Fof figkliantission apphieatinos, the gedefithy, for

exa reactive tchin 0, matri x

conp enPaIF%VlBeélaéec i ﬁéfrfht B a %%9 %E? ashlsku%l@w é]éevaeé@ (}}ﬁ I'Ag to the
constr u\?\%kd%ﬂnlg_f(thgﬂ ig- eléi;tf&a@pdmﬂ@ {HRNGirdH 16 Easeapelly thaudilaphskadsstdi s devi ce
are sho . The dlblockterrplatels shown patterned into a
circul ar byggw\mmg altenzt@»@ leasgn exteniaieromainple; H@@Péﬁ@rﬁll%‘fhﬂd@fsssﬁa fgllowed The

sane reg on is fter. 250 gy at -1V
a0 1 he bageE L OT Ao feh R A b e P Aty B oA B R A e
at 20x eyt {lﬁ(ﬁﬁdlﬁ@ foRlexdntife, tpRtive Idrghthing bfogygeh Plasthy Aanie, thegi on i s
shown after ectrical neasurenents ~were made and then having brought up
the éfri ssmasrx eunpanent Boletersl BIpAte- A OWIPER- the sanple was destroyed in the
| ower part of Fig. 19 (lower |left at 5x ma ni ficati | ower right at 20x

magni f i cat i on)A dasiiep acogrdipopghacepspeiosrol & %&W@ﬁ%‘%ﬁ P} BUGERICORE on 25
rreasurerre Eso X g?e] M %naetvr&% gg\{\% '9”1’_['fleg1b1&§ teﬁp AL B&hEWRT ent density
Fr8Sho! 'd eveg

and a was ac Is a close up of the inmages from
Fig. 19, puﬂélﬁéd into a circular region at 20x magnification in the upper left of Fig. 19. The

same region is shown after 250 nm cobalt nanowires have been grown at —1V into the
20  circular region, but before electrical measurements were made at 20x magnification in
the upper right of Fig. 19. The same region is shown after electrical measurements
were made and then having brought up the emission current to the point at which the
sample was destroyed in the lower part of Fig. 19 (lower left at 5x magnification,
lower right at 20x magnification). Fig. 20 shows a graph of electronic field emission
25  measurements made from the array shown in Fig. 19. A large current density and a
low threshold was achieved. Fig. 21 is a close up of the images from Fig. 19, upper

right and lower left, before and after destroying the sample, respectively.

The electrodes are individually addressable, in this case, with voltages V; and
V,. These épplied voltages are independently varied as desired to control (that is, turmn
30  “on” and “off”) the emission current from each nanowire set. A phosphor screen can

be placed above the nanowire sets to create a display. Fig. 7 shows an overhead view
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right and lower left, before and after destroying the sanple, respectively.
The el ectrodes are individually addressable, in this case, with voltages V1
and V2. wWbese/@apgbi ed vol tages are independently vari egCagisde@gionsdo t o
control (that is, turn 30 "on" and "off"') the em ssion current from each
nanow re set. A phosphor screen can be placed above the nanowire sets to
create a display. Fig. 7 shows an overhead view 27 WO 2002/ 073699

PCT/ USZngé O0£10 3evi. bt RO R indeNusSy adiidssMld betd OanbRgheyi dual |y

addr essabl e sets of nanowres. It is ‘nportant to note that nanowires are
deposi t etnpatant amdihthasubemis erodeppsted Dpiy ¢rethe susgienEkeres Lethsosed t o

irradiation_that, degrades. a.c nent of the _copo t he
substratéqgﬁw?gﬂé?mg¥e¥ﬁﬁﬂﬁg?ﬁggﬁug e%g‘?ﬁé@gmggﬁgﬁggﬁ?gﬁ§ﬁpgﬁnved from 5
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contact allowmng electrodeposition. Thernoel ectric Cbolinq Appl i cati ons
Sol i d5 st Htesubstvite suyfagenand Sl teeasnbairae swdacadas gheactiedcPRiaaIaNEnE echnol ogy
10 descri@gd erei.n. At present, the best comrercially avail able

t her noel 8EFYP q@%@@?ng devi ces have thernoelectric figures of nmerit of
approximately 0.1. The techni ques described herein can produce devices
whi ch have thernoelectric figures of nerit approaching or exceeding 2.0,

e.g., devices_havi ng .figure ‘gf 1un'.t of 0.5, 0.7, 0.9, 1.0, 1.2, 1.5,
1.7, 1.8, 1.1ﬂ£L¥@§3%§l©¢g%¥%¥Tp@%¥#ﬁ%§ 9 is a diagramof a single-stage
t her noel ectric, cqol er i ch can be e . accordi.n ods descri bed
herein. The s@@gg-ﬁ%‘ecq\?ﬁ&g g?‘é‘ﬁﬁ%@@#&%ﬁ?? elﬂHngjé t?lﬁk%?mglﬁ%?t s surface. A
patt ef negle%‘ril%@ G ko0 RQI pFERAL, RSt écin@ERRII9 v Ml Besudséondad olings
descri be erein. Again, the matrix conponent of the copolyner is deleted
in Fig. d@vib@srhazyleahdrmy@lewain@&fur@é@fmeﬂﬁgBaW@@@aﬁﬂko-éeE@@it? 19865 pr ogr ammed
el ectrodeposition.. 20 I n the .depicte i L es, made
from "n- %ﬁﬁé{beﬂ&rgfﬂi Ca?f@fo%ls flewg%sowﬁllg]fl ﬁ%glgl}%e}£g¥%ﬁ lelf)%gﬁae ! at one
el ect r odgppRAchinPot KRESIABDONE Ee devitadeaviiganigutpef wpess it @7, ®P.sl.0,al so wel |
known in P%e art, are deposited at another electrode. A top-layer netal
i nt er condebtl 3,4.% Iﬁ(&gnldépg@i%'&fa@lfect rochenmical ly. The devi ce operates
t hrough the application of current through the, device, .SO tﬁggt the top
pl at @5becones 55@@B@HéﬁﬂnpﬁéS@B@tﬂ?%ﬁ@§ﬂﬁﬁhmgﬁﬁ§Pe%F@“%@E@- W The top
plate can be 4368 1A%, an &e@egcr%eﬂﬁegé?ﬁ. ¥HEsulbBrRb 84S S0 Rl BM- SRR meliOr
exanpl e. i flﬁ St age coolers can al so be

in or on its surface. A patterned diblock copolymer layer is created on the substrate,

as described herein. Again, the matrix component of the copolymer is deleted in Fig.
9 for clarity. Nanowires of two types are deposited by programmed electrodeposition.

20  Inthe depicted example, “n-type” nanowires, made from “n-type” materials, well
known in the art, are deposited at one electrode, and “p-type” nanowires, made from
“p-type” materials, also well known in the art, are deposited at another electrode. A
top-layer metal interconnect is then deposited electrochemically. The device operates
through the application of current through the device, so that the top plate becomes

25  cold and the electrodes and substrate become warm. The top plate can be used as a
heat sink for use in electronic devices, for example. Multistage coolers can also be
made by this fabrication method. Heating devices are also made possible by the

simple adaptation of the device for such purposes.
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made by this fabrication nethod. Heating devices are al so nade possi bl e by
the sinple adaptation of the device for such purposes. 28 WO 2002/ 073699
PCT/ US20020Q00276%699Magnet i ¢ Dat a St orage Applicati ons NexT/useeenaticon
magnetic data storage teclulologies will likely utilize perpendicular
magnetic nedia to store data. Present technol ogies use |ateral magnetic
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si ze scanedipin Fhiridhempgniisdiaas LFBAIS WP #1088 RS LG 1?8’1“%3)}& ‘educi ng the
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consi deratjons ei ng equal., .cylindrically-sha of dianeter 10
run and lleé}?@fl*ﬁﬁgu@gpsor’gﬂlellgoéﬁ”ll J[eﬁ%ﬁ?éat'germ%. IR (%e}en%%(gﬁ G ng tenperature
than t ha%l géla %\@ﬁérﬁ.a’!rhé@lgﬂlﬁhg mpPatureiiudd iba Reftairge, [diBerhiigitast spati al
packi ng engl ty of magnetic cylrnders occurs for «cylinders in a vertical
hexagonastorck asehepzetion diater ofage plerent Wil dagay pad data it Be lashal t is a soft

ferromagnet of relatively |ow coercivity and not necessarily an ideal
materd al for Oagmetitcralatathstsmeagae ofowagastic medit giemesblEheut” 20 al | oys have

"designer” magneti roperties including.enginee iVt i ch nmakes
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al | oys AR REsHYIESHTArid8ROHab&TloljEQsM Phispagicti :atip(fat bxgniiatfomont ai ni ng
the relevant 1ons. ~ The techni ques describ herein can be used to create

ed
arrays usmfuRO0flopr ateet 3Tidxr abyar &P dttp ghowl ORogret 4L othst SN EFURES Since t he

surface snoot hness of .s I : i t1omdih si der ed
desi r abl BEPS e&‘ﬂ%1ar%ylngﬁyagg’i@ﬁ?%@a%‘gﬁt;%ﬁ@lﬁﬁ%é&gr@ o e lelﬁgltgﬁFéogﬁn%ot h filns

on sypst &l Badd fnacleBightt l9bdkinsrmapetatirt tirm thanfbeplorzat mdginy of deéposi ti ng
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March 22 tylinders in a vertical hexagonal closed-packed arrangement.
In the bulk, pure cobalt is a soft ferromagnet of relatively low coercivity and
not necessarily an ideal material for magnetic data storage. However, certain cobalt
20 alloys have “designer” magnetic properties including engineered coercivity which
malkes them useful for present-day magnetic media applications. These cobalt alloys

can be electro-deposited from a specific plating bath containing the relevant ions.

The techniques described herein can be used to create arrays useful for the
next generation of magnetic data storage. Since the surface smoothness of such arrays
25  can be important, it is considered desirable to utilize an auxiliary polymer to produce
highly smooth films on substrate surfaces. Highly smooth films can be created by
depositing polydimethylsiloxane on a diblock copolymer film, as described in
copending United States Patent Application Serial No. 09/814,891, filed March 22,
2001, titled “Nanocylinder Arrays.” The application is incorporated herein by

30 reference in its entirety.
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2001, titled "Nanocylinder Arrays." The application is incorporated herein
by 30 reference inits entirety. 29 WO 2002/ 073699 PCT/ US2002/ 007769

Engi neer edohepas@pesi st ance Applicati ons Magnet o- el ect PomiuS2e2w)176$ can be
used for nmagnetic sensing applications (e.g., magnetic data storage) and
for "spintronics" (e.g.,, MRAM . Appropriately chosen nanoscal e magnetic
architectures can result in inproved perfornmance since 5 magnetic
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magnet oresi stive properties to be 15 optim zed for applications. GWR read
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application. These engi neered terial stenms are expected. to advance
wth better nifaberiads %avgrbaelh%we@tfgpmq tﬁ%f%h‘iﬁ{lé@%la TREarepy Wsd At i ¢ arrays

made usi ' ' - Qs ehLanstawi EVR(& -BRgsl Athesdiovever ,
t he archﬁ%@%ﬁ%ﬁéhgﬁg%g‘ggﬁg ?%gsé?i st sa%lni fi csant I yMgig %eren_t th_lgz 20 ot hers
t hat 1(havmabeis lpve duted. ardiheciungsobitan genalsiremuitiiysred BAtcEGMR WY i ce desi gn

is that there be el ectrical ,contact between t:he substrate d the

magnet i clayRREiTCBIRagDTHE %%&pm{aﬁtewﬁ]? T%sté’fém L{écdé‘gtgisi nﬂt@he tenpl ate or
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descri bed herein permt the well-controfled heie%ht1 of the
important commercial application. These engineered matcrials systems are expected

to advance with better materials and new material architectures.

The magnetic arrays made using techniques described herein show GMR type
behavior. However, the architecture of these arrays is significantly different than
20  others that have been produced. The important consideration for GMR device design
is that there be electrical contact between the substrate and the magnetic nanowires,
not whether the wires are embedded in the template or not. Therefore, the wires can
be grown (that is, electrodeposited) to less ﬂmn the film thickness for GMR devices

without a need to remove matrix material prior to operability.

25 Of key importance to optimal performance of GMR devices is the ability to
form a regular array of very small dimensions, for example, an array of 25.4
nanometer period made of cylinders 11 nanometers in diameter. Furthermore the
fabrication processes described herein permit the well-controlled height of the
cylinders, and the ability to multilayer the cylinder material as it is grown. These new

30  processing consideraﬁons have allowed the creation of new geometrical architectures

at size scales that have not been achieved using known fabrication processes. By
30



cylinders, and the ability to rnultilayer the cylinder material as it is
grown. These new 30 processing considerations have allowed the creation of
new geonewpi2eo@/07ae9ehi t ectures at size scal es that havePaotUusSh@em0Eehi eved
usi ng known fabrication processes. By 30 WD 2002/ 073699 PCT/ US2002/ 007769
tuning material structure in the fabrication processes described herein, a
new breed of GVR nmaterials is possible. A particular enbodi nent of a GWR
devi ce It%mﬁ]%o%eﬁﬁ siuBrure -t ﬂgriﬁﬁl\é'n(iﬁode%sesQl'é@c@ﬁa@&‘h&)émf AREW RN a
magnet i cnaroarray as escri b erein on a substrate 5 patterned with an
el ect rOd@MRl'hiaserm@snhlposdﬂﬂe. magnet oresi stive device is in a "lateral
transport” configuration (the transport current is affected by the presence
of the nagnell\iparlﬁtaﬂmmmt@ﬂundmmbf 4 §EMRdevionfs shpowedn Fiz. fb&s§h® m\dcﬁgis the wire
along its Ieng Again, the matrix cg{? %eg:]}EOf t he | ymer is deleted
from Fi gCle&fed B ‘ElCéFmgi’/mangﬂ@ oL MR R A ‘r?“hm?j%@f tﬁre desirably
asyrmgetri, '\g@ﬁ fn DREEERS tﬂl#%(fayﬁ&ﬁar MR ordesie idbae. ahpuelahh respect to
Fi g. 130 does not iIn a given set of nanowires, all

t hree tymaspaﬁ’écmﬁ‘m,ratrcmt(ﬂertramh;wrt angpnbm@fﬁﬁtetilbethwrewl@%mf@é enpl oyed in

a set. Smart Media Applications 15 " di sense this
envi r onnBAEN§tie Iﬁ‘“ﬁ‘é(PF? ouf ’éﬁlOWﬁg}ﬂ?&% BP%&B%%P% \glﬂ? %El%l ¥ Lélﬁ%hl)] Thi s
coul d beA§ ‘ﬂrth%%ﬁ‘ﬁﬁk%om@oﬁl?ﬁf&éboﬁﬁ%@f1s|dlélemlM}nH@QO@@Ndl@‘IﬂyprOduces an
el ectrical’ clUrrent when the presence of a particular type of nolecule in
sol ut i onThsnatetventsdar sushy deviee aeidsairable psinghetsf nppgpete Iseroghtwesredi a

ld b h | Anot h
cxanpl o soAtseaeL e Rt Fhar b bigos: dit get Bk ted AT RERAP. L once i

chem cal get@RWhkdWARRNAL tlﬁ@?pésair@ﬁ@dgfhmdrmﬂﬁ onoptthealpestimbd us, or ot her
type of stinulus. Si nce e diblock systems are |laterally patterned,
arrays \Aﬁmhlolyadgeaﬁﬁnbers of distinct sensing elenents are fabricat ed.
Each elenment is a localized transducer that is integrated into an on-chip
circuit. 25 Presently, the techniques described herein can be used to
produce nanowire arrays with a nanoel enent density of approximately 1.2 x
1012 el enment s Bt MediadApplicationdt el y enabl es data storage technol ogies with
storage capacities exceeding a terabit/int. Patterned versions of

hi ghiflensity (iBuaiagt retlisthare mediaghaisenssfthig gpwirergnent in a particular way, and

create a measurable response. This could be, for example, a chemical sensor in which

the device produces an electrical current when the presence of a particular type of
molecule in solution is detected. Any electrical version of patterned smart media
could be integrated with other signal processing on the same chip. Another example

20  is a sensing medium that changes color upon sensing a change in chemical
environment, temperature environment, optical stimulus, or other type of stimulus.
Since the diblock systems are laterally patterned, arrays with large numbers of distinct
sensing elements are fabricated. Each element is a localized transducer that is

integrated into an on-chip circuit.

25 Presently, the techniques described herein can be used to produce nanowire
arrays with a nanoelement density of approximately 1.2 x 10'2 elements/in®. This
ultimately enables data storage technologies with storage capacities exceeding a
terabit/in®. Patterned versions of high-density media in which one bit of data is
encoded in the magnetization of a group of magnetic nanowires are created. The

30  patterned diblock-derived devices described herein provide a simple fabrication route

to high storage densities.
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encoded in the magneti zation of a group of nagnetic nanowi res are created.
The 30 patterned di bl ock-derived devices described herein provide a sinple
fabri cat iwo 20e@ut78699t 0 hi gh storage densities. 31 WO 2002PCOABB@R/007769

PCT/ US2002/ 007769 El ectrochem cal Sensor Applications These sensors are
used in a wi de range of applications, including portable glucose detection
for people with di abetes. The nanoporous tenpl ates disclosed herein are

used conveni epflyodhRnliek 88y NpBBcdiiehs €l ectrochemi cal sensing as an array 5
of "m croel ectrodes. n € electrochem stry literature the term

"m croel ectroggsg, s?r‘fsfof‘sr ate hddn GMNEé BMEALT ApIRhti @lseRtlaig Joablel nduces
radi al diffusion of an el ectrochemcally-active species toward the
el ect r odgluciEbeeteetiay farpeole avithriahetes| dbe neeponisiienslats disalosedhl |y from t hat

of a planar, el ectrode. A opor ouys . r,.t | 0 rode array
as descrhgey aﬁf’e\l@ﬁr?oﬁ‘(‘?né‘?rgg’gﬁglak? gg%‘c‘)%gf]g},/&gg[\r/\%:ﬁe &f%%{lg@g%g hl?ﬁ{l%ft s, and
the ppssiihiiobdabddPd! eCtHe@lechbliRelibt Eirdd@s ek ©hn Shi@odectrodel’ ecul ar
interactions with the tenplate. The | ateral -patterning invention advances

t he use wfernanoporfiEwsatioomilclcweds hat infuess pedipodiEuper 8l@e several distinct
m croel ectr.odes arrays.are conf i he, SRS LP, USi ng patterned
di bl ock &FQPP&?‘SW&?T%@SBV%SPSF% Ip?at %ﬁ%gg&{t@ﬁ% ?P?m e?’fé’g? irE)E(l)de set. 15

Bi oDl eChh@oAb&iRY AR Gadnh 1511 YCH6MI thattod mipddnac biepisoder e\ cowpbgused for DNA
gene expression studies and _other djagnostic.a I'ﬁ%gti ons. The nanopor ous

. : [ )
pol yrer  pelipienteawlee sanqabuoferEes des@ihedersit aders &t FsPensg \eh netal s or
silicon oxide t - gf)chic.% RERER}i§LE ot 88 o | | enabl e new
typegé)of 84?%}%111%%% ’%?lgﬁ%eé}g)gsrl%ﬁt@%a i1 i?al'res. Fl’atte_r noeld_ve?lsi ons of such
st r uct ur gpleuRyr ftethatiorgvadt e tansdftal Tbs faterAhpatteering apphiigeadvencesor | at er al
patterning is to create structures for sorting nol e]rccﬂl es.in nanoscales. 25

Mol ecul athemse of REIPPEEUABTIPIAIES {95 Kais BEROFS Pearsirs e at Uibictcul es and smal |
col I oi da{ni&héﬁ%&tf&ﬁ—:s ?tfrg%%%i@gglﬁzfgg%c?&{té Y EmedBY €8S pallemed@dilodis to "design

in" electronrc functio e.g., rectification, swtching, negative
di f f er entdnadlateestop hane-pittdryedsthint hlos elettnglersst- ecul es using certain

15

Biomolecule Array Applications

Combinatorial chips are configured for DNA gene expression studies and
other diagnostic applications. The nanoporous polymer templates described herein
are patterned and filled with metals or silicon oxide that are used to attach

20  biomolecules that will enable new types of biomolecular research capabilities.
Patterned versions of such structures are of far greater usefulness. Another
application for lateral patterning is to create structures for sorting molecules in

nanoscales.

25 Molecular Electronics Applications

Specific types of molecules and small colloidal clusters are used as electronic
devices. The goal is to “design in” electronic functionality (e.g., rectification,
switching, negative differential resistance) by synthesizing molecules using certain
types of end groups, aromatic rings and side groups. Interfacing these molecules for

30 electrical characterization using known techniques is extremely challenging.
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types of end groups, aromatic rings and side groups. Interfacing these

nol ecul es for 30 electrical characterization using known techniques is

ext renel ywohatd@sgong. 32 WO 2002/ 073699 PCT/ US2002/ 00 PCEAIS2040i077€9 , New
pat t er ned nanoporous tenpl ates can be used as a practical host substrate
for the characterization of specific types of electronically rel evant

nol ecul es. The di bl ock tenplate is patterned in regions atop pre-patterned
gol d ctrode I cdl st t he bott om of
Gach porBotiey gy BALERTE) Ot A RpRESRARSE D b brinedl st

sel f- aS%ﬁﬁ&hﬁéﬁﬁﬁmoﬂﬁyaﬂmm&mDMefghewmnnnﬁ©fehnm@uuﬂb@ﬁbwﬂﬂhe bott om of each

pore. A counter electrode is depos ectrochem ¢ p the
mol ecul anolegyley Herdibinsk derplatey Paﬁt‘fnﬁ%rén 5%&1?1@3%%1”3'9?&81}1%%%@0'[ i ons
descri bed. ahoue. TII%]ﬁi%lefcgf%‘é hfeae{dké}ﬂe@fbnﬁérgolﬁrh@ﬂie&fott@mtlﬁpére ueinget ri cal

characterlzatlon of candi date nol ecul es.” 10 Phot oni ¢c-band ag Structure
Appl ixat fhansol mma@mnc ‘Théncgeis ic ayshfaaisembl@i merdlever ohieSISCHPIChat  has

periodical]y . nodul atjn i electri guence of the
perlodlcm§k¥ﬁ@§61§ ﬁ@%‘$F§ﬁ§%¥%s 5ﬂm% ngﬁggsﬁaggﬁgﬁdependent on the
I nci dent giLigfy eﬁﬁc‘%ﬂ&' QtYpthe Hfb'fbchﬁﬂIayé15arﬁﬁfohﬁ!cfbdfursﬁlgllhmpat’&medt here is no
transm ssion (the dispersion relation ~ (k) is non-linear . and has

deri vat i inerafnneetiansales@itiell labeyen Tehbreniiogseheac enablescpayvenignbre 3 i s the
crystal %180]tn%e'ﬂ%ﬁga8%§llz§i%o&10lfscancgd5t9'ﬁ‘?b‘? -Jpkerials, a range of devices can be

confi gur electroni c devi ces. Cnce di bl ock copol yner
syste(ﬁn; can be made with a sufficiently |long-range array order, they can be
patté ned in specific shapes to 20 fabricate planar photoni c-crystal
wavegui des angd ot her otqglc crystﬁcag)glces Phot oni ¢ wavegui des are
able to have Sz conpared to optical fiber. Such

wavegui des ca e use |nte nne onents.
El ectri cal 6%% f“il B C{Y(§ rf‘o%' ]rcg mﬁt%]%p[ %ﬁalg @g{mcﬁnt rconnections can

be made hﬂélﬂ AR B idihshit. PAS 4 esReghened bf e hetafiobtymeures thepl at es. Thi's
i s achi eve y |ntegrat|ng the tenplating process. wth othe{gg{e- and

post - pr oessnisgos pgpgrtleAhecpqqa@ﬂepg ent pipH1c] ipcident gk fg@qugp@ﬁuic
nanodt r uEETEECReR S B CanateipnfheGepaph A BB BdAcese
and has derivative of zero at Brillouin zone boundaries, k = O/a, where a is the crystal
lattice period). Using these materials, a range of devices can be configured in analogy
to electronic devices. Once diblock copolymer systems can be made with a
sufficiently long-range array order, they can be patterned in specific shapes to
20 fabricate planar photonic-crystal waveguides and other photonic-crystal devices.

Photonic waveguides are able to have much smaller turn radius as compared to optical

fiber. Such waveguides can be used to interconnect on-chip optical components.

Electrical Interconnections to Nanowires

25 Electrical interconnections can be made to nanowires made by patterned
diblock copolymer templates. This is achieved by integrating the templating process

with other pre- and post-processing steps.

An important step in utilizing electrical nanostructures is making appropriate
clectrical interfaces to these nanostructures. In Figure 15, one embodiment of the

30 present invention is realized. First, electrodes are prepatterned onto the substrate by a
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30 present invention is realized. First, electrodes are prepatterned onto
the substrate by a 33 WD 2002/ 073699 PCT/ US2002/ 007769 suitable

| i t hogr apWiDcoezwBéwque. Secondly, a di bl ock copol yner fiPCHGS0d@pTs? t ed.
Next, a metal layer is deposited. Finally, a conventional (photo- or
e-beam) resist is deposited. The cylinders of the diblock copolymer can
be oriented by the techni ques described herein. The resulting structure is

shown in Fi : d - i : sed

1t nogr aphiegls HioGaatte SROGENEL AR, PUhOR BPYERT 1Bh GIEeRRE ET, (e
exposed RRkgh rhayakyd#@deposited lingly, byowventieta (pletetor eAteath) ®siposnt  t he

di bl ock filmis exposed to ultraviolet (UV) light. or an elﬁctronic beam
if it hadeppsttchebhr edpsePfite dblork 59130;4,3(1@_?}_0&#??3911&111}6@. By e Swn in
Fig. 15b des]c%bg-(i]ﬁerg%nbllgﬁkre%dlﬂiﬁ% diRicROMsGREWH Gabloy 15evel oped with acetic acid
or another “suitabl'e developetr to result 1n a nanoporous tenplate. If

desi r gd, the %?%&f%@m%{(%fs of i top ?é%ﬁlpgﬂé%g ode§ 'T'iﬁio%?@hﬁ%ﬂy R4 HnsRREByUSI Ng a

reactive ion € oxygen. ructure I's shown in Fig. 15c.
Nanowi r esh@hical dtetloptticha i bsaproty theckposed natal lmew(#Dposintaydd byitto t he pores

of 15 the nangporous tenpl ate, Ta achieve top,electrical..contact, the
deposi t | G¥RI&HN- cﬁﬁ?ﬁsm&t@i‘ﬁélﬁloﬁ g&? M ?@P?%tﬁﬁ‘ét&"il@ﬁt (::[“‘s' Sr}b%lgownt h the top
| ayer. A%legfr&(fiUgéﬁﬂ, BBk Mot Been-2pSLA 9 a phibf ELNTHifESIdHEE iNaRASTACE Ur es,
can be deposited 1n the pores, depending on the target application. This
structur &g.d58hown in Fig. 15d. In some applications, such as field

em ssions arrays, electrical contact to the 20 top layer is not desired.
Rat hao, the i Shkalitddck Him redoat cleayienllywou¢ldpesewiib eeetimpchor aapdet ri cal gate

inatriode field em ssion device confjguratign. .l t her jcations,

net al coﬁP%ﬁ%e&?mggﬁrgﬁfﬁgBWéH@HwQWBPS%ﬂgﬁ%%p sFFﬁ%Lﬁgﬁﬁﬁ?gggkb% conpl et e
contact hLRSOWAR tEABLE EBShe ASnSHaNAe b Bealli®s ioh2sh Wille ok ye@gTalsi on scherme
described in Figure 15 represents only one out of 25 several schenes for

i nt egr at isonctareds sigver fraldigngSmanost ruct ures made by patterned nanoporous
tenpl ates. Nanof abrication via ﬁatterned di bl ock copoléners can be
corbi ned easi Nennirtites ot bidser gptable nanebipopTes)AIpRAY S8ROSEE pEo the@rse so such

t hat t he attern i de regi stry, wt i i raphi c patterns.
Anot Her ﬁg@wﬁeawwgﬁﬁyﬁﬂ@ﬁeﬁﬁéﬁﬁ%ge%>§%¥ﬁ5§58%§¥¥8ﬁ?Sﬁgﬁﬂﬁﬁfﬁf, el ect r odes
are continue until electrical conmection is made with the top layer. As discussed herein, a

range of different desired nanostructures.can be deposited in the pores, depending on

the target application. This structure is shown in Fig. 15d.

In some applications, such as field emissions arrays, electrical contact to the
20  top layer is not desired. Rather, the isolated top metal layer would be used as an
electrical gate in a triode field emission device configuration. In other applications,
metal contact #2 can be replaced over the deposited nanowires to complete contact

through the wires, as shown in Fig. 15e.

The integration scheme described in Figure 15 represents only one out of

25  several schemes for integration and interfacing nanostructures made by patterned

nanoporous templates. Nanofabrication via patterned diblock copolymers can be
combined easily with other (pre- and post-) process steps, and done so such that the

pattern is made in registry with previous lithographic patterns.

Another fabrication scheme can be described as follows. First, electrodes are

30 prepatterned onto the substrate by a suitable lithographic technique. Secondly, a
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30 prepatterned onto the substrate by a suitable Iithographic technique.
Secondly, a 34 WD 2002/ 073699 PCT/ US2002/ 007769 di bl ock copolynmer filmis
deposi t edwOBh@/ddBéock cyclinders are then oriented , ePpOASA002/007769

i thographically in a desired pattern, and then devel oped i nto a nanopor ous
tenpl ate. Nanow res or other suitable nanostructures are now deposited into
the pores of the nanoporous tenplate. 5 To achieve top electrical contact,
or top n GL T 81S r ure and

Gevel opmanioaEt ety o AT 888y SHhd BBl O e R Cr o

exanpl e, expostd )itiogpaphidadlytinp defirddpatteanaw thes devehapet] gn admpqmlbmsnn of

met al el ectrodes in the contact eas. The foll ow exa do not Iimt
t he scopéelﬁf’ afendN arnﬁWélr‘i”? PBch@’e%lkl‘ias{?é’&n‘?Srti“"ti‘bestaﬁ%n‘&‘f’ ﬁgmﬂte%@m@w%he

foll ow n t«ﬁg@l{gﬁ ?g,m{l £t§.te particul ar properties and advantages of sone
of the enbodi nmen anple 1: A Prototype of a Field Em ssion Array

Fi gs. ;8a-8d arg, elc%v@%ﬂ Ql%tnbﬁ%ﬁﬁctog pl?jbﬁtcgﬁ‘éél?@elégtro@eg &l a2 SSion array

built "by the inventors. e silicon substrate was gol d

patter ned1tmgrhphm; exposutei audaileveblopmcrgr Ea]ph)ptd\l penfoamdd o enovetegraddd ck,
vertlcall ted di bl oc cqpol film.. .

(pol yst yr ‘\}r‘?‘é?lﬂﬁén‘é’flh%ﬁg?}?ﬁeetog ggﬁ]ﬁélaﬁ?/w\ll%sl’ ARLihep JoROSIHRT She  entire

surface (hag é‘1édtﬂasub§lnq9& t&dhdtdrdaansparent). Fig. 8b is an inmage of the
same sanple after electron-beampatterning in the shape of a square, and

acetic acid dexehapRERlexaipfsidBRBE 111%ﬁ%@0%§f e R dnBbA8EscABEPROr OUS
tenpl ate. The outer square was a solid filmof crosslinked
pol ystOyr ehetlpmhsy et hyl net hacryl ate nmade by 25 intentional overexposure to
radiation. Fig. 8c is an image of the same sanple after 500 n in length
cobalt wires were electrodeposited in the tenplate. The cobalt is black in
the inmage. Fig. 8d is a close-up of the el ectrodeposited area. It is
i nportant to rMOXAMPHHES the nanow res deposit only in the nanoporous
tenpl ate regions with netal underneath. 30

The following examples illustrate particular properties and advantages of

some of the embodiments.

15

Example 1: A Prototype of a Field Emission Array

Figs. 8a-8d are 10X optical images of a prototype of a field emission array
built by the inventors. In Fig. 8a, the silicon substrate was gold patterned with
conventional lithography with a 1 micrometer thick, vertically oriented diblock

20  copolymer film (polystyrene/polymethylmethacrylate, 70/30 by volume) covering the
entire surface (the film is optically transparent). Fig. 8b is an image of the same
sample after electron-beam patterning in the shape of a square, and acetic acid
developrﬁent. The inner square was a patterned nanoporous template. The outer
square was a solid film of crosslinked polystyrene/polymethylmethacrylate made by

25  intentional overexposure to radiation. Fig. 8c is an image of the same sample after
500 nm length cobalt wires were electrodeposited in the template. The cobalt is black
in the image. Fig. 8d is a close-up of the electrodeposited area. It is important to note
that the nanowires deposit only in the nanoporous template regions with metal

underneath.

30
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35 WD 2002/ 073699 PCT/ US2002/ 007769 Exanple 2: A Prototype

Magnet oresi stive Device Figs. 11 a and 11b are | OX optical imges of a

pr ot ot ypiweal2002001869% r € nmagnet or esi sti ve devi ce made byPChaszenzentiey s. Al |
array of vertical magnetic nanow res stands atop a thin-filmof gold
pre-patterned into a four-probe resistor 5 pattern. Thi s devi ce is used to
investigate spin-dependent scattering in a "current-in- plane" (ClP)

geometry wher g, 1 BeioSCaH bt ét&@aawe'wa&rmtrl cal ly periodic on the
scal e of tens 'S an 1nmage of a substrate with a
patterned el ﬁ%rﬂgeaﬂlﬂrHEatea]}@{o ‘R:\é?f Vbt fp 1%'&)‘( él%tlu—ﬁ(rnér anspar ent

di bl ock copoly ayer pare as descrr d in Exanple 1. 10 The
four prohegh@siesitiive dmrfrdeemtda/i@sthe ireahte. s &ray ¢irvewicd maamilcloo min

| ength, by standard el ectron_ be t ho h sist on a

si | i con nangyares stagds atap athingilp q?t,{go}ch §’% ?1%1 %(E}L%ﬁdgguraplﬁ% ]ﬁtetlhr ck gold

| ayerson 0 Btelspidepeicht dcabtBribintk duirlent-@f

pol y(ssty Eétﬁegn‘]’gmﬁ‘d\]:w@f’lscfgse%%ff;ﬁg%te edsrﬁbl oeclzoli copgl ylrreér] 1dendlt gd P(S-(3- M)

havi ng 3@%155/(@2[6) gerenginl yhet rtil}yd rettdringripiesfnes is BepPrsplnperp dpted§l ar wei ght

of 42,000 ons d.onto th of substrate.
This copéf %ﬁfr\%ﬁﬂ@gélss ar @‘taé%alt ’ﬁ’%at%e%fﬁgﬁéstt%ﬁé\?gha??{é&ﬁ%

cyl i nder %1@'090& RRENSeY coRed REh al@bfitally tAREEREt mlg)ltxtit dSDpfoi}hm fﬁﬂn 1800
above the glass transition terrperature under an applied electric field,

orients layeepenued eyii¢sstbedinddtamalice to the fil msurface, enabling the
fabrication of 20 nanostructures wth Iarge aspect ratios, The sanple was
thenl@xposed {The fovrgirehstnegisior bettern WRpFisaen gs ommt RewiEhndel QO iy shape of a

square ( f 5 C i sed is 20 kV
and 2000 TR PapRRHT Tty Be ket S E A RS ok 2 ot 1

m cron, tsm@su@tepq&fértmncmme@mrtmsarzommngomatyer oram)pmfaZOQnCAcer with
accel erati ng voltages and beam currents as gﬁ% ve ’ﬁgﬁ timal
doses hawdhdsiaarayesuddl - tleb@lokﬁHmOfS@W@tWe‘ %“ ﬁlaé;r}%gtg)fl chenical ly
devel oped _wi,th ;g%m% BIRh BB adrlatche
unexposedog?lgmgla&%%t)%]ﬂgdg%d\\-ﬁmﬁ 11951 d’ posite ?ﬁfet he ggr egl on top of the
gol d 1pat teMMAY @ith r@d”lecaﬂmemghtdﬁﬂﬁ,ﬁ)f) Dattorhm‘tvhs sprmn@paheédn‘t@ythen xr ng 96 grains
of CoSO4. 7H20 and 13. 5 % H3BO3 i n.300 pure p Q m  of
met hanol Péﬁ%ﬁi S a§9pf é‘&sgﬁl&e; his copolymer mlcrophase separates 11t0 a 1exagona

array of PMMA cylinders in a polystyrene (PS) matrix. Annealing thin films at
180°C, above the glass transition temperature under an applied electric field, orients
the PMMA cylinders normal to the film surface, enabling the fabrication of

20  nanostructures with large aspect ratios. The sample was then exposed to an electron
beam impinging on the sample in the shape of a square (area dose of 50 pClem?, with
beam energy and current used is 20 kV and 2000 pA, respectively. Generally, for
such diblock films of about 1 micron, the exposure dose can range from about 20 to
about 200 ;,LC/cmz, with accelerating voltages and beam currents as described above.

25  Optimal doses have been found to be about 80 uC/cmz. The sample was then
chemically developed with acetic acid. The original copolymer remains in the

unexposed areas.

Cobalt nanowires were deposited in the pores on top of the gold pattern from
an aqueous deposition bath, prepared by mixing 96 grams of CoSO47H0 and 13.5
30  grams H3BO; in 300 ml pure H,0, with 60 ml of methanol added as surfactant,

resulting in an electrolyte pH of 3.7. The Co was electroplated at a reduction potential
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resulting in an electrolyte pH of 3.7. The Co was el ectroplated at a
reduction potential 36 WO 2002/ 073699 PCT/ US2002/ 007769 of -1.0V with
respect twoaoexat7seat ed cal omel reference el ectrode. ThePoarusasnsg7ere 500
nun in length. Fig. | Ibis an imge of the sanme sanple after nanowre

el ectrodeposition. Structural information was obtained by performng snall
angle X-ray 5 scattering (SAXS) and field em ssion scanning el ectron

m crosco ( - SA?&? ' >Nl Blvirege r e

ori ent at 5%?11@5?&% éfesﬁ;egpﬁgﬁ 5 %@@%Q?r%%%éemg glr?gﬁg@@wangiegll&#ga?/ved in two, and
FESEM usegh #18 ielagihnéig 1dbds sa feageioftheofantetsemplesadtoniormovera ay. The di anet er
of the nanowires was found to be approximately 11 nun, wth a period of
21. 8 mm. elagtradspesitietal e, the indi vi dual magnetic nanowires should be 10
singl e-domain_in equilibrium ang sh W [ ntfer estin 11magln oresi stance (MR
effects, si nSeudtwal inferarfipravas9 WW@ Y PERERIE TR R e?%ﬂl?‘?' di f f usi on
lengtd. EXRIRLE S ARtidbgRRLRnGEIRANE DR hieRsans (MEsshneat s The
four-w re nmag oresistive device prepared in Exanple 2 was used for 15
measur enSAKXS derecarigme iperpeotighlar narvowicrasicatatiqy With apsrsdsddlofim4 nun

dianmeter _wres, each 500. | o ranged in he onal: Lce with a
peri od ofihogappie Wﬁéga@?@f}%’ﬁr @ Eﬁ%{ u&%ﬁﬁoceé(%lse E{/%ér?f%f—gl%! Olgéllmslhal | -angl e
X-r1ay Scﬁaﬂd%&ifélﬂra@?%ﬁg BRSO f theBoWReNGhs fouhtl @b Be dbpretiniatsly isnmar al el to

t he nanow re axis. cross sectional scanning electron mcy oqrgph (SEM
i mage of vsthctpesindaf 2hy ning Ahdiwmscrls, the gndividpal mapnehenaor s shiid8ea functi on

2k <Rs sek-Fargutt g fhau iy el iR C TS &

smal | est sREplHotibtdRviEdpating W tehs ihah erenspili diffesibebgetiat ur es havi ng

internedi ate values, with anplitudes in line with the ordering of the
tenperature. O her GVWR ratios, as a function of orientation of nagnetic
field and 25 tenperature are shown in Figs. 16a-c. The magnetoresistance is
defined as [ RgmpleR: 5@iakORlabiRibRsikiar)d DeAgRintl Meliardhadas t aken at 2K shows
the | argest anplitude curve, and that taken at 300K shows the small est
anplitude curvge Fc‘!\'j.rlvl?iré RashdBdiat® ddvRRReSRIMNaEhapiawentesdfedi at e

values, with anplitudes in line with the ordering o the tenperature. In
the '1per penasirembsty "Themagnete tawltiRhevira &gy isch@ppsed of Idamdimgtert o 30 t he

8: ?ggt ?Lﬂs}ipqgoqp\a%h%bé) {Pm(lggé,%lrrlaﬁjgeé 1% at h@%ag(c:)%apﬁﬂﬁ\éjv&iﬁisa} p&ﬂﬂ dr I'igf o Pt

structure of the device was verified by small-angle X-ray scattering measurements.

The magnetic field direction is parallel to the nanowire axis. A cross sectional
scarming electron micrograph (SEM) image of such an array is shown in Fig. 12b.

20  The GMR ratio as a function of temperature between 2K and 300K is shown in Fig.
12a. The data taken at 2K shows the largest amplitude curve, and that taken at 300K
shows the smallest amplitude curve, with intermediate temperatures having

intermediate values, with amplitudes in line with the ordering of the temperature.

Other GMR ratios, as a function of orientation of magnetic field and
25  temperature are shown in Figs. 16a-c. The magnetoresistance is defined as [R(H) —
R(50 kOe)/R(50 kOe)]. Again, the data taken at 2K shows the largest amplitude
curve, and that taken at 300K shows the smallest amplitude curve, with intermediate
temperatures having intermediate values, with amplitudes in line with the orderng of
the temperature. In the “perpendicular” orientation (fig. 16a), the field is normal to
30 the plane of the Au film (parallel to the Co nanowires) and the current direction. For

the “transverse” orientation (Fig. 16b) and “longitudinal” orientation (Fig. 16c¢), the
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the "transverse" orientation (Fig. 16b) and "longitudinal” orientation
(Fig. 16¢), the 37 WD 2002/073699 PCT/ US2002/ 007769 field is in the plane
of the gowo 200damsqIper pendi cular to the Co wires), but pecparsdiccobze or
parallel to the current direction, respectively. The different shapes and
values for the MR curves for the three orientations provide evidence for

t he coexi stence of anisotropic nagnetoresi stance (AMR) and gi ant

mmanet o gyt ANGe (AR RGRId B Bt AR T ViReh bt pEXSh ABMIaMR

behavi or 70 nanow res was a ' gated as’ a function of gold
filmthi ekpesitl anthe Carraaintivictien, lrespgetivelyGalhe diff¢rast shipep.abd valdesfed 20 run

thickness were stuydied with.Co nanow res o% 50§-t AN so, sapples of Co
nanow reﬂEEMB‘tCHh"eégor tﬁ@@“%ﬂ“@ﬁ@%ﬁ?’sﬁé@ VIEP4r &6 nlﬂea?ﬁ‘?ﬁ ol 8F_Pi | m
thiclaleg s&foyﬁ%n%éﬁ%ﬁtm%sﬁﬁmm | dg’i@@c 1ﬁ§§1&?%rés@stﬂﬁ@%@ﬂ’[ scixedripal | y on

nanow re [ eng ot of normalize or a perpendicul ar

or i enf at neohamisnts hitklsdystemsus tenperature for various gold film

t hi cl ai esses and Co nanowire lengths is shown in Fig. 22. The

charact eri st i MR béleaidrpf the(d oaicaviteh atas glse invespeated wr eliaefenefdode of MR is

strongly dependent op_.the Co nanow ngt t gly on the
gol d fil MPAPERIFESad €9 OARYET% eggtﬁ. §§?dllgﬁlﬁo?tjnj%?’ﬁzl6ea(§la? tgllﬁgﬁg{%%\}al ue for
conpari sQRre stEEERItENRORINYENES of 500 Sm! Aldesdinsles st O dartdwdte lafigtheof he

i nvention has been described in conjunction with the detail ed description

t her eof , 10Mand §0fenthoyasgpiopgred daving geiddHm thickpessipd SAaEy MK hshevist r at e and

not Limt the ope.of, the.inpyv i . | i i t ope of the
appehiled " & 6 Bsedi utdEinellY S uRp ishah. WopiOrl PRl B MR BGOPL Phi
the scopg pefpehiiutObli@uhtintg £10aidId verd® tMBHAANRE B2 3GHOuFESTA HER002/ 007769

What is clainmed is: 1. Anultilayer nang structure go_ ri.si ng' ’3 substrate
surf ace, tliekneases end Comanpsie SmeisitHora 1p Sig det i1Ae chaCterdsHes §lsatiét i ve: and

5 at |east;.one se ?{mﬁ%%% (ﬁe?)%n@e)ﬁtc@ ViRGis st 931y Iagpéiﬁ@ﬁ{l{&tﬂlé’ €o0f o
sem conductive substrate surtace, erein one end of the nanowires is in
el ectri cahnowire length, but not so strongly on the gold film thickness. Each data set 18

15 normalized to its 2K value for comparison.

OTHER EMBODIMENTS

It is to be understood that while the invention has been described in
conjunction with the detailed description thereof, that the foregoing description is
20 intended to illustrate and not limit the scope of the invention, which is defined by the
scope of the appended claims. Other aspects, advantages, and modifications are

within the scope of the following claims.
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communi cation with the conductive or sem conductive surface. 2. The

mul tilayer nanostructure of claim1, further conprising at |east one
conduct i vwoaooxswaiseonducti ve | ayer contacting an opposi Pe€TArsdooaf0ozs9 | east
some of 10 the nanowires in the set, wherein the conductive or

sem conductive layer is in electrical conmunication with at |east sone of
the nanowires in the set. 3. The multilayer nanostructure of claiml1,

wherein the nanow res havi ng substantially the sane | ength.
4. The nulti f@ﬂl&f%%&%{é@?r ucture of claim3, wherein the set conprises 15

nanowi r es havicrgl ngn%lv\,}-,aye %mg ﬁ:ﬁtrregg’m fiflng>- The nultilayer nano

structure of e set conprises nanow res having | ength of

at |east 100 m, & rsgr %@é‘lf egﬁxgé{tﬁﬁr?ﬂ 1ﬁﬁffsl66§d19:ftw€b@' m 1, wherein the

substrate is @ PIPHS! &l erned, having a plurality of

independentlyse@ﬁe@imlbuv@ a0l 20 sem conductive surface regions. 7. The
mul til ayer nanostructure of claim®6, wherein at | east one set is in

el ectgical copua: 6a¢ @B Whiidwites pkiendihp fipnofheicnddpend ensdnycaulndivt i ve or
sem conductive surface regions. 8. The eggl tilayer nanostrtéctur of claim®6,

wherein at |east s&hstes SPﬁH@p@’HE‘@H’t‘PW Q4 RETFPEVYFPS BAES tive surface

regions are each 'Qoﬁ%ﬂ%ﬁfcah&?'lmthW%&%'O?Belﬁdchﬁdﬁvb Beifackdual set of
nanow res. 9. ayer nanostructure of claim2, wherein the

substrate is l ' t heg ﬁﬂmﬂﬁgﬁ 1%n&ﬁh€ﬁ¥@@t%la19ﬂ“fﬁﬂh& cBlﬂﬂ»h&hlgtaVlerft o

|ndependently conduc Ivé or sem conductive surface rggl ons.

2002/ 0736&@cdﬁ@ﬁétﬂ&2&%ﬁﬁ)@>ﬂaﬁawe1@a Theagtinigtainl oppesiterrad o et lgest 9@1@6 6f claim,

wherein at | east one set f n ectrical conmun Q a plurality of
1erelé1é§ﬁ

i ndep@ndéntepovsraindhs 5 ¥ CUHLCILYS Q}ée’%’b“roflgc %‘Vegagy%hssl 11. The

nul tilayef, nanosti DGt Wi & 18dstidne YEE BhibvAkeslie@&sesone 5 i ndependent |y
conductive or sem conductive surface regions are each in electrical

communi cati onywi t hT'h.@%ﬁiﬂlﬁyéﬁl nafiSliSicRire PR 1 8Fherdid thel @ codpitidekayer
nanostructure of claim wherei n the conductive or

nanowires having substantially the same length.

4. The multilayer nanostructure of claim 3, wherein the set comprises

15 nanowires having length of at least 20 nm.

5. The multilayer nanostructure of claim 4, wherein the set comprises

nanowires having length of at least 100 nm.

6. The multilayer nanostructure of claim 1, wherein the substrate is
lithographically patterned, having a plurality of independently conductive or

20 semiconductive surface regions.
7. The multilayer nanostructure of claim 6, wherein at least one set is in

electrical communication with a plurality of independently conductive or

semiconductive surface regions.

8. The multilayer nanostructure of claim 6, wherein at least some
25  independently conductive or semiconductive surface regions are each in electrical
communication with an individual set of nanowires.
9. The multilayer nanostructure of claim 2, wherein the substrate is
lithographically patterned, having a plurality of independently conductive or
semiconductive surface regions.
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sem conductive layer is in electrical comunication wth at | east sonme of
the nanowires in a plurality of sets. 10 13. The nultilayer nanostructure
of cl ai m&p 20eI8698i ng a plurality of the conductive oPCIars2@aNdTc?i ve

| ayers. 14. The multil ayer nanostructure of claim 13, wherein at |east sone
conductive or sem conductive |ayers are each in electrical comunication
wth at |east sone nanowires in a plurality of sets. 15 15. The multil ayer

nanostructure;9f clgi gher &iicite dRASHh SR8 Lbleat OAPESEINANOW T es
made of rraterllg'l d!rg%lmrll%ttha}/rémtha% oﬁ‘ ot her 'sets. 16. The multil ayer

nanost r uglkttriealafornahaiicatibh, witthepleialitnefiodéreaded]yf doadugtive ot hei r r educt i on
potential. 17. The nulti I_%er nanostructure of claim15, wherein nanow res
differ ipmiopnduelys SUEAGE ISRt type. 18. The nultil ayer nanostructure of

claim1, wherein at_|east, sone nhanow r .CONpr.i se netic material. 19.
The nul til aye|11-nanghgW@féllaﬁ?rélaﬁ‘?m&w@f%?ﬁcia gp‘@?eﬁelggﬁ %%gg?lngom nanowi r es

are ml tiﬂd@%%fd%ﬂtly 2SR Btivd et ohh @WR sufiadas biods bidreacioin ctdotiignl 19, wher ein
at | east so nanow res are nultilayered. 21. The iultilayer nanostructure

of cl ai ncdmunivetien withtindivisyal ssisroé ngeaveirescan be nodi fied to have magnetic
properties distinct fromthose of other sets. 40 WO 2002/ 073699
PCT/ US2002/ 007269 Th2 miltieyémuahosdtivaipes ofdaiost b dieteie thefcopflegtive @1, wher ei n

t he magnetic roperties .conpri se magneti.zati.qn .di ion..23. A field
eni ssi gnS%]P@B?‘ﬁ’;f“ Eiﬁyélélsd]a GG P a&’é’%le%@é%tﬁéeisggoﬁllé%&(ﬁlg field emitters

conpri si pghRyitddlih alpdvehtyAResst ructure of claim12; and a 5 phosphorescent
screen. 24. A thernoelectric cooling device conprising: a multilayer

nanosfructure18f chglemudiiiay&QliBbdtictifle BRI D a®ngfrising-a plandty' ¢fthe t ypes. 25.
A magnetic data storage device conprising: a multilayer nanostructure of
cl ai m 21 comdvetivd nr sanacoraliotivy leserhave an aspect ratio of at |east 20:1.
14. The multiléyer nanostructure of claim 13, wherein at least some
conductive or semiconductive layers are each in electrical communication with at
least some nanowires in a plurality of sets.
15 15. The multilayer nanostructure of claim 11, wherein at least some sets
comprise nanowires made of material distinct from that of other sets.
16. The multilayer nanostructure of claim 15, wherein nanowires differ in
their reduction potential.
17. The multilayer nanostructure of claim 15, wherein nanowires differ in
20 their semi-metal type.
18. The multilayer nanostructure of claim 1, wherein at least some
nanowires comprise magnetic material.
19.  The multilayer nanostructure of claim 1, wherein at least some
nanowires are multilayered.
25 20. The multilayer nanostructure of claim 19, wherem at least some
nanowires are multilayered.
21. The multilayer nanostructure of claim 11, wherein at least some sets

can be modified to have magnetic properties distinct from those of other sets.
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10 26. A magneto-el ectronic device conprising: a nultilayer nanostructure
of claim 12, wherein the nanowi res conprise magnetic material. 27. The
magnet o- eechextse@9devi ce of claim 26, wherein the nanoRCTAS20020NTIF? Se
asynmmetric magnetic heterostructure. 28. A nethod of interfacing an

el ectrical connection with a multilayer 15 nanostructure, the nethod
conprising: preparing a diblock copolyner on a substrate surface, at |east

a portion of Hyhi CIThie?nﬂﬁﬂﬂél‘%&hc‘/s%u@fuxé@f@lﬁiﬁpgﬂ%ﬂe‘f@ﬁ tifaResietitng a netal
| ayer on at |east a portioh of the diblock copolyner |ayer; orienting the

di bl ock pmpetticseompoisé mapnatanoscdpmctoeyl i nders parallel to each 20 other
and vertically oriented with respect to the surface; renoving at |east a
portion of oneé3conpofiekitenfissom disydapdéect @pspe): \amexddtessabieonryaofpat t er ned
array of nanopgores in the co&g ner ; d at tially filling at

.an l.east .par
| east soRBIANIHRE SOHREITBRSSH e]ém}?ﬁ?té"f‘it‘érle.Ofﬁ fm'ﬁp‘l)eanﬁléi hod of claim 28,

further Pgﬁl;gg)hbl%isg&tg&g&g ting a resist layer on 25 at |east a portion of
the neta yer prior to orienting the copolynmer. 30. The nmethod of claim

28, wherein t?@. r eNMRImOdledic bR dRvROEsPAsiRE: a gR@iGRAPONENt from the
oriented copolyner 1s perfonned by exposure to radiation. 31. The nethod

of cl ai ma®stwhieredfclailvel hreompiisihg nsmgvites odf'ni“@adt ppdrpdsal |y fill at |east
sonme of the nanopores conprises magnetic material. 41 WD 2002/ 073699

PCT/ US2002/ 002369 /Shagictvatetangadsficr codgvistg: conpliiayenganoalresiist r at e
surface conprising, at. | east one el ectrode; an arr of ..pagneti ¢ nanow res
ext endi n@%@@?&a ]rli’}e’rnrtg?‘rfl?l}‘i’éwéﬁﬁﬁf“é%@ ?Sﬁedtéiiéoc?{eft?%ﬁt 5coc) ni cation with at

| east one el ﬁétémde’ wherein the %rr.a%/ of nanowires., 5 is Jo riodic on the
tens Bf nanomgfer s ‘S ERBRSIOSECUGIHE AGEg E@nBrFSlﬁa?muéﬂ?y%%? eS?rHCtPhee interwire

spaci ng iypciafif 12! WhkrelrSthe SMRMIRBLbADLYe megMHtiRMmatddl. The device of claim 33,
wherein the interwre spacing is less than the spin diffusion |ength. 10

27. The magneto-electronic device of claim 26, wherein the nanowires

comprise asymmetric magnetic heterostructure.

28. A method of interfacing an electrical connection with a multilayer
15  nanostructure, the method comprising:
preparing a diblock copolymer on a substrate surface, at least a portion of
which is conductive or semiconductive;
depositing a metal layer on at least a portion of the diblock copolymer layer;
orienting the diblock copolymer to form nanoscopic cylinders parallel to each
20  other and vertically oriented with respect to the surface;
removing at least a portion of one component from the oriented copolymer to
form a patterned array of nanopores in the copolymer; and

at least partially filling at least some of the nanopores with a material.

29.  The method of claim 28, further comprising depositing a resist layer on

25  atleast a portion of the metal layer prior to orienting the copolymer.

30. The method of claim 28, wherein the removal of at least a portion of

one component from the oriented copolymer is performed by exposure to radiation.

31. The method of claim 28, wherein the material used to at least partially

fill at least some of the nanopores comprises magnetic material.
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32. A magnetotransfer device comprising:

a substrate surface comprising at least one electrode;

an array of magnetic nanowires extending vertically from the surface in
electrical communication with at least one electrode, wherein the array of nanowires

5  isperiodic on the tens of nanometers scale.

33. The device of claim 32, wherein the interwire spacing in the array is

substantially regular.

34, The device of claim 33, wherein the interwire spacing is less than the
spin diffusion length.
10
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