SYSTEMS AND METHODS FOR HARVESTI NG AND | NTEGRATI NG
NANOW RES BACKGROUND OF THE | NVENTI ON Field of the
wo pvers28n [ 0001] The present invention rel at eBCT/0S2005/014922
nanow res, and nore particularly, to nanowre
harvesting and integration. Background of the
| nveSVSTEME CO0R M EZHOTES BORASR VBT ING LSD INTEGRATING
nanow res have the potential to facilitate a whole new
generation of el ectroni NANGWERESFor exanple, In
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conventional and | ess expensive processes than those
used to manufacture poorer perform ng anorphous
serd_conduc which is also nore amenable to varied
arcagﬁgglﬁiééﬁegagﬁlgﬁ, fl exi bl e and/ or shaped
materials. [0003] i another exanple, bul k processed
nanocrystal s have been descri bed for use as a flexible
[000Zhd ef f Nenemategalsi wad | inypartipyar, phasosalce diave cthgepdtertéal to
I nf#ﬂﬁ&téc&“\@{dle 1,36 ?Qie&‘dtito}{ éto 18Et%’ﬂj9ed39i08§:'arﬁ l1“"%xam le, In
confined sem conductor crys af “rnoa. hl 6 conduc |n5
materiakn (chsespreyd @€ manbyperibls eedpam plopsetd) thadldkplast the
the production of a photoactjve |ayer that can be i
ex PHigne éB‘Y SREFFERNG BTORCR 58 106V BsE dnelcdalyinease @ a bulk material
Phgf.ael ﬁﬁﬂ&ihﬁal%?&ﬁ&ﬂ@fequim@ri]ncﬁ{/ﬁiﬂglsa%ge By 2f.AGL ﬁage, Duan
conposite, thesenanomateri &ls are sinply’ process
uskngl.,sNatuda i@ S fA7h 78 ogdeptambpr @063 elescribes,a aagpwirdJbSsed
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20880sis or use in large area electronic’ substrates, such as, displays,
antennas, and the like that employ a bulk processed, oriented semiconductor
nanowire film or layer in place of a rigid semiconductor wafer. The result is
an electronic substrate that performs on par with a single crystal wafer
substrate that can be manufactured using conventional and less expensive
processes than those used to manufacture poorer performing amorphous
semiconductors, which is also more amenable to varied architectures, such as,
flexible and/or shaped materials.

[0003] In another example, bulk processed nanocrystals have been described
for use as a flexible and efficient active layer for photoelectric devices. In
particular, the ability to provide a quantum confined semiconductor crystal in
a hole conducting matrix (to provide a type-II bandgap offset), allows the
production of a photoactive layer that can be exploited either as a photovoltaic

device or photoelectric detector. When disposed in an active composite, these



which is incorporated herein by reference inits

entirety. [0004] In accordance with these uses of
woawenis28s and ot her nanomaterials, the new prPCEES2005/014922

requirenent is the ability to provide a film of

nanowi res that are substantially oriented along a

gi ven axis. The technol ogy for such orientation has

al ready been described in depail in, for exanple,

I nternational Publication Nos. WO 03/085700, WO
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Application No. .10/673,092, . fi.l ed, Sept.ember 25, 2003
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emergence of this new generation of electronic devices
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SUMMARY OF THE INVENTION

[0007] The present invention provides methods for harvesting and integrating
nanowires that facilitate mass production, yield consistent nanowire
performance characteristics and generate improved device performance in
devices based on nanowires.

[0008] In a first aspect of the invention, a method is provided for harvesting
nanowires. The method includes providing a first substrate having a first
sacrificial layer deposited thereon, the first sacrificial layer being selectively
dissolvable relative to a first semiconductor material, growing a population of

nanowires on the first sacrificial layer, the nanowires comprising the first



substrate. [0009] In another aspect, the invention

provi des a nmet hod of harvesting nanow res, including
wW@e@eioi28y a popul ati on of sem conduct or nanowPCEES2005/014922

attached to a surface of a growth substrate, exposing

t he popul ati on of nanowires to an etchant to renove a

sacrificial layer fromthe popul ati on of nanow res;

and harvesting the popul ati ofi_of nanowires fromthe

growt h substrate. The sacrificial |ayer nmay conpri se,

for exanple, an oxide layer, silicon nitride |ayer, a

| ayer. of, photoresist and the |.ike .deposited .on the .
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i nvention, a nmethod for coating nanow res on RS
Suiaha®@eqf aimd Sub&btigt ¢hd Hopulatibis todndanalstings afrdogne@d growth
orientation is diiscl osed. This nethod includes .
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angh: X1 at i -t [ ler [
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suspensi on of nanowres. [O e appl 1 cator

r ahétbod crariudes proypdmg thé fiast sueackaasdandoutec surgace raf\eecdiader,
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[OOOflITe appﬂni & ?élgtred ra(s)}l)e!c bof nedintvréﬁtignl',l raf 1%8t%08ffor coating nanowires
onto a first surface of a substrate in a substantially aligned orientation is
disclosed. This method includes providing an applicator roller having an outer
surface and an axis, rotating the applicator roller about its axis to place at least
a portion of the outer surface of the roller into contact with a fluid suspension
of nanowires, and translating the first surface of the substrate relative to the
rotating applicator roller to coat the first surface of the substrate with the fluid
suspension of nanowires.

[00012] The applicator roller can be a part of a standard direct or reverse
gravure coater, for example, or any other suitable coater known to those of
ordinary skill in the art. The applicator roller can be configured to rotate in
the same or an opposite direction to the direction of movement of the
substrate. The relative motion between the applicator roller and the surface of

the substrate helps to transfer a consistent amount of nanowire coating



the substrate helps to transfer a consistent anount of
nanowi re coatingmaterial fromthe roller to the
WGQsHraBE t o coat the substrate with substantPei/ug2005/014922
al i gned nanowi res. The coating material nmay consist of
nanowi res in an appropriate solvent, or there may be
addi tional stabilizers, binders, surfactants etc.,
whi ch can be used to create-&-suitable nanowire
coating. Metering of the nanowire coating solution can
be acconplished by the gravure roller in a
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nanowires in contact therewith, differentially etching away the core region of

the nanowire population that is not in ohmic contact with the source or drain

electrode; and providing a gate electrode over the population of nanowires,

whereby the gate electrode is not in ohmic contact with the core region of the
population of nanowires. |

[00015] Further embodiments, features, and advantages of the invention, as

well as the structure and operation of the various embodiments of the

invention are described in detail below with reference to accompanying

drawings.



drawi ngs. BRI EF DESCRI PTI ON OF THE FI GURES [ 00016] The
invention is described with reference to the

wa@ewenpR8yi ng drawi ngs. I n the draw ngs, |ike PEf/Esmnye14922

nunbers indicate identical or functionally simlar

el ements. The drawing in which an elenent first
appears is indicated by the left-nost digit in the
correspondi ng reference nunbger. [00017] FIG IAis a
di agram of a single crystal sem conductor nanow re.
[00018] FIG 1B is a diagramof a nanow re doped

according t [ e- t I 19] FIG 2A
is a diagr amﬁgﬁgﬁgﬂ%ﬁéﬁ@gkjtﬁ%ﬁ or device.
[00020] FIG 2B is a di agram of a nanow re based

ansi st.or .device havi n of. oriented nanow res
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based system for orienting Films of nanowires onto
[000K8]pst r a5 1B isamideagramh e dy nanowvire plspied jagperding to a core-shell

hosrtlluz&% ally. [00024] FIG 5B a diagramof a drum
based system for orienting filnms of nanowires onto
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[000&0025] ure 6A 1s a diagramof a reverse gravure
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been substantially aligned on a surface of a substrate
us¥ory aagr?w)eﬁugétwé? ayng é cemhinatonef Rhvdoussistimpterals 6 A,
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nanowires onto substrates in which the drum is positioned horizontally.
[00024] FIG. 5B a diagram of a drum based system for orienting films of

nanowires onto substrates in which the drum is positioned vertically.

[00025] Figure 6A is a diagram of a reverse gravure coater that can be used to
deposit and align nanowires on a surface of a substrate, e.g., for integration
into a functional device.

[00026] FIG. 6B is an SEM image showing a population of nanowires which
have been substantially aligned on a surface of a substrate using a reverse
gravure coater as shown in FIG. 6A.

[00027] FIG. 7A is a diagram of a gravure coater that includes a “striped”
pattern in which a thin film of nanowires is patterned in a series of stripes on
the coater that are aligned in the direction of web motion of the coater,

[00028] FIG. 7B is a diagram of a substrate (e.g., a flexible, plastic substrate)
that has been coated using the striped gravure coater of FIG. 7A.



[00028] FIG 7B is a diagramof a substrate (e.g., a
flexible, plastic substrate) that has been coated
waigioag782Be striped gravure coater of FIG 7A [BODRS3005/014922

FIG 8 is a diagramof a slotted or apertured

substrate used in the oriented growh of nanowires for

subsequent application. [00030] FIG 9 is a diagram of

an aperture on a substrate ag-shown in FIG 8 that

i ncl udes substantially oriented nanowi res spanning the

aperture by having been grown across the aperture.
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sy8feyHey ANdapeeddnss of the indi vi dual oper ating
conmponents of the systens) nmay not be described in
detail herein. Furthernore, for purposes of brevity,
the invention is frequently descri bed herein as
pertaining to nanowires. [00034] It should be
appreci ated that although nanowires are frequently
referred to, the techniques described herein are also
appllcable to other nanostructures, such as nanorods,
nanot ubd2ETHHAID AESGRIETION o THEHOREENAHD
conblnatlons thereof. It should further be appreciated
the manufacturing techni ques described herein
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SRR RS B i
elot-hetwisé dilmisHhe sesfe ofHRE pfdént invention in any way. Indeed, for the

sake of brevity, conventional electronics, manufacturing, semiconductor
devices, and nanowire (NW), nanorod, nanotube, and nanoribbon technologies
and other functional aspects of the systems (and components of the individual
operating components of the systems) may not be described in detail herein.
Furthermore, for purposes of brevity, the invention is frequently described
herein as pertaining to nanowires.

[00034] It should be appreciated that although nanowires are frequently
referred to, the techniques described herein are also applicable to other
nanostructures, such as nanorods, nanotubes, nanotetrapods, nanoribbons
and/or combinations thereof. It should further be appreciated that the

manufacturing techniques described herein could be used to create any



systens, consuner electronics, industrial electronics,

W rel ess systens, space applications, or any other
wa@ppbiozesi on. [ 00035] As used herein, an "aspekRCT/U&§L00HV14922

is the length of a first axis of a nanostructure

di vi ded by the average of the lengths of the second

and third axes of the nanostructure, where the second

and third axes are the two _axes whose | engths are nost

nearly equal to each other. For exanple, the aspect

ratio for a perfect rod would be the length of its
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| ess than about 500 nrn,

the adjacent materials to be considered a shell or for the nanostructure to be
considered a heterostructure. For example, a nanocrystal characterized by a
core of one material covered with small islands of a second material is a
heterostructure. In other embodiments, the different material types are
distributed at different locations within the nanostructure. For example,
material types can be distributed along the major (long) axis of a nanowire or
along a long axis of arm of a branched nanocrystal. Different regions within a
heterostructure can comprise entirely different materials, or the different
regions can comprise a base material.

[00037] As used herein, a “nanostructure” is a structure having at least one

region or characteristic dimension with a dimension of less than about 500 nm,

e.g., less than about 200 nm, less than about 100 nm, less than about 50 nm, or



e.g., less than about 200 nm I|ess than about 100 nm

| ess than about 50 nni, oreven |ess than about 20 nm
wayweozd2By, the region or characteristic di menBCDOS205/014922

be along the smallest axis of the structure. Exanples

of such structures include nanow res, nanorods,

nanot ubes, branched nanocrystals, nanotetrapods,

tripods, bipods, nanocrystal8. nanodots, quantum dots,

nanoparticles, branched tetrapods (e.g., inorganic

dendriners), and the I|ike. hbnostrucfures can be
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nanowire heterostructures). The nanowires can be fabricated from essentially
any convenient material or materials, and can be, e.g., substantially crystalline,
substantially monocrystalline, polycrystalline, or amorphous. Nanowires can
have a variable diameter or can have a substantially uniform diameter, that is,
a diameter that shows a variance less than about 20% (e.g., less than about
10%, less than about 5%, or less than about 1%) over the region of greatest
variability and over a linear dimension of at least 5 nm (e.g., at least 10 nm, at
least 20 nm, or at least 50 nm). Typically the diameter is evaluated away from
the ends of the nanowire (e.g. over the central 20%, 40%, 50%, or 80% of the
nanowire). A nanowire can be straight or can be e.g. curved or bent, over the

entire length of its long axis or a portion thereof. In certain embodiments, a



the ends of the nanowire (e.g. over the central 20%
40% 50% or 80% of the nanowire). A nanowire can be
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entire length of its long axis or a portion thereof.
In certain enbodi ments, ananowire or a portion thereof
can exhibit two- or three-di nensi onal quantum
confi nenent. Nanow res accorgling to this invention can
expressly exclude carbon nanotubes, and, in certain
enmbodi nents, exclude "whi skers" or "nanowhi skers",
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107 WHE Odr ‘88{1&‘%?‘?‘1% H a6 Oh.tlh“ef 86’6% Snat dffhtum
Exgdtifinemct Nelﬁ@wﬁ@eﬂéb@o fdise td ehib By EnEith Gan de fe!§§1 exclude
nanow res as_ described in Publijshed Internati ona?l
Pa@aebﬁn mgpptubes i &l Nos cergn ognhadimentsioxorde 8 pphiskeand o
connarrssts; TR R RN SRy EE gk - RPEkE T00 am,
di sregisdtetian Whiwe R0@n . | ncor por at ed herein by
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by hoppi ng from one nanorod to another to traverse the
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nanor ods, nanot ubes and nanori bbons can be used,
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Bl\HaBF’ﬂcBJé\Sfroﬂ Meﬁlnaﬁoﬁ«bd\stbﬁdnﬁﬂler by hopping from one nanorod to
another to traverse the small gap. The two or more nanorods can be
substantially aligned, such that they form a path by which electrons can travel
between electrodes.

[00042] A wide range of types of materials for nanowires, nanorods, nanotubes
and nanoribbons can be used, including semiconductor material selected from,
e.g., Si, Ge, Sn, Se, Te, B, C (including diamond), P, B-C, B-P(BPs), B-Si, Si-
C, Si-Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, AIN/AIP/AlAs/AlSb,
GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb, BN/BP/BAs, AIN/AIP/AlAs/AISb,
GaN/GaP/GaAs/GaSh, InN/InP/InAs/InSb, Zn0O/ZnS/ZnSe/ZnTe,
CdS/CdSe/CdTe, HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe,
GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF,
AgCl, AgBr, Agl, BeSiN,, CaCN,, ZnGeP,, CdSnAs;, ZnSnSb,, CuGePs,



&GN GP/ GaAs/ GaSb, I nN I nP/ I nAs/ | nSb, BN BP/ BAs,
Al N Al P/ Al As/ Al Sh, GaN GaP/ GaAs/ GaSh,
wo pdd6lom281 nAs/ | nSb, ZnQ ZnS/ ZnSe/ ZnTe, CdS/ CdSe¢ ZuIm05/014922
HgS/ HgSe/ HgTe, BeS/ BeSe/ BeTe/ MpS/ MgSe, GeS, GeSe,
GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, CuF,
Cud, CuBr, Cul, AgF, Agd, AgBr, Agl, BeSi N2, CaCN2,
ZnGeP 2, CdSnAs2, ZnSnSb 2,. 1@uGeP3, CuSi 2P3, (Cu,
AQ) (A, Ga, In, TlI, Fe)(S, Se, Te)2, Si3N4, Ce3M,
Al 203, (AI G, In)2 (S, Se, Te)3, Al2CO and an
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[00045he useAdfitinaligt uhe Sndr@wdres Bﬁnlmﬁoﬂﬁbddskeaﬁtlﬁldﬁlﬂw &8bon
nanotubes, or nanotubes formed of conductive or semiconductive organic

polymer materials, (e.g., pentacene, and transition metal oxides).

[00046] Hence, although the term “nanowire” is referred to throughout the
description herein for illustrative purposes, it is intended that the description
herein also encompass the use of nanotubes (e.g., nanowire-like structures
having a hollow tube formed axially therethrough). Nanotubes can be formed
in combinations/thin films of nanotubes as is described herein for nanowires,
alone or in combination with nanowires, to provide the properties and
advantages described herein.

[00047] It should be understood that the spatial descriptions (e.g., “above”,

AN 1%

“below”, “up”, “down”, “top”, “bottom”, etc.) made herein are for purposes of
b 2
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or in conbination with nanowires, to provide the

properties and advant ages descri bed herein. [00047] It
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ofillustration only, and that devices of the present
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full disclosure of which is incorporated herein by reference in its entirety for

all purposes.
Types of Nanowires and Their Synthesis

[00050] FIG. 1A illustrates a single crystal semiconductor nanowire core
(hereafter "nanowire") 100. FIG. 1A shows a nanowire 100 that is a uniformly
doped single crystal nanowire. Such single crystal nanowires can be doped
into either p- or n-type semiconductors in a fairly controlled way. Doped
nanowires such as nanowire 100 exhibit improved electronic properties. For
instance, such nanowires can be doped to have carrier mobility levels

comparable to bulk single crystal materials.



doped single crystal nanow re. Such single crystal
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nanow res such as nanowire 100 exhi bit inproved

el ectronic properties. For instance, such nanow res

can be doped to have carrier nobility levels

conparabl e to bul k single crngstal materials.[00051]

FIG 1B shows a nanowire 110 doped according to a

core-shell structure. As shown in FIG |B, nanowre
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etc. and alloys thereof can be used as the core material, and the metallic core
can be overcoated with an appropriate shell material such as silicon dioxide or
other insulating materials

[00053] Nanostructures can be fabricated and their size can be controlled by
any of a number of convenient methods that can be adapted to different
materials. For example, synthesis of nanocrystals of various composition is
described in, e.g., Peng et al. (2000) “Shape Control of CdSe Nanocrystals”
Nature 404, 59-61; Puntes et al. (2001) “Colloidal nanocrystal shape and size
control: The case of cobalt” Science 291, 2115-2117; USPN 6,306,736 to
Alivisatos et al. (October 23, 2001) entitled “Process for forming shaped

group III-V semiconductor nanocrystals, and product formed using process”;
USPN 6,225,198 to Alivisatos et al. (May 1, 2001) entitled “Process for
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group III-V semiconductor nanocrystals, and product formed using process”;
USPN 6,225,198 to Alivisatos et al. (May 1, 2001) entitled “Process for
forming shaped group II-VI semiconductor nanocrystals, and product formed
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“Method of producing metal oxide nanorods”; USPN 5,897,945 to Lieber et
al. (April 27, 1999) entitled “Metal oxide nanorods”; USPN 5,997,832 to
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nanocrystal s, nanowi res, and branched
above ~citations for growth of nanocrystals, nanowires, and branched

nanowires, where the resulting nanostructures have an aspect ratio less than
about 1.5

[00057] Synthesis of core-shell mnanostructure heterostructures, namely
nanocrystal and nanowire (e.g., nanorod) core-shell heterostructures, are
described in, e.g., Peng et al. (1997) “Epitaxial growth of highly luminescent
CdSe/CdS core/shell nanocrystals with photostability and electronic
accessibility” J. Am. Chem. Soc. 119, 7019-7029; Dabbousi et al. (1997)

“(CdSe)ZnS core-shell quantum dots: Synthesis and characterization of a size
series of highly luminescent nanocrysallites” J. Phys. Chem. B 101, 9463-

9475; Manna et al. (2002) “Epitaxial growth and photochemical annealing of
graded CdS/ZnS shells on colloidal CdSe nanorods” J. Am. Chem. Soc. 124,
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het erostructures. Exenplary Nanow re Devi ces [00059]
Exenpl atymphpl NeabivoeD@diceseni conduct or nanowire

mat eri als i nclude sinple electronic conponents, such
as, transistors. For exanple, a sinple nanow re
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simple electronic components, such as, transistors. For example, a simple

nanowire transistor device is shown in FIG. 2A. As shown, the basic device
200 includes a source electrode 202 and a drain electrode 204 disposed upon a
substrate 206 and spaced apart from each other. A semiconductor nanowire
208 is provided spanning the two electrodes and is electrically connected to
the electrodes 202 and 204. The transistor typically includes an insulator or
dielectric layer over its surface that provides insulation between the nanowire
208 and, for example, gate electrode 210. As shown, the dielectric layer is
provided as an oxide shell 212 or coating on the nanowire 208. By
modulating the field applied to the gate electrode 210, one can vary the
conductivity of the nanowire 208 as in a conventional field effect transistor
(FET).



200 includes a source electrode 202 and a drain
el ectrode 204 di sposed upon a substrate 206 and spaced
wap@esi728pm each ot her. A sem conduct or nanow PET/RSRI05/614922
provi ded spanning the two el ectrodes and is
el ectrically connected to the el ectrodes 202 and 204.
The transistor typically includes an insul ator or
dielectric layer over its sugf.ace that provides
i nsul ati on between the nanowi re 208 and, for exanple,
gate el ectrode 210. As shown, the dielectric Iayer 'S
ovi de S el r tin n
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Opﬁllh@ttdlﬁﬁtwf the device as the overwhel m ng nunber of
nanowi res will provide this functionality. Sacrificial
Layers and ot her Methodsfor Harvesting Nanow res
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fromwhich they are grown. For exanple, in certain
nanowi re applications, it is desirable to provide
[0006ﬂdn owi r@aceaptissized tagmany pprlicpiions Bfis WCﬁ&sg%meaep@rate the

| RSB B2 5 RS o PO e
Dl.lc&lftaﬁtnaabwuel‘dpplncrﬁons it is desirable to provide nanowires deposited as
a thin film of wires over a flat substrate surface (See, e.g., Published
International Patent Application No. 2004/032193, and Duan et al., Nature
425:274-278 (September 2003)). Accordingly, it is desirable to be able to
uniformly remove nanowires from the growth substrate, e.g., without
randomly breaking the wires upon removal. In this respect, the invention
provides methods of incorporating a release layer in the growth substrate, that
can be activated to release the wires from the surface uniformly and without
any extraneous mechanical disruption that may cause uneven breakage or the
like.
[00062] In a particular aspect, a sacrificial layer is deposited upon or other wise
provided upon the growth substrate. By sacrificial layer, is meant a layer that

can be selectively removed or altered to allow facile removal of the nanowires



425: 274-278 (Septenber 2003)). Accordingly, it is
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breaking the wires upon renoval. In this respect, the
i nvention provides nmethods of incorporating a rel ease
| ayer in the growth substrate, that can be activated
to release the wires fromthe surface uniformy and
wi t hout any extraneous mechani cal disruption that nmay
cause uneven breakage or the Iike [00062] In a
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sacrificial layers may generally be etched using phosphoric acid, e.g., 85% by
weight. The sacrificial layer may be crystalline (and/or templated on a
crystalline substrate) to generate templated vertical nanowire growth. For
example, atomic layer deposition (ALD) may be used to deposit a thin film of
a catalyst material over a sapphire substrate, where the thin film retains the
crystal periodicity of the sapphire, but is differentially etchable compared to
sapphire and the nanowires.

[00065] In other embodiments of the invention for uniformly removing
nanowires from the growth substrate, for example, without randomly breaking
the wires upon removal, there are disclosed methods for releasing nanowires at
their base, for example, by selectively etching the base portion of the

nanowires. In this respect, the invention provides methods of selectively
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but is differ enti ally etchabl e conpared to sapphire
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standard chemicals or solvents and/or by plasma etching to expose the end
portions 303 of the nanowires.

[00069] The exposed end portions of the nanowires attached to the substrate
may then be etched with an etchant such as HF/HNOs3, for example, for silicon
nanowires, to release and remove the nanowires resulting in freestanding
nanowires of substantially uniform length.

[00070] The nanowires can be removed as grown (e.g., without an oxide and/or
metal shell coating), or can be removed after a post-growth oxidation (or other
process step) to form one or more shell layers (e.g., a dielectric or metal gate
layer) on the nanowire core (as described further below). In the latter case, a

separate HF etch or metal etch step may also be required to completely
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with standard chenicals or solvents and/or by plasma

etching to expose the end portions 303 of the

nanowi res. [00069] The exposed end portions of the
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a%?elglctlglczil tme theeI f%fatl rd(e)\(/jlge C%\Phdegcetn;p\igyeg lJtthg rou?er;el!l}lfel is a conductive
layer that acts as a conformal gate electrode around each individual wire in the
final device. Such multi-layer (and single) core-shell nanowires are further
described, for example, in co-pending U.S. Patent Application Ser. No.
10/674,071  entitled “Applications of Nano-enabled Large Area
Macroelectronic Substrates,” filed September 30, 2003, the entire contents of
which are incorporated by reference herein.

[00074] In this embodiment, following growth of core nanowires 400 (e.g.,
using VLS epitaxial growth to grow core Si nanowires, for example, by
decomposing SiCl4 at around 900 degrees C in a CVD furnace on a <111> Si
wafer properly coated with Au or Pt colloids or thin film patterns), the
nanowires are exposed to an etchant (e.g., HF vapor) to remove the native

(amorphous) oxide layer. Removal of the native oxide layer is performed if

the thin native oxide layer is not of sufficient quality to withstand a high
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| ayer that acts as the gatedielectric in the final
waelewcoes28hen enpl oyed, the outer layer is a cPOTiUSI00V@14922
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for example, by atomic layer deposition (ALD) or other conformal deposition
process. The outer shell layer 404 is a conductive layer that acts as a
conformal gate electrode around each individual wire in the final device.
[00077] This deposition step is followed by a directional etch step to etch
portions of the outer shell layer 404 overlaying the substrate 401 as shown in
FIG. 4B. This can be accomplished, for example, by using physical etching
such as ion mill etching or reverse-sputtering, or by chemical etching with
appropriate wet chemical etchants such as phosphoric, hydrochloric, nitric,
and/or acetic acids or others known to those of ordinary skill in the art.
Subsequently, the substrate is exposed to a buffered oxide etch (BOE) vapor

or wet solution for approximately between about 10 seconds to 60 seconds, or



the relevant arts. [00076] Next, as shown in FIG 4A
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[000803 ease€ls id tetp fppocoidtb@that the above described process can be applied
to other nanowire materials and other core-shell structures as well, including
simpler single core-shell structures as well as three layer, four layer, and
additional multi-layer core-shell structures. The doping and doping type of the
core-shell structure can be flexibly changed and controlled during the growth

process as well to obtain desired properties.
Integration of Nanowires into Devices

[00081] Following synthesis and release of nanowires from growth substrates,
many applications require the controlled deposition of the free nanowires onto
another substrate, for example, upon an electronic substrate, connecting

electrical contacts, etc. For example, in certain cases, it is desirable to provide



growm h substrate as shown in FIG 4D. The growh
substrate may then be renoved fromthe acid bath, or
wo b@oacs28l bat h neutrali zed with suitabl e al kal PCT/US2005/014922
chemi cals to stop the etching process. The renoved
nanowi res may then be dispersed in solution and nmade
avai |l abl e for deposition/coating onto a suitable
devi ce substrate as descriheg further bel ow. [00080]
It is to be appreciated that the above descri bed
process can be applied to other nanowire materials and
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WI sru?tséd \’:\éelra(?oeg oscablg p?oe ugt?clmt oefdorle-lr-llge% ga%i)iv?l%eﬁlr\gg Scn substrates. In a
particular embodiment, a fluid suspension of nanowires is deposited into a
rolling drum. Typically, the drum is oriented sideways, so as to permit a much
smaller volume of fluid to be used, but still allow uniform coating of a portion
of the drum or the entire drum. A substrate, for example, flexible substrate, is
then wrapped around a smaller inner drum which is disposed within the larger
drum, so that a portion of the substrate’s surface is in contact with the fluid
suspension of wires. The drum is then turned so that the suspension flows
over the surface of the substrate. This flowing provides the same level of
orientation as previously described methods, but does so over a larger

substrate area of a flexible material. Although illustrated with a flexible

substrate, it will be appreciated that small rigid substrates may be used as well,



typically treated with a chem cal noiety that
facilitated wire adhesi on or association. Wen fl owed
wao booo/ogg28t he channel, the wires tend to align BCDO§2005@14922
stream ines of the flowing fluid, thus orienting in
the direction of flow Wiile very effective, this type
of orientation nethod required the use of fluid
channel bl ocks, etc., and wag_better suited for smal
scal e. [00083] The present invention, however, enploys
a process that is nmuch better suited to larger scale
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| dlerger digimunn Sobicienharseis te alex contaet of fg substree $R S0t the
mat?r gsogl xedly coupled to the sane axle 502 as the
L& rum 500, or actually joined to the larger drum

[00084)0, SOFIChaIB hfistrats UNBinkitir adrebddagentthent whevewer innas and
st drume 500 arit 504'are placed ipon 3 vertically oriented anle 502, S
this case, it may be desirable to provide a smaller amount of space between the

two drums, so as to minimize the amount of fluid used.

[00087] Following rotation through the fluid suspension of nanowires 508, the
wires in solution will be deposited upon the surface of the substrate 506 in a
substantially oriented fashion, as a result of the flow based contact, as shown
in the expanded view segment of substrate 506. Flow based methods of
nanowire alignment and orientation on substrates are described in Published
U.S. Patent Application No. 2003/186522, previously incorporated herein by
reference.

[00088] In a related aspect of the invention, a gravure coater as shown in FIG.

6A can be used to facilitate large scale production of oriented nanowire films



i ndependent rotation of the two druns. As such, the
i nner drum 504 nay be coupled to a separate axle or
worego6s782pl y be i ndependent from and on separ at BCT/US2005/014922

bearings fromthe |arger drum 500, so that it can

rotate freely. The substrate 506 is placed on the

outer surface of inner drum 504 inside |arger drum

500. [00085] A small amount.»qaf. a fluid nanow re

suspensi on 508 is provided in the larger drum in
sufficient amount to all ow contact of the substrate

506 wi.th the flui 0 0086 ustr,ate
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t hrough a sol ution of nanowi res 604. Second i npression
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t hyagbghuskdt @o tiedfeth suitable nanowire coating. Metering of the nanowire

coating solution can be accomplished by the gravure roller in a conventional
manner.

[00091] It is to be appreciated that other types of coaters other than direct or
reverse gravure coaters can be used for applying roll coatings of nanowires to
a surface of a substrate including without limitation rod coaters, differential
offset gravure coaters, micro gravure coaters, reverse roll coaters, 3-roll
coaters, saturation coaters, hot melt coaters, split film coaters, knife coaters,
dip coaters, slot die coaters, slide coaters, doctor blade coaters, Meyer rod and
Meyer rod related coaters, and other roll coaters which are well know to those
of ordinary skill in the art. A variety of coating processes may also be used
such as, for example, hot melt coating, pressure sensitive coating, PVC resin,

doctor blade hand drawdown or Meyer rod coating, and other coating
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reference to FIG 6B, as a result of the flow based
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gravure roller surfaces. The relative notion helps to
transfer a consistent anountysaf nanow re coating

material fromthe gravure applicator roller 600 to the
substrate 610 to coat the substrate with substantially
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process, in which the extraneous nanowires are not deposited at all.

[00093] In web-based (e.g., roll-to-roll) processing applications, a thin film of
nanowires can be patterned on a device substrate, for example, by using a
gravure coater 700 having a “striped” pattern in which a film of nanowires is
patterned in a series of stripes 702 that are aligned in the direction of web
motion as shown in FIGs 7A and 7B. The use of such a striped gravure coater
700 provides a striped pattern of nanowires 712, corresponding to series of
stripes 702, on a device substrate 704 used in a nanowire-based device, as
shown in Figure 7B. The savings in nanowires is governed by the stripe pitch

and width, for example, a stripe width of 100 microns with a pitch of 1 mm

may allow a 75% to 90% (or more) reduction in nanowire usage.
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| owt enperature, on flexible plastic substrates. The
substrates described therein incoiporate thin filnms of
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configured to operate as tragsistors (or other
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[00096] To do so, an ink-jet printer can be used to print two materials on the
substrate surface: a nanowire containing “ink™ or film that is patterned onto
the substrate at specific locations where nanowires are desired, and a
conductive metallic ink that will form electrodes proximate to or in contact
with isolated areas of deposited nanowires. The substrate onto which the
nanowires are printed may be flexible or rigid, and can be in the form of a web
or sheet (e.g., for roll-to-roll processing applications) or any other suitable
substrate structure. Preferably, the printed nanowire solution comprises a
water-immiscible, hydrophobic liquid containing suspended nanowires and the

conductive liquid may comprise water (or other solution) which includes ions,



acconpl i shed by, for exanple, texturing only the part
of the gravure roller 700 where stripes are to be
WO owatestslt or by | yophobic treatnent of the graRCr/@S2005/014922

roller in the area between stripes. Wth slot coating,
the sl ot can be closed between the stripes.
Alternatively, the nanowi re deposition can be uniform
but striping occurs with a_patterned doctor-bl ade or
Meyer rod down-web of the deposition. [00095]
Furt hernore, according to other aspects of the present
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n%ﬂ?lwh}td?oﬁlrill?c areas. The nanowire solution wets the hydrophilic (or
hydrophobic) regions, and then the plate is coated with a hydrophilic (or
hydrophobic) conductive metallic ink (or water) which coats the un-wetted
areas. Again, an electric field applied across conductive ink areas can be used -
to align the nanowires on the substrate surface.

[00099] Alternatively, alignment of the nanowires may be accomplished using
water (or other conductive medium such as silicone rubber) as the “electrodes”
as long as there is adequate isolation between wetted areas to form electrode
pairs across which an electric field may be applied. Advantageously, where
the nanowires are applied/patterned as stripes on the substrate surface as

described above, for example, the stripes inherently isolate the water

electrodes from each other to allow an electric field to be applied between



conductive inks are preferentially mutually inmm scible
so that there is no appreciable m xing or diffusion of
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deposited in a pattern such that an electric field can

be created across each deposited nanow re inked area.

An el ectrical potential between two or nore el ectrodes
can then be applied to subst@gntially align the
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only to the stamping method of transferring oriented nanowires from the first
substrate to the receiving substrate, but also to the methods of providing
oriented nanowires in the apertures of the first substrate. In particular, by
growing nanowires on the opposing interior walls of elongated apertures or
slots disposed through the growth substrate, one can provide a population of
nanowires that is substantially oriented and/or aligned across the width of the
aperture.

[000103] The overall process of this aspect of the invention is schematically
illustrated in FIGs. 8-10. In accordance with the present invention, and as
shown in FIG. 8, a first substrate 800 is provided having one or more apertures

802 disposed through it. In preferred aspects, and as shown, the apertures 802
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8091ta|1}§st pd'nQ/\éhdﬁES %X&egg \Qfﬂgreoéolgo Joﬁo%@e(rol‘ lfﬁl%sgold films) are
deposited onto the surface upon which wire growth is desired. In the case of
gold colloids, using a high temperature VLS process, the gold colloids form a
eutectic with the gas phase semiconductor precursor for the nanowire and
initiate crystal formation that corresponds with the diameter of the gold
colloid. In the case of thin gold films, the high temperature process typically
causes the melting and coalescence of the gold film into discrete droplets,
which, in turn, form a eutectic with the gas phase semiconductor, and initiate
crystal formation (and wire growth).

[000106] Wire growth may be preferentially provided on those interior walls, or
it may be uniformly provided over the entire surface of the growth substrate.
In order to preferentially provide the catalyst on the interior wall portions, one
may apply an adhesion promoter, for example, as described elsewhere herein,

only to the interior portions. Alternatively, one may simply contact a
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oS RSl B SHARERL PR LD B Lg%
Ofleds hﬁeeﬁk‘iﬁ%"éﬁbeﬁb&ﬁﬁ&{, 3{1Bay be desirable to encase the nanowires within
the aperture in a film or other composite matrix. For example, one may
introduce a polymeric material into the aperture to surround and encase the
nanowires within the aperture. A wide variety of polymer materials may be
employed, including preferably, resists, like photoresists which may provide
processing benefits as well. For example, by encasing the nanowires in a
photoresist, one can readily remove resist from all other surfaces by
developing the resist elsewhere on the substrate, by photo-exposing those
other regions. A wide variety of different positive and negative photoresists
may be obtained commercially.
[000109] In addition to permitting selective further processing of other portions
of the substrate, the resist also functions to encapsulate the nanowires within

the aperture for the transfer process, for example, transferring the wires form
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edges of the stamped film of nanowires, without damaging the internally

included nanowires. Those of skill in the art in film transfer techniques will
recognize that a number of conventional variations may be practiced upon this
basic transfer method.

[000111] Typically, in ensuring that contact between nanowires and a substrate
results in actual deposition, for example, adhesion, coupling or other semi-
fixed association, there are a number of methods for adhering nanowires to a
substrate surface, including dry methods where wires are pressed against an
adhesive surface on the substrate. In the case of flow based deposition, a
chemical binding moiety is typically employed to ensure that nanowires that

contact the substrate surface have an opportunity to adhere to that surface.



other regions. A wde variety of different positive
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to drive the nanowires onto the treated substrate.

[000114] By way of example, silicon nanowires disposed in a relatively polar
solvent, that is, ethylene glycol or other alcohols, or the like, will show a
greater affinity for, for example, an APTES treated silicon surface. The result
will be a higher density nanowire film deposited upon the substrate surface.

[000115] Nanowires deposited on the surface of substrates, for example, in
accordance with the above-described methods, have uses in a variety of
applications in electronic and other applications. In a number of applications,
however, some compositional issues may cause difficulties in the ultimate

utility of the ultimate device. In particular, in at least one particularly valuable

application, nanowires are deposited as a population of oriented nanowires, for



[000111] Typically, in ensuring that contact between
nanowi res and a substrate results in actua
waleposig28on, for exanpl e, adhesion, coupling oPCDURIN5/014922

sem fixed association, there are a nunber of nethods

for adhering nanowires to a substrate surface,

i ncludi ng dry nmet hods where wires are pressed agai nst

an adhesive surface on the.gghstrate. In the case of

fl ow based deposition, a chemcal binding noiety is

typically enployed to ensure that nanow res that

cont act t.he substrate surface.h 0, rtunity. t

TN ' B D SUPF 4F R ATTLdRtE. e PRRLMID hosdRany

Modpah i sBGirck @l Udiein Elettrsdeaniiligpicali @bdtficaihdsviirsl for example,

conmpounds, such as pol ylysi ne, polyarginine or the

| | kansisighs,dirdgs.sBei ate both with solid substrates,

9., g . Siq) | 2N .

1000f1le; P 3pic ki o8 il aionF TR BERHE ifhsstor was

medd3arib eclahbosie p@ith t i@t tOOFKG. 2Ar exasiuive, apopdlhon of

based deposition,, |ike shear based or, scrape pl acenent

depBeriEs A0% s RIPYided spHIKE Sopkcstang fkain £lqciietgsas02 and 204,

e j , esi [ PT =
SoRSHTEAl BRSPS AT BRI, e chame
enlegnae oflapaswireo M) déOtheasmoowat i popuddtionationi affscts the
with a substrate surface. er. adhesi on pro ers

i APV G B iepne tﬁws@%@%} Oy AR i H ansistor
ot f&icehholhys £aRiges: eesthesn thPONHL3dvd thapfportion of

cases, deprotectable adhesion pronoters nay be
entpk oyopdlation adfl oandvorespand éheegdted elcbdégt foopreveamid shidrtisg

| ocal i zati on of now res, ~using, .for ampl e .
oS eate g B SRatin QR pRnsiahe Joe Shugnoings as
kngeRohductiecigihel d4asRbAS Rfths HEilityHRPMEsB6a8Ohe dielectric
groups include, ortho nitropiperonyl (or veratryl)

oxipgerrdinsalyy omhsuasowirasduidigrsyntiPeds, NVOC, MeNPOC, and

CC,. whi¢ch are described in.US .Patent  No, . .
1000775 g FisCiatie e 3bech SR SPRTIR AT olOgt dhoveyided
f ofoliewaigph e syitidss while theaynéhH6s aBRaNGRatHRE to their growth

associ ation efficiency of the nanowires in solution

wi fustidie for exemples ppet tarane@l fAader sigpptiden antega rersiving

NARNLLES Wil A0 AR OB L AL A B HEALes ) @58 kon

Ve e nanowres o rea

[ 0520dckdds Bye wamief lag¥amipp®iticnl hiay0Be Nafsivyddetn budpidgesn

! nin?ulzgt(iarlgaltaiygre }E’o); egglm%rle, thermal oxidation, ambient oxidation, and the
like, in particularly preferred processes, rapid thermal oxidation is used to
generate the oxide layer. Rapid thermal oxidation (“RTO”) typically employs
higher temperatures for much shorter periods than conventional thermal
oxidation.

[000118] Typically, in accordance with the present invention, prior to a RTO
process, any native oxide present on the nanowires on their growth substrate
or on the ultimate device, are removed. This is typically accomplished by
performing a brief etch step, for example, exposing the nanowires to
hydrofluoric acid (HF) for a period long enough to remove the native oxide

layer, as well as any surface defects or contamination. While immersion based

etching to remove the native oxide can be used, it has been seen that far better
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[000120] Alternatively, nitridation can be done over the oxide layer, e.g., by
introducing such gases into the RTO chamber after oxidation. Likewise, RTO
processes can be combined with alternating etch steps in a “grow-etch-grow”
process, in order to provide a relatively defect free interface between the core
nanowire and its surrounding oxide layer, by removing surface contamination
and defects in the silicon nanowire (see, e.g., U.S. Patent No. 6,380,103).
While the etching step may be performed within the RTO chamber, it is
generally less desirable as it may impact oxide formation steps. Typically, and
as described elsewhere herein, a vapor etch step is performed before oxide

formation.
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renoved. This is typically acconplished by perforning
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attached to nanowires, this also typically entails removal of the metal before
covering the resultant exposed conductive path.

[000124] Accordingly, metallic portions of nanowires, for example, gold ends,
can be differentially and selectively removed from the nanowires by
differentially etching them away. For example, in the case of silicon
nanowires having gold tips, the tips may be etched using KI, or bromine prior
to any oxidation steps. This selectively etches away the gold tips without
etching the underlying semiconductor nanowire. Other types of metal
catalysts may be selectively removed using similar techniques, as will be
appreciated by those of skill in the art.

[000125] Once a metal portion is removed exposing the underlying

semiconductor, or in the case of a semiconductor that is exposed due to



be enpl oyed to provide a nitride or oxynitride shell
on the core nanowire, using different reactive gases
WO pocaddi2gi on to O2, including, e.g., NH3, N2O PCT/NE2005/014922
[000120] Alternatively, nitridation can be done over
the oxide layer, e.g., by introducing such gases into
the RTO chanber after oxidation. Likew se, RTO
processes can be conbi ned wigh alternating etch steps
in a "growetch-grow' process, in order to provide a
relatively defect free interface between the core

nanowi re .and its surroundin by renov
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end) one can isotropically and selectively etch any exposed core wire to
provide a recessed end, and thus avoid direct electrical contact between the
gate electrode and the conductive core of the nanowire component. Example
etchants include KOH, TMAH or XeF2. Additionally, the catalyst etch and
silicon core etch can be combined if an etchant that etches both materials is
used.
[000127] This aspect of the invention is illustrated in FIGs. 11A and 11B, which
shows a nanowire 1100 that includes a semiconductor core 1102 and an oxide
shell 1104, As shown, end 1106 is not capped with an oxide layer, and thus

potentially provides an electrical short to a conformal gate electrode 1110. In

accordance with the instant aspect of the present invention, however, an



cause gate shorting. [000123] hi general, the present

i nvention provides for the covering of any potenti al
w@oemwdot28ve short path. In the cases of netal Per/abyoms/e14922

particles still attached to nanowires, this al so

typically entails renoval of the netal before covering

the resultant exposed conductive path. [000124]

Accordingly, netallic porti.gns of nanow res, for

exanpl e, gold ends, can be differentially and

sel ectively reaned fromthe nanow res by
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given nanowire population, for example, less than about 50% of the average

length of the wires in a given nanowire population, for example, less than
about 20% of the average length of the wires in the nanowire population, for
example, less than about 10% of the average length of the wires in the
nanowire population, can be removed to improve overall performance. The
dry etching also removes unwanted silicon particles that can contaminate the
device substrate. In this way, for example, some shorter nanowires in a thin
film population of wires deposited on a device substrate that are not
electrically coupled to the metal contacts such as the gate electrode and/or the
source and drain contacts can be faciley removed without damaging other,
longer wires. Additionally, etching the silicon core of such unwanted, smaller
nanowires can eliminate the capacitance associated with their presence and

thereby improve device performance.



nanowi re ends and the gate electrodes in addition to

or in place of oxidation where sone wires in a
w@odloz28on do not conpl etely span the gate el BCT/DSO5/014922

to bridge the source and drain, for exanple, they

term nate under the gate el ectrode. For exanple, in

sone cases, after formation of an oxide coating on a

nanowi re that term nates at.3g._region that is over or

will be covered by a gate electrode (and potentially

shorting to that el ectrode through the uncovered end)
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release or parting zone of a grown wire (See, e.g., Published International
Patent Application No. WO 03/085700, incorporated herein by reference in its

entirety for all purposes.
Improved Grain Quality Polysilicon Made Using Nanowires

[000130] In other aspects, the inventions described herein include the use of
nanowire populations as a semiconductor channel element of electronics
applications. Although described above as providing the semiconductive
component in toto, in other aspects, the nanowire films may be employed as
the basis for a modified material that can, in turn be used as a conductive

channel element. In particular, a nanowire film may form the basis for



8] Interestingly, it has also been found that the use

of a dry etchant such as XeF2 can substantially renove
wo b@es7d28con core from shorter nanow res (e.g.PCT/US2005/014922

nanowi res having a length of |ess than about 3 to 5

m crons, for exanple) w thout structurally damagi ng

| onger nanowires (e.g., nanowires with a length

greater than about 5 microng).that are useful for
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Use of Nanowires of the Present Invention in Exemplary Devices and

Applications

[000132] Numerous electronic devices and systems can incorporate
semiconductor or other type devices with thin films of nanowires produced by
the methods of the present invention. Some example applications for the
present invention are described below or elsewhere herein for illustrative

purposes, and are not limiting. The applications described herein can include



dopi ng prevents conduction through wire end 1112,
which woul d result in shorting. D fferent
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libraries, credit cards, large area array sensors, and radio-frequency
identification (RFID) tags, including smart cards, smart inventory tags, and the
like.

[000135] The nanowires produced by the processes of the present invention are
also applicable to digital and analog circuit applications. In particular, the
nanowires produced by the processes of the present invention are useful in
applications that require ultra large-scale integration on a large area substrate.
For example, a thin film of nanowires produced by the processes of the present
invention can be implemented in logic circuits, memory circuits, processors,

amplifiers, and other digital and analog circuits.



devices that are nmade therefrom The present invention

addresses this issue by using sem conductor nanow res
w@3g00a/032edi ng conponent for crystal formation PET/ES2005/014922

pol ysilicon process, allowi ng for the production of

hi ghly el ongated crystalline grains, for exanple, that

easily span source and drain el ectrodes. Further, by

seedi ng such filnms in an ori4ggnted fashi on woul d

further inprove filmuniformty as it would apply to

devi ce fabrication. Al though described in terns of
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[000137] Hence, a wide range of military and consumer goods can incorporate
the nanowires produced by the processes of the present invention. For
example, such goods can include personal computers, workstations, servers,
networking devices, handheld electronic devices such as PDAs and palm
pilots, telephones (e.g., cellular and standard), radios, televisions, electronic
games and game systems, home security systems, automobiles, aircraft, boats,

other household and commercial appliances, and the like.

Conclusion

[000138] Exemplary embodiments of the present invention have been presented.

The invention is not limited to these examples. These examples are presented



al so be incorporated in applications requiring a

singl e sem conductor device, and to nultiple
waeobosduct or devi ces. For exanpl e, the nanoweBEES2005/014922

produced by the processes of the present invention are

particularly applicable to | arge area, nacro

el ectronic substrates on which a plurality of

sem conduct or devices are fgpmed. Such el ectronic

devi ces can include display driving circuits for

active matri x quuid crystal displays (LCDs), organic

GBS R0 o WEA T G Aoh RS b purgRaFes (i uding

qt@ﬁ\wdmn@o'éﬁreﬁgbﬂman@tm ogdviiont,c.CONMOSI &cHABE herein)
function both as the emtter and ‘active drivin

e beyappeat e i vl chgnit) bpssdenibs techings
t he e nt.i op_ar.e al app. le t

| apracheeariit APalheied 98 PR 67 Ao BERRLY of e
r agi@ribhequency |dent|f|cat|on (RFI D) tags, |nclud|ng
smart cards, snart |nventouﬁ tags, and the |ike.

[00013%013541 m@hﬁ@ﬁtﬂm paignts 3 E@Gn‘bwwl}%tl?ﬂso@@ﬁlg@%edofn this
th eafi %[Fo%t aljerﬁ{(%. % \%nofaﬁ1g I?\!é(gﬁ %Eﬂi bf: ﬁlt%Lee sl%lﬂe&1 I?tllieajart to
an Circul 1ons, | rcular, the
nawmh ks 11]Neﬁdbhﬁ: @értehys tahe apg b@'@ﬁlSmSomf)latddGD}pfeEf&emEEe to the

invention are useful in ap hlcatlons that requir
ul $apg exigng as Hesch Hilqwé@%lwg PRS- aatm&rcg@a%?nbépphcatlon was
l
or o R FARAR i o B e can
be inplemented in logic circuits, menory circuits,
processors, anplifiers, and ot her digital and anal og
circuits.[000136] The nanow res produced by the
processes of the present invention can be applied to
phot ovol tai ¢ applications. In such applications, a
cl ear conducting substrate is used to enhance the
photovol taic properties of the particul ar photovoltaic
devi ce. For exanple, such a clear conducting substrate
can be used as a flexible, |arge-area replacenent for
indiumtin oxide (ITO or the like. A substrate can be
coated with a thin filmof nanowres that is forned to
have a | arge bandgap, i.e., greater than visible |ight
so that it would be non-absorbing, but would be forned
to have either the HOMO or LUMO bands aligned with the
active material of a photovoltaic device that woul d be



formed on top of it. Clear conductors can be | ocated
on two sides of the absorbing photovoltaic nmaterial to
we 206978288y current fromthe photovoltai c devi BET/UT2005/014922
different nanowire materials can be chosen, one having
the HOMO aligned with that of the photovoltaic
mat eri al HOMO band, and the other having the LUMO
aligned with the LUMO band g§-t he photovoltaic
mat eri al . The bandgaps of the two nanowires naterials
cag eF??Qﬁ@XHﬂI pPRs:much larger than that of the
photovoltaic nmaterial. The nanowi res, according to
this enbodi nent, can be lightly doped to decrease the
resi st e .0f i i f ires, while
o m 1 o F R it Ao el oA
nonabsor bi ngprolAHEl 37 firdtesubstrata Wadeg rarfget gherifidialt &dyyr
and consuner goods can incorporate. the nanow res .
pr oducégresitednehereepedbte st saraifisiabs dayer | Rpwst isslgctively
For _exafiph RapRYERHIORIGCRMitARAUAe RRERpNAl
conput ers, workstations, servers, networKing devices,
handhel d el egbwiary cpaelitoesfsuntwass i?Dhs fastisapafionl layer,
pilots, tel ephones (e.g., cellular and standard),
P adi os.the BRI SAEPTSHE e G EYEARNCIgh alag%%ié dhi
systems, NOMRIRREHY | didoRNR) OB sackiflcRTOBlck GFithdll GERlVing
boats, other househo and commrerci al appli ances, and
t he |i ke n@omeiressitomelpGo0ths Fopibasnplodmpnewiyed firentts Difst
the present invention have been presented. The
inventﬁBﬁ“Fﬁﬁnot limited to these exanpl es. These
exanpl es are presentedherein for puiposes of
illustration, and not limtation. Alternatives
(iZacl udihegmethwidvel elhing, 1, exhareini pieyiding theatirs emiconductor
deviatior}s.letc..l of those dgﬁfrib?&ihzﬁein% mjﬂl %ﬁﬁde
appar erPaPelfs Lo agiproddingdfic R PigiaLAvst 26 rYiess
based o sfilventdedGdd. ngs cont ai ned herein. Such
alternatives fall within the scope and spirit of the
invention. ] Al publications, patents and patent
appl i cat,j ons Nt j [ L i ficati R
" cacttengCEnet PRGE L rheh PREfig, SR HEY, Rpdipnyeror
t he ar tmiterishbe viliddhSaridnpesitidiap per daatifisial ameradsea metal
herein incorporated by reference to the sane extent as
i f eacHeleadviom dmepighprd BIOYdeMyEY ent or pat ent
application was specifically and individually
indicated to be incorporated by reference. WHAT | S
CL4Al MEDA hfsthod of harvesting nanowires, comprising:

providing a population of semiconductor nanowires attached to
a surface of a growth substrate,

exposing the population of nanowires to an etchant to remove a
sacrificial layer from the population of nanowires; and

harvesting the population of nanowires from the growth

substrate.

5. The method of claim 4, wherein providing the sacrificial layer as an

oxide layer.



1. A nethod of harvesting nanow res, conprising:
providing a first substrate having a first sacrificial

wo agoef78teposi t ed thereon, the first sacrifici abCT/agm®05/014922

bei ng sel ectively dissolvable relative to first

sem conductor material; grow ng a popul ation of

nanowi res on the first sacrificial |ayer, the

nanow res conprising the fi.ygt sem conductor materi al;
and selectively dissolving the sacrificial |ayer

wi t hout dissolving the nanowires, to rel ease the

e N R e

sem conglivnafitrigetigfet.al as silicon and providing the
sacrificial layer as silicon nitride or silicon
di oxi de. 3. The nethod of claim11, wherein providing

t fir ] GO tor 0 al. i :
priovi i oy REGA HEREs, FRGEEA Broifind the SROUARH oy e o
from t ungstofphatocesivotispadredion thé.substraet hod of

harvesting nanow res, conprising: providing a

popul ati on of sem conduct or nanowi res attached to a

SLSr.faceA%etl?oc%Hi’éﬁ%sﬁﬁ’%ﬁér{o%x%é, Veingg the popul ation

of nanowires to an etchant to re sacrificial
| ayer from tfrevidomsd pepudationfofrsammendesor mand whigs adsthied ¢o

the popul ation.of nanowires fromthe growh substrate.
5 The: BEIRo8! SE N ASIFhEID n provi ding the

sacrificial Ja%g0el3Sex@BsiR¥iH8adcayliol of e MRLAGEs Qh the
claim4, wherein providing the sacrificial |ayer as a

si | i corpaputatiodeof] manewired . to The eivbaiidd rsteas¢ dhgnmpgpulation of
phot or deRSE e og e SR cHE Blibst rate, 8. A mot hod of
harvesting nanow res, conpri sing:
9. A method of harvesting nanowires, comprising:
providing a population of upstanding core nanowires attached
to a surface of a growth substrate;
depositing a first inner shell layer on the population of
nanowire cores and overlying the surface of the growth substrate;
depositing a second outer shell layer on the first inner shell
layer, wherein the second shell layer is differentially etchable from the
first shell layer;
selectively etching at least portions of the second outer shell
layer overlying the substrate surface;
selectively etching at least exposed portions of the inner shell
layer overlying the substrate surface to expose end portions of the core
nanowires in the nanowire population; and
etching the end portions of the core nanowires to release the

nanowires from the growth substrate.



provi ding a popul ati on of sem conductor nanow res
attached to a surface of a growmh substrate; and

W@ e0eor828el y exposi ng a base portion of the naPCIMISRE5/014922
in the popul ation of nanowires to an etchant to
rel ease the popul ati on of nanowires fromthe growh
substrate. 9. A nethod of harvesting nanow res,
conpri sing: providing a popykation of upstanding core
nanow res attached to a surface of a growth substrate;
depositing a fi rst i nner shell layer on the popul ation
of1 nanow re cor gfwd over | theOrl urfatﬁ%tof 1tth% n a
gridnt h S uBEEFSSt Or choYiPg nléang U8L oM ot EFsts Rt
| ayer %b&taﬁwmlyraﬁgnémeémaml torhiitisaifg: wherein the
second shell layer is differentially etchable fromthe
first shell mrayiding thefiesssirfaseyps an ewengiéace péagylinder;
portions of b c u I vier | yi-ng. .t
substr at e SLP%]&H % g&%é)gt 6132 I(';Sttell shﬁ‘Xceer ?tﬁg c%VhH@el f?l‘teo

exposecopgkt Wana fmid hhgemsriwadsfr&h@dvhed ay@r overl yi ng
the substrate surface tq expose end, portions of the
core nanowi riedingpthe h?é’hﬁﬁﬁow ey apespiiERr s morhens ek B gt

the en dsu%? 11?61%':%lglocfut toif' B & B&?Q&%H q%mtng L ease the

nanow res from rowth su rate process for
depositing nanowires onto a first surface in a

substantlall li.ghe rientat| risin

orldwi o Mg kbof of S Dy et e i Cepeasion S anppvigs i
cyl i ndege Roa eACHRY 2 PO b%&t htat?‘iﬁtg Ot BlterBdl BRARRIR arger
the cylinder into contact d suspensi on of
nanow rthen tlenfirst ollindeg, arhbpkayingrttﬂ@rat ﬂemstaai\p@ntm@ of the first

different_ portions of th t f t d t
of |t he b SHRad i G RhRowRibsRh konbret Rbeoy the

of cl ai g dQinBefmel thet f8ord wﬂm&ugﬁ& RSt af 1ARAWIJTeBe
is deposited into a second cyl |nder havi ng an internal
di anet dirst andyeecond cylinders about a main axis of the first or second

cylinder, respectively.

12.  The method of claim 11, wherein the first and second cylinder rotate at

different velocities or in different directions.

13. A method for coating nanowires onto a first surface of a substrate in a

substantially aligned orientation, comprising:

providing an applicator roller having an outer surface and an
axis;

rotating the applicator roller about its axis to place at least a
portion of the outer surface of the roller into contact with a fluid
suspension of nanowires; and

translating the first surface of the substrate relative to the
rotating applicator roller to coat the first surface of the substrate with

the fluid suspension of nanowires.



then the first cylinder, and placing the at |east a
portion of the first surface into contact with the
WO baed78285pensi on conpri ses inserting the firsPCT/US2005/014922
cylinder into the second cylinder, and rotating at
| east one of the first and second cylinders about a
main axis of the first or second cylinder,
respectively. 12. The nethdd-of claim 11, wherein the
first and second cylinder rotate at different
velocities or in different directions. 13. A nethod
for c i | n o Y RS f
bt r B ER R G ERS A3, e, e lpgeaion S8R rofues in an
c o npr i &posite direotion 'tm@te directpml df padvemenobf e shizshiateg an
outer surface and an axis; rotating the applicator
roIIer about its axis to place at | east a portion of
ORI ntoliastec1fin tl@ew'h&lelneﬂqe' AcmON kAt riated iA the
f Ui d suspension of nanow res; transl ating the
first sorddimretiof totthe dswmczfm@Vﬁmea‘t pithe sebstine.
rotating applicator roller to coat the first surface
of the substrate with the fluid suspension of
NEIOW A ESiethdd folRBatil) Affdvafes Ghdl A1Tidsd suiiier & ansubkteate in a
applicator roller rotates in an opposite direction to
t he di substeintallyofligned erenietior COMRIISDSstrate. 15. The
met hod of claim 13 V\/n h Il er
rotates in PREGUKHE" PR C%% ! rgll‘froﬂt’e’ﬂg %?Pg%{ F‘grtficgf an axis
novenmegtq 9ffluldhgisperisdn af fanobres Arramgddoid £ eeries @dsiripgs on
nanowi res onto a first surface of a substrate in a
subst amemutqr;suléaqegﬁélep wiles#dt i on, conpri si ng:

provi di ng a[}al%‘i’eﬂ g-f oﬁﬁt Ofuk@Ee R2VinE I MBAY Rlative to the

surface, an axi s suspensi on of nanow res
ar r angestatiny aapisleatbesolmﬁ tstcoatphs fiost sutfecooaf the sgbstfam:@flth
of the roller; and translatjng the first. surf

the sufft PedGUFREREEN A TPBOVHE Pt ST FREOLNpE S ripes

rol ler ohghecﬁ)@{ sulrf3€e Bffh%tsuﬁé%fafeace of the substrate with
the fluid suspension nanowi res in a correspondi ng

series of stri pes

17. A method for coating nanowires onto a surface of a substrate in a

substantially aligned orientation, comprising:

depositing a solution comprising a plurality of nanowires onto
the surface of the substrate in one or more patterned regions using an
ink-jet printer;

depositing one or more electrode pairs comprising a conductive
metallic ink across the one or more patterned regions using the ink-jet
printer; and

applying an electric field between the one or more electrode
pairs to electrostatically align the nanowires on the surface of the

substrate in the one or more patterned regions.

18.  The method of claim 17, wherein the nanowires are dispersed in a

solution comprising a hydrophobic liquid.



on the first surface of the substrate. 17. A nethod

for coating nanowires onto a surface of a substrate in
wa@:2@dlbsant i al |y aligned orientation, conpri siPQr/US2005/014922

depositing a solution conprising a plurality of

nanowi res onto the surface of the substrate in one or

nore patterned regions using an ink-jet printer;

depositing one or nore el ecfrode pairs conprising a

conductive netallic ink across the one or nore

patterned regions using the ink-jet printer' and

appl yi an ele I.C f el.d bet wee Kela

eﬁg'ct rﬂgg nshqdoTiclagy ]e Vlh(?rsefrh‘tnloggﬁl (N gu“?we etdic ink
nanomﬁﬁggng?wbﬁgyﬁuﬁ&ﬁce of the substrate in the one
or nore patterned regions. 18. The nmethod of claim 17,

wherein the nanowires are dispersed in a solution

CoEpT SR ARDBD Gkl ek, TR M i s

ink as sﬁikta&ﬂuﬂpuﬁglfe@dﬂiehaﬁon 20mphisimgt hod for coati ng
nanowi res onto a surface of a substrate .in
subst ant i al P§itEnMgnadswiacemiasi sHbstiamytibs Pﬁgmph(’blc and

patter of a substrate with hydrophobic
and hygyggﬁﬁﬁﬁgélggfons depositing a nanowi re

sol uti on corppdsiingh Iaamlwumeablunyn cbmpzaisiagiarpds: ahnmoo? t he

surface of the substr \gﬁe in the nano
SOl Lt G TR SR Q1M BRanaE: FhOCRVAS BSRSBI or

hydr oplplii6n hEHCBnitdERARE b 1S chﬂCchtdrYl?dl%Bhl%' on

onto the substrate, erein the tive Solution
has anredibnsni ty for the other of the hydrophobic or

hydrophilic regions of the substrat nd f ne
nore el ectr 6‘8‘5—5‘%&{%@500&’@1“%@ S8 IOBrOHﬁbﬁlg %535 gf] % lfemt
deposi (g1 RANOMINESH hANH a@ﬂﬁ{yyfoa theith&! ks hirpiRbet or
between the one or nore el ectrode
hydrophilic regions of the substrate and forms one or more electrode
pairs across one or more regions of the deposited nanowires; and
applying an electric field between the one or more electrode
pairs to electrostatically align the plurality of nanowires on the surface

of the substrate.

21.  The method of claim 20, wherein the nanowire solution has an affinity
for the hydrophobic regions of the substrate and the conductive

solution has an affinity for the hydrophilic regions of the substrate.

22.  The process of claim 20, wherein the nanowire solution has an affinity
for the hydrophilic regions of the substrate and the conductive solution

has an affinity for the hydrophobic regions of the substrate.

23.  The method of claim 20, wherein providing the conductive solution as

a conductive metallic ink.



pairs to electrostatically align the plurality of

nanowi res on the surface of the substrate. 21. The
woredoom28f cl ai m 20, wherein the nanow re sol uP€DOSIVAT014922

an affinity for the hydrophobic regions of the

substrate and the conductive solution has an affinity

for the hydrophilic regions of the substrate. 22. The

process of claim 20, whereiggthe nanow re sol ution has

an affinity for the hydrophilic regions of the

substrate and the conductive solution has an affinity

far, the. hydr obic.regions of the,substrate. 23. The
mePhod 19 ReT B b6 ey Sared BT R e SRy iCas
sol uti @i @fmedus GORIGHI Ha/inEttAt | PlGralifK . od4nanbaredelispdsed
of claim 20, wherein providing the nanow re sol ution
as an dpi@dus solution having the plurality of

nanow res di spersed therein. 25. The nmethod of claim
20, further conprising patterning the nanowires in a
sesi es Tok medthddes cRimtAoe fisthes tompdsiag phaeding2fie nAnowires
nmet hod of depositing nanowires onto a first surface of
a firstin 8spiascAsEipes gRPicisebsitpte BHEFEdi ng a plurality
of substantially aligned nanowires inmobilized within
an aperture disposed through a substrate; placing the
s@eond ssulshoditod dehjoaitiagtnanowirhe diiter st fissir fuathee aff § Hest
first substrate; and applying a force to the nanow res
di spos &0t FAPHENGperture to transfer the nanowires

to the fi rStpré\H&iﬁl@C% Cf)ﬁur&l'ﬁ? fier glibseatiaily abede@ Bianowires
substantial 'y aligned fashion. 27. The method of claim
26, wheémeiobilized wathov hul kpregtust dppasedrirpegsa prbstratdi ng an
el ongat ed apertur t hrough the seco

di spase d
SubSt rate, DS BRGare PR AT h A SaGee e
subst anfriialihMr82RA§1 N interior walls, and grow ng
nanow res on the at |east two substantially opposing
i nterior walapslyirtga fvrow iadihe tanoysires dispesed ofithya tlwwinesire
to transfer the nanowires to the first surface of the first substrate in a

substantially aligned fashion.

27.  The method of claim 26, wherein the providing step comprises
providing an elongated aperture disposed through the second substrate,
the elongated aperture having at least two substantially opposing
interior walls, and growing nanowires on the at least two substantially
opposing interior walls, to provide the plurality of nanowires

immobilized within the aperture.

28.  The method of claim 26, further comprising immobilizing the plurality

of nanowires within the aperture in a matrix material.

29.  The method of claim 28, wherein providing the matrix material as a

polymer matrix.



i mobilized within the aperture. 28. The nethod of
claim 26, further conprising imobilizing the

w@bwears28y of nanowires within the aperture i NnPEI/IHL0F/K14922
material. 29. The nethod of claim 28, wherein
providing the matrix material as a polynmer matrix. 30.
The nmethod of claim 26, further conprising grow ng the
nanowi res from col | oi dal cayal-ytic particles provided
upon the interior walls of the aperture. 31. The
met hod of claim 26, wherein the step of applying a

foyce tQ the . nanowires,in.the rt.ur . I ses .
a1 Ece i Thy HEpRACH HeDar eiiten SRmpehg ARTRIe. B Symonjes
met hod fedm ebrbiahSchtal ftierpafedleLHOPIdes upoh the iimgrier #hidd of the
tip as the punch nenber for applying pressure to the

pl ur al iapgrigfe. nanowi res. 33. The nethod of claim 31,
further conprising using a cupped tip having a

circular cross sectional shape or a rectangul ar cross
SETL i ONede Sbtpa @Escliihe@unicdieinethbatepf & apppihy anfgree to the
pressure to the plurality of nanow res. 34, The msthogll

of cl ail#ROBires iy REPrRERHIMBTING dsHine? PHChdeeBbR throu
substrqhgaééﬁﬁgive to the first substrate and
repeating e placing and applying steps. 35. A nethod
of preventing gate shorts in a nanow re based

transi stor, conprisjng:, providing at.least a .
pothl at i BNt oaRoRRIES ] G TS B [fetip o the
popul agid.@@h Afenfirn e a%?l?h?g%‘@%u?e RAHE pRirARd o BV ires.

el ectr t he popul on of nanow re conprising a
sem conductor core region extending a length of the

nanow re, an ielectric,shell region extendi .
ehgt n Bie BRGoRGASHTR L ST rmESnrianE Siseheqd o Daving
bet weeny, tigiHOMbELsRA6hall SR & @@éclfa@l%ﬁﬁr BRfs asutionhl dage
popul ati on of nanowires in contact therewth;

as the punch member for applying pressure to the plurality of

nanowires.

34. The method of claim 26, further comprising moving the second

substrate relative to the first substrate and repeating the placing and

applying steps.

35. A method of preventing gate shorts in a nanowire based transistor,
comprising:
providing at least a population of nanowires, wherein a subset
of the population of nanowires spans a source and drain electrode, the
population of nanowire comprising a semiconductor core region
extending a length of the nanowire, and a dielectric shell region
extending a length of the nanowire;
providing ohmic contact between the source and drain
electrodes and any of the population of nanowires in contact therewith;

and



anddi fferentially etching away the core region of the

nanowi re popul ation that is not in ohmc contact with
wo b@ssmzsre and drain el ectrode. 36. A nethod PET/US2005/014922

renovi ng a subset of nanowires froma surface of a

devi ce substrate, wherein each of the nanow res have a

| ength of |ess than about 5 m crons and have been

deposited on the substrate .igy_a thin filmpopul ation

of nanowi res, the nethod conprising applying an XeF2

etchant to the popul ation of nanowires to selectively

renmove the s#? et . nanow r es. f?. A net hod oﬁ .

renmovi ng fr ofHET8liFARCENHE VAR IS SORUBRIPROL the nanowire

cont am ki Ai@nSthhi FORPH! bh&li@Tonthiievwimt e dsRPEm ind dRfn

appl yi ng ‘an XeF2 etchant to the surface of the

subst r atlecttaglesel ecti vel y renove the silicon particles.

38. A device substrate conprising a popul ati on of

nanow res deposited as a thin filmthereon, wherein a

sufrset  Af mBABAWIT @fovihg BesuBI Y hioR@RY | fBdrh ON shrdateNEr a

an average |length | ess than about 50% of the wires in

t he nandsigeesubsipais, avhaypineeek of demnanemaiss ihaee ¢ leratl vé dess

therefrom 39. .A .nanowi re C risin sem conduct or ., .
core. ol ARoHss TERES Ahf B SCRBRIRp el of T SBRAHE P n
the corgln phangion dfienseires; arduehed caap@sihg aflovb de KeF,
recessed wthin the one or nore out shell layers. 40.
The nard¢liang tothe epRRlA@DOf RFneRdieh ta $peciixplydem@e thesubset

core is BFQ?H‘V selectively etched at one or nore of

its endd e I've to the one or nore shell |ayers. 41.
The nanowi re of claim 39, wherein the one or nore

outer shell layers conprises an oxide shell |ayer.42.
Th@-nan@v\ﬂl?eéh%]%/ of| NS (Ar & AU SdnicERUGe t bstrate

core couptdsasiny 5iliON paftiles/ E‘xf’e‘ﬁ%@ ESmPlisifik
further corrplr ?térl?gngl 1a mé’taa% esshe% ayer @‘égo%lfﬁl% gagmgh g a
t he oxi XeFsétehdnt kathersurface of the substrate to selectively remove the

silicon particles.

38. A device substrate comprising a population of nanowires deposited as
a thin film thereon, wherein a subset of nanowires in the nanowire
population having an average length less than about 50% of the wires

in the nanowire population have been selectively removed therefrom.

39. A nanowire comprising a semiconductor core and one or more outer
shell layers disposed about the core, wherein the semiconductor core is

provided recessed within the one or more out shell layers.

40.  The nanowire of claim 39, wherein the semiconductor core is partially
selectively etched at one or more of its ends relative to the one or more

shell layers.

41. The nanowire of claim 39, wherein the one or more outer shell layers

comprises an oxide shell layer.
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42.  The nanowire of claim 41, wherein the semiconductor core comprises

silicon.

43,  The nanowire of claim 41, further comprising a metal shell layer

deposited on the oxide shell layer.



