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BACKGROUND OF THE INVENTION
1. Field of the Invention
The present invention pertains generally to nanostructures, and more
25 particidarly to a substantially crystalline nanowire structure having a diameter along
the wire axis which varies by less than approximately 10% over a section exhibiting
the maximum change in diameter, and which has a diameter of less than
approximately 200 nm. The nanowire structure can be formed as a homostructure,
as a heterostructure, and as combinations thereof.
30 2.  Description of the Background Art
The ability to efficiently convert energy between different forms (e.g., thermal,
_electrical, mechanical, and optical) as illustrated in FIG. 1 creates the infrastructure
of any modern economy and is one of the most recognizable symbols of advances in
science and engineering. Optoelectronics, for example, deals with the conversion
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approximately 10% over the section exhibiting the maximum change in diameter, and

20 having a diameter of less than approximately 200 nm at the point of maximum
diameter. These inventive nanostructures, which we refer to as "nanowires”,
preferably comprise substantially monocrystalline homostructures, as well as
heterostructures of at least one substantially crystalline material and one other
material where an interface or junction is formed therebetween. Heterostructures

25 according to the present invention can also include combinations of homostructures
and heterostructures. in the event that substantially crystalline materials are used to
form the heterostructure, the resultant heterostructure will be substanﬁally crystaliine
as well. Additionally, nanowires according to the invention can have various cross-
sectional shapes, including, but not limited, to circular, square, rectangular and

30 hexagonal.

Heterostructures can be formed with any number of segments, both
tongitudinally and coaxially, where adjacent segments are substantially crystalline or
where a substantially crystaliine segment is adjacent to a material which is not
substantially crystalline. Many of the nanowire heterostructures according to the



| ongi tudi nally and coaxially, where adjacent segnents are substantially
crystalline or where a substantially crystalline segnent is adjacent to a
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20 a high degree of sharpness. For example, in accordance with the present invention,
the interface between these materials can be made as sharp as approximately one
atomic layer to approximately 20 nm. However, since heterostructures according to
the present invention can comprise multiple segments either longitudinally, coaxially,

~orboth, itis aiso possible to form heterostructures where some junctions exhibit a

25  high degree of sharpness and others do not depending upon the particular
application and need. Furthermore, not only can the composition of the materials
-forming adjacent segments be sharp or gradual, but by controlling the doping of
materials forming segments of the heterostructure, it is possible to have sharp or
gradual dopant transition between segments.

30 In certain embodiments of the present invention, the nanostructures of this
invention expressly exclude structures bompris}ng carbon nanotubes and/or
structures comprising what are commonly referred to as “whiskers” or “nano-
whiskers”.
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of lengths. A population of nanowires is considered to have a nonodi sperse
di stribution of ACEREING!O another aspectafidhe invention, a process for fabricating

nanowires has been developed. In particular, this aspect of the invention includes a
20 process for making a population of nanowire heterostructures with a substantially
monodisperse distribution of diameters if the distribution of diameters within the
population is less than or equai to approximately 50% rms, more preferably less than
or equal to 20% rms, and most preferably less than 10% rms. A further aspect of the
invention comprises a process for forming populations of nanowires with a
25  substantially monodisperse distribution of lengths. A population of nanowires is
considered to have a monodisperse distribution of lengths in the distribution of
lengths within the popul_ation is less than or equal to 20% rms, more preferably less
than or equal to 10% rms, more preferably less than or equal to 5% rms, and most
preferably less than 1%. A further aspect of the invention comprises a design for
30  nanowires that permits batch fabrication in large quantities. Another aspect of the
invention includes a laser device that can be formed from either a heterostructure or
a homogeneous struciure.
Further objecls and advantages of the invention will be brought out in the
following portions of the specification, wherein the detailed description is for the
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FIG. 5 is a schematic perspective view of a coaxial heterostructure (COHN)
according to the present invention having a segmented core (e.g., LOHN).

.20 . FIG. 6 is a schematic perspective view of a coaxial heterostructure (COHN})
according to the present invention having a segmented core (e.g., LOHN) and a
segmented sheath.

FIG. 7 is a schematic perspective view of a coaxial heterostructure (COHN}
according to the present invention having a superlattice core (e.g., LOHN).
25 FIG. 8 is a schematic perspective view of a coaxial heterostructure (COHN)
according to the present invention having a partial:sheath on a homostructure core
- (e.g., LOHN).
FIG. 9 is a schemalic perspective view of a coaxial heterostructure (COMHN)
according to the present invention having a partial sheath over a segmented core
30 (e.g.. LOHN).
FI1G. 10 is a schematic perspective view of a pn heterojunction according to
the present invention.
FIG. 11 is a schematic perspective view of a pnp, npn, pin, pip heterojunction
according the present invention.
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FIG 15 is anwpmiggcti on band di agram of a coaxial heterostructure nanowre
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structure of an I:ﬁi/Ge LOHN according to the presen nti FIG 20
is a graph SFEWHIGH AHaNLm Aakaccosming ta the presesit inverdioni wal | car bon
15 FIG. 18 is a graph showing the characteristic Ballistic Electron Emission
Microscopy (BEEM) spectra for the GaSb/GaAs self-assembled quantum dot profiled
in FIG, 17.

FIG. 19 is a schematic diagram of a BEEM configuration to determine the
local electronic band structure of an Si/Ge LOHN according to the present invention.

20 FIG. 20 is a graph showing the thermal conductivity of a multiwall carbon
nanotube bundle as a function of temperature, where the T2 behavior suggests
phonon confinement in 2-D and the monotonic increase in thermal conductivity at
high temperatures indicates suppression of phonon-phonon scattering and the
presence of very long (~ 1 pum)} mean free paths.

25 -FIG. 21 is a graph showing thermopower measurements of a multiwall carbon
nanotube using a microfabricated measurement structure comprising two suspended
heaters that contain e-beam lithographically fabricated wires according to the present
invention, with the multiwall carbon nanotube bundle placed across the two heater
sections so that the two heater sections were bridged.

30 FIG. 22 is a schematic diagram of an experimental set for measuring the
mechanical motion of a piezoelectric or pyroelectric nanowire according to the
present invention using an atomic force microscope (AFM) cantilever probe while
simuitaneously measuring the electrostatic potential across the nanowire.
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Ge rich region on a Si/Si Ge superlattice nanowire according to the present
Invention. FI G FiGi 874s gusnh shawingdhe line profile fites EDS signalifeontB@ Si il

fromthe Si a Si/SiGe

super |l atti ceéﬁgﬁ?vﬁepgﬂgﬁm{hﬁgﬁ BW?%QBf%??%@ ?@Fé’ﬁ? {nanayie aecomiing o 5
graph showi rig thérpesenpireentiort. he correl ati on between the grovvth rate of a
nanow r ggaccor di Gl I nvention and the di er observed.
Fre o T80 g alil PpInE e St HR BralPidddnacizeledn betusereie gratibum
wel | (2D) amdtepfanbamowire ecdotdiby télthEpreseitSnvention and the diameter observed.

FIG. 29 is a graph illustrating calculated dependence of ZT on Bi quantum
well (2D) and quantum wire (1D) dimensions.

FIG. 30 is a schematic side view of an embodiment of a thermoelectric device
20 according to the present invention based on a composite of n- or p-doped
thermoelectric nanowire arrays embedded in a polymer matrix.
FIG. 31 is a schematic perspective view of a nanowire-polymer composite
array according to the present invention configured for light emission.
FIG. 32 is a schematic view of an nanowire-based efectron ejection light
25  emitting diode/laser diode according to the present invention.
FIG. 33 is a schematic perspective view of a longitudinal heterostructure
~nanowire (LOHN) with quantum dots according to the invention.
FIG. 34 is a schematic view of an embodiment of a 3-lerminal nanowire
device according to the present invention.
30 FIG. 35 is a schematic view of a second embodiment of a 3-terminatl
nanowire device according to the present invention.
FIG. 36 is a schematic side view of an embodiment of a longitudinally

configured electromechanical transducer based on nanowires according to the
present invention.




FIG 30 is a schematic side view of an enbodi nent of a thernoel ectric
device 20 according to the present invention based on a conposite of n- or

p-doped thernoel ectric nanowire arrays enbedded in a p ne t L) FI G
31 is a schematic perspective view of a nanow re- pol yrre?b)c%ﬁ{?gﬁeféb&(%rray

according to the present invention configured for light emssion. FIG 32

s a schemtic vilB. o ianrownssiion e ofitrel eatdciRerbRsU HFIG M 1aiBR
emtting di o&e/l Ser gt%ge according to the present invention. F 33 is a
schemati ¢ pel P8 %3 (Péw of a I ongitudinal heterostructure nanowire

(LOHN) with quantrim. det; ralel ; LV, | I 4 is a schematic
vi ew of an enbaqdi men'(té g(;?azs‘&g-gp?rh%%rt]azﬁ) "'Iﬁg’ﬁ"&/ﬁ”‘ rgﬂbgg@?e{eﬁ oagctg§%v55et o the "
present inve‘iﬂ"‘iﬁeer@@eﬂfﬁﬂesﬂamisaldrmldemﬁ)asadmmamowireﬁawwdm@hedh@\?nt of
a 3-ter m5natdresé}ﬁ89¥\4r{t%nde“ ce according to the present invention. FIG 36
Is a schematic side view of an enbodi nent of a longitudinally configured

el ect r omechani calflGr 88 éxla cessshestidnane i 3N 85 RREPERGWE it Bid. t:ﬁ%ﬁsem
i nventi on. -ﬁr %%h\?.e%hegrg_} r 2005 FIG 37 is cross-section view of the
t ransducer § S iR 36 taken through line 37-37. FIG 38 is a
schemati c side VFe®. 9 joh s fo ; A Igur ed
gPARP d\VﬂH% ol x-fa élﬁFb%YnSﬁzgﬁgkﬁﬁ)%ftt{e%%’Pﬁ%an) or esent

el ectronechani cal transducer based ©dn nanow res ac
i nventi on. PRBOWHG grewg ogrdsapphist suhstrateacadrdinigdotthepsekantinehtvn, i n Fl G

38 takengp throug | 439 . AQ ra showi ng an x-ray .

di ffract?on (mel%-affg%gg%%ha%%& g ﬁ.'aén WE}P@OFQ‘SO egﬂsﬂggéﬁﬁﬂfar‘@%é'ﬁ'ﬂst rate

acc;)r di ng t b Omciﬁaék@rnummpewer tona Zﬂ)@l rFa}rﬁwir@%lori SapptireaitordifyMd @etdiEsent

evol ution o ectra resultin rom i ncreasi ng pu ower to

a ZnoO nanovjnrvghg%ﬂsua%f%%gg]csccf'(?f”&ith% SPSthLf{g ahpxdiatien "i'tﬁO%'FYthJgW\r{hP\% ingur ve

a shows t hetrspsiwild,Landaturex bidmitthe Thsel BROFE te Sy dilse tﬁ@%sl}%[tn?é%ﬁﬂlg' d,
g threshold is

and curve b & %t e inset shows the spectra after the lasin
exceeded. t% ée 42 is a graph showing integrated enission intensity from

a ZnO ngowire FIG.42is3a graph showing integrated emission intensity from a ZnO nanowire
on sapphire according to the present invention as a function of optical pumping
intensity.

FIG. 43 is a schematic view of a ZnO nanowire on sapphire as a re'sonancé
cavity according to the present invention with two naturaliy faceted hexagonal faces
20 . acting as reflecting mirrors. |
FIG. 44 is a graph showing the decay of the luminescence from a ZnO
nanowire on sapphire according to the present invention using a frequency-tripled
mode-locked Ti:sapphire-laser for pulsed excitation and a streak camera with ps-
resolution for detection.
25 - DETAILED DESCRIPTION OF THE INVENTION
1. ~Infroduction.
' The present invention comprises a family of nanostructures which we refer to
as "nanowires". Nanowires in accordance with the present invention generally
| comprise heterostructures of at least one substantially crystalline material and one
30 other compositionally different material where an interface or junction is formed
therebetween. However, nanowire heterostructures according to the invention can
also include heterostructures where the materials are the same but have different
crystalline orientations. Furthermore, the surface of a nanowire according to the
present invention (whether a homostructure or a heterostructure) could be




on sapphire according to the present invention as a function of optical
punping intensity. FIG 43 is a schematic view of a ZnO nanowi re on
sapphire as a resonance cavity according to the present invention with t
natural |y faceted hexagonal faces 20 acting as reflect3h§eRerogr300F 44
I's a graph showi ng the decay of the |um nescence froma ZnO nanow re on
sapphire according to the present invention using a freq uency tripled
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| NVENTION 1. | ntroduct’ on resent 1 nvention conprises a
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di ff er ents nahenoelystatlieee Iathis rdgRird, aee refer joldRiatarial bS bbPignRBstdntianebet ween.
However, nanowi re heterostructures according to the invention can also

i ncl ude het & ¥delineifihe nglgaalexhibds lQRGaNIL L7480 he same but have
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according to the present invenfion ether a ho struc ure or
het er ost r uctlé@seihapAnpiox@matedy 200 Bﬁbafdtﬂd@aXfM peinh @mdhaldleme!et aloogmmr e

specific ch | laIIy
crystalli nquﬁ@@rd' I'a Ingg‘rBerQ%Srﬁ@/ vér‘? or m ﬁ%ﬁ %&%@Yfﬁ é" °Y§%¥95\?$

appr eci aved etmd:tlt:rtgmerreamhumthdmjeen mﬂﬂmﬂet uAedlﬁmdllybﬂaMﬁémm&inhg’ to
crystalline ast,. on
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refer to a roircelaraquase,retaBgsiapatdREXRIONE!. F»dir%i(bﬁ{dlé @10 hahdWirsPh H/d 2
exhibits | o agmgqei orderi ngn A pnanow re accor to the present invention

preferably SHessstedyen. PRz nanawireshn @W'@Wﬁﬁnﬁ%mﬂt% $Rxi mum
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| ess than approxi mately 10% over the section 10 ex maxi num
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have a of the structure.
It should be appreciated that the nanowire materials of the present invention
are fundamentally different from those commonly referred to as semiconductor
20 “whiskers” formed by using basic VLS growth techniques. itis well understood that
the mechanism responsible for the growth of these “whiskers” is limited to the
creation of semiconductor wires of a diameter greater than approximately 1 ym.
The methods of the present invention describe a method of modifying VLS
growth in which the catalyst size is arrested to form nanowires with diameters from
25 approximately 1 nm to approximately 200 nm. Due to the quantum confinement
effects, these structures are fundamentally different than whiskers, which are larger
‘than the Bohr exciton radius of the bulk semiconductors from which they are formed,
and therefore represent a unigue composition of matter. The physical, optical, and
electronic properties of these materials are fundamentally different than would be
30 achieved if the characteristics of whiskers were simply extrapolated toward far
smaller sizes. In the nanowire size range these materials represent a new form of
matter, different than bulk material in ways which are unique and non-obvious. The
importance of the distinction between nanowires and traditional “whiskers” should be
appreciated. Whiskers operate as smalt “bulk” semiconductor wires and thereby



hexagonal cross-section, Sn02 nanow res have a rectangul ar cross-section,
PbSe nanowi res have a square cross-section, and Si or Ge nanow res have a
circular 15 cross-section. In each case, the term"diangter"” is intended to
refer to the effective dianeter, as defined by the avetGger®Mbenéildnm; or
and m nor axis of the cross-section of the structure. It should be

appreci at ed t j I terjals of th resent invention are

f undanent al I'efbgheft@?eér%ﬁ%)wgﬁ]ﬁ?%‘s\gg%gmﬁqrwep&%tﬁﬁ ’f’cPhé’éol_é@?ﬁr%EJHGuctor 20
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arrest ed 1 o FEITESHcH!Y déferentihan ﬁ\ﬁgpéi’vsﬁi:ikemsﬁ 25 approximately | nmto
approxi mately 20Qy ; confinpenent effects, these
structures are f uné(}ia?r‘;ve"lr%tjg *FE"%{E'?P@?%%{EH&HW WH@ PEFENLRYEROR iRciude ger

‘than the BolfionBguiations mdwireswobr trivee BubktanemicPBAUEHRfHide rﬂméﬂaiscgret hey are
fornmed, an Engl?yeé,%ﬁ éda{)resc?‘nt a uni gue conposition of matter. The

physi cal , optrcal, 2AAPeLNs &F@”ﬁ%ﬂwﬂ#e@tum cenfinamenitaffectd arear e

f undanent al lexpited én aet Adonigos whvae BE; ' i [ ristics of
whi sker §,wer e ‘ﬂ‘?n Ly ﬁxt r‘ag&lpg?ed tygwar dS%E@%FI%P%@E&Q%OF%GW@M (k8
nanowir e si 2&° ng‘f‘-,‘ plcsisrRMesies abuat glap pekite promising prospefts ofedrafatically

di fferent thaam%uglenapgwéarﬂ)e@; "%"m{? h are uni que and non-obvi ous. The
i mportance of the distinction between nowi res and traditional "whiskers"”

O e e et B i,
‘wires for medﬁ%y g?%ﬁ%ﬁﬁ’d‘ﬁgﬁ}éﬁw ﬁ%é’bﬁ’ﬁ'ﬁﬁ{%’m% BW&EWC%WW@QQM%’:’M
t echni ques. hemein. nhhe Wasieuderificdy V1 plocass iRalos 888EHbed iRHRIMI fANhe NOVEVeET
G 2P 0 1% (B R PR SR Er B chepmo
A R T B N
T B B
, . . 31, pp. 20-30 (1975)".
20  Using the basic (unmodified) VLS, it is possible to grow monocrystalline nanowires
of a wide variety of semiconducting materials (e.g., Si, Ge, ZnO, etc.) with an
average diameter greater than approximately 1 ym and a diameter distribution
greater than 50% and lengths up to or exceeding many millimeters. The present
invention provides methods of forming nanowires structures with a diameter less
25 than-approximately 200 nm and preferably in the range of approximately 5 nm to
approximately 50 nm, with lengths in the range of approximately 100 nm {o
approximately 100 um, preferably in the range between approximately 1 ym to
approximately 20 ym.
Furthermore, if the diameter of semiconducting nanowires is reduced to the
30 range of approximately 5 nm to approximately 50 nm, quantum confinement of
electrons and holes allows tailoring of the electronic band structure of the entire
hanowire or of one or more domains within the nanowire. Such confinement can
also strongly influence photon and/or phonon lrahépoft in nanowires because both
the photon and/or phonon spectra and lifetimes can be significantly modified. The
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10 road to scientific discoveries, but also offer the prom sing prospects
of dramatically changing energy conversion technology. In certain

enbodi nents of the invention fabrication is facilitated with the well

known vapor-1liquid-solid (VLS) chenical synthesis procé@%SWWP@He%?m¥5be
described herein. The basic (unnodified) VLS process is also described in

detail int 15 ubl i cations ich are jncorpaorated herein by
ref erence: &ﬁ'ﬁ' yngﬁogsuﬂgcezﬁgerwmrgrg ARISPIRRKIN RPNRMIFS SYNig si also
Technol ogy, :affipds #e éé@s:lﬁuﬁ@@)synth\éé& pf@ése%' that ar\é@é’lﬁlehh ﬂHthr?%lf?r% but
Mechani sm of S ng@pﬁe "hﬁ‘@t G owt h | i ed sics Letters

5, pp. 89- 96“%’?9 ik aF s o files. HeF‘Qﬁdﬁ @éﬁWItMpwephaseWSd )
G owt h" eraéémgg cgﬁ%%t@rha@dqm&s r%@r#q 31, pp. 20-30 (1975). 20 Using the
(o}

basi c (unrm fi1ed) VLS, I'S possi b grow nonocrystal |l i ne nanow res
of a widé va?rlet)hlﬂmzﬂshmmmsrmterlals (e.g., Si, Ge, ZnQ, etc.)

wth an average th r oxi mat m and a dj aneter
distribution gr gaat ar' %ﬁ&ﬂp{? mgﬁbc?ap‘g %rbastp@chyg?cﬁéa?Wd“Yﬁiﬂ&Q”
mllineters co“m'imtspselsemnowmg/% héﬁbvﬁf@h{el@@&stm&tméﬁ%squr!HM@rBIB&s%PQWe'Fes
structures ge h a dianeter | ess t han- ap%rom mately 200 nm and lgreferably

in the rang Fogtﬁ%?tgggwcgqig,wgeqﬁwtacpoaé ssar%tfl&tyregmr}que (HQHN)} &digt hs
in the rang%nﬁf(nﬁ@Rfr@ﬁbﬂ%?hé’te?&@rd&ﬁﬂr&%an@%@%bm 912’ I%lqger@xa@rp Gy in

t he range between a(gé)rom mately 1 pmto approxinate ﬁ errmre
i f the dPamil BIG.of. ehicbhaemprises asnbslantially @ysteuneemreozxtslmerouat)ed bpge of

appr oxi mat elspepth™B bLa %BW 8§| Igﬁ%@ di fé% P Matdh: nh’&éﬁé%ﬁ%#ﬂqﬂ?gfs phggtlgﬁﬂ ;gns

and holes allows tailori roni ¢
nanowi r e or therebelween. rﬁire@tlmoﬁrwansbe/\sumanttany cnataliine or aﬁuqihmnél nement

because ot ROVHEE BBIcaHBUREr. BARis B R f P SfarpRrHbiRde i pkoHN

signifi cant 1}"] cmnhr%eedat lemeoné@egﬂleﬁeaﬂ @ﬂb@ubgﬁhﬁa"m&aﬁ!ﬁﬁ&nﬁfer@w face
ener gy. g5 h ani ot rop nanow r.e nt hesis also affords the

possi bi | 81130 QL fneat %?%.Oﬁé 0;5 SlReIMeN 22072 cerppsitionallydiesentmadarial but

met ast abl e wnet&ajwtnisncm i8JormedtherédBiwekigNCce, materials w th unique
phases .and propertles can be created in this nmanner. 5 2. Nanow re

Het er ost r uct ur esHeiEfRYUCHEeRHaGcarding testhepsantin@nton can besfosed withtany
present | nVﬁuﬂhb@ﬂof segments, both longitudinally and coaxially, and in various configurations,

some of which are described below.

20 - For example, FIG. 3 shows a superlattice of additional segments 26, 28, and
30, thereby illustraling that a heterostructure is not limited to only two adjacent
segments. It will be appreciated, however, that at least two of the segments should
comprise compositionally different materials in order to be a heterostructure. By
"compositionally different” we mean (i) the materials have different chemical

25  compositions (whether intrinsic or doped) or (ii) the materials have different crystal
directions (e.g., the same materiais but different crystal orientation). The nanowire

- heterostructure could comprise compositionally different materials when viewed
longitudinally, such as would be the case with alternating or periodic segments of
different materials or multi-segmented nanowires where at least two of the segments

30 comprise different materials. An example of a LOHN where adjacent segments have
different compositions would be a segment of Si adjacent to a segment SiGe.

FIG. 4 through FIG. 7 illustrate various examples of COHNs having additional
segments. For example, FIG. 4 shows a COHRN 32 having a core 34 and a sheath
comprising first and second segments 36, 38, respectively. FIG. 5 shows a COHN
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conprises the followi ng two nanowi re heterostructures as buil ding bl ocks
for other heterostructures and devices: (lI) a coaxial heterostructure

nanowi re (COHN) 10; and (ii) a |ongitudinal heterostrug re B@no%&_’e
(LOHN) 12. In the exanple shown 10 in FIG 2, COHN 10 c(ﬁr% P

substantially crystalline core 14 surrounded by a sheath 16 of a

conposi t i onadd kiawhg bescedcomptichh Frstuar 14S
t her ebet ween. Sheath 16 caﬁ% be gutr)&‘étant%ac6 dj's',Q ﬁ@ ‘f]@r‘l“eﬁ" (r)%s%ag@&%ous

pol yrer, semY'SHages by 2 shealle 461 RIGe6 shrws aIGDHN@&hawm a csmb‘@mpfig f&st3
LOHN 12 corgyd t ubst a tiall stal |i ne
material 15 adj s;égzg)r?? Ctot@g%rpgggt%g%ge %Sﬁég"@&gﬁﬂa C‘ame\é s%f $@Bfal | y
di f ferent neB@EPRERh ea\mmmqtmﬁéwmneébbonsew0F|@d7nrb@ﬁ-@tlaetaveeﬂw 58 having a
any

Het t t t t be t

nunber of - sSoe srBAEEEA TunkDielie8 i sPageninst: 8axpaias, Sdada surouadecisa

confi gur at i sheath EhnHoff thahinehshaueh 85566 'CR@.FEIIP%' %m&%gﬁegﬁif% @B]yl:l G 3
a

shows a superltattll ce of additional segnent’s 2
i |1 ustrati n§ 3RS FURR AE PObIMEIst $RTBICPRAYRIErS| mﬂdeedarlddhe ikg. tmadditpracent

segnents. | Camis che naopilab Sflealipuer - (hat A Teast tuo of the

segnents should conprise conposition ifferent materials in order to
be a het er ost r uctgastaimBgmbodingnts; CObiNG dan h‘bfofrmbdfliy ‘pakBallRaiaticg b difffe-

mat eri a h whet her intrinsic or
doped) g? (%@“?hﬂ;ﬁﬁ{a%&ﬁ i’"ﬁi%@ é?ﬁ“? gt% wsd COHN aﬂgam@g@ t he
same nat er i singlebsagnuritfoere ne mncm‘sadnsppaman}aémmmndei fbg

‘heterostruc %lq caqgrt,)rlse (i&rﬁosmlona |y differeént naterlals V\%e

vi ened |on§*§“§%§ ) Blchaving,a LNGOE%CQWi%ae@memisaazu 84 vteireip ths
periodi c seguresns Bn@fparwblfyfs%m%nhd@@bgfshaétﬁw Aﬂ&gﬁ#t i) éﬁé‘ﬁﬁgégﬁ,g i T es

“where at least two of the segnents conpri se An
exanpl e of EPRHHE W@ﬂmjsaﬁ@rﬂ padighehaath.nblote aldo triairtlwtshmﬁmsudri coid

woul d bes a egsdn | FIG 4t ugh FIG 7

il lustrate vari ougnggﬁpwggé%q%@tﬁaﬁ%% GEH'Q Sh%ﬁ‘é‘ﬂgg’ For

]tcaxarrpl e, | Flagiacens pe apacedsapatt. 3'2hthm/skll@gda|n¢he art?vﬁll apﬂre@laiﬁﬂiﬁt %e%@!ﬁ' ngo
irst an res ows a -

Sept enber ;‘%8@5%6:'% ﬁgg‘lsir:lg gdﬁg\(’ﬁugg%ﬁ rbfﬂ""l’ rﬁ@?’“%lﬁ@@@&ﬁa- aulimehthesq 2

44, respectqomégyratloemremam@ma fav@dﬁ&ﬁé boﬁble'ﬂoﬁrgo ﬁBﬁ’é’Sz Baged S iNe48 having

& ohie ve nd core segments respectlvely and
a sheath gg{r?g?’!ﬂ}s}lgnsg ﬁ‘}rﬁ 85?1‘6’ ed herein.

20 | From the foregoing, it will be appreciated that segments of heterostructures
can comprise various materials, including, for example, semiconductor materials
which are doped or undoped {i.e. pure intrinsic semiconductors) and arranged to
form a variety of semiconductor devices with junctions such as pn, pnp, npn, pin, pip
and so forth. In certain embodiments the materials can be doped in a conventional

25 manner. For example, conventional dopants such as B, Ph, As, In and Af can be
used:=Both the nanowire and the dopant materials can be selected from Groups 1!,
I, IV, V, VI, etc. and can include quaternaries and tertiaries, as well as oxides.

One of the inventive aspects of the present invention is that while it is
commonly believed that such nanostructures cannot be ‘homogeneously doped” {i.e.
30 doped such that dopant moiecules are dispersed in a microscopically homogeneous
manner), the materials of the present invention operate as if homogeneous doping
was performed, because they conduct as would be expected if dopant molecules
had been homogeneously distributed throughout the material. This result is
unexpected since the high temperature and small size of the nanowires would
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second sheath segnents 54, 56, respectively. FIG 7 illustrates a COHN 58
having a 5 core conprising a superlattice of segnents 60, 62, 64, 66, 68,

70 surrounded by a sheath 72. Note that the sheath can (gg taééd';r;e or

anor phous, and can include materials such as polyners D

oxides, and the like. In addition, COHNs can have nultiple sheath | ayers.

In certain eg% dEs L Akl ' | ngl e-
10 segnent na Sggﬁs)rgﬂ dwaéori%)@% l e, a@?eé?@ryds %m%ﬁgem%ﬁr%évi ng a
si ngl e- segnewheredhey weulthbeavi sn the t};napaertofatrap;ﬁifsarramantlm replicatiopdlzs h 78.
FIG 9 sho AvINGu, L risi. ments 82, 84
wherein t he"‘@(e:%trrcgf'%l"élr 2’%@5‘5% ﬂ@&ﬁ&?%ﬁﬂﬁ%‘%@ %&ﬁ‘ﬁ 6. Alternatively,
the cores could in@muriser cﬁlem:rddahémt@ﬁmevxnreherﬂIrlﬁ.@ht:bﬁlcoﬁlbﬁﬁilétes Nabéwied SO
that the sheath ﬁrtlon coul d 15 be segnented as well and, further, that

the segment s'F" actyfresa@qme&ngjomor e feprd spmicpRduosRelactec g
skilled in téi@uﬁrtﬁat%dludéboﬁ[zﬁi%'n%‘i ﬁmit@él&%ttﬁ?éﬁv@@%‘i ndEE‘tBF'tgbb’e lyons are

achi eved using convent i onal maski n ni ques t ha
confi gur at i diegniceptusiarntype Uiy wm@wwcwmenpmm e configurations based on

the nanowre str I
be appreci at ed théaé'%' Eggﬁﬁeﬁs %%F'* pcﬁ‘ﬂ{ugfdézﬂeélﬁg%ures&@l@ﬂ?%ﬁ%ﬁ%@g&%ﬁ qdj)el?gnl

mat eri al s, Imateddisniga dmmmmrestrwmmmmmg)to imatpeeserit snventiore.hFar e doped
or undopd I . €. LRt rinsi enj c uct o adarr nged forma
vari ety @f geé‘ﬁ{“é%%ﬁ@t Sa%we@@'w%ﬁﬁ? & “"t‘ﬂ%’" ﬁH%‘”’%A@“’h S @pj n,
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conventi onal Eﬁmner For exanpl e, conventional dopants such as B, Ph,

As, In and RO %’y fe? PIRSRBRIM Pith &g dvnstiop dexiga. N@Y&fé‘&%ﬂaﬁ%'éﬂl als can
be sel ect ed Hete?BRIAWRS dcherdu‘ldtbthé}éres\ént Wvgnﬁ‘&r?areaé%e?zﬂ Haibh W%

quat ernaries and tertiari es, as wel as oOxXil I nventi ve
aspects of wRENNLENRg Wie svherein tm%d@mag apdicoarpositips areomtmﬂey ibelthentbe

that such ”"I’d&'&?\lﬁ&lﬁ%f of Fa%ha? 91?@8?0 Reor IHWQﬁ&QﬂﬁL ytog}?qu a4 ik ﬁh%t ﬁorﬁga&%ped

such that do ecul’'es "are ’s er n"a m'crascopi c efneous
manner), th@mﬂoaﬂﬁ@ﬁemhbmﬁ%t i nvention operate as |f honogeneous

OO om0 LA TReABIARHRE o SR EBRR iU B WRE Sl 2P
result is lesskpee béthesseyneeritd colnpdbed & metedd! ths JQQ@bsﬁa\’ﬂldlly ghatllie, t he
nanowi r es \A%gvl'ts%ulall% a‘?’as %gl%t. qmﬁlrbezgp?;?reciated that oxides on a nanowire surface can
20  be amorphous without destroying the substantially crystaliine ordering of the
nanowire core. In addition, the nanocrystals can include defects, substitutions of
atoms, certain dislocations, and combinations thereof, without defeating substantial
long-range ordering. In general, insofar as the material exhibits substantial long-
range ordering {e.g. ordering over a distance of approximately 100 nm, it will be
- 25 regarded as substantially crystalline and/or substantially monocrystaliine. Insofar as
the material exhibits long-range ordering, then the material is considered to be
~substantially crystalline according to the present invention. Preferably, at least the
inner 20% of the malerial from the cross-sectional center outward is substantially
monocrystalline. In the case of silicon nanowires, epitaxial growth is preferred (j.e.,
30  monocrystalline growth for silicon on a silicon wafer by precipitating silicon from g
vapor).
The diameter of a nanowire according to the present invention is typically less
than approximateiy 200 nm at the maximum point of diameter and preferably in the

range from approximately 5 nm to approximately 50 nm. in addition, the variation in
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suggest that all dopant nol ecul es woul d be annealed to the surface of the
wres, where they would behave in the manner of trap sites rather than

replicating the electronic properties of a "honobgeneou oped"
sem conductor. In a nunber of enbodinents, the present 5‘#1%8&?8%?2005

contenpl ates nanowire 5 heterostructures conprising one or nore doped
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yield a wire thatlncertpin eraSodis@AR) Abhb WY éé{coﬁdsfug% t?rﬁép:‘é%ﬁf :h?érﬁwpfﬁgcaqy at

i ndi cat ed ab%ﬁ“ B ﬁé_meft erostructure accord resen

1 east one of Y1 FBGREHIOTREY{5 Giawetes fiem end to eltlﬂhanre psctlmtauﬂyt owdriay

cryst al l1one,secfier bf Bie! mdoyvirat r appr ted t at oxi des
u% thhlts°’r109%t e rﬁé:-u%h&l‘?a%gggﬁ %

on a nanowire surface can be armrp ous W rf"HB
‘subst anti al IR® @F%&' a0l @*ﬂ-‘@edmrwrgabfy 109, mnampwfelebgm @ouldrhd%@@bééd)n the

nanocryst al | ns of a certain

di sl ocat i ons%pﬁ?nkc[irhg%! ?ﬁ’é? ﬁéﬁg&st% Rreer?éej%ﬁy '\/\X"?H d'tm(?é? FH@%M?W&%aWhG

| ong-range &§haege indiametaranay bé consiseredro e divid BRI m)%mh bitepould be

substanti al ¢l e t\%?” n s(, % ordering over a r! 19

appr oxi mat el &J]?.Jgg ﬁe{o rF'!"agfe Kikinthe artdbat the es@sgfam hand)\ylr&:wylsa;caitam ne

and/ or sﬁbsaaﬁhrarpatlhqngmnqﬁams | ddsamly el t |

| ong-range r%g g‘? \Eeg %heteﬁa‘{ eri aﬁél S c’%ﬁ% ng@bsgé $tlﬂvlf))§f ?’eal ly

crystalline r & daab@leramaly)fmrmthel ey oft he
SECY TR PEd AREVY [secansidered tarhe ata |

: 20% ofhet e owades! ut d
;UBE{ anti af)b’é‘in nDnocr;!s.I?‘ael T?ﬁéeﬂréﬁ%n%e eé'ggg(bte#@ﬁadéc?g ﬁgﬁ \r/\%g’arétgf’t axi al

growth is pFenatend by aéleasg@%ngn@mqrg padfeiabiy ayriemthl 0%/ ofthé | It&ﬁﬂeﬁ@thfbf
ﬁ;'nl)ﬁfi‘e“ﬁi‘??r‘ﬁ?“’np’”%'%" ExBdmd. 2 OB R GBRcks pyaliaby Svenaenatn
“appr oxi Pt ePhih g@@nﬁmrgtthathgnmdmnrappm:dl’nateiy e pRiferabndb B Spbaiatelyn the
, 25%, more preferabiy up to approximately 76%, and most preferably up to
approximately 80% of the total length of the nanowire.
The junctions between the compositionaily different substantially crystalline
materials defining nanowire heterostructures according to the present invention
25 typically exhibit a high degree of sharpness. For example, in accordance with the
present invention, the transition zone between these materials can be made as sharp
as approximately one atomic layer to the total lateral length of the nanowire (i.e. a
continuously varying alloy along the length of the wire). Typically, the transition
should be relatively sharp, however, the transition may span between a single atomic
30 layer and approximately 50 nm, and more preferably between a single atomic layer
and approximately 20 nm.
For the purposes of evaluating the length of a transition (transition zone) in the
case of a LOHN, the beginning of the transition zone transitioning from a first
material to @ second material can be defined as a point along the longitudinal axis




range from approximately 5 rimto approximately 50 nm |In addition, the
variation in -13 30 Septenber 2005 di aneter across an ensenbl e of vm' res
synthesized in the sanme process is relatively sharp, sych that th
distribution of dianeters is typically |ess than appr ox$Qr§?%q99‘b955%5
preferably |ess than approxi mately 20% nore preferably |less than

the cross-section of the nanowire i s not

appr oxi matel 10%, 1 n cafs ? , LNOW | .
circul ar, ¥IMEdram é(ﬁgfr@ tena] o the;secppd malerigl iheraintipe dawaligneindpateda!
the | engt hs obmpbSHtioRM{end. dobadt &ﬁt@htraﬂérﬁaﬁé/om s FrAdsH; ESﬁmbBE‘it:«S’rﬁ Oc%f*ﬂﬁ‘%rrst

nanowire, with the plane being normal to onltu I nal " axi's
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More particularly, o sect! o
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referably i .ox' mat.el y 5%, and nost preferably it
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one of ordi nar 1 in the art that the ends of the nanowire wll contain
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fromthe ends of the nanow res nmeasur ement at a
| ocat i on1°se|d@$%ﬂ1éﬂ apprayimaielye2(its bynoes piefarablydess ﬂnad ap:pr@:upami)e‘rﬂaﬁb] Mosd .-

change i n diceraol 8 e ardghiaiel 8% dolanat S Broeik bk Tanpparoriaten

r an?es L Ir om &pplrothiercaase lof a]C@HNp;tSh?‘ tmfgkluhiyg gpd Tehd@pm?ifémmﬁcﬁ{-xone%%’q nmor e
0 r r t

boor ox mat el eAGuRE e BfutoRaf cheeiosfion raTialy Horm i fentbrabte seeniAs I

bet ween t he eubel[met trmrwddswaauanersmmmbﬁés@ma@hhug@frumﬁéuw@nn terials
ctures according to the present |nvent on 25

defi ni nq nanow r
typi cal I'y efﬁ’sfﬂ"?”ea 'Hfﬁfﬁ agvsubsieniglyrpreewystaline satafialdo ajgpmpasiionatic e
Wi th the prefRiéntixenbl ANshdulbé BRPRicidtod Mb@ep%ﬁﬁﬁﬁﬁlﬁé gp&ﬁk{sa' S can

be made as sharp as approxi mately one atomc |ayer er al
Tength of tBECHLINGP tee present igverdiont canuesuaprisevnuliplegsegienys aitfm«g the length

of the wi re)ongiM&hﬁﬁ*) Eﬁaxség}? of B@ﬁ’ls'l{ Lig QQBLH dﬁ.@%%& eﬁtth%td{ %‘. 6@3 cgsrﬂinle

however, the transition nay span between a sin
appr oxi mat eld/fosm hetgrosindcturssdn whidhesane wnlobonmexhlm sihigyl degree ot sharayess

20 while others do not, as depends upon the specific application and requirements.
Furthermore, not only can the composition of the materials forming adjacent
segments be sharp or gradual, but by controlling the doping of materials forming
segments of the heterostructure, it is possible to have sharp or gradual dopant
transitions between segments.

25 Referring again to FIG. 2, note that the band structure of materials 14 and
16 in COHNs can be so chosen that'one ¢an achieve modulation doping, whereby
the dopant atoms would reside in the sheath 16 and the carriers would be
generally confined in the core 14. This will provide very high electron mobility due
to reduced dopant and interface scattering that has been observed in uncoated

30  nanowires. This is the one-dimensional (1-D) version of the two-dimensional (2-D)
electron gas that is created by semiconductor 2-D heterostructures, Sucha 1-D
electron gas can then utilized, for example, in high-performance thermoelectric and
photonic devices where electron mobility plays an important role.
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and approximately 20 nm For the purposes of evaluating the length of a
transition (transition zone) in the case of a JOHN, the beginning of the
transition zone transitioning froma first material to second gﬁirial
can be defined as a point along the |ongitudinal axis -3%SSpfeRRat r 2005
nmoving fromthe first material to the second material wherein the deviation
in material 3gomgﬁwﬁﬂgopant concentration and/ or base materi al
conposition) of the first " naterial is |less than approximately 20% nore
preferably |ess tNaﬁo%lptmlbwismtretgducéﬂ%mmignﬂftgfs%ﬁlabmdn‘é%eg'é?é‘pot
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het er ost r uct ur esmiwré] ﬂ&ﬂ ?%ﬁgg %ﬂgtnjal&‘ tr?(%dt' 'Izorﬂéégrg’ﬁﬁyﬁﬁ”f es ot thgipraaetdavestiogrcanpness
20 whi |l e ot R&SY¥Nesized bysa witlsyeariaty op orethdus. Sﬁ%éférfé@é\'ﬁbb?iﬁﬁehﬁﬁ Hibver

t

requi r eggent sher.nor only. can the conposition of the materidls
forn ng adj g‘fe%f“@%%ni@t%“ﬂ%%k?gpﬁm%wgﬁ qQgiied yapor fliguidaeliddWLBhg t he

oDl o e e e BrouesasguReiech dol RONSABHTAILS iodinddn s s
Referring agaﬁﬁeﬁrg%ﬁé@eﬁ,bgW&y@a}twmﬁénﬁﬁ'ﬁﬂoéﬁmﬁaﬁm,evhﬁreimea aumdksofl4 and
16 i n COHNsmodificht i | I Qn. [

e onant oo aanmed Hi6dss b Lo R ERYU AL AR rB sBhe of <

wher eby tI}ﬁ dogant .atons woul d reside 1n the shea
e present invention.

woul d be
20 In contrast to the above synthetic approaches, the vapor-liquid-solid (VLS)
process is a very powerful method to chemically synthesize single-crystalline 1D
nanomaterials. This process, which has been previously used to produce micron
sized whiskers and recently nanowires with various compositions, involves
dissolving the gas reactants in nanosized catalytic liquid followed by one-
25

dimensional growth of single-crystalline nanowhiskers. The catalyst can be easily
chosen based on the analysis of the equilibrium phase diagrams.
Example 1

Referring to the schematic diagram in FIG. 12, an example of the growth
process of an Si nanowire on an i (1 11) substrate 100 is illustrated. In this
30 example, SiH,4 gas 102 is utilized as the Si vapor source and Au nanoclusters 104
as catalysts. The chemical vapor deposition (CVD) is preferably carried out at
approximately 600 °C to approximately 800 °C. At this temperature, the Au
nanociusters 104 form a liquid alloy with Si and spontaneously break up into
nanometer sized droplets 106 of Ay-Si alloy. Next, the Si species continuously



generally confined in the core 14. This wll provide very high electron
nobility due to reduced dopant and interface scattering that has been

observed in uncoated 30 nanowires. This is the one-di rreg&g qal %16%
i i i SRIPEhEE

version of the two-dinensional (2-D) electron gas that
sem conductor 2-D heterostructures. Such a 1-D electron gas can then

tilized, f et r l . .pl ni c
ot e e SoPRSRTR s STalth BB SRIRNGETSHARS: FEReFo s RRBLED.
2005 3. Nanowionesupgnsdiaration oftieogald byttie siicon.t The pdmesslcdmtn‘emiunnal ity such

por tant | eoHErIR s OGRTRE Rar<a LRGFL anebtr 3 Pavk e ErsHbhge f or

mat eri al scipraparetsrdeSiusSe 04 2@ uﬁlr@lh@ this ﬂ%éc%amshhrnoé‘@omémaﬁél%}fé'mrcal
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invention can be s nthesrzed by a

h
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nanowi r es ahﬁ:s%p?éfb%ii%ssuﬁaﬁ aaprw,@awzs hsmsarrsrorlrcﬂﬁmd B |ub fhg( VLS)
procedure Hﬁtrocess is described in detail in the exa vi ded

herei n, BappelvsteEti(6g. AyCorNiefehpith amanadisperse|di ame@rr on,
wherein a nlell“sJ?rﬁfuti%?l arﬂP\mtﬁ Hﬁl%trér’ﬂrhﬁz% (éﬁ%&ﬁ%@@dﬁrﬁgg €>p'i ?\ﬁ??bsac%frﬁxlmgéﬁyr ast

contenplated and within the scope o I'nvention
to the abovd08ym. H'@'Dl‘ectyat@p“b&cme%ppmh@alalmﬁnmltqtalpﬂrcsmhatdﬂ)( ‘MI)IS)\m),psrml:ress i s
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The cat al ysdispersedeoreasilsybstrate {e.g. an Si substrate ora substrate comprising other
- desired material or materials) or on top of a mesoporous silica film (e.g. an Si film
- 20 . or alternative films comprising other desired material or materials) . It was also
found that the aspect ratio of the nanowires can be varied from approximately 1.5
or 2 to on the order of 1,000,000 and more typically from approximately 100 to
approximately 100,000 by using different growth times.
The position of the nanowires on substrate 100 can be controlled through
25 any convenient method of patterning the catalyst. Such methods include, but are
not limited to various sputtering and controlled deposition techniques, various
lithographic masking and/or etching techniques, along with additional methods and
combinations thereof. In certain embodiments, nanowire arrays can be fabricated
by lithographically patterning a thin film catalyst on the substrate and heating the
30 film until it melts into a plurality of dropiets where each droplet acts as the catalyst
for an individual nanowire.
Furthermore, the substrate material is not limited to Si, or even a single
material, and for example, insulators such as sapphire can be used as a substrate.
Generally any material that can be made soluble or suspended in an appropriate
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chosen based on the analysis of the equilibrium phase diagrans. E
Referring to the schematic diagramin FIG 12, an exanple of the growh
process of an Si nanowire on an Si (111) substrate 100 iIIuEtr qd- In
this 30 exanple, SiH4 gas 102 is utilized as the Si vapﬁs%ﬁ?‘ g

1 Au
nanocl usters 104 as catal ysts. The chem cal vapor deposition (CVD) is

preferably ceatalystmaybealtilizé® iy e fBBhSlidn 9@? n%&@ir?fb‘q?{}ﬁéing%?-.gbg \%?9}0? C. At

this tenperature, the Au nanoclusters 104 fornra Si and
spont aneous|RFEBFHARVEIBioNn 1S chmatarialsinckidee Hutarepietlisnitabtoo robg- 16 1AM, QY .

Next, the SigraP@Cheferaibi -16 30 Septenber 2005 deposit into Au-Si
all oy droplets where groéwﬂuﬁ)féstb%rgo I nanowire 108 is initiated wupon

supersaturati on dheétretagoatalysy cahbesa aterial ol thE®ARSEs BN ArHE% o Hakh!
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growt h di r egtdfemn [ i ks r,,..of these nanowi res can
be preci sel 2 con?ég{%w \géﬂigiﬂ{ﬂ&%&téﬁiﬂ?é?ﬁre&ﬁ?ﬁ?ﬁgpgwﬂa, 1 N2BRWiRRfan
Pref erabl y PR&OgPEmitheMs by esing atmiaturedf MnQ@l ame:CerSinliasy, a Bh(chae

[ . abl . [ ly 50 d
oot pr orer TS b RGBT G RRRE N Shvsly € SoRhie sibsbateancadacs  ng-

cat al yst nalNbikusiedspifig by. CAO4+Comihure. B3N hgn@wir@agﬁ%&t%gz?e;srl&m f) er

distribution..and wth different sizes (e.g. from approxina

appr oxi mat e'l‘?}ﬁa%dw ??R?'yﬁtotcési'RRﬂ"@aW%ﬁ"\af%ﬁﬁ"bﬁﬁz@xﬂgﬁiétwes Alloyed Ga-N-Zn-
appr oxi mat eDyhakidvire)canBes Brolwn . i " .

havi ng a di gnet F‘r rarf;inng rrom ng%zﬁﬁ nﬁf@@@@mﬁﬁﬁ#@%ﬁgﬁdé@ 200 nm
and nost ty%?t%{ By 1RYRNDY AP bimmistuse y 10 nmto approxi mately 50 nnj. These

catal ystss can be either dispersed onagaqﬁs_gbstrate (e.g. an Si substrate
or a substrate conprising other desife rial or materials) or on top

of a mesoporous High ﬁgapeaatmne(”é_&@.wmu&?d fa dtyserv®the growah lof tr@é nyAolvirt P
he aspect S ractSs SR s o e iaBhS P Slsriersan B bk ends wepthers or
2 to on thevity Bemaobcils@os affGearatl a® e G¥Mapat baurte WREHIPEREMPIE $lagel 00 tO
was heated in the vacuum chamber. It was observed that the melting of Au
20 clusters initiated after the Ge-Au alloy formation. This was followed by an increase
of the liquid droplet size during the Ge vapor condensation process. When the
droplet supersaturates with the Ge component, the Ge nanowire spits out (is
ejected) from the alloy droplet and starts to grow. The real-time observation of the
nanowire growth directly mirrors the mechanism shown in FIG. 12.
25 Based on these observations, several aspects of nanowire growth control
are immediately apparent:
(1) norganic nanowires with different compositions (e.g. Si, Ge, GaAs,
CdSe, GaN, AIN, BizTes, Zn0, and others) can be synthesized by using suitable
metal catalysts, gas precuréors and reaction temperatures. The latter can be
30 determined by examining the binary or ternary phase diagram.
(2)  Conventional dopants such as B, Ph, As, In and Al can be used.
(3)  Materials can be selected from types IIl-V, {I-VI, II-IV, etc. and can
include quaternaries and tertiaries, as well as oxides. Essentially any semiconductor
material and its alloys can be used as adjacent materials in a nanowire



approxi mately 100,000 by using different growmh tinmes. The position of the
nanowi res on substrate 100 can be controlled through 25 any conveni ent

nmet hod of patterning the catal yst. Such nethods incl ude ut, are

limited to various sputtering and control | ed depositiond gﬁﬂtﬁmﬁég%ari ous
| i t hographi c nmaski ng and/or etching techniques, along w th additional

met hods and h@%btﬂiﬁur@%c&%ﬁ%ﬁ{tge'pﬂes‘éﬁffrﬁvleﬁmﬁ{m‘)d' ments, nanowire arrays

can be fabricated by litho ally patterning a thin film catal yst on
t he substrate and{4leat Faghe @temerruapmo.wmauon tthereenewire dareeter isrdgtetnyined

nanow ro. | FoPy A8 ERAVRBIE! et TRobhfs e A Pic ibRnel fiebafires, "t ngs eyven
a single natakoikden wuteﬁ@ﬂulfymamhet.ratledsmllrw GuP #iCHi menowieddisteimncan be

used as a_substrate.,, Gener mat eri.al that can be rrade sol ubl e or
suspended5| n an atﬁﬁ?tgﬁﬁ\sﬁﬁﬁ'ogg Dgg'}/ cRIFEeMRYE S OHShEEe SPYSt eﬁ’é&';e*b@}juti lized
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Such materials include, but are n limted G oup V, and.
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(002)y3| r@ct [‘%r?\{aaﬁlgb? TaHTaTe Qrﬁg’%rhﬁ tively 5’%&8 Wrt'ﬁ”ijﬂ? rgipr ‘?JIS| ng a
m Xt ure of MI&E:c&nﬂeﬁhor&!r@pitailegrOWtrGaTﬁ’@)dV/e}Qem@%fe@ d'msfﬂ tlb@oﬁﬂi@ﬁfvﬂhul@ﬁo
using an Ni catalyst, C-sapphire substrate a Co dopi ng

o300+t BB LR TA S Pioduah SAPET Hte e ang 10 mmbwwole@sw Vst
C- sapphi re sghaifich 6f fechAmaid ihaftrisl dirfhg Ak RORHh SRebsLR &, ﬁ%g@&r{ es can

be grown by using an N catal yst C-sapphire “substrate and -> | ayer
by zZnO+C m xPigakiph s Exanpl e- Hi gh tenperature TEM was used to observe

the growgh of a i re, small nunbers of Ge particles
wer e di spersed on %EMWM% th Au nanoclusters and served as
the Ge vapor sourUte Dbrewirdhgesmaty providasdhewppotioaityeth $yntidsizes pltases not
chamber. |t YaSeARBIIEF A Tdhe. TRY & F s thY high surface-to-volume ratio,
surface energy contributes more strongly to the total free energy terms in the free
energy, especially for crystaliine phases with highly anisotropic surface energies.
20 For example, the equilibrium phase boundary between zincblende (cubic) and
- wurtzite (hexagonal) polytypes of ili-V and [I-V| semiconductors will shift in
pressure and temperature relative to the bulk equilibrium boundary. For example,
comparing a <111> oriented zincblende nanowire to a <0001> oriented wurtzite
nanowire of the same composition, a cylindrical wurtzite nanowire will more closely
25 approximate the equilibrium (Wulff) shape, exposing low surface-energy prismatic
facets. The wurtzite phase has indeed been observed as the preferred phase of
‘GaAs in previous research on nanowire synthesis by OMCVD. In addition,
epitaxial relationship between the substrates and nanowires could also be utilized
to trap metastable phases in nanowire forms. This strategy has been successfully
30  used in thin film growth.
3.3 Heleroepitaxy in Nanowires.
Semiconductor helerostructures enable confinement of electrons and holes,
guiding of light and selective doping, yet these interfaces must be dislocation-free if
they reside in active regions of the device. The range of materials that can be



20 clusters initiated after the Ge-Au alloy formation. This was foll owed by
an increase of the liquid droplet size during the Ge vapor condensation

process. When the droplet supersaturates with the Ge congonent, the Ge
nanowire spits out (is ejected) fromthe alloy dropl et3GrReEPEMREE 204 grow.

The real -tine observation of the nanowire growth directly mirrors the
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Fcost abl | Shed Hona TG O (o e AR BT B R dfRe b e
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will also be stored on the "substrate” side, as this material may relax laterafly as
well. The result is that the equilibrium critical thickness for a given lattice mismatch
20 . will be extended relative to the thin-film value. Unlike the film case, there will be a
finite range of lattice misfits that are associated with infinite critical thickness due to
the saturation in stored elastic strain energy with thickness. Countering this first
effect is the fact that the- strain energy penalty associated with the misfit disiocation
strain field is reduced due to the reduced volume of the nanowire. However, the
25  core energy term remains and thus the first effect is expected to dominate.
=34 LﬂﬂgﬂudmaLHele.m&LLunmLe_Nammms_(LQuusJ
The success of semiconducting integrated circuits is largely determi’ned by the
capability of defect engineering through controlled doping. Defect engineering is
expected to have even more profound effect on nanowires because not only will it
30  contribute to doping and thereby lead to novel devices, it may also strongly influence
electron scattering.
Using the methods described herein, compositional profiles such as shown in
FIG. 10, FIG. 11, and FIG, 13 are generated along the wire axis through successive
feed-in of different dopant gas. For example, to achieve a LOHN comprising a Si pn-
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direction. l&yddgnd 8RN nhhbilrdd.' fis can be achieved by using different substrates fo

20  trap certain metastable phases through the epitaxial growth relationship between the-
substrates and nanowires.

3.5 Co-Axial Heterostructure Nanowires (COHNSs).

Itis also possible to synthesize co-axial nanostructures such as shown in FIG.
2 using the as-made nanowires as physical templates. For example, conformal and

25 uniform carbon coating on Ge nanowires can be obtained by decompasing organic
molecules on the wire surface. This approach can be readily extended to create
.COHNs with strong electron confinement effect. For example, GaAs nanowires
fabricated using VLS could be subsequently coated with a thin layer of Al1GaAs by
using low temperature chemical vapor deposition process that effectively avoids
30  crystal growth along the wire axis and promotes surface overgrowth of Ali.xGaAs.

Note, however, that the sheath can be }:rystaliine or amorphous, and ¢an include
materials such as polymers, semiconductors, oxides, and the like. To form a COHN,
a single-segment nanowire or a LOHN would first be formed according to any of the
methods described herein. The single-segment nanowire or the LOHN, which will
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nor phol ogy, the strain energy stored in the coherent filmper unit area
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differentially etched away, leaving only the outer sheath (or cylinder). This cylinder
may be made from any of the materials from which a sheath may be made,
including but not limited to C, Si and SiO,, SnO; and TiO2, GaN and ZnO, GaAIN
and GaN. It will be appreciated that structural characterization of these nanowires
25  will rely heavily on transmission electron micrascopy (TEM) and X-ray diffraction
(XRD). .Both XRD and TEM will allow for determining the structure/phase of the
nanowires. In addition, TEM will provide further information on the defect struciures

within individual wires, the local microstructure at the interface, growth direction,
and overall crystallinity.

30 4, Nanowire Properiies.
4.1 Electronic Structure and Properties.
4.1.1 Modeling.
The role of interface roughness and localization in nanowires has been
extensively studied in quantum wires defined using electron beam lithography or
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Si02, Sn02 and mgzﬂ GaNb dd ZnO, GaAILN and GaN. Note that there is
essentially an ertain embo fments modeling is preferably carried out in two stages.

20  First, simple 1D band structure models and relaxation time approximation are used
to estimate electron mobility along the nanowires at higher temperatures. More
elaborated models are then utilized, such as variable range hopping, to take into
account the surface/interface scattering and calculate the temperature dependence
of electrical conductivity. Other factors, such as modifications in phonon spectra

25 and scattering {imes, electron-phonon interaction, and so forth-may be studied
using Monte Carlo simulations of the Boltzmann equation. Note that
heterostructure nanowires can contain several confined and interface phonon
modes that can scatter electrons differently from what one may find in bulk
semiconductors.

30 4.1.2 Characierization.

In order to characterize the electronic properties of bulk and heterostructure
nanowires, it is important to measure the doping concentration profile along the
nanowire, electron mobility, potential barrier at the hetero interfaces, etc.
Conventional bulk or thin film characterization methods have to be carefully
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unlimted nunber of core/sheath material configurations. Even oxides, such
as ZnO, can be used for the core material. The following is a list of
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e

XRD and 4§ EMAu I or determning the structure/phase of
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Properti es. ~£-1°RITUCIGSGRPY. teghnirue.fos latate! imapiogtaresspeatroscapMamh e 1ol e
of i nterfaceesohlidhfess ' ' wi.res has been  extensively
studi ed i n guant um wi r%@ékgg#r?ﬁg?%@%hggé’ﬂ%t ro th(—?z?WIti? Rdaciiny NSrBEEM 30
Sept enmber 2@63"‘9§Pmsammw tat $tudy enfariegnehdelibsdenstibd lquadaium @Bt hod. The

transit{gon éthﬂ!ﬁhr‘é@'dr&%i o Eﬁsdi ffusive transport, positive and negative
magnet o resi stance, con(?uc?anc‘e guanti zati on and universal fluctuations

have been observed at | ow t enper at ur ejf&anméﬂw' res fabricated using the
process of 't he REESS BliahilE B5tCgtolinon 88A2 were bbserved through STM and BEEM
images. In the STM image, a roughly circular feature ~ 50 nm in diameter and ~ 5
nm tall, marked the lateral position of the buried dot. The area in the BEEM image
20  aligned with the dot profile in STM was darker than the surrounding region,
implying that the BEEM current through the dot is reduced due to electrons
reflection off the potential barrier of the dot. The height of this barrier {i.e. the local
band offset) can be extracted from the changes in BEEM specira between the on
and qff cases. The on dot and off dot BEEM spectra of several dots were fitted by
25 using a modified Bell-Kaiser planar tunneling mode!, giving a local conduction band
offset-for GaSb dots on GaAs of 0.08+0.02 eV. FIG. 17 shows the band profile
and FIG. 18 shows the characteristic BEEM spectra for GaSb/GaAs self-
assembled single quantum dots.
In addition to measuring properties such as the heterojunction band offset,
30  the technique has been used to study the electronic band structure of new
materials such as Ga Asy., Nx alloys, the effect of ordering on the band structure of

GalnP and resonant tunneling through InP quantum dots confined between AllnP
barriers. -
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5 opportunity to study electron transport in a variety of 1 D electronic
materials. In addition, the possibility to dope the nanowires simlar to
CVD deposited thin film materials gives an extra degree_ of freedomto

i nvesti gate doninant scattering mechanisms at various & 8EPEHREHENT i es.
Referring to FIG 2 and FIG 15, in COHNs, nodul ati on doping of w der

bandgap materi al i, I al  separation 1 f jonized dopants 140
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Referring. to FIG 16, 15 heterostructures alon I'recti
nanowi re Wi | faPP@Reygeddroush skcongidervative (S0 BEEM spédtroddopye states can

significantly affget Wpert ies of nanowires. One coul d observe
coul onb bl ockade as wel ‘ onant tunneling features. In certain
embodi ment s, nodeDbseyving ligheémissinfreanianediredtis bitrémelyiral8aging dethlisy -
sinple 1D ba struct.ure nod rel axation tinme approxi ITB.?I on are used

|
to estimate BIBEPEP RHFRCE ﬁfﬁtéﬁ gﬁg npRZadighvrrecosnbinatgryatihese siatesit Wits .
More el abortaeedersidebsiabhéterdiictilrk |nhﬁ6@ire§?@bl—ﬂ\%|)?éﬁ%ét§ﬁ ré 20M n%bgﬂﬂhgg’

to take jnto account the surface/interface scatte calcula
t enper at fr e GRRHGEINRS ingide awirei Jhe eftestiotires suface® isdhus estuned, such as

dificati ' : ' | ect ron- ph
Moter acti on g RRRenEe Spebfoscepl i a 1ok Hdd W biPeRa fes G B MEPOIS o
t he Bol t zmarsiidylightiesmissinn from hanowires, ¢aldsg adeantage bhsoyerEDIdRH cont ai n
| i - des th t | ect
G Trerent |y r miadiin BUEF (3aR1R08Rs IR Ubwarplonbl staiid ssuliiom 5 "

Char act er i z#dditienally, stateing solidimnessienilgtsdsheartbeGis P EnatheRALE IGSIiold
.t Is inportant to measure the doping

bul k and_.het. ructure .nanow res, it i por.

concent ?'gt i %ﬁﬁgé'&ﬁ%f%‘ %?'8@ Yidual nanowifese Fabricationandsharactsrizatiop éfipnal
barrier at furctioat&v nahowiesd RaRte of@ \ | i '
characteri zit ' oln me} h?)d have to %e.ﬁ%gfsé?g{k‘lﬁg@Eb%d?ﬂ%éo%?g%%g?mj%}c'eﬁ?
exan ned be?’&# and py %?PrFEGQ‘BCﬂmm@amﬁmdal@n t/E esad focmeasweduct i vity

al ong the photocurrent, recombination lifetime and electroluminescence in nanowires.
4.3  Thermal Propedies.

20 Thermal properties of semiconductors are generally dominated by transport
of acoustic phonons. The thermal conductivity due to phonons can be related to
two fundamental characterislics: (i) phonon dispersion relation; and {ii) phonon
lifetime. Thermal conductivity can be calculated using the relation

k= %; J.vz(p, e)r(r,p,e)g%;)-fl)(}”f)de

25 where pls the phonon polarization, v(p,€} is the group velocity which is a function
of the polarization and energy, ¢ = kv is the phonon energy, f3:(6,T)is the Bose-
Einstein equilibrium distribution, T is the temperature, D(p,¢) is the density of
states, and 7(r, p,€) is the phonon lifetime as a function of position, polarization
and energy. At room temperatures (7 =0.16,,8,, : Debye temperature) , the thermal

30 conductivities of most bulk semiconductors are limited by phonon Umkiapp
scattering.
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nanowi re is an inportant paranmeter and should be characterized over a w de
range of tenperatures. In addition, neasurenent of the magneto resistance
will give nore information how the surface scattering gétsects el E&ljgon
transport. 5 Measurenent of the thernoelectric properti

coefficient) will give nore information about the features of the

el ectroni c densi chani s ear rm
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, muiuwall carbon nanotube bundle was placed across the two heater sections so that
the two heater sections were bridged. By monitoring the heat input from one heater
20 and the temperature of both heaters, the nanotube thermal conductivity was
extracted. FIG. 20 plots the thermal conductivity as a function of temperature of the
multiwall carbon nanotube from 10 °K to 350 °K, indicating a T° behavior suggestive
of phonon confinement in a 2-D material. The monotonic increase in thermat
conductivity indicates suppression of phonon-phonon scattering and the presence of
25  verylong (e.g., ~1 ym) mean free paths. This approach can also be used for
measffing thermal conductivities of COHNs and LOHNs accord ing to the present
invention. In addition, batch-fabricated atomic force microscopé (AFM) probes were
employed with temperature sensors on the tip for scanning thermat microscopy
(SThM) to thermally and thermoelectrically characterize COHNSs and LOHNs locally.
30 In certain embodiments, nanowire characterization computations focus on
three aspects: (i) calculation of phonon dispersion relations, (ii) calculations of
phonon lifetimes based on dopant scattering, nanowire size and boundary
scattering, and three-phonon enharmonic interactions, and (iii} phonon transport
calculations. Because wave effects (phonon bandgaps) are already accounted for
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30 Septenber 2005 It is clear that BEEM can be used to characterize the
el ectronic properties not only of the individual nanow res, but also the

variation of |ongitudinal heterostructures of the type cri hed ein,
as illustrated in the configuration 150 of FIG 19. Coﬁai%s‘?e?%erggﬁécts
woul d lead to structure in the BEEM current which 5 can be anal yzed through
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obt ai n i mages wi t44 sulihaypbelagtrigitgpati al resol ution. Additionally,
scanning solid i qn%]rtﬁi on | enses can be used to characterize |ocalized 15
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pol ari zatio b vg‘B b LS the group vel ocity which is a function of the

pol ari zat oﬁ_ Eﬁ? !eﬁ' PHRfIceae Wingnpwgepﬁgﬁgﬁa@npﬁ §YG- 2tebows thes the Bose-
Ei nst ei ns eqthdrimdpower dhedstidénabf nultiwall BSrbbRMRALRIBESN the I?OQP( tb35bRR
density of  states, and T I's the phonon liftetine as a tunction of

(r, p,e) ¢
posi tion, -pHiMPeakire sangendhe appggranse of adrasitivvedbeamepaer(indicotesJ®lesBs -
Debye t enperd dérfihant bafictOer tie lﬁﬁ'%' i S0ls Balh
sem conductors are |im t’gd by p %%%rn ik ap%yésécat rg?rulrn’g. }s-‘géaij'& can be
~ used to measure thermopower of nanowire heterostructures such as COHNs and

LOHNSs described above.
20 4.5 Piezoelectric Properies.

The wurtzite structure supports a spontaneous electric dipole moment, and
thus materials with this structure are both pyroelectric and piezoelectric. These
properties permit strong linear coupling between applied mechanical stress and
polarization {direct piezoelectric effect), between applied electric field and strain

25 (converse piezoelectric effect), and between a change in-temperature and a
change in polarization (pyroelectric effect). Wurtzite nanowires {e:q., GaAs, InAs,
- GaN, AlIN, ZnO, etc) and nanowire helerostructures are thus potentially useful as
sensors and actuators at the nanoscale. Potential applications include integrated
atomic force microscopy probes, resonant mass sensors with single-molecule
30  sensitivity, nanoscale thermal sensors, electric-field-tunable GHz filters, large
displacement nanobeam actuators, and nanoscale flow sensors.

In <000 1> wurtzite nanowires, the spontaneous polarization is oriented

along the wire axis. Thus, electric fields and metal mechanical stress applied along

the wire axis will generate the largest piezoelectric response. The simplest




30 Septenber 2005 Phonon transport in nanowi re heterostructures can be
vastly different from that in bulk sem conductors mainly because the

di spersion relation is significantly nodified due to i r‘rgose confinement in
two directions. Second, the presence of heterostructur 80 SgpEmmtgE€305

I ntroduce phonon nodes which exist at the interfaces. 5 These result in
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well-defined compositional profile along the wire axis. Smgle crystalline nanowires
with longitudinal Si/SiGe superlattice structure have been successfully synthesized.
This unique class of heterostructured one-dimensional nanostructures holds great
potential in applications such as light emitting devices and thermoelectrics.

on dop

25 =-The success of semiconductor integrated circuits has been largely dependent
upon:the capability of heterostructure formation through carefully controlled doping
and interfacing. In fact, 2-dimensional (2D) semiconductor interface is ubiquitous in
optoelectronic devices such as light emitting diode, laser diodes, quantum cascade
laser and transistors. Heterostructure formation in 1-dimensional (1D)

30

nanostructures (nanowires) is equally important for their potential applications as
efficient light emitting sources and better thermoelectrics. While there are a number
of well-developed technigues (e. g. molecuiar beam epitaxy) for the fabrication of thin
film heterostru_ctures and superlattices, a general synthetic scheme for heterojunction
and superiattice formation in 1D nanostructures with well-defined coherent interfaces
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scattering, and three-phonon enharnonic interactions, and (iii) phonon
transport cal cul ati ons. Because wave effects (phonon bandgaps) are already

accounted for -26 30 Septenber 2005 in the dispersion r tions, e
randomi zi ng scattering may be assuned. Under . these ci rfd:ﬁ%@tﬁwg%%@e

Bol t zmann transport equation may be solved using Monte Carlo sinulations
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to tailor the the ended eater devi ce descri bed above can
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t her nopower of nanowi re heterostructures such S descri bed
above. 20 4.%30s{ralesch 888 Mmirure ofRiciy and HIwes wontirticuslystirodicedantaupgor t s a

spont aneous I terrals w this structure
aPe bot h pyr%gleg:r{f#? gqgﬁgh @@p@”@% ??g %ﬁ%ﬂap‘l%g@"lmé@a&@r Rise d8Pong
| i near couplWagfasusedken aappe iGedtanget H881 Residsler gsowadéxhausted th?—o’ﬂgh% éishiet ect

pi ezoel ectriggqeffect), between applied electric field and strain 25
(converse piezoelectric effect), and between a change in tenperature and a

(c:;giggel i1 pol ar i Refeming owrtodI6C L8 iatd FiGeed YogeNert Rakdvi Wit E&né?}ugas a
pot ent i glb\lsy u%gt\l %ﬁIAI Nat éeﬁéﬁa C%"dgr%?ﬁs?%gggpgf?é’ggéﬂ%?m;eégzd ?P{)F@ﬂu?al
appl i cati onsT hmpﬂoudﬁ’s stlttew tﬁttﬁél dls%bl?l'ﬁbﬁ of 845U E5ASREAX nBRBYSSY duis onant
Tass sensor Sdrc\%lets osl‘ theg metal solvent followed by nucieation and growth of single crystalline
wires. The concept of heterostructured nanowires requires accurate compositional
20  profile and interface control at nanometer or even atomic level while maintaining a
highly crystalline and coherent interface along the wire axis. Based on our
fundamental mechanistic understanding of VLS nanowire growth, this level of oontrol
is made possible here through successive feed-in of different vapor sources.
In one embodiment of the present invention, the size and size-distribution of
25 the nanowire heterostructures can be controlled by using preformed and size
controlled nanocrystal catalysts to form the nanowires.
Referring to the process flow diagram of FIG. 24, in the example illustrated
Si/SiGe superlattice nanowires were synthesized by generating a Ge vapor in pulsed
form through the pulsed ablation of the pure Ge target 182 with a frequency-doubied
30 Nd-YAG laser (wavelength 532nm, 6 Hz, power density 10 J/icmm? per pulse). The
flow rate of the H; was approximately 100 scem, the ratic of SiCls and H; was
approximately 0.02, and the system pressure was atmospheric pressure. The
‘reaction temperature typically ranged from approximately 850 °C to approximately
850 °C. At this temperature, the Au thin film 186 forms a tiquid altoy with Si and
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30 sensitivity, nanoscal e thermal sensors, electric-field-tunable GHz
filters, large displacenent nanobeam actuators, and nanoscal e fl ow

sensors. In <0001> wurtzite nanowi res, the spont aneousr@oé@qu zg [ﬂ)é
oriented along the wire axis. Thus, electric fields a ﬁ‘ég ni cal

stress applied along the wire axis will generate the | argest piezoelectric
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through cavgpdHdupphedésl b8 bs88PHhBRdIng, but not limited to, PLD, CVD, and MBE. For

20  example, the vapor supplies could be configured with computer controlled valves to
pulse the flow of the desired gas.

Example §
A nanowire array 200 as depicted schematically in FIG. 25 was synthesized
using the process described in Example 4 and a scanning electron microscopy
25 (SEMQJmage of the synthesized nanowire array was obtained. In the example
shown,.an Au film having a thickness on the Si (11 1) substrate 202 of 20 nm was
lithographically pattered into four sites. Each film site melted into four droplets which
acted as the catalyst for a corresponding nanowire. During the growth process, the
laser was periodically turned on for 5 seconds and off for 25 seconds, and the cycle
30  was repeated for 15 min. As previously shown, Si nanowires grow preferably along
[111] direction, which results in the oriented epitaxial nanowire array growth on the Si
{(111) substrate. The alloy droplets solidify and appear as a bright spot on the tip 204
of every nanowire 206. Close examination of the nanowires showed the tips as
having a flower-like shape which is formed during the solidification of the liquid alioy



and interfacing. In fact, 2-dinensional (2D) sem conductor interface is
ubiquitous in optoelectronic devices such as light emtting diode, |aser
di odes, quantum cascade |aser and transistors. Heterostructure fornation
in 1-di mensional (1D) 30 nanostructures (nanowires) is a988PENbERER0 ant
for their potential applications as efficient light emtting sources and
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20 It must be emphasized that the elastic boundary conditions of heteroepitaxial
growth offer the possibility to create dislocation-free interfaces in the superlattice
nanowires that are not stable in the conventional 2D configuration achieved by
epitaxial film growth on planar substrates. Although coherent heteroepitaxial fiims
can be grown well beyond the equilibrium critical thickness, the films are metastable

25  torelaxation by dislocation mechanisms. The VLS nanowire morphology provides an
opportunity to markedly extend both the equitibrium and kinetic critical thicknesses -
or equivalently, the lattice misfit that can be accommodated at a given thickness -
due to the change in boundary conditions.

The highly crystaltine nature of our superlattice nanowires was characterized

30 by selected area electron diffraction {SAED) and high-resolution transmission
electron microscopy (HRTEM). An SAED pattern was recorded perpendicular to a
nanowire long axis. The paltern was then indexed as the diffraction along the [110]

zone axis of crystalline Si and suggested the nanowire growth does occur along
(111] direction. This was further confirmed in the HRTEM image which clearly




I n one enbodi ment of the present invention, the size and size-distribution
of 25 the nanowire heterostructures can be controlled by using preforned

and size controlled nanocrystal catalysts to formthe nanowires. Referring
to the process flow diagramof FIG 24, in the exanple iXRNSMPHFR008; / Si e
superlattice nanowi res were synthesized by generating a Ge vapor in pul sed
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20 canincrease the concentration of Ge. In addition, the superlattice period (L)is the
product of growth rate (V) and laser on-and-off period (T): L=VxT. Therefore, by
reducing the growth rate or the laser on-and-off period, we are able to reduce the
superlattice period. Similarly, the ratio of different compositional blocks can be
readily adjusted by varying the laser on/off ratio.

25 !_mportanlly, by putting these “labels” along the wire growth axis, the PLA-CVD
process provides a quantitative way to measure the growth rate of nanowires (V=L/T)
and its correlation with growth supersaturation. While the laser on-and-off period T
Is preset, knowing the superlattice period L, the growth rate V can be accurately
calculated. We found that the growth rate is diameter-dependent under the same

30

reaction conditions. The smaller the nanowire diameter, the slower is the growth rate
as illustrated in FIG. 28 which shows the correlation between growth rate and
diameter observed in our experiment. The trend can be qualitatively explained by
the Gibbs-Thomson effect, such as increasing Si vapor pressure and thereby -
decreasing supersaturation as the nanowire diameter becomes smaller. The
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pul se the flow of the desired gas. Exanple 5 A nanowire array 200 as
depicted schematically in FIG 25 was synthesized wusing the process
described in Exanple 4 and a scanning el ectron m crosco 25 (SEM i mage of
the synthesized nanowire array was obtained. In the exa%lséptwo% Au
filmhaving a,thickness on the Si (111) substrate 202 of 20 nm was

| i t hogr aphi c&f99E3%: ¢fctupgrsatrstionas adutetion Easinolvirk Wihéter (@id §deh 3LO four
droplets which acted as the catal yst, for, a rrespondi ng nanowi re. During
the grom h process, the |[|aser was peH aﬁﬁy‘_ﬁhr ned on for 5 seconds and
off for 25 seconds, and the cycle 30*has kepe&led/ for 15 min. As previously
shown, Si nanghere @ i e &l 81, 11], direction, which results
in the orient ef, e ?t axi al @é@%gvﬁﬂ%g%% gé}%ée?h&?%l%‘ﬂm?ﬁ’ep%?nhq{qgwi gt rat e.
The alloy dréf r@ﬂ’g(\@@w@rﬁww@pminaﬂe aarbdivbi@]taﬁ%e%n’i@@iﬁ%}e‘ﬁcg%a of
every nangw bgﬁQ@erQ‘:ﬁse qw 3%?Pat i.onf of the nanow res showed the trps as
havi ng a flomtc{g&jl i kle ShaPe Wi SIS Lic Tere eiergy Pt hg nanewieIsudiate ead icpis thé t he
l'iquid al | oyatoguc 30/uBepobabeThe?@iiferdenss et ¢ i f these

nanow res rag Sétm)rp apgr oxXi gﬂ??l%y 50 nm thgwg%%rgg%agﬁ g’%%%m Using a
Philip CVR0O™tTansm &SI 'dn 9ENeElly sRMineanansbipananyT@ees apef mthambwet: 200 KeV,
scanni ng transm ssion el ectron mcroscopy (SJEM i1nmages of two nanow res
in bright-field node showed dark stri pé’s=ég%}ﬁri ng 5 periodically along the
Wi re axes, which originated fromthe periodi‘c deposition of SiGe alloy and

Si segnent s.Wigfe teisectoasficisstahd@sd € i - i | ar ger
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than thafy of; Si uently, |
pure Si atl Oc'wgbﬁ-ﬂgﬁ)%}ﬁcgeﬁch%et ifb¥si BMdA/dAs inhe darker area was exani ned
using energy-dispersive X-ray spectrgscaopy, D)?}_ ich showed a strong Si
peak and 10 apparent Ge doping (-jﬁE ﬁ“"&‘ﬁf "b&i;\hi | lustrated in FIG 26.
The periodic nodulation of Ge doping uft her €onfirmed by scanning a
focused el e®e® beam al ong the nanowire growth axis and tracking the
change of X-ray signal fromSi and Ge atons in the wires as illustrated in
FIG 27. Both Si and Ge X-ray signal ﬁ‘_‘g&lﬁm_beri odi ¢ nodul ati on and
intensities that were anti-correlated? in &fher words, 15 wherever the
X-ray signa r. sho a maxi mum the signal fromSi showed a
mi ni mim V\h%gﬁdég)gn | rcﬁé’c%,\{erfgaTSwﬁ’ati on of Si/SiGe superlattice along the
\r,ra:]gvma)r(ggi Ve [lﬁ_tJSS:/'lsi@é n&MSwirdEreRN 836 &hn 6ehr%a§fly/ hedwith he E.a%ﬁisl n these
SbdkNation a¢ ree il wi i
grees weil with the classical CVD crystal growth studies on mi

sized Si whiskers by Givargizov.

crometer-

The hybrid PLA-CVD methods described herein can be used to prepare
various other heterostructures on individual nanowires in a “custom-made” fashion
since part of the vapor source supplies (laser ablation) can be programmed. i will
enable the creation of various functional devices (e. g. p-n junction, coupled quantum

20

- dot structure and heterostructured bipolar transistor) on single nanowires. These
nanowires could be used as important building blocks for constructing nanoscale
electronic circuit and light emitting devices. As an examp'le. superlattice nanowires

with reduced phonon transport and high electron mobility are believed to be better
thermoelectrics.

6. Nanowire-based Energy Conversion Devices

Those skilled in the art will appreciate that the nanowires described herein
may be used in a wide variety of applications, including, but not limited to, (a)
thermoelectric refrigerators: (b} light emitting diodes; and (c) electromechanical

25

30
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at this stage. It is believed that this could be inproved hy incorporating
nore precise and faster vapor dosing/swtching schenmes such as nol ecul ar
beam process. 20 It nust be enphasized that the el astic boundary conditions
of heteroepitaxial growth offer the possibility to cret2eRie@PBLHA%n-free
interfaces in the superlattice nanowires that are not stable in the
convent i onat®BE ohf® aFianiadthessrdexicas figws epedtiydrarh thé fundaromital eerpifienar
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denonst r at %d 5 theo_m\ggﬁk?jgbgﬁr?ﬂ?ﬁg%ﬁ ’ {(%Hﬂgﬁ gﬁ@ff&@ﬁ?ﬁ‘??@
nanowi r es. NEYPRRIEFtic MpteER genriglesp cuntentdiovdatioss atgste ntel @r6p yarical | inity
of the Si/h ; | ] I.S..Jrajntai ned along the entire wre
|l ength wit hb%ﬁ ?ﬁgg%t%drﬁégl aﬁld;ﬁ%djee & tcg."e?gk%q{)rf%@rﬁé?’,%”trﬁ@%ﬁtgﬁt ur al
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aver agg dit neter of nanowires is aroun
€ periormance could be improved to be comparable or better than the vapor

based systems, one could envision a drastic change in how we utilize or convert

energy. This provides a strong and competling reason to develop thermoelectric
devices based on nanowires. As discussed below, this can only be achieved using
nanow[;gs according to the present invention.

25 | '[he materials used for solid-state thermoelectric refrigerators and power
generators are characterized by a figure of merit, ZT =S T /k , where S is the
thermopower, & is the thermal conductivity, ¢ is the electrical conductivity, and Tis
the absolute temperature. Bi,Tes and its alloys are currently the most widely used
materials and have a ZT = 1. It can be theoretically shown that if ZT = 3, the

30 performance of thermoelectric refrigerators and engines can be comparable to
those of vapor compression ones. !n fact, if thermoelectric materials are
nanostructured, quantum confinement of electrons and phonons can drastically
increase their Z7, as itlustrated in FIG. 29. 1-D nanowires in particular could reach
ZT =~ 2 to 5 if the wire diameter lies in the range of 5 nm to 10 nm.
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15 100 nm |If the thickness of Au i-s reduced to 1 nm the average di aneter
can be reduced to 20 nm The dianeter is also affected by the reaction

tenperature, wherein |ower tenperatures result in thi éFﬂ B é@
concentration of Ge in the superiattice is controlledq&/ EREMPEL 0 0f Ge

atons and Si atons deposited into the alloy droplets. Increasing the |aser
I ntensity or decreasi r@ﬂh?‘%m‘ﬁ?%@; SiCl4 20 can increase the
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super sat ur atH RoBdransPEfct i on of nanowire di amet er (d) is given as Ap =
Apo _ 4Qa,, | KT KT k§ 1d2mﬁ§§[ﬁﬁﬂé@ﬂ the effective difference between the
chem cal potentials of S in the nutrient (vapor or l|iquid) phase and in
t he nanowire, Ap&ecausspanawicesiate féagliméhesyt srmulc'ébplemtmddeﬁenfaanatnxaus is
vol ume. o sProRE EEiceP butdfinl ROR Rl S5 ol Blards ot sl pR™ ©
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30 compnses upper and lower electrically insulating substrates 212, 214,
respectively, an n-doped nanowire array 216 that is separately grown on a
20 - substrate 218 and wherein the nanowires 220 are embedded in a polymer matrix
222, and a p-doped nanowire array 224 that is separately grown on a substrate
226 and wherein the nanowires 228 are embedded in a polymer matrix 230. The
wafers of n- and p-doped thermoelectric nanowire arrays are the brought together
and bonded to with a series electrical connection and a parallel thermal connection
25  to make a thermoelectric cooler or power generators. These connections are
achieved by forming and connecting metal contact pads 232, 234, 236, 238 and
240 as shown. The nanowire arrays can be easily embedded in a polymer matrix
by flowing a polymer solution after the nanowires are fabricated, and then curing it
using heat or UV radiation. To make the upper contacts 234, 240 (i.e., at the tips
30 of the nanowires), the polymer will be preferentially etched down till the nanowires
are exposed, after which metal contact pads are deposited.
The design parameters for such a composite are: (a) surface density of
nanowires; and (b) thickness of the device. The idea is to exploit the ultra-iow
thermal conductivity of polymers (k ~ 0.1 W/m-K) and the high power factors {(S%s)
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" ~0"b_411a" 61 KT kT d where Apo_411a" | kT kT d,, and dc is the
c%li_ﬁcgl bai aneter. 15 Qur Si/SiGe nanowire growth data can Ibe rgad: I >C/,\/D
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e used [ n a i ABEPNBATBRoSisBlstEloNasS edisthalprofuteo il Tk ke
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- onfli . on various physical properties. t hougn
oL 1S O SRR Bl T v romesomp i 1
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Exanple 5 Homeria BbaURGT ik Bé3onin absamlion fod esnission ispeeira. condhy bRt
51 ng. nanovi g ee. 6 s Thes abecdboR¥s RayERRRRIR! § Attt ke el rabcn,
‘ | V“igﬁer than air or silica fiber (1-1.5). This creates a mode size mismatch thatis
15 one of the main difficulties to couple light between fibers and semiconductor
devices. This also limits the external quantum efficiency of light emitting diodes,
since most of the emitted photons are reabsorbed in the material.
Based on the scientific understanding of the electronic band structure of
various HI-V and II-VI nanowires, nanowires can be designed for efficient
20  absorption and emission of photons. For example, referring FIG. 31, a nanowire-
polymer composite array 250 can be made by integrating a plurality of
semiconductor nanowires 252 into a polymer matrix 254 as previously described,
thus producing an optically active material with a much lower effective index. The
change in polymer refractive index with temperature is typically an order of
25 magnitude higher than conventional semiconductors. This large thermo-optic
coefficient can be combined with electronic-electronic praperties of semiconductor
nanowires to produce nove! energy conversion devices.
Preferably, nanowires with the highest radiative efficiencies are integrated
inside the polymer matrix in order to fabricate and characterize light emission
30  devices. In addition, by using a mixture of nanowires made from different
materiais, one can achieve wider emiésion spectra and white light behavior.
Referring to FIG. 32, an electron ejection light emitting diode/laser diode 260
is shown schematicaliy as comprising a nanowire 262 having pn junction 264

formed from growth of an n-type semiconductor 266 and a p-type semiconductor




10 Solid-state refrigeration and power generation can be achi eved using the
Peltier effect, whereby a current flow across thernoel ectric junctions
produces can produce cooling (or heating). Conversely, a tenperature
difference across a thermoelectric material generates a°c¢PHEMer208y
across a potential drop, and thereby electrical power. Conpared to current
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energy stales and the emission spectrum. We expect that light emission in COHNs
20 and LOHNSs will create a new class of energy conversion devices where opto-
electronic properties can be tailored beyond what can be achieved with current

methods,
6.3  Nanowire Device Flexibility.
As can be seen, therefore, nanowires-according to the present invention can
25 be used for fabricating a variety of devices in addition to those described above,
inctuding, but not limited to:
(@)  High electron mobility nanowires (using COHNs).
(b}  High electron mobility nanowire field-effect transistors (using COHNs
- and applying external bias to deplete/enhance a channel).
30 ()  Nanowire based infrared detectors (using LOHNs and embedded
. quantum dots).
(d)  Nanowire based 1D resonant tunneling diodes (using LOHNSs and
embedded quantumn dots).



that Bi or Bi 2Te3 nanowi res are good candi dates for thernoel ectric
applications. The thermal conductivity can be further reduced by
decreasing the nanowire dianmeter since boundary scattering is expected to
be domi nant for nanowire 10 dianeters |ess than 20 nm a@or%é’?ﬁml@ﬁ?@%tur es.
In addition to Bi 2Te3, other materials can be used, such as SiGe or |InGaAs
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conductivity of the device; b' rective thermal conductivity of the
device; (c) ef f dbvil\alsceebpplecided that LEMNS €4 be used to fabricate multi-terminal

devices (i.e., N>2) such as pnp devices. FIG. 34 shows an example of a 3-terminal
20  pnp LOHN 290 fabricated with a P-type material 292, n-type material 294, and p-type

material 296 and having terminals T4, T, and Ts. FIG. 35 illustrates another example
of a 3-terminal LOHN 300.

6.4  Nanoelectromechanical Devices
‘Nanowire pyroelectric and piezoelectric devices have, in principal, the
25 following inherent features that distinguish them from film or bulk devices:
(a)  High quality factors: The lack of extended defects should enable high
mechanical quality factors in nanowire resonators. The low defect density also

suggests low loss tangents and thus a high electromechanical coupling figure-of-
merit {proportional to (tang)).

30 . . . i
(b} High surface-fo-volume ratio: The low mass per unit length, combined

with the high ratio of adsorption sites to the nanowire volume will permit resonant

detection of mass increments at sensitivities approaching the single molecule level.

(c) mmgmgmﬂlumﬂ&hﬂﬂg&m.mﬂeﬂamam Nanowire

lengitudinal resonators can be made at various lengths from submicron to tens or
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tenperature difference across the device in response to a current flow and
(e) 5 electrical power in response to a tenperature difference or heat flow
rate. 6.2 Light-Emtting Devices. Nanowi re conposite materials have t

di stinct properties that can be used for light enittin30 §epteaber 2005
applications. On one hand, the | ow dinensional confinenment of electrons
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30 Sept enberelgcgrode configuration utilizes contacts (electrodes) 312, 314 at the base and at
20 the tip, respectively. Longitudinal stress applied with the tip and base contacts will
be sensed by the direct piezoelectric effect. Since the wire cross-sectional area is
small, large stresses can be generated with smail forces. For example, a uniaxial
tensile force of 100 nN corresponds 1o a uniaxial stress of 100 MPa for a wire with
a cross-sectional area of {10 nm)>. A piezoelectric coefficient of 5 nC/N will thus
25 generate a change of polarization of 0.5 C/m?, a value that is certainly detectable.
With the nanowire used as a resonant sensor, one end of the nanowire must be
mechanically free, and a conductive surface in close proximity will be used to
detect charge on the nanowire tip and to remove or add charge by tunneling.
Referring now to FIG. 38 and FIG. 39, a completely distinct sensing and
30 actuation capability can be expected from wurtzite nanowires in <hki0> orientation,
~ that s, with the spontaneous polarization perpendicular to the wire growth
direction. Such nanowires can be grown by choosing the appropriate surface
orientation of the single-crystal substrate, e.g. sapphire with substrate with (0001)
or (hki0) orientatfon. In this transverse configuration 320, electrodes may be
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that the growth rate of transverse
quant um dot nanowires will greatly exceed that of longitudihal wurtzite nanowires. Once
synihesized, nanobeam unimorph benders may be fabricated by shadow
20 deposition of metallic layers - one thin compliant metaliization to serve as an
electrode (e.g., Cr/Au), and a second stiffer tayer on the opposite side (e.g., Ti/Pt)
to serve both as an electrode, and as an elastic layer to optimize the position of the
neutral axis for bending-mode actuation. Alternatively, it is possible to make use of
the substantially different surface properties of the opposing basal faces to
25  selectively deposit metals by solution processing.
6.5 mmmmummm
Development of short-wavelength semiconductor lasers is of great current
interest. This has culminated in the realization of room-temperature green-blue
diode laser structures with ZnSe and InxGa1.N as the active layers. ZnO is another
30  wide band-gap (3.37 eV) compc;und semiconductor that is suitable for blue
optoelectronic applications. In fact, ultraviolet lasing action has been reported in
disordered ZnO particles and thin films. For wide band-gap semiconductor
materials, a high carrier concentration is usually required in order to provide an
optical gain that is high enough for lasing action in an electron-hole plasma (EHP)

-40-




-37 30 Septenber 2005 (e) Nanow re based single electron transistors (using
LOHNs and enbedded quantum dots and possi bl e conbi nation with CO—|Ns) ()
Nanow re based infrared detectors (using COHNs and quantlzed I spering
gallery electron nodes). 5 (g) Nanow re nmagnetic sensor§0 etﬁﬁ’\% and
t he quantized whispering gallery electron nodes which are affected under a

magnetic fiel d h$udPo @}@Hpé/,\tr ; I,ng _devices
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In accordance with a further aspect of the invention, we have demonstrated

the first excitonic lasing action in ZnO nanowires with a threshold of 40 kW/cm?2
under optical excitation. The chemical flexibility as weil as one-dimensionality of tﬁe
nanowires makes them ideal miniaturized laser light sources. These short-
20 . wavelength nanolasers could have myriad applications including optical computing,
information storage, and nano-analysis.
Example 7
ZnQ nanowires were synthesized using a vapor phase transport process via
catalyzed epitaxial crystal growth on sapphire (110) substrates. Patterned Au thin
.25  film was used as the catalyst for nanowire growth.. For the nanowire growth, clean
(110) sapphire substrates were coated with 10-35 Angstrom thick gold with or without
‘using TEM grids as shadow masks {micro contact printing of thiols on Au followed by
selective etching has also been used to create the Au pattern). An equal amount of
ZnQ powder and graphite powder were ground and transferred to an alumina boat.
30  The Au-coated sapphire substrates were typically placed 0.5-2.5 cm from the center
of the boat. The starting materials and the substrates were then heated up to 880 °C
10 905 °C in an argon flow. Zn vapor was generated by carbothermal reduction of
Zn0 and transported to the substrates where ZnO nanowires grew. The growth
generaily took place within 2-10 minutes.



detection of mass increments at sensitivities approaching the single

nol ecul e level. (c) Variable length without change in materials quality:
Nanowi re | ongi tudi nal resonators can be nade at various engths from
subnmicron to tens or -38 30 Septenber 2005 hundreds of M° %’rﬁ%”,ﬂb?r@.?@
allowing the fabrication of sensors or actuators with a w de range of
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Irection, along with a strong tendency of ZnO to grow in the c-orientation as well as
20 the incoherence of interfaces in directions other than sapphire [0001], leads to the
unique vertical epitaxial growth configuration. The anisotropy of the sapphiré's a
plane is critical for growing high quality c-oriented ZnO nanowire arrays.

SEM images of the nanowire array were obtained. Hexagon end planes of
the nanowires couid be clearly identified. This is a strong evidence that these
nanowires grow along the <0001> direction and are indeed well-faceted both at the
endand side surfaces. The weli-faceted nature of these nanowires will have
important implications when they are used as effective iaser media.

Additional structural characterization of the ZnQ nanowires was carried out
using transmission electron microscopy (TEM). A high resolution TEM image of a
single-crystalline ZnO nanowire was obtained. A spacing of 2.56 +0.05 Angstroms

25

between adjacent latt{ce planes corresponded to the distance between two (0002)
crystal planes, further indicating that <0001> is the preferred growth direction for the
Zn0 nanowires, Significantly, this <0001> preferential nanowire growth on the
sapphire substrate is also reflected in the X-ray diffraction pattern shown in FIG, 40
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Referring nowto FIG 38 and FIG 39, a conpletely distinct sensing and 30
actuation capability can be expected fromwirtzite nanow res in <hki 0>
orientation, that is, with the spontaneous polarization perpendicular to
the wire growth direction. Such nanow res can be grown3Byeg reg0% he
appropriate surface orientation of the single-crystal substrate, e.g.
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where el ectrodes 322, 324 are placed along the wire length, it is possible.
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20 half maximum (FWHM) of approximately 17 nm. This spontaneous emission was
140 meV below the band gap (3.37 eV) and is generally ascribed to the
recombination of excitons through exciton-exciton collision process where one of the
exciton radiatively recombines to generate a photon. As the pump power increased,
the emission peak narrows due to the preferential amplification of frequencies close
25  to the maximum of the gain spectrum. ‘When the excitation intensity:exceeded the
tasing threshold (~ 40 kW/cm?), sharp peaks emerge in the emission spectra (curve
- bandinset). The pump power for these spectra were 20, 100, and 150 kW/cm?,
respectively. The line widlhs of these peaks are less than 0.3 nm, which are more
than 50 times smaliler than the line width of the spontaneous emission peak below
30  the threshold: Above the threshold, the integrated emission intensity increases
rapidly with the pump power, as shown in FIG. 42. The narrow line width and the
rapid increase of emission intensity indicate that stimulated emission takes place in
these nanowires. The observed single or multiple sharp peaks (FIG. 41, curve b and
inset) represent different lasing modes at wavelengths between 370 and 400 nm. It




,6.5 Room Tenpest ,re Utraiol t h )wire Nancifasers. Devel opnent of
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EHP, excitonic reconbination in senmiconductors can facilitate
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al so 15 bee r.at recently in Si and nanoc
ensenbl es. r?ggg@o%% &%(Y,Vzlg\m 14 I‘l"a&"f"%f f@ﬁ@‘edd'%éﬁﬂnaifendﬁecém33&t338mdmg dsave
denonst tat extflettivg mirras. @XEpLEMHIE thAThE YiRE biQfiat QeRapgw res with a
threshol d of 40 kW cnp un,dgr opti cal e%@?’t?g%(?@hr\tbpsftﬁée]n%ﬁgﬁﬁ\é\gaﬁhqiICQB'&iOSP‘I"‘l ty
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coul d have E%Hi ad appl i cat ?%@%ﬁ%ﬂ;&gﬁﬁgﬁg@ﬁéﬁ? eXioRis stfgulated araispigniion
storage, arld$faAdNQNER gEays. FordhV| semicdnductors, a cleaved edge of the specimen is
usually used as a mirror. For our nanowires, one end is the epitaxial interface 336
20 . between the sapphire substrate 334 and Zn0 while the other end is the sharp (0001)
plane 338 of the ZnO nanocrystals. Both can serve as good laser cavity mirrors

considering the refractive indexes for sapphire, ZnO and air are 1.8, 2.45 and 1.0

respectively. Note this is an important characteristic of this nanowire, namely, that it
c¢an be abutted against a waveguide very easily. This natural cavity/waveguide
25 formation in nanowires suggests a simple chemical approach to form a nanowire
laser-Gavity without cleavage and etching. In fact, when multiple lasing modes were
observed for these nanowires {FIG. 41 inset), the observed mode spacing is about 5
nm for ~ 5 um long wires, which agrees quantitatively well with the calculated
spacing between adjacent resonance frequencies ve=c/2nl, where V¢ is emission
30 mode spacing, c the light speed, n the refractive index and / the resonance cavity
length. Note also that an alternative manner in which a waveguide could be formed
would be to coat the nanowire with a layer of polymer.
A laser according to the present invention can have nanowires supported in a
solid polymer or glassy matrix, in solution, or extending off of the surface of a
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ZnO nanowi res were synthesized using a vapor phase transport process via
catal yzed epitaxial crystal growh on sapphire (110) substrates. Patterned
Au thin 25 filmwas used as the catal yst for nanowire gé%vvtp For2 égle
nanowire growth, clean (110) sapphire substrates were cOACEHSHIS 2989 35
Angstromthick gold with or without using TEM grids as shadow nmasks (mcro
contact pri nt$4R§Uate. t iprovisesoritahed ¢o powbatrate, theeliexst careeitier hierdisdrasred| &0
been used to equal anou f. ZnO powder and
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nanow res grew. The growm h generally took place w mnutes.” -41
30 Sept enber ISG6BPEFRANAYIEIFGBROSISrAsIeaAtioaRi as woll g5 oan-lasertieteresthsdturat in and
formed hi ghl Yhe 84meRbAAgELIIGYS: Sel ective nanowire growth can be readily
achi eved when patterned” Au thin filmwas used. ZnO nanowires grew only in
the Au coated aredhaidenanaf thexeminesoencestraotthe Zh) rhrowiestiies stadish Yising a

nature of Au | er r t hese napow re arrays can be readil
ext ended to g%@p@@ﬁé%q@&%ﬁ;gﬁgg fh@?@Pg'r%%sﬁhg’éguys\ﬁP@é@lt%m (izﬂotfﬁé‘-"fi%mgey
of 20 nmio IEBGtMmnahs blecategameéraywit! ps-RaBIIRRGorlABBIGH, SREEingd Hi! 84 100
nm The di arTgB?é yoJ eh '.ors is due to the jnhonogeneous sizes of the ‘Au
nanocl uster ta af‘(j@f’g'%ﬂé%e ttﬂ}%ﬁ’ﬁﬁr%ﬁ'ﬁa'i@t%(ﬂfé%ldétﬂ'e&l[ﬁqofﬂﬁdﬁe’ogmvw h
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by adjusting 10 the Sl%ro_wth time. This capability © erne
grout h al | onElOWPrEeesSMiEh me sonsiantssefabout 79 ps aodia50ns respectiesigubhé timke | n
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tly by a factor of

srareh| o AL bt Ballecb et Aol bmpetimoinotn oy
al ong the sdhphimisef€OwE]decty rembinguncrlapBOthYY dthgé, the VBRAchGNRGRRY of ZnO
to grow jgn trngaéifrgé koer%gstel \?nrr]es? aer“%”strz?tgs the high crystal quality achieved with the
nanowire growth process. Meantime, it also accounts in part for the low laser
threshold reported here.
In summary, we have demonstrated room-temperature ultraviolet lasing in
well-oriented vertical ZnO nanowire arrays with a lasing threshold of 40 kW/cm®. The
25 areal density of these nanolasers on substrate can readily reach 1.1.x 10" cm™. We
anticipate that the lasing wavelength can be tuned into blue region by making alloy
nanowires of ZnO/CdO. in addition, by creating pn junctions in these individual
nanowires, one should be able to test the possibility of mating electron ejection blue
lasers from individual nanowires. Such miniaturized nanowire nano-lasers will find
30 applications in nano-photonics and microanalysis.
From the foregoing it will be apbreciated that nanowires according to the
présent invention can be used as optical cavities. Another way to create an optical
cavity would be to create dielectrics on the ends of the wires. Additionally, some
portions of the nanowire could have cne energy transfer event and others have a




20 the incoherence of interfaces in directions other than sapphire [0001],
| eads to the wunique vertical epitaxial growth configuration. The
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20 directly or through ohmic contacts. if a pumping laser is employed, the wavelength
of the pump would preferably be higher than the nanowire by greater than
approximately 10 meV, and more preferably greater than 100 meV. The nanowire

¢an be placed in a cavity or the ends can be formed with reflective faces so that
the nanowire functions as a cavity.

25 6.6  Additional Devices.

From the foregoing, it will be appreciated that a number of devices can be
fabricated using nanowires and the synthesis methods described above. ‘Additional
specific devices include, but are not limited to, the following.

6.6.1 Field-effect Transistor (FET).

30 This is a three terminal device that can be realized using COHNs. The current
flowing from the "source” to the “drain” is controlled by the voltage at the "gate". The
source and drain can be at any two points along the nanowire that contact the
nanowire core. The gate contact is applied to the nanowire sheath at some point
between the source and drain. The gate voltage controls the conductivity of the




FIG 41 shows the evolution of the em ssion spectra as punp power was

I ncreased. At low excitation intensity (below the lasing threshold), the
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shoul d be appreci at edsﬁgtm invention is capable of _
het erostructure | asing as Structure |asing. The nanowire acts
as a An infrared (IR) detector can be made using nanowires made of
20 semiconducting material having a bandgap within the infrared wavelengths {(1-20
microns). The detector is preferably a two terminal device, with two connections at
the two ends of the nanowire. Presence of light changes the conductivity of the
nanowire, which is measured using an applied bias between the two terminals
(photoconductor); or the light creates a voltage across the nanowire with }10 external
25 biasing circuit (photovoltaic operation). Photovoltaic operation requiires an internal
electric field in the nanowire. This can be realized using p-n junction along the
~nanowire or metal/semiconductor junction at the contacts to the two extremes of
nanowire. . When the nanowire diameter is smaller than the electron deBroglie
wavelength of electrons, quantum confinement effect will change the effective
30  bandgap of material and the region of sensitivity to IR radiation. A second type of IR
detector can be fabricated using LOHNs. Similar to quantum well infrared
intersubband photodetectors, a series of heterostructures along the direction of
nanowire create quantized electronic states inside conduction band or valence band
of the material. Optical absorption between these electronic states can be taifored to
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resonant cavity with two naturally faceted hexagonal end faces 336, 338
acting as 15 reflecting mrrors. It is possible that the gi ant oscillator
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i n nanowi r edifferergess sha tise hplefosin | aser
cavity wthout Pgilfj&afil)ﬁ?gggﬁnd etchlLﬁéﬂréﬁ}yeﬂBQF&ﬁ&V\tﬁr&@%ﬂQ '?n&?am 5“ tﬁfdes

were obser &8 AEaTLSP thad cramtion of a freeseleytron hmsldd)lsiet p@ticondyer
'spacing is etEngesdhe B re uantitatively
well with the calscu? a{@gfr@ﬁgtf%gpﬁrgybgt vvege\drquﬁ V@ﬁf ny gglﬁ{zﬁi"cfgrq‘lséﬁﬂ&@m es
vF=c/ 2n1, vx’ﬁ%’?%"o(ﬁﬁd|a§ff€ﬁ$1tbl§|l@yar3®llhﬂndefr&paectm leavédcdul@nb biRR8de). Thishe
-refractmve rifes ce | en th Not e al so that an
alternati veé rranne‘?é}lgﬁﬂn\ﬁ:t wé?%%@g(ﬁpég“@o%‘@ f%’t’ﬁt!ﬂ”tsmul d be to coat
the nanowire w-th a Iﬁaﬁzér : 9 pfel according to the present

i nvention can .h Wi r Qrted ina solid pol ymer or gl assy
matrix, in sol u??ﬁgsn'gaao&” e‘ﬁf’EW&rﬁ Vigh mage of hOHNs.f Bae basicidealis that SEOI-meer

2005 subst rssttimdeladntdmve%é drile t ei t her
di sordered,_or . arranged sggithapﬁﬁlﬁgs bg'f'?&g'zﬁ"f\e? Garnﬁaﬂﬁ é\%{?g?odfaﬂ&' Eh. That

direction dO¥eTigs ughyso thaé that eleglienic anergystatesare quantizedbeTisebasd ed to be
any ot her atgterebdf thefbdrié 18 en.nanowires in a
matri x mat r| al can be ali gnﬁﬁq ﬁ‘%%r} 4 a?gggtrﬁﬁg}ﬁvg Uicen irevaneseqnir e
Not e t hat therele@ran transsmission prarhahumpacﬂoas Gt@la\paet i ridhezerB O Ardefl8 Bidd, bed
nanow r e- cg[ga}ghgg ser heterostructures in
the same configur a!t-él)(é)ﬂrrljs IL&RE Sﬁ'ﬁt) C? %ﬁ ?@?f&éc?'ﬁ@ﬁt tNea sprgific
nanowi r es Qias. 0 that the erengy oamcideat]ubnwni fron %ltﬁéﬁ@@ﬂé%‘ﬁﬂ tdithe SaPphire
| aser for §H+t§tfz@ f%oéﬁé Q0 é‘{ ’fsz t%u se .10 length) and streak canera
wi th ps re '3 dRosmissipn %prmhmhofa structure is - |

enhanced (resonant tunnel:ng) whrch gives rise to negative differential resistance in

the device current-voltage characteristics, and can be utilized by way of example, to

make high speed oscillators or logic circuits,

6.6.5 Light emitting diode.
----- A single nanowire light emitting diode can be made of pn junction along the
25 nanowire. A heterostructure near the depletion region (where electrons and holes
recoriibine), can be used to make more efficient LEDs by confining the carriers. In

order to make LEDs with an array of nanowires, it is important to incorporate an
appropriate filling (polymer, etc.) with fow absorption and scattering losses. The final
device will be composed of two electrodes with nanowire composite in between.
30 6.6.6 Electrically Pumped | aser.
This is made of nanowire compdsite LEDs pius an optical cavity. The optical
cavity can be made of dielectric mirrors in vertical configuration (along with contacts

to the two sides of the nanowire composite materiél)' or in a horizontal configuration
(similar to distributed Bragg refiector lasers).
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good fit (straight line) to the experinental data (dotted |ine) recorded at
room tenperature was obtained with a biexponential decay nodel assum ng a
fast and a slow process with tine constants of about 7§ d%é%%gg
respectively. The tinme- resolved spectrumwas recorded P%P?‘?”ﬂ A power
of 6.39 MW Therefore, these 15 lifetine measurenments show that the

radi ative reconbi nati oB.0f DpicANs Bdd/htstcosaRgr posi tion of a fast and a

sl ow process. The |uni nescence | |fet| e 1s Mmarn y " determi ned by the
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vertical ZnO_nangw r arr s with aa&: asing t hrgs obmgw} afg%b\li thbSEI‘_{;lP 25

areal densit PUEYRades bR Sspersinn values (thisds similar inaittiel desigronftsilica-bhsed

1010 W& opfidal d

regi o(r:lrrf)y mal??ng :iPF%?/EFEQﬁ%V&b Irﬁhg'?J %‘%Iegg %% S%bcgsd%arﬁa%%a )EC%@? b% reﬁEfd;
junctions i n3 RALEY LRGINGE@daNateralrand caryenitoral stethods tbeabridate WavéQsded he
possi bi | gy g{ ﬁgﬁ?bé%’ﬁ Egg,r A éaehcl%gg ‘PI ue lasers fromindividual

nanow res. Suc niaturi #to-1asers will find 30 appl i cations
i n .nano- phot oni cs and h6&r & ' : egoing it wll be

appreC| ated t hat acordl n to the l rsent i nventi on can be used
as opti cal cawh‘@gng\gﬁ%? ﬁf?a@wretﬂgﬂ'?%@é“%t Rrigist basigally wa wilyhave @ filling: t o

t e di el emiatarias a pel
create diel emate (eng beymed)Swﬁxf»setéI@ctYé 6amalmmn§ﬂ%55%@grs ﬁ%@&él' ons

of the nanow.re é have one energy transfer eve a -45
30 Sept enberP?88 *eauar'? grdifiedbiethgynearperatien Oév@rﬁwvmm One ganlcbeosebut ed

f eedback1d ff. th d
eedback1 aS@ffereh’t midtédal bR vASousARPE Qﬁihﬂatt&@ tBW %alﬁp grgﬁﬁns € endas

of the optical caV|ty, either a laser or a
realized. AdIHGRRSHIEGro-pptic @%ﬁﬁ'@'?ﬂtcmow@tepmlcakyam with nanowlré gni tsel f as

Pesence 5 gondionscer ) G énbite ConfoRiS Fafhel stpbrifabdrcin 5. o
punpi ng sourt@te%ﬁﬁ aaﬂovéhihirt@lm miatﬁﬂai and btmmuomal technipsds ofredlize nanowire
oL hoPal 24 M RBLIRSIRRBY hbautaleld | OEHRPL Src. Rin'HR' (Ml YR bl Bevantage is

stinulated em sg}‘on tec ues; "a ca
20  that the rich propertles of passive and active heterostructure nanowires is combined

“with simple processing of polymer based thin film devices.
6.6.9 Electromechanical/Thermomechanical Devices.
Nanowires made of piezoelectric or piezoresistive materials could be used as

electromechanical sensors. Under uniaxial strain, in the direction along the wire

25  (longitudinal), a piezoelectric (e.g., AN, Zn0O) nanowire can produce a voltage signal,
whereas a piezoresistive nanowire (e.g., Si) will produce a change in-resistance,
which can be measured by passing a current. When these are formed into a
polymer matrix composite one can essentially get a flexible/conformal material that
can be used fo detect uniaxial strain. The piezoelectric device can be used to

30 generate uniaxial motion as well. If nanowire heterostructures are formed in a way
that a single crystal nanowire is coated on one side with another material {e.g., a
partial COHN as described herein), then it could be used to generate Eending motion
as a bimorph. For example, if the two materials have different thermal expansion
coefficients, they could be used for detecting temperature and anything that changes
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required. It will also be appreciated that nanowi res according to the
present invention 10 could be enployed as a functional conponent of a
guantum dot | aser such as described in U S. Patent No. 5,260, 957

i ncorporated herein by reference, wherein the quantum aaéepg%'eﬁedzﬂﬁ
integrated into the nanowire as described herein and the punping source

woul d be conftegpersduredradiation aswrstiden RIScRIdaPisERUEES] LY f pF;rpﬂ hgga&ﬁ@.g]by
f can be punpe or ‘1 asrng

dots. Note, Qﬂgﬁ &L that a nangwire itsel

where the punpi é’ B HRmReratuse Bis devisn couddesiisad fion thereahacioatiore. AThe
. nanowi r e camahewkeiadee birhér | ' | |y described, and
can function, as an el emeht jpﬁ %ﬁnﬂﬁ?iﬁ%a g%%ﬁ@@éﬁ%‘?aﬁ#&%@ ’GHL@%BH?Fpl ng -
source can S'b!e'éFfPftﬁftthwlanpwwpmig. source, such as a punping laser, or an

el ectricap punping sogjgc,ebél@ anode and cat hode whi ch contact the
nanowi re either 20 directly ontacts. If a punping | aser

i s enpl oyed, the Wdilelnangwires ofin behapad chermicdl H6:RIcps, aREY cBS alto W lisddtan
t he nanow recﬁ%%%lerr#han ﬁefroxmatel 10 neV, and nore preferaebl y

greater than 10 JeTHE T4R gongiger LUK vich haa segmients ofmatesals s
can be formeB, Gi tSuppesingehiiMAafeREER betoiBatond (&AW HE’M:IE ?déé’rﬁﬁtcbg%?ca?i',a

cavity. 25 6. ﬁ Addi.tional Device . Fromthe foregoing,
appreci at ed YR s'@"ﬁﬂﬁ%&e@m%ﬂn@éﬁl\(ﬁmhmit abisbrbisonatedalBi rigow anlvA figs and
ik

t he syntfesi deosksc T I eYeTe va. Lt Lonal . specific devices .

i ncl ude, butfsrg?? not Ilﬁ?‘nﬁt&se%g‘t% %?'ﬁe@f Wﬁ% %%?él%ﬁ'éi?ﬁe’ﬁ?'ép @ ppaewire. This

Transi stor (‘F®)SoM3y chemicaldogic tiler Abane BhamdhC' devies thAeA' & Bhshd alldzes
to the "drain” is

i ng COHNS.o¢Th f . OWi the " "
cont rolled gﬁ«mw Hese shl¥s Id Fahos/baralfe? Beirarks iy uid repmenseta
any two poi AND=NdiOR idgic.nOnewouRr! dhaiureoekiasd thibe bi&weq_ | [ E:tSnQR .e{rhéﬁgggate

I N e

contact is | o the nanow re sheath at sone po et wee urce
and drain. ?‘ﬂ@l’sg'ﬁléc gAselfar Q*amgmi §en$iR0. Siveipiresantostare ighlpspaiific.

Sept enbdf 2005 cCantkkidpet ween the source and drain. At |east two types of
FETs can be fabricated _in this manner. First, a junction FET is fabricated
with a reverse bFWﬂ?ﬁMﬁwngﬁ's&usswmé cgatbe. sdem that wheasemidondoaaesaree

core i s an eohfiiRl HENCHHH ; LS p-t o[, vice versa).
Appl ying a reverse bias at ﬁée”s}"ﬂ%g? %ﬁU%gﬁﬁ?%c§iggggnq%€ﬁegs Ehan
approximately 200 nm, and preferably in the range of approximately 5 nm to 50 nm,

their properties can be manipulated in novel ways. The methods described herein
20 along with other chemical synthesis techniques can be used to grow nanowires and

associated heterostructures. These structures include coaxial heterostructure
nanowires (COHNSs) and longitudinal helerostructure nanowires (LOHNSs) and
combinations thereof. COHNs allow modulation doping such that nanowires with
extremely high charge carrier mobility can be obtained, while LOHNs allow bandgap
25 engingering in 1-D, which can lead to multiple quantum dots or pn junctions
integrated within a single nanowire. Engineering the band structure near the Fermi
level will also allow tailoring of their thermoelectric properties. 1-D confinemerit has a
strong influence on phonon spectra and lifefimes, which could dramatically change
their thermal properties. In addition, nanowire heterostructures offer the promising
30 prospects of integrating piezoelectric nanostructures with semiconducting nanowires,
resulting in nanoelectromechanical transducers. Also, the elastic boundary
conditions in COHNs and LOHNs enable dislocation-free interfaces that are not
stable in 2-D (quantum wells and heterostructures) or thin film form, white also
providing access o0 new stable phases that are metastable in bulk br thin film forms.



5 depletion region inside the core and thus inhibit current flow fromthe
source to drain. The second kind of FET is based on netal -oxi de ( MOSFET)
or netal -insulator (M SFET) contact at the gate. In this case the nanowire
sheath is made of two sub- sheaths. The nanowire core i S0f3apiemkes\2808d with
a layer of oxide or insulator and then wth a conducting |ayer. Applying a

vol t age between th N i th a 10 the nanowire core can renopve
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conductiv1i0ty ) the,{pﬁiﬁ' wire, whichis rreasure(? usi ng an applie as

I

bet ween the t -z?t@" ; 093(%Wﬁﬁéérﬁ’@db@G_f‘)/i,ﬂ?wemhélsle!cghlanowkm esntaining t age
operati on) . Bhotoyol oMUy oah B eficiert A8 s S dor S odiens oveien.

operation). .Photoyoltaic operation requires an in
t he- nanowi re. Thi §UBBeMrer embpdding suchgapewirésina paipmat avagrixt wig provRewy re

or met al / semijgRnghd J L OF : ctg to the two extrenes of

nanowi r e. V\Wg%_t he_mn n%%mwgtrﬁdélygjn@%%ﬂﬁgag |rgffe?tp(gdn fethapsemicandyetoragl i e

m?¥e| engt h38f~h¢qfewl eoable @fﬁeiapuTnupdigg w:;te roptital eibéfgf?énd/\ihb}ewaﬁx%tiéé][?R

effectiv : teri nd t he ion of sensitivity to

radi at i oﬁ? A séﬂggg%ﬂe%aeﬂ@ﬁaﬁ%@e@e@&e& "&E&” B‘émg%ﬁ'ﬁﬂi‘@ﬁt’éﬂg'ﬁ lasdroniceNeLIch

ﬁi mlar to gguantum Mldanﬁn&m_abﬁdr !Herﬁdéfmﬂppé%@@%hB%ﬁ@Sé\%e%th§t %%ri es of

het er ost r uct ng the direction of nanowire create quantize

el ectronic SF @ﬁ @gg%'ﬁr)?’s'ﬁw ngﬂmlpaﬁtqggg@am Plagessiog. hlangwirefbaské materi al .
ti cal absopiprodacthetisnetuddis sl R i ' to -47

Op e u | REEES hiRh sty 3aas: GA fi rhEdrht ﬁ‘gglé?pcgy

30 Sept enber ,2005 be, at gn)é | R_wavel engt'h ; m cronsy, n
t he bandgap g &ALt Pejused for applications ranging from molecular sensing and nano-

20 actuators to high-frequency signal processors. Finally, single-crystalline nanowires
with naturally faceted end faces functioning as mirrors can be used for nanolaser
devices.

LOHNs containing heterostructures along the nanowire length can also be
designed to have very interesting properties, including, but not limited to: (@a)pnor

25 pnp or various other junctions that could be used for photonic devices, (b) multiple
quantum dots with size-tunable optical absorptionfemission-and single electron

-~ lunneling properties, thus leading to single photonic devices; (¢} nanowire
- superlattices with high electron mobility and reduced phonon transport, and
thereby useful for thermoelectric devices: and (d) plezoelectric and electronic
30 heterodevices for nanoelectromechanical transduction. Note also that the elastic

bdundary conditions of nanowire heteroepitaxial growth offer the possibiiity to
create dislocation free interfaces in the superiattice nanowires that are not stable in
the conventional 2-D configuration achieved by epitaxial film growth on planar
substrates. On the other hand, there are cases where dislocations are desirable
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Again contacts at the two ends of nanowire will allow realization of a
phot oconductive or photovoltaic IR detector. 6.6.3 Single Electron
Infrared Detector 5 This device is simlar to the previous LOHN based
infrared detector. The only difference is that the het8Pcpiankei80bayer

paranmeters (length, nanowire dianeter, conposition) are chosen so that
creation of a2 Web andiberpresemisnventidnadlionalfol BBleat chayg! Cchanges the

el ectrostatic ener, moynt .so that no other electrons can be
transported across ﬁ?éhﬁlﬁ} e%?ftf i t?\eﬁgaqt hae bepadocused eraswrsthésiginb QT

bl ockade) . THiledyliy eeabdiaterdrirae io- i C nd thus single
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i s short eno%?h so t hat ng%F?%ﬁ%'éuveérﬁ!'%iﬁ alteqtign. &L)ée-dtmwezetnat Torephadd 15

structure of ‘¢ AeaTHHM dels, hanewirésthah areapsoxiniaklyel Fmﬁ%ﬁ@iﬁ?@aﬁ?%: Z

' y acr

evanescent |y I r t ransm ssi on probabili
non- zer o. Unde?‘J éargﬁidgsfﬁghg?%@@t? L@l’té°gfﬂt$9réélngﬂéﬁﬂsﬂﬂectemstwm contact to

t-he col | ect oPhelglithagtaphitaliy reipesthblisate®¥ ergy of incident
el ectrons erEﬁjﬁ‘&%t ter cor?aiéé)onds lt oe?hegéeheﬁgﬂtg{]%lgoé%%é%% ﬁé&,"&-l in the
wel |, transnissi ot "BIPELES A ey durtherwonfinemist @0 reh DagtrRIuIGE BSANRRE

e t Ui ng. di tedesighad DY SalRANM L8 wiOhk, S f Ling di ode Cg}tﬁrgsé Gy Sphon
Jetrjnnpt ion algng the =25 nanowire. g\v’l?gt '8?&5"&%&’%8@‘ lifiéed i di) digh efficiency
o ducrelote pove bt AR R Gl
array of nanovmpr eg, P[rlcﬁ{sg}}%l%% _ el {sgn?rqqg@ng@c_aﬁ;om Trppsepf patewifd | | i ng
L repopae e BUAUSAL LA | B3R iyl el

bet ween. 30 |f§§r8§g %P&E'{S;iqrbﬁfltﬁFP”PWd’p@aw newwaysics condersiyn, 33 dius8ed
gt Gt Les il SR
configuration (il bedpp@cBicd fhi:-_tp%r‘ieoqjssgo%ﬂgurraﬁ%g & Lela%ﬁieervset)j using the

20 foregoing inventive structures, some of which have been previously described. By
way of further example, and not of limitation, these configurations can include single
and multiple junction LOHNS, single and multiple junction COHNSs, combinations of
LOHN and COHN structures, two-terminal configurations, N>2 terminal
configurations, combinations of heterostructures and homostructures,

25  homostructures with one or more electrodes (which would also be an overall
heterostructure), heterostructures with one or more electrodes, homostructures with
insulators, heterostructures with insulators, and the like. It will also be appreciated
that the interface between a nanowire and a terminal constitutes a heterojunction. A
variety of devices can be fabricated using these structures and configurations,

30 including, but not limited to, phonon bandgap devices, quantum dots that confine
electrons in specific areas, thermoelectric devices (e.g., solid‘ state refrigerators and
engines), photonic devices (e.g., nanolasers), nanoelectromechanical (MEM) devices
(electromechanicat actuators and Sensors), energy conversion devices of various

forms including for example, light to mechanical energy or thermal energy to light




-48 30 Septenber 2005 6.6.7 Optical Waveguide/lnterconnect. In this
configuration, nanowires are used either as a part of conposite material
(nanowire plus filling material) or light is guided insjde the na ire
itself, In the latter case the main paraneters in the :%Peg?@ﬁmg?é%\ge
optical loss along the wire 5 and the nunber of |ateral nodes. Typical

desi gn i s baseibther §&¥iss. Where the indices of the core and sheath | ayers
are chosen to achieve a specific nunber of guided nodes or group
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partial COHN as described herein), then it could be used to generate

bendi ng notion as a binorph. For exanple, if the two materials have
different thermal expansion coefficients, they could b sed for ecting
tenperature and anything that changes -49 30 Septenber g@l%ﬁ"@@ﬂ’ﬁé?&&%re
(radi ation absorption, electrical dissipation, and for forth). In addition,
by changing the tenperature this devi e d be used for thernal 7
actuation. A nanow re-based binorph can al'so be used to detect any strain
per pendi cul ¥¥hatés elgieediisi ecti on of the nanowire axis. 5 6.6.10 Cheni cal
Sensing De vic=es. Wile nanow res can behave as chem cal sensors, they can
al so be used for chemcal logic. For exanple, consider a LOHN, which has
segnents of mat et.i al sA Aanovdre, Gonfpreirgsi ng that material A becones
conductiye when itirsgdsor bs, chem cal while simlarly B becones

A,
g {rsLBRFPHAL ofd st matesial; aisly only in the 10 presence of

conducti ve when 9

chem cals A, B'a s&wbnd segmdnt oh! I M L | Stiqlen t he napowire. This
is a sort of cheni ca_ln |S§§i c, io.hg%@gﬁﬁgﬂ?@é{éﬁﬁe@ﬁﬁ%qgﬁ%ﬁggﬂ‘a?ﬂ A and B
and not C = 0 “ieeinatfenst goe of seiksegmeants baes substantiolys (mifarad disheter of

net wor ks, Y@k hah!fhotdisRa i . AND-and OR | ogic. One could of course
extend this to bi oalq)ggl caﬁ%é%éélh@ap fact, it wll be nmuch easier for

bi ol ogi cal 'sens M’f@,mis}saiﬂenwjmviregismlw@d Rom ApOPUNIIGPEEhdrdwirebhaling a
Ncl usson. ; Qr egol n Iscussion It can be seen that en
e rspe e aofiatRe syt

sem conductors are Wlicgy of fidneieRs onal structures in the
size range of less than approximately 200 nm and preferably in the range

of approxi mat e“I¥ 5 npto 50 nm their properties can be manipulated in
novel ways. The®met hOd©ENQBYE: ¢YBAN$REei n 20 al ong with other cheni cal

synthesi s { echnaangsegaenber 4R ridlebodnganovi res and associ at ed
het erostructures. TheSe structures 1 nclfudée coaxial heterostructure

nanowi res ( COHNBSegeRd segrgentafiansgcondtroatestl joriedrte saRiRrai sexfindritOHNS) and

conbi nggions thgp . | atj qn dopi ng such that nanow res
with extrenely h?’%ﬁ\n (a:ﬁar geor?aéf?%,gé&g%rgﬁﬁst Sc%g”ﬁa'a@ﬁlﬁi”ﬁgﬂfm fismeten efns
al | ow bandl§ap tan eproriceately@00mm;: #hd Whi ch can lead to nultiple quantum

dots or pn jungtq .ptegrated within.a single nanowi re. Engineering the
band struct ur ec‘tr’nfég@ﬁl %ée'g ﬁ@ﬁﬂ‘l’”m |'%§‘%JP£‘&H ifiomy pRoPLatign of apnewiregmhaxing aei r

t her noel ecsulistargiatip erdriogiispetseltispiblitioe BERhglias @ strong influence on
phonon spectra and lifetines, which could gramati cal ly change

20 3. A nanowire, comprising:
a first segment of a first material: and
a second segment of a second material joined to said first segment;
said nanowire displaying characteristics selected from the group consisting
essentially of electronic properties, optical properties, physical properties, magnetic
25  propesties and chemical properties that are modified relative to the bulk

characteristics of said first and second materials by quantum confinement effects.

4, A nanowire, comprising:
a first segment of a first material; and
.30 a second segment of a second material joined to said first segment;

said nanowire having at least one electronic property that varies as a function
of diameter of said nanowire.



their thermal properties. In addition, nanowi re heterostructures offer the
prom sing 30 prospects of integrating piezoelectric nanostructures with
sem'conducti ng nanowi res, resulting in nanoel ectromech iscal%]t,‘légr%%cers.
Al so, the elastic boundary conditions in COHNs and LCH 5

di sl ocation-free interfaces that are not stable in 2-D (quantumwells and

heterostructures) 50r t I fariowird Ss0efted\h éiﬁmal,Sﬁhereifn%idibﬂaeéﬁ&ﬁggréfgnvew

stabl e phases that are netastable in bulk or thin filmforms. -

Sept enber 200®MEOERE band-9a@HNe™ed-so | end t hensel ves to the devel opnent of
energy conversion devices, including thernoelectric refrigerators or power
generators, light emtting devices, and nanoel ectronechani cal transducers.
The active materi &l i nA ridmesdredesnpisng.onpri ses conposites made of nanow re

ot tor nedand i nt Bgracsarion o' 3 soetglAb Rt as malRiRAThg nanow res i t h
dianeters in the 2 geEbh@® sdGmBAt ofl POURtEHRNY e@sténmetrna%au%@artﬁ $Bidtf¥stt O

devel op thernoelectric refrigerators and power generators wt
per f or mances S€8M§Akabl e to or better than those based on gas or vapor.

Such soli.d-state gf.‘gtﬁﬁ%t @991 c?hé‘é‘f"&ic??ﬁ%rﬁ@h&%Ha@%?‘&}bs?é}ltjggﬁgﬁ%r?rpdiameéesr of

utilization techn as we as on t envi ronnent nanow r

contai ni ng iessdbamepproximatelyr@Cdlows. can all efficient and size-tunable
opt oel ectponi ¢ conversion. Furthernore, enbedding such nanowires in a
polymer matrix will produce a light emtting flexible nmediumw th nmuch
| oner effective i Adex Amanowkeiasoadiectincihim Bpihebeiniebkh onaitidirafdndaaant

coupling with optjcal fibers and there dramgtically 15 inprove external
quant um ef f i 8?% TIMGHE FOTBHEFHR °RP$§B‘§‘!CH§BBC*& Eg?r@ii cs, such quantum
dot nanowires offer the possibility of single photonic devices that can

significantly inmpact information storage and processing. Nanow re-based

pi ezoel ectric trafsduclnanqivire ap sefdteddn kiajn 7qwheraisy spiddaped semienngiictor
resonant & r e is SI¥LEE Froh BSndis | d i fanging from
mol ecul ar sensi ng ésn,d nano 30 g%t%gg%r sntoﬁ%iégsﬁ%ﬁég%udénc@bggghgﬁ
processors. Bemigongucter,iugroup ilyék semicondustoroagrap - semicanduelor,enbdacet ed

end faces fupgslani e be used for nanol aser devices. LOHNs
cont ai ni ng he&?ﬁeér@s%tér}ﬁjc@ﬁartge@aégéﬁfgﬁé nanowi re | ength can al so be designed

to have very interesting properties, including, but not limted to: (a) pn

or 25 pnp or varjous pther junctians.that could be used. for .photgnic
devi ces, (b) mul t?'pl e A nlfibwié'88 1¢NE3 in SBim % w‘weretn ech Of Said fifs! an second
20 segments exhibits the electrical characteristics of a homogeneously doped

semiconductor.

10. A nanowire, comprising:
a first segment of a substantially crystalline material;-and - -
25 a second segment of a compositionally different material joined to said first
segment;
wherein at least one of said segments has a substantially uniform diameter of
less than approximately 200 nm.

30 11. A nanowire as recited in claim 10, wherein said second segment
comprises a substantially crystalline material.
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gquantum dots with size-tunabl e optical absorption/em ssion and single

el ectron tunneling properties, thus |eading to single photonic devices;
(c) nanowire superlattices with high electron nobility. honon
transport, and thereby useful for thernoelectric deV|c @gg%ﬁﬁggpgigo

pi ezoel ectric and el ectronic 30 heterodevi ces for nanoel ect ronechani cal

t ransducti on. NotéZaI sé narmiwiteh owpagihgc boundary conditions of nanow re
het er oepi t axi al wth offer the possibility to create dislocation free

interfaces in the TPeiqamment ok sam HEYOT Medgriadranthot stable in the
conventional . 2- D eakbadsabinaht Sy h,on planar
substrates. On the other gnd therngggﬁ%daé%ﬁgé{e&%éﬁbe|tb@8g{a€r‘\g@ﬂe§rﬁ?r§
desirable -51 30 WBSraiRGeleasbom aksaigisegments hasea pulestentialiy WO Qfaned tkP¥E
for defeck conirnh %d(] ffort in the past has been focused on
synt hesi zi ng and na%iﬁ?cﬁf{&ﬁ ro- |'ﬁ‘en5| onal (0-D) (quantumdots) and 2-D
(quantum wel I's and heterostructures) nanostructures, sem conducting
nanow res ot her tﬂ%\n carbon 5 nanotubes have recei ved rel atively little

attention. Note, FENPYLE a8 sRYiadl Claim Reaerein eech of saiddibtrans! saidit
are appr oxi mataing sbm@wtaa@fngnsérato@pédls%n%orl&%r%%rgﬁ the uni que
opportunity of integrating nanostructures wth hot ol 1't hographi cal ly

m crof abricated features that are generally ~ 1 m In addition, nanow res
al so al | eov furtherg corf hys t thaI ave 10 Dbeen
extensively studied and utéW'Pé aQYé‘c,f;te% 'PCEaréﬁ% %g 33'(5'f Qs%m'ﬁmﬁﬂfe
attributes, Watarglis sslented fmpe@e@om@uomﬂlri@amdnﬁmtyrt&@ybbhs i-v

het er ostruct g, d _and f i cat ed wel |, including, but
not |inited tﬁé?ﬁ%mb% é&ﬁé E:‘@ﬁgw‘:qrﬁg‘cﬁﬂﬁe‘?gﬁq a]i'YéPW@é’ﬂ&F'@F-saf@r power
gener at ors; teftiayies andlgjuatérnafiés etédfi ng di odes; (iii) piezoelectric
nanonechani cal sensors and actuators. The use of nanowi re 15

het erostructures in these devices is critical, since they would either

dramatic@él |y i nps0ve AcRanewife élsﬂre%ftéé!ﬁi 88 ?% @ﬁer@ﬁ?é'?&llptge%\%}fﬁ:)é@/%p(g o form

conversion, as discussed in detail later. ese sinple

the foundat iS6ACPOFHBERLS exbiitiisdbe elactrivalieharacteristics ofia horbegemousty ddpra t hat
vari ous confdegii¢aiduerss can be achieved using the 20 foregoing inventive
structures, some of which have been previously described. By way of
further exanmple, and not of limtation, these configurations can include

single and nmultikgle | I %Hﬁﬁ ingle and nultiple junction COHNs,
conbi natzgons of Ao, sing:

a first segment of doped semiconductor material; and
a second segment of doped semiconductor material joined to said first
segment;

wherein at ieast one of said segments has a substantially uniform diameter of
less than approximately 200 nm.

25
17. A nanowire as recited in claim 16, wherein said doped semiconductor
material is selected from the group consisting essentially of a group Iil-V
semiconductor, a group 1i-VI semiconductor, a group -1V semiconductor, and
tertiaries and quaternaries thereof.
30

18. A nanowire as recited in claim 16, wherein each of said first and

second segments exhibits the electrical characteristics of a homogenecusly doped
semiconductor.



LOHN and COHN structures, two-termi nal configurations, N>2 term nal
configurations, conbinations of heterostructures and honostructures, 25
honostructures with one or nore el ectrodes (which would p\llsso beD a%Bgerall
het erostructure), heterostructures with one or nore el eg 385’?,‘ e
honmobstructures with insulators, heterostructures with insulators, and the
like. I't will alsojgpe %Hgﬁ‘g‘j"‘ﬁé%mﬁ'@ .the interface between a nanowre
and a termnal constitutes a hetergjunction. A variety of devices can be
fabri cat ed usi ng tébrstsegmant efraesubmtahtizdntiygtallie roateria@nidncl udi ng, but not

linited to, ph devi.ces, t S that confi | ect i
peci T1c o chs. ¢ e ABITCRA T Lg coRiPruege apieil malpealidtes fsde R and

engi nes), phosegmentdevi ces (e.g., nanol asers), nanoel ectronmechani cal (MEM
devices (el ectronechani cal actuators and sensor sa , €energy conversion

devi ces of® vari ous"&BNR2IY RENQMITS angtionsdsempisaid firsysearmentte saissesand ener gy

or thermal engig@yerdt@vbt 8fstarceZraRBingdRinS Efox%%étyﬁg‘% @%Hﬁé lagﬁwoces'

Al t hough the description above contdins %Eny det al ese oul d not be
construed as 2RAPXMAtElY BE nsedgel of the invention but as nerely providing

nventi on. Ther of Tt g4t ol SR S abghfeR) i aFb AR kb dafaster of

present i nveresothahspproxdmateipa8Gem. ot her enbodi nents whi ch nay becone
obvi ous tQ those skilled in the art, and that the scope of the present
invention’is accordingly to be [imted by nothing other than the appended

clai ms, in which ef er Anemoireadt RCREEIM clhifh 191aviSdrBBUAd sbéorilegniintnded to
mean "one and onliéeone" unl ess explicitly.so stated, but rather ™one or

more." All 16°8iA§es gsybstantially exstaliprdnataii@ i onal equival ents to the

el ements of the above- described preferred enbodi nent that are known to
those of ordinary skill in the art are expressly incorporated herein by
reference and ar eZilnt efdiaonirebeorspidgingassed - by the present clains.

Moreover 4g5it is ngte Er?eq{ | : dress each and
every problem sougﬁltrﬁtesc%% e ééfé%&aﬁgﬁ%@ep Sg%lgﬁ% n%ﬁ%/‘iﬂ’t?'gﬂ, for it 15 to be
enconpassed by the spresdségrobai ofm sthstaritatiyonstailine mbenanpinedaoaieist or

nmet hod step isg H&ﬁt_present di sclosure is intended to be dedicated to the
public regar PRES  of whether the el enent, component, or nethod step is

explicitly recitedherin thid mansinire. traNgitiohs franes RO sBEmeNDto Said Se®d
construed under _the \Provi.si ons of si xth paragraph, unl ess

35 U S C 112, ;
the el ement CEITKPTRELALIPARre LANGIRG figm; gperoximately one atomic layer to

20 approximately 20 nm; and ]
wherein at least one of said segments has a substantially uniform diameter of
less than approximately 200 nm.

22. A nanowire as recited in claim 21, wherein each of said first and said
25 second segments comprises a semiconductor material.

23. A nanowire as recited in claim 21, wherein each of said first and said
second segments comprises a doped semiconductor material.

30 24. A nanowire as recited in claim 23, wherein said doped semiconductor
material is selected from the group coﬁsisting essentially of a group -V

semiconductor, a group II-VI semiconductor, a group -1V semiconductor, and

lertiaries and quaternaries thereof.




20 phrase "nmeans for." -53 30 Septenber 2005 CLAIMS What is clained is: 1.
A nanowire, conprising: 5 a first segnent of a first material; and a second
segnent of a second material joined to said first segnment; wherein_at |east
one of said segments has a substantially uniform di amet &9 Sgptembes <00 an
approximately 200 nm and wherein said nanowire is selected froma

popul ation of nanB@i r ea Ma@6iire a8 redifbdSHRMIAM 1, @JHeYenH‘é%@Hfo?led%%tgq{bdnt of a

distribution_of dja 2. now re, conpri sing

first materif° 0%%1995”%@6@ﬁﬁ'bﬁ%@ﬁeﬂﬁﬂaﬁa@hﬁleﬁmmtmoéammqganaedsly@opeﬁd
first segmensemikonsbeibei N at | east one of said segnents has a substantially
uni formdi aneter of I|ess than approximtely 200 nm and wherein said
nanowire is selected froma popul ation of nanowires having a substantially
nonodi spey se di st44 but 20 3. A nanowire, conprising: a first
segnent ?)51[ afir %é rrat/!éﬁgmﬁw'r%rﬁ?%épr@@@ond segnent of a second materi al

joined to said fia8tst segrentof ssmicortRid@MhReAaISRh@Yi N characteristics
selected fromthe grou consisting essentially of electronic properties,
optical properti 58 egaiens ob pepiceaductanmgatariat joires! lprszqmbﬁrtsl ssgrasokt;

cheni cal prOpertlvﬂferéihaéaudﬁhﬁnémgéfrér“r‘sqhér%'f?ém‘é‘adtﬁ}?{% o Raracteri stics

of said first and second naterials b uant um con A
nanowi re, cafEMent ﬁgeradfsta@p rgeglngrﬁrtonmépproicnmaieiylmbeitbmic Ia?élrdo30 a second

segment q@f p%?&@aﬂgtélf ngoi ned to said first segnent; said nanowre
having at | east one € ectrdnl C property that varies as a function of

di ameter of sai-dwieneiniat éeast bhe 30ssie BgMeAls KOS substantially uniform diameter of
less than approximately 200 nm.

27. A nanowire as recited in claim 26, wherein each of said first and said
15 second segments comprises a doped semiconductor material.

28. A nanowire as recited in claim 27, wherein said doped semiconductor
material is selected from the group consisting essentially of a group Iil-V
semiconductor, a group iI-VI semiconductor, a group 1I-1V semiconductor, and
20 tertiaries and quaternaries thereof.

29. A nanowire as recited in claim 26, wherein each of said first and

second segments exhibits the electrical characteristics of a homogeneously doped
semiconductor.

25
30. A nanowire, comprising:
a first segment of doped semiconductor material; and
a second segment of doped semiconductor material joined to said first
segment;
30 wherein said nanowire transitions from said first segment to said second

segment over a distance ranging from approximately one atomic layer to
approximately 20 nm; and

wherein at least one of said segments has a substantially uniform diameter of
less than approximately 200 nm,
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5. Ananowire as recited in claim4, wherein said at electronic property
conpri ses band-gap energy. 6. A nanowire, conprising: 5 a first segnent of

a substantially crystalline material; and a second seg f
substantially crystalline material joined to said fi rs?wéggt%ﬁ?fzg%erei n

at | east one of said segnents has a substantially uniformdianeter of |ess

t han appr oxi mat el §1.2008 nanowide s résiednewiaig 39swheirt saldideped %éﬁi‘ic@ndtﬂ‘&@i‘ ein
each of said firs second segnments conprises a do

seni conduct o3t ﬁ%ﬁqe‘ﬁ%d gﬂ"h‘é‘ﬁcﬂﬁﬁ"i‘%c%&s@“é‘élqsé@“‘i‘ﬁi'?@lf&lQWLTP MMer ei n said
doped sem cogghirbABuctd® a"q-?é%B i1 detnissicReid? da bl‘ ﬂ R?F%iwﬂdﬁﬁgﬁ 'a@ﬁ' ng

essentially of a group sem conduct or, sem conduct or,
group |1-1V e&iariesradcuaternanes theesafi ari es and quat ernaries thereof. 9. A
nanowire @s recited in claim®6, wherein each of said first and second 20
segnents exhibits the electrical characteristics of a honbgeneously doped
sem conduct or. 12 A ranowiwies acmried &1 ¢igim a0f whabirsespmesftsanf firét and

subst anti al | stalli r a second segment o

conposi ti ona %’qcyn iSPEEER e’?%gthﬁ@‘ﬁ%ﬁ%&é‘%C@QFQFqufr%'gom%ﬁﬁ?@HﬁW dpRef ei n
at | east onesamhicemduttgegnents has a substantially uniformdianeter of |ess
than approximately 200 nm 30 11. A nanowire as recited in claiml10,
wherein said second segnent conprises a substantially crystalline

mat eri al4p - 55 30 33ept QWOM,QOQOH@HS, nanowi re, conprising: a first segnent
of semnm conductor nateri al econd segnent of sem conductor materi al

joined to said fiarfyst Mmﬁmma Swhehaeitailyaarystalaee rmaterialf armhi d segnents has a
SU?S" antially unifQrghgisaaRERI of corﬁp!)@t?c?natﬂp%q‘fe?grﬂrr%t'eﬁg jgan%d%o said frst

segment;
wherein said nanowire transitions from said first segment to said second
15 segment over a distance ranging from approximately one atomic layer to
approximately 20 nm;
wherein transition from said first segment to said second segment begins at a
point toward said second segment where the composition of said first segment has
decreased to approximately 99% of the composition of said first segment at the
20  center of said first segment; and |
wherein at least one of said segments has a substantially uniform diameter of
less than approximately 200 nm.

34. A nanowire as recited in claim 33, wherein said second segment
25  comprises a substantially crystalline material.

35. . A nanowire, comprising:

a first segment of a substantially crystalline material; and

a second segment of a substantially crystalline material joined to said first

30 segment;

wherein said nanowire transitions from said first segment to said second
segment over a distance ranging from approximately one atomic layer to
approximately 20 nm;

wherein transition from said first segment to said second segment begins at a
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13. Ananowire as recited in claim12, wherein each of said first and said
second segnents conprise a doped sem conductor material. 10 14. A nanowre
as recited in claim 13, wherein said doped sem conductor__paterial_is

sel ected fromthe group consisting essentially of a groul? PeRterpber 2005

sem conductor, a group I1-VlI sem conductor, a group |Il-1V sem conductor,

and terti arPeE! kyargreic secondesegnettediere ife dcﬁnpd%iﬁlﬂf@ﬂ!eﬁ@ﬁﬁ?glé@@leﬁﬁgaé. :

[ | ' i d second segnents ex
ol ectrical "onareaee il aBioRBialeidsih oE Meciriniotiqmeel savt it seaimoniat indo. A
nanow re, cofipriesohgpid fitstaelimiept; segment of doped semi conductor naterial;
and a second segnent of {ioged sem conductor material joined to said first
segment ; wherein Whenei, at legsteons ofs3aid segrpaptsthasiamdiametarasftiesy thah| y uni f or m

di amet er of apm@esinidieln ZBpRRXafRtely 200 rim 25 17. A nanowire as recited
in claim16, wherein said doped sem conductor nmaterial is selected from

t he group consi st‘*}’f?ﬁje@sf@érﬁfaraelley obsaid egﬂenﬂbohébfVaid%gghgéh?fHﬂiﬁg a (ﬁa,-gé@}'p
[1-VI semc 2 sem conductor, an ertiaries an

quat er nar i e?%@gP a%gg&%#&é& ﬁQ‘XBW E%esa'%&r"@ﬁf E%G"qf‘h tharsanprosimalelynebn
each of sai ®VEI thelenagth ofssmEideelgmegent s exhibits the electrical

characteristics of a honbgeneously doped sem conductor. -56 30 Septenber
2005 19. A nanowire, conprising: a first segnment of a substantially

crystal [one mat eBbal ; AaishowieesPREItq HE L tiona di fferent
material joined io said first segnent; gﬁnmg?ér‘g?%%gg?%%%fﬁﬂé h)ét 2reaaidt | ons
from said firStP%RHERRISICOMRLIses sesamigonduntorenateniabr a di st ance rangi ng
from approxi mately one atomic |ayer to approximtely 20 nm and
37. A nanowire as recited in claim 35, wherein each of said first and said
second segments comprises a doped semiconductor material.
- 15
38. A nanowire as recited in claim 37, wherein said doped semiconductor
material is selected from the group consisting essentially of a group Ni-V

semiconductor, a group II-V| semiconductor, a group II-V semiconductor, and
tertiaries and quaternaries thereof.
20
39. A nanowire as recited in claim 35, wherein each of said first and

second segments exhibits the electrical characteristics of a homogeneously doped
semiconductor.

25 40. A nanowire, comprising:
a first segment of semiconductor material; and
a second segment of semiconductor material joined to said first segment;
wherein said nanowire transitions from said first segment to said second
segment over a distance ranging from approximately one atomic layer to
30  approximately 20 nm:;
wherein transition from said first segment to said second segment begins at a
point toward said second segment where the composition of said first segment has

decreased {o approximately 99% of the composition of said first segment at the
Center of said first segment;
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wherein at | east one of said segnments has a substantially uniformdi aneter
of less than approximately 200 nm 10 20. A nanowire as recited in claim
19, wherein said second segnent conprises a substantially crystalline
material. 21. A nanowire, conprising: 15 a first segnentm%$ﬂae@9552@m&ialIy
crystalline material; and a second segnent of a substantially crystalline

material joined tgusab 4 t. erejn said nanowire transitions
fromsaid first segment gttéé%éiogégg%ﬂosegﬁ%&%h?s 8@@’"%989 E8han angi ng
f rom appr oxi neRREPXiImately 200 ming dndyer to - 20 approxi mately 20 nm and

wherein at | east 1,d segnents has a substantially uniformdi aneter
of less than app%%r%ttﬁgg'%ghﬂ&%?t 'Aaﬁmfr%tchgeg@@mts@@yﬁng actiainetezl,
wher ei n each dflessathdn taipp&ixirase ySAIOhm e #0010 i aﬁ%ﬂg@xﬁﬁﬂgﬁ, 10% oo ch

: ein” eac

sem condu%t or rrahleri al., 23. Ananowire as recited I n clal

of said first®ghihedgngh q@@lﬁ’rﬁ?%’@’ﬁents conpri ses a doped sem conduct or
material. 30 24. A nanowire as recited in claim23, wherein said doped

semi conductor ‘material is selected fromthe group consisting essentially

of a group Il1-V 4deni Adwmawirems racitadinmidiin-A0, whenio @adhof 84id fRstEnAWid | - | V

sem Cond“Ct°%GCW%%&‘E%&"@@SQggﬁﬁﬁﬁgéﬁﬁﬁﬁpﬁﬁ1r %f,.‘ -57. 30 Septenber

2005 25. A nanow re "as recl of said first and
second segnents exhibits the electrical characteristics of a honbgeneously

doped sgpi conduc%?r. E 26. A nanowire, conprising: a first segnent of
sem conduct or nat &fi al” "ARAWLE 88 LG IJR SlAEA lohe@in saiddloped semitaeiuator
joined to santhtérial i selegs® fiom thehfb&p Bosddtth i fsLh ypys fromsaid
first segment top sgig second s‘ggtﬁeﬁ% ?)ver g%ggﬁgﬂ e&fraﬁéil"élgijpfom

appr oxi mat el §*BIFENAYTIA. @ graye fl-Yisemicenducts agralpyll-P0 semicoaddctor, and

tertiaries and quaternaries thereof.

15 43. A nanowire as recited in claim 40, wherein each of said first and

second segments exhibits the electrical characteristics of a homogeneously doped
semiconductor. .

44. A nanowire, comprising:
20 a first segment of doped semiconductor material; and
& second segment of doped semiconductor material joined to said first
segment;
wherein said nanowire transitions from said first segment to said second
segment over a distance ranging from approximately one atomic layer to
25  approximately 20 nm:;
wherein transition from said first segment to said second segment begins at a
-point toward said second segment where the composition of said first segment has
decreased to approximately 99% of the composition of the first segment at the center
of said first segment;

30 - wherein at least one of said segments has a diameter of less than
approximately 200 nm; and

wherein the diameter of said at least one of said segments having a diameter

of less than approximately 200 nm does not vary by more than approximately 10%
over the length of said segment.
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wherein at | east one of said segnments has a substantially uniformdianeter
of less -than approximately 200 nm 27. A nanowire as recited in claim 26,
wherein each of said first and said 15 second segnents ri ses oped
seni conductor material. 28. A nanowire as recited in c|§§%g§ ms[\ﬁf@ﬁ%éfjn sai d
doped semi conductor material is selected fromthe group consisting
essentially of a 4fr.oupA hahewire asmeciieddn ¢lar 44awBERliP shig- dﬂpe&%‘éhﬁéﬁﬁﬂdﬁ:kﬁr a

group I1-1V and 20 tertiaries and quaternaries thereof.
A nanowire a@%g@e{%?@d%??(ﬁe% rgmhffgro'%h8?%?'%'@%961‘3'@&“@ groredl-¥nd second

segnment s exhsdmitendditor befbap A SduRidrs s] y;, doped
sem conductor.. 25 30 ﬁ ?;n%[\bm ?Q éé?g‘rsrprl S|lrdr'1.gé b@polr é\?sgﬁ%epagf Ac%j

sem conduct dfMREES ANg qualpinaries thesenf. segnent of doped seni conduct or

material sjoined to said first segnment; 30 wherein said nanow re
transitions fromsaid first segnent to said second segnment over a distance

rangi ng from appr§xi mét minovireeasatenited il elgier 44 0vh&vRRY Sadhet Ry irdPahdn  and
wherein at | sai nme s, a substantially uniform di aneter
of |ess tha(:?@g%%rgggmgr& eq’@’%%gﬁﬂﬁreg@@?@@r% fighgsee! bemoganeousiydapsidr e as
recited i n ceaicor®ctosher ei n sai d doped sem conductor nmaterial is selected
fromthe group consisting essentially of a group Ill-V sem conductor, a
group I1-VI sem conductor, a group II-1V sem conductor, and tertiaries and

guat ernaoi es t hegpof . AE}m},g ir® 43320) e n.clai wher |r1 each
of said first and second g('agrrent g‘f\%c;(ﬁln%a?% tr:‘ht3 %Ide@fr]f’r%'glatiq‘?ﬁ 86‘?8 Paifli cs
of a honpgeRAE3eAIG campages gsnbsi@ntiait aystallife ftatedainanowi re, conprising: a

first segnment of a substantially crystalline naterial; and -

48. A nanowire as reciled in claim 1, 2, 3, 4, 6, 12, 16, 21, 26, 30, 35, 40 or
44, wherein said first and second materials are compositionally different materials.

.15
49. A nanowire as recited in claim 1, 2, 3,4,6,10, 12, 16, 19, 21, 26, 30,
35, 40 or 44, wherein at least one of said segments comprises a substantialty
monocrystaliine material
20 50. A nanowire as recited in claim 1, 2, 3, 4, 6, 1 0, 12 or 16, wherein said

nanowire transitions from said first segment to said second segment over a distance
ranging from approximately one atomic layer to approximately 100 nm.

51. A nanowire as recited in claim 50, wherein said transition occurs over a
25  region that is substantially defect free.

g

52. A nanowire as recited in claim 50, wherein said transition occurs over a
region that is substantially crystalline.

30 923. A nanowire as recited in claim 50, wherein said transition occurs over a
region that is substantiaily monocrystalline.

54. A nanowire as recited in claim 50, wherein transition from said first
segment to said second segment begins at a point toward said second segment
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a second segnent of a conpositionally different material joined to said
first segnent; wherein said nanowire transitions fromsaid first segnent
to said second 15 segnment over a distance ranging from r oxi mat one
atomc layer to approximately 20 nm wherein transiti onﬁgﬁwwﬁagﬁlﬁ st
segnent to said second segnent begins at a point toward said second
segnment wher ewhb ok ' | : eas
approxi mately 99&%]‘@ rqaﬁ?dggﬁgocgrsta ?’?‘r{gto%éggﬁnéﬂg ?@P&Eggﬂ%g%@'{ﬁg%@%&m er
of said firstihes@mpasitionrn satirel segmentehthe cerderndf ssid frsseeymmeits has a
substantially uniformdianeter of |ess than approximately 200 nm 34. A
nanowire as recited in claim33, wherein said second segnent 25 conpri ses
a substantially cr3fst alA narowied 8¢ retited #bclaifn NARRBN4] 8, 6 CANPIZ & 180 whrdih ! St
segnent of5 a substanti aklx.cr%‘;} alline material; and a second segnent of a
subst anti al | Y3 )EPQ¥Te Hansiens iram sayl frabsegnentite spidrsecond segmgnieaier a
uher ei n sai d diganee FhdicaRShtdspRexiatil) 8t didmit fyeP RIGEAbxIfEF o8 recond
segnment over a distance ranging from approxi matel’y on€atom<c fayer to
approximately 20 nm wherein transition fromsaid first segnent to said
second segnent begigns at = 5 0 i nt.foward said second
segnent where theglgbrrpgsrllatﬁogﬁr%o '?gﬁ%d @Fér?%f" éggﬁ%eﬁg'”ﬁéé&f?m‘#%%%"%vera
appr oxi mat el yegioadht is hebsiantiallyidefent frek. sai d first segnment at the center
of said f,prst segment; wherein at |east one of said segnents has a dianeter
of less than 5 approximately 200 nm and wherein the dianeter of said at
| east one of sai d5%egmantamolereigzdeaitsli iﬂmiﬁ(’sf%.Wheﬁ'eﬁﬁ—%afdh?éhsﬁ%r&éhﬁé%r%

gth o

200 nm does not. vary.b re . than approxi mately 10% over the len
sai d segment regﬂﬁngéa.{'%gﬁ‘{ggﬁ@vﬁqt"&c%tqlm-ted in claima35, wherein each of

said first and said second segnents conprises a sem conductor material .

58. A nanowire as recited in claim 55, wherein said transition occurs over a
15 region that is substantially monocrystalline.

59. A nanowire as recited in claim 55, wherein transition from said first
segment fo said second segment begins at a point toward said second segment
where the composition of said first segment has decreased to approximately 99% of

20 the composition of said first segment at the center of said first segment.

60. A nanowire as recited in claim 1, 2, 3. 4,6, 10, 19, 21, 33 or 35,

wherein at least one of said segments comprises a semiconductor material.

25 61. A nanowire as recited in'claim 1, 2, 3, 4, 6,10,12,19,21, 26, 33,35 or
40, wherein al least one of said segments comprises a doped semiconductor
- material.

62. A nanowire as recited in claim 1, 2, 3, 4, 6, 20, 12, 16, 19, 21, 26, 30,
30 33, 35, 40 or 44, wherein at least one of said segments exhibits the electrical
characteristics of a homoageneously doped semiconductor.

63. A nanowire as recited in claim 1, 2, 6, 10, 12, 16, 19, 21, 26, 30, 33, 35,
40 or 44, wherein said at least one of said segments having a diameter of less than
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37. Ananowire as recited in claim35, wherein each of said first and said
second segnents conprises a doped sem conductor material. 15 38. A nanowire
as recited in claim37, wherein said doped sem conductor__ naterial_is

sel ected fromthe group consisting essentially of a grou}9 $¢rterpber 2005

sem conductor, a group Il-VlI sem conductor; a group |Il-1V sem conductor,
and tertiar PBE‘%H’@P‘QE’aﬁo@rmhaesa dinereterfrangiig 3dm Approxibtely fan{@ci ted in
claim 35, whgpsiireach ffyqaid first and second segments exhibits the

el ectrical characterrstice of a honbgeneously doped sem conductor. 25 40.

A nanowi re, conprising; a first segnent of sem conductor material; and a

second segnent of%sen‘i onductor material joined to said first segment;
wherei n sai d nanoW r e ‘t PARRYS BR Leqitedin slaim 1t 2r 6t 16.eighdB; 19,2 5 a6y 362388,

segnent cﬂ/er4®odh$,tw¢mgjnrm_@gjjé]gelf8;Bfgga%%ispgagbyF%B%eagtgﬁgﬁéhéﬁger to 30

approximately 20 nm_wherein transition from Sal 98sai d
second segneEntMEESidhdessithan appioximately:2ad mmidbes erenanSaomRRK Haer e t he

conposition r&Aindtdi E5% has . decreased to approximately 99% of
f he conposi téi’b:?n %1;11 séew 56 9 rs% r@g r'?gﬁ}(’fa?a'qcﬁ%gm%ht er of said first segnent;
-60 30 Septenber 2005 wherein at |east one of said segnents has a dianeter
of less than apggoxi tely.200 nnp and wherein the dianeter of said at

| east one of said seg SAST§CUedinslaifed. 2.4, 10e42, 16,at9, 20peox30rateBy,
200 nm dbées 40air 44a e & i % ver _the |ength of
s ihetein RS Giakieadh GRRIPH TR Ene &%@émgpﬁ@m g

sai d segnen nanowire as recited in clarm f said

t,.. 41,
first and sgi'a(ﬁ"éllg{aé@ﬁas heannrexinetgly 268 smaddesadt wBpbyansleahan naterial .
10 42. A naapwio; 3 i i erein sald doped semn conduct or
PRIOKENn Sl R to%gr ihg 'Q@hﬁﬁépsﬁgﬁn@g p

material is selected’ fromthe gro ssentially of a group Ill-V
sem conductor, “a group I1-VI sem conductor, a group Il-1V sem conductor,

and . 66. A nanowire as recited in claim 1, 2,3,.4,6,10, 12, 16, 19, 21, 26, 30

15 33, 35, 40 or 44, wherein said second segment is longitudinally adjacent said first
segment.

67. A nanowire as recited in claim 1, 2, 3,4, 6, 10, 12, 16, 19, 21, 26, 30

33, 35, 40 or 44, wherein said second segment is coaxially adjacent said first
20 segment.

68. A nanowire as recited in claim 1,2,3,4,6,10, 12, 16, 19, 21, 26, 30

33, 35, 40 or 44, wherein said first segment comprises a substantially
monocrystalline material.

25
=+69. A nanowire as recited in claim 1,2,3,4,6,10, 12, 16, 19, 21, 26, 30,
33, 35, 40 or 44, wherein said second segment comprises a substantially
monocrystailine material.
30 70. A nanowire as recited in claim 1,2,3,4,6,10, 12, 16, 19, 21, 26, 30,

33. 35, 40 or 44, wherein said first and second segments form a p-n junction.

71. A nanowire as recited in claim 70, wherein said nanowire comprises a
semiconductor device.




tertiaries and quaternaries thereof. 15 43. A nanowire as recited in claim
40, wherein each of said first and second segnents exhibits the electrical
characteristics of a honbgeneously doped sem conductor 4. A na ire,
conprising: 20 a first segnent of doped seniconduct or n@?gleptﬁ“beéﬁg&a
second segnent of doped sem conductor material joined to said first
segment; wher ei n 7921 d M NideCad feRRSA I O 1798, 926CA] 121165 GTBN ! G052 d
second segnent over a distance rangi ng from dpproxi natel'y one ‘at'om ¢ 1 ayer
to 25 appr oxdq@bet§ o284 nunenatresasd firdt ad setcomh ségroemts dorn &ip-igundisgment to
sai d second segnent begins at a point toward said second segnent where the
conposition of said first segnent has decreased to approxi mately 99% of

t he conposition 8. tha ddrichliresRo@endd it clhife7ZaMérein id fanslvifd EsthpsRanent ;
30 wherein at | east one of said segnents has a dianeter of |ess than

appr oxi nat eISETIERNIMFHOT 8MICRher ei n the di aneter of said at |east one of said
segnents having a dianeter of |ess than approxi mately 200 nm does not vary

by nore than approximately 10% over the length of said segnent. 61 30
Sept enber 2005 484. A Adwepemire asyecitad inedaim1,a, &, vh 8410, iZeitei 19,24 @86d3ped

sem conduct | ' | ec | sting essentially
of a group I% r3€%(§é%@%éﬂﬁ lﬂ%"lﬁosr%("’J ﬁgb%‘éggb#%q{%@g#i‘§g%§58 'gncg'aé‘r oup I1-1V
sem conductor, and tertiaries and quaternari.es thereof. 5 46. A nanowre
as recited in clgim44, wherein each, of said first and secqond segpents
xhi bt t SOt he el e2Pr] CANADRUEASPLEY BER . Ml FAB ARG RAT Phecs & -
sem conduct eemicthdbétor Betia@owi re as recited in claiml1, 2, 3 or 4, wherein
at | east one of said materials conprises a substantially crystalline
material. 48. A nanowire as recited inclaiml1, 2, 3, 4, 6, 12, 16, 21, 26,

30, 35, 40 or  76. A nanowire as recited in claim 1, 2, 3, 4, 6, 10, 12, 16, 19, 21, 26, 30,
33, 35, 40 or 44, further comprising an electrode electrically coupled to at least one
15 of said segments.

77. A nanowire as recited in claim 1, 2, 3, 4, 6, 10, 12, 16, 18, 21, 26, 30,
33, 35, 40 or 44, wherein at least one of said segments comprises a material
selected from the group of elements consisting essentially of group {I, group Iil,
20 group IV, group V, group VI elements, and tertiaries and quaternaries thereof,

78. A nanowire as recited in claim 1, 2, 3, 4, 6, 10, 12, 16, 19, 21, 26, 30,
33, 35, 40 or 44, wherein at least one of said segments is embedded in a polymer

matrix.
25 .
79.  Ananowire as recited in ¢claim 1, 2, 3, 4, 6, 10, 12, 16, 19, 21, 26, 30,
33, 35,-40 or 44, wherein at least a portion of at least one of said segments is
covered by a sheath.
30 80. A nanowire as recited in claim 79, wherein said sheath comprises an

amorphous material.

81. A nanowire as recited in claim 79, wherein said sheath comprises a
substantially crystalline material.
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44, wherein said first and second materials are conpositionally different
materials. 15 49. A nanowire as recited in claiml1, 2, 3, 4, 6, 10, 12, 16,
19, 21, 26, 30, 35, 40 or 44, wherein at |east one of sai

conprises a substantially nonocrystalline materi al g?@ﬁ'iﬁ%\%q?‘)é as
recitéd in claiml1, 2, 3, 4, 6, 10, 12 or 16, V\,hereln sald nanow r e

transitions from sg.d A hahowied BE Réciled |ﬁ%Ia‘?’m%QC%@réﬁQMWbQY%B%%?%ﬁmﬁe

ranging froma i mately one atomic | ayer to approxinmate

nanowi re as r'@g%{'éﬁ'slSr‘\’béiaé]t'ﬁi'ﬁmonﬂﬁ@istﬂ"mesal d transition occurs over a 25
region that is substantially defect free. 52. A nanowire as recited in
claim50, wherein said transition occurs over a region that is

substantial |y cry$al | Aeancdress retitedimaiaine 12, 3,o5i6, ad, i1 2, 18, aiop 5026, 30,
wherein sgid 49 ggs%t) oPQ occurs over a region that is substanti al | y
nonocrystal line. "5 ﬁanowl re as recited in claimb50, wherein transition

fromsaid first ae@mnts PN SviAreS BCPRM &R
sai d second Se‘ﬁﬁ’sgo‘&;& 3?0 réept e|r.rber 208@ e?@p?ﬁghtg%faaﬁe\ﬁ?é)g%@%?ﬁ?%ﬁ ﬂ1e

first segmentd Vieesseansistingmissentialioé pﬁwowvbamdgam\ammqsamtuuﬂdmf
df A
Fecited in crareos BarhBBeERE dRlices. aRtiht dotes SRRl ORecha G A Aln RS

transitions ﬂﬁBﬂ@'géﬁfﬁnﬁphmlC@fﬁgmﬁo@)tfmld;-affeictstmmd)rs.elgﬂ‘afﬁd deteétors, fbsnante

rangi ng o] I er t mately 20 nm 56. A
nanow reﬁgs mruggﬁ]e%kl!gr?tegl %‘ngln%%g&m&% %e/tg@r W§£Q? clars Jragnalicsessoss,
regi on that l'@fﬂmbﬂmrdewddsyodﬁﬁa&mocfmamrs éﬁtr&?de&ctﬁa%tkﬁl Rdvédifiddsed 1 n
cl ai m 55, Wh8,5 aI[d tra si.tign occurs over a region that Is
substantial | ¥ @%/gﬁ'é? FiSneP %%swﬁcﬁ%ﬁcﬁﬂ (1@S€{8- recited in clai m55, wherein

said transition occurs over a 15 region that is substantially
nonocrystalline. @é A nanowire as recited in claim55, wherein transition
fromsaid first gmehhapewise ag reeitashin cliaimger?, 3bégh.M0, 42, 46,019, 21, PEVE0 d

sai d secmd 3BHERAD or'WaCWhetdls sﬁm&u‘qu aRleisAbA: &f 4 marSy R A owias.

decreased to approxi mately 99%

85. A nanowire as recited in claim 84, wherein said array comprises an
oriented array.

20 86. A nanowire as recited in claim 84, wherein each of said nanowires in
said array is oriented at an angle substantially normal to a substrate.

87. A nanowire as recited in claim 84, wherein each of said nanowires in
said array is oriented at an angle that is not normai to a substrate.

25
‘88. A nanowire as recited in claim 1, 2,3,4,6, 10, 12,16, 19, 21, 26, 30,
33, 35, 40 or 44 electrically coupled to a second nanowire whersin a junction is
formed.
30 89. A nanowire as recited in 88, wherein said nanowire is in ohmic contact

with said second nanowire.

80. A nanowire as recited in claim 88, wherein said nanowire is inductively
coupled to said second nanowire.




20 the conposition of said first segnent at the center of said first
segnent. 60. A nanowire as recited in claim11, 2, 3, 4, 6, 10, 19, 21, 33

or 35, wherein at |east one of said segnents conprises eni or
material. 25 61. A nanowire as recited in claiml,2, 3, @é@%'ﬁg&%% 19,

21, 26, 33, 35 or 40, wherein at |east one of said segnments conprises a

doped seni conduct og1. B4 AhGire 82 recfied A OMIN: 88 AFhERH 448 nbRowlrétdinka 2. 3.
4, 6, 20, 12, 16, /19, 21, 26, 30 30 33, 35, 40 or 44, wherein at | east

one of said skgAeiGIUBRtRDViL seid seeprd hanewife.char act eristics of a
honogeneousl y doped sem conductor. 63. A nanowre as recited in claiml, 2,

6, 10, 12, 16, 19, 21, 26, 30, 33, 35, 40 or 44, wherein said at | east one -
of said segnents Hi nch aanbvareeaereciéd iredain 88 whédindidGrptiomhas 3005

appr oxi matel vy, nm,h a . di,aneter rangi.ng . fromapproximately 5 nmto
appr oxi matsgl ys"é’gparﬂtﬁgh%ﬁr?ea,&vﬁ ?I%er"ée'%e'gh%i ¥ in claim1, 2,76, 10, 12,
16, 19, 21, 26, 30, 33, 35, 5 40 or 44, wherein the dianeter of said at

| east one of said _segnents having a dianmeter of |ess than approximately 200
nm does not vary I8¢ morfeNNeavre ayiseisd Retleim8& ovheseiarsaichivncionbas af sai d
segment. 65. HbSAMEWIY BorBnd KGbitssh-| b1 6, 10, 12, 16, 19, 21,
26, 30, 33, 35, ao 40 or 14,.%%&%@&2&%}%%%@% of said at |east one of
sai d segments havi®dg aAdianemirerasokcitetis daianBa pyhereinsatdjupctRBOhasa does not

vary by re . i . 9 Jength of said segnent. 66. A
nanow renigs rsgé'gl gg%ﬁgﬁg@@h%g@#8%%%%\%5& 16, 19, 21, 26, 30, 15
33, 35, 40 or 44, wherein said second segnent is |ongitudinally adjacent
said first segmagts. GK. A nanow'héfg. as recited inclaiml, 2, 3, 4, 6, 10,
12, 16, 19, 21, 26> 30° NAIWWIELOIGHION, CHRPIIREr ei n sai d second segment is

coaxi al |'y adj acent mavalltydfasiandires aERatitedis anfoneRANs 19278 4, 8ChOCFL 1B, |

claiml, 2, 6 0,12, 16, 19, 21, 26, 3
said first sganéﬁtz%(;#ppﬁs%@gdﬁst antially nonocrystalline material. 25
15 '
96. A nanowire collection as recited in claim 95, wherein said collection

comprises greater than approximately 100 nanowires.

97. A nanowire collection as recited in claim 95, wherein said collection
20 . comprises greater than approximately 1000 nanowires.

98. A nanowire collection as recited in claim 95, wherein greater than 80%
of the members of said collection comprise substantially the same heterostructure.

25 89. A nanowire collection as recited in claim 95, wherein substantially all of -
the members of said collection exhibit substantially the same heterostructure.

100. A nanowire collection as recited in claim 95, wherein the members of
said collection comprise at least two different species of nanowire.
30
101. A nanowire collection as recited in claim 95, wherein the members of
said collection comprise at least ten different species of hanowire.
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"69. A nanowre as recited inclaiml, 2, 3, 4, 6, 10, 12, 16, 19, 21, 26,
30, 33, 35, 40 or 44, wherein said second segnent conprises a

substantially -nmonocrystalline material. 30 70. A nanow as reci in
claimi1, 2, 3, 4, 6, 10, 12, 16, 19, 21, 26, 30, 33, %ﬁ%wémbe&@&@merein
said first and second segnents forma p-n junction, 71. A nanowire as

recited in claimiR, Aranewressllectivanvethed PRBSIESS, Bher@M3H@BIMNLIBH is
device. -64 %g Secptenbagi ,5005 72, A nanowire as recited in claiml1, 2, 3,

4, 6, 10, 13USANOefdnaflidog” 30 33, 35, 40 or 44, wherein said first and
second segnents forma p-i junction. 73. A nanowire as recited in claim72,
wherein said nanowire conprises a 5 sem conductor device. 74, A nanowire -
as recited in cl &P¥ 1A ngnogire golleg:tionGes regitedlie,cldis, 92, Whez6in 3 col@Bliods 40

or 44, wher g|éheted dy =l ments forma i-n jynection. 10 75. A
nanow re as rgel%i teg t{Yné P §§'§8@E§F0§'ﬁghesgﬁtogpﬁgﬂg\fﬁp%eé%é.fﬂltaﬁggga }J{q“'g' a

sem conduct plastewpeleand@.gas. nanowi re as recited in claimi1, 2, 3, 4, 6, 10,
12, 16, 19, 21, 26, 30, 33, 35, 40 or 44, further conprising an el ectrode

electrically coupled to at | east one 15 of said segnents. 77. A nanowre

as recited i n cla4n 14 ndnowire dollktion 8s rédiedlif clalM 952 Wwhetéin s34 coli?gtior%?’ 40
d teria se

or 44, wherein at |east one of said segnents conprises a nmu ected
fromthe gr¥tiPeafed cEpBbEddedina sativg essentially of group 11, group I11;
20 groum IV, group V, group VI elenents, and tertiaries and quaternaries
thereof. 78. A nanowire as recited inclaiml1, 2, 3, 4, 6, 10, 12, 16, 19,
21, 26, 30, 33,1035, Acanpwiticoliektioras rediteddmstaim®s, okhefdh dne o8 RRIIES | S

enbedded i . X, .25 79, nanowj re as recited in claiml, 2,
S e, Qe BFtajy BBt i lgfiricalh. ESUEY lotorss omore, piBeE Meakers ehbt
portion of s#idtelestioone of said segnents is covered by a sheath. 30 80. A
nanowire as recited in claim?79, wherein said. sheath conprises an

anor phous materi al .
15 106. A nanowire collection as recited in ¢laim 105, wherein one or more

members of said collection is in ohmic contact with one or more other members of
said collection.

107. A nanowire collection as recited in claim 105, wherein one or more

20 members of said collection is inductively coupled with one or more other members of
said collection.

108. Ananowire collection as recited in claim 105, wherein one or more

members of said collection forms a tunneling junction with one or more other
25 members of said collection.

108. A nanowire collection as recited in claim 105, wherein said electric
coupling has a substantially non-linear voltage-current relationship.

3o 110. A nanowire collection as recited in claim 105, wherein said electric
coupling has a substantially linear voltage-current relationship.

111. A nanowire collection as recited in claim 105, wherein said electric
coupling has a substantially step function voltage-current relationship.

-68-




8l. Ananowire as recited in claim?79, wherein said sheath conprises a
substantially crystalline material. -65 30 Septenber 2005 82. A nanowire as
recited in claim8l, wherein said substantially crystal%&ge F@tﬁééég I S
substantial ly nonocrystalline. 83. A nanowire as recit et PRPEMRERFYS 2 3,
4, 6, 10, 12, 16, 19, 21, 26, 30, 5 33, 35, 40 or 44: wherein said :
nanowi re IS a funabl OphaRORABLCH adralRKy GPoRh 88! RllefoiPBiL RBIe bR RSO

devi ces consisting essentially of phonon bandgap devi ces, quantum

devi ces, t het fftatialy mansdispesse qistobutivn obiranaydrs diametassect r omechani cal
actuators, nanoel ectronechani cal sensors), field-effect transistors,

I nfrared detectors, resonant to tunneling diodes, single electron -
transi stors, infrdBedAdmtilectior sf namagiretias recisoin)aiml 35 Mheesintshidepiidetionces,
opti cal dyl_at or optical detector _ i cal] wavegui des, optical

coupl ersthog\afcaa?%ﬁrﬁtaﬁﬁE',‘O”é’ﬁlfp?%éﬁ%tf'ggﬁﬁnQm%r'ﬁr‘%@sr ecited in claim
1, 2, 3, 4, 6, 10, 12, 16, 19, 21, 26, 30, 15 33, 35, 40 or 44, wherein
said nanowire is _an elenment of an array of nanowires. 85. A nanowire as
recited in clai m33 MENEMIeseQEPEFINGy conprises an oriented array. 20

86. A nanowire ag fﬁ-gcggbﬁgenit Bfﬁhﬁit%aﬁéﬂalmera n each of said nanowires in
said array is oriented”at an angle substantially normal to a substrate. 87.

A nanowi re as reé@iseednd segnantnfSiseonhd meaterialjoinedfto saiddirstsegmentsaridn  sai d
array igporiente l e t |.5. hgt. .nQ |, to a substraje, 25 88. A
nanowi rgo as reci ?é@hjl %Q%rﬁgﬁrﬁeff, tﬁga “lsaieﬁ"%'h%?qu‘? aylsastoie ‘1@5,3'@&’,5* %'76‘,? 30, .

33, 35, 40 secentl sdgmenmtscal |y coupled to a second nanowi re wherein a
junction is forped. .30 89. A nanowre as recited in 88 wherein said
nanowire is in oﬂﬁ?@"&ﬁ”@ﬁﬁ&onwaf?ﬁ?&ﬁ?ging%té & anbsiantially yaiform diametarcé as
recited in ilsgitharB8pproRipiRbly 20@in;nanowi re is inductively coupled to said

second nanowire. -66 30 Septenber 2005 =
wherein at least two of said materials comprise compositionally different

15  materials; and

wherein at least two of said segments are adjacent.

115. A nanowire as recited in claim 114, wherein the diameter of said at
least one of said segments having a diameter of less than approximately 200 nm
20  does not vary by more than approximately 10% over the length of said segment

116. A nanowire as recited in claim 114, wherein said nanowire transitions
from at least one of said segments to an adjacent segment over a distance ranging
from approximately one atomic layer to approximately 20 nm.

25
117. A nanowire as recited in claim 116, wherein said transition begins at a
point moving from said at least one of said segments toward said adjacent segment
where the composition of said at least one of said segments has decreased to
approximately 99% of the composition of that segment at its center,
30

118. A nanowire as recited in claim 114, wherein at least two of said
segments are longitudinally adjacent.



91. A nanowire as recited in claima88, wherein said nanowire forns a
tunneling junction wth said second nanowire. 92. A nanowire as recited in
claim 88, wherein said junction has a 5 substantially ljnea

vol tage-current relationship. 93. A nanowire as reci ted3b%e<?Fe§?t?ﬁr§995
wherein said junction has a substantially non-Ilinear voltage-current

rel ati onshi p. 9411A nAmanbwize as reeited ipdlaim £14i m 88, wherein said junction

has a 10 substew%%ral I% . teE function voltage-current relationship. 95 A
nanowi re col | ectl on, 't ?fal’sie ?'?fg.se%mBFUPémgﬁyd@ﬁ“haﬁléﬁ%WMfimése@némtedndn
any of clainms 1,whereth said tird d&ymértis %gitu&iﬁfalélixlz%qdjaégnt V\s%%s c%ng%%gmlle%t.or 44 ,

15 96. A nanowire collection as recited™n ¢ ere
collection conprises greater than approximately 100 nanowires. 97. A

nanow re col | ectign as i tdkiglial : erein said collection 20
conprises greater t han”éﬁ@'@f?ﬁ%@@?%%ﬁ&%ﬁ?ﬁ@n a@Q?StA{Wﬁaﬁf&ﬁiq e .
col | ecti on Segmesds eegicoaxiallyxidjacmt. wherein greater than 80% of the nenbers

of said collection conprise substantially the sanme heterostructure. 25 99.
A-nanowire collection as recited in claim95, wherein substantially all of

the nmenbers of d&@1d @ohdreswiieOss RERERIA cI%Hll?%‘l@.’\kh@tjeirya@@?sntsoz]'gzqfrﬁa&, wher ein

heterostructure. 100. A nanowire collection as recite

the menber NYPralSLONRESEs @gubstartishy ciystallme matesial.t wo di fferent species of
nanow rre. 30 101. A nanowire collection as recited in claim95, wherein the
menbers of said _collection conprise at |east ten different species of
nanowi re. -67 3028epfdiamewireGBrretded in‘claiem oW, vehareinl s20d bastastialgci ted in

cl ai m 95, ot kL i QNS SuUS ded in a fluid. 1037 A nanow re
col l ecti on% rﬁer[c%i ?‘%ﬁaigc%@%ﬁ@@!'ym&%ﬂ%@&% collection is 5 suspended
by a material selected fromthe group consisting essentially of a liquid, a

glass, a gel, a ?aa R3S, 104. A nanowire collection as recited in claim 95,
wherein said co? act P OFNPWIre as recited in claim 114, wherein at least one of said

15 segments comprises a semiconductor material.

124. A nanowire as recited in claim 114, wherein at least one of said
segments comprises a doped semiconductor material.

20 125. A nanowire as recited in claim 11 4, wherein at least one of said

segments exhibits the electrical characteristics of a homogeneously doped
semiconductor.

126. A nanowire as recited in claim 114, wherein said at least one of said
25 segments having a diameter of less than approximately 200 nm has a diameter
ranging from approximately 5 nm to approximately 50 nm,

127. A nanowire as recited in claim 114, wherein at least two of said
segments form a p-n junction.

30

128. A nanowire as recited in claim 114, wherein at least two of said
segments form a p-i junction.
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suspended or enbedded in a matrix. 10 105. A nanowire collection as recited
in claim95, wherein one or nore nenbers of said collectionis
el ectrically coupled to one or nore other nmenbers of sajd.cqllectipn. 15
106. A nanowire collection as recited in claim 105, V\he?dé)ld%ep ?\rgg%rﬁédr@gre
menbers of said collection is in ohmc contact with one or nore other
menbers of said | ey | 10, : L I j 0 i In claim
105, wherein one g%lgm%eh%wﬁpeen%serrés%ﬂg@ﬂg%@?g:g{)'l elg %@nélil%sslt%fgj t?@gl y
coupl ed wi t h ssgenamts fovmea 6b nctioenber s of said coll ection. 108. A nanowi re
collection as recited in claim 105, wherein one or nore nenbers of said
collection forns a tunneling junction with one or nore other 25 nenbers of
said collection. 138, A matoe £ @eltt@F tigih 084 (awdrbiataidsédraénts 188 p-n-p
wherein said electric coupling has a substantially non-1inear
vol t age- cdr r d¥iCOBFat i onshi p. 30 110. A nanowire collection as recited in
claim 105, wherein said electric coupling has a substantially |inear
vol tage-current relationship. 111. A nanowire collection as recited in
cl ai m 105, wher ei 133ai & ranewineias reciderbini ¢igjmhhtt, avhendip tsaitt segnhgnts aapp-n
function vol t R4 T ent rel ati onship. -68 30 Septenber 2005 112. A
nanowi re col I'ection as recited in claim95, wherein said collection has a
substantial |l y nonodi sperse distribution of nanowire dianmeters. 113. A
col l ecti og of nan? j re% as recited in, cl ?i_m 95, wherein said collection 5
has a sub€tantial | &'rm SRNOWER A rgFitad iniaMoH 4o WhessiB wRidaoathiormpran A
nanow re, congrdtigh§g: a first segment of a first material; a second segnent -
of a second nmaterial joined to said first segnent; and 10 a third segnent
of athird material joined to at |east one of said first and second
segments; wher ei N33, | A#Ehofité aSire SR AAREALS WhaReiR s LAt etdrh g For m
di aneter of | e?_s t han approxi mately 200 nm

junctions.

15 )
134. A nanowire as recited in claim 127, 128, 129, 130, 131, 132 or 133,

wherein said nanowire comprises a semiconductor device.

135. A nanowire as recited in claim 114, further comprising an electrode
20  electrically coupled to at least one of said segments.

136. A nanowire as recited in claim 114, wherein at least one of said
segments comprises a material selected from the group of elements consisting
essentially of group I, group 1, group 1V, group V, and group VI elements, and

25 tertiaries and quaternaries thereof.

137. A nanowire as recited in claim 114, wherein at least one of said
segments is embedded in a polymer matrix.

30 138. A nanowire as recited in claim 114, wherein at least a portion of at least
one of said segments is covered by a sheath.

138. A nanowire as recited in claim 138, wherein said sheath comprises an
amorphous material.

-T1-




wherein at |least two of said materials conprise conpositionally different
15 materials; and wherein at |east two of said segnents are adjacent. 115.
A nanowire as recited in claim 114, wherein the di amate:; gf sai d 3 | east
one of said segnents having a dianeter of |ess than apprORPRETDE) nm 20
does not vary by nore than approximately 10% over the length of said
segment 116. A nahfi rAnasowiee bt eetited is lcRim1884whehsmi 6hid shdlath BHAPMedsS
transitions J#(t) %h Ie%?tl.one i)f, fai d segrents to an adj acent segnment over
a distance r3 gsl%' Y corstaliis matetgl el y one atomic layer to approximtely 20
nm 25 117. A nanowire as recited in claim 116, wherein said transition

begins at a point noving fromsaid at |east one of said segnents toward
sai d adj acent segifdnt A Dfegvire aeresied s clairon40f wherieih saidlsebstantaky of sai d

segrrent35ha_sc,-9l§5|r|i§@§,¢§{e@% iﬁ%@gtﬁmﬁgﬁﬁé%cﬁg'ﬁf the conposition of that

segnent at its center. OW re Weited in claim 114, wherein
at least two of said segnents are longitudinally adjacent. 30 Septenber
2005 119. A nanovﬁge Z‘i reci.ted in,cl ai@nll4: Wherein said second segnent
i s | ongitudinal |y “Adj ACSOWS 3 rected InegimAi4: and  wherein said third
segment is | ongi wwhereinlsald BsHowie héti ﬁ&'i[‘?‘cg i {HeS
as recited in clajm 114, wherein gtas?egté?ﬁg:\?\gﬁ(g? sai %%e;\ré%%?rg@tgpgﬂ&%he
coaxially a@f%lifbﬂgtqe“iﬁ. CoRsisHng wissentiady oéphenran bandgapi devides, quamtuei dotat

| east ong o ik b2l [ ial crystalline
mrerial 200 a5 MEMGELANE dBORBE, HStorie SEUBLE e BeletupeEhAhical Sptuators,
subst ant i al PPNoglegtsemprhanicatsensors), fiekd-efidnt transistrs yinfrarsacdetsttold, irdsonahl3.

A nanowire gmmleffd LN [ . erein, at | east one of saijd 15
segnent s coryprr’l[eseghgﬁggh?@é%c#&%‘%oﬁ ‘Ff‘if{{gésrt?'ér '."%fﬁff gﬂeﬁféﬁﬁ%vﬁ‘?@%@ §e8EPRSed i n
claim 114, lgidremitting:devices optical afodeikitors, SEEHRLBERCRISIBAtRAPWEY ,
sem con_duct8£ i#g?égri gl . 29 JIZS“t ﬁ\ nanowire as recited in clai mi14, wherein
at | east onaPls '1’@ rs, oplicai switches, and lasers.
‘ 15 '
143. A nanowire as recited in claim 114, wherein said nanowire is an
element of an array of nanowires.

‘ 144. A method of fabricating a nanowire, comprising:
20 dissolving a first gas reactant in a catalytic liquid followed by growth of a first
segment; and
dissolving a second gas reactant in said catalytic liquid followed by growth of a
second compositionally different segment joined. to said first segment;

wherein at least one of said segments has a substantially uniform diameter of
25  less than approximately 200 nm.

145. A method as recited in claim 144:
wherein a compositionally dissimilar liquid alloy is formed from each said
gas reactant and said catalytic liquid; and
30 wherein each said segment forms upon saturation of said liquid alloy with a
species of said corresponding gas reactant.



segnents exhibits the electrical characteristics of a honbgeneously doped
sem conductor. 126. A nanowire as recited in claim 114, wherein said at

| east one of said 25 segnents having a dianeter of |ess, than approximtely
200 nm has a dianeter ranging from approxi mately 5 nm tH g%‘g?‘@ﬁ?ﬁ&bél y 50
nm 127. A nanowire as recited in claim 114, wherein at |east two of said
segments form a p-146j uAdneted asorecited innclaiamddér e as recited in claim 114,

wh in | ' -1 tion. -70 30
Sept erber 2005 128 R 3 teL SESRRRY 3t PR sbirBe MRt geripated

two of said lasegrablatonfafraniirat ard spoorat bowth $p8cied rarenivélg. as recited in
claim 114, wherein said segnents formp-n-p 5 junctions. 131. A nanowre
as recited in claim 114, wherein said segnents a n-p-n junctions. 10 132.

A nanowiré as recitd®d Amnethal sf tkdm NoeWRieRsis 3l 60 el
junctions. 133, A nanowire as recited in cl alti m 114, Qmm%gfé\rﬂgg%%res?g%r%%ts

formp-i-p jURETiGOAPrise:s qamier gananowire as recited in claim 127, 128,
129, 130, 131, 132 or 133, wherein said nanowi re conprises a sem conduct or
device. 135. A nanowire as recited in claim 114, further conprising an
el ectrode 20 el et4§.i cAmsthedaplrectadinataiimetdt: one of said segnents. 136. A

nanowi re as recit | Al wherein at | east one of said, 6 segnents
conprises a mter?g?ﬂeihegée'gtsgg%%égﬁ?{ ‘F\%&@?to‘i%maﬂseélaem@%@%ﬂPWH@SBF
essenti al®y eblatiomopalgrowtv spegids; bndgroup 1V, group V, and group VI
elenments, and 25 I5ertiar.i es and quaternaries thereof. 137. A nanowire as
recited in clai mY1Fe"#if SERORT seemept epiBPiTessarembinadnnf saldsspeetasdded i n

a pol ymer nasaidXirst and second gas reactants.

149. A method as recited in 144, wherein said catalytic liquid is formed
15 from a preformed metal colloid,

150. A method as recited in 149, wherein said metal colloid is part of a
population of metal colioids with a substantially monodisperse distribution of
diameters.

20

151. A method of fabricating a nanowire, comprising:

dissolving a gas reactant in a catalytic liquid followed by growth of a first
segment; and

coating said first segment with a compositionally different second material

25 and forming a second segment; .
wherein at least one of said segments has a substantially uniferm diameter
of less than approximately 200 nm. ‘

152. A method as recited in claim 151:

30 wherein a liquid alloy is formed from said gas reactant and said catalytic
liquid; and

wherein said first segment forms upon saturation of said liquid alloy with a
species of said gas reactant.




30 138. A nanowire as recited in claim 114, wherein at |east a portion of
at least one of said segnents is covered by a sheath. 139. A nanowire as

recited in claim 138, wherein said sheath conprises an r phqus erial.
-71_ 30 Septenber 2005 140. A nanowire as recited in cl éﬁgéf%ﬁ" %@p‘%l n

said sheath conprises a substantially crystalline material. 141. A
nanowi re as recit 88 i 81edhed a3 oeciteddn di51, whetkis sbid catalyticliquidis doyssal | i ne

material is gyhsd Bmfbﬁﬁédn{é?ﬁ%ﬁléﬂﬁt alline. 142. A nanowire as recited in
sai '

claim114: wherein nanowire 1s a functional conponent of a device

selected fromthe group of devices consisting essentially of phonon
bandgap devi ces, 10 devi.ce t hernpel ectri c devi ces, photonic

fgﬂantum ﬂ'?t 5 ce
devi ces, nanoel ecttomdt REALAS G140 193, wharei paictPaiak calieid dnpal @hgor s) |
fi el d- ef fiect pdputativirsd ometal coidias Rath 8RRy SRR erss WKIGhMSH & odes,

single electron Eransistors, I nfrared detectors, nmagnetic sensors, |ight
emitting devi8@€®r8ntical nodul ators, optical detectors, optical

wavegui des, optical couplers, optical switches, and | asers. 15 143. A
nanowire as recited in claim114, wherein said nanowire is an elenent of
an array of nanoWPPesA mathodaf fairivatingt riaabwireatomgrisinganowi re, conpri si ng:
20 di ssolving a fi reactant in a catalytic liquid followed by growh
of a first segnIfadr{[Tﬁ F‘%gg‘?ﬂi%?me\?%& dgsglé(g'grﬂj}'égg"“? é%%f%fﬂt'" Arcalalyir '&H‘Cgl ytic
liquid 181 | dokeavelaybyggrowttih obé fitst nteté@sld conpositional ly different segment
joined to said f%rst se%rrent' wherein at |east one of said segnents has a
substantial |y unl3B17¢ aicareidsegsmentioined 4o saif fisstspement butdissphinma secord:s.
A net hod as gaseeddantiin seidaddaIH G ' ARAsHL : LSSk i | )
liquid all 03? Is forned from e]miqsdﬁﬁmsggg%ygct an? %ﬁ%@’&%@%ﬁgy}e@m

l'i quid; and 536 fipteratefiebach sai d segnent forms upon saturation of said

lquid alloy wit@ndreirt B8EH 88idVeghfrl r6Mhd GEAP0SIRRIAIRSs {53558 a0y with a
15 species of said corresponding gas reactant; and
coating at least a portion of at least one of said segments with a third
material to form a third segment; .
wherein at least two of said materials are compositionally different; and

wherein at least one of said segments has a substantially uniform diameter
20  ofless than approximately 200 nm.

156. A method of fabricating a nanowire, comprising:
dissolving a first gas reactant in a catalytic liquid followed by growth of a first
segment of material;
25 _ dissolving a second gas reactant in said catalytic liquid followed by growth of a
second segment of material joined to said first segment; and
dissolving a third gas reactant in said catalytic liquid folowed by growth of a
third segment of material joined to said second segment;
wherein, said first, second and third segments are longitudinally adjacent;
30 wherein said second segment is positioned between said first and third
segments;

wherein at least two of said segments comprise compositionally different
malerials; and

wherein at least one of said segments has a substantially uniform diameter of
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. 72. 30 Septenber 2005 146. A nethod as recited in claim 144: wherein said
first and second gas reactants conprise vapors generated by |aser ablation
of a first and second growth species respectively. 5 14 net ho claim
146, wherein said first and second gas reactants furthggl 5885‘?‘51139520@&
carrier gas. 148. A method as recited in claim1l44: wherein said second gas
react ant congss dwn apprayoategg@edatred by | aser 10 ablation of a growh
speci es; and wherein said second segnent conprises a conbination of said
species in said first and second gas reactants. 149. A nethod as recited

in 144, wherein s@nd mam@twdi@sﬂeicng@méggmf gsged 15 froma prefornmed netal
CO||OId 150. A net hod as recited in 149, wherein said netal colloid is

part of a popul ANBENG least ivo ebsaidicgs remetants aseiha sameaand, monodi sperse
distributg on of HeeRlATSast o dPdaid SefRERRMAH ﬁs%%b%%Hé"&afeO{; o by

conprising: dissolving a gas reactant a cata yt 1c
gromh of a first segnent; and coatlng said first segnent with a

conposi tional Iy dihfere % ial ~and form ng a second segnent;
wherein at | east d'(")sge 0 'ﬁégﬁ) é F\'g’sm %gubst antially uniformdi aneter

of | ess than appwmeiremtaalhqu@@ﬂowmmﬂrﬁéd fréneattpgaidgasaehtRft bAd gh@l M 151:
30 wherein a |I?‘UI‘d alloig Is formed fromsaid gas reactant and said
catal ytic 158 &?] rein said first segment fornms upon saturation of

said |igoid all owhrdiR eachSARFhESovilfe §8dHelER S pbAYatyral fgoer
2005 153. A nethod as recited in 151, erein said cata r?t'?%af)ls%g%&:ag
f or med alloy with a species of said correspondlng gas reactant.

159. A method as recited in claim 156:
wherein at least one of said gas reactants comprises a vapor generated by
15 laser ablation of a growth species; and
wherein at least one of said nanowire segments comprises a combination of
species in said laser generated vapor and at least one other gas reactant.

160. A method of fabricating a nanowire heterostructure, comprising:
20 dissolving a first gas reactant in a catalytic liquid followed by growth of a first
segment of a first material; and
dissolving a second gas reactant in said catalytic liquid followed by growth of a
second segment of compositionally different second material longitudinally adjacent
to said first material,
25 wherein said second gas reactant comprises a vapor generated by laser
ablation of a growth species; :
‘wherein a compositionally dissimitar liquid alloy is formed from each said
gas reactant and said catalytic liquid; and '
wherein each said segment forms upon saturation of said liquid alloy with a
30  species of said corresponding gas reactant;
wherein said second materia! comprises a combination of said species in
said first and second gas reactants;
and wherein at lest one of said segments has a substantially uniform
diameter of less than approximately 200 nm.
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froma preformed netal colloid. 154. A nethod as recited in 153, wherein
said netal colloid is part of a 5 population of nmetal colloids with a

substantially nonodi sperse distribution of dianeters. of
fabricating a nanowire, conprising: formng a first- seg#@%ep rﬁ’%.—;}gg?vi ng a
first .gas reactant in a catalytic liquid 10 foll owed by growh of a first

material ; forni ng181sesanethe8 GTeabricatihg BthanBwial Sorhprhigihg:segment by
di ssolving a secoad as reactant in said catalytic l'iquid followed by
growth of a seconH'SSEVE &first gas epctant is ajcatalyticdiquithiodewad by \gnewibi of acfish

sai d segnment sé@hBht SPPNrst At on of said liquid alloy with a 15 species
of said correspondi ng gas reactant; and coating at |east a portion of at

| east one of sai dS intslaser ablatinda gdowtmetpecies in the. fraisenee bhidid fiegaENt ;
wherein I ' terials are conpositionally different; and
wher ei n gf{ I g%gga%ﬁe%%yzwnggﬁﬁﬁ?\?ggﬂﬁéeaé?@ﬂgst antially uniform di aneter
20 of less than afipsalxingmai] $ec088 gagiredstant if SR1 EglyHE ]i&@?rféifb%}eidrtgc €ro th

nanowi re, copprising: dissolving a first gas reactant in a catalyti Iquid
fol | owed by Frong$PTBr sepgrpentyf a {ongily diffeesntsecond méteriad lorigitydiaathe cond
gas react antadjacétité sapf mbdheral;qui d fol l onwed by growth of a second
segnent of material joined to sard first segnent; and dissolving a third

gas reactant in S¥pefednsaifpecend maletalfopmmised sgorgbioation of speciédin shid

segnent @f Rteirdkebsd g second segnent; wherein, said first,
second and third segrr@gqggsat%ﬁ?%ﬁ itudinally adjacent; 30 wherein said

second segnent -i Wheoeirtatdeast det ofesmid segmehisrisds 880bstAhtialy SRGMiSmeter
wherei n at Icﬁ?%ﬁn&1\éﬂ_%p§%h%é%§%§ﬁnt Ss. conprise conpositionally different

materials; an erej d"f said segnents has a substantially
uni form di aneter of -74 30 Septenber 2005 | ess than approximately 200 nm

162. A method as recited in claim 161:

15 wherein a compositionally dissimilar liquid alloy is formed from each said
gas reactant and said catalytic liquid; and

wherein each said segment forms upon saturation of said liquid alloy with a
species of said corresponéling gas reactant.

- 20 163. A method of fabricating a doped semiconductor superlattice nanowire,
comprising: '
introducing a gas reactant into a reaction chamber of a furnace containing a
substrate coated with a reactant metal:
-heating said reaction chamber to a temperature at which said metal on said
.25 substrate liquefies into at least one droplet;
‘dissolving said gas reactant into said liquid droplet until saturation where
nucleation and growth of a first segment; and _
dissolving a dopant and said gas reactant into said liquid dropiet until
saturation wherein nucleation and growth of a doped second segment occurs on said
30 first segment;

wherein at least one of said segments has a substantially uniform diameter of
tess than approximately 200 nm.
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157. A nethod as recited in claim156: wherein at |east two of said gas
reactants are the sanme; and 5 wherein at |east two of said segnents
conprise the same material. 158. A nmethod as recited in_¢clai 56; ﬁ\%’uerei n
aliquid alloy is formed fromeach said gas reactant an88§§P@m]tE5{23 tic
l'iquid; and 10 wherein each said nanowire segnment forms upon saturation of
said liquid allo}64itA raetbpdasescitedd isaiaimcihd; ebpmhdsaig sybstraeaohgpises 4p9.

A net hod j ' ' 56: wh ' | east. f._sai :
Feact ant's. coseToeletid BomBRaratiLd dpmells coaSaindaresnial srordisbars
speci es; andgrdgy ¥ glemientscast one of said nanowi re segnents conprises a

conbi nation of species in said |aser generated vapor and at | east one
ot her gas reactant. 160. A nethod of fabricating a nanow re

heterostrgcture, ¢O8DrASdifod 20 r&kieh Kaifl @3! WhefkiPasia hRASH AMorlsd s Bold.

catalytic liquid foll owed by growth of a first segnen
mat eri al; and di ssolving a second gas reactant in said catalytic liquid

material 1 ongi tud ol 14 MEFEERR (SR el 153 PRele.od polt somgrBesieniddela

second gas rgaldt ant conprises a vapor generated by |aser ablation of a
grow h species; wherein a conpositionally dissimlar liquid alloy is forned
fromeach said gas reactant and said catalytic |liquid; and wherein each

sai d segment for MBAUPNRMAY a4 ledtite@fin Saingl168quid alloy with a 30 species
of said correspondi ng gas reactant; wherein said second nmaterial conprises

a combi nation of WRETBINSAIE pubstiale campgses siieonaABdsecond gas reactants; and

wherein at | est GiferBin ik fhetq TERP substantially uniform dianeter
of |l ess than approxi mately é%% nm r-ésgaélt??Septenber 2005 161. A et hod of

fabricating a nanowire, conprising: dissolving a first gas reactant in a
catalytic liquid fea | oWedyld & QB aifind 165 Wherein said furnace comprises a

15 quartz furnace reaction tube.

- 169. A method as recited in claim 163, wherein said gas reactant comprises
a mixture of mixture of H, and SiCls .

20 170. A method of fabricating an Si/SiGe superlattice nanowire
heterostructure, comprising:
depositing Au on a substrate;
placing said substrate inside a quartz furnace reaction tube:
introducing a gas reactant mixture of H, and SiCly into said reaction tube; -
25 heating said reaction tube to a temperature at which said Au liquefies into at
least one nanosized droplet of an Au-Si'alloy; and
dissolving said gas reactant into said liquid droplet until saturation where
nucleation and growth of a Si segment occurs;
during said Si growth process, generating a Ge vapor through ablation of a Ge
30 target with a laser;
depositing both Ge and Si species into said Au-Si alloy droplets unti!
saturation wherein nucleation and growth of a SiGe segment occurs on said Si
segment;

wherein at least one of said segments has a substantially uniform diameter of
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segnent of a first material; sequentially |laser ablating a growh species
in the. presence of said first gas 5 reactant thereby formng a second gas
reactant; dissolving said second gas reactant in said c lytic |Lguid
followed by growth of a second segment of a conpositi oﬂdag?étem%lefg%nt
second material longitudinally adjacent to said first material; wherein
sai d second resscthanlapposmimateds2@0 aenbi nati on of species in said 10 first
and second gas reactants; - wherein at |east one of said segnents has a
substantially uniformdianeter of |ess than approximtely 200 nm 162. A
method as reci { ed17n. chah8inblts Stedamh fr ARSI dnBladg i ssim | ar
liquid alloy is formed fromeach said gas reactant and said catal ytic
liquid; and wher ePHISEW$pId lasar eegneEmff f or ns upon saturation of said |iquid

alloy with a spegherifh ad; j ctant. 20 163. A nethod
of fabricating a doped se?ﬁ:'%ﬁ&ﬁ@%gémgg%e’?ﬁg%ﬁ“cé%%fﬁfgml?@?k fstsg‘fﬂ?ri si ng:
introducing a gas reactant into a reaction chanber of a furnace containing
a substrate coat W} h reactant metal; -heating said reaction chanber
to a tenperature g ‘V\hll\é’h&%?ﬁsﬁ%‘f‘{fp 'Bﬁ’? i1d0. vhewgip spidsubsiata eampriseseno

at |east oneelénapitglectali BoraltNé BUPAGILIEASHE RBALRRA 'egét?wt%ﬁ*.gf éa‘ogxg'-lﬁ‘ and
droplet until saturation where nucleation and grovx%h of a Tirst Segnient;
and di ssol vi #§48 '&‘?E%’H?“@nd said gas reactant into said |iquid dropl et.
until seduration wherein nucleation and growh of a doped second segnent
occurs on said 30 first segnment; wherein at |east one of said segnents has
a substantial |y ubi¥ orwingithatbasrecited in elaim t idywhemiroxaitaiord yor3PRseddolioidl 30
Sept enber 20Qpq164. A nmethod as recited in claim 163, wherein said
substrate conprises an elenent selected fromthe group of elenents

consisting essentially of group Il and group IV el enents.

174. A method as recited in claim 170, wherein said substrate comprises
15 silicon.

175. A method as recited in claim 144, 151, 155, 156, 160, 161, 163 or 170
wherein the diameter of said at least one of said segments having a diameter of less

T

than approximately 200 nm does not vary by more than approximately 10% over the
20  length of said segment

176. A method as recited in claim 144, 151, 155, 156, 160, 161, 163 or 170,
wherein said nanowire transitions from said first segment to said second segment

over.a distance ranging from approximately one atomic layer to approximately 20
25  nm.

177. A method as recited in claim 176, wherein transition from said first
segment to said second segment begins at a point toward said second segment
where the composition of said first segment has decreased to approximately 99% of

- 30 the composition of said first segment at the center of said first segment.

178. A method as recited in claim 144, 151, 155, 156, 160, 161, 163 or 170,
wherein at least one of said segments comprises a substantially crystalline material.
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5 165. A nmethod as recited in claim 163, wherein said netal conprises gold.
166. A nethod as recited in claim165, wherein said gold conprises
colloidal gold. 10 167. A nethod as recited in claim 163; . wher.ei %Sgl d
substrate conprises silicon; and wherein said netal co%ﬁ@&%‘“%l ©Y168. A
met hod as recited in claim 163, wherein said furnace conprises a 15 quartz
furnace reaction tldBe. Alrasthod aswetited! inlaimci 8e dhierein lsaidnsub& Bintisecgbtalinai d

gas react ant rﬁ&@ﬂ%ﬂiggﬁgﬁggﬁﬁg”@}n@e of Ez;’ﬂixture of H2 and Sid4 . 20 170. A

met hod of fabricati Uttice nanowire heterostructure,
conprising: depositing Au on a substrate; placing said substrate inside a
quartz furnace re I ntroduci ng a gas_reactant m xture of H2 and

I on tube; odu
SiCl4 into said rgéﬁt i Brinethpe as seciipgdp icf?gi“sH%dea*tﬁﬁ-dﬁﬁt 1 163, 463 or 170,
t enper at use afhetdih @ iesat Gndr 44i ngfits' ddnth | &35 liged dropl et
of an Au-Si alloy; and di gfgl v%lﬂg‘gé@i%gtsgas rrgggta aﬁﬁim'?@?cs@iarﬁgﬁ"éﬁi d
droplet until saturation where nucleation and gromh of a Si segnent

obi atton of alce '8 (AT P HAIERI HINTLELTE B R RO R s
into said Aufiithesicbmpridingrioping atié¢ast oneaff saidtsegmentter ei n nucl eati on and

gromh of a Si Ge segnent occurs on said Si  segnent; wherein at | east one
of said segnments has a substantially uniformdianmeter of -77 30 Septenber

2005 | th i il i ' ' i 7anl 70,
essot han appemxi Aniethod 29 Rednay uﬂzlélmhmd;;?GI5§§1§Aﬁoldo?%#. Sal%‘/cggol

further conprisi pul sing said | aser on and f; erein a

sing: | . : :
superl attice% qu"'gﬁ‘ﬂ'ﬂ(?t 16Psh0RE B Ralg peaments having aAiameten of iess than
approximately 200 nm has a diameterranging from approximately 5 nm to
approximately 50 nm,

15 183. A method as recited in claim 144, 151, 155, 156, 160, 161, 163 or 170,
wherein said second segment is longitudinally adjacent said first segment.

184. A method as recited in claim 144, 151, 155, 158, 160, 161, 163 or 170,
wherein said second segment is coaxially adjacent said first segment.
20

185. A method as recited in claim 144, 151, 155, 156, 160, 161, 163 or 170,
further comprising doping said first and second segments to form a p-n junction.

186. A method as recited in claim 185, wherein said nanowire comprises a
25  semiconductor device.

187. A method as recited in claim 144, 151, 155, 156, 160, 161, 163 or 170,
further comprising doping a said one of said segments to form a p-i junction.

30 188. A method as recited in claim 187, wherein said nanowire comprises a
semiconductor device.

189. A method as recited in claim 144, 151, 155, 156, 160, 161, 163 or 170,
further comprising doping a said one of said segments to form a i-n junction.
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172. A nethod as recited in claim170, wherein said substrate conprises an
el ement selected fromthe group of elenents consisting essentially of group

Il'i and group IV elenents. gold-173. A nethod as reciteg.i.n _cl ai ,
wherein said gold conprises colloidal silicon.174. A et g%&‘*ﬁ@"%@??@@% in
claim170, wherein said substrate conprises 175. A nethod as recited in
claim 144, 151, 18R ¥ohettdiDas fiited ifSaimn 18F0whuefeat Sai fahewilt 8RRk
said at |east one of said segnments having a dianeter of |less than

appr oxi natel%fn}'ﬁﬁnﬁt‘ﬁt?fo%%v'%t vary by nore than approxi mately 10% over the
20 length of said segnent 176. A nmethod as recited in claim 144, 151, 155,
156, 160, 161, 163 or 170, wherein said nanowire transitions fromsaid
first segment to i dADEdNY acipeied in goigr 144.d15h, 4661560 g61 188 or 170,
appr oxi nat elpirteeec ); ' riom 177.. A nmethod as
recited in chMgi m l%m\;\ﬁge%%%éﬁ{cta ﬁ)&%@fbﬂ‘ﬁgﬁh]@%%@aeﬁg Eﬁ??%%t Ongé’éﬁﬁ'ﬂtsetgﬂ"e@zsf'd
second segnent begins at a point toward said second segnent where the

iti f ind finrst t.h t imately 99% of 30
Thel composit on dP2saPuPpIPEHREEAR G FEDSG1, 28 0ME Sel 157, 6 3er it
178. A net hetheseinrat dédse dnk f ehidi gEghibhts drhpridexPa nidtbrial Sefbct fl-om]tﬁé gﬂg.lplm’

wherei n at If)ga&tylone of said segments conprises a substantially cry line
material . - PREEFU Cangsinperpenlialty of grown Hogrone it eaoupdVi groub M, mndl ZBoup

wher ei n 18ai &) sIEREME! Al leVtidrle St dul r@bs 1S substantially
nonocrystalline. 180. A rret‘ﬁc% as édgfggpg |ﬁ{e(':-€lgfim 144, 151, 155, 156, 160,

161, 163 or 170, 5 wherein at |east one of said segnents conprises a

ro8 C300 101, 088, A odion o0 BEICHOH ol 3, 185 145, oo Thdotkn. RE o570
segnents. 10uihep comprisingasineddirrat ledsti onecdfaiaid dddmenin alRlymdbiAatik60.

161, 163 or 170, wherein said at |east one of sald segnents having a
di aneter of |ess than approximtely 200 nm has a dianmeter: ranging from

appr oxi mat el y . 51940 tA method 8% redtedliy clafin 1l 151 183 1 a hpgd in
cl ai m 144, ﬁg‘#&rl%’ 156, 160, 161, 163 or 1'70, Méréiﬁhrr%séa}i 1'52?:%(%5%@'

segnment is EOMPHSING Herasitine Arsheathiover asortiany abat least one of said
segments.

195. A method as recited in claim 194, wherein said 'sheath comprises an
20 amorphous material.

196. A method as recited in claim 194, wherein said sheath comprises a
substantially crystalline material.

25 197. A method as recited in claim 196, wherein said substantially crystalline
material is substantially monocrystalline.

198. A method as recited in claim 144, 151, 155, 156, 160, 161, 163 or 170:
wherein sald nanowire is a functional component of a device selected from the |
- 30 group of devices consisting essentially of phonon bandgap devices, quantum dot
devices, thermoelectric devices, photonic devices, nanoelectromechanical actuators,
nanoelectromechanical sensors), field-effect transistors, infrared detectors, resonant
tunneling diodes, single electron transistors, infrared detectors, magnetic sensors,
light emitting devices, optical modulators, optical detectors, optical waveguides,
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184. A nethod as recited In claim 144, 151, 155, 156, 160, 161, 163 or 170,
wherein said second segnent is coaxially adjacent said first segnent. 20
185. A nethod as recited in claim 144, 151, 155, 156, 1 161 r 170,
further conprising doping said first and second segrrentggt%pﬁembr?\%g&%é-)n
junction. 186. A nmethod as recited in claim 185, wherein said nanowre

conpri ses a opticalRibuprie Wplithl HANHES: antldser® Method as recited in claim
144 181, 158 e D Al e o tasers M her comprisi ng doping a sai d

one of said segnents to forma p-i junction. 30 188. A nmethod as recited in

cl ai m 187, wherei ai il i 1 t devi 1 A
met hod as reci tedqlg%' cﬁaﬁ%ﬂgwfsgﬁé%mé%?%l@é ?%g}&%i‘g%g f%% 51, ig%),or ?‘?0
further conpmhereig sdgpinatgpwiredsiach eleraeof ofem atraBegfmeimownires. forma i-n

juncti on.g-79 30 Sept enber 2005 190. A nmethod as recited in claim189,
wherein said nanowire conprises a sem conductor device. 191. A nethod as
recited in claim2dg, Ad¥dserlédmphsiflg: 160, 161, 163 or 170, 5 further
conprising electrically coupling an electrode to at |east one of said
segments. 192. A fEgAsyirgdaviag 4 sdbstantialiyiuniform diarseter ob®ss168n 160, 161,

163 or 170, a%@xﬁﬁé‘:eﬁizd(ﬁ?ﬁt pge of said segnents conprises a materi al
selected fromthe grodp o éFements consisting essentially of group II,

group |11, group &yumpirgugovgeand group 10 VI elenents, and tertiaries and
quaternayd es thereof. 193. A nethod as recited in claim 144, 151, 155, 156,
160, 161, 163 or 170, further conprising enbedding at | east one of said
segments in a pol30fer Arser as rdéiteldA claimn20d) atheasinrsefd h&sbwire 6oRbARdAS

151, 155, 15 60,.161 63. or 170, further conprising depositing a
sheath over @Ub%& Pfo*ﬁe%ff‘eéf’ OFQQEEPOSWB”BFY difpient MRERMBs. 195. A nethod as
recited in claim 194, wherein said sheath conprises an 20 anorphous

material. 196. A nethod as recited in claim 194, wherein said sheath
conprises a subsi®nt ifalasgr 8% (agited in glaimea08; whereip saitgumpingsohoe iss

recited is" GdofigLARBror eRERY B PobulatrDRaRIchah 'shichardvilld | ne

203. A laser as recited in claim 200, additionally comprising a support
material; wherein said support material is selected from the group consisting
essentially of a solid support material, a liquid support material, a polymer support

20 material, a glassy support material, and a substrate material.

204. A laser as recited in claim 200, further comprising a laser cavity.

205. A laser as recited in claim 204, wherein said cavity is contained within
25 said nanowire.
206. Alaser as recited in claim 204, wherein-said nanowire has ends that
function as reflectors in said cavity.

207. Alaser as recited in claim 200, wherein said pumping source is
30  selected from the group consisting essentially of an optical source, an electrical
source, a thermal source, an energy transfer source, a plasma source, a laser, and
a flash-lamp.
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material is substantially nonocrystalline. 198. A nmethod as recited in
claim 144, 151, 155, 156, 160, 161, 163 or 170: wherein said nanowire is a

functi onal conponent of a device selected fromthe 30 g S
consi sting essentially of phonon bandgap devices, quant é@%EB@mb&ééP‘iis,

t her noel ectric dgiﬂbc i g%rot oni ¢ devi ces, nanoel ectronechani cal actuators,
hanoel ect r omechafiPBal AdBR&ASECited i) gain 288 transistors, infrared

det ectors, resonahereih $RREHANSYiFd eﬁjrﬂﬁnsq% Q%{)gxrgi %IEFO%?%Jg\}.ﬁgZ’I?SHtO%EJ’% hayjng

i nfrared det ectors, nmagnetic sensors emt

modul at ors, 3(9@[’?@@%’ sheetttamds, optical wavegui des, -80 30 Sept ember 2005
opti cal coupl ers tches and | ase A nethod as recited in-
cl ai m 144, 151, wﬂ%ﬁ}.ﬁ%é]d q%pm?éfw%@ e %3%“" W?%frhWQWcF%%\ﬂPW§ is

an el eneht bétweenasaidyons angisait gtesaith,5 200. A | aser, conprising: a nanow re
havi ng a substantially uniformdianmeter of |ess t han approxi mately 200 nm -
and a punping source. 10 201. A laser as recited in claim200, wherein said

nanow re conpri sam.a A Mderakirk | Ly di.fferent
materials. 202. A | aser as réc?‘%‘ﬁimw al m%&g gB%)?ggh%ﬁéb%c
source i s NIQYHF repiesents arp- exenetiong a popul ation | nversion in said

nanowi re. 203. A laser as recited in claim 200, additionally conprising a
support material; wherein said support material is selected fromthe group

consi stiong essafi ald lasef ag resiaddn mmcnae Wheesinaln eléciricg%&tﬁbm??ﬁéde

mat eri al , A su teri a gl assy sup ort materi a
substrate ﬁg%%ﬁ’é?rre aﬂfpgnﬁq i’ cggtapg@l Pae tsaidshea further
conprising a |aser cavity. 205. A laser as recited in cI ai m 204, wherein

said cavity |sv\%33t ai ned within 25 said nanowire. 206. A |laser as recited
in claim?204 ei f-185eUas AR claim 208ds that function as reflectors

In said cavity. wHifeindidBghovite tBMpHEEs b Tordifiaiat ReterdBRIGLIL SanSwiRsimPi ng

source is
15  and

wherein said pumping source is an electrical source in which current flows
between one segments of said longitudinal heterostructure nanowire.

212. A laser as recited in claim 211, wherein said longitudinal
20 heterostrucutre nanowire represents a p-n junction.

213.  Alaser, comprising:

a plurality of longitudinally adjacent segments of compositionally different
materials forming a nanowire;

25 at least one pf said segments having a substantially uniform diameter of less
than approximately 200 nm; and
a pumping source,

214. A nanolaser as recited in claim 213, wherein said pumping source is
30 configured for exciting a population inversion in nanowire.

215. A laser, comprising:

a nanowire with substantially faceted ends with a fiat face oriented
substantially normai to the longitudinal growth axis of said nanowire, having a
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30 selected fromthe group consisting essentially of an optical source, an
electrical source, a thermal source, an energy transfer source, a plasna

source, a laser, and a flash-lanp. -81 30 Septenber 2005_.208. . A r as

recited in claim200: wherein said nanowire conprises (%ﬁg%P@PerbﬁﬁF

het erostructure nanowire having a core and sheath; and wherein said

PuNping Sour e@odtan iy Unfioih iche BPUF 8 tarf RSB MER"00 nifVgng S Det ween

said core and said sheath. 209. A laser as recit claim , Wherein

sai d coaxi al het e B8PSt IFUECE.Nnanowi re represents a p-n junction. 10 210. A
| aser as recited in claim208, wherein an electrical contact is nade to
said core and an electrical contact is nmade to said sheath. 211. A |laser as -
recited in clai m2@3: Alasegiconpaisthgnanowi re conprises a | ongitudi nal

het er ostruct ure nan[ovvi re. 15 ?ncﬂ vYPer in said punping source is an

electrical sourcé PRI ¢Hopgitiding!ly adiagent seemests @ieorarrpiionally shfferanty

| ongi t udi nal ma@tf@[mtmu@téjhgnmpgw' re. 212. Alaser as recited in claim
211, wherein said |ongitudinal 20 heterostrucutre nanowire represents a
p-n junction. 213tIeRst gseof sgigrrgmansy havinglaugubistantiady undemgn dismhetar biless

adj acent Segﬁﬁﬁ%ﬁp@xirﬁ&%’gpﬁéd h&pghby different materials formng a
one o

nanowi re; 25 at [east sal d segnents having a substantially uniform
di anet er of | ess a putaping spuwe fonertiting 8 popoiatiandnerpionpin sgidsganondre. 214. A
nanol ase, as recited in claim213, wherein said punping source is 30
configured for exciting a population inversion in nanowre. 215. A |aser,
conprising: a nadwir A lssérhcompssiagtially faceted ends with a flat face

oriented substanti al Izy ormal to the. l onﬂi_ft udi nal Provvt h axis of said
nanowi re, havi ng2d'engyire iform diamefer of less than

aving a substantially
approximately 200 nm; and
a pumping source;
15 wherein emission from said laser is directed away from said nanowire in a
direction parallel to the longitudinal axis of said nanowire.

218. Alaser as recited in claim 217, wherein said nanowire is an element
in an array of nanowires,
20
219. A laser as recited in claim 218:
wherein said nanowires in said array are aligned in substantially the same
direction; and

wherein laser emission from said array is directed in a direction substantiaily
25 paralle! to said wires in said array.

220. A laser, comprising:
a nanowire having a substantially uniform diameter of less than
approximately 200 nm;
30 a plurality of quantum dots disposed in said nanowire; and
a pumping source. .

221. A laser as recited in claim 220, wherein said nanowire comprises a
plurality of segments of compositionally different materials.
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30 Septenber 2005 substantially uniformdianeter of |ess than approxi mtely
200 nm and a punping source. 216. A laser, conprising: 5 a plurality of
I ongi tudi nal |y adj acent segments of conpositionally di fiesgemben2®ls al s
formng a nanowire; at |east one of said segnents having a substantially

uni form di anmeter of |ess than approxi mat eéﬁ/ 200 nm ,gmd a. ur’r&iI ng.source
for exciting a p@2al awileser as ceaiiesninigpigndel. NIRERIN 212 PYTPNE SQUTEE & |

conprising: a nanow badidVindif eahdimraBiser of |l ess than
appr oxi mat eI%P“@@Bre\r@nﬁrogggg'\(’éa%u@%qiﬂgﬁés@ﬁ&%%lé%g whe(relei n em ssion fromsaid
| aser is directed away fromsaid nanowire in a direction parallel to the
| ongi tudi nal axis of said nanowire. 218. A laser as recited in claim217,

wher ei n sai d nand®er e/t $S8h MMINY in an array of nanowires. 20 219. A

| aser asgrecitedj ;ﬂuﬁil@ Bt #h@itudinany hbjagshtsdymnentsiod somposiiodally diferente
aligned in substantially the“sane direction; and wherein |aser enission
from sai d armateriats forming @dapawiedi recti on substantial ly 25 parallel to

said wires in saiagl 1643 Bhe rét%%r]d g?érf\éﬁ(s’h 5 is8bB@ntidiPane Siahriéms 1ess

- substantially uni ess than approxinmately 200 nm 30 a
plurality ofthanapptoxiratedy @06pmseed i n said nanowire; and a punping source.

~221. Alaser as recited ip claim 220, .wherei. ' ] conprises a
plurality of segr?eﬁ’ﬂ-’@?'é\f Ogﬂ'ﬁfﬁgm é‘aﬁaﬂ'mps&?f'ggggdnﬁaﬁn@g%E!e'ﬂ%s. -83 30
Sept embeyy 2005 4 pumping source.

',224. A laser as recited in claim 223, wherein said pumping source is

configured for exciting a population inversion in said quantum dots.

15 225. A laser, comprising:
a plurality of longitudinally adjacent segments of compositionally different

materials forming a nanowire;
at least one of said segments having a substantially uniform diameter of less

than approximately 200 nm;
20 a plurality of quantum dots disposed in said nanowire; and
a pumping source for exciting a population inversion in said quantum dots.

226. A laser as recited in claim 200, 213, 215, 216, 217, 220, 223 or 225,
wherein said nanowire comprises a substantially crystalline material.

25
227. A laser as recited in claim 200, 213, 215, 216, 217, 220, 223 or 225,

wherein said substantially crystalline material is substantially mongocrystalline.

298. A laser as recited in claim 200, 213, 215, 218, 217, 220, 223 or 225,
30 wherein said nanowire has a diameter ranging from approximately 5 nm {0

approximately 50 nm.

229, A laser as recited in claim 200, 213, 215, 216, 217, 220, 223 or 225,
wherein the diameter of said nanowire does not vary by more than approximately



222. A laser as recited in claim 220, wherein said punping source is
configured for exciting a population inversion in said quantum dots. 223 A

| aser, conprising: 5 a plurality of longitudinally adja
It - 56 3eoR 587 2008 o

conpositionally different naterials formng a nanowre
sai d segnments having a substantially uniformdiameter of less than

appr oxi mat el XO‘?SOQVe'?%e Per@lﬂ‘éiaédl& y,alqé‘%géiant um dots disposed in said

nanow re; and a punping source A laser as recited in claim223,
wherein said punplng source is configured for exciting a population

| ongi tudi nal 1y ad?arert MRS PSRt MeptRd imarl s e PaPezel daveten &

form ng a nawbeieiesaidtndneasre o@ﬂﬂ)r@és aahsterignsedied o e qogybstiamehal | Y
unlform(cji%arreter of |ess é(hcg proxi mately 200 nm 20 a plurality of
quant um dbt sCHILFBg&Fsential U\wg"@“p dh@resm nsrenp YoenesrougrViexciting a

popul at i on l@Mﬂféﬂt@%nuneﬁ@hesgHaghmwéﬂe% thé@r A laser as recited in claim
200, 213, 215, 216, 217, 220, wherein sai d nanowire conpri ses

a substantially crystalline material. 25 227. A laser as recited in claim

crystal 1] ne matort a1 9SEher SR oo 200 095 Y 26 250 PTRRNR 2
recited in cwbeneire©dd n2e8wir@ isemBadded?iha p@2der d2&ihor 225, 30 wherein said

nanow re,has a dianmeter ranging fromapproximtely 5 nmto approximtely
50 nm 229. A laser as recited in claim?200, 213, 215, 216, 217, 220, 223

or 225, wherein 232 o REBE &S réditedan diamE0, 2@3@1@23&21’}8@20%23‘8( £og,han
appr oxi matel\z 84 30Q,Sept ember 2005 10% over the Iength of sald nanowre. -~

230. A | aser"iReinsad Banovire [saelemnt ohan apay of pampwiss7, 220, 223 or 225,
wherein said nanowire conprises a material selected fromthe group of

el ement s
233. Alaser as recited in claim 238, 251, 253 254, 255, 258, 261 or 263,

15 wherein said pumping source comprises an optical pumping source.

234. Alaser as recited in claim 233, wherein said optical pumping source
comprises an pumping laser.

20 235. Alaser as recited in claim 200, 213, 215, 216, 217, 220, 223 or 225,
wherein said pumping source comprises an electrical pumping source.

236. A laser as recited in claim 235, wherein said electricat pumping
source comprises an anode and a cathode.
25
237. A laser as recited in claim 236, wherein said anode ié"electrically
connected to said nanowire.

238. Alaser as recited in claim 237, wherein said electrical connection
30 comprises an ohmic contact.

239. Alaser as recited in claim 237, wherein said electrical connection
comprises a direct contact.



5 consisting essentially of group Il, group Ill, group IV, group V, and
group VI elenents, and tertiaries and quaternaries thereof. 231. A | aser
as recited in claim 200, 213, 215, 216, 217, 220, 223 05 %2511 Wh?é@bln sai d
nanowire is enbedded in a pol ymer matrix. 10 232. A | asaf S5Rtembef in

cl ai m 200, 213, 215, 216, 217, 220, 223 or 225, wherein said nanowire is

an el ement of ar24rr dylaebr B8neuMedaR claldR3IAWHESEIh safd ESHHBYs bRcEicIIM 238,
251, 253 254 258, ., 261 or 263, 15 wherein said punping source

255,
conpri ses a‘FPWFFeé’atP AR PAAGVEBUr ce. 234. A laser as recited in claim 233,
wherein said optical punping source conprises an punping laser. 20 235. A
| aser as recited in claim200, 213, 215, 216, 217, 220, 223 or 225,
wherein sai d puidilng Aslegeces canitediis eimarR4é), edveréioaaicelepiritgl sorextion 236. A

| aser ag r%rﬁaﬁ%gis%n% émc‘gﬂ%ﬁ%%v\her ein said electrical punping source

conprises an e an e. 25 237. A laser as recited in claim 236,
wherein said anode is-electrically connected to said nanowire. 238. A

| aser as reci te%ﬁ%n é\l aim237, .wherein said electrical connection 30
conprises an oh#it€: cOIEE¥:as mesfied in claupR49sWheegin &aid gleelrisahsaraectiomer ei n
sai d el ect rdoggirise@ N @iFddt @Bntae@nPri ses a direct contact. -85 30 Septenber
2005 240. A laser as recited in claim236, wherein said cathode is
electrically connected to said nanowire. 241. A laser as recited in claim

240, rein sangael i i Lises an ohm ¢ cqntact, 242.
A Tasorac 1o, Pa3°) RIafdri isbRERAFLRAN 298, AORIM 36 b M i afoce
conpri ses arelelestricallp soasected @o 24id. nahowikeer as recited in clai m236,

wherein said anode and said cathode are electrically connected to said
nanowi re. 44. A laser as recited in claim?243, wherein said electrical

connecti on +~244, A laser as recited in claim 243, wherein said electrical connection
comprises an ohmic contact.
15

245. Alaser as recited in claim 243, wherein said electrical connection
comprises a direct contact.

246. Alaser as recited in claim 200, 213, 215, 216, 217, 220, 223 or 225:
20 wherein said nanowire has first and second ends; and
wherein said first and second ends have reflective surfaces.

247. Alaser as recited in claim 246, wherein said nanowire comprises a
cavily.
25
248. A laser, comprising:
& multi-faceted, single-crystalline, ZnO nanostructure having a substantially
uniform diameter of less than approximately 200 nm;
said nanostructure having first and second ends;
30 said first end comprising an epitaxial interface between said nanostructure
and a sapphire substrate from which séid nanostructure extends;
said first and second ends having corresponding reflective faces;

wherein said nanostructure functions as a resonant cavity between said end
faces.
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conprises an ohmc contact. 15 245. A laser as recited in claim 243,
wherein said electrical connection conprises a direct contact. 246. A

| aser as recited in claim200, 213, 215, 216, 217, 220, &ég b%?% o5 20
wherein said nanowire has first and second ends; and Wh% ReIRCd |rst and
second ends have reflective surfaces. 247. A laser as recited in claim 246,
wherei n said nanow re corrpri ses a cavi ty 25 248. A | aser, conprising:. a

multi-faceted, gj stallln ructur havi.n a substantially
uni f or m di amet e%“@ "t"’fﬁar’?c&ﬁg 'bé ?33 éﬁ@%?ﬁ' SAPASHHEE S uct ur e
havi ng fi r%m@éube@qg@:};bmﬁ@#sma@& said fi rst end conprising an epitaxial
interface between said nanostructure and a sapphire substrate fromwhich ~

sai d nanostructure extends; said first and second ends havi ng correspondi ng

refl ectizve facesgawhar r - P
5 35 Pacg\gﬁéégfsa%g‘g@u B80S 2L g URFAP S RTEROAT y

bet ween said en 2005 aser as recited in

cl ai m 248, eloertof ascartayrefmesosiigttures. i s  enbedded in a polyner matrix. 5
250. A laser as recited in claim248, wherein said nanostructure is an

el ement of an array of nanostructures. 251. A laser as recited in claim
248, further coapni sAngser gsuapitedinsclaine 248, K0rtBé2corpllisisga pasnpieg sbedei n
claim 251, wherein said punping source conprises an optical punping
source. 253. A laser as recited in claim252, wherein said optical punping

sour ce 10CONPr i S@§2 aNARAEERI3GebiBsEin cidin 267, wHerbsedid pampay ékfcen claim
251, wherein said punping source conprises an electrical punping source.
comprises an optical pumping source.

253. A laser as recited in claim 252, wherein said optical pumping source
comprises an pumping laser.
15
254. A laser as recited in claim 251, wherein said pumping source

comprises an electrical pumping source.

255. A laser as recited in claim 254, wherein said electrical pumping

20 source comprises an anode and a cathode.

256. A laser as recited in claim 255, wherein said anode is electrically

connected {o said nanostructure.

25 257. Alaser as recited in claim 255, whereiﬁ said cathode is electrically

connected to said nanostructure.

258. A laser as recited in claim 255, wherein said anode and said cathode
are electrically connected to said nanostructure.
30
259. A laser as recited in claim 256, 257 or 258, wherein said electrical

connection comprises an ohmic confact.
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255. A laser as recited in claim254, wherein said electrical punping 20
source conprises an anode and a cathode. 256. A laser as recited in claim
255, wherein said anode is electrically connected to sgqg @an%Stﬁbﬁ;st ure.
25 257. A laser as recited in claim255 wherein said cit Ro&PEr
electrically connected to said nanostructure. 258. A laser as recited in
cl ai m 255, wher ePf0safdasaiasoreaited facldin 26A0267 on2B8 elvkerein saidlaie@aimect ed
to said nan r 59.. A laser as recited in claim256, 257 or 258,
wherei n sai §6Fe"ﬁéegci{°ﬁi%§lw&%§ n%g'é?‘ftd:r?”&ﬁlrpri ses an ohm c contact. 30

Sept enber 2005 260. A laser as recited in claim256, 267 or 258, wherein
said el ectrical Pnnﬁiati on conprises a direct contact. 261. A | aser

cavity, conprisi %@ 5 PS8 APUB GOPHEINGE r uct ure capabl e of exhi biting
guant um sonf i neng@semddrRokey } L gt S8 r .
conprises a |aser cavity. E%gtf%’)ﬁﬁfﬁ%@éﬁ?&%ghy égﬁggﬁ@h\%ﬂf@%ﬁ%?ggids
wherei n sai d senVb¥stusdidsemicandsictor struoture Fopprisesnatamer cavityl0 15 - 88 30
Sept enber 2005 263. A nanowire, conprising: a first segnent of a first
material; and a second segnent of a second material joined to said first
segnment;  wher ei262at A ksst cavily axfresitedlirseigiment &, Winsrein sHidsémidonalétyr uni form
di aneter; S?th?ct&%’};%w re dis I%.ng characteristics selected fromthe group
consi sting ~essentiar{Pesd "€oni ¢ properties, optical properties,

physi calt properties, magnetic properties and chem cal properties that are
nodified relative to the bulk characteristics of said first and second
mat eri al s by quantum confinenent effects. 264. A nanowire, conprising: a
first segnment of a first material; and :

15




a second segnent of a second material joined to said first segnent;

wherein at | east one of said segnents has a substantially uniformdianeter;
said nanowire having at |east one electronic property t é vari es a
function of dianeter of said nanowire. 265. A nanow reg@ll ePtgmbteEa&ﬁ claim
264, wherein said at |east one electronic property of said nanowre

conpri ses band-gap energy which varies as a function of dianeter of said
nanow r e. ) LT ising: a first segnent of a substantially
crystalli ng&?ﬁat@ﬂgg‘{g&%ﬂ%ﬂrﬁ&%ﬁﬁnd segnent of a substantially crystalline

materi al | afirstdeymentofa first Matsegy@d ; Wherein at | east one of said
segnents has uni. f orm di anmet er ess than approximtely

a substanti all ] ter of |
200 o © 505 Befonh e Ola Sesnt GRAtEHS o BB 88 FSegMETac i of Canl g {1 Vst

and sai d sgRgfsh abIBESESHSOICRIPEEGRENS HIBRESLEENEAY AHES dt&aEhal . 89 30
Sept enber 2005 268. A nanowire as recited in claim267, wherein said doped

sem conductor material is selected fromthe group consisting essentially

Of 3,91 QUbsdis| o RFET ERPMP onaP SRS Bloch™ AORTYH Ofroy, HoPURiAg -V

sem conduc roup sem con r, an iarie
quat er nar i esseplialheof ele2BOnic droperties,r epteal pepiertet, iphysicali pnop6égiesywregeetic each

of said first and secon seqnents exhipits _the electrical. charagter,istics
of 5 homogeResaery Mipdienen PUmeIito habyale AmRKTGH reRUYpart afls, cik

struct ure, cenagteristiosdsf sall first #id se@menhaetial HB§WRIntén; corfine@mentefagsent  of
a material joined to said first segnent; and a third segnent of a materi al

joined to at | east one of said first or second segnents; wherein at | east
two of saighseREhewRE Ccdnt@idgidi nal Iy adj acent; wherein at |east two of
said segnents conprise conpositionally different materials; and wherein at
| east one @first gegmentpfenficst materialisamskt antial Iy uni form di aneter of |ess

Lhan PP OX LB doghhiht'Yl s debbnd MG bihEa 14'BAG R sefneht ot ur e
wherein at least one of said segments has a substantially uniform diameter;
said nanowire having at least one electronic property that varies as a function of

diameter of said nanowire.

265. A nanowire as recited in claim 264, wherein said at least one electronic
property of said nanowire comprises band-gap energy which varies as a function of

diameter of said nanowire.

266. A nanowire, comprising:

a first segment of a substantially crystalline material; and

a second segment of a substantially crystalline material joined to said first segment;
wherein at least one of said segments has a substantially uniform diameter of less

than approximately 200 nm.

267. A nanowire as recited in ¢laim 266, wherein each of said first and said second

segments comprises a doped semiconductor material.
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a first segnment of a material; a second segnent of a material joined to
said first segnent; and a third segnent joined to at | east one of said
first or second segnents; wherein at |east two of said rise
conpositionally different materials; and wherein at Ié§§§&§§%®gfﬂ¥§id
segnents are longitudinally adjacent 90 30 Septenber 2005 said nanow re
superl attice structure displaying characteristics selected fromthe group
consisting essentially of electronic properties, optical properties,

physi cal properties, magnetic properties and chem cal properties that are
nodified relative to the bulk characteristics of said first and second

material s #pp qURMNHaHBWIRNENRITRBE inctifat 267, 2Reref saitd Wiopeds seridoatitictor
structure, conprising a first segnment of a material, a s cond segrm
0 at

a mat er i al Mpteriabdst gelested fframat t"tﬁa@i’%@ ComIstng; iseantiaymoht aj Grekky
| east one Amighdudior, $h e@éméﬁafgémgaggﬁaaﬁ 2 4H88p AL HmicSARICION Gtbus Al d

segnent s conprise conpositiona ent terials: and whereln at
| east two Ibfsenicdndedorand tantlerlas)agﬁl fuatenariep th@ll‘eééent sal d nanowi re
superlattice structure having at | east one electronic property that varies
as a function of dianmeter of at |east one of said segnents. 273. A nanowre
super | at t i 269.StA uginohireass redicticid d:lalnCIZBBrrwhé%ln\dmhed)fnsaidifﬁstaandi easond one

el ectronic property of .said nanow re Iattl i ses b
ener gy W‘%ﬁ”‘%ﬁﬁl §§h'&§s atheurdeFtgRalore GF%E%%'FSOP S%.I nﬁ‘frg&ﬁne?lés S@Sé)dA
nanow re sgmgichadidtee structure, conprising: a first segnent of a

substantially crystalline material; a second segnent at a substantially
crystalline nmaterial joined to said first segnment; and a third segment of

grsggzgﬁgt%@ ! yAf\‘éMéJ\xEé lshpé’rlafﬁé §t'rt§’éturleob8 ﬁnélﬁgat | east one of said first
gment's n at eas sald segnents conpri se
conposi t i oafitdt gedinkhbofemtmateriadr i al s; 91
a second segment of a material joined to said first segment; and
a third segment of a material joined to at least one of said first or second segments;
wherein at least two of said segments are longitudinally adjacent;
wherein at least two of said segments comprise compositionally different materials;
and
wherein at least one of said segments has a substantially uniform diameter of less

than approximately 200 nm.

271. A nanowire superlattice structure, comprising:

a first segment of a material,

a second segment of a material joined to said first segment; and

a third segment joined to at least one of said first or second segments;

wherein at least two of said segments comprise compositionally different materials;
and

wherein at least two of said segments are longitudinally adjacent;

20



30 Septenber 2005 wherein at |east two of said segnents are longitudinally
adj acent; and wherein at | east one of said segnents has a substantially

uni form di aneter of |ess than approximately 200 nm 27 j
superlattice structure as recited in claim?270, 271, 27%?%%@@ﬁ$&g#@5
wherein each of said segnents conprises a doped sem conductor materi al

276. A nanowire superlattice structure as recited in claim 275, wherein
sai d doped seniconductor material is selected fromthe group consisting
essentially of a group 1Il1-V sem conductor, an elenmental sem conductor, a
group I1-VI sem conductor, a group Il-1V sem conductor, and tertiaries and
quat er nar i esidt hanesire slipériafticeastavdtiie dlsprivirgf chamcsdristics Wetected rfegmtibd in
claim 270, 271, 272, .273 or 274, wherein each of said segnents exhihits
the el ect r BEUP CRSFIFMIE GssENtallYopT S1EQOR BRRSTLSS, o eRerligHaReYHFal
278. A SUpPpFdpirfids: enadriciie b erliss BRAIchBfhiddl prdsdriied tHat afd Modified refdtive 874,
275, 276 or 277, wherein said first and second segnents are |ongitudinally
adj acent , Weebelkrhasagtaristivsraf saiq) fiesshtandosgnondgvatesialsnley quanioioh goafinesrent and
wherein sapg.gare conprises said first or second segnent. 279. A
superlattice structure as recited in claim?270, 271, 272, 273, 274, 275,
276 or 277, wherein said first and second segnents are |longitudinally

adj acent, ?ggre?n sai d third.segpent conprises a shell around a core, and
wherei n saP@Zcofd@nRyirsSUPEHatline SIHEG. COMPrEl¥ond segments. 280. A

super | at ti afirsttsegfidmt of asnategalt ed in claim 270, 271, 272, 273, 274, 275,
276 or 277, wherein said first and second segnents are longitudinally

adj acent, WSEFENGhsegment ¢fi3 gptersial iginathte said sk seg®aphk PBEs a shel | around a
core, and %ﬁf@b@?ﬁ%@hﬂoﬁu@ﬂ% af AL bE8f %ﬂ%r%%!r%@ccﬁﬁﬂ ent®2 30 September
2005 281. A superfattice structure as recited in claim270, 271, 272, 273,
274, 275, whereipat kEs! twbaf siaid segrientsraomprise cwoprsitiana@lysliffereal materials;

| ongi t udi ng}aby adj acent wherein said first and second segnents conprise a
shel | around a core, and wherein said core conprises said third segnent.
282. A supwhkmin atkeast twecodfigaid asgmectsteed longitadimally adjace®y 1, 272, 273, 274,
275, 276 or 277, further conprising a fourth segnent joined to at | east
one of said first or

said nanowire superlattice structure having at least one electronic property that

varies as a function of diameter of at least one of said segments.

273. A nanowire superlattice structure as recited in claim 272, wherein said at least
one electronic property of said nanowire supper lattice comprises band gap energy
which varies as a function of diameter of said nanowire.

274. A nanowire superlattice structure, comprising:

a first segment of a substantially crystalline material,

a second segment at a substantially crystalline material joined to said first segment;
and

a third segment of a substantially crystalline material joined to at least one of said
first or second segments;

wherein at least two of said segments comprise compositionally different materials;
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second segnents, said fourth segnent joined to said third segnent, wherein
said third and fourth segnents conprise a shell around a core, and wherein
said core conprises said first and second segnents. 285 A | aser
conprising: a nanowire having a substantially uniform dPRREPEMDEF 208%s ¢ han
approximately 200 nm said nanowire configured for optical em ssion; and a
punpi ng source configured for coupling to said nanowi re; wherein said
nanowi re conprises a coaxial heterostructure nanowire having a core and

sheat h; and, wherejn_said npi ng_source conprises an electrical source in
whi oh cur r BRESH BhEaStadaid semens are frnctuppally edafertband A | aser as
recited i nwhbminmafsdist WAEISFisaich abEmBARWAY & seBBRNntiSRS uRifdtht BRimdtr of less
segnents of conpositional lé/ different materials; said segnents conprising

at | east athanpprexdyataly 280 ng-first material; said segments conprising at

| east a second segnent of a second material joined to a first segnent. 93
30 Septenber 2005 285. A laser as recited in claim 283, wherein said

punpi ng sodfTe Anavowire gupedatfics strectuie astpcitep opclhim 236, 2 Fk&72| 83 on284i d

nanow re. . recited in claim28 further co ising: a
support ma @‘rgﬁeé eé‘%ﬁﬁf%&?%&@&f@ Wérﬁ%r\%e?@, d%?ﬁ%?ﬁ'%%‘?%@”%iﬁf@'mt erial is
sel ected fromthe group consisting essentially of a solid support

mat eri al , i qui d support erial, a polymer suppor terial, | assy
suppor t et o nenRe syppEettice St ga!r%/c'tfé?n dhiar 'Vbéllerfﬂ\é‘cﬁ“_gé‘gpﬁ_

cl ai m 283, sdriichbh@uict6Omtdrid ' s8lebRVForhaMé igtou? 88nsidtilgeSerdally SF'atggub n
claim 287, wherein said cavi tP{e is contained within said nanowre. 289. A

| aser as rlécY tsenicendciprimansglenignéalcsemisanduaiam chigreum HsVle permicongectotingt i on
as refl eCt@'lbﬁﬁ'rlr-‘l\fsé’élﬂicSﬁHﬂxétéfr, a%ggeniégééﬁﬁﬂ qBStersridstHefdor Cl @l m 283, wherein

sai d coaxi et erostructure nanow
277. A nanowire superlattice structure as recited in claim 270, 271, 272, 273 or
274, wherein each of said segments exhibits the electrical characteristics of a
homogeneously doped semiconductor.

278. A supetrlattice structure as recited in claim 270, 271, 272, 273, 274, 275, 276
or 277, wherein said first and second segments are longitudinally adjacent, wherein
said third segment comprises as shell around a core, and wherein said core

comprises said first or second segment.

279. A superlattice structure as recited in claim 270, 271, 272, 273, 274, 275, 276
or 277, wherein said first and second segments are longitudinally adjacent, wherein
said third segment comprises a shell around a core, and wherein said core
comprises said first and second segments.

280. A superlattice structure as recited in claim 270, 271, 272, 273, 274, 275, 276
or 277, wherein said first and second segments are longitudinaily adjacent, wherein
said first or second segment comprises a shell around a core, and wherein said core
comprises said third segment.
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represents a p-n junction. 291. A laser as recited in claim283, wherein an

electrical contact is made to said core and an electrical contact is nade

to said sheath. 292. A laser as recited in claim?283: V\gﬁrei@ sbgig nowi r e
r mbgh

further conmprises a plurality of |ongitudinal heterostrd@tEP ts;
and wherein said punping source is an electrical source in which current
further flows between said |ongitudinal segnents. 94 30 Septenber 2005
293. A laser as recited in claim292, wherein said | ongitudinal

het erostructure nanowire represents a p-n junction. 294. A |aser as
recited in claim283: said nanowire having substantially faceted ends with

a flat facggpr 'ﬁ@h%@rlétﬂ@é%ﬁﬂétb?é by redidRIcidif 21 d7angrd ugy Nai74gneet br@xi s
of said nanowire. 295. A laser as recited in clai'm283; said nanow re
further co®pei&iwRerainpsaid dirsttgncosetardgsaamemalary lengitadinatly adipeent wherein
conpositio I i Ll . recit i Qi : 283,
wher ei n sa%‘bgéj ripzésr{gévdc{r gé@da%@%rﬁé@nfbmﬁ%%na %Erbﬁlzﬂ?{’% ﬁacgdééﬂ rgﬂ% .Wr}fg%ﬁ é/?' aser
as recit edcara colgirise8 86id thindisegmeshi d nanowires in said array are aligned
in substantially the sane direction; and wherein |aser em ssion fromsaid
array is directed in a direction substantially parallel to said wires in

sai d array28298 slpéfatfite 8futtafd b€ dediteddh AdIMZBR), 271 ey 2T M4, 2769276 a
plurality of _g%antum dots disposed in said nanowire. 299. A |laser as

reci ted i ncPafnfiusosr CRRPriging 8 dperth 3RpMeR! iRt &o jad leastrongupkgardofrst or
exci ting asp! sHdnfhts "Y&H bR ISagRftintl jOIHE t&'BaftPitird Sement, wherein said

third and fourth segments comprise a shell around a core, and wherein said core

comprises said first and second segments.

283. A laser, comprising:

a nanowire having a substantially uniform diameter of less than approximately 200
nm;

said nanowire configured for optical emission; and

a pumping source configured for coupling to said nanowire;

wherein said nanowire comprises a coaxial heterostructure nanowire having a core
and sheath; and

wherein said pumping source comprises an electrical source in which current flows
between said core and said sheath.

284. A laser as recited in claim 283:

wherein said nanowire comprises a plurality of segments of compositionally different
materials;

said segments comprising at least a first segment of a first material,

said segments comprising at least a second segment of a second material joined to

a first segment.
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285. A laser as recited in claim 283, wherein said pumping source is configured for

exciting a population inversion in said nanowire.

286. A laser as recited in claim 283, further comprising:

a support material coupled to said nanowire;

wherein said support material is selected from the group consisting essentially of a
solid support material, a liquid support material, a polymer support material, a glassy
support material, and a substrate material.

287. A laser as recited in claim 283, further comprising a laser cavity.

288. A laser as recited in claim 287, wherein said cavity is contained within said

nanowire.

289. A laser as recited in claim 287, wherein said nanowire has ends that function

as reflectors in said cavity.

290. A laser as recited in claim 283, wherein said coaxial heterostructure nanowire

represents a p-n junction.

291. A laser as recited in claim 283, wherein an electrical contact is made to said

core and an electrical contact is made to said sheath.

292. A laser as recited in claim 283:

wherein said nanowire further comprises a plurality of longitudinal heterostructure
segments; and

wherein said pumping source is an electrical source in which current further flows

between said longitudinal segments.
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293. A laser as recited in claim 292, wherein said longitudinal heterostructure

nanowire represents a p-n junction.

294. A laser as recited in claim 283:
said nanowire having substantially faceted ends with a flat face oriented substantially

normal to the longitudinal growth axis of said nanowire.

295. A laser as recited in claim 283:
said nanowire further comprising a plurality of longitudinally adjacent segments of

compositionally different materials.

296. A laser as recited in claim 283, wherein said nanowire is an element in an

array of nanowires.

297. Alaser as recited in claim 296:

wherein said nanowires in said array are aligned in substantially the same direction;
and

wherein laser emission from said array is directed in a direction substantially parallel

to said wires in said array.

298. A laser as recited in claim 283, further comprising:

a plurality of quantum dots disposed in said nanowire.

299. A laser as recited in claim 298, wherein said pumping source is configured for

exciting a population inversion in said quantum dots.
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