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25 Small-scale electronic technology relies to a large extent on doping of various
materials. Doping of semiconductor materials to form n-type and p-type semiconductor
regions for making a variety of devices such as field effect transistors, bipolar transistors,
complementary inverters, tunnel diodes, and the like are well known.

Typical state-of-the-art semiconductor fabrication facilities involve relatively high

30  cost, and require a clean foom and the use of toxic chemicals such as hydrogen fluoride.
While semiconductor and microfabrication technology is well-developed, there is a
continuing need for improvements, preferably including smaller-scale, environmentally-

friendly fabrication, at lower cost.
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25 combination of two ore more such semiconductors.

In various aspects of this embodiment, the semiconductor comprises a dopant from
a group consisting of: a p-type dopant from Group III of the periodic table; an n-type
dopant from Group V of the periodic table; a p-type dopant selected from a group
consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P, As
30  and Sb; a p-type dopant from Group II of the periodic table; a p-type dopant selected from
a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the periodic
table; a p-type dopant selected from a group consisting of: C and Si.; or an

n-type is selected from a group consisting of: Si, Ge, Sn, S, Se and Te.
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nanometets, or less than 10 nanometers, or even less than 5 nanometers.

In various aspects of this embodiment, at least one longitudinal section of the
semiconductor has a largest width of less than 200 nanometers, or less than 150
nanometers, or less than 100 nanometers, or less than 80 nanometers, or less than 70

30 nanometers, or less than 60 nanometers, or less than 40 nanometers, or less than 20
nanometers, or less than 10 nanometers, or even less than 5 nanometers.

In various aspects of this embodiment, the semiconductor comprises a

semiconductor from a group consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-
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In an aspect of this embodiment, the semiconductor is bulk-doped.
In an aspect of this embodiment, the semiconductor is elongated. In various
optional features of this aspect, at any point along a longitudinal section of the
30 semiconductor, a ratio of the length of the section to a longest width is greater than 4:1, or
greater than 10:1, or greater than 100:1, or even greater than 1000:1
In various aspects of this embodiment, at least one portion of the semiconductor

has a smallest width of less than 200 nanometers, or less than 150 nanometers, or less than
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point along its longitudinal axis, has a largest cross-sectional dimension less than 500

25 nanometers, and a free-standing and bulk-doped semiconductor with at least one portion
having a smallest width of less than 500 nanometers, where a phenomena produced by a
section of the bulk-doped semiconductor exhibits a quantum confinement caused by a
dimension of the section.

In another aspect of this embodiment, the longitudinal section is capable of

30  emitting light in response to excitation, wherein a wavelength of the emitted light is
related to the width. In optional features of this aspect: the wavelength of the emitted light
is a function of the width; the longitudinal section is capable of transporting electrical

carriers without scattering; the longitudinal section is capable of transporting electrical
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having a smallest width of less than 500 nanometers. In various optional features of this

embodiment: the at least two bulk-doped semiconductors are in physical contact with each

30  other; a first of the at least two bulk-doped semiconductors is of a first conductivity type,
and a second of the at least two bulk-doped semiconductors is of a second conductivity
type; the first conductivity type is n-type, and the second type of conductivity type is p-

type; and/or the at least two bulk-doped semiconductors form a p-n junction.
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20  crystal, an elongated and bulk-doped semiconductor that, at any point along its

longitudinal axis, has a largest cross-sectional dimension less than 500 nanometers, and a
free-standing and bulk-doped semiconductor with at least one portion having a smallest
width of less than 500 nanometers.
In an aspect of this embodiment, the at least one semiconductor is elongated. In
25  various optional features of this aspect, at any point along a longitudinal section of the
semiconductor, a ratio of the length of the section to a longest width is greater than 4:1, or
greater than 10:1, or greater than 100:1 or even greater than 1000:1
In various aspects of this embodiment, at least one portion of the at least one
semiconductor has a smallest width of less than 200 nanometers, or less than 150
30 nanometers, or less than 100 nanometers, or less than 80 nanometers, or less than 70
nanometers, or less than 60 nanometers, or less than 40 nanometers, or less than 20
nanometers, or less than 10 nanometers, or even less than 5 nanometers.

In various aspects of this embodiment, the at least one semiconductor comprises a
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magnetically coupled to the at least one bulk-doped semiconductor.
In another aspect of this embodiment, the device comprises another semiconductor
25 that physically contacts the at least one bulk-doped semiconductor.
In various aspects of this embodiment, the at least one semiconductor is coupled to
one or more of: an electrical contact; an optical contact; or a magnetic contact.
In another aspect of this embodiment, a conductivity of the at least one
semiconductor is controllable in response to a signal. In various optional features of this
30  aspect: the conductivity of the at least one semiconductor is controllable to have any value
within a range of values; the at least one semiconductor is switchable between two or more
states; the at least one semiconductor is switchable between a conducting state and an

insulating state by the signal; two or more states of the at least one semiconductor are
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| east one seni corfugthespspeshefrthisembadesmirihe devien !aegrb@dwd@arasqhm havingere o
p-type dop I ; from
& oup V of i %Je ggrﬁu%?fépa{xa%lug%l f&i%&re%?“cmgg}ng?]@lﬁ%hf th{‘&,éﬂ FO 98?38%%% Yo
02/173(2 -d&d 1H@Idouﬁ€&éc2€i2&ﬁtspmﬂ&ss®neng‘ the Bxcwfs nancbrhprisigna bulkydopedlopant
selected froma grou conS|st|n of: P, As and. Sh; a p-ty. ant from
Group |1 RHFRIIIEIF if EomRtites at lgags opg a%ﬂ@ag‘gwgéeﬂr@&legd%ﬁﬁb%q%éﬁ%@o
consi sij NohRbmeMds, Zn, Cd and Hg; a p-type dopant from Goup IV of the

periodic table; a p- type dopant selected froma group consisting of: C and
Si.: or an n- tylmeanpﬂles embodianent, parnidedgs ewpllecsionios reaggnts for sEpwinge, bulr, S, Se

Sem conauci P SaFleo RS R oy TubE Ay b o FEHY s oER R oF e

sem conductheti S00 Barindt@8sthe 0okectibn th@pifishg 0vem@Gonductirtgdgentandsd ddpanain

el ongat ed and bul k- doped sem conductor that, at any point
reagent.

25 In an aspect of this embodiment, the at least one semiconductor is elongated. In
various optional features of this aspect, at any point along a longitudinal section of the
semiconductor, a ratio of the length of the section to a longest width is greater than 4:1, or
greater than 10:1, or greater than 100:1 or even greater than 1000:1

In various aspects of this embodiment, at least one portion of the at least one

30  semiconductor has a smallest width of less than 200 nanometers, or less than 150
nanometers, or less than 100 nanometers, or less than 80 nanometers, or less than 70
nanometers, or less than 60 nanometers, or less than 40 nanometers, or less than 20

nanometers, or less than 10 nanometers, or even less than 5 nanometers.



along its longitudinal axis, has a | argest cross-sectional dinmension |ess
than 500 to manoneters, and a free-standi ng and bul k- doped sem conduct or
with at Wwa9/1Bhae portion having a smallest wi dth of | ess PCHABIERERIS
manoneters. I n various aspects of this iir‘oodl ment: the surface is a
substrate; prior to contacting the surf at Ieast one of the

Serm conguet of s thvaBbMtnbYs BPAIIbAAGH e bOIRICRE Yol udhy ABIERAAN ! Of
and nol ecul es o dopa a so 1onIs’contacte &'5fe” or
nore sem Geméhontioster ﬂ&nta)grbhpcmstsﬁagef Sin@e,@n, oy Be, &, mé]ﬂombm Banddict or s

o o 2o HiS, S e il oE b s ARl ¢ 1=

sem conduGlA/GaPATAPGISH, TRNAHPREAVEES, BREBBIESG! A1QAGS/AIRRAIRE! sol uti on

conprising one or nore other sem condutctor s is contacted to the surface,
where &t |G¥GaBAinATGadin InNHeP/IsksAnSbnanQtZmS/ZsSeaZild, K8 d@sd/GErd, conduct or

ranonet or IEYHESETe 3o BePBene RRT Ma iR Ged Tiroer FTo 05 e BT et od

sem condugth8l Pbee) PhiTe, SuF f@gs; ChBf, mwnmg:m@c%tgl AgBR AéIeBéﬁNOGGQCNIQat terns
are formed on the surface; one or nore sem conductor s are aligned

on the surdnbed2uSHPRASh ZaPBgb2,inGePa) QuSi?Ra (&, Aa)4d, Gndn.sHrFdthdect or i s
| t ed. t t al
o Pongt tud I E EnRELAIS0, (P6h 1hPSs T, TS A3FC8 I BraBRbB T 2 0"

t he sewt i @nntb@aaoh@ﬁgtesbra/mdltetsuclsmme@:tcmbtotrhan 4:1, or greater than 10:1,
or greater than 10Q:1 or eve gre ter than 1000:1 In varlgus aspects of

this enbodi mentlh VaHOREaspects AethigRbagiment. the 8t kepstiong semisprducinricewpdise dr has
a snal | est t t rs,
or less t r?é’ Oﬁ(}) n?rér%lr %gjscedrng@ ﬂn@@f?eg@ P ﬂ&é@gga@;g@@ ZIrIsoqm ﬂeﬁgggﬁgﬁgﬁ&?o 30
manonet er N-type dbpad fltomﬁltﬁli» Yrehthegeupedic tahie;| agstype ldapant@elmtnd) fretes groupr Less

t han 20 t th 10 th
manomet er SOTRIGLT B! 568l 8 By PC ATRREIIGSH Sort ® HE s n 0 8 s
sem coduGhaIShe & pRYpS &spadt HEM @mgtlmme éxﬁtiﬂl@tabre@u%_r;‘/ﬁé‘l&blﬁht fMecRid fréh, Ce,

Sn, Se, Te, B, D anond, P, B-C WO 112/173(r2 P SII1/2(i29% -14
P(BP6), Bagirousponsjstige ofdVgsn, §1i aediGa mshype adiogam ErerEraup IV of the periodic

ALN Al P/ AI

ALN Al P/ Al é% ‘g'gfpeé‘a e sﬁégﬁﬁ@égrc’"ﬂ%‘% g@% nAs/a:nElﬁ W%ﬁ%n%/ ZnTe,
CdS/ CdSe/ Gdleeted Higpsi h-lgﬁaipl—d@]iastn@ﬁ BgSk/ Be,T%/Sepsd NigSe, GeS GeSe GeTe, SnS,
SnSe, SnTe, Ptcj:g, 5 PbS, e, PbTe, CudCl RS?J AgCI Agar ,
Agl, BeSi N2, CAeRBOthotem meatsﬁﬁaawo ishgpdo éﬁ@g ° (cu, Ag) (A,
G, | my Tlsemkhlsetose, Te)2 Si 3N4, Ge3N4, Al12C3, (A, Ga In)2(S Se,
Te)3, Al2C0, and an appropriate conbination of two ore nore such

semi conduct or s.Invarigwy dspecss abfécembagiment; espmirandugier is fige-siendingade one
sem condu & r type
dopant fr %%;\?1 0918%% }ﬁfs s@xg%%stg&g@?}géf rIo rﬁgl})eathg{ Wnaﬁ&ﬂt%’teﬁ ag%x@];t% (r)%}rhg G oup V
of the perdopitigds bahidledatm%pabs@ﬁmmcmelmbwd bfyraq)plymgmtgy toarcdlisdtiong of :
B, Al and In; an_n-type dopant ted froma ro sisting of: P, As
and Sb; a PISIpRIToHiGROLET t%ct%ﬁ igs cafnpn%@gﬁ%? P ?wﬁtﬁw‘émcal toy ged
dopant;sel gekafled 5%@paﬁf %Qxﬁ:ﬁf‘ ﬁé H&ﬂn?fs dMeroHel; aTati@Pehd Qmou'i‘lt Br thepe
dopant from Goup I'V of the peri o a p-type dopant sel ected
fioma gr @amut;mdmtet molpcoles tctarazm!o@t of ﬂt@rdoanntnnctlygéesi is comttdlsticttief rom a
group consj st i th r. enbodi,nent

ar 0up_ SO kLI B vy Stz RnS e S A Ro ROl SRR 0B

sem conduclrews fivatitieng FblﬂibdQﬂ@le&ﬂeMeeva@Sfﬁ@nﬁdléﬁﬁl% &relcOndwibdd 1ht(gzhhqu1d
wherein at | east one of the semconductors is at |east one of the

fol | owi ng:clystes; thgisemigopdugier is grovwmiremdhe Hwd chisterpgroringoibe gensispdustpiiet or
that, at

cr oss- Do HRtioRAbhift BAG hbBiuRRL i ol B e GBS comprisess 0 o1
. bul k- doped:hesteriof amdeatlerofiai datalﬁtt mateaiat; aomidtlpof the semicanduetpras emerolledt wi dt h

f less th 0 t th | east
one som cORBIE LBy VAR BT bR apisanaRoos Conte B BhRraUs cruahar e Rl o

aspect, atchayids. poi nt anng a longitudi nal section of the sem conductor, a
ratio of the length of the section to a longest width is greater than 4:1,
or greater than 10:1, or greater than 100:1 or even greater than 1000:1 In
various aspects of this enbodinent, at |east one portion of the at |east
one seni conductor has a snmallest width of | ess than 200 nanoneters, or | ess
t han 150 30 nanoneters, or |ess than 100 nanoneters, or |less than 80
nanoneters, or |ess than 70 nanoneters, or |ess than 60 nanoneters, or |ess
than 40 nanoneters or Iess than 20 nanoneters or Iess than 10

o, L g o e o4 o e Y M



5 HgS/ HgSe/ HgTe, BeS/ BeSe/ BeTe/ MgS/ MgSe, GeS, GeSe, CGeTe, SnS, SnSe, SnTe,
PbO, PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, Agar, Agl, BeSi N2,
CaCN2, Zn@aR21736aSnAs2, ZnSnSb2, CuGeP3, CuSi 2P3, (Cu, Ag)PCAVySOG2¢298n, TI,
Fe)(S, Se, Te)2, Si3MN, Ge3N4, A1203, (A%, Ga, In)2(S, Se, Te)3, A12C0, and
an appropriate conbi nation of two ore fdfE such sem conductors. In various

aspects of this_e dinent, .t at |.east one sem.conduct or,co .Ses a
dopant from a gPd’@gﬁ‘é’E}ﬂ‘sﬂsg?‘it%‘gie‘BF:e“ﬁ"’gl-’?%f‘ggﬁaSgté’ﬁt%"PWSM‘@%e& 6) g{%{){mﬁg t he
peri odi ¢ tchbingial @fpor-depPtictondtiedst dEmigledipesytiefgréRe s@ficoadlictorthab keleadt

p-type dopant selected froma group consisting of: B, Al and In; an n-type
dopant selcngtperian kaving yrmallestwidih of lesifhan 20 panometersthagroven semicendugipbant

from Gou I t iqdi ¢ t : : . 5 a

ar oup.condset e i ah g P iepthidnt B ARRAN nBBhELE ISR B

t he peni odirowhabihéonduqiert hasat agtant pseloadiaeihgfarsamilastgridthpofdessshat 5 ng of : C
and Si.; or an-type is selected froma group consisting of: Si, Ge, Sn, S,
Se and Te.NaPAMGRFY-ous aspects of this enbodinent: the at |east one

semi conduct o i R bitkk aRftishal hdbBorS BRI OBANSMen® RBWE SerfticIhdiRdripand- gap
sem conductor; a‘voltage 1s applied 20 across a junction of two crossed
seni conduohagreticethe kersmondustaus dapediveth mmaterahthiat mgkeswhelglovaf seidemdubian SO0

nanoneters; each sem conductor, has. a.smal |l est wi dth. of I%ss t.han 1(%8
nanonst er ShAgRelic: BF SoRh Spicoduciop s TR aeggtic: e SeicOpdyaidds BSPRLRER 81 1 i ng
a di mepsi qRatefialtths: Mikds @RSiroMA SenRFhsvistUetOmaimticthe 3ebitdhil@sér iwiddpéd of

| ess than 100 nanoneters; the sem conductor is elongated, and a w dth of
t he el ongavidlmesgsneseduct or is controll ed; the 25 seni conductor has a

Proper ty thal & 150l i SR ERRMMELO N M by LAORAindRelol oY, engt b

if the nmass has a mni i Merisi on, e contro Mensi on
of the sernnocariducomionabfehtss dfltidn atdeet, ot aynpointsalwrptelshgididimal seavion dfthe

anot her enbodi ment, a devi avi .n t | east a, doped seni conduct or
conponent  SRUCEHBCIGR RS ObPRdE ApOR SFLON 1@ &P HRTS ERAS R duRt or
i's dopgd dueitBiOthh 3030085RMEhAL 1006:9 @Y efert di8atéofesl 16671 .conduct or conponent,,

and the doped semi conductor conponent is attached to at |east one of the
one or nore ot hiarvatioupespeeis of thinermbodimpat ot logist oh¢ pordiap ofithemtleasttane doped

o1 ongat ed sRictRoabEER RS Sl A phE 00 ynoefhep TS oy, 17312

PCT/ USOL/ 23a28fhetel§ o262 ghaint190 nanghéted] oralkssakins 80 hafoneetdrslcd @&k than 70
cross-sectional dinension |ess than 500 nanoneters, and a free-standi ng and
bul k- dopediasermetesnh @i dess thag; 60mapemetsts o lepethan A9 nanpmeiers iy lessdhan 2&st wi dt h
of l esgy t ﬁ%oﬁx@%ré}%??&?fﬂ%slo'nﬂ YiAbie U8 &RNG %hé?lfS ﬁJHoﬁw?éi@Od' ment: t he

sem conduct or conponent s at feast 3 part of a nanow re; the seni conduct or
i s doped duri ngingvapiatuib agpfectsioé tiisembadiohgut, the. at leastnstshmicondbeioi cramprises evi ded

is a process .for, controllably assenbl i sgmcondygtar deyi avi ng
) ongat od SRUHIHERRTOR & SulARTIPRAS. BenShroReith rmpilas B-Lok!
di recti on pfBH6) B i SITEDLSiAFe, 3i-88R80EESn, 560 BN/BHIB AR/ ANYAIP/AQARA1ISH,NY:

At A N R e N

| t i i tt
Tl ow thr ol GRUGETEhA RS e PARASEASH, 208 L AR PHPEICATRUSIEHTED 1 he
process f uHpB&IeSedigrd, 8eS/BeSeBedieMdgdiM g Sa SGeSpGeSe €dndS, Sa8at S Tef PRO,

a1 Torent PROMSRCPTE CER Ry Bk, Cndar, ReChaEirchel BESTE AL, “bet woen

15 the firzsGe®) QTHIMNA B hII3B2 SCEGHES, SuSiEnt fc@rxg)eqnaapﬁﬂ, Tg FeRigsgecond

el ement to at |éast one second contact to allow anh electrical current to

1 ow bet we€@2t BigN4, GeBNANA2Q9: 6 Gl (% Set T3, prl3€€s end ap apreppEdapr i ses
connectj ng i.d first. elenment to [t contacts and arranging a gate
el ect r%dde (f)or oxlflﬁé?rbo t Ot(ﬁ%n}olr?ésutChEF@ir?égg&ggrtSWeen t he spacedapart contacts,
.thereby form nglipvarfdal aspdds of itliis embodiiregt, thyexe [éast GHvSsenlicondugtpecanpises ype;
20 the second doping type is _n-t¥pe if the first dopi&g@%pe iS,.p-type, and
p-type if €oRant{TPEYa grOBP ARNNSHHE OF'<2 Mivpgslopant feony Grayp nperiadie fablgieBd by

o emont i o+ YEERRaB0ROR Rl § A pRISHRIER) phe dpfnlseltied i diBlp 1,

appl ying a mechai cal tool; the second elenent is oriented by applying at

| east one of an electric field or a fluid flow, the second elenent is
suspended in the fluid flow, 25 the second elenent is oriented by applying
a mechanical tool. In yet another enbodi nent, provided is a sem conductor
device, conprising: a silicon substrate having an array of netal contacts;
a crossbar switch elenent fornmed in electrical conmunication with the array

o, N r o o . o



direction, and repeating the acts of flowng and aligning; at least a first
el ongated structure fromthe first |ayer contacts at | east a second

el ongat edve@/tBvre fromthe second array; one of the firCTARI2@EHNd

el ongated structures is doped sem condgﬁéor of a first conductivity type
and another of first arid second el ongated structures is doped 25

sem condu . . He onduct i vi wodt fi LM type is
o type andoiiaite  BAPER ERARHIb hinkal dftied Hin o'l GRREHAL b, Wl V0L
and secondnéSbngattgpe dopantfromedroiip Ihefahpperigdinablepa p-typredopanf sdextédsfram

surface of a substrate; .the t hod further c ri ses gfran rring the arra
o el ongaPdioRt P B SE Bk e S G -ive R det it Do e Berage of
anot her sybgt.rat ey etcfoggﬁfs%feﬁteﬂ%-o%?%@%d#?%nﬁhﬁ{gﬁﬂ‘eian&%f ' Rfygas €

el ongat ed 30 ‘structur are aligne o the surface le sti’l'l conprised
i n thesfl seldeted drodh & igoniprmgnsikigngsaft Saéxe, Bt $ Sermeddie. nore functionalities
that attract the one or .e el ongat ed ructures to particular positions
on the surface naRaEREmARingR: RUPGRE ittt < UerPRceRiRgRHRBB R or

nor e el onggh@etedktd HEliARS wherelad Rafidinkiof MedenOmidLéORSs BSleid ohdI6f @ge Or nore
functionalities; WO 02/ 17302 - 18 PCT/ USOL /202) 8 the act of conditioning
conpri ses fellewing: »pingle arpalsan ¢langated and illedapedfsmicongpeterihat at amepaint  of
condi ti oni : i i {4.Qni t S W e charges;
the. aot o BB RRnA A0 hsAThidlr it L AP Do f s Blan SRR e
magnetios; rahemetets, ahd & dreelistanding pgd dolkpddiped Sermanadict@rwittgattlbst sng patienw t h

one or nore light intensjties; condi tionin he surface wi.th one or nore
funct i onalevirgst s stvieficiBap S0 %érnomeégelfno*ﬁaapwpgetﬁ G o5 1o
particul ar, pR3ihbRNhe Arthddss § WilBGR:; Fiﬁb% oRERsAhe SOFER; al Bt AL oPfhe

S
condi tioning conprises conditioning e surface with one or nore
f unct i onalseticendudtats iagtavachy aipyiogenagy tromelectilongba samnisenductonred t o

particul ar_posi.ti ons,on the rface usi optical, force; the act qf
Pondi £ onRUeeBim T Reant Ade o i ol ripas it R Sedidondyctors

f unctignaltb thicarfabétondlor hasé of e sefRofiudIBYs QreallpRedbe theSuffed usigSad O
particul ar positions on the surface using electrostatjc force; the act of

condi t i oniggsiEGHpld; anelestyigdicld is gepgyated bedvren atleastityp elsgisodss apd pge or more

funct | onaldelhe ibfoih! A8 polBnaNerAer e 1oEh QA Rfhs LENGBHEGplGne

particul ar positions on surface using nagnetic force;
further camprorsese pttetr eemiconductoes swohmcedtto thesosfhase whhee ab heasoonenafrthe

| ted st t t ti.cyl 15 it .th f . .th t of
pat t er ni ng G IETHBdclanb AR GRS SR RSP e APt REPOT R BRHGR ol

SHgRAdsEm
patterfs af Endlfe8WhRS of lBEhRRNYH0 flonRad:t:BhE Surflcs iSdRRRiontd & Stsch WeLohes 2
surface of a substrate, and creating physical patterns on the surface
conpri ses aigiarg ceripsied semispriustors taths suifagen formigsehagpals op e syrfpeice is a
surface of reaf.i ' T

corpr i ses RIP AR fofh By of ¥ LRGP SPHERL e B GRAR ATl hRE R HE
physi cal patfhes ising®n tleetrie el B ciee adegst oresenicondgctpaistedonpatedcr eat i ng

physi cal patterns on the surface conprises using inprinted patferns; and/or
the act of f|ovJPrv_@rleswtf0§@leeewmsr0§ﬁ?lﬁ AtPeChat OB lpnglﬂaﬂtl%ﬁﬁ@l%
channefs. 14f BAULiOMRlctRSPRED Df Be bALA of RALATRND a 188 g ORREN ANBeREr B

el ongated structures are sem conductors; at |east one of the el ongated

st r uct ur est:bra giessedhae hf):¢ porareatentban 5@0: P 6r teagreaterdhaf 180! el ongat ed

structures are bul k-doped seni,con .or s:. at | .on f uct ures
is a doped si nglitr)‘e‘ia&']p%%ﬁeag 8?3}1658?{%%{1%; ms grtle?ségg?aﬁ (%rrt%gn §¥ ﬁ’fer?tépegft?%%t ures is
an el ongatwehigdriddciov his Aanattssenitlc of@scthan 200 adnondters vy 1@oithain 180ong its

| ongi tudi nal axis, has a Iarﬁest cross-sectional dinension_|ess than 500
_manonet er shangmefess of lesp thapsl 0P panameteisy of less than 80 panemedarsy il hand’0

bul k- dgpe ' i [ “E‘ﬁéﬁ-’s' &sIursrpl | est
wi dt h %f ﬁé@glﬂeﬁegﬂ%gg%gkaﬁﬂo%agé%%ﬁgﬁB]I‘ fe%géstth&g%gh%% the ’SQ'? rlugt ur e%mi S a
.doped sem rannoigtrgor tésathand Oatanbmatets, onevenfledshleanf Dhdnowietsgs. a si ngl e

crystal, an el ated and bul.k .doped,.sem conductor that, at_an oLnt al ong
its |ongitudi n;];;"l Jous agpgets of ﬁﬁ? ﬁfg@fd’@fe{} glesagg‘?aﬁtcﬂ?ﬁlseﬂi‘q‘?@ﬁg‘ftgrnyq £ fan
500 manonmedefiiSondabidr frohf £Broup 0K AgATASH Bleks sl GRete, B, WaMdhd, T8 B2C, B-

PCT/ US111/2@&298 -19 seniconductor wth at | east one portion having a

smal l est width of [ ess than 500 manoneters; the doped sem conduct or
conprises a sem conductor selected froma group consisting of: Si, Ge, Sn,
Se, Te, B, Dianond, P, B-C, B-P(BP6), B-Si.,, Si-C, Si-CGe, Si-Sn and Ge-Sn,

Si C, BN/ BPBAs, ALN Al P/ Al As/ Al Sbh, GaN GaP/ GaAs/ Gasb, I nN I nP/ I nA. s/ | nSb,

BN BP/ BAs, Al N AlP/ Al As/ Al Sli, GaN GaP/ GaAs/ GaSb, | nN I nP/1nAs/|nSb,

Zn0/ ZnS/ ZnSe/ ZnTe, CdS/ CdSe/ CdTe, HgS/ HgSe/ HgTe, BeSBeSe/ BeTe/ MgS/ MySe,

~ o~ PN N o g w— ~ o~ ~ o~ . P~ - 1 -



type is selected froma group consisting of: Si, G, Sn, S, Se and Te; the
doped sem conductor is doped during growmh of the sem conductor. In another
enbodi mrerwQ ogliis62 osed i s net hod of assenbling one or nore PETAIRYHLEd8 20
structures on a surface, wherein one or re of the elongated structures
are at |l east one of the following: a sFrIgFe crystal, an elongated and

nas a | ar G6BrOkpase SEE S GHar o OV B SRR AL NRR Ay Ao ' 2

f r ee- st andidNYGaRIG/Gasin e/ IsRMAOTISHC BOWBMBAS, AINIAARSIAGNESpor tion havi ng
compri ses GRS SaSuTeN N R HSvs GO RS Aok bl COS el e,

funct! onalydd/BasLARITARESBE. BBP.ANE Rl SXDES AARIBEPRE SH! Yasd) rsﬁ%,tellﬂ%%,gat o

particul ar ons on t sur Igning t one’or rore
st ruct ar ePbSy Phfe¢, Pdej Ao tCreCloGeBoCuiph el ehgigAgBd, Agly BeSiN2e €aCd2t he

Bepects oriiiea: bBEAT RS eh AR RS iRaRa (o held Tt Dot e, O
condi ti oniTgp I4IENGUGEREE ADDB, @n,eGQ,rlnz@zs,esane?f WI260), At¥earPsfpr&iriate

condi tioning conprises conditioning the surface with one or nore charges;
t he act ofconthimfitionoditwig oromprei svels senpigdndiictms.ng t he surface with one or nore

magnet os; the t _of conditioning COMPLISKS ndi tiqni sur ith
ona or more 11 dRveiRpEREr bEOIRGRIRENS S of RE e P o g5 41 5
-20 PGo/ U dopadt ficth a g2 evigistitig 60 ae-fypedopdnd ol Gioep [Ndtheapdriodd tablegarone
or nore elongated structures tq particular positions on the surface using
chemi cal foby@e dopand fegm Gapunc) ofi thei nsirdls tablgn p-ba dopadiselestsd igm # &r%gr f ace
wi th one d hwl Gl Aot I at ed

structur egcro%l%g% {)q ?Ilil glﬁﬂgg{éia%}n?ﬁgé g@?’lﬁ%&li‘%ﬁ%%@%Lﬁggﬁg%s{gﬁégfﬁf%?%e; t he
act of 5 anddl; aeriypedemmpfibmeGronp AHof the pemedit tables apftypedepanh sadeedfrompr e

f ti liti t hat, at tt I t t t t.o,.
bar 1 cul ard G655 PTG S Zintr L8 HE 1 e Bpraareas Ceoibi ot T pidiior ne
act of;sconghiki @ﬁ&ﬂ@t@@tmt@we&@&dmﬂ higk@p dﬁﬂsibﬂiﬁ% St Cf RSB Wof n Ak NOr e

al a r

functionalities t act the one or nore elongated structures to
par ti cul arselsstadtfiasmg gepnp dpasisiing ofe 8139, B, Pepiddike. f orce. 70 In additi onal

aspects of thi I e I . . qug r re
sem conduct or S?In%%ﬁ%%éﬂ?ﬂ%dﬂug@%% g?ﬁegatél%;l%hgﬁs glta,r?éﬁlc u égq%$éel{eg%|;c){ebd‘ﬁl% d

sem conduahoresemitondaesis catgngthetdne of g sdntidosiuctoes toredsit Hylet, thbileirdaiped

sem conductors; af _|east one of  t hel\ struc%ﬁjéef is.a doped si ng]ae-cryst al
seni condudft Ongpt the semicopduciers sl least g ofthe lallowipe: @ redaeed®ade  ~

bul k- dgped)Saim R HliQ o daakmidnd @Yr a1, Bt arf fORY aldr ilsQBRkitudsHaD akis 206sS

has Is a | argest cross-sectional dinension |ess than 500 nanoneters; at
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PCT/ USU1/ 2fi 2~8 As and Sb; a p-type dopant from Goup Il of the periodic
table; a p-type dopant selected froma group consisting of: My, Zn, Cd acid
Hg; a p-tWee2dBeant from Goup |V of the periodic table; RCFAUSPpR2HHpant
selected froma group consisting of: C ggd Si.; and an ntype is selected
froma group consisting of Si, Ge, Sn, Se and Te; the doped

sem condu f t e t er
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WO 02/ 1731r2 PCT/ USQOL/ 2298 - 23 doped sem conductor that, at any point
along its longitudinal axis, has a | argest cross sectional dinension |ess
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s conductinren Pt Bivingas atey hmeBl (RIFE § St PRE PR g
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has a | argest cross-sectional dinmension | ess than 500 nanoneters; at | east
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at |least one o e stru tures’i1s a uctor t I's at |east
.one of the fol Ihvmngpea o@tmgbmbommhalthe senorellhmgsaﬂpacbsdwdwénml k10 bmdogad
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cross sect 6445t % nensi on | ess than 500 nanonet ers, and a flee-standing and
bul k- doped sem conductor with at | east one portion having a snmallest width
of | ess than 500 nanoneters; the doped sem conductor conprises a

sem conductor selected fi~oma group consisting of: Si, Ge, Sn, Se, Te, B,
D anond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn 20 and Ge-Sn, SiC,
BNBP/ BAs, A1N A1P/ Al As/ Al Sb, GaN GaP/ GaAs/ GaSb, | nN I nP/1nAs/I1nSb,

BNBP/ BAs, A1N Ai P/ Al As/ Al Sbh, GaN GaP/ GaAs/ GaSb, | nN I nP/InAs/I1nSb,

Zn0/ ZnS/ ZnSe/ ZnTe, CdS/ CdSel CdTe, HgS/ HgSe/ HgTe, BeS/ BeSe/ BeTe/ MyS/ MySe,
GeS, GeSe, CGeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe CuF, CuCI CuBr,
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WO 02/173& - 25 sem conductor is doped during growth of the

sem conductor. PCT/LJ S111 /2C 298 In anot her enbodi nent, provided is a
syst em f WO@R/d1dhg a doped seni conductor, the system conpPCIIU12e8&ns f or
providing a nolecules of tile sem condugh}or and nol ecul es of a dopa~it; and
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| NN/ | nP/ | nAs/ | nisano#ird tZibSlidrese/provided i€d Sh¢fiubd fGdTamblidgSindgSaliddy Tlepgated
BeSBeSe/ BeTe/ MgS/ MgSe, .CGeS,, GeSe, Te, SnS,. Snse, Te, PhO . PbS, PbSe,
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p-type dopant fj ~om A1 of th iodic.table:. - pant from
& oup Vo the Weriagt §Bagirentt offtF pRAGE Bttt B 0P kit B8R,
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and CGe-Sn, Si C, BNBP/BAs, AIN AlP/ Al As/Al Sbh, GaN GaP/ GaAs/ GaSh,
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nbl i . i . Q. f i
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sem conduct or that, at _ any @gi nt along its |ongitudinal axis, has a |argest
cr oss- sect e suacguSIEICsFosES farpgtbe ohaensiignins comprises copdidoning e ng and
bul k- dopeds,ﬁﬁga GAAME bP nofd hihefld, 1%1\%@?&121%& B9hd bx?é‘oﬂﬁwe%@o@a MRth&afesh dth
of | ess than 500 manoneters, andl ereln tﬁe system conpri ses: neans for
condi ti oi uregtitube resitioas en thd furfate osieg magmabicdofcepthe meshed furthesscanyatsest t r act

the one or_nore elonggted structures to particular positions on the
surface,  cRRICHE USROG togririty PheveHEmBRE SipTed RGBT SOHabREr o5 by
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using the one or nore functionalities. I'n additional aspects of this
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;oat | I . i ; : .at
Teast one SEPRRPri . ROAL A EA Rt b (RS EOhERRS H6hE R
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| east one puofacé comprises wging imprihied pattevnsitandior thegass of flawingGOmpeinesret er s; at
| east one of1 ,tﬂel stér Cturﬁﬁebﬁi a dnopae(ii1 seqi conductor that is at |east one
of the fol Y8W° {j.g © P\ﬁfgqe cry t&l ,g RS ongat ed and bul | cdoped

sem conduct or timaidditiinabarpest®onNthigdmi@limes: hdag bhelbfk elnpsted b@sctarek ar gest
crosssecti onal di nension | ess thafn 500 manoneters, and a free-standi ng and
bul k- dopedar® semicanduienscatdeashpasoldhe plengatedsimichars agsloned semycendysiers; @k

wdth of |Rrgg oh@ﬁﬁt}é(%go@féﬂ%h%%s awﬁxlﬂ-%?gd %&91%?{6?5&3{ le%ﬁ%%igﬁﬂ%ea 5

sem conduct or sel ecte om a group consisting of:
Di anond, PstruBtu@:s iB-aRoBR® yingB-@ystalSemionSictGe at st Sne afthe@eruSnres$s G

BN BP/ BAs, Al N P/ Al [.Al' S GaN GaP/ As/ GaSbh,. | nN I nP/ | nAs/.l nSb,
o B HPREIE B A el e TP Ehal POt AP opRitliadl BRighas
ZnQ ZnS/ Zn Sk ZAT6rosCokShRSal o Ezon ISy igbmetdBe Sk Bagiaie briMurvSs

GeS, GeSe, Gefe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe, CuF, CnCl, CuBr,
Cul, AgF, isgdice-signsing aqsl bulbeapedsentpadnctoy ithpb leagtime moptionAwsHBID | CuGePs3,

CuSi 2P3, ( .0, , 11 ] WO

01 1750 SHaneAdh o % gl 8@%‘1‘5@%@ %E’Ste‘:{@ %&%@Nﬁgg%%% ed A1200:
‘the doped smicanindtos ot icartpast smsofthe fplaning el sergfle crybinh am elopgated andbslkst i ng
of :: a p-type dopant from Goup |1l of the periodic table; an n-type dopant
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consi st i NgsfiondPdifdndiifieldihaRB0OninoRRIORBE QL&A {dadiaghaup
consisting of: P, 5 As and Sb; a p-type dopant from Goup Il of the
periodic table; a p-type dopant selected froma group consisting of: M,

Zn, Cd and Hg; a p-type dopant from Goup IV of the periodic table; a
p-type dopant selected froma group consisting of: Cand Si.; and an ntype
is selected froma group consisting of: Si, Ge, Sn, S, Se and Te; the doped
sem conductor is doped during gromh of the sem conductor. 1o In another
enbodi nent, provided is a systemfor assenbling a plurality of el ongated

o o o - o Y " - o o o, o,



25 a |l argest cross-sectional dinension | ess than 500 nanoneters; at | east
one of the sti~etures is a free-standing and bul k- doped sem conductor with
at | east wo®2posei on having a smallest width of | ess than PeQ0USsancet ers;
at | east one of the structures is a dopelg sem conductor that is at |east
one of the followng: a single crystal n el ongated and bul kdoped
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consi st i ngsef?Ftedlﬁo% EAPWP eqpsisyngof: y%)%'t% RentdFos GepwBI of the period
table; a panta/ggggﬁpﬁptfmﬁﬁ'cﬁ Jsed offrto ! e?ﬁgfcqgﬂe, dg%&p%tdgpgm%feleclxg fromila, Cd and
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structures on a surface, wherefn one or nore g? the el ongated structures
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poi nt al on ongi P S, Iat g nal
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sem conductor with at |east. one po t| n hayi | est width of |ess
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at | east an@omkterd)anébdngatediptdnd Gulk-&hedsemitORatSrenNits ANIdAE bAE pSrtioAt
| east one of .t he el ongat ed structures are bul k-doped sem conductors; at

| east one Yvingresmaliestyifdth of Jegs thap S} panomedire aeﬂy@tesﬁm HermehedieRmpiises at
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Cross-s ectmmeeﬂortgammrisds patticalar p@dtiorsmortbe suriice sindl atigaing dlmeomsf ort he
structures_is nd bul k- doped se cond tor Wi th at |east
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sem conductor that is at |east one of the follow ng: a single crystal, an

cel ongated and bl vagigupetests of Sunerbedimentn e achef ltpmngtcoama@ its
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HgS/ HgSe/ HgTe, 1o BeS/ BeSe/ BeTe/ MJS/ MgSe, GeS, CGeSe, GeTe, SnS, SnSe, SnTe,
PbO PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, Agar, Agl, BeSi N2,
CaCN2, ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, TI,
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at least one of the followng: a singie crystal, an elongated and

bul k- doped sem conductor 25 that, at any point along its |ongitudinal axis,
has a | aw@9r/1Bpdss-secti onal di mension | ess than 500 man®@egiuEsny262991d a
free-standi ng and bul k- doped sem condu%{?r with at | east one portion having
a smallest width of |ess than 500 manofrétérs, and wherein the system

conprises: means f i.N or. nore,el a st ruct in a
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t han 500 mangmater | east one gf t he structures is a free-standing and

bul k- doped°&} W%%a{?ﬂ%ﬁac%’??g%gq ¢dP"ne portion having a smallest width

of lesg than 5Qf aﬂ&'ﬁ@ﬁﬁta@fneo‘is ofathisleadotintie: #fedshenesdfiihcélbigited sindnaleped
sem conductor that is at |east one of the follow ng: a single crystal an

el ongat ed BEMIEHOPIRSIEE %éq@sm@lﬁéxecﬂlongmd stryetusanAredened semisegdudiers; at

| ongi t udi e han S00
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one porti ehubawsnga dopmadlhge-tcrystadisdmmbnduem atheast 6aofithe st @esis anhe doped
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Te)2 Si 3N4, Ge3N4, 20 A1203, (A, Ga (S, Se, Te)3, Al2C0; the doped

seni conduclonrd smispadusiordhalosiapy Paisf @@9& &s iqugﬂﬁlémelrwp bhaphkresst 41950f - : a
p t ypezodog@& orfal S)iqﬂe%ﬁﬂﬁeés It*anOStOOtrﬂﬁorB@trel Oghfa HRLL ndlﬂg gﬂ? byR& pepant from

oupVo e periodic tab a type dopant sel ect roma group
consi st nqemﬁconauctm‘ withat least onn pnﬂmﬂmvmg@esmallsdl widtheef 1éssdbanab0fr oup
conS|st|n pe _dapant fr.om G ou eriodic

| | th
Cabre:  a deometlr i dhed sehiBatiotRPRASAR s TSR Fibtjebom BB
and Hg; a Pniyie OB T, Shose, FeOB PDIaMic, P@-CD@-PGBPG) B-&h| 9.C,BiGd, $RSn
dopant selected froma consi stin Ca > and _an n type is
sel ect ed f%“érﬁeaS’@rSiGpBbgﬁ £“&ﬁ» A@lel’/@%s/l’é@b @ﬁN/%IP/@@A%(ﬁaSEre t he doped
d f eat d
sem cog U(‘IhﬁglnPﬁnﬂg’/ﬁ %N/B% L QWA B/ AE&Z Fs‘i‘a'e é'tﬁﬂ?@n Otﬁfrr Q%aqaﬁﬁ eatures an

advant’ages of the enbodi nents éscrl be atures arid
advant agednNfInPHeAe/IeSHt) QBN /Znd¢/Fh ThaCABCeSe/Ed e, fgSiHdBe/lgdod and

foget her v eirbalebisiMeShg o SaReOrTpsns. Yigs Rofe IS vhE e BRY..
DESCR P! QIO THFCRBAWMGR OISk AAChASS oo RobEAGER, wisghsh andi ng

of the present invention, réference is made to the acco draw ngs,
5\14 J_Ga?é\l‘h

‘whi ch ar e nfnSbRdCaEeRB, KaselRs, f@l;,%@)é‘?deﬁ‘@elnaﬁb Red(Swhe, cﬂ?@“l) IS
' st a0 AR e PR R End ARCRRIARRIEL BlooRbleys” SmpBie CRAII T, o

,schemat i ¢ sdleagpddromb gasupeocnsiatisg of : dptyeaopasitiah aiom:amad)ﬁ/the feriodic table;
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an n-type dopant from Group V of the periodic table; a p-type dopant selected from a
group consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P,



growt h process for fabrication of sem conductor nanowires; Fig. 3 is a
schematic diagramthat illustrates nanowire growh; Fig. 4 is a schematic
di agram tw@v2/i13blistrates an exanple of a nethod for 1o coRCAAINI/REGhanow re
dianeter; Fig. 5 is a schematic di agran?tlhat illustrates nanow re
fabrication by deposition on the edge of "Surface steps; Fig. 6 is a

schemati c di.agr i t ] V. r L{Lon in
or on an edsloaﬁ%a é&tﬂh@%gldg{’%ﬂ%% l@fog@%ﬂ%%eﬁ{;ﬁ%{%}%ﬁg @B?ﬁlgg%ﬁg‘?[eétggenbl y
of sem corftbie b @Foupacudsistieg of: Mg, InpCdawd RS a pHiyps dofiddt 8CmsGpI VI ofahd

nanowi re current as a function of bias voltage fqor different dopjng |evels
and gat e PeTipdigdable;ms prévpeglapan gelogied fow & eroup sANYIEiNGATr € apd Si-epid kg

function | 1§ § it ~ph ' vel s and
gat e vol t ApSeh 3petRN AR Eln Eauldreira o SR e e TE ML Ml Ppe and
n-typessi Isemivondactonisrdepeddirtgsgrowds@litbe semicyndieigs. 11 A and 11 B show
tenperature dependent current-vql tage .cury ecorded. on heavily boron
doped silicon ﬁ&ﬁ&%%?‘é?mg%ﬁﬁe@tf 8@@0?{3 1521&%@9{{1?{2@5 e@ﬁ}geﬁﬁ Y ¥epicts the
use of NoREipARATHAB B! dh £RI26¢, dehedsin 686 8F MdteSofthe elohgat@l! stwichured are at

wel | - defined GaP sem conductor nanowires; Fig. 13A shows a FE- SEM i nmage of

nanow r es leashoreef the follqvane Besinele aryvstabtaaelangatediand bulk-dpped sgnichadicter TEM
' f 3 ire int - Ei - 14C s 3] f
oo S0y i e BSoRATBIS) 0 6L el bR AbBhSPLRRE ©1,

measur ed di ahete res I ameter coO

02/ 173(p2 Rbad 30(bdahbhitfss,| a8d a3ikestapdingdad Yntkndopediesticopdastoovith helegitens f or
W res grown using.the previous nethod without colloids, in which the |aser
i s used t PoHMMhayaRE? snalleshwidib phleswibar PQ parometerspndryeheegip theamethad: s;  Fi g.

Fios. Loa TRE Show R SERI T B AR bPHoARIEY SREUAE MO PR 2cer

assi st ed chicaligallychgrging the s@ifare td prodebowlsctaostiticifomes betweentwe asmoietM therage
of an approxi /mat 0 nan ter diameter gallium arseni de nanowire; Figs.
17B- 17D sH’g aﬁ%’g‘ﬁ]tﬁ%éﬂpﬁ%‘gﬁeméﬁﬁ'mges of different diameter nanowires;

15 In various embodiments of this embodiment: the electrostatic forces cause the two

o

or more elongated structures to align themselves; the electrostatic forces cause the two or
more elongated structures to align themselves into one or more patterns; and/or the one or
more patterns comprise a parallel array.
In additional aspects of this embodiment: at least one of the elongated structures

20  are semiconductors; at least one of the elongated structures are doped semiconductors; at
least one of the elongated structures are bulk-doped semiconductors; at least one of the
structures is a doped single-crystal semiconductor; at least one of the structures is an
elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has
a largest cross-sectional dimension less than 500 nanometers; at least one of the structures

25  is a free-standing and bulk-doped semiconductor with at least one portion having a
smallest width of less than 500 nanometers; at least one of the structures is a doped
semiconductor that is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped

30  semiconductor with at least one portion having a smallest width of less than 500
nanometers; the doped semiconductor comprises a semiconductor selected from a group
consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn
and Ge-Sn, SiC, BN/BP/BAs, AIN/AIP/AlAs/AlSb, GaN/GaP/GaAs/GaSb,



|0 Fig. 18A shows a FE-SEM i nmage of CdSe nanow res prepared by |aser
assisted catalytic growh; Fig. 18B shows a diffiaction contrast TEM i nage
of an 18wavZOserer di aneter CdSe nanowire; Fig. 18C showpCa/usiogype298

resol ution TEM i nage of an appr oxi matelﬁgm nanonet er 15 di aneter CdSe
nanowi re; Fig. 19 is a schematic diagrarmshow ng GaN nanowi re growt h by

| aser assi of bul k GaN

nanow r e s@lﬁﬁﬂgé}q‘é‘%&ﬁ %’ %'ngﬁgyﬁ SS‘SAT@?AIE? RQ‘E Z‘F&t\gsgag %ﬁﬁ%ﬁggg 20B shows

a PXRD patIthIﬁPlIﬁAﬁYhM Zﬁ@/Zﬁﬂ/KnSEiZhT@,@d&/C@Se/CETQ Hng]ngSéYEl\gﬂ“ ed diffraction
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nanopart i &ee/B¢S e@?ﬁéMgé gpadges, Fege, CZ“&E SHBwSen SRR EHO, erhgep Ia¥e, Bhbe:her

GaN i ] t t 0
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23A- 23D i |2n3aSbat Gu@eRSs Sa8idPan(, He){AlnGhj o1, Fel(Sebe dle)d, SBNAr@EN4, i es;

Fi gs. 24A— i ustr opt ct l.cal. characterization of nano re P-N
junctions éB& ‘42155} ﬁg@ g‘ﬁoleﬁb 4}3@@ l?ﬂfg’f? gﬁwcamg‘%%@%r%s Wy pe GaN
nanoj unct 's@l@cteﬁ'fﬂ)m aéﬁ)u?% st 8 p %e@oﬁé&ﬂ(ﬁtohpauﬁfp WO £tROBeri Ric 4Bld; OUS

gate vol t ages; Fi C shows an 'EL spectrum for the nanojunction of
Fi gs. 25A: anm-‘g@e dgmiil@m Grqups‘t’ pﬁth@ n@méﬂcn@ble aitypetdopydielectad Sembh y of

nanow r es h. el 27A-27F i1 | trate crosse SI | i

nanowi r e Jgﬁ ?%ﬁ%ﬁné g\g(@ G%Eﬁﬁﬂ“% gﬂl U CosRtisg 9f: A

i |l ustipat AgardSts; aGSEpe depdni mrh Gﬁﬁ@\lﬂ bﬁthblplaﬂbcﬁé tdblAA-5He aspaﬂﬂsasctea 9A- 29D
illustrate conplenentary inverters and tunnel diodes; Figs. 30A and 30B are
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an n-type of ype con esier e Var e
this i nvenhatpait angnpolnt emngmﬂéliglﬂudﬂlaﬁﬂﬁs,ﬂ@s aflargest cross-sectional dimension less
than 500 nanometers, and a free-standing and bulk-doped semiconductor with at least one

20  portion having a smallest width of less than 500 nanometers, and wherein the method
comprises acts of: dispersing the one or more elongated structures on a surface of a liquid
phase to form a Langmuir-Blodgett film; compressing the Langmuir-Blodgett film; and
transferring the compressed Langmuir-Blodgett film onto a surface.

In an aspect of this embodiment: the surface id the surface of a substrate.

25 In additional aspects of this embodiment: at least one of the elongated structures
are semiconductors; at least one of the elongated structures are doped semiconductors; at
least one of the elongated structures are bulk-doped semiconductors; at least one of the
structures is a doped single-crystal semiconductor; at least one of the structures is an
elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has

30  alargest cross-sectional dimension less than 500 nanometers; at least one of the structures
is a free-standing and bulk-doped semiconductor with at least one portion having a
smallest width of less than 500 nanometers; at least one of the structures is a doped

semiconductor that is at least one of the following: a single crystal, an elongated and bulk-
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across the elongated article that is _orthogonal to the i tudinal axis of
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25 than 500 nanometers, and a free-standing and bulk-doped semiconductor with at least one
portion having a smallest width of less than 500 nanometers, and wherein the method
comprises acts of: dispersing the one or more elongated structures in a flexible matrix;
stretching the flexible matrix in a direction to produce a shear force on the one or more
elongated structures that causes the at least one elongated structure to align in the

30  direction; removing the flexible matrix; and transferring the at least one aligned elongated
structure to a surface.

In various aspects of this embodiment: the direction is parallel to a plane of the

surface the act of stretching comprises stretching the flexible matrix with an electrically-
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i Il ustrat i B&S/BBSEBATHMESAgB8e.05¢S, TGHSe CEETS BnSEHRSH) BATE, tPHO, IPbS, PESe, PKESP! €,
a wire-like sem conductor such as a nanowire. The CKll indrical sem concfuctor
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wi dt h at tARQ3o(AL Gabln)2(S, Se, Te)3, Al2CO; the doped semiconductor comprises adopant

selected from a group consisting of:: a p-type dopant from Group IIT of the periodic table;

an n-type dopant from Group V of the periodic table; a p-type dopant selected from a
group consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P,
30  As and Sb; a p-type dopant from Group II of the periodic table; a p-type dopant selected
from a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the
periodic table; a p-type dopant selected from a group consisting of; C and Si.; and an n-

type is selected from a group consisting of: Si, Ge, Sn, S, Se and Te; the doped



WO 02/ 17312 PCT/ USQOL/ 2(298 -37 Such sem conductor s nmay be free-standing.
As used herein, a "free-standing" article is an article that at sone point
inits | Wweo/s73apt attached to another article or that isPCA/isol/RE209nN.
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20 sem conductor region ‘and p-type sem conducting regions are initially
adj acent prior to doping and do not nove relative to each other prior to or
after doping. That is, n-type and p-type sem conductors, initially in
non-contacti ng arrangenent, are brought into contact wth each other to
forni a useful eiectr onic device. Essentially any device can be nade in
accordance with this aspect of the invention that one of ordinary skill in
the art would 25 desirably make using n-type and p-type sem conductors in
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WO 02/173& -39 PCT/ U S(11 /2G298 El ectroni c devices incorporating

sem conduct or nanowi res can be controlled, for exanple, by electrical,
optical ovOongmeric signals. The control may invol ve sw t @dirngobedeeen two
or nore discrete states or nay involve nti nuous control of nanow re

current, i.e., analog control. In addition to electrical signals, optical
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and n 25 typ€ nanowi res. I's an er arrangefren i nvention
usi ng cr ogsedireaataodingemd bubledopadessmimmadudtat witke atdeagp enelpotibahavibgts can be.

When forward,bi as. 0Sitiv harge appljed to the p-type wire and a
nogat i ve crag A G chen Faf RRpSRRRR e85! obf obfhe shutRE b B he
junctign isemidedictbi et Waf Rasithe R@kRSoflbWiNgt PVRER dritRal] aElba@Hed dhaltify-
p-type wire. At the junction, holes and el ectrons conbine, emtting |ight.

Ot her t ecHiopedsanigegdustor ghat, @ any Peing aleas its fengiiudinpl axin Aavadargsst cress-ot her
sem condu nfitkion hd i.he . N4:00r ail. At the

si ze scal gste%;(ﬁltahae)i I nvltgﬂtlésggﬁ 1n5§’3’o‘%§§‘?%"gf %%CP%%‘.’F{@%%IE{E ag(? gﬁ]itl‘%otpe%m ssion
can be conemidonédctbywithat feabtlanagottiva Iaving acinallest vaide ofles, thansopr ef er abl y
bot h conponents tha}'{ | 12/ 17312 -40 PCT/U SO 1 /2G298 are cr ossed to
formthe IMPHPRCERS the doges sericondftor EgPPERESAeaIICoNdErter Fipricd e agroup used,

a nanogi I gonkibihd G¥ 9L1GeS BRI &9t B BRASIHANP (RICORIBIBBY)! B)si Wild, IRV ik6i]n
emission at a | ower frequency. Eor exanpl€, in thé case of indium

e

phosphi de,andiGes$nSi6c BNEBP/Bsv AINIAIR/ A IBY poddGaPABadg&aBan processes,

the materi ] 9 t t [ SA0 t he present
RNAREI R Ry By BRARRE ARSI MIADRISH BaNFEEYERAaSn "o P

i nvention e wave em ssion can C 1 wavel engt hs

shorter tHaN/IAROnABMMStE ZAOKZnS/BnSEXaTR| GISNCISEEIT 2 FHASHBRTERNONEL er S.
850, 800, 750,

700 nanon By Br Bel e MEABSRIRY Gsser Ol Sng: S, SnTe, PbO, PoS, Pise, P,

25 CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, ZnGeP2, CdSnAs2,
ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl,- Fe)(S, Se, Te)2, Si3N4, Ge3N4,
AI203, (AL, Ga, In)2(S, Se, Te)3, AI2CO; the doped semiconductor comprises a dopant
selected from a group consisting of:: a p-type dopant from Group III of the periodic table;
an n-type dopant from Group V of the periodic table; a p-type dopant selected from a

30  group consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P,
As and Sb; a p-type dopant from Group II of the periodic table; a p-type dopant selected
from a group consisting of: Mg, Zn, Cd and Hg; a p-type dopant from Group IV of the

periodic table; a p-type dopant selected from a group consisting of: C and Si.; and an n-



Thus, one aspect of the invention involves a sem conductor |ight-em ssion
source |0 that emts at a higher frequency than the sem conductor causing
em ssi on w@i0e”R736h its bul k state such increase of the freddd@riisp1/2629&m ssi on
of light is often referred to herein as29uanttun confinement. "Bul k state",
in this context, nmeans a state in wuch<'t is pr esent as a conponent, or a
portion of L | | . ch i f.grgater than 500
manomnet erst.yse' %&P@gﬁg? ltéljtngg\ég OC%gglr%E%e&?j%‘Pi@ﬁgsg’?g%{gk%fl Tgt f'o?lltee Og‘%si ng a

mat eri al ' setmidvmdactor ikSlopad dlnemggdowa of the gergicoyduetorem ssi on. The present
invention provides for such control over. em ssion frequency of essentially
any seni conductii¥gt @}Ot%p?ég”@éﬂ?lﬁdﬁetﬁ‘éﬁl gt SYatear %F‘?Seﬂéél%ﬁp‘i/?f 1gpre
controlle Lrups ' : SrESH j

1 gni ng. reinuarRRbuRls SALARHCEWRRGRSpL B ArEAMLPEORRRE! Biyclhs Y o

gener atsed lbat weeof the fal eeinpodasiecastane of thedoloweingos sinpleregktdl cinvelenpatdie

el ect rodes ptionally flowed ipnto a region between the electrodes in a
suspendi nganﬁiﬁwﬁlaﬁt?peé AogFCuger it e P AR oSN e 2SR S RIFEBY can
be made t q;sRaRCANR SRR NESID BRINERRL afd a &RERtANIHNRI BLhRkCddRAEs. 1N
anot her ai ~~angenent i ndividual contact points are arranged in opposing

rel ati on tssmeenpdueiphwith af frast angipertthwdiavingrat smeallepiovidtsoflessriban 3fered to form
a point di . each ot her.. / egtric,f.je e t

bet ween s ulgaﬁlg%ltgi?eg% tsal%vﬂhfqiseé% ﬁ}e Sggtf’ my Oglﬁlﬁlé?géb\ﬁlr? géﬁso%tr F é&g%{)alﬁﬁg F\% SE] ﬁé&d‘?{g ance
bet ween, and o amdraClrichignalitéds tindt atttadoethe bee br mdeselongutddstisiciiss to paiticutival

nanowi res can, readily b&Fassenbl ed between i ndi vi dual E)ai rs of electrical
cont acts. ResHO®eQn e wrisee.angdansans for aligaing thepne At mqrp elongatsd siragares Byl ti pl e

paral | el V%dr&&in%@h&ﬁé Srhofd l@rfg%{eﬁ%trﬁétﬁl%g?&'ﬂﬁ?aﬁ&@uﬁa&%ﬁ&l@ﬁs‘ NidPhe Whé 6 1N @
per pendi cul'ar of approxi mately 30 perpendi cul d&r seco I'rection) can
readi | y bemberfmecidoylifi¢s: st positioning contact paints (el ectrodes) at

| ocati ons where opposite ends .the crossed wir es sirably. will lie
H oot rodes.or leaRfions CasPRAS of i P BT Cpshow of 1 ioBggeta Sthictures
m cr of gbr i gakdmidoh@eRih .t @ast oncWP R4 dH3RY Skttt A68Mseridonditibmeat

assenbly techni ques can be substituted by, or conplenented with, a

posi t i oni nigasirraptdssingaiedstyettss peshulk-gapadpeamisqnduetors; avleast oae of thy

appar at us ' f | Ui Nt ai.ni ng: d | rd:apd in the
P ecti on BfeltEh debt AnERrRdl B AHARGNIEIAR0RMLE B2 LOARE AR, | )

posi t i onedeloparainmdi butk-8oped seaticandnctbethat, pr ayaroint abengf ied lbaywudivll ik, has
nanow r es a{?&s nt hesi zed, they. are tr apsferred into, a sol fo t gﬁg.g.,

et hanol ), &lEeeFhEsssicatior dimensiprrlgss than Aipancmetsiy t legstawg of Hie SHURWSS t o

obt ai A sif %Q%e%-s%&ir?lﬂfg”a’iid%hlk&ﬁ&{k%hi&fnﬁﬁ&&e%ﬂ lat 1eAMQAn¥ BEroAHAVIG 2SUT T aces

including regions that selectively attract nanow res sun~ounded by regi ons
t hat do nomalkssteridilvef lgsuihan 569 nanemeterfot leastamglof thelBruciuss isadopesl pr esent ed
in a particul.ar ttern.at .a surf nd.that.pattern will attrac

nanowi res Siiendar b et i gl A S ol fina S v Pt P gtonBtd B
Surfaces cépellgerpRoh@uci@tthers byl paid wWong e hoigitudmab bk 1as a ¢drgest tes-beam
patterning, "soft-lithogr aphy” such as tha escribed in_International

Pat ent Pubjectienal GHT‘W@%OI&@SQBWQ%WOB’L?W%@H 8 tisgrsiandme apgdwlk-deped) 5. pat ent

No. 5, ,9 12862‘@3‘011&11%99&%12{? fidakst g%ptoec X aviChsrd11 8 iy B@gégﬁt&hﬁ%ﬁ por at ed

herein by reference. tion I ques are descri S. Patent
Appl i cat i cimanSertens; tiodoed/sthisopdegtorf ¢ongatisdud yerRicodd@dr sklgcted &berg greupal . |

i ncorporated hereip by.refegence Luid flo .ec.etﬁg t a
si ze scal ecoé’ﬁvﬁﬂ% 8€«§6’ e’fgﬂ’ ﬁ’lnlgecgrrgmm%d haﬁo@m@gg&){% E%ﬁf g’é@’s 1045 'i’
vari ety of xdsaGi8hosies BN/SIP/BAs, AN AIPFISROY A IS Gal/dralt/6AgiGa8Bal  Pat ent

Publ i cati on No. WO 97/ 33737’Pé§Ub| i shed Se&tenber 18, 1997, and 20

.i ncor por at W&/ ngYlats/Ip§b. RN ERB bs, ADY/AE AL @ﬁﬁlﬁ@/ﬁﬁ@ﬁ?@é/@%e descri bed
1°U S, Paj e0f AL 05 A 965 A Kire NS4SR SR e sk iR, 2000,  and
i ncor por ated herei n by reétef ence.
BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe,
CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2, ZnGeP2, CdSnAs2,

ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, T1, Fe)(S, Se, Te)2, Si3N4, Ge3N4,




Figs. 7A-7E show one such techiuque for creating a fluid flow channel using
a pol ydi net hyl sil oxane (PDMS) nol d. Channels can be created and applied to
a surfacayo®dy1an2l a nold can be r enoved and re-applied i RCI/HM/RE@Y8 ent
orientation to provide a cross flow arrgggerrent or different arrangenent.
The flow channel arrangenent can includé®Channels having a smallest width

fol t 11l ki , 0. t. 00
or 1655, SORRE e B, S85% FRRRH: MR Rptd P doRhtor chRerSr PRl ng
phot ol i t heglkateh Yroans gt doRgisiid\T: :aip-Bpe UBFaltBDine GrowdSIIOESEHS phiedié Abide

above-referenced pat ent applications and international publications.
Lar ger - sc &nd-1y8e dppany fom 56@’54 Vo€ theperiadic tableia prfys donait selgpiedopua t er ned

Tan boas iy DnaR¥e oF il AE Ty BY dbi AR Boll 0 SRMRE B e o0

nanow ses Asand $b; apytypaldbpae fioar Eraipdbofihd petiddic tabld) anpypbidopandfelacted phous
oxide. This aIIows surface %f@gﬂon to termaate the surface with
vari ous flf{ﬂn&?igfﬂ’r‘é’lco@isléﬂﬁ%o fhand Heaa petype depankBpecirons IV afdhend of

which is I r i Ifj ke 0 j e
U f ace,  CREUAR AT BRSO Bicted fiohd FEophLoh Gfle SRS TRIPHAS, o
hydr azi de tyreid S@lb@i@ﬂnﬁdﬁm ggmmpspnt(lﬂ)ngqugﬂht GacSﬁt,\EaISalahé Tepthetdopst aryl azi de,

fl i nat ed d h bstrat d electrod
2 arso modreraiuie Gop PRt RIARRENENE srispRReBhal | ow manowi res to

speci figcal | y biladnéthenehbédim@ny piovideles £ satdnh fralsedn@linpQdsisraityf dface based
on the their interaction. 1 o Surface-functionalized nanowres can al so be

coupl ed t slangated sirustusons surzee Whergin pPRmet mereat tb«? elongatechitaicairesarg at (1 )
Honobi f i 5
mobi fungiipaad ﬁheigrdwlﬁ S53tle gér?m%gelﬁ ?Pﬂlggoﬁhgg{p %185 rea?ﬁlg@lsetders

homobi fi ui ¢t onal oest unc
i nkers, dind Ibubmdxmedzsemecouidmtmauhw asany lpoim laldnlgntstlomglaidnmh ame,zhat; bvagestnkers,

honobi f unct i onal hyde, i des, honobi ction y

(S1°0b Focernertinte] GmasionJeS IRRDTa oo, Riske Penstnding 84s Pifidaped e
assenblsy QbmiananitbewitRRAt RasiWhs Eaafoﬁ ham %I safameadaa&pme@tﬁa f)p assi sted
usi ng bi nol ecul ar I’eC](‘))vgnl tl on. or exanp we can I nmobilize one

bi ol ogi calnabbmdfﬁrﬁgalpta AReiN thmswt@meomanmm@ns ﬁwﬁ@pesmnglthe}péur@hWelf one onto
substrate gcgngg eq Gl ru(?t% 2 olﬁ% fid s&?&&rﬁi F&l%l Zaelagﬁlcaagro qupgg ﬁ(feintk ezg

Some good recogni tions are.

bi ndi ng, tpr@ducaelwtrdsmtu( ﬁj’lcéstb’eea@éeﬂ\thloﬂinobé ﬂﬂﬂhé@lurﬁiﬂ?l’o@t}&rﬁm’(@féﬁ t echni ques
that may be used to grow bul k- doped sem conductors, such as nanow res, and
for dopi g8 FSnanowi res during growth. For exanpl e, Si N\ (el ongat ed

nanoscgl e sem i alytic
ooy AU AR o BRI 145 98 et ARRlBiRg gl o ¥

conposite aleamgutsondvators,@t tastposed thefclengd tedi stradtunastaee d@ed(senlgzondml'sami d a
catal ytic creates hot dense ich quickly
condenses P 8 b SiontbsSd BB SR uigped GRmRmARR: # ebodk pfile” gas.
G owt h begtiistuydiena dbped difgle dryved eahiesh®icforPAAOAFR oS IPENS Blratt@berk ay th the
desired phase and continues as_long as the reactant is available. Gowh

t er mi nat esleggaiediand bﬁﬂwéweﬁié§mtfé?§§uc(§‘ﬂtth§f attany PRt ajangdtsilopeimdinabads.draswhen
the teAperabiles drustdbAthl Atilhsioneds TSR BhbtetdpCt: B GAL é%ggotm{la{ues

growi ng a Wdera Ige o ong ate nanoscal e sem cc‘)n
cat al yst iisa fioe- standutgenhdthullédom:ﬂlsymlcéndmﬂl@ witlg et ledist maé p«sntlahaaﬁugla as (Ag,

G TN B TR T IR AN SN
semiconductor that is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-

30  sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500
nanometers; the doped semiconductor comprises a semiconductor selected from a group

consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn
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means for compressing the Langmuir-Blodgett film; and means for transferring the
25  compressed Langmuir-Blodgett film onto a surface.

In additional aspects of this embodiment: at least one of the elongated structures
are semiconductors; at least one of the elongated structures are doped semiconductors; at
least one of the elongated structures are bulk-doped semiconductors; at least one of the
structures is a doped single-crystal semiconductor; at least one of the structures is an

30 elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has
a largest cross-sectional dimension less than 500 nanometers; at least one of the structures
is a free-standing and bulk-doped semiconductor with at least one portion having a

smallest width of less than 500 nanometers; at least one of the structures is a doped
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20  type is selected from a group consisting of: Si, Ge, Sn, S, Se and Te; the doped

semiconductor is doped during growth of the semiconductor.

In another embodiment, provided is a system for assembling a plurality of one or
more elongated structures on a surface, wherein at least one of the elongated structures are
at least one of the following: a single crystal, an elongated and bulk-doped semiconductor

25  that, at any point along its Jongitudinal axis, has a largest cross-sectional dimension less
than 500 nanometers, and a free-standing and bulk-doped semiconductor with at least one
portion having a smallest width of less than 500 nanometers, and wherein the system
comprises: means for dispersing the one or more elongated structures in a flexible matrix;
means for stretching the flexible matrix in a direction to produce a shear force on the one

30  ormore elongated structures that causes the at least one elongated structure to align in the
direction; means for removing the flexible matrix; and means for transferring the at least
one aligned elongated structure to a surface.

In additional aspects of this embodiment: at least one of the elongated structures
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is the electric¢ t xan p0|~t t hrou these "W res si nce predictable and
cont r ol | alsekcedftue & groy cpﬁsm&mg Ofb@ rtyipe |dca¢nttf@nn§fodpylllrmfrtbs perfalic table;
electronics a icati nost .ef f.Qqus hav on.el ectrical
St onsport dniBReisSRih R Ghd P oPmeTREbaf S b BtE o R PR R Rl abr

f undament grofieednsisting of:IB; |Aldinﬂ@n {dnen-B)pk Sbpit Seledted BBAY LFoup b@ﬁs@ﬁm@ﬁfﬂmd' ng
over hundreds of manoneter s, ballistic conduction_ at roomtenper atuxe,

and Lut ti ry®#nd SR RitIBEHaRIts frompGepup- of the meriadie satde) amyPp doBHY selectedr
i i oniotnd ol EisRURE Bl N 99 COl il L it Bpar okl Gl pitiorgpor t ant
periodic table; a p-type dopant selected from a group consisting of: C and Si.; and an n-
type is selected from a group consisting of: Si, Ge, Sn, S, Se and Te; the doped
semiconductor is doped during growth of the semiconductor.
The features and advantages of the embodiments described above and other
30  features and advantages of these embodiments will be more readily understood and
appreciated from the detailed description below, which should be read together with the

accompanying drawing Figs.



sem conducti ng tubes, which depends sensitively on dianeter and helicity,
is not possible. Studies dependent on the specific conducting behavi or nust
t hus rel WoRA2/tl3ahce observati on. Second, controlled dopi n@Cafuso1/26298

sem conducti ng nanotubes is not possi bl g although it is potentially
critical for devices applications. Sem'c%r'lduct or nanow res, 25 however, can
over cone ﬁiﬁﬁ%ﬂfi.f{fﬁ’f‘oﬁfT ANRONG AR %tubes. These nanowires will renmain
sem conducti+g giatretef—and noreover, it should be possible
to take advant dpe abkti¢hedestinding@fiiedsresdnt irvehtie, sefefefedid widdero tpdustry to
dope the nanowires. To this end, we here report the first demonstration of

cont r ol | edCefsppanyng drayvioag, vdaich A thepsperated dieredn by mferspccomdipavidelsct ri cal
properties of thhgse; ! i i .

Gt o- depondent T E ot aRpea Ve e 6F ol kbl bf FTRELA AR AT binopire
( B- dopéd) imnactopdamsp Muthcnentodedent Bf ttepgedwnti®n\\\& behave as p-type and n-type

materials, respectjyvel estimates of the carrjer bilities s est
di ff usi ve V\oq‘?‘h% T?@%‘?p&nﬁ% %@ﬁ*ﬁ%ﬁéb‘ie}ﬁ ( A eXpLpis At a{]?isef ﬁ%gésée‘ﬁ‘é?ﬁggﬁ? es.
I'n addi ti @RowthgiTB&ssatd+ fEbrEaREeN LM miIbBRRMR ABRYwWirdgade on heavily doped Si NV

show no evidence for coul onb bl ockade at tenperatures down to 4.2 K. Si NV
wer e synt hesi zddgsisagchematicaliegramgbatdtlesiratesmangwiregigidhit h (LCG we have 5

d i bed i . ' - , I i dt h,
300 m/ pul Se.  F0Pry 2 saypritlofndetiia i ARG ag RapER Lo Eudlip P D ek

gol d nanocbniséléing pan@viysdiamatet; cl es within a reactor. The SiNW nmay be
grown in a ro&é,of SiH4 as the reac an#. Such Si NV may be doped with boron
by i ncor por at i nge-B86 sehematie diagrem that iHysigtes Aapowies fabacaiinndyy dgpesition on
phosphor o%é{?qusarf ~depsarget (99.5:0.5 w% Afa Aesar) and lo

addi ti onal red phosphorous’ (99% Alfa Aesar) at the reactant gas inlet.
Transmi ssi on ellegté ivn schemaschagrah ThM)illnwmss menewnires gertip by vapdralepbatiordoped
Si N\ grown usi nlg l’thi%crigchnitque have a single crystal silicon core that is
covered by" g GRATEO8P P as described previously. Electrical contact
to ingkvidual $'i%§./\$’A\M-‘E AIRREE oHBbithat hABRBhakRfdohibtiadokes td foadr aphy
met hods using a JECL 6400 witer. The na.now res were supported on oxidized
Si substr &€8icest- 10 ~2cmresistivity, 600 nm Si02, Silicon Sense, Inc.) with

t he underlying g Cé . . Th o the

Si N\V& were madgﬁ ggsj:é&ﬁ&gﬁ(F H%?‘%W?ﬁg%@g‘g?ea%@%h%s%c%%&a{%%\;&zt%%%f O nm.

El ect ri caldifferamsfopirig lveels adegaavsltages,;e made using a honebuilt systemw th

| ess than or equal to noi s 20 u~.ider conputer control. The

t enper at ur e- de?é%gﬁtm#eqﬁﬂ}oé‘h%ﬁ‘f@ PR CHECRLDS 3 f@Fé‘HP&ﬁl%ﬁéé’PHﬁgen@énet ic
propenpy @?ﬁé%%%&h&&&t&mngﬁ@él§Méa%v&b&\éé;t hat the boron and .
phosphor ous-doped Si NW are single crystals, although these neasurenents do
not have suffi diignil04andilOBwshey energyhand diagrantsfobpityne and mptyps stispous dopi ng
l evel in indivi . W : can, however, denonstrate 25 unanbi guously
the pr eserrllgg‘g%fgg%lg/e\p@é{e? %’P\b/’%‘)‘/’ or n-type (phosphorous) dopants and the

rel ati ve dopi nFigeleAnddilBgheweaeahpéranire d6RAGHO CinTGReolthgsanPs retdtdédiese
measwenent s, a g@;t,ﬁ%rel ectr dﬁ is used to vary the electrostatic potential
of the Si QQ@PP?FB‘“ e BRPWHEr sus vol tage of the nanowire. The
changg;si n condqq%al@q@agéhe%ami@mﬁw%ﬁem%e 8217 mRlohAPEsEARoIRSo ﬁﬂg to
di stingui sh whether a given nanowre is p-type or n-type 30 since the
conduct anae catplyistsviar the gpputhiof ateji-defined faPsasicogdypei nanowirgsiegat i ve) gat e

vol t ages. Typi cal te-dep current versus bjias v 1%Sta | - urves
recorded on | n&ﬁ%n@?’t%ﬁ”& %@E@ﬁ“‘éﬁ nﬁ?%wg‘f‘?o%ﬂéhleﬁz‘?ff gr.ngzgﬂé i fon t wo
B- doped wichBsidshown in Figs. 8B and SC were synthesized using SiH4 : BzH6

ratios of 1000 : 1 and 2 : | . o
Fig. 13B shows a TEM image of another wire in the sample;

30 Figs. 14A-14C show histograms of measured diameters for wires grown from

different diameter colloids;




WO 02/173&2 - 48 PCT/ 11501 /2@&298 respectively. In general, the two
termnal |-V curves are linear and thus suggest that the netal el ectrodes
make ol urwo oeersisacts to the SiNWs. The small nonlinearity palisesovieerds n t he
intrinsic nanowire indicates that this cgontact is slightly nonol unic.

Anal ysis of 1-V data, recorded at zero’&ét'e voltage (V~ = 0), which

accoiuits for nt {4}? tions .fiomt hF .conEFac resi st ance.anq oxi de coating
on the SN yi a4 Piasrc higiogfion oT Gagelers igs wass 1oV B PEZFRISES when V-
i s made i NGERSS WiBbit dEORT] MEVIIBIY Bel1hdéR s usel @ KRR GUAABEUR 5A18 hBRFTBSters

(decreases). This gate dependence shows that the SINWis a p-doped
seni conductngrth¢ GaBeepstants bel ow). Similar |-V versus Vs curves were

recorded for the |ight B- j ad show th { L :s..al so. p-type.

Mor eover, the glg':i%&roessiasqslg'\%ﬁ%gn% Wﬁe@%}%g%fog"i@g’%’ MH ¢ isS nore
t han two order sFigh. 16Rg6C sty SRS EMrinfaBéyoftdifferent Hanbwires Sichbied & daser
denonstrates, clearly our ability to control conductivity chemcally. This

| atter poidseisted cAtis&oO¥ihport ed by |-V measurements on the heavily

B- doped Si N\ s j ' ' 58 TS i I i.Stiygty of 6.9
x 10'3 S2-cm angl%%%@v\g@r}% %%;%%\cgﬁgh%gmé%ﬁw; %Iﬂ%%é%fﬂsén aPi-M \?&ggétgﬁlrigcor ded with
Vg of 0 anhn2fhetér diametaregallappansepidd hasevireesul ts are 15 consistent with a

hi gh i jon that i metal lig dimt. have .al
Teasur ad Vo denBinanEl 1o st Retichsoigin PO MR el dinmeler ST e
|-V regorded onpighegA sitid ¥FERPM iRafoul CESd denBwirléprebsred Ba¥daAhssRR | near ,

whi ch indi cates noni deal contact between the el ectrodes and nanowire, and
the Vg depw@talgiicgromthopposite of. that observed for the B-doped Si NVé.

Significantly, #hi QQTs:e . gat [ [ ' n-type
materi al as ex p%lgt ggdg g or %%%%rtfgﬁ C%ﬁtg%ggf% gfrrgﬁ%? Offéig fig t%la;ﬁ“&?. g&% a{n%lteé wre
at Vg = 0 C8Senfmowirkp2 S2-crn. This relatively high resistivity is
suggestive of a_|l ow doping | evel f\n,d/ or low nobjlity. In addjtion, heavily

P doped Si NV¢ hEel$y shovwsehichueseuticn THMamage ofpneapproxiggicly Feaogsieron a

typi cajs he&g%g%r&dgggé%a%ﬁer;e are linear, have a resistivity of 2.3 x 10'2

S2-cm and shows no pendence on Vs. The low resistivity (four orders
of magni t ude snkigl & istasghermhites dipghatm shoRimn@el nsaowire groavthl bylasenabsjstaddence
denonstrate tlhat hi gh carrier concentrations can also be created via

P- dopi ng of*3H& @ON&E’ The above results denmonstrate that boron and
phosphor ous canfFiae20ss elibwia ERBRM ifnage 6OMAK GalNilahywitt sphthMzeauslaggny
orders of magnitude and that the conductivity of the 30 doped Si NW respond
opposi t el yasgistegsatabitic@rowdyat i ve) Vs for boron and phosphorous dopants.

| ndeed,, t he Vg p lﬂﬂ?xﬁt P (hol es) dopi ng
wth bzooron and ﬁl-%tg({)% zei eégjtsf’rzons g%{egglggm@t%ﬂ%%%gﬁg?%%@??sh the SiNVW. The
observed gat e deEjgehiesitivesa difftadtonwodrass (TG irhyger cffacGalll ngndwaird thet schenmat i cs
shown in Fi ﬁ_g 10A a%g VO 02/ i%BIé _PgT/ L1SI11/26298 1 OB, which show the
effect of EHBINgEsL ¢ ficptsd nanopsrtisle PLhiehef ©OAEa% Nw bands. In these di agrans,
a p-type nanow pig 8B stk dir MRPEMARADY SFRnbibr AN Rah@RE@GABG Biméet b ends
to nmetal electrodes. As for a conventional netal-sem conductor interface,

t he Si NW benpsexipetedy [Qparosretgssit ype; down for n-type) to bring the nanowir a

Ferm vel in ki i d fi5. A . > 0, the
bands %fe I omrié{%?'ez\%_ﬁé%byepirg edsogﬁg;a%rﬁlorgﬁ %gjwla?]a%&s%%% I‘ﬁ?ﬁﬁk&’@ﬁé’ suppr ess
conductivity, bBigs|2ad33D ¢llwstratecrossed atnowireunelons tnd plectricaRgopatessi Ni ~s
T enna” he neRUR Y il AT b DA
conductivity of F%’EQSE sHAREsh BD 14 PELKERRON 4 £8peh ahﬂ né : | 6hQPandjlinétion;

possible to estirmate the nobility of carriers fromthe ansconddct ance,

di /dv~ _ ~C L2) Fig, 25 ehaws-cureent fea fuctiomof valtage faryarions gate Meltagagiaci t ance,

‘and L js the | t f.th i h i it N i b
?322~s s%)i/ | n((aZh/e f% 93@éli;%wsgaqsgﬁl\l%eec-{w?%ﬁ)é%?@8@1@%@?@%@1@% %%Ié\{'? Re %/hi ckness
.of the silicon pysdmA-agPhllusitt paralel bh@oBhdPdhaioadbarebly BF hovitesabifld Vs

versus V were found to be linear for the intrinsic (Fig. 8A) Is and lightly
B- doped (FPlgetrigdeldsi N\Ws, as expected for this nodel. The slopes of dl/dvg

for the intrinsj a1 . - 10'9) SIiNWyield
mobi lities of 5?@'{2}75&27%#%%@5)0% stﬁlf%})%?@%g%%m |) vel y. ¥he

nobility for the B-doped nanowire is conparable to that expected in bulk S
at a doping concentration of 102 cm3. W also note that the nmobility is
expected to increase with decreasi ng dopant concentration, 20 although in
our intrinsic (low dopant concentration) SiNWthe nobility is extrenely
low. It is possible that the reduced nobility is due to enhanced scattering
in the smaller dianeter (intrinsic) SiNW W believe that future studies of

e T I .



Lastly, we have carried out prelimnary tenperature-dependent studies of
heavily 25 B-doped SiNW. Tenperature dependent |-V curves show that the
conduct ark@ lg@tveases with decreasi ng tenperature, as expd€Tdiboiee2va doped
sem conductor (Figs. 11 A and 11 B). I\/brgr importantly, we see no evidence
for a coul onb bl ockade down to our Iowés3t "accessi bl e tenperature (Fig.
L18). he smal| RRglaeNeah iudhEd nn Srdsdd SR R R R18 (GROLBEL ef T ec
since high resolution I'-V versus Vg TBasUr emBnt’s. SHOW NG si gha Wre for 30
coul onb bl ockadBigs.QOW-D9D iitisang compidrh@taryiinverteisandammee dydss;wi r e bet ween

the electrodes (a 150 n ick 2.3 pmlong wire) would require a

t enperat ure bel %W'ﬁ&]@%%eéglﬁq%ﬁcé agﬁmdeﬁﬁlwm_l suytoxes fqmflaw passgmbht; es
strongly that vk af1iAQ88DiiiusR 4 sufficiently
smal | that they do not efffect ia{\;\!\e/ﬁllas lggﬁg&b?&&x{aﬁ%&%& ﬁlr\rN%lFsﬁto WO 112/173I1 2
-50 PCF 11S111 Fizs.B2a\ -3 lillustratesassrmblyvof périoddehahossilei apiays;camdl onb bl ockade

at these tenper r-8S. e result ontrast .studies of |ithograplucally
pattered Si NV\S,ﬁ\t%E'i c%"%%é]o\ﬁvfuégﬁ ei%r%VgWé8@%611’6"??8&[{%%%3??}1 P}?af‘}’ign t§ H%

qual i ty ofcrossed hamevisé afalisng nanowi res. Single crystal n-type and p-type
silicon nanowi res (Si N\W) have been prepared 5 and characterized by

el ectrical transport neasurenents. Laser catalytic gromh was used to

i ntroduce ﬁg@%;ﬂ;b%g@g@ﬁéﬁq boron or phosphorous dopants during the vapor
phase gro . = ~ni nal , gate-dependent neasurenents nmade on

i ndi vidual bor oThampseht aoienti@hpoplies,an snelagpect, Bchvqusifoncdmmlled Hepiag of

mat eri al s behave a -type and n-type materials, respectively. Estinmates of
the carri enaisHRls ISP‘fsrygSrFEé’éc BefeGAL S Ve ﬂ@gtﬁ’&@ﬂt“@l?a‘ﬂ’émg%%@f dpestt s are
consi st entmmeﬁblls?ilﬂl f»é)éé'ﬁéﬁ/l%létf\@@é Qﬁiltotﬁxe?'@@cﬁgﬁ%s@fﬁl Hé\qée%ab&gée{&[r reduced

mobility in smaller dianeter wwres. In addition, these studies showit is

possi bl e tembadimentp anvelesdopingdd paamicondusen withiaclopantr(e ighdoSin\yinedngn,

approach the tallic reginme, Tenperatyre-d dent neasurenents nade on
heavily d peoéi;@rm ARG eﬁ(g?gq}?(gg@%%o*&é?gE’l%ﬁigﬂépé’éﬁyf’%ﬂr Bﬁ gi ng at
t enper gt uremickidactoPisAedirdd. and t hus 15 suggest that the SiNW possess a

hi gh degree of structural and do&ié;],g unj fornlity. W believe that our
successful dopiWgrappusembedimentsy dis iaventiopdevalyes contrglies dapirg ¢fal s wil | open
up exciti j | [ [ apdi: Y11 . S NV
WIT be caniaRubi el Bt ol ABORE Bl EhERR s B RSO 8RR T
nanost r uct cadmiuriseleside paiduriwsseddnidh. d3opantstihéladipgdar nar lémitkd o, kine) d ef f ect

transistors (FETs), 20 and it w |l be. possible using self assenbly
t echni ques® l?mt%‘dP%%%SW%MW%E’I@BPQWPEFW?W&@ I Y et cPflor
nanoel Bet r @ibsdimaip) dndalobis inclidisd) ®ul bt MnSifdas, PSHIR! Ri1fL sEleRRLDer P- t YPe

and n-type SiNW, for exanple in crossed arrays, to create p-n junctions
that coul deeamaBUpcaBdesIsEdredomats to sy nerigmicondugtersifror Hesé matarigls.

Crossed Si =N i : r i entl p-type
(025 1 ype) Rep R HICIRR R BoIRER s OB B AERSH0 0]

exhi bi t r esthi¢dn awawielknbwnrte terse of tidamryasidll n dieartp Thempreseht imnarioni n f or war d
bi as. Simul tanequs neasurenents .made op the p-type and n-type Si maki ng
b he | urf TSR TE et Y GoPHLE b eor ik o) SBORM RIS HF ohn <
(nonregti fydrfeg) of RBY thus that the rectifying behavior is due to the p-n

junction between the two Si NV§. .30 Fig. 8A shows current (1) vs bias
vol tage (V) curdeuseddeenised widthy of @narticl immetigandered pistraight Brd\omta miiftf er ent

gate vol tage V . ! nd.7.correspond tg Vg = - 30,
220, -10, a‘%ﬁp%ﬁ'g gtﬁ‘b&lté%gﬁ'fge q},?durggédbee%etn?d\? ?9’.6 idle o dnggtier po 9993'?% al
scanni ng epezithetarvfthemiglea s wkd hbeinSa Midwht br feeds3!seauiabgintentisfaken bar =
| Oum. Fig. .8B shows v e } . ) .
point along the longitudinal axis of an elongated article is a distance along a straight line
30  that passes through the center of the cross-section at the point and that connects two points

on the perimeter of the cross section.



WO (12/17312 -51 PCT/USCL/ 21298 |-V data recorded on a 150 nm di anet er
B-doped Si NW curves 1-8 correspond to Vg = 20, -10, -5, 0, 5, 10, 15 and
20 V, resy@orinMety. Fig. 8G shows |-V curves recorded on &CTABOLRGIYRII anet er
heavily B-doped SINW Vg = 20 V (solid I3'hne) and 0 V (heavy dashed line). 5
Fig. 9A shows |-V data recorded on a 60°nm di aneter P-doped Si NW Curves 1,
2, 3, 4, 5, and R d ~ o, 2 - .
respectively. I'—élxsguscéglgelge%g%sﬂ Ffogg%{ﬁ? vaerégl}3 éggl’ é%nalgglrlld%%éé)?E%]Ctgﬁghne;{foefr) Beavi | y
P- doped Sian\attidlg for whidh, (a8 @hy poini slepg thedongifddMal hesufthdagitld,ianajo ofthg. | OA
shows ener.gy band diagrans for p-type Si NWdevices. Fig. 10B shows 1o

ener gy barengdh afheEig %Fon}iﬂ@tl%rﬁﬁtﬁl‘{?ﬁﬂﬂ ipouY 1s glfﬁ%teﬂﬂlé’éaélrrs show
schematical ly the &hfefd M ; 26t Lotk RRLEN i lyid 9 th
types of nanow resseﬁllllggéél.l’q el g\ngﬁlgqﬁaggsﬁ%vl\}ot el%er at u%lgq%éelgéexﬁ%eﬁ?gﬁ-v

cur ves 5r edangesteliimensien bftthe iatticld3- doped SINW In Fig. 11A, curves 1, 2, 3, 4,

5, and 6 correspond .to tenpepatures.of 295 50,, 200,. ] 50, 100, and 50 K,
respectively. _b‘.‘seﬂlﬁleé‘ﬁga% IFI-’&F}Ldﬁ{?P"rIM 15 ﬁgw%agc‘lh%}ﬂwhree at 4.2 K.
Di amet er  3gaA&idin4E 3% HoRe&hBtoQdnd S¢Mecgleict or Nanowi res Near |y

nonodi sper se sanpl es of single crystalline GaP_nanow res have been

synt hesi zed wi t/s wiedrherain.g ‘dengitydinabsection]’ domelangated aginie iss2 pprder efthehan 10

p, m by 2o ot d g ~def | .aa0l_d. (o] tS, | | aser
catal ytic eg?@%ﬁ‘? ﬂ%ﬁ%ﬁ%&é@%@é Eﬁlgdrllg% ﬁgg%ﬁﬂehéé%%a@e@g?n cﬁ’n Pg‘éeg nts
gener afoed [bygth gfeater alnaier@andlessthhin Or &kl wrthe Rupthafulnartiyledi rected into a

nanowi re structure by gqld nanoclustgr catalysts. Transnissiaqn gl ectron
mi croscopy { TEMpS SteddheEsn.gr  rosssaFtians abs Bpiat dlang ﬂ‘etlﬁﬁ%t“w&?f%?fﬁ rate that

the distri é?&{cég%sal@éle 'i'saepl_ﬂéq}é &t ik Pf)ri'ﬁ} %1‘553%5@6193&&&?%1@% thd1Q$ &Tlﬁi(gohgﬁo e

nanocl ust er talysts resofution TEM shows that the wres are single
crystal ziloogibidirad awistoffi thee 4rtidlé] growt h direction, and energy dispersive

X-ray anal ysis confirns.that t.he.nanowire co si.tion i s stoichio ric
GaP The use ofATHIdEH e Y HATAR (ot AT eTe eV anenkuOnERod RS £ O
net hod;swi | dyligB@bbe doden6if @finB op tefRMIroFREE 18 ardRigi teONEHU: OF tHeaRaMk es
wth well -gefl ned and control |l ed dianeters, and thus opens up

d t 30
oppor t uni tinether sy, areatinduiead priistopay baves sofid dnferien oranai kaysia hollpyed vyt ens
to the assg{mio?/ of functional nanodevices. Nearly nonodi sperse sanpl es of
al'l’i

single cryls ne GaP nanow res have been synthesized wth dianeters of

10, 20, and 30 Asussddeleingt hmngwiaet er “NWais didelpngatdal/semidddiidds, 1.83la2 - 52
PCT/ US( | 1/2(r29i3 expl oi ti%% }/lvel I -defi.ne}ﬁ@?o.l col I oi ds1 as catalysts in our
| aser cat dAPPFRIGe ‘Hld(‘E )t %tfﬁf“!%P‘?‘Et P%t );‘.asfftr S APe SogTSEHRRA! on
M Cr 0SEPPYditnbEidn ahd Gh 8SmO EmBoMmantsC w5 BRAB0RA ckébsiBétfondPYint@iBASIEAt e t hat
the distributions of nanow re dianeters are defined by those of the

nanoc! ust etha 3@Ghgnometers) pypferabbolest tham 2GEnanomsiers.there preferallyrless thael&) ngl e

nanometers, still more preferably less than 100 nanometers, even more preferably less than
70, still more preferably less than 50 nanometers, even more preferably less than 20
nanometers, still more preferably less than 10 nanometers, and even less than 5
25 nanometers. The cross-section of the elongated semiconductor may have any arbitrary
shape, including, but not limited to, circular, square, rectangular, elliptical. Regular and
irregular shapes are included.
As used herein, a “nanotube” or “NT” is a nanowire that has a hollowed-out core.
As used herein, a “bulk-doped” article (e.g. semiconductor or section thereof) is an
30 article for which a dopant is incorporated substantially throughout the crystalline lattice of
the article, as opposed to an article in which a dopant is only incorporated in particulér
regions. For example, some articles such as carbon NTs typically are doped after the base

material is grown, and thus the dopant only extends a finite distance from the surface or



5 crystal zinc blende with a [111 ] growth direction, and energy dispersive
X-ray analysis (EDAX) confirns that the nanowire conposition is

st oi chi om0 n2/t73@&P. Recent interest in | ow di mensional se®CEFASdUE208
materials has been notivated by the push. for mniaturization of electronic
and optoel ectronic devices and a need fo under stand the fundanental s of
nanoscal e ] Y, I : I : - 1.0 xdli i 1D)
Syatoms. ar Ui ol fhekafef IPPARL SR inlioP B b CH<B LB pRice” SRLMEE SO NS

Fasci nat i nge pfigrscambinghanossedanbasifoimiag alterhatingpleyerk iofjbasd naérdal iand dojpetd

nuner ous plications frominterconnects to scanni pj; obe m ¢roscopi es,
requi re hi @H@?F‘iaf WChﬁé?tltJ%@?Raﬁte’& nphnGaRERGd (ﬁ‘rggg‘.“t paste léwcﬁtoggr ess
in the fiehdpak rddemgnostructures has often been limted by the ability to
create new materials 1n this size regime with 15 controlled size,

struct tiue, and Avwsddietdinin dearibaa Gppovwaehes N1 Blapaddsieansdiuli-dogadnt hesi s
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Previous attenpts to grow nanowi res on surfaces with poorly defined
catalysts resulted in nanowires with non-uniformdi aneters greater than 50
nm O hew@u2/gmpls to control the 20 diameter of nanow r ePCEYUSOIHRE2OMg t he
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described above. The doped semiconductor can be either a p-type or n-type

semiconductor, as is known by those of ordinary skill in the art in FET fabrication. While
30  FETs are known using nanotubes, to the inventors’ knowledge, prior arrangements select

nanotubes at random, without control over whether the nanotube is metallic or

semiconducting. In such a case a very low percentage of devices are functional, perhaps

less than one in twenty, or one in fifty, or perhaps approximately one in one hundred. The



30 material s and devel opi ng nanot echnol ogi es. Nanow res and nanot ubes have
been the focus of considerable attention, because they have the potenti al
to answerwOuwpdzeent al questi ons about one-di mensi onal systPETEUHNAC2AS e
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PCT/I'l SO L i iti 0 nipti.es. requires
nanow r e ré%rgﬁzllégrﬁ@rgo\r}&ﬁ?niﬁ&?%géﬁéﬁogl%gggﬂg% gﬁ%%%ﬁ@%é%‘?%n@%ﬁ% %&r’%g aZhronc an be
vari ed. Oyrocedshearpiasdlvediinicating @aictonyd FETd accbdiag € 4 eschnigas iroeRkich phvehed on
the bulls synthesis of nqQw.res, .and V\/flﬂ{:e advances have been nade using
tenpl at e, S NaLPRE Iy devieasiiyRncipiil o perapmpia, Siedechiayesan dxeltras it
been 5 de%@ﬁ{g{]@ﬁﬁﬂﬁiﬁﬁhﬁ%ﬁﬁﬂﬁg%fPE?Qlwrgﬁaﬁ. exploited in a predictive
manner to synthesize a wde range of nanowmre materials. Here we describe
t he predi ct abl ellsyinvéeginsalaf pravideohghtlyadoped obmblenmntarpindettessnary 111-V,

L o e iR R R o) e SR By S R ok
el ement al @hicduéier AHRVP-tyPS sbifiiddadidAs, b@@&ﬁﬂ@%%@ﬂ%&hf@f@@i&h&s | aser

abl ation to generate nanoneter dianmeter catalytic clusters that define the
si ze and dypeand pHepegienigandyetingranewires 2 showa belavowi res by a

vapor - 11 0ul 450! Aflo CYrRCRUBNNA. ol REIVCEALNLE Glnd BB SihaND Pr 0cess

and our LCG net'ho I Drium phase di agrans can use

predi cio cafopky sémicanducgihgwomponsil. t A ausel divde tdicheedhngedbihilarifior exadtly
synt hesi s of new nanovm'{e materials. Si glrgeirf cantly, we show 15 here that
seni condudb®FamEftAFeBRIcgEn ARG Ve ten/W segyicondypiers heirg heayiy gopqdather | np

and |nA5P1th£ﬂ1ﬁ%l%t Fc‘iﬂpeﬁ?t‘ﬁrehﬁll}é%o%g?é @‘g%gﬂggﬁ:@d“%%ﬁﬁq tl%ﬂgeejn}ﬁ %fa‘?%ikﬂys of

Site can be sy esized In ty using this ap
Conpound senieadydnddrstosd by dindse af ofdidsy slitl iCdSert. are especial ly intriguing

targets since their direct ban aps give rise to atiractive optical. . and
el ectroopti cal ’P%B’él?#aé’g ?SP?%‘QO(%@%&ﬁfﬁi%égWﬁgw ﬁé‘é%%ﬁ%?&%ﬂéﬁ“‘@fﬁ eéiengﬁ%l e
crystajss VinleldbdiR! ®fviceaBatodR bbnedis fx%nﬂidjacemwpe%agaspé Bepichbihtinggi me of
strong radi al quantum conf' mement, and | engt hs exceedi ng 10 ~, m These

st udi es dewpmonerisevhoraithq compongnts gerpre-fapricated (deneds i indiviflugh and separate
not ; ; 1 ) .
D baa. - angg ool SorfipScRNeRarn @RI, Wi BBRLORKE dirobdifins

new oppor taontdct afteridopign oldalsdn cagent whyping privc hriatragyemdiis inhvehigh e dingld on
of growth conditions.for binary and nor a c%gpl ex nanow res using the LCG
met hod i s, SSPHOPIAPHEF f sdorRgdghiohe egin spdsriepediip A1 adieent fegioh PRLIEBSYRE udi es
of el epent@lhicindaddr (iNPRARM-feR seiRoh@uding 1-5@3%;1 £ iditlalBf aég&@ﬂﬂsryora@d

e

hi gher order phase diagranms. However, this conplexity can greatly
reduced bydapinssiandeda mef rpeveudlabve tr sach Rthsepudtdgoan afer daping el lghtsanyzne andd

conpound sep jnterest. F { hary _phase
G agr am of® Are COkeflels, AR pon BRI Brehilf, 48 HEARIEAR Offlr

pL i nci pl e whiasah d@hauve fﬁﬁﬁ)ai(iséfal dlegroaAdevideC Esﬁ@gbmy]mﬁﬂ@id@ah n bEhﬁeﬁieiifgplji es
that Au can serve as catalyst to grow GaAs nanow res_hy the LCG nmet hod,
if the tara@é?rde%frﬁp%}l%mé ASPEH fgh%mthf%%@roalﬁﬂ? @rcﬁnﬁlaéwg?l i ghe 3, wopldgi on of

the phase glisao %aldquﬁ%ql-tytpgm dfpelstlicohducbrifr oBihig 2 AB.Bled B T hat

LCG usi ng (&As) o, 95Au0.0s "gets”'produces sanples consisting prinmarily of
nanowi r es.sush dyyicesdinclude) it are 1ex4 lionited ¢adieldheffestt gensisiorsi(FETs)s bipplar {(FEELSEM)

i f naterl al d.at 890 C (Fig., 16A) shows that. the . i
wrect i ke girenge AT Rt Radks torler g BherE e S ke upeL et ' °
hi gh- r esol 4¢hiiap dSEbed, FRESSnddis ANBINAND, €55 tand QPOR bateh Qateha@dffi figpHduced

by the LCG nethod is nanowire with only a snmall anount of particle
mat eri al . IREISEYS gvitchese logk cenity £ stasie & dyRamigipsaery dgMicppandafeaysctate t he

i ne-b _ o : with.bul K
Cane, ha Spdfils, Bl pdbifofiel bl CotRARARL G TGl LB C |
.we not e t hatludinglprygiahasabdd ciGats. Adsoanclndsl ave mealag deviodstamidréaduittyj ng Ag and

Cu catal ysts. -These data, i.stent. with the f that, th tal's (M
S hgr Gy TeSE R peLhReH gt wabeihd it dlosioi iy RS Rr e

regi ons of yrddagitdieoReb) Rarvall RANARed SeaflidRIRes #ikiddal piddelsipYiRuitry.




denonstrate the predictability of the LCG approach to nanowire growh. The
structure and conposition of the GaAs nanowi res have been characterized in
detai |l usv@@2/1mansm ssi on el ectron mcroscopy (TEM, conv@CHaspl/bessn

el ectron ~5 diffraction (ED) and energy gi spersive X-ray fluorescence
(EDX). TEM studi es show that the nanow Pe5 have di ameters ranging from3 nm
to ca 30 nm A c%)cal c{liifefr.a%tioo .cosntlriasntdu(i:tgp eoofir a sigeqloetrZﬂ (%l%n
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TEM i mages (e.g., Fig ) that show clearly the (111) lattice planes
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target conposition, and termnate in nanoclusters that are conposed
primarily of Au (inset, Fig. 16C). Hi gh-resolution TEM 30 i mages recorded
on nanowi res with dianeters of ca.10 and 6 mm (Figs. 17C and 17D) show
well-ordered ( 1 i 1) lattice planes and no evidence for conpositional
nodul ati on. We believe the observation that the ternary nanow re
conposition can be controlled by target conmposition is especially
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15 direction of ZB stnictures. Studies of CdS nanow res (Table-1) sliow
sonewhat nore conpl ex behavior; that is, Wtype nanowires with growh al ong
two di stiwiow2/473600> and <002> directions. It is possible tACIIUSONR629902>
direction assigned for a nriinority of S nanowi res could correspond to
the <111> direction of a ZB structure. "However, X-ray diffraction
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30  the master, as described in the above-referenced patent applications and international
publications. Larger-scale assembly is possible as well. The area that can be patterned
with nanowire arrays is defined only by the feature of the channel which can be as large as

desired.
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di agram data and/ or ,knovvlgdge of ¢chem cal reactivity. A related approach
reactant is available. Growth terminates when the nanowires pass out of the hot reaction

30  zone or when the temperature is turned down. Au is generally used as catalyst for growing
a wide range of elongated nanoscale semiconductors. However, The catalyst is not limited
to Au only. A wide rage of materials such as (Ag, Cu, Zn, Cd, Fe, Ni, Co...) can be used

as the catalyst. Generally, any metal that can form an alloy with the desired semiconductor
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25 Another technique that may be used to grow nanowires is catalytic chemical vapor
deposition (C-CVD). C-CVD utilizes the same basic principles as LCG, except that in the
C-CVD method, the reactant molecules (e.g., silane and the dopant) are from vapor phase
molecules (as opposed to vapor source from laser vaporization.

In C-CVD, nanowires can be doped by introducing the doping element into the

30  vapor phase reactant (e.g. diborane and phosphane for p-type and n-type doped nanowire).
The doping concentration can be controlled by controlling the relative amount of the
doping element introduced in the composite target. It is not necessary to obtain elongated

nanoscale semiconductors with the same doping ratio as that in the gas reactant. However,
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open up matdy opport~.uuties for further fundanental studies and

appl i cati opsg,., Fl. 0. I hemat i ¢ di agram showi ng GaN nanow re growth by
Iaser-assigegf]élzzclt:‘gtsg ?ﬁo?'gu'gt?%\?\/t h. Fig. 20A shows a FE- SEM (LEO 982) i mge of
bul k GaN nanow Sg$&es$ntSeeTe8dDiamony, R CG The scal e bar corresponds to 1 -

pm Fig. 2QB.shgws a D i nt ag, ,XDS2000) pattern recorded on bul k GaN
nanow res.8%@”21‘%’0@5@315’8?’2s‘f’ﬁ@gﬁ@éﬂ@”'borrespond to the (hlcl) val ues of
the wugg zi te st BUCIBUPEBPH), B-Si2di-6, shQussisrdGeigact i on contrast TEM
(Philips, EMA20) inmage of a GaN nanow re that termnates in a faceted
nanopar t i cliélligrompyamicolitck@rs) contrast. The inset in 15 Fig. 2l A shows a
CBED pattern regor ded al ong <001> zone axis over the region indicated by

the wute circle.” The white scale bar corresponds to 50 nm Fig. 21B shows
a HRTEM ( JBQW £Hhiddnduresys: of anot her GaN nanowire with a dianeter of ca. 10

T oy o B A R TRE BB ibroahch b ISk 120

‘white sgal gy §e6Rpds to 5 nm 20 Nanoscal e el ectronic and
opt oel zﬁt ron?%r‘ggg{ ces algsenbl ed fromindi um phosphi de nanowi re buil di ng

bl ocks One di neasyi exmbinaiiovoafitmaot oras of haehovescomnound (eg.: ANGEY, GakKs,

nanot ubes S i I ited for efficient transport of charge
carriers aﬁﬁn@@?ﬁﬁgﬁﬁﬁiﬁﬂpi{e‘sexpect ed to be critical building blocks
f or nanoscgl-pr ehicbrdivtays: and opt oel ectoni cs. Studies of electrical
transport in carbon NTs have led to the creation of field effect




transistors (FETs), single electron transistors, rectifying junctions and
chem cal sensors. These results indicate exciting applications possible
from suchear/empal s, although the use 30 of NT buil di ng bIPEFHE01/262081i t €
limted in that selective growth and/or $sserrb| y of sem conducting or
metallic NTs is not currently possible. The use of nanoscal e structures as
bui I di ng bl ock es and device arrays,
whi ch can eli mSang(?/Zn?ﬁerS%/er% f(;&?igg)ﬁs@te((:ﬁffeag@ agt%l on Ti&nes will requir a
that the eBeSyBeSuviBeT@MySihgSes of the di fferent bl ocks be both defined and
control | abl e. Togélgi end we report Q’E rational WO 021173&2_ - 67

PCT/ US01/ HHrgupy a%%?&h%@p 5i® SEBIE fdhs AbayercoBPRRhSeind
sem condqug@dj\gé/ @Sib ng blocks in which the electrical properties have
been control | ed opi ng. Gat e-dependent transport neasurenents

denonstsr atﬂlmtmII1WmlMMosepncdeil¢tw@) NW can be synthesized with

addi {ron. the SOTTRHIR AT AR PP RaR oo O oREIdr e has "

enabl ed t W -E¥ eahicondmitomd-n junctions by formng cr ossed NW ar r ays.
Transport neasurenents reveal that the nanoscal e§> fP(bl;TunCti ons exhi bi t
c

wel | -defined cuftefieSeeSeTe.i e Save, SalgmtQ.dh%: PYS %ard biased InP p-n

junctions guantum confined |ight em ssion nmaking these
structur esﬁg}eﬂﬁ}'&cos}‘%%bgﬂal |l est light emtting diodes created to date.

Last|yio el ectriCuF,iRiC, CoBdiCudcAgE AsCleARBY, Agl shown to be one strategy
capabl e of eatln hly integrated and functional devices fromthese new
nanoscal e (B’z’ieffﬁ”i’fﬁ ffg‘ﬂs""”gf"r‘@' € crystal InP NW have been prepared by a

| aser - assi st ed gavayyt i BCQMA@M@W@@H@@Q pgescri bed previously.
The n-type andstp type InP NV were prepared using te Iurlum(Te) and zinc
(Zn) as dopant I-1Vze pecCuGePli/ Culli2Rp.f ound to be of 15 sinmilar high quality
as NWs produce th f Field em ssion scanning

el ectron micr ogléitj)i%' @'FE— E%?%%%gn’oﬁ g%@%t ﬁ@gl zed Zn-doped | nP NV
(Fig. 32A) demgwgivate §ial4, GesNgires extend up to fens of mcroneter s in
|l ength with dianeters on the order of 10 nanoneters. H gh-resol ution
transm ssi on elldbtYha m@?—@%c@éy(}e'ﬂl}wsi%a&ﬁ {inset, Fig. 22A) further
show that the dgp qﬁ, &ESI ngle 20 crystals with <111 > grow h
directions. Generall a run anor phous over-layer on the NW is visible
in TEM i nages. FblnlChotqbﬂ‘ﬂ sémmndﬁcﬂoxahatemddsgtaqﬂt)tpe dopatdeﬁayflmsﬂbdte‘d/ffﬁjmt he NWé

are expos ir after synthesis ral (0] n of i ndi vi dual
NV defer n(gWBHI fi%@?p&,déagmrgqv@sgﬁep E%foé‘b NQ §F§”\‘R%.% found to be

1:1 1 noP, dehiGona@ithé ﬁlﬁieﬁﬁlst he- g‘;@wahmm} bé Sl &REPRS{thE Bro? ch'TB@stM?ny B;DX
and ot her el enental anal yt| c 25 nethods are, however, insufficien

sensi ti ve Aloanddp.candi anen-tipe deppitmeay hevselecied fiomithei g cousisting of Bohs altdrn t he
presence agnd § f d_gat e .dependent,
P tor m . Gt Siiof PSP aB Soldhclffnalihts AR D BY SR 2 BR B £ 08P
measur enerﬁimupﬁhmc&ﬁﬂin@h@(ﬂn&@d@nd&[-lgt of Gmmpri&’ imIMg)Qm& iSi.eAnaytyp® change
ingateSOvoIt type cifically, Vg >0 wll
lead to arflOQE‘&td ?\'éggft%f{r‘é‘?léﬁ? FoHR CORRtiag Oif §brcgea§é’ §r§ecfﬁ}ﬁ]d1i?ctlh%1éb? or

- t Y P&s\undeftidodl thal e HYEndRPk hBFLAALLhLL dppbiet e hol es and reduce
conductance for p-type NW. Figs. 22B 22C and 100c show t he typi cal
gat e- deperfxamples v curves obt ai ned from i ndi vidual Te- and Zn-doped NV$

WO 112] 17 112298 S, ectl vely. The I-V curves ai~e
nearly 1li 360 in %“d alSPrans 2 N i ndi cating the netal

el ectrodes rrakeslﬂglmccystzo AtRHE afdpifiR sifidbn nIﬁ@wftrésa(Sﬂstl) h@kﬂatb%eﬁ Et@are&Z B)
recorded on Te-doped show an i ncrease in conductance for , while

‘the conducid® @aersez glegtgicalprangpayt meprEINGIUS 4 54Sed herging howlgglﬁ&fysﬁ% doped
d d
| NP NV, arl‘tz‘en{‘1s§1nﬁﬁéﬂ?tha%s%o@§l@%@¥n§%g@%ﬁn\%‘;@f @c&ﬁﬁﬁgﬁ&g}hg R£N- dope

NWs show opposite changes I n co riation npared to
.the n-t ypdhro‘ﬂghmimplmjltethSuWa sﬁgkemrfstaiaﬂehlymaf orcludg defe@ts mdmlmrszﬂt@lnbﬁ is

decr eases nee i ncreases (Fi These results

denonst r at {%H{S{‘?%ﬁ()?nm’a‘ g"a? "}Q\‘?%O%er%r 13ote tal%ﬁ’rot }Oé’i‘iﬂ ly or golegilyi e r

epr oduci bl &ndé@@ﬁumef@ﬁtrscm&qﬁoﬁmw lonk Wedthar. RGNt growth was used to



|0 NW, with dianmeters ranging from20 nmto 100 nmm, show gate effects in
each case that are consistent with the dopant used during InP NWsynthesis.
I n addi tivw@ 0241862 gat e vol tage can be used to conpl etely degirdisel/eé208t r ons
and holes in n- and p-type NW such that the conductance becones

i mreasurably small. For exanple, the cdﬁ‘tét]ct ance of the NWin Fig. 22B can

b itch i i i . of t ate wh i
o5 T oss 1 rooARTBRENS LRI Hofbor biadoldlS ol Gt bl yElEPRasIEBwY |
conduct ancef SINWSE. diwe rermivnl atadepead @€ nitasiderbents @Rid8 of individoaltbagth-d6edsone

of the NW. The relatively large switching voltage is related to the thick
(600 nm o%@idd)éwﬁ%hor%ra/%ééw sehiew tka hpse matarals bekpye ga-brpgapd ndEpe

behavi or i i Iyl | a - axide- j s and
recent stu1 ?tgfslé%’flégspg%ﬁ‘é%g'dgéﬁlﬁﬂg? ’Egﬁgpﬂlﬁ’smﬁggﬁqgﬁk%%ﬁ? :55121; of our
20 wor kK wi trdmspas preasurcrneNd srei @nsiktant witle diffusave tenspori. dardditionnthedeahaliesor can
be achi eved in, ever Taken, to r, . these results clearly illustrate
that singl% oglrlgl’gtnglsg‘lp%\é &9@"@&1?%3%%%&?%%% ll’f‘?tai]WgBW'e TRy

type. Becadbp@ndehﬁﬁleas!w&né[t@n&ﬂ@dﬂﬁ@ﬂ'iliy_ﬁlopétl KiNWa Bhdw n6 SVideh@Yfof ERNGSBNT @
readily available material for assenbling devices and device an ays. 25 The

avai | abi | i tlgckatle gidempeeatyrs dgwh-tafd Ko-angd ghusnpstifyiito thersgrueiiesd red elpeireniap t he

possi bi lity. i | OF i r 1 [ unctions
et ween  Whifbfmf S2UHENINGOTIY Gl BIRRM: SO Gt SINORAR BRLMREL D00
st udi et t he t r abapontly, theresis iimbnsafinumadst inpnp d&ﬁehsibnaé{ 1D)GiahoNsicliuesn kst Ay
crossing two n-type, two_p-type, .and one n-type and one p-type NW
respecti ve‘}aF?’WlfF%gn OM“& to tsprdotsniial toyest undlamegtahponseirs akow doror med

with a 29 nmeadehsddy Ha ﬂE@E‘%%&@hMal Erb‘g)g{tﬁk',ranait%eﬁé &8s éagﬂt?chxﬁi% oty B

C, Dfor the sinplitity of SCussl o ow. Signifircantly, ypes of
j uncti ons fer emiéngihgmanoteshnaelpgios.| @bpatiular impertanextod) naostreitmeisvtke can

select the, types,of NWs. used to produce the cr ed junctiqn prior to
cssenbly. el sphsorantRgH shche PRER Sntamrei b SuistRiol Pk CloriBtiencre
cur r ents vokillageriticaMb ri@dyenanBsalcdesttdficd applaatons. Prd 4416 theR SifotERRRCL I Vel Y.

For both types of {ungti ons, the transport data recorded on the individual
NV ( AC, B‘é&uw@we sCHicat trapspad ap Farben pangfubes.\/Thesgsttdias hare shaven igeresting.  23B
and curve ' s - t e | rodes used
inthe s ef%%arnlfér?gar%tféﬁ?rla em%iﬂgnﬁlg ﬂtli)ereaHnéet%?tle? ?géhrﬁtr %ﬁcs Batrtl‘%}ae(}:( ?glgt(ﬁglewgdgnd

wi || not nHloanoroeteisnbaltistioedndidtin 20 ncom tenigeeatiire)amthsttingsrdfui] RbhaGios,

junctions. | eneral , trapsport . neasyrenent ross the n-n and p-p
j uncti ons aé‘ﬂg\ﬂlg‘? aﬂB%?St@fedﬁB%_B?tﬁmI‘qqﬁ%rafté_vﬁéﬁﬁ‘@&s, 16%1%_%% Premierst Homsves t wo
| mpor t ANt A& AtSindRRtdht TiMRGHRIGE nBRAEbdsN Firbi, &ew?xciﬁEltgfos&th offletlii@Ge oxi de

bet ween i ndivi dual NW does not produce a significant tunneling barrier, 10
si nce suctserigeadnetag tubes, whichdglependsisghsitivelyoan Hiametar and Yelixityaisinot posédend,

the -V ¢ each i AB,  AD. .CB CD) of adj acent
ar s showngtka{t(ﬁg? én&i%gég‘gg’fl &E%\?p%ggl& e?gd‘%cmr%)‘?‘% %equasv errPBl. ﬁtél?ustrﬁlgr?) ntﬁ%&'imof t he
i ndi vi dualobisbitatidre Bebudsconitbibgiedopasud fssmitendoc ingatatotubed is thbepdskibld, i on

dom nat es e transport . behayvi or astly, our, data i.ndicate that individual
NW nake r%’g%ﬁb‘ﬁI‘%/}Q(&B‘HEF%@ICé‘é‘P?lifeléﬁ&e"&"&ﬁf‘B‘?}lcaﬁP‘% LERUFOHSIIREF nangRrsst e the 15

smal | gontiaslevay, 8an bv@cdme Hesd limitRtiorR M c&ibbR hendtBbdroahese Aa&m}r&fgmbasi < for

fabrication. The good contact between individual NW provides t
expl ori ng remewsepNvanduptinginflepenterd v diagweidr cansl mpxsower, ¥ xbordd be pessithatee made

P;agr jo gﬂgf ibt(F?l'(;es% ;)Ms?te (ng é nﬁ}%?\(%st%ogv?e%gg HoPffe 'é'e\:/}‘ﬁico;lx-gl?c St rhclftgls(t:rt)rl o Q(S)pect?xg be made
nanowires.
To this end, we here report the first demonstration of controlled doping of SINWs
30  and the characterization of the electrical properties of these doped nanowires using
transport measurements. Gate-dependent, two terminal measurements demonstrate that
boron-doped (B-doped) and phosphorous-doped (P-doped) SiNWs behave as p-type and

n-type materials, respectively, and estimates of the carrier mobilities suggest diffusive



deposition of dilute solutions of n- and p-type NW with internedi ate
drying. Fig. 23D 20 shows typical |-V behavior of a crossed NWp-n
juncti on.WOK¥1136hear |-V of the individual n- and p-type WF/EOMR@IgNt s
(curves 84 and 86) indicates ohmc cont% t between the NW and net al

el ectrodes. Transport behavior across fAé p-n junction (curves 88) shows

clear curr tif] LOR. 1€ dtt] e rrent flaws in reverse bias,
Chi T B RS ks mSaibh, BBl S Rl R B
behavi or ilgasilynddped SiNWidhoweévidendel fir@buldmbiblockade &t te@psratitbsddwi & m t he
basis for nﬁ y critical electronic and optoel ectronic devices. In a

st andard pf‘- junction, rectification arises fromthe potential barrier

fonned at the i - -1 i uljction
is forward bi asﬂegqqngb%gﬁdégﬁ%l\ggl?ﬁ l\%&@“ﬁ?@%@%ﬁ%ﬁ%%ﬁ@ 8‘?’&?@@(& I;ikgecié%\téand a
rel ati Vel ylebaitgd praviowsty. Brefly,ladvd-YiA(blagér (6B2 njny Batsipolse vadtht 360 mifpelsehand,

only snall rrrent. can flowinr rs i, since the barrier is 30 further
i ncreased .1_0 @Hxéayal?eeusseg\;% F]\é\lila{eraegf_i%%g%e‘%ﬁgﬁ P%"‘?ﬁﬁﬂlg{lﬂgcg’lﬁ?_é Fyaly st

rectifi catgafiildsSwithif alradttie TheSiNWGhaPPe foWHEE adlov BESTE, QS M Ngaditnt
between p- and n-type InP N. First, the linear or nearly linear -V

beh;ivi or Stuch SN Wsqnay b?)domddNiﬁle}p@Bmominchz&Hethdgsaqtugéld“olancé VO
12/1731 2 - ' i
botveon 1 FEORbiedeel Sl SRAphdtoi B 4 Riin QR Fod st WKL ARG A °F o
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| -V behavi gr of the junc@ det erm ned, t hr ough everchgsa_ir (AB, AD, GD, CD)
of adj acerfteCHR RIFOFEPY( @&l@b@eaggrqrrppnpsi dmopsirgte thah depedsSiN Wy gromarusing
rectifi cathRRechnkful $abe 2SRty il i Bog 5 Bllilat han
the current Igave%%1 thr eé)ughgt hé{,i n %\??l\éggﬁetmgwﬁg%@fgg%tggl(zl"(ra%r;glrl\tgtarsate
that the jdgsaribedmpreyoousiat es the |-V behavior. Third, four term nal

nmeasurements i i.ch can ent. i.s. tlu ou two adj, acent el ectrodes
(oro monen) ° wnithetied] PRt Rnd PioREaNS Wamire ol B ieof pem

i !"deF)eIBdef]ith@%r;QﬂiyﬁﬁQdes( Gsif a TEODb460K Wit The BahéWirds Wer8 B6bdofell bhi cati on
with only a slightly smaller r0O voltage drop (0.1-0.2V) conpared to two

term nal meaidizadeYhsnbsirate (I-he Qsarmesistivitye A0 han&iD,, Siliear! Yensedas ywithting s nade
on ten independent p:n.iuRctigns shgwed siJnlar rectjfi ion in the 1-V
atas i o SRAEARR bofi b §F RS o TR TG eiad S e SIS et Pede “when
the p typesig/th&npllyievhp@hied Rl @5Pam) IEABPDSENHRT BlestioNY thingitRi guousl y that
we can now rationally fabricate 15 nangscale p-n_junctions. In direct band
gap senmi cAPRASEEBEEts Wi madp using @ hemebyilfrystemnwith less thaper panl & | pA noige
criticgl j ' bnel 1 [ LIt [ (LED) and
aser o T e et g e oAb b e B oy
we have stQuinbun Diesigpmutgnktiepopstemeasufdhont aysderal ect r ol uni nescence (EL)
from crossed -n_junctions. Significantl EL can b adi |y observed
from t hese. nanod et R (%, %0351 nid thesherons dopinbisate el an b1

i mage t akegystdlgmtthotgiPihest mbMORmEnisUGIdt A8vedutfigeNReksiti i8S atkifiRe | nset
shows the PL inmage of a crossed NWjunction. The PL inmage clearly shows two

el ongat ed bRFereCn n?wéplsqrweﬁcdqni%lpvgiwrtdﬁéd@ Wirgsig Ve eamboweier. demonkirafht comes

from a,.point -kt d y ' t hat the
I e R A S R R
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24D}, which show |l ar ger (smaller) blue-shifts. The ability to tune col or
wth size in these nanoLEDs m ght be especially useful in the future. The
guant um evpiogilaegy (el ectron to photon) of these initial REA/EHL/26298
relatively low, 0.001 % which is not siyprising since we have paid little
attention to optimzation. The efficiency is actually conpar able to that
(0.002% . b . ki efficiency to
non e adi gtg?}%gmrléi%'c ?)ﬂ n%?dr?a 1%%@? g@ﬁ%ﬁ yc@%&a%ggfléag%(gg@?itsg%sﬁ ﬁf}i’ﬁ‘tpthfihi S
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const r uct geeMbiBs)P-TH [ bat j . :
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vol tage for various gate voltages. The nanojunction shows goo
rectifi catandrlemonglirdtbeclemly gatability ke agis] caimchVitysgreaticaliy, Shistattempdiingis 25C

shows lig m ssion j ut 380 nm a 70nm_ A n-| n -Si_.
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To obtain a quantitative measure of the nanowire diameter distributions produced
using the gold colloids, and to better characterize their structure and composition, we used
30 TEM. High resolution TEM shows that the wires are single crystal (Fig. 13B), growing in
the [111] direction, and EDAX confirms the composition to be stoichiometric GaP (Ga:P .
1.00:0.94), within the limits of this technique. Significantly, extensive TEM analysis of

nanowire diameters demonstrates the extremely good correlation with the colloid catalyst
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nmonol ayer (SAM with -NH2 term nation. 3. The mcrofluidic nolds are nade
of PDVMS. A mcrochannel fornmed when the 30 substrate canme in contact with
PDVS nol ayowea162 hree wal | s of the conduit correspondi ng PETIUSE1/A@EY8ed
feathures in the nold and the fourth cgéggsponded to the surface of the
substrate, which was chemcally nodified as described in 2. WO 02/ 173C2
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surface, we can get the NW aligned ( positioned) in 1o certain place, thus
make it p&%‘ﬁ ¥t o create nore regular arrays of devices. Patterning
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use EBL (El ectron Beam Lithograp rn, i.e. 1o selectively
exposed Sinms(FigaeAwh8 Smmadg! BBy antis8.4 henFig 1K) tolhaids. oHad sokiddine shews n 2) .
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patterps, thépredrous megs withdut cblloilssh whith tBélfdbade ukell thiboth gahsfatd the Au
patterned), the N will be directed into PMVA trenches. At last we |ift
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Nanost r uctdatabyst.i it all fasag tthorepbriédtanonits diansctels cenespond to tharestalliret doress,

such as ngpow res and nanot ubes, represe t he 25 snal ] est. di pensi.on for

of ficiont HIAREBRYISSRIC 85T R el ags: %‘H@?Wgﬁa anbletaety Spiio both | g ng
bl ocks; sf oryw ik &Y ir€ Vil tRSaMERkYerRhert Wit Va9 TIm DARRGA HRCIG8 8t wE4C and
photonic structures. W report an approach for the hierarchical assenbly of
one- di mensiyothgsesnanost ructures into wel | -defi ned functional networks. W
show t hat nanowires can be assenbled into parallel arrays with control of

t he average separation, and by conbining 30 fluidic alignment wth surface
pat t er ni ngGémahh$nthsesit bACohipound Sefincondasidp/Nariowvieant rol periodicity. In

addi tion, conplex crossed nanow r rrays can be prepared usin

| ayer - byl ayer ar@%eel?fﬁ‘{iwe\mqsﬁn 6F1§@§é§f03 F@We&?@gil?WWBtrse%%ﬂ?gH?tP’él st eps.

Transpgyt Shydheshaieh acldhli éﬁ%l’ S3-BGHel'ohth i%g&%&htﬂ vbf‘P@s rossed

nanovm'%b(ra an af}sr %or m elggt r |@§H’L§ co cailuct iSngenetV\/g)}/?k , Wt hg{lon I viogual |y
binary group III-V materials (GaAs, GaP, InAs and InP), ternary III-V materials (GaAs/P,
InAs/P), binary II-VI compounds (ZnS, ZnSe, CdS, and CdSe) and binary SiGe alloys

have been prepared in bulk quantities as high purity (>90%) single crystals. The nanowires

have diameters varying from three to tens of nanometers, and lengths extending to tens of
25  micrometers. The synthesis of this wide range of technologically important semiconductor
nanowires can be extended to many other materials and opens up significant opportunities
in nanoscale science and technology.
The synthesis of nanoscale materials is critical to work directed towards
understanding fundamental properties of small structures, creating nanostructured
30 materials and developing nanotechnologies. Nanowires and nanotubes have been the
focus of considerable attention, because they have the potential to answer fundamental
questions about one-dimensional systems and are expected to play a central role in

applications ranging from molecular electronics to novel scanning microscopy probes. To
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can serve as a catalyst to grow GaAs nanowires by the LCG method, if the target

composition and growth temperature are set to this region of the phase diagram. Indeed,



In addition, the average NWsurface coverage can be controlled by the flow
duration (Fig. 31D). Experinents carried out at constant flow rate show
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20 W average power). Specific temperatures used for the growth of different nanowire
materials are given in Table-1. The nanowire products were collected at the down-stream
cold end of the furnace. _
The nanowire samples were characterized using X-ray diffraction (SCINTAG XDS
2000), FE-SEM (LEO 982), and TEM (Philips 420 and JEOL 2010). Electron diffraction
25  and composition analysis (EDX) measurements were also made on the TEMs. Samples for
TEM analysis were prepared as follows: samples were briefly sonicated in ethanol, which
suspended the nanowire material, and then a drop of suspension was placed on a TEM grid
and allowed to dry.
Template mediated methods using membranes and nanotubes have been used to
30  prepare a number of materials. However, these nanowires typically have diameters >10
nm, which are larger than those desired for strong quantum confinement effects, and often

have polycrystalline structures that make it difficult to probe intrinsic physical properties.
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be excl udddAf§rom a D800 ar Bel e in otther 15 erABodi nertisl> Furt.ber.iofor the
one or nore neans-plus-function limtations recited in the foll ow ng

cl ai ns, tHeAsshas a86-90t i Bdtlended td0be |inmZRd to thél>neansoaiosdt 6sed
herein for perform ng the recited function, but are intended to cover in
scope any Z§ui val e®P0#8hs, 4own nodP or | at efBdevel opeld;, f ot-0p&P8 or ni ng
the recited function. What is clainmed is: WO 112/173C2 PCT/t1S01/212~)8
-92 CLAI vZnBe A fr &8096Andi A and bull?s- dopedZBeni corfdlict or bOHpPLsi ng at

| east one portion having a smallest width of | ess than 500 nanoneters. 5 2.
The semic ctor c7190'(§l7gi m 2-5 wherei B0t he senfconductéPP>sonpt-P&é84 an
interior core conprising a first sem conductor; and QggsOr nore exterior
shells exterior to the interior core, at least one of the exterior shells
conpri si nc@@edi f f erggatiopmt enisal thanjghe firsty sem cengupct orq 9d0093 . The
sem conductor of claim1l, wherein the sem conductor conprises an el enental
sem condudiQGe, 4. Bae-1$s07 carsduct or 0§ claimB, whereinst he gl gment al

sem cond i group consisting of: Si._ Ge Spn _Se  TJe,

B, Dianond and P. 15 )
Fig. 15 shows a pseudobinary phase diagram for Au and GaAs. The liquid Au-Ga-

As component is designated by L.
Figs. 16A-16C show FE-SEM images of GaAs (Fig. 16A), GaP (Fig. 16B) and
15 GaAspgPo4 (Fig. 16C) nanowires prepared by LCG. The scale bars in Figs. 16A-16C are
2 pm. The insets in Figs. 16A-16C are TEM images of GaAs, GaP and GaAsg ¢Pg 4



5. The sem conductor of claim1l, wherein the sem conductor conprises a
solid solution of elenental sem conductors. 6. The sem conductor of claim
5, wher eiWOtR@7363| i d solution is selected froma group 20 REGWEI0426298 oOf :
B-C, B-P(BP6), B-Si, Si-C Si-CGe, Si-Sngnd Ge-Sn. 7. The sem conductor of
claim 11, wherein the senm conductor conprises a Goup |VGoup |V

seni conduGlAbwiks :8opediiRl R TREQAMIGEOR, 8 atf 5L, Tho HAfTcBhfad e mﬁi' fRbfires

| V-Group I'V sem cdonductor'is Si C The sem conduc erein
the sem cmm@wspmldtomhthdd'mdaxa@duﬂendatmlp V semi conductor. 30 10. The

' duct the & 11 -G du
el cct od 11 om o igr b oheghs SHFHOp O BB RER AR AT AT Ot
(12/ 173C 2GR GadW 9@&%@%&@%&9&{ HOSR oREHLRGEDF Bkl The

sem conductor of claim1, wherein the sem conductor conprises an alloy
conpri $i nplengbetsilhdt zone axis. The [bil] dineetianr afithe EDipatteuniip parallelto demairet or s

G Gy G RS oo el prondl bt i5e AR OGRS e oeieporc) i o,
whet ein tdoeresgonide om2QamoFig.dii shoes achigh-tusplutibn BEMIjmade oferdac2hgaiwct or . 10

13. The se conduct or of cl 12, wherein the seniconductor is se|ected
froma gr ‘E)‘“Etﬁhé?éﬁ AP Ve aflfﬁnhﬁtﬁ?@@ﬁ@glpzmégw eEAnayiEe axis, 0.32 &

HgS/ HgSe/ F@Jﬁmﬁﬁ%gﬁeﬁﬁ@r@&ﬁ%%ﬁ@tﬁ% 0.35% rﬁﬁ‘ )})a—glg%p(’??g 123@%%%@1}2@%3' m1,

wherein the sem conductor conprises an al I nati on of
two or/onorEheGealgat tor@spopds\to 16 am. dogel 12€ and 1 7P show higherepolatios TEM ng of :

Zn0/ ZnS/ ZnSe/ ZnT, S T BeS/ BeSe/Bele/ MySI MgSe. 20
15. The se‘?ﬂ%%@ﬁ]& %ﬁ%‘?@e aé?c'%?llles‘g?g‘g’ivgg' E‘/lall"zl‘g ‘g) e EERATE &g &8s an

al | oy conpsihdsTherBerkBeiima thoORird hxd) @‘ecﬁl'&nl Ile@l@anl1¥11 B meRIARGE PRs fiom a
group consisting of: Zn0/ ZnS/ ZnSel ZnTe, CdSe/ CdTe, HgS/ HgSe/ HgTe,

BeSBe Se/ BesraleNgsy imdes. A7d and &7Bwge § nm. Gr oup V seni conductors from a group
IC(r)InI\VSII fl}:’} In%Ag ; I n@gwﬁéhqﬁeﬁéﬁh@ll@%ﬁ@%ﬁ %Haﬁgglﬁéﬂ er G?E,’C,[Cﬁ 51“he scale
sem cardudian cogesppndssies }ﬂnG‘T(hH nsebindriguiB A/ls ssEfiVidmiagelof ar indBadul CdSbe
e O b e S R DSl S Eh e %opre
W O 112/ 173belustBfs composed primarily of Au. The scale bar is 50 nm. Fig. 18B shows a
diffraction contrast TEM image of a 18 nm diameter CdSe nanowire. The uniform contrast
indicates that the nanowire is single crystal. The inset in Fig. 18B is an ED pattern, which
20  has been indexed to the wurtzite structure, recorded along the <001> zone axis. The [110]
direction of the ED pattern is parallel to the wire axis, and thus shows that growth occurs
along the [110] direction. The scale bar is 50 nm. Fig. 18C shows a high-resolution TEM
image of a ca. 13 nm diameter CdSe nanowire exhibiting well-resolved (100) lattice
planes. The experimental lattice spacing, 0.36 + 0.01 nm is consistent with thé 0.372 nm
25  separation in bulk crystals. The 30° orientation (100) lattice planes with respect to the
nanowire axis is consistent with the [110] growth direction determined by ED. The scale

bar corresponds to 5 nm.

Laser—Assisted Catalytic Growth of Single Crystal GaN Nanowires

30 Single crystalline GaN nanowires have been synthesized in bulk quantities using
laser-assisted catalytic growth (LCG). Laser ablation of a (GaN, Fe) composite target
generates liquid nanoclusters that serve as catalytic sites confining and directing the

growth of crystalline nanowires. Field emission scanning electron microscopy shows that



PCT/ US(11/2C298 18. The sem conductor of claim1, wherein the sem conduct or
conprises a & oup IGoup VIl sem conductor. 19. The sem conductor of claim
18, wher eW@ eh@®62em conductor is selected froma 5 group CETZUSI26298Of :

CuF, CuCl, CuBr, Cul, AgF, AgC, Agar, Agl 20. The sem conductor of claim
1, whet ein the sem conductor conprises a sem conductor selected froma
group con 3 | : . : ,

CuSi 2P3, ?%éjbw%)c ?BAIH&?E,CB%%?@;#, frel (g,%%tgfeg‘re@g ,Eh%éniesza@?‘?ggesoﬁ%%g%Alzm,
(A, Ga, |mp2q8 leBdhs Fredthy enveedii@ Cum.PowdehX-mp diftrectiucdratyses othdk m 1,

wherein the sem conductor, conprises, a_p-type.dopant. 15, 22, The
seni conduct®GPVoF STPRIHFA] b%‘ggﬁff totth%Gggﬁ%%%ﬁ@FﬁW'epﬂF%? yate >.a?51% Rb3sgpe
dopant fr ofiitf3F 1'&T§ﬁﬁs§&%l%9c?<ﬂpﬁﬁé?éscgf)¥,l(blloﬁ{é%&ént bOAIR eRichoh Bﬁ'ﬁ%?tgﬂrﬁ %18&1 uct or

conprises ‘a p-type dopant from G oup the periodic tab 24. The
sem corfductnergyadispsksivenXtray Winerescance hralpsesiof odididuad nawwovipesi shew that thejt arpe

dopant front..G.o V. of the | odi ¢, table. 25. The sem conductor claim
1, wherei né%lﬂé“’ggf’ﬁﬁfx%ﬁa ﬁ‘@{floar ﬁg’@%%ﬁﬁi“iﬂéénawﬁpt esyﬁgjealgﬁ’ghl‘ﬁ‘s‘magd??o% rom a
group consdigdie 8&s@f harRwits oR BAN 4hd otfer tddMRoRETREP 4k séhic6hdtichhg
wherein the sem conductor conprises an n-type dopant selected froma group

consi st i ngriide matetigls shapldgpenyp many qpperiwaties &1 dudhes furdanzgnial studiesyndr ei n
the sem c%ggg%t% conprises a p-type dopant from Croup Il of the periodic
tabl e. ;%'(2 -95 PCT/U S01 /21298 28. The sem conductor of claim
27, wher ei n t heHegreinypweragpopaht bulk sgathesis efisifigle oryataineufald amsoveitdsnhasef : My,
Zn, Cd and . ' 29. The sem co tor of claim1 wherein {he

sem condu Ca[bggm&ﬂifﬁrcpg@g SU tgrael nggﬁc?ﬁﬂé‘r??ta&%rﬂl?ﬁ‘ eqatsts(;lfqufcﬂ%an‘gglpﬁtgm C
table. 30.1hIN@rReRITERRYY S coffinflsahldatetinphReE 6! g s
sel ected from a .gr_cr)up consi st r%g gf . C g%hﬂggﬁ Eﬂfgd%??c@ﬁ%nggrﬁqggﬁgﬁsét or of
cl ai m 27, Hibldremissiohscanning steciron sutiostopst (FEGNEM) showsphat ds potinetgprimfarilsi |,
Ge, Sn, S, Se and Te...32. The sem gonduct or.. of. cl ai , erein the

oral | est MORREIE WU St PRYARTRHE! At AR antlUsBIRC S or o
claimp, whebeis sifiplesaR bl ésdexed & the IGAN waSzitehaiicthed) aNd DENELES 95% PhaseThe
sem conductor of claiml, wherein the snmallest width is less thail 100 20

nanonet er PUrly Trapspnssion elgpfarnmirosspry (HiMY, ronygigentibgametecion difigetion dt h i s
| th \ : : . i i . in th
o0 Then ooy s O ARSI S =1

snal | est noneter s. e sem conductor of claim
1, wher ei manhwirssistiovetint theyate GaN st drpstals 60thragi 00grewsh diBéctid8. The

sen conductor aof claiml, rein.the snpllest width.is | ess than 40
nanonet ers. ‘ﬁ%?@?@éﬂ%%@isﬂ?ﬁ g%fa-c@a RGNS IS WEL NG OB of
clai mzh WhA® duelth thei B hiGsint Wotbntlall for bRidledthics? A HRSNABEShsve }ﬂgl}af)riwe

sem conductor of claim1, wherein the snmallest width is |ess than
focused on zero dimensional (0D) quantum dots and two dimensional (2D) quantum well

structures, which can be readily synthesized using established methods. Investigations of
one dimensional (1D) GaN nanowires, which could enable unique opportunities in
fundamental and applied research, have been limited due to difficulties associated with
25  their synthesis. Specifically, there has been only one report of GaN nanowire growth. In
this work, carbon nanotubes were used as templates in the presence of Ga-oxide and NH3
vapor to yield GaN nanowires. We have exploited predictable synthetic approach for GaN
nanowire growth called laser-assisted catalytic growth (LCG). In this method, a pulsed
laser is used to vaporize a solid target containing desired material and a catalyst, and the
30 resulting liquid nanoclusters formed at elevated temperature direct the growth and define
the diameter of crystalline nanowires through a vapor-liquid-solid growth mechanism. A
key feature of this method is that the catalyst used to define 1D growth can be selected

from phase diagram data and/or knowledge of chemical reactivity. A related approach



5 nanoneters 41. The sem conductor of claim1, wherein the smallest wdth
Is less than 5 nanoneters 10 42. The sem conductor of claim1l, wherein the
sen condu¥0di2/17¥2el ongated, and the at |east one portion iRCEUS@rRGIBuUdi nal
section. 43. The sem conductor of claimA42, wherein the |ongitudinal
section, a ratio of the length of the section to a longest width is greater

than 4: 1. |einddsordiith AGHSANG PRLQarBlin e bl oed W) Hbhladd o ARG 9 o1 N2l

section, a ratio o engt e sectron to ngest 'S greater
than 10: 1. prépare Theowiees alcaveral BF- Vabatetials im ghitutiost) eltleiughmioenitddegi t udi nal

areat or tan- 10 8¢ ca or i RHIES RpiEaionan tErap AR RRRRRIRETHE o
l'ongi t udi nEC(ﬁ(%t bﬁﬁ!lystaGEJN)' i9 ueivamasiel BH@éver Qe Eebﬁas‘é%bin%g& Of the fe
width is greater than 1000: 47. The semi conductor of claim wherel n

t he sem coPggessade clwsprat@@gllﬁ a§ﬂfﬂb15b SpesiSeadly, thegataiyse skoaitd &mmcamsmblmf

Cem contuclBuo gheskGr SR BERRR 4 Hof Tblcoif oD fifer B8 sitopal o

sem conduct®iditidns Tl gmdmg\{dmr:@llmsdglgeswmm E&) Rvhiel dissol vesPofo@eend N, ¥¥d
112/ 173C2 PCT/ USQ1/ 21298 -97 51. The semiconductor of claiml, wherein the

sem conducfless nok %’é‘g%'@??ecstagﬁ compeundehan Gal uwilbbe pgoed eatatys for @Mdrein the
d 5 53.
sem conduchlowiRRbWRRS ACEORRE byl l:0uti8iPo SERb AR WGl

The sem conducto aim 51, wherein t e semc fegr onmagneti c.
54. Th& segirewtiduof the Qatalyﬂuananoﬁﬂx,stembﬁtaselmbﬂahmnseﬂiwtmddlmElrg tanpri ses a

of "l ai m 54, whSRBIHARG WA DL A NG g raaces 2 R Vg of

el ongat ed mllﬁwr&ﬁ@a&%ﬁm@ﬂd&ﬁk@m tpidal FEtsmMnﬁgé B the lpedtict TS
| ongi tudi nal axis, has a argest cross-sectional di nension Iess t han 500

nanomet er sprogeced by GG (Bign20 AN shaovsthatghe prodiet cossistapamarily ofdD sewitetsnduct or
nd one or

ror e ext or Mo i 8 (FEhAeR Y0 R AR ol leadf SRR 100 o0 JRER e

nore exterior s

exteri g shpbkétsatematoniicd Tl rdEfsfwaaﬁa alsBtsB6wahat HAProli@s Edsit of ca. 90%
sem conductor. 20 58. The sem conductor of claim 56, wherein, at any point

al ong the naiwg\fllte&dmathedﬁﬁr@nmg bajag BanepeiEalescVehavealse assessed thermveralhgt h of
the sectiop. i
sem conduct 8 % ?Iucfb[? c,S%MSV\A%) grrljgis nf,%gﬁﬁlﬁ Elaﬁglgi?en%néqleszlgw?i%x@ﬁ(gﬁ' ] 8?’?1‘al
axis of t hAIlstbmedxbwdlymharp dififracaioh @ealfs ih e PXERDtpattefn dah®eseduxed o 4 Guitzite
Iongestvm th aerthnlO e s ctor of claimb56,
wher ei n, 5"8‘5 ﬁ? 15F 67 W%Oﬁ%n&r]%a&flaaﬂ 351 7§%8H15§e Yaleesaasingnoduct or
a ratigp of agrbanér@ RgthNitefatirB @aRBE FrRIK Qald: 4 QRORS! ¢ Wistdd A STOAKRESL, than
100:1 WD 112/1731r2
comparison of the background signal and observed peaks indicates that the GaN wurtzite
phase represents >95% of the crystalline material produced in our syntheses.
The LCG experimental apparatus is similar to that reported previously. A GaN/Fe
(atomic ratio (GaN):Fe=0.95:0.05) composite target was positioned with a quartz tube at
25  the center of a furnace. The experimental system was evacuated to 30 mtorr, and then
refilled with anhydrous ammonia gas. While the pressure and flow rate were maintained at
ca. 250 torr and 80 sccm, respectively, the furnace temperature was increased to 900 °C at
30 °C /min. A pulsed Nd-YAG laser (1064 nm, 8 ns pulse width, 10 Hz repetition, 2.5 W
average power) was then used to ablate the target with a typical ablation duration of 5 min.
30  After ablation, the furnace was turned off and allowed to cool to room temperature. The

system was then vented and light yellowish powders were collected from the end of inner

quartz tube wall. The product was used directly for FE-SEM and PXRD studies. The



-98 PCT/US(11/21298 61. The sem conductor of claim 56, wherein, at any
point along the |ongitudinal axis of the sem conductor, a ratio of the

| engt h of WOH@/13¥@tion to a | ongest width is greater than IOOUSL1A6¢B]. The
sem conductor of claim56, wherein the paint has a smallest width | ess than
200 manoneters. 63. The sem conductor of claim56, wherein the point has a

smal | est vpreaﬁuk@@gugﬁaaaedlﬁ%ﬂ%epmtﬁ&fmk@er%onTmEmigéi&s%&i qﬁmrcﬁﬁncggi m

56, wherein the point has a smallest wdth | ess than 0 manoneter s.
The seni coandERPmespurements. 56, wherein the point has a smallest width |ess

than 15 80 man r Th m.conduct or of. chajl,m 56, .wherein the point
has a smal | est O@\Aﬁédl?lﬁﬁ{hggogyf ﬁtzri‘%@rg ann%%cgﬂéqsg}og 0%5166 Q?N nf‘ﬁgwg\é\%% :J?S?R:t or of
cl aim 56, oMagictirized hefupientethid gsiag TEM, |GBED whdl EDX. FM shalfesGRo W iRt er s.
68. The sem conductor of claim56, wherein the point has a smallest width

| ess t han DRGOWHES At Epight pithgmifonn diameisrssnd ixnieallyderainaierin 8 anapaicle at t he
poi nt has | s ] hah ; . enm.conduct or
of claim 5(;633[1,e 'e#lgi %O&ﬁg&g%%l %fsp%?ﬁsgs a eﬁ%ﬁ@éﬁgg‘éé\nﬁg sﬁn?%%sof}ﬂgﬁi@&@ 9 rﬁ]le
manomnet er suniforM@offAst ABMZ the dile@Xislikitaté2thaiA88 nadowitds astigle omstal The of

claim56, wherei.n the point has smal lest widith | ess than nanonet er s.
72. The se‘?ﬁn(%?fhgl@t(g?rkg 1gBI°8?tm%g§,an&§é1b§?rﬁe‘¥mﬁtéh§B?‘HQ%‘ I3 iacei§h3Fi ses a
single 5 cdypsétad folibwving Bﬁls&ﬂiﬂaﬁ&gg%&rgﬁuﬂfnaﬁbélﬁﬂhg?’ig."lbf Rk RadeMso used

sem conductor is free-standing. : e sem conductor of claimb56, wherein
t he seffl cdPladdde addiess tha comppsifionief/the sanomirepmnd ymisal manepadidesoPatf cl ai m

56, wher ei 1.C tor 1s n-doped..76. The sem condu of ,claim
56, whor cifnePhE? SLMERRREEpork ol GRREEN i o5, RETHER S 4 N i
conpri si ngwhilesthe ghgopiticébtontalB Ga NeariEld, TBB Pgee FFeqhithWalahd NV @IgED t he

sem conduct or corgxkpri ses: an interior core conprising a first sem'conductor;
and one ortherir@ingl parqnarticle epniams thegatalytiq ratyrpof Fade thegynihesia, at | east one

of the exteri OrT@Bro%E?thtl%rﬁl‘PéTim lovtai& o i %Jgﬂ%}&%e ﬂgﬁegélge@ﬁv%ﬂ@gteﬁ Repfirst

sem conduct or. 79, The sem conduct or of ¢ seém conduct or
i s bul K- dopadwirg @roWtheisgwm Avedtialyst Gobd has|teemused, revéntlyes a catatyssforigemmtiuct or

serm Conduct o Bas PT B S Tan HLT gl B Pt PBed
nanonet er salscfnctidiceffetivel9nia ued @owai ofaba RanblviresEb&EVert AR egBBtEpRGUCt OF i S
el ongated. 30.83. The sem conductor of claim77, wherein the sem conduct or
i s part ofSolibigyiof & and thus may not transport N efficiently to the liquid/solid growth
interface. Consistent with this analysis, we have been unable to obtain GaN nanowire
20  using the Au catalyst. We believe that this highlights the important role of the catalyst and
how it can be rationally chosen.
Lastly, we have characterized the structure of GaN nanowires in greater detail
using CBED and high resolution TEM (HRTEM). A typical CBED pattern (inset, Fig.
21A) of a nanowire exhibits a sharp diffraction pattern consistent with the single crystal
25 structure inferred from the diffraction contrast images. Indexing this pattern further
demonstrates that the [100] direction is aligned along the wire axis. In addition, Fig. 21B
shows a lattice resolved HRTEM image of a GaN nanowire with a ca. 10 nm diameter.
The image, which was recorded along the <001> zone axis, shows clearly the single
crystal structure of the nanowire and the lattice planes along the [100], [010] and [-110]
30  directions. This image demonstrates that the [100] direction runs parallel to the wire axis,
and thus confirms the [100] growth direction in GaN nanowires.

In conclusion, we have exploited the LCG method for the rational synthesis of

GaN nanowires. Highly pure GaN nanowires were obtained as single crystals with a



WO 02/ 173C2 PCT/ CJSOL/ 21298 - 100 84. The sem conductor of claim77,
wherein the sem conductor is n-doped. 85. The sem conductor of claim77,
wherei n tW@ 08/ 2onductor is p-doped. 5 86. A doped senmi caaiusoeRé9Rat was
doped during growth of the sem conductor, 87. The seniconductor of claim
86, wherein the doped sem conductor was grown by applying energy to one or
nor e nol ecu; i, AL . a dopant.
0 B The e e b ! il or s
grown by appdigiably chaiwe@yf catelyshandgrowthr@nditioes, whe be ofadilpextenddédctoriskuct or and

one yr nor l.ec ant. . 15 89.. The senicog%gcto of ¢l aim 86,
wher ei n thsgng‘%f)lggﬂslg\?ﬁ@%%@ygﬁg’ S@s%dsfegﬂ’%‘aﬂ“ BBV FH r‘%’?tbfﬁlst or nore
nol ecul es qantifie dfeifigtoagial finonds 6GalNandoitRr iRhRgVEes P imprdapant . 90.
The sem conductor of claim 86, wherein the sem conductor 'i s "bul k-doped. 20

91. The sewpuenndueting nigidednaferipls & exppreckiorppen apdeanycwndtienities dofiptieses a
Single cry P o 1 or of claima86, wherein the

sem conduc@%@?%n? rsgl@%tegllﬁ%ﬁg&q%ﬁ;%. The sem conduct or of clai m 86,
wher ei n t he serffigoiftisct ehematitpdibgem shoWwiigt GANI nhigowiggr@dwih BY his@fask®ted t han
500 nanoneters, 94. The sem conductor of claim86, wherein the

seni conduc@BlYicEi@M8hgat ed. 30 95. The seni conductor of claim 86, wherein
the seni conductig 36A Sh&lRPLHE-SEMA €A Y53y Rpe RER ; The
sem conduct or ofécl aim 86, wherein the s%%%gRﬁcg‘?ﬁﬁtég‘ﬁ%é&%@g‘*%
bul | s-opdyy Ise@i Toanshabt oar cohratponds tatl jeaFig. AAB shbws A@XRID (Suintag: a single

crystal, ated and hu] | s- ed sem conduct or _that, at any point

al ong i ts%%@@@?ﬁ?ﬂ‘ rg&qr&: en ng E"é& ngnoyuss: nyabersaboyg g pedsrensi on

| ess t han RARsITRAeBIhk]) vaiis 8f fhb v AL Siglinng. and bul | s- doped

sem conductor with at least one portion having a snallest width of |ess

t han 500 manondiigr3lA shawvsd diffraqtior comeast TEVOMclges, BM4203 endgeofi adfaN he

bul | s- doped _seni conductor exhibits a quaptu onf i t causeq by a .

di mensi on nng‘fVﬁ% saég FRsRRtes 1 §‘.:e%eﬁ1r@_n§%ar#}%18%_§lﬁhﬂ &g‘fqg& CQPW%‘?&IIG\%‘WH% t he

sem condu®igr21iAssitivaig@BED pHtd feCorded®OSE aoo1>Sz<ﬁ1e\Mx@tdwe§ﬂ1e@§g}{o&ﬁidﬁﬁatéi ong

a | ongi tucga{r][g% sectjon of the sem conductor. 99. The sem conductor of claim
[

98, wher ei® PHFIIERGFIeudibRaThisSElP b qosresrgadp feSORM: Fag P Brshpwg adIREEM cal
carriers wghpyp: @Fi?ﬁa?garo'f BothérGaAd Harg)ﬁhf'e mﬁ%géf&tocfrcaq 9 £th 2T %ﬁa guhen

ein the | ongitudi nal ction 1s capable of transporting electrical Tarriers
such t hat wasdalsinedong €00 1>came iagissThead 80], [r16ligid {-h&0] diregiidbnsdiraaldicaegt i on

bal Ii sti cal, 01 T i cond f clajm99, wherein th
angi ¢ uat R G PG psraiel B PURGRE Fhenfe sl beTcoBmoBst Gl ers such

that tde electrical carriers pass through the |ongitudinal

Nanoscale electronic and optoelectronic devices assembled from indium phosphide
nanowire building blocks

One dimensional nanostructures, such as nanowires (NWs) and nanotubes (NTs),
25  are ideally suited for efficient transport of charge carriers and excitons, and thus are
expected to be critical building blocks for nanoscale electronics and optoelectonics.
Studies of electrical transport in carbon NTs have led to the creation of field effect
transistors (FETs), single electron transistors, rectifying junctions and chemical sensors.
These results indicate exciting applications possible from such materials, although the use
30 of NT building blocks is quite limited in that selective growth and/or assembly of
semiconducting or metallic NTs is not currently possible. The use of nanoscale structures
as building blocks for bottom-up assembly of active devices and device arrays, which can
eliminate the need for costly fabrication lines, will require that the electronic properties of

the different blocks be both defined and controllable. To this end we report the rational



section coherently. 102. The sem conductor of claim98, wherein the

| ongi tudi nal section is capable of zs transporting electrical carrier s
such t hatw@k®18bZctrical car riers are spin-polarized. 10BCTN$01/26298

sem conductor of claiml02, wherein theg4ongitudinal section is capable of
transporting electrical carriers such tgat t he spin-polarized electrical

carriers ; | b Ral | ' | i
ot or mat | G O D Bt o 5t R B ding
| ongi t udi bhdcks acwhivh thseleatpailpeopeitiastiave bean dangrbiled by demippnEatetdependent

excitation, wherein a wayelength of, the.emtted.li i 021173&2 -
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the at | e%&rotsx%y (TEM) images (inset, Fig. 22A) further show that the doped NWs are single

20  crystals with <111> growth directions. Generally, a 1-2 nm amorphous over-layer on the
NWs is visible in TEM images. This thin layér is attributed to oxides formed when the
NWs are exposed to air after synthesis. The overall composition of individual NWs
determined by energy dispersive X-ray (EDX) analysis was found to be 1:1 In:P, thus
confirming the stoichiometric composition of the NWs, EDX and other elemental analytic

25 methods are, however, insufficiently sensitive to determine the doping level in individual
NWs.

To confirm the presence and type of dopants in the NWs, we have performed gate-
dependent, two terminal transport measurements on individual NWs. In these
measurements, the NW conductance will respond in an opposite way to change in gate

30  voltage (V) for n-and p-type NWs. Specifically, V,> 0 will lead to an accumulation of
electrons and an increase in conductance for n-type NWs, while the same applied gate will
deplete holes and reduce conductance for p-type NWs. Figs. 22B and 22C and 100c show
the typical gate-dependent I-V curves obtained from individual Te- and Zn-doped NWs
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switching voltage is related to the thick (600 nm) oxide barrier used in our measurements.

This gate-dependent behavior is similar to that of metal-oxide-semiconductor (MOS)
FETs and recent studies of semiconducting NT FETs. An important distinction of our

20  work with respect to NTs is that predictable semiconducting behavior can be achieved in
every NW. Taken together, these results clearly illustrate that single crystal InP NWs can
be synthesized with controlled carrier type. Because these NWs are produced in bulk
quantities, they represent a readily available material for assembling devices and device
arrays.

25 The availability of well-defined n-and p-type NW building blocks opens up the
possibility of creating complex functional devices by forming junctions between two or
more wires. To explore this exciting opportunity, we have studied the transport behavior
of n-n, p-p and p-n junctions formed by crossing two n-type, two p-type, and one n-type
and one p-type NW, respectively. Fig. 23A shows a representative crossed NW device

30  formed with a 29 nm and 40 nm diameter NW. The four arms are designated as A, B, C,
D for the simplicity of discussion below. Significantly, the types of junctions studied are
controllable for every experiment since we can select the types of NWs used to produce

the crossed junction prior to assembly.
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t r ansf or medemonsiyge tizt thezonctirgdaygoatep the ggnsportgwhavior. Lastly, our data indicate
that individual NWs make reasonably good electrical contact with each other, despite the

15 small contact area (10'12-10'10 cm?) and simple method of junction fabrication.
The good contact between individual NWs provides the basis for exploring these
NW to make functional devices. As an example, we have made p-n junctions from
crossed p- and n-type NWs. These junctions can be made reproducibly by sequential
deposition of dilute solutions of n- and p-type NWs with intermediate drying. Fig. 23D
20  shows typical I-V behavior of a crossed NW p-n junction. The linear I-V of the individual
n- and p-type NWs components (curves 84 and 86) indicates ohmic contact between the
NWs and metal electrodes. Transport behavior across the p-n junction (curves 88) shows
clear current rectification; i.e., little current flows in reverse bias, while there is a sharp
current onset in forward bias. Significantly, the behavior is similar to bulk semiconductor
25 p-njunctions, which form the basis for many critical electronic and optoelectronic devices.
In a standard p-n junction, rectification arises from the potential barrier formed at the
interface between p- and n-type materials. When the junction is forward biased (p-side
positively biased), the barrier is reduced and a relatively large current can flow through the
junction; on the other hand, only small current can flow in reverse bias since the barrier is
30 further increased.
There are several reasons we believe that the observed rectification is due to the p-
n junction formed at the crossing point between p- and n-type InP NWs. First, the linear

or nearly linear I-V behavior of individual p- and n-type NWs used to make the junction
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20  forward bias. Fig. 24A shows an EL image taken from a typical NW p-n junction at

forward bias, and the inset shows the PL image of a crossed NW junction. The PL image
clearly shows two elongated wire-like structures, and the EL image shows that the light
comes from a point-like source. Comparison of the EL and PL images shows that the
position of the EL. maximum corresponds to the crossing point in the PL image, thus

25  demonstrating the light indeed comes out from the NW p-n junction.

The I-V characteristic of the junction (inset, Fig. 24B) shows clear rectification
with a sharp current onset at ~1.5 volts. The EL intensity versus voltage curve of the
junction shows significant light can be detected with our system at a voltage as low as 1.7
volts. The EL intensity increases rapidly with the bias voltage, and resembles the I-V

30 behavior. The EL spectrum (Fig. 24C) shows a maximum intensity around 820 nm, which
is significantly blue shifted relative to the bulk band gap of InP (925 nm). The blue-shift
is due in part to quantum confinement of the excitons, although other factors may also

contribute. The importance of quantum confinement can be seen clearly in EL results
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swi t chabl eGraN nanowires. Together with the nanoLED we reported before which emits light in the
near IR region, we show the great potential of making LEDs with different materials that
would cover the full color spectrum.
Fig. 25A shows an EL image taken from two P-type Si and N-type GaN crossed
20 nanojunctions. The p-Si is doped with Boron. Fig. 25B shows current vs. voltage for
various gate voltages. The nanojunction shows good rectification at different gate
voltages. The El spectrum shown in Fig 25C shows light emission is about 380 nm and
470nm. A n-InP and p-Si nanojunction has good rectification.
To make highly integrated NW-based devices will ultimately require techniques to
25  align and assemble these building blocks into well-defined arrays. To demonstrate the
viability of this next stage of development, we have used electric fields (E-field) to align
and position individual NWs into parallel and crossed arrays-two basic geometries for
integration. The E-field directed assembly was carried out by placing a solution of NWs
between electrodes (Fig. 26A), and then applying a bias of 50-100 V. The potential of this
30 approach is readily seen in the case of alignment of a chlorobenzene suspended NWs
between parallel electrodes (Fig. 26B). FE-SEM images show that nearly all of the NWs
are aligned perpendicular to the parallel electrodes and along E-field direction. We have

also used electrode arrays to position individual NWs at specific positions. For example,
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a snallest width of | ess_than S00 manog,eterill1 20. 202. | egti on of

|
reagents 6 o MG B ped Awas ke sefalyshrnd A% ot qr Zaé\as;f e flepyug elsmenbt ¢t he
fol I'ow ngimya gL & eYz?cEn%'( 11?(11”)‘9\!\'5@% tﬂquoa@%ulﬁiﬁ%g Heﬂldscﬁé'}a?éé'i‘%gt or

that, at any point a ong its axi's s a largest
Cr oss- sectpladlat dier@smmahcémhdrldmmrﬁﬂﬁlermfnbmﬁnmw Aapobed (§ nga0diznMNd-ng and

bul k- dope i tor with | east ort aving a smallest width
of Iess tﬁéfﬁ%g‘ Rg rf’é{‘)e‘P’és ‘fsﬁgtto q‘f’é%‘pgéi 1 Y oBFEMEB IS 63118€ OKhvi ng
a smal Jsesteo Glifinttes WA NWEan1RR Wfr@am V¥R Bidofithe fiRadeect i on

conpri ses a seni conductor reagent and a dopant reagent. 203. A method of
growi ng a seni chausporioneasutementeodivdewd N Wi Mgregaraed oyfusing published

procedures. Briefly, NWs were first dispersed in ethanol, and then deposited onto
oxidized silicon substrates (600 nm oxide, 1-10 Qecm resistivity), with the conductive
silicon used as a back gate. Electrical contact to the NWs was defined using electron

30 beam lithography (JEOL 6400). Ni/In/Au contact electrodes were thermally evaporated.
Electrical transport measurements were made using home built system with < 1pA noise

under computer control.



(A) doping the sem conductor during growth of the sem conductor. 30 204.
The met hod of claim 203, wherein the grown sem conductor is a doped

sem condoeOor/1t36at is at | east one of the follow ng: a si RgTAISOLYRPH] , an
el ongat ed and bul k doped sem conduct or t,7 at, at any point along its

| ongi tudi nal axis, has a largest cross "“WO U2/ 17362 PCT/ USO1/ 2&298 - 111

sectional dine

bul k- doped semn?:'(])eﬁrgﬂgﬁai) thégq’f'eas Hgltﬁg%g gﬁgg\%’?ﬁﬁ yglﬁr‘g?g@gﬁ ?/\()} dth
of | ess tHAWsamfo oxidize® sdicos sul‘;’stlaﬁ5usﬁ[@ﬁelﬁtBIel}Olﬁingcoﬁdeﬁlrﬁﬁcﬂﬁ%etélHﬁi&é&ﬂhe
conprising aj addi ng one or nore other materials to a surface

of :
of the doﬁéﬁltg’@ﬁpggﬁéﬁ?@%ﬁvs @@Ghenr#éﬁlwéte#@m@ﬁs o ad; fenpeBs ajfes @pss et (B)
-conpri ses él tf&mma 1&&%& @%m/é )sle&@o&ég%ﬂe és%altgg T'E'F(Sxﬁﬁct 1@ héNWAe

met hod of al m 203 |n act conprises: contro an extent of
the dopi ng | S ’Dlﬁ&:—n]‘inmtmas et cdftaméch]byﬁagélsby -lelyer déposition. Eﬂ@t L dilqei ses

"growi ng the ed sem conduct or b e y,to.a coll i on . of
nol ecul es, 011'%%’% glof%gfﬁeo(ﬁ Lo ¥BPe %ﬂ]? & W%d#g??‘@ﬁﬁg‘ thepubstintesat tfl"? Pi%smon
seni conducsfiadiaiialINECKASEcailed BOPR0énd 88 a ding: Ritadf e Gtha twg
wher ei n act (A conprises an act of: 20 controlling an extent of

dopi ng. 21@typehef ¥t waeldeosiediaps fepositiens ef ¢rossed nagnd pyredWWisovare ng dopi ng

o o amoustOee, Mol it ol BB oy Qlan'slie REIES OBK Hiektyri 200, °°

wher ei w act (A)EL wak bﬁu‘dlsdcmﬂﬁ h hede- b\dﬂﬂ@ldr@hﬁﬂm%hﬁné&h@tﬁﬂhﬁﬁ BEiofgcAtek@s er
to form vg]gérl zed nol ecules. 212. The nethod of claim211, wherein act (A

further cogt(Sligsnm, - b}"dﬁﬁ%""%‘é‘?eg&HOE@HGIEFCRQ‘B‘FUOFW?@@UN@CWO n9TpRe
mol ecul es. iunclf Wi/ 18datd the éxjc?tau&ilt%ﬁerm sHt'?MfP%n@f&reﬁlt Bhétldn wﬂ%?@bﬂa act

(A furthé‘r conprises: condensing the vaporizé es rnto alirquid
cluster. 'bigsd, Efthexagm Wwert takencividh enligdid, mtm@n@mledcﬂcm Ayméray addeEL. gpmepni ses:

S grow ng the ctqr. f m. he UId cl uster /U S(11 /21298 215.
The net hod”8f o@ﬁa e% 1 ih: %A@n gmb%lla BgH’e?jg)@‘i“ AYSHREERetEs s st ed
catal yts ¢ gr owt frigs. QQAZQ@C 1lmﬁaf§&iobﬁf§ a8l efdeftich) @Qﬁpm‘ﬁ’@ﬂlﬁ" N\Vsh%§@bAeCt 1 on

of nol ecul es conprises a cluster of nolecules of a catalyst material. 217.
The net hodShO‘WS@Itﬁplﬁal’ffGSE%rm@emf@tdopﬂd IIIR)NWS Stsgle beoist I0qihi ingetalatiicdt h of

th duc S 218.. Th f troll th
W dath of CREIERTEN et 37 op ipAredene SN Y. of i A4 Tuiafitaariess Senesile, al'yst
cluster. 2Z8rgdh@iculdi@o MRIWREakE. SchRi tir 20, niih BIR] TDRGAd ﬁ?_@ stioe Eer

conprises: perform ng chem cal gq;i)or deposition on at |east the nol ecul es.
Snid

220. The rdspRedenbl-Vchehasiopba, T énmloperbNY¥ovsredivelyo dgdests ihddea2Beast
one pogf i Oa{hd@w HwAtha erﬁéatsu% Q\H’h tw(o tglﬂﬁﬁaltﬁ%g@ cOTRAY? %E‘E&?e's The scale

bars correspond to 1 pm. The diameter of the NW in Fig. 22B is 47 nm, while that in Fig.

22C is 45 nm. Specific gate-voltages used in the measurements are indicated on the right
hand sides of the Figs. on the corresponding I-V curves. Data were recorded at room
temperature.

25 Figs. 23A-23D illustrate crossed NW junctions and electrical properties. Fig. 23A
shows a FE-SEM image of a typical crossed NW device with Ni/In/Au contact electrodes.
The scale bar corresponds to 2 pm. The diameters of the NWs are 29 nm (A-C) and 40
nm (B-D); the diameters of the NWs used to make devices were in the range of 20-75 nm.
Figs. 23B-23D show I-V behavior of n-n, p-p and p-n junctions, respectively. The curves

30 80 and 82 correspond to the I-V behavior of individual n- and p-NWs in the junctions,
respectively. The curves 88 represent the I-V behavior across the junctions. The current
recorded for the p- and n- type NWs in Fig. 23D is divided by 10 for better viewing. The

solid lines represent transport behavior across one pair of adjacent arms, and the dashed



25 221. The nethod of claim 220, wherein the grown sem conductor has at

| east one portion having a smallest width of less than | O manoneters. 222.
The met hodoeb/1tdeai m 220, wherein the grown sem conduct or PEI/E01R€88t one
30 portion having a snmallest width of | ess than 5 manoneters. 223. The

met hod of cl aim 203, wherein the grown'zgr"n' conductor is magnetic. wOo

02/173& -113 PCT/ A
compr i ses ML SPRG e THEAC AR Aner e P PEARCaPumfl oA R ol ML FRB6L
sem conduq@@pelmgsnet ic. 5 225. The nmethod of claim 203, wherein the grown

seni conduct or |s ferro neti 226, The t hod, of, cl 225, act

conprises: dopi %5 £hé- g@ﬁﬁﬁ?@ﬂ’&eleﬂl%"ﬁl geaﬁ%%%ag?n 9%&6} Pr‘é‘ld@g"t’cqli‘é(é)govm

-sem conduciar;f qm%e&f'ﬂ?e néi'ﬁ’ ﬁ?ed 8 a d bRkeENEY B‘é%ﬁ@tldff‘h@@ejv act
con

(A) conprises: he se uctor wi th manganese. A net hod’ of
fabricati rilgmeanshem Eg 24Anshows ihedlaimage bf tfe jlactiod) Botnsaabs bangcarespand ooy e

'sem conductors to a surface, wherein at ast e .of t I conduct '
at | east dHe Big £HB sheyp Hweﬁlgmt%lnsg}' NEfees Y:‘ﬁ%‘?'al%ﬂe et ig) 6%192@ O}S’ﬁgt(’: 2
bul kdoped cﬁ%@c&ﬁg@&%ﬂﬁ hd B@Et’m%e 1‘?15%{ gié’(g\bt 16‘3@{]30§EM it le%?ﬁie gﬁﬁdtfaﬁllts@ﬁ' s, has

a largest crosssecti ona mensi on hansnet er
f r ee- st andiliegcala dabodrkesgomdsdo Sqm cﬁhdna‘yprrandu p—typaNWeﬁn‘nnng\éuqq](uncumn havi ng

a snmal | est. wi dth of t 500 20 .nano 229. thd | ai
328, " wher diAHE (IIEETP PRGOS PG O B SHEAVEY. $3b DFHUORRER btk WRCLHACHTISG,
furthey, g\ﬁR&i | GwRin ¥4, 29h: ﬁr'é g&)truﬁfﬂ)é%lks hO8 ALikm (Fi), 2415 M¥wAGnALL | east one

of the sem conductors Lay applying energy to nol ecul eés of a sem conduct or
and nol ecspestrwh revotdrdafvom aZ8dond Thrvand blasetl arbssol &V Whppe dinctipr EhEbct  ( A)

COITpI‘I ses: cqQntactin | uti.Qn e o0 nor e 0 Ct or

Co The surmaamunnupdsts 3ol P GRER ERl 28D Ao BE A el APEPRIA
al i gni ng ong |k Eﬂ%?gﬂc{testﬂi‘&n?tﬁé“uﬁ&ﬂﬂx%éﬁﬁs TOB séNEebsUE ba@e VRd MgyRmnalectric
WO 02/ 173Cr 2 - 114 I'd. PCT/U SO1 72fi 298 233. The nethod of claim 232,

wher ei n adypd BW<ompingsthss jugsivarhave digmgteredid and4% o) wsprstivéien at | east

two el Ie5Ct rodes; Figsr.].(’E6A-26D illustrate parallel and orthogonal assembly of NWs with E-fields.

Fig. 26A is a schematic view of E-field alignment. The electrodes (orange) are biased at
50-100 V after a drop of NW solution is deposited on the substrate (blue) Fig. 26B shows
a parallel array of NWs aligned between two parallel electrodes. The NWs were
suspended in chlorobenzene and aligned using an applied bias of 100 V. Fig. 26C shows a
20  spatially positioned parallel array of NWs obtained following E-field assembly using a
bias of 80 V. The top inset in Fig. 26C shows 15 pairs of parallel electrodes with
individual NWs bridging each diametrically opposed electrode pair. Fig. 26D shows a
crossed NW junction obtained using layer-by-layer alignment with the E-field applied in
orthogonal directions in the two assembly steps. The applied bias in both steps was 80 V.
25  The scale bars in Figs. 26B-26D correspond to 10 pm.

Bottom-Up Assembly of Nanoscale Electronic Devices from Silicon Nanowires

Four types of important functional nanodevices have been created by rational
bottom-up assembly from p and n-type silicon nanowires (SiNWs) with well controlled
30 dopant type and level. In all these devices, electrical transport measurements on
individual p and n-type SINWs suggested ohmic or nearly ohmic contact between SiNWs
and leads. Significantly, four-probe measurements across pn junctions consisting of

crossed p-type and n-type SINWs showed current rectification behavior as expected for pn



5 positioning on a or nore of the sem conductors between the el ectrodes.
234. The method of claim 231, further conprising azi act of: (B) repeating
act (A) wohxanoet her solution conprising one or nore ot hePCFas0TdRHRICt Or S,
wherein at |east one of the other sem gzgguct or is at |east one of the 10
following: a single crystal, an el ongat and bul k- doped sem conduct or

that, at %mﬁe%%ilg\h%lgl 9 Oclj,]xjo%s%di suggr%aa soHSbeir blgdaﬁ) cqe &éi[)ﬁaﬁf‘a& tran§1stor

cross-sectiona n NAROTET ers, ree-s ng and
bul k- dopedv}ﬁdmmmmdnbawemmttbhcmtent gaing as)lagepxslowi%m \hawabgumds mal | est wi dth
of less t

n 500 nanoneters 5 235. e, et hod of. cl ai m 228, further
conpri sin PR my%}e%ﬁé? of wsa% DR S 2B i iont PROHA I G
-or e cont g6 lﬁeé?seamwmtagé Rith A& 86f REE. TE3R1 dibh&s ﬂ%ﬁ@@lfgéavﬁ!yal m 235,
wherein act (B) conprises: 20 formng channels on the surface. 2a7:

met hod5 of dopesd PNEHn aheseeiliovadmegajvectiffprenial sesigtence dNBIR)pehindorsior f ace 25

of the cctveanubiearutb Rt el W8 CERIBTAR Boct 1) o711 0la “230. The

met hod of cl ai Edfurinhidhf Godehtifi) eRONPHitSES bedPirgaRely3urstgd aéteatlpCt ri C
field between at | east two el ectrodes; and positioning one or nmore of the

seni condudubihe Tyadementak Haiteefdithographical mepgydssyill prevent the eyrrent sechniquest hod
of gener atﬁloﬂgrelabﬁ% 'thé:@égﬁ]rlfaﬁéég&:tl%ﬂlc@?%gaugl ggﬂﬁ%f%gn&sda?ejs%%gnﬁé@a appl y' ng

energy to one or uctors the one or nore sem conductors
to emm | |bgﬂdmg\Hh@aka|fm tht bbmatupcmﬁmﬁly phmtepeated dexdesss whareibetlathel east one

of thefollown a,sin t n .el ongat ed .an ul k-doped .. .
sen condudtiBieiaand Risodhly & G RhaLGs o Sheig 7 buritar, GRREDS sliminge

| argest crLBsfyIRELOR Bﬁfabﬁbﬁﬁﬂﬁi&@ wh%%tln AeintaBth RRRBhESptSthafifedroven
free-standi ng and bul oped sem conductor with at | east one portion having

a smal | estsusgiesifal mrmlce@lﬁqmms 500¢ dimensionak srucues suth as nmor\m@s OGNV anéh 240,

wherein the_se Q
242. The r?@ltl(htugé ‘?‘ﬁdﬁl)'m m ﬁ%g@%egiqsﬁcrgc ]e?qlil)dﬂl?bqocg‘%g%éﬁ)ag%g hﬂg}g&%@g t age
acrosgsa jtolBeristi0ot e finmioaslanaedbviesacd dehicd a:rr@s v&anhemmldm@dﬂmdl@ is havi ng

a snallest width of | ess than 500 nmanonet ers. . The_ met hod of claim
242, when egsentigldemane aeigenednd teshnplagy-aNd, ﬁé‘PYf‘e‘%ften\}iﬁ%‘ﬁdrPS feld glfect transistory

menomet er ﬁg?e”'é‘iectmﬂrélﬁs%}g Phe RITALH géQI’O_] ém‘df 63&3Nﬁﬂ%b&hﬂl?1 j%ﬂcﬁ&{s g 20

(B) contro ng a wavel ength of the emt ht by contro
di nensi on cofss¢chpmationsdast abu (besednmmﬂmdoﬂohawmglea;ss nENITe s ratmdalh of |ess
than 100 rerlgsne(r)nrﬁy s Brnited by unpredictability of individual tube properties because the specific
20  growth of metallic and semiconductor NTs is not controllable and controlled doping of
semiconductor NTs is difficult.
Previously, we demonstrated the controlled doping of single crystal semiconductor
SiNWs, where the type of dopant (p-type and n-type) and the relative doping
concentration (from lightly to degenerately) were well controlled. These SiNWs, whose
25  properties are predictable and controllable, therefore provide the critical building blocks
for bottom-up assembly of active devices and device arrays. It is possible that the highly
dense SINW device arrays can be formed by the directed assembly of chemical assembly,
for example, the specific peptide binding to semiconductor, DNA base matching
interaction, and/or the ligand-receptor interaction. To realize workable integrated devices,
30  understanding the electrical properties of individual bottom-up assembled active devices is
the prerequisite. Here we report the rational assembly of functional nanodevices from

these SINWs with diameters from 20 to 50nm and the device electrical properties. And

we demonstrate that control of dopant type and doping level provides us the capability to



245. The nethod of claim 244, wherein the sem conductor is elongated, and
act (B) conprises: 2s controlling a wwdth of the el ongated sem conductor.
246. The wewokowedf cl ai m 244, wherein: the sen conductor REI/UBIHR@PRrty

that a mass of the sem conduct or en1'ts_L7'hght at a first wavelength if the
mass has a m ni mum shortest dinmension, and 3o the controlled di nension of

the semc or. L1 | ' WO
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havi ng a dopedresdntlading patdirdes,dipudactransiztols, complamentarye inpelters apd fpoeént s,
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-sem conduqiQls. CORRABABR bn fithcfibnd RERcr@R&! Aifolr 6f G885 SINW Rmefidial

conponents. 24%$. The nethod of claim 247, wherein the doped sem conduct or

conponént Electetal teaasporomeassfendnss drothegapmiginctipnsishgwed e wyrrant regificatiomngat ed

-and bul k- doped seni conduct.or, that, at1l i g L [+, udi nal

axi s, has pﬁgcﬁ(étﬁglgrsay sg%csogx_dg%tgri ﬂyﬁgﬁ‘ mengaﬁg%ﬂg ggéuﬁ}glﬁggéggﬁgrﬁg%ieﬁgr s, and

ﬁ free-staﬂ@slwsmw jlguéﬁlti@nfdmcf)e@o&emmh' oitsaitich weiehleptonktgstsd todiee pomimanN
aving a smal |l est width of efst an nanoneters. 249.. ?ﬁSO. A process

for cont r Gpeniftes SUERR|ZaHS 28 %W%%ﬂ%ggt gﬁe HegTtes “I"?:Q@iozb‘gé‘% epedam

ol ement - onraRe SR IRHERAEY (i btpl IRAR) BRchC IO IAEVEIAR (] Ak palgft e

el emens df 1% Aridthe rebolts aftunyeliod2s noude efiheavilysiapetl pri crossedishorged NDR a fi r st

o al | ow JRBENGERLorEae tangnt PVE R 5 £ npsueeRes prvts SBERRE 251 The
Bl ement of B e e o S o
di recti on adsisted pmtwk@ng@y iNW&: Metabloadsotontashmh Sy Waronedoped ilicom
contact Ul AR dhanShaTTRhe U8, Aok SRR GRS CPAZEL 10
currents t gpf dndvwinjahwei vidie fdrined by anssing ona g-tepearinine 3@ pe, two p-type and
two n-type SINWs, respectively. The types of junctions were controlled by choosing the
types of SINWs used to create a given junction. A typical field emission scanning electron
microscopy (FE-SEM) image of cross junctions is shown in Fig. 27A, where the four
contact leads are labeled as 1, 2, 3 and 4 for the convenience of discussion. Fig. 27B
20 shows current versus voltage (I-V) data on a pn crossed junction with diameters of p and
n-type SiNWs as small as 20.3 nm and 22.5 nm, respectively. Four-terminal measurements
across junction were performed by flowing current between two adjacent leads (e.g., leads
1-2 or leads 1-4, the positive current direction is from p to n-type SINW) and measuring
the voltage drop between the other two leads (e.g., leads 3-4 or leads 3-2). The I-V curve
25  across junction (Fig. 27B curve 130) shows little current in reverse bias (negative bias in
our setup) and very sharp current onset in forward bias (positive bias). In contrast, single p
(between leads 1-3) and n-type (between leads 2-4) SINWs show linear I-V behavior (Fig.
27B curves 110 and 120, respectively), which suggests ohmic (not rectifying) contact
between SiNWs and leads. And thus this rectifying behavior must be caused by junction
30 itself. This behavior can be explained by the energy band diagrams of a pn junction diode.
The built-in potential barrier forms at the junction interface when p and n-type SINW
contact with each other. Electrons can not tunnel through the wide space charge region

forming at the junction interface but can be transported by thermal excitation. Forward



252. The process of claim 251, wherein the second doping type is n-type if
the first doping type is p-type, and p-type if the first doping type is
n-type. WO@OB617312 - 117 PCT/ USf)1/26298 2S3. The pro®€ddiSo12e@Pi m 2S
1, wherein the second elenent is orient ‘%9 by applying at | east one of an
electric field or a fluid flow 2S4. Thé process of claim 250, further
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arranging a gate e roxinate to the first elenment between t
spaced- ap&@7E),cwhilcaeyarse bheir&bgasésdhabwgleamndzlﬁ"ﬁs cmlt levakispowdBigs 2@F). cl ai m

250, wherein t sem gcondu devi a nmat rlal sel ct ed from
the group consi F%@%‘F’tyﬁe%%&vs VE‘?{C els tgacﬁo 1P5 p'§»]ﬁnc BBEEs) |
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CaCN2, 15 dép6¥ifRd.an ﬁ%?\%ﬁlongBS&Sbééd p@-jﬁ@d?ﬁms G RBSrded. @p, orA@)j iftionSverd N,
T, Fe)(S e, Te)2 3N4, Ge3MN, A1203 Ga, In)2(S, Se, Te)3, and

A1200. 2Sebtaraed byt denssiing onty) ererypesof SlN%?eﬁ)Wner%nftVP%t SPRGHENPPHEONE one
of n-type QL. r?hetnxggp 4P 257. The process of claim 250, wherein the first
el ement is ori ente gy applying at | east one of an electric field or a
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Trrot e ermt qiaergeymelts Byn BRI SRR R TGRS Bd e HBTF ocess
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261. The process of claim2S0, wherein the second el enent isS oriented by
appl yi ng dayrs@hd theorghsaneble strongnoupbing bepzen plasd 262?6 wirg @ahthegmentionstilldevi ce,
conprising_a,siljecon,s rat array ct.s
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20  single SINW resistance, we find that the magnitude of junction resistance is similar to the
wire resistance, suggesting that the oxide doesn’t cause significant electron tunneling
barrier. (b) The measurements on 20 independent pn junctions showed consistent correct
rectifying behavior.

As the basic unit of most semiconductor devices, pn junctions provide the

25 characteristics needed for rectifiers, amplifiers, switching circuits and many other
electronic circuit functions. Success in making pn junction from SiNW crosses provides
us the possibility to make other important functional devices. To demonstrate we can
create not only passive device: p-n diode, but also the active device, we constructed
bipolar transistor, which is capable of current gain. A bipolar transistor is a n'pn (Fig. 28A

30  left) or pnp junction device, which requires high doping level in emitter, low doping in
base and collector. Well control in doping of SINWs provides us the capability to make
this complex device. Our n'pn bipolar transistors were constructed by mechanically

manipulating two n-type SINWs (one heavily doped, the other lightly doped) onto one



the contact points; positioning a second nanowi re between two ot her contact
points. 15 26S. A nethod for manufacturing a nanow re sem conduct or device
conpri si ngofoonmaazg a surface with one or nore regions thattCIaIVERINE| y
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276. The n¥ clal ereln act onprises stanping. 277. The
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forward C-B voltage. The higher the forward bias on E-B, the higher the forward bias on

C-B needed to compensate the current to zero (Fig. 28C curve 1 to 4).

The n'pn bipolar transistors were fabricated by deposition and machanical

manipulation. First, p-type SiNWs were deposited from solution onto the substrate. In the
25 second step, the n* and n-type SINWs were attached to sharp STM tips and released onto
the p-type SiN'Ws under optical microscope.

The common base current gain of the bipolar transistor in active mode is as large
as 0.94 (Fig. 28D) and the common emitter current gain is 16. Three important points are
suggested from this large current gain. (a) The efficiency of electron injection from emitter

30  to base is quite high, resulting from the higher doping concentration in emitter than in
base. (b) Although the base region is wide (15um), the active interaction between emitter
and collect still exists. Most of injected electrons from emitter can go through the base to

reach the collector, which suggests that the mobility of electrons in base is quite high. (¢)
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patterns an,the. surface. 289..The nmethod of cl.aim 288 erei n the physical
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gain is calculated as 0.13, the slope of voltage inversion. The gain is lower than that in

commercial inverters which is larger than 1, but can be improved by using thinner gate
oxide layer instead of the 600nm oxide, which reduces the gate response of SINWs, and

20  using more lightly doped SiN'Ws, which needs more effort to make ohmic contact with
and to be further investigated.

While two crossed lightly doped p and n-type SINWs make inverters, two crossed
degenerately doped p* and n'-type SINWs can form tunnel diodes. In contrast to the pn
junction, the tunnel diode do not show rectifying behavior, but rather show NDR behavior

25 in forward bias, with a PVR of 5 to 1 shown in Fig. 29C. The difference can be explained
by Esaki diode mechanism. The built-in potential forms when p” and n*-type contact each
other, but the space charge region width is thin enough to allow electron tunneling,
Electrons can tunnel through this thin space charge region under reverse bias (Fig. 29D
left) and low forward bias (Fig. 29D middle) causing the current to flow. Beyond a certain

30  point, a further increase in the forward bias results in the condunction band of the n-side
moving into the band gap of the p-side (Fig. 29D right) which suppresses electron

tunneling and thereby reduces current. Further increases of forward bias reduce the built-in



292. The nethod of claim 288, wherein the surface is a surface of a
substrate, and wherein creating physical patterns on the surface conprises:
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the I-V behavior of individual p and n-type SINWs in junctions, respectively. The curves

20 130 represent the four-terminal I-V through pn junction in Fig. 27B and two terminal I-V
through pp and nn junction in Figs. 27C and 27D, respectively. In Fig. 27B, the solid line
is I-V by following current between lead 1 and 2 and simultaneouly measuring the voltage
between lead 3 and 4 while the dashed line correponds to that by following current
between 1 and 4 and measuring voltage between 3 and 2. In Figs. 27C and 27D, the solid

25  lines are I-V dcross one pair of adjacent leads (1-2) and the dashed lines are those across
the other three pairs (1-4, 2-3, 3-4). Figs. 27E and 27F show the energy band diagrams of
a pn junction under forward bias and reverse bias, respectively.

Figs. 28A-28D illustrate n"pn crossed SiNW bipolar transistors. Fig. 28A shows
the common base configuration schematics of an n*pn bipolar transistor in semiconductor

30  physics (left) and in crossed SINW structure (right). The n', p and n-type SINWs function
as emitter, base and collector, respectively. Base is grounded. Emitter is negatively
biased at specific values. Collector voltage is scanned from postive to negative. Fig. 28B

shows a typical FE-SEM image of SINW bipolar transistor. The scale bar is 5 pm. Fig.
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313. The nethod of clai m 306, wherein act (A) conprises: conditioning the

surface wifhfusther ipereasaddforyierdbiasagi atinesition Atin Fig. 296, elagirop fenneling is
forbidden (right diagram).

Controlled Placement of Nanowires on Surfaces

25 1. A stable suspension of Nanowires (NWs) in ethanol was prepared by
sonicating NWs in ethanol in a bath sonicator for around 3 minutes.
2. The substrate ( silicon wafter ) was covered by a self-assembled
monolayer (SAM) with -NH?2 termination.
3. The microfluidic molds are made of PDMS. A microchannel formed when the
30  substrate came in contact with PDMS mold, with three walls of the conduit corresponding
to the molded feathures in the mold and the fourth
corresponded to the surface of the substrate, which was chemically

modified as described in 2.



nore el ongated stivctures to particular positions on the surface using

el ectrostatic force. 314. The nethod of claim 306, wherein act (A

conpri sewoadivondi ti oning the surface with one or nore fiPGTAISREAIBt I es
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are at | ed¥Vicghe of the following: a single crystal, an el ongated and
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a snal | est, vv'idt gqcof 1I ess %B@ 12 SQ%B.rigno ers, and wherein the nethod
conpri ses 'dct%5% .t‘_v?X)exB? ST HECHAR® 6 ore el ongated structures on a
surfacg _Ofoheﬁ‘lida'llglfh&tié!ﬂaﬁiédt. @sfieLn &, NaRowdhivethe BVAVA thdnchas, ( B)

conpressing the Langnuir-Blodgett film and (C) transferring the conpressed
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cr OSS-%ECW&MN@A SEHERNSH ORy RS stdYath 1RO Botii QRSP MM AR Benéhel Ig€- St andi ng and
bul | s-doped sem conductor "'with at | east one portion having a smallest width
of "I ess t hanthsGabstmateometace, shusamel getiedaaniarrayhet dayidsed conprises acts of: (A)
di spersing the one or nore elongated structures in a flexible matrix; 30
(B) stretching the flexible matrix in a direction to produce a shear force

on the oneDiectddABs@hBRUH @hle Birtdional NamholthativgalinesFlildidial Neaeérkane

el ongated structure to ali ?n in the direction; (C renovi rg) the7ie>§1i bl e
matri x; and One-dimensional nanostructures, such as nanowires and nanotubes, represent the

25 smallest dimension for efficient transport of electrons and excitons, and thus are ideal
building blocks for hierarchical assembly of functional nanoscale electronic and photonic
structures. We report an approach for the hierarchical assembly of one-dimensional
nanostructures into well-defined functional networks. We show that nanowires can be
assembled into parallel arrays with control of the average separation, and by combining

30 fluidic alignment with surface patterning techniques that it is also possible to control
periodicity. In addition, complex crossed nanowire arrays can be prepared using layer-by-

layer assembly with different flow directions for sequential steps. Transport studies show
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aligned elongated structure to a surface. 322. The nethod of claim 321,
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20  nanostructures into highly integrated device arrays, and thus offers a general pathway for

bottom-up assembly of new electronic and photonic nanosystems.

The gallium phosphide (GaP), indium phosphide (InP) and silicon (Si) NWs used
in these studies were synthesized by laser assisted catalytic growth, and subsequently
suspended in ethanol solution. In general, we have assembled arrays of NWs by passing

25  suspensions of the NWs through fluidic channel structures formed between a
poly(dimethylsiloxane) (PDMS) mold and a flat substrate (Fig. 30A and 30B). Parallel and
crossed arrays of NWs can be readily achieved using single (Fig. 30A) and sequential
crossed (Fig. 30B) flows, respectively, for the assembly process as described below.

A typical example of parallel assembly of NWs (Fig. 31A) shows that virtually all

30 the NWs are aligned along one direction; i.e. the flow direction. There are also some small
deviations with respect to the flow direction, which we will discuss below. Examination of
the assembled NWs on larger length scales (Fig. 31B) shows that the alignment readily

extends over hundreds of micrometers. Indeed, alignment of the NWs has been found to



one or nore of the elongated structures are at |east one of the follow ng:
is at least one of the following: a single crystal, an elongated and

bul k- dopaMO$¥Hiédnduct or that, at any 15 point along its [PEAJiINUA208I axi s,
has a | argest cross-sectional dinensiong,ess than 500 nanoneters, and a
free-standi ng acid bul k-doped sem conductor with at | east one portion

havi ng a teq W " idf).:k:he system
conpri ses%@alggl%ftg\rmlgféﬁegglf %‘%%‘%ﬂ%?g?‘ﬁ%gf‘ﬁ%% gﬁﬁ %Irdzor?’gtg?gléwsa? thc &Erhgs onto

t he surf achanmehy bardm dxperimknts tatried bhiyusilpciginngs wlih widths aasgit©irpmhasiioe

el ectrostatic fo\rﬁ;es l%gtween 20 two or nore of the plurality of the

el ongat ed kagthgdrom 6 20pamem f or assenbling a plurality of el ongated
‘structures on : ' 0 sl St ket ures
are ot oast onyedrVe el B anOBeYt ABLimls 1Bl AR S Tohito

si ngl e s5cr ytb¢ allignnaent ehd agadgeckepmdtidtubikthe OPFsl Bistriveofitlibtiohe dbgke ofit any 25

'point along its | ongitud |, .axis,, has a l.argest .crqss-sectjonal di.nmension
| ess than "‘%éﬂmﬁl%%’ﬁg{eé?g{,rg@erﬂfyat rﬂé?&'-rﬂea%ﬁ C&At"® PRIAGHIEC & Bgﬁguct or
with at | eawtan@iRr ARABRBNAAN REpRt BTRE I8M ditelsN (Y., hsi Fid hat) 500

nanometers, and wherein the system conprises: nmeans for dispersing the one
or nore elsingficantly serrawsJFampaison of thefdisabwionawidthsunehsyied owen aorange of a

Langnui r - Bl odget t .fi| neasl,s for conpressing the n i r-Bl odgett
i and CoRaEhy oo haidfe PR gBorsies SRR SE Bl ke B bG e m ont o
a surfrace and Whhid3LHes Afedr 1P CIhsepOtala¢ a2 @Bmm/d @9g. 31834At the highesMdvPrates
assenbling a plurality of one or nore el ongated structures on a surface,
wher ei n atexpiiied ip gar gpdies,aner digR0&e obibe INW e prexligned withingh§ degraes offthe he

fol | owi ng: j I | e | Sz 1 gonduct or
that a4 SR (N ER 2167 R RRRBH LIRS Yo SMERRS B 68

cr 0ss- sectfianmatortiioffeheir fiow. Syecifialty, HOchnans fRinenar tirndbsardts agfatandi ng and
bul | s-doped sem conducjor w,th at | east. one _porfion having a snallest w dth
of less tHEF %Q’ﬁé‘hﬁ?‘@@gﬁi %ﬂi‘tb\?%&iﬁthﬁgo‘é’ygieé‘iwrb‘berfﬁﬁeﬁg%?mneaps f or

di sper;§i NG {higsR owthérgﬁb%n@depmﬂgﬁe@%wlragegﬁa%cﬁ@e I shéPRREE aMBhEAE Means
for stretching the flexible matrifx in a direction to produce’a sl~rear
force on tléasl torbettoralippneng| ongat ed structures that causes the at |east one

el ongated structure, .to align i he direction; ans f renpving the
floxiol o mat ri o BioRdn 2 aps NY Sufask SFhsoed ehae conudlediabs e
el ongat ed g@dtibat @iL 3 D).ﬂi)?éfifrféﬁ@ carrfddfout at constant flow rate show that the NW

A& A9 A& A A AL A& A& A&2. ASE. A9. A& A& A A A A9. A 9. A & A AA&. AA9. A9. A9.
A9. A & AAdlengity inpragssy#gmpticaly with flow duration. In these experiments, a flow duration

PO A L L R e N A e O e AT L A
Y. AA&. A2. AfAR0ASMAExARIAL ddfodition AtneCddPprddite NW2rraph GithlSacinpdéin thd\Grddh &E

Al L A9, A9. A9, A92 . AYUE . A9. AY&. AY. 9. A9. A& AYN. AF{ . A&. Al &E .
of 100 nm or less. We note that the deposition rate and hence average separation versus

time depends strongly on the surface chemical functionality. Specifically, we have shown
that the GaP, InP and Si NWs deposit more rapidly on amino-terminated monolayers,

25  which possesses a partial positive charge, than on either methyl-terminated monolayers or
bare SiO, surfaces. It is also important to recognize that the minimum separation of
aligned N'Ws that can be achieved without NW-NW contacts will depend on the lengths of
the NWs used in the assembly process. Recent progress demonstrating control of NW
lengths from the 100 nanometer to tens of micrometer scale should increase the range of

30  accessible spacings without contact.

Our results demonstrate ordering of NW structure over multiple length scales—
organization of nanometer diameter wires with 100 nm to micrometer scale separations

over millimeter scale areas. This hierarchical order can readily bridge the microscopic and
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These studies provide a general and rational approach for hierarchical assembly of
1D nanomaterials into well-defined functional networks that can bridge the nanometer

through millimeter size regimes. We have shown that NWs can be assembled into parallel
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10 Additional studies show that suspensions of single-walled carbon nanotubes and
duplex DNA can be aligned in parallel arrays using the fluidic approach.
Figs. 30A and 30B are schematics of fluidic channel structures for flow assembly.
Fig. 30A shows a channel formed when the PDMS mold was brought in contact with a flat
substrate. NW assembly was carried out by flowing a NW suspension inside the channel
15 with a controlled flow rate for a set duration. Parallel arrays of NWs are observed in the
flow direction on the substrate when the PDMS mold is removed. Fig. 30B illustrates that
multiple crossed NW arrays can be obtained by changing the flow direction sequentially in
a layer-by-layer assembly process.
Figs. 31A-31D illustrate parallel assembly of NW arrays. Figs. 31A and 31B are
20  SEM images of parallel arrays of InP NWs aligned in channel flow. The scale bars
correspond to 2 pm and 50 pm in Figs. 31A and 31B, respectively. The silicon (Si0,/Si)
substrate used in flow assembly was functionalized with an amino-terminated self
assembled monolayer (SAM) by immersion in a 1mM chloroform solution of 3-
aminopropyltriethoxysilane (APTES) for 30 min, followed by heating at 110 °C for 10
25  min. All of the substrates used in the following experiment were functionalized in a
similar way ﬁnless otherwise specified. Fig. 31C shows NW angular spread with respect
to the flow direction vs. flow rate. Each data point in the Fig. was obtained by statistical
analysis of angular distribution of ~200 NWs (e.g., see inset). The inset shows histogram
of NW angular distribution at a flow rate of 9.40 mm/s. Fig. 31D shows the average
30  density of NW arrays vs. flow time. The average density was calculated by dividing the
average number of NWs at any cross section of the channel by the width of the channel.

All of the experiments were carried out with a flow rate of 6.40 mm/s,
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separation. The dark regions in the image correspond to residual PMMA, while the bright

regions correspond to the amino-terminated SiOy/Si surface. The NWs are preferentially
attracted to amino-terminated regions. The PMMA was patterned with standard electron
10 beam (E-beam) lithography, and the resulting SiO, surface was functionalized by
immersing in a solution of 0.5% APTES in ethanol for 10 min, followed by 10 min at 100
°C. The scale bars correspond to 5 pm and 2 pm in Figs. 32B and 32C, respectively. Fig.
32D shows parallel] arrays of GaP NWs with 500 nm separation obtained using a patterned
SAM surface. The SiO,/Si surface was first functionalized with methyl-terminated SAM
15 by immersing in pure hexamethyldisilazane (HMDS) for 15 min at 50 °C, followed by 10
min at 110 °C. This surface was patterned by E-beam lithography to form an array of
parallel features with 500 nm period, followed by functionalization using APTES. The
scale bar corresponds to 500 nm.
Figs. 33A-33E illustrate layer-by-layer assembly and transport measurements of
20  crossed NW arrays. Figs. 33A and 33B show typical SEM images of crossed arrays of InP
NWs obtained in a two-step assembly process with orthogonal flow directions for the
sequential steps. Flow directions are highlighted by arrows in the images. Fig. 33C shows
an equilateral triangle of GaP N'Ws obtained in three-step assembly process, with 60°
angles between flow directions, which are indicated by numbered arrows. The scale bars
25 correspond to 500 nm in the three images. Fig. 33D shows an SEM image of a typical 2x2
cross array made by sequential assembly of n-type InP NWs using orthogonal flows.
Ni/In/Au contact electrodes, which were deposited by thermal evaporation, were patterned
by E-beam lithography. The NWs were briefly (3-5 s) etched in 6% HF solution to remove
the amorphous oxide outer layer prior to electrode deposition. The scale bar corresponds
30 to 2 um. Fig. 33E shows representative I-V curves from two-terminal measurements on a
2x2 crossed array. The curves 210 represent the I-V of four individual NWs (ad, bg, cf,

eh), and the curves 200 represent I-V across the four n-n crossed junctions (ab, cd, ef, gh).
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bipolar transistors, complementary inverters, tunnel diodes. We can make all the existing
types of semiconductor devices using nanowires. The following are potential applications:

¢)) Chemical and biological sensors
5 ) Memory and computing

3) Photodetector and polarized light detector
@ Indicating tag using the photoluminescence properties
5) Single electron transistors
(6) Lasers

10 (7D Photovoltaic solar cells
8) Ultra-sharp tip for ‘scanning probe microscopy and near-filed imaging
©)) Ultra-small electrodes for electrochemical and biological applications
(10) Interconnect wires for nanoelectronics and optoelectronics
(11) Temperature sensors

15 (12)  Pressure sensors
(13) Flow sensors
(14) Mass sensors
(15) Single photon emitters and detectors
(16) Ballistic transport and coherent transport for quantum computing

20 (17)  Spintronics devices
(18) Assembly of nanowires for 2D and 3D photonic bandgap materials

The following is a description of alternate techniques for assembling nanowires to
form devices. Fluidics can be used to assemble nanowires.

25 Nanowires (or any other elongated structures) can be aligned by inducing a flow of
nanowire solution on surface, wherein the flow can be a channel flow or flow by any other
ways.

Nanowire arrays with controlled position and periodicity can be produced by
patterning the surface of the substrate and/or conditioning surface of the nanowires with

30 different functionalities

Wherein the position and periodicity control is achieved by designing specific

complementary forces (chemical or biological or electrostatic or magnetic or optical)
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ne surface of the substrate and/or nanowires can be conditioned with
different molecules/materials, or different charges, different magnetos or different light
intensities (eg. by interference/diffraction patterns from light beams.) or a combination of
these.

As-assembled nanowire arrays could also be transferred to another substrate. (e.g.
by stamping )

Nanowires can be assembled by complementary interaction. Flow is used for
assembly of nanowires in the above methods, although it is not limited to flow only.
Complementary chemical, biological, electrostatic, magnetic or optical interactions alone
can also be exploited for nanowire assembly (although with less control).

Nanowires can be assembled using physical patterns. Deposit nanowire solution
onto substrate with physical patterns, such as surface steps, trenches, etc.

Nanowires can be aligned along the corner of the surface steps or along the
trenches.

Physical patterns can be formed by the natural crystal lattice steps or self-
assembled diblock copolymer stripes, or imprinted patterns or any other patterns

Nanowires may be assembled by electrostatic or magnetic force between
nanowires. By introducing charge onto nanowire surface, electrostatic forces between
nanowires can align them into certain patterns, such as parallel arrays.

Nanowires can be assembled using a LB film. Nanowires were first surface
conditioned and dispersed to the surface of a liquid phase to form a Langmuir-Blodgett
(LB) film. Nanowires can then be aligned into different patterns ( such as parallel arrays)
by compressing the surface. Then the nanowire patterns can be transferred onto desired
substrate.

Nanowires can be assembled by shear stretching by dispersing nanowires in a
flexible matrix (which could be polymers), followed by stretching the matrix in one
direction, nanowires can be aligned in the stretching direction by the shear force induced.
The matrix can then be removed and the aligned nanowire arrays can be transferred to

desired substrate.

%
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u& ()- 510/ Having now described some illustrative embodiments of the invention claimed

below, it should be apparent to those skilled in the art that the foregoing is merely
illustrative and not limiting, having been presented by way of example only. Numerous
modification and other illustrative embodiments are within the scope of one of ordinary
skill in the art and are contemplated as falling within the scope of the claims set forth

10 below. In particular, although many of the examples presented herein involve specific
combinations of method acts or system elements, it should be understood that those acts
and those elements may be combined in other ways to accomplish the same objectives.
Acts, elements and features discussed only in connection with one embodiment of a
system or method are not intended to be excluded from a similar role in other

15 embodiments. Further, for the one or more means-plus-function limitations recited in the
following claims, the means are not intended to be limited to the means disclosed herein
for performing the recited function, but are intended to cover in scope any equivalent
means, known now or later developed, for performing the recited function.

What is claimed is:
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. A free-standing and bulk-doped semiconductor comprising at least one portion

having a smallest width of less than 500 nanometers.

50 2 The semiconductor of claim 1, wherein the semiconductor comprises:
an interior core comprising a first semiconductor; and
one or more exterior shells exterior to the interior core, at least one of the exterior

shells comprising a different material than the first semiconductor.

10 3. The semiconductor of claim 1, wherein the semiconductor comprises an elemental
semiconductor.
4. The semiconductor of claim 3, wherein the elemental semiconductor is selected

from a group consisting of: Si, Ge, Sn, Se, Te, B, Diamond and P.
15
5. The semiconductor of claim 1, wherein the semiconductor comprises a solid

solution of elemental semiconductors.

6. The semiconductor of claim 5, wherein the solid solution is selected from a group
20  consisting of: B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn.

7. The semiconductor of claim 1, wherein the semiconductor comprises a Group I'V-

Group I'V semiconductor.

25 8. The semiconductor of claim 7, wherein the Group IV-Group IV semiconductor is
SiC.
9. The semiconductor of claim 1, wherein the semiconductor comprises a Group I1I-

Group V semiconductor.
30
10.  The semiconductor of claim 9, wherein the Group III-Group V semiconductor is

selected from a group consisting of: BN/BP/BAs, AIN/AIP/AlAs/AlSb,
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comprising a combination of two or more Group III-Group V semiconductors from a
5  group consisting of: BN/BP/BAs, AIN/AIP/AlAs/AlSb, GaN/GaP/GaAs/GaSb,
InN/InP/InAs/InSb.

12. The semiconductor of claim 1, wherein the semiconductor comprises a Group I1-
Group VI semiconductor.

10
13. The semiconductor of claim 12, wherein the semiconductor is selected from a
group consisting of: ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe,
BeS/BeSe/BeTe/MgS/MgSe.

15 14 The semiconductor of claim 1, wherein the semiconductor comprises an alloy
comprising a combination of two or more Group II-Group VI semiconductors from a
group consisting of: ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe,
BeS/BeSe/BeTe/MgS/MgSe.

20 15,  The semiconductor of claim 1, wherein the semiconductor comprises an alloy
comprising a combination of a Group II-Group VI semiconductors from a group
consisting of: ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe,
BeS/BeSe/BeTe/MgS/MgSe and a Group III-Group V semiconductors from a group
consisting of: BN/BP/BAs, AIN/AIP/AlAs/AlSb, GaN/GaP/GaAs/GaSb,

25  InN/InP/InAs/InSb.

16.  The semiconductor of claim 1, wherein the semiconductor comprises a Group I'V-

Group VI semiconductor.

30 17. The semiconductor of claim 16, wherein the semiconductor is selected from a

group consisting of: GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe
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18. The semiconductor of claim 1, wherein the semiconductor comprises a Group I-

Group VII semiconductor.

19. The semiconductor of claim 18, wherein the semiconductor is selected from a
5 group consisting of: CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl.

20. The semiconductor of claim 1, wherein the semiconductor comprises a

semiconductor selected from a group consisting of: BeSiN2, CaCN2, ZnGeP2, CdSnAs2,

ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, Te)2, Si3N4, Ge3N4,
10 Al203, (Al, Ga, In)2(8S, Se, Te)3 and AI2CO.

21.  The semiconductor of claim 1, wherein the semiconductor comprises a p-type

dopant.

15 22. The semiconductor of claim 1, wherein the semiconductor comprises an n-type

dopant from.

23. The semiconductor of claim 1, wherein the semiconductor comprises a p-type

dopant from Group III of the periodic table.

24.  The semiconductor of claim 1, wherein the semiconductor comprises an n-type

dopant from Group V of the periodic table.

25.  The semiconductor of claim 1, wherein the semiconductor comprises a p-type

25  dopant selected from a group consisting of: B, Al and In.

26.  The semiconductor of claim 1, wherein the semiconductor comprises an n-type

dopant selected from a group consisting of: P, As and Sb.

30 27.  The semiconductor of claim 1, wherein the semiconductor comprises a p-type

dopant from Group II of the periodic table.
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32. The semiconductor of claim 1, wherein the smallest width is less than 200
nanometers.
15

33. The semiconductor of claim 1, wherein the smallest width is less than 150

nanometers.

34, The semiconductor of claim 1, wherein the smallest width is less than 100

20 nanometers.

35. The semiconductor of claim 1, wherein the smallest width is less than 80

nanometers.

25  36. The semiconductor of claim 1, wherein the smallest width is less than 70

nanometers.

37.  The semiconductor of claim 1, wherein the smallest width is less than 60
nanometers.

30
38.  The semiconductor of claim 1, wherein the smallest width is less than 40

nanometers.
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40.  The semiconductor of claim 1, wherein the smallest width is less than 10

5 nanometers

41. The semiconductor of claim 1, wherein the smallest width is less than 5

nanometers

10 42, The semiconductor of claim 1, wherein the semiconductor is elongated, and the at

least one portion is a longitudinal section.
43,  The semiconductor of claim 42, wherein the longitudinal section, a ratio of the
length of the section to a longest width is greater than 4:1.
15
44,  The semiconductor of claim 42, wherein the longitudinal section, a ratio of the

length of the section to a longest width is greater than 10:1.

45, The semiconductor of claim 42, wherein the longitudinal section, a ratio of the

20  length of the section to a longest width is greater than 100:1.

46.  The semiconductor of claim 42, wherein the longitudinal section, a ratio of the

length of the section to a longest width is greater than 1000:1.

25 47.  The semiconductor of claim 1, wherein the semiconductor comprises a single

crystal.

48.  The semiconductor of claim 1, wherein the semiconductor is part of a device.

30 49, The semiconductor of claim 1, wherein the semiconductor is n-doped.

50.  The semiconductor of claim 1, wherein the semiconductor is p-doped.
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54.  The semiconductor of claim 53, wherein the semiconductor comprises a dopant

that makes the semiconductor ferromagnetic.

10
55.  The semiconductor of claim 54, wherein the semiconductor comprises manganese.
56.  An elongated and bulk-doped semiconductor that, at any point along its
longitudinal axis, has a largest cross-sectional dimension less than 500 nanometers.
15
57.  The semiconductor of claim 56, wherein the semiconductor comprises:
an interior core comprising a first semiconductor; and
one or more exterior shells exterior to the interior core, at least one of the exterior
shells comprising a different material than the first semiconductor.
20

58.  The semiconductor of claim 56, wherein, at any point along the longitudinal axis
of the semiconductor, a ratio of the length of the section to a longest width is greater than
4:1.

25 59. The semiconductor of claim 56, wherein, at any point along the longitudinal axis

of the semiconductor, a ratio of the length of the section to a longest width is greater than
10:1.

60.  The semiconductor of claim 56, wherein, at any point along the longitudinal axis
30  of the semiconductor, a ratio of the length of the section to a longest width is greater than
100:1
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62. The semiconductor of claim 56, wherein the point has a smallest width less than

200 nanometers.

63. The semiconductor of claim 56, wherein the point has a smallest width less than

150 nanometers.

64. The semiconductor of claim 56, wherein the point has a smallest width less than

100 nanometers.

65.  The semiconductor of claim 56, wherein the point has a smallest width less than

80 nanometers.

66.  The semiconductor of claim 56, wherein the point has a smallest width less than

70 nanometers.

67. The semiconductor of claim 56, wherein the point has a smallest width less than

60 nanometers.

68. The semiconductor of claim 56, wherein the point has a smallest width less than

40 nanometers.

69.  The semiconductor of claim 56, wherein the point has a smallest width less than

20 nanometers.

70.  The semiconductor of claim 56, wherein the point has a smallest width less than

10 nanometers.



Q [aaB_=0s9! !10% U& ()-!10% U& ()-! f110% U U& ()- f!10% U& ()-10%

U& ()-3,10% U& ()-~({, CaB_=0s9! &'10% & ()-!6y#9$10% ( (& ()- 3! &10%

U& () - 3@Wa0%138 ()- S 10% U& () - MB10% U& () - COPQRt Uj _=0s®CINSHLORES () - 10
U10 U 10 U, 8!10% U& ()-! 649$10%CUCUE ég . 110% U& ()--"10% U& ()-t*;

wWU3j _=0! @ $10% B: B&' ()-m #100%& ()- ! ##18%98B& ()- ! (#10% B"'B& ()- ! f &#109BB&

LS BB (a0 b dindgegRoft %ﬁﬁbé%gz*v%mg&h%%%lmsnwleg witylsudia £) - v- 5

109& () - nﬁh@ne@gwmo 10"B"B 10 f "10% h& ()- - 10% h& ()-!10% 6& ()-"910%
h& ()- @0% h& ()-s910% h& ()- 1""5###aBVWR10 10"B'B 1 s | 10% h& ()-

72.  The semiconductor of claim 56, wherein the semiconductor comprises a single
5  crystal
73. The semiconductor of claim 56, wherein the semiconductor is free-standing.
74.  The semiconductor of claim 56, wherein the semiconductor is part of a device.
10
75.  The semiconductor of claim 56, wherein the semiconductor is n-doped.
76.  The semiconductor of claim 56, wherein the semiconductor is p-doped.

15 77. A doped semiconductor comprising a single crystal.

78.  The semiconductor of claim 77, wherein the semiconductor comprises:
an interior core comprising a first semiconductor; and
one or more exterior shells exterior to the interior core, at least one of the exterior

20  shells comprising a different material than the first semiconductor.

79.  The semiconductor of claim 77, wherein the semiconductor is bulk-doped.
80. The semiconductor of claim 77, wherein the semiconductor is free-standing.
25
81. The semiconductor of claim 77, wherein the semiconductor comprises a portion
having a width of less than 500 nanometers.
82.  The semiconductor of claim 77, wherein the semiconductor is elongated.
30

83.  The semiconductor of claim 77, wherein the semiconductor is part of a device.
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88.  The semiconductor of claim 86, wherein the doped semiconductor was grown by
applying energy to one or more molecules of the semiconductor and one or more

molecules of a dopant.

15 89.  The semiconductor of claim 86, wherein the doped semiconductor was grown by
applying energy to one or more molecules of the semiconductor and one or more

molecules of a dopant.

90. The semiconductor of claim 86, wherein the semiconductor is bulk-doped.
20
91.  The semiconductor of claim 86, wherein the semiconductor comprises a single
crystal.
92.  The semiconductor of claim 86, wherein the semiconductor is free-standing.
25
03.  The semiconductor of claim 86, wherein the semiconductor comprises a portion
having a width of less than 500 nanometers.
94.  The semiconductor of claim 86, wherein the semiconductor is elongated.
30

95.  The semiconductor of claim 86, wherein the semiconductor is n-doped.
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has a largest cross-sectional dimension less than 500 nanometers, and a free-standing and

bulk-doped semiconductor with at least one portion having a smallest width of less than
500 nanometers, wherein a phenomena produced by a section of the bulk-doped

semiconductor exhibits a quantum confinement caused by a dimension of the section.

10 98. The semiconductor of claim 97, wherein the semiconductor is elongated and the

dimension is a width at any point along a longitudinal section of the semiconductor.

99.  The semiconductor of claim 98, wherein the longitudinal section is capable of
transporting electrical carriers without scattering.

15
100. The semiconductor of claim 99, wherein the longitudinal section is capable of
transporting electrical carriers such that the electrical carriers pass through the longitudinal

section ballistically.

20 101. The semiconductor of claim 99, wherein the longitudinal section is capable of
transporting electrical carriers such that the electrical carriers pass through the longitudinal

section coherently.

102.  The semiconductor of claim 98, wherein the longitudinal section is capable of

25  transporting electrical carriers such that the electrical carriers are spin-polarized.

103.  The semiconductor of claim 102, wherein the longitudinal section is capable of
transporting electrical carriers such that the spin-polarized electrical catriers pass through
the longitudinal section without losing spin information.

30
104.  The semiconductor of claim 98, wherein the longitudinal section is capable of

emitting light in response to excitation, wherein a wavelength of the emitted light is
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105.  The semiconductor of claim 99, wherein the wavelength of the emitted light is

proportional to the width.
106. A bulk-doped semiconductor that exhibits coherent transport.
107. A bulk-doped semiconductor that exhibits ballistic transport.
10 108. A bulk-doped semiconductor that exhibits Luttinger liquid behavior.

109. A solution comprising one or more doped semiconductors, wherein at least one of
the semiconductors is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-

15  sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500

nanometers.

110. A device comprising at least one doped semiconductor, wherein the at least one

20  doped semiconductor is at least one of the following: a single crystal, an elongated and
bulk-doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500
nanometers.

25
111.  The device of claim 110, wherein the device comprises at least two doped
semiconductors, wherein both of the at least two doped semiconductors is at least one of
the following: a single crystal, an elongated and bulk-doped semiconductor that, at any
point along its longitudinal axis, has a largest cross-sectional dimension less than 500

30 nanometers, and a free-standing and bulk-doped semiconductor with at least one portion
having a smallest width of less than 500 nanometers, and wherein a first of the at least two

doped semiconductors exhibits quantum confinement and a second of the at least two
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semic ot manipulates the ‘quantum ement of the 1irst.
112.  The device of claim 110, wherein the device comprises at least two doped
semiconductor, wherein both of the at least two doped semiconductors is at least one of
5  the following: a single crystal, an elongated and bulk-doped semiconductor that, at any
point along its longitudinal axis, has a largest cross-sectional dimension less than 500

nanometers, and a free-standing and bulk-doped semiconductor with at least one portion

having a smallest width of less than 500 nanometers.

10 113. The device of claim 111, wherein the at least two bulk-doped semiconductors are

in physical contact with each other.
114. The device of claim 113, wherein a first of the at least two bulk-doped
semiconductors is of a first conductivity type, and a second of the at least two bulk-doped

15 semiconductors is of a second conductivity type.

115. The device of claim 114, wherein the first conductivity type is n-type, and the
second type of conductivity type is p-type.

20 116. The device of claim 115, wherein the at least two bulk-doped semiconductors form

a p-n junction.
117.  The device of claim 110, wherein the at least one semiconductor is free-standing.
25 118. The device of claim 110, wherein the at least one semiconductor is elongated.

119. The device of claim 110, wherein the at least one semiconductor comprises a

single crystal.

30 120. The device of claim 110, wherein the at least one semiconductor comprises:
an interior core comprising a first semiconductor; and

an exterior shell comprising a different material than the first semiconductor.
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5 123. The device of claim 110, wherein the device comprises a Light-Emitting Diode.
124.  The device of claim 110, wherein the device comprises a tunnel diode.
125. The device of claim 110, wherein the device comprises a Schottky diode.
10

126.  The device of claim 125, wherein the transistor comprises a Bipolar Junction

Transistor.

127.  The device of claim 125, wherein the transistor comprises a Field Effect

15 Transistor.
128. The device of claim 110, wherein the device compriges an inverter.
129.  The device of claim 128, wherein the inverter is a complimentary inverter.
20
130. The device of claim 110, wherein the device comprises an optical sensor.
131.  The device of claim 110, wherein the device comprises a sensor for an analyte.
25 132. The device of claim 110, wherein the analyte is a DNA.
133. The device of claim 110, wherein the device comprises a memory device.
134. The device of claim 133, wherein the memory device is a dynamic memory device.

30

135. The device of claim 133, wherein the memory device is a static memory device.
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140. The device of claim 137, wherein the logic gate is an EXCLUSIVE-AND gate.
10
141. The device of claim 137, wherein the logic gate is a OR gate.
142. The device of claim 137, wherein the logic gate is a NOR gate.
15 143. The device of claim 137, wherein the logic gate is an EXCLUSIVE-OR gate.
144, The device of claim 110, wherein the device comprises a latch.
145. The device of claim 110, wherein the device comprises a register.
146. The device of claim 110, wherein the device comprises clock circuitry.
147. The device of claim 110, wherein the device comprises a logic array.
25 148.  The device of claim 110, wherein the device comprises a state machine.
149. The device of claim 110, wherein the device comprises a programmable circuit.
150. The device of claim 110, wherein the device comprises an amplifier.

30

151. The device of claim 110, wherein the device comprises a transformer.
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5 154. The device of claim 110, wherein the device comprises an analog circuit.
155.  The device of claim 110, wherein the device comprises a light emission source.
156. The device of claim 155, wherein the light emission source emits light at a higher
10 frequency than would the semiconductor if the semiconductor had a shortest width greater
than the shortest width at any portion of the semiconductor.

157. The device of claim 110, wherein the device comprises a photoluminescent device.

15 158. The device of claim 110, wherein the device comprises an electroluminescent

device,
159. The device of claim 110, wherein the device comprises a rectifier.
20 160. The device of claim 110, wherein the device comprises a photodiode.
161. The device of claim 110, wherein the device comprises a p-n solar cell.
162. The device of claim 110, wherein the device comprises a phototransistor,
25
163. The device of claim 110, wherein the device comprises a single-electron transistor.
164. The device of claim 110, wherein the device comprises a single photon emitter.

30 165. The device of claim 110, wherein the device comprises a single photon detector.

166. The device of claim 110, wherein the device comprises a spintronic device.
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5  microscope.
169. The device of claim, wherein the device comprises a field emission device

170. The device of claim, wherein the device comprises a photoluminescence tag
10

171.  The device of claim, wherein the device comprises a photovoltaic device
172.  The device of claim, wherein the device comprises photonic band gap materials

15 173. The device of claim 110, wherein the device comprises a scanning near field

optical microscope tips.

174. The device of claim 110, wherein the device comprises a circuit that has digital and
analog components.

20
175. The device of claim 110, wherein the device comprises another semiconductor that

is electrically coupled to the at least one bulk-doped semiconductor.

176. The device of claim 175, wherein the other semiconductor is a bulk-doped
25  semiconductor comprising at least one portion having a smallest width of less than 500

nanometers.

177. The device of claim 110, wherein the device comprises another semiconductor that
is optically coupled to the at least one bulk-doped semiconductor.

30
178.  The device of claim 177, wherein the other semiconductor is a bulk-doped

semiconductor comprising at least one portion having a smallest width of less than 500
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179.  The device of claim 110, wherein the device comprises another semiconductor that

is magnetically coupled to the at least one bulk-doped semiconductor.

180. The device of claim 179, wherein the other semiconductor is a bulk-doped
semiconductor comprising at least one portion having a smallest width of less than 500

nanometers.

10 181. The device of claim 110, wherein the device comprises another semiconductor that

physically contacts the at least one bulk-doped semiconductor.

182. The device of claim 179, wherein the other semiconductor is at least one of the

following: a single crystal, an elongated and bulk-doped semiconductor that, at any point
15 along its longitudinal axis, has a largest cross-sectional dimension less than 500

nanometers, and a free-standing and bulk-doped semiconductor with at least one portion

having a smallest width of less than 500 nanometers.

183.  The device of claim 110, wherein the at least one semiconductor is coupled to an

20  electrical contact.

184. The device of claim 110, wherein the at least one semiconductor is coupled to an

optical contact.

25 185. The device of ¢claim 110, wherein the at least one semiconductor is coupled to a

magnetic contact.

186. The device of claim 110, wherein a conductivity of the at least one semiconductor
is controllable in response to a signal.

30
187.  The device of claim 186, wherein the conductivity of the at least one

semiconductor is controllable to have any value within a range of values.
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189. The device of claim 188, wherein the at least one semiconductor is switchable

5  between a conducting state and an insulating state by the signal.

190. The device of claim 188, wherein two or more states of the at least one

semiconductor are maintainable without an applied signal.

10 191. The device of claim 186, wherein the conductivity of the at least one

semiconductor is controllable in response to an electrical signal.

192. The device of claim 186, wherein the conductivity of the at least one
semiconductor is controllable in response to an optical signal.

15
193. The device of claim 186, wherein the conductivity of the at least one

semiconductor is controllable in response to a magnetic signal.

194. A device of claim 186, wherein the conductivity of the at least one semiconductor

20 is controllable in response to a signal of a gate terminal.

195. The device of claim 194, wherein the gate terminal is not in physical contact with

the at least one semiconductor.

25 196. The device of claim 110, wherein at least two of the semiconductors form an array,
and at least one of the semiconductors in the array is at least one of the following: a single
crystal, an elongated and bulk-doped semiconductor that, at any point along its |
longitudinal axis, has a largest cross-sectional dimensidn less than 500 nanometers, and a
free-~standing and bulk-doped semiconductor with at least one portion having a smallest

30  width of less than 500 nanometers.

197. The device of claim 196, wherein the array is an ordered array.
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199.  The device of claim 110, wherein the device comprises two or more separate and
interconnected circuits, at least one of the circuits not comprising a doped semiconductor
5 that is at least one of the following: a single crystal, an elongated and bulk-doped
semiconductor that, at any point along its longitudinal axis, has a largest cross-sectional

dimension less than 500 nanometers, and a free-standing and bulk-doped semiconductor

with at least one portion having a smallest width of less than 500 nanometers.

10 200. The device of claim 110, wherein the device is embodied on a chip having one or

more pinouts

201. The device of claim 200, wherein the chip comprises separate and interconnected
circuits, at least one of the circuits not comprising a doped semiconductor that is at least
15 one of the following: a single crystal, an elongated and bulk-doped semiconductor that, at
any point along its longitudinal axis, has a largest cross-sectional dimension less than 500
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion

having a smallest width of less than 500 nanometers.

20 202. A collection of reagents for growing a doped semiconductor that will be at least
one of the following: a single crystal, an elongated and bulk-doped semiconductor that, at
any point along its longitudinal axis, has a largest cross-sectional dimension less than 500
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion
having a smallest width of less than 500 nanometers that comprises at least one portion

25 having a smallest width of less than 500 nanometers,

wherein the collection comprises a semiconductor reagent and a dopant reagent.

203. A method of growing a semiconductor, the method comprising an act of:
(A)  doping the semiconductor during growth of the semiconductor.
30
204. The method of claim 203, wherein the grown semiconductor is a doped
semiconductor that is at least one of the following: a single crystal, an elongated and bulk-

doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
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semiconductor with at least one portion having a smallest width of less than 500

nanometers.

5 205. The method of claim 203, further comprising an act of:
(B) adding one or more other materials to a surface of the doped

semiconductor.

206. The method of claim 205, wherein act (B) comprises forming a shell around the

10 doped semiconductor.

207. The method of claim 203, wherein act (A) comprises:

controlling an extent of the doping.

15 208. The method of claim 203, wherein act (A) comprises growing the doped
semiconductor by applying energy to a collection of molecules, the collection of

molecules comprising molecules of the semiconductor and molecules of a dopant.

209. The method of claim 208, wherein act (A) comprises an act of:

20 controlling an extent of the doping.

210.  The method of claim 209, wherein the act of controlling doping comprises
controlling a ratio of an amount of the semiconductor molecules to an amount of the
dopant molecules.

25
211. The method of claim 209, wherein act (A) further comprises:

vaporizing the molecules using a laser to form vaporized molecules.

212.  The method of claim 211, wherein act (A) further comprises:

30 growing the semiconductor from the vaporized molecules.
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condensing the vaporized molecules into a liquid cluster

214. The method of claim 212, wherein act (A) further comprises:

5 growing the semiconductor from the liquid cluster.

215.  The method of claim 211, wherein act (A) is performed using laser-assisted

catalytic growth.

10 216. The method of claim 208, wherein the collection of molecules comprises a cluster

of molecules of a catalyst material.

217. The method of claim 216, wherein act (A) comprises:
controlling a width of the semiconductor. .
15
218. The method of claim 217, wherein controlling the width of the semiconductor
comprises:

controlling a width of the catalyst cluster.

20  219. The method of claim 203, wherein act (A) further comprises:

performing chemical vapor deposition on at least the molecules.

220. The method of claim 203, wherein the grown semiconductor has at least one
portion having a smallest width of less than 20 nanometers.

25
221.  The method of claim 220, wherein the grown semiconductor has at least one

portion having a smallest width of less than 10 nanometers.

222. The method of claim 220, wherein the grown semiconductor has at least one

30  portion having a smallest width of less than 5 nanometers.

223.  The method of claim 203, wherein the grown semiconductor is magnetic.
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to molecules of a semiconductor and molecules of a dopant.

231. The method of claim 228, wherein act (A) comprises:
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10
227. The method of claim 226, wherein act (A) comprises:

doping the semiconductor with manganese.
228. A method of fabricating a device, comprising an act of:

15 (A) contacting one or more semiconductors to a surface, wherein at least one of the
semiconductors is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500

20  nanometers.

229, The method of claim 228, wherein the surface is a substrate.
230. The method of claim 228, further comprising an act of:
25 (B) prior to act (A), growing at least one of the semiconductors by applying energy

contacting a solution comprising the one or more semiconductors to the surface.

30
232. The method of claim 231, further comprising:

(B) aligning one or more of the semiconductors on the surface using an electric
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5 positioning one or more of the semiconductors between the electrodes.

234. The method of claim 231, further comprising an act of:
(B)  repeating act (A) with another solution comprising one or more other
semiconductors, wherein at least one of the other semiconductor is at least one of the
10 following: a single crystal, an elongated and bulk-doped semiconductor that, at any point
along its longitudinal axis, has a largest cross-sectional dimension less than 500
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion

having a smallest width of less than 500 nanometers.

15 235. The method of claim 228, further comprising an act of:
(B)  conditioning the surface to attach the one or more contacted

semiconductors to the surface.

236. The method of claim 235, wherein act (B) comprises:

20 forming channels on the surface.

237. The method of claim 235, wherein act (B) comprises:

patterning the surface.

25 238. The method of claim 228, further comprising:

(B) aligning one or more of the semiconductors on the surface using an electric
field.

239.  The method of claim 238, wherein act (B) comprises:
30 generating an electric field between at least two electrodes; and

positioning one or more of the semiconductors between the electrodes.
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semiconductors to emit light, wherein at least one of the semiconductors is at least one of
the following: a single crystal, an elongated and bulk-doped semiconductor that, at any
5  point along its longitudinal axis, has a largest cross-sectional dimension less than 500
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion

having a smallest width of less than 500 nanometers.

241. The method of claim 240, wherein the semiconductor comprises a direct-band-gap

10 semiconductor.

242. The method of claim 240, wherein act (A) comprises applying a voltage across a
junction of two crossed semiconductors, each semiconductor having a smallest width of

less than 500 nanometers.

15
243. The method of claim 242, wherein each semiconductor has a smallest width of less
than 100 nanometers
244. The method of claim 240, further comprising an act of:

20 B) controlling a wavelength of the emitted light by controlling a dimension of
the at least one semiconductor having a smallest width of less than 100 nanometers.
245. The method of claim 244, wherein the semiconductor is elongated, and act (B)
comprises:

25 controlling a width of the elongated semiconductor.
246. The method of claim 244, wherein:

the semiconductor has a property that a mass of the semiconductor emits light at a

first wavelength if the mass has a minimum shortest dimension, and

30 the controlled dimension of the semiconductor is less than the minimum shortest

dimension.
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one or more other components, the method comprising acts of:
(A) doping a semiconductor during its growth to produce the doped semiconductor
component; and
5 (B) attaching the doped semiconductor component to at least one of the one or

more other components.

248. The method of claim 247, wherein the doped semiconductor component is at least

one of the following: a single crystal, an elongated and bulk-doped semiconductor that, at
10 any point along its longitudinal axis, has a largest cross-sectional dimension less than 500

nanometers, and a free-standing and bulk-doped semiconductor with at least one portion

having a smallest width of less than 500 nanometers.

249,
15
250. A process for controllably assembling a semiconductor device having elongated
elements with a characteristic dimension in a transverse direction of the element on a
nanometer scale, comprising:
producing at least one first elements of a first doping type,
20 orienting said first element in a first direction, and
connecting said first element to at least one first contact to allow an electrical current

to flow through the first element.

251. The process of claim 250, further comprising:
25 producing at least one second element of a second doping type,
orienting said second element in a second direction different from the first direction,
enabling an electrical contact between the first element and the second element, and
connecting said second element to at least one second contact to allow an electrical
current to flow between the first and second element.
30
252. The process of claim 251, wherein the second doping type is n-type if the first
doping type is p-type, and p-type if the first doping type is n-type.
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253.  The process of claim 251, wherein the second element is oriented by applying at

least one of an electric field or a fluid flow.

254,  The process of claim 250, further comprising:
5 connecting said first element to spaced-apart contacts and arranging a gate electrode

proximate to the first element between the spaced-apart contacts, thereby forming an FET.

255.  The process of claim 250, wherein the semiconductor device is made of a material
selected from the group consisting of Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6),

10 B-Si, S8i-C, Si-Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, AIN/AIP/AlAs/AISb,
GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb, BN/BP/BAs, AIN/AIP/AlAs/AlSb,
GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb, ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe,
HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO,
PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2,

15 ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, T1, Fe)(S, Se,
Te)2, Si3N4, Ge3N4, Al203, (Al, Ga, In)2(S, Se, Te)3, and AI2CO.

256.  The process of claim 250, wherein the first doping type is one of n-type or p-type.

20  257. The process of claim 250, wherein the first element is oriented by applying at least

one of an electric field or a fluid flow.
258.  The process of claim 257, wherein the first element is suspended in the fluid flow.

25 259. The process of claim 250, wherein the first element is oriented by applying a

mechanical tool.

260. The process of claim 250, wherein the second element is suspended in the fluid
flow.

30
261. The process of claim 250, wherein the second element is oriented by applying a

mechanical tool.
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a silicon substrate having an array of metal contacts

a crossbar switch element formed in electrical communication with the array and
having a first bar formed of a p-type semiconductor nanowire, and
5 a second bar formed of an n-type semiconductor nanowire and being spaced away

from the first bar and being disposed transversely thereto.

263. A semi device of claim 262, wherein the second bar is spaces between 1-10 nm
from the first bar.

10
264. A method for manufacturing a nanowire semiconductor device comprising
positioning a first nanowire between two contact points by applying a potential between

the contact points; positioning a second nanowire between two other contact points.

15 265. A method for manufacturing a nanowire semiconductor device comprising forming

a surface with one or more regions that selectively attract nanowires.

266. A method for manufacturing a light-emitting diode from nanowires, the diode
having an emission wavelength determined by a dimension of a p-n junction between two

20  doped nanowires.

267. A method for manufacturing a semiconductor junction by crossing a p-type

nanowire and an n-type nanowire.

25 268. A method of assembling one or more elongated structures on a surface, the method
comprising acts of:
(A) flowing a fluid that comprises the one or more elongated structures onto the
surface; and
(B) aligning the one or more elongated structures on the surface to form an array of

30  the elongated structures.

269. The method of claim 268, wherein act (A) comprises flowing the fluid in a first

direction and act (B) comprises aligning the one or more elongated structures as the fluid
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5 (D) repeating acts (A) and (B) in the second direction to form a second layer of

arrayed structures.
270. The method of claim 269, comprising repeating acts (C)and (D) one or more times.

10 271. The method of claim 269, wherein at least a first elongated structure from the first

layer contacts at least a secorid elongated structure from the second array.

272. The method of claim 271, wherein one of the first and second elongated structures
is doped semiconductor of a first conductivity type and another of first and second

15 elongated structures is doped semiconductor of a second conductivity type.

273. The method of claim 272, wherein the first conductivity type is p-type and the
second conductivity type is n-type, and wherein the first and second elongated structures
- form a p-n junction.
20

274. The method of claim 268; wherein the surface is a surface of a substrate.
275. The method of claim 274, wherein the method further comprises:
(C) transferring the array of elongated structures from the surface of the substrate
25  to a surface of another substrate.

276. The method of claim 275, wherein act (C) comprises stamping.

277. The method of claim 268, wherein the one or more elongated structured are

30  aligned onto the surface while still comprised in the fluid.

278. The method of claim 268, wherein the method further comprises:

(C) conditioning the surface with one or more functionalities that attract the one or
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284. The method of claim 278, wherein act (C) comprises:
conditioning the surface with one or more functionalities that attract the one or

more elongated structures to particular positions on the surface using optical force.

25  285. The method of claim 278, wherein act (C) comprises:
conditioning the surface with one or more functionalities that attract the one or

more elongated structures to particular positions on the surface using electrostatic force.

286. The method of claim 278, wherein act (C) comprises:
30 conditioning the surface with one or more functionalities that attract the one or

more elongated structures to particular positions on the surface using magnetic force.
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295. The method of claim 268, wherein act (A) coinprises controlling the flow of the
fluid using a channel.

30
296. The method of claim 268, wherein at least one of the elongated structures are

semiconductors.
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free-standing and bulk-doped semiconductor with at least one portion having a smallest

width of less than 500 nanometers, and wherein the method comprises acts of;
(A) dispersing the one or more elongated structures in a flexible matrix;
30 (B) stretching the flexible matrix in a direction to produce a shear force on the one
or more elongated structures that causes the at least one elongated structure to align in the
direction;

(C) removing the flexible matrix; and
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330. A system for assembling one or more elongated structures on a surface, the system
comprising:
means for flowing a fluid that comprises the one or more elongated structures onto
30  the surface; and
means for aligning the one or more elongated structures on the surface to form an

array of the elongated structures.
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20  two or more of the plurality of the elongated structures.

333. A system for assembling a plurality of elongated structures on a surface, wherein
one or more of the elongated structures are at least one of the following: is at least one of
the following: a single crystal, an elongated and bulk-doped semiconductor that, at any

25  point along its longitudinal axis, has a largest cross-sectional dimension less than 500
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion
having a smallest width of less than 500 nanometers, and wherein the system comprises:

means for dispersing the one or more elongated structures on a surface of a liquid

phase to form a Langmuir-Blodgett film;

30 means for compressing the Langmuir-Blodgett film; and

means for transferring the compressed Langmuir-Blodgett film onto a surface
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the one or more elongated structures that causes the at least one elongated structure to
10 align in the direction;
means for removing the flexible matrix; and

means for transferring the at least one aligned elongated structure to a surface.



