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(54) Title: DOPED ELONGATED SEMICONDUCTORS, GROWING SUCH SEMICONDUCTORS, DEVICES INCLUDING
SUCH SEMICONDUCTORS AND FABRICATING SUCH DEVICES

(57) Abstract: A bulk-doped semiconductor that

is at least one of the following: a single crystal, an

I3 P elongated and bulk-doped semiconductor that, at

s any point along its longitudinal axis, has a largest

cross-sectional dimension less than 500 nanometers,

P and a free-standing and bulk-doped semiconductor

e with at least one portion having a smallest width

e of less than 500 nanometers. Such a semiconductor

P may comprise an interior core comprising a first

e semiconductor; and an exterior shell comprising

7 a different material than the first semiconductor.

Such a semiconductor may be elongated and may

have, at any point along a longtiudinal section of

such a semiconductor, a ratio of the length of the

section to a longest width which is greater than 4:1,

or greater than 10:1, or greater than 100:1, or even

2 greater than 1000:1. At least one portion of such a

semiconductor may 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. Such a semiconductor may be a single

crystal and may be free-standing. Such a semiconductor may be either lightly n-doped, heavily n-doped, lightly p-doped or heavily

p-doped. Such a semiconductor may be doped during growth. Such a semiconductor may be part of a device, which may include

any of a variety of devices and combinations thereof, and a variety of assembling techniques may be used to fabricate devices

from such a semiconductor. Two or more of such a semiconductors, including an array of such semiconductors, may be combined

to form devices, for example, to form a crossed p-n junction of a device. Such devices at certain sizes may exhibit quantum

confinement and other quantum phenomena, and the wavelength of light emitted from one or more of such semiconductors may

be controlled by selecting a width of such semiconductors. Such semiconductors and device made therefrom may be used for a
variety of applications.

A A I|I|I
\

2/17362 A2



DOPED ELONGATED SEM CONDUCTCORS, CGROW NG SUCH SEM CONDUCTORS, DEVI CES
I NCLUDI NG SUCH SEM CONDUCTORS AND FABRI CATI NG SUCH DEVI CES 5 RELATED

APPLI CATI ONS Thi s application clainms priori typjﬂlﬂﬁlﬁllllﬁﬁmm ﬁuﬂﬁllllﬂﬁmﬂﬁ&lmmﬁﬂb-

conmonl owned _co- pendlriwg gZ/quﬂza‘lAmal
Seri al i 60/292 121 entltled 10 "Senlconductor hbnomnres flled Nhy

60/ 226,
18, 206&4) Dy 7 (re tent ubllshe
Nanosensor %A@N %[ %@mn — v%ézno tetro gzaé?ngor%rt and éo lie retpszllsé]ed
"Nanowi r e gﬁ AD @Q; @bﬁngm$@@§¢m, § Seri al .

60/ 292, 0455 Lend, Nied SEl\’anmmprIeterEkar@m %r B@Vétt@@&iesb%lfﬂdd%ﬁﬂ@m%f@feryw anduid-
Swi t chi ng CGODEVEN 1, GN.fAQ @W. NUR WIR1IY, SROWL; amevebeSeCodal andhbreGdb2 Qbne@BB gt the begin-
entitled T™8anowire Devices 15 |ncludi ng Prd%siives Pl isrents’ @ eeS8ensor s, "
filed May 18, 2001, each of which is hereby incorporated by reference in
its entirety. FIELD OF THE I NVENTI ON The present invention rel ates
generally to sub-m croel ectronic sem conductor 20 devices, and nore
particularly to nanoneter-scal e sem conductor articles, for exanple,

nanow res, doped to provide n-type and p-type conductivity, the growth of
such articles, and the arrangenent of such articles to fabricate devices.
BACKGROUND 25 Smal |l -scale electronic technology relies to a | arge extent
on doping of various materials. Doping of sem conductor materials to form
n-type and p-type sem conductor regions for making a variety of devices
such as field effect transistors, bipolar transistors, conplenentary
inverters, tunnel diodes, and the |like are well known. Typi cal

state-of -the-art sem conductor fabrication facilities involve relatively
high 30 cost, and require a clean roomand the use of toxic chem cals such
as hydrogen fluoride. Wile sem conductor and m crofabrication technol ogy
is well-devel oped, there is a continuing need for inprovenents, preferably
including small er-scale, environnmentally- friendly fabrication, at |ower
cost. WO 02/17362 PCT/USQOL/ 26298 -2- SUMVARY In an enbodi ment, provided is
a free-standi ng bul k-doped sem conductor conprising at | east one portion
having a smallest width of |ess than 500 nanoneters. |n another aspect of
this enbodi nent, the sem conductor conprises: an interior




5 core conprising a first sem conductor; and an exterior shell conprising a
different nmaterial than the first sem conductor. In another aspect of this
enbodi menivo ¢2n83eem conductor is elongated. I n various opdramnah2éeet ures
of this aspect, at any point along a Ion?itudi nal section of the

sem conductor, a ratio of the length of"the section to a longest width is
greater than 4:1, : rgr.eat ‘1, or even
greater than b ﬂai)E OE’E{) %) E X &dNDﬁﬁR#' Q&QﬁGG]ﬁé{?Qéa t one
portion of t BEMIGONDUCTORS, DEVICES INCLUDING SUCH, SEMICONDICTRRS
nanoneters, or |ess than 1ANThEABRICAHING SUCH DEVIGES 100 nanoneters, or

| ess than 80 nanoneters, or |ess than 70 nanoneters, or |less than 60
nanomet®er sSREGATHY S PPREGATIONSnonet ers, or |ess than 20 nanoneters, or |ess
than 10 15 nanoneters, or even less than 5 nanoneters. |In various aspects
of this enbodi n®hisapphetise viatonprimitgundargsri. Sa3 § 19E@eto wondodly@wned 0do-a

357 S cpondmel . Brovigionst iehl Appicafics SEabIAS) LALRI NP Nhs) Al So,
GaN GaP/ CaisdriRetuctod Nah6%lrbd» 81l IS sBY, BRI BAR ria NN 6Bl IhAbASL e, 20

GaN GaP/ GaAs/ GaSb, I nN'TnP/TnAs/1nSb, ZnQ ZnS/ ZnSe/ ZnTe, TSI CdSe/ CdTe,
HgS/ Hg8k/ HSemicauBicRe SahseiTey” Mjed Mae] 8,286 ; SeeigeNo. G254, BisSentBle8e, SnTe,

PbO,  PDbS, .RbSe,.. PbT, k. Cl, CuBr T F s o A i N2,
Aok, 2 TP viRs Aot fpdtens ol et Berana . Rl sy ig e B
Fe) (S, Se, entftRI2NaBbw¥ andNaMubAIZeb3ensoA” filed Mdy)R 0601, SRriailed 3, A12CO,

and an appropriate 25 conbination of two ore nore such sem conductors. In
vari ous aspeP30b, enfifled ‘YaneninediectrontreDedessdpriadiag Merewsinsn Sesichingopant
from a gr : .St f f eriodic
tabl e an e a0 A R e e P D e e
dopant /5el Beheling Emisseve gilangnts auin$dnsoisyidiled Mai,18 A200d nehchrof whichnis hyeéy dopant
selected froma gr $| onsi sti ng of: P, As 30 and Sh; a p-type dopant from
G oup |1 o?ncP‘fPQrag%Cf gﬁ%?fe‘%"ﬁﬁﬁlét,s 118 ype dopant sel ected from a group
consisting of. My, 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 anﬂﬂt&@lﬁ@éﬁ&@ﬂé@ﬁroma group consisting of: Si, Ge, Sn, S, Se
and Te. WD 02/1 / - t her f.thi.s .
enbodi nment , the%ggﬁeg%;rgl 3?{2%@?% %%a%etn grgilpgoagl%\?lfﬁ%é?e?fc&\)r%g%osgﬁlécrongg%g%t of

thi s epboddemdeds, adreogattakalyad atndsetor-gaRadmidondvas Qtisleq @bl exagiple,
features of this aspect, the sem conductor is either lightly n-doped or
heavi |y n- BRjstres; ffpwéfo BAYtdR &t RS pte-DO¥ CPRIUCtiXHhJBe fiomth of fich articles,

sem conduchQy thkSrBnSRR&Hof dudh YAIIQUS fabricate devices.

BACKGROUND

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.



5 optional features enbodinents of this aspect, the sem conductor is either
lightly p-doped or heavily p-doped. In another aspect of this enbodi nent,

the sem compabsy, is a single crystal. In additional vari Qug/@vpesis of
this enbodi ment, the sem conductor is nmagnetic; the sem conductor

conprises a dopant maki ng the sem conductor magnetic the 10 sem conduct or
IS ferromagneti gl t he sem conductor conprises a dopant that makes the
sem condu magneti c; and/or the sem conductor conprises manganese.

I n anot her embogli fRBLboRLOM Sedhdes is%‘frt?é—ﬁﬁl&ﬁ%@%lﬁ%g&’ééfﬁi@&%@tor

sem conductor that, at any point along its Iongitudinal axis, has a

| ar gest crosprisog atderst onti pretien bavinga smalleshwidsp of lessibae 6 @0 sanot®tdrs an
aspect of this enbodi nent,. the sem conductor i.s free-standing. .Ln _.another
2pect of this Bsatinaeet ¢ ERERAREort S RO SRR odpRER e or o
conpri s§ Ngeode bdmpiisife AHEQRSMToCtNEhddh @XérdrishEll sdigbdisiGONPitletdnty a

different material than the first sem conductor. In various aspects of
thi s enbodpateriel thag thedirstrsmicondpdaly t he | ongitudi nal axis of 20 the

sem conduct or, @1 d3lHe? ?Jec{ &ﬁihilts %2%5?18{%1‘[, s eRGi60 dRBrof %ae%)%%ge th yWiglish TS

greater than 4: or Seat er or greater t :170r even
gr eat er t hgnioh@0@athrdsrofylas hepest, aisgyqlost @fonishai lengitddodl seeribn ofithel east one
| ongi t udi nal .section of .th em . conductor has.a snal.lest width of |ess
than 200 HEREEBFER G 8L BeTrEh S60° SHORBor Messiardos sheRbhardl- o
Nanone}er Sgrefbr e 301N 8 BReNMARTHY:8! Sreveh gles tHalA000'@ 25 nanoneters, or
| ess than %0 nanoneters, or |ess than 40 nanoneters, or |ess than 20

nanomet ers, or Inegsiousaspedd of Hnverpbadimentoat leasé ang payton phihe semigapdusterr s. | n

various a ct f thi i MO, | I i i ) i of
the sem ?ga%c?u%‘}aore Swﬁlg §na0 a‘?sglés vvlnda? hmg%?sf, Ee)gfs%gfﬁlgﬁl?%h%g’g%géﬁ%’togﬁéssf ?lgarn | ess
than 150 1on@ieirieas, odlesk @28 SOmanomé&trsnariesethar ¥) naoneess, or han t1ih 60

nanoneters, or |less than 70 30 nanoneters,  or _|l ess than 6? nanonet ers, or
| ess t han RAOMRHEHEOT 4558 thay A0 ngaemetgisyonless tham Jfranometers,orless a9, 10

NaNONME} €I SyanBhneRYE b lebSlebd @i § nhRIEEers- I n various aspects of this

embodi ment, the sem conductor conprises a sem conductor froma group
consi sting of. BivariGes aPests 86 thiTenb®limBitathesdmidondBi@, coBipiige0R/ 17362

PCT/ US01/ 26298 -4 P(.BP6 B-Si,.Si-C.Si- i --Sn Ge-Sn, LS

BN BPBAs, RN RIBFRF RorRd &pup C%@‘éﬁﬁﬁcﬁa@%%g?’ T Hiefricd; }3%&"
BNBPBAs,  ALMNPAEh, 8-l A5l AISHGe, SE8Nak B S ASICGEStBA/BAE,| AR ARSI AJIRIBD,

ZnQ ZnS/ ZnSe/ ZnTe, CdS/ 'CdSe/ CdTe, S/ E%?ﬁé/l-}j}gTe BeS/ BeSe/ BeTe/ MyS/ MySe,

GeS, GeSe, GaifaP/Gpss/GafsnNgaPdnAsERD, As, AIN/AIP/AIAS/AISb,
20  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,
ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, T, Fe)(S, Se,
Te)2, Si3N4, Ge3N4, A1203, (Al, Ga, In)2(S, Se, Te)3, AI2CO, and an appropriate

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.



5 PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSi N2,
CaCN2, ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, TI,
Fe) (S, Sewoopdy®2 Si 3N4, Ge3N4, A1203, (A, Ga, In)2(S, SeCTnEeN3/2620482C0,
and an appropriate conbination of two of nore such sem conductors. In
vari ous aspects of this enbodi nent, the sém conductor conprises a dopant

I R et (R

p-type dopRinofRl asjeetbffthidnebod e, th@gaﬁﬁb@{dumros‘n-d&aedAIInaaldodsmpuaﬂaln type
dopant selected froma group cansisting P, and Sb; a p-type dopant
f r om G ouplepiuresfoftlye agrect, dlag @mlmdéet%w@twﬂ@h&wﬂﬁpeé@r Beavaly nrqlqmi a group
consi sting of: L f

periodic 15 tab ,eté‘q‘%h%ﬁg&gé’gg‘%% é}ge dé%l?%a&gggﬁcgfng&&r%@o !i%/tfl}ln‘(izja"tﬂr(i)5 C
and Si.j 00ptima1 featuygzentaplaments sf thel aspeog dhé seomrendyctu > dtheslightlyngdafed Si
Ge, Sn, S, Se and Te. |n another aspect of this enbodi nent, the

seni conduc?die?VY B&PPeGf a device. In another aspect of this enbodi ment ,
the sem conduct Bf arofheR aSKARESE thiseritRAMIS, thORinhietRluciR & 4168 e‘é stali s aspect,
the sem conductor is either lightly n- doped or heavily n- oped. In yet
anot her aspect bradditionabydrisis aepects of s S@hﬁ’@m@ﬁhéhe(ﬁeml@néu‘ét@blédﬂagmtmar| ous
optional fgat paduct i's either
Pancty p- BepepfopRTRRL TlSs Slobdit HRRRRE senh OARERY RADRIGEE | 5 51 et

t he senm coghicsratucios 1safeﬁrloﬁgllgﬁettd‘ JitsainicoRBudior conprises a dopaatiihaembkesphovi ded
is a doped sem conduct or ri m@gFa si ngl ystal. In an aspect of this

enbodi ment SeOpifRNCRISHOF RAHC; i e sa@waguqtﬂr PRI RGN 5

embodi nent,  t hepsgpiip @Hﬂ)%ﬁf?ﬁeﬂt ﬁar@sh@&ﬁ@taﬁ@}on Sted 3hd BYR-dopBd géﬁﬂ@éndfue@&ur es
of this aspect at any point along a |ongitudi nal section of the

sem conducthet, at anyrEintelafg Ehengicwdndh ag, halaelafgestlcmsmpt@naldh@es&lowee& his
greater th@ﬁn%'% or reater than 10:1, or greater than 100:1, or even
greater th 808N ar i ous aspects of this embodi ment, at |east one
portions of the B £pBEWELEE cmbadinRns MR sefSdondhicibhisGleelsemdinghan 200
nanoneters, or |ess than 150 nanoneters, or less than WD Q2/17362

PCT/ US01/ 26298 In aotigs appasbeishisresbogimensdhe senpigomhicios somptiasssan dferiosss t han
70 nanonet 4 gpeters,

| ess than gcggnan nluﬁ ragﬁgt%@m?%gg@ n dl%{éﬁ%rg%ﬁgfg%?%&wn%ggﬁ ess t han 5
nanorretersmatenalfmandmsﬁmSmncmduttor.hi s enbodi nent, the sem conduct or
conprises a

In various aspects of this embodiment, at any point along the longitudinal axis of
20  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 longitudinal section of the
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

25 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, 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-



5 sem conductor froma group consisting of. Si, Ge, Sn, Se, Te, B, D anond,
P, B-C, B- P(BP6), B-Si, Si-C, Si-CGe, Si-Sn and Ge-Sn, SiC, BNBPBAs,

Al N Al P/ MvsdoAbs, @GN GaP/ GaAs/ Gasb, I nN I nP/ 1 nAs/ | nSb, pah/{ehBées

ALN Al P/ Al As/ Al Sb, &GN GaP/ GaAs/ Gash, | nN/ | NP/ I nAs/ | nSb,

ZnQ ZnS/ ZnSe/ ZnTe, CdS/ CdSe/ CdTe, HgS/t4ySe/ HgTe, BeS/ BeSe/ BeTe/ MyS/ MySe,

Qur. Ao, ) RSB Gaoi-CraSspbnd BatieSIC RSB S e Ak,
g
A205, (Al o A S A ol nat 1 on of

two or nor@aNiteR/Gaki/CeRuUoNAnB/IndsIny VoQ& i pesy Anls, CdRiGdSebdi, ment , t he

dopant 1 IHFCHEIRTARS BeSEiSeRETe bR ag; Qe iR, BETE BB Srrahgls v
of the spperpymlipesé qime:s cancwpe:ugpnaﬂtAglelzegmeAng QMR IAB SN2 CaCISi St i ng
of. B, Al and In: an pe dopant selected from roup consisting of.

As and SHnGeRlz. C@ﬁéAGZ) Sp2, &H@Péuﬁu&?l)é:f(quhégﬁéi%llé HabeES: 8 p- type
d |
opant se feﬁ%}eﬁgmo 3R K068, A %5%%9 & TeMa1Z00 %%{C}%gg&wg g p-lype

dopant fr oup 1V'of thée p taBl'e; "a p-type el ected
from a gragmbdsanRinsdfitvg odhor€swwhderbicopdwtoran n-type dopant is sel ected
froma group co sistin ]gt aoth?

S
oot ot P sl Seratis shlti TRbe Bk e Sroatudie oSt Ogiant frgm | e
fol I owgg: agroﬁp RShEstiigloTt Ab-tyRUHPhRTER ol Htthk pEoRBEtabRITEE AAGHET OF

that, at any point alon |ts Ion i tudi nal "axis, has a Iargest
cr oss- sectdapanl frethreneyp noﬁtbgsermdmabboaESymdamw}@tedémnagfcw@e st andi ng

d bul k- d d ]
D RELRE R 200 YR O ot OpB oA SOERBRGLE 8, o308 PRR. | oS!

wi dt h of wiere> a P enonera section

of the bU|dﬁd$1ﬁ@@-@p€d@pdiﬂ@©hﬂGr®pﬂI@fﬂls perisfianibleye pappé ﬂ@fmﬂiel@&m&nby a
di mrensi on of the section._ln_another aspect

dr ({?thls errbodlma?)é;
| ongi t udi OB EPRBHINEL feMgabn<Cdind By aprbtoeidegentitim Cropn Nseiche éert“?fhc
exci t ajJ O%bmhgg%y f&ﬁj{@l&'&tﬂbrﬂ% &gvec%ﬁh%ﬁl’?gjoft C%H diSor kel ated to the

width. In optio res of this ct: the wavelength of the emtted
light is an-typecbpant 19éeled1ie:d fwbmitatgrowthepnisisting ofidi,r@d, SeeltSammdi®e. capabl e of

t ti | ect th tt th t udi nal
sect on i Capabi Bl pHCHdPE FRESUPER DS EP LB HOPL S SERRUE1) 26208

-6 carriers suct atnhﬁierhﬁﬁcfeéfaﬁfrsreh@a&n%f ithedetnibeRiiclon st @pelinen b aidist udi nal
section balljstically; "the l|ongitudinal section is capabl'e of transporting

el ect ri cal opsignali featyresd this pencct He semisondycier is eithgr lightly nysigped PIHesUEYi 1t he

| ongi t ydi ngl .gection coherently; the longitudinal section is capable of

transportin “®lectrical carriers such that the electrical carriers are spi n
In yet another aspect of this embodiment, the semiconductor is p-doped. In various

optional features embodiments of this aspect, the semiconductor is either lightly p-doped
or heavily p-doped.
In another aspect of this embodiment, the semiconductor is a single crystal.
25 In another embodiment, provided is a doped semiconductor comprising a single
crystal.
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



5 polarized; and/or the longitudinal section is capable of transporting
el ectrical carriers such that the spin-polarized electrical carriers pass

t hrough tWe d2ongy2t udi nal section without |osing spi n i nf groTagdoPne2908 N
anot her enbodi nent, provided is a solution conprising one or nore doped

sem conductors, wherein at | east one of- Yhe senmiconductors is at |east one
of the 10 follow n st al an elo ed and bul k- doped
seni conduckd anapﬂ%%r%pr %ﬁ%g‘ﬁ%ﬁﬁpgm&%?@ ?rtlgswﬁq?@h nRgeRaters of less thaa 69

| ar gest C(rjr%§m%‘c’e‘fst lop [@L tHah 98 A8 QRetbRSSr 1ERARAP A nardaReNB b7 1eds 1R 02
free-standi ng and bul k- doped sem conductor with at | east one portion

having a stlmbme@us \mdv¢nlg$sth@s55nmmt@&0 nanorreters In an aspect of this

enbodi nent, th | east one ucto is el l.n_ 15 vari ous
optional featur ’svagf’uf ﬁﬁpgaﬁgf)i‘&erﬁ%% TRENE 8IS%R1108P dr Cofr}?ﬁlé?staudl nal section

of the s seghfieduciop fromfa gx@hp Bordistinpof! SINQE, erQSetT@Bsenetm@m PpBaC|Bngest
width is greater than 4: greater_ than reater than 100:1 or

even great¥BPoRIDSL, SIT(% S&"@ﬁei’ 5U§na‘§b@ét%l 8iC, W@P@%ﬁdﬁm@ﬁ?/ ARS/ABSt one
portion ofg mﬁ}a@#eag@/a%spﬁm mgg@&zgﬂfmiﬂmmmlb AlAgMdbn of | ess

t han 200 nano ers ’ess an nanonef er s ess than 100
nanonet er sGa/GdP¢GsAs/malb,IoNAaRdnds/ B, ZoO/AndgdnSdiéml e/ CdSHadberifed By, s, or

nanonet or SHSSFERETe e, s Hysr R S aDy it CRS Fr e BTl S S%%E%isf@q%.
vari oug aspsy:tpgSefpeT eupnb&dl CBBE ,ClﬂhﬁgEtAé@a %BPU@%ISBBS@Q”@HG
conprises a ‘sem ‘condlctor from a roup_consi stin Sn, Se, Te,

B, Di anondZn@ePRCdSnAs2 nSnBhs)Cu p Cusi2Pg;, (Cg A@HNSTJ&‘ $n, Hnbe)®- S;% Si C,

BN 6P/ BAS, TAPN AN SRS %@Eﬂ @ﬁ”f%%@%@s%ﬁdﬁ@k”ﬂd%@@%

ZnQ ZnS/ Zm&@i};{{ﬁa{ﬁm @d&b@ﬂﬁejr&‘gﬁm semidobdidage/ HgTe, BeSBe Se/ BeTe/ I\/gS/ I\/gSe
S, GeSe, CGeTe, SnS, SnSe, PbO, P S, PbSe, PbTe, Cl, CuBr,
cul. AgF, AgCl,Ingeous agpects Bg %\anb(ééw GGIZFFGE@%OT(%PS}?A@%S 2 %&%‘éﬁ?m

CuGeP3 i e Ge3M\4,
A1203, 15( Ejas glég;ﬁ ,001?15)%2{111&% M@lwlp P m%@c%@%@gﬁﬂggg?rfpd}%t% %f §ltl:g I nati on of

two ore nodapastfrbmy@noip dhofithe p@'rg)dld/@areiza pAgBG2ddREnY LeBoted 8208 group | n vari ous

Gopant 11 GHR=GPE eonaratr i rofpe SRR ARl RaRE PPUH R PR R The

periodi c taplss; af}ﬁtypedbffxl ﬁdﬁp@ﬂilpfll @ﬂﬂl@%)@ﬂ}kﬁﬁlé/ta@fe b haypedodt seldotdd Roma
p-type dopant selected froma group, _consisting of: B, Al and In; an_n-type

dopant sel ®8io8H cPRBFHNE Ot M@pZedrbangd Hap E‘FYPePiOP%t fromyGaoupdtV of the poisedieiopant
from qoo u ptafale, 8 E-tgqg'eed%eaﬁ{ é%?écfedtfﬂﬂlll b ’grcﬁlpocokyl%gd&p &hd %‘?l, §ELER t}tﬂeodeant

is selected from a group consisting of: Si, Ge, Sn, S, Se and Te.

In yet another embodiment, provided 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

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



a group consisting of: My, Zn, Cd and Hg; a p-type dopant from G oup |V of
the periodic table; a p-type dopant selected froma group consisting of: C
and Si.; wipo@n7type is selected froma group consisti ngp@iysophe298e, Sn,
S, Se and Te. In another enbodi nent, provided is a device conprising one or
nmore doped 10 sem conductors, wherein af-least one of the seniconductors

is at least qgne of the followng; a single crystal, an el ongated and
bul k- doped BB sBeyihat be eleslical cairierp passdimepgh Hledenrgitudinal saehpR bellistigallyxi s,

has a |ar 9@1@%1@@13%%1?%&3519 ajsogulggﬁﬁ%\%?oﬁﬁg%letcﬁfbglt <,5a?1Qers DABOREHRL Srecffit 2

free-standing an oped Sem conducCtor “w t east one portion

havi ng a seratibmpassihobugh dhe lorgitnditeh nedd00 cnlzereuthyt éredonditudingl savtianpect of

this enbodi nent, .the devic onprises at. |.east .doped sem conduct ors,

wher ei n bo‘fa\"?agltle hrénﬁoqnégag?&? c@éﬁ?&%%ma?aﬁfﬁ%&agg%eﬁtm? T8t one of

the fold owpdlgrized; shdiel e Congitidinal Rbtid! @@B}lﬁdb%joﬁﬂﬁhsﬁﬁﬂiﬁg depgidalsRri& o Beuct or

that, at any point along its longitudinal axis, has a |argest

cr oss- sect ihahie spinAeizsa clestical ¢aariers pass thignshiedergitudingl sectipeavithpaindi ng

and bul k'dﬁgﬁ%sﬁﬁﬁhﬁj dugior with at |east one portion 20 having a snal |l est
5

wi dth of |ess™t hanoneters, and wherein a first of the at | east two
doped sem condubt afosheexmbbditgent peowtided is asbiutienesmhpadite ansacan dvped he at

| east two daoped, sem cqnduct or nani ates, the quantum confi nement of the
Firot. I SHOPTERC QU o L OB BEUF RSO KT BV RS UBat (8es. at | cast
two doped foheWis? r&@ﬂi‘%tl@éwst‘ébﬁﬁ @lo]gigag% Qn@ﬁkaa%P@é sehﬁ@tﬁidu&ﬁé@th%ﬂ%?gl% poipt

sem conductors is at 1eaSt one o the folTow ng: a single cr
el ongat ed @ang Bsldngitugisa axenhaonldiassiorosskgrtionad diarepsiooiless thandi§ it s

| ongi tudi nal axis, .has | ar gest_crhoss-sectional .dinmension | ess than 500
nanonet er s Sl Wt%s’fapgél -fgeteésﬁ@%ﬁﬁ aélﬁé) u@ﬁp%eggﬁlé’bc Ogg%t%ro‘ﬁ]g% @th?S?\RP? ROHP| east
one porti oaviday kallest $Adh bekts 500 @indn@s&st han 500 nanometers. In

various optional features of this enbodinent: the at |east two bul k- doped
sem conduct or s HY 2 3sreg oy $his embedimenls thegt daastapeisemiropdyrdor is gloppatsd. Bf t he
at leagd tyn: hul 1 IS .4 J LVt pe,

and a zjzacon 102‘? OF E%%g? %uggﬁﬁ? {v%%%ﬁl?% éﬁo};%(gLts%%ﬁc%%ég%?%g%%%gwo &%ﬂ%’econd
conduct i vi semicenduetor.tdvatib iof e lemgtld oL thiesedtipntty p dorigsstrwitlihpie greateat thamet: $.emrond

type of conductjvity type is p- e; and/or th t | east two bul k- doped
sen conduc%rS?tgr#hg{lbn}sa}_’ %F%feﬁ"ﬁ’h_@’ﬂ’m&ﬁ\ﬂb%% @?@%YZFQQ@W US01/26298 -8 In
various aspect sipfariolk GspR6HR Qd iHiRahbodiRRnd eMes® ofOPRIibE B5tHRNE 1ALt JHer € of the
following:. a switch; a diode; a Light-Emtting D ode; a tunnel diode; a

Schot t ky dfegrigondzictophpid spallaghwidtip At esuihen S@Granomefars oy 1gss theetl 59r ansi st or ;
an 1nvgyt eﬁeinoﬂlegﬁ‘gg%'_r 18 BlA1%0 ngﬂa’xﬁéé&[ or 1@& &HB{ sFRnoRRREOor 18s BEASAH" for an
anal yte (e.g., ), a nenory device;’a ynam ¢ nmenory devi ce; '‘a static

menory devnaemeter,as éess thanl Ogianogatess, oalessdNah gAhajonseters, 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
semiconductor from a group consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-

25 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, 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, CuBrt, Cul, AgF, AgCl, AgBr, Agl, BeSiN2, CaCN2,

30 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, A12CO, and an appropriate

combination of two ore more such semiconductors.



NAND gat e; an EXCLUSI VE- AND gate; an OR gate; a NOR gate; an EXCLUSI VE- OR
gate; a latch; a register; clock circuitry; a logic array; a state machi ne;
a progranwghl2a7ze@i rcuit; an anplifier; a transforner; a sipgnalsopreOessor; a
digital circuit; an analog circuit; a Jéght em ssion source; a

phot ol um nescent device; an el ectrol uni héscent devi ce; a 10 rectifier; a

phot odi ode; a p: n solar cell otr a sin

transi stor; ]éq VRGOS BIRsEiS ot gﬂf’ ?IBE? é?}ﬁgﬁ% i:eaf) °6’te(§ﬁm5%f1§%(§8rrqongmses a
spi ntroni Cd&{&é)ﬁt £:8in Aok t;&msﬁhgbp atp Bfgfe QAopard R Gra@qqe)ﬁm@paﬁﬁap@bleaan
scanni ng tunneling m croscope; em ssi on devi ce;

phot ol umi nedypendapantdiem &rgm{\’oxféhq mr@deret@bléea Ay RSHiopaRti Sélesﬁdérc@aa group
material s; consfs‘{'ﬁg gegana érln fngl ‘gfﬁ’g H%aﬁﬁl% E@t&{ 88&%00%0&5 BSusishig o ?.Igﬁ{sgu't

that has drgi 0g conp n vari aspects-o
enbodi rent and $i5; agp-teeidopartt fidin Griplidesthe Iperloahc tabice agktyph dopaimvelec&ed from

Cp e s bangounis: Mot BTk PR o Fofelt FELSBEE"

aspect, a phit Q?-tsfﬁ e @pant Mec@éli”@&ﬁ%"ér@u&éon"sﬂﬁn@@fl@ﬁld@y ok aﬁhuﬁfe @t | east
one seni condudt where, for each device conponent, the at | east one

seni conducsabﬂ:ctcrctframalga@n ccumtmg of:f8, GolSnofi brandalesi ngl e 20 crystal, an
el ongat ed and b | k- ed se nduct 0 at_an n
ol ongat e AN D RRe RSO B B PR S PP ERR S 500

nanomejer Ssenaa@lnc&lctofri aﬂxeﬁduaadlemoﬁ@dfﬂhuls&nﬁ@mmc&ema@mdmmﬁm th at |east
one portion having a snmallest wdth_of |ess than 500 nanoneters. In an
aspect of fqﬂogww%mystak ﬁéeh)ﬂﬂgﬁ“éé%d bulk-deped sesHaRRdugtor that.cf ewga?leﬁ I'n

25 various alﬁﬂé I_-ltgﬁgl ?IEIL%X%S he [-aP%eEt adReChtiol dbhsRAlNs

| ongi tudi n et 6 nductor, a ratio o the ength of the
section tonzmohtmngs;semdw chteIcstamhrgzenlt‘t&ﬂk—ﬂqmd sémiconductogwithavieleatt kaspdifiop, or

greater thﬁn 100: 1 ev ? b&an 10 0:1 In various aspects of this
embodi ment D2ViRE £ 818 eS6Wé t88 f5 fighogpe ‘Fréast one semiconductor has a

snal l egs W dth ofad £psctlofdls aﬁeodiﬁﬁﬁmeede&me%mbﬁg@ a st thdQoped nanonet er s,
or less than 100 nanoneters, or |less than 80 nanoneters, or |less than 70

nanonet er ssendieondstors, deren bathres itha atdenst yo dapsd semigandistara iscridieastane ofr | ess
than 20 nﬁl@%nﬁé\g{ngougﬁgle'ﬁ atsl,h%Pelér%a%%%%g%gﬁJ éodo Fﬁ%@ﬂ?&(ﬁ&sﬁhé h@t”a.n?

nanoneters. I'n var east’ one
seni conducpeint a;IOﬂg)rts Bmg1tad1m By Ms&ﬁﬁrQ%ﬁder&ﬁ%étﬁﬁﬁB&men&oﬁm dmmcﬂﬂ)ﬁt or from

t G, S nmond, . P, B-C, B- BP6
o & O, S engriea, aaf adipersiandins B Ui AOPRNP IS ORALCIOIAY i AU EFKPRE POED.

GaN Gaby Gaﬁ%?xﬁ%e?‘@mal'lék’t\%d’cﬁ/of RAS {1 $80 nEMRRLBARA WAL Rl ATl st two
&GN GP/ GaAs/ nN 1 nP/ 1 nAs/1nSb, zZnQ ZnS/ ZnSe/ ZnTe, CdS/ CdSe/ CdTe, 5

Hg'S/ HgSe/ HARed SBRB/OBABHABEXhibNE SHVESe cotEsmaps 8l 2 svad ofhe at BagdwoSnTe,
Pbo, doped semiconductor manipulates the quantum confinement of the first.
In another aspect of this embodiment, the device comprises at least two doped
semiconductor, wherein both of the at least two doped semiconductors is at least one of
25  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. In various optional features of this
embodiment: the at least two bulk-doped semiconductors are in physical contact with each
30  other; afirst 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.



PbS, PbSe, PbTe, CuF, Cud, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSi N2, CaCNz2,
ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Ti, Fe)(S,
Se, Te)2w0Bi2ARBK2 Ge3N4, A1203, (A, Ga, In)2(S, Se, Te)3PCANXBD262@8d an
appropriate conbination of two ore nore_such sem conductors. 10 In various
aspects of this enbodi nent, the at | east86ne seni conduct or conprises a

dopant from a gfoup. consi sti .0of .. a.p-type dopant from Goup lIl,.0of the
er 1 odi ¢ api e IfRiofS Al b iR popihiend B ORERomRE Shae et af B, | 4
p-type dopglowid: e£swiicH; h@iod; §LehEnsiinsi Biblid)G tohrel Biodd! a 8&Hbtik dice; £- t ype
dopant selected froma group consisting of. P, As and Sb; a p-type dopant
fr om G oupBinolastupgionyarpsdes atigld Effegt [apsisier; an juigttes alcepplimeniabm 15 a
group consj.st.i i . ; -LYP up |V of
Phe per odieltfapRbptiescrl o Endlp for dlap By (D PIERE MBI, 19 0. C
and Si.J odymmionteypey devics @l staticanerhoryrbesicgralagercolvgicsgatelgnofND Gate; e, Sn,

S, S d Te. t t t hi di t he devi i
another senvibndeie: ot EXCRIRTTE aRbusaivsenily suph bR xS eni sy R e
bul k- dopedgsed BRADN deiiter; dBclt BirdHRY;NEbeRIPAFa Rhte hhlchiRIP BigPRhablt he

devi ce conprises another sem conductor "that is optically coupled to the at
| east one bkt éo pegliBetyidonsfounes a sighalynseceasony hdigitalapdisuit anpnalogi cércuit; a
enmbodi nent ;. _t.he .devj 0 i anot her sem c uctor that,is .
magnet i cal F%ﬁtceglld%l?oedd&t%%&f Eg’métt%ﬁﬁ%%%tcg% neevlr‘fg’l aﬁl—eg%gré)g}mélélﬁ‘?c%%%% “of. In
anot heno aspefifie9h phbiodiodeopineh cell. nephtaviraRist@Psihglescleonohhthsistor; a
senm conduct.or %2 t hat, physically contacts the at, | east one bul k- doped
semi conductiBEle-AIRtRAMIGES agujgarplioten deterter a spiptPHedevicerr witaslp tirdie
semi conduch@euié frGMREELobE o SRR tulREIfmeGhicrABoel §Feld- GllssBRAEACL 2N
optical contact; or a maghetic contact. I'n another aspect of this
enbodi nent phetoluomukscerice itagy aphotoveltzit dédes ta phntnicstemil @ep dhntdraals; b scanning

controll able i e nse to a signal. In.various.optiopal features of this
30" aspect : MeRGCLRRAIR R8s fonap v SgbPhRe Gt el britonents.

control} abl e t olWRu3Bipe¥BlofthivemBbodin@nt, fdedefce Rl dRFudds dRe 8f mbRASHthONe
sem conductor is switchable between two or nore states; the at | east one

seni conducficq epmpgnerts disied ipthepsarows rapedanks prryoisthe deviemeprappnentsseayat i ng

state by t i ; 0 t . . i tor
2o o o) T04ES WAl RughP ok Bl 8l 2R SER AT T 0
t he conducthiewotmpondntt bfthaevieastay dmdudeeatiasnohecemicondscton wher! fazleheh 1 n
response tq an electrical signal; the conductivity of {he i%lr.ea_st .one

sent conductiecd CnERs eAR |5t Re ST FGRYIGTS Bhiepp Rt o e fRlleing aungle
conduch Vi kysiaf, ah @R)lngﬁted bEABHIKADPed SHhiCHRLEE Q{at,ia?aﬁﬁéihpélbﬁgh@ in response

to a magnetic signal; and/or the 5 conductivity o e at |east one
seni conduclongitnding gpitss bad alergesi possessplinnabdimensios lega thangi00ganometers, 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



gate termnal. In another aspect of this enbodi nent, at |east two of the
sem conductors are arranged in an array, and at |east one of the

sem condugigang7szr anged in the array is a bul k- doped senmpgangkeghbeos
conprising at |east one portion having a smallest width of |less than 10 500

nanometers. In an optional feature of thPs aspect, the array is an ordered
array. In another optional feature of this enbodinent, the array is not an
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growi ng a SFEI)& oped S%’em cor?gﬁgég?p{’?gg g‘%gh{)éﬂ’%eggaalt %ﬁ’efgs?l’gﬁ)éé’g%?ti on
havi ng a sfire)2l 88NAWGEBN4pAIA0Ss $A], Ghian) BBOSaar)RA1RCS), ahdien airb@tté on
conprising a E.em'.con uct or reagqecﬂt and dopant reagent. 25 In an aspect

of this enBIBPHETACC e df Mogg {ChSRBICQBM LI Rduct or is el ongated. In _
vari ougg opt i onafy ¥Rt h§ecRlortis SmBsMRhs, (Rtat JA¥ &R‘s@hi«%’n@ﬂ&o@cdnﬂﬂ&bé ydi nal

section of the sem conductor, a ratio of the l'ength of the section to a
| ongest wi depani fongracgroup commigting of: a ptypeglopat drom Gaouplldl df the pergydécatable; aiman

100: 1 or even eater than 1 4 In.various aspects of this .enbodi nent, at
Feast one. borke Ssmanieh SHape Vet afe bitio R ahieCh PIRR el selidld AR R,

wi dth of | essistingof:28)QInad IhEdei-8rpe dopare Seledtb@ftorhoro R BOIERAE Sf: QA €SS
than 100 nanoneters, or |less than 80 nanoneters, or |ess than 70

nanomet er sanhPbs|adytype Hanas droga Feern b pE the peripdis éable; 4p-tpe dapanieelesied from | ess

than 2 n t : h 5.
nanomet or o S S5 Ssof B2 Ani08 sROHR BT Rcbuntltort SiBun 80 Be ind38yigdic
enbodi nment tabtehe paypé deysint selectsbimmanptogt omsstngof: $eandaSi.; e an adapehuist or from
a group consistj of: Si, CGe,. Sn. Se , Di nd, P, B-C, B- P(BP6),
g S C,Sé%i%?dc%‘?méi grelip SoR§ISHRE %ﬁ,gsﬁ}%,g%sﬁv%ﬁné € ALN/ Al P/ Al As/ Al Sb,

GaN GaP/ GaAs/ GafibanokiuNabpeet dnhsy dntbaldimdahy tREAEASe cohpriVehkiidrASM oM ucter

GaN GaP/ GaAs/ GaSb, I nN I'nP/ I nAs/ I nSb, ZnQ ZnS/ ZnSe/ ZnTe, CdS/ CdSe/ CdTe,
that is electrically coupled to the at least one bulk-doped semiconductor.

20 In another aspect of this embodiment, the device comprises another semiconductor
that is optically coupled to the at least one bulk-doped semiconductor. In yet another
aspect of this embodiment, the device comprises another semiconductor that is
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



HgS/ HgSe/ HgTe, BeS/ BeSe/ BeTe/ MgS/ MySe, GeS, GeSe, GeTe, SnS, SnSe, SnTe,
PbO  PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSi N2,
CaCN2, ZweeRA73¢2dSnAs2, ZnSnSb2, CuGeP3, CuSi 2P3, (Cu, A@PqTAIS01&e298|n, Ti,
Fe) (S, Se, Te)2, Si3N4, Ge3MN, A1203, (A, G, In)2(S, Se, Te)3, Al12CQ
and an appropriate 10 conbination of tvwo ©re nore such sem conductors. In
vari ous as e at e m.conduct or
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In another embodiment, provided is a collection of reagents for growing a bulk-
doped semiconductor that comprises at least one portion having a smallest width of less
than 500 nanometers, the collection comprising a semiconductor reagent and a dopant
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.
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20  semiconductor.

In various aspects of this embodiment: the semiconductor is free-standing; the
semiconductor has a smallest width of no more than 100 nanometers; an extent of the
doping is controlled; the doped semiconductor is grown by applying energy to a collection
of molecules, the collection of molecules comprising molecules of the semiconductor and

25 molecules of a dopant; an extent of the doping is controlled; a ratio of an amount of the
semiconductor molecules to an amount of the dopant molecules is controlled. the
molecules are vaporized using a laser to form vaporized molecules; the semiconductor is
grown from the vaporized molecules; the vaporized molecules are condensed into a liquid
cluster; the semiconductor is grown from the liquid cluster; growing the semiconductor is

30 performed using laser-assistod catalytic growth; the collection of molecules comprises a
cluster of molecules of a catalyst material; 2 width of the semiconductor is controlled;
and/or the width of the semiconductor is controlled by controlling a width of the catalyst

cluster.



I n anot her enbodinment; a device is fabricated. One or nore sem conductors
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semiconductor 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, InN/InP/InAs/InSb, BN/BP/BAs, AIN/AIP/AlAs/AlSb,

25  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,
ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, T1, Fe)(S, Se,
Te)2, Si3N4, Ge3N4, A1203, (Al, Ga, In)2(S, Se, Te)3, AI2CO, and an appropriate

30  combination of two ore more such semiconductors.

In various aspects of this embodiment, the at least one 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



ZnCGeP2, CdSnAs2, ZnSnSbh2, CuCGeP3, CuSi 2P3, (Cu, Ag)(Al, Ga, In, T, Fe)(S,
Se, Te)2, Si3N4, Ge3N4, A1203, (A, &, In)2(S, Se, Te)3, AlL2CO, and an
appropri ave 02008421 nati on of two ore nore such sem conduct giEyudo 2@ i ous
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nanoneters, or | ess t han .10 nanoneters, or even less than 5 nanoneters. In
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PbQ,
or more contacted semiconductors to the surface; forming channels on the surface;

patterns are formed on the surface; one or more of the semiconductors are aligned on the
surface using an electric field; the at least one semiconductor is elongated.
In various optional features of this aspect, at any point along a longitudinal section
25  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
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 at least one semiconductor comprises a

semiconductor from a group consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-



PbS, PbSe, PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl, BeSi N2, CaCN2,
ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Ti, Fe)(S,
Se, Te)2woS23h¥62 Ge3N4, A1203, (A, Ga, In)2(S, Se, Te)3pc¥hoP2@9d an
appropriate conbination of two ore nore such sem conductors. 10 In various
aspects of this enbodi nent, the at | eastl4one semi conduct or conprises a
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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



I n anot her enbodi nent provided is a process for controllably assenbling a
sem conduct or devi ce having elongated elenents with a characteristic

di nensi onwigv2a73der ansverse direction of the el enent on a nanamdieEescal e,
the process conprising: producing at |east one first elenents of a first
doping type, orienting said first elemenitdin a 10 first direction, and

connecting said el enent to.at ast _on rst c nt act to al I QW an

el ectrical® WF?@W{OF%IOW %ﬁfoﬂlﬁrc%ﬁﬂ“{gﬁg §1| 3 §% titB> Hiamoadsifo fsCaBpect s of

thi s enbodpmpy); BISIESIC WiSSS sﬁ-@htahe @ecsamﬁc SeR/AY/BAY CAMA@/AlA%%éb one

second el enent$’ of a second dopi ’ &ﬁorl enting sai d second elenent in a
@%{Ing@ f

second di r GeN{GaP/Giaps/&raShs I/ IN/BPBs, AN/ ABHAIAY AlSban el ectri cal

Card- second RramarATReSh BE AT S s RS o SR M et 11 cal

currents tOHgsmmmmeSr&s%!Beﬂte/MQS/M@egm@s GERITERTE, 1% SAEOERTS, PHOL her
conprises connecting said first elenent to sgaced Zﬁart contacts and

arrangi ng Bbgdttseel F@Eecbgbﬂuﬁﬁ{@uk HeFndeel Sl BaP N GRESR: t he

aced apa t t type i s one
o e type  EhaEPR sy ARERY, CROPABAIPIHC WHAL 68 1o PPERRSIIED 1 ©

dopi ng t yp&el2sSi3Ndy pe3NanAl2Z03 yfpleGat INPES, Se,ris)3, AdEOnand ypapprsprintd ype; the
first el emantbls orlfﬁnted é)_l?‘/?éa{)upi1 8: é | east one of an electric field or
a fluid flSUPOPRLOTOLLYP OLf MIEHIUCH SCOPOPRIMRIS in the fluid flow the first
el enenfpis ori B{WRbubYsRERloY Y eAbSBARAN ket 149U ne st o8RBT RV, 1S
oriented by applying at |least one of an electric field or a fluid flow,

the seconddenaakiam 4 groyp sonsiiag of:re p-Awefdopind fonptroupd Il afdhe porindit teblshamt i s
oriented by, %04%?&%&@8@@ FHhe #&%dic taneyﬁ)- O&o@ ttsrga %ﬁ'frrr%ng Qv ded

is a senmicon evi ce, conprising. a SORET Ag ﬁ) array
of metal conisitihg pf:B le(mdhﬁ;ransmtytpe ldopdre sEadted Homecerotp c@lstting o€, As

comuni catiop wth the arr a ng a first bar fornmed of p-type
seni conduc Sl?ré‘rilepFélOP%g%Q @3&’@% Bg’te peppdie dab g‘?’ agntyRe doprat §§?ﬁt%‘i)¥f6@ct or
nanow j£ 39g cgﬁslgtﬁl%saapfgdzﬁw ahd D@ w@yge' sllt%m @?Qur#)ﬁ? B8k géﬁeél@d

transversely ereto an aspect of this d| ment second bar
spaces bet teblena p-type donaht mhctqd@ommrgoumsmg)eﬂ C7:8651 POT AySEL/i26208ed - 17

I n anot her cenbodi nent . . provicded-i S, a Mgt hod..for manufacturing a nanowire
sem conducfr81|nad% P%go%sbﬁggiog%ﬁg(}%gssq tsngeﬁiﬂh % first nanowire between two
contact points IbyariRiphiped ofl tHioE@Bbditlent) Giee @dast diR s6@ioRdHctBiols Atbsilk-
positioning a second nanowi re between two other contact points. 5 In

anot her enBoRfdnEsemisoBdiderFomprisen et bred-carsrarepndusiong ¥olisgeisapplied

ts ﬁ mt CcopAUCE QhssAEMhGRrCHTRG (cRdsBh Jeifi i BrsS MchERi MhitbtONGv e IBhS1E9! ONS

width of less than 500 nanometers; each semiconductor has a smallest width of less than
100 nanometers; a wavelength of the emitted light is controlled by controlling a dimension
of the at least one semiconductor having a smallest width of less than 100 nanometers; the
semiconductor is elongated, and a width of the elongated semiconductor is controlled; the
25  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 the controlled dimension
of the semiconductor is Iess than the minimum shortest dimension.
In another embodiment, a device having at least a doped semiconductor component
and one or more other components is fabricated. A semiconductor is doped during its
30  growth to produce the doped semiconductor component, and the doped semiconductor
component is attached to at least one of the one or more other components.
In an aspect of this embodiment, the doped semiconductor is at least one of the

following: a single crystal, an elongated and bulk-doped semiconductor that, at any point



selectively attract nanowires. |In another enbodi nent, provided is a nethod
for manufacturing a light-emtting diode fromnanow res, the di ode having
an em ssi g pyavshengt h determ ned by a 10 di nension of a par/gdsnsélo9n

bet ween two doped nanowires. In yet another enbodi nent, provided is a

met hod for manufacturing a semi conducto®-unction by crossing a p-type
nanow r e ag]g an n-type nanowire. |In another enbodinent, provided is a

met hod of &SBEHBIINEYUGHEL B, et &lasgeshefatserotional denayrion less thansill ace, where
the net hod,gQmRiids) e aal?éesstﬁidin% ARG dEpddl! s@fgﬁc&hﬁﬂtoﬂ@ﬂﬁ% hétdfie p&ljiﬁ%none or

nmore el ongated structures onto the surface; ali1gning the one"or nore
el ongat ed Baving e amelesdwidthef kass flao 800 nadcmeateran array of the el ongated
structures. In yarious enmbodi.nents.of. this nethod: flow ng conprjses
flowing the fluPbviiouseSERar i FRERTIBG o SO OLEHBRmERSS 21 R ng the
one or 101 arebpPigaiondres tHeleinidoRgu@sr i Aeped duting ghdwitofithe §dd@icdidusiordi rection
to forma first layer of arrayed structures, and the nethod 20 further

conpri ses changlh@iosheyiembedingat provided if ¢ pigcess don qonErollahly pssgmblisg pon to a
second di £ : ' 1 ow J i gni.ng; _at | east
SEEOrSe o) AP RS D0nklts Ak n lydl ULABLARM, ALAORLAG: o)
second el org@tvede directvnunfehd ¢lemetion asenomdtensdady the roeese tompesifig:r st and

second el ongated structures is doped sem conductor .of . a first conductivity
Cype and aMdaHaRe at eftt bt S aleeieabind adirorpared et pucvintesd Shugegnine |
sem copgluctifk dREctRnSAOMAnEAMGUad ikl HerhR % atllBRt bhd Sist EANAUES A¥dh ¥nt yPE TS
p-type and the second conductivity type is n-type, and wherein the first

and secondeleptingauagnistortlost threugh thefirst elepent. j unction; the surface is a

a7y of ol angalotees baelP ol BhF S aEhneatiet Afher LRRREPl B

surface ofeagtirodk Redond ehsiandd ¢ a detaisdoping thge, OoBRinSREd SdcanPelementiie one or
nore el ongated, 30 s_tructt ured. are a{%{iétgn,ed onto the surface while still
conpri sed asoRhairgqtigngiifergnidram g tirgt dirrstion, spablng ap; alestiaend coptaghbeiween

fi ui ety pnalyetd,s1d et 288 EHeas‘éEoﬂdr@elﬁé}ﬁh éri:ﬂg c?ﬁlé@%‘éig% 9&({)1? A&kt 1 BTedsO

particul ar positions on the surface, al 1 gning conpri ses
at t r act i ngondhsscombcantact trallovehmelgettiea catrentdo lowsbetwednthe fiasttand sdcand

it ' h functionalities: 02/ 17362 PCT/ USO1/ 26298
P18 the ot BB BSRC o NGt mp s RS Wik gerha CaPRAIEMI L one or

nor e nol ecedscts ddWearraagingQf %]a%)éleétidd@ ?Jré)ﬁm@i_éﬁ@fﬂe_slﬁ& Sénelitihependhd fRacsur f ace
with one or nore charges; the act __of conditioning conprises conditioning

the sur f ac@Paf taske thsrebrdpaning gn &Eds thetfiiat depingdype somdiof ndwpaRy RROPRY i ses
con 4P 08 EOROMBIACS Ay BOE AL oGl B PGS SRR o 0
el ongat ed Séping type ésn-typepthetfirsidlanen dsoriantadbyappiting stuedsaore ofsantdectiiem cal
force; t heﬁglgltor gfﬂuid flow; the first element is suspended in the fluid flow; the first element is
oriented by applying a mechanical tool; the second element is oriented by applying at least
one of an electric field or a fluid flow; the second element is suspended in the fluid flow;
25  the second element is oriented by applying a mechanical tool.
In yet another embodiment, provided is a semiconductor device, comprising: 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 a second bar formed of an n-type semiconductor nanowire
30  and being spaced away from the first bar and being disposed transversely thereto.
In an aspect of this embodiment, the second bar is spaces between 1-10 nm from

the first bar



condi tioning conprises conditioning the surface with one or nore
functionalities that attract the one or nore elongated structures to
parti cul awgpRgizsg2ons on the surface using optical force; pgdieuathe98

condi tioning conprises conditioning the surface with one or nore 10
functionalities that attract the one or-Wore elongated structures to
particul ar positions on e surface using electrostatic force; the act of

t
condi ti oni ng colpiotis eg@ﬁgw%mrﬁ\jd@% a ia¢thedhtos mMgniRcBRing Gy nappyire
functi onal it ; : - Qr: L QRaad seys {
particul ar b%)déiglértnfug%g dg{r,\&% @Eﬂ?ﬁ%@gﬁt&@“ﬁ Er;gséﬁet | c?etf or ce%r{%e&&r%gat%%ﬁms
furt her cobpepsigsg agattndiahbetyetinthe sunthaiqeintsy positiening atseeominmnowirabeteveen
el ongat ed g}tgru ture§ ?t%jg?rti cular 15 positions on the surface; the act of
patt erni ng %Pr%lﬂ%oélaé’ B¥Shg physical patterns on the surface; the
physi caf patt er namtieer eh®Bah@smit, fro@des S hého Pk bl facBBe S BRSwirt he
surface is a  surface of a substrate, and creating physical patterns on the
surface cofgphicaediictpsidayice pomprsing formingeswfasp svithfong jes nupstgicnsdhatt he
surface is uhstrate, and creating physical patterns on the
surface cosn%?‘ﬁi}s{’rgéﬁagtg?cgéa@oﬁrgassenbl ed di-bl ock polynmer strips; creating 20
physi cal patt er hsamther embsdinhent.eprovidet isaasethied fog npaufaetudiyg adighgbmitgng

physi cal patterns on the ur.fgce conprises, using inprjnted patterns;

Bnd or  t hoiade g Rangyics, (B isHs Eadne BoRPRSIOR Ik REReEImBItONG 11 ui d

usi ng gy chaphglsionlo? 398l jncAARbetARBLEISdQPed hBhSwigbOdi ment . at | east one of
the el ongated structures are sem conductors; at |east one of the el ongated

structures are Hopddnetbet eobrilicent provided ivEmethad foromanufactutieg ®1 ongat ed
structures earieob&llllc{%- d‘]%{%gld %ergioco.nduct_tor S %t N e%at one of the structures is
a doped si ngre Cryst AMCSRMPE SHUTRE 82 YRY "TEEE BHETSF YPREX M et ures is an
el ongat ed and bl dotigpechbdeitheadIdoted istahaéthoddl BE3MBIRgBned)r ditde kloBgated

| ongi tudi nal axis, has a | argest cross-sectional dinmension |ess than 500
nanonet er s SUGUPERR R syRceorherRdhaethor Gpaprising ags o dlovgnga duithaind

bul k- dgped I Y j i A |l est
TR S R S R R S e
doped senmmoneloggabed stheturésorathe lseidade to i@nodn drey dfdahd elengeged sruetuney. e

crystal, an elopgated an | k- ed sem conductor that, at any paint
al )c/)?\g its |ongi ?%WW&F eﬁ*gf’@fﬁl%&gﬁrs&}%@?f ﬁewaggs@%t?ﬁ ﬂ%ngdﬁﬁéwgil’léﬁ | ess
than 500 nﬁmaﬁé@m,anaraggﬁn% E:@ﬁpﬁ&e%!&ﬁgﬁﬁﬁgﬂ%rﬁl& &&9@%@4&1 ORichfr36s the

N a a

PCT/ US01/ 26298 -19 seni conductor wit | east one portion having

smal | est wildidfleyrs indbe figsh disedtivn to frrondtstleyer afffarageeitictues, eahthsonethod
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Si C, BN BPBifsctioAldMdAkRiatindstercBhof fEatingaR! MiphiddCaiaasta st omRfcdsAaéurSh,
BN/ BP/ BAs, _Al AéP/AI As/ ALSh, TciaN/ GaP/ %A@/ Gag,@, | nN_J nP/ | nAs/ | nSb,
T0Q 2 Zn BTG DIVt T COAETE! RSP BB R tructine from the Second aray:

one of the first and second elongated structures is doped semiconductor of a first

conductivity type and another of first and second elongated structures is doped

25 semiconductor of a second conductivity type; 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; the surface is a surface of a substrate; the method further comprises
transferring the array of elongated structures from the surface of the substrate to a surface
of another substrate; transferring comprises stamping; the one or more elongated

30  structured are aligned onto the surface while still comprised in the fluid; conditioning the
surface with one or more functionalities that attract the one or more elongated structures to
particular positions on the surface, and the act of aligning comprises attracting the one or

more elongated structures to the particular positions using the one or more functionalities;



BeS/ BeSe/ BeTe/ MgS/ MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe,
PbTe, CuF, Cud, CuBr, CuT, AgF, AgC, AgBr, Agl, BeSi N2, CaCN\2, ZnGeP2,
CdSnAs2, wongn$k2, CuCGeP3, CuSi2P3, (Cu, Ag) (A, G, In, HCI/F®)IL&S Se,

Te)2, Si3N4, Ge3N4, 1o A1203, (A, Ga, In)2(S, Se, Te)3, Al2CO the doped
sem conductor conprises a dopant selectéd from a gr oup consisting of:: a

p-type dopant 11 _of the erlo an n-t nt from
G oup V of &i%haé:I %fgc;ppg%’él% A0S °°“td§ 8m§ob f‘l‘fr? ) e@t%’ﬁ q%‘ﬁgglo(ﬁe@ﬁ%

consi sti nga@fof c&ldlt%mﬁgldoﬂlﬁmse%@oﬁldﬁmﬁﬁg depanhcswiteoheor bR ohargdk.aHPact
con5|st|ng gf P, .As and, Sb; a p-type dopant fromGoup Il of the periodic
t abl e: SAFSItipmIng oy ses P%thl%mf% Baswriagedrih usrsimer mpgsetos:vbe az®f cd
and Hg; a &qﬁlﬁ type
dopant sel ec%%%fn?%m a ré{egggﬁ%ﬁg?%%h}éﬁg&% e%gl 61%%1% lgﬁp n%%nSng? type is
sel ectedl f ramitongupihe sudae with nge mfmo@ﬁmc(ﬁ@palﬁm,s tit aBeactithe ofie pr troee doped

sem conduct.or i.s,doped durin rom.nh of t m conduct or. . L.n ot her
erbod: ment onpuE SERETRE Rt et doB o e sG o O e hmicaLFeln At 080
structures c&fﬂlﬁ’orﬁﬂ% ¢ 1seﬂ\’66lﬁcﬁtl&uﬂglﬁle%ﬁrf5&r@1ﬂ€)5né San6leFaaH oM iRs kgt ur es
are at |east one e follown a single crystal, an elongated and

bul k- dopedaié@sh th@ﬁ@l%ltl@pretqitamgateélts TapiyiTes bo PicERBPRFitiQNs ondheysurfags HENg axi s,

has a larg a
Froe. st andy s e o O BUTRD it Bl il B sl RSRE Blctr S0

havi ngr@ sfiaictiesilities tahattrhict the sné blanoﬁ%ngaﬂed BRUGu®s t@pattivdier gisiticnkenmet hod
conpri ses % gg[is of andltlonl n% e surface . wi.th one or 1{1}{;

funct i onal MeisuEagngFleGtEpstatic ferceyfae gt of fopditioning eoimdses contitioning theg

par ti cul ar sRegk Wit heQdR nkdi6 reitiibANRies ARFa@bbARE B 6%0&@0@&@@9[1&11165 to

el ongated structures by attracting the one or nore elongated structures to
the parti putiewlappnsitidng9s thmm@lcc heing magueticrforce; ﬂlammth@h@rﬂlen e@snprises vari ous
aspects of this e ct _of conditi on| C ri

cond ¢ ont Ryre TERRRE tnehdn B8 on® b PRGOS it

condi t i7oni p@u@@ﬁ%ltﬁ@&ufaéeﬂmwabmpageﬁm@ csufph@@eremﬁgﬁpmﬁappau@ﬁfs&m&h@r ges;
the act of conditioning nprises conditioning the surface with one or

nor e rragne?lg?cestth%Phﬂlcaépa%‘?}’ﬁﬁ?ﬁelt@ﬁ?h?@ the playsicad patterphare sicop thysurfree &8 f ace
with one o I

021 17362 POFTCRSLT SEbyge 2Tk SRR LaR o R rRLE et it Ml

one or nor blﬁ&je@tt@abédlewbﬂmtmrthasssmfacpmratsucﬁabaofa psirstecms cosrtihp phydicdl ace
usi ng chemﬂ? for the act of condlhl n]g (ggnﬁ |se condi ti oni ng t he
surface wP eono B aCS ORAIS TR jeless Frlgek P{@e’éﬁé‘P%rcr??HP

el ongaped physital ger tRend ¢h P8shiifhdé RpRRS dsirfdittems! 88attiy (3 SRalYmtiBGs %Htthec al
force; the act of 5 conditioning conprises conditioning the surface wt

one or nor &irfagheemprigasiusingsmpriated pattengcndion dhegsbobilowpesoamsngat ed
structures.t 0 B th Wodl oARS ibld U heH ikl SUr f ace using

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

25  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
is a free-standing and bulk-doped semiconductor with at least one portion having a

30  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



el ectrostatic force; and/or the act of conditioning conprises conditioning
the surface with one or nore functionalities that attract the one or nore

el ongat edwst j2uéidares to particular positions on the surf ggg/uphngogagneti c
force. 10 In additional aspects of this enbodinment: at |east one of the

el ongated structures are sem conduct ors9-at | east one of the el ongat ed
onductorgs; at. |east one, of ted

structures are doped sem . . he el opga
structures S%’?léorﬁﬁ’f’lf?-r Hﬂgle‘ﬁ(i%aém@d??a%’c Rving *’(ﬁm"’rlla'f’éfs‘f‘“deth%E I qe"?fég&%t ructures
is a dopedpsionghds;ahy absdd SERGRNINCMpristd a b@Rbndittor Al BE Aot Highbupes s
an el ongated and bul k-doped sem conductor that, at any point along its

| ongi t udi nednsisiing of:MasGe.55m Seafgy&s Dianask PsBeC.iBRaBPG); BevisPiod, ieGs Sittan 500

bl k- dopec B cBnat EOVER B AS G Ry AN AT S SR GG R NGRS Srml st wi it
of | esss t haN/BI0InAx/1a8BI BNABP/Bis| SRFAIAGA 9A1$H) G/ CHRAGAASAG4SH, a doped
sem conductor _that is at |east one of | ow ng{;I a_ si n%e crystal, an

t he fol
el ongat ed HAIddmsdepelurnsdigadade. ¢HYCISeCdd ey HeSeAledhg it s
| ongi tudin kS e S Ch i hQn an
500 nanonetﬁg§/§ésglr]?§ %Mﬁﬁ%&%ﬁ%@hgeﬁ% %giﬁ%&%hgg’rmﬁjggé?%%%b?g at
| east one PoFiCedl, RaBigulaAghphApEl Aghir,ddgl, BESINGs CaChnZb06eP2, thiSaks2.ers; t he

Consi st ngZoriore, ChgEPIRCuSERs R KRRt 1. BE58, ol laflaBeiiPy
Si-C 9 - G263, (A0 Gamh268-SenTe)Si 1@12@%&%%%%3/61%&%&%%1@ 1RsPdopant

GaN GaP/ GaAs/ GasSb, 25 I'nN'I nP/ I'nAs/ I nSbh, B N/ ALP/ Al As/ Al Sb,
GaN GaP/ Gafdgamsdisom 2 ginpp amrsisting of: nsprtyperfopapidrom Sapun ik of the gerinie tablete

HgS/ HgSe/ HQ T ; Ge ¢ SnTe,
Pho Pos, PhinrospaiRgnghlfh i AT odi iR ler ity R Sllfed S o TRy
Ca)CE\IZ, ZnCgiddp chikmidgf: BZABmshz; alﬁn-ﬁqﬁfﬂo?ﬁ?ﬁbﬁ%d ﬁ(OjfﬁJa(t gﬁg))(c%sisti)ag,ofi n, Ti,
Fe) (S, Se, Te Si 3N4, 3N4, 30 A1203,. (Al,. G, In)2(S, Se, Te)3, Al12CO
the doped s aE Sherie g sk OraU DS PebiBr G ¥ p-BiReloga gplected

consi st Ngggfy 4 gt@uﬁbéﬂd?ﬁix%‘?ﬁaﬂ? 74,900 4aq4P. & §-lypRTdobdif fREE GAIpGViGRhE:  an
n-type dopant from G oup of the periodi ¢ tabfe; a p-type dopant sel ected
froma grpepdiotabliese prgpofopaBt selictedrfibnh pgreup consipideg ofo faamd SBehwtared- f rom a

group consjsting,of . VWO 02/ 17362 PCTLUSD1/,26 9% - 21 nd, Sb; a p-type
dopant fror%pélso%becﬁdfgmtafﬁgo%e?qnglﬁ e ggf’g%’ gn’pg’t paé’d%pﬁﬁtd%’g%q ected from
a group cossmiséndugtodfis dded déring Ebvah of e seiddndiydder. dopant from G oup |V of

the periodic table; a p-tgpe dopant selected froma group consisting of. C
and Si.; and anlnanothgsgnbgdngns dissipsed spngthgd of pssemvling pregf mere eigngaicd, sp,

S SoRl TE oS, SALERNIY e L pSSaRt A B Pl ey
plurality th 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, and wherein the method comprises
25  acts of conditioning the surface with one or more functionalities that attract the one or
more elongated structures to particular positions on the surface, and aligning the one or
more elongated structures by attracting the one or more elongated structures to the
particular positions using the one or more functionalities.
In various aspects of this embodiment: the act of conditioning comprises
30  conditioning the surface with one or more molecules; the act of conditioning comprises
conditioning the surface with one or more charges; the act of conditioning comprises

conditioning the surface with one or more magnetos; the act of conditioning comprises

conditioning the surface with one or more light intensities; conditioning the surface with



el ongated structures on a surface, wherein one or nore of the el ongated
structures are at |east one of the following: a single crystal, an

el ongat edwand/ibs2k - doped sem conductor that, at any poi ntpcaluseg2698

| ongi tudi nal axis, has a |argest cross- %%cti onal dinmension |ess 10 than 500
nanoneters, and a free st andi ng and bul"kK¥doped sem’ conductor with at | east
one portion havin | ess th 0, nanonet er s

oher el n t HEALHOR Bk RER S dhat e one §Bts HEnepHid ramE s prrgedlar

el ongat ed sdsititis léhQﬁe a&fa@e tubiflg SherhieslGorcaBle abl (Fbhdiidhin c6Rprigisng t he
surface to produce el ectrostatlc forces between two or nore of the

plural ity emditipaing hegatfecs with o aymeeye fumtippalities ithed sttiagigbel PREAEBOBE t hi s
enbodi nment . I I t ed
ctruct ur s PR RS b fool R SRR e Lt s BRI E BFRE'RL, o
nor e el Hngadnditiomingaionrises bmdaﬂmlmg thh emﬁzaclewam ot @ nosre fmdctional2iep diat er ns;

and/ or the one or nor tern ise a rallel array. In additional
aspect s of 2HATIdNeARORA, heRlognl saibin & b RASEIRGAPR d1oFAe WS 20
are sem cofgdufdsRiie foRk; ARARIhONS oPéorId'ftﬁmﬁ{ rs SSddREdi LB Mnfacdpar

semi conductors; at |east one of the elongated structures are bul k- doped
sem conducemeray; m@m fecsionalties thyt atttaet ths oneot woeselprgateddtpedraesitaghrticalay st al
sem conductort X &Ie ? cQne of thgetstfroyc%tures is an elongated and

bul k- dopedp%sé 586 FRArS e any polnt along its |longitudinal axis,
has ajd argest Efe@lﬁ&uﬁﬁbﬁspeaabfmimd@rﬂeﬂteaseashaﬂib &QBe slongned angiurad | east

one of the structures 25 is a free-standi ng and bul k- doped sem_conduct or
with at | eHgseicengiitenson leastonrpidhe dppgatedksirugiuges arg fopedsemiqonducipns; at
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is at Ieast one o low ng: a single cryst an e ongated and bul k-
doped semi stmwdmcﬁlsta d:o[pacﬂ singke qy@alpm@n@mrgaﬁ lesst bongf the dirmatiresisian, has a

| ar gest cr secti.0 nsi n 500 ters a

1 eos ot andhnEaR B opureaRe Sl E Rat or By TR RIcHe TRoaestgRel pds-desn
havi ng;a simkdaérodd-siciordl die&sidn1ad tRAOS0NMEIRIEES; 3t ch@nél6P@E structures
sem conductor_conprises a senm conductor selected from a gr oup conS|st|ng

of . Si, Gelsadpee-standinganddhullpdapasitgmiqondeetor wish pi lgeg pne porgon hgyinga gj -

550 o0 NGB e ALIEI AN M L e . v

ALN Al P/ Al gssadiédrfdactoteiish (Sede/ €aatisrle Gl Bie follbwidlgh aRinpeAsdtaiSim elongated and bulk-

ZnQ ZnS/ ZnSe/ ZnTe, e/ CdTe, S{ HgSe/ HgTe,. BeS/ BeSe/ BeTe/ MyS/ MySe,
GeS, GeSe, %éem’&?é u%?réga‘f wpogge( Hg»b%l% E”B*F%% éﬂrg 5= Cubr,
Qul, Pégd:@%?%%al BoBnsifs (FES0Phan RO, a&![')@&?xpgastaﬁéﬁgﬁﬁg bufk- a?ﬂ%g@seegm
A1203, (Al sen@pndmngoz’@sthes asﬂ@)e@brtmpzl@@ngtmnaibpte@dﬁecpﬁ lcsshuma@r conpri ses
a dopant

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,

25 InN/InP/InAs/InSb, BN/BP/BAs, AIN/AIP/AlAs/Al1Sb, GaN/GaP/GaAs/GaSh,
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, ZnGeP2, CdSnAs2,
ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, Tl, Fe)(S, Se, Te)2, Si3N4, Ge3N4,

30 Al203, (Al, Ga, In)2(S, Se, Te)3, A12CO; 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

group consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P,



selected froma group consisting of:: a p-type dopant from Goup Il of the
periodic table; an n-type dopant from G oup V of the periodic table; a
p-type dowani2/igsd2ected froma group consisting of. B, Al paTdudom262@8 n-type
dopant selected froma group consisting (if: P, 10 As and Sb; a p-type
dopant from Goup Il of the periodic t apl €, a p-type dopant selected from

a group consi st g of: an a p-t) dopant from G.oup .|V of
the' Cperi ot 84 SR tepeppfdtaps Sadib WP hetheltort Bhie i Bog BT SRrRY of *
and Si.; apémaigroup tymesting oFNECEEEd MA@ 3-8 d6pas vk GBIV dBithe Ge, Sn,
S, Se and Te; the doped sem conductor is doped during 1:?rowth,of t he

seni conduck®iodiciigblena peypadrnaniselested deime groupsoasisirgol € and bt pesharn-
assenblin j it f 0 u r erein one
or nore o?t Y?ﬁg %F%kéga Oerg aﬁ@&c@%@%@%ﬁgg? © Fg’as%’?‘% oa%gs%f {h[%%@p ?%Tl ow ng: a
si ngl e Zr ysndtondamotoe lisodapet ddrimpngrolwih kf the pedicoadict@nduct or that, at any
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|l ess than 500 Ir’i’a?’?(?ﬂ&r@ N lgf?&t=£}$}0é%(fl§taalﬁ6‘§*ﬁ‘§°§?ﬁae% e %@ conduct or
with at | egshgAREstARNRES b #BurhRY, Wikkréin DB Bdte ¥ e BloAkab @ StuchaNa P

nanoneters, and wherein the method conprises acts of. dispersing the one
or nore ellsaganeof Serfoleowingsa singla coistdl saneclorigated angd butk-dqpied semicondunton a

Langmnui r - I conpr j 4 h n ir-Blodgett fj.l .an
transferr Fﬂrlllge g ﬁéen%’cé)orlr%{r%%n lﬁgﬁ élrguﬂ?drl Ea)ﬁ?’oﬂc’i%gg %5%? Slrt Icﬁsg'%%gloéalsdﬁ@g}é%%r} Pels'fﬁ an
aspect ;of {hhh SO AauhdTens] andtdfeeesdtiidigeandbulbdoped Jeageondhictar #ithat leaét®dne25 I n

addi tional aspects of this enbodinent: at |east one of the el ongated
st ruct ur esPortip hawpg @ spallest grdth of fesp thar P08 manespetens cand) whegein de Behad: ur es

are doped aﬁgﬁs RIYC LR R posdfing hE BRlkalRPBf O d §t &d &fto Bl -Gndare
bul k- doped s rﬁonﬁuct org(;) al%gt:hegstaoge 0 n%%g g@?&ct%ﬁ%s i%%b%%%gd

si ngl e- cr yslectticalbnélmogiog dtecurface tolpeadice elvetrodtatichorces betwteem 68o dsmare of the

el ongat ed and.bul k-doped senm conductor that, at any point along its

| ongi t udi n@f’raé‘%’ gfthﬁggon%teggﬁr‘é Y&%t cross-sectional dinmension [ess than 500

nanoneiers; at heasfoudebedinich oFithis einbb@ment: $hedelbdtRRtalit BPeNBuANGe two
bul k- doped sem conductor with at | east one portion having a smallest width

of |ess thAimoGelongatadstiastresde alignibemseplues thadiectiostetie faseassapss the tivper
sem conduc ' : . owi_hg: ' stal . an
el ongat ed ltgﬁltt:f %ﬁ%at%t%ﬁ%é?%% %é%l%%%%g@e &2’2&88%1%63@3‘%8/8 gﬁ\ uoéjt%oo’r]lr
that, at amyremittetnsadoamngise b padatieigirtaydi nal axis, has a largest cross-
bl k- doped SenTEURIRbIPEE A B FERCIEHEa Bt PP HAG FHREAGHATFER wi dt h
of | esg t hag salRond@ANIEIEEST o T tROBBAL SR RARREECAS HofNRi®Bdudors; at

sem conductor selected froma group 5 consi sti ng of: Si, Ge, Sn, Se, Te,

Di anond, Pleagoge oftip(dpapted strgituresiarabullgiopms segpcaductarsiatieassane of @s
BN/ BP/ BAs, sthL‘l]ch@g ilgl a'%io’f)‘gé 's%lng%lcrﬁ%hv S%ﬁ/o%\l%ér%gast one of the structures is an

elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has

81

a largest cross-sectional dimension less than 500 nanometers; at least one of the structures

25  is afree-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,



I NN/ 1 nP/ 1 nAs/ 1 nSb, BN BP/ BAs, ALN Al1P/ Al As/ Al Sb, GaN GaP/ GaAs/ GaSh,

I nN/ I nP/ 1 nAs/ I nSb, ZnQ ZnS/ ZnSel/ ZnTe, CdS/ CdSe/ CdTe, HgS/ HgSe/ HgTe,

BeS/ BeSe/ BoTR/1W83/ MpSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, mel@soPk&9s PbSe,
PbTe, 10 CuF, CuCl, CuBr, Cul, AgF, AgC_ AgBr, Agl, BeSi N2, CaCN2, ZnGeP2,
CdSnAs2, ZnSnSh2, CuGeP3, CuSi 2P3, (Cu',zzAg) (A, Ga, In, Ti, Fe)(S, Se,

Sem conduck BV 1o8s IV ARUAIIMER TS e RG0St g of - a

p-type dopRMN/IiF/RAsE S ¥ A0/ n9ZnBEnle) CEslCast/alire; HgStAgBeHigTe, dopant from
Goup V of _the periodic table; a p-type dopant selected froma 15 g}roup

consi st i ngBe$/BeBe/BsileAeS/ MegSeafieh-GefseCabpams, SuveSnde BhQRbs, BpdsupbTe,

Lo .5 _ - _ odi
Cable: o pCibicitl, cB 0, 200, Rt WEBE AERBRING Ca Ao, s A2 P and
Ho; a p typeSuRipatuGePrEizRy (CV, of)(Ah&a, pefll.dH)E, Sallle?, S3N4.1GeRN4jopant
7926150 B2 040 SO0 o B el S
sem conduc{dcidSiroaREHoEEIRBAE O DpRfpd Jb?aﬁﬁfﬂlﬁ CREYFIIPEF thé ?eﬁ&ﬁ& Bl

enbodi nment, provided 1s a nethod of assenbling a plurality of one or 'nore

el ongat ed &t w-dixpedopgnidiora Growr ¥od theprsiodiatable; 4 pdyte dopenislecied fminagat ed

structures e . fnO f- the follpw na; i-ngl e crystal...an .

ol ongat eq Eaarsafis AP oRLrRintdite e R Leiched S Sefb B igyntie P

| ongi t udi nAk ad& 86; a pagpealopadidash Ges@sH of @ripesivaic tsblepnstype dopas selectehan 500
nanoneters, and a free-standi.ng and pul k-doped sem conductor with at | east

one por t | BAMPEPAR consisiae PEVE el By Heap-bing dormt fieanGrpd Vsof thad
wherein t : . GOnRL fe  di i 3 fq; ongat ed
o ruct ur eo SOk Afle, £ BTP6S SEEn AR rorl» BRAIT Ao Lo s TR PP
di recti on type v ssthetee feors hearupf wnsistimgoft Be Gen&nds, Seond Teethenlgpedd struct ures

t hat causes t.he at |east e.elon ed structure to align in the 30

di recti on;Sef“Eﬁ%Qﬁ%ﬁ@rtl%‘iOpF&BW’ﬁg %ro%&%pflgb,ﬁ S%Eﬂ&fofl?l‘éf‘ﬁ%rf erring the at |east one
al i gnegh el ongat Rflyet shétHe dhitd dirferd, guw‘da@ & a MBth¥@bf NIEMPBRES pRirity bhi S

enbodi nent: the direction is }%gral el to a plane of the surface the act of

st r et chi ngeleneaied sawtuses e & HrRgeWeeteinore B Bormelthy clapgaiedisirustues se@hl |y WO
02/ 17362 P@ﬁgﬁg %}tlf ﬁl@Qf?@owﬁl :4a Eiﬂ%‘ég‘:ﬁ%t rll,oa[ngeg?llaggatalﬁ a?lﬁtbugcf—%%gasérﬁ{yoﬂ&gcﬁg rises

stretching I"exi b matri X a y-indu orce; e act of
st r et chi ngthat) apanysgantstloref ichongjtudiven] Bikigxhas ladangedt kioss-sedtionalalimension less

e AR T R
surfacg of pgishBatihakemalléle widiBbk Rls§ than™8b mborhterd, £l WEEREn th'maddit i onal
aspects of this enbodinent: at |east one of the elongated structures
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-



are sem conductors; at |east one of the elongated structures are doped
sem conductors; at |east one of the elongated structures are bul k-doped
sem condustoong;y3@at | east one of the structures is a dopedCaiusylirewsyst al
sem conductor; at |east one of the stru t3ur es is an 10 el ongated and

bul k- doped sem conductor that, at any p nt along its Iongltudl nal axis,

has a |ar 500 at | east
one of theg(gqsruc urzlga&:‘\}sﬂlgp?{re X aniln g g%%?%ﬁ“ﬁl%f%%é’& %e%‘rr% gﬂrgﬁ%tor W th
at | east osetippaltdifensi@viesghan SGnmdnoattersadi b fRt-st@dmgtahd bufO@opeanonet er s;
at | east one of the strucﬁures is a doped seniconductor that is at |east

one of t heSSBCPRHCHY Wit algqs %led%oijfé‘irhllla"l%na nallsstavidih efdassghakS9% doped
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cross- sectional dinension |ess nanonet er s, Fee-stangi ng
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BN/ BP/ BAs, WA&%SM%/ZAJQ%HS@ﬁﬂé@ﬁﬁ@d@ﬁ@&@@ﬂ e.| Fey/HePe/HeAs/ | nSb,
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a dopant aed@LiRd dd, GeOorH3CA t Qgﬁl@ G oup
1l of the peri tC()dI C tgnggs %n tl;??gotlgﬂgonﬁtéﬁs?nc}%om&d&%o thaeécg eriodic

table; a psetlmf)@l ﬂ@pairgfomumﬂsmg of: oarrpﬁypegmamt foomm Sireup Whofthe pBioddd tabtey | n;

an n-type do si.stin and Sh; a

p-type dop%‘h oé IC{T gﬂ"nt ﬂ’lFaab?g' adoBal?VS% @@&?ﬁrﬁ 3sel ect ed

from argr ogpup @aﬁslﬁingrbg‘ BfAl ad, In,Zam n@bemgaﬁﬂgeleae@ﬁbﬁp@gl@@pmﬁsﬁtﬁ@mf@ oup

IV of the per| aodi c table; épq &ge dopant selected froma group consisting
3

of . C and 45 and §hep patyne-dopgagdr @I‘RthOé thernegadis teie dp-beessosant seleeed Sj |
ng (? gndﬁcfrg@ E?%gd% pecﬁég“ag ?ﬁgﬁ gr OM(%@&#!@? lg#é c‘c?&%{ttj%t@ gﬂrgérourﬁ) %gnooftt er
embodi ment perprdowiatileda pdype dopsirieseidetad ngmwgrcglpa:odsipthtg efe@iandridyetdan n- t he
ol coul oo BPeE SO Al B R B S S groBt Jregegerthe o
sem copducimicdubtor fEddp eaﬁhﬁggig@wtpﬁfma@eﬂ%ﬁduct&ur ing gromth of the
sem conduct or to produce the do sem conduct or
In another embodiment, prov1ded is a method of 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
that, at any point along its longitudinal axis, has a largest cross-sectional dimension less
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-



I n addi tional aspects of this enbodinent: at |east one of the el ongated
structures are sem conductors; at |east one of the elongated structures
are dopedwsenriigamductors; at | east one of the el ongated SOMucIonressare
bul k- doped sem conductors; at |east one of the 10 structures is a doped
si ngl e-crystal sem’ conduct or; at |east ‘0fe of the structures. is an

PR R S AT AR MR R R RO

nanonet er sg tadaulyeﬁ@ice@ Rec&fthd 2@ oS btkatehibg ESmprises surdtElgng HeaMKitlg nAfsk with
bul k- doped semn conduct or with at |east one portion having a smallest wdth

of |ess thameshmieallygneduced dorcaitthe agtnf sefehipg comprisps ﬁtr@tphm%hq Hexiblg oppsrix 15
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and purk="do ea ng 1ts
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sem conduchRlsemQBRENGSS; & léﬁ,ﬂbﬁé)cﬁqld«%l%%&@d &ﬁicﬁﬂesf a[r@ Hb}%ed%reﬁﬁ&n@lﬁctﬁfénﬁﬂ sting
of. Si, G, Sn, Se, Te, B, D anond C

Si - Sn andle@;tosn of &e@lom@/sm\stureﬁ\w MP/dApﬁtsem@mdu@aw &lPACans ofzhsh,

e

Be SBe Sgy Bedlehpdi&l MuSsuik-Gofed s@ﬁﬁ@nd&ﬁﬁﬂlaﬁﬁﬁmﬁfbﬁﬁ al Ehs, loﬂﬁi@duﬁﬂ) Sxis e,
PbTe, 25 CuF, CuCl CuBr , tﬁ% AgBr, Agl, BeSi N2, CaCN2, ZnGeP2,
CdSnAs2,  Zipegeshorosysrelipnal d@e@szmleSS( mete@ at Jepst opp of the)spracturss,

Te) 2, Si NG, 5 30N di g%?d%l G ed s%}'hl drldh& éxs}mtﬁﬁt led&)oRe B@ijh%gﬂaw dOped

seni conduct or corrprlses a dopant fected froma group consisting of:: a
p-type dopsmalldst widticobigps thhh 500 nartwlqws,labdhastmmmfd)e stmntunestiy pdop@apant from

G oup V of the rjodic.tabl e; ant. slect d froma

consy st i ng=SheoRtela? tahif feaStort, b BB HEAR uaEiu 1 Bive ey BEE
consi st§ Ngdéfed sBmicohu@ttthShat dyRpointRendaRaMgifuliRa] 4%i9WRs hhargést tRgs-per i odi c
table; a p-type dopant sel ected  from a group consi sting of. Zn, Cd and

Hg; a p-t ygestigeg) dirpensignesstbipS (0naomefess, apé pfiseistangdinglaad balkdeW§e dopant
el ected f r 7362

per/ Uso/ 26305 R RaBaR eSidbeplion hnBilth ShalesANMUPN Bt S00 7S

Sn, S, Se ammnlkdcrs tthedmne;dmmdu@mmhmques asexﬁom&lﬂnctdm Bd:lacge@ﬁﬁmtahgmﬁpt he

one or mor ETEIURBAT o Ceirustue: bbbl e B G B re e
means bor fhoueg §id, BN/BPIBRS, AQNV(RIP/&Q%/&IS%“GaNY@aP?GaﬁB@aS@' ongat ed
structures onto the surface; and neans for aligning the one or nore

el ongat ed BVidVinmednBh H%%Aﬁa@@/ﬁﬁ/ﬁﬁm GreNagalisatisgsasbongat ed
SUrUCTUN €Sy \/1nP/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, ZnGeP2, CdSnAs2,

25 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, Al2CO; 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
group consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P,

30  Asand 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



I n addi tional aspects of this enbodinent: at |east one of the el ongated
structures are sem conductors; at |east one of the elongated structures
are dopedwsenriigamductors; at | east one of the el ongated SOMucIonressare
bul k- doped sem conductors; at |east one the 10 structures is a doped
singl e-crystal sem conductor; at |east one of the structures is an
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25  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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f r ee- st andicHECHNYCIon Mthers fset eemosdmchayingra sallesawidieeidlessdhan 3 ti on havi ng

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;

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



smal l est wwdth of [ess than 500 nanoneters; at |east one of the structures
is a doped sem conductor that is at |east one of the following: a single
crystal, wo®haengat ed and bul k doped sem conductor that, @CTarspipeidst al ong
its longitudinal axis, has a |argest crqoss- 10 sectional dinmension |ess

t han 500 nanoneters, and a free- standiﬁé and bul k-doped semi conductor with
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r oup. cons PP PREsTh PR ZyBzndy ZATE, R CAS, B AT IR PP ST (he
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pnt ype Sgpglgl? @g@egf‘ég ‘ﬁo%gag @hg\]ggén‘gffsbﬁ‘%@%?agwpzab%@ d§ﬁg‘3%’n n-

type is seygsisg CLORP2 @iswnvs g@iaSAg)tAp@}aofn T§'Fe%(@eSes¥‘b2 $i3eg, @aylale; the

doped sem conductor is urin e’ sem ¢conduct’or. THe
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PCT/ US01/ 26298 - 32 BRI EF DESCRI PTI ON OF THE DRAW NGS For a better

under st and#iqgP Gf’nst“ﬁ@gr?rfegeﬁlc andd it 1-Hpe @Bﬁlgrsé]ﬁéféd fLonha group soRsging of: P,
f
acconpanyi Ry, 3y gn%er o Gt (RS G B?Eh% Hl?“c?dl? ag)'tssfg d%gﬁg%ae@t@&i in

which: Fig. 1'1s a tive view'o arrpeo uct or
article, ofromaargmup eonsissing pf:ddg.ofg ﬁﬁkﬂld\dﬂg,m ratype libm:ht lﬁzlent anuptlfv(eof theent i on;
Fig. 2is 13 i ed tsch ttjfc d%ggram of an exar Q&J aSS|sted
Catal yti o g Rols beads FEne Sl B En denBlei adtat: Cont Sindte
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 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 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



Fig. 3is a schematic diagramthat illustrates nanowire growh; Fig. 4 is a
schematic diagramthat illustrates an exanple of a nmethod for 10

control | iwe gansys re dianeter; Fig. 5 is a schematic di agrigtvitdaaberos
illustrates nanowire fabrication by deposition on the edge of surface
steps; Fig. 6 is a schematic diagramtha&l-illustrates nanowire growth by

vapor deposition in or on an elongated tepplate; 15 Figs. 7A-7E illustrate
or t hogonal ar&§§@}?8r19u06?rssaéﬁ?aébmﬁ CIABgRRY TRSISS fi?@e%oséml%é?ctmsggt
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different doping |evels and gate voltages;” Figs. ow silicon
nanow re csfrucénres s dpkdisingleemystdl sbinirondudtoragidedsb one athe stréanenis an

phosphor ous, dopi evel.s and gate voltages; Figs.. 10A and.l OB show energy
band a1 agr Snae  FYEusneh Rt Rutr REGRanviadimone lydof byt 2 haS

respects veh Yirgdst 8®ss-debfo@ dinddriBionl 1oy th@PHY @inbietet RERAR Bhe PRIt age
curves recorded on_a heavily boron doped silicon nanowire; 25 Fig. 12 is a

schenmt i ¢ Widgatitndies afdpiletiepadiemicandarionyibat lspeosenogiondatiokieoi ds  as
catal yst s %ﬁélf%gﬁhﬁﬁlﬁ BMells b ¥60 hardldidie e feﬁﬁi ot ﬁ?&;&%’#}fi@g‘{sﬁggﬁ@éd es; Fig

13A shows mage of nanow res synthesi ze net er
col | oi ds; $angcorkiBBtos e 6 |chEMrernd giee followirgt hsinglei arestalnart Elengaedpdrel; bulio-

Fi gs. 14A-14C . show hi,sto ns, of nmeasured di aneters for wires grown from

i 7 er ent SHEEHRCEICoBONIO1 e SyiB GORE H568 B R oRe0 o5 8 SROHF GOST4D ohovis
a hi st agr agcAbnidanEiseinSledsthanb (0B SanBHRWs, UBd B Greb RRNBME Mh@Yilk-dFpkod Wi t hout
colloids, in which the laser is used to both generate t he tgol d "nanocl usters

and the Garenpigerdugior vithpt dpastigegiatiion kevi lestawidttpofdess thamgitam f or gol d
and gall i ug]an%grnse%}kqgi:/ d?peﬁ's%ico%g&t%r(g(%n?’pg%\év 5 §Eérr§(|:5cl)\ﬂ uc %,ga?‘f%gd gé%lf&eérﬁgé\s a

nanow res prepared aser assis alytic gro
di ffracti otomsiihg afitSi,TESnBe 0B, Diaraql; BXBrGBPBI), B/ SinE G iSisat er

gal |1 um ar sepjde. ngnow( gy BLO% AT A/ SRRV AL GSRLELLEn TEM T mages of

15 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, ZnGeP2, CdSnAs2,
ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, T, Fe)(S, Se, Te)2, Si3N4, Ge3N4,

20 Al203, (Al, Ga, In)2(S, Se, Te)3, Al2CO; 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
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

25  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
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.



10 Fig. 18A shows a FE-SEM i nmage of CdSe nanow res prepared by |aser
assisted catalytic growh; Fig. 18B shows a diffraction contrast TEM i mage
of an 18 wamzneser di anmeter CdSe nanowire; Fig. 18C showeca/isoghe29s

resol ution TEMinaege of an approxi mately, 13 nanoneter 15 dianeter CdSe
nanowire; Fig. 19 is a schematic diagr anrshow ng GaN nanowi re growt h by

| aser assi { ) shows a FE- SEM i nage of bul k GaN
nanow r e sﬁ DES tONG )H—I 1) talytic growh; 20 Fig. 20B shows
a PXRD pattern Fecobdreunderdaldindsivhe preawit igentibh, defershfe Shayde ta g f fracti on
contrast TEMinmage of a GaN nanowire that termnates in a faceted
nanoparti cwompwmlg&éfa%@gﬁ Which.argingorponatedshescig by seferenepaadiggehie: anot her
GaN nanowi re w

22A-22C i | | ust rg Xy E%ﬁﬁmﬁe‘é'g’?%%g?ﬂﬁ%g’kéﬁéﬁcgg A ﬁ%‘r’fo(\%u%rags‘gﬁe
23A-23D i Iinwtmiameomﬂsmectnbahmmvcéthmmemmms and el ectrical properties;

Figs. 24A-24D i Ju trat.e el.ect cha acterization of n w.re P-
junctions; Fig: 8 E%ﬂm}aﬁsj‘%ﬁ Sehema ﬁﬁé@gfaé?kg ATk PO ﬁa[l)%eé aﬁlstﬁ‘ﬁﬂat?}yF?pe
GaN nanoj ugu%nplpmce@lfar faBAER RAVISeiltbh@ittoradnéwirsyict i on of vol tage for
vari ous gate vo g 30 Fig. 25C shows an EL spectrumfor t he

dsa

nanoj uncti on of Fig sohamatiy diggrappihapiglostigqtes nanpwire spavthl | el and ort hogonal

rossed’si || cont i FLeRaEVBERE ol NyRRes ARG TRORbO I 53 7 oo

28A- 28D i Iémﬁﬁoﬂatgenamwiredtmpl silicon nanowi re bipolar transist ors
Figs. 29A-29D i J trat |, ement inverters and tunnel diodes;
30A and 30B ar e g henhtqheTag) dRBRhe! WA AP WE (e isetmpy émwtlaggénm yi
Fi gs. 31 AndLafR of duwebs gg .paral l el assenmbly of nanowire arrays; 5 Figs.
32A-32D il l'ustFate assenbly of periodic nanowire arrays; and Figs. 3 3A-3
3E illustrate |Bigep Jmsqhamemc élgslarrbﬂhyt dusiratesananpwire groveth by sport deposition
crossed nanow re ai géfdt 1 | LED DESCRI PTI ON 10 The present invention
provi des, PSR & cOIRRA 'rques for controlled doping of

15 Figs. 7A-7E illustrate orthogonal assembly of semiconductor nanowires to form

devices;
Figs. 8 A-8C show silicon nanowire current as a function of bias voltage for
different doping levels and gate voltages;
Figs. 9A and 9B show silicon nanowire current as a function of bias voltage for
20  different phosphorous doping levels and gate voltages;
Figs. 10A and 10B show energy band diagrams for p-type and n-type silicon
nanowire devices, respectively;
Figs. 11A and 11B show temperature dependent current-voltage curves recorded
on a heavily boron doped silicon nanowire;
25 Fig. 12 is a schematic diagram that depicts the use of monodispersed gold colloids
as catalysts for the growth of well-defined GaP semiconductor nanowires;
Fig. 13A shows a FE-SEM image of nanowires synthesized from 28.2 nanometer
colloids;
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;



materials such as sem conductors at a very small spatial scale, and
arrangenent of doped naterials in position relative to each other to
creat e useiul2/idssei ces. One set of enbodi nents invol ves dagmigsoobkexas

sem conductor, with a dopant (e.g., boragn, alum num phosphorous, arsenic,
etc.) selected according to whether an ’r?—3t‘ype or p-type 15 sem conductor is

desired. In variou odi nents, thi.s.inyention involves cgntrol.led doping
of seniconduct g’rgsiéﬁlg_g%‘f‘%gﬁﬁo Fﬁ“&%ﬁ'ﬁlﬁeﬁaﬁ {-?ﬁ]“ﬂ‘f‘?(%%%lés,m% CIUIYEr seni de,
gal I'i um ni ietidd, witload pdibidss & WhicHEhe RAG iZhRE 16 BB Petlate BRPINH Rahdt®hsids Ng,
but not limted to, zinc, cadmum or magnesium can be used to form p-type

seni conductwshtheiGaPigadanist of 20 enbodi nents, and dopants including, but

not limted to, I i i: i .used as
dopant s 1ot or nT L 5 SAOUT pRloMhary R E M 26 o AERAT DU AR,
mat eri af s def i n€igdi @t 66ahow FapSBehinegedefatifferemeiaabivaksprparet b 3aseand

doped silicondgqr?e wel | known to those of ordinary skill in the art. The
present i ndSHES tal?&ﬁﬁ@ﬁ%ﬁt es use of any doped silicon or direct band gap

sem conduct or mpien 7 Alsok @k dBfradRnV@hniredt TEM irﬂ§%é’50f aASppRRemAskSion, a
"width" of an article is a distance of a straight line froma point on a

peri met er oinonpteratiamestegallivm arphnidhaanemiter of the article to another point

on the perinet o} icle. us rein A " Q L
"Ccross-secti ona?{géi {rgeérflg?%%ﬁgdg?l 1g§1 reé)gPtﬁ?negﬁgﬁén algﬁseoﬁaddt;%\dieg%(ﬁ?rﬁlg{er BSVEF> an
el ongated arti cFi. 18A3hewsh BRCSEMIigage af CiSch@bivites pRp&HEd b disePASBaR]

t hrough the center of the cross-section at the point and that connects two
points onCaA¥GEIaWBt er of the cross section. WD 02/ 17362 PCT/ USO1/ 26298

-35 As used her gjn; . - j , ' pr. section
thereof) is anﬁ{a%?tl gg:ggo‘géogagg%cgﬁn CS’?{T%S?]?% %?ﬁ?gea(if%ﬁg]g t%ﬁg&?{g%g{h?% llce?la| axi s
of the art{CdBepamwisti o of the length of the article to the largest width

at the point is_gr er thap 2:1. As .her ei t he "1 ongitudi nal  axis"
of an' el ongat eqF (REPRowLE B solitmo I S b bfoimRghel birgretdhe
articles AgiaHeed duSeabiowikdie "l ength” of an elongated article is a distance
along the longitudinal axis fromend to end of the article. As used

herein, a "l ongFtaud? et schemptiodiagim shevaroHamedowire promah by lagepassistedn of
the el ong%ﬁ%@ H’vﬁhe al ong the |l ongitudinal axis of the elongated article
t han can have an% 101 ength greater than zero and | ess than or equal to the
| engt h of the aFig. 204 .shéws aFESHEMIimape ofbulk Gablsranewirt eyrithedized Hydhsek al ong
the longitudinal axis of an elongated article is a plane at the point
across theasé}s?)%gcéf 1%&"PVthe that is orthogonal to the

20 Fig. 20B shows a PXRD pattern recorded on bulk GaN nanowires;
Fig. 21 A shows a diffraction contrast TEM image of a GaN nanowire that
terminates in a faceted nanoparticle of higher contrast;
Fig. 21B shows an HRTEM image of another GaN nanowire with a diameter of
approximately 10 nanometers;
25 Figs. 22A-22C illustrate doping and electrical transport of InP nanowires;
Figs. 23A-23D illustrate crossed nanowire junctions and electrical properties;
Figs. 24A-24D illustrate optoelectrical characterization of nanowire P-N junctions;
Fig. 25A shows an EL image taken from a p-type Si and n-type GaN nanojunction;
Fig. 25B shows current as a function of voltage for various gate voltages;
30 Fig. 25C shows an EL spectrum for the nanojunction of Figs. 25A;
Figs. 26A-26D illustrate parallel and orthogonal assembly of nanowires with
electric fields; '

Figs. 27A-27F illustrate crossed silicon nanowire junctions;



| ongi tudi nal axis of the article. As used herein, a "cylindrical" article
is an article having an exterior shaped |like a 15 cylinder, but does not
defi ne orwoef2ligsz any properties regarding the interior ofpamesoaréiogl e. In
ot her words, a cylindrical article may ve a solid interior or may have a
hol | owed-out interior. As used herein & "nanowi re" or "hNV is an

el ongated sem c sem cond t at any

poi nt along i ts%[%uf%‘%bﬁla)sﬂlg%ﬂalt ;3??l cros & c%ldcoél Y aﬂO?ar ?tﬂﬁsnm on and,
in some enbodi netg*ssz9A4@Bannmg@mhplemaaalysiﬁeértewwid tohiwe dgddes)s | ess than
500 nanoneters, _preferabl g | ess han 20Q mpponeters, nore fpr eferably |ess
than 150 nanonEtgsr39A ard P9B agese ﬁP@f%r‘%lﬂWﬂlq ehaanelisimcturs fonfioMeserdly;even

mor e preferablypiRss ARap 111&&!&1‘(@15;1:51'161 ANeRbR] S RLEY alggs than S0

nanoneters, even nore preferab ess than 20 nanoneters, still nore
preferably Iessthsaﬁﬁiﬁ2ﬁaﬂmmtt@a$¢m‘almd>fevmdlt pamWiteaarrdys2mdnanonet ers. The

cross-section o el duct or ve any arbitrar shape,
i ncl udi ng, but %ﬁs %33§3ﬁ‘f5 ate?fW%ﬁW efé&%f&i@a?@%wn [PASUTEIRER 1%f’fcal )
Regul ar an@rosiddRgewviaé aghippes are i ncl uded As used herein, a "nanotube" or

"NT" is a nanowire that has a hol |l owed-out core. As used herein, a
"bul k- doped" article (e.g. sem conductor or section thereof) is an 30

article fobg\‘g'lﬁﬁm)gget%mel ncor por at ed substantially throughout the
crystallin cle, as opposed to an article in which a
dopant 7¢s only [The prepantaheatiom pravidescinloae aspeegtsehsiquésaior exargileé dopiagwef
articles such a rbon NT ically are after the base terjal is
grown, andT@fHe fSts’l"?gh BOFAHEC {})’r%%t @ésrﬁalg ﬂ%tlf‘ cies AR eTYERtOf dORSH f ace
or WO 02/ 143624iaRGEpLSHIA 28488 t0edéh &K 'cfHateQIsefuli‘ﬁe\ﬁ@ésb%heN-gt 6nto the

interior of the crystal line lattice. Further, carbon NIs are often
conbi ned agmhe@nedtsumﬁé@esrdmmmgf aaﬂetretrqnémtmg mﬂawdcmam&(etgasterma@mmmmand

doped base such t i_nc arated throughout
the cr ystaPh(Ir)Tl% Oro}’dtafsegw gF: S‘flﬁCte%g 09%3%5 gélﬁer@&&ﬁg QPRSI n to

descri be ase"l’ﬂﬁﬂﬁﬂﬂCfO@lSdHSlrecﬂxl\N "doped" means bul k- doped. Accordingly, as
used herein, "doped nanowi re" qr. "doped NW is a bul k- doped nanowi re As
used her ei n, an ugﬁqogy-emgpdlg}eﬁscp}gyny@nt@n lnY%{ﬁ%ﬁ/ﬁ"PH@})ledc‘éﬂm?g s a plurality

of the ar LicloGiuchfs UABSedESihond inGEATHECIAIL BffubSyraRi EKnEERcA!

| east one o e articles 10 contacCts el the S of a
si gnal nodeadneiug seleardeehmtzm@smémdﬂsDulmtk 1hehuémg, b nbt limfteditd, zimke (e.g., a

nanowi re or r-S|zed structure toas cond_art eis
i sposed STRARPRaP FHERPIPLPEH 6 o BPERER B RoRRFFRBRERELSE e
20 embodlments, and dopants including, but not limited to, tellurium, sulfur, selenium, or
germanium can be used as dopants to form n-type semiconductors from these materials.
These materials define direct band gap semiconductor materials and these and doped
silicon are well known to those of ordinary skill in the art. The present invention
contemplates use of any doped silicon or direct band gap semiconductor materials for a
25  variety of uses.
As used herein, a “width” of an article is a distance of a straight line from a point
on a perimeter of the article through the center of the article to another point on the
perimeter of the article. As used herein, a “width” or “cross-sectional dimension” at a
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.



second article or is proximte enough to the second article to influence a
property (e.g., electrical property, optical property, magnetic property)
of the seg@@nasdqi cle. 15 Thus, the present invention contgmpiai@sesi N one
aspect, an elongated sem conductor that has a smallest width of | ess than
500 nanoneters that i's doped in any waydXm-type or p-type). In other
enbodi ments, th conduct have a smallest w dth | ess than about

'
200 nanoneters, lgyein. %tb(@?ﬁlt?ngféﬁ‘ ﬁawb‘t@tgersgmlwdvﬁ%ort%twnébﬁw 00
hanonet er sanarﬁ%te%%t%h e %mt%wtgtﬁémﬁglma@aﬁ%ttmlm df Bi0brless than

about 80 20 nanoneters, noré preferably Iess than about 70 'nanoneters,
pr ef er abl yldne‘éls)ftthmm‘tlabdaﬁhﬁlergeﬁfawdﬂmtéhéspmmgte@ter\‘mammb such as those

with at | east one._dipensio ss t.han,about anonet ers t han
about 10 nanone?‘éruge ¥ e I ﬁ‘i%ltﬁxls ﬁﬁ?ﬁl@%%?‘i Eﬁs gp atis F‘ﬁ(‘i‘g&ded I'n
some enbodiagmt@lm@mn@ﬂﬁm@aal cross-sectional dinensions of the

el ongated sem conductor may he I ess than the val ues given above. The aspect

ratio, i.e., 25A8Keedharpiy. B “kagihc ohauelosgatedagels 1 8 disigngeslongilp h, i s
greater thgp ﬁu&nal'e{%:soﬁ%e?d?m&ﬂﬁé‘&ﬁclet he aspect ratio may be greater
an

than 4:1, gr Eater t greater than 100:1 or even greater than
1000: 1. Seni conAnsmSeﬁber&mcm“]@sgntmhlm,secam)n\/efayn clomgated attichensa porsipn bf tht a

vari ety of use srlbdbelo Fig. IS a perspective diagram

T st a1 FloneRe St aonr B It ant el ol Sofediel i chavern 'hSK e anp e,
a W rezhi Keng@rsreaaduet Qérosakl& Mesgfhadt of BRAMJ Bl lehiBeh ofché ktiéld, cal

sem conductor L1 has a length L2 and a |l ongitudinal axis U At a point L5

al ong the | ongl Agderbherein; & “¢rgss-tepdor\at ppaint elang Semiosginiinal exispfan has a

s s 1 SopblPfilen s BRBREAETRRR GE P f?@%ﬁ@%“&ﬁ%%éﬁ%/liﬁ%%&%@%‘* e
sem conduclagiiudinyl dxés dfitheasickndi ng. As used herein, "free-standi ng"
article is an article that gt sone poi n} inits Ilfe |s not attachilg%lgl ay

anot her arti cl eAaruS%%ﬂremsa. eylindgeal; pigigle igan artisle haymgrmnextéeior shapgd
be a bykk- daped, %ﬁf‘ﬂ%%t‘ﬁéﬂ{e or'%'ﬂéé%% g&ﬁ@ﬂe@ardﬂlg e M"teﬁj&rb?%e article.

sem conductor™ article (e.g. article or section-of an article) Is a

sem conducimethémwondh a¢yladdopanticlé may havr pelidtiswrisudrsmanhaval d hollowedwghout
the crystalline lattice of the sem conductor, as opposed to a

seni conduct®9'h which a dopant is only incorporated in particul ar

regions. For exaRRk&l hé&ifa SRHoGARULEINNE i§ bif Bloagatbll SemibyrRiueal,lik. ar e doped
after the sem conductor is grown, and thus the dopant only extends a 10

finite di shaioseals s%%ctm@%qxf hialcts 2By Peigt WP IS ISnEiiHhas Abket gBe CioRt-sectineal
oL 13 Sy syl P Uk M5l egated oo
and doped ﬂramSGO mdnmhcterssplteferaﬁiﬁiest; then @0p amtometers, more preferably less than 150
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 particulatr
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



is not incorporated throughout the crystalline lattice of the

sem conductor. It should be understood that "bul k-doped" does not define
or refl ecivomamospentrati on or anmount of 15 doping in a semp@adyeEOs, nor
does it indicate that the doping is necessarily uniform For a doped

sem conductor, the sem conductor may be‘%o‘ped during growth of the

sem conduct or .. I n he 1 conduct or .during.gro esult i he
property tﬁ}étFHOIiD‘(’rﬁh%gaﬂé%P Ts\@ﬁ]nntootﬁagﬁqrbql of theygry -13’8ﬁi$$°¥3'§r/ur‘{bﬁlﬁ ,C%GEE\Ivlffoped
sem conduchRfcHelRYmBed &9 Rb§ted tBBY fordl rrRHED 1y BRlof BaseRseRil Al ldepepf 2
dopant within the doped sem conductor 20 can be .controlled and therefore

r epr oduced basasiteia sueh thatigridapens ésrit incernosaed Buersgheontthe cpistsdling lagivesff such
sem conduct;qr rjety of devices nmay be fabricated using sem conductors
such as th%%eb%s%ég%?ﬂ)ed above. Such devices include electrical devices,
opti cal s5devi ces Asneahkeitinab desteive a&aarwiwiriyr CNMDI, fddpedn nidagy BAk-dop&t:| udi ng
opt o- el ectroni G devi ces %nd .25 % ect romechani gcfl gevi ges. In an enbodi nent
a field ef AERdingsnap usedihergitm “dopeqnangiitied ofisfamgd & Wo peaibulkdgpedhnduct or
having a sprldgst W dth of |ess than 500 nanoneters or other wdth

descri bed above. The doped sem conductor can be either a p-type or n-type
sem conduct or, as used karemnarb\artayl startitlep (edd. nuzampwires ) domipmiseheplardlity of tRET
fabrication,. Wil,e 30, FETs ate kngwn _usi ng_nanot ube to the inventors'
know edge, a'bt’rC}/‘%T AP %%Igeéﬁ@h? s“8 %ﬁeg &Y 3 ﬁgtaffﬁ}ég’thg{e i&%&fo‘iﬂe C&/iﬂiel%ﬁ&e%ont r ol
over whet hesnthdieeittanahsther dfhdmtiales bfa Signal 100 CONdacéibditbde).n such a case a
very | ow percentage of devices are functional, perhaps 1ess than one in
twenty, or one P USedReyeingt fiptprigh(c@pprmaRrrae of presmsizen sehausl rvaled” The
W0 02/ 17368 PebiRcRAe AR poscdubl FAARE AAURMI Olhef BIYEIRL b RAC A Mol | ed
dopi ng of nanow res such that a fabrication process can involve

f abri cat i ngecbudetticknalis pioksmate enowpihrig thexseeortderticle tumfiuanastd rhpertycle.g..gr eat er
than one in fifty devjces.is functional, For anmpl e, the techni que can
vl ve dBlsFHE P B uee prURTY Brirels PRGeSH RS 1NGFLFEER 5 The

i nventi;on al SO PhEY iklSSredend vy SHORBENGRAR, BIBI Ap¥ct] MVESARES

(conpl enmentary netal oxide sem conductors) arranged sinply by contact of an

n-type semraisprivetasithaiihana ampllesypidts efesothan 80 nanostere fabhisl dopkdin any
ar rangerrenty ol 61,053 Bo) YR AHLRILERE, BETLGRAMEL)0 AROWTGRgS Showr

bel ow. Als cordance w he invention ar

W t h heavi wydth16s depefostcI00aandmetecrn Eschap ab@ntl SO ndndnidters) ordeRdrcaaube
arranged simlarly or ex%ctly the sane as_a conp) ementar¥ inverter, with

the semi conBUBIWPEIBE| herierablyi thy semisercductar hat a sorlsst ridfhof lesyipeabout 8davi | y
doped” Zé‘ndnéiﬂdn%'ﬂérg,%n&@ﬁb%f'era@[}ﬁlegseth%?aﬁoﬁl@ﬂ'ﬁﬁf&r@er&fprmfa%ﬂr less than about 50

nanometers. Smaller widths, such as those with at least one dimension of less than about

20 nanometers, less than about 10 nanometers, or less than about 5 nanometers also are
included. In some embodiments, two orthogonal cross-sectional dimensions of the
elongated semiconductor may be less than the values given above. The aspect ratio, i.e.,
25  the ratio of semiconductor length to largest width, is greater than 2:1. In other
embodiments, the aspect ratio may be greater than 4:1, greater than 10:1, greater than
100:1 or even greater than 1000:1. Semiconductors such as these, at very small
dimensions, find a variety of uses as described below.
Fig. 1 is a perspective diagram illustrating an example of a cylindrical
30  semiconductor L1, for example, a wire-like semiconductor such as a nanowire. The
cylindrical semiconductor L1 has a length L2 and a longitudinal axis L3. At a point L5
along the longitudinal axis L3, the cylindrical semiconductor L1 has a plurality of widths

L4 across cross-section L6, where one of the widths L4 is a smallest width at the point L5.



is clearly understood by those of ordinary skill in the art. One inportant
aspect of the present invention is the ability to fabricate essentially 15

any el ectweni2a7sigvi ce that can benefit from adjacent n-typeTandipeloype
sem conducti ng conponents, where the conponents are pre-fabricated (doped,

in individual and separate processes vi X conponents separate from each

ot her when doped) .and .then brought into contact ter, doping. Thig is in
cont r ast to_typgéﬁ}seml??ﬂ“{]uﬁ s gYéﬁ&S‘_?ﬁ%tﬁP n%ng\%m%{#%ﬂgﬁgéf%ﬁ-sf gonduct or
i s n- dopedgiitid]cdd 8n hEBIOMaPRGoRe HOREth itdNiRRs ACaASEN t6 S8R arUL of Gt f3-ihYPe
20 sem conductor region and p-type sem conducting regions are initrally

adj acent pselation-o dopi ng and do not nove relative to each other prior to

or after dopi ngFul:[lf{@t sdcﬁ’a s@fn&é’o%ﬁ%&&dm?‘f E@t % F@lkg 6)%%3%9#:%1&%%&&4}%'%%@ Iy in

non- contacti ng arrangenent, are broud | er to
form a wmsehekingh Ebilkaldped saiicomluctos’ arficiedt loyarfitl dilevdtiva ofan Rl RdL i N
accordance with this aspect of the invention that one of ordinary skill in

the art wobfmconlugiosiforaphish giopanids gomorirdeubriantipliyyhroughat dsrraidelbpg i n
conbi nat i o dxAMRd s%'ﬁai@énd(u%fb_?r%s%ﬁgbs%ﬁ l%o b BGhidg8uchittin %?chrho&og%lé gg@sg o,

field effect transistors (FETs), bipolar junction transist
t unnel di ottestpocaserpingrastitidaryreginve r e resamplegioimesseintitindgetdessucke ss NITs ght

sensi ng deyi ce ates, i.nverters, AND, .NAND an at es, | at ches,
FE1 e f Pops Pl e geRs by B g fondiSite ieba oy 08 thedopd i s Smermor y
devi cegp an@nié digMsice HbattBe FQABOP xBSor FIMEMOIME Snto T inedor 6F her dynani ¢
or sequential |ogic or other digital devices including programuable

circuits. fiysiellingdattier dgther.aNEY ¥g offew perabingthas rastedfithesyi.c. ayhidasgi ng but
not . limt egorfn?né eﬁ{gpﬁ titn%gq%fe'rs 8&6&?%%ﬁua&dan%t(g)%5d 9&%#8%1&%&%&1} trl%t #2905 nt
active transi or evlirces, as we as m xXed~"sSlI gna evices ana sig
processi ngisaiot debtpoyatedBrOhbiGH2 cREHR1NBA4ti262OMBe seditofdletdrt drvhouldeds ces

i ncorporating se onduct Qr ngnowi res can be_controlled, for exanple, by
el ectri cal "NGHHP abgb“ilﬁgﬂ%‘{ai og§ Rth deline qifafledd @rqopreniation ﬂ‘i/%’ll‘?}@tggﬁ t chi ng

bet weens t Waohg P4 &nibssduRidR, 11 AbESit RdidARYhhUO HYSing Mécé‘s‘é&x‘i‘l? un@gihol  of
nanowire current, i.e anal og control. In addition to el ectrical signals,

optical signal sFmdm@ﬁémﬁQ@t@u@Dlgﬂ@I ssmigohduddenieye be depediskiring gtavathlod theas

follows: ( : [ i Wit chab in response to bial.ogical and
cheni cal s%gg:l?%gqugﬁ\ér f)%g;n tﬁ? %%rﬁlﬁﬁﬂﬁl,u%tﬁrr g%“é‘?%gr%&éf Bl irehs e We«g{g’g%ﬁter al
sense, thefie dpetiasicomiuete ivbyrdopsd. Taxtedisiel dopel 23mitbedwteors GRyibe
switchable in response_ to t%\%} nmechani cal stretching, vibration_ 10 and
bendi ng. (8yntpHat é{;’i’% sugh S ¢ eoneBEtion of a<lpBat avittin theelopemhisarisendustor ( 4)
The dey) CecdrShentrbaPhf hBrofGiE PYRSH1cED cfifit MY FARBHE Bb&ib1R HR DU rfercial

production of such semiconductors.

A variety of devices may be fabricated using semiconductors such as those
described above. Such devices include electrical devices, optical devices, mechanical
devices or any combination thereof, including opto-electronic devices and

25  electromechanical devices.

In an embodiment a field effect transistor (FET) is produced using a doped
semiconductor having a smallest width of less than 500 nanometers or other width
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 arrangenients 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



(5) The device is switchable in response to the novenent of environnental
gas or liquid. 15 Many devices of the invention nake particul ar use of
crossed pwo j2unsd2i ons which can be junctions of crossed rpdryise1a6@sp-type
nanowi res. Crossed p/n junctions are defined by at | east one n-type

sem conductor and at |east one p-type seé¥i-conductor, at |east one portion

of each material coptactin t Ieag}t‘ 8 e portion of the %ther material, and
each semi cBEIEFBEY I%F%PI%BEE?S coRtgle {}ﬁﬁlpgd’é_nﬁ?ﬁw%e@r??%%& a hEabyeation
conmponent . ,hBeY caR vl BbAEHRAR Q\E&tigﬂal s GeRirBg khe té&@ﬂ%ﬂ’é Er?\%hia‘fl han

bringing theminto proximty with each other using t gues descri1 bed
bel ow. Li geatenihesionn is By dewicenie fypictionale Hot exaaypden thiatackmiquc dantielvenvent i on

as well, ip _.whjich el.ectro and hol nhine, emtting light. One type of
i ght-em s%?pélﬁggggl}oggr%%he r}%gn‘faﬁl%ﬁ??gﬁﬁ?{gfr@&es at | east one crossed p/n
junction, in paThé iwkation SE@p@eilleptithtbedard chmpnicnpey RaRaA¥dsr€s. In this

and ot her arrangenents of the invention using crossed nanowres, the wres

need not bEopwlsHsiRTy meeipl oxidp seprspnguctoharerese wiarnly By seriact9fes nttype char ge
applied to W e : By , ]ﬁ,pdg' -type
wire) el ec%%ﬁ%@ulkbg\?v%wo%\g}%ﬁ% ﬁgu(?)glg%%t{)régmi%%%%% - t{/a%g&r\}\%@g%gﬁé&}qﬁ es flow
t owar d t hetypanod paype sentibendmetipgmanowireg as sownieelgwinct i on, hol es and

el ectrons combi emtting |ight. her .t echni ques . 30 be used to cause
one or nore nan _rpég‘,’ld‘c’)¢1 ?cﬁglyg‘ia’%@ﬁ?'%bﬁlﬂﬁ%‘feé‘ ent t@?ﬁ@&‘%ﬁ%‘?’}tb Egaw escri bed
bel ow i nBgRAGEHARIhduding! ddgpdhdfs. SA& MnthePliolld 8ar B AR sikIRAYP B Bk LUyt he
wavel ength of light em ssion'can be controlled by controlling the size of

at | east oWhesampéds pcemplosisnary givirtelo b tehiomiconsucior B reeidy doped rather

PCT/ US01/ 2 4 ‘ : t Qs | ight-emtting junctiqn.. For
exarpl e wiiEh Qe SRt TR AT SNIG oAl M mbaflE 1S
di mensi on iskicassandwistod)l bythdsepf oxdintey elildstieurat a | ower frequency. For
exanple, in the_case of indi umtpgosphi de, at sjze scales associated with
typical fabricaPPbHPRYANE 8RSt ofthepigeand pvantiaisiie ahiliyse fapaicaineswntiallyg t he
si ze s¢al egyvalle@radnheddik Aol [ L g LiSSlRRqgan be
controll ed tygé %%r a'ltlrbe V\é/;{i/@e‘ﬁstgng%ahggﬁégﬁg@?}aéd}%ﬁgﬁﬂg}%gh%g%o%? gérﬂél,é&#%?mgéanpl e
bet ween 92@naprhesBOwhensdhecansonetave madithratedddofed, ahdividudl andtseparatehi s
range, such as 900,. 850. 80 750, 700 nanopeters,. etaq. dependi.ng .upon
wire size. PPROESS Wita CHOBRITiebeAs 90 ittt Gt HuBidoBedand S ehamist pp
|'i ght - eni s&dn@dt afet dpingl OTHib &lin eBmttBt Rty Gickl e artfafaaeengys iafich Hsingle
sem conductor, causing emissjon emts in its bulk state such increase of
the frequeffEYCHAUsior $sp-6APESTin|opg Kegiersanskr-depeddp ap pdiaced ragiote bt the ntight um
g?gg;g?@g gémnigcﬁﬂllug‘to% t&i6h and ﬂ—t}lpté'sémfégﬂalﬁ%itng ré@&%sar@iﬁﬁﬁ%dj&emrﬁ? @yt IS
doping and do not move relative to each other prior to or after doping. That is, n-type and

p-type semiconductors, initially in non-contacting arrangement, are brought into contact
with each other to form a useful electronic device. Essentially any device can be made 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 semiconductors in combination. Examples of
such devices include, but are not limited to, field effect transistors (FETs), bipolar junction
transistors (BJTs), tunnel diodes, complementary inverters, light emitting devices, light
sensing devices, gates, inverters, AND, NAND, OR, and NOR gates, latches, flip-flops,
registers, switches, clock circuitry, static or dynamic memory devices and arrays, state

30  machines, gate arrays, and any other dynamic or sequential logic or other digital devices
including programmable circuits. Also included are analog devices and circuitry,
including but not limited to, amplifiers, switches and other analog circuitry using active

transistor devices, as well as mixed signal devices and signal processing circuitry.



a conponent, or a portion of a conponent having a snall est dinension of
greater than 500 nanoneters. "Bulk state" al so can be defined as that
stat e caugig@nazgraterial's i nherent 15 wavel ength or freqmm()@/&@em sSsi on.
The present invention provides for such control over em ssion frequency of
essentially any seni conducting or doped38eni conducting naterial. Assenbly,
or controlled placenent. of nanowi res on surfaces can be carried out by

al i gni ng nanow ggtrﬁ’%‘f’ H§ViSFs BPURPIAHRG FENHF A PCIOR AR vidEss A Bp cprtgligd; f§r

gener at ed Hohee by 20 i@t dpRdaSr nih@ha s‘i@falsarﬁe%ﬁ{rB] ﬁ&f&veﬁk%ﬁghlhge

el ectrodes (optlonally flloned into a region between the electrodes™in a
suspendi ngbdtwedrdwo ermongi digerete S‘rgws Dhmtahen@ﬂ‘ecqomlnmqucpeﬂrd ofamgbwiner eby can
be madetouiﬁgthe stat&%? %Cﬁ ,&a iact each f th eIectrodes In
anot her ar FaNgeASn i RE VT fia PR 55 lﬁct Sl§Paels’a°er Gisats g Masnetd
relati on dign#ache ek mdyte dontdbNddusabliewat act points being tapered to
forma point directed towards 25 each other. An electric field generated
bet ween such pofldts Wwhe fewes is switchably ngewonsafeiolegicalsad shemicakmediestfance
bet ween, and cont act f

nanow res can readi | ’f/)& gggg%b ro{@fﬁgel?&mggé\ﬁﬁoggﬁl\?féa% #&%gﬁn\r@%g@q‘, é/dl%ul cal
contacts. Crossed vm are @hmrgadgehmtdspole ncluding nultiple CI’OSSI ngs (nultiple
par al | el vvires irst directi crossed by tiple parallel wires in
e pend cut ar G abBF BRYifrl SMyChsg o BRRd 0 o Meuebisal B eas aiyetan
readilyy be formed byadd beldingosi tioning contact points (electrodes) at

| ocations where opposite ends of the crossed wires desirably will lie.

El ectrodes, or Gont adhe geyien is swiehnblseinfregponssaodl ighwerafipe.cal

m crof abri cati o tec 62 P 1/ 2 1 These assenbly
t echni ques can Eﬂ% 8‘%&?? 13%’;9@%3#: %568 gget#?g%env mﬁ%entaﬁ ST oni ng
arrangenent i nv@l)w n@?h@dema @mwﬁ@aaale‘lhue@ohtemmﬁh meeéma of piddroaiieditdl @as
direct fluid containi guspended nanowi res toward and in the direction of
alignment with |ocafi igflid.at  whi ch nanowires are desirably posi tioned. A
nanow sol uti f AVuh I
synt heysj?zed thlg%ng?gv th %aﬁfst?éeﬁl?glgﬁ?lnrtﬁ%ea&g&%#ts CAB%@e‘IBSS@aBet aﬁgol? vag(r:]% t hen
are soni cattaed)efjumctmvef atossdawsiyds andbp-sepeerabwiresn Utmssetl @/opinalionsare st abl e

suspenS|o her . arrangenment i.nvo surfaces i.nclu regi ons
That  oel ectsTOBRDY o R BRIEERE b SRR st AU 9% BT e e

sel ectivel Mas’ﬂohé poitionhFPact@htetXasdRiatting dideashbize f@tioP6f ik @HRA MRl aAd
particular pattern at a surface, and that pattern will attract nanow res or

nanot ubes &k |S?F§1C§Gii‘ﬂcé@femﬁlﬂﬁ@g ipeFiims that de peteontagbthe otherpragonestr Thagseetnc an
be atfer r ,

Psof b7t FriEiipk Rty bR ERIHAN TR R ARl 3t Al BRARRREEILAO
Publ i cat i omthéh;smg]eelﬁﬁ@\%z%crmﬂdbbelsvtfed

Light-emission sources are provided in accordance with the invention as well, in

which electrons and holes combine, emitting light. One type of light-emission source of
the invention includes at least one crossed p/n junction, in particular, crossed p-type and n-
25  type nanowires. In this and other arrangements of the invention using crossed nanowires,
the wires need not be perpendicular, but can be. When forward biased (positive charge
applied to the p-type wire and a negative charge applied to the n-type wire) electrons flow
toward the junction in the n-type wire and holes flow toward the junction in the p-type
wire. At the junction, holes and electrons combine, emitting light. Other techriiques may
30 be used to cause one or more nanowires, or other semiconductors to emit light, as
described below in more detail.
At the size scale of the invention (nanoscale) the wavelength of light emission can

be controlled by controlling the size of at least one, and preferably both components that



July 26, 1996, or U S. Patent No. 5, 512,131, issued April 30, 1996, each
of which is 15 incorporated herein by reference. Additional techniques are

descri bedwigy2d7s2 Patent Application Serial No. 60/ 142, 2¥gT1/fidoh@bodul y 2,
1999, by Lieber, et al., incorporated herein by reference. Fluid flow
channel s can be created at a size scal eddvant ageous for placenent of

nanowi res on surfaces usi a variety aof techni ques such as {hose described
in I nternatf SFPQFe‘%QthWP ﬂls[}&hit'éﬁlﬂqlﬂgﬂ 'Floﬂ\d?@"?elxg@? W%B@&@%WE%F BapsehBer
18, 1997, b I i : hpi [.ncl ude
Chose desc e B Ol PR S P B TR e ™y e

May 25, 200equeany Forcexampleainctie heseaif mndiym phespbiden etsizeRicgles a®oeiz®dshitw one

such techni que r. eating a fluid flow.ch el usin ol.ydi net hyl
i T oxane. (AR FRhipdicRant he Hefla BRUSROINTaOBERY Sy BOH e, o5
and a ol dthe presbft inPEMMAdhaRavdl@gaPHf dngidsib cah 8 donBOREY toWel £ Madtlefths O
provide a cross flaow ar rcg_ggerrent or different arrangenent. The fl ow channel

ar r angenenthogtghthen &R0 aancspiersclos xamnln betaresht?( and S8 manpmeters. egvelemeihs 1
mllimnet ercanﬁfeesfei%fc%ﬁlx%tﬂ&ﬁﬁgs fa;ﬂg% sHcPad8dol 85658 756000 ThdHoR ML tAJ[ ess. Such
y rmade by

channel s are easi ricating’a raster by using p 50 1t hogr aphy
and cast i ndgpPllisg opoBOitelsezenast er, as descri bed in the above-referenced

pat ent applications and international . blications. Larger-scale assenbly
'S possi bl e as NEFY Onqfped b RYTIHOR ARG CENRBRNCIOY KERURRRRRT WU ay s

i s def jopnedhandnitdm atﬁl%hé(r%gﬁé& Aant he sGhRONRIctoMh S LaRis86n afits 3 4€LAR
desired. WO 02/17362 PCT/ US01/ 26298 -42 Sem conductor nanow res have a

cryst al | i n#ate speh whrasheldhevreguencyl of emissinh oklight is efier 1sfasted toked asThi s
al l ows sur I e} kI NA: h urface W th,varj.ous

functi onal &l%%ﬁlt?gggﬁﬁﬁgﬁé%a% 1% Stta%e’nﬂgg%ts Egﬁete)r%t) ée%rtlﬁ%esg?te (’.)Ihg’hgﬁdé SPGRR i s
al kyl oxysid esteporght) P apertipn of SicoMpbidgnt haeiag hisiglivdt dindaROVdfoecatdtithacs0 t he
ot her end of which gorﬂgri se 5 (1) ggf’ - COOH, - NH2, -SH, - OH, hydrazide,
and al dehyEog1ctips Blsyiafs g‘iﬁ" cab bp ek as thahstags rausing arpgtetiglisgaherent
fluori pat egda@ifleRei #6queRENORRSRONETRY fresent ?}iﬁ«%ﬁ&@%ﬁ@%ﬁo@@&h &l r odes
are also nodified wth certain functional groups to allow nanowres to
speci f i cal ¢yer bimsicor freguendyi ofceseentially dry scobeundattaigdralopedstasicanduttice based
on the therinr 'iaf't eraction. 10 Surface-functionalized nanow res can al so be
coupled to 8% ubstrate surface with functional cross-|i nkers, e.g. (1)

Homobi f unct i onals@hili,-dricitedlRd pleBREhSMEnoWRERNH Sudfcéd AR dk cNfSd@%t BY S,
honobi f uuncti onal i m doesters, honobifunctional _ sul fhydryl-reactive

linkers, dHENNEG BHeNzEHEsBg AR dlsetrigaldiclhofaislectiival fielday Sopristesthetvesn

20  electrodes, nanowires are positioned between the electrodes (optionally flowed into a
region between the electrodes in a suspending fluid), and will align in the electrical field
and thereby can be made to span the distance between and contact each of the electrodes.

In another arrangement individual contact points are arranged in opposing relation
to each other, the individual contact points being tapered to form a point directed towards

25  each other. An electric field generated between such points will attract a single nanowire
spanning the distance between, and contacting each of, the electrodes. In this way
individual nanowires can readily be assembled between individual pairs of electrical
contacts. Crossed-wire arrangements, including multiple crossings (multiple parallel wires
in a first direction crossed by multiple paralle] wires in a perpendicular or approximately

30  perpendicular second direction) can readily be formed by first positioning contact points
(electrodes) at locations where opposite ends of the crossed wires desirably will lie.

Electrodes, or contact points, can be fabricated via typical microfabrication techniques.



| i nkers, honobi functional al dehyde, bis-epoxi des, honobifunctional
hydar zi de etc. (2) 15 Heterobifuntional cross-linkers (3)Trifuntional
cross- | i nwey @/17he assenbly of nanow res onto substrate anccaepiredes can
al so be assisted using binolecular recognition. For exanple, we can

i mobi | i ze one bi ol ogi cal binding partmetl - onto the nanow re surface and
t he ot her one onho substrate or el ectrodes using physical adsaorption or

covalently | i nkil %Se asgsmRbly s hnighes- %@6@%@%?%%bhﬂécowm9@ﬂlvﬂﬂz&t| on, 20

ant i body- él’i’éiil%'% i r t ere
are many technl ques t afglerrlrtgh%)lbﬁgiégﬁlp gmg%of}/}/ﬁﬁgﬁﬁ-%peaé] aspglrah} dg%n@glérteg?s,
such as nafioidi qoa‘gunmg\ dlspmdedmpnm@rMWardaandvin teslicatiomof ajignwteht withr

pp N S L T T ]

| aser vapOpiegatd affol@wsOfA feer aamiasdstzRe Sydiigized MBSy 48 HGATROSEROA s@vaasi red
material (e.g. InP) and a catalytic materi al (e.g. Au) creates a hot, dense

vapor whi cf¢- gqmtbm ). eehthen gressonieatsd fpreveral sesprstsito several mihvigsitsholdainlai si on
with the byffer owt h begins when the liquid nanoclusters becone
super sat ur a%ggsusq)%ﬁ&?rf% desired phase and continues as long as the

reactant is avahhethbearrddgemeii ibeslnesnidiremgwhences hecludnDitigicns taseleatittelyof t he
hot reaction 30 zone or when the tenperature is turned down. Au is

general | y ¥béd %OWF%?W@?Si bygregigng fhat do \‘}%Pfolséfercﬁ}‘@)é a‘ES‘iac"eth‘ﬁ‘gé:toéSX%’éﬂ&scal e
seni copduchascanRVR¥Rhied 1hE pﬁﬁ‘fcﬁiaYESttérﬁ aﬂ@ﬁurfdcma&la%atbgae%ﬁ villllarac W de
rage of materials such as (Ag, Co...) can be used as

t he cat al yRanowisser azarWubea yvlngsmlfacmfamct@aailtfy@ttmaw @l drmyesw Sihfactrecand®i r ed
sem conduc 2 L US01/ 2629 bu esn't form
nore st abl é%{eg\lriegouﬁln g’ﬁ\tec qUg gk 45 elegtron, i’?m{l ﬁ%ﬁﬁglélg’r egatft lqgﬂgr%l}?'duct or
can be useghchsstig des%habd/ﬁltlnteTmOthfPa@ént gash@aaanb@ WO 96@96291(}5@11&]@&3 i nert
gases. Sonetinmes, a mxture of H2 and as is used to av

un- desi r ed/ 8% 2 8at996nomy-S. P%@i“c}‘ﬂfé 5@?%}&%1 1?@% v@%&%%&aclapgwhwb is
i ntrodpcediy m?erai&ﬁﬁe&aﬂb GefBrenB8TRANFO Lart%cﬁnﬁ%w LREsBYd E}?Urﬁ Pfent NI S

process is |aser abl ation generates nocl usters t su sequently
def i ne t heApphatian éﬁedalrlé@t@f 142 2@60&]@5 Julluyr2e¢999) by dfietteheet ek.\int@pbrated herein

nanow r es di a of, th res anovm re re detern ned by the
si ze of th® {:ez‘?rsws{ﬁ‘&‘ﬁ&@% Fghani ?{e? gﬁlﬁ TUF 58 e@ YIRS ?Ent rol ling
the grow hpFlaeaaﬁlerft oOASnoEred on@ﬂl‘ﬂf&l’s qsmg a vlaﬁ@tsvwm&lmﬂzﬁmmrayﬂﬁse féseMbed
rate. or exanpl e, | ower pressuree%genera glésoduces 10 nanowires with

smal | er d| @r@fﬁ‘éﬁ%lonﬁiﬁ%m’éf ublicatian o. YAO7 6P 7T Amublishdd Septembes] f1d O%hiandr m
di anet gy Cﬂltc&lgﬁdté?d l‘féréifttbgss e{e}\?éé h(fg—l%gge@@ﬁah& RELAEH Leede% 1‘!)'6% UE L for m

di anet'er nanocl usters ari a I on epen i'hg on ‘how Uni f orm
t he nanocl ApplécasionSejiald¥e 09658,589, filed Mat 24, 200@; and incorporated herein by

reference.

Figs. 7A-7E show one such technique for creating a fluid flow channel using a

polydimethyl siloxane (PDMS) mold. Channels can be created and applied to a surface,
25  and a mold can be removed and re-applied in a different orientation to provide a cross
flow arrangement or different arrangement.

The flow channel arrangement can include channels having a smallest width of less
than 1 millimeter, preferably less than 0.5 millimeter, 200 microns or less. Such channels
are easily made by fabricating a master by using photolithography and casting PDMS on

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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vapor depostotth®manowiesushye gelithe atheebngnd substrel aleCtrodeBrus) phpsieal as
shown in Fig. 6, The 10?5]%{91? S mepbrane can be porous silicon, anodic

al umi na or 3OBIBRIOTCOIR 01e serchie-redogpitigns yrer et kbridmgonat ur al
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el ongated structures. For all the above d t echni ques, the source
mat eri al s can béhemmaee hamnteahmighestthamahizssed &t grew Willedopedsspucondhetess,
Wil e such as nanowires, and for doping such nanowires during growth.
For example, SINWs (elongated nanoscale semiconductors) may be synthesized
using laser assisted catalytic growth (LCG). As shown in Figs. 2 and 3, laser vaporization
25  of a composite target that is composed of a desired material (e.g. InP) and a catalytic
material (e.g. Au) creates a hot, dense vapor which quickly condenses into liquid
nanoclusters through collision with the buffer gas. Growth begins when the liquid
nanoclusters become supersaturated with the desired phase and continues as long as the
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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With same basic pr1nc1ple as LCG, if uniform diameter nanoclusters (less than 10-
20% variation depending on how uniform the nanoclusters are) are used as the catalytic
cluster, nanowires with uniform size (diameter) distribution can be produced, where the

15 diameter of the nanowires is determined by the size of the catalytic clusters, as illustrated
in Fig. 4. By controlling the growth time, nanowires with different lengths can be grown.

With LCG, nanowires can be flexibly doped by introducing one or more dopants
into the composite target (e.g. (Ge for n-type doping of InP). The doping concentration
can be controlled by controlling the relative amount of doping element, typically 0-20%,

20  introduced in the composite target.

Laser ablation may be used as the way to generate the catalytic clusters and vapor
phase reactant for growth of nanowires and other related elongated nanoscale structures.
but fabrication is not limited to laser ablation. many ways can be used to generate vapor
phase and catalytic clusters for nanowire growth (e.g. thermal evaporation).

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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20  such materials. Other materials may be used. Such materials include, but are not limited

to:
Elemental semiconductors:
Si, Ge, Sn, Se, Te, B, Diamond, P
Sblid solution of Elemental semiconductors:
25 B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn, Ge-Sn
IV-1V group semiconductors:
SiC
III-V semiconductors:
BN/BP/BAs, AIN/AIP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb,
30  Alloys of III-V Group:
any combination of two or more of the above compound (e.g.: AlGaN, GaPAs,
InPAs, GaInN, AlGalnN, GalnAsP...)

II-VI semiconductors:
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Al and In, and an n-type dopant may be selected from the group consisting of P, As and

Sb. For Group III-V semiconductor materials, a p-type dopant may be selected from

Group 1I, including Mg, Zn, Cd and Hg, or Group IV, including C and Si. An n-type

dopant may be selected from the group consisting of Si, Ge, Sn, S, Se and Te. It will be

25  understood that the invention is not limited to these dopants.
Examples

Doping and Electrical Transport in Nanowires

Single crystal n-type and p-type silicon nanowires (SINWs) have been prepared
and characterized by electrical transport measurements. As used herein, a “single crystal”
30  item is an item that has covalent bonding, ionic bonding, or a combination thereof
throughout the item. Such a single crystal item may include defects in the crystal, but is
distinguished from an item that includes one or more crystals, not ionically or covalently

bonded, but merely in close proximity to one another. Laser catalytic growth was used to
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Studies dependent on the specific conducting behavior must thus rely on chance
observation. Second, controlled doping of semiconducting nanotubes is not possible,
although it is potentially critical for devices applications. Semiconductor nanowires,
25  however, can overcome these limitations of carbon nanotubes. These nanowires will
remain semiconducting independent of diameter, and moreover, it should be possible to
take advantage of the vast knowledge from the semiconductor industry to dope the
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
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TEM studies show that the boron and phosphorous-doped SiNWs are single
crystals, although these measurements do not have sufficient sensitivity to quantify the
boron or phosphorous doping level in individual wires. We can, however, demonstrate
25 unambiguously the presence of p-type (boron) or n-type (phosphorous) dopants and the
relative doping levels using electrical transport spectroscopy. In these measurements, a
gate electrode is used to vary the electrostatic potential of the SINW while measuring
current versus voltage of the nanowire. The change in conductance of SiNWs as function
of gate voltage can be used to distinguish whether a given nanowire is p-type or n-type
30  since the conductance will vary oppositely for increasing positive (negative) gate voltages.
Typical gate-dependent current versus bias voltage (I-V) curves recorded on
intrinsic and B-doped SiNWs are shown in Figs. 8A-8C. The two B-doped wires shown in
Figs. 8B and 8C were synthesized using SiHy : BoHg ratios of 1000 : 1 and 2 : 1,



SiNWradius. Plots of dl/dvg versus V were found to be linear for the
intrinsic (Fig. 8A) 15 and lightly B-doped (Fig. 8B) SiNWs, as expected for
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resistivity is suggestive of a low doping level and/or low mobility. In addition, heavily P-
doped SiN'Ws have also been made and studied. The I-V data recorded on a typical
heavily P-doped wire are linear, have a resistivity of 2.3 x10 Q-cm, and shows no

25 dependence on V,. The low resistivity (four orders of magnitude smaller than the lightly
P-doped sample) and V, independence demonstrate that high carrier concentrations can
also be created via P-doping of the SINWs.

The above results demonstrate that boron and phosphorous can be used to change

the conductivity of SINWSs over many orders of magnitude and that the conductivity of the

30  doped SiN'Ws respond oppositely to positive (negative) V, for boron and phosphorous
dopants. Indeed, the Vg -dependence provides strong proof for p-type (holes) doping with
boron and n-type (electrons) doping with phosphorous in the SINWs. The observed gate

dependencies can be understood by referring to the schematics shown in Figs. 10A and



show no evi dence for single electron charging at tenperatures down to 4.2
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6 correspond to tenperatures of
20  although in our intrinsic (low dopant concentrauon) SiNW the mobility is extremely low.

It is possible that the reduced mobility is due to enhanced scattering in the smaller
diameter (intrinsic) SINW. We believe that future studies of the mobility as a function of
diameter (for constant dopant concentration) should illuminate this important point.
Lastly, we have carried out preliminary temperature-dependent studies of heavily

25  B-doped SiNWs. Temperature dependent I-V curves show that the conductance decreases
with decreasing temperature, as expected for a doped semiconductor (Figs. 11A and 11B).
More importantly, we see no evidence for a coulomb blockade down to our lowest
accessible temperature (Fig. 11B). he small nonlinearity near V = 0 is attributed to a
contact effect since high resolution I-V versus V, measurements show no signature for

30  coulomb blockade. Coulomb charging effect in this homogenous wire between the
electrodes (a 150 nm thick 2.3 pm long wire) would require a temperature below about 26
mK estimated from kT = ¢%/2C. This indicates strongly that variations in SINW diameter
and defects are sufficiently small that they do not effectively “break up” the SINW into
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structures perhaps for nanoelectromcs applications. It should also be possible to combine

p-type and n-type SiNWs, for example in crossed arrays, to create p-n junctions that could
also be considered for devices and sensors in the future.
Crossed SINW p-n junctions have been formed by directed assembly of p-type (n-
25  type) SINWs over n-type (p-type) SINWs. Transport measurements exhibit rectification in
reverse bias and a sharp current onset in forward bias. Simultaneous measurements made
on the p-type and n-type SINWs making up the junction demonstrate that the contacts to
these nanowires are ohmic (nonrectifying), and thus that the rectifying behavior is due to
the p-n junction between the two SINWs.
30 Fig. 8A shows current (I) vs bias voltage (V) curves recorded on a 70 nm diameter
intrinsic SINW at different gate voltages (V). Curves 1, 2, 3, 4, 5, 6, and 7 correspond to
Vg =-30, -20, -10, 0V, 10, 20, and 30 V, respectively. The inset is a typical scanning

electron micrograph of the SINW with metal contacts (scale bar = 10um). Fig. 8B shows
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t he nanocluster catalyst (Fig. 13A, inset). Control experinents carried
out w t houDidmiéteASeleativesydthéhiCof8¥mipsdlicesr Nonovdinaw res. The FESEM i mages
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process. In this method, the Ga and P reactants generated by laser ablation of solid GaP

are subsequently directed into a nanowire structure by gold nanocluster catalysts.
Transmission electron microscopy (TEM) studies of nanowires prepared in this way
demonstrate that the distributions of nanowire diameters are defined by those of the
25  nanocluster catalysts. High-resolution TEM shows that the wires are single crystal zinc
blend with a [111] growth direction, and energy dispersive X-ray analysis confirms that
the nanowire composition is stoichiometric GaP. The use of monodisperse nanocluster
catalysts combined with the LCG method will enable the growth of a wide range of
semiconductor nanowires with well-defined and controlled diameters, and thus opens up
30  opportunities from fundamental properties of one-dimensional (1D) systems to the
assembly of functional nanodevices.
Nearly monodisperse samples of single crystalline GaP nanowires have been

synthesized with diameters of 10, 20, and 30 nm and lengths greater than 10 um by
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magni tude Naflowires raret er;n nedtdg(? fita substrate, which precludes the assembly of complex 2D and

3D nanostructures. Template approaches have also been used for growing a wide-range of
nanowires. These methods can provide good control over the length and diameter of

25  nanowires, although they are limited in that polycrystalline structures are often produced.

Our laboratory has made significant progress toward the development of a general

synthetic approach to free-standing single-crystal semiconductor nanowires via the LCG
method. In LCG, laser ablation of a solid target is used to simultaneously generate
nanoscale metal catalyst clusters and reactive semiconductor atoms that produce

30  nanowires via a vapor-liquid-solid growth mechanism. This method has been used to
produce a wide range of group IV, I1I-V, and II-VI nanowires. We have suggested that the
size of the catalyst nanocluster determines the size of the wire during growth, and thus one

can envision creating wires with a narrow size distribution by exploiting monodisperse
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The anor phous oxide | ayers on the surface of all panowi res are rel atjvel
uni f or 44 ]P r Wege placed in a q¥1artz tu%e at the downstream end o%the ace with a solid target of Y

GaP placed 3-4 cm outside of the furnace at the upstream end. The chamber was

evacuated to less than 100 mTorr, and then maintained at 250 Torr with an Airflow of 100
scem. The furnace was heated to 700°C and the target was ablated for 10 minutes with an
ArF excimer laser (A = 193 nm, 100 mJ/pulse, 10 Hz). After cooling, the substrates were
25  examined by FESEM (LEO 982). For TEM (JEOL 200CX and 2010) and EDAX
analysis, nanowires were deposited onto copper grids after removal from the substrates by
sonication in ethanol.
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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diameter of the wires shghﬂy and y1elded much broader distributions of wires than we
have achieved with colloid-mediated growth.

In summary, we have demonstrated the controlled synthesis of semiconductor

wires with monodisperse diameter distributions. These high-quality, single crystalline

25  wires represent good candidates for both further studies of low-dimensional physics as
well as for applications in various fields of nanoscale science and technology. In
particular, we believe that the synthesis of controlled diameter samples will greatly
facilitate the assembly of these nanoscale building blocks into complex and functional 2D
and 3D nanosystems.

30 Fig. 12 is a schematic depicting the use of monodisperse gold colloids as catalysts
for the growth of well-defined GaP semiconductor nanowires.

Fig. 13A shows a FESEM image of nanowires synthesized from 28.2 nm colloids

(scale bar is 5 pm). The inset is a TEM image of the end of one of these wires (scale bar
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bul k GaAs, sytlitsed. so show that the material is pure GaAs to the 1% | evel.
Lastly, we note that high yields of GaAs nanow res were al so obt ai ned
using Ag and Cu catal ysts. These data are consistent 10 with the fact that
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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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moreover, we believe that the broad-range of III-V, II-VI and IV-IV nanowires prepared
will open up many new opportunities in nanoscale research and technology.

25 The prediction of growth conditions for binary and more complex nanowires using
the LCG method is, in principle, significantly more difficult than previous studies of
elemental Si and Ge nanowires due to the complexity of ternary and higher order phase
diagrams. However, this complexity can be greatly reduced by considering pseudobinary
phase diagrams for the catalyst and compound semiconductor of interest. For example, the

30  pseudobinary phase diagram of Au-GaAs shows that Au-Ga-As liquid and GaAs solid are
the principle phases above 630 °C in the GaAs rich region (Fig 15). This implies that Au
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,
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(Tabl e-1) tso? it éﬂﬁ%"‘;‘},ﬁg aXi3 of the ZB GaAs structure, and thus shows that growth occurs
along the [111] direction. Extensive measurements of individual GaAs nanowires show
that growth occurs along the <111> directions in all cases. This direction and the single
25 crystal structure are further confirmed by lattice resolved TEM images (e.g., Fig. 17B) that
show clearly the (111) lattice planes (spacing 0.32 +/- 0.01 nm; bulk GaAs, 0.326 nm)
perpendicular to the wire axis. Lastly, the TEM studies reveal that most nanowires
terminate at one end with a nanoparticle (inset, Fig. 16A). EDX analysis indicates that the
nanoparticles are composed mainly of Au. The presence of Au nanoparticles at the ends of
30  the nanowires is consistent with the pseudobinary phase diagram, and represents strong
evidence for a VLS growth mechanism proposed for LCG.
The successful synthesis of binary GaAs nanowires by LCG is not an isolated case

but general to a broad range of binary and more complex nanowire materials (Table-1). To
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along the <111> directions, and (iii) terminate in Au nanoparticles (inset, Fig. 16B) as

expected for the LCG mechanism. We have further tested the limits of our LCG approach
through studies of ternary GaAsP alloy nanowires. The synthesis of ternary I1I-V alloys is
of particular interest for band gap engineering that is critical for electronic and optical

25  devices. LCG of GaAsP nanowires using a GaAsp ¢Po4 target with a Au catalyst yielded
nearly pure nanowires (Fig. 16C). TEM images, ED and EDX show that these nanowires
are single crystals, grow along the <111> directions, have a Ga:As:P ratio, 1.0:0.58:0.41,
that is essentially the same as the starting target composition, and terminate in
nanoclusters that are composed primarily of Au (inset, Fig. 16C). High-resolution TEM

30 images recorded on nanowires with diameters of ca.10 and 6 nm (Figs. 17C and 17D)
show well-ordered (111) lattice planes and no evidence for compositional modulation. We
believe the observation that the ternary nanowire composition can be controlled by target

composition is especially important, because it provides an opportunity to explore exciton
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nanowires could correspond to the <111> direction of a ZB structure. However, X-ray

diffraction measurements made on bulk nanowire samples are consistent with the W

20  assignment. In addition, previous studies of W-type CdS and CdSe nanoclusters showed
elongation along the <002> direction. We believe that systematic studies of nanowire
structure as a function of growth temperature should help to elucidate the origin of these
results for CdS, and could also provide insight into how nanowire growth direction might
be controlled.

25 Lastly, we have used LCG to prepare nanowires of IV-IV binary Si-Ge alloys
(Table-1). Using a Au catalyst, it was possible to synthesize single crystal nanowires over
the entire Si;.xGex composition range. Unlike the case of GaAsP discussed above, the Si-
Ge alloys do not exhibit the same compositions as the starting targets. Rather, the
composition varies continuously within the growth reactor with Si rich materials produced

30  in the hotter central region and Ge rich materials produced at the cooler end. Specifically,
LCG growth from a (Sig 70Gep.30)0.95AU¢ 05 target at 1150 °C produced nanowires with a
Si:Ge ratio of 95:5, 81:19, 74:26, 34:66 and 13:87 from the furnace center to end,

respectively. This composition variation arises from the fact that the optimal growth
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The 11101 Typical conditions used for synthesis were (i) 100-500 torr Ar:Hj (95:5), (i) 50-150 sscm
gas flow, and (iii) ablation with a pulsed Nd:YAG laser (A=1064 nm; 10 Hz pulse rate; 2.5
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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ZnSe 900-950 3-5 19 ZB <111> 1.00:1.01

CdSs 790-870 3-5 20 w <100>, 1.00:1.04
<002>

CdSe 680-1000 3-5 16 W <110> 1.00:0.99

SiyxGey 820-1150 3-5 18 D <111> S11xGey

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 GaAspePo4 (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



structures, which can be readily synthesized using established nethods.
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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 the 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
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rational |y chosen. ve characterized the structure
nanow r es facuspdest zero disteasional (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 NHj
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
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structure with lattice constants of a = 3.187 and ¢=5.178 A. These values are in good

20  agreement with literature values for bulk GaN: a =3.189, ¢ =5.182 A. In addition,
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
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over-layer on the NW is visible in TEMimages. is thin layer is
attri but edhewitpenbesationelgehoisen the NW are exposed to air after

synthesis. The Egﬁf}@we H290RRRAd:Ra He dRdhYd SHEIN Whowires 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 [1007, [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
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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 (FETSs), 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
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and net al ectrodes. Transport behavior -across the p-n junction (curves
88) shows NWsis visible in TEM images. This thin layer 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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shows t hat be { denthes%etti 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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shows light em Ssion is about 380 nm and
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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during gr O\é\fteabﬂy ﬁl%%vstt\bv% etlc?r{g%%td Wiz 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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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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94% (atomic ratio) InP, 5% Au as the catalyst, and 1% of Te or Zn as the doping element.

The furnace temperature (middle) was set at 800°C during growth, and the target was
placed at the upstream end rather than middle of the furnace. A pulsed (8 ns, 10 Hz) Nd-
YAG laser (1064 nm) was used to vaporize the target. Typically, growth was carried out

25  for 10 minutes with NWs collected at the downstream, cool end of the furnace.

Transport measurement on individual NWs were carried out using 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.



orthogonal directions in the two assenbly steps. The applied bias in both
steps was 80 V. 25 The scale bars in Figs. 26B-26D correspond to 10 rn.
Bot t om Upwispaniyy of Nanoscal e El ectroni ¢ Devi ces from Sigdrogsa Meoow r es
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technol ogy. NTs have been tested as Tield effect

el ect ron t slarves sstypicsl FEASENTmAW dfeiredapjed fick NdVis , SdNle banis Hnprh eipsdtaliatiice
junctions an ed junctigns have al so _been deppnstrated. However, the
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i ndi vi dual F&x’ﬂ&ﬁﬁ&ﬂ;ﬁ%ﬁ:ﬁéﬁrﬁe%ﬁ%@eﬁa@% FPRE! Fids. 229 a8 O Bh R gatet @l 11 ¢ and
sem conductor NTs is not controllable and controlled doping o

seni conduc tlependens I1\sbehiaviardon Te- apd @nidopsd N Waeespeetiiebt rtegusetsio Fign 2Bl | ed
dop! 191 TS5V By PSSR 5P OB o B BRI 1 9RBE
degener at ebyty co@Espor@td 1 pantTied digdeterldraBENS M Big. MW &L47 nm, while that in Fig.
22C s 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 um. 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
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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



25 across junction (Fig. 27B curve 130) shows little current in reverse
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and 120, respectively), which suggests ~dRrfi ¢ (not rectifying) contact
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measurenents on 20 independent pn junctions showed consistent correct
rectifyi ngebdbrnduotor N is Hidfibdsi ¢ unit of nost seniconductor devices,

pnj unctions pr Oyfeg/ieoutsf},ewe demonstrated the controlled doping of single crystal semiconductor

SiN'Ws, 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
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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
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junction, the tunnel di odé do not show recti fyi ng behavior, but rather show
NDR behavi 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 SiINW 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 p'np 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



25 in forward bias, with a PVR of 5 to 1 shown in Fig. 29C. The difference
can be explained by Esaki diode nechanism The built-in potential forns

when p+ awd) aA73¢gpe contact each other, but the space chaigeysoegéos W dt h
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across 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 SINWSs were attached to sharp STM tips and released onto
the p-type SINWs 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. (¢)



the other three pairs (1-4, 2-3, 3-4). Figs. 27E and 27F show t he energy
band diagranms of a pn junction under forward bias and reverse bias,
respecti veloyo/1rsdas. 28A-28D illustrate n pn crossed Si NW pdaobseii/ 26298
transistors. Fig. 28A shows the common base configuration schematics of an
n+pn bi pol ar transistor in sem conduct or’ 30 physics (left) and in crossed

Si NWstructure (right). The n+, and n-type Si N, function as,emtter,
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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  inforward 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



2. The substrate ( silicon wafter ) was covered by a self-assenbl ed

nonol ayer (SAM with -NH2 term nation. 3. The mcrofluidic nolds are nade
of PDMVB. #ooarspphannel forned when the 30 substrate cane pdr/gdnkédt W th
PDVS nmold, with three walls of the conduit corresponding to the nol ded
feathures in the nold and the fourth co*rgroe*sponded to the surface of the

substrate, which.was c 1y i fi.ed as described in 2. 02/17 62
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I mportant configuration for the devices we made from NW. 6. By patterning

t he surfac éon‘ﬂ%tl‘e\,lﬁlﬁ}’é@?ﬂqaﬁéi devises | Thg meass produstiqngmd digh ntergiption Pf dasepl ace,
thus make f&ncﬁ &%ERI%I\/K/% el b g%ﬂéﬂlgﬁlo%@&ﬁe ¥ o8 1stg(? Wlt‘ﬁ%ﬁectnéo g erni ng
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exposed Si _surface whi em_ cal Jnéqf nctional i zed. éa in 2).
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patterns, (as described in ust the surface in this case is
pat t er ned) solwllwd\)mpqlalﬁéanmsm@rc@aps.cml@mm&mtotranémqﬁ@s At | ast We lift

of f the PMVA, t I\%% rf y £t hose
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Nanost ruct yres i n o Functio Net wor ks nsi onal nanostruct ures,
such as naH%WlF@ %H‘.}l‘eﬁ%’%t"gg}& P8 St ePFF‘g\I{{gSméfi?éi | est di nension for

efficiegnt transppitoff. Z?F%Tﬁs‘iﬁfé%ré’éggd SHOW i QRion & NFit TS SBERs A%R:EIPE“ I di ng
bl ocks for hierarchical assenbly of functlonal nanoscale el ectronic and
phot oni ¢ SEMiimageed cropgedrNPojunctionsayipr SHAh as oontadidedds ehlwrschle bat is@ssenbl y
of one-di n‘ensi.he (ﬁ!lmeters of NWs are in the range of 20 to 50nm. Figs. 27B-27D show [-V
behavior of pn, pp and nn junctions, respectively. The curves 110 and 120 correspond to
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 across 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. 28 A-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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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 -NH2 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.



A typical exanple of parallel assenbly of NW (Fig. 31A) shows that
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of NW on the substrate surface, thus we get clean arrays of devices.

Directed Assembly of One Dimensional Nanostructures into Functional Networks

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 paralle] 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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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
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characteristic of |ight-em ng di odes (LEDs)
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 Si0; 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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flow steps do not affect preceding ones: we find that this condition can be achieved. For

example, alternating the flow in orthogonal directions in a two-step assembly process
yields crossbar structures (Fig 33A and 33B). Both Figs. show that multiple crossbars can
be obtained with only hundreds of nanometer separations between individual cross points
25  in a very straightforward, low cost, fast and scalable process. Although the separations
between individual NWs are not completely uniform, a periodic array can be easily
envisioned using a patterned surface as described above. Significantly, these crossbar
structures can yield functional devices (see below).
We believe that our approach for directed assembly of multiple crossed NW arrays
30  offers significant advantages over current efforts, which have used random deposition,
direct manipulation of individual NWs and NTs and electric fields to make single crossed
structures. With random deposition and manipulation it is difficult to obtain multiple

crossbars required for integrated nanodevices. While electric fields enable more control
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el ectrode ¢lepestst MoRpicdlx2sgadsbaidfayapide@FRARHSInP NWs, in which all eight ends

of the NWs are connected by metal electrodes, demonstrates this point (Fig 33D).
Transport measurements (Fig. 33E) show that current can flow through any two of the
eight ends, and enable the electrical characteristics of individual NWs and the NW-NW
25  junctions to be assessed. The current-voltage (I-V) data recorded for each of the four cross
points exhibit linear or nearly linear behavior (curves 200), and are consistent with
expectations for n-n type junctions. Because single NW/N'W p-n junctions formed by
random deposition exhibit behavior characteristic of light-emitting diodes (LEDs), we
believe it is apparent that our approach could be used to assemble high-density and
30  individually addressable nanoLEDs and electronically more complex nanodevices.
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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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 (SiO,/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 anless 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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PCT/ US01/ 28aralel 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 N'Ws 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 to2 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, ¢d, ef, gh).
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ei t her i nwighe/ps@ane of the substrate or not. 5 Having nodemn,izb;@gl Sone
illustrative enbodi nents of the invention clained below, it should be

apparent to those skilled in the art thd?the foregoing is nerely

onl y.  Narer oue. VRO EBEERH S e ToRTEC B 14PG ey BERTANPIoRB0E ¢ hi n
the scope gfoRReafistofsdédia ])émeﬁtlébJ thvérferd, RghRI diod0d W %a&ﬂfﬂk@ﬁip{}éte?(ﬁuﬁ?
falling W|th|n the scope of the clains set forth 10 below. In particufar,

al t hough n#ipgs @ﬁsetm@or@nam Hegcesrusmgmapelvines: eihe follwwingarepeential epplications:

conbi nati ons of enents, it should be understood
t hat those acts andegﬁ%gcgf Jblg%% cg{r%agé Pe conbl ned in other ways to

acconpl §sh the ggme Mynemtiavésomphiiies, eI enments and features di scussed only
in connection with one eggodl ment of a stem or nmethod are not i ntended
to be excluded f¥Pom Bhep F%Pr?@ﬂé’lqrﬁeéllﬁ defast&nbodi ments. Further, for

the one or mor ereants o fNEHORe bhibhlihAPScesRbietes n the foll owi ng

clainms, the neans are not i nten | mte means di scl osed
herein for per€9rni Sglgﬂdﬂecrtmnlttaamfomctl on, but are intended to cover in
scope any equi vgét entL means, known now or | ater devel oped, for performng
the recited fun&ion %t is clained is:

10 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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between the patterned surface and wires, such as A wire goes to A’ patterned area, B wire
goes to B’ patterned area, C wire goes to C’ patterned area, etc.

Wherein the 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.



10

15

WO 02/17362 PCT/US01/26298

-9] -
Wherein the stretching of the matrix can be induced by mechanical, electrical

optical, magnetic force. And the stretching direction could be either in the plane of the

substrate or not.

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
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
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:



