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DOPED ELONGATED SEM CONDUCTORS, GROW NG SUCH SEM CONDUCTORS, DEVI CES

| NCLUDI NG SUCH SEM CONDUCTORS AND FABRI CATI NG SUCH DEVI CES s RELATED

APPLI CATI ONS PCT/ USOL/ 26298 This application clains priori t?(zé‘;*%gemogS

US C 119(e) to commonty-owned, copending U.S. Provisiona e

Appl i cati on VP¥1HB62No. 60/ 226, 835, entitled) "Sem conducteetubapewsres”,
filed August 22, 2000; Serial No. 60/292,121, entitled, 10 "Sem conductor
Nanowi res", filed May 18, 200l; Serial No. 60/254,74S, entitled, "Nanowire

and Nanot ube Nanos@GRED EYLONGATEPSEMICONSECTAR80GROMING § 60/ 292, 035,
entitled " Mnomw*L%mm%m“ al
No. 60/292,045, entitled "NANDFABRECATIN®BUC and
Swi tching Devices," filed May 18, 2001, and Serral No. 60/291,896, entitled
" Nanowi re5DeRE¢A§'EDSAPBIdCAﬂIIOES Em ssive Elements and Sensors," filed My
18, 2001, each of which is hereby incorporated by reference in its

enti rgt y. FIELD cnna’hﬁlmmumwnonfphmdmsmc §1rmég£olc%n{oﬁig d nler ally
to sub-micro sen ey and more particularly to
nanonet er - sc + tr?ng %ﬂ‘ﬁﬂ%‘}%&a’??ﬂp@%&mg%ﬂﬁ%éﬁe%s ﬁaaﬁ&ﬁﬂ,r es, doped to
provi de n-ty8enzicahdpetenNeaowisestifitéd Abgust 221 momdﬁmm ‘65/292‘?11 exltit .m‘f' es, and

th Ligl D 25
e B Lt Pl Nha B 85 18y | £30015 By B8 b estaon ne o
vari ous mat efNatowire EmdongmbéNmmmphméwecem@M A080;SrifINTE6292R8, and

p-type semc Ki n Y of devices such as field
ef f ect transéml?lors %%gkﬁérﬁwg‘h%%%? °rs 1@ 200); SexigbNe-er s, tunnel
di odes, and 601@92,04ﬁeenaﬂe1 %hcbwﬂﬂﬂmom'limvibaé Inanahgmfno d%%tc]ﬁﬁéﬁ conduct or

fabrication s t.i and require a clean
room and t hebg‘g{:aé o%m@%}@\ég%%ﬁi %@I% ?:ﬁ“ng%(gé 1?{{}5 B?f’sgl‘faﬂ@)‘f’ifﬁ@e‘"%l | e
seni condétt olﬂchingﬂEmssuﬁEbmcmamd)&nkmhﬂmHm@y18,szooqaléacﬂjﬁw@ﬁm§gem here is a

cont i nui ng , EDE ef erably including smaller-scale,
envi ronnment a cg?ér?%%i&f{/%fe apr éét Ptb‘%{y at | ower cost.

FIELD OF THE INVENTION

The present invention relates generally to sub-microelectronic semiconductor

|->-

20  devices, and more particularly to nanometer-scale semiconductor articles, for example,

nanowires, doped to provide n-type and p-type conductivity, the growth of such articles,
and the arrangement. of such aljticles to fabricate devices.

BACKGROUND

25 Small-scale electronic technology relies to a large extent on doping of various

matenals Doping of semiconductor materials to form n-type and p-type semiconductor
reglons 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-t13e-art semiconductor fabrication facilities involve relatively high
30  cost, and require a clean room and the use of toxic chemicals such as hydrogen fluoride.
While semiconductor and microfabrication technology is well-developed, there is a

continuing need for improvements, preferably including smaller-scale, environmentally-

friendly fabrication, at lower cost.
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WO 02/17362 -2 SUWARY 2 2 FES 2005 PCT/USO /26298 I n an enbodi nent,
provided is a free-standing bulls doped sem conductor conprising at |east
one portion having a smallest width of |ess than 500 manoneters. |In another
aspect of this enbodinent, the sem conductor conprises: gg ﬁg =Or core
conprising a first sem conduct or; and an exterior shell rr%

di fferent nWOMRIBH2 t han the fi rst sem conductor. ' In anb(fﬁ@sﬂl/a@plmt of
this enbodi nent, the sem conductor is ehqongated. In various optional
features of this aspect, at any point along a |ongitudinal section of the
sem conduct UMMARK i o of the length of the section to a longest width is
greater than 4:1 0 ter.fhan J10: or at er than 100: 1, or even
greater than 100611?[“'“’[1]:1Lb ggovgfg%g&féeg%hfhﬂggﬂg iSFRIePRdugior | east one
portion of tdompsising amdeaétmieq»brﬂoahamwmmmm of I6ss@lian| 506 Sarfobafers2 00

manomnet er s, h or l.ess than 1Q0 manoneters, or

| ess than 80 nang?r%‘to 9asp8° mgeéﬂl éoth %ﬁ@?ﬂ?%’“ﬁpnﬁ‘eéé’é‘“ﬂtﬁ%‘ﬁ 60
manonet erss, core domasmgaﬁrsdﬁbnnamdmmtraaﬂd,an exteti@shell doapriifl aviffesat €r s, or | ess

than 10 IS 8sS than 5 manoneters. In various aspects
of this enbo gn%{h%ﬁteﬁ%égg gnﬁ‘ﬂ %t or conprises a sem conductor froma

group consi st i nglwdnoSier aspest ofthis eMbodiifient, th sdauedmmdor ifelorafed. ﬂD&aBBﬁQ B-Si,

Si-C Si- BNB ALP/ Al As/
GaN GaP/ Ga °P@é’§§ﬂaqpﬁ%| ?ﬁﬁ &Ec'fﬁ g pomn '\&WAF“I?P%P ?Al Sb, 20
GaN GaP/ GaAstiGaeiiucton MratinRifitreAsigindithe ZetimZo 51@9@%%1‘@ greadShgdfe/ &dTe,

S/ HgS Mg SnS, SnSe, SnTe, PbO,
Flgs, F%bgjomgﬁ"f“&ﬁ%‘ﬁ%tﬁéﬁéa% &P’evﬁﬁﬁea'%@@&‘ﬁgér gl BeS-To, CacNz.
ZnGeP2, CdSMAs2. hraSnSh@pecErGdRSmtodReatst leqsCone pAgjofAF the Gemicoriductdt . Fe) (S

S Te) 2, Si
aSproS% ate %ﬁ%ﬁhﬁ%ﬁ%&h (ﬁbg?%omﬁoerrsé)mé\% ﬁhaéle%og?)‘#&%f éoéslt arl ous

aspects of tlﬂO QaD@mbm, nelms thant$6 ngmomieteosy drdessthanGOmpnonsstess, ar Beythsi 60 r om a

ot ypo damuagg ofteR kREpRaRARY of LYW B Bobnite oriesf BRI O T ©
sel ect eddf r saRAnetrs Qpeven dess than hganofme®rs. A1 and I n; an mtype dopant sel ected
froma group Conﬁll‘l%}’lbﬁ%s%ctsofﬂése gai@d[ggté%tg @e dwtgrw'o ant from Goup Il

of the periodic t type Fom argrodp consisting of :
My, Zn, Cd seveiconguctar fsom ylwuplemmma‘ofo?n Ge,SnpSd, Ve, B, DidveondeP, B0 B- t abl e; a

t d | f t
b, ype doparmrglins; il S 861 SLEAINIC N Bhs Rp Ay G, 1 1 1P
02/ 17362 3@@¢Mbﬁoﬁﬂo§m4sg@osw/§mwmmwm this

enbodi Mept , GhRAG DA RIS CInRYTn b/ AR, %o?z:@?ﬁbflﬂnré @d%&@é@T@SpeCt of

this enbodi pent. the sem conductor is n-d n Various optiodnal features

of this as pggﬁﬂ{@?@ggérﬁ%@}fée/@p&ﬂwg&l@%rﬁcs Gedrh QeYe, SuB.dinSe, SwTe ey | y

n- doped. Inpy@tpbga%tpgrc@s t rﬂ%’q AGRt Aptt ductor is
p-doped. In 8$P|520§3$ opt I ‘gﬁglf Cl%ra?ﬂ AgF, A%I ﬁ%ﬂ%ﬁlr&sa@g ect t he

seni conduct &# Bes?> £959Rb3 FugeRfs 53%233 (ﬁbat\ﬁ)w Gr, o gb&e)(S, Se
Te)2, Si3N4, Ge3N4, Al203, (Al, Ga, In)2(S, Se, Te)3, A12CO, and an appropriate

25  combination of two ore more such semiconductors.

LQ"‘I'D

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.



I n anot her aspect of this enbodinent, the sem conductor is a single
crystal. Tn additional various aspects of this enbodi nent, the

sem conductor is magnetic; the sem conductor conprises a dopant neking the
sem conduct or nagnetic t!he 10 sem conductor is ferrorragnet'?g;Fé@%%

sem conductor conpri ses a dopant that makes the sem conducftOr
ferromagneti"@“zélggfor t he sem conductor conprises nmanganBGEUSILR628hot her
enbodi nent, provided is an el ongated and bul k-doped sem conductor that, at
any point along its longitudinal axis, has a | argest cross-sectional

di mensi on | ess t Harn@d aspeaiafdhtieenshodibtent, thezemizenpinctor Bipart bf sdesfebodi ment, t he
sem conduct ok_ J - [ . ¢t _of this enbodj.nment, the
sem conduct o%%g%{ﬁ%g%zgﬂg% Fﬂ;?%u!g%t%ﬁ Q%e%?égn@%ﬁ'%ﬁ '??%&'atnf‘fafl%'{s optional

seni conduct ofeatueas of this aspech tiegemivhmdubtoris rither Bghily nadogied éreavily nrdoped.i al  t han
the first semco j of i nbodi nent. at an

poi nt al ong the [ﬂé#gtltat%%?ljn%?éég%@yg?é@gﬁ%}essg%icggﬁﬁﬁﬂs "?opSfE r]ﬁtvf%m’ﬁf t he
| engt h of 5t heptordtfeatures embodinentyef thismspbct the sergicerstuetor i laitlrer fightly, p-duped)r eat er
than 10: 1, ﬁ{heg‘;i@_(g{pe&han 100:1 or even greater than 1000:1 In various
aspects of thi's embodrnent, at | east one |ongitudinal section ofthe

senm conduct or hadnanathazlasnestof igkntbodiments the s¢rhigendR6tor ianingletcastal. or | ess

t han 150 nanonet : {_gagﬁ I . I . an. 8 '
manoneters, or Igfslgdt%l (glr? ? %ﬁﬁi}ﬁs@?@ %?%eﬁ"’%gg%éﬁ&gtasﬁ % ers, or
| ess than 40thasseirenduster copprisasgglopantmaldag theseprieandnator nygnétisse t han 10
manonet erg, Qs \ﬂ&ﬁl:gdr?§ﬁrm efic; '}gﬁ;{ﬁgﬁi&m Joﬂg}‘i@%sh@déan@ﬁﬂﬁﬁ%%% L this

enbodi nent, at [east one o?%l!tu I'nal” section em con or has a
| ar gest wi dt $emiespdpcios derramagnetisnandéon thewemicepdueser dogpsises angah6@. nanonet ers, or
less than 100 mang Hﬁﬂ%r%mlégc{imkﬁ,sﬁo&im% tﬁxge}&?&gm%uﬁc-c}loggd éeﬁﬁ&n@&%} 70 30

manoneters, or |ess than 60 nmanoneters, ess t manoneters, or |ess
than 20 manoti#: @8y Peipt alengdtsdongitudimnl ain berc langest crops-ssoiéomal dimensiondess 5

manonet ers. iy ¥ dapdtsetadspect s of this enbodi ment, the sem conductor

conpri ses_a sem conductor froma group consisting of Si, Ge, Sn, Se, Te, B,
Di anond, /P, B- C, Ipanaspecs ofthis epthodimpgt the sepicpmduateriz fyweitangddigos - 4 P( BP-~,
B-Si, Si-C Si- j - Sialt . Sb,

GaN GaP/ GaAs/ Gagglf a'?rtnhﬁevg F%%?%%ﬁgr}’gdb@e%%g%%% iAli_%F.# lAllgyz{sA#ﬁ?l s

GaN GaP/ GaAsYOesLSIPrisinga it symieondpqtorsind ap ggerior shetl momprisiTea diffgsaiod Se/ CdTe,
HgS/ HgSe/ Hg TaaterBe 836 BRBRdtetMISidbee, GeS, GeSe, CGeTe, SnS, SnSe, SnTe, PbQ,
s PbS,.PbSe, PbTe, CQuF, CuCl, CuBr, Cul, AgF, AgCl, Agar, Agl, BeSi N2,
CaCN2, ZnGeP2, YERS asppek efiihis embpdiment, atqpyipomBalopgthe lony laxggof 1n, TI,
Fe) (S, Ses Tttﬁé semicaindiddor, ﬁ%aNféf tthélﬁﬁé.h of the secliéh tﬁ hﬂér%é@mé&@xstgl-&legthlaﬁha@, and
an appropriate conpination o Jmore such sem conductors. In various
aspects of t%iggeaggglﬁﬁ'%ﬁx,gm?ﬁé&g%ﬁqro&m Yeorgsrate e PUEL 2 dopant from 1D a
group consi st i ngIofarBupaspyqeordidyaibodinifaleatitne 1bdgitddindlRectibebF@ei C t abl e;

an n-type dopant fr G oup. V. of.th ri c tabl e; - 1 dopant
selected fro °&‘§“8ﬁ’g}‘%soarf§‘$a§1ﬁ‘ﬁ’gdﬂb?ﬁ%{s)%9 P’ﬁ?"e’an"rﬁqsgﬁaﬂé?ﬁbpant sel ect ed
ILom a gr;ymanmmblérs,tdrtugsthﬁnl(mdnaﬂm?adoﬂe'sstﬁaxmad néﬁﬁndaﬂéwlesé‘mﬂm_(ﬁ{ oup |]|c (l\)/]t;
e perigdic table: a,p- opant selected, from ro onsji sting o :
Zn, Cd agd a%lonéet%r§’t°§ %)%S %‘%‘gg%?mg?l%&%s’@f kﬁﬁi)é“?‘\f' anPﬂ%“%e‘F?%ﬂﬁ%ﬂ? table; a
p-type doparansmadters,toeiess thami Gnagometers, oo Bendéss thgn Ghaloneeteds. Si . ; or an n-type
dopant is sel ect consi stjng of Si .Sn, LS and Te. In
anot her aspect oﬁﬁ@%ﬁ%@a&éﬁﬁ&@%”g@%‘F?f’gﬁdﬁgg@d‘f’%s?fgﬁoéﬁea devi ce. .
| n anot her eepisonduglor hsiadargesh witithnefiiess thah 200aembnetd mrlas thas 150- doped. | n
vari ous optigﬁlgl t Ni.Ss._aspec he,.sem conductior,. i s, either
lightly n- donpe eéérrg’%ié%\%?@?/& {noé)lf%o(%ege&.’ f ssﬁéﬂnesa?ﬁlg?% er%lé’f)%éﬁtb?ﬁ%ot hi s
enbodi medt , neh@net@srior hasiihen 6 nansmetersp as thin¥Orenbaetars,ap ldsotharl 2¢ eat ur es
enbodi nment s i Lconductor- is either lightly p-doped or
n%o&ﬁé?élri O?ngﬁan léﬂgctﬁg% for f‘ff? ges%ﬁ)ﬂ%g in%me?ers(

heavily p-doped. I'n another aspec he sem conductor is
a singl e cryst al Invarious 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-




25 I'n anot her enbodi nent, provided is a doped sem conductor conprising a
single crystal. In an aspect of this enbodi nent, the sem conductor is

bul k- doped. In an aspect of this enbodi nent, the sem conductor is

el ongated. In various optional features of this aspect, at22nfEB@ilHt al ong
a | ongi tud|%02;g6gl on of the _ 30 semconductor, a ratio of the |ength of
the section A¥8ngest width is greater than 4:1, or gPERVEN264En 10: 1,
or greater than 100:1, or even greater i4han 1000:1 In various aspects of

this enbodi nent, at |east one portion of the sem conductor has a small est
width of | es’BPARR-SI08-GHirGieeSicdingnd Ge-SncSi€, BNAP/BAS ANAIRRIASAISHr | ess

t han 2 2 F@@@&ﬁé%@%@%ﬁ%@%%@,ﬂg ters, or |ess

t han 80 manoneters €ss h 60
manomet ers M/@wmhmwmm, Za$)/ZnS/ZpSe/Fise, Q@S/ﬁd&ﬂ!ﬁﬁ‘e@r s, or |ess

than | %%@Hﬁﬁcﬁxggﬁé B@m@sé/sawgm ] BROBRSS LRTe, s (V;%%% gcts of

this enbodl sem conduct or a s’ sem’'con a group

consi sti ng ofbSePbSecRbTegGuF,S:Cl, '@BYEUIMMI ABraagl, BMBI%FNZB— Si, Si-C

e oo e i TS B, UL A Sl 1RGN e ot

| NN/ 1 NP/ 1" nAED. N4, Bedhi4;Ad20% €Al Gasile)2(Sfe/ T)3et1200 cand lag SpsprSiateHg Te,
BeSBeSeBeTe/ MagtG SnSe, SnTe, PbO 1o PbS, PbSe,
PbTe, QuF, CiE d'?g"ft@gg’m%%hsgﬁmnd%&% gg|e BeSi N2, CACN2, ZnGeP2.
CdSnAs2, znSnsbh2In w@ewpem@ﬁg ﬂgpgmqu@nent,ﬁ@ fenticonuetor comprites a E@)a(nSfronSe
Te) 2, S N4, a&@@%nsxﬁﬂr%@@ a;(-t%e do??nt foh) (g&gﬁ IIP6f thd. gérgxdm%qun f&ﬁ{/

arious

approprlate conbi nation of nore such semc ctors

aspects of tqﬁ’P%nt@ﬁﬁd@ﬁowﬂtofmewwmbmwgdomfrﬁﬁlepfsdaﬁoxa agop@nt from 13 a
group consi Sohiingof:, i M@Fedéga&%ﬁ@alﬁmh'a'gr&z&camgaf pdig table;

an n-type dopant rom QG he "periodic tab -type "dopant

sel ected frdRdgb :garRJH'ﬁeé‘?ﬂ‘ﬁ fxqm Grpupfl of themerigdi table; aamdpl)@ésedm‘tfdrfwnsel ected
froma gr ourhgi&ﬂﬁoﬁéwtﬁ.gopfmg’,zfédmgSPect?%dgd m%oﬁﬂm%ﬂﬁwsﬂﬁéiﬁé’“& Il of

t he periodic table; type dopant roma group cons ng of My,
Zn, Cd afd ﬁﬂ’c’éwmaﬁéﬁlﬁﬂ? 9 A BTauB censistingyef: Cigad Pisorarli ¢ 20 table; a

p-type dOpaﬁf—tyﬁ@&%ﬁﬁﬁﬂseﬁe@ H‘ﬁ%mgféi&ib&ﬁﬂﬁingfof@ G%fsée@sdmﬁre or an n-type
dopant is selecte fromacgroup consi sting S, Se and Te. In

yet anot her enboEﬂ?P@ﬂleraSB? Qf%ambgd@e@dbeae%l@ﬁdgﬁmamfatdqmem at | east

one of the follon ﬂﬁﬂleﬁasﬁédwhﬁls%ih}ﬂ&ﬁlm 188 séphiodaadisds Addp &Uk%vﬂi%
sem conduct or tnaﬁ% gny poi nt al ong |ts | ongi t.udi nal "axi s as -a | argest
ef%‘ﬁéi"

cross-sect i GRHY this) agpect, fhﬁé?F“SW“?Srﬁﬁ igllyar-dopadiordepyilien-st andi ng
and bul kspdo@epedseni conductor with at |east one portion having a small est
width of less th 00 .manoneters, e a _phenonena produced _by a section
of the bulls- dopg’dy g%‘fﬁ%ﬁﬁ?ﬁ%f’gﬁn é)‘i‘#?g‘w at, the SeraiqeRetaigs Pidseste JR VW8 ed by a
di mensi on Ofopﬁdiﬁl festote ebodimerdd\6fithie hsps@ HRE Senontitidtsr iCSHBSAIgREH b-dopste

| ongi t udi naI @l{ tagpeaacapabl e of 30 emtting light in response to

excitation, vel ength of the emtted light is related to the
width. In optl onhlanbﬁaﬁaspmommsbﬂnbmw,enésemmclmeiesa@mc@ﬁalt he emtted

l'i ght |safunct e n udi na ectlmls capabl e of
transporting el e}& 'g’gﬁe b Meg{,gfomdfﬁgﬁgi gecd;ﬁe{néci"f‘ °rf‘H‘éPr' B8 nal -
section is cgpsabl e of transporting el ectrical FEB 2005

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, aratio 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



WD 02/ 17362 -6 PCT/USO /26298 carriers such that the electrical carriers
pass through the |ongitudi nal section ballistically the |ongitudinal
section is capable of transporting electrical carriers such that the

el ectrical carriers pass!through the |ongitudinal section @Qh€EEBENS; the

| ongi tudi nal section is tapable of transporting electrical carriers such
that the el ¥PP¥Y3¥2 Garners are spin s polarized; and/ or Pcshizemst udi nal
section is capable of transporting electgical carriers such that the spin
pol ari zed el ectrical carriers pass through the |ongitudinal section w thout
| 0si ng spin 10(fmwmpmetersor ldsptham 80 impmetetspeli lese tan 70 haom@Rek, biSlesd ts@lggt | ON

conprising o sem conduct or erein at ] east one of the
sem conduct o{r}%c’%teg&ﬁgsggagg%g@mﬂ OCICE tﬁ@lzl\ahd\ﬁ%ter%%ieﬁﬁp@]@ryst al, an

el ongat ed andanbmletersfiapyen Bevthandnminarheterst hat , at any point along its

| ongi t udi nal axi h a_lar i cross-sectional dinensiqgn |ess than 500
manonet ers, and ?hfv?g@sgfpgﬁa?ﬁglsgﬁl ° %fg‘%"éﬂc@@ﬁt@(‘}ﬂﬂ%ie& with at |east
one porti&n semi¢onguaorsioa 4 grotp winsistingaf: 3ipGe ShBeNTE B DiEMMAREL 8LS, B-| N an
aspect of th@l’%ﬁ’-i ERtq: @l leas ] n% or, i s elongated. In
1s various o% I ofla fgig(?’usrlsse’ df%%???%%@f?%é% f#’%ba

| ongi t udi nal Ge¥/iaPFrAsiGaShdn/Erf/Inds/nSb; BN/BRABASAIN/AP/Al Agalsengt h of the

section to aG% j t 4. r r,t 10: 1, or
greater than /gﬂgk%apwg}gg ﬂélﬁlgg{{@rﬂ 2%02%5'/ ZP%%%%@@%’@&%#@ this
enblofli rr;ant , dfgS/Hs&cs’Hg’&; BePBesd/BeTedilgs/ M Se GdSp@ase, GHEt, smsasg@uv;é,%opast a
smal | es 00 Les ; manonet er s,
or |ess tI Wan %8%%%%%@?2&?@%@@@%%Sﬁﬁhg,@,ﬁ%ﬁ\l%iap@s than 70
mra]morret ers, 04PasCdInAs?, Za8nThanCu@dhs; SuSizk3, (@5 Ag)(Al IGadl, }mne)(szﬁe,r s, or less
than 20 man : ters, even | ess than 5
manoneters. T ’%rﬁ.%%ﬂg@%g%?%?%f é&%%&?}%ﬂéoﬁaﬂg%@q@gﬁe one
;em' (éond_llj_ct m;m@g}ﬁpm@fawoarmmmmmducgm g gr oup C(C):nSiS'Sti ng gf gi : GS
n, Se, Te, B, G - . ~ B S i - i -Ce, Si-Sn an
Ge-Sn, SiC BNBPI%%SV?{&A%. %ﬁ%ﬁ%‘%gf‘%ﬁﬁggén%&‘?\ff&%?@éﬁf&%ﬁfs & Fopant iom
| NN/ | nP/ A &5 PuriensisiioepR Ap-typeldapank Broal Geotp TS thepeNoGa BibGe Ash-Gpsh,
I NN/ | nP/ | nAgy ' . G S/ H gSe/ HgTe,
BeSBeSeBeTe/ y ?%@k%g%%gg%@%ge’ %@?’%@@g@?ﬁ;ﬁ%&&%s PbSe,
PbTe, CuF, CREstnggRB, Atand Inyagm-typedgpantsgissted foerh 2 gRESCOMR]stigadR\R, A30 ZnGeP2,
CdSnAs2, Zngasks, RantGHSL . Ga,. Se,
Te)2, Si3N4, Ge3 r\?ﬁ%gﬁ" (A ?P%fl(olqar%ezﬂ(%%%‘ﬁé{é}ﬂe% %Qgi%eﬁg%éégﬁ
appr opri at e %R 9EHSHE of Ma &8 Gt and/Hg; a peyrerlopantfrom Gitowt IBF of the perdiio 2/ | 7362

| ,_ z > FE&I@QWQ%H@QI&?&%&iékoﬂﬁ‘l’:&n@fé&gao%t@ﬁr;dsﬁp%r M-%Bg Qg ment,
the at | east, o&gﬁa%rfp conduct or, _corggrl ses _a dopant frofma group consisting

of a p-type ¥ PR FIpsIgting o6 £1,{Gee S Sy Soaiddet abl e; an n-type dopant

from Goup V of Iyt aeitiepethliodinial, rovitiel 1d Y RBedlQRRRhaR R A5k 8%t foL QTS 9T OUP
consi sting o% B.,Al.and In; an n-t%/lpe dopant selected froma group

consi sting Of hefollewing: a sinslagrystal, an ¢longated aphblk-fionsd sepisonduster thet, athey per i odi ¢
Lglbl e; a p- wilgeadﬁgtui&]gbngstﬁﬂéﬁﬂtaﬁd th\‘f @{cﬁkgt’tﬁtgi&bl@gcﬁgﬁhﬂ?{e%fi&l E§sd}&iso§“’ dCd a{‘d

. a p-ype. dopan om G 0 0 e periodic table; a p-type dopan
sel ect ed} Fr §F‘n“°£%grfsoﬁ‘b‘[%§]?f§ﬁ@$'ﬁaﬂ%‘ru”€dm segpicondygtorithhatileagione pertien| ect ed
froma groupadugssmdliestigridth offess thith, S06Ranchetstie whARE a pRenohBnAftoddaed pyearbodi ment

provi ded is_a,: pce ri,si ng ane or re doped 1Q sem conductors,
wherein at Is%ggfé% eeb‘%?ﬂ&ﬁ’gs %@Bﬁﬁfé‘@g&%aﬂ@ ofugmegheaussd by ge

fol | owi ng: dinwinsigh of the yesti@l., an el ongat ed and bul k- doped seni conduct or
that, at any poiqat na i Longi t.udi nal .axi,s,, has a | argest

cross-secti onal |aﬁe&h%ia%?°{°§ggs ?nz@ﬂl%@@%mg@géfcnﬁﬂéf cépif'-’ts‘g’-standi ng and
bul k- dogéd switiimgiigitintresponst tdexaitatioastera LW dnp b 18 et dightT®| | est wi dth
of less tha ters.. 1$S.ln an_aspect of this e i ment, the device
conpri ses a{heﬁeag ?% B’\%gﬁ dgtboé)goréaiﬁﬁag't'ﬁ‘?cﬁgg?%?sgﬁct\ftﬁ‘%‘?’aé@lt‘?nﬁggﬁtﬂ%?m’ctﬁ@h%ht | east

t wo dolped sﬁgfgmﬁdmoﬁbc widtlg ﬂRthddgﬁﬂdigaI@&ei_onsch lefdfltrhﬁ’pbﬂﬁgg elactfiéangl e I
crystal, anggl - . 0 em,caonductor .that, .at any point al ong
its Longi t udi ﬁ%?%cﬁgs@a %énggﬁl%g)Pﬁl@gﬂnai?eﬁgcglléWPISHEF&“&PW‘??H%P‘&S t han

500 nauoneters, and a free-standing and bul k doped sem conductor with at
| east one portion

D




20 having a smallest width of |ess than 500 manoneters, and wherein a first
of the at | east two doped sem conductors exhibits quantum confi nenent and a
second of the at |east tvvo doped sem conduct or mani pul ates the quantum
confinement of the first.: I n another aspect of this enbodi h@ evi ce
conprises at least two doped sem conductor, wherein both of e a Peast
two doped s¥R%dHBuctors is at |east one of 25 the fol | ORfr F101/26288 ngl e
crystal, an elongated and bul k-doped seyg.conductor that, at any point along
its Iongitudinal axi s, has a |largest cross-sectional di mension | ess than
500 nmanonet edagriersigugh thaf the electticahchrrigrs pamsl thvatigh tikQnpitudifdlisestiog batigically;t h at

| east one p ! L€ of, Ies t noneters.
vari ous opt ?%%1!31 ea u%’gtsnﬁiol il sgfé rﬂ%gn s erﬁsé‘gt%{%‘ elB‘iH”P@ldoped
sem conduct clatrieay gas§ ﬁhrqslalyﬂmeMglmdmul mhowdlhreﬂh(;ﬂle%gﬁﬁdlﬂl secton is' St of the

at Least t fdﬁggg conductivity type, and
a second o:‘Nq"t E%Uléz;? &? qeg%@g%%%%e %1%3 ehedh’fglcff”?efssaﬂo?f”% second
conduct i Vi t yolayiged; andfer the loggitudimalhectionis d:apalﬂg/pferanq:oftmrg)élbeumﬂ r&dn{ei%%u&ﬁ cond

e conduct P Ueipeec R bkl Bftes il Brosbi By Tiog G5 eslprntinpns

PCT/ USOL/ 262%ngﬁpmﬂafqrmet§)naspect s of this enbodinent, the deV| ce corrpri ses

one or nore of t ode a Li ght Em tting D ode; a
tunnel di ode; @gﬁttt%ﬁgﬁem% | po%h (fmpdﬁm?r" %%5’??‘8 floped £ | g

Ef fect Tr an§F1§i°e$du°@fﬁ, [l %temtaékast enecafitis ﬂemmnnducy)rs imatdedstone ofitheopt i cal
morory. dov aooving Al AR ¥h B indl sua BeLivg ) SERBAG APl B anf poiaRD ga o
a . NAND gat?longits lqugitedimi ais, Am lgmz;croasasecmghdmpnsmmmaseo an

State machi Aaotadins,dnd BES eyl Shitoondd KRB Wi K cobdoricn. 5
si gnal procés wasraalg}s@wﬂalof&mtbmwOmms og circuit; ali ght em ssi on
source; a photol NRpk eV| 2 10
rectifier; pho%i{)gdll ode%}gmg%b%g?qgﬁ F&Lt OQLE ?n?‘ﬁgr{éf%

si ngl e- e’l’ecf"?‘%‘sl"%ﬁ@l fsptuves Oﬁwﬁmpfeatphbpm aéqnglatl@gmchnﬁ seegbmemhot on

ot eotor: 2oRLBAND, 9881 i SRS bl L SLULEWLOR O

m croscope; a scanning tunneling m croscope;
phot ol um ne%ﬁ&@a?é% 0F SYsAst Haw1 Q048 er eyfengreater 180Qhot oni ¢ band gap

materials; a SCamNafsu tsforﬁﬁéknﬁuahin&ﬂ{am&{ &%n%hﬂéatl@a[&{’ @ Circuit

that has di gltal and ana %!ﬁsc nponents. ~3 I'n r|ous aspects of this
embodi nent , ongdugtas has a s twﬁ@miépégth%@%xanm@rs,@rlesmamm ce conponent s

listed iz thﬁmﬁfeeys OLBsSHIHNADD BEHDMeRRE 0bss G s@%o%te?mng&%ﬁ&%”ay i ncl ude

the at |east one semiconductor. In an optjonal featuré I's aspect, a

plurality oP* OREeEHALEH 0 gipnqupeters; o lesghanAp nepemeiers onless tham20 one

seni conductndnomm&enleismmanae@bndﬁ&Vdr@@r&@ﬂr&fQMS ndnbRiedfs, | €ast one
sem conduct or i 3‘&?8’&' east 0 fol | ow ng a single so crystal, an

el ongated and b lo]¢} é‘&negtéﬁ?%ﬁ ofigent, the pt °33E°n&r§9mﬁ§@idr‘|‘9t°§mm‘gisﬁ%

| ongi t udi n%emmmuctmm gﬂﬁlgm'slsﬁ{g(xﬁ’SSlSG&tSh(ﬁba’re &, MeAsing P, e sgd han 500
nanorret P@%}% ‘ﬁ% #n%%@ﬂ-‘e@#” k-do sem conduct or vvlth at | east
one por 1 on g4 | ﬁ‘gsg AsAINHHRENAHAISD, | n an
aspect of tGal/GaRiGaAs/GasH, mnﬂmnmsmaemmﬂmgmw el ongated. In

ot v s BB R B  prSh S 2R e A B RS GRBE ot e

section to Hg$/Hg§ngTw‘BdSABeSélngl‘emgM\/Igsb,&’EbMGeSe, GeTe, 868,8n86, Snlfa/poly): 1, or

o e Pl B BRSO A 0B A B BT S ] L1

snal | es80 wi Gi@ePaf Cdews2,tZn8nS2) Qubehsy CusiePS (CQA)(@S, ?&al; fam, Fe)d) 30

nanonet ers 80 nanprret ers, or
| ess t han 7-58%’%%?{4;{%?@9 ‘%‘?8? g@%ﬁ%‘?@&%ﬁﬂ%rﬁ??@é BPaIPPé%mf%an 40
nanonet er s, combidatiers of thvanre2fiora auvhvehiztmluctors. | €ss than 10 nanoneters, or even

| ess than 5 nanoneters. In various aspects of this enbodi nent, the at | east
one sem conductor conprises a 2 2 FEB 2005
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WO 02117362 -9_ PCT/US01126298 sem conductor froma group consisting of Si,
Ge, Sn, Se, Te, B, D anond, P, B-C, BP(BP~, B-Si, Si-C, Si-CGe, Si-Sn and
Ge-Sn, SiC, BNBPBAs, AIN AlP/ Al As/ Al Sbh, GaN GaP/ GaAs/ GaSb,
I nN/ 1 nP/ 1 nAs/ 1 nSb, BNBPBAs, ALN Al1P/ Al As/ Al Sb, GaN GaP/ GaAs/ GaSb
| nN/ | nP/ I nAs/ | nSb, Zn0/ ZnS/ ZnSe/ ZnTe, CdS/ CdSe/ CdTe, s Hg® +§EB/ ire,
BeSBeSeBe TeM@)B/1A$®e, CGeS, GeSe, GeTe, SnS, SnSe, SnTe, PRUMUsobb&9s PbSe;
PbTe, CuF, CuCl, CuBr, Cul, AgF, AgCl, Agar, Agl, BeSi N2; CaCN2, ZnGeP2,
CdSnAs2, ZnSnSb2, CuGeP3, CuSi2P3, (Cu, Ag)(Al, Ga, In, T, Fe)(S, Se,
Te)2, Si 3!{\!4, Gengl\&,vtaﬁdlﬂ Qﬁt]ycectgsAf this@nbodimpeaY{ the atIeast ohe semicsuldidcidr co%ﬁﬁil ; Séélr&
appropriate ¢o ation o or £ re,such. sepmi condugtors, n
vari ous aspeg?psant#m?ﬁg%w%ﬁ%{?\ﬁ?\%?ﬁ?g?’ﬁgdﬁm %E}%ﬁgﬂgg Befirdisdekle; an
ﬁ)lnrpr;ste?] a dapenio _pﬁd&ﬁﬁl(&o@‘ﬁbﬁh&pﬂﬁi&&tt&&?a?fty;ﬁdgwmevmfmt a Ero@n G(r]I oup
o e periodic i e, .an n- opa r.om G oup V.0 eriodic
table; a p-t f/od‘élsg%‘g:lﬁ’ élealhgilf n%@%“ﬁ?@ﬁﬁﬁd €8W§ig§?‘ipr‘f§n%?tm8,°g§1£&nd In; an
3- typ te ](cjopanaédsﬁi; e;pftnﬂfdn%:mvframg_}ronaq)n ofmhg F&Iodi&gabm;; a Bﬁypg':‘do@ﬂg s&-,l'tedef;caa t ]Ype
opant from G ou . ! r | abl e: - e.do el ected from
1s a group cofSI: f?nrsllﬁeno%d]l\}?,g’ nl,caﬁgla{ﬁ’aa¢§?e.§°p89ttf%}l’§b6ﬁ8ggﬂf’ﬂ??8?ﬁ°é°oyp |V
(C):f tgesperl oﬂbb;anhipeﬂomnmeleyféﬁ?mp%mupaehmwdﬁ CrandrBizy ctgmuny%aqgssl sge ngsof
and Si.; o - S .. f L0 [ Qup. consi sting of Si, , Sn,
S, Se and Tegelﬁ%%der#ﬁ%{ ?pa%oéglc@%(??'dstlh(ir'esg]%’%g% t, the device conprises
anot her sem condugtstherembodimens) providéddad Hevicecupprisihefcne bivdortdopeast one

bul | s- dopgd ! Fon I er aspect of this e di nent, the
devi ce Cgﬁpr?egig%o%g.%g#ﬁé@msegﬁ]&éegﬁggg?%tge %eﬁlé%ogﬁj‘@o&)lf F@gqsfgpegyg&:}l ed to the at
| east one bufdlovingeaisingieiygaldanciangated mdybatk-dopat demicoadupeee tha fat 4n9ipsint

enbodi nent, | G [ t her sem canductar that_js magnetically
coupled to tﬂ%@?@g@%%sb%ﬁg%%p%o S'éeec(%)%agﬁ ﬁ%ﬁl%ﬁ.esslé}mzfﬂht her aspect of
t hi s enbodi neaspmetetseand@fieestandingandswik-doped semicopdunior svith atleast ompoktivat

hysically c t - ed sem conductor. In various
phy Y ORI ShaiPu i 44183 thal 30 BlibHERP

aspects of t I ment ; it Teast one semiconductor is coupled to
one or ndte of arinerespestiobthis cobadiment, tha devigstcpmpises atrieaattvo dopeda magnet i ¢
contact. 1n QRRIAGIctRS %Exteinodcotlfcﬁ"ﬂ% £ EEPQ%&T&JI}& se?ni&(ﬂﬁlgc‘t’o% fs\% fedst ?Ile(% e at.

| east one sem conductor 1 s controllable 1n response to a srgnal. Tn various
optional fedbefdlewig: 2 single gystalsanealengatedanddwhketloped semiopndiictartitat,at adyeast one

sem conduct Gois IR oAb n G ANoN B BralialdoBoR 1 AARESRY V3l UCS)

the at | east one sem conductor I's Sw ] ween _two or nore states;
the at | easthappreetersAnd 8 figerstepsding and byfkedopedsemicordugior with atdeastionstportignst at e and

an i nsul g i NGvivbatkalise Wideh 1G5 Ha; a8 whéki st one
sem conduct 3{0;?;(331%&0121%;2? FEB QOS%@%@?%%%% %@%%%%%@%fg@gaﬁg&%

mai nt ai nabl ¥ tors,exihibity auangieonfingmentand @ gecond pf the afleastiwoat | east
one seni condispédienicon@tir idhipalates the QuirR GRS EBerhddt SSHRET i cal signal; the

conductivity of the gt |east_.one sem conductor is controllable in response

to an optical si 2]‘?1%30, °f??83?§8%@{§€ﬂ%9$1]{n§m0‘gegweﬁ?mP@&%%ﬂﬁﬁﬁ@W§éﬁi’@onductor is

control | abl esemitondi®ffvRreidbath oiE & Idast thb B6RH sendBeHdtdtork ut Rag@nglEt i Vi ty of
le in res of a

the at | gast, ope sen conductor is. contyoll ponse to a signal

gat e ter%anatP? E)ﬁﬂw’&ﬁ'& © gL ﬂne&ngitﬁ?déﬁ%@ﬂpww’éﬁm%ﬁ’% akaHy of the

seni conguct qoint aloag inslbggigﬂﬁlal axisplins @ /lrgest cr@dngoEbr(ljdl emhd si@mﬁsﬁﬁa(.jrﬂw

sen conduct Qr.s_arran in_t arr. IS u oped, semni conduct or

conpri sing g’?n ey agﬁﬁﬁﬁ%mqe&g 3H53¥LH§1°%3%§%’I°?’€§?£W’6‘{ ‘l‘fq‘?ﬂ“ qng PrtipR 4
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.



10 500 manoneters. In an optional feature of this aspect, the array is an
ordered array. In another optional feature of this enbodinent, the array is
not an ordered array. . In yet another aspect of this enbodi nent, the

devi ce conprises two or re separate and interconnected C%# %#Et g5 at | east
one of the circuits not gg’h‘pri sing a bul kdoped sem conduct at conpri ses
at | east on®PBATIBN having a smallest width of |ess | S pbobos@Ates
narionmeters. In another aspect of this egbodi ment, the device is enbodied
on a chip having one or nore pinouts. In an optional feature of this

embodi nment, the dhivarics expetts 6SthizepdbdRntaRe dévideVomPRRE She6k fdrt gf&%s ?L .
uct or a

| east one of e.circuits not c ri.si.ng a.bulls-doped sem condl

conpri ses at fqtl@gg?"t%ﬁ@t ?&08?1 aﬁ'én@lt'r%m gﬁ’éqdle'eas‘!m%l diode: giSchattkx: diodess 500 20
manonet ers. Bipolanhmbiion Fradstschiy wField BifectViralRftor;Sn dnveRks; £64hQAiheafary €agent s for
grow ng a bulk doped sem conductor that conprises at |east one "portion

havi ng a snafivest: 3% ﬁﬁp%psqreassgnﬁ%gﬁ %éﬁiﬂﬁnﬁcﬁﬂl‘é@-&mﬁﬁ@%@ﬂv&wi on

conpri si ng admemicanembrg tevicss £EIRheradtyl deviek) R fbdr; & REEYRe; ar2ND Raf@ly aspect of
this enbodi tge$ aéﬁ(bfgg {Qﬁnsem'.conduct or_is elongated. “I'n" various
optional fea e A {)\Q’g ND gate, R, OB gafsi & NOB fgteaan BRGLUSIHEGR sect i on
of the seni cgmeaddtch; a registerdarkefroditig aﬂ@i@irﬁir?i stﬁtbmasﬁﬁé;ia?fbg} pongest
width is greater. thamgé:.l or %eat gr than 10:1, or greater than 100:|

even great er “TH& R FHRBUCE: § ansiormes, & sigea) mropessqsi 2 digital ciaprit an sreleg cirenit; peast
one portion light erhissiart sousast phobundfess @GRS AL @troidEnaccaP@ivicest Wi dt h of

| ess thap, 200 _xmn hS...0r 1 ess than. |50 nanoneters, ox |ess than 100
nmanomet e?os, %‘f@ggg’% %tﬁglﬁd%ﬁpﬁhsﬁ%ﬁﬁ?lgw@mﬁpa‘i‘sé‘&; % fingle-vloctioatepaitteani 8, or | ess
than 60 nmancsisglep®tonemittesssitgiaphotéh deRoRRRL Pintonio devieds &n kiAo DHIRRONEL €1'S,
or less tharhtt}t%&%%g%togrs . or _even IeEs than 5 maponeters. 22 FEB zoos
WO 02/ 17362 = 7OSe0pfiP Scqmning fugne REFReToseIperd deldemissios devigsodli nent , t he
at | east onephowiimineschnc tag; aqtoionbletsdesics;arphonaid bahdgapithAsHas; H5ahHn

. . . " ng .
consi sting n..Se. Te. B D anmn P,.B-C BP(BP~, B-Si, Si-C,
Si-Ge, Si- s(r)fI"ancf‘@-ﬁE‘ﬂn ;“%ﬁ"ﬁ@%ﬁ@%’%ﬁ °“£\‘|‘1EF‘ﬁﬁd49f ﬁéﬂﬁg/aﬂﬂ applogsampenspiscaAs/ Gasb,
| NN/ | NP/ 5 As/ | nShy vaBNBRBpects ofithis dshbodinfdnfSérN dEhice thaabihGaBhSsrsdSa e

NN/ I nP/1I'n lZnTe, CdS/ CdSe/ CdTe S/ HgSe/ HgTe,
BeSBeSe BeTe/.&geL%?%é?é?%gg d@é%p TP PATRI D, el thefeice cqmppepenitaay ppse,
PbTe, CuF, de tig ABleast@n¢ semigpEducterClly an/gptivnal Agture G¥akis hipectCosiNIity T Ce P2,

CdSnAs2, Zn I A . .Ga .. In |, Fe) (S, Se,

Te)2, Si3N4, ge_ees;;ﬁﬁfgﬁ%"%i iy ’?’E’S&?ﬂ‘%}tiﬁ%@"(ﬂ é“:m“f"é’}d’s‘?‘°’kff’£66’,f§’a%? an

appr opr i at e devigecogmaninhahd 2 feagfone samiconduatanieatdeastons efiibe follduixigos Singlk N

vari ous RSpPes)stil of elbild i , ne seni capduct or

conpri ses a%pantef%oﬁdgﬁg%gg or?gllg’%??cﬁ%mléﬁgg&pagyyﬁlg{a%]%% t from G oup
111 of the pensitedinad axisipea laggssterasy-prstionspdintensiowlessGhan §90 nihonfeterhendrer i odi ¢
table; a p-ipepatasieRAMd ekl Rpt : : | St { B nd In; an
n-type dopant,  sel ected fromﬁafgﬁé)%g@:%ﬁgﬁgﬁlﬁgﬁgﬁé&rﬁé@ml‘%@gﬁﬁﬁ%e a p-type
dopant - from@%ﬁﬂeﬁslth%‘prﬁ@ aHdic table; a p-type dopant selected froma
group consi sti Ngmah alfibet Ehis SabRARFertThe AR5t UL SnlONRMor L QB SqUp, | V of the

periodic table, a p-type dopant selected froma group consrsting of C and
Si.; or %n H?‘F%BP‘F"?%‘%@E? efthis PIRFteat gRYRAItelong iagmgi‘tgdinﬁl s@tion Gghe Sn, S, Se
and Te. |In a&anicdiRucteResib GBME lengthTe m&%ﬂf&ﬂ?}a%e%te \g@gﬁg ﬁl%%%ll tﬂ%{gf,%\fw h of

the 20 sem conduttﬁ‘tor.. I n various aspects o
sem conduct §Feaexthan Kkl of grseterthan 109d o evansmentrighani0®t a snal l est width of

no nore than 100nRaneeiiets of &t eRibAeniok 148Cord BRI of o GBS Q! ©0: L he

doped sem conduct or by applying energy"to a collection of

nol ecul es, f??é‘“lf‘ﬂ?qt‘é‘é‘?f %fr‘igﬁg“ﬁﬁﬁ@gﬁleé%thﬁb?ﬁﬁrqa%qm@erm tesuthars156f t he

sem conduct @inofie@rs 6r 1688 k26 UL SarhneRrs0GNAR than 30 n%’i&&f%'ﬂetrs, of Ilegs dgping is
controlled; aratio ci mount of the sem conductor nolecules to an

f an
amount of t HEFEHEN ?FB?‘@B%P&%“W‘%H%IF%WOnﬁmmﬁ(@clw@bm&% vapori zed

using a | assasnoimetefsporTess €010 ARMSNERYS 61UvES lesd s SEIHLpRAAUCI OF 1S grown from
t he vapori zed | ecul es; the vaporized nolecul es are condensed into a

liquid cluster; BKFVSAPEIS Srbedimentfip atlpastane isemicorguitdr eompsisesra  gr owi ng
the sem conductor is 30 perfornmed using | aser-assisted catal ytic growt h;
the collection of nolecules conprises: a cluster of nolecules of a catalyst
material; a wdth of the sem conductor is controlled; and/or the w dth of
the sem conductor is controlled by controlling a wdth of the catal yst

cl uster. 2 2 FEB 2005 WO 02/ 17362 PCTI US01/ 26298 -12 In additi onal
aspects of this enbodi nent: the act of doping includes perform ng chem cal
vapor deposition on at |east the nolecul es; the grown sem conductor has at
l east one portion having a smallest width of |ess than 20 manoneters; the

o,

Tt . o,



5 grown sem conductor has at |east one portion having a smallest w dth of

| ess than 5 nanoneters. In yet other additional aspects of this enbodi nent:
the grown sem conductor is magnetic; the sem conductor is doped with a

mat eri al that makes the gr own sem conduct or magnetic; the @r20REB 2005

sem conductor is_ferromagnetic; the sem conductor is doped with a 10
material t hO RHKE the grown sem conduct or ferronagnet i BCT/U$0a/26298

sem conductor is doped with nmanganese. ]¢. another aspect of this

enbodi nent, the at |east one sem conductor is elongated. In various

optional feasemiesndudtortfivinsa gropecinsistig ofr8i, GQiSA} SealTq By Diarh2a B, HICiHlal section

of the semc 0§+, @3 IT@ld.0a0d 1 len section to a | ongest
width is gr eg{ﬁeprﬁ’t %lhsﬁc::’f?tdgf Slﬁ%u rg?a?f%‘ Qﬁgﬁf/ﬁ%ﬂ&, ‘ﬂ&/‘ﬂ%‘dﬁyﬁl%ﬂan 100: 1
or even gr eafeN/GaR&aAS(ERED, InN/nP/InAaAnSh, BNARBAL,AINAIPR{I8/a00di ment, at

| east one pogLq t sem Lopdugt.or, h smal | est wi dth of
| aos than bogNRAE R s 1N BTk R S 28R A8 e C8/PafEaTS han 100
manonet er 4, HeSHeS«gHe T Be8BefuRciitie/MgSerGdSeasSd, aTe, 58S, FA8ETRATS, o, or | ess

t han 60 nmano aélB% ters, .or, | ) n_20 20
manomnet er s, g?i ?é%éPﬁeégﬁfl’o%&rrdg’none‘?%tg’?g&g?gggléﬁr’&g}’egﬁﬁ%ﬂﬁo meters. In
vari ous aspeér@ePdf CdSnAs2, dnSnSh2nEnGeP3; GuSial3, (@ g)(@NGHs Bi)TT RS FeOr

oL 5 MASHERE) AROLIN B Rl s i,

BNBPBAs, Al Nombiyafienief/twp Sts, ma@a blcBashiGomtinétéaSh, | nN/ | nP/ |1 nAs/ | nSb, BNBPBAs,
Al N ALP/ Ay As/ Al S nN I nl ' /1nAs/1nSh, .

Zno/ znS/ %Se/ ZnTteh,1 v@%%%éﬁ%@%é@ %”?%P%%%B&@é%ﬂfa’wg@% Se, GeS,
GeSe, GeTe, dpatfiomScgrowrpasistipigof: apsigpe dlpSe froRbGmnp MI6E th&pelodicab: an Cul ,
AgF, AgCl, , P N2 ; . 7 2 As2. 7aSnSb2, CuGeP3,

QuSi 2P3, (Cﬁ?%%i% f’%ﬁ‘#‘ﬁv ‘%H,g i%gg%@?@@é{t p'%’? opag} %ﬁ‘?&‘,eg BNETOUR| 203,
(A, Ga, | n)opsisingef: BraJ and Injanastypadapantselegpt fopm b gtomp SensistinboMBLAoN of two

811j i of .t hi dj ment ., the at
P bast one. SoRdS8IN AROUSRRY Som GRS SMBASHE RHE: Phohl aBpail bl R 1

 p-type dbparteersRnsstine of: M8, Zos Cd and Has pipditieciopait Frem GroupIVt ofithe gheipdiat fi om

FEB 2005 WD 02/ 1 2 / US01/ 26298~ - consisting o
n-type doparffeeed R & groEB FPsistpeofh Sic Gacins 8 SegndTe.p, As and Sb; a p-type

dopant from G OU dnbthf aspddoRBH bR EmERNhEdevioRs fapa L8ghed froma
group consi st ol lﬁ’a -etvscggmg%pa%t rg%ﬁ 6‘?"%&% of the

i ng. of. , g,ﬁCdanng; opa
periodic tabte® éecf?-c Foupishiothe atdsagione daped sgmisopdugtonsi sting of C and
Si.; or an n-typh dn6ther £pdcLEHL BT eﬁxE%&t,ﬁﬁ@&@icgg&ﬁﬁ_ §£]:g>31q's Rliconftoro S
Se and Te. a device is fabricated. (%ne or nore

I anoéhﬁr errg%di gnt; )
seni conduct &% SHPrcally goupled e the gt least operbylksdopggh semicondudgiera st In et anstherhe
seni conduct aspgct of thid enhtdiheng i delicé Snpritds| AU EGemBoSdudBh &aﬁFySt al, an

el ongated a | k- doped 1 conduct or_that, af any point along its

| ongi t udi na{&ggg#lgihlyhcggﬁgdﬁ%gﬁ%aggetast@%g’élk'gé‘?%is%’ﬂnd&ﬁﬁénsi on | ess than 500 10

manonet ers, and I ahotber-aspeatalitiigedbudiitt kheRRRE caififiseLRRME! Rmiddhidiiat | east

one portj.on ' |.Lest width of |ess than 500 manoneters. In various

aspect s %f tﬂ%?éﬂ@gn%g,aﬁ%%% :ﬁle hlgasgﬁﬁefbé‘h%équsﬁmg%g‘ﬁt%’te; prior to contacting

the surface, at Ihoadtusespectsbf thisenbediine: @tnﬁﬂ?ﬁl@ds%ﬂe%e%fc@ﬁ&ﬁgt@ﬁs%@ﬁﬂﬁé@(t&9 ener gy
ules of a dopant; a solution is

to nol ecul e L.cqnduct or . apd o) ec

cont act ed cgﬁgéringof%%éeawgﬂcéﬁ o 'Fl_é°1§’€%i°86tﬁ%fh‘?ftad?"§nit§ ©Bafthe surface; one
or nore of the slamhaberdsietinfshiaembodinat)adontuctiviy o telatle@t bd Ng an el ectric
field; an elgalrliGsli®ldleh bgqe.nerat edt betvvefgﬁat,least t\Q@ el ectrodes and
one or nore of the sem CORdUCt BF SPEPRIOFFERT Jh oy PRtions! featuesafddis r odes:
?not Eer 3 o:c aﬁtpb@rth@mméudﬁgit? of theret least m?rsﬁieéﬂ&?ﬁtoxsis Bérﬁl@nﬂﬂ%tb%?& dn§ valREt act ed
0 the surf gggm [ one of t.he .other sem copductor is a

bul | s- doped sem co ggﬁ?%‘%es’gg%rl?agﬁoﬁﬁseé‘?qugg%?r lf)ﬁ@t“g%tﬁ? EHERLVP AGI9E a
smal | est wi &gies; 8t at least ondwemidBucton iscwittlmble; between & térfdasmigisttecaaah t i oned to

attach the sem conductors to the surface; formng
channel s on%@%ﬁ%@eﬁgﬁéﬁgﬁggﬁygs@% %@%e ?fieaﬁtﬁ’é‘e SRiPORGLCtOISN or nore of
the sem conductors are aligned on the surface using an electric field; the
at | east one sem conductor is elongated. In various optional features of
this aspect, at any point along a |ongitudinal section 2s of the

sem conductor, a ratio of the length of the section to a longest width is
greater than 4:1, or greater than 10:1, or greater than 100:1 or even
greater than 1000:1 In various aspects of this enbodi nent, at |east one
portion of the at |east one sem conductor has a snmallest width of |ess than
200 manoneters, or less than 150 manoneters, or |ess than 100 manoneters,

o T ~r~N - - . o o " o —~ o~ o o s o " - ~ N

Group V of ttsuﬁe;?t%puﬂgggrﬂ@ab&éd@onEJagabpgc&@igﬁﬂktoéékﬁﬁiﬁgr%@ggifg[‘r’]f‘pan 22
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2 2 FE=B 2005 WD 02! 173& PCT/ USO /26298 -14 P(BP~, B-Si, Si-C, Si-Ce,
Si-Sn and Ge-Sn, SiC, BNBPBAs, ALN Al P/ Al As/ Al Sb, GaN GaP/ GaAs/ GaSb,

I NN/ I nP/ 1 nAs/ | nSb, BNBPBAs, ALN AlP/ Al As/ Ai Sb, GaN GaP/ GaAs/ GaSb,

I NN/ I nP/ 1 nAs/ I nSb, Zn0/ ZnS/ ZnSe/ ZnTe, CdS/ CdSe/ CdTe, HgS/ I—IgS;gl-,%-'bgem
BeSBeSeBeTe/ MgS/ MgSe, GeS,” GeSe, GeTe, SnS, SnSe, SnTe, PbQO , E’bS ,
PbTe, CuF, Mi¥{Br, Cul, AgF, AgCl, Agar, Agl, BeSi N2PC'(m$ﬂ112§29inGeP2,
CdSnAs2, ZnSnSbZ CuGeP3 CuSi 2P3, (Cu,.1®g) (A, Ga, In, T, Fe)(S, Se, ,
Te)2, Si3N4, Ge3N4, M203, (A, G, In)2(S, Se, Te)3, Al2C0, and an
appropriate cwinbiingble withoot antappliedrsignatpihe cendabtivitg iof the atlbast feSemicbndtdiol OUS

ts of t 10
Gopant 1 rom & SnERO8 R Gloned B Moot ibh Hlnd e SRRERERE BB ot ne
periodi c tabse@ucqmdumomywwﬂm résponse @ auoptival sifndl)the mﬂmuﬁchoﬂta@he a
p-type dopaniea%@#@&hﬁ&nfiﬁc?@x?cog{r% SR 1 %cfsntsi,p Agaggﬁéf 5§5‘a1a a“%ﬁ’ E&Vpan opant

dopant sel ecte roma group consi s I ng e dopant
from Goup | Pondﬂctwﬁeomﬁ Iafdmsmrteabmepn@cqor ispmerotiate hirespohsead £6lgrdal 68 a gr oup
consi sting of, %ﬂén Cd and Hg; a p-type dopant from G oup IV of the
periodic 15 a -type dopant selected froma group consisting of C
and Si.; or an nlnygéhqr@smeﬂcéduednﬁqdmmna aglleanupva:aﬂﬂﬁ ssinicogduoforsare Ge, Sn, S,

Se and Te. | paR0iihe aSHPOM ARbeond AR ARl Gl L 5 panerated iy appl vi ng

energy to one of nore sém con uctors caust ng ON ductors
to emt i gh@opemleqndm}i@r CIOE?@BimgmtéeaetfonB pmmhavmgrmhnrallest widtisofdéssitl@ast one

of the fgjl %O%mﬁetég nﬂlaﬁ g 'é{él“}“é s[as Jf?%%at edilsﬁa%fj %ﬂdgngflg@da | ar gest

sen conductor that, at gngitu
cross-secti oﬁmthewmié??dif@ﬁlr@e’éthmtemaodlmﬁtammyesmanoulmidarriytee st andi ng and

bul k- doped ser CoagliahSherhddt itk EARKIARE AL IEBNAUNG, 3 STl | St W dih

of Less than 500 nanoneters. |In an aspe ﬁf %%®he at | east
one seni cond§Baee andsintercoparsted gircuits, at baslam ofltke cirpnitomn bon‘lpm.tng adalkef

t hi s' aspect, 3Rt t (A1 ) SN

seni conduct oroa aﬁ%ﬁoﬁgﬁcﬁr t tg%rﬁaét%m%t Pﬁ &gle% asma’gesfgﬁgle";tlesﬁn dth is
greater fﬁarﬂl@ﬁ né?°“§?‘?§%1ter than 10:1, or greater than 100:1 or even
greater than 1008 dnotr ¥BE R isARMB AR lhe 1Y% 1€ BROM I o chhalifE Sle 0N

portion of the at |east one sem conductdr has a sna Y%ss than
200 nanonet &Y 0TeRinguis In ey gptionalfeatyre phthisiembedisentothe tiip sorprises stpdate -

manonet ers, =g dt&&@néam&&tmeﬁ?&&roﬁthe@&c&ﬁﬁ& croﬂlir%u?és) i Jﬁ%er s, or less
an

t han 60 manoneters, | ess than 40 manoneters, or manonet er s,
or |ess tharfe‘ftﬁ" @ﬁ@?’b‘i‘@l’né‘?s apleash onenostionhaying a gmpllsstovidthof lepythany 500 ous

aspects of tdahsinets¥thodi nent, the at | east one sem conductor conprises a 2
2 FEB 2005 WO 02{11173&2 PCEI'/ USOL/ 26298 - 15 sem conductor from a group
consi sting of Siy agiment; prov edEﬁaa’r?H?fﬁmnPfreEe@Sf‘BIEf(Bmga i, Si-C

Si-Ge, Si- SIﬂopdﬂd;c&oﬁfuctoSﬂﬁt cABiNREERAS leash bR gﬁ’w h#&‘kéﬂlest%%@?ggs?ap‘y Gasb,
InN/ I nPl I n IgéhBNB;’BAé}eA%gVAlP/AIAs/ | Sh
I nN/ | nP/ | nﬁzéﬁ“ AP S PR SE RO pmprigingp m&vﬂéaqfer reaggu/apd sdonagire
BeSBeSeBeTefrddg&itMySe, GeS, CGeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe,
PbTe, Cuk, Cudl, Cul 3r, gl,, BeSi N2, CaCN2, ZnGeP2,
CdSnAs2 ‘E”Zn snsp2™® %&ih %@gﬁﬁém ‘g&& atA%f‘(%P sergigondpgior iyplongeief( by e,
Te)2, Si 3N4varGes m;onanﬁﬁa:es 6ftthis a.@%ct atanPpéint fidg a I6ngBudidsl S¢eleon SR AN
appropri ate SS&@Pddﬂé}E} grr]atz%fof Ethe e sectlsolljl(‘ip a oggn;sg v%% ui(s: tgr%;ter 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.




10 In various aspects of this enbodi ment, the at | east one sem conduct or
conprises a dopant froma group consisting of a p-type dopant from G oup
1l of the periodic table; an n-type dopant from Goup V of the geriodic
table; a p-type dopant splected froma group consisting of 22 REBAWP In; an
n-type dopaq@&;l&gt ed froma group consisting of P,. As and Sb; a p-type
dopant from ou'}; of the periodic table; a p-type dopakfTd&l186298d from 1s
a group consisting of: My, Zn, Cd and Hgj.a p-type dopant from Goup IV of
the periodic table; a p-type dopant selected froma group consisting of C
and Si.; or an-tyB&aiieusaspesisioftisiembadizent; the pt leashenesemtgndiktoStomp@8es 5N, S,

Se and Te. . gdmfl ¢ +f MHeSa: € i L e at ast_one

sem conduct orS i gdﬁgﬁgﬁﬁoégﬁgﬁﬁﬁﬁ%ngﬂgﬁ mfi%h%%bgé??ﬁrﬁ)ﬂ?%@daﬂﬁi@&i - band- gap

sem conduct oF{BRR).Fobls Bige, FiGeaBitn and Geena 8iC BNV/BP/BAsCAINAAIPOLIA YWELS T 0SSed

sem conduct o i AS R ShadH I gt f less than 500
e AN, B/ BAE, AR

manomet ers; each sem conductor has a an 100
manonet er $; SaNERRIG@AS(GrShs InN AP/ Biis el ZhQ/gn6/ZnSe/ZoTd, Cas/ICase/bITegONt 1 ol | i ng

a di nensi on Qe ] Vi | es i dt h of
| ess than 10%%0@%3’?@?@292&71 c%%%g? ’gé‘% QQ%’ %g%?@%%gﬁgnie’:ﬁbg’t h of
the el ongat ebPSs Bhtes Bhtr Sy CuQ, Culin: G| Agki AgCheAgBs, Ag/BeSiNg)CaCNe, has a

property thaznGPrRCE&nAls2 ZHEnSIRN u i i t fit st wavel engt h
if the nass ,Esg a._mnimum sﬁol??le:g? rﬁéiﬂ%?%m?ﬁx@h%&@oﬁﬁf?)ﬁﬁ& di mensi on
of the sem cHntRiNsh GedN$.AIZ03.KAR Gerla)2(8,HienTe)3,sHRCOamtl anlpppepsiaen. | N

anot her ggrbogbini¥aiation 6¥ t8 bkiBod Meh REmidindu@Bst @ doped seni conduct or
conponent and oniﬁor, nore ot her conmponents is fabricated. A seniconductor

i s doped during i't¥9Ys gPekt of this cpbasiment thes ledsipad ssmdcindaniateomprises aTponent
and the dopedbpaf oo Hbed @nsi £RGpd mﬁg | east. of the
one or nore o%’heg COTB%? nts. I'n gn .as.ép(g)gtgﬁt(tﬁt |g£§1rr€%%?%%lﬂ§1,°9$ﬁemﬂoped
seni conduct dFYPEockent fem brqyp Y ¢fthe neodie fablsig Priype dopantaglested frymtazroupan

a5 et smaemopin e Sk Gl 02 20

WD 02/ 173b2 PCT/ US01/ 26298 -16 along .its |ongitu
Cross- seZJ{)i oaﬁgg ’cﬁPfﬂéH%$Wﬁfé°§%Gf%aHg@@G nededitriabler ap-typa dopunt seleeted framdi ng and

bul |'s- doped agestipeonsisting of: Mg, 78, ©d add@BS§ b pAiR ddpkd: ke daY st YR _igfaewi dth

of | ess than,500 nopet ers Tn various aspects of this enmbo

seni conduct c%?b?GCSR‘g?R?ed?me%aﬁcttedlf@%T groumeansistipg of: G arb¥ii; pran n-type iseri conduct or

i s doped durselegedframb Broap cotsBtifestt SiOGE 8! O/Se ahTENOt her enbodi ment provi ded
a sem_ conduct or devi ce having

is a process forycontrol l,ahl ssenbl i.n "

el ongated el ementPLag; f‘-‘r1enéb°§1"i‘§?lgﬁtseé‘?*‘§’f‘}‘ o5 fensd during sowthof thasver se

di recti o ofemibendsttement on a manoneter scale, the process conprising:
producing at |le first .elenents of .a fiyst dopjing type, orienting
said first ele nea%%/a?ﬁ&aas ﬁf’(‘jt%fo F?‘éstqu’f’%@ff"i‘ semicondugiatis &ee-standing; thef i r st

el ement to &mitenductordine 2 finaliest widthtofind miofe thirl 100/ nafbnkeds bk @k offME T €Nt tO

fl ow t hroug ﬁxﬁbei | I n varjous aspects of this enbodi nent: the
process fur tB fer 8%%{&%}“5%3& ép;@g%dusglllhcﬁn‘g"t&of B W peanolyig faergy orfssllectiogn o

second dopi AgRelpees, the callectionpf smiedulsemaptising emtssiles 6f e BRGBATCAE LRCt | ON
di fferents framtibe s gir [ enabl i n electrjcal contact between
Is the f rst el egrrggorftac%ﬁéd“’%hggtg%tggﬁfﬁdg?%ﬁ#u ﬁaGBMﬂﬁﬁgu%af@esecond
el ement to smicengugtoranalecylss trah aponbtad thetdopank holbculss iebabllddc@b CUrrent to

f1 ow bet weepolelesfd .ih ocess further cqnprises
connecti ng sai d fi a!rrés?arpgﬁielﬂ"r%eu?@g? %9 %g%%g%?' ér%oéxrzf&@%f“g?ft © SAYCRATCifdf ng a gate
el ectrode p#EYR famehe vaporieedimiqlesnlestamaporided mateerded drecapanediapaiquiont act s,

t her eby f or fridid; @€ . g { .yRe.ls one aof n-t or, p-type;
20 the second_ dopi %eg’gg"yngg&?’sfg%‘?%ggﬂﬁ%pﬁ“ré‘y@‘%tés‘tgfa‘éf‘&ﬁ?#& sf%érpq%gmf)‘-stype, and
p-type i¥f tPrEforpGdssingdisenssisppentdlgicraravythethe tdilectidnres tnokbleedinpiisesar i ent ed by
appl yi ng at clhse?of moRseu1ef 5 .G, Ll fluid flow the first

el ement is wg&gded in %f%gaﬁgiﬁlﬁti%ch #@6%v?ﬁ{ltﬂg?ﬁ?%?lc%ﬁd8%ﬁf oGRS ent ed by
appl yi ng a EChERVEP of thesemigonducterds eantrelleshhyrontralling 4 widthad tHeyatalyed yi ng at

| east one oflustp. el ectric field or a fluid flow, the second elenent is
suspended in the fluid flow, 2s the second elenent is oriented by applying
a nechanical tool. In yet another enbodi nent, provided is a sem conduct or
device, conprising: a silicon substrate having an array of netal contacts;
a crossbar switch elenent fornmed in electrical conmunication with the array
and having a first bar fornmed of a p-type sem conductor nanowire, and a
second bar forned of an n-type sem conductor nanowi re 30 and bei ng spaced
away fromthe first bar and being di sposed transversely thereto. In an

aspect of this enbodi nent, the second bar is spaces between 1-10 nm from
‘the fast bar 2 2 FEB 2005 WO 02/17362




PCT/ USO01/ 26298 -17 In anot her enbodi ment, provided is a nethod for

manuf acturing a nanow re sem conduct or devi ce conprising positioning a
first nanowire between two contact points by applying a potential between
the contact points; positioning a second nanow re between t2® F&EBh2I05 cont act
oints. 3| r enbodi nment rovided is a nethod for _nanufacturing a
Ir[t)anovx,i re seﬂflv conzkgtor devi ce COH‘BI’I sing formng a sur f aBETRPEROBRe orgm)re
regions that selectively attract nanow-rl@s. |n another embodinent, provided
is a method for manufacturlg&a light-eruitting diode fromnanov~ires, the

di ode having an elfadditiensl asmeds efiikjs pmbrdiraents thesst pfdoping incliidespesfooningf a p- n
junction bet m&ﬁcatmo@a@estnmeraﬁsheme&% tﬂagrhhﬁten‘ﬁ DRdLHB0E a¢ RAPVI ded

is a method for manufacturin sem_conduct or ction Crosar ng a p-type
nanowi r e andoRfrPORIGDLIEING 3 59 eﬁ@md‘lhr?f ssvihan20 mﬁﬁm gtownédtmldmduc@r a

met hod of assembtewgn@ﬁ&nafham eseh@éagﬁtd ft 55&%& %q@oﬂ&eé aidick e, where

t he met hod conprising acts of rlow ng trses e one or
nor e el onfjat BAWESemEpRiugter IéﬁﬁtabletFSF‘mePS’mOPélé@ng asroalightivddth nglesdibamﬁe or nore
el ongat ed stiihpiefetS on the surface to forman array of the el ongated
structures. In various enmbodinents of this method: flow ng conprises

f1owi ng the fl ui dnpetother pdditional aspectsiod thisemebodiniegh thegrayorsemicoaductdriigni ng t he
one or nore RhARE&tRSkehdoHGlctdr ection
to forma fi rs%ﬁ | ayer eof 0arra g‘?ogtﬁt%%%gﬂséhgéﬁﬁgﬁmsmngﬁ&dg E{l&’%}d@t Ter
conprises chEAgeEHg ﬂée @P%&n}leﬂ?dtﬁtorﬂﬁ%rmmme%M$momdu¢et isdppedowitton to a
second dig eChnhtefal i thak @MRAGrbWIschli@ndidtct ffontdghiicNle e ARG D Eopedt | €ast
a first elongated structure fromthe first |ayer contacts at Ieasp a second
el ongat ed st YViePaPE2¥¥om t he second array; one of the first and second

el ongat ed struct ghafothdr afRRE tHECMUOIMANE tRlat Rhst aneféeﬁl%ncﬁewtéfftdfgh&a type

and anot her of first and_ second el ongat ed structures is

seni conduct o Vgous opti f?a@t‘?ﬁB%tslaﬁef"yattaﬂﬂEomt%gﬁl?%thQ%PﬂOfﬁh? type is
p-type and tdmicaawisd, £RH6loIhe Mhdth of %D Section Ballor8st wadiSis WGk ian U of 1 1 St

and second el on structures tion; the surface I's a

surf ace 65fd agrgatﬁ%zjger“g'toel °’t$t‘éat‘?’ié}ta|‘td§6ﬂlﬁ¥?‘{‘)?élg’°&(9 m 10001t r ansferring the array
of elongated str usvaroes ajpeasofiic cabsdines, @teagtbﬁeﬁdtﬁ&idfmtteestenéurface of
anot her substrate nsf er ri ses the one or nore

el ongat ed 30 BHPANS EﬂfZ‘ 8‘7"%‘%1% tﬂ&f“‘t W%@e“\l?ﬁsﬂ@nsﬁ’l | conpri sed
in the flui chanmnetehslm(basﬁgnlﬂi%aﬁbthét&@&:r\msﬁ fha@8@nﬁ6m&&§%rﬁéé§‘ﬁfhh?@a| ities

res to particular positions

that attract_the Kely el ongat ed ,struct
on the surfdERONHS ?rﬁeésg;g?g%?angﬂn&@ﬁt ?fdeségﬁﬂﬁygaé’é’m&tetsr%fd?*ﬂﬁn?ﬂe one or
nore el ozugatnedométem,odruﬁseﬁxaztmidﬂemaafstdreuéxﬂEssmalstﬂaﬁBiﬁetdt&I ng the one or nore

functionalities; CT/ USOL1/,26298 -18 the act of
condi ti oni ng corrprl se%sasg f%ﬁ%%@zgﬁﬁti@g%ﬁ%“@ﬂ Negor CRIBPHSSRB ecul es;
the act of cemitondwtor figmeorpupiconsisting nffiSt, iGen§m) §e,l TeeB Minhawd; PYBIG) Bone or nore

one. or - or o SRR, Breur St LB g RRSGE, RYRAIAY AbImARTHS " e

surface wit tG@HGaRfﬁams{GeSH NInP{InAsIeSb 1 BN/BP/E\ s ANVALN/ Al sriShb,he surface with

d
orruct ur Bs (GRS BARV RS B IR AL a0 By PRR AT TSR R, T ces e
act of cond|HE%M{MQ/B&MnMgS/MQS&;gieSI(kSs,Lﬁd’lhp&tS;\BnSe SniEe, PbOJTOI €
functi onal i tp,gSpidadyTRl EfPehc EftiBPrt%I% F”Ré@ AR f%gsﬁfzrﬁcéﬁ%es to

e sur & lf 5 of

particul ar positiohs oh th éde usi dr ce,

condi t i oni nFEsRpGdSadst anﬁh&bﬂatﬁuciﬁg3t¢l§1@3t t@cAg)ﬂN, BadngeTloFe)(8pBe, 10

functional it t D es to

parti cul ar Jggf%Sgﬁng%ﬁ{%ﬂo ?‘?a@g’qn ell%eftbﬂotg?taﬁjc afpgl%@hwthe act of
condi ti offi ngo@bwpfrqus@swemqmqr@wnhmgucdméu@mface with one or nore

functional i1 es Idakiod lshalor bieifinflnr 1Y o018k BROBLEAN Sl Ebh A0, L O
particul ar positions on e surface usiiAg magne Fhod

further conpPPPabEoORAgreupFoRsisting ef: strrtmci@pm ﬁpm&bouiemtdf theqpedodic table; an

el ongat ed sty I ot t he act of
patterning Enoﬁnﬁﬂg'&(:ﬂ?’?a?‘?n%k’%ﬁ%péa %%?ft edrlﬁglﬁeggba{ltgagér %@g%gﬁtué’ physi cal
patterns are trenches; the physical patterns are steps; the surface is a
surface of a substrate, and creating physical patterns on the surface
conprises using crystal lattice steps of the substrate; the surface is a
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30 small est wdth of |ess than 500 nanoneters; at |east one of the
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is a largest cross-sectional dinension |ess than 500 nanoneters; at | east
one of the structures is a free-standing and bul | s-doped sem conductor with
at | east one portion having a snmallest width of |ess than 500 nanoneters;
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transferring the conpressed Langnuir-Bl odgett filmonto a surface. In an
aspect of this enbodinent: the surface id the surface of a substrate. 2s In
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polynmer. In additional aspects of this enbodinent: at |east one of the

el ongated structures are sem conductors; at |east one of the el ongated
structures are doped sem conductors; at |east one of the el ongated
structures are bul k-doped sem conductors; at |east one of the structures is
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doped seni comrhfes electvit fibldat a Heidflowo the s@ond élerferd R\ufBnded Tk g, dt h of

l ess thgp 50 JBPO ; L east ane of .the structures is a dopéd . 15
seni conduct org t1a1.glgé&g?gqr%gtse?g%??éﬂyd'?gatlﬂ’é"hﬁ'mlgq}?}'ng: a single crystal, an
el ongated and buhyetiopetliersarbodioredt, piooided is aisemidéndactyr icB compReaL: al S -

Longi t udi naky;agi est .crosssect i onal, di nension [ess than 500
nmanonet er s, ﬂén. sgbs rezl?";}{’%%rmgﬁﬁ °£ﬁ‘8'a§‘i?r‘§‘§‘§=&o°ﬁ%*aba§é‘i’?-t@&ﬁmetfarm%lflh at | east
one por t i onelpritidahepmmunicatiprewith tiedtray afd eving a fitsabar BthedBrWHBHEr S; the doped

sem conduct k. .+ | sem conduyct sel ected froma group 20 consisting
of S, Ge, Sh.coaditidamyi Sl ecenini bartomed of s Figpe sergcayitotagtapowiny - G,
Si - Sn aftl @ddning Shaced BNBEBASthe AbshbalaRi BeivksdihoSid, traGaklsEip Bleads/ Gash,

I NN/ | nPl I nAs/ I n . ALP/ AL As/ AlLSbh. GaN GaP/ Gagh,

| nN/ 1 NP/ | nAs/ | n%gfm 53 ogg/izgfntgff%%@%‘i%@e e E/S&fﬁ%@%ﬁ% E@’Fe,
BeSBeSeBe TeheAst baySe, GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO PbS, PbSe,
PbTe, 2s CuF, CuCl, CuBr, Cul, AgF, AgCl, Agar, Agl, BeSi N2, CaCN2, ZnGeP2,
CdSnAs2, ZnSnSb2, CuCGeP3, CuSi2P3, (Cu, Ag)(Al, G, In, T, Fe)(S, Se,
Te)2, Si3N4, Ge3N4, A1203, (A, Ga, In)2(S, Se, Te)3, Al2C0; the doped
sem conductor conprises a dopant 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 dopant selected froma 30 group
consisting of B, Al and In; an n-type dopant selected froma group
consisting otP, As and Sbh; a p-type dopant from Goup Il of the periodic
table; a p-type dopant selected froma group consisting of My, Zn, Cd and
~Hg; a p-type dopant from Goup |V of the ,periodic table;, a p-type dopant

o I ) B e e~ NN Y




s the one or nore elongated structures onto the surface; and neans for
aligning the one or nore elongated structures on the surface to form an
array of the elongated structures. In additional aspects of this

embodi ment: at |east one of the elongated structures are sgpipggngiggtors; at
| east one of the el ongat led structures are doped sem conductors; at Ieast
one of the &YQ¥gaedd structures are bul k- doped sem conduptfmgomagtgsl east one
of the 1o structures is a doped single- u]'rystal sem conductor; at |east one

of the structures is an el ongated and bi L3 doped sem conductor that, at any

point along its |mbﬂ1&cﬁnib%limﬂeﬁ,§mvm§m%nlxeaf] ?éﬁm&h%é&nﬁf%' onal di mension
e

| ess than 500 nﬁw% | east one of structures | 8 8" ee- st andi ng
and bul k- dop&t™§ S?mWSE%P&FmP%QﬁTQWWQbWBMW epteat ok | est

wi dth of Iessaybﬂﬂyln@QQot&&ﬁmen&he@ht b3k, Ringh L &
doped . Is semconductor that is at Igag)t% ong&oo ‘Re Q?"é’?{‘%%%&"g g'%""S‘?“ngl e
crystal, an &VOPYeRceY2d®EBul | cdoped seni conductor that, at any point al ong

its | ongi tudi nal E%h&theﬂbﬁﬁ)odﬁnieﬁf Side Q%&th%ﬁ? i | ess than
500 manoneters, ({?r ee-stan ?% gncsi érn%ﬂa#ea?ﬁﬂtu% an?‘glrr wth at

| east one poF"t“i“&?P H‘&?/‘i &°§°WS%§?W%RWWl*’soslephmnrel?sémonsuhabrret ers; the
doped sem cosambayamaﬁmsa sem conduct or selected froma group 20
consisting of Si, Te, B, Dianond, P, B-C, B-P(BP~, B-Si, Si-C,
Si-Ge, Si-Sn and Iéé“’éherc begn%NBWB)&éed inp Retlip foxmasuiagtating tiak- @iﬁf:@aAs/ Gash,
| NN/ | NP/ | nAs fiotiom BABRBAS, theAlidleAL RhPMr kil Shvaveid %ﬁ&éﬁﬁ@g/

I nN/ | nP/ |1 As/d nSh 0/ ZnS/ ane/ ZnTe, CdS/ CdSe/ Cd HgTe
BeSBeSeBéTe/ 2 Repinctigndetweeg o dopginanagiss.  SnTe, PbO, PbS, PbSe,
PbTe, 25 CuF, @Ohyet@i&hﬁreﬁbbdmﬁﬁf ro@@éamaﬁﬁﬁfodfo‘igﬁ a&,ﬁga CaCN2, ZnGeP2,
CdSnAs2, ZnSsneSbZ GeP3 , Fe) (S, Se,
Te)2, Si 3N4, “CRRIUCIR{uston YA?mSS@ﬁa E’Ztﬁggwlsén %ympemmre the doped
sem conduct or coripamﬂm emboldinat] prowliedas £ehethbDOR a@seﬁibﬁﬂ@oxfe%?ﬁio?éé 61%&‘3&
p-type dopan oersnm(lBr O‘é‘%t"l |1, of . the &grl odic table; an n- ant from

Goup V of t TRoREs PR arE e Thsre the peth @‘@Gﬁaﬁﬁct%@?ﬂ%waaﬂﬂérﬁ% 30 group
consi sti 4§ ofompfisesAlie quaar inote elongated Mﬁﬁtufk@bﬁtﬁ&hefsﬁifwétﬁﬂ alibhe e BROMUP

consisting o , e ant from IT of the periodic
table: a p- t‘§/‘°‘g g elougat sq“’%""éf”éﬁ“ﬁé’%"ag’g‘g%ﬁl EEXOF gﬁ P}?@g%qd qvgcth& cd and
Hg; a p-type dopalmt/arfou@cmliadm@td of thif methed: mewmgdbﬁpﬁs%bh@mngﬂﬁﬁﬂdlﬁ adopant

| ected f t] FEB 2005 WO
021 17362 PCTrORat BBuE Bl Ry s olerfidthenreir B et taate st g of S
Ge, Sn, S, Swidfewsria thefirst cu@gm te fonin adind laytraf airsyed opeturely idHe £E@Y4 N Of t he

seni cond t Oty ovi.d S a system for

assenbt i ﬁg one %?oﬁ i %gét %ggﬂr Uc etﬁo“% Pfgﬂrdfrﬁ‘if'gn UheFEdn one or
more of the déqeeiwga@éaemtn patssofdlowingtand aligningt atdeast adfirsttel@gdted d@viug: i S at
| east one ofgdnhe gk 1 ' ngat ed and bulls doped
sem conduct or thgt i? wadggm%tgfﬁ%dgg%%ﬁ%d?éf&g*éd S%ufm& T tt“ﬁ?ﬁ"gn #LE a | ar gest
cross-sect i GW&P @Fﬁ@h@ldd?ﬂcqnéSbngmtlﬁmemthsmonchmdr@fafﬁtﬁte standi ng and
bul k- doped s8RAEARAUGId aV| Ng a.smallest width
of less than 500 pmanonet e%’é&&r%?ﬁtﬁ&ﬁtm%‘?ﬁggég{ed? g? P¥ds: neans for
condi ti offi nje’Pﬁ%ndé‘&W of seqgngdicondycivity tyne; the first ¢Qndmtuvmy|a(be tsipetgpd dmd ttheat t r act
the one or rsedoRd BdnARERALS Hpe iy MGHE! raﬁéwhéi‘elﬁﬁ{etﬂ:&%@fec&%se?&n AP st fdie
surface, and nmeans_ for aligningt one or nore el ongataq gt rieties by
attracting ?F@‘%PIEJ‘B’FH%FI@ SEIfesR dsoa facstof @ subsirate thmeth@:ﬁuahdrlcmupms posi tions
usi ng the om@nsMrinPhe We!dﬁ%ﬁlad $thBBres h@mm{'ﬁ&%%e%gﬂﬁgﬁ% Llurfal S

enbodi nent : t l.east one of the elongated structures re sem conductors;
at | east oné ?)Dr°ﬂf°ﬁ é?%%&é{*%%{f%&?Wé@nwns,%mrmdmmtors at | east
one of . tie emagadﬁdalsgnewsﬁtu&&%m%% wht SndeRSHseas g%ﬂﬁug&;ﬁ{t% gihe' east one
of the structures, s a do ?@Z' ngl e- cr stal sem conductor 'tmfl ast one of
the struct ufé: a°F§“ ARePORGa tegtiongtities e @%@é@n%mmnlam@m«mstoat any

poi nt al ong pattisulhrgogitionsadinnid suﬁﬁéegandhﬁ’écﬁoﬂaﬁ @%tﬂé"@ﬂe &i mensi on
| ess than 500 norre%ers at | east one of t ures

fr ee- st andi A aNeEAY R apesdo %m%rw@mnswmatbmom ewrgore fmetiqrelitidspn havi ng
a smallest wdth of Iess than SO0 manoneters; at |east one of the
structures is a doped sem conductor that is at |east one of the follow ng:
a single crystal; an elongated and bul | cdoped sem conductor that, at any
point along its longitudinal axis, has a | argest crosssecfional dinension

| ess than 500 manoneters, and a free-standi ng and bul k-doped 2s

sem conductor with at |east one portion having a smallest width of |ess
than 500 manoneters; the doped sem conductor conprises a sem conductor

sel ected froma group con5| sti ing of Sl, Ge, Sn Se, Te, B, D anond, P, B-C,

™ N NS\ ~ ~ A IFSPESNES A




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 dopant selected froma group consisting of B, Al and In; an n type
dopant selected froma group consisting of P, s As and Sb; ZﬁlBt %‘ﬁf dopant
fromGoup Il of the periodic table; a p-type dopant sel ecz a group
consi sting SYOM™2n Cd and Hy; a p-type dopant from G ®@GBUSHIE298he
periodic table; a p-type dopant sel ectedgf.roma group consisting of C and
Si.; and an retype is selected froma group consisting of Si, Ge., Sn, S,

Se and Te; t M adtfeohdstinmingmochpdtes coriditioningele sdtfideReithOsme b ﬁoféfm&&%les the

sem conduct or, i.ment vided is a systemfor
assenbling a Flollj?%‘nldﬂ%oﬂi'ﬁg% e r(‘)S(r%S aotuglgoglflgﬁfts aé’g“?) °aegw<fraebargw¢é¢ atn one or
nore of the @ cmgabmdgsammrsemoedmamgmsdr&aswba&&f dr&aftdsOmMt A ori S at
| east one of &Qﬁ_‘ Ejﬂ% s Aad Omg gﬁ stal., an el cr)?lgat gd arﬁd b%ﬁak doped
sem conduct or t n pol Nt af d“'%atcg“fl@ﬁﬁf?if&?rﬁ ghtintensitienas a | ar gest
cross-sec®i oﬁ@dlt@ﬂmﬂmsmfade@sﬂlmhmm&@@umﬁmﬂﬁéﬁhﬁatu&&dh@o&%?mﬁcand' ng and
bul I's doped | on ortion haV|ng a smal | est
wi dth of Iess tHan sg‘é%‘g %Js}’og% ?%ﬁrﬁ inehanicsh forspithe astef means
for de]E)OSI t: gsdtﬂ@mizwmisesgondﬂlomhgﬁgmlﬁdeaﬁt?uﬁéw%&eﬂﬁbﬁoﬂai}&t ssy%u’tzacef and
means for e a roduce el ectrostatic forces
bet ween two or étmlﬂrfeg o%{nﬁﬁ% %gr q‘tll Ty ot 9 9?‘818‘?3‘5& gi"é‘fi%&*é‘(’:‘fat‘j?%ng 20 In
addi ti onal aepiselferceifthe aet of @n@bchmmmnpnaes cbmdiﬁdmxﬁglﬁe flﬁfa&@ﬁxﬂgb&r&ﬂoﬁé
structurgg a t he el on structures are
ct?o%ﬂltfé?ﬁqu eag{e ofld of R3E Flﬁ%ga ﬁd&h@%@a %

doped sem conductors; one 0 qQsitiony ¢n

bul k- doped S@H‘F@fﬁﬂ@wml@ﬁomhdfmﬂhmmhbnmhm cougiriséseBndifioringitaped

si ngl e- cr yst grSEHHCHR t he sirugture

el ongat ed and bul k dopggggggn%%%ﬁh ?%t?lat;%ﬁﬁ atcptLa?ne Ry Por ﬂ’fga??cﬁﬁ?fnfrﬁ%m

| ongi t udi nal Patiqular pesigions an the [surfage Btingmagseticfore; the miethdil frthed @mpkiggs t han 500
manomnet ers; $ie AR e ndi ng and

bul | s- doped %tgrenlln%gmfuct or WI&E‘GE&EFH&&%%%EIO%%Fl %H%ﬁrﬁ% %‘mal l est width
of |ess fharPostionsaribmepiriase; theget of pattsming eomypfise treating iphysiaal mtems olthdoped

sem conduct %ﬁﬁ&?&e bBysfthl pa8Bak ard Bendbs; hﬁgp&ﬁ&{l P \Ne{'}g 2 asﬁe%'s %gc ‘f%/ sgal, an

el ongated and bu kdoped sem conduct or

| ongi t udi nalSusaGeoT 2 pubstrate,|apd g@@mg@hmlwemeonthamwfacdbmmes)ﬁmgaﬁﬁstﬂ han 500
manonet ers, lagk steph bEE@ %@ﬂﬂb%%ﬂﬂc on th at | east

one portion havi né) a s?ra | est” w ek}#ji%%éfsigeo‘?qsw% ng ??g?%? 1‘”Elhe doped

sem conduct dPHEBHH the Butage %@ﬁ%@r\%&ﬁ%ﬁ”ﬁ@'@@dfb@ldckmnb'megsmpspcmml sting of

Si, Ge, #&n, al PatteBs oHIRA%Ee ¢ - Si -Sn
2 2 FEB 2005pﬁ T 17362 PCT/ USO?/%GZQSH%‘JQ& ahep cqg"‘grf’hyé“?f%a‘ﬁﬁﬁﬁé

ALN ALP/ Al ASPATCESOmPpELRy vsing imppatedpatismns; aasfor hppetpkfowingisomBBPBAS

Al NI Al P/ Al AzbittoBiing Mu@apmggﬁg/ugﬁgspchahﬁg}v | NP/ 1 nAs/ I nSb, ZnQ ZnS/ ZnSe/ ZnTe,
CdS/ CdSe/ CdTe, HﬂggHgSEI SBeSeBeTe/ S/ MgSe, CGeS, GeSe, CeTe, SnS,
SnSe, SnTe, PbO, B¥gdto “‘P is embegimentidgast ong pf the elongatetiginctigsl . Agar

Agl, BeSiN2 m&mﬁwand@m@aaeasmw <lok etufey ﬁ%%% edguékc%ﬁcﬁwt i SO (A

D...(D

Ga, ) S Al 203,
Te) 3 AI CI) lea?%é %tgﬁﬁbg@}ﬁ%é ﬁ‘ﬂf&% Be b%ﬂﬁi’qdéé@can%mﬁh@t least aggiobthef r om a
group consi strumlgeso§ a do;&dpm@k&eysdp&@ﬁéon&ﬁ&dp 8140 bnk bF thQEtnlJBﬁesH?éd odic table;
0

an n type d he peri odic table; a pant
selected fro %H’%gtt g%‘gﬁ‘%e ‘%‘\’(jmb afgat any paintileng ltsd?Paml%/lyﬁéxlddpant
sel ected fr aliargcsgumm-pemﬂﬂld&idnﬁign Rfs than 549 zﬁﬂane’i&s aBleBst YPST tHORAB s " OM

G oup Il of L.0odi ¢, & abl e; type opa electedfroma group
consi sti ng 051E e%%?d d ds "F%%“'H‘@’gﬂi tong pertipnbayingd of t he

peri odi ¢t alsainellestamﬁthtoﬂbes mazpmmnas@haag .efllchstone @tﬂé%@m&@ﬁ%&%&dﬂg of C and

Si.; and an .ected from a. group consisting of Si, , Sn, S, Se
and Te; the ‘gﬂ‘ t%r t%‘g 3@&%&8? 6{&? @%Wﬁ‘éda ??wsf@}rmlwgetpdmeb -
senuconduct dcpped senmcnmin@bﬂthat ® EOFbinTRbhg itPlayindad] b8s, fasSyialedtio- assenbl ing

a pluralityg S res on a surface, .wherein one or nore of

t he el ongat ee%E [f%ir qﬁ%?%ﬁogge%f d«:éan;bblf‘@&??te&n%ndcﬁéetef??“fi’é‘g peshpuldoned at | east one
of the following: a single crystal, an el ongated and bul k- doped .

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

| argest 20 cross-sectional dinmension |ess than 500 nanoneters, and a
free-standi ng and bul | s-doped sem conductor with at | east one portion
having a smallest wdth of |ess than 500 nanoneters, and wherein the system
conprises: mesas for dispersing the one or nore elongated structures on a
surface of a liquid phase to forma Langnuir-Blodgett film nmeans for
conpre55|ng the LangnU|r-BIodgett film and means for transferrlng t he 25

S . . o o r o o,



2 2 FEB 2~5 WD 02/17362 -30 PCT/USA /26298 sem conductor that is at |east
one of the followng: a single crystal, an el ongated and bul kdoped

sem conductor that, at any point along its |ongitudinal axis, has a |argest
crosssectional dinensionjless than 500 manoneters, and a frfzn%tqﬂz@mg and
bul k- doped sem conductor with at | east one portion having a ? width
of Iess than"®H"¥2manoneters; the doped semiconduct or c8RPPFEEE29%

sem conductor selected froma group congigsting of Si, Ge, Sn, Se, Te, B,

D anmond, P, B-C, B-P(BP~, B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn, SiC, BNBPBAs,
ALN ALP/ Al As senigmductanyitiag/l@stane certion havinglal snillést width of3éss HBABRBAS,

AlN/ AI | I /Al eIl Aﬁ%‘{ug
Zno/ ZnS/ ZnS %zéﬁnéh%& Eﬁ%}}{/ cgéﬁ %@M{%ﬁ:‘%ﬁ% %Q“i%egef?"é’ear%ﬂ% S/ MySe,
GeS, GeSe, Gesistispef: SisHecSn, &w& B,@hanondpR, B-BHBP(BR);TR-Si, SitE, SidB&)ISi-SAuUBr

cul, AgF, A ZnSnSb2, CuGeP3,
cusi 2P:g% gg’dG Z@A&Cgmf%wﬂﬁVﬁiﬁ%&/@ggwgaﬁé%% ce3N4, A1203,
(A, Ga, I5n) s/INSPBN/RPFkp, AINAIRAHeAAIS B BUGRIGLAs/Gashpr | ses a
dopant  sel ecm@mhﬁmn@bmmsymyﬁ% ds?%%sr?/@aggo%gs@g&ﬁ@m from Group

1l of the periodic tabl s an n-t °of the periodic
table; a p-t PeeBanBeke Mﬁ%ﬁe@eﬁr@ eaGgTﬂaﬁpS SofeiSsTs, RHOOPbSEPbSRIPTegl | N;  an

n-type dopan t f I type
ype dop tupetim @ér,eﬂrmgpg &gﬁiﬁggqx%éswz@acﬁz %}ﬁsam Rf“e%‘tg Jtype

dopant from Grou% :&egrl od @35/)
group consi sEPHy fc‘ﬁ?mﬁi‘& ERaAgMAL Qa’pinat'l;lp&) gaﬁb)%SxSNﬂ,@eﬁm |V of the

di b f C d
peri odi ¢ fpa lwoya(;g G&H@Z(@Bé"’ﬁe)ﬁﬁ’%@ et do %eﬂu&%&sl#s Sﬁgﬁl ?stdsﬁb%m%e an s

Si.; and an n 20 type is selected froma g tj§¢00
Se and Te; tﬁ"ee"EfS]g@Hl SYRTR- RSN SE: # B-hipe ferpntiet SgouprlBof Fhe périadiretable;

sem conduct Ogn n- eﬂé&hhﬁdm@?@@d!b’ﬁﬂépeng&gﬂbgegp'tfpe% g&ﬁfée‘?&leﬁ%maasse”b' ing a

plurality of one or, nore elongated structures on wherei n at
| east one of SPARCDSISMEATR Alrnd meypafl@aatseleetaéﬁom@rm copsistingbf: Bwi ng: a

single cryst akand8b; eb&m@p&r%ﬁcﬁ%ﬂd@@@ﬁﬁﬁi@ﬂ@%g Sec?&tga tteél at any

poi nt along ts | ongitudi nal has a |ar cro |ona mensi on

| ess t harf’ 508°H& {ansisting pfy Mg, Zn,0d aad Hees priyrs dapastfrom GoeredVoéthiec onduct or

with at | eanberﬁﬂle £4b0; b pQﬂ:Jﬂ%}z‘dﬂﬁ el ted TRk @gscbumoﬁl&&hxfgfof |c,e§f§1 si.haf Q0
manonet er s, stem, cgé)gp es means di spersing the one

or nore elon 8‘?‘@5 %ﬁ’?‘tﬁ%?é@“ fongisen ﬁaﬁ»usﬁan%eﬂseqomd stretching the
fl exi bl e mat seimiconducsor ¢k doped deing grow SFikERmicoal@ddr, f orce on the one 30 or
nore el ongated str ures, that c es, .t he at | east, one el ongated structure
to alignin the 37‘ Elicf SIHbo‘iﬂ}E?:ﬂtrs‘ﬁlﬁ“ §edrlv°em}f%@ff‘ﬁ%mw“@?%?’én%?@%@*ﬁand
means f oeot rsmsties pn agurface vdiereirams br Ao ofithieGloagate] Brictates Breaf A dF 1O a

surface. In a ect.s of .this,e at | east one of the
el ongat ed st?gg)?l h{r’ﬂglg ASI%gslg(qS £ Sese %%ﬂ‘i%@é seppepndsigr i 5630Y. 31 ar e
sem conduct opaint aleng itelkegitdingl ods, hise lebangaisedctivhaldirhensds las Bakisqed

sem conduct I ted s ctu are bul k- doped
sem conduct géagom&%s,l aggg%xeg %gn 0 g"rna%“lg d?ﬁ%fsﬁ?‘écgnﬁg%%éwggﬁél §RSLOIG PPEIOR, y st al
sem conduct dravmg’g sineliest widtheof ddfss thive 56t naoaheters,sini whmehmgﬁdd&dn@ﬂﬁbs

bul k- dopeg it i,t udi nal axis,
has 5 a Igr Sag{s%&gdr}lgg@@géﬁ al@?)}r{%e ?lfr&g%%riong%e%mg ﬁtéeﬁ t%éﬁt%ﬁ’gﬂ}?r?gf 8 s; at

| east one ofmempelosgatadetruetunss fopagichlarmsitivasmhi theysuafack, hndamgling)fhd oseod conduct or
with at | eashqy® t &m?@ e e3s n 500

manonet ers; act’ Iglggs?erdosh’g Wﬂg???%@ﬂéee%m%gl%%%%délmem BHfuctor that is
at | east onel’a&c“lﬂ’wsﬂ@nsmgﬁbeomOsmglfmoupx;@tled an el ongated and bul | s
doped sem conduc i di nal axis, has a

| ar gest cross 10h€%ag{o?%&gyc?s3:f%%g?@%ﬁlmﬁh%ﬂgt dﬁc%ﬁ)%ﬁ Soimp ere, and a

free- st afftli rigndivenine thi svabprevitisensios onttudlequlesj thtiacibf ¢oedwbmmg1®npms¢m on havi ng
a smal | est ol EssSmbdam, uct or
conprises a ser%‘l c%%gdthctora sel e%%g)é H%%?‘&?wogg%gﬁs%% gl%gg Ge, Sn,
Se, Te, B, [Iafitiening the susface with meepsxpre rBagBetos; Pie 40t of Sondigningicosprisesd Ge- Sn,

e o A A Sy PR R AR Rl e/ | 1S

Zn0/ ZnS/ ZnSel/ ZnTe, CdS/ CdSe/ CdTe, HgS/ HgSe/ HgTe, BeSBeSe/ BeTe/ MyS/ MySe,

GeS, GeSe, CeTe, SnS, SaSe, SnTe, PbO, PbS, PbSe, PbTe, CuF, Cud, CuBr,
Cul, AgF, AgCl, Agar, Agl, BeSi N2, CaCN2, ZnGeP2, CdSnAs2, ZnSnSb2, CuGeP3,
CuSi 2P3, (Cu, Ag)(Al, Ga, In, T, Fe)(S, Se, Te)2; Si3N4, Ge3N4, 20 A1203,
(A, G, InN2(S, Se, Te)3, A12C0; the doped sem conductor conprises a
dopant selected firoma group consisting of : a p-type dopant from G oup
1l of the periodic table; an n-type dopant from Goup V of the periodic

t abl e, a p- type dopant sel ect ed fxom a group con5| sti ng of B Al and In an

o M. I ) [P

mi—




The features and advantages of the enbodi ments described above and other 30
features and advantages of these enbodinments will be nore readily
under st ood and appreciated fromthe detailed description bel ow, which
shoul d be read together W th the acconpanying drawi ng Figs.22 FEB22088=B 2005
WO 02| 17362W?32/1§§5EF DESCRI PTI ON OF THE DRAW NGS 1' CT/ USOl{UZ629§3 For a
better understanding of the present invention, refgrenceppg RUERE2%8 0 t he
acconpanyi ng draw ngs, which are incorp@oated herein by reference and in
which: Fig. 1 is a perspective view of an exanple of a sem conductor
article, or H%\MQ’EMCEOD&BE@%PF@WW%WG ahmembdgmwm:ues hlepartimant i on t .
Fig. 2 is a gt k b ' ' amle, of a.laser assiste
ca?al ytic g%ﬁiﬁnﬁ&%@%&ﬁ%@%ﬁh}eﬁ%ﬁoﬁ% %% a@%ﬁ]saéO’dJC% B?m%:gﬁsovm res; Fig. 3
i s a schemat PRAAHiCREELRA urfase With qus oF merefunstinralitiesthetatiactthe ﬁ}e@rmérel s aI g
hemati c di ek ottt %@% EXAP sﬁﬁrﬁ‘?' op cantrol |ing
ﬁ;novm' re di aﬁ‘g{i%?e;d_tsgiaég@e%{ I's g:_ SC] g%g?i c di %tgfi%%t a h&??oﬁcset.?'gfug§%nanow re
fabricatidn PPdHiopigcomprses ponditioniag die seface withapeorspep finchinglitied thes @
schematic di aghdfeldadlor mbimn?ﬁs@meﬁfb@w %&ﬁ&?aﬁgﬁéfﬁﬁyoﬁ’ﬁgg depasition in
or on an el ongated .t late;, I's Figs. 7A-/E illUustrate or ogo_nal_? .assenbly
of sem condu@gﬁws %@gxpei E’Sd?ctréhefaﬁfr%c@!@ﬂ%;coﬂpgw c@uiitRaing twsurface ivithn
Nanowi e Cur &t nite RinbAbAERACR haldtrddt A8 oNObLASE cloffatd L ELENG rpgéﬁgﬁlg‘g | evel s
and gate voltages; Figs. 9A and 9B show silicon nanow re curren S a
function of Qﬂsgg’n%ﬂ?‘gé‘gchﬁf‘swwnﬁ%fp@ﬂ-t phosphor ous doping | evel s and

gate vol tages; 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

15 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 havinga
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-

20  sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500
nanometers; the doped semiconductor comprises a semiconductor selected from a group
consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn
and Ge-8n, SiC, BN/BP/BAs, AIN/AIP/A1As/AlSb, GaN/GaP/GaAs/GaSh,

25 InN/InP/InAs/InSb, BN/BP/BAs, AIN/AIP/Al1As/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, Tl, Fe)(S, Se, Te)2, Si3N4, Ge3N4,

30 Al203, (Al, Ga, In)2(S, Se, Te)3, AI2CO; the doped semiconductor comprises a dopant
selected from a group consisting of:: a p-type dopant from Group III of the periodic table;
an n-type dopant from Group V of the periodic table; a p-type dopant selected from a
group consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P,



Fi gs. 10A and 10B show energy band di agrans for p-type and n-type silicon
nanow re devices, respectively; Figs. 11A and 11B show tenperature
dependent current-voltage curves recorded on ﬁ heSVI!ytbO{ﬁn dopedf5|llcon
nanowire; zs Fig. 12 is schematic diagramthat depicts e._us _

nmonodi spers gl d colloids as catalysts for the growth A 2 [P fﬂﬁifl ned GaP
seni conduct of CR4HE%Ri res: Fi g. 13A shows a FE-SEM i mage offCHYRBRE98S

synt hesi zed from 28.2 nanometer colloidsy; Fig. 13B shows a TEMinage of
another wire in the sanple; 30 Figs. |4A 14C show histogranms of neasured

di anet ers f orAsand 8b; agr-bwp danantrfrom Gfoup Ermif thh periedietablepd p-tipeldopant seleWiBl 02/ 17362

- 3 22 FE : Fi shows, a hi.st ogr am of . di ameters

for wires gr%ﬁmﬁpﬁéfﬁéwtn#%%\%g% .bg%%‘f’ﬁ‘g&f’\%?%%%?g&ﬁ © ni,\P?frfg?\hl ch the

| aser is usederiwtigigbln agetype éqmnﬁtshlectgbfrom:a@muplcomtslﬁlé@ofagdnd iﬁlea@& feact gnt s;S
I g. 15 sh - DS ' L agk f g ( L. um ar seni de;

i 5. 16A | 6C TRib R R Mool BESETe S, SO e 28 pPBimsi o by | aser

assi sted éat atwycondugtenigdpped Bhing grqwlwtﬁmelaicdrrcfuémact i on contrast TEM i mage
f i mat ol r eni de ,nanpow r e;

il gor 17BL 17D shov Traher SUabi AR mARld dr R AR IR R e

nanow r es: 191°F$9(§e.d%ﬂ“@hmﬂﬁfaﬁfﬂémmmgemmﬁomn&!onmmmmaﬁr ed by

| aser ass st ol a0 Koo il ARIGHRNE o L RF LSO 25t TEV

' e of an 18 manonefer, di aneter
' Mag that, at any point along its longitudinal axis, has a largest cross-sectional dimension less

10 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
compn'ses acts of: depositing the plurality of elongated structures onto the surface; and
electrically charging the surface to produce electrostatic forces between two or more of the
plurality of the elongated structures.

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

In additional aspects of this embodiment: at least one of the elongated structures

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

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

30  semiconductor with at least one portion having a smallest width of less than 500
nanometers; the doped semiconductor comprises a semiconductor selected from a group
consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BP6), B-Si, Si-C, Si-Ge, Si-Sn -
and Ge-Sn, SiC, BN/BP/BAs, AIN/AIP/A1As/AISb, GaN/GaP/GaAs/GaSh,



Fig. 18C shows a high resolution TEMimge of an approxi mately |3 nanoneter
| S dianeter CdSe nanowire; Fig..l9 is a schematic di agram show ng GaN

nanowi re growm h by | aser assisted catalytic growth; Fig. 20A shows a FE- SEM
i mage of bulls GaN nanow re synthesi zed by | aser assi steob SRl 2 ¢ growt h;
20 Fig. 20B_shows a PXRD pattern recorded on bul k GaN nanowires; Fig. 21A
shows a di f YA&W¥A contrast TEMinmage of a GaN nanowi r e PERES0M26M98i nates in
a faceted nanoparticle of higher contraskh,.. Fig. 21B shows an HRTEM i mage of
anot her GaN nanowire with a diameter of approxinmately 10 manoneters; 33

Fi gs. 22A- 2206N/IMNoAs/inSh, BSHPRASAIN/BIRALAY A, GaNIGsPGaAs/GASY,NP nanowi r es;

Fi . 23A-23 &dp@%% %}ﬁ\éﬁ | | trical
plr ggert I es; %Ns. @Dﬁq@?ﬁ??% e ob?%é?%ﬁ%@gﬁg%ﬁ%ezféggﬁ‘{lz;?i on of
nanow re P- NBFg’B@SWBﬁEqMEWMESQ,SthﬁeS%GaR, BuS,iSufleySnille PO, PbS) PbSe, PbType Si

d n-t ' | 81 A b5 Q. h | f | t
for var %lgﬁngaMt 004 e OO AR Bect A U R NG fep g V' 29
nanoj unct fon 9$HW£QG%§A@USQPQS(CU269XQB Oai In| TlsFe)R, Se,(Ta)2; Bi3dM, @eaN4r t hogonal

assenbly of \ i L. - Fi 7A-27F illustrate
crossed silicon ﬁgéllgv&ma’r e)tzj dgé’teqé g’\é?éd’gﬂeg&gﬁgge%ﬁgg‘{mrﬁ%lﬁvﬁ%ﬁ§°Pa‘n

PCT/ US01/ 2628s8ectegfrom g group@nsist3p oft & pdypealopant fipm Growpslled theigeticdiatabaow r e

bi pol ar trangj s opdat | I qnml inverters and
CuPnel i odes: S pitegoph fn CRI0A e bl Wl aBUR BPER M ea el
structures fgioup Fepiistiagefii Al andIngan n-typadapat seldcted fomtagrpar @hsistingats®nbl y of
nanow r e ygrr 2d S Ei . riqdi.c _nanowre
arrays; éﬁd %?!ggd§3§,gqg%e£%? ﬁtgggr%r%wgf%ﬁ%y-i %@%’*ﬁ&%ﬁ%ﬁ gﬁl ct ransport
nmeasur ement sirem agrepsensisiag efMeeZaGdapd 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.

I5 In yet another embodiment, provided is a method of assembling a plurality of
elongated structures on a surface, wherein one or more 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
than 500 nanometers, and a free-standing and bulk-doped semiconductor with at least one

20  portion having a smallest width of less than 500 nanometers, and wherein the method
comprises acts of: dispersing the one or more elongated stru.ctures 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-



DETAI LED DESCRI PTI ON 10 The present invention provides, in one aspect,
techni ques for controlled doping of materials such as sem conductors at a
very snmall spatial scale, and arrangenent of doped materials inB@?f@hﬂ%i on
relative to each other tq create useful devices. One set of o ts
i nvol ves dop{'@% of a sem conductor, with a dopant (e.g., boron, alum num
phosphor ous, r%’éﬁﬁ’c, etc.) selected accordi ng to whet herPCarusnr163yse or
p-type 13 semi conductor is desired. In yggious enbodinents, this invention
i nvol ves controll ed doping of sem conductors selected fromanong indi um
phosphi de, gadlapedispmigosdyrtathat, gbany ipaimt albtg itsdengitndidstiania) 186 b BRjdorosdNd Zi NC
sel eni de. Dop@Bdchal dintddfbh s th 500 Rborhdt b 1.4 , 9, ZI fAC, dm um or

magnesi um can be used to for mgypgqt ypeméé‘ét%s’caggaéﬁ'ﬁf?’éﬂ?gr?nﬁ%f‘@dé’é‘id of 20
embodi nent s, méroadistonwith atledstatie portiob bevingd sohallestwédth blessttkdn 5001 um  sul fur,
sel eni um or QerABROL.UM 4 . [ nts.to.formn-type

seni conductors fromt gsogg&]n’sg}%gcro #%ngr%%é%g&h%%@lngﬁc °r8@f?t?%g‘2ﬁ R8¥PPband gap
seni conduc orcoptittiag oiSs Gendh, StadiseB ddidmdud, 8dB-<1, BFRBR6BESIVE!d, skaeVei.gho t hose
of ordinary sihlde.-SnNsicNBNATBASI RANRTEATAY AISBVERA contenpl at es use of any
doped silicon or “direct ban séttm\slem con/uc:sp’ﬁ%?@?f%@a%r a 25 variety
of uses. As JM%Aéhﬁb,aN/ﬂB?m&mmwymmm@aN/@aywme of a

strai ght |i nqninQmna B n@PnGzRel 7Rt L/ ough the center
of the article to angt her noi l?lt onzt e’gaesrlleérsee@‘freg?g?ﬁégﬁﬁﬁ%l e. As used
herein, a "wiRfSHBeSe/BeTedMg ecisSofiafe, GefimSu5,dmSe,8nTe BDO, BbS, 2bSH) BbTd)e

| i t udimpal i f t h So: i t rai ght
[ he 30 that Utk C, CHPRGR AR A . bSIR SENB A Cllideie  por e
and that conf@SPeh2; GEORa; a‘tsézpén(quhég}ﬂéh GaslneTl, BA)(S, Be, Te)2) SIBNALGEINM . WO
02/ 17362 - S (LG 00 o K, MBS e 02 0

article (e.g., sem conductor or sectid Ye0 S
at any poi nt SHPGHFraheSIOBNenising 5T 2 Bokips dopant from Groupdllef the pedddiotable; t he

| ength of thean je@bsant £ et LaLl pnt _i,s.greater than
2:1. As ysed h%en,efheoépgo%ﬂﬂgiﬁ%% og%itaag’fe’gw%ﬁ e*’%%%eé?cggﬁ?ﬂ? cle is an
axi s al oﬁg a SEUP Sen5istine of; BeMandln: an ntype dapant selested fromiagzohiptrensisting of: iPe

(ength of asasl swgpuash dpick sh GrbuA e AL paGRIAUMRG LD dRRGLLUGLPE) axi ¢

fromend to g_nd of the ar.tlgtlr_e As used _herein, a section" of

an el ongat ed “SPAEIR Prsisting,of: Meofn, §d and Hget ifspa derentiror renpdVarithet he

| ongi t udi nal paioidis table; b payRl dop@iaseritedrtontd Gold @Rsisth o@@/ﬁ}d@;yaﬂdomlngngt h

greater thantyégrolac,rs%ddtlgess than or . equal To the lefigth of the article. As

used herein, "& PEFosE: %?F@Hpcﬁfls%ngd%i%Gﬁlsér%SF Testhgidopel nal axis of am

el ongat ed ar sengéonductords qopediduriag gloheh PRhderdoh@torl he el ongated article that
he article. As used herein, a

[ th |t i tudi nal [ f
oyl ndroal® ar th L Sodtiend ok s mghoiforBiccubling a Bhaliveroada o 1<
cylinder, bumomehsgaiatstretiiesien Dsurfaed, hereinalKaf bR dohehBO A a}:ﬂe
interior of i . of her .wordsg, a.cylipdrical article may have a
solid interi %?&é‘?“%‘a@h%%é”‘gg-haoﬁ%m?%@ e?‘ﬂé%?‘? ¥y bulksdopedsemigopdyctor a
" nanow >C<j e" othat; #0wny psntalong itologgituih lalsi&lﬁ, mradzrtgésﬁérﬁssir-]sc&ionalailixﬁéiﬂﬁﬁ‘iég e
seni condyet of t al.on ength has at |east one
cross-secti on?ﬂ 5626315%;'9& r%eggglx%dgaognds? anfi'r?gg’&%‘ﬁ%ﬂ%g FeRnductpr withat degsipsn al
cross- sect i divationdiavingie sroalkestivadts of lessth 4SO MBMVETER:S biid WiNtEh Beakdmbd! €SS t han
200 manonet & yaan]s ss_than 150, manoneters, .still,_ nore
preferably | ggrgnféﬁgﬁs %@E%%?r%? $enr ST °%$‘é“ﬁi‘8‘@r‘%ﬁ?@’“\’%%@%an 70,
still nore pierkingbe flexible matrixima 8hectinn anpoducsa sewedreaoh thePhebahab! v | ess
than 20 manQi&LALS ] rably.less than 10 manoneters, and even
| ess than 5 Zs%nan%ur?gtyee% ga{'éﬁh%s @;e%gf;éésggﬁ%/ﬁl%atS? W&%‘i”&ﬁg‘hﬁ“ sem conduct or
may have3%anylitgstiont emeving the fexible metrixg amigrankferting ete at lesst bedhlighed didngatgd ar ,
square, rectsaidubt e asufhdd Pfical. Regul ar and
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 rregul ar shapes are included. As used herein, a "nanotube" or "N T" is a
nanowi re that has a holl owed-out core. As used herein, a "bul k-doped"
article (e.g. semconductor or section thereof) is an 3o article for which
a dopant is incorporated substantially throughout the crystabl Fggezmuattlce
of the artl‘gb?5 opposed to an article in which a dopant IS on%fy
I ncor porate ?4”8 rticular regions. For exanple, sone ar GTEYSRY262: 1y as
carbon NTs typically are doped after thgsbase material is grown, and thus
the dopant only extends a finite distance fromthe surface’or 2 2 DEB
2005 WO 02/ |m®@Qdibwﬁt wsat/oémngsaememeesurmmr@the fiexijambtoix Wiffi annt 0 t he
I nterior of urt-h

es gdfoL Ne hAbE! ét_fet hing bt {eF s&e%h&%%é\%—&lb% fa eh’ | and

conbi ned as orm n ayers-o ase na
doped base rvan@hmtballsmmcetdrfatce;t aQ!Igfmmchma compnsemmtqugahee&bxibﬂﬁmughout t he

tal i | €. : d b
rnow 1o o e iAol T Sd g nae ARG b, O3 0
herein, &' d@@@ﬁisﬁmmere or "doped NW' is a bul | o- doped nanowi re As used
herein, an "array s ﬁéx eﬁél:ﬁ%ft(hfs e%bodnﬂ%ﬂpmlEﬁfanle%?m%r oigz?tecﬁs\;\#d{ glity of

t he artlcles As use crossed arra € at | east
one of the areseoiconductorsehleastons @Therﬂiqngetnd)squsfaretdwemtmwhé&tm, a'a si gnal

node (€. 9., 3a &leBfitk ARdated Mrubtifed adBLRLAY eHJoﬁ&uc?Jr& Iaf:I St bt Fine @

nanowi re or | arger-si zeg strucfure) "coup % econd Ifé cle is
di sposed su@ﬁutha&lsmﬁleperdusmie-wsmlémc@dvﬁem aﬁha,smr@aifﬂytsu’mWasclssnthe second

article g ief gatwcﬁpw%&mm& ﬁ%,%@g}p Rl aﬁhgﬂé Brn,%&hingﬁﬁfsehﬁ

property (e. roperty, optic I 'C property)
of the secordaraest fressesectiopaltdimensiontiess ﬁxaeé%nanpmfem 4tchﬂstmnqpéﬁtpmces¢s in one

aspect, an g Qﬂ&agtﬁﬁu@m ﬁataqm%uﬁcbeaucda@%ﬂaﬁ%{ &1%%&6’5%@?% 'eSS than

500 manoneters that 1S doped in any way type or p-t ot he
embodi nent s swelest width ofdess thep §P0 nanpmeistseat WPP%@FSW°EFWI$%é@than about

200 manonet 100
QdicondRstdr thiaDatabR W ne LD e TR gﬁﬂaér']ﬁﬁﬁgle nysda.?ﬁt?elt)@%tdh y

manomet er s. Preferabl%l, t he sem conduct sial | est ess than

about 80520 dapadsrmicapductopibate atAng painkaleng iisdengituding] axipdws 2 lroeestoresaet er s,

preferably |s&>$ﬁnﬂﬁ&ﬁhn§ib@lé§st591mrlﬁﬂﬁﬁ&&§ an@ér?&,é ShndiednlBuiktepdy as those
with at |east one di mension of |ess than about 20 nanonet ers, less than

about 10 rraﬁ@ﬁ’é?‘@i“%mrwh?té%aét‘tnﬁaﬁrt‘ﬁﬂbﬁtm&?%%ﬁﬁ{@hg lassdhan0B | ncl uded. In
sone enbodi mesnfeters; AR dd émﬁmaaducwre&ﬁpﬁse@a setictind GbtdyROISHQ ForR b ghdd

oL ongat ed S EARIsE D hezsﬁ%s?,ir@ S oS Br 51t HotBoe #séfs;?&%ﬁé?@iﬁe. gpee!
tgL eat 2_r fphaanaﬁ&smlmcmmmmms/ma @NG@P/G&AE/GQSmyt be tgL eat er
1000: 1. SeniByiiop i RNeraAs RS AT ARY, il leheReStne. find
yfllri et y ?f | rzﬁwznxrzhwznm QdS/CdSeICaTepHES/PRSE/Hy e, di agr am |

w wirer i ke SedeSsRtT AT Meberdes, Beke, SRl e b n oGP 2se B onauct or

L 1 has a | €nfiCudlXCuBriCul, AghgigQidAgny| AglxBeSiN3, CaliN2aZpGeR2t Cdsarabong t he

i dihs U a@PaRet s Gt (b Alan T ol B9 R Tt BePeb L ) O

wi dth at t helzes, (4l, G5, In)2(3MSe )3, AABCO; the daped &nﬁcdﬁﬂﬁt&%ﬁpﬁ‘@ﬂ'ﬂ Wit 26298

Such seni co e fr st andi ng"
article is g%g&e t c £ E]iéﬁgfong'tsg%go% (C){Wf%%ﬁ“% FP?G(?“"I’@E” °oqe 8‘%‘? gag’ Ifad to
anot her art exheyperdopdnafromGroup 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



solution. Further, such a sem conductor may be a bull s-doped sem conductor.
As used 5 herein, a "bulls-doped sem conductor" article (e.g. article or
section of an article) is a sem conductor for which a dopant is

i ncorporated substantially throughout the crystalline |atbixcee®f005he

sem conductor, as oppos&d to a sem conductor in which a dopant is only

i ncor por at MOPM7B@rti cul ar regi ons. For exanple, sone s@GTASMIGEIBOrs such
as NTs typically are doped after the segpgconductor is grown, and thus the
dopant only extends a 1o finite distance fromthe surface or exterior of

t he nanot ubesemitbnductoeisidapeglrduding gdowthhef the semficehductoe | attice. Further, NTs are
of ten conbi ned a est ed .t s, (iL.e .cylinders) farm |ternating | ayers
of sem conduct or fna%galag%%b(f ld%s)nger?lt’é) LVt oarsygtﬁ%lﬁor%gﬁ%vfm% ?‘igociﬁgﬁ‘?i’?ffmﬁgct%t

i ncor por at edhé systemghmptisingh eneeusyfot @bviding a hmldcilesofdlie seintcondutios amtluct or . |t

shoul d be understo hat, "bul | s ed" does, not fine,or,.reflect a
concentrat i %cﬁ%ﬁﬁeg%gau%c{p f an%ga e&ﬂ%ﬁ’ﬁg"ﬁ% tge glgﬁf‘@%ﬁgﬁlftsﬁwwmfmﬂ E]"i‘“’t

i ndi cat e st hatoltdules dibthe depantsiurieg exosds ofl the semidooduttor kaqproduce ée@dpedlem conduct or
the sem condtélctcordhpnqy be doped during growm h of the sem conductor. Doping
the seni condde¢to Uring growh may result in the property that the doped

sem conduct or i sIiadditiontd pemicts Bfthisleebodiswenthatdenstahe st elonghtedtsancgumeny be

control | abl uch centration of a.dopant.wi{hin the doped
seni conduct éFeds%&g%dn“% %gjg‘%lg%% Ioggﬁaego&k%tg&e%&él °§-#é‘8?%?fﬁ’3ﬁ’8n3&‘8{ﬁ§ ently,
maki ng possiléstone kEthe elongatad sihictprepata bulkalopal semicoidustors; atdedtitie@f the A vari ety

f devi J e I i t h th d i bed
Sbove | Sion TierEs b Ani Sl SN SR ERGARE NI e BRI BRI ® “ochian cal
devi ces or alqumﬂmﬂrb_all&dmpect fegrie@odyctdr ek, utlhny poinpslongitsdotgitoding agisytiases and
el ectronmec h%%r &k crgéeslc%%ggal d&rﬂeﬁﬁngﬁg@g{; %&n@m&&?;l agle ft]:_g)g«%: 3%%%%El§fg$setsor (FET)

i's produced usfng a sem con ving a sna | ess
t han SO0 naAbateettanding and bulk-dopedistmigenductohwith atierstone Pomtionbavixg sseni conduct or

can be eith = - LGO t ' t hose of
ordi nary sk;g ] |sﬁw%i e éérg%ﬂ{laxrl\ %E‘%nﬁlg r%t%%ﬁgé%@?ﬁ%@%doﬁ% known usi ng
nanot ube¥, semicorsduptantbivatdeastore nf ba fdlowing: osingle eristelesreeiongated kwulinanot ubes
at random %ﬁé&%%icﬁmstﬁ%a@éﬁ%ﬁymﬁ{ﬁ@rrg 1{3%5{}@&951 A8 hlﬁsa ﬁ%ﬁuﬁsg or. .

sem conducting. In such a case a very ["ow percentage o Ices are
functional , Spréippah fisnepgionlessthan WQaanameters and/a frep-standmgiand bilkdgpedor per haps

appr oxi mat elymiesudtBr WitBatMAKYE Bortidh Raving stallésBwiddPor NG ﬂ%ﬁfséc? 362
PCT/ US01126298 -38 present invention contenplates controlled dopi ng of

nanowi res sBRIPmeEES ths dopashsericondystop pearzises asemicondustoy seleciadfosna graep
;y Pfti grra! E&E_fsﬁagf:a@s?bs,gsnlt, se,ge,tﬁ,m&h&lm?p,i Eilrc]ﬂ\bitpzb%d’)}!sisi,@i-e?éﬁée,kltl@ﬂ ane. I n
ifty devices, s : [ _ex e_techni que can involve doping
a nanowire, a?‘héﬁs?’ﬁg&’iW@%M&Pﬁw‘%ﬁp@@@m@ﬂ%ti on also .
provi des | | GiN/IdPYinAl9TSE, BIBIEAR AIVAIP/AIWSAISE! GaN/GaMDRATBAlT Y et al oxi de
sem conduct M&é%g%@@?ﬁ crosé&% of Garll\(/n-stﬁ_/xpe ser?conduct or with
a p-type se .f D> - 20T %tﬁ?écéﬁ'érﬁg g%f&%‘-‘ed ntype and
PRk tretrpruirt di igepered ity ot etk
corrponer‘ft’ S. Yzﬂpt(tlmec? 1%‘&2&&#352%%2%@%4%%%2#5&%% he sanme as
?a’f ﬁg}rj | 1(:a Egztla_&;&blz y deP&,rCuSiS%H:%h(({/di,ﬂiﬁg)( ed" gﬂ@gsm{e{msﬁgx&,\efﬁeﬁmﬁ gp;a gr ns
he neant ng AR FEIRR Sete AR bt D miont @t pmRitas PRt | T 1
]Ehg ar ti meelcctngfrotr?mgmqsmsibﬁ@fo& h p-tyeispant ﬁmnﬁmtp Iurbflﬂ% péﬂ?i_i}ﬂﬁ?lbj ty to
abricate essenti ectroniaq. ice can [ rom
adj acent n- ?lf,%-g;p 5%%?%5%%)?9%“@3? 8@188%}0?’!‘?3&!% ﬁﬁb%ﬁd{pgfn%ﬁﬂeé’%g%i%a conmponent s
ar e pr e-3pabpgrooptedistigoel, Aliand imdn xitgheabpamnsklesep &oat grpupaoassag ofiPt h

conponent s te fr ot her doped nd _then. brqught jnto
cont act aft%‘?g‘%{)%’gapr%mog&ﬁgr M 8%?1ﬁ?§ pf'g‘)%f%fﬁbﬁ%aalp'tﬁ??%’Pa‘gf%iecé angenent s
in which a Somglgovpemsistingof: Mg, Zn LCdanddfge d pitypeciopant frgmdrowI¥ gftoped i n an

oot Pl il 5o LG KR ORI RO A St S RS 1y o

nove relative to each other prior to or after doping. That is, n-type and
p-type sem conductors, initially in non-contacting arrangenent, are brought
into contact with each other to forma useful electronic device:
Essentially any device can be made in accordance with this aspect of the

i nvention that one of ordinary skill in the art would 2s desirably nake
using n-type and p-type sem conductors in conbination. Exanples of such
devices include, but are not limted to, field effect transistors (FETs),
bi pol ar junction transistors (BJTs), tunnel diodes, conplenentary

o M. o e o o o, e

-
-




WD 02/ 17362 -39 2 2 FEB 2005 PCT/ USQOL/ 26298 El ectroni c devi ces

I ncorporating sem conductor nanowi res can be controlled, for exanple, by
el ectrical, optical or nagnetic signals. The control may involve sw tching
between two or nore discrete states or may involve conti NYQUBEE 9 rol of
nanow r e CUgLJ; 90%7365 .e.,-analog control. In addition to elé&ctrical signals,
optical si gnzﬁ s and magnetic s signals, the devices may PETEMR8E | ed as
follows: (1) The device is switchabl e i-R6response to biol ogi cal and

chem cal species, for gxa protein, netal ions. In. nore general

le, DNA, [
sense, these@picelsded @ngpﬁéqeugéﬂnsbﬁtm&af&ﬁls g 8, Se(amyl Teithe depedce i s

swi t chabl e i genfiehaRs s 8dped B oEAk sehib&ladtdN0, Vi bration lo and

ufé?‘ G
bendi ng. (3) The device is swtchable in response to the tenperature. (4)
The device is swilf@pethrembpdimentypravided isa systercioussenblingtont opmaere slongated 5) The

device is svitehadlog ais&f&a,aaem@mtc@ﬁpﬂﬁnm%ﬁwﬂ@&inggﬁhfd%m‘1 fhseP2S Of
I C ©

liquid. Is ny devi ces, of the inveniion make par ar ‘use o “CFossed p/ n

j unct i ons? whi'€ RaeMmee clopgriadisERYwET onte B swtnce;-2pd peanser sligtipptheroanami r es.

‘Crossed p/n mm@ldngﬁtsdﬁﬁﬁmﬂ@%hﬂﬁ@ﬂ%e%foiﬁaéau&%tﬁkél&%&egﬁmc ductor and
on of eac

at | east one p-téggd em conductor,, at |east oné porti mat eri al

contacting at |e enal aspecisnf this embodimnnt; at lepst oe 9fAbe elengated stoistures

semi conduct Ore bdngibondirétels 0 1dabt @RS of thédlorbated . onent.
They can 20 %e; ar rog.gggg jl;zﬁﬁr e-dopin lﬁte %%%ﬁ?o;{eﬁﬁegﬁéﬁ?ﬁ%@%@t hem
into proxim €3t R Meedh SrucEss gEp pdspatconductens;iag tbasi ohooef the

Li ght - enugsi ictaes iseedopad ﬁn@é-&&étﬁ!%@mic&cﬁ%ﬂ%ﬂl@&@@né%ﬁtﬂih s&yﬂf egﬁ%ﬁt lon as
wel |, in whigh el gg&oﬂg}? and hol es conbine, emtting I'ight) One type of
i ght - eni ssi BPealhARLbYl-densd sempicendpstenihatyat prycRodnt along its longigidinabads desd p/ n

junction, i relpgedticRiss-sctional difRAGoredsYIRNA 500\ Handmarst ¥I6asT\GHIQMHe SuctiBs t Ni S
I nventl on usl n crossed nanow res, ‘the wres

d oth . f .t
Er?gedonot(:ar b:rlégggg'%g‘?ﬁﬁ %FP@%’PP&%%?%@W&W 8t \pst enagogtiachayipgsi t i ve char ge
appl i edI to tslmallal;t widmomésrsehamﬁo ardRBfiis, #edsl e 0P tha RPhdnREs ﬁad&&g i lt ype
towatd 115 jeeertér A Ratloie Gusot e alowine’ n bBie st g longradng el - |
el ectrons calopedeemiceniuctdr |ﬂ@t,lﬁ't gisrtpoinﬁlb@;iitstlefé‘lﬁx m?u%sp%g |a§£#[g€°rb§eg to _cguzI e
one or noxe nanowiLes,. or ofher sem conductors to em i , as describe
bel ow i n mor’&"d gygf’f@ﬂsﬂf’iﬁsﬁé‘aﬁ 5 (ﬁocsanag%‘ﬁ?t%‘s’@f‘ 2 free- 'ﬂ%‘gﬁ ?‘“érbug‘f‘f’é’ﬁ% cale) the
wavel engt h ekmicoguttoe with 8i least aipottidn havitg Divhatldst iyidth P lekthad 509 t he size of
021 17302 PCTPERDFS Gt -t SERPRe" § SrTiTHecty ke AR ABFRID] Unct | on.
g_or exan ((a,condiﬁﬁne ofy S @iel 818 SelecBUBiationd) PNBIC) BFP@PG), lBI:SiJ grc]g g;-Gg,rngnes}:

i mensi on Qr I i ! 0 requency. For
exanpl e, i n%ﬁ??&’s%%@@#ﬁ%%%ﬁ@%ﬁ%%@@t8&’@?&@%)&&%5500i ated with
typi cal }‘ abw&@ _ M/M@n%eﬁﬁﬁyﬁ As,wéN(zﬁdP/AﬂAsiAlenGm/GaP/CaA@f /Gagblonet er s. All;) t he
si ze scal es e n e ssion can be
controll ed tIo %‘2’ at /\I/\I%\r‘/bégﬁg{l ﬁgxgﬂ%é'@é@?ﬁ%%%, ﬁ%@%@%@@ for exanple
bet ween 920 Bsfide88BehriMahdigsiesGeS/\@e8d, GaTe, 1905 SnSe/BnTe e, PbS| PbSS, Pble,t hi S
range, sgch Qg , 50 : 0 Crupyd ding upon
wire size. Thu (,%l%’ne aég‘é]g%gg’fﬁz%iﬁ’eA nv%%l? ?gérﬁ%’ﬁ(?/ang ngépgeﬁﬁ%gum or
| i ght - eni ss 8PN Ee@erBoCaTiaR3, Gn, tig)(Al, Ga, Ini ThEe)(S, Se e Sj3N4) Ge3N4)e
sem conduct alip @3 ¢t 64, NS, T o) S, Ri3 o e &o&:t?d Blionductor comprises a dopant

‘ selected from a group consisting of:: a p-type dopant from Group III of the periodic table;
an n-type dopant from Group V of the periodic table; a p-type dopant selected from a ‘
30 group consisting of: B, Al and In; an n-type dopant selected from a group consisting of: P,

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



state such increase of the frequency of em ssion of light is often referred
to herein as quantum confinenent. "Bulls state", in this context, neans a
state in which it is present as a conponent, or a portion of a conponent
having a smal | est di mension of greater than 500 manoneters ﬁ%g ‘Quui,}t ate"”

al so can be defined as that state causing a material's inhg;en I'Ss

wavel engt h WP ®4Bliency of emi ssion. The present inventiRITySOLRRWes f or
such control over em ssion frequency ofqpg¢ssentially any sem conducting or
doped sem conducting material. Assenbly, or controlled placenent of

nanow res ontypeisfelewtsl foama gmup aonsisting aftiSi, Gy, Sal $, $eiab@ Ts @RQIdpsES USi Ng an

el ectrical fjel Lbcal field.is generated between ZO el ectrodes,
nanow r es argeeﬁ%%g?@?hégge%%gée@\l/@éﬁot Ofettl%%e%’rt%’ag%&‘fopti onally flowed into a
regi on between t Aeyelasctheredbedimentprovidaiind sysgenf foriagddmbliag dnerlghora! i gn in the
el ectrical fjel her eb n be made to s t he di stance between and
contact eac hd%{ggtteﬁgg"él é%tor%o%sélggcef Wgeéﬂ?)%eeqr n%f’f$ ted fECtFed @5 atcont act
points ar® aeashoped therfolipypingiing least oat bfthe followingin Giddedrystla eloagityd dual

contact poin i re o forma point directe owards 2s each
other. An el EEengtb rglli'édg? ?ée g’i’gogﬁ‘éc&oétﬂgg ag]aé’? ke Qgrlgclh lﬁ%ﬁ‘m&ém’lh“%ﬁ lerasst o

si ngl e nanowiress-sstianal idimension leis thaS0matimbaters; and aifeb-aaidingehd hgk-gasda of , the
el ect r odes. - L hi i.nd] vi l.. NANOW I es n.readj |y be assenbl ed

bet ween i ndig\t/%%1 E%“%%W% % %P@e&%ﬁoggllav%%ﬁf’%%@i Méﬁgé’gi@?/&hﬁsp arrangenents,
i ncl udi ng muenemeters,end wheneipsth systemi comprigestmadahsfor sdnditisnihgtha sirfacs tvitlli r ect i on
crossed i ar. s i perpendi cul ar. or approxi mately 30
per pendi (%I anarfl Eé%@é%ﬁ#?%&&%%%n tag:&%ﬁé tir?ee%1 i xf%ffee?c’}ng?’tﬁiﬂmﬁé“ﬁs?‘f%afmb’ggﬂi tioning
contact poi rmositipnsl cadhe sfaes) and méaps for eligningitheme oopprsidigatatwinctofes bjie crossed

W res desir WM j &. , oi nt.s, can.be fabricated
via typical m ctru‘(‘)gfdé (rnllléc(gtnlm?r:]atg %éa%‘é?%cggés tga%tp%%]@l‘:%pf BisREmg de PR en

PCT/ US01/ 26 20@e fungtiopglities. assenbl y t echni ques can be substituted by, or
conpl emented wit : itk ORI RG. ar L t | yjn osi,tjoning a fluid
flow directing ag)hp%tdralaﬁt3 8% atE%e‘B ioggléstae&fb?%?lgﬁg%rlﬁag{%\r{ﬁgﬁé{hgglgg%%gégu‘ﬂgﬁ%w res
toward afid i%f QCW&OH@C&% iableash preztfithprelamgatedtiuptutes erztdoped semicomdutiots; atanowi r es
are desi r ablisRRsorin0WRHgadt AR L8 LRl PR ALSPRL §,3S 1011 ovs.

After nanowi res are synthesi zeo y are” trans I'n ol'vent (e.g.,
et hanol ), arfuetiesis adepedsingterisel semicopdyatorant leastcama @ the strustwesisdn i nut es t o

obtain a St AhguEUSAYIL AP RARLNEIIRHEAR0ATSEN: LBYAl (ARG, iy f aces

i ncl udi ng reagi ons that selectively attract nanow res s Py regions
that do not 2SWBEEErPIFaestionak dimensiontiespihare0 nanomeiers; at feast Rpeofdherstiveturss esent ed

in a pari Cyd ffreeltindBigan@bulR-dSpealsehRondabiek Wit 1928 dnf ok Ldvindlel ' Ct

nanow res or not uhes, havi ng surface functionality attractive to am nes.
Surfaces caff™pes Aess thag PPyraeamctersy ab leattiont efdhe fiptures isedeped on- beam
pat t er ni ng, sémiedddubtos thawds atbust ons W€ the dlloviiz! 2 48AC EiRA éibng&r:@ yenal
Pat ent Publication, No, WD 96/ 29629, published July 26,1996, or U S. Patent
No. 5, 512, fioned seruicondyciapihat, atagy pojgiplong its fongitudipal Bis, has ailarepsherosssor at ed
Aopl | Cat ) on Sar B Ne B0l Ay L 61 A Madp e Pk dordl . ot al

i catjon Seri - , . e u . , i'eber, et al.,
f\ﬁgor poréét eﬁer?\lé?ng}lﬂmeﬂP @#@F%%&@?mﬂlhqvep S&Rﬁ?ﬁg{}ﬂ%?fées(gg%ng@ created at a
si ze scal e ashometessythedspédasemitofduR ol Bdmpises W8 RAWohARL0P fldettd Fdmasgrs) NY a

Publ { cat i on°RESeS o S5 7py 88 e Sratet,  Crb e, Hob S ot Sotn

1 U B Pat it BREAL AL LAl o e 2000,  and.
: Rco'r pbr at e%@?@?#@%"?@ﬁ@?%%A’%&{%%gﬁ%ﬁg@éﬁ@%%’ t echni qué for
T o e e oA, (O, L0

r enoved andﬁfée}gg%ezﬁ%ﬁ\%%s&l&%se&g?ﬁ 8’8‘%’ é’bﬁ’gf‘g‘% ;§nf% Pgﬁg‘i}gﬁ%&%‘? ss flow

arr i’;m g ene Et CuF, Qﬁ@,f(b@,rﬁulaAg}a Fpgahmgﬂa_r, N’éﬁ,@e‘fSﬂfM@UNﬁmlem, mls@eg? nt can
IpII:] gf gr gbfya?‘g@gg%’@#eggg rﬁﬁlﬁ f @[ség%]czjéﬁ Iﬁ‘i %’r%ﬁé’ %ﬁ’ %%§s§‘§?q‘gtﬁ°gﬁéﬁ ;n nels are

easily nmade by fabricating a master by using photolithography and casting
PDVS on 30 the naster, as described in the above-referenced patent
applications and international publications. Larger-scale assenbly is
possi ble as well. The area that can be patterned with nanowire arrays is
defined only by the feature of the channel which can be as |arge as
desired. 2 2 FEB 2005




WO 021 17362 PCT/ USOA /26298 -42 Sem conductor nanow res have a crystalline
core sheathed with 1-10 nmthick of anorphous oxide. This allows surface
nodi fication to termnate the surface with various functional groups. For
exanpl e, we can use nol ecul es, one end of which is alkyl oxﬂkégem%oup
(e.q. -Si(OCHSz reacting with nanowire surface, the other d~of ich
conprise 3 W@P21%33 - COOH, - NH2, -SH, -OH, hydrazide, #IEPHBABde groups.
(2) light activatable noieties: aryl azgle, fluorinated aryl azide,
benzophenone etc. . The substrate and el ectrodes are also nodified with
certain funcAlROAAL Glapin)(S1Se, Te)B.ARCAthewdoped sémicadacthf doafpikes aldopght Or not

bind onto t 0 todes..surface b d Qn t eir.interaction.
1o Surface- g glﬁéé?clp%é{g?itggoe %g%hsgm ‘?f'e'sa p(':tgﬁe‘g 5%%3083 @8&5?‘28%‘961’%?@ Bt rate
surface w t anhtywe dopar ifrony Grosp Viofithe periodix tble;(dlp-tyble dupant sslected frovla

-1ink J4 Si i f [ | N . h bj f. ' I
i doest or o o eRRg bR S, ACKRGh RSO Bon MFAEER G it ORI Gr Boezene
deri vat i ves AstandShiaf pityat dapasd frquhGtoup il dfvie derindietable; inptypsidbpancicleotadl

Fet or o f uncBrERow SesTR G 2504 BRftug B Bh SeBn i Gl Sate assemni y

of nanowi r e pexiodiotablejrsy-type dopanikeletted from d@soupannsddting of € «ad Si.sdnddn usi ng

bi nol I i1 F I i bidJ bi ol ogi cal
b1 i g par I el B TEGumlREReEbr 8E SR TR T et o Slbet r at o
or el ect r odeemigeidugtopis spedalurisgigrowthtof tie semicomdratoent | y | i nki ng. Sone good

bi o-recogni ti ons ; | di i Qn,... i -ant i gen hi ndi ng, :

bi oti n- a}&i din (o]%naaé:l trhgﬁ@\?l ﬁeﬁ&ﬂ%@%%%w&@#ﬁ%@%ﬁ@nﬁﬁtge ni ques t hat
may be used elongajedstyubtuter oule parthcs avhersinoaie ot mow, of thectongatedstrmomies ase,at and f or
dopi ng suchynanowi k NQ: e,.5i

nanoscal e S(lam c%%ﬂ@té g%%?%@%%toﬁ%@%‘%@é ?ﬁgére%ﬁ’%gﬁg&é%dcat alytic
gr owt h ( LCGand dk-depedisernigondugfor that, atany Byintlabangiits longivedinsh txis hadglargesta

conposite t L s | I er o 0Py and a
catal ytic ng{ogf%egﬁﬁéﬁfnﬁﬁﬁg%ﬁ%gtsgésn%o%gﬁi %gn@e\%%girng\%ﬁ@ﬁk a{}’leékl y

condensel i semicondyetprivitinstdenst e portion havinggismadipst width of lndstthant38@  buf f er gas.
G owt h begi Rgnhen ,.Eﬁtﬁwheraumiﬁ@gg&gﬁﬁﬁ%@&?@ﬁﬁp@&ggﬁﬁﬁ with the

desi red phase and continues as s the react ] G owt h
term nates ®leagatedrérueites onte e speiass; andmeerts foraedtrinally ehargingothe S6fazetoe or when
the tenper abiyaged eTec&Ué’cilﬁ%Mtwd@ﬁ’t\ﬁosorgﬁﬂffiﬁu %{rl]ufmgﬂafﬁfe e?&%&lk_%St for
growi ng a wi de range of el ongated nanoscal e sem conductors. wever, The
cat al yst isSW“IPﬁ_-Mted to Au only. A wide rage of materials such as (Ag,
Cu, Zn, fd, Fe, Madditinal adpeGeHE RS etBSEINGS: dt MEstGAL ﬁﬂ@élonééfe@@&@é ¥s any

or

metal that can forman alloy with the desired sem conduct ¢ 02/ 17362
- 43 2 2 FEI8sgpisenduetrs aidadstans obthaglopgated strugiies ers dappdisemispriuniersentst abl e

conpound t hasst\ehé bf thdeloRlaBABRHturel ard ﬁﬂc—dﬁ%ﬁrsﬁﬂicmﬁﬂpﬁy&kwnegmebe used as
the catal yst. The buffer gas can be Ar , .and others inert gases.

: D
Sonet i nes, STYREUFES S & doped pmglecrystalsgmicopdusias st deastong of he siMSIEESIRAYesi 1 ed

oxi dati on bylopgtdddde belk)IgEdH selrRasdubiLthIR S B Poitt A6hgIR 1bdgith i1 GRY naben
desired (e. anmoni a for 5 GaN).The key point of this process is |aser

abl at i orf gef laresskTossiseftiopel dimpasion, lessthan %ﬁéﬁ“%ﬂﬁ?%idﬁ@?&t Pye fdbe fracturse sj ze
apdt ﬂi rect lis{'aﬁi'@lismnﬂilﬂg _dﬁmmt-'u@ag QB;miéJm_ﬂu&dSr)ﬁgiﬂﬁdtthéa%naﬁ&ﬂ?ﬁ litﬁﬁxh gaT[]el di tamet ers
0 e resul ti NQRAOoW, res a et erm ne e size of, catal ys
cluster, \/\hF’EﬂP“’?%W‘?@r"\rﬁﬂleéﬁ a“béo Qs Pt %%F%‘? I@Wﬂ’@s&ﬂﬂ%?ﬁconéi tions
(e.g. backgsemicshdpetartBatisat ldastivpesfthe folowing O ikigdé Eystal) an distipated ailBulle- | Over

pressure generally. produces 10 nanow res th | l.,er dianmeters. Further

di anet er coﬁ?ﬂﬁglse%‘ﬁﬁldﬂ%"ﬁgﬁeéw RPuH n%ﬁf%&ﬁmd&ggﬁﬁi’é?s YEEETGIFY ¢l usters.
Wth sare bsstienapdineasigl lessalan S00nariofneters, &r@¥ Ifiréb-sBaiing andyeo-dbpedt ers (| ess

t han 1020% var.i at,i on dependi.ng on.haw uni f orm t he, _nanocl us S are) are
used as t he Et% %‘g?rcm%oﬁgela‘gr",gem ayes a\ﬂn[aﬁ;shw}dflb? S§ Fhfﬁ%@iil aneter).

gi stri but Logamantctsethp dopb]flsadiconMnetmlecoﬁﬁpﬁse‘sli seinit6iduetor Qﬁ‘lelcrehﬁ'oﬁﬁ@g’ghﬁ es is
eterm ne i he size,of, the c Y ust er illustrated in Fig. 4.
By controllf {E?Feo‘?lggibgf’ﬁnt %E%aff@ﬂ%wnﬁe‘g q/‘\ﬁ%t ﬁ'P@?§§'§h§"§e%ﬁ¢%§l'§%n be
growmnm. Wth LCG nanowi res can be flexibly doped by introducing one or nore
dopants . into the conposite target (e.g. (Ge for n-type doping of InP).
The doping concentration can be controlled by controlling the relative
anount of doping elenment, typically 0-20% 20 introduced in the conposite
target. Laser ablation nay be used as the way to generate the catal ytic
clusters and vapor phase reactant for growth of nanowi res and other.rel ated
el ongat ed nanoscal e structures. but fabrication is not limted to |aser

abl ati on. many ways can be used to generate vapor phase and catal ytic
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In CGCVD, nanow res can be doped by introducing the doping elenent into the
30 vapor phase reactant (e.g. diborane and phosphane for p-type and n-type
doped nanowi re). The dopi ng concentration can be controlled b C@Et rolling
the rel ative amount of tihe doping el enent introduced in tp@ ite
target. It is not necessary to obtain el ongated nai zoscal e seni conductors
with the saR%bPi2ng ratio as that in the gas reactant. POBKSUE298 WO
02/17362 - qg. 2 2 FEB 2005 PCT/ USO /28298 by controlling the growh
conditions (e.g. tenperature, pressure....), nanowires with same doping
concent r at i @nd GenSnpH¥C; BNARBAS AIN/ARIAIAZAISDpGaNyGePiGasnGast, i on can be vari ed

over a larg ARIBA ' i h O react.ant (e.g,

| ppm 10%) . mre ar 2&%02?#%@%%&%%%%@3?%t_ gA a%%ed to grow

el ongat ed nanyinPAindsAnSheZQ/BnSGuleiinTesOdICASe/OdepHyS/EgSe/HgTe, exanpl e,

nanow res o ' e b r ' I rom vapor
phase t hroug eg@‘é@%%%@%?@%%?@%éggée’ QF T;\%,%nﬁg%gsﬁpgg’%ng g#@ﬁé%ébt‘?’oduced
by deposist i 6WFoPuGlhCuBniGul, 48F,sAaC a4aBrsAglpBeSite, CaNg ZhGePesCdSnARaL t er ned
surfaces, a j i : f ay .0 vapor
deposi tion ?ﬁ?ﬁ%\ﬁ{;ﬁg@%ﬂeﬁhgﬁlﬁ%%é éb%%bﬁé? %?S’%%r%egggw\g&ﬂi‘"shom I n
Fig. 6. TheAROJH b Gs, Im2eHSaike)s M2CR; throdoped semii¢andator campriesa ddpast na or

di bl oclt copglyaiEs Si m..ar natural fiber can
be DNA nol egﬂ% es, oﬁ? ggr eoiﬁﬂx?rng{s%%ﬁf'ééglc&a@ ggﬁ%?ﬁ%ﬁ%@sﬁ%%&pﬁ‘ﬂﬁ?ta%*ebngat ed
struct ur es: awsitypgidopant FomKkhowr Viekthe piriodicttaldésmipeypedopari seleueadrfomm amt er i al s
can be cgne ; RO é . i ey in

ol Ut or o Eup EisRAL O B 83 2 g o Bl YREY B RBsl oty
surfactant A8 2phls@ur-iype dapart dem: Gronp Hof the petiastiqptrble;ep-tipsdopatiadectedve: Usi ng
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I ncl udi ng sem conductor nanowtes an 1¢C ctor "nanow res, can be
grown. . SuBffiadis teble;agiape doppnt selerteddiam & group consistings: € and Siusndaki nat i ons

of i e i a e 41l B OBEHPEE SR, SPBAR! i TINGe i O o are

d
non- conprehensi ve Lists of 20 such matefials. her ‘naterrals nmay be used.
Such matfér i sgraicqndpsterde donsd duringgroyih of theperaigondgetors| erttert t al

seni conduct or s: ISlanotfé.emBBdmSE, rIﬁdedﬁsaBJsébﬁpﬁ@assEmbmhia%;&Qki ggiort of
Elenterttal sernicortdnctors: 2135 B-C B-P(BP6), B-Si, SI-C~SI-CGe, Si-Sn,

Ge- Sn 1V- NgF'GRE3led SRUGHISS onp Rurfases whetpipopg ormare pf e elopgered sirugtures mppiBP/ BAS,

ALN ALP/ Al Ahshofadof thedull6wing Gaiséasitual of the llowbigh B A5k BSBal, éﬂg&l gysof | ']
YG oup: any C%@ﬁ'_ ation of two or nore h bove conpoun e.g.: Al &GN,

of the aboy _
GaPAs, | npa&d ed senEcndynter thaty phanypornt alopg itsdongitdinpl axisdis @ dargest

20  cross-sectional dimension less than 500 nanometers, and a free-standing and bulk-doped

semiconductor with at least one portion having a smallest width of less than 500

nanometers, and wherein the system comprises: means for dispersing the one or more

elongated structures on a surface of a liquid phase to form a Langmuir-Blodgeit 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 eloﬁgated structures are bulk-doped semiconductors; at least one of the
structures is a doped single-crystal semiconductor; at least one of the structures is an

30 elongated and bulk-doped semiconductor that, at any point along its longitudinal axis, has
a largest cross-sectional dimension less than 500 nanometers; at least one of the structures
is a free-standing and bulk-doped semiconductor with at least one portion having a
smallest width of less than 500 nanometers; at least one of the structures is a doped
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CdS/ CdSe/ CdTe, HgS/ HgSe/ HgTe, BeSBeSeBeTe/ MJS/ MgSe Al | oys of a Yl Goup:

any conbination of two or nmore of the above conpound (e.g.: (ZnCd) Se,

Zn{SSe)...) 5 Alloy ofll- YI andlll YsenZ conductors: conbi rgai iFER M5 any one

I1-VI and ane III-V conpounds, eg.(GaAs)x(zZnS)1 x |Y-VI sem conductors:

GeS, GeSe, WRP!IB&ns snse, sSnTe, PbO, PbS, PbSe, PbTe |PCHYS01/26298

senrico~: ductors: 10 CuF, CuCl, CuBr, Cgd. AgF, AgCl, Agar, Agl Ol:

sen:icon: ductor coni poru:ds TRAY BeSi N2, CaCN2, ZnGeP2, CdSnAsZ

ZnsSnsb2 . . . semicymdugtor thatisarisast euesif iedollovring: lalsingle2rysal), anélg):igzagdd ,an&dulks n T,

Fe)(S, Se, I

Iy 25, oe, pbg o holftgt ke gy i o longieoliBlic s fiiediinti or
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dopant ey Renehdiflof dith hORCLAUBn HEARe S LhARAYAR o RH }gaq%gct or
romthe

materials, a p-type oant may sel ect gro sisting of B,
Al and |4, &Aepmagiers; th mmdm chraprssh e s¢naidondncion sb]eete@ﬁompgmpm sting

f P, As~ aRghslping BT I X dopant
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i ncl udi ng Caphde-Sn, SiknBNHRBAs, dN /Aﬂnﬁg/Ak% &tAisAGaﬁbt het ggguEhat e
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F(rjl\r)zlnﬂloggl gﬁmfoﬁipﬂﬁﬂ?s?]Bp?t ese ants BQ‘Eiwzélblﬂl\yes @&g}r%gand El ectri cal

Transport | FNEFFRAsEaS bSZF@iZéS/@%Z esﬁd$/¢§§e/§d'ﬂe,ﬂg&§'¥z§elﬁg1l‘¢,con nanow r es

(Si NVg) fpav @ebmsexsemgsmgmdc@ e8E kfe're Zs%l@f Q%Sp, Hcf Bbs, PH80FRE !

measur enent s. used herein S n el’n sSTan’itemthat

has coval enp%éﬁ: nguBL Qkhégwln‘gﬂbfxgla%ms MNZ;KBG‘P@; €d$nAsB; oughout
the Item SEataShISCRGLES, Cistabslcd, Waiame, i o s, A8 A58, i, BlsET vStal;

but is di stln uj shed froman item | hcludes™ o nore’crys als not

i onical |y o s 263 meete)3 ii2COsthe doped ﬁe@msléctmoompmes g dopanbne
anot her . Lasdécteationh ¥ kidup 86:R18iky #8S pUiFSetidpnt from GrobPIRO Ind Y Bnkit (462

15 ann-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 -
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-
20 typeis selected from a group consisting of: Si, Ge, §n, 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 étructure to align in the
direction; means for removing the flexible matrix; and means for transferring the at least
one aligned elongated structure to a surface.

In additional aspects of this embodiment: at least one of the elongated structures
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dopants during the vapor phase growh of SiNW. Two term nal,

gat e- dependent neasurenents made on indivi dual boron-doped and
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gat e- depend®® 0287362 ansport neasurenents are consi stent WWGTSAVIRSs| ve
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nanow res. |In addition, _bﬁgger iﬁ.ure de%ndent nmeasurenents nmade on heavily
doped Si NV ETHBFORESRE °f » Q0 IYBHIPPARt Sl o a ErepReAnsistingas Riown t o
?LcZ:G ;< S~;I1'WAS/?d gbsymygegémmmepmm@?Fwaﬁsjﬁﬁa%dAjpe @ﬂhﬁg"eiestggr owt h8

we, hay escri bed pr.evi qusl.y. ie - as nm ns
pul se w4t h, " SHHENDY fﬁﬁ'ﬁ'gténgp Qfg\dﬁ%%" héﬁn@gg,@ét&be[%p%#g{ne%zgu g{ﬂf('g%r get,
whi ch pr odugesodiotableremtypt dejiaetscleatedirpmia gpaupicosisting ot ChhdSig andaci-or. The
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lo additional re S % f sal), at. the reactant gas inlet.
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| i t hogr aphy aeesripeniingdawmige HigdEQL 6400 witer. The nanowires were supported
on oxidized Si substrate (1-10 s2cmresistivity, 600 nm Si 02, Silicon
Sense, Inc.) with the underlying conducting Si used as a back gate. The
contacts to the SiNW were nmade using thermally evaporated Al (50 nm and
Au (150 nm. Electrical transport neasurenents were nade using a honebuilt
systemwith | ess than or equal to 1 pA noise 20 under conputer control. The
t enper at ur e- dependent neasurenents were nmade i s a Quantum Desi gn nagnetic
property neasurenent system TEM studi es show that the boron and

phosphor ous-doped Si NV are single crystals, although these neasurenents do
not have sufficient sensitivity to quantify the boron or phosphorous doping
level in individual wires. W can, however, denonstrate 25 unanbi guously
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the two termnal |-V curves are |inear and thus suggest that the netal
el ectrodes malts ohmc contacts to the SiNW. The small nonli aéﬁoéy
observed in the intrinsic nanowire indicates that this contd lightly

nonohm c. Al}rh}ﬁlg%;%h of I-V data, recorded at zero gate vqjgrg%@é& = 0),

whi ch acco contributions fromthe S contact resi d oxi de
coating on the SINW yield a resistivii32-of 3.9 x 102 S2cm Significantly,

when VB i s nmade increasingiy negative Sgosi tive), the conductance increases
BRIEF DESSIRAP HONOH EHE hat the SirT~rV is a p-doped
d

(decreases)
Lsat ﬂw-e}{ﬁ(sﬁ?fegaémy& halle G e Wer €
and show that it

sem conduct or ( diggCiseibQRhde of e ¥

recorded for the |ight ey' B- opeéos_i Ifl\rklr n ] I's also p-type.

Mor eover , t [fecoppaying frawings, which arsringompasated krseie by referasicniud in véiiche ny i s nore
than two orders g .1m&@e&ﬂe&%bﬁuﬁﬁm&Q&ﬁ%ﬂdha&&ﬁ%wm@aﬁe, .
denonstrates clearly our ability to control conductivity chemcally. This
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|-V recorded on Fige4 ISagrkemp aélﬁgammgwﬁraéeﬁapie&mnjwfq@e@eﬂ&hat nonl i near,
whi ch i ngi cabgsolipHabewike fadt@ct between the el ectrodes and nanowire,
and' t he V8 dependence is opposjte of that observed for the B-doped Si NVé.

Significantly, tHigsd 3 ¢ diasrgm that usEterairpewiredabrisationshydeposiionem - ¢ ype

mat eri al as & besirth@steps;dopi ng. The estimated resistivity of this were
at Vg = 0is 2.6_x 102 SZ-cm ,This relatively high resistiviiy is,
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sz-cm add showstiss 702‘5%%%@@%% a@&rﬂ%@fgﬁwv@@ﬁogmwgs tofor® or ders
of magni tudgegioad} | er than the lightly P-doped sanple) and Vg i ndependence
denonstrate that_hi %ggrri er., concentrations Cﬁn al sg be created via

P- dopi ng of the B8k §0% siigoR BAnoRIE Fyrzeny Gtion pEbipgvaltagifopn and
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th. boron and p- rons | Wi sphoyous i. e Si :
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t he Si NW bands. these diagrans € nanowre type
nanowi r e ( bpnaheavily bbmodemd siflicéronanowitels t o netal el ectrodes. As for a

conventifpnal netgal- ' ' ~ : p for
p-type; down for?lﬁ'- g%%&%gb’%ﬁ%&{ﬂh%{%gﬁ%ﬁh %‘%gﬁg?ﬁgﬁ’%{%?f%@fﬁ%ﬁ@m th
that of s t kecaalysd forthngouthsof Walledefingd GaPOsemidoaduston danoavines;| ower ed, whi ch
depl etes the hol i | e gﬂ Eﬁ ingint | eads to
an accunul ati on g '%&%ﬁtoggﬁgﬂisﬁ 0 g |mgésgégxgh%%%g#g%z?ﬁe%%%ﬁ%%cti vity.
Conver sel y, colfpids; 0 wi || raise the bands and increase the conductivity of

B- doped (p-type)psSi -gglgﬁ M iy of the P-doped
(n-type) nanow rlélgf ﬁ%ﬁﬁoﬁpg I tl{nggé&la%&??q%%ggl Ise %%’ estimate the nobility
of carri3¥rs fronfighditridhsbonbisiogamsef mepspug/giametery/fpryireg groefremp, is the
ear ner nobi |4 ] ~gapacitance, and L is the length of the SiNW The
Si NW capaci Ld%eé‘cht%fnéﬁc{/%ﬁm%% C~~eeol,/In(2h/r), where s is the dielectric
constant, h is the thickness of the silicon oxide layer, and r is the SiNW
radius. Plots of dl/dVg versus V were found to be linear for the intrinsic
(Fig. 8A) 1s and lightly B-doped (Fig. 8B) SiNW, as expected for this
nodel . The sl opes of dl/dvg for the intrinsic (2.13 x 10'11) and B-doped
(9.54 x 10'9) SiNWyield nobilities of 5.9x10'3 cn2/V-s and 3. 17 enR/ V-s,
respectively. The nobility for the B-doped nanowire is conparable to that
expected in bulk Si at a doping concentration of 102 cni 3) W also note
that the nobility is expected to increase with decreasing dopant
concentration,




20 al though in our intrinsic (low dopant concentration) SihTWthe nobility
is extrenely low. It is possible that the reduced nobility is due to
enhanced scattering in the smaller dianeter (intrinsic) SiNW W believe
that future studies of tihe nobility as a function of di angtefFegf205 const ant
dopant concentration) shHould illumnate this inportant point. Lastly, we
have carri eWO8HI3$k el i mi nary tenperat ure- dependent st udiFEIUEIV26¥8viiy 25
B-doped Si NW. Tenperature dependent |:34.curves show that the conductance
decreases with decreasing tenperature, as expected for a doped.
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pattered S @éﬁﬁﬁ‘id&%ﬁgﬁhﬁu%ﬁ%&%ﬁ%‘g@dq and testify to the high
qual ity of our f &igsst7BrdDrejowigbwésoltion TEMjmages of diffatentdisnyqier namoviges;t ype

ual 1 Eigsch . ramhip
ol eot i el anoudt Ty AEESERE BB bECRt o P bR B Gh sl

i ntroduce coatalyticrmitly ei t her bgoron or phosphorous dopants during the vapor
phase growth of &g hoWe a UekI5: t r;g&ﬁwi’ made on
i ndi vi dual boron opedS andaphospﬁlgéaggggggagﬁgg?% lghow t %egt %’ge

mat eri al s beFiPo@anpyits; t ype and n type materials, respectively. Estimates of

the carrier nobi kg .y8M@sgh%§§%§P§o§%‘hg%§ﬁé§%?%aéﬁ Qﬁ&tm fgments are

consistent with diffusive, traj w an ‘1'ndi catfon for reduced
nobi | i t y5i n digmater&dSepagawier wires. In addition, these studies showit is

possible to i nCOF%QI%%s&He&Qﬁ@(Q% SHOWMELBAN RbrloRre .OQJﬂ{byela§?Zs\ﬁé§dand

approach the netallic regime. Tenperature-dependent neasurenents made on
heavi | y dopéﬂt@wwéhﬁow no evidence for single electron charging at

tenper at ures dowpigl 80Ashédwka FRISEM fithge bhulbiGRE finoWhd izl ByfsdpOSSess a

hi gh degree of structural and doping uniformty. W believe that our
successful dSPitwFaBhieEWt o create n-type and p-type materials will open

up excitipng OppPOFiglF0H shews h PXRDMAG&GA R0rA6d SMGMk 6Ad nkRGHRS! 0gy. Doped Si TTV
w |l be candi dat%sgeior inveai&a%ati n fuq,ﬁa ental i es of transport in 1D
nanost r uct ur es. Ky shaws R epnpast ‘H}age‘b%?p@?%ﬁnéwgﬁ?ét field effect
transi st or s t¢rinnb&} in 2facetsdchahdpatticlelof high@t@sstrdsf; € usi ng sel f assenbly

techni ques to inte fe man I LFETs .i nt uct ur.es per haps f

nanoel ect roni cs fé‘&%@éﬁ?ﬁﬁé&@%ﬂm%%‘@% BEYEres T%HB?FF(H%{]& p-type
and n-type Spiimafelyr10amssonmteds;i N crossed arrays, to create p-n_junctions
that coul.d al so phe_ cgps, ed far .devices and sensors.in the future.
Crossedu"léi NW p- n ﬁgﬁégﬁigﬂgﬁﬁgﬁ‘}&8%8&%@%@”%?8@@8&%%&%| y of p-type
(n23 type) S~TV\éFigs.@BA23Dylhestritp efoysee harbividéguncilsmandelediricabpoperiempnt s exhi bi t
S mul t ancous ool euarR iR Bofedna! Shofadion SF B Ro iR g up ¢ ne
junction denonst Figt25At shews srEL inmgé mkérsfrdm a phygeeSi antityipe GaNawsojnivb
(nonrectifying), { he rectifying.behavior, is,.due to the p-n
junction bet V\eenFI?P:%BtS@D%%&l%gét.ag égml'iﬁ(’ .Offé'ﬁ{tiggg%sva%%urs aigee a}g)es’vs bi as

vol t age 30V) cur vEg. 35€chowedh Elnspactiin formbe nanmpinetion offFigsn®iAc Si NW at di f f erent
gate vol t ages (Vﬁigszg’dx-‘gﬁg il%ﬁtr%e p%%léeé%%fqrelgggln%pa%ﬁegnb?}%f GERpAd vy V8 = - 30,

-20, -10, Ov, 10, Inger 16 A typi cal

scanni ng el eleetriofields;cr ogr aph of the SiNWwith metal contacts (scale bar =
|Oum). Fig. 8B s _ / - PCT/ USOL/ 26298 |-V dat a
recorded on a 15%8%\%7%izzﬂgﬁg%gde%gggéwb@%%ﬁgg 18 correspond to Vg =
20, -10, -5, 0, 5,10,15 and 20 V, respectively. Fig. 8C shows |-V curves
recorded on a 150 nm di aneter heavily B-doped SINW V8 = 20 V (solid line)
and 0 V (heavy dashed line).



5 Fig. 9A shows |-V data recorded on a 60 nm di aneter P-doped Si NW Curves
1, 2, 3, 4, 5, and 6 correspond to Vg = 20, 5, 1, 0, -20, and -30 V,
respectlvely Fig. 9B shows |-V curves recorded on a 90 run di aneter
heavily P-doped SINW VB = 0 V (solid line) and 20 V (hea?2y? BEBHI0I ne) .

Fig. 10A s gy band di agrans for p-type Si NW devi oB
shows 10 e%ﬂ??/ﬁég]d di agrans for n-type Si NWdevi ces. Tlfg]‘“eﬁndsog%ér!?rm show
schematically the effect of Vg on the ePBéctrostatic potential for both

types of nanow x nd. 11B s er ature dependent |-V curves
recorded on a hegfﬁsr @‘%i%ééﬁr W"Pﬁsea @c OWiEG pipelar transigtorsy 4 S and
6 correspond to %g}:pwﬁalzmﬂmsmdte&ﬁ@len?éix&ry&@&tersldiﬁh&@&dl&ﬁﬁ‘ 50 K,
respectively. Fi S |-V, data r the 15 nanowire at 4.2 K
Di anet er Sel ect i %égs% ?‘fg@e@ 35§ SCREIALEY) ﬁ@’é‘i‘&gh "EBW"I%E TREATY gsserBdi sper se
sanpl es of si ngl @1gsrm-almﬂm&réﬁaﬁrﬂRNMM§ofhﬁM@wb£ﬁfh gynt hesi zed with

di arreters of reat er than 10 prn by 2o

expl oi ti ny vvel | - a;é&sl %@Hgﬂg%s%%ﬁsa‘f“&@y }speélﬁ 8P§7"§f"§e|aﬁa¥§u?‘“ | aser catalytic
growth (LCG) pr o®egss33A-B3E iliusiraneityendhy-liyerastamidy shdfrangerradab seraiaifat ed by
| aser abl ati Joly Jﬂnsoli d,_GaP are subsequently directed into a nanowi re
structure by 8158?’ RANOEF R er catal ysts. Transnission el ectron nieroscopy
(TEM studies of nanowires prepared in this way denonstrate that the
distributio ters are defined by those of the 25

nanocl usterrié%- % id)IGTSEOI ution TEM shows that the wires are single
crystal 24 nc bl eTte wesdmt mvfmbﬁprogrdasmmonh aspect, tolmiques forettrolyd dipafpeifsi ve

X-ray anal ysj re,conposition is stoic tric
Gar he. usanBrEnshitBhodtt R0V s SAIRGRN Bl el ptbehe. Loo
met hod wi | | mﬂaﬂmpbangrmhnwwfeammedw arangsemfdes'm OOntieCkgC3fOr nanovm res

with well-de a hus, o nsu

opport uni ti eefsnll@rglgnr%g? ‘%ggn%aélﬁ’“lfg&ro ere ncgl‘s:t%fif {ﬁﬁ dopatlh (S SFﬂé‘r ﬁ}m’Systems

t o t he asserghosphorous, arscm;:,cctualseheted)abemdmgmwhbiharlaynmcmlpamr se sanpl es of
si ngl e cyyst W res have been synthesized with diameters of
10, 20, ?isynd B‘kc‘og{ﬁlgﬁggi%ﬁ%tahs greater than 10 ~txn by WO 02/17362 -52 2 2

FEB 2005 PCT/ USOly vsi288embodinyints, this inintionfiabolmesaontoilldd depingefds as cat al ysts
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denonstrate cadmmntsqudwmmgsﬂm d?opmwudmg,dxumﬂm@dMBn@efl ned by

those of th gt hat the
wires are S|ec | e slnlcd:irﬁ%/ges\nESl ZI n%é{)s dto?b% Bﬁg%dfif" cﬂﬁﬁﬂm&ﬁ& %ﬁr ection, and
energy obs p@ﬂg’P@@@(‘S’r@Q depants\nqludiner byoapt kimitdd te, mhmtsttlf#e seleniwmi are
CONMpPOSi ti 0N dafinHhii G WEId'E QofzafE to RERANYpd ﬁﬁxfcroﬁ&{ctdr%&?%egé AREsoNal

sem conductor nmaterials _has been notivated by t m niaturi-zation
of electr om@ewt@ﬁ%@ﬁe%@%hka@damwnéwran apdthasecrad densdd t he

f undanent al manaamﬁmm@mmruma%kmhﬂ%%& Thé‘ Rt inGitig . one 1o
di mensi onal (I1D) Séstems are exciting fromboth f undarrenta and applied

vi ewpoi nt s. °P%F§’§P1H £ Pseep!t pmK Aapedisilieomi o diseet end eapiesmiepnducienpatesials fpuaui d
behavi orzs argriéy BRuses!s appl ications frominterconnects to scanning probe
m cr oscopi es, ui re hi uality, well-defined 1D nanostructures.

Exper i nent al proéﬁ@%"‘éhﬂ? oG anpriglpis ardivance afa wireight Fnedrom 2 Mintheen

limted by tohe @m&teﬁwmmmeﬁ@gnwcea&ﬁfw aihdlé\totamtﬁerq,b&em{ﬁll e wth IS
controlled size, structuyre, and ﬁOITpOSItI n. [Earl y gﬂ aches to 1D
¥ o GHTosHonal

nanostructurpéng‘?ﬁ‘i?félﬁag“%ﬁp‘f‘%% HRine Wi 15,5h? c

techni ques. poiht fafd the longitudinal até 628 eloBFétéﬁ £860ishaiincailon éﬂ.%afghameng
Iecu ar beam epit fol | oned

sem conductgﬂ guantum %I s via g/

cl eavage®land®® @Fﬁrﬂa %cef‘FFé"f: %&r\?&fe%ﬂnfaég’épo%ﬂ é atW@F%WPOH‘&%OW res
have been proagigsReimbyr 2itheiroddisag@iohr enches on a surface and then depositing
a small anount of material into the resulting grooves. One of the
significant limtations of these approaches is that the nanow res are
enbedded in a substrate, which precludes the assenbly of conplex 2D and 3D
nanostructures. Tenpl ate approaches have al so been used for growing a

w de-range of nanowi res. These nethods can provide good control over the

| engt h and di aneter of
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25 nanow res, although they are limted in that polycrystalline structures
are often produced. Qur |aboratory has made significant progress toward the
devel opment of a general synthetic approach to free-standing single- crystal
sem conductor nanowires via the LCG nethod. In LCG |aser &3 EEB%HU

solid target is used to sinultaneously generate nanoscal e netal cat aI yst
clusters anWO%%34®6% ve seni conductor atoms that produce RFHENHIRes via a
vapor-liquid-solid growth nmechani sm Thisg.nmet hod has been used to produce a
wi de range of group 1V, I11-V, and I1-VI nanow res. W have suggested that
the size of the cituskdkareinamdelongatedl adiiclede.gi seascontietcsioz sectidn théreofWis € duri ng

i otri butt onehy S RF SRR, &Ry Rl 7 A0l S0 bt o0 Ve o
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nanonet er di anete Xy h. .GaR nanow res

were grown by L u‘%?énger Zfil 9&@&%{%§é§g % at@cp éé'r?émg%(ﬂ1 & %a(%f”?%? ds. In

t hese expérimastsiunmmaaf&bmlenanocl usters are supported on a S

substrate S and |asg t » ts P reactants

froma solid target Ec*ﬁeg%@ th%qequgi é?ﬁ&ggl%’%ﬁgg%%ﬁ%&%%c%ogagm croscopy

( FESEM demhs@h@mhmﬂﬁmnmgﬂM#ghwhﬁel engt hs exceeding 10 ~m (Fig. 13A)

wer e obt ai ned usi 8 Bl e

nanowi re ends al s'%%ssﬁ“eréﬂhe%p esencgécg gﬁ/?]lgn a?&%ﬂ%c%?}ééc &I%ﬁt&( Fi g. 13A,

i nset). Cont ¢1@nga@dp§wlerﬁiqm§hedamgmué!da1@m omhp Iqbazatqdmeuthmmbmsnm d not

produce ;g ng 5iSr thad Ser ggﬁ éqe ho Vel wre dianeter
taln

dlstrlbutlons narrower t In ex er|rren S W t hout the colloid
catal ysts, alt howgswsmmmas cmseaugb@wmtmwmlonwadmlraym@nt hese

di strlbutlongl RESHRIEEs & dt

significant c(r’f%la egnlﬁn th Mge[)seﬁre\?ggﬁd&%rsre@gyn Eéaargélgﬁﬁwgapp é%?tbgtﬁused in
these exper i iegituginpkaxifofihesrtidley that reported. 15 Substrates were made by
pl;?ﬁ't PgnaofSI g%cgmé%ﬂeréﬁhth‘ ﬁﬂﬁnemﬂQﬁcléﬂ%ﬁﬁicle%ﬂgm(é&édomﬂpeﬁqﬁéa) into a
N- [ 3- ( Tr iHret FER4R8 by does nefslpfipeanigllestrayienprrties Yegardiag theruterios of the pitislied by
curing at 10@-olhbPérotdsa chfindchlise m EHE b Q81R1 lﬁttm&lbr #hﬂe@%oﬁm dugl | a)
were diluted taq concentratlons of 109-10" 1 particles/nL to mnim ze

aggr egati on igieH%er e deposited on the substrates. Substrates 20 were placed

ina quartz tube,@tusémra@wr*ﬁsﬂom&nwmwaoa é&%@xﬁw&h&u&o@x@%' d target
of GaP pl aced 3- &a%%@;;r eam end. . The

il4}cmout5|de of thefu% i’a\
chamber was BHCHS FERicanduetas that ¢4 3y nois alepg its len, P&F Frosirsadtional; 250
Torr wtho arﬁnﬁbﬂsfdn%d Gh sdr¥erstoaiihents| ol oithORmE] HES-sétlar=8 dinteBsiddd@des and t he

t t 10 Ar F 93
100 0 put s SBFO BB PRI ff@s%?e@%m” S O oD e B A8 by
FESEM ( LEO 9fifgmetérsystill inldrd prefetabBAEShat 100 20hbfiptenebeirbibot paﬁ&huy fe3s thANOW I €S

son cat 1 on | 1 uiams PRy Rt & et e R o Rty B R anow r o
di anet er di srtanoxbmz's,csnﬂm@ptafemﬂlyusssﬂgnﬂhﬁa@nie&rs;aid@mdms thead t o better

characterj ze | LSt yre _and osi t.i 0

resol uti %}n ﬁ:ak'ﬁ i % APSSPREH °ft§§ pegted;sE C%I\{@Wg’f’?f F’B’af%‘g?g gr owi ng

i n the [111]shahey mclludmgr. buami hﬁﬁéd(togmdﬂar,mquard;eectangmascmptmal Regidar and
st0|ch|orretr11,r Er{? ‘nﬂ’:’ﬂ’f 0094) within the linuts of this technique.
Significantly sive anal ysis of nanowire di aneters denonstrates

t he extrenel y gom uswlrhezeling fi“manotube tor ('NE™ isci rlanoweirecthatdhs/sliollowedAt @arel 7362 - 54

2,2 FEB 2.5 PCTT SLARR90. g 4 g0 ol AGESKARL o ML gl 40

col | oi ds3awve atrdsefoywhich adophnhiviicerporatet] s@iptaRtiallythi®ugl@6t the erytalline laitick dfl 4 ~

1.9 nm res I n g 2 nm | arger
than that - ors BaS ¥ oS (GG kiR s b AHEL Bty o BHRLH ssiehiee, C

al | oyi ng of mmw@oammﬁe&mmcmsmh\m t:aerIH?éT&‘mblbdlydse dwémrthabmml on of
t he nanow r i ' A!I‘m 4B) it is
cl ear that t t @Eni@%ntg%% gg,l %?{;gu#l%ﬁ@m?’n@r%ééts go%f t he

col | oi d, suggestl ng that the m)nodl spersity of the wires as Iimted only by
t he dispersity of the colloids. For the 10 nmdianeter wires (Fig. 14C), a
smal | broadening (1 nm of the wire distribution can be attributed to
aggregation of the coll oids.
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1o The nean dianmeter and distribution width increased as nore concentrated
solutions of the colloid were dispersed onto the substrate. The fact that
the distribution has peaks separated by ~2.5 nm suggests that sonme of the
wires grow from aggregates of two colloids, although additi @2aFEB«R005 i s
required tq Substanti ate this point. In all cases, the distribution of wre
di ameters i¥O8E&% han an order of magnitude narrower tHETYSAYE28 S gr own
wi t hout the use of colloid catalyst (Fi8f-14D): 43 t 24 nm W believe that
this work denonstrates clear’{?}/'for the first tine an ability to exert

systematic cORmoReE the earbon L injotheinterionaf thegrystab Hardattise. Prrthenrarben NBs a

variety of cgpé Bﬁ)énQSlianE@Xﬂ rféb't@cll fbéToRMiRg ﬂ@rxﬂfiﬁﬁ"laﬁ&? aﬁ@rﬁatgxﬁqz}lm&o%(e\g s with

poorly defined catalysts resulted, in nanow res w non-uni form dianeters
great er t harPastmpprial suchdhat thedapant is notineasprrated throyghouy theicesistal line latticanfnow r es
by varying thephRapk@ggund carrier gas nerely shifted the nean di ameter of
the wires slightly and yiel ded much broader distributions of woes than we
have achi®ved wi ¥4 usesihersintofdesrrihe & nagewiva’tor “WW's dened” yeangbulindaped.

deronst r at eds i Bhs @bl RéteifViMddRRnindHire? G ROAINGF G o Hiif Ape N _
nonodi sperse di aneter distributions. These high-quality, single crystalline
23 wires rediP8¥t good candidates for both further studies of

| ow- di mensi onal PRYiSddQRreds alBirlay' 86K aftfes AP AahShirQ) Sorhyis¥Ad fI fo?ﬁiﬁds of
nanoscal e sci ence and technology. In particular; we believe that the

synt hesi s of# et Aaweédlemnaﬁefrem%mf)@@mx whpre alileast ausof thewnticlest he

assenbl y yof &Hﬁ&@eiﬂ@f\ﬂﬁ)ﬂ@f&tﬁ&&h@lkﬂa@igﬁﬂ‘&%dé(@.gga_ﬁ@l&'_i&dﬁ%).and functional 2D
and 3D nanosystegg. S%Flg. 12 is a schematjc depicting the use of .

monodi sper se” gol &S BendihsTeirs 2 f5st articls (8,8« anapeirg erdargproviged Seuctyp) "couplsd ned GaP

sem conduct b aBeBRIVArti€ls is dipBsed bioh (5D EHaTirst afticlREithdr PRGECa0Y cARNAAME €S
synt hesi zed fro nmcQlloids (scale bar is 5.,~.n). The inset is a TEM

28 2 ( I s
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the colloid catalyst at the, end, of ewre. Fig. 13B shows a TEM i mage of

another fire in « the prestol iventiop gonjempplates, yypng agpectipnelonge®l | attice pl anes
are hr es o: v e(iamﬁ:bxmubk ' tﬁb/gthhﬂﬁk a‘éﬁnﬁl&s?ﬁiﬂwohleﬁscﬁbﬁ ﬂ)loalh@dlﬂetérbﬁh‘ét B ¥bped in ﬂlyi’ﬂgr eene nt5
with earlier rk. asurenent of the inter-plane spacing gives a lattice
const ant of W%WWRWf P'g'.pﬁ)sqﬁr#‘e? ?5‘?“?1‘??“% tﬁgs?e?rpqpnggﬁt@%mav% sopelleste - bul k
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i ameters W res, ar 0 .2n . ; nm (Fig. , an
& 4" nm (Fi o 109 HesbBtsRy bbb Sinkeontictonbéka mialbs R P L bl 8 v re.
Fig. 14Dwsh m;ﬁoc?&te!fé, sio@gprafeTabfy_ l(éjﬁs ﬁﬁ_&faﬁj’mtﬁ 70 ﬁnhobﬁéﬁlﬁﬁprefeﬁm less iﬂéag aﬂ&é Bb\ﬁ

previ ous metho t hout,, col l.oi [ ich t aser is used to bot
generate t hé A" °¥1\é§ 2%1 %lg’f ‘gfc{%hsa‘?fgh ﬁ%&@’ﬁﬁﬁé&?f%‘iﬁ@@“ﬂ?e °gfe§§ thaahorbn i s
very broad @tmanometbes; les@Ba®abon) 10amndorhdias, e ess tHarpabaiie napdetérsAlRp a@r eat er

t han t hose 1 i f] ol |.oi atal yst..In all cases,
t he re.portezryc?]ﬁé‘@h‘g'vsan fsggglg%h%g%l%&s&gg‘;r‘Srgg%ﬁ%l%gf’%'sf'lhu@n%r a5t ?féh ores. The
anor phous oxlodgaté¢dsspmicondietar may e tebsctban thé vakiies givam elvdve.c Theaspect mbiatiieyel vy

uni fozm jro - W ' it bin . i t yt vary froiri
2-6 nm izfﬁs t@écrat}\%usf% etgr\kdgg%??%hmelgrésslﬁg%&%?fgérag%%%ﬂnhr%gi%’o rCorrpound

Seni conduct embpdiments,ikensmisbrato auy be grodter thanvk:h gesater thin 30:by greaterttmnge of

mul t i conponggp. ] N i | §hed using
Taser - aser ooyt SETef el 1040.1" AR AEN AR B UL SE APl |\ e
(GaAs, GaP, dimgnsions,find aPrietyt effusesray ddstribebetawer i al s (GaAs/ P, |1 nAs/P), binary

[1-VI conpounds §; : S%Siﬁg [ | al | oys have been
prepared in bul kﬁlg'ﬁgtaﬁﬁ%cngéﬁﬁr%ﬂlﬁurl é#%%aﬁﬁﬁ&ggystal s. The
nanowi r 6% hawreicefidaetetlel. onearyilng Wiredike stmigenduefor ol asof nanawinerelter s,  and
engths ext epgiano ik St L P TIEEATARE 3 ool SR REOPS! ¢ Hloidellles Wi de
range of teg}pngﬁg |q%§‘lulggaé:qg§grtant Sem co&qlég@(;tr gggow&ezﬁﬁy@g bde‘hmextendefl
to many ot hé&ion, Buthescylipdricalpamic or ax & plvi wi anoscal e
sci ence andhGeRiQkagNectibhes WMILES bPml bV IONG BLEalb Rl e bbb 1 CBI L0
wor k directed towards understandi ng fundamental properties of ~shalT’

structures, creating nanostructured



30 materials and devel opi ng nanot echnol ogi es. Nanow res and nanot ubes have
been the focus of considerable attention; because they have the potenti al
to answer fundanental questions about one-dinmensional systens and are
expected to play a centrial role in applications ranging frg@g@gcul ar

el ectronics to novel scaniiing mcroscopy probes. To 2 g2 5 WO

021 17362 POV® P03R226298 -56 expl ore such diverse and ex®CTAUMY/2638portuniti es
requires nanowire materials for which tff#e chem cal conposition and dianeter
can be varied. Over the past several years considerable effort has been

pl aced on the buBkchsymidoadichrahaytrfieeistatding. alhsed héreinpgiifRasradiigive been
made using tenpl.ate, .laser ablati.on, .solution nd ot her hods,. i.n no
case has it %@%@%‘8&%%?‘&?‘8&1’?‘#&? Mbﬁ% 15&58?%3@?&83%%%&%%)%%Hsé‘8 ina
predictive mahten. to synthesize a wi de range of nanowire materials. Here we
describe the predictabl e synthesis of range. of . binary and ternary
111-V, 11-V andg\“@lef’@ucg]r%%ﬁncggﬁ‘ciof)ﬁlaﬁﬁet %‘5‘3@%@59’8@%&’&‘}9{; ‘ﬂ{g ‘}sﬁ‘ger - assi st ed
cat al yti o grhemin)a (‘hllloped tsémidondRistor mtticle, (e prearticddpar seetidn ol en gtic)tifa of

el emrental Si_ and NANow res, using the 10 ) d, .whjch expl.oits | aser
ablation to s&’&’r‘f&‘?‘a&?@r ﬁ»ahvmtagppa&#15%E?@?rateggxé@%pg@ygﬁ@g@@%tﬁ?%{}B %ine the
si ze and di rigtite dfitie sgmivohductot, ab bgpossdyss sdnticonduciariawhichs doyantis only
vapor-liquidsolid, (MLS .rr@grhani smg A ke efea’gure. of tthe VIBS %pwth process
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15 diffraction (ED) and energy dispensive X-ray fluorescence (EDX). TEM
studi es show that the nanowi res have dianeters ranging from3 nmto ca 30
nm A typical diffraction contrast imge of a single 20 nmdi aneter wire
(Fig. 17A) indicates that the wire is single crystal (unifagmregniggsst) and
uniformin dianeter. The Ga: As conposition of this wire determned by EDX
51.4:48.6, MORAE%ame, within limts of instrument sensFETAPRPE8s the 20
conposi tion obtained from anal ysis of a3@As crystal standard. Moreover,
the ED pattern recorded perpendicular to the long axis of this nanowire
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primarily of Au (inset, Fig.16C). High-resolution TEM 30 i nages recorded on
nanowi res with dianmeters of ca.l0 and 6 nm (Figs. 17C and 17D) show
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‘nodul ation: We believe the observation that the ternary nanow re
conposition can be controlled by target conposition is especially

i nportant, because it provides an opportunity to explore exciton 2 2 FEB
2005 WO 02/ 17362 PCT/USO /26298 -59 energy changes due to both band-gap
vari ations {conposition) and quantum confinement (size). Based on the above
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10 descri bed above and the ZB structure of ZnS and ZnSe. Significantly, we
find that nanowires of CdS and CdSe can be synthesized in high yield using
the LCG approach with a Au catal yst (Fig.18A). TEM and ED data obtai ned on
i ndi vi dual CdSe nanow res (for exanple, Figs. 18B and 18(‘? de/popps r at e that
these materials are singlke crystals wwth a Wtype structu 5 and <110>
growt h di r e®0i0d#73¢hat is clearly distinguished fromthe RCIIUSS1726298di r ect i on
of ZB structures. Studies of CdS nanow §gs (Table-1) show sonewhat nore
conpl ex behavior; that is; Wtype nanomres with growth along two distinct
<| 00> agdf <002> @Hlgcarotic dékﬁces iricodpSrafifSemioBdiichd haroires EA 2 cﬁhtfoﬁ&l, &N

assi gne or 2
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direction of & h:‘}'t ?ff:‘f 8pt1 mg?e1c)e(1_g}1§§, ﬁ?‘"f“f’?% ﬁ\g’ﬁéﬂ’r“é‘l%ts nmade
on bul k' nandstwezn sworpd mere disereleatates 61 it involtdicdntisuovd Q&trali@nwt In
addi tion, previqus studies o0 e and CdSe nanocl usters showed
el ongat i on SUBRY lﬁ‘remg‘ﬁ%‘z‘gmaf rlgé‘ﬁ‘%g%tg%“ﬂgﬂq F@Vjs’toﬂtéctaf)’%%r?fsé’ﬁéfn?%n?? udi es of
nanow re st rsigialy) e dovides ilapbé cantrolidd ag fullotvs: t enper at ure shoul d heI p to

el ucidate the ori hese resu for nd coul d a) so vj de
i nsi ght into how( ano%?év&Fms%lbteé‘&fef%W?ﬁ%’?ﬂ? ??Q@rfg?%cﬂé °‘°§ Of astly,

we have used LCG to pé}&ﬁ@ldaDNal;lﬁmteﬁemeﬂi iohd/11 Mol gendryl s&ise, Bes@bpetiks
(Table-1). Using a Au cah %if?f s possi bl e to synthesize single
crystal nanow res ovefFHE P? xGex conposi tion range. Unlike the
case of GaA sP d(@cus%‘bdde&hammtbl’fme& feepamisé to)tise lechaital edichbig] vibfadors ame
conposi t5oons as the st @ targets. Rather, the conposition varies
continuously within tia"lne 'h reactor with Si rich materials produced 30
in the hotter ce@ral Thce@vmmsesmtclﬁblenﬁnelqmms&brtheetbmpqmatméuced at the cooler

end. Specif call L 0. 9sAuo. 0s target at 1
150 C produced ngﬂowcﬁé%&e&mv‘\%ﬁsw“%‘%%é’(“é‘%dnseggf "% é}flére SSWE 26, 34: 66
and 13:87 fromti® fulheadevice srstvitchable ieresponsets ieahovemeyt.of Einiimnmentie@as t | on
variation arises fron%tt?ggc{act that the optiml growh WO 02/17362 -60 z
2 FEB 2005 PCT/ US01/ 2 enperatures of the two individual nanowre
materi al & are quMasydeviéesioéthe inventivh miké patieniarase afxrossad prejasationsnehidh f f i cul ty
i n synt hesi o) results al so
show t hat tzﬁ%&ﬁﬂ&gégéé‘%% { gi%ﬁdﬁ’ %%%gm?sa#rgs’éfﬁgﬁnoy corrp05| tions in
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nanowi res usin I que | eve that these resu
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synthesi g Tograigel bl dobihg e nfaljo%aﬁs,hh&fbrﬂgﬁ k iHled infd| pEis

sem conduct or, nanowi Xes i S_expected to enable fasci natl ng opportunities in
nanonet er s@g}eé“%’éﬂ’é?@éq“ﬁﬁ@sﬁ@éﬁh%wmy lo For exanple, these nauow res can

be used to proberidhfeREibh SRFERNre proYidedinGecadiicd wRKHR Hyvkntdh a8¥%El iRNS i n 1D,
and can serve, as ootlcally active buj dlnﬁ@blocks f or. nanostructured

material s. ich sleefronspdiles epmbinepermifting Qne dvpeief light-epéssioa saureerpft  our LCG
appr oach carmdqsvdﬁﬁeﬂlufcmd&ydﬂtebﬁah@@oﬂmlﬁn FARBHINCH pAAREMS, Eﬁss%& {Jlt'ﬁ;e%@ﬁ-

i ncl udin le wire honp- tﬂ het er oj uncti ons and superlaitices, and thus
may enabf’e t n2UAYYiFRss frsthupgnd pther apraupemients Pf‘ﬂﬁtnvé‘mWPF%“G?S OWHeER | aser
devi ces. . Mmaé@ﬁdwepapbr@emef ahtcmmmémﬁmbxh@@ #Vé Ehaflfe Nanowi res
have been de |2 glggr evi ousl y The t ets u ed in synt, ses con3| sted of
(mat eri al ) 02BBKG L0 the P-typR wiEaAnd @ ppghiive e aplifd fiQ,the ayfyge cheons flow)

100- 500 t or rovhird 2 j¢rREobin, the(xi-tybe fite &fdhotes oWAwarll Itua\guncﬁ&dm(ﬂhdp-aypabl ation

bower) . Spodll (LA el eyl p o pse iR ek Dl GBSt Hhow r 0

mat eri al ® ambeugidve Bavsélonead hdrelnandWiges|d oL Senifn@etiusit ® epprlghtad | ected at the
down- stream colg of the fﬁti[-nace. The nanowi re sanpl es were

characteri zélas ?cﬁbge action (SCI NTAG XDS 2000), FE-SEM (LEO 982),
and TEM (Phi |l i psAt2® sﬁasba&EﬂheZﬁJkﬁt)on (Fdnesdale) the Ghiakél e ofdightEmisdivch can

conposi tionan Sur e s wer e e.on the TEM5. Sanples
for TEM anal ?/s&t%\f/%gig fﬂngﬁlgp% nfﬁt eattéone, %F%Ea%"g‘ BHPIS Wahni cat ed
in ethanol, which suspended the nanovm re material, and then a drop, of
suspensi on was placed on a TEMgrid and al | owed to dry. Tenpl ate mnedi at ed
nmet hods usi ng nmenbranes and nanot ubes have been used to 30 prepare a nunber
of materials. However, these nanowi res typically have dianeters >10 nm

whi ch are larger than those desired for strong quantum confi nenent effects,
and often have polycrystalline structures that nake it difficult to probe
intrinsic physical properties. 2 2 FEB 2005




WO 02/ 17362 PCTI USO1/ 26298 -61Table 1 is a sunmmary of single crystal
nanowi res synt hesi zed. The growth tenperatures correspond to ranges
explored in these studies. The minimum (Mn.) and average (Ave.) nanow re
dianeters (Diam) were Fet ernined from TEM and FE- SEM i nh@e<EB H0J uct ur es
were determ ned using electron diffraction and lattice resolved TEM s

i magi ng: ZBYO 94W¥2p| ender W wurtzite; and D, di anond s®CHUSW22%8ypes.
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Fig. 21A shows a diffraction contrast TEM (Philips, EM4A20) image of a GaN
nanow r e th‘gp"?é'f"‘m nates in a faceted nanoparticle of hik (_#T@fso’(/%f&?sker)
contrast. The inset in Is Fig. 21A shows3a CBED pattern recorded al ong
<001> zone axis over the region indicated by the white. circle. The white
scal e bar comegﬁobmoqsetmmﬁrem@ecmmgamw@mmmqtgmemm i mge of
anot her GaN t aken
M&%ﬁ&oﬂ%ﬁﬁbxﬁe&’ éafaﬂdll ﬁm&ahefe%gafrw%? refg?r&o thers [Rcit

al ong <001> zone axis. The J@ ns are
i ndi cat ed wi g3%es: Remetingg, a mpixiig q é‘petﬂéb 8% is tsed o sVOIdllmedamedcenmmw bar

corresponds fugiqme (¥ Ingr:an2 Redciveiad cam A5 lttodud Wh g@l ,ﬁ.,
1

di mensi onal nanost xtcl ures, such as nanow res “Aanot uges (NTs), Z3
are ideal§y SalN): Bt ey poinfafithis pragess is Jasergblationgenernies lignidmanotlusters thatd exci t ons,
and thus areg@XDacks e thsislahl it thbgiolvs% &wec@&f)&f‘ﬁ%e Q&@ &.

el ectroni cs and opt Oel ectoni¢cs. StudieS of electrical transport 1n carbon
NTs have | edTherligmeters pEihe festingnapovare arsrdeteamined byithe Srenfshy @Elys) clusistng| e

el ectron tr apgich inQfuh cal BEYakibd/ by nirbilied ihe gr%v@p&msﬁe rg@@' bR RS These
results indicate exciting applications possible from suc terials,

al though t hePrassBregiomperatye, ﬂﬁ)’f’faéﬁ wly Bor exarople; lowgrnresswe igererally produedsat

sel ecti vep O b Rir@ Wi maR & Riitets. HurtB& i na YedloNein @k dH%é@Mé!n% uh%:(frm' S not
currently possible. The use of nanoscal e structures as burl cks for
bot t om up asUsREFRLABIVSERFFE devi ces and device arrays, which can elininate

the need for costyih éaRibhdébrmRipld ds18%, iftlt fﬁﬂﬂétéﬁmﬁ&ﬂste}ﬂfes E&id oni ¢
properties of the different bl ocks, be both defined and contro ble. To

this end we +&p¥uitiondependingophow unifgsmythe nanggysters anglar used pgthe zeeistw

PCT/ USA / 262&&@&&3&%%vﬁ&uﬁﬂ&ﬁidlﬂqahm&ﬁgﬁﬁﬁﬁhﬁ)mﬂbéﬁr%dﬁ&@ RyHeRROUNd
sem conduct o i | di ng bl pcks i n@m; c the eI ectrl cal properties have
been contt ol %tﬁefff &F?Pg"“eﬁﬁ te g sizey falytip elysterscanilinsiated

den{)nslt lraéI e ihltmg 4i Bglcmoumm}mmmagms@?m@&m Rnb@s b4 o¥d lv&hFET |
controlled n-typ e, dopin cap, funcfion as nanoscal e s. In
s addition, the mnfg‘&#‘?‘vmaf%% "@B’ qopeabyn %fi\‘&‘%%‘%/?fén% fepantil s has
enabl ed t he iatoané dofiposife tirgdt (4.411GE fc@ﬁ&yﬂé}dof)@g amg) CThe I5fidg DIACATraBfs -

s, .reveal nanos junct. exhi bit

Transport. nmeas S

Wel 1< Gt | nackRE i PP LR B e RS JoPgE PPy B 2ol P p-

j unct i ongo exhtrddueceddh tleregmpapitatkgesn confi ned |i ght em ssion maki ng these
Castl y. ol cotri o FISAIHIS Y Paura s He SaniR Goret SRS <pacs et BePa: cgy
capabl eI of b@hewrbmgmtﬁoggrbwm qfhag:véﬂaeshd?ﬂalir fala;adtalmgabd Aeissoale Striioharss, t geg e new
nanoscal e crystal _In ave .been par e a

| aser - assi s'fg é%gdlgg‘fgmpﬁ ﬁ%ﬁinrugé\fdv? %if’%"ﬁéﬁg O A12Eh VRS aﬁg%ﬁseggos%eflfrg{?d P evi oﬁsl y.
The n-type ahdsemrnd yqidyﬁomhlsmmfomwm gpwthge. guhcnr@l &vapdrandnmm (Te) and zinc

f h [
e e pEotuced (PRBHEpE s B be BN gl MBo es ibeatll Rty Bl 1
el ectron ni clepesitinp(C{AMD)SEIGVDP utilizeg &w sarhe b@mwnmplesaszl@GEmapbqhetdn TeP NV
(Fig. 22A) C@Wﬁl&tﬁ&@tﬂe@&%ﬁm xnuresf gﬁéhmdmw e BpdrBh%e ]gé o BiRL e © in
er o er 0

| ength with dianeters’on t eor manomne
transmi ssi ormféP@ée@(@rwpmsﬂfee’emym(rmmlamgwn(zam%t F| g. 22A) further

show t hat the dopg I ﬁ#ﬁg

di rections. Gener ?ldy‘ﬁgﬁfﬁwé%%@a%g%ﬁ%ggﬁ%@gn er ﬁ%&{m I's visible
i n TEM i #agegporphiss reapiapf (f-&yddporans apd phosphaneisr p@p@nn@eypbdopwémmwem)t he NW
are exposed AVAghM A ndi vi dual
NW determ n%hgdg@ﬁe%lﬁ%agl ) e?i%@go@%ggxﬁt%égtﬁ%ﬁaﬁ %ﬁ%%&; oe!und to be
1:1 In: P, trmmeehmiemmtf@uqeﬁel He gorapnisitatarget. dtlegmomssanow obfeintdlanghtvd) EDX
and ot her el &y radabydd %M@ I [
sensitive to de?éelférﬁ ne ?%e rﬁ‘é’%‘?ﬁﬂé@ eve m%rrlﬁfonagl VI g %%oﬁggg%l Tmthe
presence and type of dopants in the NW, we have performed gat e dependent,
two term nal transport neasurenents on i ndi vi dual NV&. In these
measurenents, the NWconductance will respond in an opposite way to change
in gate 30 voltage (Vg) for n-and p-type NW. Specifically, Vg > 0 wll :
| ead to an accunul ati on of el ectrons and an increase in conductance for
n-type NWs, while the sanme applied gate will deplete holes and reduce
conductance for p-type NWs. Figs. 22B and 22C and 100c show t he typi cal

gat e-dependent |-V curves obtained fromindividual Te- and Zn-doped N\




WO 02/17362 _68_ 2 2 FEB 2005 PCT/ USOL/ 26298 respectively. The |-V curves
are nearly linear for both types of NW at Vg= 0, indicating the netal

el ectrodes make ohmc contact to the NW. The transport data (Fig. 22B)
recorded on Te-doped NV\E show an increase in conductance fpp PFRB>2005 whil e

t he conductance decreases for Vg < 0. These data clearly show that Te-doped
I nP NW ar ewﬂ%”f’(ype. Gat e- dependent transport data recd’l‘:&'é[&mdﬁﬂfn-doped
NWs show opposite changes in. conductanée-with variation in Vg conpared to

the n-type, Te-doped InP NW. Specifically, for Vg > 0, conductance
decreases arRY afolling the erowthpndtionsde&; HREPEYYEPTESSIIG. .. 2 paowirehwith sames u| t s

denmonstrat e doBf cérltentafionl 02eE réfEivbME ARH BheRlopMP Eoncbitfatibe Sl e SadddovaMi t €
repr oduci bl e. asurenents mage cﬁ%@g%%{gtmnty i ndi vidual 10 NWs, with

di anet ers r AT BHIIBBY RTYERS 28 Fatieyde & WPmelO®). i n each case t hat
are consistent Wrhée kidQevtof ditier teaRchued thitehylva RsddM¥ S0 d6iatd nhdds@gidi ti on,

the gate voltage can be used to conpletely depl.ete electrons and holes in

n- and p-%ypemipRdusiorssuehhasmangyares Hen rxample-aapeiiessof apyipfeaaietspfl y smal | . For

exanpl e, thm&mﬁa@g@wﬁ%&&sﬂ&ﬂ@oﬂhﬂset&% E@ﬁhpgﬁ_so‘h“ﬂ‘#&%ﬂﬂsﬁom a
conducting (on) to an insulating (off), state en V8 is IS less than or
equal to - 2(PaREWIESgan eipf°$le?@3m49a%sﬁ§§°ath@*se ofisurfacsstsns RSB YRSEUI at i on
can be as |EUfg&teﬁﬁdéurﬁac&i;dﬂhﬁwﬁinﬂ@._gﬂiﬂﬂlﬂ&,ﬁﬁbw&&r@n%ﬁ{o%b orThe
ST d to the thick (600 nm oxide

relatively | arge, switching valtage el af e ck_

barrier used®p IWBP/%%&%%%A@&W#@P]@%{QI gepRlfo ahthop kiRt The sinil ar

to that of rRicakmexbife &RBepORAY Silicoh, iR hlutisor AModkReFomérlat@lifys Of

sem conduct i NT. FETs. Anajlhrrgort t distincti OPF of our .20 work with

respect to r fimilag Stuctyres, Jin %B‘Iajg‘gi%"éfﬂ”@@m@éﬁ" Gush RERS IR Foleseshe achi eved

in every NWearbok fahotubéssbtyedther eid@gaed saattines KdraB Helabbid déSdribed Rchrfks,Si ngl e
nt.hesi zed wt trolled carrier type. Because

crystal InP can be s .CcO .
Choee Vb rthe SOpGa EtEes AR img BaF A SIS PIHEPL o8 BT Bhabh QRS
avai | abl e ndh sglitivh pha, theaiplikd dag a6 vé é‘&&mﬁﬂd:eﬂk@%ﬁﬁbd%z%ﬂa%tangs The

avai l abi| ity qf I'l -.defined n-and p-ty bui | di ng bl ocks opens up the
possi bi | 1%ty ecg#ggﬁ’tqd °E&£Tﬁ?ﬁappﬂ?ﬁgfﬁcﬁﬁeﬁla%i ces by forming junctions
bet ween two or nUkiRg vhe &@Snord 6f e §Ho0¢ Rclidiques, @loagdtéd ihnogale séhidoridyctose have
studi ed the . transport behavior of n-n, and, p-n _junctions, forned by
crossi ng t\/\d”%‘%{’] gmicp °§’5 PW&“"%\%%&% SR’PIC%‘%BQHBLWWE&?)PW@‘R‘W“
respect i vel \SuclFhgk-daizA sehionriunetorsepy éssiue atrious conbiastis dhbgteige 3o for nmed

with a 29 nrn,and 40. nm di anet.er he . four arns are desi ted as A B,
C 1D For t nabeaiseicphloriE Bhaetlh ThY Bt s iEr B e BRE 5F | pos o
juncti on® stsuch ederizise Qtharinratdriaziniay bk asede Sechymaariady intbedd, beti afciot Umitedhn' sel ect
the types of, NW used to produce the crossed junction prior to assenbly.

~ 2 FEB 2005%WD 02/ 17362 PCT/ USO1/ 26298 - 69 Fi gs. 23B and 23C show t he
current - vol tEegrentdl séfyicerwdugtorsecor ded on n-n and p-p junctions, respectively.
For both types of; } { kORS, nt sport data recorded on the individual
NW (AC, BD) .shos\}’FF’%?ggr%’%’ea%l{’/&??near | -V behavi or (curves 80, Fig. 23B
and curve 83plidiadutionILEleriened semiemdutctgrsshow t hat the netal el ectrodes used
in the s,experi ng{ %_ ). Bt & Ol | A RLC contact to the NWs, and
will not>make ngﬁﬁ’?eg?lﬁc)(i%t@rg%‘u@iséﬁ’ 1o“%t ﬁg%-v measur ement s acr oss
junctions. HR-IYgnexpsemicondespydrt neasurenents made across the n-n and p-p
junctions show | ggear or nearly linear behavior, and allow us to infer two
i mportant points about junctions nade in this way. First, interface oxide
bet ween i ndillfriGeaiicandgcionses not produce a significant tunneling barrier, 1o
si nce such a bar giaip/mhb, |AINRAE ARy RISHGANRRB/d-ARRASD THNIRERAY R, Second,

the |-V curves
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:

(@) ¢]



recorded t hrough each pair (AB, AD, CB, CD) of adjacent arns shows a
simlar current level, which is snmaller than that of the individual N

t hensel ves. These results denonstrate that the junction dom nates the
transport behavior. Lastly, our data indicate that indivi ?Ltat: sreke
reasonabl y &8 ?/ gl ectrical” contact with each other, despite Ee S smal |
contact are ? 8%%.1 0 1~ cn2) and sinple nethod of junciGTEROFLRB; cati on.
The. good contact between individual NW4provi des the basis for exploring
these NWto make functional devices. As an exagspl e, we have nmade p-n

junctions from cri@&éab/EnSefnde,CdS/CiSelGaTe, HufddeSe/Hgiks i ons can be nade
reproduci bl yply/peRmeseMga/mgsposi tion of dilute solutions of n- and p-type
NW with intermediate drying. Fig. 23D 20 shows typical |-V behavior of a
crossed Nw pdioyy afdthIffrouneay P?lhgﬁ?mpﬂfﬁv@f orippze 0ﬁfé¢ gliodeicdmpoundag.:p- t ype NV
conponents (@uEysss, Aftsswyd,)86) indicates ohmi c contact between the NV and
nmetal el ectrodes. J1ransport behavi or across the p n junction (curves 88)
shows cl etr AUt ReVE ewetili-Vsgpiconfuctors. | |ittle current flows in reverse

bi as, whil e ther @yhBinak a _' r LRS.r7ahgni ficantly,
t he behavior_is g?% I ar&[bgaﬁyufdégg?na%d?%gS@:yoé}ngjgﬁ%@’n%@h@f%%gg‘ whi ch foam
the basis fofP-khigicardustersi el ectronic and optoel ectronic devices. In a
standard p-n j ungiesOBeSel @614, hS BnB&Rn s, iPBOSPEY, PHRL BETPOt ENti al barrier
formed at t&ggignt erfa{gﬁ% between p- and n-type materials. Wien the junction
is forward SHHCHUCYE  posi ti vel y biased), the barrier is reduced and a
relatively |arge m;m;cmpcﬂgg&t,&g&%ﬂ)qg junction; on the other hand,
only small current ,can flow in reverse bias Since the barrier is 30 further
i ncreased. fleSedifaan (4IPS ons we bel i eve that the observed

rectification isiEmewo BESINDICAONDSZiGéP2f CAgRE2 3tnshBE: G 0SSi ng poi nt

between p- and-n-type In . Fl.rst, the linear or nearly linear |-V
behavi or of indi \"&ﬁ%TS’P pgu@l"’r\?g’ﬂ‘-‘él NWs used to nmake the junction 2 2

FEB 2005 11' O 0244iA3¥E: PCl/AgQ0) 626298 re)(®, Showye that ohmic contact have
been madfz bet weeQYth. l\l\/%]g‘r‘ldqfqgt‘lal el ectrodes. This excludes the

possi bi | 5ty t hat TYBEFif i PAN0 ri“ses from netal - sem conduct or Schott ky
di odes. Second, MHaVIy:V AdGBy (Al Gafnj2(8; Sg,ureyd.L on determ ned t hrough every
pair (AB, AD, CD f j-acent electrodes (curves 88 in Fig. 23D

exhibits a sim| I'on 5 effect and current |evel, which"is al so
much smal | er t haRortGreusIV seatiéontimuer mdtdiialy, @ip-tyips Gopantinky Biklectblbom These

results de hat. th ncti.on .d ates t -\ behavior. Third,
four terni gg?é%@ts%%aﬁenﬁ?ge Or##\/rﬁ‘aé’ﬂméf}ﬁ?@#m?g"%rs{g r8ififugh two adj acent

el ectrod#¥s (semigondugtoBinatetials,a pitiae dopat imag be veléctedronilthe group cemBREAY ¢FB, aCr 0SS

two i ndepen I d . D) ibif simlar. -V ‘

oot 11 ont 1 o b By B350 dbatt ey B e ialt s oty sBiing ot A aed 1

conpar ed t o Sbwort Gronp HiV semécondustve niaterials, atprtypsdopentonayrbe séledteMiim  Last |y,

measur enent ggﬁﬁ? 35@% | i d simlar

rectificati ?ﬁ I'n ,tu?%‘ud - ,at%g&ﬁ:aﬂgﬁg,ogp% ﬁ%%hﬁaﬁéﬁagn l’céh%f‘y flow

t hr ough p- n depastmpobsselghied fomahggrpppeeoiisting of 85 Oej SrglSySdxind fedIt will Bhe above

data shoyy URaRDLSGHS ki kAol n6ARBAW fi dy fabricate 1s nanoscal e
band g

[
p-n junctions. In direct ap sem conductors |ike InP, the p-n junction

forms the bXXp®Pleyr the critical optoel ectronics devices, including |ight

enitting di'gﬁﬁl th@leﬁ@&lmﬁgﬁgﬁaﬁéﬁgs whet her our nanoscal e devi ces
m ght behavior sr. TTy X ] d the photol um nescence (PL) and
el ectrol um nesceﬁé&‘eeﬂﬂ#‘W@ﬁmmg’sedllmvnpnqueéngiWﬁhba.V_eSBgmrmdnt ly; EL
can be read lahcvcnaas&ﬁye;ectyfeleeﬁ@chhﬁﬁ%?%{bgﬁ&éﬁ&tsl JlélE"filwéeH%Elﬁin' %ﬁ% }e‘(‘)cﬁrs}g{?* d bias.

Fig. 24A shows an EL | nage taken oma typica p- forward
bi as, an t Hemilyridiersthahigs eqyalersbonging) donis boading.s ssambivatjonterdobn. The PL

i mage cl ear kiowheuwehd . SeRIRhGE cMhthRek] i mge
shows t hat thé&%i hf _cones fxon?amgggﬁFHIﬁﬁgﬁgg%ﬁ%g%sﬁ%ﬂ@gﬁ?%gﬁng% the EL
and PL inag@?“@ﬂ%gg%?ﬂﬁ?nFﬁﬁﬂﬁb§ﬂﬁﬁﬁﬂn®ﬂﬂﬂﬂécﬁﬁmhﬂmﬁ cevdlestlyis to t he
Cr ossi ng pObaided,buf Merefjlin BB Roxitlty & @ 2ARARN Bhdebdidldticlchivth v sell RiOCEd
cones out fromthe NWp-n junction. The 1-V characteristic of tﬁe junction
(inset, Fig. 24B) shows clear rectification with a sharp current onset at
~I .5 volts. The EL intensity versus voltage curve of the junction shows
significant |light can be detected with our systemat a voltage as |ow as
f.7 volts. The EL intensity increases rapidly with the bias voltage, and r
esenbles the 1-V 30 behavior. The EL spectrum (Fig. 24C} shows a nmaxi num
intensity around 820 nm which is significantly blue shifted relative to
the bul k band gap of InP (925 nm. The blue-shift is due in part to quantum
confinement of the excitons, although other factors may al so contribute.
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2 2 FEB 2005 WD 02/17362 PCT/ USOL/ 26298 -71 recorded fromp-n junctions
assenbled fromsnmaller (and larger) dianmeter NW (Fig. 24D), which show

| arger (smaller) blue-shifts. The ability to tune color with si Z%m';;n t hese
nanolLEDs ought be especgally useful in the future. The quaﬂtzuﬁg%f ci ency
(electron t ) of these initial devices is relativ 0.001 %
which is no Ogt&?}ﬁ&&i ng since s we have paid little attelﬁ]t%cgﬁmt/g%gs

optim zation. The efficiency is actual F§6€onparable to that (0.002% of
early bulls | nP LEDs. W attrig)ute t he | ow quantum efficienc

. [ to
nonr adi at i venFredusaeaniratiahly cither, barpp 9r phespaqrayssiopants during fhesgpor phase grawth
del et eri ous §FSPqWES TH8 Rerlihal, Qe @esknlivat SbdshagRnt 8H8¢ HithiliQiual Gafinldpay di r ect

wevel engt i (TP PheseRorBRiope SBGh ALY b thetevmATIaIhetG = BitRe DEDTEr 0
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source are needed. so it is inportant to.enable production of full color
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const ruct edT gﬁ;’“ﬂe}?ﬂﬁhﬁ? eN—“E’ﬁY Y dopsdt m‘?ﬂ%ﬁ&w -

nanow res. Iy tet oA ALID) M@ thinS ROy fugal\Ghd Slebt@ict S 11 9

in the nea:Td{%(I}Pr eqgi (}Ei;;}ﬁ_ﬁ%w thai r.eat Oétﬁqnéi al _of maki ng LEDsc W th

di fferent PO . Qiegt SQQPé‘ at{°ﬁ£.° oped, PtV He distusted- Fi g. 2SA

shows anifl i rra_glg_ﬁ:uhaxk@rgs_ th_‘efdifjﬁdtéhge iE;efe?]tﬂ@Boﬁ di@axg_io&iangynaﬁﬁ%@m&s,%dhzﬁ

nanoj uncti ons. e p:Si ed w.t oron. Fig. shows current vs.

vol tage for %?‘P”ﬁﬁf‘g‘bﬁar"@k\%ﬁ’ gﬁb@&m‘?ﬁ@nﬂfﬂ)ﬁeﬂmg?‘&? [FORGEPtS abst how

r ﬁcti f: _caL |t Qlimaidsicblith efidsize aj’?b?slﬂﬁbdl p@pegﬁzs%ﬂ tEkeAremlc‘e_ﬁ_ﬁ%mbﬁhmgbd éd}dks Fig 2SC

shows lig N ssi.on i s out . nm.and. m -lii P and p-.Si

nanoj unct i oﬁgﬁ%ér%%wggﬁ?#?g&it ?)SH GF%‘HBWEH edﬂllﬁ_“ia?ﬁsgﬁ?t%ffse‘g%/\l based

devi ces W | lelectricaltringoyt thedgh theset @by sinee predivtaBie adll cehroHille évnaesidice t hese
into. well-defined arrays. ratetg.e viability of

buil din | oc| lo . .de S

Dt 6 o Rl be b L e T e b ERD o el o eHEtSEe | ol () (o
gl ign and p(fed}dsi:d)?n dldettical tﬂaiﬁj:qrf\Mkaxlbi_drS]HﬁnE&?bﬁl gﬁésp mdiemciimsml tedyting! WO .
asi c geonetries for.i.ntearatij.on ] -fie i rect sse s carrie
oot oy or e el ot g difenbe M Bhetedl RS LB Skhantls Th
appl yi ng a hifasnonfeteSBObdlltic\éonduetiorpa reant teraperatire] dAndLutingadfyuiddehavia, r eadi | y

seen in thea(t:1 ﬁquli

] nt_ of .g.chl or ohepnzene s nded - bet ween
paral l el el éCtro esem?{*'tg& °?°n}?§f§g?){‘f°r$§§%s“ sgﬁlgv#tt%ﬁ “%‘;%{%0‘57‘1“’0]: t he
NWs are 20 i gherelapdémpetadt limitations of natmgubes r Eitst, diie spéoifid grovthof antillizloong E-fi el d

di rection. S . NN ivti-on indi Vi | NW at

Spect 11 o postPieakfoteing Sitef 1EhdSERHY B Tahbe R, it sfHe.

EECS:-CI-: ; UgOl/ 26&@1@¢Pﬁlﬂmtasmp¢@ﬁmnmnmmmth_as relyonghamk ect r odes ( Fi ]9
enonst a6 @%‘E . .dge pairs o

di anetri cal IO;!/)- op Sgegécg#gg%%%ggho n f gﬁcgﬁlﬁ%@g%%glrsg‘&& Fgﬁﬁg’ddﬁt ion, by

changi ng t h@lthmrﬁat igipotentially priticahfor davicerapplicationsn Somicdndvetor pangwirsgser - by- | ayer

fashion 30 BiQRKrSal bRGSGEH: BNCIGNS B caldth Ganchile).. THEOESGoFRsAwnS Cl early

show flint E-field assenbly represents a strategy to rationally deposit

i ndi vi dual NewaiRiseicendyptingdpdependersiof dipmetes, pastaereensed itsbenld be pasgibleta| . W
bel i eve thatehiAhdniagh Bf @ Vak RebwitHRe kbR sefobhfiltfor MdudtryAE abgedtld | ¥

accessi bl e using our NWbuil di HEEE SO TR, schiobhdittor 1 el Y g
and/ or ot hem2p@¥Ebl y techni ques. Taken as a whole, the results presented
in this |etter proWidédiwe air et tRRd Q86 bhskfionbe cddiBIA I RTE BNAFS €MDl y  of
nanoscal e el ectroni c and optoelectronic devices. Qur denphstrated ability
to assendfl e 26 thebargrisrization ofihe ghestrisploaonerios P these dppadinenqveres BEg ar

fabricati on shgRs rieis@ém&H, (GdlepbiiRR HRMNGHitPmkiMrdierk deptilne dae! | eve
augers well for the jmediate ang onger-term advances. We believe that the

broad range beronnaPeHBadqpsd)and phesakiaapussiaped Brlgped) SINWebghpve asprtypreardabi | i ty
to control thehd mak@ad, FRpkdively ORE tdtifas Vi the cdre, THRiROSHEE &faaposcal e LEDs
that cover thé entire visible and near |nfrared range (e.g., GaN Nws for

bl ue color). Such nanoscale |ight sources m ght be useful in creating new
types of highly parallel optical sensors and for optical inter-connects in
nanoel ectronics. . Mreover, the assenbly of doped NW buil di ng bl ocks
clearly has great potential for creating many other types of electronic
devi ces and possibly even | asers. 20 InP NW were synthesi zed using LCG
Tlie LCG target typically consisted of 94% (atomc ratio) InP, 5% Au as the
catal yst, and 1% of Te or Zn as the doping elenent. The furnace tenperature
(mddle) was set at 800C during growh, and the target was placed at the

R o b1 __ > —



2s for 10 mnutes with NW collected at the downstream cool end of the
furnace. Transport neasurenent on individual NW were carried out using
publ i shed procedures. Briefly, NW were first dispersed in ethanol, and
then deposited onto oxidized silicon substrates (600 nm oxp gqrgalauub‘) S~cm
resistivity), with the conductive silicon used as a back gate. Electrical
contact to VAGYKP was defined usi ng el ectron 30 beam | iRCHBIPIARA6PH8 ( JECOL
6400). Ni/In/Au contact electrodes wergsthermally evaporated. Electrical
transport neasurenents were nade using 11orre built systemw th < | pA noise
under conputtemnspoetrih thebe nanoir®. FERJROR eriordite ﬂZp%ﬁ&nPﬁIdshﬁ&@ﬁt?%@@oﬁ 73 The

Gepost ted NAEBHIGPRE TSI Hidihotn iU SRR P oy o

concentr at i ctizK. det erm ned t he p05| tions of cr ossed NV, and then defined

el ectrodes on al s b ecLran be raphy.
Ni/in/Au el ectrodes \/veF'ré3 Sggtgec?lzf& Cﬁéglsa%ef)ﬁ%/gget tS‘{yfqﬁgmﬁf%neLC?S g‘ Y)‘P
j uncti onss weleseribbt previeuslih yBriefly arNb Y AlGyser (542 pms 8 hi pulse witiths00 nﬂ/piﬂdeu'f e

| ut f t ed t bstrat
solt 1 on o @RS ke ol KAE il P URASROR SR "L 3
sol ution of patiicleswitbin atrgawtor( @h@m\hfsmayrbegrmml\i\ﬂmmﬁn&smemctaﬁmd t he

positions of e | el ectrodes
were then defrned 913%{ P% Bowtw‘goé%nl\i)\y "Bt° °ratm§é3§§0}“qge °i%/bm%§°mgst udi ed
with a honemaylbbtdopﬂdomﬂlphosphmesmn@aAmEtarmms 0.Pt%yAlfchdstpamt] | i ght (514

nm Ar-i 09C of. junction. \Wen the
junctio nw]vvas a‘?ﬁ%@'ﬂ yégihﬁg&e) 9% g’t@%anmlsgrg 3&%&“3‘% 1511%? ?rr%fﬁﬁlsflﬁg n the
junction mas‘;lehmmmcnbsmrals@ﬂl\d) Heasinemgats desomstratethetdoped SINAWY gren aking t r ogen

el mm gr ateRg RS B e B o e o0 IS RO Bht 0 ©

dopi ng and dﬁ@ubﬁma\rlouSlYansport of InP NWs. Fig. 22A shows a typl cal FE- SEM

g of - 2n-dopet BNl SRRy MM Lk LS 5] Yo TEM
per pendi &ul dfhogwpshacthpdsaising a JEOISE400evrisery The nar®wires Wﬁpg@poa@leand 22C show
Pnsetsn prordled SARhR. 193k el o6 oK st lBE RO SR, 21

Ni /1 n/ Au conndedlyingicorductniSi usefllaga baskigateh Thsconticis éstho SiNWowdre pmde  The

di anet er of 22Cis 45 nm
Speci fic ga’?geﬁé%ﬁ%dug el m(tﬁ %(%%%ggd#we@sh%?gc#n&ﬁ d’g ’fted on the right
hand si des &feasurpmenisyyere @ﬂdetumgebomd@ﬁwdkm@nmlwsmnmesquanaﬂ@mw recor ded
Gl ectrt ol pepEottier Sontial The (it Dabpplf i bt e NER BRIl TS e
NW devi ce tﬂpﬂeﬁﬁmas@?ma@permwwa%sym scal e bar corresponds to 2
pm The di amet erpEMfstid8 siMphANR b%ﬂ)n'lﬁﬁﬁ]fos@or@tﬂghoﬂ&ﬂﬂg\(s el%}nr%lé he dianmeters

of the NWs used t make devices were in_ the range” of Fi gs.
23B- 23D shofiytaky thgse preasyreppents doynot havesufficientsensitivity to auastiiehe vel y. The

curves 30 8901615]61‘ﬁﬁsﬂﬁfdu@&é}ﬁﬁ&e\tepmtlﬁﬁvﬁuaym.h%Qiné%wév@fj bthdlidgite - and

p-NVJs int unctlloaﬁ respectivel The curyes 88 represent the |-V
behavi or® acP’baé’Asbl%“ﬁBS PrISERTE oL Prigee @8@)&?&“‘%‘%@?@?@3“%99 d?lﬁétsﬁnd féilﬁd n- type

NV in Fig. rebiive dﬁplﬂg Mvdleshilpelebicdl Aanspeit kRictrdicO. rlﬁlme@xﬁea&ﬁém&né hnes
repr esent tr%%%E%t behayi or acr ss one pair .of adjacent arns, and t he

dashed 9 1s uped to vory WPJS’M?'@@ whilemessupr®sent t hat

of the ot heeurfehfmupabm@e efthaﬁunaﬁﬂatmrcﬁaage Eaé@dwe[nee 6fNWE RSl fimbtigPOM
t enper at ureﬁ%g&% 24A- 24D il I%s_t ra.te opt oel ectrical characterization of NW

p-n junctio offagern be used tp hether g given nanQwire ISFREOTAESPR a f or war d
bi ased NW psinicejthei@intionanaé wal ﬁr})\éppasﬁgbﬁ'oﬂ ﬁ&%ﬁg@oﬁhﬂb (nddhfive} BR¥Soltdes. PL | mage
of the junction. Ty%?t:ta{]ga§e-gepen£x%rctslrrgn glgrseusé %las 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 : BoHs ratios of 1000: 1 and 2 : 1,




prn. Fig. 24B shows the EL intensity versus voltage. The inset in Fig. 24B
shows the -V characteristics and the inset in the inset shows the FE-SEM
imge of the junction itself. The scale bar corresponds to 5 lun. The

n-type and p type NW feormng this junction have di aneters ?2 68 nm
respectlvel Fi 24C shows an EL spectrumof the lo junct
Fig. 24A %’ @trum peaks at 820 nm Fig. 24D shows a‘ﬁ:ﬂsoyﬁé?ﬁrum

recorded from a second forward biased capssed NWp-n junction. The EL
maxi mum occurs at 680 nm The inset in Fig. 24D shows the EL i nage and
denonst r at egesphetivelyhdn guners}, thgitwa teswingt loVcwives reitincer and tusgingaest thdt¢hescal e bar

35 and 40 e CEER el O cotlles 0L Ml Sk ARAITURRRIT T

ort hogonal dhsiakissip nemowmnmamt@ﬁmwutgct lFslghﬂﬂmomcaA&alyssraﬂ-V vi ew of

rop of 1w SR sded R8s RORGS (1 L AEER T Eure 1 Bkt At 3 0k 2

par al | el Sar reaptaggfresisimncadrideprisld chatingon ﬂletSﬁéWp aickd 4 re$1stn'it]e of3. Bdﬁﬁ Qchne NV wer e

260 shows o SHIAERPEEE O B ANEdy HElRfe QBRI o il Bl O

fol | owi ng E{ﬁéceﬂashShsWtq/degsldngzeathatmﬁe HYW/s a Phdepecemicesdictarn Fi g 26C

i oot 11 chr G RIoRBIFY) S £GP, Hehh el Sl ol s8R 00T on

obt ai ned usiSRYW, andeshowtht ityisalsog-fypn rMmteovar,tthe Vire 0 Eesistieilydofalip Bidaged N

Ctepswal 0N G E2R sl Ba A SIAEE Ryl B o R B0 0¥ 0" .

Bot t om Up Asaaédé)hq:mmdted\dacady out ablliﬂ tebnteoliconddetivityeherhically. Sihisllattfmpbiﬁfn@Wi res
Four types ty nan d VI crea

rational bot %Eélgésaeﬁbly rom%ﬁntgﬁ Clg% ?ﬂp"‘iﬁﬁﬁ%ﬂ‘m’?g fg N\ )
with well cdihisrvmidlada&&ydmmsistmypﬁﬁando?ezﬁahandshowkho ddpeﬁdencbmnl‘«tg
cuggest od offEE B REIFRTEE RIS sebh el b araenoBint: vesermiiams .

Si gni fi cant Icynsxstanuvwmamghcmamnmatiomm&martmmpﬂammnﬁﬂ.ﬂs consi sting of
crossed p-type a% ég‘ﬁ“ N\/g Q 41 ren i fi at'IOIi"?cg:eh vior as
expected for pn Jaye islois Xg e?é%? ?‘E{I’Pdﬁﬁﬁi Y i ode
behavi or. n8piWsr ThsEW r¢conied bmths lightiysdopbdmenawire (Hig. @A) isGomewhdt Aorlingad, ar
transistors &wﬂéﬁmﬁm&% @on?a%?@ét\ﬁ o Jle %5{56305?“’%3% agme ge as 0.94l116

wer e obt ai ne I'nverters doped pn
junctions sldglwadlenct Eaxppmte pﬂhat\nbm@gé‘ontha/chbpedtS)NWspSigmﬁchﬁﬂygmsM th a gain
of 0.13.,,Tu es showed
negat i ve d| PP%%V@?% &5l él?eég?n]:s: {asnmérgis %E%ﬂ%—éﬁ:%\#age?ﬁfaﬁ%k CBI}OCII&)O ?n%/\n th a
peak- t o- val Hbyestlatatadréﬂﬂm;y offthiS wire atlV,; /0 is 26 ulﬂzmcmo'ﬂi‘msfelmalyélgh onal

of 11t nogr afReLa 8 BgShRE S Ko BB R0 ALl ettt I RASBISTRR, cachi ng

t he deep nadonﬂdédﬂ%rhawlsoé:gemade'ﬁhéstu&ed oTherleWidz mberdsd onectypicals as 10

bui | di ng bl 0 ot sse £gr at ed, devi ces, where
both the fa ri c?’a% Joﬁs‘{\ﬁﬁggsis%r?fﬂlﬁgveo reflmﬁ" |ggglxrf§) %%aﬁc}%’ &B%ct ed to be
cheap, czn tepesdeace on Wat Ehedove adsistivityl(foue oslersof nbglitule ahdllenthbn the dighlyi | € stil |

i i ni N 3 ful | I
Ge d nono; BAPRLEARES Ly, WibeRBE BB IS REE bder oL B o) o e
i deal candi dhobscraaed:waﬁdop)hgbiﬂxb BiNWs.bl ocks for nanoel ectronics. How 15 to
construct the f %tdbgvgesuﬁ]tgﬁgxgon\é frite ﬁ1 gg'?ng%\éﬁo?sgg& o@%g%@d&%@:ggg{’ ui | di ng

bl ocks is essentla t 0 Nano. Sci ence ave ested as
field effec thetcp@d‘!lstlﬂt}mf:S;NWs ngﬂr @any e:cdéns ofintgrdtude atddhas the Bardukfvity\We the

het t , d h
o so bedd olomR s bbRTRpGRY U plitE BRI o LIS B drbREbIGRES, 1S
limted by degsmsd Imk@dgtﬂel\fg;depdndemd pmvrdiamtrdng bmoﬁfoopeypel(mle%éumngmth he

specific 20 ndu IIabIe
and control P%ﬁgﬁ %’eﬁ&ﬁb@ Jﬁ%ﬁ“ Rﬁ?rlugatﬂﬁh?%hsrﬂl reV| oS af
denonstr at edeneh@eneleman&e nederdendiby gefafing taihb schemytics shovedniFigsnkdacandr S N\Ns
where the type of dopant (p-type and n-type) and the relative doping
concentration (fromlightly to degenerately) were well controlled. These
SdV' W, whose 23 properties are predictable and controllable, therefore
provide the critical building blocks for bottomup assenbly of active
devi ces and device arrays. It is possible that the highly dense Si.I~TW
device arrays can be fornmed by the directed assenbly of chem cal assenbly,
for exanple, the specific peptide binding to sem conductor, DNA base
ITB.tChI ng | nt er acti on, and/ or the I i gand- recept or | nt er actl on. To real | ze

N . Y

T 1



2 2 FEB 2005 WD 02117362 PCT/USO /2&X298 -76 fabricate multiple types of

el ectroni c devices. Four types of inportant functional structures including
pn di odes, bipolar transistors, conplenentary inverters andr‘_,t&witﬁé/ di odes
were created by controllably conbining Si N\ of varying P2 & =type doping
| evel s. Nangscal e pn junctions were created in form.of crossed Si NW
junctions. YORAB6% i cal transport neasurenents on these P'ViiHaR29%ns showed
the current rectification predictable bygsem conductor physics. W have
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were operated in comon base configuration (Fig. 28A right). Fig. 28Bis a
typi cal SEM i mge of bipolar transistors. The SiNW and junctions in
transistors were first gharacterized individually. The 2-2FERrA®s of three
i ndi vidual SiNW are |lihear and the two individual junctions have correct
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behavior. This behavior can explained like this: the depletion of n-type
(p-type) wires by negative (positive) input nmakes the output equal to
ground (bias). The voltage gain is calculated as 0.13, the slope of voltage
inversion. The gain is lower than that in comercial inverters which is

| arger than 1, but can be inproved by using thinner gate oxide |ayer

i nstead of the 600nm oxi de, which reduces the gate response of SiNW, and
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20 using nore lightly doped Si N, which needs nore effort to make ohmc
contact with and to be further investigated. Wiile two crossed lightly
doped p and n-type SiNW nake inverters, two crossed degenerately doped p+
and n""-type SiNW can formtunnel diodes. In contrast to 2h@&En2pgncti on,
the tunnel diode do not skow rectifying behavior, hut rather show hl DR
behavi or 2sWoP2A®BeIvard bias, with a PVR of 5 to 1 shown RGT/US04262980C. The
di fference can be explained by Esaki digge mechanism The built-in
potential forms when p~ and n+ type contact each other, but the space
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Nearly monodisperse samples of single crystalline GaP nanowires have been
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synthesized with diameters of 10, 20, and 30 nm and lengths greater than 10 yum by




WO 02/ 17362 PCT/USO /26298 - sl 28C shows a collector current vs

col | ector-base voltage behavior recorded on an n+pn transistor with emtter
and base Si NW | Sum apart. Curve 1 to 4 correspond to the behavior at
emtter-base voltages of -1, -2, -3, -4V. Regine | and I ?EE@? rated by
dashed Ii ne, correpond| ng to saturation mode and active mg e @bgectlvel y.
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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, III-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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t he assenbled NW on |larger length scales (Fig. 31B) shows that the
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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.

e

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



s arrays with lateral periods the sane as those of the surface patterns.
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_ 87 arrays with control of the average separation, and by conbi ni ng
fluidic aligment with surface patterning techniques that it is also
possible to control periodicity. In addition, we have denonstrated the
possibility of |ayer-by-layer assenbly of crossed and nore2@orgB 205
structures by varying the flow direction in sequential steps, and have
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for the <112> zone axis of the ZB GaAs structure, and thus shows that growth occurs

.I

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 successfil 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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bul k- doped r CO I S at | east one portion havi a snallest
wi dt h of e@?“ﬁﬁ %‘f“%"r@ﬂgmeﬁ- The synthesis obtseaenIBrV i$ ses a 10

solid sol utammﬁmmbmg@wmﬁm&mﬁh&&&E&:ﬁ@ﬁﬂ%&@ﬂ of claim
2, wherein the s I'éi | ution i.s selected fromthe group conSisting of:
B-C B- F‘i?)"‘“%&ér ) °€(i9- /P ngnoviges usipg ajadseqPogltaregt 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



15 4. A free-standing and bul k- doped semni conductor conprising at |east one
portion having a snmallest width of |ess than 500 nanoneters, wherein the
sem conductor conprises a Goup IV-Goup IV sem conductor. 5. The

sem conductor of claim4, wherein the Goup IV-Goup IV se '?Oﬁfgj%ngr IS
SiC. 20 6. A free-standi-ng and bul k- doped sem conduct or cog% istThg at | east
one porti orVRAY1AG a snall est width of |ess than 500 narf&FdiSe¥6298wher ei n

t he sem conductor conprises a G-oup Illsd3oup V sem conductor. 25 7. The
sem conductor of claim®6, wherein the Goup Ill-Goup V sem conductor is
sel ect ed f r coelghehageasudue tddh nd-gap wriati BINBEBA®sitidd) hd\ipRh i oh fihenient
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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 (Sip.70Ge0.30)0.95Aup,0s 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



17. A free-standing and bul k- doped sem conductor conprising at |east one
portion having a snmallest width of |ess than 500 nanoneters, wherein the
sem conduct or conprises a sem conductor selected fromthe group consisting
of : BeSi Nz, CaCN2, ZnGePgz, 5 CdSnAs2, ZnSnSh2, CuGeP3, Cu@i2FeB 2006u,

Ag) (A, Ga, In, T, Fe)(S, Se, Te)z, Si3N4, Ge3N4, A1203, (A, Ga, In)2(S,
Se, Te)3 anWOAPAWE 18. A free-standing and bul k- doped sBfH/EUHA4 or
conprising at |east one portion having-@snallest width of |ess than 500
nanoneters, wherein the seniconductor conprises a p 10 type dd(;%ant sel ected
from the grdemppergmss of thetyodfdividgal aprpwire matgialsare quite different! Sueh dideremngi k- doped
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dopant sel ecesults Alsoshowttbat ghineap be expleitedite grepare 2 rageefpllenconypsifigns ipa
free-standi I 98% sem conductor conprising at |east one portion
having a sn%%ggés]@m\?mmcﬁi% ) ﬁﬁess than 500 nanoneters, wherein the

sem conduict or colpednskusion, wethapesyethesizad o widerraagoefisingle caystal hinagyand odi ¢ t abl e.
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of : Si, Ge, t@nspog,of sxcilgnyintD, aggizan perye wcpYealiurtig badingbirdsdemed

sem conduct Q. GATHG A ey, MBRSer ATk EhBOIRE Hoih, dretRlve @it o dLh of

| ess than 5 nanoneters, wherein the smallest wdth is | ess than 60 35
nanomet er s. LCQ appreach pamplposedss syrghesizn s0se¢amplarngravire spctiues ippluiing wher ei n

the smal | estgimdife hoind-G8EhdtddaindiOnd HAQTEL BftRes, 0l thik HeaySBABIE BB Spthedis Of
claim 26, wherein the smallest width is |ess t han 20 nanoneters. 5 28. The

sem condlfct ¥ nanosealelight-omittingdiedes and laser deMiges-est width is | ess than 10

nanometers. 29. 46 anaMhAARMKGAI pbeddted RHTAD piohel Thinouies BBbbASt Wi dth
is less than 5 nanoneters. 10 30." A free-stan |,ngqland bul k- doped

semi conduct dles@EBRpPIEYPHYY- e taseeit usshin sypthesed srusiatd pifmatesialassioos-wi dt h of
| ess than 508pRan@nBitishisuseddLEyRItsis WereXBTDC-S00HIALARIH,I(95:8), @) §61160sscand t he
at least one portion is a |ongitudinal_ section a ratio of the gngth of

has
the secti on ge8flawasd§ié) eblgtonvathgnulsed NApiAG lasey§A11064 smph0 Hzpplsedalts; onduct or

of clai n}oSO,w\maag@“khesﬂeemgkw}a&aes@e&fo&ma 8 diffbrest n@oviiRe | engt h of
the section to a_Tongest, wdth greater, than 1000: 1. 32%?*%}F1‘a‘{?ee-stand| ng and

bul k- doped Jeaeriabsrae sven indghisr: Theppuawire pradyctssyrze salleste PRFUE R g [ est
wi dt h of | esplddnalf bePurhaaonet ers, wherein the sem conductor is nagnetic.
20

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 ﬁave 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.



33. The sem conductor of claim 32, wherein the sem conductor conprises a
dopant maki ng the sem conductor nmagnetic. 34. The sem conductor of claim
32, wherein the sem conductor is ferromagnetic. 25 35. The_sem conductor of
claim 34, wherein the se{n conduct or conprises a dopant t ha? 2nel@ 2005 he

sem conductor ferromagnetic. 36. The sem conductor of claim35, wherein the
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a smal | est I 2. em con uctor of claim
41, wherein Itee%%l n Eas a sma pge)ersg‘t%% a‘%wljlgégém{% f¥R%. 43. The
sem conduct 0$IZ¢9W®IHH¢ end/2mpoditéoneis ﬂaoshdammdnmhhhsAmczaﬂydtl est WI dth I ess than
5 nanoneters. 20 44. A bul k-doped sem conductor that is at |east one of the
foll owi nd? a si ngle crystal, an elongated and bul k-doped seni conduct or

that, at an gest

cross- sect i oMateriali nefsivéh | 306 DiegnoSeteors, Gath a_ Rateeofst andi ng and
bul k- doped seni r‘nndu;r?mﬂ'(\(;)'rmt Leadimone portion PRisdtiom Gompmabitest wi dt h
of less 25 téaw 500 sepamBet ess, wheragpn a phegonenacproducegy.py; & section
of the bul k-doped sem conductor exhibits a quantum confi nenent caused by a
di mensi on ofGathe sec8706M0 453-5The sembéconductzBr of eliabm 44p0:pberein the
sem conductor. is_elongated and the dinension is a wdth at any point al ong
a | ongit udi nZtAseBet | (% BP th# senicorbluctor. ZBO 46. <Ithe sehPEOA8Mtlor of

cl aim 45, elnth gi tydi nal section ig_capable of transporting

el ectri cal ar riers 5& tiﬁgut ggat teri 29 Z8 <l 160088

InAs 700-800 3-5 1 ZB <111> 1.00:1.19
InAssPos  780-900 3-5 20 ZB <111> 1.00: 0.51: 0.51
ZnS 990-1050  4-6 30 ZB ' <111> 1.00:1.08

ZnSe 900-950 3-5 19 ZB <111> 1.00:1.01

Cds 790-870 35 .20 w <100>, 1.00:1.04

<002>

CdSe 680-1000  3-5 16 w <110> 1.00:0.99
Siy.xGey 820-1150  3-5 18 D <l11> SiyGex

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 GaAsygPo4 (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 GaAsgsPos |



z z FE8 2005 97 47. The sem conductor of claim46, wherein the |ongitudinal
section is capable of transporting electrical carriers such that the

el ectrical carriers pass through the |ongitudinal section ballistically. S
48. The semi conductor of .claim46, wherein the |ongitudi nap REBc200®Dn is
capabl e of transporting electrical carriers such that the el ectri cal
carriers pa¥@%HBugh the | ongitudinal section coherent IRFT/USBL26398c

sem conduct or of claim45, wherein the-éXngitudi nal section is capable of
10 transporting electrical carriers such that the electrical carriers are

spi n- pol ar i ZABEOWIES, TesppativelynT e sealgbewin e al PAnm He highronwash (darld feabwes t udi nal

section is GaRaRbM BthelsbRRBRMhbMGtE LaR&E. cal carriers such that the
spin-polarized electrical carriers pass _through the |ongitudinal section

wi t hout | osing sPienl/ntheradifisetion sontrast THM inaagpPE&eR 4 1 diagieter Gam 45,
wher ei n t he dapdigtiel w6k insd sh'“'o%faF%ef%nt?ﬂtﬁﬁie@tr&{diﬁ&ﬁ&!paﬂerh !(é;ﬁ)trrefd?derdes ponse

to excitation, wherein a wavel ength of the emtted |ight i elated to the
wi dt h. 28 szlongithe d&% zawaaxieIhe [131] diregtion ofghe Fip prttermis prrallelde/ Bk avingt h of t he
em tted |ighkisi sdRiue BywsiiRR Blowitlodc i@ aldhg iHa (1 3 dirddtiBH! Tibe SRR, S€M conduct or
t hat exhi bits coherent tran.gllgort. 25 5.4gi A[b_g?k-doped gem conduct or that

exhi bi t's balcpiresppds {a nmoFie. 178shoves phighregelytior Bvhimesswfera20mmt exhibits

Luttinger | igehtiettr GRAMNANGWire A laﬁic%%é&ig%rﬁﬂdmﬂir% 1h9 n@R%iR iy Hoped
senm conductqrs, wherein at | east _one of 'the 30 sem conductors 1s at |east

one of the O PGSR0 agrepryens Withyhg (326 nam spapias gl &1 planes Bonk Grdised

seni condyct qhe kdagtbar ainemﬁdmimhma‘ﬁgéquctaﬁd hangHoWsHIRboIGHInSFENIAS @ | ar gest
crosssectional di n | ess than 500 nanoneters, and a free-standing and

nsi.Q
bul k- doped SBfESE f g, figrpeter; repRegtivelys FaAfrsPasingRoWiEes: Thy (W13 fatideest wi dt h

of | ess thaplaepapaailatiothe Wik axes) afe bRy 2688Re® A thrednARWELES THOTP! | Si NG
at | east one aﬁie? ed{l Fg? nachtor, wherein the at | east one doped

sem conduct &8F &/B et ol | owi ng: a single crystal, an

el ongat ed and bufjgdpefiowsSFESENLEaRE of (e nafdwiRE YrepRbdiby BEG hel sbale
| ongi tudi_nal axis %Zo@y'geﬁr est ¢rosssectional, dinepsion |ess th

, ] | | an 500
nanonet €P's, P& FQTESPP nAgsetiFigul 34 BaTEY brage af 2dadividpd Cafet h at
| east one pasdowine extaditingnadosligidr ( @Sk fotuel) bt € wire &%, EDXsheWPthaAROMEL er s,

wherein the devj ce .conprisgs, at.. | east two doped sem conductors, wherein
both of theT4t°° “&5@?"%&95‘6@5@&"%% ¢ 1g"fssS A Figa 488 howsdf t he

fﬁl | owi ng:  diffractigh contrast TEM i.ma'gaoie@ I81ga aﬁﬁleaﬂqcislwiﬁhoﬁmo?ﬂe Srfifor @BMEtsE OF
that, at an ojn ong its.longitu AXi S,.. a est )
cross-sect i é?gﬁa{eﬁﬁ‘ﬁéh%?%ﬂw rgggmgﬂﬁy s%#)gﬂ}?d’ﬂ&‘}h&@é& §§B ét’r?&aégpaéte’f‘% whick; andi ng
and bul 2o dopaxbeseiniiond thth¢ enrtafe stiudhire, remsded aloag 18<00 Drzdaa wiflgTI® [316)| | est

w dth of |e . a [ apd_wherein first of the at | east two
doped seni cﬁecfydglggﬁtgg@%%f"a ?E%%lﬁgﬁttﬁﬁe%ﬁﬁﬁ’eaﬁ% us shoy's 1hat goxthiOGHTS: he at

| east two delpngiths Eit0bdiredtion, (e sakd tpuisdDam. tHig 160 aldwsma lignfesotatiomrMEM t he
first. | 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 crystallihe 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



15 58. The device of claimb57, wherein the at |east two bul k- doped

sem conductors are in physical contact wwth each other. 59. The device of
claimb58, wherein a first of the at |east two bul k- doped 2eEn onductors is
of a first conductivity  type, and a second of the at | east bzppfk-doped
sem conductors 20 is of second conductivity type. 60. The device of claim
59, wherei n"WOH#1B6% st conductivity type is n-type, and tHE/E8HA% t ype of
conductivity type is p-type. 25 61. Theéslevice of claim 60, wherein the at

| east two bul k- doped sem conductors forma p-n unction. 62. A device
conpri si ng a@ep@dwpmaﬂﬁewumﬁﬁﬂr@dﬁdmwes diaimetension thetorferaf10 one doped

o) ongat ed andPyf Frgb BRI REahg (16 BRua A0 udpateRB b Bl iR | T

| ongi t udi nal naarwise saples aad berigdesed wﬂh%@@émwatummé urdmate@@ﬁ%tﬁhm 500

one por 1 on Bay TroafRas) A0RuHaRteR) o Rt R MR don " P ol

the devic® cowyidseesise Hirauifuorgsergg analiises aféndidéuabfianoiviressh6® thantiey eien t he

devi d
of o1 ai m 6. Caaf oo bk wiTs (1d0f froupMiection, Trwyhliphctiaucalies 00° SOV 0
claim 62, whsnsl m&taﬂea@mtd Grdfrandi otlgs teghiBldgizall K impoitard semisGndudtimgevi ce

conpri si ng g one doped
e conduat aridE Aaterilf ShellORREn PG Y HRNcn NAGRRE Rlbitfenl sl
el ongat ed arﬂPPb%#lRl@oped sem conductor that, at any point along its

| ongi t udyal axi gierdiPde fipb g@%ﬁﬁcsg,éte%m&gg@g@k%@mmmﬁgiagéila” S00

nanonmeters, and ree- s Sem con or Wth at
| east one p(ﬁbhﬁemof’?eﬁpmgﬂ@t@ﬁﬁlofﬁwmmm rhetal generates 1500 napovbsterer s

wher ei n t he {aul ool ae&&,ﬁﬁanggié@%%&ﬁgghe %ﬁwﬁ{&@?ﬂsﬁhﬂ%t a:@eas devi ce

conprising at |east one doped sem ereinthe one doped
seni conduct dfield gmission acamringslection mierescopl (FBvIEM): showssthaigheproduet prigarilyn

el ongat ed angnfig! & vir- 1@1&@&&@@@6@&&9&&9%&% n R Ml ggus%%bakong its

| ongi tudi nal axis, has a | ar est crosssectlona l'ess t han 500

nanonet efs, ueAeWiE emple.can bainderad tothe GalN purzisatuetue; and intlieatesr95% phiaseat | east
one portion Jugw. MensnisioH d@&bn M&éda%ﬁf(rtsgf,scoﬁmnmmrw&%@&ﬁ&uoﬂmer ein
t he device device of claim®67, wherein

[ seg an invert

c
the i nverter( A FRSFEY HREIVG X-19y Eperascencg §EDX) analysesof individuaki ng at | east
one doped s &izh&ard dlidvothat theyRUSGEN kiRBle dlysthB 3t aQ10)] gRABCdBRAGLONduct or i s at
| east one of the_follow & Si Tlgi e crq%?tal an_eél ongat ed and bul kdoped
seni conductor th °55\’°“§F\‘£ E}g s bavs attracted gfensivedntarast oxsathe Pasias a | ar gest
cross 252, ecaecaeahetdmmsgnmaaﬂtgs@nﬁdnm opfBleARAREETIRY:S studibChade {)ﬂhﬁﬁi@t andi ng
and bul k-do m congduct or a ortion I | est
width of le gcu[s 2 580 %fﬁ’c?ﬂ%ltv@ﬁg %@f@?ﬁ@cﬁm ﬂc@ﬁ%ﬂ‘? E’§1 optl cal
sensor. 70. sAucheres, ehich oayisc readily sﬁithdsﬁ&'ﬁiisu@‘t@taﬂihh&ﬂm&ﬁﬁﬂscmﬂémgiﬁbhs oftherein
t he at Ieast one dope m conduct.or. is..at .l east one fhe following: a
singl e cryst®af a%nsl‘grfagqﬁg‘%ﬁ VLA %@p@&ldsc&?hl%%@i?&’g?rgﬁ?ﬁf at any poi nt
along its | dmylanentalaad a@hed;:;eséfm bavk beepdintited ﬂmmmmaabsodm&mﬂlon | ess
t han 500 di ng, and_bul ed senm ¢ tor with
at | east onqgégﬁs&ﬁtlilgs?\s vllf%a'IIyr rr?gﬁa?g%efm SPRreBet P%@%‘?PMWHB%’ neters,
wherein the thiewmkeca:bmmancmmes wesansias ténplatéik\thePresence oPGhbidde-and NH;

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



100 71. A device conprising at |east one doped sem conductor, wherein the
at | east one doped sem conductor is at |least one of the followng: a single
crystal, an elongated and bul kdoped sem conductor that, at any point al ong
its longitudinal axis, has a largest crosssectional di nensp@rFEB285t han 500
nanorneters, and a free-standing and bul k- doped 5 sem coggﬂﬁg‘ﬁ; i th at

| east one pbvrotqu}??“ﬁavi ng a snallest wdth of less than 5 4 ers,
wherein the device conprises a nenory dédi-ce. 72. The device of claim71,
wherein the nmenory device is_ a dynam ¢ nenory device. 1Q 73. The device of

claim 71, whismaedsohpign-igwigmsglidiphasegowth hgs beenussd Soverkerste, - A devi ce
conpri Sijngt a})rebﬁ'éﬁétnoﬁ/ﬁ@s fF&Q@i‘aﬁfﬁm{ rﬁ]ﬁuagml@%%;uﬁmﬂﬂ&iughmlsmﬁﬁaesl faft one doped
sem conductor is at |east ope .of the follow ng: a.,single cr al, an

el ongat ed and bullﬁdbﬁdéﬁ%fg?ﬁlﬁ plailediipfornpation on agng)na.beocﬁ?gra%q f‘?&aqtf%

| ongi t udi nal 1@ (®e., dadlysaGhAN IS GlavABR SHRevEE Welcaike kibwede B thelgswiht han 500
nanoneters, and a ?ree-standl ng and bul k-d ?etﬂ%se cqondyctor wth at |east
one portién HEesshHlp choassagtiosally Wﬁiﬁlﬁt-&e‘]‘%@g i %tag‘(ﬁbﬁ}?&lﬁé?f‘&’c eI Fher ei n

the device Cﬁqﬂaﬁﬁ§wﬁhb§ﬁ%t notFornts $l6r¢ isGBle 66l hastivdgerahe ha@@wike @BWtdoped
sem conduct or,

wherei n the at, |.east one_dqped 20 . sem conductor. s at | east
one of the f&mdifignndhe guiding priaciple suasssts eeWB‘fZ‘l]ngfsé’ °§1ﬁﬂg éﬁlaﬂ‘%gp@&
sem conduct Oﬁ?ésfciii_atfform?‘_ﬁm%fhl\’stdbm wﬁnpammwooadcm |vﬂngéﬁg65dfbc’z}{alya$<fbﬁGawlaS 3_ | ar gezt
crosssectional di nmensio s, t han nanoneters, an ree-standi ng an
bul k- doped sé%ﬁ°&5ﬁ&¥?&%€yk§§h%°‘1°@§§t’°lbw‘ge&?‘%"u“a‘ﬁgrf’o’(\’}b?fﬂl°&’%ﬁ§9 | est width
% I$ﬁs gbangé{é&;i&wnﬁel ! &a%ﬁic 16316 b mirdet_ﬁﬁ@xeismm_ técEiﬁ&TigiiNlD.Ogi c gf7it7 e. TﬁS

: e device of_cl gim 75, ei e | ogi ate is.an te : e
device of claim ﬂgmaf?é‘ﬂ%i"}‘? %ﬁt{’?t&&c}&“séﬂﬁtae@ﬁb@l: gtﬁ%ﬁ\%ﬂ%&%ﬁ‘@bﬁé?ﬁhe
_(Ij_ﬁvi ge of cl fﬁéd&nl éfer di‘dﬂﬂ@téﬁ&vﬂe-lik@s&tﬁ@fc{i.&%&ai EE-S_EME%@eUﬁIm m@r&wasogatT ﬁ' 59._

e device of clai e nthe logic gate is a.OR.ga : e device
of claim 75, PME%F}SQF?@M]%@% %‘a‘f"%tthﬂ f&%ﬁg Pt P%mgf%g‘)ﬁﬁﬁt'ﬁ%s 101
81. The devi Gfth@famelen di tiord¥s OF €0 fin hitFleAgHRy feaif bfebding D umX¥Bblihigh- OR gat e.
82. A device conprjsing at |east one doped se 't(f:ﬂcl)ndugtor, v,\heégai QO he at

| east ond? dopwactsatioinaneyHrs: the HESEM deta S]EHY%S% Pradyedy it aEce- 0% ngl e
crystal, an ghfmsed, Qsth@tidebiningbeio padpatitles Wehiot slso dssabed thd ovefa)t poi nt

eloro e | ongLUUIASL Bt o, N, B LA oL ShaseaSEl L outholl mEnahD oo |
at | east oneAmakdreltivelpsharpolifiragticd pealtin tiePHRDpatlemIan boindexed € arwmenitet er s,
ARV KT AR CW MET SN M STpr i T
| east onepof agreenchbwitiolhiergire Ralaésfol mllcGabhtact 3.180) ¢ el50k83dk. dd additbrul k doped
(S: ?215 g onducto E:org;t]aia'itsdn o tthe%%ngQgt;n%tsig%lal%g&’ O‘iJStCISVCé 8@ . ﬁlﬂfggtgsa&at%é GaN Qﬁém% | ar gest
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=O.9>5 :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 scem, 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




sectional dinension |ess than 500 manoneters, and a free-standi ng and

bul k- doped sem conductor with at | east one portion having a snmallest width
of | ess than 500 15 manoneters, wherein the device conpri i%ﬁF rzwi ster.

84. A device conprising pt |east one doped sem conductor, erein the at

| east one doped sem conductor is at |east one of the followi ng: a single
crystal, anY@®Ag¥ed and bul k doped semi conductor that, PET/USIIR6®I nt al ong
its longitudinal axis, has a largest crogs 20 sectional dinension | ess than
500 manoneters, and a free-standi ng and bul k- doped sem conductor w th at

| east one pomptddoet was sispended snethanelsind thed trimsferrell ento TEMagrids @6 TRM\GIBETRr S,
wherein the | ) | clock circuitry. 85. A device conprising at

| east one do%g%tégr#%onétﬁcr?%r, wherein the at | east one doped 25

semi conduct or i s The hepbology etrusture dnd chmpositionrofjthe £adi mydwires hyvetbabn an

el ongated an : L,C:0) ’ It al o Lyt S

| ongi t udi nal q%%%gééﬁz%g% a eg%tgig%’s%%@? %@D%Tnfr%\ﬁgﬁugiﬁs %8%"2}%{ H$h 500
manomet er §, amgbwires ane gtraightrvdthnygifomudizéters,dod typicednferinge it aomnagattivleatt | east
one portion | ; jﬂ;Tagl ' ter erein

t he device clg?rybér{ag%g a 518?’%55%% aéd%t%%d%%&ﬁﬁg %ggﬁgg%gggggﬁlﬁaﬁoﬁgt \meeast one
doped seni comdifrmeontrashalorg the wire axis indigates thatiikes miopwite is e singlenrystal. The i s at

s e o phitadiBl B Mk Bl Wit f SN ot eRaELANAR KRR 01 K (I0DEC

sem conduct or that, ) Int along 11 udi nal  axrs, s a | argest
cr osssect i ongkpediedrioliowing arystadlizaticnrofgedignidmemstustes (Figii ). Wefhaeealstweadli ng and

bul k- dope E : ' . ' . . ortion

having a Igma %estoaﬁé%&%?%%@%%%%ﬁ%@@?ﬁ%&@%ﬁa e device

conpri ses a acerded ermth narowig Fhovnonlp (G erd N dmaratis o thessame evesGadbstenddubed

sem conduct Okyh; | 4 -2ash ) | ast one
O] oGBS ORI a6y SHEM-SREL TR Sl el &

of the followng: a single crys | )
seni conduct ofhett¢rminal panopariiclp enfirmsyihe pajalyticnatussefiRednltha aynthegiss, has a | ar gest

crosssectional di bORrth&SHe %g@@@&m&m{,We%vﬁﬁg_igvegtggggﬁyaﬁ;di ng and

i
bul k- doped sem conductor wth east one portion having st width

of |ess tHAanh&OWiIraEraRERrS2 AypatalytGaldbasdhesn used eernty pseeatalyshion growtmabl e
circuit. 10 §B nutnbdPNf daBowRERE ENNEd ALv] xﬁﬁéﬁal,gﬂ@aéjéﬁgﬁﬁi%’ﬁ?m &9%?&43&? :

wherein the at | east qne doped sem conductor is.at |east one
fol | owi ng: a2l fgetionetigetivaly in the spavsh gbGa¥inanavrires, Hewensp An exbibitepasaiuct or

that, at anysdqaiity ofNQRAG tHuk $al ﬁ&qiaﬁsswhmpéﬂiaédﬂ?m R HiqRdAHOESth ,
crosssecti onalegg{;ﬁngnswn Ietis .thapn 500 manoneters, and a free-standing and

bul k- doped 15t SRRt St s ppalysis, wehaye Brsa uprbls to ghtain AN Rpnewisera| | est

wi dth of 2besssidgBfADQSalyst. We believe that this highlights the important role of the catalyst and
how it can be rationally chosen. |

‘Lastly, we have characterized the structure of GaN nanowires in greater detail
using CBED and high resolution TEM (HRTEM). A typical CBED pattern (inset, Fig.
21A) of a nanowire exhibits a sharp diffraction pattern consistent with the single crystal

25  structure inferred from the diffraction contrast images. Indexing this pattern further
demonstrates that the [100] direction is aligned along the wire axis. In addition, Fig. 21B
shows a lattice resolved HRTEM image of 2 GaN nanowire with a ca. 10 nm diameter.
The image, which was recorded along the <001> zone axis, shows clearly the Single
crystal structure of the nanowire and the lattice planes along the [100], [010] and [-110]

30  directions. This image demonstrates that the [100] direction runs parallel to the wire axis
and thus confirms the [100] growth direction in GaN nanowires.

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

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

H




manonet ers, wherein the device conprises an anplifier. 89. A device
conprising at |east one doped sem conductor, wherein the at |east one doped
sem conductor is at |east one of the following: a single crystal, an
el ongated and bul k 20 doped sem conductor that, at any poi?ﬁ F@BOE(PSi ts
| ongi t udi na\L, ﬁ%?bz‘ has a | argest crosssectional dinmension Tess than 500
manoneters, " 3 % ree-standi ng and bul k- doped seni condFEGTGSURH at | east
one portion having a smallest w dth of-86ess than 500 nanoneters, wherein

t he device coppri sz a transforper. 25 90, A device conprising at |east one
doped seni cdwmiye (O] srapey diseptiqn, Webeliqve that thissprigache whish inbessd@ndheor is at

| east one ofprddiatiendhoRionehtalyst &idpodvith 6ondfioRb, catbe RhANIRHA8d38 thebUl kdoped
oint along its longitudinal axis, has a |argest

sem conductor fhat, an ] ]

crosssect i omiﬁﬁﬁﬁ:&ﬁa@@@%mﬁ@e@dm@w& Thecpyrthesisaf balkandi ng and
bul k- doped smEeNERAEHoRS crydtdl Rardivirb EFTNCAR oBRF {ebiBid1RRY T Eh | Test width
of less than 500 30 nanoneters, wherein the device conprises a signal
processor’. §9micendyeiineutride mgterials {gxpectef 00 yp Bagp prReTtRHesdomiyrtharor |

wher ei n t he fixidameRsitsnfds ablPfPhcations conductor is at | east one of the

foll ow ng: a si nﬁ{ge crystal, an elongated and bul k doped sem conductor
that, at any poi ie 1 §agchepatic dagimm shoving GalN panowirg groyth by lgsesssistesk s 35
sectional dicaeREt gowkiess than 500 manoneters, and a free-standi ng and

bul k- doped 2 2_F m_conductor wth at |east one portion

005 103 ( ,
having a smal | esF‘gxllz\%ogt §’°8’Faﬂ=g§ifgeﬁ9 Heomags 9flie CaN napasyires pynthesizerbyi ce

: | €S L \ vel Jobod
conpri seg abﬁ'l,mqfheﬁafe%ﬁiéone%nds'%@ﬁﬂ @ggdgggﬁﬁdv@, 1% ugécﬁﬁ@ one dope

sem conductor, wherein the at | east one sem tor Ts at | east one

of the fol | WHS7400)Ratiern gcarded gasbuli GaNipanewises The ouralbess dhovedie pesiis

seni conduct @érrdsPetd to e (RIAY VAR B theibte strscth®NYi t udi nal axis, has a |argest
crosssectional dinmension 1ess than 500 nanoneters, and a free-standing and

bul k- doped seni cBifdti¢t Biovip diffragtion eontest SHM Fbilips.di424) imnge of s@al | est wi dth
of | ess thapanefre itk @R InglSin dH&eR nbhophtficld 8F higher (LR DRRasf MR AL

circuit. 10 93, A device conprising at |east one doped sem conductor,

wher ei n #he Fi 214 shows s {BER paitgrogesorded Alone 001> zeneaxis qugr the ggiondndieated

foll owi ng: 8y gier@iite cély.STid whift3c4dd KR BitteBsbnas & oK AP od BSEM.COBRYELOr t hat,
at any poi n@l@ﬁg its lﬁ?]%gltﬁfgt? nal axis, has a |argest crosssectional

di nensi on | P imaee oLang @&,M%W‘é{‘th?mﬁ% 2nkf ik dThsdmredoped 15
Sﬁn‘i cggguct ok takénnlaig V;thoews_toneraﬁs.mcnie fioop [dl@ybxﬂq-noysaﬁ%lcﬁ&%tarevﬂnﬂ&éi@@f I ess

t han nanoyet rein the deyjce conprises a |ight em ssion source.
94. The devu‘”&tgﬁi'fﬁi@af"ﬁﬁ@g? F@%"ﬁ%ﬁ@’@?%"%ﬁ?@@ﬁﬂ?ﬁg@eérﬂ& enmits |ight
at a higher frequency than would the sem conductor if the sem conductor had
a shortest &éig}he- ﬂlo_rtest Vﬂld h at, an ortion of the
sem conduct g A Lo eI oS AN gy om dnginmg uct or,

W p

wherein the A _ otre ped semi conductor is at |east one of the
2t any point al oo GieeARR siepBiip e SEhaS il NP SRS bbb B . Ct  onal
di nensi éf | &re idealpsuittd for efficiznetaasmort oficichrge darrizes il andtiony amddiugute k- doped
sem conduct j L. aly) rtion hayi a.smallest width of |ess
t han 500 nan Fr(ye{%&e@sb gtcﬁ*%ga?%lhﬁ@'{gﬁ’é ¢ eft(/’lr %aém%cgyr?ﬁ?elgg‘ér’a‘csafnﬂ REPErORescent . 96. A
devi ce conpBiudiesof edactricebteansppmntsn copmdNEsdaveled thuihe creationfoé field effedte at | east
one doped ! Cl: ' I the fol l.owng:. a single
crystal, aﬁgﬁ%{fgggé%%l%ﬁﬁ%%g%ngﬁgoésmg%gﬁﬁﬁ:'%&o aé‘f{,cmé?lgaéﬁi}‘sﬁi nt al ong
its | ongi t ubhesetesulisiindicatrosxciting sppliemipnspossible dom suctamateiialy alhonph thesse t han 500
nanomet g5 s, @AfemRId - i ed sem conductor with at | east
one port(:i i‘ono hqv})‘ﬁlgif{fq’g%?% ﬁ@{t@%&%ﬁn@w %gg@%tg%%\xﬁ%@%agﬁgﬁy&ﬁm& wherein
t he devi ce wonriurting anmehllic NTolsumot cueswtyposdblei The us8bf 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



z z FEa zoos 104 97. A device conprising at |east one doped sem conductor,
wherein the at | east one doped sem conductor is at |east one of the
following: a single crystal, an elongated and bul kdoped sem conductor that,
at any point along its longitudinal axis, has a |argest crosssecéﬁusonal

di rension | ess than 500 noneters, and a free-standing ad oped 5
seni conductWW@ 01784 at | east one portion having a snal | ePCTHS2629%f | ess

t han 500 manoneters, wherein the devicgyconprises a rectifier. 98. A device
conprising at | east one doped sem conductor, wherein the at |east one doped
sem conduct @ssemblyaf fungtisnal wnescdé devires froinl compogd semisomigtter NWatilding an

el ongated a t oiLNt .,al o its
| ongi t udi nal%ﬂ)gg#é%vh%& tgeoéa%%ﬁ@;%p%g{rlgg%gjcﬁ %)%g?lle bﬁé némg éep espeflﬂ 500
manomnet er s, moumawmummgmam&mmmkwhmmbﬂsynihbéizeﬂt | east

oD hor ¢ o AR B AT 8ol g e S A ABBORER R (TS

doped seHi cedditian, the availabilitsi of “te}iéeﬁncdIneasitp-tmemd@pddhseemhdmtdmrbmoni s at
| east one ofj Dihin te | kdoped
sem conduct orﬁpﬁu{cm)%as?wa.ny 0|C§'s é&ﬁ’}]'r@ M%P?g%%%?n a&ﬁv%arfgﬁg@l a | argest

crosssect i omafoseilapen jinotions eislgbltwihdﬁ@éﬂ mwtm@tﬁcsttona Significhutlyefoswaddi ng and

of I'oss t han Bh0o Hafiolt eliofludol i BRORAI R i buliol Bope 0o oy

cel|. 100. strutbwésmerhepyibe mdlleg light epitting diodes crhafed do mnlcasﬂnd eletteic ﬁeWner ein

Simgle dlyarafed SR gg’t“e“ﬁ‘%%gf*t%% e sty i " 0 5

along its | éwgthrtadtlmps @esmwnanQSaalgbtgtdumt&@ks 25 sectional dimension

| ess than 500 magg conduct or
with at |east one %g%lt?ig)%lnhﬁtahysgla{é&gﬁgﬁtepﬁst W%Elﬂz&?ﬁ: ess tﬁﬁ‘% )
manonet er s, GF® which pascbegredasarived prayionstn sThe notips andipetsies P OFWs woe A devi ce
conpri sing g %,tre@gmgqamlm aa@ﬁhe%gu&a@ra?ts%t&wy}m t?fﬁ:dltt?ﬁ’édf one doped

30 sem conductor_ s at |east ‘one of si'n crystal, an

el ongat dél afiilphigiality a8 NWomserueed withoptithe addatto 9°misnf"lelﬂ mgsm s

| ongi t udi natcaaahgseteth%ﬁnacrb E g&ww?nmdt&mw& Bed 86 an 500
manonet ers, and gbdree stan I'ng bul k- doped sem conduct or vvlt at | east

one port i on(i&¢#2AYdemanstzts theith Wﬁxtstdmf@éewamswtmmmm wher ei n
the devi ce giamptedsoaIhetorSdr 691 (BraBbrB&tirs. Ofightraddfitioh RhnsmaRion efectfonm EB 2005 | 05

102. A device c eas one .doped se conductor wherein the at
| east one d@ﬂfé‘tf"@rd@gﬁg‘ﬁiﬁ% SF"s igt 23A) fwthep showhat theedoped N¥isregingle si ngl e
crystal 20 anc@hﬂﬂ@&h&dlla’rﬁo\hﬂldkewaﬁd @ﬁ&hﬂﬁ&d@ﬁ:ﬁhmb@ﬁ&us oRbr-187%Y oR@lent @l ong

nanomet or s, ke wSble3n Tefnfeq W fre apened e B Yo 0P  h o1

| east one pNRisiannexipased ogaisafendyhihess. We@b&aﬂﬁoﬂmﬁﬁﬁmﬁ beiRdivRal Mo et er s,

conpr 1 5 ng. SeitisedpS 8B e e RE HRI0Rs e obifioted Lo 851 “one doped

sem conduct mnﬁnmngthels&aﬁﬁommh cOJilpdishRmfoﬁ tHe QWS g‘:D)aa:ﬁl oltl@l- aexﬁém'ﬂ'faaélyh@ n

ongrt ull nabeadiate, e RR B SERAPAEE ot B 4BimbiBRl Poadiid,, 5o

nanonet ers,N#sd a free-standi ng and bul k- doped sem conductor wth at | east
one portion havi Bt ® pano ter wher ein
the device corrprll%gzes a sH%r%? E’t(g’n%{"d‘{ ava a B¥Sipri si ng
at | east on@Pd@p@dWmmmhdmpmtmeaQOemmomindwama]IIéWst Incthe3e doped

o1 ongat ed A BaT i Y ARl Bl ool Nt iR "

| ongi t udd navoltags ¥ ﬂoas—atai P-tpgN¥is. Srecifisallys Vi »aatill thaairmrm|ao¢mﬂum$nbftan 500

, d I ’
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t he devi ce dspleisrio gndaxeétppmndgﬁme 8 pitype NBOSFigh 20Bund 22Cad100sshoy at | east
one doped 13 TR uctor is at
| east one zttgmyﬁfeeat%é% é\?nd%?a Sl ﬁ%?gmg%dy%?g?“d“g%&e? %@fg@ég" ﬁgﬁgul kdoped

sem conductor that, at any point along its longitudinal axis, has a | argest
cross 25 sectional dinension | ess than 500 nanoneters, and a free-standing
and bul k- doped sem conductor with at |east one portion having a snall est

wi dth of |ess than 500 nanoneters, wherein the device conprises an
ultra-sharp tip for atomc force mcroscope. 30 106. A device conprising at
| east one doped sem conductor, wherein the at |east one doped sem conduct or
is at least one of the follow ng: a single crystal, an elongated and
bulkdoped senlconductor that at -any p0|nt anng |ts Iongltudlnal axis, has

o, o " o " o NN o o




2 2 FEB 2005 106 107. A device conprising at |east one doped sem conductor,
wherein the at | east one doped sem conductor is at |east one of the
following: a single crystal, an elongated and bul kdoped seni conductor that,
at any point along its langitudinal axis, has a |largest cr@z§EBt20@mal

di rension | ess than SO0 nanoneters, and a free-standing and bul k- doped

seni conduct WP 0YABF? at | east one portion having a snal | esRCHPHHA2E | ess

t han SO0 nanoneters, wherein the deviceégonprises a held em ssion devi ce.
108. A device conprising at | east one doped sem conductor, wherein the at

| east one dapwdctils@lysé‘dmwmnu@s ane npaslydinetrdfashotiotypesef Nitvseat N@FIODxmdm@nga singl e

crystal . an &l g0abed ol bSO BB e SO T8 ndsbih B i@ 24RO "t o 0Ng

its Iongltu nal” "axl s as a [argest crosssecti ss than S00
nanonet er s, ratvmldadohr%@Op@CbNWISn@mminmmmmwwoc&d@cwmemth at | east

one portion d f I yperein
t he device ccgﬁ%dﬁ&g%%d%%#ﬁ&ﬁ%ong‘sﬂgéér?g!a%@&Q@%@%SGWCe conpri si ng
at | east Songypioite-depmndsottomspogrdataubrordsid on Zheioped NWasltovmwositmbmges

sem conduct { t fisn I tal, an
el ongat ed aﬁécgéq E%%pe svgﬁnaggg%‘d&t orgaﬁ?tgme% eaTéld{c;)klglnt al ong |ts
| ongi t udi naISmmﬁsallyh@sVaNOacrogé@tanefr desrasess endfonVs Glormwblc@-ncd inereases{FHig- SO0

nanomnet er s, E?e@ul&td%ﬂgﬁs mgthgtilgﬁ?gwess tﬁgtt}(p%nductor wth at

| east one port aving a sma est 00 nanoneters,
wher ei n the devi @Hmﬂtﬁrﬂ%@#eappmﬁmlbhoﬂ\{w@emla@e on pger tyendy indiyidual

d d
e condliot VW I aiffeR SRl B ARLHI00 b, WG Bl {IE ool Gkl E COPE
el ongat ed ardge mmtewwb@@pgmsma@rwmhm Iahﬁfdlmﬂwgatb @d@gﬁt s

| ongi tudi ”alcaﬁ‘géﬁse%iree létéiﬂﬁﬁéané&%ﬁf%% 8&9 n-%&”B Rt GRE st E‘ S00

nanoneters and sem co uctor w t | east
one portion qqa@cﬂgc@begmfsmmeamw Fe%@camnlaﬁhm WM@PW%H ein

the device @QE&QB%%b@M&H&H ﬁ“onP&lE%dgétﬁxg'(@&)% éuﬁh&latﬁg (Jﬂa)%tate%vﬁyﬁ‘v o

conprising at | east one (g sem conduct or, wherein the at Ieast one doped

sem condifct dessithangr equaktor2GVieand thug ffuncippsasiaFgT. Jhe FW&PWP odylationg

el ongat ed angy byluhd@eems %mefs%@dﬁgﬁtaﬂe £d 88me SthSNWsP Théel AV EAP tardd S
| ongi tudi nal axis, has a |l argest crosssectional dinmensjon |ess than S00

nanonet er s, SHHGHBE yolge Selated toghethigk K9A0am) oxide barsips userdin OVF BFASHieRRRiSt | east
one portion ']!'!ﬁ’s\/gaf@de%er&fe'ﬁﬂﬂe%ior\i! shailar@b thaESFmetAMdRidSEmiBSAdRRBOMNEOS S, Wner ein

t he devi ce es as in r.fiel tical m croscope
FEB 2005 10FELs2nd ecepb ot @%&ﬁ%&’-‘?@a ?@ﬁ@ B%Qtﬂuct or,
wher ei n gphe vadrk Iw&aséspeuﬁﬁb rdmedmﬁ@ealamel.e,satl@dndu&ngbeﬂaeiastan%acméveaIme

follow ng: a si tal, an elo nd bu kdo se uctor that,
at any poi nt®Ve¥ T?]ge%% ‘E&‘Gferfﬁt‘ﬁtgﬁ °§’?y‘ﬂ 4’ E'P%g’ £ i onal
di mensi gn I &ﬁ%yﬁthﬁﬁetﬁ@ﬂhﬂm&@mmmedB&aﬁfeﬁﬁessmmoWd S doped
sem conduct or

th at |east t t wid |
Than 900 narMURIEh 4SS Bt A TR Ay R maRHp heBeciiiog Fotnet aid e o °°

digital andanagd. og conponents. 10 113. A deV| ce conprising at Ieast one
doped s conduc t | east .on conduct is at
| east o of the&'g%?‘f%{\tﬁopgdgﬁ?@ﬁg ap B%e?“‘gﬁgﬁ‘g%@g‘t“éap%tﬁ& | kdoped
sem conduct gossitiklity of a’eatmg)compllenfunaﬂiamgddviws Ibyl’ogmhglﬂmctains botween tivasr a | ar gest
crosssectional dinme L han SO0, nanonet er s ; st andi ng and
bul k- doped SenT E8RAUC °6‘P1°\‘Me‘f“ﬁ XHt}E OPRPTIIT, We have iR g@‘? %6“3 °‘§Pr§tat’185t wi dt h
of |ess thamfﬁ@Dpibaﬁdpanmmnbmrfauned/rbgrcmssingmrﬂ@pe,ﬂopm,randeaem-mher
sem conduct t d.to the at | k- doped

%hd B%ap tﬂpw aése?c((}géi%.f ﬁlg ﬁ?ﬁ Yé a r%eg?ntitﬁrgﬁ?ssgﬁ ﬁ}v@ device

sem conduct or.
semn conduct dernied vathmOlandoddd neattarmnaadN®t dhe ormprissrenigsighatédemdy, Bp@e portion

having a sy kel Mily 8 aidoGSRnpiW. Sk 3ntiA BRTHE bfunctions studied are

controllable for every experiment since we can select the types of NWs used to produce

- the crossed junction prior to assembly.



11 S. A device conprising at | east one doped sem conductor, wherein the at
| east one doped sem conductor is at |east one of the following: a single
crystal, an elongated and bul kdoped sem conductor that, at any point al ong
its longitudinal axis, nas a largest cross 2S sectional giepgi20§ | ess than
SO0 nanoneters, and a free-standing and bul k- doped sem conductor wi th at

| east one pwpotoR/wI6havi ng a smal l est width of | ess than S@/usexzseost er s,
wherein the device conprises another segyconductor that is magnetically
coupled to the at | east one bul k-doped sem conductor. 30 116. The device of
claim1l S, wher &igs. 23BeandiErshee the cafehtiobleige (TsV)alatanbdordidpe d-ns@abeonduct or
conprising at_|east on ortion.having a smallest width of |ess than SO0
nanomet ers. Jﬁc}x_onsrﬁgqug'\v/ﬁ ef:?f?’ot&ll ano%Em‘é‘,O“i)\}P@ ot ﬂ%tabetc%?de%ﬁ? conduct or
is at |east indeidoil NWe(AT, BU)chéwiibeagor maty Bghel-¥ byiavialk (cupes 89, Bipgzsped and

bul k- doped semi con or, ,_at _an FEB 2005 108 point along its

| ongi t udi nal mgﬁué’?g?r?ég'gségra%’@%etm%'ﬁ%g}t‘mstﬁ%ﬁe %legf‘mﬁ,lﬁgp%ﬁlq &s than 500
manonet ers, eperimerits rwake dhairchr nearkyrolimix dokitadic eid NowWsyasdwiiliet ekeMohlineaé | east
one portion hagq’ ng atstgatlvest Wi d%ng%é)f Iess.tha@ SO0 .manoneters. 5 118. A
devi ce conprfCRRYIRS 19 08 &Y BIRSUFBE AL REIRH R FIRHIASEOR t he at | east
one doped semeaaenients made 2raat the aacind ppdundtionsshow tihéadvi megily Bneat behdorgr yst al |
an el ongat ed _ang bul kdoped sem conductar that. at an oint along its

ongi ¢ ud nal Sl ae U GRSl dout 1iBbon e R LREI EBEY han' S0
manonet er s, iatedaee dxide betsieanitiiviglua NWbddek noigpehicsesiprificadt tnhrelingbdrfierat | east
one portilé)n s%\éis‘gc%a%arsrggl hF@gdt\gihg%@nOf | es?_vt hﬁg .50% 10dr¥§ﬂet ers, wherein
the at | &ast™on& €ém conduetor i e 08611’88‘“ o oh Bt PEEPCBHT ASTEYSS119. A
devi ce conprresardeg thribugherash pad(@BJ APe GBsED) cfadivat anms shdves aasimildr berrent | east

one doped sem i I . - | ] ow.ng: a single crystal,
an el ongat e?%%%ﬁ%%%%ﬁ@%&ﬁoﬁ%ﬁ ulg gifiﬁ){l R@?s?théa'?se%%?} 'Q%fenrfsuztf ong its

| ongi t udi nal demonsitatetbas the jhuctige domivatessthe tdnsparthchavial Ldstlyposidataiddeate t han 500
manonet er s, . t i g - .60 or y Wi. at | east
one portion ﬁ%&%ﬁ%&%ﬁﬁg?ﬁ% d Hg@#ﬁ%ﬁg@i’c&f%g%&%ﬁxe%%%ﬁn%%%%% erein
the at | éastsmplicontasviard(PICLOT cms) and sipipdemetbodofjugtien fabrieation.act . 120. A
devi ce conprisin Bthe : i L | east
one doped 20 sem&ggg%ﬂ??; or t?gﬁlggrp@gggtﬁﬁ[ﬁl‘g?%gyi%sgﬁ?%%géﬁ %‘%‘? s‘?stﬁgl e .
crystal, an NWongukefnetiogalslgvikeso fedn sxample we havegnade pat junctionssfrom poi nt  al ong

its |ongi tUcﬁr&@édp'%ﬁ&n-tﬂém.|ﬁ%&ﬁ§ﬁc§§fs&§%§€%§&e@9ﬁbd&iﬂgﬁ§ﬁe nfifiSS than 500

manoneters, and a free-'Standi ng an d sem conductor_ with at |east
one porti on deaestieg of dilmsdhutions finderd Bitypp B wilintesudiatedping Bige23Daher ei n a
conduct i yj t Yenebs dypRaatv bbb FRR-RSANGD BAGARn. @%eqmamw bAAL fratviiyad

response to a sjignal _and sw tchabl e between a_conducting state and an

i nsul ati ng <t &adp-tpe Nifls compazants (Gyrves\ii ard $6) indjggtes phmpigcantagt hetwsendhe t he at

| east one seUWe @Rrtishl@lecRbdes. MRialdpdit BahRr Wirds Slélp-PRindfoR(duprds 85)38aks 121. A
devi ce corrpr115|a%_5at I@gst one %(i)%)ed sem conductar, wherein_ the at |east
one doped 3CFIBESHREBRGIICR o Le-dfitlq qugent flowms ingeverspcbiasowhil there is aghapng| e
crystal, an cahreri@adeeil faddrdbihk daRERbamB e PBKhviol RfsintikRto bulld seRitbndiRipt 2l ong

its longitudinal axis,.h a_ |l argest crosssectional dinension |ess than 500
manonet ef’s, Péﬁﬂm%fq‘?’@é‘!@tafsﬁ%fhﬁgasg‘rfﬂr WRAVICreR) elgctennif ang Arfaelectonigideicest | east

one porti on Ihayandirdp-a fimcli@s tecilficatibn ffsed fss the pawnthd BariarTorRHQf he Wherein a
conducti vi ty_of tt,:}e at IeaajtJ one senj conducgtor i.s cqontraollable (n 35

response t 0 BCLIGREF R 2aNPEES AsEialse Wi Fhe dunchionis &armarg bisset @-sideq an
i nsul ating giositieely bidsed), HeBaRidPH réfiCedayd b betativelyabe cunrgat cal 86+ thiough €he

conductivity %got-hgmaetotﬁe? a?r{[d, JOIATES ] cor{ducﬁor. i S cor%t roJ l abl e i.n response
to an Opti Céﬁl[l Ilb[?a|. Yy small current can 1low 1 réverse bias since the barrier 1s

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



122. A device conprising at | east one doped sem conductor, wherein the at

| east one doped 5 sem conductor is at |east one of the followng: a single
crystal, an elongated and bul kdoped sem conductor that, at any point al ong
its longitudinal axis, has a | argest crosssectional dinmensporFeBeg85t han 500
nanoneters, and a free standi ng and bul k- doped sem conductor with at | east
one portion H&VF’H& a smallest width of |less than 500 nantiR¥SeF262%herein a
conductivity of the at | east one sem copgluctor is controllable in 10
response to a si%nal and sw tchabl e between a conducting state and an

i nsul ati ng sshawethohntiecontaghhave beenchadhbatwean th N Ws@ndimetal eledtrpdest Thise at

| cast one SCRLGIAMIGIANG GANGALARLAC o 5RAPSSRLM.B,MEINAL) © S 0nal

122. A device conprisin sem cond ein the at

| east one doledts. 1&cgednth9c1ﬁ6|b¢hamr @fshqanndheadﬁelmmddhmug'heevbtylplammmDa singl e

t al t . A i nt |
|C'[ gsl gngr ?Edﬁ axr g @eﬁgclpwohﬁg&gg 8§rﬁe%e Sec Faghiﬁ%n%%g‘%slﬁg‘%agg' ?haﬁ ggg
nanonet ers, dfrdtaadfﬂllre@ibvdmﬁndglsahdm*ndﬂcmm&emrmnbudtthoughith&r at | east
one por t1 on {ayiqixiys Ths et el 75 5B H0RANGBT LSy qher o 1 2
y 0 e at

conductivit east one sem con or I'S con I"é |vﬁ 20
response to Hmdr@warernmdMw@mﬁlm%ehmmtapwmmmghwmmmand an

i nsul ating Setléﬁr@dep SC% o B%'vrﬂﬂ@khe H@FF rﬁb‘ﬁﬁ? (ﬁ‘oﬁ ﬂ%eﬁgﬂgf' gérbs\é't&ny mﬁ%peﬁ&e%.t at

| east one sem cond I's cont n response to a si a gate

term nal note frcﬁoct;nﬁesg c&iD) estibitigimiled It o andrrecteﬁcatio@a@ﬂl anigea Mscsmnjbct or. 25
123. A d h t
| east onfew hg‘g"ﬁﬁ rg@'l thg#tﬁlﬁtgﬁgﬁ% hif g%&gﬂg&%f{me‘éﬁ?énﬂ&eﬁ € a

con OW n a single

crystal ,* an lastihggeseements nade rmmexedemmn@ prdurstions shhwed Slmlarawylfpmont al ong

its Iongitu et i.eh %ﬂ gﬁs&g S than 500
nanonet er s, qg%I freéestﬁgﬁgfdﬁgéangg F’E§gopglgbse gin uctor vm? | east
one portion RaNWds eesitivaly|biased. Wi dt h of | ess than 500 30 nanorreters vvherei n
at least two of TheasostaoRANLRLSighatIT R vRLARIRF AbIRY fepld 21 | east one

of the sem conductors in the array Is at | east one o oW ng: a
single cystanoscanp-alivnctensetn disset band sep qupieendyeipisdiba infe thop-nieationat ~any

poi nt al ong b ﬂh@cﬂﬁ'sE’dtdhd'@itwﬁ%b&elc&&&c@dé@&ﬂfﬁ%ﬂucﬁﬁél t Sfitidg AAes di MENSI ON -
| ess than 52{9 nanog%Fers free-standing . a dopeé sem conduct or

with at |ea B%asrﬁawh & OYTNaBosERIE éetwemrashr belravméysmmlraﬁvesoo
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The device of claim 125, wherein the chip conprises separate and

I nterconnected circuits, at least one of the circuits not conprising a
doped sem conductor that is at |east one of the foll ow ng: A ;Fl g@ﬁ%
crystal, an el ongated aRd bul k- doped sem conductor that, at %1 F%p t al ong
its longitudinal axis, has a |argest cross-sectional dinension |ess than
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20  nanojunctions. The p-Si is doped with Boron. Fig. 25B shows current vs. voltage for

various gate voltages. The nanojunction shows good rectification at different gate
voltages. The El spectrum shown in Fig 25C shows light emission is about 380 nm and
470nm. A n-InP and p-Si nanojunction has good rectification.
To make highly integrated NW-based devices will ultimately require techniques to
25 alignand 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 atrays-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,



20 nanoneters. 135. The nmethod of claim 134, wherein the grown

sem conduct or has at |east one portion having a snmallest wdth of |ess than
10 nanoneters. 35 2 2 FEB 2005 112 136. The nmet hod of claim 135, wherein
the grown sem conductor has at |east one portion having & 3ggl ggg W dth of
| ess than 5 ters. 137. A nethod of growing a semc ctor. the
nmet hod coanpé%P’ﬁﬁ%an act of: 5 (A doping the sem conduc?‘gﬂgﬁfﬁqz?f‘g grow h
of the sem conductor, wherein the growa73em conductor is nmagnetic. 138. A
met hod of growi ng a sem_conductor, the nethod conprising an act of: (A)
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fabrication lines is of critical importance to the field and we believe augers well for the

immediate and longer-term advances. We believe that the broad range of NW materials
now available and the clearly defined ability to control their electronic properties will

15 make possible nanoscale LEDs that cover the entire visible and near infrared range (e.g.,
GalN NWs for blue color). Such nanoscale light sources might be useful in creating new
types of highly parallel optical sensors and for optical inter-connects in nanoelectronics.
Moreover, the assembly of doped NW building blocks clearly has great potential for
cfeating many other types of electronic devices and possibly even lasers.

20 InP N'Ws were synthesized using LCG. The LCG target typically consisted of
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.



nanoneters. 30 143. The net hod of claim 142, wherein the surface is a
substrate. 144. The nmethod of claim 142, further conprising an act of: (B)
prior to act (A), growing at |east one of the sem conductors by applying 35
energy to nol ecul es of al sem conductor and nol ecul es of a ZipFast205 2 2 FEB
2005 113 145. The nethod of claim 142, wherein act (A) conprises:
contacting &WiH%on conprising the one or nore seni con8GEUHIZEBY t he
surface. 5 146. The nmethod of claim 145 7further conprising: (B) aligning
one or nore of the sem conductors on the surface using an electric field.
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using an el eginkidh vhds ®clted, the excitation laser was shut off, and then the junction was forward

biased. EL images were taken with a liquid nitrogen cooled CCD camera, and EL spectra

were obtained by dispersing EL with a 150 line/mm grating in a 300 mm spectrometer.

15 Figs. 22A-22C illustrate doping and electrical transport of InP NWs. Fig. 22A
shows a typical FE-SEM image of Zn-doped InP NWs. Scale bar is 10 um. inset, lattice
resolved TEM image of one 26 nm diameter NW. The (111) lattice planes are visible
perpendicular to the wire axis. Scale bar is 10 nm. Figs. 22B and 22C show gate-
dependent I-V behavior for Te- and Zn-doped NWé, respectively. The insets in Figs. 22B

20  and 22C show the NW measured with two terminal Ni/In/Au contact electrodes. The scale

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

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

25 Figs. 23A-23D illustrate crossed NW junctions and electrical properties. Fig. 23A

- shows a FE-SEM image of a typical crossed NW device with Ni/In/Au contact electrodes.

The scale bar corresponds to 2 pm. The diameters of the NWs are 29 nm (A-C) and 40
nm (B-D); the diameters of the NWs used to make devices were in the range of 20-75 nm. -
Figs. 23B-23D show I-V behavior of n-n, p-p and p-n junctions, respectively. The curves

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

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




2 2 FEB 2005 114 153. The nmethod of claim 152, wherein act (B) conprises:
generating an electric held between at |east two el ectrodes; and
positioning one or nore of the sem conductors between the el ectrodes. S
154. A nmethod of generati.ng |ight, conprising an act of (A); gpplaggsng ener gy

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

Bottom-Up Assembly of Nanoscale Electronic Devices from Silicon Nanowires

Four types of important functional nanodevices have been created by rational

bottom-up assembly from p and n-type silicon nanowires (SINWs) with well controlled

30' dopant type and level, In all these devices, electrical transport measurements on
individual p and n-type SINWs suggested ohmic or nearly ohmic contact between SINWs
and leads. Significantly, four-probe measurements across pn junctions consisting of
crossed p-type and n-type SINWs showed current rectification behavior as expected for pn



nanonet er scale, conprising: producing at |east one first elenment of a
first doping type, orienting said first elenent in a first direction, and
connecting said first elenent to at | east one first contact t9&§ w an
el ectrical current to flom1through the first element. 10 182 @q r ocess

of claim1l her cé nprising: producing at |east on | ement of
a second dg‘%?ﬂ;élulgéfpe orienting said second elenent in 3’@@%@&%’9& rection

different fromthe first direction, enalfi4 ng an electrical contact between

the first elene t. and the second el enent connecting sajd second
el ement to &Hodp behayionfepnrossefiunctinnspere plgo %ﬂs?‘gﬂ?déﬁ creple binolar Bansistors. &t t o

flow bet Weemvmdhesoﬁamoitba@%lﬁ&@mt Q&Mlﬁr eésW/lE%r@d‘b@&&is of claim162,
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spaced-apart con t.her fQr an, FET. 30 166, The process of claim
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first e llg mapot construdf th€ %%gonb na%gcpelv% ne%d%tevmee %%s WItt these building blocks is

essential to nano science and technology. NTs have been tested as field effect transistors,

single electron transistors. The NT-N'W heterojunctions, NT intramolecular junctions and
-crossed junctions have also been demonstrated. However, the use of NTs in rational
assembly is limited by unpredictability of individual tube properties because the specific
20  growth of metallic and semiconductor NTs is not controllable and controlled doping of
semiconductor NTs is difficult.
Previously, we demonstrated the controlled doping of single crystal semiconductor
SiNWs, where the type of dopant (p-type and n-type) and the relative doping
concentration (from lightly to degenerately) were well controlled. These SiNWs, whose
25  properties are predictable and controllable, therefore provide the critical building blocks
for bottom-up assembly of active devices and device arrays. It is possible that the highly
dense SiNW device arrays can be formed by the directed assembly of chemical assembly,
for example, the specific peptide binding to semiconductor, DNA base matching
interaction, and/or the ligand-receptor interaction. To realize workable integrated devices,
30  understanding the electrical properties of individual bottom-up assembled active devices is
the prerequisite. Here we report the rational assembly of functional nanodevices from:
these SINWs with diameters from 20 to 50nm and the device electrical properties. And
we demonstrate that control of dopant type and doping level provides us the capability to



of an electric field or a fluid flow 10 169. The process of claim 168,
wherein the first elenent is suspended in the fluid flow 170. The process
of claim 161, wherein the first elenment is oriented by applying a
mechani cal tool. 15 |71. «The process of claim 161, wherei gfzt EE ond
el ement is suspended in the fluid flow 172. The process %i 161,
wher ei n t heWOLUER el enent is oriented by applying a mecHE PRS0l . 20
173. A sem conduct or device, conprising76a silicon substrate having an
array of metal contacts; a crossbar switch elenment forned in electrical
comuni cat i dfabridatemultiple fpesaf eleptzpnicdeviees. ot types of impdrigntfanrtiofala p-t ype

sem conduct A=Y : P‘qmgg oog&qje s O L.conduct or
nanow r e an%ﬁ%%%%@?&?ﬂgéﬁéﬁa rom'%tﬁ{es’% st %%%ﬂ%{ elﬁ glfs:posed
transver sel yliodes metecsreatedby canteotiphly eavehining SINy ofcvarying wandimiyner®pingher ei n t he
second bar |1sy paGESuRR ARk Wre el TR r Lokl SHAW jurdflonh?5. A et hod
for manufacturing a nan re sem conductor device conprising: positioning a
first nanowiElecttical enspont measagmerie on ederpngdunsiionsshowadthe eurgeottrestificaionbet ween
t he cont act s ; : o v QN 0 ] ot her
cont act poi Aricsis bR ABRGC O, He3REORgIRBT O b R O,
nanowi re serfiresseroRibiVbjunetiops todbipolarirapsistorgwhish rereglemonsineted teshayi commar or nor e
regi ons that ' | ; ufacturin
’ boR s Bl alinh Lge SAOMG, Mo s Ralbblln) e pa. ’

a light-emtting s,, the di ode having - ssion

wavel engt h deassesrehonsed qlgarly thejomtprivoliagednvesseo thejinnytvalisge with valtage gaimofioped
nanow r e lo/ . t | ctures on
a surf acg}, toﬁ% %ﬁ%&%ﬁﬁ?ﬁ?ﬁﬁm&g?@&oﬁmﬁ%&f% ﬁn?&m&%%%g&??@gnt hat

conpri ses trb@hwx@forwgﬂéuaéw@hggmfém L The e Ardn-type swere; and (B)

al i gni ng th%yﬁm i i ATo N ; k& R&Ed an
array of the el %r%ngggf% ;ﬁhf:}t ur egﬁhﬁgﬁ#%%‘%ﬁgw%%gﬁgfsgcl ai%@%%ﬁ@Mer ein
act (A) conpesisedcaalyisenoth RESINWE Msta] leads eqniact with StWeon doped silieon B)

conpri ses  algGyiaRGyith 6D0RH Shethal ¥RHIS wetABHRHIY eftbistlddmAfhdapaphierrkphi d f 1 ows
in the first direction to forma_first layer of arrayed structurées, and
wher ei n 45  pp and nn junctions were formed by crossing one p-type and one n-type, two p-type and

two n-type SINWS, respectively. The types of junctions were controlled by choosing the
types of SINWs used to create a given junction. A typical field emission scanning electron
microscopy (FE-SEM) image of cross junctions is shown in Fig. 27A, where the four
contact leads are labeled as 1,2, 3 and 4 for the convenience of discussion. Fig. 27B

20  shows current versus voltage (I-V) data on a pn crossed junction with diameters of p and
n-type SiNWs as small as 20.3 nm and 22.5 nm, respectively. Four-terminal measurements
across junction were performed by flowing current between two adjacent leads (e.g., leads
1-2 or leads 1-4, the positive current direction is from p to n-type SINW) and measuring
the voltage drop between the other two leads (e.g., leads 3-4 or leads 3-2). The I-V curve

"25  across junction (Fig. 27B curve 130) shows little current in reverse bias (negative bias in

~our setup) and very sharp current onset in forward bias (positive bias). In contrast, single p

(between leads 1-3) and n-type (between leads 2-4) SiNWs show linear I-V behavior (Fig.
27B curves 110 and 120, respectively), which suggests ohmic (not rectifying) contact
between SiNWs and leads. And thus this rectifying behavior must be caused by junction

30  itself. This behavior can be explained by the energy band diagrams of a pn junction diode.
The built-in potential barrier forms at the junction interface when p and n-type SINW
contact with each other, Electrons can not tunnel through the wide space charge region

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



the nethod further conprises: (C) changing a direction of the flow fromthe
first direction to a second 20 direction; and (D) repeating acts (A and
(B) in the second direction to forma second | ayer of arrayed structures.

| 80. The nethod of claim 179, conprising repeating acts (C) and SD) one or
nore times. 25 18| . The method of claiml79, wherein at 2eaBEB 08 r st

el ongat ed sMORHIHE fromthe first layer contacts at | eaRET/ESOseHNd

el ongated structure fromthe second arctgy. 182. The nmethod of claim 181,
wherein one of the first and second el ongated structures is 30 doped

seni conduct obiapdecmages the builtein gotertial barsiertayd thuslaege anotuliterf cafent éah FowaPig. second

I ted st t Lht ' hconduct ar, of a secagnd, conductivity type.
T63. The. ot Fiah TR SAR G R R b e epend R BB e 1 2 o Lype
and the second cdihdpand w-typg S]EI‘;?Wewblsdispquﬁptmm_onb@lam'dy.ghﬁgﬁdﬁb%%vga?% L84

d el A - NGELIL ON s )
The et hod apianedty shiliat fepoBfih. BpeuBioR ok B SIVR (s VRN B 1 at o

18S. The Hretfmstidepbsited entorthe 8ubstrath andathepasitonsef HNWsfwerd ﬂ;en’rddd)?ﬁﬂfr'em?t:toﬁ (O
t f [ f surface of the
substrat e t et Sloofif MUMRHELEE Ul Sholel SEVIE £ HABGHRE) . 1715
wherei n act deppsitedpamsithepasitionsefistosspd phiurtBans Wekrereomdddopp o:fnmj![u&'ti?nsb?eﬁe f
wh in th . r. r e nto e surface
WhiTe o1 Soblndoy Tbity B Bhene ST R of DR bR nlsffond . o
the met hod fweretsnresoidpd-i ses: (C) conditioning the surface with one or nore
f ' It t .S .e.e|l o t.ed structures to
part1 cul ' pos " hatealth bR e bABYOE ekl bR 1P OB B AU R PEC, | 1
the one or reome ofevasymmetiicdunnelingbagier atdhe jnnction intérfué are: (p)o The intrimsicusi ng E g)e

. ' oLy . af. .. ' erein act
conpr 1 seq. - ARl i in idhe MM cfiBtoll kel il S0 RRHEL " 150 (The
met hod of cllaveyauddbe roagpat firong eoupliyg bebgenipsied n-typervdietat tejugtientstillsur f ace
wth one or & Bk B Suilar pbidhial ifiedtEd A, fifis i LAy cibBELENE act (O

conprises: conditioning the Surface wth one or nore nag : . The
nmet hod of’ clTBFasRERents enpraad An jaetions) The singleiwirss (between leadsl-3, 2-4) in pp (Fig.

27C curves 110) and nn junctions (Fig. 27D curves 120) show linear or almost linear I-V
behavior suggesting good contact. Two terminal measurements (between leads1-2, 1-4, 2-

3, or 3-4) on pp (Fig. 27C curves 130) and nn (Fig. 27D curves 130) junctions show linear
and almost linear I-V. Comparing two-terminal measurement resistance across junctions to

20  single SiNW resistance, we find that the magnitude of junction resistance is similar to the

~ wire resistance, suggesting that the oxide doesn’t cause significant electron tunneling
barrier. (b) The measurements on 20 independent pn junctions showed consistent correct
rectifying behavior.
As the basic unit of most semiconductor devices, pn junctions provide the

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

30  left) or 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



conditioning the surface with one or nore light intensities. 30 |193. The
met hod of claim 188, wherein act (C) conprises: conditioning the surface
with one or nore functionalities that attract the one or nore el ongated
structures to particul ar positions on the surface using Q@&EREBaNY or ce. 2
2 FEB 2005 119 194. The nethod of claim 188, wherein act {&% ri ses:
condi t i oni ng® Y3 @urface with one or nmore functionaliti e ¥26388 r act the
one or nore el ongated structures to paff8<cul ar positions on the surface

using optical force, 195. The nethod of claim 188, wherein act (O
conpri ses: dighE @QPSQPTV@%W angresg epepitedin seramen base penfisurstion GigRBAI es t hat

attract the [ng. mg. mrlea%gamﬂn@%ropsiwap@m&@mﬂarﬁa Wm@j}ﬁbﬁdn\?\ﬂg r on the

surface using éelectrostatic force, 196. The nethod l'ai m ein

act (C) conprRpdges v %@M&#@qt@%@dw@%ﬂm&éf Whoﬁh@emdlmabsm%
functional i thimehial tRditivb matwadaﬁjueaﬁnyﬁaveeas&cﬂeezﬂg ][g%aqa%fo& Ul%h' 1o

particular positions on the surface using netic rorce I97 e net hod
of cl ai m7178yPe\iiIVewss ‘Is?ﬁeasr?@ﬁ%ﬂ’h-fl'ﬁ%ﬁéype@é Jectopto dohipolaydransisteri ng t he

surface to rnf'eaﬁi:éiﬁ'enw?h@éiﬁuatbas%esﬁk o G | Bi'dEer%ﬁx?e %le&ro& fayticular

positions on the surface met hod of claim1l erein act (O
conprises: CREIESIRy Whepdhacqllegiorbags (GBloeltegeds S@?"F’é&@ ZGEG@QQDSISFWQS met hod of

clai m 198, ﬁﬁt@d&ﬁ@&uﬂ@ﬁ%ﬂ&ﬁwﬁ@ﬁ&%@ﬁpﬁz&ﬁ‘oﬂﬁ%Gﬂa@ﬁiaseaggdoﬂﬂj'@v thod of
cl ai m 198, thep@ patterns are_steps. 20l . The od of
claiml 98, el Ieebpe Forrd hﬁ%ﬂ%féosaﬂ@aw&% Pweaers%glﬁ‘fmmmmmr ein 25
creati ngpp hléﬁﬁtf‘e@ban&ﬁﬂs@&lﬁ&ug%ﬂhéﬁb@e fUbdc-AaR CBIRIcH&ESpace Haf} régionshalwilt at ti ce
202, The nethod of claim 198, wherein the surface

steps of "th str
is a surfacge B‘ﬁP &tegE%EQ*Q?ER%WW@WWQ%PW&S BPiy on i inigated er ns on t he

surface comarebmﬁ frogbntiftérafd fok Sepeadsnly dhdlE-BhloRsde. PRI Wilarl§ tdeh pS-  203.
The net hod g, g I m 1 wherein creating physical patterns_on the surface
conprises: G% ,r.}ghere & collegtpycuprent goes high with the forward E-B voltage

while change slowly with C-B voltage which results from Early effect and the existence of

15 slowly increasing leakage current with reverse bias. This demonstrates the transistor
action: large current flow in a reverse biased collector junction can result from carriers
injected from a nearby emitter junction. When the (C-B) voltage is bellow zero, the
bipolar transistor works in saturation mode (Fig. 28C regime I), in which both E-B and C-
B junctions are forward biased. The collector current from emitter injection will be

20 compensated by the forward biased C-B current. So the collector current goes down with
fqrward C-B vbltage. The higher the forward bias on E-B, the higher the forward bias on
C-B needed to compensate the current to zero (Fig. 28C curve 1 to 4).

The n*pn bipolar transistors were fabricated by deposition and machanical
manipulation. First, p-type SiNWs were deposited from solution onto the substrate. In the

25  second step, the n* and n-type SINWs were attached to sharp STM tips and released onto
the p-type 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. (c)



120 204. The nethod of claim 203, wherein creating physical patterns on the
surface conprises: using inprinted patterns. 205. The nethod of claim 178,
wherein act (A) conprises controlling the flow of the flui d25FEBSi2NG a
channel . 206. The nmethod of claim 178, wherein at |east one of the

el ongated structures aré--sem conductors. 10 207. The nethod of claim 178,
wherei n at WOMAT6he of the el ongated structures are dopecisseweagnduct ors.
208. The nethod of claim 207, wherein at79I_east one of the el ongated
structures are bul kdoped sem conductors. 15 209. The nethod of claim 178,
wherein at | Fhesdpacethangé regivm betweeis base &l doflectord@pkigh sﬂﬁaﬁh@rts colRtel

sem conduct or,. .210, .The of., claim178 | east ,one of the
structures i SeRyaEias Tgate e‘ﬁﬁngo RIS RuSsEing ﬂé‘@ﬁ? 8’8&%@36?3@ R ipterfags  any

poi nt al ong ddwn’tmnglwwlgnfﬂcaralygwmchambardoaﬁgwdurmamﬁnﬁ@ﬁtgk pal di mensi on
| ess than 50 a 11 The ,met hod 78,. wherein at | east
one of the sﬁ'f"ﬂ%f’g ng ?nfslét(?rg Jﬁd’?ﬂrﬁv?iﬁgorﬁwq%j%ﬁwumbﬁﬂuctor with
at | east bnewp’dr td apprdaehﬂhagerﬁ)mmldf drtcomindicial ode ih edichitiatppied c5@on

nanonet ers. m 178, wherein at |east one of the
structures iS ac%Be%%ig%g%r%%%dr that is at | east one of the follow ng:
a single crystal Toaapritdrega@plmdnmabfﬂﬁéelbodaneﬂbaﬁdihg:lﬁlﬁddd(ﬁimglckﬂaﬁt,arﬂt any
poi nt al ong | 0Ss-segcti onal

di mensi on | e{gtsér{%% rtlgﬁl i%igy ‘giﬁa&%ﬁegﬁﬁgméféﬁhﬁ%&aﬂ@“&m YWoped

seni conduct osrealé 4 ¢pmpilenhantesy inperter pofotn ofe lightliy p@nda Kgtalylnedoiped $ibtWncrods. | ess

t han 500,na [ S.p0 Th d aof claim.,212 rej he doped

som condlit ofbesieapiadiriy orbaa S aNeg Guudicown i B ot ol g
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conpri ses a Sdindasalcuiatedss IoééiféﬂSIﬁPQﬁﬁVPMe gweupnc'ﬂwgams hgvenﬂlan thatgnt ype
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‘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 5to 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



15 fromGoup IV of the periodic table; a p-type dopant selected fromthe
group consisting of: Cand Si.; and an n-type i's selected fromthe group
consisting of: Si, Ge, Sn, S, Se and Te. 215. The nmethod of claim 212,
wherein the doped sem conductor is doped during growh of 20 t he

sem conductor. 216. A nethod of assenbling one or nore el @ &Be®%t r uct ures
on a surfac¥O®#ABFein one or nore of the el ongated strucPERBH1/26288 at | east
one of the followi ng: a single crystal ,.ggo el ongated and bul k- doped

sem conductor that, at any point along its |ongitudinal axis, 25 has a

| ar gest cr ospetemtiat bagieawhithrablows thamiabesititivameshdismatoclomiimtescondiRtiorand _
free-standi ng, @ﬂ-ge Pg+ ped sem conductor with at |east one portion having
a smal l est whdt t han 500 manoneters, and wherein the nethod
conprises acts of'Ihe(rdS)ﬂts:dnsdihed bere dgmaristeats the baitem-up tdsembly ofmubipledypes

nct onal 1 4 hgh oo ol 6P ) 9B1 S I o
el ongat eds st dapirtgleved Thy irslividuat davivgs thhw peedictabie hchaworelsmﬂ@laﬁoafb str g(lz't?ur _?_ﬁ to
the parti cul v y SncHt%c'lQ&uteQ lrh%ssoroc{m & dh | ona It g theé . e
met hod of cl &M ereln ac AR F‘@Fﬁnﬁ’b HEsSsur f ace
with one or fmctmnaiuiamﬂmees caﬁBerea&edeEBnﬁM)Essé:ﬂﬂy Bés&ted"ﬁﬁm efeetrizdidldf claim
216, oher o ook PR SR, SRR W B DG A o & ™1
condi ti oni ngnanhéemmawbﬂvaidWhmostmarmgme& M:recﬁrﬂﬂweihemm!ﬂ?ﬁ of
claim 21 [{B“ Ing the ,sur e one or
nore |i g?‘% i nt Iﬁ{snlﬁtul&ggmﬁ%m%g ﬁgﬁ%gﬁosgk TS| ?-R?l%@%?ﬂ:‘@;%‘fn# Bt (A
conpri ses: o@iﬁdmllsmdr!v@omgawntdmmesmmrfommﬁmmtranﬁstersf unctionalities that
U f ace st ng chape EBpeE SOW 5 iebtip debe b Nob e Bl o Roo R BRABTRE ot (A
conprises: 1BrallelWi dreapis. ﬁgﬂtphegﬁladﬁmenvﬁdlwumrﬁyldﬁndrﬁmmg‘sohmmmdaj| ties
a2t L 20 aohShE oftle I GGG} GG MGGty Par L cul ar positions
A5 Figs. 27A-27F illustrate crossed SINW junctions. Fig. 27A shows a typical FE-
SEM image of crossed NW junctions with Al/Au as contact leads. The scale bar is 2
pm.The diameters of NWs are in the range of 20 to 50nm. Figs. 27B-27D show I-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 éimultaneouly measuring the voltage
between lead 3 and 4 while the dashed line correponds to that by following current
between 1 and 4 and measuring voltage between 3 and 2. In Figs. 27C and 27D, the solid
25  lines are I-V dcross one pair of adjacent leads (1-2) and the dashed lines are those across
the other three pairs (1-4, 2-3, 3-4), Figs. 27E and 27F show the energy band diagrams of
a pn junction under forward bias and reverse bias, respectively.
Figs. 28A-28D illustrate n*pn crossed SINW bipolar transistors. Fig. 28A shows
the common base configuration schematics of an n*pn bipolar transistor in semiconductor
30  physics (left) and in crossed SiNW structure (right). The n’, p and n-type SiNWs function
as emitter, base and collector, respecﬁvely. 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.



223. The nethod of claim 216, wherein act (A) conprises: conditioning the
surface with one or nore functionalities that attract the one or 20 nore

el ongated structures to particular positions on the surface using

el ectrostatic force. 224. The nmethod of claim 216, wherepn ped 205)

conpri ses: &g)ngl%;l ?nl ng 'the surface with one or nore functionalities that
attract the %2 ore el ongated structures to parti cul BTH8¥2Mns on the
surface using magnetic force. 25 225. AS8tethod of assenbling a plurality of
el ongated structures on a surface, wherein one or nore of the eI ongat ed
structures aP8C ghowsasellecks suzmt ysrolleciirtbesa vieljagedekaviay Ir@otdle@gn &l n'pan

el ongat ed angaditds wsARRE? B KaSSINGTOI5Suinhipirt. c%I-vquy ﬁ&ﬁfg% ﬁ]tS’ﬂx% Its

| ongi tudi nal , axis, has a |argest cross-sectional ess than 500

nanonet ers, BFRAVISr &t %ﬁgrrb&w%geso dnth: Hut4¥. Begieng I geddl exsrscpacataskbyni t h at
| east one PORAsheLirANR xﬂm@ﬁ@é&t&aﬁon%d&&@icub@ﬁédé F@ékc %frﬁg ters, and

wherein the nethod conpri ses acts of A) depositing the y of
el ongat ed? st FhePsGpPERIH ‘l‘sﬁc‘t"FFé“&adt‘?Y%f@E@c grhase(vaitaget ectrical |y chargl ng the

ol ural ity of the o ﬁ%ﬁ%ﬂ%‘?ﬁtﬁf%ﬁ‘m@ﬁm& BERIH S 6 260

met hod of cl howissghsmal @ compleraentary iwertss staictuse nsemisendutoy S’bYSich &op)modor nore
el ongat ed st ﬂ:'dﬁfoﬁﬁéﬂ%yta%gﬁﬂj' 8dpell PRERS (U&f%m) 2ﬁ17boﬁa_ﬁ%cﬂgﬁfaﬁ§d fen&b eg)pg 26,

wherein the el H)[ostatlc orces cause thé two or nore el onga
}S

structures t e %é%%‘}d\l’é‘%e‘ilqﬂ@ersﬁﬁ?@eéa?@ﬂrwﬁagﬂsz@ckzﬁe net hod

of cl ai m;@27vol ithe Gthe e@m,fg ranmme RV S 08 HIrtEPiutpdetefniRa ?%g' &g array.
on a

229. A methogbé, assenpl i goz‘; 4% y of elongated structure

surface, whet @M oYRE V8 gf(Y B @%PB%@‘S%SW%@?J@FW@E&Z%ISI east
one of é het f ol ![I-ﬁ’\hq[uﬁ@s oﬂp-@pamlvemqhe/iﬁb@{er @ﬂvfi &rw%%hgsi;oaclm Ihrlhlsaﬂpgh%j | t
seni conduct or a al o ongi tudi nal  axis ar ges
cross- sect i ofii8 ?j—sr%%bi garq&é%ﬁﬁ%ﬁ@%@‘yr@‘?&ﬁpwmémﬂmaelferb@m%du ng and
bul k- doped skWibelnivibuasiddan bk tompslétely @aslétedata g@tervbnt@e oR OV Fig 260 BidwRSt Wi dth

fol t 500 t th d t f: 15
() i Spét oi MR ‘PRE-bREFsY Bra et iGaeb ol P TIREAIOH Dcped PLEBso! o

| i qui d phaseThed-¥ behaviar efindjvidial p BhdrlgeE SlNWé Réave been tested to be linear. The
inset in Fig. 29C spreads out the part of I-V curve showing NDR. Fig. 29D shows the
energy band diagrams of a crossed SINW tunnel diode. At reverse bias (e.g. at position 1
in Fig. 29C) , electrons can tunnel through the junction (left diagtam). At small forward
20  bias (e.g. at position 2 in Fig. 29C), electron tunneling is also permitted (middle diagram).
At further increased forward bias (e.g. at position 3 in Fig. 29C), electron tunneling is

forbidden (right diagram).

Controlled Placement of Nanowires on Surfaces

25 L 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.



(B) conpressing the Langmnuir-Blodgett film and (C) transferring the
conpressed Langnuir-Bl odgett filmonto a surface 20 230. The net hod of

claim 229, wherein the surface id the surface of a substrate. 231. A nethod
of assenbling a plurality of one or more el ongated struct # &$EBn2B surf ace,

wherei n at ne of the elongated structures are at t one of the
fol | ow ng: ‘gsgﬁﬁéﬁe crystal, an el ongated and bul k-dopeopcgréqs’lﬁoggﬁgcfuctor
that, at any point along its 25 longitugl-nal axis, has a |argest
cross-sectional dj nensi on |l ess than 500 manoneters, and a free-standing and
bul k- doped <enic Bepepsion flawed thrpygh asrrmadsanicioghann dwﬂmgna smal | est width

of less than ﬁ%dm@m@%lﬁbm@dﬁ%mwﬁw&t@?aﬂ&m@ﬂmﬁom” ses acts of: (A)

di spersing the gne or nore elongated structures Ih flexible matrix; (B)

stretching taFf%‘nWQﬂ‘ianhédi‘F&P‘?ll‘U@sWﬁShﬁ t}'ithé@ﬁmwh?&iefrﬂfbduce a shear force on
the 30 one QpuAMYEWRLONORDRL SdnigFds U Rsvel N g&w&&agba v%%d%neast one

elongated structure to align_ in the direction; ng the flexible
matri x; and Sefjow direqlgnsen the,§ibstrate wefateeast one aI i gned el ongat ed structure

to a surfacg 35B?§Qeratm9hé‘ﬂ‘6»hﬂlfbcﬁén,ﬁﬁ@dpgly%81ayewggﬂ o) é direction is

parallel to a plane of the surface The net hod of
clai m 231, WRSFRES nliple espsschamaut afdhe NW areays 1whih 16 snppesedid bl e matrix with

an el ectri C%Ehiénid@dkkﬁ)@ﬁarftQémmaﬁo@%thc-ﬁgﬂcéﬁm&he(ﬁouﬁhﬁ*sm 231, wherein act
(B) conpri ses: é%etchl ng the flexible matrix wth an optlcally I nduced

force. 235. 8The HEPHEHIRS the purfase, svgican ggt dhedVWs aligned Gpositionedimes: st r et chi ng

the flexigbl gertdid flace, thud fake iTBREBRICGLAY moRABSEE arBysR. 10 236. The met hod
of claim ZSéFYlwherel n act ( conprises: stretching the flexible matrix

with a magn@Y%8i | y-i nduced force.
~ Patterning process: L. a layer of PMMA was spin-coated on the substrate

surface, then use EBL (Electron Beam Lithdgraphy) to write pattern,
i.e. to selectively exposed Si surface which was later

15  chemically functionalized. (as in 2). II. Now we have the PMMA trenches,
the bottom of which is exposed Si surface covered with -NH2 SAM. When we
flow NW suspensions over these patterns, (as described in 4, 5, just the
surface in this case is patterned), the NWs will be directed into PMMA
trenches. At last we lift off the PMMA, together with the NWs stick on

20 PMMA surface. So only those stay on the bottom of the PMMA trenches left

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

layer assembly with different flow directions for sequential steps. Transport studies show



237. The nethod of claim 23], wherein the surface is a surface of a
substrate. 15 238. The nethod of claim 231, wherein the flexible matrix is
a polynmer. 239. A systemfor assenbling one or nore el ongated structures on
a surface, the system conprising: 20 neans for flowing a fb#i Fed

conprises the one or nore el ongated structures onto the sufface: and means
for aligni nf&%d&™8he or nore el ongated structures on thePSHP$OHE@% 0 form an
array of the elongated structures. 25 248. A systemfor assenbling one or
more el ongated structures on a surface, wherein one or, nore of the

el ongat ed st thaidhesressedpanoyire preays formrelecticaliyeonfusting nétworks, ivethdndivideally one of
the fol | ow nﬂidre@sa%ie’lﬁh%eﬁwtﬂn%{eacﬁ‘&o goarat ed and bul k- doped sem conduct or

that, at any point along its longitudi'nal axis, has a | argest
cross-sectional d¥arasesleanatarialssfor ¢xamplomrnaelnsers anstranowires (W), espresemtndi ng and
bul k- doped sgpi.GoOBMRER bloME for R | ving. | | est
w dth of |ess than SIOa%I%nanorrgfg&%%%%é%gﬁgﬁ@cﬁgnaz%gﬂeﬁﬁgﬁ S: neans
for conditi oitkidpversems fideraentahpnd poppnmie Himitatians p{ierovéntame litiographyHasedat t r act
the one or nRERab ARG Bbdstifdd YRR ditdenddtal hdnbiBkePRR 144 891‘?:&1‘3@ i he
surface, and neans for aligning the one or nore el ongat eJ SEPUcTUr es by
attracting t3¥ansas insudingthe assegvlynfamayn withardérextending fiem panotietsntoar posi ti ons
using the ongicRimeiRNgRRcled i oRBAL, e 88 mbly &o&-&iﬁﬁng&gﬁgb§5 241. A system
for assenbling a plurality of elongated structures on a Surface, wherein
one or nore W°$H?§“§F@H‘§Jﬁséﬁ”§@d@é‘tgbeﬂwombes ONTs), bassmet itk nofch ldse f ol | owi ng:
is at |eapt seRsshltioagh fhede!noairAl ofer Sk ShRnl Ytilting 31 @ﬁf‘@gﬁ&% d -
bul k- doped sem coi;ductor hat, ,at any point along I Fs fongl I nal axi s,
has a | ar gedf BRIosEeTWIRs epdphgtonifSnensi on | ess than 500 nanoneters, and a
free-standing an¢ohvﬁikwdmdst§ﬁalbﬁb%%ﬁkl®fwy\énhmtin{hgs%%hd 8Mé aPQE b On havi ng
a

a small est width_ of |ess than 50 ﬂometers, and wherein the system

n
conpri ses miapRteshpplogy il req ¢ Fratpliedand ipregictbleasssmpbitad avellordsesdur es ont o
the surf ace;stracitreSIEME fepbrOan SpREEH fof BletarchfcaPdssntbly 4D HHbdAGEreb ?h&’é&ﬂ uce
el ectrostatic,forces JdO Re.t\ﬁeen two or nore of the plurality of the
el ongatelf s tWﬁ iniﬁraﬁgge in tluid flows with the separation and spatial location readily controlled.
Crossed NW arrays were also prepared using layer-by-layer assembly with different flow

directions for sequential steps. Transport studies show that the crossed NW arrays form
electrically conducting networks, with individually addressablé device function at each
NW/NW cross point. This approach can be potentially used for organizing other 1D

20  nanostructures into highly integrated device arrays, and thus offers a general pathway for
bottom-up assembly of new electronic and photonic nanosystems.

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

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

A typical example of paralle! 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



242. A systemfor assenbling a plurality of elongated structures on a
surface, wherein one or nore of the elongated structures are at | east one
of the following: is at |east one of the following: a single crystal, an
el ongated and bul k- doped -senmi conductor that, at any 15 pobntrgegd Qg its

| ongi t udi nal axi has a | argest cross-sectional dinensi han 500
nangrreters,wgﬂé”iﬂfree-standigng and bul k- doped sem condtfgﬂg{sg@\ﬁ%f“% at | east
one portion having a smallest w dth of-$8%ss than 500 nanoneters, and
wherein the system conprises: mnmeans for di sgersi ngét he. one or_ nore

el ongat ed stexigad up toguidimeterdengthscalesy and:seem &9 befiny thegize 9f the fuidic

Langmui r - Bl Qglgfiels, fasédOn ePeriBdlTairied ofABRE SRmbASwith Ridudtaipile rrdth 96 get t

film and neans for transtferring the conpressed Langnuir-Bl odgett filmonto
a surface 2490 um anddengthsfiom 6:34@mpl ing a plurality of one or nore el ongated
structures on a S0 B\ Slviafipds SF SlpeiBnlo diiuRlNadaS BlhebiEHCt Ur es

are at |least one of the follow ng: single 25 cr al, an elongated and
bul k- doped deanlisomauiand pveragg sepagptlomefitha Wt Fiest, avefind that thedegrearfi nal axi s,

has a Iarge%hg&ﬁ%ism%hmhbymwraawﬁﬁmck%agtwm&aﬁﬁméﬁm@nd a

free-standi ng and bul k- doped_sem conductor w th | east one portion having

a smal | est tapgwir distdbiption, with supechigiaflavedisection(g.euinsetdiis 316k syst em

conpri ses: @Iﬁﬂﬁaﬁtﬁf naftbWR ofipasoh REhe ARtriRltiSDNiAhS heRlAlRerSifijfeldr €S in a
flexible matrix; 30 neans for stretching the flexible matrix 1n a direction

to produce &ouditiens sheysthatdh widd dsrreasey auirkieram ewrdewestilaw ralk rhre®/s; hat
causes t fe %dhﬁﬁéichéa%eﬁmwlﬁhﬁ%lﬁé EUTD Wi, mg.%hc?mtua hidhest Hlowated ON:

s
means for renovi'ng the flexible matrix; and nmeans tTor transferring the at
| east ane alexgmeg@m@ngadlesdm@termw/@ftthﬁ1§W§mefaae@slve@;niédgrﬁaf 05 126
244. An el e%wcﬁébﬁ&%s&?g@m} egseakd}éégq%stqaﬁeyé R GAMMUAL O S assenbl ed

together as a conponent of "the“electrica evi ce, the at | east four
seni conduct drameweriafisbeanfows Spesifisallypthe chanel; flow neasthe gpbatratpyarfeesst wi dt h of

| ess than SQQRBROURIEF fow WRLBh I N34 tHe TRk Ash bERIU RANAICL OF S have a
variation in dianeter of |ess Than 20% 5 245. The el ectrical device of

clai m 244, imewhilized onsthe substeates tHigksy flow astesspdnge latges sheardfosegs and hence
lead to better alignment.

In addition, the average NW surface coverage can be controlled by the flow
duration (Fig. 31D). Experiments carried out at constant flow rate show that the NW
density increases systematically with flow duration. In these experiments, a flow duration

20 of 30 min produced a density of ca. 250 NWs/100 pum or an average NW/NW separation
of ~400 nm. Extended deposition time can produce NW arrays with spacings on the order
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-tenninatéd monolayers or
bare SiO; surfaces. It is also important to recognize that the minimum separation of
aligned NWs 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



by a process of selecting a population of catalyst colloid particles having
a variation in diameter of less than 20% and grow ng the popul ation of

sem conductors catalytically fromthe catalyst colloid particles, thereby
producing the at |east four sem conductors 10 having a vara AEBd005 n _
di ameter of l|ess than 20% 246. The electrical device of claim 244, wherein
the device WREMLHES at | east one seni conductor conprisi rRET/usAl/l6eseri or core
conprising a first sem conductor; and 1§ one or nore exterior shells
exterior to the interior core, at |east one of the exterior shells

conpri si ng anzbirdsb@i@worldsaalﬁmi@xlto trzble atséeﬁxbtyi Wit gresidit eanelusquires thddhe The

| ectrical . m I el ast one o e. at |east four
ge(rancconduct (;ds%ﬁaggos&hns%gsg be deT rﬁhﬁavf ‘é{?ﬁdﬁ’é’?ﬁm g‘?ﬁ)bﬁﬁ@mﬂﬁe el ectrical
devi ce of clcammiemmmwdhmalnntbﬂamoab mmahmmmﬂ&ue&msua&s s.@dz ﬁgxseg hf rom
the group c f. N, ..Se, Te e

el ec'? ricgl 3&\% ﬁA) I@I%%‘FF F%presse"mngiwgfm‘?“ga@tgs ggr}gP%lr-PéV%ar allety N  our
25 sem cdndtmamwxﬂcbwmlpms&esammﬂmé of thosurfaée RbteRR Thade d’iﬁm conduct or s.

250. The el %%Llr #I]S‘ilg{e tﬁja?\ﬂlewggre ?Jeﬁréyg?ﬁlﬁéésevé% egealﬁ%] tgg)je]s E%nggb sglution is

sel ected fromt group consrs -C Si-Ce,
Si - Sn and G@hmcal@@ﬁmdiﬁoe:otedwhOWﬂwatheqlamdﬁ:q)aﬂémséaalorgaa&éthewg Rith at

. N-G oup N
sem conduot a7 B St B infGEh R0l BT RS winee ik oo Gy oup
N-Group N sa&ptprovideigaodrconteol of thy 113 BanostPuchré-EiRaridfibn. WaFenhBof Neandl ect ri cal
devi ce gfo C AW Eb? ‘léfﬁem\é@ GlbSt: s%ﬁovélselﬁsﬁa&g ct%{? %@Mﬁﬁ%@fg}’% Jooping,,
ZlerenctcflncgllCt ggﬂp&gﬂ@gcé%w&% dma@helahcmtrel Crousp of fluid ﬁkalpondsSt}Bg\lle ggnduct or
IGZN/SZLI%;:tGgis/gGaSb B%L:V%an? %&gg fbhggﬁed%sgmwgge cjer /%Iré\l/ Alg e of claim
244, wher ei Rombining Akis appreackywith pthersurfice patteriing metbedsi MMMaledommm ses an
al | Oy conpr E&hiﬂﬁoxﬁnmk'}@ﬁdl ré)indtséﬂlt&@o@nmcn Y Mﬂlécue]s‘, it gouﬂ%e

sem conductors_fromthe group consi
possible to generate \%ell-ordered NW arrays beyond the lumtatlons of conventional

lithography.

Our general approach can be used to organize NW's into more complex crossed
structures, which are critical for building dense nanodevice arrays, nsing the layer-by-layer
scheme illustrated in Fig. 31B. The formation of crossed and more complex structures

20 requires that the nanostructure-substrate interaction is sufficiently strong that sequential
~ 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 inavery straightforward, low cost, fast and scalable process. Although the separations
between individual NW’ 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



ALN A1P/ Al As/ Al Sh, GaN @GP/ GaAs/ GaSb, InN I nP/1nAs/InSh. 256. The

el ectrical device of claim244, wherein at | east one of the at |east four
sem conductors conprises a Goup II-Goup VI sem conductor. 15 257. The

el ectrical device of claiun 256, wherein the sem conductor o E? ed from
the group consisting of: Zn0/ZnS/ ZnSe/ ZnTe, CdS/ CdSe/ CdTe, {49 @@f&/ HgTe,
BeSBeSeBeTeYRIHRYse. 20 258. The el ectrical device of RGHYRO026398 wher ei n
at |least one of the at |east four sem cghductors conprises an alloy
conprising a conbination of two or nore Group |1 Goup VI sem conductors
from the gr mvpr assemblys thiswgetbdd is Zhe@ lithit&d W&&Iﬂaﬁcﬁﬂ&f@dﬁ@bﬁﬁ%&x nearby

HgS/ HgSe/ Hg I 259. Th ectr device of claim
244, wher ei -r%?eé: gtﬁeas%és %ﬁhe%%%% %ﬂg@ielqw"g Fn?"'%rﬂ?terggﬁ# 6‘?q§’r Pfses an
al | oy conpr iextensivedithagrdphy tt fabricatsfthenel€atrodgs fod asﬁammpot\ﬂulﬁ amad&&t or
selected fr n0/ ZnSiZnSe/ Zn S/ CdSe/ CdTe,
HgSBgSe/ ngm;%&ghwgp ﬂﬁ?ﬁﬁﬁgﬂﬁ%ﬁﬁ“&%@ ERAR II%P %GP%%PE" YdmpReeERdtict or

sel ect ed 5f r @lowhior the directeaizssemblyi cvfgemhetn&HBIE&Aplpx Sfthctirds/bsiipdy As/ Al Sb,

244, wher o NouoLg (dleled BB R h sl RN e Bl coe o
Group | V- G anpquilatessd triangla (fig33€) was Ssanbiidatin A@3ee-lapd defibition beuedce thhg cal

devi ce of clggé q! seI ct ed romt e group
consi sting lg mé%ggetgex%% @fﬂ%@éﬁ%@ﬁo&??ﬂg%ﬁ{% ? tiBpsovigire 062
The el ect ri @dlexiblewaydo meetdhereqniemants wivsamyi devine cdxﬁgmhhmandﬁdmb&osﬁ | east
four 5 sgm Q@gﬁgt‘&%ﬁb’? ‘iﬂé@ges‘la rgm% Group VI1 sem conductor. 263. The

el ectri cal e Icé of C erein tThe sem conductor is selected from
t he group consi sEI'pﬁgc 5¢1dmnbe @xedito alignBpspeidns oﬂ@ﬁucoﬁgﬁltqr NMWainto pgdllel 10 264.
The el ectr| 'aﬁ e RhR 4 | one of th | east

f our sem con rs %%%rl se&srmsgséé’%e%%da% n%m cfmfa?’%?ﬁe gtﬁroup

consi sti ng wteB@ddmﬁemmgmmcmmzhometo@gﬁﬁw CuSi ZP3,
(Cu, Ag) (Al ¢ icatidhs in't caﬁéﬁﬁg‘oférgﬁmp$%)o§s gét?glﬁqusﬁ- eA1203 (A, Ga,

In)2(S, Se, Te)3 and Al2C0 he e rical device of cIa|m244
wher ei n 74t | eastAbipogantfeature of thisdagler-byslayer assembly scheme is that each layer is

independent of the others, and thus a variety of homo- and hetero-junction configurations

can be obtained at each crossed point by simply changing the composition of the NW
suspension used for each step. For example, it should be possible to directly assemble and
subsequently address individual nanoscale devices using our approach with n-type and p-
20  type NWs and NTs, in which the NWs/NTs act as both the wiring and active device
- elements. A typical 2x2 crossbar array made of n-type InP N'Ws, in which all eightends .
of the NWs are connected by metal eleetrodes, 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-N'W
25  junctions to be assessed. The current-voltage (I-V) data recorded for each of the four cross
points exhibit lihear or nearly linear behavior (curves 200), and are consistent with
expectations for n-n type junctions. Because single NW/NW 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



sem conductors conprises a p-type dopant. 266. The el ectrical device of
claim 244, wherein at |east one of the at |east four sem conductors
conprises an n-type dopant from 20 267. The electrical device of claim
244, wherein at |east one of the at |east four sem conducprqr,sEgzqg@rises a
p-type dopant from Goup/ Il of the periodic table. 268. The electrical
device of cMWO¥123%2 wherein at | east one of the at | eastciusoi2éfes

sem conductors conprises an n-type dopang; from Goup V of the periodic
table. 269. The electrical device of claim244, wherein at | east one of the

at |east fourrgmmwitheootud bbths acsagerstmesion, @dbym&gagﬂmdﬁdﬁgﬁﬁﬁ@lwﬁtﬁ?m It he
evice Or Cclalm

group consi st of. B A and .30, 270.,  The el ectr,i cal C

244, wher ei nglél?agf atte Wgch&quf%tbﬁéps Plso,Rqssipls ip cantrg} Q?Bﬂé‘ﬁ’&'&%dd%’ﬁp‘f’? ses an
n-type dopanhawslemobstmited thmpossitilityroplapercdsyriayes hiserablg bf crbssed\indaiste Shinplex 2 2
FEB 2005 129 27 wherein at |'east one

cilq'; }he eLec%r'caI.dvice of ¢l aim?244, ein at |

of the at le B VETHEIBHIN fisrelon By qyeatial steps,and Raxe olfaines prelingineyy oup | |

of the pesi odisultssapgesting?Fa thiFipproaklecinrbe eRendde ¥ 1B n@iostedcBires, Rk as %&hegn the

p-type dopani;d. S;Seliect toma.group 5 consisting of: M, Zn, and Hg

D757 PThe ol olVip; Wa PSR B Ay Mty Rpfisensdrgnus iy s cbiimbon et WMo at

| east four semiNDhuildinghlecks bugpstiustases acqded fp SvirlEpmbdcohhe 4ot Rietidndl Of t he

periodic tablig,. ectrjical devi of claim273, wherein the
Siieeddnff ks colfiFerbE B roh G up Rt A e gt Bt &1 - 275, The

p-type dopant Ts ’se
el ectrical dueanotechnotogish.ai m 271, wherein the n-type dopant is selected from

dovi e oo i m Zrpfipsnithes sy vablumPoni 5 T oS Sl Culbopipmptigpand.
nanonet ers. @upfex DIfib carl tecighedleih patelldl emaysfusiag thie finiddvappidaeti.ei n the smal | est
242, wher ef n.t ho. 105yt 4 BTN Bh cs of e Bl Sichlhor A6V sdnlly, "
el ectrical dBigi & pweh cianned farmediwbereihn PDMVS motd wag bioughit di fontast wigssfldthan 80
nanomet ers. ZRarcl Ry SGA4Y bBELarf By Bwit AN filensti S1Se tad Surl™! | €1
15 witha 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 paralle] assembly of NW arrays. Figs. 31A and 31B are
20  SEM images of paralle] arrays of InP N'Ws aligned in channel flow. The scale bars
correspond to 2 pm and 50 pm in Figs. 31A and 31B, respectively. The silicon (SiOy/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 tl;_le substrates used in the following experiment were functionalized in a
similar way unless 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.



30 281. The electrical device of claim 244, wherein the snallest width is

| ess than 60 nanoneters. 282. The electrical device of claim?244, wherein
the smallest width is | ess than 40 35 nanoneters. 2 2 FEB 2005 130 283.
The el ectrical device of claim 244, wherein the snallest width is |l ess than
20 nanoneters. 5 284. The electri cal devi ce of claim 244, R kR 300bhe

smal | est V\Amo{??ess t han 10 nanoneters. 285. The el ect’(:"l‘/lj&lllzmau ce of
claim 244, wherein the smallest width iggl.ess than 5 nanoneters. 10 286.
The el ectrical device of claim 244, wherein at | east one of the at |east

f our semni conduct ofigs. B2A-SRDllstrete assatnbﬂytohﬁerﬁmclmvairaﬁn@lg?gﬁA!%cﬁ’ématnge at
| east one se din Ct i 287. _The el ectrical
devi ce of cl g?leﬁr]%gg%%s\%ﬁb%y}fwﬁw+£& '\[Th?'ﬁ%“ewgé‘ﬁsgﬁe%héhtr%%y 3ea8f t he 15
| engt h of t heorzesponil mmao-mmma@ésmfmajwmgmmmaxyhm cénéspmﬁg& eithBe
el ectrical in th | t section has a
ratio of t heﬁﬂyhgﬁe%m{t&ﬁ?{e se(%{l S ge P{?ﬁe ?8‘?1%(/\?%?% pthg@minorhan 10: 1. 20
289. The &l e'@rmm@ted regions @‘éhaﬁurfabalﬂngsZm andi32Cahow paralldl s bEidhmRtyssect i on
has a ratio to,a l.ongest width greater than
100: 1. 290. ”%eIB e‘lt rlgltgtaﬂ evi lgla?eg&%)ﬁ?%ds R5P ith SRR &Nt udi nal
section has sepwatidnoTh darbuegioaniytthe infagé fgresRad toaBsidiial BV GRS M greater
t han 1000: 1. ecirica of cl 244, vvher ein e
devi ce i ncl ugégngc?)hfsé’g ?%otﬁée S %te%%{j?g%&ﬁsdé‘%aﬁ Wi agp H’gfeéenéli%t al .
292. The el e%tttractm:lm axdmﬁ@mmatedcrbgmnn P PMMABKRipattcthed viBSHandi8 eRbtedne at
| east fouyy 3. .The el ectrigal device of
claim 244 ere| N a?bq#&%{pﬁg sﬁ@”ﬁtgz(? 2Sidice s functiopalissd dict or s i s
p- doped. zngnemmmwolmn@%%m@mheﬁanmanmm foflowéd 5/ B inafifog Wherein
at |l east one u em ond.u I s magnetic. 295. The
el ectrical dgelli-%%a&% %er cgrﬁ]sé@ﬁi%m . Bad 33§e’°§29ﬁ$‘@l€¥nd’%t or
conpri ses a 2Dzhows predlleharrdyb of Gﬁnwadm@OOhm%ﬂmioh%btmned using a patterned

SAM surface. The SiO,/Si surface was first functionalized with methyl-terminated SAM

15 by immersing in pure hexamethyldisilazane (HMDS) for 15 min at 50 °C, followed by 10

min at 110 °C. This surface was patterned by E-beam lithography to form an array of

parallel features with 500 nm period, followed by functionalization using APTES. The

scale bar corresponds to 500 nm.

Figs. 33A-33E illustrate layer-by-layer assembly and transport measurements of
20  crossed NW arrays. Figs. 33A and 33B show typical SEM images of crossed arrays of InP
NWs obtained in a two-step assembly process with orthogonal flow directions for the
sequential steps. Flow directions are highlighted by arrows in the images. Fig. 33C shows
an equilateral triangle of GaP NWs obtained in three-step assembly process, with 60°
angles between flow directions, which are indicated by numbered arrows. The scale bars
25  correspond to 500 nm in the three images. Fig. 33D shows an SEM image of a typical 2x2
cross array made by sequential assembly of n-type InP NWs using orthogonal flows.
Ni/In/Au contact electrodes, which were deposited by thermal evaporation, were patterned
by E-beam lithography, The NWs were briefly (3-5 s) etched in 6% HF solution to remove
the amorphous oxide outer layer prior to electrode deposition. The scale bar corresponds
30 to2pm. Fig. 33E shows representative IV curves from two-terminal measurements on a
2x2 crossed array. The curves 210 represent the I-V of four individual NWs (ad, bg, cf,

eh), and the curves 200 represent I-V across the four n-n crossed junctions (ab, cd, ef, gh). -



296. The electrical device of claim?294, wherein the at |east one

sem conductor is ferromagnetic. 10 297. The electrical device of claim 296,
wherein the at | east one sem conductor conprises a dopant that %ﬁ t he
sem conductor ferromagnetic. 298. The sem conductor of cl AhFh8 A erein

t he at Ieai& §ﬂﬁ’ 6szem' cohduct or conprises manganese. 15 299. An el ectri cal
devi ce compt P& HE™at | east four sem conductors assenbl edTH§HAEE as a
conponent of the electrical device, eac$p.0of the at |east four

sem conductors having a |ongitudinal axis such that, at any point along the
| ongi t udi nal axi ¥e haﬁ%dwﬂsgﬁ%ﬁréé effectizansigtorsaprojunations; Hight emission divalks,

di fon | , iy i | »
| mensi on | assoldr Radkisaits, ORPRARAEH InvelblS il %§h%f.aWe 05'@%11(%%(% %ﬁ%ﬂlgﬁ e made

sem conductors have a variati,on in dianeter ess ‘

by a procesdYRSF okspionduator deyigssiring pamawises. e follpwiingent pasentialsapkidatibnss havi ng
a variation in dignmetEhentiéal kBSiolbfiod sed@d@ and grow ng the popul ation of

sem conductors catalytically fromthe catalyst colloid particles, thereby
produci ng t he at @ easemgiyand eomRWiAGuct ors having a variation in di aneter

of less than 20%3)25 BfdbdettbiSr MdPelafitedRehidRietee Of claim 299, wherein the
devi ce i ncl udes | eagt one sepm conductor, conprising: an interior core
seﬁa’@

conprising a fir Hingdea wive thephotohenivnscesesn mopsrtiesr i or shel |'s exterior

to the interior r e, Siagle blR@fdn tAAGst@f the 30 exterior shells conprising a

di fferent mat erig _ttfn the first sem conductor. 301. The electrical device
ei n;

)

of claim299, wh 3¥E any point along the longitudinal axis of at |east
one of tipe at | e@yt fRHotovORdIE sodirdelzt Ors, a ratio of the length of the
section to a | ongest 'dtgﬁ?igfpngreat er than 4:1. 35 2 2 FEB 2005 132 302.
The el ectrical d®¥i ce” SPSERHIPTY sennipgpoRs microseopy pd pese-filedimegieg t he

| ongi t udi nal axi @) of Iamraismaﬁbleaﬂﬂeﬁbrﬂéb&oéﬁenﬁdﬁﬁ&fdbﬁ&éﬂic&%i@ﬁ%ﬁémt ors, a
rati o of the Iengﬁ %@t he section to | ongest width is greater than 10: 1.
a

5 303. The el ect. TROPRESt Wires dprfiapgelsgoniciisnd aptaclectioniss,y poi nt al ong t he
| ongi tudi nal axi @1pf Fempeatns seasves of the at | east four sem conductors, a
rati o of _the Ieng%ﬂ cij the section to a longest width is greater than

100: 1. 304. The ctPPEHF SgEP P ce of claim 299, wherein, at any point al ong
t he | ongi t udi nal (13xi Flow séhorat | east one of the at |east four

sem conductors, A&, ati%égg the length of the section to a longest width is
greater than 1000:"1. 1\§ M8 el ectrical device of claim299, wherein the
poi nt has a snal{l&st Simglk photamsemittdisandd&ectomnonet ers. 15 306. The el ectri cal

device of claimagP. sRNEtdhshiiPaddUftied Bnsfort Ry leiRin dnifllag oSS than 150
20 (17) Spintronics devices

(18)  Assembly of nanowires for 2D and 3D photonic bandgap materials

The following is a description of alternate techniqués 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)



307. The electrical device of claim?299, wherein the point has a snall est
width [ ess than 100 20 manoneters. 308. The el ectrical device of claim 299,
wherein the point has a smallest width | ess than 80 nmanonef¢r EEB 2805309. The
el ectrical device of claiwm 299, wherein the point has a snmallest width | ess
than 70 rran&g%bﬁs& 310. The el ectrical device of cl a| m 299, wherein the
poi nt has a I"'est wdth | ess than 60 nanoneters. ﬁmsﬂfg%qectrl cal
device of claim 299, wherein the point-bas a small est WI dth less than 40
manoneters. 312. The el ecirical device of claim299, wherein the point has
a smal | est vietvesn thegatterped-sufaceznd wires, mishaes 4. wire @estowgaaazaﬁed 483B3dik The

el ectrical dgyies’ (i,ﬁﬁé}hé@ld{féa’zé%e\@@@srtgwp gnegglt etfas a snallest width less

t han 10 nanoneters. 314. The el ectrical " devi ce Cl ai m 299, wherein the
poi nt has a snal IV@?F"“&\}]’GFW@"E% ?ﬁ&ﬁ%ﬁ%mms cagrbegonditignedvight r i cal

devi ce of C|diﬂéfér§%lecﬂté§7ﬁﬁteﬂal§ Q@dﬁﬁ&hp&afg% labigeht Aagl BRE d@@%nﬁf@ conduct or

conprising g single crystal 10 316. The electrica evice O I'm 299,
wher ei n the pesites (senby W&é@m&?e@l@éﬁtwncmﬁer@%mféélsbﬁhﬁm)themmbmampmhfped
317. The el grdsei cal device of claim 299, wherein the device includes at
| east one 1 S sem conductor that is p-doped. 20 2S 30 318. An el ectrical
devi ce conpri si ngS#8se ]zfétna‘?%‘ﬂlie@%%@ﬁd@@b@ﬁ@sﬁﬁ@ém&qum(e% a
conponent ofpylshep@iggct ri cal device, each of the at |east four

sem conduct ors h VI ng a variation in dianmeter of |less than 20% each of the
at least four se c¥bhecassepblod &y qemplepenary injeraetione Hlow isnssd &ir t he

fol I owi ngy &s@magdo@n&{mteamh@iboeéﬁ@ﬂ@dseﬂﬂéﬁgnﬁ?&%vﬁhﬂédta ?9‘5 t any point
along its |la l‘)?Eudl nal .axis s.a |l argest cross-sectiona nsi on | ess

than S00 na ajegtary,chemicals b %Hde!eﬁwam,mg@emmmcabn@rapmm plone havi ng a

smal | est wi damaxgﬁbeleaﬁmemﬂnase&uaasaaﬂﬁyemou SMRAEES Bniifgnonena produced by
a section of theNsem cond ewgggl hits a uantum confinenent caused by a
di mensi on of t heN&Ro{ies FAn é‘?‘ﬁgPtﬁ’é“’ Pajterns t Dengsit nagevvire solitioat or s ar e

nmade by a praretsstedk vﬁﬁhﬁ?ﬁéaﬂﬁa‘c@rﬂ@cﬁﬁbﬁ ﬁtshﬁ%e(é{e&ﬁ%teﬁéﬂéﬁetccm | ?Ihd part: Clt es
oan row ng the popul ation

havi ng a, variatign in dia | ess than 20
of sem cBnduct or S*ROXEESF r%&f?‘%f’gﬂ" gihegemergtsh 9Ps PrRlongthe | es,
t her eby proakamdheg t he at Ieast four sem conductors having a variation in

di aneter of |ess a&t % The ﬁxgctrl C deV| ce of claim 318, wherein
at |east one of }[)lﬁ' paj %%?an 6 firmed ‘r':W%t ilattiea pgar 8- and -t he

di mensi on otssehbleddibloelasdpolyner Stﬁpasp@-ﬁﬂpﬁﬁt@d phteris oMafly bthélpafiédiiys POI Nt al ong a
longi tudinal s ecﬁén%@wrgg mta}b Be assgem b?e%r{:y e?ecgostatlc or magnetic force between

20 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)
25 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.
30 The matrix can then be removed and the aligned nanowire arrays can be transferred to

desired substrate.



2 2 FEB 2005 134 320. The electrical device of claim3l9, wherein the

| ongi tudi nal section is capable of transporting electrical carriers wthout

scattering. 321. The electrical device of claim 320, wherein the

| ongi tudi nal section is:capable of 5 transporting electri Qg FEBragggers such

that the el %65@?2 carrters pass through the |ongitudinal section

bal listically. .~ The el ectrical device of claim 320, RAEUSI13R698e

| ongi tudi nal section is capable of trangperting electrical carriers such

that the electricgl carriers pass _ through the 10 | ongitudinal section

coherently. 323. grem the styctchig ofithe metsixshn be induned b9 mevitapical] electrial

| ongi t udi nal oftal, Magndtis fsred : a4 Lcal carrjers such

that the el ectbrﬁsircal QnGar ner Sig?gxegﬁ?t%_ pgoi a%(;zde‘%gld?e%ﬁ%mﬂﬁ'ﬂlgmeq & rical

devi ce of cl o9& nfherein the | ongitudinal section is capable of

transporting electrical carriers such that the spin-polarized electrical

carriers gass through the |ongitudinal section without I|osing spin

i nformati on. 325 HeiERg Ravedesqibedsomedljystrativsrembodiments ofthe invention alatniel

| ongi t udi nal beielii MBuldbe GHgRARAL B R ) fiel | I JiSsRapse to

excitation, wherein a wayel ength g?aﬂegqﬁeﬁktaﬂghc?ltPz?gﬁrféc}%gﬂr?%%g{"yzd to the

width. 326. B&V%@%“rl}%é&ﬂﬂ%ﬂia@&% beenpresentemovay fexasipte ¢ty Nmmerbengt h of

the enitted inb@fibatiof afd StREHilisBRNe ctBodiREntWhrd tWinindRe stére ofcl &6 &g,%gca'
nduc

devi ce corrprﬁikil'hn%ea regi on having at |east four semc ors t each
exhi bi t coheFEN 1T HhEre conermpleled as fafline atithinthe scopoefithsdains setdartt or s have a
vari ati ono i rbeldvaatparticolar, kRSchgh Rady c&'@%’exﬂﬁﬂe Edefilel nirBiG itﬁfo{\)egﬁe%: four

€ ulat

sem conductors .are made % a process of selec mg a(gop oT cat al yst
col | oi d par tS°RIPIRELARAAT Metiiod acts or.system elepents) itshavid be andsfstdod shat thheerac®0% and
growi ng t he fdphisetlemBntdnad BERMHIIG AES v t%laanﬁﬁikﬂ%egmb%eg vegat al yst

n

colloid partjgle t her rqducing the at |east ‘four semc uctors
havi ng a var‘#‘%f’i%ﬂlef‘% aﬁ‘?%ﬁ@f)eé lswseaeglg 13 eppRectiongvith pge embedimentofa cal devi ce
conpri si ng aystegiopmethoil eRGotihteh®d $d b Xuludsemirt @ Sehiat QfeSn biagt each 35

exhi bi t l[listi,c tra ort erein the at | east four sem conductors have
a vari at ?‘%n elmrs1°°dm§n§' I%Sﬁghef’igr tgg@ed’? Qe Rsangyplup-funtion limitations recited inther ei n t he

at IleaS_t f ofpllewing cloingythe ﬂeﬁqsglfﬁmﬂﬁ_fkﬂ?&mo Be m@@@%é&hﬁ@b@&&#@ﬂeﬁm f
popu atlong{? . col. artic esnglgln a variation In dianeter o
| ess than 2 %%ﬁ“&%ﬁ%ﬂ&“ﬁ@“b‘@ﬂdﬁﬁﬁ%ﬂe X?e‘%l"%rdﬁéﬁ%? Yp<quizelentytical | y
from the catmdaysknavo haow or lptar develbyed, fof efoabing Me@eiied Rticidae at | east four
sem conduct ors h%a?ﬂc?ajﬂ?ii§~ati on in dianmeter of less than 20% 329. An

el ectrical device, conprisitig a region having at |east four sem conductors
t hat each exhibit Luttinger liquid behavior, wherein the at |east four
sem conductors have a variation in dianeter of |ess than 20% and wherein
the at | east four sem conductors are 10 made by a process of selecting a
popul ati on of catalyst colloid particles having a variation in dianmeter of
| ess than 20% and grow ng the popul ati on of sem conductors catalytically
fromthe catalyst colloid particles, thereby producing the at |east four
sem conductors having a variation in dianmeter of |ess than 20% 15 330.
(Currently Amended) An electrical device conprising at |east four doped
sem conductors assenbl ed together as a conponent of the electrical device,
the at | east four doped sem conductors having a variation in dianmeter of

| ess than 20% wherein each of the at |east four doped sem conductors is

i ndependently at |east one of the followng: a single crystal, an el ongated
sem conductor that, at any point along its




20 longi tudi nal axis, has a |argest cross-sectional dinmension |ess than 500
nanoneters, and a sem conductor wth at |east one portion having a snall est
width of Iess than 500 nanoneters, wherein the at |east four seniconductors
are made by a process of selectlng a popul ati on of catalyst c&?IF&Bd2005
particles having a variation in dianmeteap of |ess than 20% and grow ng the
popul ati on of sem conductors catalytically fromthe catalyst colloid 25
particles, thereby producing the at Iéﬁg%%gcnw sem conductors having a
variation in diameter of less than 2 The el ectrical device of claim
330, wherein a first of the at |east four doped sem conductors exhibits
quant um copfi ne stahdin

sem conduc?or S Nngﬂrglf' [S)ul atggaslﬁ? ﬁfek%pggnstetnm%ggt{r? O!rg&ﬁésm n%lé legﬁgﬁfpm%@on ha?&%? The
el ectrical devivrelleft width phlessghan SRR aanemeters; Wh@alstthetsmlcgmdupmcmprisesa@t f our
doped sem cond Ve t 2 FEB
Po0e 136 5ga TRl ShficlrBARIeER £ e gg?%p\elgﬁ&uﬁgg}rﬂgg S e a2 PO
| east two bul k-4¥pey- sermi conductors is of a first conductivity type, and a
second of the at |east two bul kdoped sem conductors is of a second
conductivity ty Ke 5 334. The electrical device of claim 333, wherein the
first condlicti viiipe-sigpding andpuligdsped semirondustos eeranrisingypleas Pnecpsmihndieviog 8y t ype
is p-type. 335.gnlingst i@k bf Feééefilancg@yh%nfafersclvﬁérgfh%%%emweg%gfop%%ngﬁl &, | east
two bul k-doped sem conductors form a n junction devi ce of

cl ai mH¥30, wherwfigsel Wé’“d’é\?ﬁe@émﬂrﬁémlfé@gc@ts | east one semi conductor that is
el ongated. 337. The device of claim 330, wherein the device includes at

| east one senlconductor 15 conprising a single crystal. 338. The device of
cl ai m 330, 3-wher Bierfemisendneior ekelgime whergin he sp‘gcb@ﬂut@n@ sslepfed o st asoup
conprising: an doRkigingQF: K-0f B-PeRPRE-§i §9C,&ilde! SitspficGe@duct or; and 20 an
exterior shell conprising a differenf nmaterial than the first

sem conductor. 339. The electrical device of claim330, wherein the

el ectrisxal 4.devi £&c690Rdih i I | ai m
330, wherein the eIectr|%ﬁ?tﬁ%&#@%ﬁggﬁgﬁggggagmﬂk g%fk%@h%ﬂ&%ﬁ#ﬁm9$gg

el ectrical devitrallest width phless3len SRR apnomstersh whespia therserigondietor eampgisew i ses a

LightEm tting. Gédp ﬁhﬁoﬂmgﬁl[cggducg@w ce of claim 330, wherein the
el ectrical device corrprl ses a tunnel 30 diode. 343. The el ectrical device

of claim 330, wherein the electrical device conprises a Schottky di ode. 2
2 FEB 20055, The semiconductor of claim 4, wherein the Group IV-Group IV semiconductor is SiC.
20
6. A free-standing and bulk-doped semiconductor comprising at least one portion having a

smallest width of less than 500 nanometers, wherein the semiconductor comprises a

Group III-Group V semiconductor.

25 7. The semiconductor of claim 6, wherein the Group III-Group V semiconductor is

selected from the group consisting of: BN/BP/BAs, AIN/AIP/AlAs/AlSb,
GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb.

8. A free-standing and bulk-doped semiconductor comprising at least one portion having a
30 smallest width of less than 500 nanometers, wherein the semiconductor comprises an
alloy comprising a combination of two or more Group III-Group V semiconductors
from the group consisting of: BN/BP/BAs, AIN/AIP/AlAs/AlSb, GaN/GaP/GaAs/GaSb,
InN/InP/InAs/InSb.



137 344. The electrical device of claim 343, wherein the transistor
conprises a Bipolar Junction Transistor. 345. The el ectrical device of
claim 343, wherein the transistor conprises a Field Effect 59 T{pgglzg(jsor.
346. The el ectrical device of claim330, wherein the electrical device
conprises an inverter. 347. The electrigpl device of claim 346, wherein the
inverter is a conplinentary inverter. 10 348. The electrical device of

cl ai m 330, g wher gi t 349.
The electr?cal gé@?%%ﬁ%ﬁiﬁﬁgphl ag&%h%@%ln tﬁ %?E%?F?§§+§§%$§§§§§énpr.ses
a sensor for 15S%He$iﬁé¢t§19616883§@1 50 manogletees, Wherain thtsseinipendictor bemprisg30,
wherein the anagyhg nlGrofp Piemidmbunctg’e €l ectrical device of claim 330,
wherein the el ectrical device conprises a nenory 20 device. 352. The

el ectrical device of claim351, wherein the nenory device is a dynamc

menory glevige. 2R Smdondldfr 6f cﬁaﬁ;nrg GRbrefd Gt s@ﬁlcQEﬁIQ oft s@:lgégd fr(?)‘g| g{e%}' gt he

rrem)ry device is a static nenory devi ce. ectrica of

cl ai m 330, wher@nﬁstt%@fel%lw%raﬂe/@@w%/%n@%égséms@gwe 30 355. The

el ectrical devi g&/RisemeaeMaMheseherein the electrical device conprises a
logic gate. 356. The electrlcaF device of claim 355, wherein the |ogic gate

is an AND gate. 357. The electrical device of claim 355 wherein the |ogic

t ND nga 0 i | f
I R L NPT 1

el ect rikal devu%alsﬁft“éq‘thp e% nf\%ém@mﬁt@rm@hﬂ@guﬂ@sgmtcendustoac@rgestae 5 360.
The el ectrical gRYic6@Rping™d mé@&w&@%ﬁh\,\ﬂer 'IP@k&P%tssnfcé%dﬂct’éQ? gat e.

361. The electrical device of clalm 355 ogi C e Is an
EXCLUSI VE- OR galffem the@rapzonsisiiag ef: @a@ﬁn&@nsdéﬂee Sdﬁfﬁdw@m, S/ngc{élg& n the
el ectrical devi g&/BEEdIeARsAMb@L ch. 363. The electrical device of claim
330, wherein the electrical device conprises a register. 364. The

el ectrical device of claim330, wherein the electrical device conprises

clock 55 ciz cui Afe si3Rding aid®ulklRpLd dehRlondlRWr E6mHsinglaRichd: ggcopor%q{agikg athe
el ectrical device conprises a logic array.
smallest width of less than 500 nanometets, wherein the semiconductor comprises an

alloy comprising a combination of a Group II-Group VI semiconductors from the
group consisting of: ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe,
BeS/BeSe/BeTe/MgS/MgSe and a Group III-Group V semiconductors from the group

20 consisting of: BN/BP/BAs, AIN/AIP/AlAs/AlSb, GaN/GaP/GaAs/GaSb,
InN/InP/InAs/InSb.

13. A free-standing and bulk-doped semiconductor comprising at least one portion having a
smallest width of less than 500 nanometers, wherein the semiconductor comprises a

25 Group IV-Group VI semiconductor.

14. The semiconductor of claim 13, wherein the semiconductor is selected from the group

consisting of: GeS, GeSe, GeTe, SnS, SnSe, SnTe, PbO, PbS, PbSe, PbTe

30 15, A free-standing and bulk-doped semiconductor comprising at least one portion having a
smallest width of less than 500 nanometers, wherein the semiconductor comprises a

Group I-Group VII semiconductor.

16. The semiconductor of claim 15, wherein the semiconductor is selected from the group

35 consisting of: CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl.



20 366. The el ectrical device of claim 330, wherein the electrical device
conprises a state machine. 367. The electrical device of claim330, wherein
the electrical device conprises a programable circuit. 25 368. The

el ectrical device of claim330, wherein the electrical devicé2ckkp2iBes an
anplifier. 369. The electrical device aofg claim330, wherein the electrical
device conprises a transforner. 30 370. The electrical device of claim 330,
wherein the el ectrical device conprises a signal processor. 371. The

el ectrical device of claim330, wherein the electrical device conprises a
di gi tal 351%i r chiftee-standingardpmlioddped eBdcopdRtor Toraprésingcit epg ahe phetiordaviag acl ai m
330, wherein th il V] GROTRE ! ' it..5 373. The
el ectrical devi %g@%?%%?tg?ﬁ!e%s 0, é\;(\)ﬁgr el n[e%igﬁ%@gé%gﬁgmﬁgwg%&%g%ari ses a

| i ght emi ssi on ssgugoagucta peecterhizone the graup cerlsisties/ofc BeSiN,, €26NmMZ3GEP,, wher ei n t he

LS 551 SRUIGE 05 I iyl EINBEL RS ERA AR

sem conductor if the sem conductor ha t han t he
shortest w dt h GesNarfl-(otAl G I0i(St freTelearidAséct or . 375. The el ectri cal
device of claim 330, wherein the electrical device conprises a

phot ol um nescent device. 15 376. The el ectrical device of claim 330,

wher ei n t h- el edtiep-sandiggariddulkedompd semicondystas ceraprispigatiens sueprrtiachavinga 377.

h | cal . _ . ) . . .
The el ectrica Qﬁ\ﬂgﬁe«vl&ﬁ of“:ile?s' HAnS%0 na evfe?é Qh%rplglt}gél s?nﬁ%é%@%g%rﬁgst%gnpr I S€s

arectjfier. 20 378. The electrica Icé o

el ectrital devi wpe dapapselseted fiom thstesuip soesistiByof: ATdra Inl ect ri cal devi ce of
claim 330, wherein the electrical device conprises a p-n solar cell. 25
380. The el ectrical device of claim 330, wherein the electrical device

conpri ses K- phobdice-sianding #rd bulkaiopedriemiashdustar comprisie\at teest ofie pirginrhagidga

wherein the el egldifeqqidi 8¥ eGS0 hhdfRteds, ¥hidh 830 LARsd Stor -
382. The el ectrical device of claim %g%,e_ wher g‘%nn t ﬁ@tcgﬁ%%&plc%%qar@%e@ince
conprises a si ngPedopagtselactedriren ghe groupzommisimBof? 89 8nd Sb.
15
20. A free-standing and bulk-doped semiconductor comprising at least one portion having a
smallest width of less than 500 nanometers, wherein the semiconductor comprises a p-

type dopant from Group II of the periodic table.

20 21. The semiconductor of claim 20, wherein the p-type dopant is selected from the group
consisting of: Mg, Zn, Cd and Hg.

22. A free-standing and bulk-doped semiconductor comprising at least one portion having a
smallest width of less than 500 nanometers, wherein the semiconductor comprises a p-
25 type dopant from Group IV of the periodic table.
23. The semiconductor of claim 22, wherein the p-type dopant is selected from the group

consisting of C and Si.

30 24, The semiconductor of claim 20, wherein the semiconductor comprises an n-type dopant

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

25, A free-standing and bulk-doped semiconductor comprising at least one portion having a
smallest width of less than 500 nanometers, wherein the smallest width is less than 60

35 nanometers.



140 383. The el ectrical device of claim330, wherein the electrical device
conprises a single photon detector. 384. The electrical device of claim
330, wherein the electrical device conprises a spintronic 5 device. 385.
The el ectrical device of claim330, wherein the electrical dgy EEB @gpri ses
an ultrasharp tip for atomc force mcrgscope. 10 386. The el ectrical

devi ce of claim 330, wherein the electrical device conprises a scanning
tunneling mcroscope. 387. The electrical device of claim wherein the

el ectrical device conprises a field em ssion device 15 388. The el ectrical
devi ce of 2 ai nThegemicendnctonef dhimc2Sy whatin tesimekestwitfr is esthan 40 nanometers.

phot ol um nescence tag 389. The electrical device of claim wherein the

el ectrical device conprises a photovoltaic 20 device. 390. The el ectrical
devi ce of 2l ai nThesemicenductonef diemc6r whertin thesinglestwidpr is desthph2( mnowettand gap
materi g s. 25 391. The electrical device of claim330, wherein the

el ectrical device conprises a scanning near field optical mcroscope tips.
392. The el&ect r Thesemitendustor of claimaA7nwBaein thetsembdshwidtels tsethen 1 Cmhometeorsce
conprises a circuit that has digital and anal og conponents. 30 393. The

el ectrical device of claim 330, wherein the electrical device conprises
anot her se?fl. contlircsemicondngtor pEclaing8t whereih the smellgst widtlt is leas thhreSsanometersof t he
at | east four doped sem conductors. c 2 FEB 2005 141 394. The el ectrical
device of claim 330, wherein the electrical device conprises another

sem coHtucitr t Adieeistendipg dnsldiullydopedispiméandusta cothprisitg adteast ofie pdrdoretiavingast

four doped sen‘i&,‘%mg& . ctrical ice,of claim,394,
wherei n the anot her g‘éﬁlﬁgglﬁ%l}c%o%rooggg&% 3% %ﬁﬁ %%fg%é}éfdsgéﬁcimé%uﬁ%ﬂ%:Steoorng%:t?) rising
at | east one posnditmatfrastiongpertigmiglall@wgitudinad sdetiof hds e satiotdishe 166 ofalwonet er s.
396. The el ectrigcal, {8Vl - j oowherein the electrical device
conpri ses anot hgr 1not sednl%%gséggddl}g%%%tg%t %toloioghnngneti cally coupled to at |east
one of the at |east four doped sem conductors. 397. The electrical device
of ¢l aig 396, VRRY RhbohdlRiaRBPUNRY 305 SH-GRBIYGHRaihdl BB . FAREH e
sem conductor conprising at |east odne por i OfF havi ng a smnal est "Wi dth of
| ess than 500 1Bngthnabiesestien toadengestiwadte Erater thaal008dvi ce of cl ai m 330,
wherein the device conprises anot her sem conduct or

32, A free-standing and bulk-doped semiconductor comprising at least one portion having a

smallest width of less than 500 nanometers, wherein the semiconductor is magnetic.

20
33, The semiconductor of claim 32, wherein the semiconductor comprises a dopant making
the semiconductor magnetic.
34. The semiconductor of claim 32, wherein the semiconductor is ferromagnetic.
25
3s. The semiconductor of claim 34, wherein the semiconductor comprises a dopant that
makes the semiconductor ferromagnetic.
36. The semiconductor of claim 35, wherein the semiconductor comprises manganese.
30

37. An elongated and bulk-doped semiconductor that, at any point along its longitudinal
axis, has a largest cross-sectional dimension less than 500 nanometers, wherein, at any
point along the longitudinal axis of the semiconductor, a ratio of the length of the

section to a longest width is greater than 100:1.
35



t hat physically contacts at |east one of the at |east four doped

sem conductors. 20 399. The electrical device of claim396, wherein the
anot her sem conductor is at |east one of the followi ng: a si 3% e C%Q%t al ,
an el ongated and bul k- doped sem conductor that, at any point

| ongi tudi nal axis, has a |argest cross-ggctional dinmension Iess than 500
nanoneters, and a free- standi ng and bul k- doped sem conductor wth at | east
one porti ogy havi h nano 400.
The el ect rlﬂgcal Elg%egnec%o %%cl%% w%elhe?%ls{rﬂ) ﬁgg hF ?‘% 54 Iea\llimf:lseoélr'ﬁcI udes
at | east one semmdmroﬂfratlhafthc bngtbubﬂheebctl@ntaraleigestt\mdthaslgr@mﬂant. 401.
The el ectrical gggijce of claim330, wherein the electrical device includes
at | east one 30 seni conductor that is coupled to an optical contact. 402.
The el ectrical device of claim330, wherein the electrical device includes
at leas§ o se t a

SFBos 143 403 Gpene Al phitabpdyenRtnbe b, & HERRR g Bihana
conduct i vity of axg hisadengess rosofectidnel dimensiondess ﬂ‘@m 5005mmctmduwmmxsthbs
controllable i anlﬂ?lQQﬁﬁﬁalfe& vﬁdtﬁ'l&é‘t%lan 6 Q4 omdids device of claim 403, wherein
t he conductivit |’ east one sem conductor is 5 controllable to
have any val ue V\Athl n a range of values. 405. The device of claim 403,
wherei n t hg at C en r nore
States, 107106, g yeneR? Bl ABREWEh e ekt A I EIAPLIB0E R 8

seni colfiuct or | eenemptEIsShabl e bet ween a conducting state and an |nsul ating
state by the signal. 407. The device of claim405 wherein two or nore
states of the at |east one sem conductor are maintainable wthout an

appl i ed si#nal . Thessemgndurips ofiedaimcAd, whereih dhierpoin0Bas awmelest widtthlessaimact i vity
of the at |east, QRgeseM conductor is controllable in response to an

el ectrical signal. 409. The device of claim403, wherein the conductivity
of the at |east one sem conductor is 20 controllable in response to an
opticajs si gnal . Telfmichhcle ¥t G8m1 &’il }}%gyg tme{lrs%lapes w1edth sscHiICtl vity of
the at | east one sem conguct or 1s ton I'n response 9 n’ggnetl o
signal. 25 411.napwetgsvi ce of cl ai m403, V\/nerel n the conducti vi ty of the at
| east one sem conductor is controllable in response to a signal of a gate
term nal .

43, The semiconductor of claim 42, wherein the point has a smallest width less than 5
nanometers.
20
44, A bulk-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 semiconductor with at least one portion having a smallest width of less
25 than 500 nanometers, wherein a phenomena produced by a section of the bulk-doped

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

45. The semiconductor of claim 44, wherein the semiconductor is elongated and the

dimension is a width at any point along a longitudinal section of the semiconductor.
30

46. The semiconductor of claim 45, wherein the longitudinal section is capable of

transporting electrical carriers without scattering.



41 2. The device of claim 411, wherein the gate termnal is not in physical
contact with the at | east one sem conductor. 30 413. The device of claim
330, wherein at least two of the at |east four doped sem condR@trREEs 2fp9r m an
array, and at |east one of the sem conductors in the array is at |east one
of the followng: a single crystal, an ¢} ongated and bul k-doped

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

cross-sectjpnal %Egb% n meters, and
a free- Stalll’l’gl ng an P@J}cﬂg%ﬁ al&% ‘(’:Vg% e%o%ﬁ%ﬁal%%c@? ?pa(@%e%?portl on
having a smal | eE%nSWrmmelwmab@srlqrmm @@ﬂhmdmmet nrders msmhmﬁbbtmlew ce of
claim413, merﬁhé’it&dﬂ%l égﬁ&%ahﬁtl&ﬁyordered array. 415. The device of claim

413, wherein said array Is not an ordered array. 41 6. The device of claim
330, wherein the device conprises two or nore separate and interconnected

circuits, a | e@ﬁetseﬁl%n&l]fct& Bteclﬁinr A8y éelﬁ%l&%?m&haﬁ 's%oﬁlsqg]pal%g ot0

sem conductor that 1s at |east one o a si e crystal, an
el ongat ed and bUTRPABRElectio] ooirtuerlbthatthelcctrigal @nyerpmshﬁxrcalgbﬁg its

I'ongi tudi nal  axjodginlafa] @clid BRaéntly’ 0SS-sectional dinmension |ess than 500
nanoneters, and a free-standing and bul k-doped sem conductor with at | east
one portion having a snmallest width of |Iess than 500 nanoneters. 15 417.

The devi cespf cipd gzhﬁ%ﬁducvmma914sh$h&§}{hfeqodr%ﬁﬁg}igéﬂans&s%gpaﬁﬁ%?' p_having

one or_ nore pinouts devite o er ei e chi

conpri Kbs separ @ansparies ¢lestrigatbesmmiracuelithpChe ¢letnidat earricas ark epis-polarized of t he
circuits not conprising a doped sem conductor that is at |east one of the
follow ng: a single crystal, an el ongated and bul k-doped sem conduct or
that, at atfy pofkfseaicondctor of elaimcfi% wg?rﬁalthedmgﬁudlmdswaom Brcgreble of

cross-sectional g fhas é?&njlc‘gﬁ&n'ﬁé?ﬁaﬁcﬁﬂlgtt 18tiz3d ¢l @&gca?cgnrl&ﬁgfs% andi ng and

bul k- doped sem conductor wth at st one p t| on havin est width
of |ess than 50Wrevghwdengitydinal stipmpitiousiesing wpnA(ntfqrmaw@aF Au3. A . AF. A;
r.A9N. /5 . A F. Au3. As . A9; . A A ;F. A& A&uY.A9a3. A9. Au . A

CA(F. Al AF. A AF. A&Yl . A A A&9. A" . AN. A8 ALN3. A9(F. AE . A9. AON. AL

. AZL. AQF. ABly. A Rhesemisrnductr aBelaim 46 whcrelALherrmﬁudlnamtcnmg1sAapab1@ ofi@miting

. Asas. AF. AY. A. Aﬁght £ XAHJ%HS%F!) exd‘ﬁtw%, &ﬁéelﬁ‘fwa%gﬁi d%‘ﬂégéﬁutté%qwht fA‘Ii’elfaﬁé‘d tA Ithe

width.

20 52, The semiconductor of claim 46, wherein the wavelength of the emitted light is

proportional to the width.
53. A bulk-doped semiconductor that exhibits coherent transport.
25 54, A bulk-doped semiconductor that exhibits ballistic transport.
55. A bulk-doped semiconductor that exhibits Luttinger liquid behavior.

56. A solution comprising one or more doped semiconductors, wherein at least one of the
30 semiconductors is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500

nanometers.
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type of conductivity type is p-type.

i

25 61, The device of claim 60, wherein the at least two bulk-doped semiconductors form a p-n
Jjunction,
62. A device comprising at least one doped semiconductor, wherein the at least one doped

semiconductor is at least one of the following: a single crystal, an elongated and bulk-
30 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, wherein the device comprises a diode.

35 63, The device of claim 62, wherein the device comprises a Light-Emitting Diode.
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72, The device of claim 71, wherein the memory device is a dynamic memory device.
10 73. The device of claim 71, wherein the memory device is a static memory device.
74. A device comprising at least one doped semiconductor, wherein the at least one doped

semiconductor is at least one of the following: a single crystal, an elongated and bulk-

doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
15 sectional dimension less than 500 nanometers, and a free-standing and bulk-doped

semiconductor with at least one portion having a smallest width of less than 500

nanometers, wherein the device comprises a laser.

75. A device comprising at least one doped semiconductor, wherein the at least one doped
20 semiconductor is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500
nanometers, wherein the device comprises a logic gate.

25
76. The device of claim 75, wherein the logic gate is an AND gate.

71. The device of claim 75, wherein the logic gate is a NAND gate.
30 78 The device of claim 75, wherein the logic gate is an EXCLUSIVE-AND gate.
79. The device of claim 75, wherein the logic gate is a OR gate.

80. The device of claim 75, wherein the logic gate is a NOR gate.
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1055
semiconductor with at least one portion having a smallest width of less than 500

15 nanometers, wherein the device comprises a register.

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

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

nanometers, wherein the device comprises clock circuitry.

85. A device comprising at least one doped semiconductor, wherein the at least one doped
25 semiconductor is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500
nanometers, wherein the device comprises a logic array.
30
86. A device comprising at least one doped semiconductor, wherein the at least one doped
semiconductor is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-

sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
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88. A device comprising at least one doped semiconductor, wherein the at least one doped

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

15 semiconductor with at least one portion having a smallest width of less than 500

nanometers, wherein the device comprises an amplifier.

89. A device comprising at least one doped semiconductor, wherein the at least one doped
semiconductor is at least one of the following: a single crystal, an elongated and bulk-
20 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, wherein the device comprises a transformer.

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

30 nanometers, wherein the device comprises a signal processor.

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

35 sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
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A device comprising at least one doped semiconductor, wherein the at least one doped

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

10
93. A device comprising at least one doped semiconductor, wherein the at least one doped
semiconductor is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
15 semiconductor with at least one portion having a smallest width of less than 500

nanometers, wherein the device comprises a light emission source.

94. The device of claim 93, wherein the light emission source emits light at a higher
frequency than would the semiconductor if the semiconductor had a shortest width

20 greater than the shortest width at any portion of the semiconductor.

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

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

nanometers, wherein the device comprises a photoluminescent.

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

nanometers, wherein the device comprises an electroluminescent device.
35
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98. A device comprising at least one doped semiconductor, wherein the at least one doped

semiconductor is at least one of the following: a single crystal, an elongated and bulk-
10 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, wherein the device comprises a photodiode.

15 99, A device comprising at least one doped semiconductor, wherein the at least one doped
semiconductor is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500

20 nanometers, wherein the device comprises a p-n solar cell.

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

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

nanometers, wherein the device comprises a phototransistor.

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

nanometers, wherein the device comprises a single-electron transistor.

35
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103. A device comprising at least one doped semiconductor, wherein the at least one doped

semiconductor is at least one of the following: a single crystal, an elongated and bulk-
10 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, wherein the device comprises a single photon detector.

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

20 nanometers, wherein the device comprises a spintronic device.

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

25 sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500
nanometers, wherein the device comprises an ultra-sharp tip for atomic force

microscope.

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

35 nanometers, wherein the device comprises a scanning tunneling microscope.
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107. A device comprising at least one doped semiconductor, wherein the at least one doped

semiconductor is at least one of the following: a single crystal, an elongated and bulk-

doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
5 sectional dimension less than 500 nanometers, and a free-standing and bulk-doped

semiconductor with at least one portion having a smallest width of less than 500

nanometers, wherein the device comprises a field emission device.

108. A device comprising at least one doped semiconductor, wherein the at least one doped
10 semiconductor is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500
nanometers, wherein the device comprises a photoluminescence tag.
15
109. A device comprising at least one doped semiconductor, wherein the at least one doped
semiconductor is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
20 semiconductor with at least one portion having a smallest width of less than 500

nanometers, wherein the device comprises a photovoltaic device.

110. A device comprising at least one doped semiconductor, wherein the at least one doped
semiconductor is at least one of the following: a single crystal, an elongated and bulk-
25 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, wherein the device comprises photonic band gap materials.

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

35 nanometers, wherein the device comprises a scanning near field optical microscope tip.
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semiconductor with at least one portion having a smallest width of less than 500

nanometers, wherein the device comprises a circuit that has digital and analog

components.

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

15 nanometers, wherein the device comprises another semiconductor that is optically

coupled to the at least one bulk-doped semiconductor.

114.  The device of claim 113, wherein the other semiconductor is a bulk-doped
semiconductor comprising at least one portion having a smallest width of less than 500

20 nanometers.

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

25 sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500
nanometers, wherein the device comprises another semiconductor that is magnetically

coupled to the at least one bulk-doped semiconductor.

30 116.  The device of claim 115, wherein the other semiconductor is a bulk-doped

semiconductor comprising at least one portion having a smallest width of less than 500

nanometers.

117.  The device of claim 115, wherein the other semiconductor is at least one of the

35 following: a single crystal, an elongated and bulk-doped semiconductor that, at any
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5 118. A device comprising at least one doped semiconductor, wherein the at least one doped
semiconductor is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500

10 nanometers, wherein the at least one semiconductor is coupled to an optical contact.

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

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

nanometers, wherein the at least one semiconductor is coupled to a magnetic contact.

120. A device comprising at least one doped semiconductor, wherein the at least one doped

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

25 response to a signal and switchable between a conducting state and an insulating state
by the signal, and wherein two or more states of the at least one semiconductor are

maintainable without an applied signal.

121. A device comprising at least one doped semiconductor, wherein the at least one doped
30 semiconductor is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500
nanometers, wherein a conductivity of the at least one semiconductor is controllable in

35 response to a signal and switchable between a conducting state and an insulating state
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OF10%& ()-f/3 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, wherein a conductivity of the at least one semiconductor is controllable in
10 response to a signal and switchable between a conducting state and an insulating state
by the signal, and wherein the conductivity of the at least one semiconductor is

controllable in response to a magnetic signal.

122. A device comprising at least one doped semiconductor, wherein the at least one doped

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

20 response to a signal and switchable between a conducting state and an insulating state
by the signal, and wherein the conductivity of the at least one semiconductor is
controllable in response to a signal of a gate terminal not in physical contact with the at

least one semiconductor.

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

30 nanometers, wherein at least two of the semiconductors form an ordered array, and at
least one of the semiconductors in the array is at least one of the following: a single
crystal, an elongated and bulk-doped semiconductor that, at any point along its
longitudinal axis, has a largest cross-sectional dimension less than 500 nanometers, and
a free-standing and bulk-doped semiconductor with at least one portion having a

35 smallest width of less than 500 nanometers.
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nanometers, wherein the device comprises two or more separate and interconnected

circuits, at least one of the circuits not comprising a doped semiconductor that is at least

one of the following: a single crystal, an elongated and bulk-doped semiconductor that,
10 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.

125. A device comprising at least one doped semiconductor, wherein the at least one doped
15 semiconductor is at least one of the following: a single crystal, an elongated and bulk-
doped semiconductor that, at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500
nanometers, wherein the device is embodied on a chip having one or more pinouts.
20
126.  The device of claim 125, wherein the chip comprises separate and interconnected
circuits, at least one of the circuits not comprising 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
25 500 nanometers, and a free-standing and bulk-doped semiconductor with at least one

portion having a smallest width of less than 500 nanometers.

127. A method of growing a semiconductor, the method comprising acts of:
A) doping the semiconductor during growth of the semiconductor; and

30 B) adding one or more other materials to a surface of the doped

semiconductor.

128.  The method of claim 127, wherein act (B) comprises forming a shell around the doped

semiconductor.
35
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10 130.  The method of claim 129, wherein act (A) further comprises:

growing the semiconductor from the liquid cluster.

131. A method of growing a semiconductor, the method comprising an act of:
(A) controlling a width of the semiconductor by doping the semiconductor
15 during growth of the semiconductor by applying energy to a collection of molecules, the
collection of molecules comprising molecules of the semiconductor and molecules of a
dopant, wherein the collection of molecules comprises a cluster of molecules of a

catalyst material.

20 132, The method of claim 131, wherein controlling the width of the semiconductor
comprises:

controlling a width of the catalyst cluster.

133. A method of growing a semiconductor, the method comprising an act of:
25 (A) doping the semiconductor during growth of the semiconductor by

performing chemical vapor deposition.

134. A method of growing a semiconductor, the method comprising an act of:
(A) doping the semiconductor during growth of the semiconductor, wherein
30 the grown semiconductor has at least one portion having a smallest width of less than

20 nanometers.

135. The method of claim 134, wherein the grown semiconductor has at least one portion

having a smallest width of less than 10 nanometers.
35
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7. A method of growing a semiconductor, the method comprising an act of:

5 (A) doping the semiconductor during growth of the semiconductor, wherein

the grown semiconductor is magnetic.

138. A method of growing a semiconductor, the method comprising an act of:
(A) doping the semiconductor during growth of the semiconductor with a

10 material that makes the grown semiconductor magnetic.

139. A method of growing a semiconductor, the method comprising an act of:
(A) doping the semiconductor during growth of the semiconductor, wherein
the grown semiconductor is fcrromagﬁetic.
15
140.  The method of claim 139, wherein act (A) comprises:
doping the semiconductor with a material that makes the grown semiconductor

ferromagnetic.

20 141,  The method of claim 140, wherein act (A) comprises:

doping the semiconductor with manganese.

142, A method of fabricating a device, comprising an act of:
(A) contacting one or more semiconductors to a surface, wherein at least one of
25 the semiconductors is at least one of the following: a single crystal, an elongated and
bulk-doped semiconductor that, at any point along its longitudinal axis, has a largest
cross-sectional dimension less than 500 nanometers, and a free-standing and bulk-doped
semiconductor with at least one portion having a smallest width of less than 500
nanometers.

30

143.  The method of claim 142, wherein the surface is a substrate.

144.  The method of claim 142, further comprising an act of:
(B) prior to act (A), growing at least one of the semiconductors by applying

35 energy to molecules of a semiconductor and molecules of a dopant.
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5 146,  The method of claim 145, further comprising:

(B) aligning one or more of the semiconductors on the surface using an electric
field.

147.  The method of claim 146, wherein act (B) comprises:
10 generating an electric field between at least two electrodes; and

positioning one or more of the semiconductors between the electrodes.

148.  The method of claim 145, further comprising an act of:
B) repeating act (A) with another solution comprising one or more other
15 semiconductors, wherein at least one of the other semiconductor is at least one of the
following: a single crystal, an elongated and bulk-doped semiconductor that, at any
point along its longitudinal axis, has a largest cross-sectional dimension less than 500
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion
having a smallest width of less than 500 nanometers.
20
149.  The method of claim 142, further comprising an act of:
B) conditioning the surface to attach the one or more contacted

semiconductors to the surface.

25 150. The method of claim 149, wherein act (B) comprises:

forming channels on the surface.

151, The method of claim 150, wherein act (B) comprises:

patterning the surface.

30
152.  The method of claim 142, further comprising:

(B) aligning one or more of the semiconductors on the surface using an electric
field.
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5 154, A method of generating light, comprising an act of:

(A) applying energy to one or more semiconductors causing the one or more
semiconductors to emit light, wherein at least one of the semiconductors is at least one
of the following: a single crystal, an elongated and bulk-doped semiconductor that, at
any point along its longitudinal axis, has a largest cross-sectional dimension less than
10 500 nanometers, and a free-standing and bulk-doped semiconductor with at least one

portion having a smallest width of less than 500 nanometers.

155. The method of claim 154, wherein the semiconductor comprises a direct-band-gap
semiconductor.
15
156.  The method of claim 154, wherein act (A) comprises applying a voltage across a
junction of two crossed semiconductors, each semiconductor having a smallest width of

less than 500 nanometers.

20 157. The method of claim 156, wherein each semiconductor has a smallest width of less than

100 nanometers.

158.  The method of claim 154, further comprising an act of:
B) controlling a wavelength of the emitted light by controlling a dimension

25 of the at least one semiconductor having a smallest width of less than 100 nanometers.

159.  The method of claim 158, wherein the semiconductor is elongated, and act (B)

comprises:

controlling a width of the elongated semiconductor.
30

160.  The method of claim 158, wherein:
the semiconductor has a property that a mass of the semiconductor emits light
at a first wavelength if the mass has a minimum shortest dimension, and
the controlled dimension of the semiconductor is less than the minimum

35 shortest dimension.
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orienting said first element in a first direction, and

connecting said first element to at least one first contact to allow an electrical

current to flow through the first element.

10 162.  The process of claim 161, further comprising:
producing at least one second element of a second doping type,
orienting said second element in a second direction different from the first
direction,
enabling an electrical contact between the first element and the second element,
15 and
connecting said second element to at least one second contact to allow an

electrical current to flow between the first and second element.

163.  The process of claim 162, wherein the second doping type is n-type if the first doping
20 type is p-type, and p-type if the first doping type is n-type.

164.  The process of claim 162, wherein the second element is oriented by applying at least

one of an electric field or a fluid flow.

25 165. The process of claim 161, further comprising:
connecting said first element to spaced-apart contacts and arranging a gate

electrode proximate to the first element between the spaced-apart contacts, thereby

forming an FET.

30 166. The process of claim 161, wherein the semiconductor device is made of a material
selected from the group consisting of Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-P(BPg),
B-8i, Si-C, Si-Ge, Si-Sn and Ge-Sn, SiC, BN/BP/BAs, AIN/AIP/Al1As/AlSb,
GaN/GaP/GaAs/GaSb, nN/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,

35 HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe, GeS, GeSe, GeTe, SnS, SnSe, SnTe,
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5 167. The process of claim 161, wherein the first doping type is one of n-type or p-type.

168.  The process of claim 161, wherein the first element is oriented by applying at least one

of an electric field or a fluid flow.
10 169.  The process of claim 168, wherein the first element is suspended in the fluid flow.

170.  The process of claim 161, wherein the first element is oriented by applying a

mechanical tool.
15 171.  The process of claim 161, wherein the second element is suspended in the fluid flow.

172. The process of claim 161, wherein the second element is oriented by applying a

mechanical tool.

20 173. 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 and being spaced

25 away from the first bar and being disposed transversely thereto.

174. A semiconductor device of claim 173, wherein the second bar is spaces between 1-10

nm from the first bar.

30 175. A method for manufacturing a nanowire semiconductor device comprising:

positioning a first nanowire between two contact points by applying a potential

between the contact points; and

positioning a second nanowire between two other contact points.
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178. A method of assembling one or more elongated structures on a surface, the method
comprising acts of:
10 (A) flowing a fluid that comprises the one or more elongated structures onto the
surface; and
(B) aligning the one or more elongated structures on the surface to form an

array of the elongated structures.

15 179.  The method of claim 178, wherein act (A) comprises flowing the fluid in a first
direction and act (B) comprises aligning the one or more elongated structures as the
fluid flows in the first direction to form a first layer of arrayed structures, and wherein
the method further comprises:

(C) changing a direction of the flow from the first direction to a second

20 direction; and

(D) repeating acts (A) and (B) in the second direction to form a second layer of

arrayed structures.,

180.  The method of claim 179, comprising repeating acts (C) and (D) one or more times.

25
181.  The method of claim 179, wherein at least a first elongated structure from the first layer
contacts at least a second elongated structure from the second array.
182.  The method of claim 181, wherein one of the first and second elongated structures is
30 doped semiconductor of a first conductivity type and another of first and second

elongated structures is doped semiconductor of a second conductivity type.

183.  The method of claim 182, wherein the first conductivity type is p-type and the second
conductivity type is n-type, and wherein the first and second elongated structures form a

35 p-n junction.
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10 187.  The method of claim 178, wherein the one or more elongated structured are aligned

onto the surface while still comprised in the fluid.

188.  The method of claim 178, wherein the method further comprises:
(C) conditioning the surface with one or more functionalities that attract the one
15 or more elongated structures to particular positions on the surface,
wherein act (B) comprises attracting the one or more elongated structures to the

particular positions using the one or more functionalities.

189.  The method of claim 188, wherein act (C) comprises:

20 conditioning the surface with one or more molecules.

190.  The method of claim 188, wherein act (C) comprises:

conditioning the surface with one or more charges.

25 191.  The method of claim 188, wherein act (C) comprises:

conditioning the surface with one or more magnetos.

192.  The method of claim 188, wherein act (C) comprises:

conditioning the surface with one or more light intensities.

30
193.  The method of claim 188, wherein act (C) comprises:
conditioning the surface with one or more functionalities that attract the one or

more elongated structures to particular positions on the surface using chemical force.
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condmomng the surface with one or more functionalities that attract the one or

more elongated structures to particular positions on the surface using electrostatic force.

196.  The method of claim 188, wherein act (C) comprises:
10 conditioning the surface with one or more functionalities that attract the one or

more elongated structures to particular positions on the surface using magnetic force.

197.  The method of claim 178, wherein the method further comprises:
(C) patterning the surface to receive the one or more elongated structures at

15 particular positions on the surface.

198.  The method of claim 197, wherein act (C) comprises:

creating physical patterns on the surface.
20 199. The method of claim 198, wherein the physical patterns are trenches.
200.  The method of claim 198, wherein the physical patterns are steps.
201.  The method of claim 198, wherein the surface is a surface of a substrate, and wherein
25 creating physical patterns on the surface comprises:
using crystal lattice steps of the substrate.
202.  The method of claim 198, wherein the surface is a surface of 2 substrate, and wherein
creating physical patterns on the surface comprises:

30 using self-assembled di-block polymer strips.

203.  The method of claim 198, wherein creating physical patterns on the surface comprises:

using patterns.
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205.  The method of claim 178, wherein act (A) comprises controlling the flow of the fluid

5 using a channel.

206.  The method of claim 178, wherein at least one of the elongated structures are

semiconductors.

10 207. The method of claim 178, wherein at least one of the elongated structures are doped

semiconductors.

208.  The method of claim 207, wherein at least one of the elongated structures are bulk-
doped semiconductors.
15
209.  The method of claim 178, wherein at least one of the structures is a doped single-crystal

semiconductor.

210.  The method of claim 178, wherein at least one of the structures is an elongated and
20 bulk-doped semiconductor that, at any point along its longitudinal axis, has a largest

cross-sectional dimension less than 500 nanometers.

211. The method of claim 178, wherein 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

25 500 nanometers.

212.  The method of claim 178, wherein 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

30 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.

213.  The method of claim 212, wherein the doped semiconductor comprises a semiconductor

35 selected from the group consisting of: Si, Ge, Sn, Se, Te, B, Diamond, P, B-C, B-
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216. A method of assembling one or more elongated structures on a surface, wherein one or
more 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,

25 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 acts of:

(A) conditioning the surface with one or more functionalities that attract the one
or more elongated structures to particular positions on the surface, and

30 (B) 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.

217.  The method of claim 216, wherein act (A) comprises:

conditioning the surface with one or more molecules.

35
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224, The method of claim 216, wherein act (A) comprises:
conditioning the surface with one or more functionalities that attract the one or

more elongated structures to particular positions on the surface using magnetic force.

25
225. A method of assembling a plurality of elongated structures on a surface, wherein one or
more 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 than 500 nanometers, and a free-standing
30 and bulk-doped semiconductor with at least one portion having a smallest width of less

than 500 nanometers, and wherein the method comprises acts of:
(A) depositing the plurality of elongated structures onto the surface; and

(B) electrically charging the surface to produce electrostatic forces between two

or more of the plurality of the elongated structures.
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231. 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
25 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 acts of:
(A) dispersing the one or more elongated structures in a flexible matrix;
(B) stretching the flexible matrix in a direction to produce a shear force on the
30 one or more elongated structures that causes the at least one elongated structure to align
in the direction;
(C) removing the flexible matrix; and

(D) transferring the at least one aligned elongated structure to a surface.

35 232, The method of claim 231, wherein the direction is parallel to a plane of the surface.
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237.  The method of claim 231, wherein the surface is a surface of a substrate.

15
238.  The method of claim 231, wherein the flexible matrix is a polymer.
239. A system for assembling one or more elongated structures on a surface, the system
comprising:
20 means for flowing a fluid that comprises the one or more elongated structures

onto the surface; and
means for aligning the one or more elongated structures on the surface to form

an array of the elongated structures.

25 240. A system for assembling one or more elongated structures on a surface, wherein one or
more of the elongated structures are at least one of the following: is at least one of the
following: a single crystal, an elongated and bulk-doped semiconductor that, at any
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

30 having a smallest width of less than 500 nanometers, and wherein the system comprises:

means for conditioning the surface with one or more functionalities that attract
the one or more elongated structures to particular positions on the surface, and

means for aligning the one or more elongated structures by attracting the one or
more elongated structures to the particular positions using the one or more

35 functionalities.
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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 depositing the plurality of elongated structures onto the surface; and
means for electrically charging the surface to produce electrostatic forces

10 between two or more of the plurality of the elongated structures.

242. A system for assembling a plurality of elongated structures on a surface, wherein one or
more of the elongated structures are at least one of the following: is at least one of the
following: a single crystal, an elongated and bulk-doped semiconductor that, at any

15 point along its longitudinal axis, has a largest cross-sectional dimension less than 500
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion
having a smallest width of less than 500 nanometers, and wherein the system comprises:

means for dispersing the one or more elongated structures on a surface of a
liquid phase to form a Langmuir-Blodgett film;

20 means for compressing the Langmuir-Blodgett film; and

means for transferring the compressed Langmuir-Blodgett film onto a surface

243. 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
25 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 system comprises:
means for dispersing the one or more elongated structures in a flexible matrix;
30 means for stretching the flexible matrix in a direction to produce a shear force
on the one or more elongated structures that causes the at least one elongated structure
to align in the direction;
means for removing the flexible matrix; and

means for transferring the at least one aligned elongated structure to a surface.
35
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246.

247.

248.

249,

250.

251,

252,

having a variation in diameter of less than 20%.

The electrical device of claim 244, wherein the device includes at least one
semiconductor comprising:

an interior core comprising a first semiconductor; and

one or more exterior shells exterior to the interior core, at least one of the

exterior shells comprising a different material than the first semiconductor.

The electrical device of claim 244, wherein at least one of the at least four

semiconductors comprises an elemental semiconductor.

The electrical device of claim 247, wherein the elemental semiconductor is selected

from the group consisting of: Si, Ge, Sn, Se, Te, B, Diamond and P.

The electrical device of claim 244, wherein at least one of the at least four

semiconductors comprises a solid solution of elemental semiconductors.

The electrical device of claim 249, wherein the solid solution is selected from the group
consisting of: B-C, B-P(BPs), B-Si, Si-C, Si-Ge, Si-Sn and Ge-Sn.

The electrical device of claim 244, wherein at least one of the at least four

semiconductors comprises a Group IV-Group IV semiconductor.

The electrical device of claim 251, wherein the Group IV-Group IV semiconductor is
SiC.
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GaN/GaP/GaAs/GaSb InN/InP/InAs/InSb

255.  The electrical device of claim 244, wherein at least one of the at least four
semiconductors comprises an alloy comprising a combination of two or more Group III-
10 Group V semiconductors from the group consisting of: BN/BP/BAs,
AIN/AIP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb.

256.  The electrical device of claim 244, wherein at least one of the at least four
semiconductors comprises a Group II-Group VI semiconductor.
15
257.  The electrical device of claim 256, wherein the semiconductor is selected from the
group consisting of: ZnO/ZnS/ZnSe/ZnTe, CdS/CdSe/CdTe, HgS/HgSe/HgTe,
BeS/BeSe/BeTe/MgS/MgSe.

20  258. The electrical device of claim 244, wherein at least one of the at least four
semiconductors comprises an alloy comprising a combination of two or more Group II-
Group VI semiconductors from the group consisting of: ZnO/ZnS/ZnSe/ZnTe,
CdS/CdSe/CdTe, HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe.

25  259. The electrical device of claim 244, wherein at least one of the at least four
semiconductors comprises an alloy comprising a combination of a Group II-Group VI
semiconductor selected from the group consisting of: ZnO/ZnS/ZnSe/ZnTe,
CdS/CdSe/CdTe, HgS/HgSe/HgTe, BeS/BeSe/BeTe/MgS/MgSe and a Group III-Group
V semiconductor selected from the group consisting of: BN/BP/BAs,

30 AIN/AIP/AlAs/AlSb, GaN/GaP/GaAs/GaSb, InN/InP/InAs/InSb.

260. The electrical device of claim 244, wherein at least one of the at least four

semiconductors comprises a Group IV-Group VI semiconductor.
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263.  The electrical device of claim 262, wherein the semiconductor is selected from the

group consisting of: CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr, Agl.

10 264. The electrical device of claim 244, wherein at least one of the at least four
semiconductors comprises a semiconductor selected from the group consisting of:
BeSiN,, CaCN,, ZnGeP,, CdSnAs,, ZnSnSb,, CuGeP;, CuSi,Ps, (Cu, Ag)(Al, Ga, In,
T1, Fe)(S, Se, Te),, SisN4, GesNy, ALOs, (Al, Ga, In)y(S, Se, Te); and Al,CO.

15 265. The electrical device of claim 244, wherein at least one of the at least four

semiconductors comprises a p-type dopant.

266.  The electrical device of claim 244, wherein at least one of the at least four

semiconductors comprises an n-type dopant from.
20

267.  The electrical device of claim 244, wherein at least one of the at least four

semiconductors comprises a p-type dopant from Group III of the periodic table.

268.  The electrical device of claim 244, wherein at least one of the at least four

25 semiconductors comprises an n-type dopant from Group V of the periodic table.

269.  The electrical device of claim 244, wherein at least one of the at least four
semiconductors comprises a p-type dopant selected from the group consisting of: B, Al
and In.

30
270.  The electrical device of claim 244, wherein at least one of the at least four

semiconductors comprises an n-type dopant selected from the group consisting of: P, As
and Sb.
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The electrical device of claim 244, wherein at least one of the at least four

semiconductors comprises a p-type dopant from Group IV of the periodic table.

The electrical device of claim 273, wherein the p-type dopant is selected from the group

consisting of: C and Si.

The electrical device of claim 271, wherein the n-type dopant is selected from the group
consisting of: Si, Ge, Sn, S, Se and Te.

The electrical device of claim 244, wherein the smallest width is less than 200

nanometers.

The electrical device of claim 244, wherein the smallest width is less than 150

nanometers.

The electrical device of claim 244, wherein the smallest width is less than 100

nanometers.

The electrical device of claim 244, wherein the smallest width is less than 80

nanometers.

The electrical device of claim 244, wherein the smallest width is less than 70

nanometers.

The electrical device of claim 244, wherein the smallest width is less than 60

nanometers.

The electrical device of claim 244, wherein the smallest width is less than 40

nanometers.

g & 10% ()-g

vUu410
| 10%



Y10%"& ()- @10%"& ()- 10%"& ()- F MO0%"& ()- o
10% " & ()-fsbttt<uuu|[:vU410 , @'!'10%"& ()- F -10%"& ()-f y,10%"& ()-
,*10% " & ()- Hy&S 10%"& ()-@k, ""10% " & () - zuQurwnwowpwagw ww U410

fYL0% " & ()- s$10% "& ()-10!10! 10! ,\5#10% & ()-p ,\5#109%& () 22 FEg 2qu5
3n10% " & () -waxxy@yz|[:vU410 MBLO0% "&30)-@ @! 10%"& ()- Y 10% &..(.)_ 3
10%"& ()- 3 10%"& ()- Y Y10%"& ()-z]zzzq{{|[:vU410 F 's10%"& ()-
W10% " & ()-  WI0%R ()- y#10%"& ()- HMI0%"& ()-@@"10% "& () -
{DI|Rr}}}}}] [NA41010r" 10r"10r" 6nl0% "& ()- 3 S5 10% " & ()- |
@@10% & 83 Ql'® destiicakdqvice @ olyiy 24ggwhegeif jhe sinhlest-pidfh iNR4IB40208! 10% & ()- 3
10% & ()- , #10%&Kofobteds. CY- 10% & ()-g SZ10% & ()- $10% & ()-plT] zY8NA4101
,"10%8 & ()-- F SI0O%W& ()-- 10W& ()-- F 310% & ()-- .

L, 3z#10% & ()-y-!,3z#10% & ()-y]{(<|[:NA4101 f)10% & ()- 3 y&s10% & ()-

5 284, The electrical device of claim 244, wherein the smallest width is less than 10

nanometers.
285.  The electrical device of claim 244, wherein the smallest width is less than 5 nanometers.
10 286. The electrical device of claim 244, wherein at least one of the at least four
semiconductors is elongated, and the at least one portion of the at least one

semiconductor is a longitudinal section.

287.  The electrical device of claim 286, wherein the longitudinal section has a ratio of the

15 length of the section to a longest width greater than 4:1.

288.  The electrical device of claim 286, wherein the longitudinal section has a ratio of the

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

20  289.  The electrical device of claim 286, wherein the longitudinal section has a ratio of the

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

290.  The electrical device of claim 286, wherein the longitudinal section has a ratio of the

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

25
291.  The electrical device of claim 244, wherein the device includes at least one
semiconductor comprising a single crystal.
292.  The electrical device of claim 244, wherein at least one of the at least four
30 semiconductors is n-doped.

293.  The electrical device of claim 244, wherein at least one of the at least four

semiconductors is p-doped.
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YS5 10% " Thq 3 gqgw&de(vy_e of claim 294, wherein the at least one semiconductor comprises a

dopant making the semiconductor magnetic.

296.  The electrical device of claim 294, wherein the at least one semiconductor is

ferromagnetic.

10 297.  The electrical device of claim 296, wherein the at least one semiconductor comprises a

dopant that makes the semiconductor ferromagnetic.

298.  The semiconductor of claim 297, wherein the at least one semiconductor comprises
manganese.
15
299.  Anelectrical device comprising at least four semiconductors assembled together as a
component of the electrical device, each of the at least four semiconductors having a
longitudinal axis such that, at any point along the longitudinal axis, the semiconductor
has a largest cross-sectional dimension less than 500 nanometers, wherein the at least
20 four semiconductors have a variation in diameter of less than 20% and are made by a
process of selecting a population of catalyst colloid particles having a variation in
diameter of less than 20% and growing the population of semiconductors catalytically
from the catalyst colloid particles, thereby producing the at least four semiconductors
having a variation in diameter of less than 20%.
25
300.  The electrical device of claim 299, wherein the device includes at least one
semiconductor comprising:
an interior core comprising a first semiconductor; and
one or more exterior shells exterior to the interior core, at least one of the

30 exterior shells comprising a different material than the first semiconductor.

301.  The electrical device of claim 299, wherein, at any point along the longitudinal axis of
at least one of the at least four semiconductors, a ratio of the length of the section to a
longest width is greater than 4:1.
35
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10% " & £) - 303.  The electrical device of claim 299, wherein, at any point along the longitudinal axis of
at least one of the at least four semiconductors, a ratio of the length of the section to a

longest width is greater than 100:1.
304.  The electrical device of claim 299, wherein, at any point along the longitudinal axis of
10 at least one of the at least four semiconductors, a ratio of the length of the section to a

longest width is greater than 1000:1.

305.  The electrical device of claim 299, wherein the point has a smallest width less than 200

nanometers.
15
306. - The electrical device of claim 299, wherein the point has a smallest width less than 150
nanometers.
307.  The electrical device of claim 299, wherein the point has a smallest width less than 100
20 nanometers.

308.  The electrical device of claim 299, wherein the point has a smallest width less than 80

nanometers.

25 309. The electrical device of claim 299, wherein the point has a smallest width less than 70

nanometers.

310.  The electrical device of claim 299, wherein the point has a smallest width less than 60
nanometers.
" 30
311.  The electrical device of claim 299, wherein the point has a smallest width less than 40

nanometers.

312.  The electrical device of claim 299, wherein the point has a smallest width less than 20

35 nanometers.
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5 314,  The electrical device of claim 299, wherein the point has a smallest width less than 5

nanometers.

315.  The electrical device of claim 299, wherein the device includes at least one
semiconductor comprising a single crystal.
10
316.  The electrical device of claim 299, wherein the device includes at least one

semiconductor that is n-doped.

317.  The electrical device of claim 299, wherein the device includes at least one

15 semiconductor that is p-doped.

318.  An electrical device comprising at least four semiconductors assembled together as a
component of the electrical device, each of the at least four semiconductors having a
variation in diameter of less than 20%, each of the at least four semiconductors

20 independently being at least one of the following: a single crystal, an elongated
semiconductor that, at any point along its longitudinal axis, has a largest cross-sectional
dimension less than 500 nanometers, and a semiconductor with at least one portion
having a smallest width of less than 500 nanometers, wherein a phenomena produced by
a section of the semiconductor exhibits a quantum confinement caused by a dimension

25 of the section, and wherein the at least four semiconductors are made by a process of
selecting a population of catalyst colloid particles having a variation in diameter of less
than 20% and growing the population of semiconductors catalytically from the catalyst
colloid particles, thereby producing the at least four semiconductors having a variation
in diameter of less than 20%.

30

319.  The electrical device of claim 318, wherein at least one of the at least four
semiconductors is elongated, and the dimension of the at least one semiconductor is a

width at any point along a longitudinal section of the semiconductor.
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5 transporting electrical carriers such that the electrical carriers pass through the

longitudinal section ballistically.

322.  The electrical device of claim 320, wherein the longitudinal section is capable of
transporting electrical carriers such that the electrical carriers pass through the

10 longitudinal section coherently.

323.  The electrical device of claim 319, wherein the longitudinal section is capable of

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

15 324,  The electrical device of claim 323, wherein the longitudinal section is capable of
transporting electrical carriers such that the spin-polarized electrical carriers pass

through the longitudinal section without losing spin information.

325.  The electrical device of claim 319, wherein the longitudinal section is capable of
20 emitting light in response to excitation, wherein a wavelength of the emitted light is
related to the width.

326.  The electrical device of claim 320, wherein the wavelength of the emitted light is
proportional to the width.

25
327.  An electrical device comprising a region having at least four semiconductors that each
exhibit coherent transport, wherein the at least four semiconductors have a variation in
diameter of less than 20%, and wherein the at least four semiconductors are made by a
process of selecting a population of catalyst colloid particles having a variation in
30 diameter of less than 20% and growing the population of semiconductors catalytically

from the catalyst colloid particles, thereby producing the at least four semiconductors

having a variation in diameter of less than 20%.

328.  An electrical device comprising a region having at least four semiconductors that each

35 exhibit ballistic transport, wherein the at least four semiconductors have a variation in
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329.  Ancelectrical device, comprising a region having at least four semiconductors that each
exhibit Luttinger liquid behavior, wherein the at least four semiconductors have a
variation in diameter of less than 20%, and wherein the at least four semiconductors are

10 made by a process of selecting a population of catalyst colloid particles having a
variation in diameter of less than 20% and growing the population of semiconductors
catalytically from the catalyst colloid particles, thereby producing the at least four

semiconductors having a variation in diameter of less than 20%.

15 330. (Currently Amended) An electrical device comprising at least four doped
semiconductors assembled together as a component of the electrical device, the at least
four doped semiconductors having a variation in diameter of less than 20%, wherein
each of the at least four doped semiconductors is independently at least one of the
following: a single crystal, an elongated semiconductor that, at any point along its

20 longitudinal axis, has a largest cross-sectional dimension less than 500 nanometers, and
a semiconductor with at least one portion having a smallest width of less than 500
nanometers, wherein the at least four semiconductors are made by a process of selecting
a population of catalyst colloid particles having a variation in diameter of less than 20%
and growing the population of semiconductors catalytically from the catalyst colloid

25 particles, thereby producing the at least four semiconductors having a variation in

diameter of less than 20%.

331.  The electrical device of claim 330, wherein a first of the at least four doped
semiconductors exhibits quantum confinement and a second of the at least four doped

30 semiconductors manipulates the quantum confinement of the first.

332, The electrical device of claim 331, wherein at least two of the at least four doped

semiconductors are in physical contact with each other.



109% & ()- | FmLO% & () - SGlO%&'() $ 10% & ()-10_"10 "X.r|[: A410 " 3
y10% & ()- ,10% & ()- ,"10%" & ()-z F z10% & ()- | Z10% & ()- 3

109 & ()-Euxm[: A410_" aS) 10%q [& ()-y 3 f&s10% & () - I$ml? B) 205
SH10% & ()- 3 | @O0% & ()- If mO%& ()-nor$%[:-410" 3 ,510%

Y310% & ()- 210% & ()- 3 @L0% & ()-, ¥30% & () - S) 10% & () - y%& 4YbA410"
OlF 10% & ()-z |"10% & () -z IflO%&'() | f 109 (

% & () 330" 19y g . 1 109 & () -
Tiowe ()28 Pt b O fradn oty wﬁ%ﬁ%ﬁ% PR 00t & () -
|4Y|3% éoo/%&& () F@ sePIOKIECtqry is @v?tsg Q‘Z%?V(ty tyqoe,#nw%b&;c( ?f Zt%z:;;[le[gst(l‘ﬁ)ﬁkéhﬂk()
 $109% & (§28J %%%Téoan&g&%%%a % ¥ dc%g&:?g%%& 7 0l 10% & ()-z
1,)Z"10% & ()- ,)Z"10%& ()- ;10% & ()- {]|}~I obU410 9$10% & ()-10"10"10"

.Y, 5iLOgs &; 0 g 5 & ()-
S10% &952/) 3(54) 183}3%%)% & @V’%&? %@"ﬁlﬁ% "sheéé}*g} {'%SQ J%@E%gﬂtgi’%g Wg’[’ DA
#f"10% & ()-z fe9P 1tw%0f'cepc{uytnzty IGWSEYPY- F 10% & ()- 10% & ()- @#10%"
& ()-51|[:bU410 OGLOW & ()- ,/10% & ()- 4l,,10% & ()-z *10% & () -

@10% & ()- 3 S&I0%W & ()-yvU410 SY10% "& ()- $10% "& ()-10"10" 10"
$910% & ()3355Y5T11@is0&’1°@g devize pHolgigt 334, wherdin thesgtlgast k-doped semitah09atorg, () - -
C@#10%& () - S@dﬁag%ﬁ'j‘&n&t)on. "

10
336.  The device of claim 330, wherein the device includes at least one semiconductor that is
elongated.
337.  The device of claim 330, wherein the device includes at least one semiconductor
15 comprising a single crystal,
338.  The device of claim 330, wherein the device includes at least one semiconductor
comprising:
an interior core comprising a first semiconductor; and
20 an exterior shell comprising a different material than the first semiconductor.
339.  The electrical device of claim 330, wherein the electrical device comprises a switch.
340.  The electrical device of claim 330, wherein the electrical device comprises a diode.
25
341.  The electrical device of claim 330, wherein the electrical device comprises a Light-
Emitting.
342.  The electrical device of claim 330, wherein the electrical device comprises a tunnel
30 diode.

343.  The electrical device of claim 330, wherein the electrical device comprises a Schottky
diode.
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347.  The electrical device of claim 346, wherein the inverter is a complimentary inverter.

10

348.  The electrical device of claim 330, wherein the electrical device comprises an optical

sensor.

349.  The electrical device of claim 330, wherein the electrical device comprises a sensor for
15 an analyte.

350.  The electrical device of claim 330, wherein the analyte is a DNA.

351.  The electrical device of claim 330, wherein the electrical device comprises a memory
20 device.

352.  The electrical device of claim 351, wherein the memory device is a dynamic memory

device.

25 353,  The electrical device of claim 351, wherein the memory device is a static memory

device.
354.  The electrical device of claim 330, wherein the electrical device comprises a laser.
30 355. The electrical device of claim 330, wherein the electrical device comprises a logic gate.
356.  The electrical device of claim 355, wherein the logic gate is an AND gate.

357.  The electrical device of claim 355, wherein the logic gate is a NAND gate.
35
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20 366. The electrical device of claim 330, wherein the electrical device comprises a state

machine.

367. The electrical device of claim 330, wherein the electrical device comprises a

programmable circuit.

25
368.  The electrical device of claim 330, wherein the electrical device comprises an amplifier.
369.  The electrical device of claim 330, wherein the electrical device comprises a
transformer.
30

370.  The electrical device of claim 330, wherein the electrical device comprises a signal

processor.

371.  The electrical device of claim 330, wherein the electrical device comprises a digital

35 circuit.
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15 376. The electrical device of claim 330, wherein the electrical device comprises an

electroluminescent device.
377.  The electrical device of claim 330, wherein the electrical device comprises a rectifier.

20  378. The electrical device of claim 330, wherein the electrical device comprises a

photodiode.

379.  The electrical device of claim 330, wherein the electrical device comprises a p-n solar

cell.
25
380.  The electrical device of claim 330, wherein the electrical device comprises a
phototransistor.
381.  The electrical device of claim 330, wherein the electrical device comprises a single-
30 electron transistor.

382,  The electrical device of claim 330, wherein the electrical device comprises a single

photon emitter.
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The electrical device of claim 330, wherein the electrical device comprises a single

photon detector.

The electrical device of claim 330, wherein the electrical device comprises a spintronic

device.

The electrical device of claim 330, wherein the electrical device comprises an ultra-

sharp tip for atomic force microscope.

The electrical device of claim 330, wherein the electrical device comprises a scanning

tunneling microscope.

The electrical device of claim, wherein the electrical device comprises a field emission

device

The electrical device of claim, wherein the electrical device comprises a

photoluminescence tag

The electrical device of claim, wherein the electrical device comprises a photovoltaic

device.

The electrical device of claim, wherein the electrical device comprises photonic band

gap materials.

The electrical device of claim 330, wherein the electrical device comprises a scanning

near field optical microscope tips.

The electrical device of claim 330, wherein the electrical device comprises a circuit that

has digital and analog components.

The electrical device of claim 330, wherein the electrical device comprises another
semiconductor that is electrically coupled to at least one of the at least four doped

semiconductors.
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The electrical device of claim 330, wherein the electrical device comprises another

semiconductor that is optically coupled to at least one of the at least four doped

semiconductors.

The electrical device of claim 394, wherein the another semiconductor is a bulk-doped
semiconductor comprising at least one portion having a smallest width of less than 500

nanometers.

The electrical device of claim 330, wherein the electrical device comprises another
semiconductor that is magnetically coupled to at least one of the at least four doped

semiconductors.

The electrical device of claim 396, wherein the another semiconductor is a bulk-doped
semiconductor comprising at least one portion having a smallest width of less than 500

nanometers.

The electrical device of claim 330, wherein the device comprises another semiconductor

that physically contacts at least one of the at least four doped semiconductors.

The electrical device of claim 396, wherein the another semiconductor is at least one of
the following: a single crystal, an elongated and bulk-doped semiconductor that, at any
point along its longitudinal axis, has a largest cross-sectional dimension less than 500
nanometers, and a free-standing and bulk-doped semiconductor with at least one portion

having a smallest width of less than 500 nanometers.

The electrical device of claim 330, wherein the electrical device includes at least one

semiconductor that is coupled to an electrical contact.

The electrical device of claim 330, wherein the electrical device includes at least one

semiconductor that is coupled to an optical contact.

The electrical device of claim 330, wherein the electrical device includes at least one

semiconductor that is coupled to a magnetic contact.
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The electrical device of claim 330, wherein a conductivity of at least one of the at least

four semiconductors is controllable in response to a signal.

The device of claim 403, wherein the conductivity of the at least one semiconductor is

controllable to have any value within a range of values.

The device of claim 403, wherein the at least one semiconductor is switchable between

two or more states.

The device of claim 405, wherein the at least one semiconductor is switchable between

a conducting state and an insulating state by the signal.

The device of claim 405, wherein two or more states of the at least one semiconductor

are maintainable without an applied signal.

The device of claim 403, wherein the conductivity of the at least one semiconductor is

controllable in response to an electrical signal.

The device of claim 403, wherein the conductivity of the at least one semiconductor is

controllable in response to an optical signal.

The device of claim 403, wherein the conductivity of the at least one semiconductor is

controllable in response to a magnetic signal.

The device of claim 403, wherein the conductivity of the at least one semiconductor is

controllable in response to a signal of a gate terminal.

The device of claim 411, wherein the gate terminal is not in physical contact with the at

least one semiconductor.

The device of claim 330, wherein at least two of the at least four doped semiconductors
form an array, and at least one of the semiconductors in the array is at least one of the
following: a single crystal, an elongated and bulk-doped semiconductor that, at any

point along its longitudinal axis, has a largest cross-sectional dimension less than 500
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nanometers, and a free-standing and bulk-doped semiconductor with at least one portion

having a smallest width of less than 500 nanometers.

The device of claim 413, wherein the array is an ordered array.

The device of claim 413, wherein said array is not an ordered array.

The device of claim 330, wherein the device comprises two or more separate and
interconnected circuits, at least one of the circuits not comprising 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
semiconductor with at least one portion having a smallest width of less than 500

nanometers.

The device of claim 330, wherein the device is embodied on a chip having one or more

pinouts.

The device of claim 417, wherein the chip comprises separate and interconnected
circuits, at least one of the circuits not comprising 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 semiconductor with at least one

portion having a smallest width of less than 500 nanometers.



