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The present invention relates to nanostructures, and nore particularly to a
system and method of electrically induced br eakdown of 10 nanostructures.
Description of Related Art In the field of nolecul ar nanoel ectronics, few
materials show as 15 much prom se as nanotubes, and in particul ar carbon
nanot ubes, which conpiisemhAld arEad Fowl ef.Scdrcgirap biduepangst rons in

di anmeter. Nanotubes can be made inio i c devices such as di odes
and transi stors, depending &?Eﬁﬁ%oqﬁqaﬂ%tﬂ%ggn%(&% rical characteristics.
[Nanot ubes are unique for their size, shape, and physi cal properties.
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lled into a cylinder. Besides exhibiting intriguing quant
Iow tenperature, carbon nanotubes exhibit at [east two inmportaniggg.
char act eFieldj g -the Inyegtion ube can be either metallic or sem conductor
depending on its chirality (i.e., conformational geonetry). Metallic
nanot ubes canrgargrgset &mhyo:{ e eBUES @Rhoglenstidess and howonst ant

resi sti Vit Rely 099%%&&%@&%% san1be alecty isaldes syiakabrdoen and

off as fFe t transistors (FETs). The two types may be covalently
j*8i ned 3BRRVREFTTHGEI ectrons). These characteristics poi nt to nanotubes as
excellent materials for making nanoneter-sized sem conductor circuits.
Current peihags:ief ostmdyianananot ubes rely on the random formati on of both
metal lic and sem conducting nanotubes. There is no known nethod 35 for

reliably preparln n no% Vi n ticul ar character.i ¢Sy Jmich |ess
for preparing?!fa eelg g?ﬁ ‘%’ §?°6ﬁ8 *Benhavi 8?tesrt}8§ a5t tran5| stors,

disodes, ®bch piowissr eStmp@ueﬁomdm mﬁa‘él%’flaﬁaﬁ%’f’%é‘a‘é‘étﬁ’é’ﬁat i"Brichy

sel ect i Veofpiiisherd1S odrcynosdersysit kesplsiteli alysteore {r chiemetieg . Hianotalyps
m?gswgb' l'b%VﬁLdé) n§ﬁct]§ﬁ§5e1ek€{&1tlefﬁv§ce§?,ueﬁlalae&dgéstar{aawax{basemt&er been
i ndi vi dua ara romm xtyre nd,_s g
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PGT/ GBO1taHimotl haddtiude | maknigfescottexadonad ohpudneded byrbeancildbésintpemdency to
bundl e togethgr., has hindered the study of nanotube physics and is seen as
a primary roadbl ock in the nanotube devel opnent includi ng nanot ube-based a

Besides exhibiting intriguing quantum behaviors at low temperature,

carbon nanotubes exhibit at least two important characteristics: a

25 nanotube can be either metallic or semiconductor depending on its
chirality (i.e., conformational geometry). Metallic nanotubes can carry
extremely large current densities with constant resistivity.
Semiconducting nanotubes can be electrically switched on and off as
field-effect transistors (FETs). The two types may be covalently joined

30 (sharing electrons). These characteristics point to nanotubes as excellent

materials for making nanometer-sized semiconductor circuits.

current methods of studying nanotubes rely on the random formation

of both metallic and semiconducting nanotubes. There is no known method

35 for reliably preparing a nanotube having particular characteristics, much
less for preparing nanotubes to exhibit junctional behavior such as
transistors, diodes, etc. Nor are there known methods of nanotube
separation by selective synthesis or post-synthesis which have proven to
have any measurable level of success. Heretofore, nanotubes must have

40 either been individually separated from mixtures of metallic and
semiconducting nanotubes or randomly placed over an electrode to be

studied. However, there is no observable consistency in such methods.
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el ectroni c technol ogy. Therefore, a need exists for a system and net hod of
5 preparing nanot ubes having desired characteristics. SUWARY OF THE

| NVENTI O\{Nﬁqﬁ)@gﬁbpgl y, the invention provides a nethod forcrasungria device
10 conprising the steps of, providing a substrate, providing a plurality of
nanot ubes in contact with the substraté, and selectively breaking a

nanot ube using an electrical current. Preferably the nethod further
conprises the step of depleting a sem conducting nanotube of carriers using

an electric cyhLefy 1o é%&@é&f,a@&%oﬁﬁééde%r}gnat@&m candusdy RE Hi@aaos ube of a

plurality of carriers further conprises t step..of pl.yi voltage to a
gat e el Q9B oS ™ ?Fﬁéltg‘éet ETUPr 8F &by ﬁrélpsr%écfhagr% (%%rf%rglngaessgt he step

.of appl yprigatheoafkderki Enlthe (Ranekibe feEdgRI kel HANG D 2P OREPAE0r ce 20
el ect r odgrdcoranidr tddrnel @pt.r oitkere£Preaf ersdeliyexishe folrup alvistym hdmeatbbdbads ar e

myl ti "gg;}xleﬁgri%@nﬁéﬁmﬁﬁeé nek-udh Rgs PRkakldgc@hd e, conduct i ng nanot ubes.

Prefer y the nmethod conprises the steps of selectively breaking includes
breaki ng an outer 25 netallic nanotube. 30 Preferably the plurality of
nanot ubes are singl e-wal | ed néRSREHEFr HPFeINVFHEIONI ng netal lic and

sem conducti ng nanot ubes, wherein the step of breaking includes breaking at

| east one et glol g NA00t uhes Jdel ol abbyidble, PRSI UbeSRhepLoxdvled at a
density between a non [gger and about 1IURJOth of one, grcent. coverage.
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met al | i cnpatisbes Prnedcatapt ywithehsubdistmate. i ardispledibakedraddrP el udes t he
array of pimtabd ueiRpds. Xl tPieficrableyt caehipanly ntleudasodntureher sour ce

o1 8Ct 1 00 mgd AL e €851 S0UBp1 AN & UB2cBAREIEG URmorundlol 1205505 PCT/ G

BO1/ 0571 referably providing a substrate is acconplished using

| i t hogr apPiRot & EOPTYESR SFTEYtof pads, each pad including a correspondi ng
ébectrode, on an insulating substrate. i 5 Preferably the nanotubes are
car bon nanot ubeserf18f aepddtying he seeidandhdting hanocarpof sepliddisy eyf of

br eaki ngcgrrggyg %LJ!):LlyeJ:Ofcmﬁgzring %@OL%E& applying a voltage to a gate
electrode on the substrate. Preferably the method comprises the step of
applying the electrical current through the nanotube from a source

20 electrode to a drain electrode.

Preferably, the plurality of nanotubes are multi-walled nanotubes
including metallic and semiconducting nanotubes. Preferably the method
comprises the steps of selectively breaking includes breaking an outer

25 metallic nanotube.

Preferably the plurality of nanotubes are single-walled nanotube
ropes including metallic and semiconducting nanotubes, wherein the step of

breaking includes breaking at least one metallic nanotube.

30
Preferably the nanotubes are provided at a density between a
monolayer and about 1/10th of one percent coverage.
Preferably the substrate is an insulator and includes an array of
35 metallic pads.
Preferably the substrate is silica based and includes the array of
metallic pads.
40 pPreferably each pad includes one of a source electrode, a drain

electrode, and a gate electrode.



10 According to another aspect, the invention provides a nethod of

nodi fying at | east one characteristic of a nanotube, conprising the steps
of provi c\ivﬁg,msm,g(ture of nanotubes, and applying a curremrCTIGBO8718 Xt ur e,
i nduci ng the sel ective breakdown of the nanotube m xture. Preferably the
met hod further conprises renoving carri®rs froma 15 seni conducti ng

nanot ube. Preferably the current selectively breaks netallic nanotubes.
Preferably the power applied to the m xture is about 500: W 20 Preferably
the nanotube bseQRgLEf pRovidihy -3albadaRanat HoemnthRaShdaher Wabhesanot ube
rope. Pr ggego?':blay tat_leacogr aacdiseréa? ICaci Slngipuecligf adIcg‘rrrx":"ts(:"r digxengi tc)éfroc?en on
conduct ance. 25 _refeyra I@/ he 'm xturé corrpr?ses etarT eganid !

,seni condd tingyl #Hamgt THREE2YSref erabl y the current density is greater than 10
Alcm . 30 According to another aspect, the present invention provides a

mgt hod for foppifnGaslHeUE GRNBEMEsdLRY cafd Bl ubéyl Substrate conprising a
.source electrode, a drain electrode, and a gate el ectrode, providing carbon

nanot ube bundl es including netallic and sem conducti ng conponent nanot ubes
35 in cont act PE#tsraPhe t885EPat e FuHSFe FAMREhESH SR 1B L TaPESHT B Hed at a
density pifumidty afnetwyper semtubes/erage, further conprising applying a
voltage to the gate el ectrode to deplete the sem conducti ng conponent

ngnotubes of GALLIELS ARRIALOC A0-E! GRLI oL SULLEN (L D1OHghJag, nanot ube,
froma source electr cfe to a drarn el ectrode, an reaks at | east one
met al | i cPeSHPORR AT hERftt B PRFIGFATHFi @1 @ BF &Rt + FOPRTISERT Bhe $heds

| 12/ 055051 REHV EBOY eSriksure Pfcfancabbgs,t hed eaprhdng rmarorvdng bandlee can be a

muf ti - vahleti-eanniaibendind el BglieVEldapdortnBOlilRendREbe BiRkERLDESCRI PTI ON
o THE PR P cneFIRhes rad rIPAdlmaLs Lol NG BLESENL ddyention will be

descri bed bel ow’n nore det , W reference to t acconpanyi ng

drawi ngs SeEIGENGERI 1HFRCHRE 1c are diagrans of a nanotube and constituent
10 hexagonal rings; Fig. 2a is a diagramshowing a nufti-walled nanot ube;
Fig. 2b is a diefsrablyhaw digransisagiesively edeslannéteic apeotdtied. 3 1S a
graph of Lhe partial electrical, bregkdown of & muft] 4ygl/ed nanotube at
const ant voetag overpotlme;pp © abvon T

20 Preferably the nanotube is one of a multi-walled nanotube and a

single-walled nanotube rope.

Preferably the characteristic is one of diameter, density, and
conductance.
25
Preferably the mixture comprises metallic and semiconducting

nanotubes.

Preferably the current density is greater than 10° A/cm?.
30
According to another aspect, the present invention provides a method
for forming a device providing an insulating substrate comprising a source
electrode, a drain electrode, and a gate electrode, providing carbon
nanotube bundles including metallic and semiconducting component nanotubes
35 in contact with the substrate, wherein the nanotubes are provided at a
. density of about one percent coverage, further comprising applying a
voltage to the gate electrode to deplete the semiconducting component
nanotubes of carriers, applying an electrical current through the
nanotube, from a source electrode to a drain electrode, and breaks at

40 least one metallic component nanotube to form a field effect transistor.



15 Fig. 4a is a graph show ng the | ow bias conductance alternatives between
sem conducting and netallic behaviors due to the charging nature of the

out er nostyhelosyse a nufti-wal | ed nanotube at each stage eCTWeElsndn; Fig.
4b is a graph showi ng the conductance of the remai ning 20 sem conducti ng
shells after the last nmetallic shell hhs been renoved froma nufti-wall ed
nanotube; Fig. 4c is a table show ng the relationship between shell nunber,
dianeter, and the relative band gap energy; Fig. 5 is a graph show ng the
current (1) versusyyplliadeadh eachurbpeiale caf ba aufili: wallled naaciobebe;
Figs. 6a, 6b, 6c, Ggls#:o%vnste%%r,?gpeconversi ons of random m xtures of

mol ecul & ROHGALT B3PS ThaR0T ubes) T nto seni conducting field effect
transistors; Fig. 7a is a diagramshow ng an array of electrodes; and 30
Fig. 7b is a diagram of ap=IEFgbESCREPTION ORATHE ARAWENHFe based field effect
}:%Ensi stor including a source, drain, and gate. DETAI LED DESCRI PTI ON OF

. FERRED EMBCODI MENTS 35 Accor di to the pr L nyeRnty god of

per manent | y mFEEEYisgS P RaPT S aﬁ%ﬁs&rﬁgﬁ%ﬁodﬁ%&n lqgrﬁé;ggigcnlgﬁé- wal | ed
nanot ubeel Bk ANTRor detal bWkt EefareprFPdBle 2ACHRABY et tHN B netal lic or
sem conductor depending on its chirality (i.e., conformational geonetry).
Both speci es arg faund,i nnMWWNTsrandag¥iNESof A ARidtale am@otdlisngedentt he
Eresent i nventicon uses 40 current-induced el ectrical breakdown to elimnate
LAdi vi dURE*2AIt GH¥E 'having a particular _characteristic. The method is able
to tailor thefigroperisi astighran EBAHESI t Shhordbe Wn%‘ﬁ%ﬁgi ng the proportion
of conponent rigd\202/e05~EiRErRCEhGB(Nu14 CBRdEe-Fahtatb nemriade | 1°P&houl d be not ed
that while thg presant b ienti Gheighrdescelbadivsi ngeaathanthased nanot ubes,
the illustrativ t ho are a i.ca ecul ar structure in which
a curren‘[‘ulc‘féhw"‘l}geggrba\nf’ggbesg e%%%\%éerfcty%%aégr%u ar 'surface ar eas; . For
gganpl e, the Preséntissaj FRABH FRAYIRANFDEI Y BEPUSRLIHEST 8§‘5ﬁf1?rl| € (BN) and
met al  di péralesn gemidenduvkKlg bad ewtabiioshehaviersedue Car B CRAFILEREEEAN

W t hst angs GYE! S rlENSishé BS ce XL eRt NGald Adwdtiibe idt pasit sdage bO t he
strength_of carbon-to-carbon bonds (e. g., the bond 10 strength for a

singl e @f%%ﬁ‘ﬁl'i s _about 347 kJ/nol). U timtel Y h ver, _at. high enough
currents, nanBi9:hé8 ¥ P 9¥3RY ShGPI SREHIREUC B aoﬁ(\)/\lgﬁﬁ',relknglnf Ufe occurs in
aor at asesicbadurtihg eiedls afowerche clagt meippt bk ishatlebgs SR VERBYY £ */Ai ch
the rapi d axidardiaes fanbbeequt er nost carbon shell is initiated. Power is

equal . to curr g:rL]t . ttJ;ic.rT:II.asS at Pde.b %Otsﬁéu‘.i.h&lthqi :f:él%.li:g&%lﬂrr’oe(tbe& sh¥0l hagedr, Because
heat induced OX?dation o dle_f ect-free raz%gl.te only proceeds at extrenely
ry factor

hi gh t enpéruetar esndethy rel¥GHeNG Y #% pPS in the breakdown

initiation acebydisngs teo orieh phesiaat thengurransn()s Verfur LR FOB S HET ect
for mati ogne LB Sehitheatlléen nhrduuhen secondary effect . 20 Referring to
Fig. la, a napofube, 103, i pcl udeshd D8xaEONRhvé:Aibhe @0 tareObBEr

nol ecul es. I n_the case of carbo ring 1Q4 can L{d udi ng si X
carbons EBYRAUEAT | SPPHRTHTES f’ban8ﬁ‘gbe§203trﬁ8r?enﬁcaflgufﬁgg %\%1%”%?‘%& vi dual

carbon ritmgpsiegehsi nt ersecti on 106 indi cates an individual 25 carbon atom
bonds are al s@ifndiaCas ed dasgd7shddnnalaneanatyi v edectucdase and a

b?({ on-nitride Frl!_:;ng7b 906, f39ERdnS oS ROWMNd18-FH1ded | anclilRe bofOBasdd Eiel ri ng
may includes three boron at omns, e.sghtcellgrailglongrgddggge.t hree nitrogen atons,

e.g., 10SEEPFF ARAMEEPhAPCHE Bat T PN

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

35 According to the present invention a method of permanently modifying
a multi- walled nanotube (MWNT) or a single-walled nanotube (SWNT) rope oY
bundle is provided. A nanotube can be metallic or semiconductor depending
on its chirality (i.e., conformational geometry). Both species are found
in MWNTs and SWNTs. A method according to the present invention uses

40 current-induced electrical breakdown to eliminate individual nanotubes
having a particular characteristic. The method is able to tailor the

properties of a composite nanotube by changing the proportion of component



30 By taking advantage of the current-induced defect formation, a nethod
according to the present invention selectively breaks current-carrying
nanot ubesywy ¢iRwdosaf f ecting parall el nanotubes in cases wyrreGBHe@spar al | el
nanotubes carry little or no current. For exanple, MMTs as shown in Fig.
2a, favor the outernost shell 102 becafse it is in 35 direct contact with
external electrodes (e. g., a source and a drain). This distribution can

| eave the innernost shells carrying little or no current, which protects
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,ot her s, ver, danca(r:lgg ling to an enbodi nent of the present invention, an
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conponent sem conducting nanotubes of their carriers. In other words, for 5
a SWNT or M\NTandoincimnopalres gars ourbetaakeeunrette damel td egrasicredingc L P o™ by
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br oken. ggeectsensing a drop in current, e.g., about 19 : A the 20
gjeectronics are able to stop the br eakdown process, thereby controlling the

exhi bit ed chargelersti 0o, Reler! g haeFig 108 PRkkicithat | BeL LIS Bt

2’

br eakdown of a t con tan % ess roceed de‘ n a serl §1§119f
di screte%t—”%%?%ﬂ%ﬁﬁ‘fﬁﬁsngh%&F SFo SBFOBi ght" PRI GHRSCI Bers of

t he MMT .inFhesiegr sisutibone r@vebentilycebnged a'—OpBWeraneﬁheéboﬁ’cg 45]6 Mevarid a
potenti a|mdhf f(ﬁ&ﬁﬂﬁ@b&f rah§Uleadh Vil b Bsectén reglinat cdresaktomwniviiuelr rent of

O;'It |1|9 AB [ a2 AN a8l Saqlsgelr%ggtédn?fllgV me é‘l%ﬁ@ﬁ% stzzhcrtage}t ug of . ﬂ-
partial |y brokén s e he inters ,spagin / {Ies the
nunber of® BT @f%’adﬁrlﬁa‘ﬁdg‘?ﬁﬁ ST LEpTOVA & R by MY arc tﬂlﬁlnnllg%x(o 5 &gij 478

acconpl i stagdiviliufiesn tBWET bbterd aeow t A - $nat &t EomSIARTEC BEFRAY rsléF%Qﬁnl grany-
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sensitivity of nanotubes to external 35 stresses, since relatively small

el ectric fields and cur S ca fect di_vi dual e or, exanpl e,
a*%Sem conduct i Wy “7ET8t Vémfi ﬁ 3‘9 e rgflgcm\é dad £erelcg‘Jttr gg%“g‘t%fclgl 'y depl et ed
of el ect mie¢hdd Gareiding sy the g’&?ée’éq éE’t’?"(’iéI%n H*Ghﬁ‘f%&igl}b?rﬁ%\]?ﬁ)net ers away. The
current dersehtchstifihyaiaptutee aifleot sffrotingerdediktoanytubessimsages
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chem cal l%l@'ﬂd%rfo\ée&?é‘ Eh&M'd@hdbaBQHB?@Smdﬂb@d loeSadioAg e s eaudl, d
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the separation of sem conducting SWNTs from mi xtures of SWNTs (including
metal lic and sem conducti ng SWNTs) and the preparation of nanotube-based
field effect transistors (FETS). It should also be noted that, the nethods
di scl osed herein can be used to prepare transistors (e.g., a FET), diodes,
and



15 resistors, depending on the characteristics of the nanotubes and the
desi gn of the substrate. Fundanentally, the process can facilitate the
study of Wwha2meiekex el ectronic structures and transport POIpPEBLIT§BISOf
MANTs and SWNT ropes. By 20 renoving the stress (current) at the occurrence
of individual conductance steps, these corrp05| te nanow res may be
re-characteri zed upon the | oss of each constituent conductor (nanotube).
Characterization refers to, for exanple, the conductance properties of a
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smal | SWNT bundl es can be produced by chem cal vapor growth and can
alleviate the difficulties encountered with |arge bundles and result in
FETs havi ng excellent conductivity and switching ratios. 35 Although this
application has focused on the particular system of carbon nanotubes, the
sanme principles may apply broadly to various nol ecul ar el ectronics systens.
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20 increase of the bias required to reach current saturation shown in Fig. 5.
Furthermore, the transition from linear to nonlinear I-Vs observed here,
and the abundance of similar nonlinear I-Vs reported in the literature
suggests that transport experiments often do not directly contact the
current-carrying carbon shell of a MWNT, but rather contact the partial or
25 incomplete shells typically observed by transmission electron microscopy.

Figs. 4a, 4b, 4c and 5 confirm the varying nature of MWNT shells,
guantitatively address the coupling between these shells, and attempt to
isolate the contribution of a single shell to the overall conductance.

30 Until now, theory and experiment have been divided over these issues. On
one hand, MWNTs are too complex to realistically model theoretically, and
on the other hand no experiments have been able to directly probe the
immer carbon shells. The powerful technique of controlled breakdown
introduced here has the potential to provide new insights into the

35 transport properties of these complex conductors. In addition, a MWNT can
be selectively converted between metal and semiconductors with different
band gaps.

The methods described for MWNTs can be applied to SWNT ropes.
40 Although both MWNTs and SWNTs are composite nanotubes, SWNTs exhibit some
differences. For example, multiple SWNTs within a rope can be in contact

with their potentially oxidizing environment, allowing the simultaneous
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as lndependent parallel conductors with total conductance G(Vg) = Gn +

Gy (Vg), where G, is the contribution of the metallic nanotubes and G, is

the gate-dependent conductance of the semiconducting nanotubes.

15 Referring to Figs. 6a and 6b, by stressing a SWNT rope including a
mixture of semiconducting and metallic SWNTs while simultaneously gating
the bundle, the semiconductors are depleted of carriers in the selective
breakdown of the metallic SWNTs. The initial SWNT bundles 602 and 606
include both metallic and semiconducting SWNTs, while the thinned SWNT

20 bundles 604 and 608 include far higher proportions of semiconducting
SWNTs. Likewise, semiconducting nanotube shells of MWNTs can be
effectively insulated be depleting the shells of carriers using similar
methods as those for SWNTs. Thus the breakdown of a MWNT can be controlled
to yield desired characteristics (e.g., metallic or semiconducting). The

25 selective breakdown of a composite nanotube can be explained by the
relative dependencies of metallic and semiconducting nanotubes on a gate
voltage. The conductance of metallic nanotubes show little dependence on
gate voltages, however, the conductance of gsemiconducting nanotubes
exhibit a strong dependence on gate voltage.

30

Thus, as shown in Figs. 6a and 6b, at positive gate voltages, the
conductance of the SWNT approaches zero, while at negative gate voltages,
the conductance increases as carriers are added. Figs. 6a and 6b depict
G(Vg) for two small SWNT ropes before and after controlled breakdown

35 respectively. The unperturbed samples have a conductance which can be
partially modulated by the gate electrode, much like the case for MWNTs.
As the metallic SWNTs in the rope are destroyed, the underlying
conductance G, decreases to zero. In contrast, the extent of modulation Gs
does not change. The measurements indicate that, by depleting the

40 semiconducting SWNTs of carriers during the breakdown process, they can be
effectively protected from damage. This result suggests little electronic

interaction between different SWNTs in a rope. Measurements of changes in
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properties, are domlna ed by metal ic t es, useless as semiconducting
channels. At present, no method is known to exist for the synthesis of
purely semiconducting SWNTs or for the separation of semiconducting SWNTs

35 from SWNT mixtures.

Referring to Fig. 7a, showing a small array of independently
addressable SWNT FETs fabricated using standard lithography. An array of
metallic pads (e.g., 701) is provided, each pad includes a source 704,

40 drain 706, or gate electrode 702. The substrate for these pads can be any
insulating material, preferably silica based. The combination of substrate

and metallic pads is referred to as the substrate for the nanotubes. Each



10%r& ()-L1° 10%m& ()-!:aBPB4! 10Lz10%& ()-F

10%1& ()-910%& ()- ! f"10%m& ()-: 10%r& ()-9 ! 10%& ()-: XBa?PB4!

10! K, $10W&d(}270§j§§,0%r&'()-LmlO%r&'() *, 1 z&10%& () -! 8, | Z&IMBEB1/05715
10%1& () -. 9sdEPB4! 10! KL*- 10%1& () - Q%r&'() L9’

10%1& () -, &10%T8! () - SS10%T&! () - L#10%T& 1)-sv?@zXxJ<4! 10 10

10!/ 109& ()-M /' 10%0C& ()-M /" 109N ()-M | " -"10%m& () -, @ 10%r& () - ABa/
rk) | &1092Z&' ()-!° 3%A0%& () -

BQHIN%Z"ZEET()nJﬁQbQQQQ (sbatcel 09aG£&14,) ag94tel 04k at) teast one nanotube

10(wu3) ! ! 0&10%&' R, 0 & | . 0
0@ ()~ E Yot pRRfeE, 1(3 chp LI (1% hnoRARSUEER. ol Jachl 08Eickhed DE10%

p& () - Iqﬁ&rosmre)‘f‘ ‘F‘b&lﬁ%e(ﬁ qd?n%f&m&'“(:fe“mg"IP°;¥8§°r§r’“i511 4 "’(3 5 810922

& ()-!, &0 198 EhpABYER the-gak@\I02 Fyym the electrodes (704, 706). The
19wt - 2'&&%@'&5—@%&&%&'% zhsuiRl @nt at least one rope (e.g., 710)

10928 ()2, 40: 5 PR RVEATeLY ohk-W ' ()*
e fQ /‘Ze&e—fgg{ J}) @é%gﬁfg)esgah\fégm@mm oy t\% Qné& e;a I\A&Q&Z& h)a) 9 g )@]

" &10%6&*96(9%%?1@31{66&8& Jreferably, 5, £) é‘aé F9o s 10%9a

0ag ()- deMreiq less ltjt@%mnpyolayer 19 109% FIYHAES sq_mewlfﬁ)d?@

! < f &10% &' Gensitsed &EOYEEs( fhar 8h&LRUBEAL) aré sufficient to ensure that each

10W corddct &4 1Pk s ninct e e '
}} i’"&if\%i} Ié W id) ﬁZJlZZ FB6LS1] st 104Bn{not e 1 QU H hehdd:108T& () -

a as about 1/i§%h f one percent of the substrate can also provide
connectivity for each source-drain pair in an array. Ropes between source
and drain electrodes (e.g., 710) are converted into FETs by selective
breakdown of metallic nanotubes, while stray nanotubes were removed

15 entirely by complete breakdown.

Although these ropes initially show little or no switching because
of their metallic constituents, final devices with good FET
characteristics can be reliably achieved as shown in Fig. 6d. Some results
indicate that the generation of SWNT FETs can be achieved with greater

20 than 90% certainty from a disordered starting material. Fig. 64 summarizes.
results for thirty-two devices incorporating one or more SWNT ropes.
Before modification, e.g., 610, the conductance of individual ropes varies
widely due to the distribution of rope sizes as well as contact effects,
and very few devices can be substantially depleted by the gate.

25

Upon breaking the metallic SWNTs, the conductance of each rope is
decrease but the remaining channel is solely semiconducting and can be
fully depleted. The resulting devices have reascnable FET characteristics
iimited primarily by contact resistance, a difficulty which is being

30 addressed separately. Multiple, small SWNT bundles can be produced by
chemical vapor growth and can alleviate the difficulties encountered with
large bundles and result in FETs having excellent conductivity and

switching ratios.

35 Although this application has focused on the particular system of
carbon nanotubes, the same principles may apply broadly to various
molecular electronics systems. In general, arrays of molecular devices can
be produced by design using external electrical means, without a need for
actual control at the nanometer scale. Discretionary modification allows

40 for the definition of useful electronic elements from a random mixture.
Although this solution has been applied to solve the problem of variation

inherent to carbon nanotubes, one skilled in the art would see in light of
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that changes may be made in the part:.cular embodlments of the invention
disclosed which are within the scope and spirit of the invention as
10 defined by the appended claims. Having thus described the invention with

the details and particularity required by the patent laws, what is claimed

and desired protected by Letters Patent is set for in the appended claims.
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2. The method of claim 1, wherein the substrate is an insulating
10 substrate.
3. The method of claim 1, further comprising the step of depleting a

semiconducting nanotube of a plurality of carriers.

15 4. The method of claim 3, wherein the step of depleting a
semiconducting nanotube of a plurality of carriers further comprises the

step of applying a voltage to a gate electrode on the substrate.

5. The method of claim 4, further comprising the step of applying the

20 electrical current through the nanotube from a source electrode to a drain-
electrode.
6. The method of claim 1, wherein the plurality of nanotubes are

single-walled nanotube ropes or multi-walled nanotubes including metallic
25 and semiconducting nanotubes.

7. The method of claim 6, comprises the step of selectively breaking
includes breaking an outer metallic nanotube, or breaking at least one

metallic nanotube or breaking a plurality of stray nanotubes.

30
8. The method of claim 1, wherein the nanotubes are carbon nanotubes.
9. A method of modifying at least one characteristic of a nanotube
comprising the steps of:

35 providing a mixture of nanotubes; and

applying a current to the mixture, inducing the selective breakdown

of the nanotube mixture.

10. The method of claim 9, further comprising the step of removing a

40 plurality of carriers from a semiconducting nanotube.



10md" 10%m&' ()-1,1zX6{Y: FIT@' 10%m®& ()- !F @' 10% ()- !'K@' 10%!'& ()-
'FQ' 10%&&& () -
SO 10%T&’ (Mg dusPpt 0%m& () - &Oa?{ Y: FI TI P S/ y&10%&' () - S/ y &IgméBd1yosh RS/ y&10%
& ()-9-110%r& ()-S, 10%m& () - F(:!10%r& ()- M+, -:=LuV7F! L, 10%& () - 3" 10%& (
)-S10%6&" () -10%&' ()- 10nmm 10nm
10mm YS6$10% &’ () - K' zX6uV7F! h™ &10%&' ()-! c&L0%& ()- &10%X% ()-@ &10%& ()- @
" &I0YEEE () - @ &10%&' () - @' zX6uV7F! h™ &109&' ()-!c&10%& () - &10%& ()- @ &10%
§L'H((e ) a_@ ) %_g%aggé @H%u?&B&icg.;ﬂn(J)UﬂeNéHr@&h"téiéFMeﬁg db3petivelle adienks 23] ¢

adi ng Y " Headi.n c" "Heading 53]c" "Heading 63]c" "Heading 73]c"
" Headi ngm§ 13“ 'ﬁﬁ‘é%%ﬁbﬁg' 93] c" A " Def aulgt P!ar agr aph Fogt A 11>| bT( fjt, ]g ]
X9r ! $L, o/ " 5a9<Aw XYZ[\]~_"abcdef ghilr:sAl T$w , 158=AxDISMTbW
af cj t nov @y ~F] pkharhopcfiost Eramiyg {4 HeBiFieneanpeairRo Fas Aterf Gfuri er New'h Root
Egt ry\r dDOCUFFcNiQing lan#hoak 6 Tty suﬁs{l]:geélaﬁzﬂgﬁhg a source electrode, a
<=>? @BCREFGHL KL MIOPORSTWIKYZI L2 g def ghi | kI mmopar st uvwyz{| } ~

providing a plurality of carbon nanotube bundles including metallic
and semiconducting component nanotubes in contact with the substrate,
wherein the nanotubes are provided at a density of about one percent
10 coverage;
applying a voltage to the gate electrode to deplete the
semiconducting component nanotubes of a plurality of carriers;
applying an electrical current through the nanotube, from a source
electrode to a drain electrode; and
15 breaking at least one metallic component nanotube to form a field

effect transistor.



