FREE- STANDI NG ELECTROSTATI CALLY- DOPED CARBON NANOTUBE
DEVI CE AND METHOD FOR MAKI NG SAME CROSS- REFERENCE TO
RELATED APPLI CATI ONS This application is a
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Patent Application Serial No. 10/683,895, filed
Qctober 10, 2003, the entire contents of which is
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nanot echnol ogy. Mdre spec y, the present
invention relates to a nmethod and associ ated structure
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varlety Ither of these varieties may, in whole or
in part, exhibit the behavior of a netal or a
Tlse presentd inventiomaletes age,nemélgetm itheg figlsbof nanetechnology. More
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to create p-type (hole majority carrier) regions and
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en an rora
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chem cal_ net hods for doping ar bon nanot ube,

ofngrRreFolled Unioed cylindsmand anipy Belpas'e 0aF Of 180 puapighies, a single-
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creation of nanoscale el ectronic devices,
doped using various chemical methods. In other words, different chemicals are used
- to create p-type (hole majority carrier) regions and n-type (electron majority carrier)
regions in the carbon nanotube. This results in a P-N junction that, when an
appropriate voltage is applied, emits light (in the case of a light-emitting diode
(“LED™)). The chemical methods for doping a carbon nanotube, however, suffer
from the problem that the p-type regions and the n-type regions are typically not well
characterized, resulting in nanoscale electronic devices with reduced performance

characteristics.

Thus, what is needed are a method and associated structure for forming an

electrostatically-doped carbon nanotube device having well characterized p-type

1




such as, for exanple, photodi odes, photo detectors,
phot ovol tai ¢ devices, sensors, and power devices with
enhanced performance characteristics. SUMVARY

Enbodi ments of the invention provide an

el ectrostatical | y-doped carbon nanotube device that

i ncl udes a carbon nanotube di sposed on a substrate
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an enbodi nent of the invention. FIG 2 is a circuit
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R 58s@RF11BN BF THE DRAWINGS

FIG. 1 is a cross-sectional view of an electrostatically-doped carbon nanotube device

constructed in accordance with an embodiment of the invention.

FIG. 2 is a circuit diagram representing the electrostatically-doped carbon nanotube
device of FIG. 1.

FIGS. 3-7 are cross-sectional views illustrating a method for forming an
electrostatically-doped carbon nanotube device in accordance with an embodiment of

the invention.

FIG. 8 is a cross-sectional view of a free-standing electrostatically-doped carbon

nanotube device constructed in accordance with an embodiment of the invention.
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FIGS. 11-16 are cross-sectional views illustrating a
nmet hod for formng a free- standing

el ectrostati cal | y-doped carbon nanotube device in
accordance with an enbodi nent of the invention. FIGS.
17-21 are cross-sectional views iIIustrating a met hod

for formng.a free- standing el ectrostat| C
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Thus, the doping of a carbon nanotube may be finely funed by varying the bias of

,l_..

each of the plurality of bias electrodes. Advantageously, the described method and
associated structure are capable of providing a carbon nanotube having a P-N
junction, a P-I-P junction, a P-I-N junction, an N-I-P junction, an N-I-N junction, a P-

N-P junction or an N-P-N junction.

Referring to FIG. 1, an electrostatically-doped carbon nanotube device 10 is
_ illustrated including a carbon nanotube 12 having a first end 14 and a second end 16.

The carbon nanotube 12 may be either a single-walled carbon nanotube (“SWCNT”)




of the present invention acts as a sem conduct or
material. The first end 14 of the carbon nanotube 12
i s disposed adjacent to and in direct electrica
contact with a first metal contact 18. Likew se, the
second end 16 of the carbon nanotube 12 is di sposed
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separation, the first metal electrode 24 is

the agrand end &6 yf &mlqatb@d napotuhe 12 imaytbearsed. 1 Thofirst n@tal contact 18
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14caf B@cﬁﬁé@hﬁhﬁuﬂeﬁu Bheftee abdond dnidel 6los tianeaboe nap&tbe 12,
the first netal electrode 24 and the first end 14 of

regpestivdly-bon nanot ube 12 and the second netal el ectrode
26 and t he second end 16 of the carbon nanotube 12 is
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e first netal electrode 24 is separated fromt
See(mdomd Ifeofithe shdbon madetuby 12. drefershlye thef diblenveckatwagrothe first

métoloelegﬁod%dm and the first end 14 of the carbon nanotube 12 and the second
metal electrode 26 and the second end 16 of the carbon nanotube 12 is between about
2 nm and about 100 nm, respectively. The first metal electrode 24 and the second
metal electrode 26 are each made of Mo, Ti, Pt, Au, Cr or the like, and each has an
area or size of between about 0.1 microns by about 10 microns and about 1 micron by

about 10 microns. Advantageously, the area or size of the first metal electrode 24 and
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about 1 mcron. The dielectric material 22 is di sposed
on the surface of a sem conductor nmaterial 28, such
as Si, SiCor the like. Alternatively, the dielectric
material 22 is disposed on the surface of a netal

| ayer 28, such as Al, C, M, Ti, Pt or the |ike. As
descri bed above t he car bon nanot ybe 12 has a first
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seB(defemﬂ Heé of didearbpaneinotube 12. Agaione, embod;lmbnf fof rthe qeesent

relates to. th aci.n en al
ingendiop,  Jertion Ozrﬁ‘gép oy W&%“&FS%F% Sge éléc%{‘r‘ié" padat a
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2, the structure for formng a
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efeting 2isposeEBEFRET 1 yoptschBeioE Matete 2F i By segon

30 &F thB @arbbh Shndtisk 14 B anl IR EEKE @MbDARRINE BEthd Dresedintdiftion,
second netal contact ("M") 20 is electrically coupled

a pertiph ef sk el centictos neterial 28 is slisposcdnadiscoble aml at a distance

r ir t r.qd
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ternatlve e I ment o e pres Invention
1ndlesaﬂrbebﬂﬂ above, 5 with only the dielect r| c mat eri al
22 (FIG 1) disposed between the sem conductor

R g%gghg)le Fié 3,? ! gg'ﬂc?tglg:tn g({;cfogﬂl{gognse ec%os‘gaacalfy-cﬁopeg carbon
nanotube device 10 (FIG. 1) is represented by a circuit diagram. The first metal
contact (“M1”) 18 is electrically coupled to the first end 14 of the carbon nanotube 12
and the second metal contact (“M2”) 20 is electrically coupled to the second end 16 of
the carbon nanotube 12. Similarly, the first metal electrode (“VC1”) 24 is
capacitively coupled to the first end 14 of the carbon nanotube 12 and the second
metal electrode (“VC2”) 26 is capacitively coupled to the second end 16 of the carbon
nanotube 12. In this respect, VC1 24 and VC2 26 form a first gate and a second gate,
‘respectively. In the alternative embodiment of the present invention described above,
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material ("SI") 28 is capacitively coupled to the
center section 30 of the carbon nanotube 12 and forns
a third gate, which otherw se does not exist. In
operation, a first bias is applied to VC1 24,
resulting in the electrostatic doping of the first
end 14 of the carbon, panotube 1 eW se, &esec ond
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|
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nzABtube (d¥hite 16 K BERBEFHoRE +/- TV and B5dth the. 30V Foviahen a8 VC2
l%)los,sl bl e configurations, sunmarized in Table | bel ow,

nd a nunber of p035|ble devi ces, well known to those
of ordinary skill in the art. 6 Bias

%ﬁ%ﬂ%ei%ﬁ%&%&% 20£acé ?!/ (t:l[%n descnbed above, with only the
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qqp hngh%\gﬁl-ﬁll_lp i E(tkm%?u%éq:ﬂlg J%péqg 8 ghLeEcE:n er section 30 of the

carbon nanotube 12, Thus, the center section 30 of the carbon nanotube 12 may be

made a p-type semiconductor, an I-type (intrinsic) semiconductor or an n-type
semiconductor. This results in a number of possible configurations, summarized in
Table 1 below, and a number of possible devices, well known to those of ordinary

skill in the art.




LowHi ghLowP- N- PBi pol ar Juncti ons

Hi ghLowHi ghN- P- NBi pol ar Junctions Table 1.

El ectrostatical | y-Doped Carbon Nanot ube Junctions and
Devices Referring to FIGS. 3 and 4, in another

enbodi nent of the invention, a nmethod for formng an
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e poR—RaRoEHB G-8-\-
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The nmetal electrode material includes M, Ti, Pt, Au,
Cr or the like. Preferably, the first netal el ectrode
24 and the second netal electrode 26 each have a
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chem cal v ep05|qs| on

. t
Sigy L 1KE a“,%%@ﬁfﬁ Ay 2 Pe pagyifed, such as AL Cr,
Maem?smt bloﬂleolik% ePFeTérEblyatHeoéé"nﬁ&ﬁﬁﬁ%F layeP @Rl }Fa%la HAGRess of

depdsition dielectric or the ke. The "second
betwiean abpdutgl maigron Rl alpmxtliﬁ@emlcspm Asﬁrstl\msuMQinlayer 40 is

Bl 0ot B, FrREE Y SHRREB GGt 35 AR hommal

xR W cH&RicAIMyageR| desditive [dielediie 4 'p[&h‘na—énﬁﬁﬁﬂeét diRfhical vapor
| ayer 40 and the second insul at’i ng | ayer 42 formthe

degpstien dml@tmcayépwz:zessu@scmemwé vapa\depositpn diglastria erethe like.

ﬂ%;i?rgfc’mgulg Iilgolrag W&lﬁu t%blz a?lj;%as 'Ag%i(?gf z?l(hyzt Itﬁ%g.\(a.yﬁreferably,

thel 60 $hshRAng Maylch @0 hud 4 acknefs dftRtwesbdut 2 nm and about 100 nm.
Following the deposition or growth of the first insulating layer 40, a metal electrode

material is patterned and deposited on the surface of the first insulating layer 40 to
form the first metal electrode 24 and the second metal electrode 26 described above.
The metal electrode material includes Mo, Ti, Pt, Au, Cr or the like. Preferably, the
first metal electrode 24 and the second metal electrode 26 each have a thickness of

between about 10 nm and about 100 nm.




insulating layer 42 to formthe first nmetal contact 18
and the second metal contact 20 described above. The
netal contact material includes Ti, M, Au, C or the
like. Preferably, the first nmetal contact 18 and the
second netal contact 20 each have a thickness of
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hse tl It should. b that th ;
AR oV T A gt BAHeL IR TooMe: fah Coipr fhe like.
-P&Pér&tﬁ? ethe ffir@in¥taP B6ntdt 18 5&&1 tﬁer oﬂ'@hﬁtal %eﬂaga%o t&rensle a

the se€cond netal contact .  ow ng t eposi tion
thisknedsef betwekeny shoutd O eami aid aMut t(anmar bon nanot ube 12
descri bed above is grown, as illustrated in FIG 7.
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REFE A 6, SEPar PR el ok s TypEHarbon nanotube i
theh Qagerhéd and @Eﬁdsﬁ&& .onl the GafaER| of thb EirsempRD comaat 1and the

12 is ?rovvn in a chem cal vapor deposition t ube

segefpmetal eentact 20aiwinggfes oxponlega Linkoht @@anmaﬁ)Wéblgmw to those
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: othneaaﬁqmtlglstand&helnudéd N44Fé ,0CBB Mo, Al ahiFey nﬁfate or the like,
sl.ands" at these. tenperat ur es and becones
Pf§kﬁﬁ%h?3§é%?aé% ¥ mtenial @4 %at hickngasef hetween qbﬁet @ hppoand about

1 Hﬁpof’ﬁl&‘eto]d% 8§1 &Her QRIH e&zﬂtéﬂl (yrﬂhg: ﬁnlgr%g/as f tﬁ? If'fi‘st metal

process 1s nown ose of
conteet &8 tnd %fsecandngeﬂabcdﬂtﬁt 29 tha shirfeees off ;ﬂlﬁjﬁmgmetal contact 18
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cobfc@Cwith %ﬂl@td]ﬂ:sﬁt eeﬁlﬁ@?ﬁ@ﬁ)' Legkt Yomlgobﬂgda @ﬁfgﬁgﬁ PARSA YBL the

devi ce be use i n photovoltal evi ces,
depesition gf the catalyst material 44 and is subsequently removed. It should be noted

that the catalyst material may be selectively deposited on the surface of only one of
the first metal contact 18 and the second metal contact 20. Following the deposition
of the catalyst material 44, the carbon nanotube 12 described above is grown, as
illustrated in FIG. 7. Preferably, the carbon nanotube 12 is aligned substantially
parallel to the surface of the dielectric layer 22. In general, the carbon nanotube 12 is

grown in a chemical vapor deposition {CVD) tube coupled to a flowing carbon

8




and/ or power devices. Wen the carbon nanotube 112 is

suspended as shown, the resulting diode exhibits a

nore ideal behavior, and such a configuration is

better suited for electronic devices in general and

nore specifically for photovol ataics. The carbon

1%%notube 112 has a first_end 114 and a second end 116.
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configuration, and Size to the carbon nanotube 12
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however, jt. shoul d be appreciated that any di nensions

ang Qs T eh glexigetu Y hencthe certiongiansiwhe 442 inisespendrd asnshoveg the
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ozt AGE L 1A b2 ?la%f ce%ﬁ 4 2pd 3 gecgp eaﬁ?ﬁ E@s ¢ gropp ganotube
1 BUEHERR beRfec anld Qﬁﬁt‘é&g Q firde méﬂéf: Borftset 18 thr&g@ﬁﬁla gi’rst &nd 114,

dielectric material. The dielectric nater
andet feornvbgietaf co@:ta@?.O,Shmugh thelseedhd enddd 6. dhe chboh mkmtub\a 112

st met al de 24 metal el ec rod
b b oG H Al o et S FAM T -5 Gbon
na@@tu@@ Q*MW@N@?d Phe earbbShaldadel 11O kg1 iih ghysﬁ@él %bpearance,
contact 18 and the second nmetal contact

condigwation.aafl yize Be theeathonanptube $2 (BlGatl ).olhe fitse nfeitaﬁ sontact 18
| 4 ]
b S A LG8 A5 e AL N i YR R S

mSECanstiseqnBéPdr St Bobileen’dholis 0.8 3RiREIk by albBulC VRIi@6ns and
to the second end 116 of the carbon nanotube 112. In

: abeléfr } anieroaycrhont b9 snictons  dn genmidle howevgseil Shw!d ferappreciated

I i-r st
S AR 80RE Bl 8o LhER ol b5 e saon
naaalnibe B2 ﬂ&lgfdmdlsedhd Thé Girﬁtfméthbccﬁﬁcb QR andmigd sd@snd ir%tal fontact
bet H abouyt . and about Q respect ively.
&Y PF Aisposedt ereql f:roaéélomths&&d% hid, dd6 s dhergarhn nanotube
119Iectrode 26 are each made of M, Ti, Pt, Au, C or
the like, and each has an area or size of

The first metal contact 18 and the second metal contact 20 are disposed on the surface
of a substrate 22, such as, for example, a dielectric material. The dielectric material
22 may be formed of SiO,, SizNy, AlLOs, ZrO,, or the like. A first metal electrode 24
and a second metal electrode 26 are disposed within the dielectric material 22,
adjacent to and at a distance from the first metal contact 18 and the second metal
contact 20, respectively. Because of this separation, the first metal electrode 24 is
capacitively coupled to the first end 114 of the carbon nanotube 112 and the second
9




bet ween about 0.1 microns by about 10 m crons and
about 1 mcron by about 10 mcrons. Advantageously,
the area or size of the first netal electrode 24 and
the second netal electrode 26 may be selected to
achi eve a desired spacing between the first netal
@ctrode 24 and the second net al. el ectrode 26.

IFTOdRE bt canaridivelyeaupled wagleb%e@ﬂma@gérlui@eaf rlw carbon
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as a P-N junction digde. Wth specific reference to

sqepi] mgtal € trpqi%%ﬁ sraxrhei Sselpcied de eeligyan idesirad spgeips detween the
ﬁfs?ﬁ&?aﬂ elé&ﬁ'gc% EQ %nq!ﬁl)éé ?e%oﬂdl&etzﬁ e[e%H'B& S@t q‘ijlza gx%ﬁ;wafge of this

~clrcurt diagram met al cont act
smbmg&msbedrﬂ@esmrmﬂ:nhmdetmdx the first end 114 of the
car bon nanotube 112 and the second netal contact

0is ctrically coupled to. the secon n
The delshteic,masRedl Bok dibRind rcide Rurtics, o4 Bice Jratpid 2] (I base
mm%hﬁll 28! el rede &elM%n&uc%il thterigP Bl Y¥2lsy, Sitt:l%ﬁ%é Qike.
he first end 114 of the carbon nanotube 112 "and

Ah@m@tmwly,nﬁleabasel m@tenddQS( myrve) a2metad lepgrags,t suchl ys a layer

coupl ed t nd,.116 ,of t car.bon ,nanpt yb .
ol it Mo, 90 B Br ke S ers s B dhs fiefeetric
mgRkiel apdimis SARRENE tHAtcAsboheseaibeVElY to Ik BRLERAIAR. indthat

first bias is applied to VC1 24, resulting in the

logatisw: Brabling dhelspsbpig natotubenbl for be fr@ﬁ@tanimgcﬁom ke dielectric

AR YA 6 s R, FRECIL PU, b, 112

~ biakefiang PON jhimitiog€icled end 116 of the carbon nanotube
112. Dependi ng upon the bias applied, the first end

R el ShSraBush g

e T e
*MI1f’3 18 endeddidallyf caupled da theofirshemibt Lbef the 2aibsn mankeniee 112 and
th _sé%gg metal contact (“M2”) 20 is electrically coupled to the second end 116 of
the carbon nanotube 112. Similarly, the first metal electrode (“VC17) 24 is
.capacitively coupled to the first end 114 of the carbon nanotube 112 and the second
metal electrode (“VC2) 26 is capacitively coupled to the second end 116 of the
carbon nanotube 112. In this respect, VC1 24 and VC2 26 form a first gate and a

second gate, respectively.

In operation, a first bias is applied to VC1 24, resulting in the electrostatic doping of
the first end 114 of the carbon nanotube 112. Likewise, a second bias is applied to
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sem conductor and the second end 116 of the carbon
nanot ube 112 is nmade an n-type sem conductor, or vice
versa, the result is a P-Njunction. A P-N junction
may be used to forma light-emtting diode ("LED'), a
phot ovol tai ¢ di ode, a power device, a photo diode, a

Vphot 0 detector, or the like. The preferred vol tage
(@nd® tspulting i theyeleirostatic glopingr of ﬁv@ sgfond end 116 of the carbon

b i i .
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el.ectyostatically-doped car.bo anot.ube device 110.
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usedab Feine b llighi-ahit@lg dibBe (fIEPY) s BRstbElitaic diode, a power device, a

el ectrostati cal | y-doped carbon nanot ube device 110
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1 Redr@rabotig/n8evwt for FICE4 ahll-Vi62 26.here is shown process
steps for formng a free- standing

el ectrostatically-doped carbon panotube device 110. As
S‘&Eﬁr‘ﬁ?lfqda‘faﬂ%‘{ne‘ban%_ P%Sr.e @?caﬁan@%y,se@qua%?ratﬁgtgus one or
mbﬁb%ﬁ&héfﬁeé—&aﬂ&Pgéleh%’séﬁ{ca -ﬁﬁﬁb@&rﬁ&%@klﬁﬁ)é%‘d&’és 11®6may be
. The rst 4

sem conduct or yer 2 I nsul ating |ayer
utitined be af ghotpoltaisideyice, sensrrmand/onaipdwer devitee nFEal 10/ dlvstrates

g Fovolsals reroba® of o1 dnsls Mes i GrotsifEalidnedaparbon
naBRME d¢PiRe$16.1 PRe Iaﬁﬂl Sl #shiflfin ﬁ{éﬁ:uh'ﬂeﬁtg\ifoéta é‘@hﬁ%%%’isﬁcs of

insulating |ayer 40 may conprise Si Q2, . ,
thgr dize-standinige dl¢ckiostaticallyfdopath| parbome naatehe | duyideatilfg under

| ayer. 40 .h a..t hi.ckness_ of. bet ween about 2 n n
b Etvelg b B iR i e B PRty SRR g fourth
quabifint iksis droged piwen & DedEgentfhtedby thedaldee! ect r ode
material is patterned and deposited on the surface of
the first insulating |ayer 40 to formthe first netal
Refeitng aope 10 415 ltlrﬂé’? dbergria shewa| rrerese tstepg for fgrming a free-

st&?ﬁ%%ﬁg&o%&‘é@rﬁg{‘d @%{5’% 1@5@&% 8(?6%%%21 ﬁ.LZ‘As TRYirf step
(FRGSS B abi 12), bihinshlatisg layet 40 issdepotitadcter g2dwarnd thieurface of the
OS5 5 Lo o AP Rgf hrs
O)Jgde(}a tRemidalS ¢ P%eb@ﬁ%rﬁtgﬁﬁ&nli&ye? 'i)la%gla'-e?nhﬁﬂh%a chemical vapor

eposi ted or rown on t
deposition dielectric, a low-pressure chemical vapor deposition dielectric, or the like.

.The first insulating layer 40 may comprise SiO;, SisNi, AlOs, ZrO,, or the like.

Preferably, the first insulating layer 40 has a thickness of between about 2 nm and
about 1000 nm. Following the deposition or growth of the first insulating layer 40, a
metal electrode material is patterned and deposited on the surface of the first
insulating layer 40 to form the first metal electrode 24 and the second metal electrode

- . 26 described above. The metal electrode material may be formed of Mo, Ti, Pt, Au,
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surface of the first insulating | ayer 40,
substantially surrounding the first nmetal el ectrode
24 and the second netal electrode 26. The second
insulating |layer 42 may be formed using a chem ca
vapor deposition dielectric, a plasma-enhanced
cheg%cal vapor deposition dlelectrlc a | ow pressure
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Au, Cr or_ the like, Preferably, the first
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t
B3R 908 ohl?| BBIESHR] BEENESHANY layed 4074t BRScBMM ngulating

lager 42 6drm fherdiglecric rig/ea ZQaiebmbedea’motrelb@ollswmg‘thB deposmon or
atte{r&fﬂ anddde the S rfaces of the fir d
\&- o ﬂ? ag Wé’r eEé?ﬁ‘i nEADLACt MAKRrial s E%“eme and

déf)%‘sﬁ&i oft Ye SrBRB! o the sbédud- iﬂgl.fllattnfg:th@'elq 4 to Wik rihc‘: irst metal
known to those of ordinary ski in the art. The

: .ccumcallﬁsatndrth@ eedoatl metalnenntach R dehmlfedrabom (RHG. t1t$|) n Thiel metal

ol R S0, T AR ST AR5 e

cdhitdct 88 Bad @€ sbdbRdIhdA cohfacETIBacR HROS!: MREUnSss df R tween about 10
catalyst material 44 has a thickness of between about -

nrg apd RppuAB0 8eut 1 nm Prior to depositing the
catal yst material 44 on the surfaces of the first

Bl 7 R0 A ST U B
thee tpafteraah bad degdited Dnvidk Isuﬁfﬁcdshjf tHe elrecineiat coatyetr 123nd the

may. be sel ectiyely coated th _ _photo-resist. The
sepprst Betabeantyct 2B sidg, 105 exap méﬁé&g shpiug, avhich isaysil known

toftR setdﬁrﬁﬁwghoﬁpvtgggh tﬂ%ﬁ%ﬁlg&ﬁg’teﬁﬂ 3rﬂ1%tataﬁé A brinSof

subsequent be note t the
thafilm yst nand);mrﬁuzlb add mmgyyinblade eleﬁmhtmlcly asl@ipBe,t €al cnrrMo or

t he sur ace o) one o rst metal, conta
migies HehdB e Hobdnieinondic . lrsoms FRRAdiy Siafhc catalyst
mgt%ﬁélsM Q8 aOthidkREssCatt Bitatn ABLRT 0. ?lmﬂ‘bndteﬁ)%uF 3r AN Prior to

nanot ube 112
depositing the catalyst material 44 on the surfaces of the first metal contact 18 and the

second metal contact 20, the surfaces of the first metal contact 18 and the second
metal contact 20, as well as the dielectric layer 22, may be selectively coated with
.photo-resist. The photo-resist serves to form the appropriate pattern for the deposition
- of the catalyst material 44 and is subsequently removed. It should be noted that the
catalyst material 44 may be selectively deposited on the surface of only one of the
 first metal contact 18 and the second metal contact 20.
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descri bed above is grown, as illustrated in FIG 15.
Preferably, the carbon nanotube 112 is aligned
substantially parallel to the surface of the

dielectric layer 22. In general, the carbon nanotube
112 is grown in a chem cal vapor deposition (CVD) tube
g@upjed to.a fl.ow ng _carbon (hydrocarbon) Source'<ﬁﬁ§b112
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el ectrostatically-doped carbon nanotube device 110. As
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is removed to forman altered first insulating |ayer
depggitiosdiclashice alewmressus demsend yapascleperdtian disleaticaptithe like.
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mefedsl i panémkd bho depaited phahe serfacolift the ifestahali@iie layer 40 to
rial for etchj % the first insulati ngzél ayer. 40a

forlngfsh? tmgisi clgetrqdefand thgsesendmetab eleefrasiei 29degerihedragpve.

Si2 or plasma dry etchants. An open area 127 is
RS o Rt ptgon of He AREinsARRADPRHTs FOFTH B9 ftTm an
alere@. firsR insuluting daymt 40as uBuitdbibe) réaywal pd@msies itdlade etching and
.deposi.ted or gr n the surface of th tched first
tehEERE Ferl e r HRo: SHIERSO st Slegtndoaancrngiey g used as
mAdks %ﬁriﬁ@ﬁl@ktcﬁing% NRerdthy R8ss. NSuib BN ANE hfdterial for etching

el ectrode 26. The second insulating |ayer 42a conforns
the dirstHasulaginghlagterf 40asincludssi et ietehantaysach 49 buifdied oxide etch for

Si09 %froﬂlz%?nnac Sryogtcfngn%s.s%ﬁjggeﬂ grse%l 16)2t7I ﬂgfolrrﬁgf ﬁ)ef‘{nge%n the first and

second metal electrodes 24, 26 through the etching process. With reference to FIG.

21, a second insulating layer 42a is then deposited or grown on the surface of the

‘efched first insulating layer 40a, substantially surrounding the first metal electrode 24

and the second metal electrode 26. The second insulating layer 42a conforms to the

etched first insulating layer 40a. The conformance of the second insulating layer 42a
13




13 at the open area 127 allows for the formation of a
trench 128 between the first and second netal

el ectrodes 24, 26. Follow ng the deposition or growth
of the second insulating |layer 42a, a netal contact
rrateri al is patterned and deposited on the surface

of
d at i | ayer 42t for first al
o 5 oket 25 127l SR usnlEhnidhup e el 5 poriedh ofF gy and
sécendflnﬁtm?@ect@dssawl 263t FOR Wik ahe 4dpcsitionddt Goll of the second
a carbon nanotube is_ then patterned and

xrg&Sé“gQ ?aw . ¢ metal @ﬂmta@té@,atmaltlmwenwdtanddpmsn@@ an #ssurface
of Seniold GylSe B T2, ARBTRR Bt el Blnes Pt rone

niehtbe@ltmftzmdl nary skill in the art. Prior to
depositing the catal yst material 44 on the surfaces

of the first netal, contacg a he second net al
RE’%H%%‘P 1*26 59%%%)/%’%]&%@%&% ﬁf@) ¢ forarowing A cagknn nmptube is

.th@§ p%ﬁQmEJP %n& g&‘iiteﬂ%fna he of the Ii?éﬁ Wl cﬂﬁthP?S and the

dielectric coat e
seopiad merad smrsact 20hmsingh &lr@xamp]esa llﬁmff/mhmmué ovhich tsheell known

R BB e RO Bl 3 e

sutft&Gofttha Firdt Aestdl dbafaysis ARl Bk 's@éonﬂ‘lnéfﬁycoﬁ%ct 20, the surfaces of

sel ectively deposited on the surface of only one of
the Hisstiinetgl consach|1 8candt the seco®d anefal ¢nmtacs 80 pasi Wit tag the dlelectnc

a Eal | sit.i,on.of .t cat al
1o iy B eleBhleh b it RRAB SR 18 poblBErefRl Ry o form
the Sapprepitate e}ﬁtteﬂnl et iR eRlpbditidrl Gf k. cMUliykte nidi@ial 44 and is
i nventi on has been descrlbed in detail in connection

suppagqerthi yeraovern fteshouid, hpenotask thahriicatelyst material Hidumay be
4f AR SRR APl By 15 an 0

sebamdem'etab Kton:tadst :m'-: Follmfnngothé depositivar pothet cataAvy nutedtrd4, the
vari a tlons substltutlons or
NP ? %#?Saﬂ ¢ IsgpWReAsdlBYied i9dd6r 2hed, but

V\,hl ch are commensurate with the spirit and scope of

whie tﬁé“ﬂﬁ@ﬁticﬁﬁhas%en%&@é@de@ 1n"}fékdllemeéﬂfﬁgétgﬂ1in&r§th Q:fnlg?f BQimited

i nvention have been described in terns a sin
nugtbse tof @m‘tmthmaits yit dopdd beanchdily nmdmtudub thait tthe froughtdon enot

hat [ra SUi
s bRt Ahihels, Hayieah: inBtation can ba modifigd to
ink2p@hicang dnﬁrﬁbéro rolin DATRIOAYS ag&n%%%?ﬂ:ﬁbgﬁ%tlo?sh or equivalent

~ Additiona e vari ous
ArfaRgERRILYH ﬁOth%ﬁIétOﬁEé dlesreibed.i itavhich apes corpmisnsugate evigt thedspirit
: a t nvention. m clu
anf hpe SOBE vt R AFHBAP IR PR ot P R8T ve

bekmdésetibenin t‘ér.rﬁmbf i Ginpe é@ﬁﬁs@ﬁcdllwtﬂofp@dj ch¥oh REnotube, it should
foregoi ng description, but is onl

- be appreciated that an array, or suite, of electrostat%ally—doped carbon nanotubes 12,

112 may be arranged to form numerous power devices. Additionally, while various
embodiments of the invention have been described, it is to be understood that aspects
of the invention may include only some of the described embodiments. Accordingly,
the invention is not to be seen as limited by the foregoing description, but is only

limited by the scope of the appended claims.

14




limted by the scope of the appended clains. 14 C ai s
1. An electrostatically-doped carbon nanotube devi ce,
conprising a carbon nanotube di sposed on a substrate
such that at |least a portion of the carbon nanotube is
free-standing. 2. The electrostatically-doped carbon
anot ube device of claim1l, wherein said substrate
{;’é)"ﬁiyri ses a trench. 3. The electrostatically-doped
~ carbon nanotube device of claim1l, wherein said
1.carbgp geaRisuRRalAdokd! tdrBbn SRHORBE &evi 9%91@%91@; b N&rbon
device further conprising: a first netal contact
nagiotbe slésposkidraca bubstiale suenthat at ledsea porten of it @ibdnhmanotube is
frca}rtbo nanot ube; and a second netal contact disposed
W YRS adj acent to the second end of the carbon
nanot ube, wherein said carbon nanotube is electrically
2.coupTigdeleatrdsoichily-GbpeanchrisRCRi@tubdedet ce GIMlaft 5. wherein said
The el ectrostatically-doped carbon nanotube devi ce of
supptsateramprisgs p@nch.conpri sing: a first netal el ectrode
di sposed in the substrate adjacent to and at a
- di st | 13S, npt L eai
3 oor o e SRR Sl R o b AR M RO Wficin said
cacdmumplaadtube hahefifst et areindseobnd érel, deerdeoive fantiod cbmprsidg: s
operable for receiving a first bias to

» fish e B0 et dpotel BRE hatiarert b e beendi o s B e
andubstrate adjacent to and at a distance from the

second end of the carbon nanotube, wherein the second

metal electrode is capacitively coupled to the second
a gosand matplecantach dispasedoditasdy adincert tople sistandf end of the carbon

| Al _ . . . ol
6 R3O BT LR 98Pl ond
methle@intaest at i cal | y- doped car bon nanot ube devi ce of

claim3, wherein the first netal electrode and the
secqpd tal el ectrode each conprise a netal selected
4ty o%gﬁgtfeﬂﬁlfeﬁﬁ@efq (fgrasn mpnotype dsyiceaply ckym 3, further

comprising:

a first metal electrode disposed in the substrate adjacent to and at a distance from the
first end of the carbon nanotube, wherein the first metal electrode is capacitively
coupled to the first end of the carbon nanotube and is operable for receiving a first

bias to electrostatically dope the first end of the carbon nanotube; and

a second metal electrode disposed in the substrate adjacent to and at a distance from
the second end of the carbon nanotube, wherein the second metal electrode is
capacitively coupled to the second end of the carbon nanotube and is operable for
receiving a second bias to electrostatically dope the second end of the carbon

nanotube.
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6. The electrostatically-doped carbon nanotube device

of claim3, wherein the first bias is operable for

maki ng the first end of the carbon nanotube either a
p-type sem conductor (hole majority carrier) or an
n-type sem conductor (electron nejority carrier). 7.
The e ec}rost at i aIIy (go ped car bon nanot ube devi ce of

S¢l ai %e%%%t@r lydgbed; gerbam nanciubs devipr phslatm  wherein the

fiFR ‘ﬁ'lé?ﬂ d&8roae GRA %@E&m?(ﬁ nfé&ﬂ SR80 eﬁﬁn% Qa.';%lg&i séected

p- type sem conduct or ole mpjority ca
frnnltilpgrcmgrwnmtmgmeo (1) BiotmdbAu. maj ority carrier). 8.
A phot ovoI tai c device conpri sing the

g: :IC ei e egﬁos%%:g%?i ﬁ%ﬂ%r crng gﬁﬁm %vqc?% 89 clahﬁ% wherem the
fissh BR[O op@hble I Makinp ekl Galt kA o'ﬁ@iboédt@(ﬁl naRvibeeiBkr a p-type
claim1. 10. A sensor conprising the

seanigendustor 4bole majgrity eairrk ar bd n-thiegh sanuibendyistor elegfon majority
ca%glj)_m 1. 16

7. The electrostatically-doped carbon nanotube device of claim 3, wherein the
second bias is operable for making the second end of the carbon nanotube one of a p-
type semiconductor (hole majority carrier) and an n-type semiconductor (electron

majority carrier).

8. A photovoltaic device comprising the electrostatically-doped carbon nanotube

device of ¢claim 1.

9. A power device comprising the electrostatically-doped carbon nanotube

device of claim 1.

10. A sensor comprising the electrostatically-doped carbon nanotube device of

claim 1.
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