FREE-STANDING ELECTROSTATICALLY-DOPED CARBON
NANOTUBE DEVICE AND METHOD FOR MAKING SAME
CROSS-REFERENCE TO RELATED APPLICATIONS This application is
a continuation-in-part, and claims the benefit, of U.S. Patent Application
Serial No. 10/683,895, filed October 10, 2003, the entire contents of
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of carbon rolled info a cylinder and may belong to one of two varieties, a single-
walled variety and a multi-walled variety. Either of these varieties may, in whole or
in part, exhibit the behavior of a metal or a semiconductor material, depending upon

their chirality (i.c., conformational geometry).

Carbon nanotubes that exhibit the behavior of a semiconductor material are typically
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

clectrostatically-doped carbon nanotube device having well characterized p-type
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electrostatically-doped carbon nanotube device having well characterized
p-type 1 regions and n-type regions, allowing for the creation of
nanoscale electronic devices, such as, for example, photodiodes, photo
detectors, photovoltaic devices, sensors, and power devices with
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present invention provides an electrostatically-doped carbon nanotube
suherficErcvpakinBhetediasiss. phattdsEelivpopbatoroialadsiats swolidtsaand
poREIGR @ PREIPBBEIR £ALPRAARNOIMRE if:ffeg:standing, wherein said
carbon nanotube has a first end and a second end; a first metal contact
disposed directly adjacent to the first end of the carbon nanotube; a
SUMMME etal contact disposed directly adjacent to the second end of the
carbon nanotube, wherein said carbon nanotube is electrically coupled to
Onthedfrsttand secopdsenetabcantactgiravidst metatielecisadr dispaged indhion
na ﬁc,ol%ggtr g%iggj%&et{]trtol Ig:lr]d at a distance from the first end of the carbon
nanotube, Wheremn thesirst metal electrode is capacitively coupled to the
first end of the carbon nanotube and is operable for receiving a first 2 bias
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distance from the seécond end of the carbon nanotube, wherein the
endsecond metal electrode is capacitively coupled to the second end of the
carbon nanotube and is operable for receiving a second bias to
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DESCRIPTION OF THE DRAWINGS FIG. 1 is a cross-sectional view of

an electrostatically-dgped carhon nanatube device constructed in
2 SSCORT R GHT1h WSRSSTOREb (R RSBhABrne second end of the carbon
nanotube, wherein said carbon nanotube is electrically coupled to the first and second

metal contacts;

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



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
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graph illustrating photovoltaic results from the free-standi
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electrostatically-doped carbon nanotube device in accordance with an
_embodiment of the invention. FIGS. 17-21 are cross-sectional views
B%Egt%ﬁg%lﬁg@gﬁgrﬁmwwgtanding electrostatically-doped
carbon nanotube device in accordance with an embodiment of the
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dePOWEF BRYiGes, photodiodes, photo detectors, light-emitting diodes
("LEDs"), and the like, with enhanced performance characteristics. One
specific form of electrostatically-doped carbon nanotube device is a
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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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plurality of doping electrodes that are decoupled from a plurality of bias
electrodes. Thus, the doping of a carbon nanotube may be finely tuned by
varying the bias of 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
FIgungtigna aciPebiy jlingtion, @prbbdnifignaiio franshirddih fU rLidibstftcallyRioped
junction or. an. N-P-N jungtign. Referring to FIG. 1, an
ca ?&c?ﬁ?s({%}l?c?a v}?gﬁ)éjc?lg rbon nanotube device 10 is illustrated including
a carbon nanotube 12 having a first end 14 and a second end 16. The
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cledtra VSN ééﬁgé(?cgfmgh\ﬁ ledisaRon Dapeivpe ("MWCNT"). The carbon

nanotube a length of between about 0.1 microns and about 10
microns and a diameter of between_about 0.4 nm and about 20 nm,
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upon its chirality (i.e., conformational geometry). Preferably, the carbon
cm GRiert ShegmriatitBsent invention acts as a semiconductor material.
The first end 14 of the carbon nanotube 12 is disposed adjacent to and in
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end 16 of the carbon nanagtube 12 is disposed ,adjacent to and in direc
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emb@lanenthef fecmivdntietal contact 20 are each made of Ti, Mo, An, Cr or
the like, and each has an area or size of between about 0.1 microns by

DE%RQEE%%%@@W@%%%%E&?&W a@%}f@ms- In general,

any dimensions that provi guate electrical contact with the first end
14 of the carbon nanotube 12 and the second end 16 of the carbon

Descrifstl sabodiments o fifariinveatipg: pevide sntrthad s resecied miructure
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chapsteriedo g edlons and n-fype. segions, allowing for. 26 Gréation. of
nanoscale electronic devices, such as photovoltaic diodes, power devices,
photodiodes, photo detectors, light-emitting diodes (“LEDs™), and the like, with
enhanced performance characteristics. One specific form of electrostatically-doped
carbon nanotube device is a free-standing electrostatically-doped carbon nanotube
device. More specifically, embodiments of the invention provide for the use of a
plurality of doping electrodes that are decoupled from a plurality of bias electrodes.
Thus, the doping of a carbon nanotube may be finely tuned by varying the bias of
each of the plurality of bias electrodes. Advantageously, the described method and
associated structure are capable of providiﬁg 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”)



The first metal contact 18 and the second metal contact 20 are disposed
on the surface of a dielectric material 22. The dielectric material 22
includes SiO2, Si3N4, A1203, ZrO2 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

or angine-aaneadchsial RaRtaM20NesRactvely. HecamsePilStube 12 has a

separation, the first metal electrode 24 is capacitively coupled to the first
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The first metal contact 18 and the second metal contact 20 are disposed on the surface
of a dielectric material 22. The dielectric material 22 includes SiO,, SisNi, ALO;,
ZrQ, 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 14 of the
carbon nanotube 12 and the second metal electrode 26 is capacitively coupled to the
second end 16 of the carbon nanotube 12. Preferably, the distance between the first
metal electrode 24 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

4



distance from the center section 30 of the carbon nanotube 12, with the
dielectric material 22, a portion of the first metal electrode 24 and a
portion of the second metal electrode 26 disposed between the
semiconductor material 28 and the center section 30 of the carbon
nanotube 12. In an alternative embodiment of the present invention, a
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distance from the center section 30 of the carbon nanotube 1 only
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td first etal contagt 18 is ele trlcall .
T B T i T ER P OB RS b8 T e bl 28,
sucineteBicGitaot (vl Bke2 septadiritashedigliadrio thasttadear B« cithe
arb be 1 Slm arly h fi electrode ("VC1") 24 is
su c%%é)%lta C:f%lpég%?e?i ﬁs 5 glﬁniltcg'f f f&end%ﬁé}egﬁ]&%% Ve,
ﬂlesmdomdnmetabelbmnasje first@RY %a@apmﬁ@n@@ﬁpl%&&m@gﬁa@oaﬂmr
Secﬁorm a gﬁ?: an P g %5%% ez B %Ii é%é%n i if and the

a secon Tespeltiv
secendbeddnh@\taﬁ the pmbmntnmmbenldesdnbedamumdm ohithéheresent

mvgﬁ%lggtnc%%]r?.tenaﬁﬁlz (SFIG 13dd ose n 'érl](g %%n{]iut %b% %{? and at a

mateﬁ and(f & Center sectl e cal
dmtsamcmeu&torc&n@tesrsﬂt(dSlS}}Z&” |§1eambmyelgamuhﬂemtowhb denidielectric
| 3 h [ anot WhICh
ma %r%\%’se E%)elso%ét% éx%s%tr?nnéet%ra |orl|2T Og_{lll‘s i9S0] appf9 Wf‘ﬂfl metal

elec’eedttlag mm@émtwsmtlﬂlejspma)ﬁuhmﬂmammimoﬁrtﬁelmcbmrer section
30 %tgg) %(;112 lﬁll%gl%lg 922 f? ap) bla IS a%lea?\ 12 VC% 26f%]rr§sseg{ltm%entmn

& electrostatic oping of the secon ’ﬁlne caro
a pomon of the semiconductor material 28 is disposed adjacent to and at a distance

from the center section 30 of the carbon nanotube 12, with only the dielectric material
22 disposed between the semiconductor material 28 and the center section 30 of the
carbon nanotube 12. Again, this difference relates to the spacing between the first
metal electrode 24 and the second metal electrode 26 and its significance is described

in detail below.

Referring to FIG. 2, the structure for forming an electrostatically-doped 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 (“VC17) 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,
5



12. Depending upon the bias applied, the first end 14 of the carbon
nanotube 12 and the second end 16 of the carbon nanotube 12 may each
be made a p-type semiconductor (hole majority carrier) or an n-type
semiconductor (electron majority carrier). If the first end 14 of the carbon
nanotube 12 is made a p-type semiconductor and the second end 16 of
Wittheldarltim diahottibeniRdsiahade(BIGD- typ@iqm"s&domwﬁai bk g&ﬁlu@iaactor
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possible confi urations, summarized in Table 1 below, and a number of
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. Bipolar Junctions
vice versa, the result is a P-N junction. A P-N junction may be used to form a light-

emitting diode (“LED”), as is well known to those of ordinary skill in the art. The
preferred voltage range of the structure for forming an electrostatically-doped carbon

nanotube device 10 is between about +/- 1 V and about +/- 30 V for VC1 24 and VC2
26.

In the alternative embodiment of the invention described above, with only the
dielectric material 22 disposed between SI 28 and the center section 30 of the carbon
nanotube 12, SI 28 is used to modulate the doping of the center section 30 of the
carbon nanotube 12. Thus, the center section 30 of the carbon nanotube 12 may be
made a p-type semiconducter, an I-type (intrinsic) semiconductor ot 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.



Table 1. Electrostatically-Doped Carbon Nanotube Junctions and Devices
Referring to FIGS. 3 and 4, in another embodiment of the invention, a
method for forming an electrostatically-doped carbon nanotube device
includes first providing the semiconductor layer 28 described above.
Again, the semiconductor layer 28 includes Si, SiC or the like.

BladWGIRAUVElY, a MERLIBYET 2$HL0EYHE provided, such as AL Cr, Mo, Ti Pt
or the like. Preferably, the semiconductor layer 28 has a thickness of

vopetwgenapget imicron and about 550 microns. A first insulating layer 40
is deposited or gfown on the surface of the semiconductor layer 28 using
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ma-enhanced chemicalivapor deposition dielectric, a low-pressure
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insulating layer 40 has a thickness of between about 2 nm and about 100
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Highm | Folloptiy the tdpositig-skdrexiredtiede fikEPAsulating layer 40, a

metal electrode material is patterned and deposited on the surface of the

Higlirst] insulatifgghayeN4No  foridacine-Besk inetddrslectrode 24 and the second
metal electrode 26 describad above. The metal electrode material

Lowinclutis MdoW, RtpARP Cr ¢BiheldikencRseferably, the first metal electrode
24 and the second metal electrode 26 each have a thickness of between

HiglabquiclD Miignd lakouk 10U mipoi4r RegsRNg 10 FIG. 5, a Second insulating
layer 42 ig then deposited dr grown on the surface of the first insulating

Tab R EA et Ry B S P I TRl SIS T it g the
second metal electrod , using a chemical vapor deposition dielectric,
a plasma-enhanced chemical vapor deposition dielectric, a low-pressure
chemical vapor deposition dielectric or the like. The second insulating
layer 42 includes SiO2, Si3N4, A1203, ZrO2 or the like. Preferably, the
Refegiqnebimaistidgdayer, 42 hemharteiakoensdh itaecmahnidn AManed for
tor e i b g e o3RS S 5500 e

semiconductor layer 28 described above. Again, the semiconductor layer 28 includes

Si, SiC or the like. Alternatively, a metal layer 28 may be provided, such as Al, Cr,
Mo, Ti, Pt or the like. Preferably, the semiconductor layer 28 has a thickness of
between about 1 micron and about 550 microns. A first insulating layer 40 is
deposited or grown on the surface of the semiconductor layer 28 using a thermal
oxide, a chemical vapor deposition dielectric, a plasma-enhanced chemical vapor
deposition dielectric, a low-pressui'e chemical vapor deposition dielectric or the like.
The first insulating layer 40 includes SiO,, Si3Ny, AlL,O3, ZrO; or the like. Preferably,
 the first insulating layer 40 has a thickness of between about 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.




described above. Following the deposition or growth of the second
insulating layer 42, a metal contact material is patterned and deposited
on the surface of the second insulating layer 42 to form the first metal
contact 18 and the second metal contact 20 described above. The metal
contact material includes Ti, Mo, An, Cr or the like. Preferably, the first

Re ¢oiRst 38.And.tha ?ﬁ&ﬁ%&‘?&%&?ﬂﬂtﬁc%@l %%gs&ﬂ%&eo? HMUGKNESShe

of between about 10 run and about 100 nm. Referring to FIG. 6, a catalyst

surfpegeribithe SuttaBleuetingoliyRy o Carbttariiniybeisoundingatoerfist amgtal
eledRRSHRARN the sludpgsnahing fiidpea ﬁg%ggt_éa%e{é@amr@%@éb%smon

metal contact 20 using, for example, a lift-off technique, well known to
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in Fe nitrate or the like. Preferably, the catalyst material 44 has a

inchyder NGk SRR wbRardtet hadiksd Brderatlythessspnd insplnimadayer
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the second metal contact 20, the surfaces of the first metal contact 18

insufating dayet Jaehmbibecerrend snsulatine fayett? derardhe ididecsric daygr 22
desbebealasbvely Feoatemwiti RhaliiRsist: TbwRhelokesistdammadiiating layer

appropriate pattern for the deposition of the catalyst material 44 and Is

42, QUBSE RNRPT R, 1t BREERFE R epatitadien dheatpstasrandiihieregpnd
inshesplesibrely depasiercomriha st asRial AR hanenefsdhsnliratdne@ntact 20

contact 18 and the second metal contact 20. Following the deposition of

des¢fibed, eho¥e-mdiirigidal gouiastoBaisatntedes dbsMmbeftioreisthe like.

Prefi@ylp, 8k Histiated isohiset 18PiRiemdhodiifl GARSNDARRIUDS dbiShave a
. aligned substantially parallel tq the surface of the dielectric layer 22. In
ﬂ“‘%@%@rﬁ e aBA ddtaband 2houl IR a chemical vapor deposition

(CVD) tube coupled to a flowing carbon 8 (hydrocarbon) source, such as
Refermgthai¥Gotireeanbintacetyttnieidcuich]afdenaeingabouboihdegitess

eI o e PR B A TR e
second metal contact 20 using, for example, a lift-off technique, well known to those
of ordinary skill in the art. The catalyst material 44 may take the form of a thin film
or a nanoparticle and includes Ni, Fe, Co, Mo, ALO; in Fe nitrate or the like,
Preferably, the catalyst material 44 has a thickness of between about 0.1 nm and about
1 nm. Prior to 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. This photo-resist formis the appropriate pattern for the
deposition of 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 {o 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
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Eventually, the carbon nanotube 12 grows from these catalyst islands.
This process is well known to those of ordinary skill in the art. Referring to
FIG. 8, a free-standing electrostatically-doped carbon nanotube device
110 having a carbon nanotube 112 is shown. The free-standing
electrostatically- doped carbon nanotube device 110 may be useful in

(hydhotaroidiscuesicescis @R SO iR ANt Gopfayairigy igasy e the-Catiitween
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ab(?a%ergpge%g% ,én%lé)uacﬂ?'étc@]a%#ﬁ%?? i?be Y é’atfglragf@ﬂréﬁiggms a
pludgityed instpewdet altahdseniaspetificoiiyd tephotavalptaiatiriied watbostbon.
ngnatube 112 has a first.end.114 and a second end 116. The ¢arbon X
B B o e T R PGl i foocess i

wethkoogin thehiisst efivetdiAdry akidl drstheant] metal contact 20, through the
second end 116. The carbon nanotube 112 may be either a single-walled

Re 5‘%’1@.“@,63(@&\,&%%? ngfwgéﬁ%é?%ﬁ%gﬁc&ﬁgﬁ tHQr?otube device

("MWCNT"). The carbon nanotube 112 is sim ysical appearance,
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adequate electrical contact with the ends of the carbon nanotube 112

suiteth{ppelerteniadeviges caneshend 1oBrHpentiseldy fior pkettntaics. JDhe
carbBaMBRHIERIIe G either-abaxe Orbalew heRRdRd 161 K5Ok BRI ube

nanotube 112. The first metal contact 18 and the second metal contact 20

112 pxtends bstyesn md soptacts sissapaiabtenectslibntbrourh heafiiptend 114,

and QIS Mmetahatho Fliglanids MalgushPand VesPerir sl miRtbe 112
Si3N4, A1203, ZrO2, or the like. A first metal electrode 24. and a second

mayhasirchinelon aledirsbor M MoK eSIITD aratemaltpwalked edhmn
nar qayudintance iR rahnoaist %@%Eﬁﬁlﬁ?%%‘ﬁﬁ?@ﬁ%ﬂ%ﬂ%&,
conégé;géioéég gfzg%g\{cﬁgl éz?rggg%%%gt{lggsif %Igl?(r‘r?tll ())'n 11%?6? ﬁ;‘rssttnq:‘:fatt?contact 18
i
and the second metal contact 20 may comprise Ti, Mo, Au, Cr, or the like, and each
may comprise an area or size of between about 0.1 microns by about 10 microns and
~about 1 micron by about 10 microns. In general, however, it should be appreciated
that any dimensions providing adequate electrical contact with the ends of the carbon
nanotube 112 may be used. The first metal contact 18 and the second metal contact
20 may be disposed either above or below the ends 114, 116 of the carbon nanotube

112.

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 Si0,, SizNy, Al,Os, 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
capagcitively coupled to the first end 114 of the carbon nanotube 112 and the second
9



capacitively coupled to the first end 114 of the carbon nanotube 112 and

the second 9 metal electrode 26 is capacitively coupled to the second

end 116 of the carbon nanotube 112. In certain embodiments, the

distance between the first metal electrode 24 and the first end 114 of the

carbon nanotube 112 and the second metal electrode 26 and the second
me@aldeiﬁc@ro:ﬂeth%césbmpmmmbedﬂ;ﬂdé betiieeseahalieddm@ngdfairutarbon

ecti eI The irst met lectrod 24 and econd metal
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L. bout 1 mlcro vant eous area o
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betyiegibsbeus rOtherrsgrmeebaf %bbabé Gmnatszamabdnasb mmhateridly28bmay1 0
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the base material 28'may be a meta ayer 28 such' as a layer comprising
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that location. Enabling the carbon nanot to be ree ng from

 spagipgdiasdaeie dasexdidindemsws for enhanced light emission when the
carbon nanotube 112 is biased as a P-N junction diode. With specific

Tho diefenifie iRadfial 22the JIgRrsiariinB.aleaHasCBlY:dARRA A3 RO he base

nanptube device 110 is represented béa circuit diagram. The first metal

malghitact (W) 1B fs SRRFRARFSUPIREHS HEMS el 814 ihetdhsotike.
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coupled to the second end 116 of the carbon nanotube 112. Similarly, the
comparing Ahetdetete Pt gl ssliken dbitrsash dafoie dosned Hirélﬂ‘eﬁlﬁ@fmc
matefilde20artaR naReHHe hb2ARbINSSRAAPE 112 to be free-standing in that

location. Enabling the carbon nanotube 112 to be free-standing from the dielectric
material 22 allows for enhanced light emission when the carbon nanotube 112 is

biased as a P-N junction diode.

~ With specific reference to FIG. 9, the free-standing electrostatically-doped carbon
nanotube device 110 is represented by a circuit diagram. The first metal contact
(“M1”) 18 is electrically coupled to the first end 114 of the carbon nanotube 112 and
the second metal contact (“M2”) 20 is electrically coupled to the second end 116 of
the carbon nanotube 112, Similarly, ‘the first metal electrode (“VC1™) 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, VCI 24 and VC2 26 form a ﬁt'st 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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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 VCI 24, resulting in the electrostatic doping of the first end 114
of the carbon nanotube 112. Likewise, a second bias is applied to 10 VC2

V(2622 SUlinG.D iherkleslresiatic dapngoh e seeentheds 1& Aithle carbon

carbon nanotube 112. Depending upon the bias applied, the first end 114
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semiconductor, or vice versa, the result is a P-N junction. A P-N junction
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1 Vphrtayselieiy.dryiedos®usoprdamd/arca pewer device. FIG. 10 illustrates the
photovoltaic responses of a single free-standing electrostatically-doped

._carbo anotube device 110. The graph,shows a shift in the current
SingR A AR R e B BIED SSRGS R B ane or
momnapivhubiaestimel hiCGisnttestaticdine sopalychigte nihonbationisetehEitynay be
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utilized I pROTOVOIBAC dehict semsor, dndiocs poweridglice, TR (0 Musirdtts
the phoesokiepsdgofoaniof a fieglestarwitan dingtedstatictiticabpddpedrvarbon

nanggl%%tﬁg%(%eﬂ%? ][‘}19 g’?‘asp gﬂgwsa Llsstl%[i)‘t in the current voltage characteristics of

the free-standing electrostatically-doped carbon nanotube device 110 under
progressively higher illumination intensity. The progressive shift to the fourth

quadrant means greater power is being generated by the diode.

Referring now to FIGS. 11-16, there is shown process steps for forming a free-
standing electrostatically-doped carbon nanotube device 110. As an initial step
(FIGS. 11 and 12}, an insulating layer 40 is deposited or grown on the surface of the
semiconductor layer 28. The first insulating layer 40 may be formed using a thermal
oxide, a chemical vapor deposition dielectric, a plasma-enhanced chemical vapor
deposition dielectric, a low-pressure chemical vapor deposition dielectric, or the like.
The first insulating layer 40 may comprise SiO,, SisNi, ALO;, 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,
11



(FIGS. 11 and 12), an insulating layer 40 is deposited or grown on the

surface of the semiconductor layer 28. The first insulating layer 40 may

be formed using a thermal oxide, a chemical vapor deposition dielectric, a

plasma-enhanced chemical vapor deposition dielectric, a low-pressure

chemical vapor deposition dielectric, or the like. The first insulating layer
Cr/A@ thayikenipriabie2hs Bivinmath? €13c 622 onifielikeecRigfarablelgagode

first insulati er 40.has a thickness of between a? t 2 nm and about
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a metal electrode material is patterned and deposited on the surface of
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13, a second insulating layer 42 is then deposited or grown on
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and the second insulating layer 42 form the dielectric layer 22 described
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the second insulating layer 42 to form the first metal contact 18 and the
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contact 18 and the second metal contact 20 each have a thickness of
om i gBeH 4000
Referring to FIG. 14, a catalyst material 44 suitable for growing a carbon nanotube is
then patterned and deposited on the surfaces of the first metal contact 18 and the
second metal contact 20 using, for example, a lift-off technique, which is well known
to those of ordinary skill in the art. The catalyst material 44 may take the form of a
thin film or a nanoparticle and may include elements such as Ni, Fe, Co, or Mo, or
mixtures such as ALO; in Fe nitrate, or the like. In some embodiments, the catalyst
material 44 has a thickness of between about 0.1 nm and about 1 nm. Prior to
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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nm and about 100 nm. Referring to FIG. 14, a catalyst material 44 suitable
for growing a carbon nanotube is then patterned and deposited on the
surfaces of the first metal contact 18 and the second metal contact 20
using, for example, a lift-off technique, which is well known to those of
ordinary skill in the art. The catalyst material 44 may take the form of a
Folloiwifikn the adepodifariiclé and caayysichdeadmentsisuchmsdNndoude, 112

or.Me, Qr mixtures such 1203 .in nitrate, or.the like, In sgme
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ubstantially parallel to’the surface o ectric layer gener
the grehearbamotiheotiBdothfreaystamdiinga chemical vapor deposition (CVD)

tube coupled to a flowing carbon (hydrocarbon) source, such as a
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and about 1000 degrees C. The catalyst material 44 forms a plurality o

freoeipitine slarfeuaicaludenrdscarepavaniabe sipyire dilPatd wittinitial step
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islands. This process is well known to those of ordinary skill in the art.

semgeaagiyetos ksivatin ERe fird, inslring 1aersierarsubi frenerkrsingca fhemmal
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deposition dielectric, a low-pressure chemical vapor deposition dielectric, or the like.
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.

Referring to FIG. 18, a portion of the first insulating layer 40 is removed to form an
altered first insulating layer 40a. Suitable removal processes include etching and
lithographic techniques. The first and second metal electrodes 24, 26 may be used as
masks during an etching or lithography process. Suitable etchant material for etching
the first insulating layer 40a includes wet etchants such as buffered oxide etch for
Si0; or plasma dry etchants. An open area 127 is formed between 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
- etched 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



Referring now to FIGS. 17-21, there is shown an alternative method for
forming a free-standing electrostatically-doped carbon nanotube device
110. As an initial step (FIG. 17), an insulating layer 40 is deposited or
grown on the surface of the semiconductor layer 28. The first insulating
layer 40 may be formed using a thermal oxide, a chemical vapor
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While the invention has been described in detail in connection with only a limited
number of embodiments, it should be readily understood that the invention is not
limited to such disclosed embodiments. Rather, the invention can be modified to
incorporate any number of variations, alterations, substitutions or equivalent
arrangements not heretofore described, but which are commensurate with the spirit
and scope of the invention. For example, while embodiments of the invention have
been described in terms of a single electrostatically-doped carbon nanotube, it should
be appreciated that an array, or suite, of electrostatically-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.
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then patterned and deposited on the surfaces of the first metal contact 18
and the second metal contact 20 using, for example, a lift-off technique,
which is well known to those of ordinary skill in the art. Prior to depositing
the catalyst material 44 on the surfaces of the first metal contact 18 and
cLEimsecond 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 appfopeiatdrpstaticalfpdired epdsitiomufitie crtabstavateisagl4 and is
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nanotube and is operable for receiving a second bias to electrostatically dope the

second end of the carbon nanotube.

2. The electrostatically-doped carbon nanotube device of ciaim 1, wherein

said substrate comprises a trench.
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a carbon nanotube disposed on a substrate such that at least a portion of

the carbon nanotube is free-standing, wherein said carbon nanotube has

a first end and a second end; a first metal contact disposed directly

adjacent to the first end of the carbon of the carbon nanotube; a second

metal contact disposed directly adjacent to the second end of the carbon

notubﬁhwherem said arbon nanotube is electrically coupled to the first
c
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first end of the caabon nanotube and is opera %r receiving a first bias
to electrostatically dope the first end of the carbon nanotube; and a

s¢cond Thetalelesitaticatispasad darthe auhstiaie asljreasitdairandiatein
from the segon end fth rbon ube, wherein th
S A e S SRR R el S e e »
dansen saaMeRNBEctHdhale parimily RATFecewiag a-besosrititesdyctor (electron
elegostatigally dope the second end of the carbon nanotube. 2. The
electrostatically-doped carbon nanotube device of claim 1, wherein said
substrate comprises a trench. 15 3. The electrostatically-doped carbon
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consisting of Mo, Ti, Pt and Au. 4. The electrostatically-doped carbon
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the carbon nanotube comprises a carbon nanotube selected from the group
consisting of a single-walled carbon nanotube and a multi-walled carbon

nanotube.

7. The electrostatically-doped carbon nanotube device of claim 1, wherein

said subsirate comprises a dielectric material.
8. The electrostatically-doped carbon nanotube device of claim 7, wherein

the dielectric material comprises a dielectric material selected from the group
consisting of SiO., SizNy, AOs, and ZrO,.
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5. The electrostatically-doped carbon nanotube device of claim 1, 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). 6. The
electrostatically-doped carbon nanotube device of claim 1, wherein the
carbon ganotube comprises a carbon nanotube selected from the group
cHneistin g P KB A NeE P& L GH BRI BR SN PRI RN UL
nemouiseg7a Phse eted st atod by eide weirgodispasetube Sayicasefroiaamal,
1, wherein said substrate comprises a dielectric material. 8. The
electrostatically-doped carbon nanotube device of claim 7, wherein the
di&ectrit TR &lEREPEGHTHIKE R SREPR 1ARRENRS SEMdes! Fiaim thavgrsalp
cenigibting ©hEI0, BrapHbeAl2 @3nadshdiioidr Hoabsribhe
electrostatically-doped carbon nanotube device of claim 1, further
comprising a base material, said substrate being disposed on said base
ndateriall PG R eRiicpd1atal\CIbpad eaRbe sencr BEARVIG whelaim
S anheseinaidih asenRalesialBeranisasia semiconductor material. 11.
The electrostatically-doped carbon nanotube device of claim 9, wherein
said base material comprises a metal material. 12. A photovoltaic device
cbinpristhghvte sl dstdte aityrdopiad terlstectnetaiicily-depit asiiotaim 1.
13A0BWBEFEYIcE£aMRArising the electrostatically-doped carbon
nanotube device of claim 1. 14. A sensor comprising the
electrostatically-doped carbon nanotube device of claim 1. 16a

13. A power device comprising the elecirostatically-doped carbon nanotube

device of claim 1.

14. A sensor comprising the electrostatically-doped carbon nanotube device
of claim 1.
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FREE-STANDING ELECTROSTATICALLY-DOPED CARBON
NANOTUBE DEVICE AND METHOD FOR MAKING SAME ABSTRACT
A method and associated structure for forming a free-standing
electrostatically-doped carbon nanotube device is described. The method
includes providing a carbon nanotube on a substrate in such a way as to

rRre & frassiandiRgmottiens PAT ey Yot Adier AR it

of the carbon nanotube is to remove a ﬁortlon of the substrate. Another
described waP@f‘%E% D MEL QW%HW@]@%MEW nanotube

is to dispose a pair of metal electrodes on a first substrate portion,
ABSHRAIDY portions of the first substrate portion adjacent to the metal
electrodes, and conformally disposing a second substrate portion on the

A HhSyRsHAR RN fetm %V?&?H{ 'Q frdel standing electrostatically-doped

carbon nanotube device is described. The method includes providing a carbon
nanotube on a substrate in such a way as to have a free-standing portion. One way of
forming a free-standing portion of the carbon nanotube is to remove a portion of the
substrate. Another described way of forming a free-standing portion of the carbon
nanotube is to dispose a pair of metal electrodes on a first substrate portion, removing
portions of the first substrate portion adjacent to the metal electrodes, and conformally

disposing a second substrate portion on the first substrate portion to form a trench.

Fig. 1
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