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[0001] The present application is related to U.S. Provisional
Patent No. 60/897,118, filed January 24, 2007, entitled
“CARBON NANOTUBES AND NANOTUBE PHOTO~-RESISTS”. U.S.
Provisional Patent No. 60/897,118 is assigned to the assignee
of the present application and is hereby incorporated by
reference into the present disclosure as if fully set forth
herein. The present application hereby claims priority under

35 U.S.C. §l119(e) to U.S. Provisional Patent No. 60/897,118.

TECHNICAL FIELD

[0002] The disclosure relates generally to nanotubes, and in
particular to structures, devices and photo-resists for carbon

nanotubes.

BACKGROUND

[0003] The electronic industry has been striving towards the
miniaturization and shrinking of transistor dimensions in
commercial chips. In recent years, efforts have been made
towards the research and development of nanoscale wires and

devices. Nanotube, in particular, carbon nanotube (CNT) has




devi ces. Nanotube, in particular, carbon nanotube (CNT) has 2 been a

prom sing material for incorporation into electronic circuits due to its
superior transport property and nanoscal e dinension. The hybrid technol ogy
conmbining CNT with the current silicon netal-oxide sem conductor (M)
technol ogy and new nanoscale materials is another prom sing CNT
application. [0004] A CNT can be categorized as a single-walled CNT ( SWCNT)
or a nmulti-walled CNT (WMCNT). Most single-walled CNT have a dianeter of
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[0004] A CNT can be categorized as a single-walled CNT (SWCNT)
or a multi-walled CNT (WMCNT). Most single-walled CNT have a
diameter of close to 1 nanometer, with a tube length that can
be many thousands of times longer. The structure of a SWCNT
can be conceptualized as a thin layer of graphite called
graphene wrapping into a seamless cylinder. On the other hand,
MWCNT consist of multiple layers of graphite rolled in on
themselves to form a tube shape. The SWCNT exhibit some
important electric properties that are not shared by the
multi-walled carbon nanotube (MWNT) variants, they are the
most likely candidate for miniaturizing electronics beyond the

micro electromechanical scale.

[0005] CNTs can be chemically modified e.g., various molecules
may be attached to the CNTs with an aim to give the CNT new
functional properties and/or =reate biological and chemical
sensors including, for example, DNA separation, protein

recognition, and drug delivery capabilities).




functional properties and/or create biological and chem cal sensors

i ncludi ng, for exanple, DNA separation, protein recognition, and drug
delivery capabilities). 3 [0006] Applications of CNTs include el ectron
emitters for display, electron bedm source and X-ray sources. CNTs nmay
also be nodified to better suit an application such as sensor
application. For exanple, various nolecules my be attached to CNTs to
give the CNT new functional properties, or to create the biological and
cheni cl006AppE ScaThenaewdfunctide phepesti eslIERtdaic! ugei DNA-Sepapat i on,
protein recognition and drug delivery capabilities. For these potenti al
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the Dbiological and chemical sensors. The mnew function

properties may include DNA separation, protein recognition and

drug delivery capabilities. For these potential applications,

CNTs need to be grown at a low temperatures on substrates with

low melting points.

[0007] Another promising application of CNT is related to the
substitution of metallic interconnects in the integrated
circuits (ICs) distributing signals, power, ground supply

lines and other elements for systems on a chip.

SUMMARY
[0008] In one embodiment, a method is provided for growth of
carbon nanotube (CNT) synthesis at a low temperature. The
method includes preparing a catalyst by placing the catalyst
between two metal layers of high chemical potential on a
substrate, depositing such placed catalyst on a surface of a

wafer, and reactivating the catalyst in a high vacuum at a




met hod i ncludes preparing a catal yst by placing the catal yst between two
netal |ayers of high chem cal potential on a substrate, depositing such

pl aced catalyst on a surface of a wafer, and reactivating the catalyst in
a high vacuumat a 4 roomtenperatiure in a catal yst preparation chanber to
prevent a deactivation of the catalyst. The nmethod al so i ncludes grow ng
carbon nanot ubes on the substrate in the high vacuum.in a CNT growh
chanber after preparing the catalyst. [0009] In another enbodi nent, a
nanoel ectmoheopdesioeebdsed onataayban prapairdtd opCNHanisepr oy gedvedbe
nanoel ectroni c device includes a three-electrode structure having a gate

el ect rodejeact fvdisioe! st r ade andithisarond @leci2dea The seanegkeghegni ¢
device al so includes at |east one conductive nanowire that provides a
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gate electrode, the first electrode e Secon ectrode are arranged

in parall el r y ga el ectrode an the el ectrode are
placedgén$hc%f ##ﬁ@%ﬁsﬁgéﬁs?ﬁ %%? RregﬁﬁlPﬁe Frg? 3ﬁ¥8 rode is placed
bet ween the gate el ectrode and the second el ectrode, and the first

el ectr is configured to bendable in the fixed
ﬁﬂ&n:ﬁu anot%er embo fﬁent a nanoelectronic device based on

carbon nanotube (CNT) is provided. The hanoelectronic device
includes a three-electrode structure having a gate electrode,
a first electrode and a second electrode. The nanoelectronic
device also includes at least one conductive nanowire that
provides a current channel between the first electrode and the
second electrode. The gate electrode, the first electrode, and
the second electrode are arranged in parallel vertically, the
gate electrode and the second electrode are placed with a
fixed space in between, and the first electrode is placed
between the gate electrode and the second electrode, and the

first electrode is configured to be bendable in the fixed

space.

[0010] In another embodiment, a method is provided for
fabricating carbon nanotube (CNT-photoresist composite. The
method includes preparing a CNT suspension using a CNT
structure-containing raw material, and dispersing the CNT
suspension uniformly in a photoresist using ultra-sonication

to produce a CNT suspension-photoresist mix. The method also




space. [0010] In another enbodinment, a nethod is provided for fabricating
carbon nanot ube (CNT-photoresi st conposite. The nethod includes preparing
a CNT suspension using a CNT structure-containing raw material, and

di spersing the CNT suspension unifoormy in a photoresist using
ultra-sonication to produce a CNT suspension-photoresist m x. The nethod
also 5 includes spin-coating the uniformy dispersed CNT suspension-
photoresist m x on a substrate to have a CNT-photoresist conposite, and

r enoviinge binde or sphnecsekient sHen thefENRIyplispeesiest @ompegspenbyohaki ng.
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[0011] In yet another embodiment, a method is provided for
producing pure semiconductor carbon nanotubes (CNTs). The
method includes placing a mix of semiconductive CNTs and metal
CNTs in a controllable environment, and applying an adjustable
laser to melt away the metal CNTs without affecting the

semiconductive CNTs.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] For a more complete understanding of this disclosure and
“its features, reference 1is now made to the following
description, taken in conjunction with the accompanying

drawings, in which:

[0013] FIGURE 1-1 shows a vacuum system and related processes
for growing carbon nanotubes at a low temperature according to

one embodiment of the present disclosure;

[0014] FIGURE 1-2 shows a schematic view of a catalyst placed

between two metal layers on top of a substrate according to




description, taken in conjunction with the acconpanying draw ngs, in

whi ch: [00131 FIGURE 1-1 shows a vacuum system and rel ated processes for
growi ng carbon nanotubes at a | ow tenperature according to one enbodi nent
of the present disclosure; [0014] Bl GURE 1-2 shows a schematic view of a
catal yst placed between two netal |ayers on top of a substrate according
to 6 one enbodi nent of the present disclosure: [0015] FIGURE 1-3 shows a
schematic view of a thermal resistance |ayer placed to insulate a catalyst

sandw shedehBbaeREnt WOf fREabrka¥aEsahitelvaygubstrate according to one
enbodi mrent of the present disclosure; [0016] FIGURES 1-4A to 1-4E show

CNTs grown at different tenperatures (e.g., 600C, 500C, 400C, 300C and

2000) 10q560% e 2 ONETHOU gl e, Pleoept - 0y glgsur e L 0017L

FI GUR -5A an S grown under entic ondi t1ons except
where pne was .expo eg to,air, jp.e., in__El GJRE l-gA.&ge cat al yst S not
expose ¥%raiprl,a%€| S nlnﬂl%ﬂ%ﬁ £ 582 teHESEar BrYdYighede rt\(ljv%‘élpr for
24 hours according to one enbodi nent of the present disclosure;

metal layers” from a substrate according to one embodiment of

the present disclosure;

[0016] FIGURES 1-4A to 1-4E show CNTs grown at different
temperatures (e.g., 600°C, 500°C, 400°C, 300°C and 200°C)

according to one embodiment of the present disclosure;

[0017] FIGURES 1-5A and 1-5B show CNTs grown under identical
conditions except where one was exposed to air, i.e., in
FIGURE 1-5A the catalyst was not exposed to vair, while in
FIGURE 1-5B, the catalyst was exposed to air for 24 hours

according to one embodiment of the present disclosure;

[0018] FIGURE 2-1 illustrates a CNT field effect transistor
(CNT-FET) according to one embodim=nt of the present

disclosure;

[0019] FIGURE 2-2 illustrates a CNT-based device structure

according to one embodiment of the present disclosure;

[0020] FIGURE 2-3 illustrates the on/off (switch)
characteristics of a CNT device according to one embodiment of

the present disclosure;




[0018] FIGURE 2-1 illustrates a CNT field effect transistor (CNT-FET)
according to one enbodi nent of the present disclosure; [0019] FIGURE 2-2
illustrates a CNT-based device structure according to one enbodi nent of
the present disclosure; [0020] FIGIRE 2-3 illustrates the on/off (sw tch)
characteristics of a CNT device according to one enbodi nent of the present
disclosure; 7 [0021] FIGURE 3-1 illustrates a process fcr manufacturing a
CNT- photoresi st conposite according to one enbodi nent of the present

disclqﬁﬁlH;FI@Oﬁﬁ]3FnGwBEu3t2athU%t@%ﬁﬁ%é%F&é@eﬁénﬁ@éctﬁfQQ?SﬁabﬁT—
fabrication of nanotube devices according to one enbodi nent o t he present
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illustrating the processing steps of manufacturing a - phot oresi st

conposhtes &0k dL P9 LQ-gne embodi ment of the present disclosure; [0024]
FI GURE 3-3D shows a top View of an array of fabricated nanotube devices
according to one enbodi nent of the present

[0022] FIGURE 3-2 illustrates a process for large-scale
fabrication of nanotube devices according to one embodiment of

the present disclosure;

[0023] FIGURE 3-3A to 3-3C show various cross-sectional views
illustrating the processing steps of manufacturing a CNT-
photoresist composite according to one embodiment of the

present disclosure;

[0024] FIGURE 3-3D shows a top view of an array of fabricated
nanotube devices according to one embodiment of the present

disclosure;

[0025]) FIGURE 3-4 shows an  exemplary scanning electron
microscope photograph of multi-walled CNTs exposed and
suspended from the edge of a patterned CNT photoresist
composite according to one embodiment of the present

disclosure;

[0026] FIGURE 3-5 shows an exemplary scanning electron
microscope photograph of multi-walled CNTs bridging across two

titanium electrodes after a 1lift-off process according to one




di scl osure; [0025] FIGURE 3-4 shows an exenpl ary scanning el ectron

m cr oscope photograph of nmulti-walled CNTs exposed and suspended fromthe
edge of a patterned CNT photoresist conposite according to one enbodi nent
of the present disclosure; [0026] 8FI GURE 3-5 shows an exenpl ary scanni ng
el ectron m croscope photograph of nulti-walled CNTs bridging across two
titaniumel ectrodes after a lift-off process according to one 8 enbodi nent
of the present disclosure. DETAILED DESCRI PTI ON [ 0027] The present

di scl esused et deS thd heekss ersy sd 26®1 ddgre devi ces covering four areas of
carbon nanotube related technologies. First, the present disclosure
provides for a nethod and a systemfor growing CNT at a | ow tenperature.
Second, the present disclosure provides a CNT-based nanoel ectronic device

and a met hod of maki ng t he ﬂ%&h&%EDaB&Fbgigbi ol non-vol atile nenmory (NVM,
logic circuits, and analog signal anplifiers. Third, the present
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devices covering four areas of carbon nanotube related
technologies. First, the present disclosure provides for a
method and a system for growing CNT at a low temperature.
Second, the present disclosure provides a CNT-based
nanoelectronic device and a method of making the device
applicable to non-volatile memory (NVM), logic.circuits, and
analog signal amplifiers. Third, the present disclosure
provides a process for large-scale fabrication of a CNT-
photoresist composite and a process for fabrication of CNT
devices using the CNT-photoresist composite. Fourth, the
present disclosure provides a process of fabricating pure
semiconductive single-walled carbon nanotube (SWCNT)

materials.




phot oresi st conposite and a process for fabrication of CNT devices using
t he CNT-photoresi st conposite. Fourth, the present disclosure provides a
process of fabricating pure sen conductive single-walled carbon nanotube
(SWCNT) nmmterials. 9 (A Low TenBerature G owh of CNT [00281 Since the
di scovery of carbon nanotube (CNT), extensive research efforts have been
devoted to the exploration of fundanental properties and potenti al
applications of CNT such as flat-panel field em ssion display (FEDs),

m croel ectroni c devizxesLoWydeagasr &tdret baowatsses &I age nedi a, and
anodes for lithiumion battery, anong others. [00291 Various techni ques

have Qeem|demetOPedel Ofi Bk Oy CHES. ca%enEEBEﬁbgue(SCNﬂd uggt8hkive

di scharge, | aser ablation, pyrolysis, thermal chem cal vapor deposition
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as flat-panel field emission display (FEDs), microelectronic

devices, hydrogen and other gasses storage media, and anodes

for lithium ion battery, among others.

[0029] Various techniques have been developed for making CNTs.
These techniques include arc discharge, laser ablation,
pyrolysis, thermal chemical wvapor deposition (TCVD), hot
filament plasma enhanced chemical vapor deposition (HFCVD),
electron cyclotron resonance chemical vapor deposition
(ECRCVD), plasma enhanced chemical vapor deposition (PECVD),
rapid thermal processing, and electron beam induced formation.
Different techniques may be used to produce CNTs of different
characteristics. For example, the arc discharge and laser
ablation methods have been widely used for the growth of

single-walled carbon nanotubes (SWCNTs) .

[0030] Low-temperature growth of CNT is a major challenge for
mass-scale adaptation of CNT in various fields. The
conventional techniques listed above have focused on the
fundamental properties of CNTs rather than reducing the CNT

growth temperature, to make applications of CNTs and CNT-based




characteristics. For exanple, the arc discharge and | aser ablation nethods
have been wi dely used for the growh of single-walled carbon nanot ubes
(SWCNTs). [00301 Low tenperature growmh of CNT is a nmjor challenge for
mass-scal e adaptation of CNT in vat@ous fields. The conventional

techni ques |isted above have focused on the fundanental properties of CNTs
rather than reducing the CNT growth tenperature, to nmake applications of
CNTs and CNT-based 10 devices nore practical. For engineering applications

of CNGevidedr fageSUsta@si &l | COBrbasaeh Hi&F O a%@ipm%at%ﬁgt i ggrs the
growt h tenperatures between around 800C and 1000C are far above the
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thermal, CVD._ It has been widely accepted that CNT growth nust be
' difficult to integrate the CNT into silicon-based

microelectronic chips without major modifications to the
fabrication process. There is therefore a need for reducing
the CNT growth temperature down to a value that is compatible

with standard silicon-based processes.

[0031] For example, two commonly used CNT growth techniques are
plasma enhanced chemical vapor deposition (PECVD) and thermal
CvD. It has been widely accepted that CNT growth must be
carried out at a high temperature approximately 800°C for PECVD
growth and 1000°C for thermal CVD growth, which are obviously
too high to be compatible with standard silicon-based
semiconductor  processes and glass-based FED production
processes. The physical or chemical nature of the problem of
high synthesis temperature is the amount of energy that is
inevitably required for the start of the chemical reaction of

CNT formation.

[0032] Moreover these two techniques require a very high
deposition temperature of approximately 1000°C and are followed

up with complicated purification procedures, which could




carried out at a high tenperature approxi mately 800C for PECVD growth and
1000C for thermal CVD growth, which are obviously too high to be
conpatible with standard silicon-based sem conductor processes and

gl ass-based FED production proceskks. The physical or chenmical nature of
the problem of high synthesis tenperature is the anount of energy that is
inevitably required for the start of the chem cal reaction of CNT

formati on. [0032] Moreover these two techniques require a very high

deposi destrdenperst ubé obubBppreaxieat ehpndBBEsandriae e HiajH odegdosupiwht h
conplicated purification procedures, which could 11 destroy nost of pure
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temperatures as low as 550°C, is highly desirable in order to
integrate CNTs with the sodalime glass substrates. For CNT
applications in micro and nanoelectronics, a direct growth of
CNTs at temperatures less than 500°C over the large area of
substrate is highly desrible. Moreover, the low-temperature
growth of CNTs offers an opportunity to fabricate future ICs
on much cheaper substrates such as glasses, ceramics,
plastics, etc, making it feasible to use CNTs as electron
channels for current transport, and greatly reducing the
production cost without deterioration of the device

performance.

[0033] Another illustration of a need for growing CNTs at a
low-temperature is the potential for CNT to be used as
interconnects in nanoelectronics. According to the trends
envisioned by the International Technology Roadmap for
Semiconductors (ITRS), new materials and new processes are
required for future interconnects that are capable of

accommodating the high-speed transmission of signals in nano-




substrate is highly desrible. Mreover, the |lowtenperature growh of CNTs
of fers an opportunity to fabricate future I1Cs on nuch cheaper substrates
such as gl asses, ceramcs, plastics, etc, naking it feasible to use CNTs
as electron channels for current i2ansport, and greatly reducing the
production cost without deterioration of the device performance. [0033]
Another illustration of a need for growing CNTs at a |lowtenperature is
the potential for CN.T to be used as interconnects in nanoel ectronics.

Accor ds hged 0 elllemeitends sppet orned ey cne clcst epradi@salthkechaek ogyr{Roadmap
for Sem conductors (I TRS), new materials and new processes are required

for futhaeatnéelsoNPeChs dihahiakaupaPeblenpt @actompdating dhe; hhgh- speed
trans-m ssion of signals in nano 12 sized elenents. Copper interconnects
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surrfaces and the grain-boundaries inside the wire in

comparison with volume effects in more thick wires.

[0034] Moreover, copper interconnects are prone to
electromigration effects under the high current density (i.e.,
greater than 106A/cm®). Based on these observations, CNTs are
considered as one of the most promising candidates for
interconnects. Recent studies showed that the current-carrying
capacity of multi-walled CNTs did not deteriorate after 250
hours in the current density of 1010A/cm® at 250°C.
Nevertheless the incorporation of . ONT interconnects in
semiconductor technology depends on the success of CNT growth

at low temperatures.

[0035] Therefore, there is a strong need for a technique to grow

CNTs at a low temperature.

[0036] One embodiment of the present disclosure solves the
problem of conventional in situ preparation of cétalyst and
low temperature growth of CNTs. Integration of in situ grown

CNT into silicon-based microelectronics as such elements of




[ 0034] Mbreover, copper interconnects are prone to electromgration

ef fects under the high current density (i.e., greater than 106A/ cnR).
Based on these observations, CNTs are considered as one of the nost

promi sing candi dates for interconh&cts. Recent studies showed that the
current-carrying capacity of nmulti-walled CNTs did not deteriorate after
250 hours in the current density of 1010A/cnR at 250C. Neverthel ess the
incorporation of . CNT interconnects in sem conductor technol ogy depends
on t helsijgresss of ithErgoontbtsat ltawnisdrperat, ur Aagild03nlither aefiatery t here
is a strong need for a technique to grow CNTs at a | ow tenperature.
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tlpsp f M ang, AFM nano tweezers and other nano

tools, etc. are now possible. In addition, in situ grown CNTs

for glass-based, plastic-based and ceramic-based substrates

are also now possible.

[0037] FIGURE 1-1 shows a high vacuum system and related
processes 1-100 of catalyst deposition, catalyst patterning
and CNT growth at low temperatures according to one embodiment
of the present disclosure. The process 1-100 includes a step
of loading a substrate into a catalyst loading chamber 111, a
step of catalyst preparation at a catalyst preparation chamber
113, a step of photoresist removal 115, a step of CNT growth
117, and a step of transferring the catalyst in a transfer

chamber 110.

[0038] The process 1-100 shown in FIGURE 1 corresponds to the
general process for growing the CNTs without deactivation in
high wvacuum ambient environments, making it possible to grow
CNT at low temperatures. The general process includes four
general steps: (1) catalyst preparation; (2) catalyst

reactivation; (3) catalyst nucleation; and (4) CNT growth. One




nano tips for STM and AFM, nano tweezers and other nano tools, etc. are
now possible. In addition, in situ growm CNTs for glass-based,

pl asti c-based and ceram c-based substrates are al so now possible. [0037]
FI GURE 1-1 shows a high vacuum system and rel ated processes 1-100 of

catal yst deposition, catalyst patterning and CNT growh at | ow

t enperatures according to one enbodi nent of the present disclosure. The
process 1-100 includes a step of loading a substrate into a catal yst

| oadi ngothanteer this ainwdepicad dat atyst pepaeatios aNm@ catabystion
preparation chanber 113, a step of photoresist renoval 115, a step of CNT

growt hprdddssandia steprofichranshierri ng the cahabust LBcauh anghBientghanber
110. [0038] The process 1-100 shown in FIGURE 1 Corresponds to the general

Pr OCeSany OkofhoUt 11 b9 GRS Wt hallgrisactiyatlpn & high yaguum ggli ent

environnments, maeking it possible to grow | ow t enper at ures.

gener a ss, Lngl udes, four ener.al ,steps:. catalyst preparation; (2)
cataly%?BigéggtFea FSX?nES?HSanF§ %VEE&PEaP?o&%éaﬁakfi¥S%NT grow h. One 14
point of this invention is that the entire CNT integration

[0039] According to one embodiment, the process of growing the
CNTs at a low temperature may be described as follows. A wafer
is placed into a 1loading chamber of the machine after a
development process of photolithography, followed by a gas
extraction process in a transfer chamber at temperatures from
© 100°C to 200°C for 3 minutes to remove the absorbed gases on
the wafer surface or in the wafer, as well as the residual
water or other organic and inorganic solvents. Then the wafer
was cooled down to a room temperature and transferred to a
catalyst preparation chamber, where an active catalyst was
deposited onto the wafer surface by evaporating, sputtering,
spin coating or spreading. The wafer was then transferred to
the transfer chamber for an additional gas release process.
The 1lift-off process was performed in the removal chamber,
where the photoresist was dissolved by the spreading of
photoresist removal 1liquids or hot vapor. The wafer with
patterns of catalyst prepared was positioned into the transfer
chamber for an additional process of degassing. Finally, the

CNT were grown above the aforementioned wafer in the growth




process is carried out in a high vacuum anbi ent environnent (Xl O-7torr or

hi gher vacuunm) or in inner gas anbience to prevent the deactivation of the
catal yst. [0039] According to one enbodi nent, the process of grow ng the
CNTs at a |low tenperature may be d¥scribed as follows. A wafer is placed
into a | oadi ng chanber of the machine after a devel opnent process of

phot ol i t hography, followed by a gas extraction process in a transfer
chanber at tenperatures from 100C to 200C for 3 mnutes to renove the
absor eethngases on the wafer surface or in the wafer, as well as the
residual water or other organic and inorganic solvents. Then the wafer

was cooled down to a roomtenperature and transferred to a catalyst

pr epangd40)iriapbesen N eli e AR ARG VEs Cahalstoesne depRitad i o ihe waf er
surface by evaporating, sputtering, spin coating or spreading. The wafer

vas thep ta st er ked .l Qa lhie du Alsl oLy chanber hor Anaddidionglepas,g el ease

pr ocess. he I Tft-0 process was perftormne € T enov wher e

t he photoresist. was _di ssol ved_by the spreading .of _.photoresist r val

| ul BRGR hogrosie b ertuibe it eiChe CeRt 5 dsas
positioned into the transfer chanber for an_additional process of
degasﬁqﬁilxqquﬂ}%, ?%% presence of 0, N, H,0, and CO, etc.

Therefore, according to one embodiment of the present
disclosure, prevention of active catalyst from being
deactivated may be achieved by keeping the catalyst in a high
vacuum environment or inner gas ambience.during the process of

CNT growth.

[0041] The standard process step of catalyst reactivation
usually carried out at high temperatures could be skipped if
the deactivation reaction is prevented. When the solution of
catalytic nanoparticles is used to fabricate the protected
catalyst, the step of catalyst nucleation could also be
omitted according to one embodiment. This modification aids
in avoiding the high temperature process of <catalyst

nucleation.

[0042] There 1is a step of catalyst reactivation before the
catalyst preparation step. The step of catalyst reactivation
may include two parts: (1) the chemical process of reduction

of catalyst-containing compounds; and (2) the formation of




CNT were grown above the aforenentioned wafer in the growth 15 chanber.

[ 0040] The present disclosure is based on the observation that there is a
fast catal yst deactivation that can occur when the catalyst is exposed to
air due to the oxidation process oiéthe catalyst in the presence of 02,
N2, H2O and CO2 etc. Therefore, according to one enbodi nent of the
present disclosure, prevention of active catalyst from being deactivated
may be achi eved by keeping the catalyst in a high vacuum environment or

i nner apsaldli epeetdoileag tThee pEbress pefrt CF gedwehng] GEL] cdhel gétandar d
process step of catalyst reactivation wusually carried out at high

t enperadnt£isn oml dokposktippesk | pretiesdeactiisvad | pRroteast i Ms, prieyeat ed.
When the solution of catalytic nanoparticles is used to fabricate the

prot ecied peab@tyst Mt BEnSHEP 19krcatal)y stediialeatdon, corl g aksp begi) onitted

according to one enbodiment. This nodification aids in avoiding the high

LorPriA e Pesge 0l GALAI K8l SR O%s (0082l YA BndhEla P!
equations 2.1 through 4 shown below. Each of reduction
reactions will occur only when the precursors absorb enough
energy from the environment. Moreover, the formation of
catalyst nanoparticles consumes the external energy.

Practically, this means that both operations should be

performed at high temperatures.

FeO(y)+Ha (1) ------=--~ —~Fe (1) +H0(1) =0z 1 (Egqn. 2.1)
e R o3 o
1/2Fe;03 (1) +3/2Ha (1) == ===~~~ ~Fe(])+3/2H,0(1)-Q..» (Egn. 2.2)
Te e B e I o
1/3Fe304 (1) +4/3Ha (1) -~==-=mm=- -Fe (})+4/3H;0(1)-0,.3 (Eqn. 2.3)
To R e B e K o
CoO())+Ha () -------=--- —Co (| Y+H,0(1)-0Q5(3) (Egqn. 3)
o R e I e I o
NiO( | )+Ha (1) -=--=--=~-~ —Ni(])+H0(1)~-Q4(4) (Egqn. 4)
o3 e B e I o¢

[0043] The substrate loading step 111, according to one

embodiment of the present disclosure, may include loading a




catal yst preparation step. The step of catalyst reactivation may include
two parts: (1) the chem cal process of reduction of catal yst-containing
conpounds; and (2) the formation of 16 catalyst particles. The first part
of reducing the catal yst- containihl conmpounds or precursors is a process
of MO., where the precursor Mcan be iron (Fe), Cobalt (Co), or Nickel
(Ni), and the process may be expressed as the follow ng chem cal
equations 2.1 through 4 shown bel ow. Each of reduction reactions wll
occur so#lectwdren shites tpfegeur $nts absddadEingigbhhasbergy dudmplitheiegyvi tioanent .
Moreover, the formation of catalyst nanoparticles consunes the external

energkatﬂf’é’i' G2l | ynet Rieg ciRa@ds &BELDOER OREr at INK | @epesipeshor med
at high tenperatures. FeQ(1)+H2(t)---------- >Fe (1) +H2Q(t)-@.1 (Egn. 2.1)

llj \?)’Egggﬁ‘%‘ﬂ% :4; g%glt% “substrate - E%Qﬂ h +i§@%t&na$2&?a)££qglage2)at room
TR R IR N ey

| oadi nn‘chs e 1 1, accordl ng to one enbodi ment of the present disclosure,
may i :

[0044] The step of preparing catalyst 113 may include placing
the catalyst on substrate surface, in between two metal
layers, activating the catalyst in a high vacuum ambient
environment to prevent the catalyst from be deactivated, and
placing the catalyst on a substrate in a catalyst preparation

chamber.

[0045] According to one embodiment of the present disclosure,
experimental results suggest that an exposure to air could be
one of the most important factors leading to the deactivation
of the catalyst. Chemical reactions leading to the oxidation
of catalyst or nitridation of catalyst or other chemical

reactions could be summarized as Egquations 5 through 8 below.

M+ x/203------ —MOx+Qs (where: M=Fe, Co, Ni) (Egn. 5)
M 4+ %x/2Ng------ -MNy+Qs (where: M=Fe, Co, Ni) (Egn. 6)
M + xH,0 ------ —-MOy+xH; (1) +Q7; (where: M=Fe, Co, Ni) (Egn. 7)

M+xXH,0+XCO,-—M (CO3) x+xH, (1) +Qs (where: M=Fe, Co, Ni) (Egn. 8)




17 selected substrate into a | oading chanber, and placing the catalyst on
the selected substrate in a catal yst deposition chanber. This substrate

| oadi ng step nay take place at room tenperature wi thout a high vacuum

anbi ent environnent in the |oading chanber. [0044] The step of preparing
catal yst 113 may include placing the catalyst on substrate surface, in
between two netal |ayers, activating the catalyst in a high vacuum anbi ent
environnment to prevent the catalyst frombe deactivated, and placing the
catal yst on a substrate in a catal yst preparation chanber. [0045]
Accordi ng to one enbodi nent of the present disclosure, experinental

resul t[g046jogest stbpt N St L 410 dbhotoHYd 2P Q& Bfstt hea tBstnd dgpor t ant
factors leading to the deactivation of the catal yst. em'cal reactions

| eadi ngr 4 Onddep@xbiaibAf BhaCabAl Ysle10lad)id 1 AN Qe Gl Vsl 01 OL her

chem cal reactions cou e summari zed as Equati ons ough w. M+

1 2np ReEEoEned o hcHlE S Ceny of by Thpr g lpigence in

o >NDXC->I-rXA_|e2r ( Tt)o * 71:e V\éhnetr e:thl\e/a’:F%b.tg?Lysgi ) f&gﬂxﬂ' bé)ing deactivated via
exposure to air. This step is needed when catalyst films are
directly patterned with a photoresist material in order to
produce CNT-based devices. A lithography technique is used to
imprint patterns of a target CNT-device on the photoresist

film. The lift-off process can remove solvent in the film and

expose the imprinted structure of the CNT-device.

[0047] The step of growing the CNTs 117 in a growth chamber may
include two steps: a catalyst nucleation and CNT growth. The
first step of catalyst nucleation could be skipped if the
catalyst nanoparticles have been activated earlier in the
catalyst preparation process. In one embodiment, the catalyst
nucleation was fulfilled by hydrogen plasma assisted annealing
at temperatures from 200°C to 300°C for a period from 5 to 15
minutes. Then CNT are grown by plasma enhanced chemical vapor
deposition (PECVD) with methane (CH;) diluted by hydrogen as a

carbon source at a temperature from 200°C to 300°C.

[0048] The produced CNT can be a crystalline form of carbon with

entropy value lower than that of the carbon precursors methane




MExH20+XCO2 --4M (COB) x+xH2 (t) +Qr) (where: M-Fe, Co, N ) (Egn. 8) 18

[ 0046] The step of photoresist renpving and catal yst patterning 115 nay be
optional and can include a lift-off process that is performed in a vacuum
environnent or in inner gas anbienk® in order to prevent the catalyst from
bei ng deactivated via exposure to air. This step is needed when catal yst
filme are directly patterned with a photoresist material in order to
produce CNT-based devices. A |lithography technique is used to inprint

patternsuof andiargeieXNTided cgagn $hetdhopresirstre ,fi&itidde thief tepf f
process can renove solvent in the filmand expose the inprinted structure

of thegfdiferlevigited D7) hergf op of geadcigehe My 11451 N gT%{Vﬁ N

chanber may include two steps:” a catal yst nucleation and

fi I I [ d b [ dif th | yst
nanopat 11T 0o DOt actrORt8n call | Porhtt B yBr=Fitndtarion

process. I n one_enbodi nent, the catalyst nucleation was fulfilled by
Py dr ogEiP BT ARt 5eB| SR e LARERL ATUTAE CEPEIHAR LT (SRREBOCHT FOC for a

period from5 to 15 mnutes. Then CNT are grown by plasnma enhanced
chem c&PT v&F8FP l8epddit | BAIPPHEDE R tWrereSHERBIPERO) IR R Ut HRIhy@F ogen
as a

microwave plasma. The CNT growth process could be chemically

described as a set of reactions shown in, for example, the

relationship expressed in Equation 1 below.

catalyst
CHe(T)-=------~ — C(CNT|)+2H,(1)-96 kcal/mole (Egn. 1)

[0049] At least 96kcal of additional energy is generally
required to transform a mole of CH; molecules into the CNT
form, without taking into consideration the energy barriers of
catalyst activation and other losses. The bond energies for
C-H, C-C and H-H are 98 kcal/mole, 80 kcal/mole and

103 kcal/mole, respectively.

[0050] This low temperature CNT growth technique is applicable
for directly growing CNTs on plastic and glass substrates if
the softening temperature points of some plastic materials and
some types of glasses are higher than 200°C. The substrate
materials could be further extended to those whose softening

temperature points are lower than 200°C or to those materials




carbon source at a tenperature from 200C to 300C. [0048] The produced CNT
can be a crystalline formof carbon with entropy value |ower than that of
t he carbon precursors nmethane 19 (CH4) and others in a gas state.
Therefore, during the CNT growth $¢ocess, energy is absorbed from an

anbi ent environnment. For exanple, CNT growh requires energy to be
absorbed from an external source or sources of energy such as, for
exanpl e, the high tenperature sustained in a chanber or mcrowave plasna.

The CNIig@royibaprpcessi€oul dvien chamd caditowdescr iched ecanighedf Lgactions
shown in, for exanple, the relationship expressed in Equation 1 bel ow

cat al y, CcH4 ) £ smE - e : i Wt dd) s q no. 1)
[0049]§%$dleag%JQGEégFtoftgﬁ%%%éﬁiﬁzﬁ%ergy f%"gengggﬁﬁégireégFéﬁgD%%

t r ansf of no ul jntp the .CNT for wi thoyt taking into
consi d%?g%l?%%@%ﬁ% ’engﬁgg blg‘rFl%i e‘resgedo doca eacfril%th%ect i %ﬁn%% anﬁu18§§1é?'9‘f osses.
The bond energies for. C.H,. CC and H H are 98 kcal / mol e, .80 kcal /nol e and
103 kc%?fil%¥%?u¥%s§8@ttﬁ’€é11¢.ng[ 0BBETARELING W t Fer BVEr & SR IGRGR Pre
technique is applicable

illustrated in FIG. 1-2 and 1-3 and described therein.

[0051] FIGURE 1-2 illustrates how the “chemical potential
engineering” technique works. The catalyst, which can be one
of Fe, Co, Ni and others, is sandwiched in between two
chemically active metal layers of higher chemical potentials.
The metal layers may use Ti layers with the top Ti layer in
less than 1nm thickness, according to one embodiment of the

present disclosure.

[0052] In one embodiment, the catalyst (Fe, Co, or Ni) layer
used in the CNT growth experiment was in the thickness of
around 0.5nm, sandwiched in between two Ti layers. Physically
and chemically, the catalyst was in the field of high chemical
potential of Ti layers, making the catalyst more active and
more effective in CNT growth process and thus enables CNT

growth at lower temperature.

[0053] Putting catalysts in the field of high chemical
potentials of other chemically active metals makes the

catalyst more effective in the catalysis process of CNT




for directly growing CNTs on plastic and glass substrates if the softening
tenperature points of sonme plastic naterials and sone types of gl asses are
hi gher than 200C. The substrate nmaterials could be further extended to
t hose whose softening tenperature?boints are |ower than 200C or to those
materials 20 biologically alive, when the follow ng two techni ques are
used. The first technique is ternmed "chem cal potential engineering”, and
t he second technique ternmed "substrate tenperature controlling
engi nezyntigsiTheahdotheshhogues thee ONT |pisiwedt atbrigetGrd.- 2 tmehx3 and
described therein. [0051] FIGURE 1-2 illustrates how the "chem cal f
ot entded i steghHeeLyOg" i r t ne o
P tedis AEBAY Y cHREBDI GHBUMET ke TRE CAURIS temg‘iﬁé‘,a?ﬁtge

Fe, Co, Ni and others, is sandw ched in betweén two chem

netal dayefsooitdi %@rgfgﬁ%cghrE?Egn .tlnﬁgzioin-l:.h J:%gr}(aéhé YRS MY, use Ti

| ayers with the top Ti layer In ess I'nm thi ckness, ™ accor |n23fo one
enbodi f_th resent disclosure. [Q052] |1 n gne enbodi pent, e
cat al }si ¥ e,n%o?:eg&eﬁia)%ulrgye lfSS‘éanFﬁ 3?1%1: groti thQHEH?n%%%%%% in

i : andwi ched in between two Ti | ayers.
;258}2%%¥3§3858Latgr0%g1é)égggogch ggn in principle enable tﬁé CNT

growth on substrates at a room temperature.

[0054) FIG. 1-3 illustrates how the ‘“substrate temperature
controlling engineering” technique works. The  technique
involves placing a thermal resistance layer Dbetween the
substrate and the catalyst. The thermal resistance layer
itself can not reduce the growth temperature of CNTs but

isolate the CNT growth surface/point from the underlying

substrates. The thermal resistance layer has a thermal
resigstance to heat transportation, enabling a large
temperature gradient. Therefore a temperature difference

between the growth surface and the substrate can be determined
by the thickness of the thermal resistance layer. Therefore,
the present disclosure provides a method that integrates CNTs
into silicon-based technology allowing the growth temperature
non-destructive for other components made by standard CMOS

processing.

[0055] FIGURES 1-4A through 1-4E illustrate some CNT patterns

grown at 200°C, 300°C, 400°C, 500°C and 600°C, respectively.




and chemcally, the catalyst was in the field of high chemcal potential
of Ti layers, making the catalyst nore active and nore effective in CNT
growth process and thus enables CNT growth at |ower tenperature. [0053]
Putting catalysts in the field of B gh chemi cal potentials of other
chemcally active netals nakes the <catalyst nore effective in the

catal ysis process of CNT 21 synthesis, and thus |ower the CNT growth
tenperature. Thermal resistance |ayer cannot reduce the CNT growth

t enperBiterr auchegatican oSolHTe dthe cgramysts waace land pakntoddeamddhent
substrate by producing tenperature difference between the growh surface

and suliséuiat e00Td) ssagyeoacigCamd NpdddNei Pls, enabbTt ke Nh Grawtdy. on
substrates at a roomtenperature. [0054] FIG  1-3 illusStrates how t he

 Subsld@biend eoDEPa! UltRe ARl ERE UL DNLed LOBBLAIRMOIS. .0

techni que involves placing a thermal™ resistiance 1ayer

substr. apd. & he, gat t therma] resistance | ay itself can_not
reducelﬂt‘ﬁte gro(\%vtﬁs terrt%lea?‘%tsurg?l(;%f %%%Js %ﬁt S?%oﬁ atléltt%e%éﬁ'l' Bf‘ﬁfﬁ of I

j i ) I i stance | ayer
ﬁg;f gccte%]tga?ing%t flgnganfaatrhaet:tjgrg,erclzg{:ggysg ugg%{\%.gfon TQI?d t (?I\?'{' ”Sro&gﬁf S y

[0056] The approach based on separation of the CNT growth
process into different phases can help circumvent the problem
of catalyst activation which could be achieved at higher
temperatures. With additional protection layers covering the
wiring beneath the 1layers, the CNT growth phase could be
carried out at a lower temperature of aporoximately 200°C after
the removal of protecting layers. Thus, the catalyst
activation at high temperature may be avoided if the
deactivation of fresh catalyst prepared separately during the

deposition on substrate can be prevented.

[0057] FIGURE 1-5A and 1-5B show exemplary results of a
comparative experiment in which sample (A) and sample (B) were
grown under the same conditions, except that the catalyst in
case (A) was never been exposed to air while in case (B) the
time of exposure to air was 24 hours, according to one

embodiment of the present disclosure.

[0058] The growth results show that the catalyst without




resistance to heat transportation, enabling a large tenperature gradient.
Therefore a tenperature difference between the growh surface and the
substrate can be determned by the thickness of the thermal resistance

| ayer. Therefore, the present diséPosure provides a nethod that integrates
CNTs into silicon-based technology allowi ng the gromh tenperature
non-destructive for other conponents made by standard CMOS processing.

[ 0055] FI GURES 1-4A through 1-4E illustrate sone CNT patterns grown at
200C, Sa85udd0€Co HNC hnd GROG bespectinel Yend@ alhennucieatdsem ofs CNT at
catal yst particles was observed at about 200C, suggesting the possibility

of CNhigglowWgaeVed abas apedathc2@0C. wHiee epld r@yhiNT @@ PoRh@C eSS @gcur red
on pre- patterned substrates and can be split into the phases of catalyst

pr epargi.i p Ci#4yvat [ 6] The approach based
on sepsgirlgﬁ%%cﬁaét %@gﬁz%)rbv&%&%%%%x‘lgﬁ)%\égtli?fag?ight phases can hel p
circunvent the problem of catalyst activation which could be achieved at
hi gher tenperatures. Wth additional protection |ayers covering the

Wi ring beneath the layers, the CNT grow h phase coul d be




carried out at a |lower tenperature of approximately 200C after the renova
of protecting |layers. Thus, the catalyst activation at high tenperature
may be avoided if the deactivation of fresh catal yst prepared separately
during the deposition on substraté4can be prevented. [0057] FlI GURE 1-5A
and 1-5B show exenplary results of a conparative experinent in which
sanple (A and sanple (B) were grown under the sane conditions, except
that the catalyst in case (A) was never been exposed to air while in case

(B) the tinme of ekBPSONT Baséd NanodldwWi#sniaCoehMidesto one enbodi ment
of the present disclosure. [0058] The growth results ShOMlthat t he catal yst

Wi t hoy002] FESMESUr ©-40 aikohdS heenaljg hen %#L f0r St e cOf
hi gh quality was produced, while no CNTs were oun n t sur ace of

sanpl & AR)ai WH-Lh (vas - se iry noelectronlc

Devi ces [ 0059] FI CURE %-l sh%aggggconve%% E%ch%Fﬁﬁﬁgﬁd EVEEEt 2tT%hsi stor

(ONT- BER)4 %%ce 2-100. The %aﬂT ET de¥;ce 2-100 includes a single-walled

Carbon nan 8 nanotube (SWCNT) based
nanowire 2-101, an source (8) electrode 2-103, a drain (D)

electrode 2-105, an insulator 2-107, and a gate (@) electrode

2-109.

[0060] The conventional CNT-FET device 2-100 is similar to a
semiconductor-based MOSFET device in its structure and working
principle. The S electrode 2-103 functions as a source, the D
electrode 2-105 as a drain, and the G electrode 2-109 as a
gate. When a voltage is applied to the gate 2-109, the SWCNT
nanowire 1-101 provides a current channel between the source
2-103 and the drain 2-105, which is modulated by the gate
voltage. Depending on a negative or a positive voltage source
that the drain 2-105 and the source 2-103 are connected to, a
digital “ON” or “OFF” state between the drain 2-105 and the
source 2-103 may result. The insulator 2-107 is based on
silicon dioxide. The gate electrode 2-109 is a p-type

semiconductor silicon.

[0061] There are several issue related to the conventional
design of the CNT-FET device 2-100. One issue is the

resistance of the CNT-FET device 2-100, which may have two




nanowi re 2-101, an source (S) electrode 2-103, a drain (D) electrode
2-105, an insulator 2-107, and a gate (G electrode 2-109. [0060] The
conventional CNT-FET device 2-100 is simlar to a sem conductor-based
MOSFET device in its structure and2horking principle. The S el ectrode
2-103 functions as a source, the D electrode 2-105 as a drain, and the G
el ectrode 2-109 as a gate. Wien a voltage is applied to the gate 2-109,
the SWCNT nanowire 1-101 provides a current channel between the source

2- 103 @apdpehendsai A . 2- 105henhieshi d tsarmmslul Rder) byt t beTgakfowyekt ageol,
Dependi ng on a negative or a positive voltage source that the drain 2-105

and t hendoutite 2rd&Bseigceoniect gtk t Gomtadk Jigdint MNe t¥eerlOFEhest o
bet ween the drain 2-105 and the source 2-103 may result. The insul ator

2-107 hsnbased onigi | hegn &&&Xbeﬁne&edgaé& eecgﬁgg'érﬁag—:ogz foza Bn&ype

sem conductor silicon. [0061] There are several 1ssue re
conventiopal, des %L CNT- F;- T,.devi ce %‘ 1038 ssue S é"ﬁﬁ
re5| stance o ﬁl% %POFE ggéw ce1 ﬁ/nt fi 1ﬁ’av% onPonent s,
. nanow re_1-101,
%ﬁg ES%E% an%% Qﬁ?Ng%T naggalfg(%ould become the key point of
future electronic devices, and therefore a subject of active

research.

[0062] A second issue of the conventional CNT-FET is related to
a lack of signal gain from CNT-FET structure such as the CTN-
FET device 2-100. The lack of signal gain may be related to
the weak field effect related to the device structure. As
nanowire channel 2-101 scales down to about lnm, i.e., the
diameter of SWCNT, the corresponding silicon oxide insulator
2-107 or the oxide layer could not be reduced down to about
lnm or less accordingly in thickness to prevent the current
leakage between the gate electrode 2-109 and the drain
electrode 2-105. The oxide layer adopted in the CNT-FET device
2-100 is in the thickness between 10nm to 100mnm for a sub-
micron MOSFET device, which is one or two orders higher than
the SWCNT nanowire channel width (about 1nm). The mismatch
between the oxide thickness and the SWCNT nanowire channel
width can degrade the performance of the CNT-FET device 2-100.

A much thinner oxide layer but with much high permittivity is




and the resistance at the contact point between the CNT nanowire 1-101 and
t he connected source el ectrode 2-103 and between the CNT naowi re 1-101 and
the drain el ectrode 2-105. The resistance of CNT nanow re coul d becone the
key point of future electronic de¥% ces, and therefore a subject of active
research. [00621 A second issue of the conventional CNT-FET is related to

a lack of signal gain from CNT-FET structure such as the CTN- FET devi ce
2-100. The lack of signal gain nay be related to the weak field effect

rel at eted¢ded heo denhsfcst EHet el dAS £ FRAOWMY a-fhagnel &rdddrtal £5 ¢own to
about 1nm i.e., the dianeter of SWCNT, the corresponding silicon oxide

insul st OF 22-30¢c8F he-ax e, dayehigaul ﬂe@ﬁﬁﬂge Eﬁé’“%ﬁ?rﬁﬂ‘éﬂ i@alﬁ%@v\;enl nm

or less accordingly i'n thickness to prevent~t current eakage

dopt ot 11 Thot CRIIFET ab0rezoBE 75308, i e retien e ditadirt Ttan t o

100nm f.or_a sub- m.cro ET device, which is one or two orders higher
t han %?m?%ﬂ@ﬁﬁeQEﬁﬁéﬁ;ié%%gnnel wi dt h (about 1nn). The mi smatch between
t he oxi de thickness and the SWCNT nanow re channel w dth can degrade the

perforngn e of the CNT-FET device 2-100.
; [0063] Another issue for the conventional CNT-FET device 2-100

is related to the separation of semiconducting SWCNT from
metallic SWCNT. So far there is not a reliable method to
control conducting type, either semiconducting or metallic
type. Existing CNT devices are either metallic or a mixture of
semiconducting CNT and metallic CNT. There is a need for such

a reliable means to separate the two conducting types.

[0064] FIGURE 2-2 shows a CNT device 2-200 that addresses the
issues related to the conventional CNT devices as described
above, according to one embodiment of the present disclosure.
The CNT device 2-200 includes a top electrode 2-201, a middle
electrode 2-203, a drain electrode 2-205, a substrate 2-217,
and three insulators 2-211, 2-213 and 2-215. The CNT device 2-
200 also includes a CNT nanowire channel 2-221 and a metal

nanoparticle channel 2-223.

[0065] The three electrodes 2-201, 2-203, and 2-205 are isolated
from each other and are arranged in . parallel vertically with a

fixed space between the top electrode 2-201 and the bottom




A much thinner oxide |ayer but with much high permttivity is 26

enhance the field effect of the gate el ectrode 2-109 for a better

needed to

performance whil e keeping the current | eakage between the gate el ectrode
2-109 and the drain electrode 2-10% at an acceptable |level. [00631 Anot her

i ssue for the conventi onal CNT-FET device 2-100 is related to the

separation of sem conducting SWCNT from netallic SWCNT. So far there is
not a reliable nethod to control conducting type, either sem conducting or
met al leectypde Ex26% i NghENRidalieCed eatteodiet Rer oretial |henddbia niXtihe of
sem conducting CNT and netallic CNT. There is a need for such a reliable

neans fixsepapate. t fhet WRLERAWE i NG 1YPRSy HOO0GA, F-EdRE A Zitiove @ CNT
devi ce 2-200 that addresses the issues related t0 the conventional CNT

devi case ashggécrépedsﬁpve@%ggé di tgngpgaﬂ@odi Jeat d\gét_zéj;%l(pr gﬁe_nt

di scl osure. The CNT I ce includés a’top electro

m ddl e

el ectr - 203, dr aj el.ectrode 2-205, a.substrate 2-217 and three

insulé?%%§g53211?£§-ZégeanaaQPQY%FeTh§%ER?e&ev%6§2§> fﬁﬁgalgﬁsirﬂﬁ S a

CNT nanow re channel 2-221 and a netal . nanoparticle channel 2-223.
nanoparticle channel 2-223 provide a current channel between

the middle electrode 2-203 and the bottom electrode 2-205

according to one embodiment of the present disclosure. In an

alternative embodiment, in place of a combination of the CNT

nano-wire channel 2-221 and metal nanoparticle channel 2-223,

an entire OCNT nano-wire based channel or a entire metal

nanoparticle based channel may be used. By tuning the

diameter and length of the nanowire channel 2-221, the speed

of the CNT based device 2-200 may be tuned as well. The middle

electrode 2-205 may have a self-energy as small as its surface

energy.

[0066] In contrast to the horizontally arranged 3-electrode

structure in the convention CNT device 2-100, the

three

electrodes 2-201, 2-203 and 2-205 of the CNT device 2-200 are

placed in parallel vertically. This vertical aligned structure

along with the insulators helps reduce the contact resistance

between the CNTs and the non-CNT parts of the CNT-based device

2-200. Most horizontally-positioned nanotubes, such as the one

shown in the nano-based device 2-100, have contact points




[ 0065] The three el ectrodes 2-201, 2-203, and 2-205 are isolated from each
other and are arranged in.parallel vertically wwth a fixed space between
the top electrode 2-201 and the bottom 27 el ectrode 2-205. The m ddl e

el ectrode 2-203 is bendable in the28fixed space. The substrate 2-217 may be
any material that can be hard or soft, organic or inorganic, and netallic
or plastic. The CNT nano-wi re channel 2-221 and the netal nanoparticle
channel 2-223 provide a current channel between the mddle electrode 2-203
and t helbler omtel sber odep 2-205 baatonr dengisoe onerefadinenvieh thecpr esent
di sclosure. In an alternative enbodi ment, in place of a conbination of the

ONT nehecticdeshapoer 2271 any BetabeRanoRAriichOnsdannel t3e228eaqdn
entire CNT nano-wire based channel or a entire netal nanoparticle based

channetamayrdiaiusedn By gt neddig cidi aaptighand le of re
channel 2-221, the speedrlégéf t he CNCT based gfew ce ZQg(t)Lgh caﬂe tune as

wel | . dhgidgdl g ode - gEX av a sel\?1 ergy .as s as its

surface energy. [Oo%fﬁt{ n cont r%ggp rQ oPt?Z Pg rlrcfngge %n%?'ect rode

StrUthm§E$JEﬁ£etﬁgng%%%& c1a5(¥3%§ lgglggd Rgglkgz%ng the contact
resistance can help fully wutilize the ballistic transport

characteristic of the material and integrate nanotube

architectures into currently existing fabrication processes.

[0067] The working principle of the CNT device 2-200 is such
that it would no longer reply on the inversion of substrate
semiconductor materials induced by the top electrode 2-201, as
in the case of conventional CNT-based device such as the CNT
device 2-100. In one embodiment of the present disclosure,
the CNT device 2-200 works as follows. Assuming that the
middle electrode 2-203 is connected to a positive source, the
state between the middle electrode 2-203 and the bottom
electrode 2-205 could be 'ON’ when the top electrode 2-201 is
connected to a positive source. Assuming that the middle
electrode 2-203 is connected to a positive source, the state
between the middle electrode 2-203 and the bottom electrode 2-
205 could be ‘OFF’ when the top electrode 2-201 is connected
to a negative source. In this case, the CNT device 2-200 could

serve as a memory device, a logic device, or an amplifier




el ectrodes 2-201, 2-203 and 2-205 of the CNT device 2-200 are placed in
paral lel vertically. This vertical aligned structure along wth the

i nsul ators hel ps reduce the contact resistance between the CNTs and the
non-CNT parts of the CNT-based dev#te 2-200. Mst horizontally-positioned
nanot ubes, such'as the one shown in the nano-based device 2-100, have
contact points 28 either at the top or bottom surface connecting with
netal el ectrodes. Poor coupling between the nanotube and the | eads can
resul td¢ni¢ar geIsontactheesi smdoddmentti,ch seasuniegpmehaomifiant middle

el ectrical transport in nanotube devices. Hence, inproving the interfacial

coupl i elpantbdd NRARBBNG d heoxNat 86t thes ShaPLei $ansbakBel Uldhe Widdze the
ballistic transport characteristic of the material and integrate nanotube
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wor ki ng principle of the CNT device O1s su onger

reply on,{hepknueksi strate. sem conduc, material s induced by the

top el ectrode 2-§§ﬁ,q§§§Ii§H h%o a§%eb%155%%g#t%§%afsCﬁﬁ®8§§888d§§1é% such

as th . devi ce 2- 100, IQP%§¢ enbodi nent of the_present disclosure, the
ws

ONT AT 200 W SE foPFbus. "ASSuMity (PR EAgotrode 2°30T is

connected to a positive source. In this case, the CNT device

2-200 could be used only as a memory device.

[0068] In one embodiment of the present disclosure, the working
principle of the CNT device 2-200 may be represented as
follows. Assuming that the top electrode 2-201 functions as a
gate (G), the bottom electrode 2-205 as a drain (D), and the
middle electrode 2-203 as a source (S), then the current (Ig)

between source and drain could be expressed as the following:
Isp = Ve / (Re + Rewr)

[0069] where Vg is a bias between the source and the drain, and
Rc is a contact resistance between the nanowire channel 2-221
and the middle electrode 2-203. Reyr is an addition to the
resistance of CNT nano-wire 2-221 itself which is linearly
proportional to the length of the CNT nanor-wire channel 2-221
if the nanowire channel 2-221 is not an ideal quantum wire. A
minimum value of Ig is theoretically a zero for an “OFF”

state. Physically, Reyr could have a minimum value, and Igp




m ddl e el ectrode 2-203 is connected to a positive source, the state
between the m ddl e el ectrode 2-203 and the bottom el ectrode 2-205 could be
"ON' when the top electrode 2-201 is connected to a positive source.
Assuning that the niddle electrod® 2-203 is connected to a positive
source, the state between the mddle electrode 2-203 and the bottom

el ectrode 2- 205 could be 'OFF' when the top electrode 2-201 is connected
to a negative source. In this case, the CNT device 2-200 could serve as a

menor ycalehd ceorae fpghdingVy CRaver aamaatihid | 5129 fdeviage.~oNY anaither
enbodi ment, assumng that the mddle electrode 2-203 is connected to a

posi time petween lowrStaleg betweaidiwes M ddl eslrft hade 2203 1apd dype top
el ectrode 2-201 could be 'ON when the top el ectrode 2-201 i s connécted to

a ne ﬁgﬁiﬁ e 2-201 is connected to a
p05|t?€%!sodﬁgghﬂ%éqﬁuéﬁgas ié%aéﬁﬁ%£#%é§&§9200 coul d be used only as

a menory device. [0068] in one enbodi ment of the present disclosure, the
as follows.
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electrode 2 205 as drain (D), d the
between the top electrode 2-201 and the middle electrode

2-203, the insulator 2-213 between the middle electrode 2-203
and the bottom electrode 2-205, and the insulator 2-215
between the bottom electrode 2-205 and the substrate 2-217.
According to one embodiment, the present disclosure provides a
an air Jlayer for the insulator layer that reduces the
electrostatic force by the permittivity of the insulator by
several times. Because of these insulators and the CNT nano-
wires 2-221 functioning as a conductor, the CNT device 2-200
is no longer constrained by semiconductor materials and

substrates.

[0071] In one embodiment of the present disclosure, the
substrate 2-217 is either a glass substrate or a plastic
substrate for manufacture of the CNT-based device 2-200. This
allows for cost effecti&e fabrication of the CNT-based

devices.

[0072] In one embodiment, the present disclosure uses the Van de

Waals force for non-volatile memory (NVM) application. The




m ddl e el ectrode 2-203 as a source (S), then the current (I1SD) between
source and drain could be expressed as the followng: 1SD=VSD/ (Rc +
RcNr) [0069] where VSD is a bias between the source and the drain, and Rc
is a contact resistance between th&l nanowire channel 2-221 and the middle
el ectrode 2-203. RcNr is an addition to the resistance of CNT nano-wre
2-221 itself which is linearly proportional to the length of the CNT
nanor-wi re channel 2-221 if the nanowire channel 2-221 is not an ideal
quant Y@t ¢@. Waalgi dfionan vedwkd obel SBjiustatedret suafbyeatzenonbat an " OFF"
state. Physically, RcNr could have a m ninumvalue, and ISD 30 could

cor r egpreriditigl Wehaiee pambomemaosmlauldrbarenfdeest.ate. |1n between * OFF
and 'ON' states, ISD could be controlled by the gate voltage for anplifier
applications. [0070] The CNT-based device 2-200 al so includes the insulator
2- 2110073] weebridiediap, ekiactsgde nldi it t hendi gﬁif@s&hect&i%os%n%o& the
i nsul at or “2-213 between the mddle el ectrode 2-20 and the bottom

el ect s t i tar, 2-215 e ot
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0 one enbodi ment, the present
semiconducting or metallic, thus overcoming the issue of
synthesizing pure semiconducting CNIs or separation of

semiconducting CNTs from metallic CNTs.

[0074] The process for fabricating the CNT device 2-200 may
include a step of creating a three-electrode structure,
wherein the three electrodes are placed in parallel vertically
to each other, a step of inserting a conductive nanowire
(semiconductors or metals) between the middle electrode and
making electrical contact with the nanowire, and a step of

inserting insulators between the vertically placed electrodes.

[0075] FIGURE 2-3 illustrates the on/off (switch)
characteristics of one embodiment of the present disclosure.
The on/off ratio could reach five orders, a satisfied on/off
performance for the memory device application of the CNT
device 2-200. The gate could control the source-drain current
sufficiently due to the contact area (or contact length)

between the CNT and the source and elsctrodes adjustable by




an air layer for the insulator |layer that reduces the electrostatic force
by the permttivity of the insulator by several tinmes. Because of these

i nsul ators and the CNT nano- wires 2-221 functioning as a conductor, the
CNT device 2-200 is no longer con¥trained by semiconductor materials and
substrates. [0071] In one enbodi nent of the present disclosure, the
substrate 2-217 is either a glass substrate or a plastic substrate for
manuf acture of the CNT-based device 2-200. This allows for cost effective
fabri ppning gheeCNRbiasek: deoltegs. [ 082Rtel n tiiee @sbOCE mesiyldt hee
present disclosure uses the Van de Wals force for non-volatile nenory

(NVM wappli cal | em  Zhgl3tieVan decHbaks $Or oL otlaeh bgeaditsi 8d yr-surface
treatment so that the device performance coul d be enhanced. [0073]

Accor didWhden | BNPNERENREM r@fgctf&?eQr e8RAT cfirS RS Y GretiSs dve

nanowi res as the current channel Because the nanowires are not limted to

sem copdughqrs, 16]}?4_, GRN conduct i tal Ll t hus,_over com ng

t he issue o}g seyn es| Zi n%%prlf%g:rgse% %glnd&%%eng ng%gése%%flé?‘g%n “of
removed. This characteristic could be used for non-volatile

memory device application.

[0076] According to one embodiment of the present disclosure,
numerous applications based on the CNT-device 2-200 are
possible. The applications include CNT-based amplifiers, CNT-
based 1logic circuits, CNT-based kmemory devices, CNT-based
sensors, CNT-based actuators, CNT-based nano-tools, CNT-based
eleétromagnetic signal receivers and CNT-based sonar

detectors.




sem conducting CNTs fromnetallic CNTs.

the CNT device 2-200 may include a step of creating a three-el ectrode
structure, wherein the three electrodes are placed in parallel vertically
to each other, a step of inserting3& conductive nanowire (sem conductors

or netals) betmeen the. mddle electrode and nmeking electrical contact

with the nanowire, and a step of inserting insulators between the

vertically placed el ectrodes.

(switch) characteristics of one enbodi nent of the present disclosure.
on/off ratio could reach five orders, a satisfied on/off performance for
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[0075] FIGQURE 2-3 illustrates the on/off

[ 00741The process for fabricating
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non-vol atile

into dispersions. Common methods for making CNT devices using

~the nanotube materials include chemical vapor deposition

(CVD), and spin-coating of nanotube dispersion onto patterned
wafers. One major drawback of the CVD-based approach involves
subjecting the entire chip to high temperature deposition
(about 750°C), while the spinning-coating approach will likely
result in contamination of the entire substrate surface. There
is therefore a need for a reliable and repeatable
manufacturing process that may minimize the substrate
contamination in low or room temperature. The manufacturing
process should also be compatible with the silicon wmetal-
oxide-semiconductor (MOS) technology sc that fabrication of

nanoscale devices can be scaled up for mass production.

[0078] In one embodiment, the present disclosure provides a
method for large-scale fabrication CNT-photoresist composite
and a method of making nanotube devices using the CNT-
photoresist composite. The first method is shown in FIG. 3-1

and the second method in FIG. 3-2.




menory devi ce application. [0076JAccording to one enbodi nent of the present
di scl osure, nunerous applications based on the CNT-device 2-200 are
possi bl e. The applications include CNT-based anplifiers, CNT- based | ogic
circuits, CNT-based nenory devices34CNT-based sensors, CNT-based
actuators, CNT-based nano-tools, CNT-based electromagnetic signa
receivers and CNT-based sonar detectors. 33 (C) Large-Scale Fabrication
of CNT- Phot oresi st Conposite and CNT Devi ces Based on the Conposite [0077]
Cur r enfoloy9] magot ubes t BRbwar eausgdobeEsmakingonapgr dexhGesceneinguadly in
the formof as-grown powders or mxed into dispersions. Common nethods for
maki n i i t b | I 1 or
gn%tlﬁﬁ?%}%)??tgﬁ%ggst Egmgteeqtcg %Ar:?ﬂﬂ%essmnﬂ&é@. chgln Gab-yap

deposition nd spi n-coating of not u di spersion onto patterned
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spinning-coating approach, wi | | Iike“¥ result in contam_nation of the
entire?siléH aPé <Gt FREES 198 e P R% e FEFBRESACRe et f AROX FESLELI eP¥nd
repeat abl e

P ultra-sonication 3-113, a step of spin-coating nanotube-

photoresist mixture on a silicon substrate to produce CNT-
photoresist £film 3-115, and a step of removing solvent in

nanotube-photoresist composite by baking 3-117.

[0080] The step of preparing nanotube suspension 3-111 can
include selecting one raw nanostructure-containing material,
preferably with a high-aspect ratio (nanotube) as the fillers
of the composite material. The raw material can contain
nanotubes made of carbon, silicon, copper, titanium, silver,
gold, boron nitride, gallium nitride or other materials that
contain nonastructure and possess semiconducting or metallic
properties. Carbon nanostructured material can contain single-
walled CNT (SWCNT) or multi-walled carbon nanotubes MSCNT).
The SWCNT or MWCNT can by harvested using one of the suitable
techniques including thermal chemical vapor deposition (CVD),

plasma enhanced CVD (PECVD), laser ablation and arc-discharge.

[0081] The step of preparing nanotube suspension 3-111 can also
include mixing the selected raw nanostructure-containing

material with a suitable liguid medium. The liquid medium can




manuf acturi ng process that may mnimze the substrate contam nation in |ow
or roomtenperature. The manufacturing process should also be conpatible
with the silicon netal - oxide-sem conductor (MOS) technol ogy so that
fabrication of nanoscal e devices #an be scal ed up for mass producti on.
[0078] In one enbodi nent, the present disclosure provides a nethod for

| ar ge-scal e fabricati on CNT-photoresi st conposite and a nethod of making
nanot ube devi ces using the CNT- photoresist conposite. The first method is
shown ben dnds o8- 3 sandadtarnsecaid ardédiost | anfl &n Irdandéd A& .FlI@ 3-1
shows a process 3-100 for manufacturing a nanotube-photoresist conposite

on pl afiy sHbbasREntIhepPHOERSBEoBmdRVab NC{iMdes asStep PoiRkePst | e
nanot ube suspension 3-ill, a step of dispersing nanotube suspension in

phot oreshsita beqihh! #c30M €2t 58RuB1 113y 851 BRe 0L HaRiII=C L NG fanghube-
St m xtur 4 qoce &Rt

phot or es e on a silicon substrate to produce - photoresist film

3-115, _an step, of . renpvi ng sglvent i n _nangt.ube- phot Qresi, st _conpgsite by
paic nd P81 7% CobOTRIRERERED ofPHr oBRPRG AA A the Sus FEL RS ToE can

i ncl ude sel ecting one raw nanostructure-containin nat%ri%!, ,
© suspension - can vary depending on a desire ensity of

nanotubes for the target CNT device ,given that a stable
suspension is obtained. For example, 0.5mg of the raw material
such as multi-walled CNT per ml of DMF solution forms a stable
suspension. The suspension is subjected to ultrasonic energy
or stirring at ambient temperature for an hour or until a
uniform, stable suspension is obtained, according to one

embodiment.

[0082] The step of dispersing nanotube suspension in photoresist
by ultra-sonication 3-113 can include selecting a negative or
positive photoresist. In one embodiment, Microposit 1800
series positive photoresist manufactured by Shipley is the
choice of the photoresist. Then the step of dispersing
nanotube suspension in the photoresist 3-113 can include
dispersing or mixing the suspension containing uniformly

dispersed nanotubes into the selected photoresist material.

[0083] The volume ratio of the nanotube suspension to the
photoresist solution can vary depending on the desired density

of nanotubes for the target CNT device. Another criterion for




preferably with a high-aspect ratio (nanotube) as the fillers of the
conposite material. The raw material can contain nanotubes made of carbon,
silicon, copper, titanium silver, gold, boron nitride, galliumnitride or
other materials that contain nonadéructure and possess seni conducting or
metallic properties. Carbon nanostructured material can contain single-
wal | ed CNT (SWCNT) or multi-walled carbon nanotubes MACNT). The SWCNT or
MACNT can by harvested using one of the suitable techniques including

t her mefeeqenisangvapbe depbeinei onatOvD)is pthsnepeabanceti&D ¢PEGRH),

| aser abl ation and arc-di scharge. [0081] The step of preparing nanotube

suspersisco8idfl acen @bsdcal ngregeriixsgotha el eghedub@¥hotoresist
nanostructure-containing material with a suitable |iquid medium The
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solvent. In one enbodi rrent Dinet hyl formami de (DVF) 1s a choice of the
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mat eri al

[0084] The step of dispersing nanotube suspension in photoresist
3-113 then includes subjecting the ;1a1.'10tube -photoresist
suspension to ultrasonic energy at an ambient temperature. In
one embodiment, the duration of of ultrasonication process is
around 40 minutes or wuntil the nanotube suspension is
uniformly mixed with the photoresist solution. Then in one
embodiment, the mixture is left to stabilize for at least 20

minutes to allow the removal of trapped air bubbles.

[0085] The step of spin-coating the nanotube-photoresist mixture
on a silicon substrate 3-115 can involve selecting a
substrate. A substrate can be made of silicon, glass, plastic,
ceramic or any suitable wmaterial depending on desired
functionality of the target CNT device. The step of spin-
coating nanotube-photoresist mixture on the silicon substrate
may also involve deciding a suitable spin speed to form a
continuous and uniform film of the nanotube-photoresist on the

substrate surface.




such as nmulti-walled CNT per mM of DW solution forns a stable suspension.
The suspension is subjected to ultrasonic energy or stirring at anbient
tenperature for an hour or until a wuniform stable suspension is obtained,
according to one enbodinment. [008¥] The step of dispersing nanotube
suspension in photoresist by ultra-sonication 3-113 can include sel ecting
a negative or positive photoresist. In one enbodi nent, M croposit 1800
series positive photoresist manufactured by Shipley is the choice of the

phot or [#8B6]t Thd@henepherst epint cdhsPAYS NGO tRBROLURE cTeSASRS ik thitd Nen
phot oresi st 3-113 can include dispersing or mxing the suspension
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material. [0083] The volunme ratio of the nanotuhe suspension to
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nanot ubes for the target evice. Anot riterion for _
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processing. |In one_enhodinent, a volune ratio of 2:9 carbon nanotube in
t he Dwﬁag% %@%%icﬁ#t(fhe target CNT device. There 1is a tradeoff
between a high density of nanotubes and easy removal of
unwanted photoresist material. Typically, a thinner £film
enables easier removal of residue during a subsequent 1lift-off
pbrocess. Variation in the viscosity of the nanotube-
photoresist composite may affect the spin speed for a desired
, £ilm thickness. In one embodiment, a spin speed of 5000rpm is

used for a 1 micrometer thick nanotube-photoresist film on an

oxidized silicon wafer.

[0087] The step of removing solvent in the nanotube-photoresist
composite 3-117 can involve a soft baking process to evaporate
the ligquid medium in the film at a temperature suitable for
the selected photoresist material. In one embodiment, the film
made of the Microposit photoresist is baked at 100°C for one
minute. This dimproves adhesion of the nanotube-photoresist
film with the substrate surface before undergoing lithographic

patterning.

[0088] FIG. 3-2 shows a process 3-200 for making CNT devices

such as integrated circuits using the CNT-photoresist




M croposit photoresist solution is used. [0084] The step of dispersing
nanot ube suspension in photoresist 3-113 then includes subjecting the
nanot ube- phot oresi st suspension to ultrasonic energy at an anbi ent
tenperature. In one enbodinent, t¥ duration of of ultrasonication process
is around 40 m nutes or until the nanotube suspension is wuniformy m xed
with the photoresist solution. Then in one enbodinent, the mxture is |left
to stabilize for at least 20 mnutes to allow the renoval of trapped air
bubbl esompOOBEG Plredatep afn Sphe- eeaiddig thel @notrube i<y eshSiuddxt ure
on a silicon substrate 3-115 can involve selecting a substrate. A

subst rigie 688phe MR a®i il A, a0h@SRruRleaPhbt oresasdM LorffoAe Y tabl e
materi al depending on desired unctionality of the target devi ce. The

step gf1spiP- £ALIJG nangbe. aphélé@%e%ét 1g}§g§%§ﬁmz&ﬁ§ f%éxg&%e-

substrate may also involve deciding suita Spée orm a
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on the_selected silicon substrate may al so i nvolve determning a .
of manotube 3-211, a step of forming all-around contacts with
metal electrodes 3-213, and a step of removing unwanted areas
of nanotube-photoresist wusing a 1lift-off process 3-215.
Electrical contacts with the nanotube are improved using the
all-around contact geometry derived from this invention. The
step of manufacturing the nanotube-photoresist composite on
planar surfaces 3-100 is the same process as illustrated in

FIG. 3-1 and described therein above. The output of this step

is a CNT-photoresist film of a desired thickness.

[0089] The step of lithographizing nanotube-photoresist to the
predetermined patterns 3-211 can include imprinting the
predetermined patterns of the target CNT device onto the CNT-
photoresist film obtained from the process 3-100. This step
may be accomplished using one of the teéhniques such as a
photolithography and an electron-beam lithography commonly

used in the semiconductor manufacturing industries.

[0090] The step of forming all-around contacts with metal
electrodes 3-213 can involve selecting a suitable material to

form contacts in the CNT-photoresist film. In one embodiment,




desired thickness of the nanotube-photoresist film The thickness of the
filmcan depend on the desired density of nanotubes of the target OCNT
device. There is a tradeoff between a high density of nanotubes and easy
renoval of unwanted photoresist nderial. Typically, a thinner film
enabl es easier renoval of residue during a subsequent |ift-off process.
Variation in the viscosity of the nanotube- photoresist conposite may
affect the spin speed for a desired filmthickness. In one enbodi nent, a
spin speed of S00@upHsken USRI, fos acdppe£r ommier thi gkily-silicon, a

nanot ube- photoresist filmon an oxidized silicon wafer. [0087] The step of
[ emovi pgn SAANERT (B! e aRANGL R PRAT OS] St anONROS Gl 7 (639 Twol ve a
soft baking process to evaporate the liquid nediumin the filmat a

t enper itab of, .t t t S| materjal . one
enbodi%%$%§%%ﬁeE$i#§¥$n% e d?”?%%g%l%?ogggi?ﬁgh%ﬁéF%§%§§S?sfh%ﬁed at 100C
for one mnute. This inproves adhesion of the nanotube-photoresist film

witht strate surface before undergoing |ithographic patterning.
[ 0088] [laﬁ?@q‘q%ez ShERs aO%r 0EEUEVINgQ lfrgq‘aw ngaagﬁsde\ﬂfcesnag‘% &5
integrated circuits using the CNT-photoresist

photoresist 3-215 can include selecting a suitable remover to

remove the unwanted parts and applying a lift-off process to
leave the patterned electrodes formed all-around contacts with

the CNTs.

[0092] FIG. 3-3A through 3-3D show the examples of applying the
steps of the process 3-200 for fabricating nanotube devices
according to an embodiment of the present disclosure. As
shown in FIGURE 3-3A, a substrate 100 is coated with a
positive photoresist £ilm 101 that include nanotubes 102 that

are prepared according to the steps illustrated in FIGURE 3-1.

[0093] FIG. é—BB shows that the £film 101 is subjected to
lithography to form the desired structures of the CNT device.
The nanotube-photoresist film 101 is developed to form a mask
layer and expose nanotubes at edges of the photoresist. Then,
as shown 1in FIG. 3-3A, the nanotubes 102 are suspended and
embedded in the photoreéﬁst matrix. This allows the formation

of all-around contacts 103, fixing the nanotubes in place via

sputtering or electron beam evaporation.




38 conposite produced in the process 3-100. The nethod includes the step
of manufacturing a nanot ube-phot oresi st conposite on planar surfaces
3-100, a step of lithographizi ng nanotube- photoresist to predeterm ned
patterns, and exposing segnents of0nanotube 3-211, a step of formng

all -around contacts with netal electrodes 3-213, and a step of renoving
unwant ed areas of nanotube-photoresist using a lift-off process 3-215.

El ectrical contacts with the nanotube are inproved using the all-around

cont ado0yR aeet shoter | red FIGOM 3 M3 @, | RMRRIY 08. sTheablleepPr&hov@nubagt Wi ng
t he nanot ube- phot oresi st conposite on planar surfaces 3-100 is the sane

process ms dt# ustbated ke EpEridul 884 | V. out put
of this step |ul§ a CNT-phStorbgsilst fiziil%rt]of a dteé?ic%éedﬁ%égk%gsfm[ﬁ%o ] The

step | i phi.zi be: ph r esj st t r edet L ned patterns
3-211%{:1621Lna|1nc u(%e&luﬁr%%?%??ﬂg{:#hghep?% é)tetzlrb%snt& 2pgi't éj.r@snes ‘of eﬁ?e %r%@t CNT
devi ce.,ont o the CNI-

phat oresi st. fil mobtained.fromthe process, 3-100. This
step WY e HccdhhiY sivdd BEPREBRe CIbre]?"”tcl‘”feest@gﬁﬁ qUERR sken géoﬁlcateg
phot ol i thography and an el ectron-beam | ithography comonly used in the
seni c&ﬁdﬁt&gd%?%?ﬁﬁ%‘?ﬁT%‘boi ndustri es.

[0095] FIG. 3-4 shows a scanning electron microscope photo of
multi-walled carbon nanotubes exposed at edges of a patterned
CNT-photoresist composite according to one embodiment of the
present disclosure. The nanotubes are embedded in the
photoresist matrix and suspended from the substrate surface
after lithographic patterning. FIG. 3-5 shows a scanning
electron microscope photo of multi-walled carbon nanotubes
bridging across two titanium electrodes (120nm in thickness)
after a 1lift-off process. Forming all-around contacts was
made possible using the method derived from one embodiment of
the present disclosure. Embodiments of the present disclosure
may also be applied to other non-silicon planar surfaces such

as glass and plastic substrates.




[ 0090] The step of formng all-around contacts with nmetal electrodes 3-213
can involve selecting a suitable material to formcontacts in the
CNT-photoresist film In one enbodiment, 39 one of a Tungsten (W, a
Copper (Cu), a poly-silicon, a Pafladium (Pd), an Al uminium (A), and a
Titanium (Ti) is selected to formthe contacts in the CNT-photoresist

film [0091] The step of renoving unwanted areas of nanotube- photoresi st
3-215 can include selecting a suitable renover to renove the unwanted

parts and gppl Vir@9rachitfitnPiBupeoeassi ddnahedyed mwqat treaged iallect r odes
formed all-around contacts with the CNTs. [0092] FIG 3-3A through 3-3D

show tago@xaD! eso0f ARDI ¥ip0 { DEa SRS 9% sENCCREACeSe3- R0RAOT into

fabri g nanotube devices according to an enbodi ment of the present

di scl osure. hown in, Fl GURE 3- 3A substrate. 100 1S ed_wi a
positi%%mbﬁ%ﬁang?g? fFRWFlOl at R%ﬁﬁﬁﬁﬁ§ﬁ§§hofﬁ%eseﬁ%§ff%g% S?%ggFepared
according to the steps illustrated_ in Fl GQURE 3-1, %0093 %IG. 3- anhoms

t hat tFeARFIRT261 (iFsEp@ubP%Et &80 1eFEnddrRbnSAE R IR The tR&si % ed©™9

structures of the CNT device. The nanotube-photoresist film 101l is.
develmmﬂﬁtc)memvgnh@gmal techniques for burning away the metallic

CNTs from the CNT mixture often results in contamination of
the semiconductive CNTs. One challenge to obtaining high-
performance CNT-FET is to obtain very pure semiconductive CNT

materials.

[0097] Various techniques have also been tried in obtaining pure
semiconductive CNT materials. These techﬁiques include
controlling the synthesis condition and using post-synthesis
processes to obtain purified semiconductive CNTs. The post-
synthesis processes include chemical selection, physical
trapping, and DNA/RNA and other biomolecule selection.
However, the results of these techniques have been less than
satisfactory. There is therefore a need for improved
technigues to produce pure semiconductor single-walled CNT

(SWCNT) materials

[0098] The present disclosure provides a method for producing
pure semiconductor SWCNT. The method includes using a laser in
an oxygen gas ambient, controlling a set of laser parameters,

and controlling a set of environment parameters.




| ayer and expose nanotubes at edges of the photoresist. Then, as shown in
FIG 3-3A the nanotubes 102 are suspended and enbedded in the photoresist
matrix. This allows the formation of all-around contacts 103, fixing the
nanot ubes in place via sputtering2r el ectron beam evaporation. 40 [0094]
As shown in FIG 3-3C, after a suitable renover and a lift-off process are
applied, patterned electrodes 103 formng all-around contacts wth the
nanot ubes 102 exposed. FIG 3-3D shows an array of nanotube devices which

can bod@hiheal edn; UShAGCLRE TEHI0A3:200.c [ 9088L1FIGie 31do8boundgycanni ng
on mu I

el ect croscope photo o ti-wall ed carbon nanot ubes exposed "at

edges _of atterned - phat.oresi st_coppgsite or.di o] effodi ment
of théuu%%gggﬁtwaﬁgc 8%5%5% %?%%ﬁmﬁ%%eggg %r%ﬁggédégc?%a%%é ra)ghotoresist
mat ri x and suspended fron1&§e substrate suyrface Hﬁftgf | i t hographi ¢

Er o8¢
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mul ti-walled carbon nanotubes bridging across two titanjum el ectraodes
(120nrahien ERMPREAsYYe Mikk JNCTERSS f aBr cee’sSukbr MihgaRPPTRLBENd RNt act s

was made possible using the nmethod derived from one enbodi ment of
laser engergy. Accordingly, when method is applied in an

oxygen gas ambient, metallic CNT will burn away first.

[00100] In one embodiment, the method also include controlling
the laser parameters and controlling the oxygen content in the
environment of the ambient temperature, so that metallic CNTs
can be burned off and a very pure semiconductive CNT remains

in the form a semiconductor thread.

[00101] Metallic CNT has a zero bandgap, so it can absorb light
and electromagnetic (EM) wave energy at any wavelength.
However, for the semiconductive CNT, the bandgap is not zero.
For example, for about 1nm diameter SWCNT, the bandgap is
about 1lev (0.3eV~1.6eV), so only 1light with photon energy
larger than lev can be absorbed by the semiconductive CNT.
Thus, the method takes advantage of the difference in optical
absorbance between metallic CNT and semiconductive CNT to

obtain pure semiconductive CNTs.

[00102] Accorxrding to one embodiment of the present disclosure,

metallic CNT is burnt away using a specific laser. When a




the present disclosure. Enbodi nents of the present disclosure nmay also be

applied to other non-silicon planar surfaces such as glass and plastic

substrates. 41 (D) Fabricating Pure Sem conductive SWCNT Material [0096]

Due to the fact that netallic CNTs43are nmixed into seniconductive CNTs,

performance of CNT-field effect transistor (FET) has been | ess than
satisfactory for a long tine. Conventional techniques for burning away the
metallic OCNTs fromthe CNT m xture often results in contam nation of
sem cdacect | we tBNTphoboe ckaklrgygeofo dbtai nthgnhi év pis f orseshce tONT- FET

isto

obtain very pure sem conductive CNT nmaterials. [0097] Vari ous

t echnisguegochave tahveo derenviIl efot NaBhbabnilagepU e r$MagaN dtiriefer@)IT
materials. These techni ques include <controlling the synthesis condition

and UgihRgePOsiT $YMNCSHS i

The post- synthesi s processés incl ude chem cal selection, phy5|ca

trappij Q%ﬁl@ﬂ% and e 4e th%gégr
resul '?L%ese t ni que@%a@%géggghgggg %% %% tfhact or nﬁwr eis
there% r §¥¥¥£f8&T|@%é¥ggses When the processes are performed

in O, environment, metallic CNT will burn away first.

[00103] Compared to polymer/organic semiconductor materials,
CNT semiconductor has such advantages as stability,
reliability, high speed, use as p-channel and n-channel, and
dense integration, among others. Although some forms of
semiconductor bulk, plates, and films currently exist, one
embodiment of the present disclosure provides a ‘semiconductor
thread’. In some ways, fabrication of electronics is
analogous to ‘“sewing” according to one embodiment of the

present disclosure.

[00104] It may be advantageous to set forth definitions of
certain words and phrases used in this patent document. The
term “couple” and its derivatives refer to any direct or
indirect communication between two or wmore elements, whether
or not those elements are in physical contact with one
another. The terms “include” and “comprise,” as well as
derivatives thereof, mean inclusion without limitation. The

term “oxr” is inclusive, meaning and/or. The phrases

t he

t he

t 9nebtakh . pur phi adiseptsepdugtiqe CNTs.




techni ques to produce pure sem conductor single-walled CNT (SWCNT)
materials [0098] The present disclosure provides a nethod for producing
pure sem conductor SWCNT. The nethod i ncludes using a laser in an oxygen
gas anbient, controlling a set of 44ser paraneters, and controlling a set
of environnent paraneters. 42 [0099] The sem conductor CNT does not absorb
the |l aser energy and thus will not experience any tenperature increase. On
the other hand, the netallic CNT will absorb the | aser energy and the

tenperafgiecMidda i NEIE€se @832 FLS¥bLifEc@bsonbl-agither |aseryenoerdy.
Accordi ngly, when nethod is applied in an oxygen gas anbient, netallic CNT

W gcﬁf‘ix?é!@‘véé lréﬁer[a%,lo%?) h&ie @@Qﬂ%ﬁﬁp&hg e fRNed Al o Ac] ude

contr Ing the | aser paranmeters and contro e oxygen content’ in the

envi ronnent of the anpjent t erature, so.th et.al lic_  CNTs an be
bur ned- 81t Ehd & ve‘?"gp Urgogga ton ctqo\?zca@ﬁ*ﬁa%l enqirﬁgl' i SO gtrom%r
sem condyct or thread. EOOlQl%ertallic CNT has a zero bandgap, so it can
absor I} yht COURE eFBcProMadiet iR (NP URARARIfer'gyE Rt GAQP et i

However, for the sem conductive CNT., the bandgap is not zero. _
interleave, juxtapose, be proximate to, be bound to or with,

have, have a property of, or the like.

[00105] while this disclosure has described certain embodiments
and generally associated methods, alterations and permutations
of these embodiments and methods will -be apparent to those
skilled in the art. Accordingly, the above description of
example embodiments does not define or constrain this
disclosure. Other changes, substitutions, and alterations are
also possible without departing from the spirit and scope of

this disclosure, as defined by the following claims.




For exanple, for about |Inmdianmeter SWCNT, the bandgap is about |ev
(0.3eV-1.6eV), so only light with photon energy |arger than |ev can be
absorbed by the sem conductive CNT. Thus, the nethod takes advantage of
the difference in optical absorbatTe between netallic CNT and

sem conductive CNT to obtain pure sem conductive CNTs. [00102] According
to one enbodi nent of the present disclosure, netallic CNT is burnt away
using a specific laser. Wen a 43 laser with photon energy of |less than

| ev | syrSedis tdwea e £onductive CNT will not absorb | aser energy and
therefore, there will be no tenperature increase. On the other hand,
netallic CNT absorb the | aser energy, and thus the tenperature of netallic

CNT i ncreasesneVhcd EBe BLEGERSe: AL R fiiBdibd N(ERr LMW AOBIY .at
metallic CNT w burn away first. [00103] Conpared to polyner/organic

Il
senicgqugﬁqge %ﬁ%#?%%f %ﬁ@“ﬁé@ﬂé@oggﬁééféiﬁg§ such advant ages as

stabi lTtYy, e i gh spee as p-channel and n-channel, and
dense integration, anopn t hers. Al t hough so for of em _condugct or
bul k. pl ot LS ER S| T CoRPAE Y e CE O B LOENBATRIRT dre TR ont
di scl osure provides a seniconduct or )
metal layers of high chemical potential on a substrate,
depositing such placed catalyst on a surface of a wafer, and
reactivating the catalyst in a high wvacuum at a room
temperature in a catalyst preparation chamber to prevent a
deactivation of the catalyst; and

growing carbon nanotubes on the substrate in the high

vacuum in a CNT growth chamber after preparing the catalyst.

2. The method of claim 1, further comprising loading the

catalyst placed on the substrate into a loading chamber.

3. The method of claim 1, further comprising lifting off one
or more predetermined patterns of the catalyst in a
photoresist using one or more photoresist removal liguids or

hot vapor in a removal chamber after the catalyst is prepared.

4. The method of claim 3, further comprising transferring the
prepared catalyst into a transfer chamber before lifting off

the one or more predetermined patterns of the catalyst,




thread'. In sonme ways, fabrication of electronics is analogous to "sew ng"
according to one enbodi nent of the present disclosure. [00104] It nmay be
advant ageous to set forth definitions of certain words and phrases used in
this patent docunent. The term "cé@ple" and its derivatives refer to any
direct or indirect communication between two or nore el enents, whether or
not those elenents are in physical contact with one another. The terns
"include" and "conprise,"” as well as derivatives thereof, mean inclusion
W t howhdrienint abhen.orThors elod "@bSorSed NeauSkeywe, Fesidugl andter, Bl
phrases 44 "associated with" and "associated therewith," as well as

deri vatiotemriite'Rofve Ty deathd Gurid dle s end R tided; widdidiseq | Nt er connect
wi th, contain, be contained within, connect to or wth, couple to or wth,

be conmuni cable with, cooperate with, interleave, juxtapose, be proximte
to, be bound to or with, have, have a property of, or the |like. [001051

Wi | e this di has descyib tain_enbodi ment d |
assooPat ST RBASE S Grtior aRHeREr AUl GRS ot 11 hEeh ERnGa: ot s and

met hods wi || be aqparent to, those 0 0
room temperature ranging from around 100°C to 200°C for about 3

minutes and the one or more of absorbed gasses, residual
water, organic solvents, and inorganic solvents on the surface

of the wafer are extracted at the room temperature.

6. The method of claim 4, further comprising transferring the
prepared catalyst to the transfer chamber after 1lifting off
the one or more predetermined patterns and before growing the
carbon nanotubes, wherein the one or more patterns of the

prepared catalyst are degassed.

7. The method of claim 1, wherein depositing the catalyst on
the surface of the wafer comprises using one or more of
evaporating, sputtering, spin coding and spreading the

catalyst on the wafer surface.

8. The method of claim 1, wherein preparing the catalyst
comprises preparing the catalyst in an inner gas ambience to

prevent a deactivation of the active catalyst.




skilled in the art. Accordingly, the above description of exanple

enbodi nents does not define or constrain this disclosure. O her changes,
substitutions, and alterations are also possible wi thout departing from
the spirit and scope of this discPFdsure, as defined by the follow ng
claims. 45 WHAT IS CLAIMED IS: 1. A nethod for growth of carbon nanotube
(CNT) synthesis at a |ow tenperature, the nethod conprising: preparing a
catal yst by placing the catal yst between two netal |ayers of high chem cal
pot entd al Tha mesHbal bEt elaiteposiwhdene thlChrbaeith cededypst onocapsiséace of
a wafer, and reactivating the catalyst in a high vacuumat a room

t enpergi 4 end N tdeCalAlaiSis tPr SRABA 1 E-FATATDEE i §QaREEV ARl e pheatdd Vehi on of
the catal yst; and grow ng carbon nanotubes on the substrate in the high

Vacuu”&%ﬁlaf%egr%&ﬂ@bﬂt%; gheprc%%gﬂy% tj]h:,e St physta, 2wh%£§i1r1"3t hod

of clal , further conprising Ing t cat al'yst placed on t
conpr 31 RECLEPEIRY G CBre nBF B"Br Sdareritned Sartes e 8riindoRet al ot
'na is used.
10. The method of claim 1, wherein growing the nanotubes
comprises nucleating the catalyst if none of nanoparticles of
the catalyst has been activated during the step of preparing

the catalyst.

11. The method of claim 10, wherein nucleating the catalyst
comprises annealing the catalyst in a hydrogen plasma at a
temperature ranging from around 200°C to around 300°C for a

period of 5 to 15 minutes.

12. The method of claim 1, wherein growing the carbon
nanotubes further comprise growing the carbon nanotubes using
a plasma enhanced chemical vapor with methane (CH,) at a

temperature between around 200°C to around 300°C.

13. The method of claim 12, wherein the methane (CH;) is

diluted by a hydrogen as a carbon source.




phot oresi st using one or nore photoresist renoval liquids or hot vapor in
a renoval chanber after the catalyst is prepared. 4. The nethod of claim
3, further conprising transferring the prepared catalyst into a transfer
chanber before lifting off the oné8or nore predeterm ned patterns of the
catal yst, 46 wherein one or nore of absorbed gasses, residual water, and

i norgani ¢ solvents on the surface of the wafer is renoved. 5. The nethod of
claim4, wherein the wafer is cooled to the roomtenperature ranging from
around 100C to 200C for about 3 mnutes and the one or nore of absorbed
gasses, residual water, organic solvents, and inorganic solvents on the
surfa h r e acte : .+6. :Th t hod
of cIg%ﬁlg?h%uﬁfﬁg%gcéﬂ%rfgé%é ?Ya§§$%$%?ﬁgEggghhggggggggﬁga%gl;gt%¥gethe
transfer chaqger afgir {Aittnﬁ off the one or nore predeterm ned patterns
and b&FSIY ot he™ Car bBhT nanot ubes, wherein the one or nore patterns
of the prepared catalyst are degassed. 7. The nethod of claim1, wherein
depositing the catalyst on the surface of the wafer conprises using one or

nore of evaporating, sputtering, spin coding and spreading the
15. The method of claim 1, wherein the two metal layers are

made of one of Titanium (Ti) and Nickel (Ni).

16. The method of claim 1, wherein the catalyst is one of an

Iron (Fe), a Cobalt (Co), and a Ni.

17. The method of c¢laim 1, wherein the catalyst has a

thickness of about O0.5mm.

18. The method of claim 1, wherein the two metal layers each

has a thickness of about lmm.

19. The method of claim 1, wherein the substrate is made of

one of silicon, glass, plastic, and ceramic.




catal yst on the wafer surface. 8. The nethod of claim1, wherein preparing
the catal yst conprises preparing the catalyst in an inner gas anbience to
prevent a deactivation of the active catalyst. 47 9. The nethod of claim
1, wherein preparing catalyst conpf?ses placing the catalyst on a therma
resi stance | ayer placed on top of the substrate after the catalyst is
activated, wherein a processing tenperature between around 5000 and around
10000 is used. 10. The nethod of claim 1, wherein grow ng the nanotubes
conprises nucleating the catalyst if none of nanoparticles of the catalyst
has been activated during the step of preparing the catalyst. 11. The

nmet hod xf. cl ai mghtktaher ebp nuhfetd AGhAhey cakakysh GRARYERS anmes) i ng
the catalyst in a hydrogen plasma at a tenperature ranging from around

200?:t%?ﬁgﬂgg}%1M%¥%I§Emfboﬁﬁﬁéggrpfcémﬁgiégnginutes. 12. The method of
claimZI, wherein grow ng the carbon nanhotubes further conprise grow ng the

;f?r gon nano& u%%scali%jéy p@‘eBg%%.%o%nhgﬂgﬁge%he&i:ﬁ: gl\llﬁé)é)r vyﬂ'itthh raretlll'f&? (CH)

vacuum wherein the catalyst is placed between two metal layers
of high chemical potential on a substrate at a room
temperature, such placed catalyst is deposited on a surface of
a wafer, and the catalyst is reactivated in the high vacuum;

a CNT growth chamber wherein the carbon nanotubes on the
substrate are grown in the high vacuum; and

a transfer chamber wherein one or more of absorbed
gasses, residual water, and inorganic solvents on the wafer

surface are removed after the catalyst is prepared and before

the carbon nanotubes are grown.




t enperature between around 200C to around 300C. 13. The nethod of claim12,
wherein the nethane (CH4) is diluted by a hydrogen as a carbon source. 48
14. The method of claim1l, wherein the high vacuumis in an order of
around X10'' torr. 15. The nmethod 8 claim 1, wherein the two netal |ayers
are made of one of Titanium (Ti) and Nickel (Ni). 16. The nethod of claim
1, wherein the catalyst is one of an Iron (Fe), a Cobalt (Co), and a N .
17. The method of claim1l, wherein the catalyst has a thickness of about
0.5mm 18. The nethod of claim 1, wherein the two netal |ayers each has a
t hi ckness of about inmm 19. The nethod of claim1, wherein the substrate is
made of one of silicon, glass, plastic, and ceramc. 49 20. A systemfor

menuf g Urd nge 68E OB AGROL UBEy { Q). SYA BESLe, 'ﬁ%éﬁ&wﬁﬁﬁdﬁfgh vacuum

conprising: a catalyst preparation chanber configure
mheradb&ggagfﬁglyst is placed between two netal |ayers

a three-electrode structure having a gate electrode, a

first electrode and a second electrode; and

at least one conductive nanowire that provides a current

channel between the first electrode and the second electrode,

wherein the gate electrode, the first electrode, and the
second electrode are arranged in parallel vertically, the gate
electrode and the second electrode are piaced with a fixed
space in between, and the first electrode is placed between
the gate electrode and the second electrode, and the first

electrode is configured to be bendable in the fixed space.

22. The nanoelectronic device of claim 21, further comprising

a substrate vertically placed below the second electrode.

23. The nanoelectronic device of claim 22, further comprising
a first insulator placed between the gate electrode and the

first electrode, a second insulator placed between the first




of high chem cal potential on a substrate at a room tenperature, such

pl aced catalyst is deposited on a surface of a wafer, and the catalyst is
reactivated in the high vacuum a CNT grow h chanber wherein the carbon
nanot ubes on the substrate are grén in the high vacuum and a transfer
chanber wherein one or nore of absorbed gasses, residual water, and

i norgani c solvents on the wafer surface are renoved after the catalyst is
prepared and before the carbon nanotubes are grown. 50 21. A
nanoeledetatamide devidcethasege Ovng ardst tadh@é Lbey{dCNT) | th COAPHiSh NG tor
three-el ectrode structure having a gate electrode, a first electrode and a

secongielcret it dQasia Wk GORINCTENE &?@%ﬂﬂ&fﬂ%. provides a

current channel between the first el ectrode and e second el ectrode,
wherein the gate electrode, the first electrode, and the second el ectrode
are arranged in parallel vertically, the gate electrode and the second

el ect r,gde e placed wth a fixe space i_.n between, _.and the f,irst
electggde ﬁ%“%la%%%P?%%%ﬁ%ﬁPlThegagfgeelEétrﬁgélgndzéhe ST el €15 ode,

and the first ..
insulators are air insulators.

25. The nanoelectronic device of claim 23, wherein the

substrate is either hard or soft, and organic or inorganic.

25. The nanoelectronic device of claim 23, wherein the

substrate is made of one of plastic, glass, and semiconductor.

26. The nanoelectronic device of c¢laim 21, wherein the at
least one conductive nanowire is made of one of a

semiconductor and a metal.

27. The nanoelectronic device of claim 21, wherein the nano-
wire are made of one of single-walled nanotubes and multi-

walled nanotubes.

28. The nanoelectronic device of claim 21, wherein a current
between the first electrode and the second electrode is

represented as

Isp = Vgp / (Re + Rewr)




el ectrode is configured to be bendable in the fixed space. 22. The

nanoel ectroni c device of claim21, further conprising a substrate
vertically placed bel ow the second el ectrode. 23. The nanoel ectroni c device
of claim22, further conprising a3%irst insulator placed between the gate
el ectrode and the first electrode, a second insulator placed between the
first 51 electrode and the second electrode, and a third insulator placed
bet ween the second el ectrode and the substrate. 24. The nanoel ectronic

devi ce of cWaene?8, veheieia blies besweahOrthar®imit ¢éIsetB3dy San®Sthdhe
nanoel ectroni ¢ device of c¢'Laim 23, wherein the substrate is either hard

or sofgecand e@n@airod, | RErganiL. c%éta@ﬂeﬂﬁﬁﬁﬁﬂéﬂﬁéoﬁbﬁwggﬁ'Q%éﬁ a€laim
23, wherein the substrate is made of one of pl astic, glass,

Se”‘COT@%%%()onea2ﬁangagr@aqgﬁheQﬁﬁanErgEV'éféégrééé“'ﬂa%ﬁ ﬁ'n %He at

| east one conductive nanowire is nade 5) sem conduét or "an
m 21, wherein, the nano- .

| T d
e a1 08 BE8C LR Rt S A AR rond TR b AR L

proportional to a length of the at least one nanowire.

29. The nanoelectronic device of claim 28, wherein a minimum
value of Igp represents a binary value zero or an “OFF” state

and a maximum value of Igp represents a binary value 1 or an

“"ON” state.
30. The nanoelectronic device of claim 21, wherein the
nanoelectronic device has an “ON” gtate when the gate

electrode and the first electrode are connected to a positive
current source; and the nanoelectronic device has an “OFF”
state when the first electrode is c¢onnected to a positive
current source and the gate electrode is connected to a

negative current source.

31. The nanoelectronic device of c¢laim 30, wherein the
nanoelectronic device functions as one of a memory device, a

logic device and an amplifier.




28. The nanoel ectronic device of claim?2l, wherein a current between the
first electrode and the second electrode is represented as ISD = VSD/ (Rc
+ Renrr) 52 Wierein VSD is a bias between the first electrode and the
second el ectrode, Rc is a contact ?®sistance between the at |east one
nanowi re and the first electrode, and Rc is an addition of a resistance of
the at | east one nanowire which is proportional to a length of the at

| east one nanowire. 29. The nanoel ectroni c device of claim28, wherein a

m ni mAB . valluwe ohahSBleepresiat sdaviiicear wivaldlaizer @ oy arhefFh silde and
a maxi mum val ue of |SD represents a binary value 1 or an "ON' state. 30.
The nanosledctrdcidevieeiot Chaism Zin wherei nsthee nNameel eatHonigadevi ce
has an "ON' state when the gate electrode and the first electrode are

connectish tode POSI tddhe CHJ €Bb %pUhegati(}Q the-nanoeLgeteonisgqdewige has
an "OFF" state when the first electrode 1s connected to a positive
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the nanoelectronic device has an “OFFY gstate when the first

electrode is connected to a positive current source and the

gate electrode is connected to a positive current source.

33. The nanoelectronic device of claim 32, wherein the

nanoelectronic device functions as a memory device.

34. The nanoelectronic device of c¢laim 21, wherein the
nanowires of different diameters are used to achieve different

speeds of the nanoelectronic device.

35. The nanoelectronic device of claim 21, wherein the gate
electrode 1is configured to receive a variable voltage to
achieve an adjustable contact area between the CNT nanowire

and the gate electrode.

36. The nanoelectronic device of claim 21, wherein the
nanowire is configured to attach to a surface of the second

electrode after a voltage is removed from the gate electrode.




31. The nanoel ectroni c device of claim 30, wherein the nanoelectronic

devi ce functions as one of a nenory device, a |ogic device and an
anplifier. 53 32. The nanoel ectroni c device of claim21l, wherein the
nanoel ectroni c device has an "ON' 8tate when the gate electrode is
connected to a negative current source and the first electrode is
connected to a positive current source; and the nanoel ectronic device has
an "OFF" state when the first electrode is connected to a positive current
source and the gate electrode is connected to a positive current source.
33. The nanoel ectroni c device of claim 32, wherein the nanoelectronic

devi ceshuncirnens mmhce IR oL eV §8vi 34 dhe panesl egkronigdeyihcecat claim
21, wherein the nanowires of different dianeters are used to achieve

di ffergnhoegREeISHAL ¢ R anoel A6t LonLe de%(écea 3%@%1‘3%@9%‘ CHEmARL,C
device of claim?2l, wherein the gate electrodée is configured to receive a
variab&gvggltage to achieve an adjustable contact area between the CNT
nanow ré. ~and the gate el ectrode. 36. The nanoel ectronic device of claim
21, wherein the




nanowire is configured to attach to a surface of the second electrode
after a voltage is renoved fromthe gate electrode. 54 37. The

nanoel ectroni ¢ device of claim 36, wherein the nanoel ectronic device
functions as a non-vol atile nmenory’3.device. 55; 38. A nethod for

manuf acturi ng a nanoel ectroni c device, conprising creating a
three-electronic structure having a gate electrode, a first el ectrode and
a second el ectrode; and inserting at |east one conductive nanow re between
the first electrode and the second el ectrode to provide a current channel
between the first electrode and the second el ectrode, wherein the at |east

one corducti venSenem I eoks pRAarabreRendf £ SRHSONAUSR]: datgdfale and a
nmetal material. 39. The nethod of 38, fdrther conprising placing a

substr, ri8ii4 cally bel ow the second el ectrode. 40. The nethod of 39,
further Conprising placing a first insulator between the gate el ectrode
and the fiQ§QE%hﬁgtrgge,thgeéggfggtkggggat%% bet ween &p%,firsgleleq;rode
and the second -9 ructure  having gate
electrode, a first electrode and a second electrode; and
inserting at least one conductive nanowire between the
first electrode and the second electrode to provide a current
channel between the first electrode and the second electrode,

wherein the at least one conductive nanowire is made of one of

a semiconductor material and a metal material.

39. The method of 38, further comprising placing a substrate

vertically below the second electrode.

40. The wmethod of 39, further comprising placing a £first
insulator between the gate electrode and the first electrode,
a second insulator between the first electrode and the second
electrode, and a third insulator between thé second electrode

and the substrate.




el ectrode, and a third insul ator between the second el ectrode and the
substrate. 56 41. A nethod for fabricating carbon nanotube
(CNT) - phot oresi st conposite, conprising preparing a CNT suspension using a
CNT structure- containing raw matePPal ; dispersing the CNT suspension
uniformy in a photoresist wusing ultra-sonication to produce a CNT
suspensi on-photoresist mx; spin-coating the uniformy dispersed CNT
suspensi on- photoresist mx on a substrate to have a CNT-phot oresi st
conposite; and renoving one or nore solvents in the CNT-photoresist
conposite by baking. 42. The method of claim41l, wherein the raw CNT

structgne-Acmnk@daIﬂbﬁﬁ&éﬁifﬁa@ﬂﬁ%acékgenaﬁaﬁéEuBétN@N@?-Ehbk%&e@ﬁ g
conposite material and contain carbon nanotubes made of one of carbon,

silipoa@mﬁggmggy Ebﬁ@gggghgsilver, gol d, boron nitride, and gallium
nitride that possess sem cdonducting or netralic properties.
preparing a CNT suspension using a CNT structure-
containing raw material;
dispersing the CNT suspension uniformly in a photoresist
using ultra-sonication to produce a CNT suspension-photoresist
mix;
spin-coating the uniformly dispersed CNT suspension-
photoresist mix on a substrate to have a CNT-photoresist
composite; and

removing one or more solvents in the CNT-photoresist

composite by baking.

42. The method of claim 41, wherein the raw CNT structure-
containing material has a high aspect ratio as filler of a
composite material and contain carbon nanotubes made of one
of carbon, silicon, copper, titanium, silver, gold, boron
nitride, and gallium nitride that possess semiconducting or

metralic properties.

43. The method of claim 41, wherein the raw CNT structure-
containing material contains singled-walled CNTs or multi-

walled CNTs and the CNTs are formed by one of a thermal




43. The nethod of claim4l1l, wherein the raw CNT structure- containing

mat eri al contains singled-walled CNTs or nmulti- walled CNTs and the CNTs
are formed by one of a thernmal 57 _chem cal vapor deposition, a plasm
enhanced chenical vapor depositioR’ a |aser ablation and an arc-di schar ge.
44. The nethod of claim4l, wherein the raw CNT structure- containing
material is mxed with a quuid mediumthat is one of a surfactant, an

al cohol, and an organi c solvent. 45. The nethod of claim44, wherein one
pr ef erqleehorghnivepcgol depdsisianDi ret pykisaanashen dEWF)chedficalihevapshod of
claim4l, wherein a concentration of the CNT in the CNT suspension varies

dependiembon: Foslpsi resbalensb iy obn 408 SATardZq;Jbg.peLhod of cl ai m 41,
wherein the photoresist is one of a negative photoresist and a positive

photoresist. 48. The nethod of claim47, wherein the photoresist is a
M croposit TM 1800 series. 49. The net hod of claim 48, wherein a vol unme

rati o ,f tlgﬁﬁcgl;( p to t epotoreS| sol ution varies accordi ng
to a 431e5| Fed nS| é % %Ofa q Farget E"%ﬁl Ry T structure-
containing material is mixed with a liquid medium that is one

of a surfactant, an alcohol, and an organic solvent.

45. The method of claim 44, wherein one preferred organic

solvent is a Dimethylformamide (DMF).

46. The method of claim 41, wherein a concentration of the CNT
in the CNT suspension varies depending on a desired density of

the CNT.

47. The method of claim 41, wherein the photoresist is one of

a negative photoresist and a positive photoresist.

- 48. The method of claim 47, wherein the photoresist is a

Microposit™ 1800 series.

49. The method of claim 48, wherein a volume ratio of the CNT
suspension to the photoresist solution varies according to a

desired density of the CNTs in a target CNT device.




58 50. The nethod of claim49, wherein one volune ratio of the OCNT
suspension with a DM nediumto a M croposittm photoresist solution is
2:9. 51. The nmethod of claim41l, wherein the CNT suspension- photoresi st
mx is subject to an ultrasonic enéfgy at anbient tenperature for about 40
m nutes. 52. The method of claim41l, wherein the CNT suspensi on-
photoresist mx is left to stabilize for at least 20 mnutes to allow a
renoval of trapped air bubbles. 53. The nethod of claim4l, wherein

spi n- ceat i MheCNk LIS peNSicArriphod 9f eshstreAnX dHe tH61SHESLatQ | SF Pehé or med
at a speed suitable for producing a continuous and uniformfilm of

CNT- phettor e6556n608ROGHER QN 1 a8 294 d ' 3,
wherein the t%ickness of the ‘ﬂfi?ggﬁﬁém%gpﬁo?%f%@ﬁ?%ﬁﬁgﬁp8§§F§£€%F%?is
based o a fdssi{ed; . glensity of nanotubes for a target device. 55. The

met hod of claim54, wherein the speed is 5000 rpmfor a 1-microneter thick
nanot ube- photoresi st filmon an oxidized silicon wafer. 59

51. The method of c¢laim 41, wherein the CNT suspension-
photoresist mix is subject to an ultrasonic eﬁergy at ambient

temperature for about 40 minutes.

52. The method of claim 41, wherein the CNT suspension-
photoresist mix is left to stabilize for at least 20 minutes

to allow a removal of trapped air bubbles.

53. The method of claim 41, wherein spin-coating CNT
suspension-photoresist mix on the substrate is performed at a
speed suitable for producing a continuous and uniform film of

CNT-photoresist composite on the substrate.

54. The method of claim 53, wherein the thickness of the
uniform CNT-photoresist composite film is based on a desired

density of nanotubes for a target device.

55. The method of claim 54, wherein the speed is 5000 rpm for
a l-micrometer thick nanotube-photoresist film on an oxidized

silicon wafer.




56. The nethod of claim4l, renoving solvent in the nanotube- photoresist
conposite conprises using a soft baking process at a tenperature suitable
for the photoresist. 57. The nmethod of 54 and 56, wherein the film of CNT-
Mci r oposi t m phot oresi st conposite P$ baked at about 100C for about 1

m nute. 58. The nethod of claim4l, wherein the substrate is nade of one
of silicon, glass, plastic, and ceramic. 60 59. A nethod for manufacturing
a carbon nanotube (CNT) device using a CNT-photoresist conposite,
conprising dispersing a CNT suspension uniformy in a photoresist using an
ultra-sonication to produce a CNT suspension- photoresist m x; spin-coating
the uniéor Thy diespersest CGNla Suspensir@imowiie) WEsicsit Mx dHeanaubstbate to
produce a filmof CNT- photoresist conmposite; |ithographizing the

CNT- phonhet €sé81 s€0BBAPbES tEI bBmAGEU i g AP HNE-OF an@rgﬁéééé@ ged
patterns; exposing segnents of the CNT device according to the

l'i thogs aphih 28, PALLEENSEaBE For the photoresist.

57. The method of 54 and 56, wherein the film of CNT-
Mciroposit™ photoresist composite is baked at about 100°C for

about 1 minute.

58. The method of claim 41, wherein the substrate is made of

one of silicon, glass, plastic, and ceramic.




removi ng one or nore unwanted areas of the CNT- photoresist conposite film
60. The nethod of claimb59, wherein |lithographizing the CNT- photoresi st
conposite fil mconprises using one of a photolithography and an

el ectron-beam | i thography. 61 61. %A nethod for producing pure

sem conduct or carbon nanotubes (CNTs), the nethod conprising: placing a

m x of sem conductive CNTs and netal CNTs in a controllable environnent;
and applying an adjustable |laser to nelt away the nmetal CNTs w thout
affecting the sem conductive CNTs. 62. The nethod of 61, further conprising
controlling an oxygen content of the controllable environment. 63. The

met hods ©f £ 1mekWclin&oX ofPhh £4 ASuFORG T 8l IdNBR RN UlEPf &BGice .
control |l able environnment. 64. The nethod of 61, further conprising using

the | aser, .éTbN@L%ﬁQQQPQsl§§Sc%ﬂgﬁskgg; 88 ;Egigsthod of 61, wherein the
control1abl e environment 1s a Rign- vacuum CRanbar s
dispersing a CNT suspension uniformly in a photoresist
using an ultra-sonication to produce a CNT suspension-
photoresist mix;
spin-coating the uniformly dispersed CNT suspension-
photoresist mix on a substrate to produce a film of CNT-
photoresist composite;
lithographizing the CNT-photoresist composite film
according to one or more predetermined patterns;
exposing segments of the CONT device according to the
lithographized patterns; and

removing one or more unwanted areas of the CNT-

photoresist composite film.

60. The method of claim 59, wherein lithographizing the CNT-
photoresist composite film comprises using one of a

photolithography and an electron-beam lithography.




61

61. A method for producing pure semiconductor carbon nanotubes
(CNTs), the method comprising:

placing a mix of semiconductive CNTs and metal CNTs in a
controllable environment; and

applying an adjustable laser to melt away the metal CNTs

without affecting the semiconductive CNTs.

62. The method of 61, further comprising controlling an oxygen

content of the controllable environment.

63. The method of 61, further comprising controlling a

temperature of the controllable environment.

64. The method of 61, further comprising using the laser with

a bandgap less than 1leV.

65. The method of 61, wherein the controllable environment is

a high-vacuum chamber.




