1 CNT DEVI CES, LOW TEMPERATURE FABRI CATI ON OF CNT AND CNT

PHOTO- RESI STS CROSS- REFERENCE TO RELATED APPLI CATI ON AND CLAI M OF
PRI ORI TY [ 0001] The present appljication is related to U S.
Provi si onal Patent No. 60/897,118, filed January 24, 2007, entitled
" CARBON NANOTUBES AND NANOTUBE PHOTO- RESI STS'. U.S. Provisiona

Pat ent No. 60/897,118 is assigned to the assignee of the present

application .S hereby_incorporated by reference into the present
di scl osure a?g&f b%‘VJFW'sé‘PWFS Eﬁé?@ﬁ?/ FARBIGALLON OFpsINTc&fPon

hereby clains priority under SYHTUFPBOEO-RE§EETSto U. S. Provisi onal
Pat ent No. 60/897,118. TECHNI CAL FI ELD 10002] The disclosure rel ates
generally to nanotubes, and in particular to structures, devices and

photo-resists for carbon nanot ubes. BACKGROUND
CROSS-REFERENCE TO RELATED APPLICATION AND CLAIM OF PRIORITY

[0001] The present application is related to U.S. Provisional
Patent No. 60/897,118, filed January 24, 2007, entitled
"CARBON NANOTUBES AND NANOTURE 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.8.C. Bl19(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 striﬁing 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



[On] The el ectronic industry has been striving towards the

m ni aturization and shrinking of transistor dinmensions in comercial
chips. In recent years, efforts havepobeen made towards the research
and devel opnment of nanoscale wires and devi ces. Nanotube, in
particul ar, carbon nanotube (CNT) has 2 been a pronmising material
for incorporation into electronic circuits due to its superior
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conmbining CNT with the current silicon neta sem con

(M%) technology and pew. .aterials is another promsin

appl i cati on. [0*0%? AE%NfQ%gn %ﬁ$€g§¥?§%§o%§ BrgpﬁﬁFgPﬁﬁ1 &?ﬁéé%gge
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t housands of tinmes. |onger. The structure of a SWCNT can be
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into a seanml ess cylinder. On the other hand, MACNT consist of

mul ti pl @9ayAROsialy aptiarials el anptdren enselsdesy tENT erppla datben.
shape. The SWCNT exhi bit some inportant electric properties that are
not shared by the nulti-walled carbon nanotube (MANT) variants, they

are the [064] A i R8Ty caandicddatetégor izailabyr iZzi Hingl €ckaDDEES cReY aRGCNT)
the mcro el ectronechani cal scale. [0005] CNTs can be chem cally

modi fi edre. g. muaki-ous 188l eom esumeNTPe AbLRChEHGIQ 1he TNTSct t Bad0 5
aimto give the CNT new functional properties and/or create
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separation, proteln recognition, an %I’ ug ALJ] lvery capa%?ﬁé{'l 681. §
be many thousands of times longer. The structure of a SWCNT
can be conceptualized as a thin layer of graphite called
graphene wrapping inte a seamless cylinder. On the other hand,
MWCNT consist of multiple layers of graphite rolled in on
themselves to form a tube shape. The SWCONT exhibit some
important electric properties that are not shared by the
multi-walled carbon mnanotube (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 create biological and chemical
sensors including, for example, DNA separation, protein

recognition, and drug delivery capabilities).



10006] Applications of CNTs include electron emtters for display,

el ectron beam source and X-ray sources. CNTs nmay al so be nodified to
better suit an application such as sgnsor application. For exanple,
various nol ecul es may be attached to CNTs to give the CNT new
functional properties, or to create the biological and chem cal
sensors. The new function properties may include DNA separation,

protei n [pese) A1 Uk h Ar ugsdelchwery Gapabd | téfécFEBﬁ tRGS€ters  for

potential applications, CNTs need to be grown at w t enpératires
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SUMVARY[ 000Q8] I n one enbodi nent, a nmethod is provided for growh of
carbon RARDHATRE (ONT)FRY neFRISP L at VAriowst Bpberul aFemayhdensttiodhed to
includes preparing a catalyst by placing the catalyst between two

met al | &8ss o Hilgh dier Q8T pewerfunait iomad gubspest bes depositbi ryreate

such placed catalyst on a surface of a wafer, and reactivating the
cat al ystthen abheogbgvasbiumaaid a chemical sensors. The new 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
subgtitution of metallic interconnects 1in 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 Ilayers 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



4 roomtenperature in a catal yst preparation chanber to prevent a
deactivation of the catalyst. The nethod al so includes grow ng carbon
nanot ubes on the substrate in the higgh vacuumin a CNT growth chanber
after preparing the catalyst. [0009]1n another enbodi nent, a

nanoel ectroni c device based on carbon nanotube (CNT) is provided. The
nanoel ectronic device includes a three-electrode structure having a

gate el egbmoGdempa fhithsle &l fchr Qgga%’g talpzt‘;ez:%'}%tqlo%m%%gr%egh@o revent

nanoel ectroni c vice al so includes”at t one con Ive nanow r e
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second el ectrode are arranged in parallel vertically, the gate
eIectroggogﬁagtﬁ@%ﬁ&ﬂnﬂﬁ?ﬁkﬁ%?%d Do eS| S %t infﬁiﬁﬁ eVERuuUm

between, and the first electrode is placed between the gate el ectrode
and t helBeBohiTefEerEBdeRankgrt RELEYET BreppEEnpobBei satah¥Efured to be
bendable in the fixed space. [0010] In another enbodi nent, a nethod

is provided for fabricating carbon nanotube (CNT-photoresi st

conposi [6909TRe metdidey nehbdésmentpard ngereodNC sspns denivsi ngsedCNIn
structure-containing raw material, and di spersing the CNT suspension

uni f or ntgrbona rphettanesi sENTSI AG Wid i GEdNi CaheOomdrbdl« e i CAlvice
suspensi on- photoresi st m x. The nethod also 5 includes spin-coating

the uni {gemhdedi gPehsee -ENEHHSRRNSEOARNOLY eRLSingl % Wh@ SUDSLEALE.,

to have a CNT-photoresi st conposite, and renoving One or nore

sol ventg iy fthe ONIPPPLOL €Sl COMPOSLE € RYPRKLAT: The nanocelectronic

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 wusing a CNT
structure-containing raw wmaterial, and dispersing the CNT
suspengion uniformly in a photoresist using ultra-sonication

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




10011] I'n yet another enbodiment, a nethod is provided for producing
pure seni conductor carbon nanotubes (CNTs). The nethod includes
placing a m x of sem conductive CNTssand netal CNTs in a controllable
envi ronnment, and applying an adjustable |aser to nelt away the netal
CNTs without affecting the sem conductive CNTs. BRI EF DESCRI PTI ON OF
THE DRAW NGS [ 0012] For a nore conplete understanding of this

di scl osuhe 12l tS freatddeSg I eher %ﬁ%o&&l‘}ovﬁl Iy L By %L'sg%ggon-

description, taken in conjunctlon w th the accomnmpanyi ng dr awi n

whi ch: LQQ%QLS I GURE 1- 1 ﬁhogs @h% %n1syste and relgﬁﬁd 8%§%§%§%t

for gromnng carbon nanot ubes at a enperature “acor
enbodi nent ofl%he present disclosure; 6 one enbodjnent of th

present “d"SCGEGr e: D1 01BTOEHERETE 3 %holle™s sEREWERFE \Ft%wt@fe aCNT-
thermal yesistance |ayer placed to insulate a catal yst sandw ched
betmeenpgﬂﬁoﬁﬁF&Ftl&?@P@SFF8HP¥ bakitPat e according to one embodi nent

of the present disclosure;

{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 1s now made to the following
degcription, 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 wmetal layers on top of a substrate according to




00161 FI GQURES 1-4A to 1-4E show CNTs grown at different tenperatures
(e.g., 600C, 500C, 400C, 300C and 200C) according to one enbodi nent
of the present disclosure; Kifirn FIQURES 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 catal yst was not exposed to air, while in
FI GURE 1-5B, the catal yst was exposed to air for 24 hours according

to one giho ]ﬂ%ga he: p |sclosure. M1l FIGURE 2-1
illustrat esd% I?l%‘% dgfeftgkg%ﬁg%?%‘lr}l%Fs %src?%f\ﬂl:%ET) according to one
enbodi ment of the present disclosure; [0019] FIGURE 2-2 illustrates a

CNT- bas V] ructure accordi t o ,one enbodi nent of the present

di scl osﬁﬂgﬁ[%@éﬁé FftiJRE}z“?@FI F‘u?F?’%ﬁ‘@&ﬁeHﬁF&Yf Pfsvi tieiprmal resistance
characteristics of a CNT device according to one enbodi nent of the
present %ﬁ%ﬁﬂkﬂﬁ%@§?d-7to insulate a catalyst sandwiched between two

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.,

FIGURE 1-5A the catalyst was not exposed to air, 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 dillustrates a CNT field effect transistor

(CNT-FET) according to one embodiment o©f the present

disclosure;

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

according to one embodiment of the present disclosure;

[0620] FIGURE 2-3 illustrates the on/off {switch)

characteristics of a CNT device according to one embodiment of

the present disclosure;



100211 FIGURE 3-1 illustrates a process fcr manufacturing a

CNTphot oresi st conposite according to one enbodi ment of the present
di scl osure; 10022] FIGURE 3-2 illustrates a process for |arge-scale
fabrication of nanotube devices according to one enbodi ment of the
present disclosure; [0023] FIGJRE 3-3A to 3-3C show vari ous
cross-sectional views illustrating the processing steps of

f act pap L 0§ 0Si cording to e .enhodi ne
of the oD e Pa o P hSh5 SR B RE B Sk IR TR -
array 02%£$@ricated nanot ube devi ces accordi ng to one enbodi nent of
n

the pre U STt DS ur MR Bl AREPTE L hovR P ex PG YeRan g the

el ectron m croscope photograph of multi-walled CNTs exposed and
suspendefr FFOMT t %iéﬁPEﬁfa.patterned CNT phot oresi st conposite
according to one enbodi nent of the present disclosure; 100261 FlI GURE
3-5 shows an exenplary scanning el ectron m croscope photograph of

nul ti - wlPPEd BIEERDr i dgicng adlvstratest i tani pmoekesct r ofles aflarge scale

lift-off process according to one
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

digclosure;

[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 lift-off process according to one



S enbodi nent of the present disclosure. DETAILED DESCRI PTION 100271
The present disclosure provides nethods, systens and devi ces covering
four areas of carbon nanotube rel atgd technol ogies. First, the
present disclosure provides for a nethod and a system for grow ng CNT
at a low tenperature. Second, the present disclosure provides a

CNT- based nanoel ectronic device and a net hod of meking the device

appl i cablg -vol at LI Y o |.ogic circuits, and anal og
si gnal anp????ggg.gﬁh?&%,ﬁfﬁgg%?eg%%¥%%?gg?bsure provi des a process
for large-scale fabrication of a CNTphotoresi st conposite and a

process for fabrication of CNT devices using the CNT-photoresi st

Fabri cat i ng pure Sem conduct AR PHEFHEGICN hon hanot ube. ( SWCNT)

materials. 9 (A Low Tenperature G owth of CNT

7] The present disclosure provides methods, systems and

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 wmaking the device
applicable to non-volatile memory (NVM), 1ogic'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 wusing the CNT-photoresist composite. Fourth, the
present disclosure provides a process of fabricating pure

semiconductive single-walled carbon nanotube (SWCNT)

materials.




100281 Since the discovery of carbon nanotube (CNT), extensive
research efforts have been devoted to the exploration of fundanental
properties and potential applications of CNT such as flat-panel field
em ssion display (FEDs), mcroel ectronic devices, hydrogen and ot her
gasses storage nedia, and anodes for lithiumion battery, anong

ot hers. [0029] Various techni ques have been devel oped for naking
CNTs. These techni ques, i ncl I r | aser .a i on,
pyrol ysis, thermnal chg‘zﬁ} C%P%_gqb%ﬁﬁ%%%ggl?%’l gfc( D?f filanment

pl asma ed chem cal. .vapor deposition (HFCVD), el ectron cyclotron
resonani@}gﬁéﬁf’gﬁl Rr}]éﬁpofhﬁg YEFYI & ( ) RARCESRE ehfficedextensive
chem cal vapor deposition (PECVD), rapid thermal processing, and

el ect r oRCBEAKFTPNIBEEEYESr BBV SN, PERR f clasiRtadcif qids meypBerasaant oof
produce CNTs of different characteristics. For exanple, the arc

di schar gundanenisér ralsipstritdre snmethd dpohenbibienprildeby iosed dforciihesuch
grow h of single-walled carbon nanotubes (SWCNTs). 100301

Low-t enper aft lerte- o hiak 18NTenmbs @i o) ai sphal| errrpd)or fmesostaberonic
adaptation of CNT in various fields. The conventional techniques

listed aboyeehavenimeirad onat berkundammnial -p6PREE MR, AW anocd
rat her than reduciy];]g the CNT growth tenperature, ?o make appli ca?i %nis

of CNTsggpd; CMNIzhased, ﬂ,gttggy,i’cgﬁoggrg}__ﬁégggi cal . For engineering

applications of CNTs I n areas”suc I con- based m cro- and
nano-el ectronics, the growh tenperatures between around 800C and

1000C a above the.desired yval ue.of approxj nmately 450C,. nmaki
a1 e B e R SR e b TR ot QR ofifEe-
chips wi thout major nodifications to the fabrication process. There

i s ther EPBF8 a HFSCEPURET edtRFHEE heRERT GREME 1 8mpertithie dohkaEbon
value that is conpatible with standard silicon-based processes.

(0031] PoroéXanpl e, thagmadmueiiapigedd GNPy owldpesichidruesT@R) , hot
pl asma enhanced chem cal vapor deposition (PECVD) and thermal CVD. It

has beebhiwsdehy acizepted erimaincE@Nl ghemi balustafer cdapiced tduhn afHBCVD) |,
hi gh tenperature approxi mately 800C for PECVD growth and 1000C for

t her mal e QYEx goaM heydtb€FoRr € Bhvdelisdey t ehhiighlt 0 Repeempalepbgition
wi th standard silicon-based sem conductor processes and gl ass-based
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probl em of high synthesis tenperature 1s the ahount o6f energy that 1Is

i nevi tahl y. egyli %%f t _of;t gl}g' e i.on.of CNT, .
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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 technigques 1listed above have focused on the
fundamental properties of CNTs rather than reducing the CNT

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




deposition tenperature of approximately 1000C and are followed up
wi th conplicated purification procedures, which could 11 destroy
nost of pure carbon nanotubes. The higgh deposition tenperature has
beconme a nmjor obstacle for applications of CNT in m croel ectronics.
For exanple, for the applications of field em ssion displays (FEDs),
the direct deposition of CNTs at |ow tenperature, particularly a CNT

synt hesi t tures..as. l-ow as_550C,. is_highl esirable in

order t oéelvraftceégs(rag[? §£%\l%’sreavﬁttlhcatlh'e Sodaffe"g Fﬁ%ggs L%é];fd‘]rjaqaets’iorifor CENFINTe
applicatjons_in mcrq and nanoel ectronics, a direct growh of CNTs at

t enper at'dt e8*FBEs BHOCSHUETOR HR2FeH gBigrea Andupsnoaed scgronics,
hi ghly desrible. Mdireover, the lowtenperature gromh of CNTs offers
an opporitiifhi EFOVEhf AsmRaatiar ket esenn anmcchBaPRE suidst108e¥C are
such as gl asses, ceramcs, plastics, etc, making it few Able to use
CNTs as f@wecthore chlaandesifred owlnentoft rapsporimataeldy geeatty merdingngt
the production cost without deterioration of the device perfornmance.

[ 0033] Ahidtftien:lit | usteat | antebrataeed they graw ng ONEs at s31icon-based
| ow-tenperature is the potential for CNT to be used as interconnects

i N nanoeliRHdeARictSorAGC Or élh 118k t Oyl ifodt eNdsSAVI 8LAN8H-RYiLAE to  the
I nt ernational Technol ogy Roadmap for Sem conductors (I TRS), new

mt erl aleaAnd NPT REESSER . AlthdiRAULL B oGl LHEUI S IHALES COANCHhA10 ing
that are capable of accomodating the high-speed transm'ssion 0
S'gnalsﬂﬂérﬁﬁ¥ygr3@%h 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



si zed el ements. Copper interconnects provide the necessary
characteristics with mninumfeature sizes of 65 to 130nm However,
the electrical resistivity of copperjjncreases wth decrease of the
pitch due to the increase of scattering by surfaces and the

grai n-boundaries inside the wire in conparison with volune effects in
nore thick wires. [00341 Nbreover copperinterconnectsareproneto

electro C gh_current de ty
greatern%%%€£%gGA§L%§ B§B§§g§% 2%% 0b se%vg |ong§“tN?sg§rédEPOSltlon
consi dergd as_ope_of .t he nost gron15|qg candi dates for interconnects.
Recent SCTBPGES ERBGe it ab ot RS o e St a Teaphef t gy ications of

mul ti-walled CNTs did_not deteriorate after 250 hours in the current
density SFT 16R0APGROSHECISN1ORey f et E3BP Be EREOHST AR GFticnE of
i nterconnects in sem conduct or technology depends on the success of

CNT growkhetd Eowssésperdarpleys [ (RE3B]) Thehef dizecthéepass tdost rdngCNTs
need for a technique to grow CNTs at a | ow tenperature. [0036] One
enbodi meat ofldwe prepenttdirec| ospaetsohvasiyhe prolad@m okynthesis at
conventional in situ preparation of catalyst and | ow tenperature

growt h ofefgpdsathhéegrhat o afs i m5d,u i}f oM RN BBE@rabhicamr Rasrd o

m croel ectronics as such el enents of
integrate CNTs with the sodallme glags 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 Ilow-temperature
growth of CNTs offers an opportunity to fabricate future ICs
on much cheaper substrates such as glasses, ceramics,
plastics, etc, making it feapsible 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-



chips as interconnects, transistors, logic units, nmenory devices,
hi gh power mcrowave anplifier, light emtters, optical detectors,
sem conduct or chi p-based bi osensorsjpactuators, electrica

resi stances, capacitors, inductances, nano tips for STM and AFM ,
nano tweezers and ot her nano tools, etc. are now possible. In
addition, in situ grown CNTs for gl ass-based, plastic-based and

i_bl |
Choam % E A SR o o lf& 31[%5%8’?%'8?&?@%{%%5 P dedessary
d 1 t al, tt wt h at t
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1-100 |ncludes a step of | oading a substrate into a catal yst | oading
chanber He¥gVey. stidis ofleatal yat 5?@&§F&W16H £ aceRPaFy singieafasat Vhin
chanmber 113, a step of photoresist renoval 115, a step of CNT growth
117, anéearGﬁép<ﬁftthnsﬁ@ﬁnﬂngduaetuatah§sunqraawaanéf@maﬁnaﬁmag by
110. MON The process 1-100 shown in FIGURE 1 corresponds to the
gener al sprbgess f andr owheg tduea GNTsowmddwnids dedakidat i othé n kiiglk  in
vacuum anbi ent environnents, nmaking it possible to grow CNT at | ow

t enper atonpsridbe genar abi1pnecessetos! ydesofeutngenenatest eps: (1)
catal yst preparation; (2) catalyst reactivation; (3) catalyst
nucl eation; and (4) CNT growth. One 14 point of this inventipn is

that theoSaf jsbee M| Nt egaa%ge Pr 0§88 b Sn é&Eéed #

vacuun1anb|ent envi r onment O-7torr or er vacuu i I nner

gas anbéf&&@r5818£g¥§8£ E@%e%%%"hh %&' %@JethJ:[g = &uartrael den51ty {(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

CNT=s at a low temperature.

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

CNT into gilicon-based microelectronics as such elements of




[ 0039] According to one enbodi nent, the process of growi ng the CNTs
at a low tenperature may be described as follows. A wafer is placed
into a | oadi ng chanber of the machi ng after a devel opnment 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 minutes to renove the
absor bed gases on the wafer surface or in the wafer, as well as the

reSiduaéh%@éeragrdQEQ%EcBBQ@B&%,an%x%%&ﬁ&ﬁ%&% SOH%gﬁkfé#%ggﬂ?thqnemory

waf er was cool e own to a roomtenperature and trans 0 a

catal ys [ ration, chanmber, where an active .catalyst . deposi t ed
ont o th%e%a %% su%lf'glcle E?wg\yapg'ﬁgtlfjﬁlﬁ‘y”spﬁqpéﬁi%ﬁge,r’spijﬁ‘@gtat ieﬁ'bl%‘fels'
spreadin .,Thf wafer was then transferred tothe transfer chanber for
an addi?lg'bh‘é? gasIFEFERIES pr o CEERL COREUFERT - of FRIR TRERY wa L RF TN
in the renoval chanber, where the photoresist was dissolved by the
spr eadi ¥t et pHSt or 5PSEriewbyvaresi giaaEsedr hoaPacorrs Thel n@gerangeth
patterns of catal yst prepared was positioned into the transfer
chanberndme drirsddifbiron?l™ predessF¥f degassi ngvediend | ynd hetThiF wweire
grown above the aforementioned wafer in the growmh 15 chanber.

[ 0040] thelpreseat dischesupesiksbhbased on ddwE takser vial it Rptovrherers
is a fast catal yst deactivation that can occur when the catalyst is

exposeded® aTashlendsd he gaxisdati-9n UPCcess ofethgicababyst dubdates
presence of 02, N2, H20, and CO2 etc. Therefore, according to one

enbodi npnt Lhe-RrES8 i scl osure, prevention of active catal yst
from beil ng esacﬁ%?/atlgd Qﬁ%}f/ e achi eved by keeping the catalyst in a

hi gh vacuum envi ronment or inner gas anbi ence during the process of

CNT gr The_standard process step of catalyst reactivation
uoual 1 S+ 2408t BT hi BROPEmBr afiRls CRAITe SE R AR { HE Lated
deactivation reaction is prevented. Wen the solution of catalytic |
nanoparRTeFeES¢% Used & oofatfd et ¥t hélGRARIEEEd caRhRrVEEL tBR: LeEping
of catalyst nucleation could also be omtted according to one

enbodi raEm . CNRi grawtihf rtatlpon tamge riak vanesi diarprdiechitgh arenpaetzddesnt
process of catalyst nucleation. [00421 There is a step of catalyst
reacti vaf i ohebgfrsertthedtad Bdyiste pr har ainrcaresst ep-10theistepdet a step
catal yst reactivation may include two parts: (1) the chem cal process

o]f redust | DPa@ingabalsyHsteancai g £oaneuNdst andaiay thambermation g
0]
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, waking 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




16 catal yst particles. The first part of reducing the
cat al yst-cont ai ni ng conmpounds or precursors is a process of MO, where
the precursor Mcan be iron (Fe), Cohalt (Co), or Nickel (N), and

the process nmay be expressed as the follow ng chem cal equations 2.1

t hrough 4 shown bel ow. Each of reduction reactions will occur only
when the precursors absorb enough energy fromthe environnent.

Mor eover,_the rnation talyst_n articl su t,

ext er nal® eng:rgy ac?lca%lly,%l% S neg:r?lsaq:t Ht] %%ﬁgg%erg??onlgﬁeﬁoﬁt&on
be perfornmed at high terw;z)gratélres FeO(;LI2+112(/)hlgh

, Pe( 1) HEHDEZ2. 11E9gn.©

environment {(X10-7torr or higher wvacuum) or in inner gas

vacuum ambient

ambience to prevent the deactivation of the catalyst.

[0039] According to cne embodiment, the process of growing the
CNTs at a low temperature may be described as follows. A wafer
is placed into a loading 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 23 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 liguids or hot wvapor. 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



* * x 1/2Fe203(1)+3/2H2(t) () +3/2H20( / ) -122 2(Egn. 2.2) * * * *
1/ 3Pe304( 1) +4/ 3H2(t) -, Fe(4)+4/31420(1)-(22.3 (Eqn. 2.3) * * * *
CoO(1) +H2(t) -*Co () +1120(t ) - @B {3) (Eqn. 3)

chamber.

[0040] The present disclosure is based on the observation that
there is a fast catalyst deactivation that can occur when the
catalyst is exposed to air due to the oxidation process of the
catalyst in the presence of 0;, N, H0, and CO, etc.
Therefore, according to one embodiment of the present
disclosure, prevention of active catalyst from Dbeing
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 i1is 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.

[6042] There 1s a step of catalyst reactivation before the
catalyst preparation step. The step of catalyst reactivation
may dinclude two parts: (1) the chemical process of reduction

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



* k% * NiO(i)+H2(1) -4Ni (1) +H20(t)-4(4)(Egn. 4) 0 * * [0043] The
substrate | oading step 111, according to one 17 selected substrate
into a | oadi ng chanber, and pl aci ngighe catal yst on the sel ected
substrate in a catal yst deposition chanber. This substrate | oading
step may take place at roomtenperature wthout a high vacuum anbi ent
environnment in the | oadi ng chanber.

catalyst particles. The first part of reducing the catalyst-
containing compounds or precursors is a process of MO, where
the precursor M can be iron (Fe), Cobalt (Co), or Nickel (Ni},
and the process may be expressed as the following chemical
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 () +Hy (1) --------- ~Fe{3)+H:0{1)-0z.1 (Eqn. 2.1)
NN
1/2Fe,0; (1) 43/2Ha (1) mmmmmm - - “Fe(1)+3/2H,0{1)-Q2.2 (Egn. 2.2)
e gR- R <1
1/3Fe30, (1) +4/3H (1) mmmmmeumm-- ~Fe{})+4/3H0{1)} Q2.5 (Ban. 2.3)
o R <3
CoO( | Y+Ha(])------mom- —Co { {)+H0(1)}-03(3) (Egn. 3)
oox oo
NiO(} )+Ho () ---mmmommm —Ni(})+H0(1)-Qq(4) (Egn. 4)
=R R s g <

[0043] The substrate 1loading step 111, according to one

embodiment of the present disclosure, may include loading a




[ 0044] The step of preparing catalyst 113 may include placing the
catal yst on substrate surface, in between two netal |ayers,
activating the catalyst in a high vaguum anbi ent environment to
prevent the catal yst from be deactivated, and placing the catal yst on
a substrate in a catal yst preparation chanber. [0045] According to one
enbodi ment of the present disclosure, experinmental results suggest

that ancexeasute Lo, Lt couldhe gnoyflafhe HRsh-LODOTLAN HECOLS cne

| eadi ng t0 the deactivation of the cata em cal reaction

| eadi ng t he oxi datjon of cata t.or nitridation of catal yst or
ot hor | RBRRANE e Kt EBRe TG B SURRLFLEY Ho BudAtURE S SepaTURien

below. M+ x/202 M+ x/2N2 M+ xH20 . , nOx+Q (where: M:Fe, Co,
Ni)(Eqn?hBWber- This substrate loading step may take place at room

temperature without a high wvacuum ambient environment in the

loading chamber.

[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 Equations 5 through 8 below.

M + x/20;------ -MO,+Q: {where: M=Fe, Co, Ni) (Bgn. 5)
M 4+ %/2Ny-------MNyx+Qs (where: M=Fe, Co, Ni) {Egn. 6)
M + XH,0 ------ -MOx+xH2 (1) +Qy (where: M=Fe, Co, Ni) (Eqn. 7)

M4+xH,0+xC0;--M (CO3} x+xH, (1} +Qg (where: M=Fe, Co, Ni) (Egn. 8)




-.41Nx+Q6 (where: M-=Fe, Co, N )(Egn. 6) _NOx+xH2(11+127 (where: M-Fe,
Co, N) (Egn. 7) 18 00046] The step of photoresist renoving and
catal yst patterning 115 may be optiqggal and can include a lift-off
process that is perfornmed in a vacuum environnment or in inner gas
anbi ence in order to prevent the catal yst from being deactivated via
exposure to air. This step is needed when catalyst filns are directly
patterned with a photoresist material in order to produce CNT-based
devices. A lithography technique is used to inprint patterns of a

t ar get phot oresi.st film .The |1 of f

enove AT TR PRI RIRG R ete IO IRG | e cgitﬁaﬁﬁ raaifterﬁéng

CNT- devi_ce. r%0047] The, step of _growing the CNTs 117 in a

chanmber gy THE IR PR PR p%ndagi%téP9%¥d%u%IééﬁFoﬁfﬁnHreﬂTsﬁrBﬁﬁﬁ is
The first step of catalyst nucleation could be skipped if the

cat al ystPaydfrumad i & e NMavvupeenvacrhvgned ogarin etnper t gascavhigsce in
preparation process. In one enbodi nent, the catal yst nucleation was
fquiIIeﬁxhv:hyﬁrogeavphasnahasstat@UyEMneB#dmu;bﬁiﬂgﬂﬂﬁﬂaﬂnﬂmaieﬁrovﬁa
200C to 300C for a period from5 to 15 m nutes. Then CNT are grown by

pl asma endpancadt chenheal vaReyy sieposisi aBeGRECDe t¢hcaefdane: (k#lOare

diluted by hydrogen as a carbon source at a tenperature from 200C to

300C. 1@QQ4RIckhs, ppadueede@NTyLan Re n&Fysted i Nenft QU of ¢ar homed t o
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 f£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 nucleationm and CNT growth. The
first step of catalyst nucleation could be skipped if the
catalyst nanoparticles have been activated earlier 1in 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 wethane (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



19 (CH4) and others in a gas state. Therefore, during the CNT growth
process, energy i s absorbed from an anbi ent environnment. For exanpl e,
CNT growth requires energy to be abgarbed from an external source or
sources of energy such as, for exanple, the high tenperature
sustained in a chanber or mcrowave plasnma. The CNT grow h process
could be chem cally described as a set of reactions shown in, for

exanpl e, rel ati onshi p expressed in Equation 1_bel ow.. catalyst -4
C( cNT1) +§$—’£§t)"’-‘ ﬁ’%ﬁﬁrﬁm’e‘l(éqn?ai) &l ard ~THeBABPT A¢ G apTotie) CNT
of additional energy is generally required to transforma nole of CH4
nol ecul EFTHHD t MECERFSH or nERREout TEaki AREPRPSA conSi@fer atiton fRBient
energy barriers of catalyst activation and other | osses. The bond
ener gi eSIMGIra@mgntG- C divd Hexbupie 08 (WGalgrmitdy 86gkdézbenwirerayd H®3be
kcal / mol e, respectively. Wh01l This | ow tenperature CNT grow h

t echni quecdcsrkaph | fwcabl en fext ernatt byugteowngsthifsesnofl askrgyasdch as,
gl ass substrates if the softening tenperature points of sone plastic

mat eri alforandxs@pPee| YReS Ohighasefpeateubbghtisdtae 2008 aThehamber or
substrate materials could be further extended to those whose

so{ t eni Wéﬁm@tﬂ%@g Nt §nar &N o 2O O cLQ18NB8E chemically
materi al s
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



20 biologically alive, when the follow ng two techni ques are used.
The first technique is terned "chem cal potential engineering”, and
the second technique termed "substrgfe tenperature controlling

engi neering”. The two techniques are illustrated in FIG 1-2 and 1-3
and described therein. [OOM FIGURE 1-2 illustrates how the "chem cal
potential engineering" technique works. The catal yst, which can be
one of Fe, Co, N .and ofhers, is sandwi ched in between two chemcally

active AEPAPILETEFE tlhVgherRRnitdE SELLRPRESs. tYRe REEANIGUSRr STe
may use Ti layers with the top Ti layer in |less than | nmthickness,

accor di W§cfeo oRBeenBadrientteshnifdiepr dsenttafinge] ostelem] gol52 PAterrel
enbodi nent, the catalyst (Fe, Co, or NN) layer used in the CNT growh
experi nenginasringt he thicknéss ofecamgunde@ibnimuesandwindted tsubstrate
between two Ti layers. Physically and chemically, the catalyst was in

the fietémpérbtghe chemiteddl lgeicenthainoér gt ayens, tR&i r@echR€ques are
catal yst nore active and nore effective in CNT growh process and

thus enabigst Chegr oM Rr@t 1 oveLngeiPer My GesdLO83h FbLéNg.

catalysts in the field of high chem cal potentials of other
chemcally active nmetals nakes the catal yst nore effective in the

Catalysm§5ﬂr9§§§§Eof1QyT illustrates how the “chemical potential
engineering” technigque works. The catalyst, which can be one
of Fe, Co, Ni and others, 1is 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




21 synthesis, and thus | ower the CNT growth tenperature. Therna

resi stance | ayer cannot reduce the CNT growth tenperature, but can
isolate the growth surface and point,;fromthe substrate by producing
tenperature di fference between the gromth surface and substrate. This
approach can in principle enable the CNT gromh on substrates at a
roomtenperature. [0054] FIG 1-3 illustrates how the "substrate
tenperatur controlli en eerin t echni ue wor ks. The techni

i nvol ves ¥ a%eisri'f’a atrffgg'ﬁ%}fg ﬂ%‘t’%t aﬂ]a% F%Weﬁ B@F%Eﬁmpﬁeagt%%tratTE‘eaFﬁ‘al
t he catalyst The thermal resistance |layer itself can not reduce the
growt h &SRNGS YN MR | sofuce Fhe GNF grewth sempszatpsent but
fromthe underlying substrates. The thermal resistance |ayer has a

t her mal 986s|isicmde tthehegrowilanspofact i and poabti igoa khegeubstrate by
tenperature gradient. Therefore a tenperature difference between the
growt h surddacergndtehpesabareat @i therdeceebertiierad byet herdvirckeessace
of the thermal resistance |ayer. Therefore, the present disclosure

provi desina r@ibwerdtal Al 80EHRSLMN Scd it PnSiphiieRAPIas ath i nehogy T
allowing the growt h tenperature non-destructive for other conponents

made by sipndaidth MIBRERESSSItNS: rm HiG: %ggce@fe' on of CNT at
catal yst” particles was observed at about E suggesting the
possibility of CNT growh even at around 200C. The entire CNT gromth
process o] e rn d Su trat anq C be spI i nt

t he pha gﬁrcata&ﬁg réiﬁéﬁ% \RROIIN b%?%ly actFVg ﬁndteﬂﬁerature
gr ow h. Hg al he approach based”on separation of the CNT grow h
process di r enfRHHASREIREN hel v eieTERe pﬁ@ﬁtenFSthlque
catal yst activation which could be achieved at hi gher tenperatures.
Wth addfVPdNals ploesdtioon & ayererealer Fegl 3 FRNGE i hgybenehehweas the
| ayers, the CNT growth phase could be carried out at a | ower

t enper acubetabtapproxi mihel y cagaCystt.er Thee cbawwall ofreprietentinglayer
| ayers. Thus, the catal yst activation at high tenperature may be

avoi dediitbetife deacthwat ixsmafe f regh gababystconeppaedrsensy alcdins but
during the deposition on substrate can be prevented.

isolate the CNT growth surface/point from the underlying

substrates. The thermal resistance layer has a thermal
resistance 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.



[ 0057] FI GURE 1-5A and 1-5B show exenplary results of a conparative
experinment in which sanple (A) and sanple (B) were grown under the
same conditions, except that the catglyst in case (A was never been
exposed to air while in case (B) the tine of exposure to air was 24
hours, according to one enbodi ment of the present disclosure. 23
exposure to air has been alive and hence a CNT "forest" of high

uality whil e CNTs re found_on the surface of
ganpl e (%%,S %?g%gﬁggnexopos% Qt §tai (r:%agﬁs? B?aéﬁﬁ’cgﬁged"as observed at
Nanoel ect.r oni c_Deyi ces 0059] FI GURE 2-1. shows a conventional CNT
field ef?ﬁ%fttggﬂé?et%?9%?$ﬁ1 TiRBeWCSE1P1106Y e @NT-FETHRVFYED at
2-100 includes a single-walled carbon nanotube (SWCNT) based nanow re
2-101, FHIHRAEca0PY) - eThet Eod T 1987 gravhhn PEDrese Re@ered 108, rae-
i nsul ator 2-107, and a gate (G el ectrode 2-109.

patterned substrates and can be split into the phases of

catalyst preparation, catalyst activation and CNT growth.

[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 layers, 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 1f the
deactivation of fresh catalyst prepared separately during the

deposition on substrate can be prevented.

[0057] FIGORE 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.

[00538] The growth results show that the catalyst without



[ 0060] The conventional CNT-FET device 2-100 is simlar to a

sem conduct or - based MOSFET device in its structure and working
principle. The S el ectrode 2-103 fupgtions as a source, the D

el ectrode 2-105 as a drain, and the G el ectrode 2-109 as a gate. Wen
a voltage is applied to the gate 2-109, the SWCNT nanowi re 1-101
provi des a current channel between the source 2-103 and the drain

2- 105, which is dul ated by the gate_voltage, Dependi on .a "
negat| vEVBP U Bodd | Do v SPeAdRe DL PG N T hEoRr R  2eBs ARTeERS of
source 2-103 are connected to, a digital "ON' or "OFF" state between
the dral*hdB- Ry t Has s ARABeEA.03WhaYe r Ul ENTThaeres (TQHRE o1 ohe
is based on silicon dioxide. The gate electrode 2-109 is a p-type
seni condutfarespli eanprlaodBli wherk wre exwesad fgsabrrelated to the
conventi onal design of the CNT-FET device 2-100. One issue is the
resi stance of the CNT-FET device 2-100, which may have two 25
conponents, i.e., the resistance (RCNT) of CNT nanow re 1-101, and
the resistance at the contact point between the CNT nanowi re 1-101
and the connected source el ectrode 2-103 and between the CNT naow re
1-101 and the drain electrode 2-105. The resistance of CNT nanow re
coul d becone 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 | ack of signal gain from CNT-FET
structure such as the CTNFET device 2-100. The |ack of signal gain
may be related to the weak field effect related to the device
structure. As nanowi re channel 2-101 scales down to about mm i.e.,
the dianeter of SWCNT, the corresponding silicon oxide insulator
2-107 or the oxide layer could not be reduced down to about | nm or

| ess accordingly in thickness to prevent the current | eakage between
the gate el ectrode 2-109 and the drain el ectrode 2-105. The oxide

| ayer adopted in the CNT-FET device 2-100 is in the thickness between
| Ormto 100nm for a sub-m cron MOSFET device, which is one or two
orders higher than the SWCNT nanow re channel w dth (about mm. The

m smat ch bet ween the oxi de thickness and the SWCNT nanow re channel

wi dt h can degrade the performance of the CNT-FET device 2-100. A much
t hi nner oxide layer but with much high permttivity is




26 needed to enhance the field effect of the gate el ectrode 2-109 for
a better performance while keeping the current | eakage between the
gate el ectrode 2-109 and the drain g}ectrode 2-105 at an acceptable

| evel . [0063] Anot her issue for the conventional CNT-FET device 2-100
is related to the separation of sem conducting SWCNT fromnetal lic
SWCNT. So far there is not a reliable nethod to control conducting

type, either sem con | lic.t EXIStI CNT devi ces
are either metallic! gr gkﬂ? of *BEfi }fRgPeNtcEf™ netallic
CNT. Th%r is_a need for such a rellable means to separate the two
conductl H§9lt%%‘§RE10@64] FHIRE 222 SesMentiourldeVviRB 2£200dt haffect
addresses the issues related to the conventional CNT devices as

descri betrapbyeor adEdIHERY )t odenecent?odiofent Thé tIRT(HETSedévice 2-100
di scl osure. The CNT device 2-200 includes a top el ectrode 2-201, a

m ddl e shettdese 2- 203inglefwahled ecteoden?- 2motusaibst sRtRTR- 2based
and three insulators 2-211, 2-213 and 2-215. The CNT device 2- 200

al so i nednslebra GNEongnowhr eckharnelsp- 23k andar Nelabsnanoparsis! ep)
channel 2-223. 10065] The three el ectrodes 2-201, 2-203, and 2-205

are i salptedr-daonpeash other and 2 agrladlﬂedazﬁgogagagw e.\fe” Ccﬁ!llaae

with a fixed space between the top electrode t he bot
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" gtate 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




27 el ectrode 2-205. The mddle el ectrode 2-203 is bendable in the

fi xed space. The substrate 2-217 may be any material that can be hard
or soft, organic or inorganic, and ngetallic or plastic. The CNT
nano-w re channel 2-221 and the nmetal nanoparticle channel 2-223
provi de a current channel between the m ddle el ectrode 2-203 and the
bottom el ectrode 2-205 according to one enbodi nent of the present

di scl os I n, alternatjve enbodi nent, | ac a_conbi,natio

of “the. AR fe Channete £oRe i he (APBLAG R of TS PERERARRer 2202,
2-223, an entire CNT .nano-wire based channel or a entire netal

nanopar ti°%¢] et%’fseaefﬁmcermﬁtbetB%ed?O%a?Eni%llque Rfitiester thfg CNT
| ength of the nanowi re channel 2-221, the speed of the CNT based

devi ce 2#0Yihey belfdénetndstiel Icommgse tridddbeuerectlegs rpde02 2 and
have a self-energy as snmall as its surface energy. [0066)In contrast
to the Potiwveemt athy &NTangedvid-eel Bel@Dhdendt et utrrim €hectoodenti-ans.
CNT device 2-100, the three el ectrodes 2-201, 2-203 and 2-205 of the
CNT devilte 2=200stamwcdl acedNT maickied venldcakkbypmeThin® vast i gaint of
aligned structure along with the insulators hel ps reduce the contact
resi st ageR et WeeacE ign ChTacandekhe ARN- CNEr-pasts af hhigNT-basgdtive
devi ce 2-200. Most horizontal |l y-positioned nanotubes, such as the one
shown i p-hg Rano-based device 2-100, have contact points 28 either
at the top or bottom surface connecting with netal electrodes. Poor
coupling between the nanotube and the |eads can result in |arge

cont act i st ance i ch can_becone dom nant i.n [cal tran r
in nanot[éj(ﬁﬁzj eV TE HERERS Pﬁp?g\?i TR R aﬁﬁ%ﬁﬁ)uﬁiﬁﬁfﬁﬁgg to
m nimzing the contact resistance can help fully utilize the

bal | i st fc hspbr Er8RAFadPePi PR SHTHE Ted @i AL S Y5t e3F athe CTN-
nanot ube architectures into currently existing fabrication processes.
[0067] THE WR¥ieR prilféi-pldeoflace ONT dariae 22200mpy diichrehatedt to
woul d no longer reply on the inversion of substrate sem conduct or

mat er i altdei ndaskd hielde diffect] ectiated2-20]1 thas davibe casaawfure. As
conventional CNT-based device such as the CNT device 2-100. In one
enbodi mpahof.richechagaent il osgaBest hEveNT cdeviigsut?- 208, Wor k&, ASthe
follows. Assuming that the mddl e el ectrode 2-203 is connected to a
PoSi tiveigQuies. Lhe i betyeen | bs Bha%g &l ieGtdpiec 2 203 1 aad 1 by
bottom el ectrode 2-205 could be "ON mﬁen the top electrode 2-201 is
connect gd osi.Live source. Lng .that. th i.ddl.e £l ectyod
2203 1 & B0ancHt oibo SRR FRyel S BHMAT iqll' nt A B P L aput
el ectrode _2-203.and the botfom el ectrqde 2- 205 coul d be 'CRF when

t he topggpeéPfo&gsf-ﬁ&ﬁ?gé%%%%%cfgdq: HNRSfat Ve PESUFERE. TP ¢ fPRgTent

case, the CNT device 2-200 could serve as a nenory device, a logic
device,l@@kﬁﬁeamaqu%ﬁn the gate electrode 2-10%9 an the  drain

electrode 2-105. The oxide layer adopted in the CNT-FET device
2-100 is in the thickness between 10nm to 100nm 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



29 device. In another enbodi nent, assum ng that the mddle el ectrode
2-203 is connected to a positive source, the state between the mddl e
el ectrode 2-203 and the top el ectrodg 2-201 could be 'ON when the
top el ectrode 2-201 is connected to a negative source or 'OFF when
the top electrode 2-201 is connected to a positive source. In this
case, the CNT device 2-200 could be used only as a nmenory device.
10068] I n one_ enbodi nment of the, present disclosure, the mnrklag

e 2-109

princi plRESed He® IRRSA che- 5Hpl fa§t beCF epf c5BAt BATEsCHEFFS

Assum ng that the top el ectrode 2-201 functions as a gate (G, the

bot t om i@t Podee 05 Pay fprivaice (Wrilandiaaming dihe chaptadde 12akege
as a source (S), then the current (Isp) between source and drain

coul d béawpreasdBtt agatdeciottomwiagz-180D an¥SDhe (REiIn RCNERrKO692-105
where VSD is a bias between the source and the drain, and Re is a

cont act Ftesirstanepaimedarvdie nanowi re channel 2-221 and the mddle
el ectrode 2-203. Rcyr is an addition to the resistance of CNT
nano-wire 2-221 itself which is linearly proportional to the length

of the @Us3apRIrny €1 £Ba8NGL2- el bEnﬁrBﬁtQéﬂQW reychainehe ¢ €21 2.5 00

not an i deal quantun1mnre A mninmumvalue of "SD is theoretically a

e ;gr %Ore EEeaS! 858 el Yl s BN oFOUL 8 f1BY SaGe 11 1 MERMA Uerom

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



coul d correspondi ngly have a maxi mum value for an "ON' state. In
between ' OFF' and 'ON states, I1s]) could be controlled by the gate
voltage for anplifier applications. /0070] The CNT-based device 2-200
al so includes the insulator 2- 211 between the top el ectrode 2-201
and the mddl e el ectrode 2-203, the insulator 2-213 between the

m ddl e el ectrode 2-203 and the bottom el ectrode 2-205, and the

i nsul at or, 2-215_be the bot el ect 2 and t he .substrat
17 R o S cRSBATHOALE PRECHTeSent aNacr BsAPBSRPAG: dBs ke
an air layer_ for the insulator |ayer that reduces the electrostatic
force byf I pBPRATELi VRey SHPSERE tEnSuitdlormay Reevaal MeFRES2 L BECEESE3R
of these insulators and the CNT nano-wi res 2-221 functioning as a
conduct dre ther&NPdeHTE 2- 2@ dsi ho ondarongemsr.ai @ed byetallic or
sem conductor materials and substrates. RION I n one enbodi nent of the
present wliascosur erhe heC¥Dbshaatew2x@17chaneél hee-22yl asadsulider ametal
or a plastic substrate for manufacture of the CNT-based devi ce 2-200.
Thi s al Iwsogort cosd ehhaative faty | gabi ofe Ok thar @M baBefAndevietween
[0072] In one enbodi nent, the present disclosure uses the Van de 31

Van de \4ad s ofiQife C@‘l‘le@t?@dédl #5568 Dy $ULhacepst £ah TR e SO-ddRt 2LBGS

devi ce performance coul d be enhanced. [0073] Accordingly, in one
enbodi colt %gor%e%ed' ooél%e%élsgf %%d;ﬁ%‘els‘é%t“azgf%\éw&ﬁé thE an
current anne Because the nanowres are n

duct th b duct tallic, th
over com i T Pl e BPOa RERGe] JPn HFS SEnf o BRILTHRG TUIEE oFhe ONT

separation of sem conducting CNTs fromnetallic CNTs.
nano-wire channel 2-221 and metal nanopartlcle channel 2-223,

an entire CNT 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 héve 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 CNTg and the non-CNT parts of the CNT-based device
2-200. Most horizontally-positioned nanotubes, such as the one

shown 1in the nano-based device 2-100, have contact points



[0074] The process for fabricating the CNT device 2-200 may include a
step of creating a three-electrode structure, wherein the three

el ectrodes are placed in parallel vegtically to each other, a step of
inserting a conductive nanowi re (sem conductors or netals) between
the m ddl e el ectrode and nmaeking electrical contact with the nanow re,
and a step of inserting insulators between the vertically pl aced

el ectrodesy, eko%%97%heFlg%EE§n§'Ho% %ﬁ@t§§£9§89/%I3§1 tlD. JWith, metal

characteristics of one ment t he present

on/ of f could reach fiv a satisfied on/off rformance
f or thee?ré(r:rgrrfl)gﬁgw é’ogppcf?’éé} %th"’ﬁgn(]\trpede’ﬁ%% ‘Q’%OGESTH &ads
coul d control the source-drain current sufficiently due to the
cont act “@Peal ¢V Eontctld e Ryt PSS eed 6 teRTeandvRRERs 0P R e RERPME
el ectrodes adjustable by 32 applying gate variable vol tage. Hence,

the devieminankd ife ebedtuicah AwphisPost. Becassetubet fewWaesde Mwtes,
force between CNT and the el ectrodes, the CNT could remain attached
on the emprovode sinef aioe eeviem iaflt ecnommbizg@t endohtiadgeiizd nte mhee dorftte e
characteristic could be used for non-volatile nenory device

appl i caresnstaNOE6lcdecaidglipg 0 19ne werhadieneaheof bhNE1 Bt €6 ransport
di scl osure, nunerous applications based on the CNT-device 2-200 are

possi bl @hazTE!@té‘PEthé‘t' U | peludenCNI-based aﬁ{H)' ' flh%ﬁr aEATbassthtupe
| ogic circuits, CNT-based nenory devices, CNT-based sensors,

ONT- basgg A6t uaL LS %ob@ﬁ??eﬂé‘&grégg{;g;}:?g'r\g;)??fc?&'tféﬁ%%g@@%eeé e

signal recelvers an based son

[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 Dbetween 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 posibtive 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




33 (C) Large-Scal e Fabrication of CNT-Photoresist Conposite and CNT
Devi ces Based on the Conposite 10077] Currently, nanotubes that are
used for nmaki ng nano devices are usually in the form of as-grown
powders or m xed into di spersions. Common net hods for maki ng CNT
devi ces using the nanotube materials include chem cal vapor
deposition (CVvD), and spi n coating of nanotube dispersion onto

pattern £rS. e of , t he_CVD- based roach .

i nvol ve%‘y% ecti nlgt fie en T regmﬁgglﬁpenﬁi gh®tahPardt quggepgg‘Fti giddle
(about 7 i nni_ng-coat i approach will likely result
in cont a% Hat rloﬁe o? %Eg é%t |cr°é“%6’d’set Suiscd 1 Vet U< 1 hEpef state
a need for a reliable and repeatable rranuf acturing process that may

m ni mi z@ettl‘l‘@eéhb@?? ﬂ@%t%ﬁ?%@f?% #rePdwrnd Ebentoenpdeaturde Phaol
manuf act uri ng process should al so be conpatible with the silicon

met al oxicGalisenpe ona@litt sthepivddle teehnelegyrsdet Rat ofiabrs catvmmsciodd to a
nanoscal e devi ces can be scaled up for nmass production. 100781 In one

enbodi mesgattive psesent doscl tBEFe prioy dedea gBphosh dOtrdds gerseal eig
fabrication CNT-photoresi st conposite and a net hod of naki ng nanot ube

devi ces cusinegtiete €NTpheicerieshel SARAS] ten Ehgsf Icra%Ie et odeis 8RQYRe
in FIG 3-1 and the second nethod in FIG 3-2

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 (8), then the current {Tap)

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

[0069] where Vgn 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 18 an addition to the
registance 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 wvalue of Igy is theoretically a =zero for an “OFF”

state. Physically, Reger could have a minimum value, and Ig



100791 FIG 3-1 shows a process 3-100 for nmanufacturing a
nanot ube- phot oresi st conposite on planar surfaces. The process 3-100
i ncludes a step of preparing nanot ulyg suspension 3-111, a step of
di spersi ng nanot ube suspension in photoresist by ultra-sonication
3-113, a step of spin-coating nanot ubephotoresist mxture on a
silicon substrate to produce CNTphotoresist film 3-115, and a step of
removi n lvent. i iy - nhot or esij . i.t.e I NQ~37 1
V\30] Th%égi%)éﬁrﬁééééﬁgé%#ﬁkﬁﬁh%%egsh%%%ﬁgﬂgﬁg 1 ¥%§%5?nc?ﬁdeézate'
sel ecting ane raw nangstructure-containing material, preferably w
2 ht oh- APt At o PRERoGASE) O t HEAFFPr ergh ofoihd Bompoerras1ied by
material. The raw material can contai n nanotubes nade of carbon,
si | i conth€oppér, Vialtasicudrrspipelfig§d] @rredrahiareri de, gal | i um
nitride or other materials that contain nonastructure and possess
sem conducting or nmetallic properties. Carbon nanostructured materi al
can con{@17f] Sihey|@ITrdidsed OV I(CSWONT)0Drahed t inevabdesl chebonsulator 2-
nanot ubes MSCNT). The SWCNT or MACNT can by harvested using one of
t he sui tahl erdtecdunt qurs it udiewrtdds Nl 2 cheandaltheapni ddeposiletdnode
(CVD), plasma enhanced CVD (PECVD), | aser ablation and arc-discharge.
Kan The ;step ,oft if epaghNgrHaNot uhe HéspRRS Ahe3-Wildatane akserbae! Hdgoa
m xi ng the sel ected raw nanostructure-containing material with a
sultabl ed Ayl Telliin The okl mMadiim, ca,g35che 088 alor 2-215
surfactant, an al cohol and an organic solvent. |In one enbodi ment,
Di net hyl f or mam d i s a choice. of .t liquid diumfor jits
ol bl | PEY "EE N BherhiEet ot TRareriel 2ie0d 1 | FlRodt Bpg e a2 217"
concentration of nanotubes in suspension can vary_ depending on a,
desi r od MGEREFEPT ik (PRCILICH he TA7 GBYCTRAT (407 ELOSYT B eRPRAfeS 2
stabl e suspension is obtained. For exanple, 0.5ng of the raw materi al
such as aful Biltwal JastEICNEQer e of 1DRFL8BPNt | bayedr nEhat st §pArces  the
suspensi on. The suspension is subjected to ultrasonic energy or
stirri nglactaositentict efpecat biye floe @ermdatisdtyntefd aheniimswdator by
st abl e suspension is obtained, according to one enbodi nent.

geveral 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 1is either a glass substrate or a plastic
substrate for manufacture of the CNT-baged 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-veolatile wmemory (NVM} application. The



PP The step of dispersing nanotube suspension in photoresist by
ultra-sonication 3-113 can include selecting a negative O positive
phot oresist. In one enbodi nent, M crigposit 1800 series positive
phot or esi st 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 m xing the suspensi on containing

uni f or ¥ ndigpersgds napetubes ikt 0,4 heaselecd edy Photeres Sﬁﬁ_lé@én‘ﬁarﬂ@l 50

10083] The volune ratio of the nanotube” suspension to the photoresi st

sol ut ! oBnean vl wdependig on.the deshiefedsngliveg! nanotubes for

the tar devi ce. er criterron tor termning the
volunme ratio is the preservation of the viscosity and optical

propert | t he .nanot ube; phot oresi st .conposite for a |ithographic
processhﬁé?P%ﬁCSEglgﬁggdi t O VSP§H§1P§ Fo dh®: 9reseRin AiRotapere
in the DMF suspension to Mcroposit photoresist solution is used.
[0084] WAESsIGERDBICtdivEparadiait TRfotBbEhgusparsntn chanpiedt orkataise the
3-113 then includes subjecting the nanotube-photoresi st suspension to
ul t r asoppBOwAGEgY areamambikbinitedperat wesmicondonsosshodicirent , cahe be
duration of of ultrasonication process is around 40 m nutes or until

t he nanseémbeosdspensgonors mathdlaky nixed whivérdédeiphot ohesi $gsue of
solution. Then in one enbodi ment, the mxture is left to stabilize

for at EeasheddzAhgut gsuted akkmWwcbhaucerayal @fist r apped RigaRUReS. 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 electrodes adjustable by



[ 0085] The step of spin-coating the nanotube-photoresist mxture on a
silicon substrate 3-115 can involve selecting a substrate. A
substrate can be made of silicon, giass, plastic, ceramc or any
suitable material depending on desired functionality of the target
CNT device. The step of spin-coating nanotube-photoresist m xture on
the silicon substrate may al so i nvol ve deciding a suitable spin speed

Lhe oubepPEPEhE AR SPEEILLEl Bk alle | LhEaPeLDiRe B0PL Il Cbta%he
nanotybe- hotoresis; ﬁi tyure_on he selected sili o%_sggstraéf%rn%gr
hoo | osFge bt dt ARG L4 aaei  BECENEEkNEES HIE 1 NE w3 ce

nanot ube- photoresi st film The thickness of the filmcan depend on
t he des??gﬂeﬁ%ngﬂgyaﬁﬁ fdifot ebect 6Pdehe AP gENTCRPUdEY ke ithatdaadied
tradeof f between a high density of nanotubes and easy renoval of
unwant een phtter esl st eder istriapgpi caldry, adteli nhbe f ghbheenabliesge 1is
easi er renoval of residue during a subsequent lift-off process.
Vari at i nemonefihe Riiscoshtyaoterhethanatambiephbtonesidst foanpest vl le
affect the spin speed for a desired filmthickness. In one
embodi ngghorp SeVNcePeeEl 0&abOORrpmMis used for a 1 microneter thick
nanot ube- phot oresi st filmon an oxidized silicon wafer. [00871 The
step of renoving solvent in the nanotube-photoresist conposite 3-117
can inv : haki o Wﬁﬁgﬁo t e L Qul i '
the fi Il(r?1bz'1§aj jgcié(g%r%:é?gtur&g gfﬁgt mac?lor t eggelecé%:{eg%%%%j gr gféiséf%élﬂﬂe'
material. | n one enphodi nen the _fil.m nade of t roposit
photor2%?%?r?ssbaﬁgaggfgﬁbéﬁﬁfo%agﬁg m%%ue§%en4§?ﬁ4§§%ﬁﬁ% éﬁﬁ%ﬁ%oﬁre
of the nanofube-photoresist filmwith the substrate surface before
inder goPaBs PP R ogr Bhi AP 1Ry, - TObRST  ENG PaDSCs 1 At is0eVT-
3-200 for making CNT devices 38 _

based 1logic circuits, CNT-based memory devices, CNT-based

sensors, CNT-baged actuators, CNT-based nano-tools, CNT-based
eleétromagnetic signal receivers and CNT-based sonar

detectors.




conposite produced in the process 3-100. The nethod includes the step
of manufacturing a nanot ube-photoresist conposite on planar surfaces
3-100, a step of |ithographizi ng nangt ubephot oresi st to predeterm ned
patterns, and exposi ng segnents of nanotube 3-211, a step of form ng
all -around contacts with netal electrodes 3-213, and a step of
removi ng unwant ed areas of nanot ube-photoresist using a lift-off
process 3-215. Electrical contacts with the nanotube are inproved
using the all-around contact geonetry derived fromthis invention.

The step pf. manuf acturi he nan ot oresi.st_ co OSIt

pl anar su? %c%??ﬁ?ﬂﬁF?gg %EEE (ﬁﬁ egg égT %hﬂﬁ?ﬁ &5in %ﬂmﬁoﬁ?ﬁg
and described t her énd aB¥VePevREFutBRECEf Obhithas1Gpmpesite

CNT- photoresist filmof a desired thickness. [00891 The step of

| i t hogr @172 ichgmamioihwbe-rphottortess stthak t hergr edeedr ntped pakisgnsnano
3-211 can include inprinting the predeterm ned patterns of the target
CNT devidesrios &he GNlphotoriesitte f £bimobEaiamediricwem pdedgrocessmixed
3-100. This step may be acconplished using one of the techni ques such

as a phatpld thographycand aBmRbaChEeRnB8aR tmx%h&NQOHEDQEMSU&QQng
in the senlconductor manuf acturing industries e step of formng

al | 'aro rm s al]?t)%\no ;PaE’@ifél&' echL9dgs Senl :‘.Sﬁﬂ ' '{lr‘é ye ?%F%%E't%n

a SUItab ormcontacts |n the otore |st

one enbo nt 9 one of Tun te

pol y- SI|IC IFB&PUHP? %% APH qQﬁnéx) er% g?aﬁPﬁ%Frned
(Ti) is selected to formthe contacts in toreS|st fi

[0091] TR SH%ep %?er@ﬁﬂ??n&IGWRéﬁFeﬁﬁéﬁéﬁé QYDn%%g?gbéﬁﬁaPSFésﬁ§V°1ves
3-215 can include selecting a suitable renover to renove the unwanted
parts amgramsitiing £He f engfirepr gbebs §9 |lekgle thpnpRitateirfed deposition
el ectrodes forned all-around contacts with the CNTs. [0092]FI G 3-3A

t hr ough (348D ts e the, exlaiid eshef sppphynggectabisgepypobachewpiocedsely
3-200 for fabricating nanotube devices according to an enbodi nent of

the presepuidi soh 086 €amAsa STeMof Ntk GURE: 8e 3Anbatsulet sah€at@0 Mhere
coated with a positive photoresist film 101 that include nanotubes

éoi t hat; Ar e (pLeRFHRY acgor diggnt o ddie skepsriéliasicat eghdn Fe@dREabie

manufacturing process that may minimize the substrate
contamination in low or room temperature. The manufacturing
process should also be compatible with the silicon metal-
oxide-semiconductor (MOS) technology so 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 wusing the CNT-
photoresist composite. The first method is shown in FIG. 3-1

and the second methed in PIG. 3-2.



[00931 FIG 3-3B shows that the film 101 is subjected to |lithography
to formthe desired structures of the CNT device. The

nanot ube- photoresist film 101 is devs oped to forma nmask | ayer and
expose nanot ubes 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

t he nan i n pl.ace via sputtering or electron beam evaporation

40 [0092&@%@\1{1 it @h%wgc,a afit’s eajssuﬁ”;bqroe %r%bvé’}ananﬁlc uring o a
lift-off process are applied, patterned el ectrodes 1Q3 forning

al | - ar oUftPUOM AR YR TFE tHe FAMPTHEE 202PLRPBEFUTERESS3- IPESREREESS
an array of nanotube devices which can be fabricated using the nethod
3-200. [DOYH] fnclu@ed shewera &tapnepyr BREcPRBATHPEr 6¥6BFRSHABL 311,
mul ti-wal |l ed carbon nanot ubes exposed at edges of a patterned

CNT- photeor esiegt cHnpbisigee saogpr dangttibeonsugpdosti orentinof phbeopesisent by
di scl osure. The nanot ubes are enbedded in the photoresist matrix and

suspendegh f¥zpraddecsthsi rag e1 53y f age atkpr bift hegriaphica tpabt emampgube -
FIG 3-5 shows a scanning electron m croscope photo of nulti-walled

carbon nanotuhes; bri dging.acrgss 4 Waithtap wmslecdtodes (J20M0ed N cnr-
t hi ckness) after a lift-off process. Formng ail-around contacts was

made p%@%&sﬁcﬁe%é;%i'r%g Eggm”esbe 596;41@%”2% n%dfmz%%mb of o1t

. in
pr esent odi nents’ o e present sclosure“may al so be

ol Bt 1 ¢ s agoeees Y Rotheh St iR & Sonduct i ve
SWCNT Material [0096] Due to the fact that nmetallic CNTs are m xed

into senm conductive CNTs, the performance of CNT-field effect
transi sti8PSUFET™ hekehed | SAERHANS atTAUNRST y FHPIF SRy 3-111 can

ti me. Conventional techniques for burning away the netallic ‘
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 32-111 can also
include mixing the selected raw mnanostructure-containing

material with a suitable liquid medium. The liguid medium can



CNTs fromthe CNT m xture often results in contam nation of the

sem conductive CNTs. One chall enge to obtaining high-performance
CNT-FET is to obtain very pure sem ggnductive CNT materials. 100971
Vari ous techni ques have al so been tried in obtaining pure

sem conductive CNT nmaterials. These techni ques include controlling
the synthesis condition and using post-synthesi s processes to obtain

purified sem co PQsL t hesi s_praocesses ingcl ude
chem ca’lij ®sé&fectt or‘i—=1 %li’ﬁgl ca‘Tmf’r a%%l n%?oggg BR]%I/ A other Ve

bi onol ecul e sel ection. However, the results of these technigues haver-1
been | eSBet HAMPEIS act QﬂVetﬁ“h’élfé’rf@mPﬁ@r ef 9 alfeed fOICiSHr Bhedhe
techni ques to produce pure semnm conductor single-walled CNT (SWCNT)

mat er i al 5apOGIBIedENE pFes ehtsdissldsidrid Yporbvi 888 Phalisdifsgr material
produci ng pure sem conductor SWCNT. The net hod includes using a | aser
in an omgpgén das atbitdwigrapduyt.r olTheng corsemtofatiaser gar amstargesmandin
controlling a set of environnent paraneters. 42 [0099] The

sem congduspens O dees natargbsoddpdém@in@sesnener gyieaid-ddusiasditynotos
experience any tenperature increase. On the other hand, the netallic

CNT Wi | h5aB8anBst Neot asafe engh@erantntrhegd-eI@er atdiie i IthakNCheasesfice
a result of absorbing the | aser engergy. Accordlngly when nethod is

appl i edsl, 00805 9XX0ER_ GR3 AR NoouTRLALING CT d@emg} Io@uaf\?ae@/ fdtstial

KINN] In on odi nent’, met hod al's contr |ng t he
| aser para ters d cOo II t he xyge
environgBAt of T Mﬁ@%&g orstart o R , prapte

burned off and a very pure senlconductlv CNT renalns |n the forma
sem conﬁHEP%PSE-ﬁFea&X‘E[ 0B4BRTRERRI Fic Ser &W@&& SPFEIY
can absorb light and el ectronmagnetic (EM mave energy at an

wavel ength.siHoweies | atorapheerlenmtegmegeive ckar taHe B&HHgéﬁf|§ﬂﬁéﬂ a
zero. For exanpl e, for about |nm di amet er SWCNT, the bandgap is about
| ev (0.8eVfdrfieV)steblenl pubpghtinit hiphotbhatnedgy hacgedinfantd evone
can be absorbed by the sem conductive CNT. Thus, the nethod takes
advant aggrefitkbatrdi fference in optical absorbance between netallic
CNT and sem conductive CNT to obtain pure sem conductive CNTs.

[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



[ 00102] According to one enbodi nent of the present disclosure, 43

| aser with photon energy of less than lev is used, the sem conductive

CNT will not absorb | aser energy anggtherefore, there will be no

tenperature increase. On the other hand, netallic CNT absorb the

| aser energy, and thus the tenperature of netallic CNT increases.

When the processes are performed in 02 environnment, netallic CNT w |l

burn a I =00 1 ed . pol r ganj 1 uct.or
va¥tbihdhind00403 Qgﬂﬁﬂé rgehB yger{Qr a§£§%§gﬁ%§$?€, 3P" the

mat eri al s, CNT sefm conductor has such advant ages

reliabil,i Lgh e as__p-channel apd _n-channe an ense |,
integra%?%%?sgkgn§§%fthggé§}t%3%)Eﬂ%&ﬁ? £ B i 8 %%%?%H#ﬁﬁégégoﬁﬁﬁﬂét
pl ates, and filnms current]y exist,, one enbodi nent _of the present
disclosﬁP@pﬁ?égﬁdggraE‘géﬁﬁﬁﬂﬁﬁﬁ%? T PHPESEPIng n $BmeNRaydtbodiment, &
fabrication of electronics is analogous to "sew ng" according to one
enbodi nBRLVBE R 15y xfen? : Qi sarbsur arareb®4]in t thay DNE sdsmsnagesuso
to set forth definitions of certain words and phrases used in this
pat ent HocuppatitThbhoteresisbupbtitand issuskedi vatives refer to any
direct or indirect conmmunication between two or nore el enents, |
whet her or not those elenents are in physical contact with one
anot her {0084] TRenstebnolfudd s paid i RO MIrEAibe amdiRidsiag def iveddotesist
t hereof, mean inclusion without Iimtation. The .

3-113 then includes subjecting the nanotube-photoresist

suspension to ultrasonic energy at an ambient temperature. In
one embodiment, the duration of of ultrasonication process is
around 40 minutes or until 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 material 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.




44 "associated with" and "associated therewith,” as well as
derivatives thereof, may nean to include, be included wthin,

i nterconnect with, contain, be contakned within, connect to or with,
couple to or with, be comunicable with, cooperate with, interleave,

j uxt apose, be proximate to, be bound to or with, have, have a
property of, or the like. 1001051 Wiile this disclosure has described

certain L Ten nd -.general | vy ,associ at ed .met hods, al terations_and
per mut at[iﬁg%gdig#@t %g%é g)rj;bos iHen es/atalnn(? T RO 'Rr}fg%%r%%b%tr eﬂf’x{:]%re on
those skilled in the art., Accordingly, the ahove description of |
exanplngﬁ%oﬁ?L%ﬁFESdﬁé 18R &%&FEEE%F SEstF D tRYS U sEpbeypéning a
Q her changes, substitutions, and alterations are al so possible

Wi t hout RPEred ngthieknese spifri tthhd Bsrepalst-ripoestsosufblmas The

defined by the following claims. 45 WHAT IS CLAIMED IS: 1. A net hod
for growtihiadness boh rdwot Ghém( GNF) dypehdsiom athe desired density of

nanotubes of the target CNT device. There 1ig a tradeoff
between a high density of nanotubes and easy vremoval of
unwanted photoresist material. Typically, a thinner f£ilm
enables easier removal of residue during a subsequent lift-off
process. Variation in the viscosity o©f the nanotube-
photoresist composite may affect the spin speed for a desired
film thickness. In one embodiment, a spin speed of 5000rpm is
used for a 1 micrometer thick nanotube-photoresist f£ilm on an

oxidized silicon waferxr.

[0087] The step of removing solvent in the nanotube-photoresist
compesite 3-117 can involve a soft baking process to evaporate
the liquid 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 improves 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



a |low tenperature, the nethod conprising: preparing a catal yst
by placing the catal yst between two netal |ayers of high chem cal
potential on a substrate, depositinggsuch placed catalyst on a
surface of a wafer, and reactivating the catalyst in a high vacuum at
a roomtenperature in a catal yst preparation chanber to prevent a
deactivation of the catalyst and grow ng carbon nanot ubes on

t he subs ;Qr ? vacuur a CNT gro q$pber
preparlﬁ% (#% uéb% l?h N éaﬁﬁpl lﬁtﬂegh%%n%PF%Pﬁss
| oadi ng .t he cataI%E P%P %ed on the substrate into a | oadi ng chanper.
3. The methottdF BfaMrriachitHes @o@?l?%"r%eml??‘}fﬁge%ﬁto MRS hipt eOn
predeterm ned patterns of the catalyst in a photoresist using one or
nore phdtleyesi seVrépeeal FiylPds r shep vaporldrhegraarvhaing happeEube-
after the catalyst is prepared. 4. The method of claim3, further
conprismhyﬂﬂnﬁﬁﬁ%wrtmgp&h@q&aﬂmmnaﬁ(Ememqsmsjnaadaaxpwﬁﬁmg chgwbet s
before lifting off the one or nore predeterm ned patterns of the
cat al ystof mhotube 3-211, a step of forming all-around contacts with
metal electrodes 3-213, and a step of removing unwanted areas
of nanoctube-photoresist using a 1irft-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 CHNT-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 £ilm obtained from the process 3-100. This step
may be accomplished using one of the technigques 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 wmetal
electrodes 3-213 can involve selecting a suitable material to

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



wherein one or nore of absorbed gasses, residual water, and inorganic
solvents on the surface of the wafer is renoved. S. The net hod of
claim4, wherein the wafer is cooleggto the roomtenperature ranging
from around 100C to 200C for about 3 m nutes and the one or nore of
absor bed gasses, residual water, organic solvents, and inorganic
solvents on the surface of the wafer are extracted at the room

t t . 6. T t hod | ai L furth i Si o
L1 ant oPFPGof he pr BB bt i yst o1 o PREST  alfetior  BnadBer -&HLEFO™: 2

lifting off the one or nore Rredeternined patterns and before qrqmﬁng
the car BBhlASASIUDERD) whéei ALERENGHE ofAlor e 358t t 8r A toie (T1) 1Is
prepared catal yst are degassed. 7. The nethod of claim1, wherein

deposi t Eagerhedcsralfipsm shet pensarftacénothehENRabbetevapt#5e51U8i ng
one or nore of evaporating, sputtering, spin coding and spreading the
catal yst on the wafer surface. 8. The nethod of claim1, wherein
prepari Hi@9ihaheat adtygt cofipr rsamviingpanungtited cakakyst idf amanselbe-
gas anbi ence to prevent a deactivation of the active catalyst. 47

9. The pmbhegeefis¢l ai-m1k wher ehanRa€PakiBgLeaaky HuiGAHIE SeSmover to
pl acing the catalyst on a thernmal resistance |ayer placed on top of

the subskraie afdLruhfentat abyst i%ﬂﬁ“éﬁ?& engirR 3Rl QHRRAUAD ¢
t enperature betmeeﬁuaround 500 aﬁd arou f%%gﬁm?s used. ©
leave the patterned electrodes formed all-around contacts with

the CNTs.

[6092] 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. hs
shown in FIGURE 23-3A, a substrate 100 is coated with a
positive photoresist film 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 in FIG. 3-3A, the nanotubes 102 are suspended and
embedded in the photoregist matrix. This allows the formation

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

sputtering or electron beam evaporation.




10. The method of claim 1, wherein growi ng the nanotubes conprises
nucl eating the catalyst if none of nanoparticles of the catal yst has
been activated during the step of pggparing the catalyst. 11. The
met hod of claim 10, wherein nucleating the catal yst conprises
annealing the catalyst in a hydrogen plasm at a tenperature ranging
from around 200C to around 300C for a period of 5 to 15 mnutes. 12.

The net of claimi1l, . wh [N grow n he carbon nanot ubes further
conpris@ﬁgﬁhéfnégvﬂglcé?bgﬁﬁ%angfgggs%ﬂéfﬁb Y 6P&§ﬁ§qgmﬁfﬁﬁﬁFr and a
chem cal , vapor with nmethane (CRO at_a tenperature between around 200C

to arouhtB0BES PISCeFRe afet RGP IGCDI HhEERGkh & & T 1A Sret rankPTming
(014) is diluted by a hydrogen as a carbon source. 48 14. The

met hod @ lceupund, cantrecs wAEhhitdgle veawimabes L9 2arexmad@d .of BFGunit 3D
X10-7 torr. 15. The nethod of claim1l1, wherein the two netal |ayers
ar e madehowsoren ohrFavamiimeéhorubed deckeds (Mhich can be fabricated

using the method 2-200,

[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 1lithographic patterning. FIG. 3-5 shows a scanning
electron microscope photo of multi-walled carbon nanotubes
bridging acrosg two titanium electrodes (120nm in thickness)
after a lift-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.



16. The nmethod of claim1l, wherein the catalyst is one of an Iron
(Fe), a Cobalt (Co), and a Ni. 17. The nethod of claim11, wherein
the catal yst has a thickness of abouf; 0.5mm 18. The nethod of claim
1, wherein the two netal |ayers each has a thickness of about | mm

19. The method of claim1, wherein the substrate is nade of one of
silicon, glass, plastic, and ceramc. 49 20. A systemfor

manuf acturin arbagn panotube (CNT) synthesjs wth ' ctor

conpri si ng: 1oj F%’éh‘FaFfr?tg T %r%?%bﬁomvﬁo%ﬁlgﬁ@gﬂﬁ’fha%

hi gh vacuum wherein the catal yst is placed between two netal |ayers

of high [0A%}ieg porenthal BrCh Subat r gietatlic r SBWT erfet atiired sydHe

pl aced catal yst is deposited on a surface of a wafer, and the
cat al ystsémiceattcvated CRTshe bhgh pacdommance of CNT-field effect

transistor (FET) has been less than satisfactory for a long
time. Conventional technigues 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 techniques include
controlling the synthesis condition and using post-synthesis
processes to obtain purified semiconductive CNTs. The post-
synthesis processes include chemical selection, physical
Lrapping, and DNA/RNA and other biomolecule selection.
However, the results of these techniques have been less than
satisfactory. There 1s 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 enviroament parameters.



a CNT growt h chanber wherein the carbon nanotubes on the substrate
are grown in the high vacuum and a transfer chanber wherein
one or nore of absorbed gasses, resiggual water, and inorganic
solvents on the wafer surface are renoved after the catalyst is
prepared and before the carbon nanotubes are growmn. 50 21. A
nanoel ectroni c devi ce based on carbon nanotube (CNT), conprising

a three- trode structure having a.gate electrode, a, first
electroéﬁﬁgﬁaﬂﬁas%%%ﬁBOEPBEF?Bd Niangees no%uakﬁﬁgb GRE cotifuct FUEYIY
nanow re that provides a current channel between the first el ectrode
and t he agskdrei®l €t} 0Bt exXperigRefeidiivt HePRA Bl t Fffeeadhe PPRr SPe
el ectrode, and the second el ectrode are arranged in parallel
verti caldbhent Heaght etlet everadéian@NTheviddc orbatlectheodazee phated and
with a fixed space in between, and the first electrode is placed
bet ween dHie gamhpeeheaieodei Kindihbeesseorsk ehectesnde; afd ddmAfbinsgy the
el ectrode is configured to be bendable in the fixed space.

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 parametersgs 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 1light
and electromagnetic (EM} wave energy at any wavelength.
However, for the semiconductive CNT, the bandgap is not zero.
For example, for about 1inm diameter SWCNT, the bandgap is
about lev {(0.3eV~1l.6eV), so only 1light with photon energy
larger than 1lev 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] According to one embodiment of the present disclosure,

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



22. The nanoel ectronic device of claim 21, further conprising a
substrate vertically placed bel ow the second el ectrode. 23. The
nanoel ectroni ¢ device of claim 22, fagrther conprising a first

i nsul at or placed between the gate el ectrode and the first el ectrode,
a second insulator placed between the first 51 electrode and the
second el ectrode, and a third insul ator placed between the second

el ectrodggsapd {HensuBgbEahe. endfqy TheE Nanogd ec@z{aqw Cled;ewle,e gkegl ai fhe
23, wherein the insulators are alr i nsul ators.

nanoc! egbhonLaaderiGe ehrehad 2. %&f%i@%?“@ﬁéf oS ehthetore,

hard or anic or i1norganic nanoel ectroni c

devi ce clalnn mhereln the substrate is made of o of .pl ast]

gl ass, g% %ﬁd&@to O tempera%ure increase., n Qﬁe other ahd
metallic CNT absorb the laser enerygy, and thus the temperature

of metallic CNT increases. When the processes are performed

in 0, 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. Aithough 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 wore 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 rox” is inclusive, meaning and/or. The phrases



27. The nanoel ectroni ¢ device of claim?21, wherein the at | east one
conductive nanowire i s nade of one of a sem conductor and a netal.
28. The nanoel ectronic device of clakm 21, wherein the nano-wire are
made of one of single-walled nanotubes and nulti-wall ed nanot ubes.
29. The nanoel ectroni ¢ device of claim21, wherein a current between
the first electrode and the second electrode is represented as 'SD =

VSDRC [RCN'I')a 2 .. Yerei.n Ysp_is.a bi.as_between the first
el ect r 0B B FESs ctBRb ol BUET odBL>P AR CHRAREL Tas1 stdheavell a8

bet ween .t he at .| east _ one nanowire and the first. electrode, and Rau s
an addi tFEnVRFLlYSFedbErERle FY HRERE F@a%P%HQenaﬁ’ﬁwwme@n yithin,
proportional to a length of the at |east one nanowire. 30. The

nanoel e¢REORFeN@RYE cEish, clcayP2, Wferdinad neichiviiim val rewfectsyo or
represents a binary value zero or an "OFF" state and a maxi mum val ue

of ' SD wipheseotipla Bionamry widllue He orommutiioblst atth, cooperate with,

interleave, Jjuxtapose, 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 wmethods 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.




31. The nanoel ectronic device of claim 21, wherein the nanoel ectronic
device has an "ON' state when the gate el ectrode and the first

el ectrode are connected to a positiwyg current source; and the

nanoel ectroni ¢ device has an "OFF" state when the first electrode is
connected to a positive current source and the gate electrode is
connected to a negative current source. 32. The nanoel ectronic
device of claim 31, wherein the nanoel ectroni c device functions as one

of a mefBRF deviddIMED dfi*c device and an anplifier. 53 33. The

nanoel ectroni c device of claim 21, wherein the nanoel ectroni c device
has an "ON' state when the gate el ectrode is connected to a negative
current lsour de mafdhachef 3y r@fowtlacef ogrrPen cBaRREYRd ﬁSNg)pﬁgng9ﬁls at
current source; and the nanoel ectronic device has an "COFF" state when
the first lelvedtemgaeratsireonridet e thoda geewirtiisveagcur rent source and the
gate electrode is connected to a positive current source. 34. The
nanoel ect r onigrefemticey of ehvabyS8, bhepdiawiiye 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 din 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,



nanoel ectroni ¢ device functions as a nenory device. 35. The

nanoel ectroni c device of claim21, wherein the nanow res of different
di aneters are used to achieve differgnt speeds of the nanoel ectronic
device. 36. The nanoel ectronic device of claim21l, wherein the gate
electrode is configured to receive a variable voltage to achieve an
adj ust abl e contact area between the CNT nanowi re and the gate

el ectrode. 37. The nanoel ectraqnic device of claim?21, wherein the
nanowi r ?1356&6%1“?%%86 t"ﬁ)mé‘?té’%h < FARBSBF t RE SIS B B et r otiBC

after a voltage is renoved fromthe ggte el ectrode. 54 38. The
nanoel e3P 1de Fodd 8B Sc o4t rRlS7 SKREFEEn Ofhghe wafer 1s removed.

5. The method of claim 4, wherein the wafer 1is cooled to the
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 sgurface

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 lifting off
the one or more predetermined patterxrns and before growing the
carbon nanotubes, wherein the one or more patterns o©f 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.



nanoel ectroni ¢ device functions as a non-volatile nmenory device. 55
39. A nethod for manufacturing a nanoel ectronic device, conprising
creating a three-electronic structurge having a gate el ectrode, a
first electrode 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 el ectrode
and the sec nd elﬁﬁt% ereln the at | east _one can

ti ,
nanow 161 9 o or 19T ohi coRGEELBr SRaPErIaP 4 aiY'r%f gpmprises

material. 40. The nethod of 39, further conprising placing

subst r atR}aFEAG clalre ycﬁéﬁéws?hémse%oﬁﬁeﬁl’“@ét ﬁf@&ést@fcem@m hBhafa%d on
40, further conprising placing a first insulator between the gate

el ect r odemanet t biee f SubEtuhset Bter & hsecorih sl 38 orCbeVAEEA, t Waerein
first electrode and the second el ectrode, and a third insul ator

bet ween & herseconihel eempedatand thewaehstaatend 500° and around 1000°

iz used.

10. The method of ¢laim 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 c¢laim 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,

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

diluted by a hydrogen as a carbon source.



56 42. A method for fabricating carbon nanotube (CNT)-photoresi st

conposite, conprising preparing a CNT suspension usirig a CNT
structure-containing raw material; gg di spersing the CNT
suspension uniformy in a photoresist using ultra-sonication to
produce a CNT suspensi on-photoresist mx; spi n-coating the
uni formy di spersed CNT suspensi onphotoresist m x on a substrate to
have a CNT- phot oresi st conposite; and renovi ng one or nore

solvents in the CNT-photoresist conposite by baking. 43. The nethod
of claim42, wherein the raw CNT structure-containing material has a
hi gh asifect That metdwd i ¢f eFlaima loonpeRTeE nhber PAPLath Bt ot 10 an
carbon nanot ubes nade of one of carbon, silicon, copper, titanium

si | ver ,ogdtd, oboropumilt X1 @€, tand.gal liumnitride that possess

sem conducting or netralic properties.

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 claim 1, wherein the <catalyst has a

thickness of about 0.5mm.

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.




44. The nethod of claim42, 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 4957 chem cal vapor deposition, a
pl asma enhanced chem cal vapor deposition, a |aser ablation and an
arc-di scharge. 45. The nethod of claim 42, wherein the raw CNT
structure-containing material is mxed with a liquid nmediumthat is
one of a surfactant, an al cohol, and an organic solvent. 46. The
nmet hod of clai m 45, mherein one preferred organic solvent is a

Di met hyl tor mam de ¢ EhT HW&EQ%QR cl Y pde i@  (cnT)
concentration of £ inthe suspens?on varies depending on a
desired _den met hod of claim42, wherein the

ot or SENEEDE: gnéﬂ%fh sebeertbe ek, Tt thel' &' Toatt i ve

phot or esi st .

a catalyst preparation chamber configured with a high

vacuum wherein the catalyst is placed between two metal layers

of high chemical potential on a substrate at a room

temperature, such placed catalyst i1s deposgited 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 o0f absorbed

gasses, vresidual water, and inorganic solvents on the wafer

surface are removed after the catalyst is prepared and before

the carbon nanotubes are grown.



49. The net hod of claim 48, wherein the photoresist is a McropositTm
1800 series. 50. The method of claim49, wherein a volune ratio of
the CNT suspension to the photoresisip solution varies according to a
desired density of the CNTs in a target CNT device. 58 51. The

met hod of claim50, wherein one volume ratio of the CNT suspension
with a DM nediumto a Mcroposit714 photoresist solution is 2:9. 52.
The met hod of claim42, wherein the CNT suspension- photoresist mx
is subject to an ultrasonic energy at anbient tenperature for about
40 m nutes.

21. A nanoelectronic device based on carbon nanotube {CNT),

comprising

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 piraced 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 nanocelectronic 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



53. The nethod of claim42lwherein the CNT suspension- photoresi st
mx is left to stabilize for at least 20 mnutes to allow a renoval
of trapped air bubbles. 54. The nethod of claim 42, wherein
spi n-coati ng CNT suspensi on-photoresist mx on the substrate is
performed at a speed suitable for producing a continuous and uniform
filmof CNT-photoresist conposite on the substrate. 55. The net hod of
cl aim 54, wherein the thickness of the uniform CNT-photoresi st
conposigledtitiands s apgsethen 2eedend r el dudnisidey ofnfdarmt Ubes§ ofngulator
target device. 56. The nethod of claim55, wherein the speed is 5000
r pm f orplackedmbertorestrert Hehi sele orah ot dyerphist eresitde Bulbmtoatan oxi di zed
silicon wafer.

24, The nanoelectronic device of claim 23, wherein the

insulators are air insulators.

25. The nanoelectronic device of claim 23, wherein the

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

26. The nanoelectronic device of claim 23, wherein the

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

27. The nanoelectronic device of claim 21, wherein the at
least one conductive nanowire ig made of one of a

semiconductor and a metal.

28. The nanoelectronic device of c¢laim 21, wherein the nano-
wire are made of one of single-walled nanotubes and multi-

walled nanotubes.

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

Isp = Vsp / {Rc + Rewr)



59 57. The nethod of claim42, renoving solvent in the

nanot ubephot or esi st conposite conprises using a soft baking process

at a tenperature suitable for the pg toresist. 58. The nethod of 55
and 57wherein the filmof CNT- Mir gositTn1photoresist conposite is
baked at about 100C for about | mnute. 59. The nethod of claim42,
wherein the substrate is nmade of one of silicon, glass, plastic, and
ceramc. 60 60. A nmethod for manufacturing a carbon nanotube (CNT
devi ce usingW§e€N$Ipﬁb®oﬂésﬁs?1@@n65§Wﬁé¥1d%ﬁ%rf%?ﬁ@ electrode and the

second electrode, Re 1is a contact resistance between the at
least one nanowire and the first electrode, and Regr 18 an
addition of a resistance of the at least one nanowire which is

proportional to a length of the at least one nanowire.

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

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

“ON" state.
3l. The nanoelectronic device of claim 21, wherein the
nanoelectronic device has an “ON" state when the gate

electrode and the first electrode are connected to a positive
current source; and the nancelectronic device has an “OFF”
state when the first electrode is connected to a positive
current source and the gate electrode 1is connected to a

negative current source.

32, The nanoelectronic device of claim 31, wherein the
nanoelectronic device functions as one of a memory device, a

logic device and an amplifier.



di spersing a CNT suspension uniformly in a photoresist using an
ultra-sonication to produce a CNT suspensi onphotoresi st m x;
spin-coating the uniformy disperéﬁg CNT suspensi onphotoresi st m x on
a substrate to produce a film of Bhotoresist conposite;
| i t hogr aphi zi ng t heCNT- phot oresi st conpositefil maccording to one or
nore predeterm ned patterns; exposi ng segnents of the CNT
devi ce cording to the |ithographized patterns; and renpovi ng
one or fore UMRantERORIRE W ihe ©TFOL Rlesi $12EBdsi t eVRPFRID 6Rhe
The net hod of claim601 wherein |ithographizing the CNTphot oresi st
conposi nanpelpctowpriicseslamiary omes of an pHENGI i tHedgreapwhemd Bine  gate
el ectron-beam | it hography.
electrode is connected to a negative current source and the
first electrode is connected to a positive current source; and
the nanoelectronic device hag an “OFF* gtate when the first
electrode is connected to a positive current source and the

gate electrode is connected to a positive current source,

34, The nanoelectronic device of claim 33, wherein the

nanoelectronic device functions as a memory device.

35. The nanoelectronic device of claim 21, wherein the
nanowires of different diameters are used to achieve different

speeds of the nanoelectronic device.

35. The nanoelectronic device of c¢laim 21, wherein the gate
electrode 1s configured to receive a wvariable voltage to
achieve an adjustable contact area between the CNT nanowire

and the gate electrode.

37. 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.



61 62. A nethod for produci ng pure sem conductor carbon nanotubes
(CNTs), the nethod conprising: pl acing a m x of sem conductive
CNTs and netal CNTs in a controllabg% envi ronnent ; and appl yi ng
an adjustable laser to nelt away thé nmetal CNTs without affecting the
sem conductive CNTs. 63. The nethod of 62, further conprising
controlling an oxygen content of the controllable environnment. 64.
The nmethod of 62,further conprising controlling a tenperature of the
controll able environnment. 65. The nethod of 62, further conprising

using the laser with a bandgap | ess than |eV.
38, The nanoelectronic device of claim 37, wherein the

nanoelectronic device functions as a non-volatile memory

device,



66. The nethod of 62, wherein the controllable environment is a

hi gh- vacuum chanber. 62 CNT DEVI CES, LOW TEMPERATURE FABRI CATI ON OF
MI' AND CNT PHOTO- RESI STS ABSTRACT Aggethod is provided for growth of
carbon nanotube (CNT) synthesis at a | ow tenperature. The net hod

i ncl udes preparing a catal yst by placing the catal yst between two

net al

| ayers of high chem cal potential on a substrate, depositing

such placed catalyst on a surface of a wafer, and reactivating the
catalyst in a high vacuumat a roomtenperature in a catalyst
preparation chanber to prevent a deactivation of the catalyst. The

met hod a%so0 Enclmeddsdyr ofwing warbbhc Fanbidbes onanpelsubserate PAVEAG,
hi gh vacuumin a CNT growth chanber after preparing the catal yst.

FIG 1-tomprising

creating a three-electronic structure having a 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.

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

vertically below the second electrode.

41.; The wmethod of 40, 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 bhetween thé second electreode

and the substrate,
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42. A method for fabricating carbon nanotube {CNT)-photoresist
composite, comprising

preparing a CNT suspension wusing 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.

43. The method of claim 42, 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.

44, The method of claim 42, wherein the raw CNT structure-
containing material contains singled-wailed CNTs or multi-

walled CNTs and the CNTs are formed by one of a thermal
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chemical vapor deposition, & plasma enhanced chemical vapor

deposition, a laser ablation and an arc-discharge.

45. The wmethod of claim 42, wherein the raw OCNT structure-
containing material is mixed with a liguid medium that is one

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

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

solvent is a Dimethylformamide (DMF).

47. The method of claim 42, wherein a concentration of the CNT
in the CNT suspension varies depending on a desired density of

the CNT.

48. The method of claim 42, wherein the photoresist is one of

a negative photoresist and a positive photoresist.

49, The wmethod of claim 48, wherein the photoresist is a

Microposit™ 1800 series.

50. The method of claim 49, 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.
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51. The method of claim 50, wherein one volume ratio of the

CNT suspension with a DMF medium to a Microposit™ photoresist

solution is 2:9.

52. The method of claim 42, wherein the CNT suspension-
photoresist wmix is subject to an ultrasonic energy at ambient

temperature for about 40 minutes.

53. The method of c¢laim 42, wherein the CNT suspension-
photoresist mix is left to stabilize for at least 20 minutes

to aliow a removal of trapped air bubbles.

5. . The method of «claim 42, 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.

55. The method of c¢laim 54, wherein the thickness of the
uniform CNT-photoresist composite film is based on a desired

density of nanotubes for a target device.

56. The method of claim 55, wherein the speed is 5000 rpm for

a l-micrometer thick nanotube-photoresist f£ilm on an oxidized

silicon wafer.
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57. The method of claim 42, removing sclvent in the nanotube-
photoregist composite comprises using a soft baking process at

a temperature suitable for the photoresist.

58. The wmethod of 55 and 57 wherein the film of CNT-
Mciroposit™ photoresist composite is baked at about 100°C for

about 1 minute.

59. The method of claim 42, wherein the substrate is made of

one of silicon, glass, plastic, and ceramic.
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60. A method for manufacturing a carbon nanotube {(CNT} device
using a CNT-photoresist composite, comprising

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 CNT device according to the
lithographized patterns; and

removing one or more unwanted areas of the CNT-

photoresist composite f£ilm.

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

photolithography and an electron-beam lithography.
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62, 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.

63. The method of g, further comprising controlling an oxygen

content of the controllable environment.

b4, The method of 62, further comprising controlling a

temperature of the controllable environment.

65. The method of 42, further comprising using the laser with

a bandgap less than leV.

66. The method of 62, wherein the controllable environment is

a high-vacuum chamber.
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CNT DEVICES, LOW-TEMPERATURE FABRICATION OF CNT AND
CNT PHOTO-RESISTS

ABSTRACT

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 room temperature in a catalyst
preparation chamber to prevent a deactivation of the catalyst.
The wmethod also includes growing carbon nanotubes on the
substrate in the high vacuum in a CNT growth chamber after

preparing the catalyst.

FIG. 1-1



