WO 03/081687 PCT/ US03/ 07269 SELF- ALI GNED NANOTUBE FI ELD EFFECT TRANSI STOR
AND METHOD OF FABRI CATI NG SAME BACKGROUND OF THE I NVENTION 1. Field of the
| nvent i orwb 0Flg16pT esent invention relates to field effect PChr®0yIR6Drs, and
nore particularly, to carbon-nanotube field effect transistors. 2.

Di scussi on of dhe-Relaivesd Axndrve eriEg drfedDimewarsmangmect roni cs,

few material s= 10 show as pielr 'd¥ e racAaR) Wee and In particul ar
carbon nanotubes, which conprise holTow cylinders of graphite, angstrons

in diameter. Nanotubes can be inplenented in electronic devices such as
di odes and transistors, JBpERERAYNDOAFt BEBENENBENEEOY el ectri cal
characteristics. Nanotubes are 15 unique for their size, shape, and

physica& PLOR ati St heStRUSLUL | y a carbon-nanotube resenbl es a hexagonal
lattice 5oﬁlcgrb8§-TUF+E£F$%#%T4% cylinder. Besides exhibiting intriguing
guant um beha r W, rat r han t xhi bit at |east
tmo.$nportan#hgzérgégbgcﬁg&%ggggg:%%gﬁg%%tE%efggggbggg%¥ﬁér metallic or
sem conduct aor. _dependi it isralki i e, Q%%%gﬁyyg ; try).
thalligrﬁgﬁéfg gg’cgﬁgcgggﬁ %?%?éﬁg?ﬁ&ﬁgﬁgg% gﬁ%?%%% ensitiegh%?$ﬂE )

constant -resistivity, i conducting nanotubes can be electrically
smﬁtchegfgﬁcgngra %nggggtfield-effect transistors (FETs). The two types

0
may be covalently joined (sharing electrons). These characteristics

2. Discussion of the Related Art

In the field of molecular nanoelectronics, few materials
10 show as much promise as nanotubes, and in particular carbon
nanotubes, which comprise hollow cylinders of graphite,
angsﬁroms in diameter. Nanotubes can be implemented in
electronic devices such as diodes and transistors, depending
on the nanotube’s electrical characteristics. Nanotubes are
15 unique for their size, shape, and physical properties.
Strudturally a carbon-nanotube resembles a hexagonal lattice
of carbon rolled into a cylinder.
Besides exhibiting intriguing quantum behaviors at low
temperature, carbon nanotubes exhibit at least two important
20 characteristics: a nanotube can be either metallic or
semiconductor depending on its chirality (i.e., conformational
geometry). Metallic nanotubes can carry extremely large
current densities with constant resistivity. Semiconducting
nanotubes can be electrically switched on and off as
25 field-effect transistors (FETs). The two types may be

covalently joined (sharing electrons). These characteristics



WO 03/081687 PCT/ US03/ 07269 2 point to nanotubes as excellent materials for
maki ng nanoneter-sized sem conductor circuits. In addition, carbon

nanot ubeswarog/osrse? di nensi onal el ectrical conductors, nearcagsoher2eon! y
one-di nensi onal 5 quantum nmechani cal node carries the current. This can be
a significant advantage with respect Ho the device performance of a

car bon- nanot ube based transi stor since scattering in the nmaterial is
significantly suppressed. Less scattering nmeans a better performance of

t he devi cepolft Foy menbhrkes tasr gknal leley imeesrsaich fas aak I, a gate (the
third termnal) needs to be isolated fromthe electrically active channel
regi on as WePPmekeny sdEadcee TP aUarar (fitEditst his purpose a dielectric

material, e.g.,_siljcon dioxide can rove device
characteristics ?r?%§1%ﬁ8%h &3%D8e§anﬂ§§a?ﬁeaf%ﬁ%ﬁhgnge%?l?qﬁ | ayer can be
reduced. Thhg feduot i gRg LOsrLagesnihe tﬁll%tceoﬁﬂp%let ange,andihnproves the
gat e-t o-channel coupling. For standard silicon field-effect devices the

gat e capaciguanten SEAhAsitaYeisrl Yapr pOheoBatrdd . thesdif] @etgic film
t hi ckness. For currently manufactured 20 hi gh-perfornmance processors, the

Si 02 t hi ckseégsifscdrgs sdvaairageinith Srepndatcant ths dewitheperfeduenten can be
difficult to achieve since gate | eakage through the dielectric film

i ncreases ©fpanedthaa-PpnebibahagrideraHilckAessi e GrAARMT I NdoBvERe the gate
capaci tance for carbon- pgnot ube 25 transistor doeanot scal e |nversely

propor t i ondPCRFIA tife S1EPEHEATE FIPRASHNCCKk e SCRSEEAHY ¢&PBBN2 nanot ubes

follow a better performance of the device.

10 For a three terminal device, such as an FET, a gate (the
third terﬁinal) needs to be isolated from the electrically
active channel region as well as a source and a drain. For
this purpose a dielectric material, e.g., silicon dioxide can
be used. To improve device characteristice in silicon devices,

15 the thickness of this layer can be reduced. This reduction
increases the gate capacitance and improves the
gate-to-channel coupling. For standard silicon field-effect
devices the gate capacitance scales inversely proportional to
the dielectric film thickness. For currently manufactured

20 high;performance processors, the Si10; thickness is less than
4nm. Significantly, further reduction can be difficult to
achieve since gate leakage through the dielectric film
increases exponentially for an oxide thickness below 4nm.

'However, the gate capacitance for a carbon-nanotube

25 transistor does not scale inversely proportional with the

dielectric film thickness. Instead, carbon-nanctubes follow a

logarithmic scaling law. In comparison with a standard silicon



| ogarithm c scaling law. In conparison with a standard silicon WO 03/081687
3 PCT/ US03/ 07269 field-effect transistor, the gate capacitance for a

car bon- nawotoalog168T ansi st or can be | arger because of the egriusds/Hed
geonetry of these objects. No known system or nethod has inplenented a
nanotube to 5 achieve performance andzsmaller size in an FET. Therefore, a
need exists for a system and nethod of preparing nanotube based FETs.
SUMVARY OF THE | NVENTI ON According to an enbodi nent of the present

i nvent i on, faeldeifelct- arinmiet ocar bon-gwrot apec fiaelcd ebfect transi stor

sem conductor. device is provided. The device conprises a carbon-nanotube
deposi t ed SATRPRITBIOCLLPR, tEpTE3HFEE @ Pe drEgeT bespred of tasfirst end and a

second end : car bon- nanot ub respectively, and a gate forned
substantiaf?%l%%gfag S?T?dﬁ’f% g?eT%éigsFB%n-nanotube, separated fromthe

car bon- nanot ub dj r-C L4 h%ﬁﬁHRE e_conprises,_a thermal
oxi de depositegk£$§?%g é%%%%ié% g%%%?%g?g. et é?ﬁa Igifﬁggfst%bout 150
nanonet ér s achidwek pe2@odien@atdi smd Lrdher zseparat edrf reMmiiere, o

car bon- nanotube by an oxide layer. A portion of the gate is separated from
the sourceeaticerisgsdfar e pysaeni 4nd detbpdcef .prEperieyicmdtubther conpri ses

a passivation dielectric |ayer over the device.
based FETs.

SUMMARY OF THE INVENTION

According to an embodiment of the present invention, a

10 self-aligned carbon-nanotube field effect transistor
semiconductor device is provided. The device comprises a
carbon-nanoctube deposited on a substrate, a source and a drain
forméd at a first end and a second end of the carbon-nanotube,
respectively, and a gate formed substantially over a portion

15 of the carbon-nanotube, separated from the carbon-nanotube by
a dielectric film.

‘The substrate comprises a thermal oxide deposited over a
silicon substrate. The thermal oxide is about 150 nanometers
thick.

20 The gate is further separated from the carbon-nanotube by
an oxide layer. A portion of the gate is separated from the
source and the drain by a nitride spacer.

The device further comprises a passivation dielectric
layer over the device.

25 The device comprises an alignment mark in the substrate

to which the source and the drain are aligned.



25 The device conprises an alignnent mark in the substrate to which the
source and the drain are aligned. WO 03/081687 PCT/ US03/ 07269 4 The gate

wr aps ar owpd3vkwsdi el ectric fil mand the carbon-nanot ubePCa/usosidrét a back
si de of the carbon-nanotube. According to an enbodi nent of the present
invention, a carbon-nanotube field effgect transi stor sem conductor device
5 is provided. The device conprises a vertical carbon-nanotube wapped in a
dielectric material, a source and a drain formed on a first side and a
second side of Thre searburepmrorube, thy addpéetinid fily bifider nitride

conpl ex through which a band strap of each_of the source and the drain is
formed confEEPPHTOTRE CArBBraRandsE /i dppdd thg FREPUT SrERETPR: materl al

to the source and t.he d and ate f or med subst I.Iv over
portion of the 2gar 5SAEH anot urf)emg ﬁgm%“ewoge%o rrelss%lg g&é% °¥‘ at al yst at a

base of th%arseﬁﬂ%o@aeet Berg LerédecandiRgstor %l%me%é@xnueqacé he present
invention, a nethod is provided for form ng a self-aligned carbon-nanotube

field efsfeglk bransisst.ornhsefdwiRdyeheri @y kCeertitailmetbboh aarPLiuBes
depositing a nanotube on a thermal oxide substrate, wherein the substrate
i ncl udes awrabpghnent Aaekscigoninagealal20 anevatcec emdast detiredohnehd of the
nanot ube, wherein a first nmetal contact is a source and a second net al
contact is©o® adfBish SiA8 #ePcsiSCLARS atidenoE phigt A PR BRI RS, over t he

dert oo The AP St ek, PO Loge. LOTLDg L L11IS,SBRESI % 59Ra0PPOS! S
strap of each of the source and the drain is formed connecting

10 the carbon-nanotube wrapped in the dielectric material to the
source and the drain, and a gate formed substantially over a
portion of the carbon-nanctube.

The device comprises a metal catalyst at a base of the
carbon-nanotube.

15 According to one embodiment of the present invention, a
method is provided for forming a self-aligned carbon-nanotube
field effect transistor semiconductor device. The method
compriges depositing a nanotube on a thermal oxide substrate,
wherein the substrate includes an alignment mark, forming a

20 metal contact at each end of the nanotube, wherein a first
metal contact is a source and a second metal contact is a
drain, and depositing an amorphous silicon layer over the
device. The method further comprises forming nitride spacers
on opposing sides of each metal contact,depositing a high k

25 dieléctric film over the device, oxidizing the amorphous
siliceon, and forming a gate substantially between the source

and the drain, and over the nanotube.



25 dielectric filmover the device, oxidizing the anorphous silicon, and
formng a gate substantially between the source and the drain, and over

t he nanotwbe3/0¥¥6803/ 081687 PCT/ US03/ 07269 5 The net hod comemisesotepositi ng
a passivation dielectric over the device. The nanotube is a single-walled
nanotube. The nmetal contacts are forngd using a photoresist. 5 According
to an enbodi nent of the present invention, a nethod is provided for
formng a self-aligned carbon-nanotube field effect transistor

sem conduct or dee @methdhedipirheds eaphties depesitdtigpra diahetidie on a

t hermal oxi de substrate, wherein the substrate includes an alignnment nark,
form ng a ¢Gemethgl deviteaact by reactive ion etch at each end of the

nanot ube, wherein a first netal contact_is_a source and a second net al
contact is a drEnPeBAdHorR AgS RIS HBLEPhAEret bR oPl5ogFhY! si des of each
met al contact. Ihe met oqm&ygﬁggr acggpg%ggﬁﬂgepositing a high k dielectric
filmover FR&-Hevi 867 1% and ‘forming a gate substantially between the

source and the pdrahn,and, Qvebmbhe RAROLELS e The BBt had £ emBh] ses
depositing a passivation dielectric over the device. According to an

enbodi nent nefndda sppeseided moentbomingaa 261 freflheded Scpravi-dedofdre f orm ng a
sel f-aligned carbon-nanotube field effect transistor sem conductor device.
The met hodfiebhmfifses depusistiongsemitamdtober glevaceheflmalmeskpde substr at e,

wherein the substrate includes an alignnent mark, and,forning
comprises depositing a nanotube on a thermal oxide substrate,

wherein the substrate includes an alignment mark, forming a
10 metal contact by reactive ion etch at each end of the
nanotube, wherein a first metal contact is & source and a
second metal contact is a drain, and forming nitride spacers
on opposing sides of each metal contact. The method further
comprises depositing a high k dielectric film ovexr the device,
15 and forming a gate substantially between the source and the
drain and over the nanotube.
The method comprises depositing a passivation dielectric
over the device.
‘According to an embodiment of the present invention, a
20 method is provided for forming a self-aligned carbon-nanotube
field effect transistor semiconductor device. The method
comprises depositing a nanotube on a thermal oxide substrate,
wherein the substrate includes an alignment mark, and forming
an amorphous silicon pillar over each end of the nanotube. The
25 method further comprises isolating the amorphous silicon
pillars with a layer of oxide, forming a gate dielectric layer

between amorphous silicon pillars, and forming a gate



an anorphous silicon pillar over each end of the nanotube. The 25 net hod
further conprises isolating the anorphous silicon pillars with a |ayer of
oxi de, fowpimgswsyate dielectric |ayer between anorphous PsiTitusonor2pd | | ar s,
and formng a gate WD 03/081687 6 PCT/ US03/ 07269 substantially between the
anor phous silicon pillars and over thg nanotube. The net hod conpri ses
formng a nitride |layer over the gate, form ng oxi de spacers on each side
of the gate, replacing the anorphous silicon with nmetal contacts, wherein
a 5 first swisalkneontBetbeitgean St eecapitbwr sedonon netldlareomtdcivers a drain,
and depositing a passivation dielectric over the device. According to

anot her enbwiingeatuled. (e peelethtcomayésrs diPrmind nettHEF1PS PARA ded for

formng a self-aligned 10 carbon-nanotube field effect transistor
seni conductHi® &E‘@i%%‘?e' RE™HRY HSH o BT TEs “depRSt 15T 8fn€tiealgag§t‘ al yst on

a thermal X de,sulisl Laleo,d6PasiB0 & P WLaIPEsALIUE oldie L ayer over

the device % a,lccﬁlnﬂgta tren rough the oxi e netal catalyst and

into a therale axide underkyis the Bt @ala 15 seabad adralavenediehiiag the | ow
tenperature oxide layer to form oxide islands. The nethod further

conpri ses stddsipi, Nngn&xXpeeedsitbigala patsalysiiongdowl e cnanet ulde bet ween
netal catalyst beneath the oxide islands, and wapping the nanotube in a
gate diel éetidec. The net hod conprises formng nitride spacers on 20 the

opposi ng surfaces of the oxide islands, form ng, a ate substa,cnti ally
bet ween t he Oxpﬂgorg}%ﬂuﬁy B?OEh%ﬁﬁ§ﬂ9°d%§iﬁﬁ of the pPresent invention,

a method is provided for forming a self-aligned

10 carbon-nanotube field effect transistor semiconductor device.
The method comprises . depoegiting a metal catalyst on a
thermal oxide substrate, depositing a low temperature oxide
layer over the device, etching a trench through the oxide, the
metal catalyst and into a thermal oxide underlying the metal

15 catalyst, and etching the low temperature oxide layer to form
oxide islands. The method further comprises stripping exposed
metal catalyst, growing a nanotube between metal catalyst
beneath the oxide islands, and wrapping the nanotube in a gate
dielectric. The method compriges forming nitride spacers on

20 the opposing surfaces of the oxide islands, forming a gate
substantially between the oxide islands by chemical vapor
deposition and over the nanotube, and depositing a passivation
dielectric over the device.

According to an embodiment of the present invention, a

25 method is provided for forming a self-aligned carbon-nanotube

fiela effect transistor semiconductor device. The method

comprises growing a nanotube vertically from a metal catalyst



deposition and over the nanotube, and depositing a passivation dielectric
over the device. According to an enbodi nent of the present invention, a 25
met hod i swproowswed for formng a self-aligned carbon- nanotrarase$/vebd ef f ect
transi stor sem conductor device. The nmethod conprises growi ng a nanot ube
vertically froma netal catalyst WO 037081687 7 PCT/US03/ 07269 form ng on a
surface of the sem conductor device, formng a nitride block structure,
and wrapping the nanotube in a gate dielectric. The nmethod conprises
deposi t i ngf@rgateones aurfegparhit g eohrepdiavweratetitsal FOE™HY tthe
dielectric layer, 5 depositing a nitride |ayer, and fqrm.ng gate netal
pillars cappadenblec FEmictHFae 38y ¥raraiRg FEenBE"T Hitr9de spacers
around the_pillars, 0Si drain netal s ant | ween the
pillars seﬁg?]zftcéa Fr gﬁ? ﬁ”eetcglgsecomrpertlglesb@eﬁ’%sé&?i%l gc#%écﬁeggier, and
deposits a vat i I clad t dexi £&:+iBRhEF<PESCRI PTI ON OF
THE DRAW rg gr?gﬂné%ng%ﬁéﬁt%ﬁﬁgygﬁgﬁ%ngznt inventionEmAII be

descri bed BglowdiRgmare: walwl hayyt | hiodeEereiiee gheet hecalagdoipanyi ng
drawings: 15 Figs. la-i illustrate a source/drain first carbon-nanotube
field effeehtppdcandiit tiie acicoridentpyer .afhe epiddidménrndfnityd dpr esent

invention; Figs. 2a-b illustrate another source/drain first
car bon- nanspatrrs pepundftheriflansi deprsaee gt dRght 8o

substantially between the pillars separated from the gate
metal by the dielectric layer, and deposits a passivation

10 dielectric over the device.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention will Dbe
described below in more detail, with reference to the
accompanying drawings:

15 Figs. la-i illustrate a source/drain first
carbon-nanotube field effect transistor according to an
embodiment of the present invention;

Figs. 2a-b illustrate another gource/drain first
carbén—nanotube field effect transistor according to an

20 embodiment of the present invention;

Figs. 3a-g illustrate a gate first carbon-nanotube field
effect transistor according to an embodiment of the present
invention;

Figs. 4a-d illustrate a carbon-nanctube field effect

25 transistor comprising a nanotube grown in place according to

an embodiment of the present invention;



20 enbodi nent of the present invention; Figs. 3a-g illustrate a gate first
carbon-nanotube field effect transistor according to an enbodi nent of the
present Wwpowa/8i68T; Figs. 4a-d illustrate a carbon-nanot ulpeTfiised/ar2ed f ect 25
transi stor conprising a nanotube grown in place according to an enbodi nent
of the present invention;, WO 03/081687% 8 PCT/ US03/ 07269 Figs. 5a-n
illustrate a carbon-nanotube field effect transistor conprising a nanotube
grown in place vertically according to an enbodi nent of the present

i nvention; andrkEggs.sdbar hlilhstistteatecdiv@chedotsisentileydodf frrtot ubes 5
according to an enbodi nent of the present invention. DETAILED DESCRI PTI ON
OF PREFERRERENBCDF VENPS1sABg 0 diangtiibe st withddi petfte JrrEhed Pivesent
invention, a gate, a source gnd a drain of a field effect transistor (FET)

are self- a?‘f%&élngt?ﬁeraé’b?m% H&‘?%OSVE}FTé’deESBBCWV%égn‘1%“ ccording to an
embodi ment - of che préesebnt 1']_P¥€rr§ Oﬁir%ct{@raggg{p? Eﬁggnggbééan be

fabricated using 95 paaftern rans wherei n the source
and t hes dr ai 0,21 84 0f TR enB8h Ofsht ke gﬁéeprela%herm-&&ttl@nﬁ gs. la-i, an

al i gnment mark 81 is formed in a thermal oxide 102 and silicon substrate
15 103. The alignment mark 101 is a high precision feature that can be
used as a reference when p03|t| oni ng patterns The thermal oxide 102 is
deposited over theDEIAILER BIGR T P PREFER / xanpl e, P+ doped
(0.0152-cm about

According to an embodiment of the present invention, a

gate, a source and a drain of a field effect transistor (FET)
are self—aligned> thereby reducing overlap capacitances.

10 According to an embodiment of the present invention, a
carbon-nanotube FET can be fabricated using a pattern transfer
by lift-off etch, wherein the source and the drain are formed
before the gate. Referring to Figs. la-i, an alignment mark
101 is formed in a thermal oxide 102 and silicon substrate

15 103. The alignment mark 101 is a high precision feature that
can be used as a reference when positioning patterns. The
thermal oxide 102 is deposited over the silicon 103. The
silicon can be, for example, P+ doped (0.01Q-cm, about
3x10%%cm™3) . A nanotube 104 can be deposited on the thermal

20 oxide 102 and a photoresist 105 can be positioned by
photolithography. The nanotube can be deposited in the form of
a slurry, where nanotube deposition ig random. The nanotube
can be depogited by directed assembly, as described below. The
photoresist exposes the ends of the nanotube. Metal contacte

25 106-107 are formed in the trenches that expose the nanotube

ends. The metal can be, for example, Cobalt (Co), Nickel (Ni),



3x1 018cnB). A nanotube 104 can be deposited on the thermal 20 oxide 102 and
a photoresist 105 can be positioned by photolithography. The nanotube can
be deposiwedsiogié8he form of a slurry, where nanotube dep®€irttisonoizsd r andom
The nanotube can be deposited by directed assenbly, as described bel ow.
The photoresist exposes the ends of tle nanotube. Metal contacts 25
106-107 are forned in the trenches that expose the nanotube ends. The
netal can be, for exanple, Cobalt (Co), N ckel (N), WO 03/081687
PCT/ US03/ 07269stermuigst en TWeniom TTilaniThm ¢933L cEhebaededosdandbe deposited
over the device, filling the trenches exposing the ends of the nanotube
104. The pREEBred sevios: chh HeIsthe pgredchb RS Rcdng Heps&ideeati #91 he
trenches forn1sq$ré_/dr@%n ontacts 107. .5 An anorgh S SiLigon (a-Si)
% 1 B

106-
108 can be "@8R03 “overst °t0586i1%%.1%/§ PP S AYRY ccan deposi t ed

over the agggo%#@seﬁ&n ihe Ndfhds a0, %%u?tcg,h%itnocgﬂﬁgétgé)%%%lr—ﬁ?m?- g., 110

on the si the nmetal contacts 106-107. The anor phous silicon 108 can
be sel eati vel ¥nseimNedsol vt @hem cald vaaxbdi Zgdbsifed Oogat endi el ectric
film 111 can be deposited over the device. Here as in the follow ng

met hods, tRkevdeel ecitikceidanidyer $0bi con bei depaeitasl weet s angiot her hi gh-k
dielectric material, for exanple, H 02. A gate 112 can be forned

subst ant i alYayepet e Alithédpetan beontdtass tPOBCID TSR NGE the 180seur ce and

drain, for exanple by CVD and etching. A passivation dielectn;c | ayer 113
i s deposi t édeofeies I GBGi BeEal FRETEOUT ¢@l-dP4i grgEpReeL L4 8on
seH-Mimq%Jote aHgmm% mark 1

carni be selegtively removeé”@r wet chemically oxidized. A
10 gate dielectric film 111 can be deposited over the device.
Here as in the following methods, the dielectric can be
siligon dioxide as well as any other high-k dielectric
material, for example, HfO,. A gate 112 can be formed
substantially between the metal contacts 106-107 forming the
15 source and drain, for example by CVD and etching. A
passivation dielectric layer 113 is deposited over the device.
The éource, drain and gate 112 are self-aligned to the
alignment mark 101.
Alternatively, the source/drain can be formed before the
20 gate with a reactive ion etch (RIE). Referring to Figs. 2a-b,
a method forms the source/drain, 106-107, first using RIE to
define the source/drain metal. The RIE needs to be isoclated
from the carbon-nanotube 104. A nitride layer 201 can be
deposited over the device and etched from the areas
25 surrounding the metal contact. Nitride spacers, e.g., 202, can
be formed on the sides of the metal contacts. A gate

dielectric 203 is deposited over the device. The gate metal



Alternatively, the source/drain can be fornmed before the 20 gate with a
reactive ion etch (RIE). Referring to Figs. 2a-b, a nethod forns the

sour ce/ dreporn3/0887 107, first using RIE to define the souPca/woadT26MEt al .
The RIE needs to be isolated fromthe carbon-nanotube 104. A nitride |ayer
201 can be deposited over the device gnd etched fromthe areas 25
surrounding the netal contact. N tride spacers, e.g., 202, can be forned
on the sides of the metal contacts. A gate dielectric 203 is deposited
over the devicies fEbpe@adnstanalal¥y @3408468hPEHLUSOH V268 4P-204 is
formed substantially between the source and the drain, 106-107. A

passi vat i ohOehdl7echr bas20Hmtdan Beclbaiasit 2eF erer bet frepatdriedeovdhe t her nal
oxi de can be afpnoxinately 150nm thick. 5 According to anot her- enbodi ment
of the preskntdavivent Fiam, thegRal gtidisc SAnbRe fARPFed Bt Ye 1eRB sour ce/ dr ai n.

Anor phous ]icon 301 can be deposited over the ends of the nanotube 104.

il
The a-Si ¢ ﬁl%e' covered with an oxide layer 302. A gate dielectric 303 can

be depogit ed b%@%%aiﬁget@-aﬁgth@r GembodQhent® JO t9at 8r304,CaR be: {01 med
substantially between The a-Si pillars, e.g., 301. Anitride [ayer 305 can

be fornmed exgrgdthecgative sl BOArOthdesspargusaif, Amord@busan be forned
on the ends of the gate netal 304. The exposed corners of the a-Si/oxide
can be strippethn éxposamdre ldepasBied Pverr emmigundsgosd- Sie Isnsunbeundi ng t he
gate nmetal can be renoved by RIE. Metal contacts_307-308 can be deposited
in the ared%pr &HeoasEy cave Oepicederr tiéhaasioxitive I AEehl3 Ponfasts® 307- 308

are connect.ed , , ,
dielectric 303 can be deposited between the a-Si, e.g., 301. A

10 gate 304 can be formed substantially between the a-8i pillars,
e.g., 301. A nitride layer 305 can be formed over the gate
metal 304. Oxide spacers, e.g., 306 can be formed on the ends
of the gate metal 304. The expozed corners of the a-Si/oxide
can be stripped, exposing the a-Si. The remaining a-8i

15 surrounding the gate metal can be removed by RIE. Metal
contacts 307-308 can be deposited in the area previously
occupied by the a-Si. The metal contacts 307-308 are connected
to)the nanctube 104 that runs beneath the gate dielectric 303
and gate metal 304. The metal contacts 307-308 form the scurce

20 and the drain of the device. The metal contacts 307-308 can be
aligned to the alignment mark 101 deposited in the thermal
oxide 102 and gilicon 103 substrate. A passivation dielectric
309 can be deposited over the device.

According to an embodiment of the present invention, a

25 carbon-nanotube FET can be grown in place. The source/drain

can be formed before the gate. An amorphous silicon layer 401

ig deposgited over the thermal oxide layer 102. A low



to the nanotube 104 that runs beneath the gate dielectric 303 and gate
metal 304. The netal contacts 307-308 formthe source 20 and the drain of,
t he devi cwo 0Blogl6REt @l contacts 307-308 can be aligned toPChasas/hement
mark 101 deposited in the thermal oxide 102 and silicon 103 substrate. A
passivation dielectric 309 can be depgsited over the device. According to
an enbodi nent of the present invention, a 25 carbon-nanotube FET can be
grown in place. The source/drain can be formed before the gate. An

anor phous sepeaoturayexidd(LTO3 Haposidvedcavdre depotherdmivenxtide | ayer 102.
A low WD 03/081687 11 PCT/ US03/ 07269 ten‘ger ature oxide (LTO |ayer 402 can
be deposi t BtV eEtehEst net diregahardistbe AtehehdFBahPPeP®E%hé82f rom t he

oxi de 402, anorphous.silicaon 40 nd thernn i.de_102. The anorphous
silicon 40%7eH ﬁéH?%ﬁI‘ﬂ?quﬁﬂ r&c 4 Ot eeﬁ)évzv'tﬁ%e o"’knllodﬁgﬁguﬁoz A net al

cat al yst 4%%?%%&.’10"403)(@&;9'1?6 p'é?‘tfi:lg?ly N.in.d%!;: Eod M onC 881 B 1SR bxagsenbl ed on

t he edges e undercut anorphous silicon film401. The carbon-nanot ube
403 cansbe,gs oW rRebweesat A LeNB| Nfdig cRAp1ONFOf cbhevietrak¢ad al yst
401B, wherein a portion of the nanotube is suspended over the thernal

oxi de 10 1@2n ¥e gefl€-distmctad onf thenetdscah tie depesetiecnpyrrotesi cal

vapor deposition (CVD), w apping the nanotube 403. Thus, the nanotube 403
can be conpliéiedy fgdmeted. itich celeogataamotybe| €6t e, be. grownsbeepeerSpacer s,
e.g., 405, can be formed on the sides of _the 402. A gate 406

fo . xi de, e.qg.,
can be for #B8 1SEFHEFaRPTEIINF BE WeR PR G5 Ste Q1B 405 S(F Rhe etch in

the portion of the nanotube is suspended over the thermal oxide

10 102. A gate dielectric film 404 can be deposited by chemical
vapor deposition (CVD), wrapping the nanotube 403. Thus, the
nanotube 403 can be completely covered with the gate
dielectric, e.g., 8i0,. Spacers, e.g., 405, can be formed on
the sides of the oxide, e.g., 402. A gate 406 can be formed

15 substantially between the oxide, e.g., 402. If the etch in the
thermal oxide 102 is sufficiently deep, the gate metal 406 can
surround the whole nanotube 403 and the dielectric film 404
stack. For this purpose the gate metal can be deposited by
means of chemical vapor depogition to cover the back side of

20 the nanotube/dielectric film stack. The wrapped around
configuration offers a good gate-to-nanotube coupling. A
passivation dielectric 406 can be deposited over the surface
of the device.

According to another embodiment of the present invention,

25 a carbon-nanotube can be grown in place vertically. The
nanotube can be grown vertically from, for example, a metal

source at the base or a metal particle catalyst. Referring to



thermal oxide 102 is sufficiently deep,

the gate netal 406 can surround

t he whol e nanot ube 403 and the dielectric film404 stack. For this purpose

t he gat e wetcaloswan be deposited by mneans of chem cal

vap@®CTAspysized on to

cover the back side of 20 the nanotube/dielectric filmstack. The w apped
around configuration offers a good gaﬁ;-to-nanotube coupling. A
on dielectric 406 can be deposited over the surface of the
devi ce. According to another enbodi nent of the present invention,
car bon- nangtgbesLan hemgiHMWraR1 PhacR 1veshikaldoymedhsn diRNRL UDE£AN be
grown vertically from for exanple, a netal source at the base or a neta
particl e catbétystte Referx ifigstol¥¥r0IE08168KLCDIEUSEB/ Y 260042tdd g. 5a-n, a

passi vati

nmetal catalyst 501 can be fornmed on the silicon

25 a

substrate 502. A first

| ayer of NPVeT ddiesdsvian: Har ¢&pesi tagr §0ércarhdeddopesitemh oukf ded ayer 504
can be depqsited over the first |layer o itride 503, A second |ayer of

Nitride 505'F3n BY6E Gepbited oler

506, ca
catal ys

f
ﬁI?§°8¥$tﬁ?¥9§4?fAytﬁﬁﬂ4§rég?sqﬁn e.g.,

S Ll anaihe deviseabiaho olisnogsashy.  wher ehp, g, ot

exposed. ura

y of seton dl ysts, e.g., 507,

are deposi bed:oMels bhec feHLR ce THE pHIIRY OF 8BS iphyS - SheroUb chEafeddar | pped,
such that the second 10 catalyst, e.g., 507, fornmed on the first netal

cat al yst
nanot ube,

10

15

20

25

5@icalwtaisnl Fe osmpeaeh . SRgondaetal o afedbydtpetenlg. , 507,

a

e.g., 508, can be grown vertically. Thus, two-dinensional and
t hr ee- di nerstaledt=ar rags, df0hanveulrzpsdind deerf ¢heedevice. The

photoregist, e.g., 506, can stripped, such that the second
catalyst, e.g., 507, formed on the first metal catalyst 501
remain. From each second metal catalyst, e.g., 507, a
nanofube, e.g., 508, can be grown vertically. Thus,
two-dimensional and three-dimensional arrays of nanotubes can
be formed.

Vertical growth of the nanotubes occurs when the metal
particle catalyst is placed in a pore aligned vertically to
the egubstrate. In this case, the space for the growth is
confined and forces the growth of the tube to follow the
vertical direction. In principle, vertical pores such as in
Fig. '5b can be made using the resists and pattern transfer.

An amorphous Silicon layer 509 can be deposited over the
device. The device can be planarized down to the second
Nitride layer 505. A portion of the Nitride-Oxide-Nitride
layering, 503-505, can be removed from the device. A pillar
gurrounding the nanotubes, e.g., 508, and metal catalyst, 501
and 507, remains. A sacrificlal layer 510 can be formed over

the Nitride layer 505 the nanotubes 508 and the a-sSi 509. The



15 Vertical growh of the nanotubes occurs when the netal particle
catalyst is placed in a pore aligned vertically to the substrate. In this
case, thewepaosieBpr the growth is confined and forces thecgruses/ibred the
tube to follow the vertical direction. In principle, vertical pores such
as in 20 Fig.-5b can be nmade using thelgesists and pattern transfer. An
anor phous Silicon | ayer 509 can be deposited over the device. The device
can be planarized dowmn to the second N tride |layer 505. A portion of the
Ni tride- Xicdechit riger bayesd NGForb03a@R, €avabt QrROVEsyddam the devi ce.
pillar 25 surrounding the nanotubes, e.g., 508, and netal catal yst, 501
and 507, rewafaslaykrsglii tanitsd reaypesd SHOmc st el ahretlwyer oft he Nitride
| ayer 505 the nanotubes 508 and the a-Si 509. The WO 03/081687

PCT/ US03/ 07265148 %t 288 $e¥er™eafn-He,50PoFaexamsitehedi t ani um or tungst en.

Th ide |, 504 b d.f b t he | f Ntride,
503 and 505 HRE EG I E0Y B o Bt Shev =g, FE CEREDASPY N T ¢ he oxi de.
| ayer 504 frfaq&%@gm%.%h,e é%@.a&%gg&%i&g- 65157018&-_3/3' tgsnat] yel y, the a-So

509 can be renoved affef the oxi ayer -5 as been renoved. A gate

A

di el ectri c,reRofed d£kbr €88 &8 JONAPEr HQUALsthaNaRebybEeS A s8r8. . 508, over

the nmetal catal yst 501 and under the sacrificial |ayer 510. Alternatively,
for a two- diiedasioial e.30, a3¥lay ceh banuirmedsardihel gatensivlu@etri c 511 can
be deposited between the nanotubes. The sacrificial |ayer 510 can be

renoved, fér-Jexatif-eovBy e dtthhl FhealysteShbtald Sndecaphde deposited over

t he surface of,]tfhe, eyice. Athird Nitride , i
sacriricia ayer 510. Alternatively, for a two-~dimensional

10  array of nanotubes, the gate dielectric 511 can be deposited
between the nanotubes. The sacrificial layer 510 can be
removed, for example, by an etch, The gate metal 512 can be
deposited over the surface of the device. A third Nitride
layer 513 can be deposited over the gate metal 512. Portions

15 of the gate metal 512 and the third nitride layer 513 can be
removed. Pillars of gate metal and nitride spacers, e.g., 512
and 513, remain around the metal catalyst-nanotube structure.
Nitride spacers, e.g., 514, are formed around each pillar. A
drain 515 can be formed over the metal catalyst-nanotube

20 structure, forming a FET. The passivation dielectric 516 can
be deposited between FETs.

It should be noted that the exact mechanics of nanotube
growﬁh from a metal catalyst are not known. However, the
process of growing a single-walled nanotube from a metal

25 catalyst, for example, Cobalt (CO) over aluwmina-gupported
Molybdenum (Mo) particles, can be implemented in a number of

ways.



| ayer 513 can be deposited over the gate nmetal 512. Portions 15 of the gate
metal 512 and the third nitride layer 513 can be renpved. Pillars of gate
met al andwpimB8@87 spacers, e.g., 512 and 513, renain arokad/tSayoTree al

cat al yst-nanotube structure. N tride spacers, e.g., 514, are formed around
each pillar. A drain 515 can be fornmgd over the netal catalyst-nanotube 20
structure, formng a FET. The passivation dielectric 516 can be deposited
bet ween FETs. It should be noted that the exact mechanics of nanotube

growth froma petetacdf abysh aidieknknemrtheHpwesert itlrent process of

growi ng a single-walled nanotube froma netal 25 catal yst, for exanple,
Cobal t ( CQarmtebeal ean e puppon trddiceMby yéb detrhior (MA) digect P | *FSedi be
inplenented in a number of ways. WO 03/081687 14 PCT/USQ3/ 07269 Accordi ng
to an enbodithent thin tdROQHESENRT IFHPERL PBIFCSFHARGE R ScaR BEEPEt in pl ace

by a nethod of directed ass I rathe h d i
descri bed %%"tf\?@.lylf‘?‘%(Heedlseggg%’?rt‘}’foflggﬂg%fe a%s%eggggféilg%e%ﬁtg% a,lugr?gsverti cal
deposi t%ona Oﬁa}n%t%bg%‘é)ltr}é?%eﬁébpﬂvé%!e%%&ié/f‘orﬁ%ﬁ%gﬁiW_adrcihgﬂﬂc@y & cheni cal

or a physical process. "The selective deposition can include formng an
adhesi on | gygr, Qk2¢herd&als .graUPs1RGkILRE @Spodieaent eis irelhdvor a desired

e ont S 3k B oo o sboukoy roohosti v 5 & vl che 5
h e , peettive ¢ A nanot ube 601
can be prepared conprising predeterm ned chem cal groups 602, for

receptors to favor a desired deposition of tubes in a given
position. Figs. 6a and 6b show methods for horizontal and

10 vertical directed assembly, respectively. A nanotube 601 can
be prepared comprising predetermined chemical groups 602, for
example, a DNA strand or a thiol group, at each end. The
nanotube 601 can be brought into the proximity of a substrate
603 comprising receptors 604, for example, where DNA ie

15 implemented, a complementary DNA strand can be used. Where a
thiol group is used, gold particles or a contact shape
compfising gold, can be designed to bond with the chemical
groups 602 of the nanotube 601. The nanotube 601 can thus be
placed on the substrate 603 according to directed assembly.

20 For improved performance high-K dielectric films, those
havifg a high dielectric constant, can be used as gate
insulators. The capacitance of a carbon-nanotube FET does not
significantly change as a function of the thickness of the
dielectric film, thus, it can be difficult to achieve the

25 desired capacitance, even with thin gate dielectric films.

Aluminum oxide Al,0; (k = 9) as well as Hafnium oxide (HfO:) (k

= 20) are promising candidates in this context. CVD-aluminum



exanple, a DNA strand or a thiol group, at each end. The nanotube 601 can
be brought into the proximty of a substrate 603 conprising receptors 604,
for exanpwe,03mkmsse DNA is 15 i nmpl enented, a conpl enent ary PONAISSs/02p¢l can be
used. Where a thiol group is used, gold particles or a contact shape
conprising gold, can be designed to bead with the chem cal groups 602 of

t he nanot ube 601. The nanot ube 601 can thus be placed on the substrate 603
according to directed assenbly. 20 For inproved performnce high-K

di el ectri cedd bEBoxidiosR thayémgraachbghidli-a eateididlenstrantor can be used as
gate insulators. The capacitance of a carbon-nanotube FET does not

si gni fi cantVDradkhangeo.asan Heinkposnted divecthy ckinowaref vHe SdPel ectric
film thus, it can be difficult to achieve the 25 desi reg capaci_tance, even
with thin e Brereals doFFesRe thAl GRTRIAAPERT BRNFRL 203 3( ac_r‘%) °fs well as
Haf ni um oxi de (Hf 02)

, = 20) are.promsin andi dat Ln.this context.
CVD- al umi N SR 6%7 0 ?af5h%n‘@rﬁué%§?fﬁ (cfgno%e&‘oex;%l ?r!zLQ% to generate a
hi gh-K gate_di 146, QF ( cbe; fepasickads4i raekly.

Conmpar e%l vﬁ%%o%}nggéé Lfrhaglsgegn%{%eﬁlzt?% ih%éc)lr?eecgt?g t he gate capacitance by a
factor of upth@eli ¥ AREsCan dava rachalgoimehapacd eohbhentltd da 5
performance than reducing the dielectric filmthickness. Since nanotubes
are pFETS vacuam ahd ot gagenatliked AbgoonruiFETSef renngadaoeh aite i nert gases
| i ke Argon (Ar) after annealing, the device can be anneal ed befare the
deposi t i ondeYideheadi ¢ egmepded fhehntes thaderpoStR S cinveet 2 ¢HeE Hdfes into

NFETS. Capgi{%)is added. This converts the tubes into nFETs. Capping

10 them in situ with the dielectric also prevents tubes from
becoﬁing pFETs again. For a complementary technology the
dielectric film on FETs, which should be turned into pFETSs,
can be locally removed - also allowing the FETs to be doped. A
CVD deposition at low temperature coats these devices again

15 (without an extra annealing step before).

gince all structures (pFETs and nFETs) are covered with
oxide (or any other suitable dielectric f£ilm) no short is
generated when the gate electrode is fabricated. CVD can be
used - for the deposition of the gate. Using chemical vapor

20 deposition for fabrication schemes as described in Figs. 4 and
5 can ensure that nanotubes that are already wrapped in a
dielectric film become completely surrounded by the metal
gate. Thié can be important for good gate-to-nanotube
coupling. The gate metal can be patterned and removed where

25 desired. Source and drain electrodes can be opened for

electrical access.



10 themin situ with the dielectric also prevents tubes from becom ng
pFETs again. For a conplenentary technology the dielectric filmon FETS,
whi ch showbd3lgiesur ned i nto pFETs, can be |ocally renove@CT/Ev3ye72e¢ | owi ng
the FETs to be doped. A CVD deposition at |ow tenperature coats these
devices again 15 (w thout an extra anngaling step before). Since all
structures (pFETs and nFETs) are covered with oxide (or any other suitable
dielectric filnm) no short is generated when the gate electrode is
fabricated. CvDimamdgheesustshd @reEberepRasbliimnf shhe gate. Using cheni cal
vapor 20 deposition for fabrication schenes as described in Figs. 4 and 5
can ensur e “PREPN ETStybesFEPrtandr vethadzady wilabpedaing, ait diseheetai c film
becone cor‘rpcgle%el%/ surrounded by the netal gate. This can be inportant for
good gate-t6? qiﬁ}é’a&b‘aﬁiar‘f@?/"?ﬁéa@a%n@ fReRape cmdebby pegtsemsed and renoved

where 25 [ s.oource and dr.ajn el ectrodes can be opened for

el ectri cal ggggi{e{%.lr\/\%ﬂ&gﬁ%lﬁ 1%%‘%%%@0%%‘%2&@%%%% déséfi bed

preferred embogdidmnts £Orunfalhonananat uhe, Q%na?qggnrgé 10ds gLe maki ng sane,
n

it is noted that nodifications and varlatlgns C e frade by ‘Per sons

skilled i npubeiarntar embb@htertfs bhetabaveeheashiqigsiobiaivhidnt herefore to be
under st ood that changes nmay be nade in the particular enbodi nents of the

i nvention disklwdde whbeh @k spukihiof tthe stepeiandaspidiitneal by hend nvention
as defined by the appended clains. Having thus described the invention
with the appended claims. Having thus described the invention with the
details and particularity required by the patent laws, what is
10 claimed and desired protected by Letters Patent is set Fforth

in the appended claims.



details and particularity required by the patent [aws, what is 10 cl ai ned
and desired protected by Letters Patent is set forth in the appended

cl ai ms. WROM®3/086B8687 PCT/ US03/ 07269 17 CLAIMS What is cl ®&cmasos/en26d. A
sel f-aligned carbon-nanotube field efflgct transistor sem conductor device
conprising: 5 a carbon-nanotube deposited on a substrate; a source forned
at a first end of the carbon-nanotube; a drain formed at a second end of
t he carbon-nanotube; and a gate forgE8IM8bstantially over a portion of the
10 carbon-nanotube, separated fromthe carbon-nanotube by a dielectric
film 2. whhe $el laimgghed:car bon- nanot ube field effect transistor

sem conductor device of claim1l, wherein the substrate conprises a thernal
oxi de deposi t ddseVeraldwsidd cerbopbsenatebe 15ied d Bid&ess| Frarpymerlr

car bon-nanotube field effect transistor sem conductor device of claim 2,
wher ei n ERE1EABFRAFCHXINE 9% COBRELEITE0 nanoneters thick. 4. The

sel f-aligned carbon-nanotube field effect transistor sem conductor device

of cldimil, wReFRFPPH FARGRF GFPPALCEAL S 2FYRSH G thRer separated fromthe
car bon- nanot ube by an oxi de I%yer..VI)OBIQB;?Qﬁl PCE/U803/072Q9. 18
a s at”a £ end o e-cat ube;

ource formed irst on-nanot
a drain formed at a second end of the carbon-nanotube;
and
a gate formed substantially over a portion of the
10 carbon-nanotube, separated from the carbon-nanotube by a

dielectric film.

2. The self-aligned carbon-nanotube field effect transistor
semiconductor device of claim 1, wherein the substrate

comprises a thermal oxide deposited over a silicon substrate.

15 3. The self-aligned carbon-nanotube field effect transistor
semiconductor device of claim 2, wherein the thermal oxide is

about 150 nanometers thick.

4. The self-aligned carbon-nanotube field effect transistor
semiconductor device of claim 1, wherein a portion of the gate
20 is further separated from the carbon-nanotube by an oxide

layer.



5. The self-aligned carbon-nanotube field effect transistor sem conductor
device of claiml1l, wherein the gate is separated fromthe source and the
drai n by wowstosiase spacer. 6. The sel f-aligned carbon-nanaaibesodioeded ef f ect
transistor 5 sem conductor device of @ aim1, further conprising a
passivation dielectric |ayer over the device. 7. The self-aligned

car bon-nanotube field effect transistor sem conductor device of claiml,
further conprTsengedhi-abldnprrerarbr-kanatuhe Sided redtfedto twahehstde source
and the 10 drain are aligned. 8. The self-aligned carbon-nanotube field
eff ect trATSICOREPCEIBMIRGHIRIOICIGET! de WReEPE Mille Sfer disnseRarghe@ wraps
around the dielectric filmand the carbon-nanotube to contact a back side
of the cmtﬁﬁnﬁ?’ﬁﬁ%e e Ehea dEgiBoRYnanBt thES i aFSd-f ect transi stor

semconductor eV|c rls a vertic C 0 ot ube wrapped in a

dielectri% nater F"a C%e’cgaf TR §egPt gb?l fjs?bli e(r}%n l% @nmgg

car borg- nanotllébeducgg a g‘rr{iéé]g rried atl a 1§1e1(__:onld si de .of. the

car bon- nangf abe, bi ayer ni de coﬁpFex ?%roud'i’?v?ﬁ" ¥ & band strap of
t

each of %%?]‘CLS aggeigg dr ain, a})e% e%eghgogé\?lcéé ng the carbon-nanot ube

wr apped i ectric materi source and the drain; and WO
03/ 081687 PCT/ US03/ 07269 19 a gate forned substantially over a portion of
t he car bon- nanot ube.

7. The self-aligned carbon-nanotube field effect transistor
semiconductor device of claim 1, further comprising an
alignment mark in the substrate to which the source and the

10 drain are aligned.

8. The self-aligned carbon-nanotube field effect transistor
semiconductor device of claim 1, wherein the gate wraps around
the dielectric film and the carbon-nanotube to contact a back

gside of the carbon-nanotube.

15 9. ‘A carbon-nanotube field effect transistor semiconductor
device comprising:
a vertical carbon-nanotube wrapped in a dielectric
material;
‘a source formed at a first side of the carbon-nanotube;
20 a drain formed at a second side of the carbon-nanotube;
a bilayer nitride complex through which a band strap of
each of the source and the drain is formed connecting the
carbon-nanotube wrapped in the dielectric material to the

source and the drain; and



10. The carbon-nanotube field effect transistor sem conductor device of
the 9, further conprising a netal catalyst at a base 5 of the

car bon- nawat asme16811. A nmet hod for form ng a self-aligned acansenaset ube
field effect transistor sem conductorigdevice conprising the steps of:
depositing a nanotube on a thermal oxide substrate, 10 wherein the
substrate includes an alignnment mark; formng a netal contact at each end
of the nanot ulkegatehérenadastibssAntmetldly cvatastpostrsafr adeand a second
metal contact is a drain; depositing an anorphous silicon |ayer over the
devi ce; QthQﬂ”ﬂﬁﬁQtﬁb?Flde spacers on opposing sides of each netal
contact; depositing a high k dielectric filmover the device; -oxidizing
t he anDrphous silicon and formng a gate substantially between the source
and the 20 dr d over the nanqtube. 12. The npethod of claim 11,
further cbhpri® ﬁaFEQHSF%%OEW K dtﬁﬁﬁeﬁtp5§§?%%ﬁ§Qﬁ1ﬁﬁmﬁcéegPFEoﬁver the

d 03/ 0816 07269 20.13. The_nethod of cl 1 V\/n
the nanot TBE4s o% SPRgre. bHT FEGF NBEAB4T018 "FOL AT O & At

wher eign Hﬂ?tﬁ%!%l ntggﬁgt aLe formed using a photoresist. 5 15. A nethod
for formng a sef |gne Car bon-nanotube field effect transistor
sem conduct or deV|ce conprising the steps

11. A method for forming a self-aligned carbon-nanotube field
effect transistor semiconductor device compriging the steps
of:
depositing a nanotube on a thermal oxide substrate,
10 wherein the substrate includes an alignment mark;
forming a metal contact at each end of the nanotube,
wherein a first metal contact is a source and a second metal
contact is a drain;
‘depositing an amorphous silicon layer over the device;
15 forming nitride spacers on opposing sides of each metal
contact;
depositing a high k dielectric film over the device;
-oxidizing the amorphous silicon; and
forming a gate substantially between the source and the

20 drain, and over the nanotube.

12. The method of claim 11, further comprising the step of

depositing a passivation dielectric over the device.



of : depositing a nanotube on a thermal oxide substrate, wherein the
substrate includes an alignnment mark; 10 form ng a netal contact by
reacti ve wanodgsods7at each end of the nanotube, wherein a Hdmstosneial
contact is a source and a second netab contact is a drain; formng nitride
spacers on opposing sides of each netal contact; 15 depositing a high k
dielectric filmover the device; and formng a gate substantially between
t he sour ae.anthé heetidrdiaf anicdiovel , t Weersinotilise nab®tubheised hod of cl ai m
15, further conprising the step of depositing a passivation dielectric over
t he devi séno2e-4¥lled mareddidfeor forming a self-aligned carbon-nanot ube
field effect transistor sem conductor device conprising the steps of: WO
03/ 081687 PCT/ US03/ 07269 21 depositing a nanotube on a thernal oxide
substrate, wherein the substrate_includes an alignnoent park; form ng an
anor phoug4si | TRBMPFIPho v idadh  eWaeHiin Hée HE%@&ﬁSQPt%CF%d?ﬁﬁi ng the
annrphou&ﬁzilicon, illars with.a |layer of oxide; formng a gate dielectric
| ayer betREBRIANDI PFhuL N ESHSEpillars: forming a gate substantially

bet ween the anmorphous 10 silicon pillars and over the nanotube;

5 15. A method for forming a self-aligned carbon-nanotube field
effect transistor semiconductor device comprising the steps
of:

deposgiting a nanotube on a thermal oxide substrate,
wherein the substrate includes an alignment mark;

10 forming a metal contact by reactive ion etch at each end
of the nanotube, wherein a first metal contact is a source and
a second metal contact is a drain;

forming nitride spacers on opposing sides of each metal
contact;

15 depositing a high k dielectric film over the device; and

forming a gate substantially between the source and the

drain and over the nanotube.

16. The method of claim 15, further comprising the step of

depositing a passivation dielectric over the device.

20 17. A method for forming a self-aligned carbon-nanotube field
effect transistor semiconductor device comprising the steps

of:



formng a nitride |ayer over the gate; form ng oxide spacers on each side
of the gate; replacing the anorphous silicon with netal contacts, wherein
a first natoad3/osoisract is a source and a second netal 15 CREITVEsHB/0729 a
drain; and depositing a passivation dimlectric over the device. 18. A

met hod for formng a self-aligned carbon-nanotube field effect transistor
sem conduct or device conprising the steps of: 20 depositing a netal

cat al yst on adkberstalingxadearsathiter anep thepnsl toxiia dubwtiratrper at ure oxi de
| ayer over the device; etching a trench through the oxide, the netal

cat al yst vdrareiimt cha sheshadtoximd udedephybhgonhentarakicat al yst; etching
the | ow tenperature oxide |ayer to formoxide 25 islands; stripping
exposed net al feamahgsan POIIVSL6ELIPCH DEbBrO7PET BENgEHR R BERanot ube
bet ween netal catal yst beneath the oxide islands; w apping the nanotube in
a gate diT&&H¥RE; forming nitride spacers on the opposing surfaces of the

5 oxide islands; .-formng a gate substanti all et ween .t he .oxi de Lsl ands by
cheni Gal vapor@2p63Pi Bﬁea‘?‘fg"ﬁs’é}ust ﬁé&ﬁﬁ%‘t B%bfaﬁ%d“ ﬁosliaé'leﬁgolg
passi vation, dielectric over the device. 19. A nethod for formng a

sel f-ali Sar bon-nanotube field 10 effect transistor semi conductor

devi ce CO”priﬁﬁﬂ%d%BeaS&§9§ dielectric layer between amorphous silicon

pillars;
forming a gate substantially between the amorphous
10 silicon pillars and over the nanotube;
forming a nitride layer over the gate;
forming oxide spacers on each side of the gate;
replacing the amorphous silicon with metal contacts,
wherein a first metal contact is a source and a second metal
15 contact is a drain; and

depositing a passivation dielectric over the device.

18. A method for forming a self-aligned carbon-nanotube field
effect transistor semiconductor device comprising the steps
of:

20 depositing a metal catalyst on a thermal oxlide substrate;
depositing a low temperature oxide layer over the device;
etching a trench through the oxide, the metal catalyst

and into a thermal oxide underlying the metal catalyst;
etching the low temperature oxide layer to form oxide

25 islands;

stripping exposed metal catalyst;



of :

growi ng a nanotube vertically froma netal catalyst formng on a

surface of the sem conductor device; formng a nitride block structure; 15
wr appi ng woeosmamst ube in a gate dielectric; depositing aravesosmtmb,
separated fromthe netal catalyst by Xhe gate dielectric; depositing a
nitride layer; formng gate netal pillars capped with the nitride |ayer;

20 formng nitride spacers around the pillars; depositing a drain netal
subst ant i al | ygibewieena tirnotpild detwesspaehtbdedralmstthdegepshnehal by the
dielectric layer; and depositing a passivation dielectric over the device.

25

oxide i1slands;
wrapping the nanotube in a gate dielectric;
forming nitride spacers on the opposing surfaces of the
5 oxide islands;
-forming a gate substantially between the oxide islands by
chemical vapor deposition and over the nanotube; and

depositing a pasgsivation dielectric over the device.

19. A method for forming a self-aligned carbon-nanotube field
10 effect transistor semiconductor device comprising the steps
of:
growing a nanotube vertically from a metal catalyst
forming on a surface of the semiconductor device;
'forming a nitride block structure;
15 wrapping the nanotube in a gate dielectric;
depositing a gate metal, separated from the metal
catalyst by the gate dielectric;
deposgiting a nitride layer;
forming gate metal pillars capped with the nitride layer;
20 forming nitride spacers around the pillars;
depositing a drain metal substantially between the
pillars, separated from the gate metal by the dielectric
layer; and

depositing a passivation dielectric over the device.

25



