Descri pti on VERTI CAL NANOTUBE SEM CONDUCTOR DEVI CE

STRUCTURES AND METHODS OF FORM NG THE SAME Techni cal
woi2elsth7§801] The i nvention relates to sem condecrmP2005/050127

device fabrication and, nore particularly, to vertical

sem conduct or device structures, such as field effect

transi stors and capacitors, incorporating nanotubes as

a device el enent and net hods of fabricating such

vertical sem conductor device structures. Background

Art [002] Traditional field effect transistors (FET
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eq uilgeated ebamdhe channel region between the source and dram A thin gate dielectric

insulates the gate electrode electrically from the channel region. A small change in
gate voltage can cause a large variation in the current flowing from the source to the
drain.

[003] FET's can be classified into horizontal architectures and vertical architectures.
Horizontal FET's exhibit carrier flow from source to drain in a direction parallel to the
horizontal plane of the substrate on which they are formed. Vertical FET's exhibit
carrier flow from source to drain in a direction vertical to the horizontal plane of the
substrate on which they are formed. Because channel length for vertical FET’s does
not depend on the smallest feature size resolvable by lithographic equipment and
methods, vertical FET's can be made with a shorter channel length than horizontal
FET’s. Consequently, vertical FET’s can switch faster and possess a higher power

handling capacity than horizontal FET’s.



met hods, vertical FET's can be made with a shorter
channel length than horizontal FET's. Consequently,
woegsioEBl FET' s can switch faster and possess BCTIEP1v65/050127

power handling capacity than horizontal FET s.[004]
Carbon nanot ubes are nanoscal e hi gh-aspect-ratio
cylinders of carbon atons proposed for use in formng
hybri d devi ces. Carbon nanotdibes efficiently conduct
in their conducting formand act as a semni conductor in
their sem conductor form i zontal. FET'
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[007] In another aspect of the invention, a method of forming a semiconductor device
structure includes forming a conductive pad on a substrate and then growing at least
one semiconducting nanotube extending substantially vertically from the conductive
pad between a first end electrically coupled with the conductive pad and a second free
end. The method further includes electrically insulating the at least one semi-

conducting nanotube with a gate dielectric and forming a gate electrode electrically



sem conducti ng nanotube. [007] In another aspect of

the invention, a nethod of formng a sem conduct or
wa@leaso®38t ruct ure i ncl udes form ng a conducti VECPEP20051050127

a substrate and then grow ng at | east one

sem conducti ng nanotube extending substantially

vertically fromthe conductive pad between a first end

electrically coupled with the conductive pad and a

second free end. The nethod further includes

electrically insulatin at | east.
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[012] FIG. 1 is a cross-sectional view of a portion of a substrate with carbon nanofubes

grown vertically on a patterned conductive catalyst pad;

[013] FIG. 2 is a cross-sectional view similar to FIG. 1 at a subsequent fabrication stage;
[014] FIG. 3 is a cross-sectional view similar to FIG. 2 at a subsequent fabrication stage;
[015] FIG. 4 is a cross-sectional view similar to FIG. 3 at a subsequent fabrication stage;

[016] FIG. 5 is a cross-sectional view similar to FIG. 4 at a subsequent fabrication stage;



Brief Description of the Drawi ngs [011] The

acconpanyi ng drawi ngs, which are incorporated in and
weowsnidsst e a part of this specification, ill uBCT/EP®05/050127

enbodi nents of the invention and, together with a

general de scription of the invention given above, and

the detail ed description of the enbodi nents given

bel ow, serve to explain the fprinciples of the

invention. [012] FIG 1 is a cross-sectional view of a

portion of a substrate with carbon nanotubes gr L. )
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platinum, nickel, cobalt, compounds of each of these metals, and alloys of each of



pads 10 on a region of an insulating substrate 12.
Car bon nanotubes 14 are oriented to extend
wauwsvaissi al |y vertically upward fromthe cat abGEFEPPaN050127
10. The insulating substrate 12 may be forned on a
waf er (not shown) conposed of any suitable sem
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among other variables, upon the growth conditions. The carbon nanotubes 14 will
typically grow at substantially random spatial locations on the exposed surface area of
the catalyst pad 10.

[026] Growth conditions of the CVD or plasma-enhanced CVD process are chosen for
preferentially growing carbon nanotubes 14 having a semiconducting electonic

structure or molecular structure. Alternatively, carbon nanotubes 14 having a semi-



form ng carbon nanotubes 14 to occur. [025] The carbon

nanot ubes 14 constitute hollow cylindrical tubes
wevpossll of precisely arranged groups i ncl udi PGI/EP2005/050127

hexagonal rings of bonded carbon atons. The
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estruction cond car ube
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reference nits entire
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" bel Qum{able cgncgl%tmg( rﬁ&teﬁzﬁs for blanket layer 24 include, but are not limited to,

doped polycrystalline silicon (polysilicon) and metals such as aluminum (Al), copper
(Cu), gold (Au), molybdenum (Mo), tantalum (T4a), titanium (Ti), and tungsten (W).
Blanket layer 24 may be deposited by any suitable deposition process such as CVD by
thermal decomposition/thermolysis of a metal-containing precursor such as metal
halides and metal carbonyls, PVD, or sputtering. The thickness of the blanket layer 24
should completely cover the free ends of the insulator-covered carbon nanotubes 14.

Each gate dielectric 22 electrically isolates the corresponding carbon nanotube 14 from



"sidewal I "), "higher", "lower", "over", and "under",
are defined with respect to the horizontal plane.
wQ 037688t h reference to FIG 2, a thin diel eck€i/EP2005/050127
| ayer 20 is conformally deposited on the catal yst pad
10 and the insulating substrate 12. Dielectric |ayer
20 may be constituted by silicon dioxide (Si Q2)
deposited by a | ow pressure €heni cal vapor deposition
(LPCVD) process using tetraethylorthosilicate (TEOS)
as the silicon precursor source. The dielectric |ayer
20 tledbnkeideyerdh exterior of each of the carbon
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For %u bg)e ny carbon nanotubes 14 that may be present in the unmasked areas of
blarket layer 24 are removed by the etch process forming recess 28 or may be
eliminated by any other suitable process capable of removing the carbon nanotubes 14
from recess 28. The invention contemplates that the order of the process steps
described with regard to Figs. 4 and 5 may be reversed so that the individual gate
electrodes 30 are formed before the exposed surface 26 is recessed to expose the
leading tips 16 of carbon nanotubes 14.

[033] With reference to FIG. 6, an insulating layer 32 of a dielectric material is



processing. [031] Wth reference to FIG 4, the
exposed surface 26 of blanket |ayer 24 is renoved se

WO ewsiouwsBy to the carbon nanot ubes 14 so that PEEEP2005/050127
| eading tips 16 project above the exposed surface 26.
Techni ques for recessing exposed surface 26 include
reactive ion etching (RIE) and wet etching with a
sui tabl e etchant solution. F8r exanple, polysilicon or
al uni num constituting bl anket |ayer 24 may be etched
by RIE using a_chlorine-contai nin as, a
b 0P PaTvRadghY SLS TeSss 25 anct Faess wihered e giaket laver 24
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S5, @n%aﬁ@&ﬁ@Vﬁ&sinﬁ N}? aiadilane (SHet)hk prksetor sayees @BiORavhich may
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cop PR depos e DT RLRI oS 3 wBElu Sl THEparign of
by ansﬁtaﬁﬁ% Riyek 32 fillingreagh 28 ckadicatycikolpreothe agjatdnagate electrodes 30
patterns bl anket |ayer 24 to expose unmasked areas in
whi P REREEBSE and ot her similar recesses for ot her
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renovi ng the carbon nanaqgt ubes 1 ,r§H1re%ess 8.. The

i nvesarhion marasihes A mey sandip hyrigdia theigglatpe %}1%3%%\6%&‘%3 gate
St eRgeclBd&FoREEr ik bXbos@DRkEcd 38 kir@8ssed and 5 may be
reversed so that the individualéggég electro

1 es, 30 .are
[03Fbr med Wo¥tsieEnehe FiiptatF SUPFS Squ§cer088t§gt§ 2%! atg formed by
eX PQffinind o8& GpBlngdsi il nsklatind lagariien apiaamiattiesatibds with a
[ 033] VVth,referencg tg FIG 6 g?n HFSUl tl&% Ia¥eh %2
of e EIdicaerhitnd PlchProostsant S e s Sy risaaet HAP
fi || SnaEes marBaRThe Hibvanushiexpbaadpracaasisofefhleaakat of conductive
| ayer 24 to cover the.|leading,ti 6 of 0 .
nanoriged s S5e o i SARHE 0 EP e42 oty Al covpled
f or muRMPlyechnstdliycehh oid ofithegafStiadtbdedibonslicadtsoysie gntact 38 is
LP or. pl asmaenhapc D usj N, N ]
: i 10. Each
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drain contact 40 is electrically coupled, preferably ohmically, with the leading tips 16
of carbon nanotubes 14 extending through the associated one of the gate electrodes 30.
Contacts 36, 38 and 40 are electrically isolated from each other and are formed from
any suitable conducting materials including, but not limited to, Au, Al, Cu, Mo, Ta, Ti,
and W deposited by, for exanple, CVD, PVD or sputtering. Standard back-
end-of-the-line (BEOL) processing is used to fabricate and couple an interconnect
structure linking contacts 36, 38 and 40 with corresponding contacts of adjacent
FET’s.
[036] The completed device structure 42 forms an FET having a gate or gate region



be deposited by a CVD process using TECS as a
precursor source. The portion of insulating |ayer 32
w0 pdosiomgsr ecess 28 el ectrically isol ates the aPfHERIWS/050127

gate el ectrodes 30 fromeach other. [034] Wth

reference to FIG 7, the leading tip 16 of each carbon
nanot ube 14 is exposed above a planar recessed exposed
surface 33 of insulating |ay@r 32 and a |length of the
associ ated gate dielectric 22 |s renoved therefrom To
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car bon nanotu es 14 extending t t he ss
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contéa of adj 8065% IIZET' P supoli .
evice structure 50 and the layer 52 supplies the opposite electrode or plate of the
capacitor device structure 50. Dielectric layer 20 electrically isolates the two plates.
The presence of the carbon nanotubes 14, which are covered by the dielectric layer 20,
increases the effective surface area of one of the plates.

[038] As the carbon nanotubes 14 are semiconducting, a superimposed constant bias
voltage nust be applied to the plates of the capacitor device structure 50 so that the
carbon nanotubes 14 conduct current. In an alternative embodiment of the invention,
the carbon nanotubes 14 may be grown under growth conditions suitable to provide the
conducting molecular structure so that the constant bias voltage is not required.

[039] While the present invention has been illustrated by a description of various em-



[036] The conpl et eddevi ce structure 42 forns an FET
having a gate or gate regi ondefined by one of the gate
web@sorases 30, a source or source region defiPEUER3005/050127

catal yst pad 10 and source contact 38, a drain or

drain region defined by drain contact 40, a

sem conducti ng channel region defined collectively

along the length of the carbth nanotubes 14 extending

t hrough the associated gate electrode 30 with a

vertical orientation relative,to the horkgfntal
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Carriers rom;seIectlver fronlthe catal yst pad 10
t hrough the carbon nanotubes 14 to the drain contact
40 when an electrical voltage is either applied via
the correspondi ng gate contact 36 to one of the gate
el ectrodes 30 to create a channel in the carbon
nanot ubes 14 extendi ng therethrough. The catal yst pad
10 and source contact 38 may serve as a drain region
and drain contact 40 may act as a source region. [037]
Wth reference to FIGS. 9 and 10 in which |ike
reference nunerals refer to |like features in FIGS. 1
and 2 and in accordance with an alternative enbodi nent
of the invention, a capacitor device structure 50
(FIG 10) may be fornmed by a different set of
processi ng steps perfornmed subsequent to the device
fabrication stage illustrated in Fig. 2. Specifically,
t he bl anket | ayer 24 of a conducting material is
<planarized to a depth that is above the
di el ectric-covered leading tips 16 of the carbon
nanot ubes 14 and a | ayer 52 of conducting material is
applied to the planarized bl anket |ayer 24. A contact
(not shown) is electrically coupled with the catal yst
pad 10 so that the catal yst pad 10 and the carbon
nanot ubes 14 supply one el ectrode or plate of the
capaci tor device structure 50 and the |ayer 52
supplies the opposite electrode or plate of the
capaci tor device structure 50. Dielectric |layer 20
electrically isolates the two plates. The presence of
t he carbon nanotubes 14, which are covered by the
dielectric |ayer 20, increases the effective surface
area of one of the plates.. [038] As the carbon
nanot ubes 14 are sem conducting, a superinposed
constant bi as



vol tage nust be applied to the plates of the capacitor

device structure 50 so that the carbon nanotubes 14
w@ondnodsscurrent. In an alternative enbodi nent POf/EP1965/050127

i nvention, the carbon nanotubes 14 may be grown under

growth conditions suitable to provide the conducting

nmol ecul ar structure so that the constant bias voltage

is not required. [039] Wilelthe present invention has

been illustrated by a description of various
enbodi nents and whil e these enbodi nents have been
descri bed i n consi derabl S, it is not the

intention of the applicapts to restrict . or in an .
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te el ectrode ojecting,verti by . f . S 3 .
0085t r e “ropBiaebfGori il il 1 RIS B B s conposed
ext endi nfja vanlystaadtdrial effiective for gaivdng)seidatdéastenesdmiconducting
bet ween olg)cf%u%ite first and second ends; a gate
di el ect Ff'¢ el ect rical Iy insul ating said at |east one
[008kni condle sémigomimptitg fveick sowteraoficlgia & whpreintseidlain as composed
source @ geldiyGahdtial OHPAGE rotlatdlinglsla b bt oRNEmRhnducting
said at Teast-one sem conducti"ng nanotube; and a drain
el ect ri mahdtybecoupl ed with said second end of said at
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m conduct or Ice structure of claiml erein said
sour ce ilayer disproedbrtweensatdedrainad saidhgas plgetrade frelgerically

for growigiging ki dafin }:6A%4id BAE eRBRbONdUCt i g nanot ube.
0&}?03] The sem conducting device structure of claiml lati
[00%her ei n Thasemigprdugtor devicsrsiystate Qfclaim d fyrthey spppgingy qrjpsulating

ef f ect i gyef BpEOVItRBerSidhotice hfd@Sid EReels@rsds estdlietrically
nanot ube.” [ 004]. . The sem cqnduct or Vi ce structure of
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[009} ai m 1 ThesthronduoiRy devidgtruaireiofislainal inhgreiraspit at least one semi-
? Io? pgf :?FP{? %ﬁﬁf gan%ﬁllibg dg fies G Shdline rggiiog oP2 %igld %%fgc(i‘irralgscii&or having a
channel along which current flow is regulated by application of a control voltage
to said gate electrode.

[008] The semiconducting device structure of claim 1 wherein said at least one semi-
conducting nanotube is oriented substantially perpendicular to said horizontal
plane.

[009] The semiconducting device structure of claim 1 further comprising: a plurality of
semiconducting nanotubes extending vertically through said gate electrode.

[010] The semiconducting device structure of claim 1 wherein said gate dielectric is

disposed on said at least one semiconducting nanotube.



isolating said source fromsaid gate el ectrode. [006]
The sem conducting device structure of claim1 wherein
W@ 2008024381 east one sem conducti ng nanot ube i SPCORPSFES0127
of arranged carbon atons. [007] The sem conducti ng
device structure of claim1l wherein said at |east one
sem conducti ng nanot ube defines a channel region of a
field effect transistor havif a channel al ong which
current flowis regulated by application of a control
vol tage to sai d&gat,e el ectrode. [008] The o formi
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the reactant under conditions effective to incorporate carbon atoms into the carbon
nanotube with a semiconducting molecular structure.

[016] The method of claim 11 wherein growing the at least one semiconducting
nanotube further comprises: growing the at least one semiconducting nanotube
by a chemical vapor deposition technique.

[017] The method of claim 11 wherein the free end of the at least one semiconducting
nanotube projects into a metal constituting the contact.

[018] The method of claim 11 wherein the at least one semiconducting nanotube is
characterized by arranged carbon atoms.

[019] The method of claim 11 wherein the at least one semiconducting nanotube
defines a channel region of a field effect transistor having a channel regulated by

application of a control voltage to the gate electrode.
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above said first plate; and a dielectric layer electrically isolating said second
plate from said first plate and said at least one carbon nanotube.

[026] The semiconductor device structure of claim 25 wherein said at least one
nanotube has a conducting molecular structure.

[027] The semiconductor device structure of claim 25 wherein said at least one
nanotube has a semiconducting molecular structure.

[028] The semiconducting device structure of claim 25 wherein said dielectric layer
defines a coating that encases said at least one nanotube.

[029] A method of forming a semiconductor device structure comprising: forming a
conductive first plate on a substrate; growing at least one nanotube extending
substantially vertically from the first plate that is electrically coupled with the
first plate; covering the at least one nanotube and the first plate with a dielectric

layer; and forming a second plate overlying said first plate that is electrically



el ectrode. [024] The nethod of claim 11 further
conprising:growi ng at | east one conducti ng nanot ube
weasndizsy substantially vertically fromthe cheiiER100VES0127
pad; and destroying the at |east one conducting
nanot ube before form ng the gate el ectrode. [025] A
sem conduct or device structure, conprising: a
substrate defining a substantﬁally hori zontal plane; a
conductive first plate di sposed on sald substrate, at
lf ??2: glrllngstu&%ooé/%«rg dﬂ% ergt]ng gtyer ggrg Stﬁ:lta!é Ee% f élg)rtrl.lajsé?afl? glie first plate.
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[026] T tor device structure of claim?25
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nanot ub sem conaducti ng nol ecul ar s ruc re.
[028] The sen1conduct|ng devi ce structure of clain125
wherein said dielectric |ayer defines a coating that
encases said at | east one nanotube. [029] A nethod of
form ng a sem conductor device structure
conprising:form ng a conductive first plate on a
substrate; growi ng at |east one nanotube extending
substantially vertically fromthe first plate that is
el ectrically coupled with the first plate; covering
the at | east one nanotube and the first plate with a
dielectric layer; and form ng a second plate overlying
said first plate that is electricallyinsulated by the
dielectric layer fromthe at | east one nanotube and
the first plate. [030] The nmethod of claim29 wherein
said at | east one nanotube has a conducting nol ecul ar
structure. [031] The nethod of claim?29 wherein said
at | east one nanotube has a sem conducting nol ecul ar
structure. [032] The nethod of claim 29 wherein
covering the at |east one nanotube and the first plate
conprises: encasing the at | east one nanotube inside
the dielectric |ayer.



