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Field of Invention

[0001] Embodiments of the present invention relate generally to electronic devices and,

more specifically, in certain embodiments, to fin field-effect transistors.

Description of Related Art

[0002] Fin field-effect transistors (finFETSs) are often built around a fin (e.g., a tall, thin
semiconductive member) rising generally perpendicularly from a substrate. Typically, a gate
traverses the fin by conformally running up one side of the fin, over the top, and down the other
side of the fin. In some instances, the gate is disposed against the sides of the fin and does not
extend over the top. Generally, a source and a drain are located on opposite sides of the gate
near the ends of the fin. In operation, a current through the fin between the source and drain is

controlled by selectively energizing the gate.

[0003] Some finFETs include gates formed with a sidewall-spacer process. In some
versions of this process, the gates are formed by covering a fin with a conformal, conductive
film and, then, anisotropically etching the conductive film. During the etch, the conductive
material is removed faster from the horizontal surfaces than from the vertical surfaces. As a
result, a portion of the conductive material remains against the vertical sidewalls of the fins,
thereby forming the gate. An advantage of this process is that relatively narrow gates can be
formed relative to gates patterned with photolithography, which is often subject to alignment

and resolution constraints.



[ 0003] Sone finFETs include gates fornmed with a sidewal |l -spacer
process. In sone versions of this process, the gates are forned by
covering awWORMMMEE a conformal, conductive filmand, PR&EMS2009/035018
ani sotropically etching the conductive film During the etch, the
conductive material is renoved faster fromthe horizontal surfaces
than fromthe vertical surfaces. As a result, a portion of the
conductive material renains against the vertlcal sidewal | s of the
fins, thereby formng the gate. An advdntage of this process is that
relatively narrow gates can be forned relative to gates patterned
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of a manufacturing process in accordance wi th an enbodi nent of the
present doadintive fibn between adjacent gates. The resulting conductive residue forms stringers that

short adjacent finFETs and lower yields.

BRIEF DESCRIPTION OF DRAWINGS

[0005] FIGS. 1-24 illustrate an example of a manufacturing process in accordance with

an embodiment of the present technique.

DETAILED DESCRIPTION

[0006] Some of the problems discussed above may be mitigated by certain embodiments
of a new manufacturing process. In one embodiment described below, gates are formed in
insulated caverns along the sides of fins. The caverns of this embodiment are constructed by
forming a carbon mold in the shape of the gates, covering the carbon mold with an insulator, and
then removing the carbon mold from under the insulator by combusting the mold. The resulting
cavities are then at least partially filled with a gate insulator and a conductive gate material to
form transistors. Because the cavities are insulated from one another before the gates are formed,
the gates are believed to be less likely to short to other gates. This process and others are

described below with reference to FIGS. 1-24.



DETAI LED DESCRI PTI ON [ 0006] Sone of the problens di scussed above may
be mtigated by certain enbodi nents of a new manufacturing process.
I n one enbwdiémentizgiescri bed bel ow, gates are forned i nPCRAGWE/@TF018
caverns along the sides of fins. The caverns of this enbodi nent are
constructed by formng a carbon nold in the shape of the gates,
covering the carbon nold with an insulator, and then renoving the
carbon nold fromunder the insulator by conbustlng the nold. The
resulting cavities are then at least pdrtially filled with a gate

i nsul ator and a conductive gate material to formtransi stors. Because
the cavifpoeg are iaRsmisahed bl FIm QAR RAQEReIinDefRER tehigs gah eRovadieg a
formed, the gates are believed to be less likely to short to other
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FIGS. 1-24. WO 2009/ 111225PCT/ US2009/ 035018 3 [0007]As il ustrated
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portion of a diced wafer, or a portion of a diced wafer in a packaged
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i ncl udes an upper doped region 112 and a | ower doped region 114. The
upper dopekhgeégicomonld@vard t he | ower doped region 114 may be
differently doped. For exanple, the upper doped region 112 may
i nclude an n+ material and the | ower doped region 114 may include a
p- nat er(i0f08] The depthernfodithentuppabsdopéiD nelgicmnibpemrimyedezigperié? atd y
uni form over a substantial portion of the substrate 110, such as
t hr oughomiverd b sdosdit 1dl Theupped dopadd ragioml Ipgndalielowef dapedesonyl ldendyde,
for exanple. The upper doped region 112 and | ower doped region 114
may be f@rmsRelPYopedP FainixanglcOthe ibhdrdaspdidte SiOR AN maRirRTdaks n+ material and the
Alternatively, or additionally, one or both of these regions 112

and/ or 114 rBdhel SeofPAd HHihAGIA QWhileR. FRPESHE bQRe Qgpeahd)peeﬁemf t120f

the substrate "110,” such as during epitaxial déposition of
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used to I&r d?owel adg}l;]zaec{ 1eo1on ti ?E mtagz 8o §o1mer9 rby implanting or diffusing dopant materials.
Alternatively, or additionally, one or both of these regions 112 and/or 114 may be doped during
erowth or deposition of all or part of the substrate 110, such as during epitaxial deposition of a
semiconductive material or during growth of a semiconductive ingot from which wafers may be
cut. As explained below, the upper doped region 112 may provide material used to form a

source and a drain of a transistor, and the lower doped region 114 may provide material used to

form a channel of the transistor.

[0009] Next, a deep trench mask 110 is formed, as illustrated by FIG. 2, and deep

isolation trenches 118 are etched, as illustrated by FIG. 3. The deep trench mask 116 may be



[ 0009] Next, a deep trench mask 116 is formed, as illustrated by FIG
2, and deep isolation trenches 118 are etched, as illustrated by FIG
3. The deeponp@fiti2zirask 116 may be WO 2009/ 111225PCT/ BEZAG0YBHOBS 4
photoresi st or a hard mask, and the deep trench mask 116 may be
patterned with photolithography equi prment or other types of

| i t hographi c equi pnment, such as a nano-inprint systemor an electron
beam system The deep trench mask 116 includes generally linear and
general |y parallel exposed regions witf a width 120 general |y equal
to or less than 1/4 F, 1/2 F or F and nmasked regions with a width 122

gener al | phofsiesad of Ohd niaﬂasnd tha ey dlenkh m36121 F6 me¥ bedpdiernebesi®d F i s the
resolution of the systemused to pattern the deep trench nask 116.
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poly-silicon may be selectively etched to formthe exposed regions
t he OXIdeGﬁﬁd mask illustrated by FIG 2. Because the width 12

the expd: egi oM&Sqe Grbpdiagnty, ﬂ&é#ﬁ?%ﬁl%w%él Sci?qﬁfle&fbyabg‘?la@ﬁm

spacer, in some_ enbodi ments, the width 122 nmay be snaller than F.
mask (not shown). In one example of such a process, the deep trench mask 116 is formed first

by masking off the areas between every other pair of exposed regions and, then, forming a poly-
silicon sidewall spacer on the sides of the mask, over the areas corresponding to each of the
exposed regions. Then the initial mask may be removed and a hard mask material, such as oxide,
may be deposited over the remaining poly-silicon sidewall spacers, and the hard mask material
may be etched back or planarized with chemical mechanical planarization (CMP) to expose the
poly-silicon. Next, the poly-silicon may be selectively etched to form the exposed regions the
oxide hard mask illustrated by FIG. 2. Because the width 122 of the exposed regions is

generally defined by the width of a sidewall spacer, in some embodiments, the width 122 may

be smaller than F.

[00011] As illustrated by FIG. 3, the regions of the substrate 110 exposed by the mask

116 may be etched to form the deep isolation trenches 118. In this embodiment, the etch is a
generally anisotropic dry etch. The deep isolation trenches 118 may generally extend laterally in
the Y direction and downward in the Z direction. The deep isolation trenches 118 may have a
generally rectangular or trapezoidal cross-section, and, in some embodiments, their cross-section

may be generally uniform through some distance in the Y-direction.



[ 00011] As il l-ustrated by FIG 3, the regions of the substrate 110
exposed by the mask 116 nmay be etched to formthe deep isol ation
trenches 1WE2009/111283 s enbodi nent, the etch is a gener alPCY/UaR08635018pi
dry etch. The deep isolation trenches 118 may general ly extend
laterally in the Y direction and downward in the Z direction. The
deep isolation trenches 118 may have a generally rectangul ar or
trapezoi dal cross-section, and, in sone enbodi nents, their
cross-section may be generally uniform’through some distance in the
Y-direction. WD 2009/ 111225PCT/ US2009/ 035018 5 [00012] Next in the
present [god2qi menNext fehdgent dnsdimemake debp tiesclnamiviad is @mdvéd)endigep
isolation trenches 118 are filled with a dielectric, as illustrated
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techni ques, such as reacting photoresist wth oxygen in a furnace or
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material. In so nbodi nent s, deep trench mask 1I6 is renoved
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deep isolation trenches 118 may be partially or entirely filled with
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oxi de, spun-on-gl ass éSCE», or tetra-ethyl-ortho-silicate (TEQS)
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features, in sone enbodi nents, the bottomof the deep isolation
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as those di scussed above. In sonme enbodi nents, the shallow trenc
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[00013] After filling the deep isolation trenches 118, a shallow trench mask 124 is formed
on the substrate 110, as illustrated by FIG. 5. As with the deep trench mask 116, the shallow
trench mask 124 may be photoresist or a hard mask, and it may be patterned with various
lithographic systems, such as those discussed above. In some embodiments, the shallow french
mask 124 is a hard mask formed with a double-pitched-mask process similar to the process
described above for the isolation trench mask 116, except that this mask is shifted in the X
direction by 1/2 pitch. The illustrated shallow trench mask 124 includes exposed regions with a

space 126 that may have a width generally equal to or less than [/4 F, 1/2 F or F and covered



WO 2009/ 111225P€CT/ US2009/ 035018 6 regions with a width 128 that may

be generally equal to or less than 3/4 F, 3/2 F, or 3 F. The exposed
regi ons mayonkensgeneyally linear, generally parallel, aR8TiU@P/PHEd

general ly equi di stant between the deep isolation trenches 118.

[ 00014] Next, the exposed regions of the substrate 110 may be etched

to formshallow trenches 130, as illustrated by FIG 6. The shal |l ow
trenches 130 may be generally linear, generally parallel, generally

extend generally laterally in the Y di Pection and generally downwar d
inthe Z direction, and thus, may be generally parallel to the deep

i sol ati Qﬂwbﬁsﬁﬂﬁﬂﬂ@&uﬂtﬂ@% {hat ﬂhby Be gfbaly Bl to drhes Shalllom 32 Bneias 0
are forned with a generally anisotropic dry etch and are deeper than
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trenches 518 The shall ow trenches 130 nay have a generaFIy

rect annge@{,ee rthe%?e%?ﬁs%la't;}ﬂn%&%@??ﬂtzdal profile that is generally

uniformin t rection over a substantial distance. [00015] As
|IIustrated by FIG 7, the shallow trenches 130 are filled with a
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deep |solat 0 8 renche; .an. be
sel ecti V& flee?{]gh nl?urfgﬁte éﬁggguem a@% Wi ff%lé?f}t%bm \%Qﬁ%n%%%]g Ati al
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material., [00016] Next, a fin mask 132 is fornmed, as |3#ustrated b
FIG 8. dmwarcinihtk direstionedndiibnsyings boeensibly srrliidp thegiecp tsolaggn B@X’%ﬂs
hard mask. The fin mask 132 may be patterned with any of the
| i t hogr ablifi dn &jserebasiaensche Budowtisveesd 3G &prgred pathidgegeralbhysawentc dry
the fin mask 132 defines a nasked region with a width 134 and exposed
regi ons st indareviatpér tha6the Thper dppidhedicnt ! Haputowt gedrep a$ thy deqpuiadlatian or
| ess than F, and the width 136 may be generally equal to or |less than
3/2 F. Tﬂimzclms]lééd Thegiatinw traghebd3@mag halel ayzestmBy gatapgware abdrally
parallel to one another, and

trapezoidal profile that is generally uniform in the Y direction over a substantial distance.

[00015] As illustrated by FIG. 7, the shallow trenches 130 are filled with a sacrificial
material, such as nitride. In this embodiment, the shallow trenches 130 are filled with a different
material from the deep isolation trenches 118 so that the shallow trenches 130 can be selectively
etched in a subsequent step without removing substantial amounts of material from the deep
isolation trenches 118. In other embodiments though, these trenches 118 and 130 may include

the same material.

[00016] Next, a fin mask 132 is formed, as illustrated by FIG. 8. The fin mask 132 may
be made of photoresist, or it may be a hard mask. The fin mask 132 may be patterned with any
of the lithographic systems described above or others. In this embodiment, the fin mask 132
defines a masked region with a width 134 and exposed regions with a width 136. The width 134
may be generally equal to or less than F, and the width 136 may be generally equal to or less

than 3/2 F. The masked regions may be generally straight, generally parallel to one another, and



WO 2009/ 111225PCT/ ¥S2009/ 035018 7 are generally perpendicular to both
the deep isolation trenches 118 and the shallow trenches 130, and
gener al | y wot2803d11285t he X direction. [00017]1In sone enPediusaivr/4350ishe
fin mask 132 is double pitched. Sidewall spacers 138 may be forned
agai nst the sidewalls of the fin mask 132, as illustrated by FIG 9.
The sidewal | spacers 138 may be fornmed by depositing a conformal film
on the substrate 110 and ani sotropically etching the conformal film
to renmove it fromthe horizontal surfaces. The sidewal |l spacers 138
may be made of a different material fromthe fin mask 132 to

facilit afreggrl@gtpeMendiaimumabodfihd fep idomtioRakncha?] 18nd (Edkhse @ifiches 130,
step. The sidewall spacers 138 may have a width 140 that is generally
equal t ou@reeh@8ISy dxha id i 3 dircbhign.F, or F. [00018] Next, the fin nmask
132 is renoved, ‘as illustrated by FIG 10, and fin rows 142 are
fornmed, as illustrated by FIG 11. The fin mask 132 may be renoved
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curved pebeiveesmoyged hginerisk I8Re s pheeentFeg- iy sHevi bipgeas [ 3%gay have
illustrated by FIG 12, or in sonme enbodi nents, the spacers 138 nmay
be | eft owidtheAXther iy peasrally 2qeah e erdessvied ldbFi MgFaordubsequent st ep.

[00018] Next, the fin mask 132 is removed, as illustrated by FIG. 10, and fin rows 142 are
formed, as illustrated by FIG. 11. The fin mask 132 may be removed with an etch or other
process that selectively removes the fin mask material at a substantially higher rate than the
other materials of the substrate 110. Each of the exposed sidewall spacers 138 may mask an
area that generally corresponds with the top of the fin rows 142, In this embodiment, the fin
rows 142 are etched with a generally anisotropic etch to a depth 144 that is generally greater
than the depth of the shallow trenches 130, but not as deep as the deep isolation trenches 118.
The fin rows 142 may have a generally trapezoidal cross-section that extends generally
uniformly in the X direction over a substantial distance. In other embodiments, the fin rows 142

may have other profiles, such as generally rectangular or curved profiles.

[00019] Next, the spacers 138 may be removed, as illustrated by FIG. 12, or in some
embodiments, the spacers 138 may be left on the fin rows 142 and removed during a subsequent

step.



WO 2009/ 111225PCT/ US2009/ 035018 8 [00020] FIGS. 13 and 14 illustrate a
sacrificial material 146 (which in this enbodi nent functions as, and
may be refEoredniny2zas a nold) that may be forned agai n$CT{U2009/035018
sidewal ls of the fin rows 142. The sacrificial nmaterial 142 nay be
formed with a sidewal|l spacer process. Sacrificial material 142 may
be formed froma material that nmay becone flowable (e.g., it may
becone a fluid, such as a gas or a liquid) under procession

conducti ons subsequently described wit¥ reference to FIG 18.
Exanpl es of disposable-nold materials include carbon and certain

pol yrer sipodnet h of Fyds cliy anay 4 Bestraavedifictad Matelial Bslgghichtiethisldntagifent
gas by reacting themw th oxygen in a furnace. A conformal film may

be deposfh&fhnohs thEmay s tefdtea td 40x meRY afal Ady B@ﬁmﬁ&psgalﬂmedld&@mm the
112 and the | ower doped region 114, and subsequently is
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the uppeViltitsiaencedyFih ! %15*% emtjsda %?0\?6}%25( Rokepatgiiek HInRESe RPN PR
or generally equal to 1 F, 1/2 F, or 1/4 F. [00021]After formng the
sacri fi chokymerstberh oflwhichemanbepieatoued irpm theaybetatel 58 amgapy reaftiedhiay skt
the sacrificial material 146, as illustrated by FIG 15. In sone
enbodi memygen inefuriined. ek terifernad §iromay B4 depogitgreonathe sdistate déposiarng thi t h
a lowtenperature process, such as atom c-layerdeposition (ALD) The

i |1 ust r atppdr dhiped exgiani 1d 2 bbd theudrstralepedalekipn di4.ent sutstquepthy Blaopstrofially
sacrificial material 146 and includes an overburden 156. [00022] The
over bur dethed 5Gh¢ sidecabipard etch nvypbraca d Zatiérost thd Bet ddpes tgsidrer 4y form
FIG 16. The substrate 110 may be planarized with an etch back, CMP,

or ot herrefds3E98.eFhe febesS@NES SANYAL OB RiER 15(NgneMBY byl & or1&E timy e/ 2 F,
renoved until the top of the upper doped region 112, the deep
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transition between 2009/11122§PCT/U8200 /035018
believed to reduce the likelihood of gates formed with the molds 146 shorting to one another. In

this embodiment, the sacrificial material 146 extends above the bottom of the upper doped

region 112 and has a width 152 that may be less than or generally equal to 1 F, 1/2 F, or 1/4 F.

[00021] After forming the sacrificial material 146, a dielectric region 154 may be formed
over the sacrificial material 146, as illustrated by FIG. 15. In some embodiments, the dielectric
region 154 may be an oxide deposited with a low-temperature process, such as atomic-layer-
deposition {ALD). The illustrated dielectric 154 substantially or entirely envelops the sacrificial

material 146 and includes an overburden 136.

[00022] The overburden 156 is consumed in a planarization step illustrated by FIG. 16.
The substrate 110 may be planarized with an etch back, CMP, or other processes. In some
embodiments, the overburden 156 may be removed until the top of the upper doped region 112,

the deep isolation trench 118, and the shallow trenches 130 are exposed. The transition between



9 the dielectric region 154 and these structures 112, 118, and 130
may produce a phenonmenon that triggers an endpoint to the process
used to plwaasigei2ehe substrate 110. For exanpl e, thi s PCTANZI0PDHFHSAY
yield a change in the optical properties of the substrate 110 (such
as color), a change in the chem cal properties of waste nmateri al

| eavi ng the substrate 110 (such as waste gases in an etch chanber or
slun-y pH), or a change in the nechanical properties of the substrate
110 (such as sliding friction). [00023PNext, at |east a portion of
the material in the shallow trenches 130 nay be renoved, as

i |l ust r ah@dielytrithésionlis4 dnb tedBr@rRedi ITENISS and IB0SndvRireducak phénodenon that
nitride, and it is renoved with a dry etch that is selective against

si licon @hgkoxi dRpbia: BRI sotRsiRg (S pRs: AR HeAhHARRUNGS Fof extalRRS this
materials. Clearing at |least a portion of the shallow trenches 130

opens a {PAsHEY ﬁxagr %g,gd ?%ﬂﬁgﬁnl thél'éﬁic%f \}5 i iS¢ Hefsh Gl lrm_t(ﬁfch al cc;l}é@; a

. e
and this passage cifitate re of the sacrificial nmaterial

146. [00024] The s ificial.. i.al | A s \ he
open pasdane 1t Aieghlce b Braftt ek saldt L BB p Ebels PR DR Bt 05
by FIG 18. To renove the sacrificial, materjal 146, the substrate 11
moy be ESBLRAN PO AHLREY QLN B! & Ehgee 1 the e RicRkP RS OF gyt
or oxygen in a furnace, .The plasna or other reactants flow in through
t he shalM@ﬁﬁF@éFgﬁﬁﬁ%gFP@Hch 130 and react with the sidewall 158 of
the sacrificial material 146, e.g., by conbusting the sacrificial
material_ 146. In sone enbodi nents, the byproducts of the reaction are
gases, d98023t eamNeghabladst ABRERN agt,he%r@g%g%smﬁgy iigaches b ’Pﬂ%ngvves
fl ow back out through the shallow isolation trench 130, In sone _ |
enbodi neBmneveds anustatasPyddh | hussomgempodimentsthisrpaieial poytifrga, ape it is
substantially the entire sacrificial material 146 is burned and
cavi t i esreme@edawith & dryretch thitieselestivg adapngt shsantang oxitle o avoed lbons sdytapiinl
one side by the dielectric 154 and on another side by the fin rows
142,  V\On29a8/ of 2@ HRETAILISL RSN O B336E8a A@tipDONAS Elewsirages 30 ofvas a
cavities 160 is illustrated by FIG 19, which illustrates cavities
passage to a sidewall 158 of the sacrificial material 146, and this passage may facilitate removal

of the sacrificial material 146.

[00024] The sacrificial material 146 may be removed by way of the open passage through
the shallow isolation trench 130, as illustrated by FIG. 18. To remove the sacrificial material
146, the substrate 110 may be exposed to an oxygen plasma, e.g., in a plasma etch chamber, or
oxygen in a furnace. The plasma or other reactants flow in through the shallow isolation trench
130 and react with the sidewall 158 of the sacrificial material 146, e.g., by combusting the
sacrificial material 146. In some embodiments, the byproducts of the reaction are gases, e.g.
steam, carbon monoxide, and carbon dioxide, and the gases flow back out through the shallow
isolation trench 130. In some embodiments, combustion continues until a substantial portion or
substantially the entire sacrificial material 146 is burned and cavities 160 are formed. The
resulting cavities 160 are bounded on one side by the dielectric 154 and on another side by the

fin rows 142.



160 without the other parts-of substrate 110. Each of the cavities
160 may includes two generally reflectively symetric, generally

| i near, arWOgendi@eiy parallel voids 162 and 164 and aPEFHSEI0p/P3p018f
trench segnents 166. The illustrated trench segnents 166 are di sposed
in atop portion of the voids 162 and 164 and join the voids 162 and
164 to one another. Adjacent cavities 160 nmay be substantially or
entirely separated from one anot her by the dielectric 154 (FIG 18).

[ 00026] Next, a gate dielectric 166 nay‘be formed within the cavities
160, as illustrated by FIG 20. The gate dielectric 166 may be either
deposi t 00025]9. , WWhe bhap¥bf the badtiadviis0 byillexesi BWOFIGh €9, sttt itladt@tel thvities
oxygen. In the illustrated enbodi nent, the gate dielectric 166 is

grown by gheatfouile sihki §:0R opﬁib'%ﬂ;&@?}l@fEicH%f fidkaditiad BOIALY) imbitdes@xygen,
so the gate dielectric 166 is disposed on the exposed surfaces of the

fin rows,eday 1&1@&%&;@&&%@, JE{RAR bar B SABLLIPPhrbanERs 180andTHRE and

oxygen or other chem’cals that reaét to formthe gate dielectric 166
flowinto es ts
i th surssaB RN aben %ﬁ%ﬁ’ﬂ%ﬁl}%ﬁ%ﬁ%ﬂsezéﬁ“ﬁ B Eart Qo Rl f £25
vari ous enbodinents i tri. e made.fro

var oty Brugd s fodel R alt BBt voids nTats Rt iR

hi gh-k di e] ec or ther ap rlate rials.

Gate i s 190 i OH TSR G @Yr?%ﬁaéﬁi‘?“taﬁ%‘ﬂﬁi}e i l&éﬁ&ﬁ%@@%ﬂi

the cavities 166 to form gates 168 as illustrated by FIGS. 21,22 and
23. The Fl¢ U at ed gates 168 nmay be forned by depositing titanium

nitride or other appropriate conductive materials. The gate naterial
may be can ed to the substrate 110 and into the cavities

gas- phasl® 7§§ct ant§xt, Figatedisdzotimtad M berPaled within thecawiics }ﬁ0e§* liB%’ ated
through the shallow trench 130 and react on the surface of the

cavi t i esbylld6. 20.nThogate dplseeir Aehmgy be pighey denositeh i, #ith\d3.es staye by
shal l ow trench 130 before the cavities 166 are filled, thereby

| eavi ng axppdsg thZGubsAntedve therygem lofthagidibgratad@mbodiment, the gate dielectric 166 is

20091111225PCT/ US2009/ 035018 // material may formon the surface of

t he subsgrvah &y 1<h0tingsilcdntpertome nbihe carstramy | D evithernpeeadsothd patadiskettrietl6h js

a dry etch, or a CW process. [00028]FIG 24 is an expl oded,

per spectdivsat @he ExplBedstaiiids@f afe fi owansl, staididg’the surface of the shallow trench
130. The oxygen or other chemicals that react to form the gate dielectric 166 flow into the
cavities 160 through the trench segments 166 and reacts with surfaces within the linear voids
162 and 164 (FIG. 19). In various embodiments, the gate dielectric 166 may be made from a

variety of materials, including oxide, oxynitride, a hafnium-based high-k dielectric, or other

appropriate materials.

[00027] Once the gate dielectric 166 is formed, gate material may be deposited within the
cavities 166 to form gates 168, as illustrated by FIGS. 21, 22 and 23. The illustrated gates 168
may be formed by depositing titanium nitride or other appropriate conductive materials. The
cate material may be conveyed to the substrate 110 and into the cavities 166 by gas-phase
reactants, The reactants may flow into the cavities 166 through the shallow trench 130 and react
on the surface of the cavities 106. In some embodiments, the gate material closes the shallow

trench 130 before the cavities 166 are filled, thereby leaving voids 170. An overburden of gate



formed with the above-described process. It should be noted, though,
that the present technique is not limted to transistors and nmay be
used to fovemawhen2devi ces, such as capacitors or fl oafCHFSyup/e335018
transistors. The illustrated transistor 171 includes a tin 172, the
gate dielectric 166, and the gate 168. The illustrated fin 172
includes two legs 174 and 176 separated by a generally U shaped sl ot
178 corresponding with the shallow trench 130. A distal portion of
the fin 172 is made fromthe upper dopdd region 112, and a | ower
portion of the fin 172 is made fromthe | ower doped region 114. Edges
180 and pfaidnRygenesaihk ¥udetioned stysaule 1088 thesdletfukdn nidyrabasvelibith
and may be |onger than sides 184 and 185 of the fin 172. The

i 'l ustrated gat £4.186cH 8 fespasedsadj acent both the sides 184 and 185
and the surface of thé slot 178. [00029]In the illustrated

enbodi ment, the gate 168 includes two side gates 186 and 188 and a
top gatg lz\(?.@ The g sk g@eﬁ% e@cﬂz@ viﬁ&@oiearneexglﬁﬁl%roﬁhleﬂSlstm 171

reflectiv symetric and denerally extend in the X direction
with a r t

st B SR L BB Ty B B
t he shape cri.ficia t.he excen tion of the

vor da. TIPS TRANE ﬁg?SﬁSé?léanﬂ{ B garstiob Rl St SrF 5 ahIY
the Y dj { dit th 6
188 to GHEAHALASRTIHE #E%ﬁla'at?aged‘i‘%@siﬁ@\;‘lﬁLf?%l,gngs?aaﬁq 9, fhigt @&ﬁwlggfﬁé

a void, or in sone enbod he top gate ¥ al so incl

voi d. TrdddhejerteHide Tils 61hi3§a‘i9‘ii §1BdZ%Hm§1def’l @z?slﬁasda?ﬂtapﬁ 7@8%&%?&@%@ qﬂﬁ% Sally
side 185 of the fin 172, the top gate 190 is di sposed at |eas

par ti al | §-sbaperisket { Fecosiegponding withrifie shalowjtrgachylile Argigtal mor W%‘ﬁd@%ﬁ“ af2is

| east partially adjacent the side 184 of the fin 172. The illustrated
t r ansi stoadelffdm fHeypbe dohed @etcerlil 2.edd adowertpritiogaf detfimalvdiis mede frgradhfuse
the gate 168 is di sposed adjacent two sides and a top portion of the
fin 172. lowAcHed Heich1A25 PE¢sUSRAAAD | B350 Eénetlyv{deO6804 the dgperisdlaton, trendies
two legs 174 and 176 may function as a source and a drain, and the

transi st pig ahd nayay IGRkeMbh Yidtsy] 8dand 183 oftthefih 17y Die ilustraekdtzatedicheen
the source and the drain according to a voltage of the gate 168. The

i 11 ustr adigbséd AEbstRh the lidbNrdaud@sss iiede sharpef Ge st geeral |y
hori zont al channel represented by arrows 192 and two generally

vertical channels represented by arrows 194. The generally horizontal

channel [bagomay ben astidbiehefivb¥inRhe Heldate 1foh @hdifies iRl figiesi 18G AN DES
top gate 190, and the generally vertical” channels 194 may be

est abl i shad, . %oswﬁ? Mife o0&l dé%a@g@@c%ddngsfafé)&@n&m FMRCIcAes Hat &g 486
and 188. [0003I] Whil'e the invention nay be suscep¥|b |l e to various

modi i cagp géne?anlg' Heh&ERL XV firection with a generally uniform cross-section over a

substantial distance. The shape of the side gates 186 and 188 is generally complementary to the
shape of the sacrificial material 146 with the exception of the voids 170. The illustrated top gate
190 has 2 generally uniform cross-section in the Y direction and it joins the side gates 186 and
188 to one another. The top gate 190 may be generally solid, without a void, or in some
embodiments, the top gate 190 may also include a void. The side gate 186 is disposed at least
partially adjacent the side 185 of the fin 172, the top gate 190 is disposed at least partially within
the slot 178, and the side gate 188 is disposed at least partially adjacent the side 184 of the fin
172. The illustrated transistor 171 may be characterized as a tri-gate transistor, because the gate

168 is disposed adjacent two sides and a top portion of the fin 172,



fornms, specific enbodi nents have been shown by way of exanple in the
drawi ngs and have been described in detail herein. However, it should
be under stWOdo®WHat22% he i nvention is not intended to be PCFAHS2@H035018 he
particular forns disclosed. Rather, the invention is to cover al

nodi fications, equivalents, and alternatives falling within the
spirit and scope of the invention as defined by the foll ow ng
appended clains. 13 CLAIMS 1. A device, conprising: a fin row
conprising a plurality of fin field-eff2ct transistors, wherein each
fin field-effect transistor conprises three channels; a hollow gate

di sposedoegficacent 14 Bgerdtion, thewo leds 17 nddagings fadctioh as MdurceMid hirdin tahe
gate conprises a plurality of trench segnents that cross through a

di stal pes bh@f 78 il YEigddvely RhtrdiNRe fibw of Ltletlr Bf-hB8G the §RRG 288 MeSdrain
3. The device of claim1l, whérein each fin field-effect transistor

among t he ahieal L Uyt of 1R ohiedld:- ¢hd Bkt -attéfaﬁ’a%isi%ﬁ"iﬂ ROMBES GRS cRannels: a

general ly @Lgﬁaped J&éfat éthioh. 4, k evi ce, conpgiséng: n
generally horizontal channel represented by arrows 192 and two generally vertical channels
represented by arrows 194. The generally horizontal channel 192 may be established by electric

fields emanating from the top gate 190, and the generally vertical channels 194 may be

established by electric fields emanating from the two side gates 186 and 188.

[00031] While the invention may be susceptible to various modifications and alternative
forms, specific embodiments have been shown by way of example in the drawings and have
been described in detail herein. However, it should be understood that the invention is not
intended to be limited to the particular forms disclosed. Rather, the invention is to cover all
modifications, equivalents, and alternatives falling within the spirit and scope of the invention as

defined by the following appended claims.



afinrowconprising a plurality of fin field-effect transistors; and

a holl ow gate di sposed adjacent the fin row, wherein a fin

width of each fin field-effect transistor anong the plurality of fin

field-effect transistors is less than the

phot ol i t hographic-resolution limt. 5. A device, conprising: a

plurality of tii-gate transistors each conprising a top gate and two

hol | ow si de gates, wherein the top gat® is at |least partially

di sposed within a slot in a fin of the transistor; and a

plurality of dielectric nmenbers each di sposed between the hol |l ow side

gates of adjacent tri-gate transistkdIMbherein the dielectric

nmenbers extend into recesses deeper than the holl ow side gates. 14

6. The device of claim5, wherein the recesses are

si dewal | -kpacex deoves, c@hphsiigcesses. 7. The device of claimb5,

wherein the reﬁgsses are_narrower t?% (Fzﬁhotollthogr aph- reiolutlon

limt. n row comprising a plurality of fin field-effect transistors, wherein each fin
field-effect transistor comprises three channels;

a hollow gate disposed adjacent the fin row.

2. The device of claim I, wherein the gate comprises a plurality of trench segments

that cross through a distal portion of a plurality of the fin field-effect transistors.

3. The device of claim 1, wherein each fin field-effect transistor among the plurality

of fin field-effect transistors comprises a generally U-shaped distal portion.

4. A device, comprising:
a fin row comprising a plurality of fin field-effect transistors; and
a hollow gate disposed adjacent the fin row,
wherein a fin width of each fin field-effect transistor among the plurality of fin

field-effect transistors is less than the photolithographic-resolution limit.

5. A device, comprising:

a plurality of tri-gate fransistors each comprising a top gate and two hollow side
gates, wherein the top gate is at least partially disposed within a slot in a fin of the
transistor; and

a plurality of dielectric members each disposed between the hollow side gates of
adjacent tri-gate transistors, wherein the dielectric members extend into recesses deeper

than the hollow side gates.



8. The device of claim5b, wherein at |east one of the top gate or the
two side gates are fornmed within a cavity. 9. The device of claimS§,
wherein each of the top gate and the two side gates are fornmed within
a cavity. 10. A device, conprising: a fin conprising two | egs; and a
gate, wherein the gate conprises: a first hollow side gate forned
along a first side of the fin; a second holl ow side gate
formed al ong a second side of the finl4opposite the first side; and a
top gate fornmed on top of the fin. 11. The device, as set forth in
claim 10, wherein a first of the two | egs conprises a source of a
transi st dr, anidewheeepirlanshadwrinthererssseporeseigyal ongrei-gess-eiehdr ai n of
t he tran%%a%§£. 12. The device, as set forth in claim11l, wherein
the transirstor conprises three channels.

7. The device of claim 5, wherein the recesses are narrower than the

photolithograph-resolution limit.

8. The device of claim 5, wherein at least one of the top gate or the two side gates

are formed within a cavity.

0. The device of claim 8, wherein each of the top gate and the two side gates are

formed within a cavity.

10. A device, comprising:
a fin comprising two legs; and
a gate, wherein the gate comprises:
a first hollow side gate formed along a first side of the fin;
a second hollow side gate formed along a second side of the fin, opposite
the first side; and

a top gate formed on top of the fin.

11.  The device, as set forth in claim 10, wherein a first of the two legs comprises a
source of a transistor, and wherein a second of the two legs comprises a drain of the

transistor,

12, The device, as set forth in claim 11, wherein the transistor comprises three

channels.



15 13. The device, as set forth in claim112, wherein a first of the
three channels is generally horizontal, and wherein a second and
third of the three channels are generally vertical. 14. The device,
as set forth in claim 10, wherein the fin conprises a trench forned
bet ween each of the two legs. 15. The device, as set forth in claim
14, wherein the trench is generally U shaped. 16. The device, as set
forth in claim 10, wherein each of thé&first side gate, the second
side gate and the top gate are electrically coupled to one anot her.

13.  The device, as set forth in claim 12, wherein a first of the three channels is
generally horizontal, and wherein a second and third of the three channels are generally

vertical.

14. The device, as set forth in claim 10, wherein the fin comprises a trench formed

between each of the two legs.

15.  The device, as set forth in claim 14, wherein the trench is generally U-shaped.

16. The device, as set forth in claim 10, wherein each of the first side gate, the second

side gate and the top gate are electrically coupled to one another.



