| SOLATED TRI - GATE TRANSI STOR FABRI CATED ON BULK SUBSTRATE Background In the
manuf acture of integrated circuit devices, nmulti-gate transistors, such as
tri- gate transistors, have becone nore preval ent as devi ce di mensi ons
continue to scale 5down. In conventional processes, tri-gate transistors
are gener &d yof/@bssscat ed on either bul k silicon subst pat/es0ey0688ss
silicon-on-insulator substrates. In sone instances, bulk silicon substrates
are preferred due to their | ower cost and because they enable a |ess
conplicated tri-gate fabrication process. In other instances,
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and drain extension tips at the bottom of the transistor body (i.c., the “fin”). When the tri-
gate transistor is formed on a bulk substrate, proper alignment is needed for optimal gate
control and to reduce short-channel effects. For instance, if the source and drain extension
15 tips are deeper than the metal gate electrode, punch-through may occur. Alternately, if the
metal gate electrode is deeper than the source and drain extension tips, the result may be

an unwanted gate cap parasitic.

Accordingly, there is a need for a tri-gate transistor fabrication process that
combines the ease of fabrication provided by bulk substrates with the improved short

20  channel effects provided by silicon-on-insulator substrates.
Brief Description of the Drawings
Figure I illustrates a conventional tri-gate device.

Figure 2 is a method of forming an isolated semiconductor body in accordance

with an implementation of the invention.

25 Figures 3 to 10 illustrate structures formed when the process of Figure 2 is carried

out.

Figure 11 is a method of forming an isolated semiconductor body in accordance

with another implementation of the invention.



out . Figure 11 is a nethod of formng an isol ated sem conductor body
i n accordance with another inplenentation of the invention. Fi gures
12 to 14 illustrate structures formed when the process of Figure 11 is
carried out. Detailed Description Described herein are systens and net hods
of fabri cavo mgy/el2e33i - gate transi stor on a 5bul k sem c8AHUEI06F08EDBSt r at e
with inproved short channel effects. In the follow ng description, various
aspects of the illustrative inplenmentations will be described using terns
commonly enpl oyed by those skilled in the art to convey the substance of
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only sone omumﬁﬂtdescrlbed aspects. For 10purposes of explanation, specific
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t horough understandi ng of the ibdaigl ballim@nl Npl enment ati ons. However, it
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without the specific details. In other instances, well-known features arc omitted or

simplified in order not to obscure the illustrative implementations.

15 Various operations will be described as multiple discrete operations, in turn, in a
manner that is most helpful in understanding the present invention, however, the order of
description should not be construed to imply that these operations are necessarily order
dependent. In particular, these operations need not be performed in the order of

presentation.

20 Implementations of the invention provide a fabrication process for a tri-gate
transistor on a bulk semiconductor substrate where the tri-gate transistor is fully isolated,
thereby combining the simple tri-gate on bulk process with the better short-channel
behavior of tri-gate on silicon-on-insulator. In accordance with an implementation of the
invention, a semiconductor body for the tri-gate transistor is formed out of the bulk

25  substrate. This semiconductor body is often referred to as the “fin” of a tri-gatc transistor.
Next, an oxide layer is fabricated beneath the semiconductor body using an oxidation
process. The oxide layer isolates the semiconductor body from the bulk substrate and

reduces junction capacitance.

For reference, Figure 1 illustrates a conventional tri-gate transistor 100. As shown,

30  the tri-gate transistor 100 is formed on a bulk semiconductor substrate 102, such as a bulk



i nvention, a sem conductor body for the tri-gate transistor is fornmed out
of the bul k 25substrate. This sem conductor body is often referred to as
the "fin" of a tri-gate transistor. Next, an oxide layer is fabricated
beneath the sem conduct or body using an oxidation process. The oxide | ayer
i sol at es tWe20%pi2ednduct or body from the bul k substraPel/ERNTeIEes
junction capacitance. For reference, Figure 1 illustrates a
conventional tri-gate transistor 100. As shown, 30the tri-gate transistor
100 is formed on a bul k sem conductor substrate 102, such as a bulk
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to the bottom of the semiconductor body 104, short-channel cffect issues may arisc.

Figure 2 is a method 200 of forming an isolated semiconductor body on a bulk
substrate in accordance with an implementation of the invention. Figures 3 through 10

illustrate cross-scctions of structures that are formed when the method 200 is carried out.

20 The method 200 begins by providing a bulk substrate upon which the isolated
semiconductor body of the invention may be formed (202 of Figure 2). In
implementations of the invention, the bulk substrate may be formed from silicon or a
silicon alloy. In further implementations, the bulk substrate may include materials such as
germanium, indium antimonide, Icad telluride, indium arsenidc, indium phosphide,

25  gallium arsenide, or gallium antimonide, any of which may be combined with silicon.

The bulk substrate includes a hard mask layer formed from a material such as
silicon nitride (e.g., Si3Ny). The silicon nitride hard mask layer may be formed using
conventional processes, such as a chemical vapor deposition process on a top surface of
the silicon bulk substrate. Figure 3 illustrates a cross-section of a bulk substrate 300 that

30  includes a silicon nitride layer 302 formed on its top surface.



20The nmet hod 200 begi ns by providing a bul k substrate upon which the

i sol ated sem conductor body of the invention may be forned (202 of Figure
2). In inplenmentations of the invention, the bulk substrate may be forned
fromsilicon or a silicon alloy. In further inplenentations, the bulk
subst r at e W009/MéPdde materi al s such as germani um i nBETUEPAMYIHOMI de, | ead
telluride, indium arsenide, indium phosphide, 25gallium arsenide, or
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illustrates a cross-section of a fin structure t hat has been forned by
etchi ng t e™®é k substrate 300 using the patterned hard mask structure 302A
as a mask. Next, a shallow trench isolation (STI) material is deposited
around the finNsﬁnummumamia(@ﬂBkm(Sm)mamh@ﬂﬁqmmphenmmimtﬁmnawmk t he

I nvent llp n, ( 26£eh} VallOIIrI%%I enlleanltatlonq of 910 nwcntlon %f‘]e ﬁtT A8 rial may be an insulating
material, such as a diclectric material or another oxide material. In some implementations,
silicon dioxide or SiOF may be used as the STT material. The STI material may be
deposited using conventional deposition processes, such as chemical vapor deposition
(CVD), physical vapor deposition (PVD), and atomic layer deposition (ALD). Figure 6

20 illustrates a cross-scction of an ST1 material 600 that has been deposited adjacent to the fin

structure 500.

The STT material is then recessed to expose a portion of the fin structure (210).

The exposed portion of the fin structurce will cventually become an isolated semiconductor
body for use in a tri-gate device. Accordingly, the degree or depth to which the STI

25  material is recessed and the fin structure is cxposed corresponds to a desired thickness or
height of the isolated semiconductor body being formed. Conventional processes may be
used to recess or etch the STT material, including but not limited to wet etching processes
using hydrogen fluoride (HF) or dry etching processes using CHF3, CHsF, or CF4. In
further implementations, other wet or dry etching processes may be used. Figure 7

30 illustrates a cross-section of the STT material 600 after it has been recessed, thereby

exposing a portion of the fin structure 500.



material, such as a dielectric material or another oxide material. In sone
i npl ementations, silicon dioxide or SiOF may be used as the STI material.
The ST1 nmaterial nay be deposited using conventional deposition processes,
such as chem cal vapor deposition (CVD), physical vapor deposition (PVD),
and at om AV 2ygp12¢Réposi tion (ALD). Figure 6 20il | ustr BEEESQLIBES- sect i on
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structure 500. The STI material is then recessed to expose a portion
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structure pr otcctcd by thc nitride cap now becomes isolated from the bulk substrate by this
newly formed silicon oxide. Tn implementations of the invention, the thermal oxidation
process may be carricd out by anncaling the substrate at a tempcraturc between around
900°C and around 1100°C for a time duration between around 0.5 hours and around 3

20 hours or more. The thermal oxidation may take place in an atmosphere that contains one

or more of Oy, H,O, steam, and HCI.

Figure 9 illustrates a cross-section of the fin structure 500 after a portion of the
silicon hag been consumed by the thermal oxidation process. As shown, the portion of the
fin structure 500 protected by the nitride cap 800 now forms an isolated semiconductor

25  body 900. The material dircctly below the isolated semiconductor body 900 is an oxide

layer, generally a silicon dioxide layer, formed during the thermal oxidation process.

The nitride cap may be removed from the isolated semiconductor body after the
thermal oxidation process (216). Conventional processes for removing a nitride from
silicon may be used, such as the conventional wet or dry etching processes detailed above.

30  Insome implementations, a wet etch process using phosphoric acid may be used since it

has a high selectivity to both oxides and silicon. The isolated semiconductor body 900



is now carried out to oxidize a portion of the fin structure that is just
bel ow but not contained within the nitride cap (214). In other words, the
oxi dation process consunes an unprotected portion of the silicon fin that
is below the bottom edge of the nitride cap, 15thereby converting the
silicon i N@2@9/8i2033con oxi de material. The portion of PERESTP§O68ESFuct ur e
protected by the nitride cap now becones isolated fromthe bul k substrate
by this newly formed silicon oxide. In inplenentations of the invention,
the thermal oxidation process may be carried out by annealing the substrate
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tri-gate fabrication processes may be used fromth poi nt forward.
oxide. Accordingly, the degree to which the STI material is I‘CCC\de hcw will depend on

15 the desired thickness of oxide layer being formed to isolate the semiconductor body. A
wet ctch process using hydrofluoric acid or a buffered oxide wet ctch may be used to
recess the STT material. Figure 12 illustrates a cross-section of the STI material 600 after
it has been recessed second time, thereby exposing a portion of the fin structure 500 below

the nitride cap 800.

20 In accordance with implementations of the invention, a thermal oxidation process
is now carried out to oxidize the portion of the fin structure that was exposed during the
second STT recess (1104). The oxidation process consumes the silicon that is exposed and
not protected by the nitride cap, converting the silicon into a silicon oxide material. Here,
the thermal oxidation process has a faster oxidation rate on the silicon because the silicon

25 is exposed, yielding a relatively thinner and better controlled oxide. The portion of the fin
structure protected by the nitride cap now becomes isolated from the bulk substrate by this
newly formed silicon oxide. As described above, the thermal oxidation process may be
carried out by annealing the substrate at a temperature between around 900°C and around
1100°C for a time duration between around 0.5 hours and around 3 hours or more. The

30 thermal oxidation may take place in an atmosphere that contains one or more of O,, H,O,

steam, and HCI,



Figure 11 is an alternate nethod 1100 of form ng an isol ated sem conduct or
body in accordance with an inplenentation of the invention. The nethod 1100
foll ows the sanme process as the nethod 200 until the nitride cap is forned
(i.e., the method 1100 10i ncl udes the processes 202 through 212 of Figure
2) . w@egoee nitride cap is fornmed, a second rBEEES0¢f068832 STI
material is perforned (1102 of nmethod 1100). In this inplenentation, the
ST1 material is recessed a second tine to expose a portion of the fin
structure below the nitride cap that will be converted into an oxi de.
Accordi ngly, r. 0 whi.ch d here wll
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i nvention, t hermal oxidation process is now canied out to oxidize the
portion of Ot‘PFé‘dl‘*i“%%t’é‘iﬁhﬂ&‘talﬁxé‘af“i‘i’dtlo“\ﬁﬁs exposed during the second ST1 recess
(1104). The oxidation process consunes the silicon that is exposed and not
prot ected by t hRee miride cgpenayapyw be amoeed frangtht helasd bancnducht body agerl | con oxi de
mat eri al . e : S ation rate
on the-si 11 EnEmb AR IR P BB e B B AL Vet y

t hi nner andlicdhetpebe wehey éhdribel! dridd. hC’th@teﬁ)@ﬁlﬁW%ﬁUC@F bedy@09 may &Y uct ur e

protect@d RYtd6 rdhintafuii 9Qe ﬁﬁﬂlsﬂpw&tlpﬁff)%@shbﬁ thﬁ‘ﬁl@‘éff&ﬁsqghﬁxjé@o bul k substrate
by this newy formed silicon oxide descri bed above, the thernal

oxi dat i on pPreeeyel tﬁ&ytetﬂéw&wrﬁOéﬁFd@uPulﬂsylllawne”sauwdd gl ibsidatde at a

tenper at ur@mhehdeigrboay WC%QQUQ{B%WOQW}%@VJ;@O@l& QEaid cddvBRiofr at i on

bet ween around .5 hours and a[ ou% g re. The 30 thermnal

oxi dat i on e CrRIEIGR RIOESSToH MAR CRROE YA &Y sepoml,g)pv ntai ns one or nore of 02,
H20, steam and HCl. Figure 13 illustrates a cross-section of the fin
structure 500 aftoetingheectiedosddmpgrt isoltedfentitpadusior bedyronhdslkbeen consuned by

the t h% nBsIubsQﬁgt'c ‘Pléwﬁc'b%h REPE&ES 3n £cgo1t181rc%ﬁl§]m n@ﬁta 1&}1)( &f thé-%ogmoﬂa‘%hcs hown, the
portion of the fin structure 500 protecte g/ the nitride cap 800 nowforms
A

an isol at efev ngdinn Gnatiee Byer Bawsth 0o MITHE UG PV PR BYMEETdle t he
Si sol at ed serheRRYAkAT Qw&@% loBtirhd1 atOXIn€i6!. |A@Mi%6nal§&@ﬁtx gengral ly a
silicon dioxide |ayer, formed during the thernal oxidation process.

simplification of engineering required for the somce and drain tip extensions, a reduction

of source and drain junction capacitance, and the creation of a relatively thin isolation

20 layer under the active tri-gate device, which provides improved short-channel immunity
relative to standard silicon-on-insulator devices that use a relatively thick isolation layer.
In addition, the fully isolated semiconductor body of the invention enables other silicon-

on-insulator type applications, such as a single device memory with a floating body, cven

though the starting wafer is bulk silicon.

25 The above description of illustrated implementations of the invention, including
what 18 described in the Abstract, is not intended to be exhaustive or to limit the invention
to the precise forms disclosed. While specific implementations of, and examples for, the
invention are described herein for illustrative purposes, various equivalent modifications
are possible within the scope of the invention, as those skilled in the relevant art will

30 recognize.

These modifications may be made to the invention in light of the above detailed



The nitride cap may now be renoved fromthe isol ated sem conductor body
after the thermal oxidation process (1106). Conventional processes for
removing a nitride fromsilicon my be used, as described above. The
i sol ated sem conductor body 900 may now 10be used to forma tri-gate
transi st ovoneobhoizespr oved short-channel effects rel ati REr/UR0ESHG88EMt | ona
tri-gate transistors fornmed on bulk silicon. Figure 14 illustrates the
i sol ated sem conductor body 900 after the nitride cap 800 is renoved. Once
again, conventional tri-gate fabrication processes may be used fromthis
oint forward. .Accordingly,. nmethods of .form.n n isol ated .senm conduct or
body on_a Bureidses e ndve-pog e PPyl A o e g oh
i mpl enment aini-@risn 0fhetsheificimglmemmamiopd drelof@rimait Fenifiofiommdokd dkemb.ayer beneat h
the semc ctor bod rovides sel f_ alignr f. I .and source/drain
tip ext eng}’?%ﬁ%’ t]?"obrc Opc%%l }hgrﬁllvmglénéb tigen‘{%%fu}l%ggﬁy i rtlléblfb Oéﬁlggftcl%?@b’i ncl ude a
si npl i fi cavhionarofo bengisedrii svgordaguivitectablaovhed dvetrigeipf cleimpndrehtation ti p
extensions, a reduction of source and drain junction capacitance, and the
creation of a relatively thin isolation 20 |layer under the active tri-gate
devi ce, which provides inproved short-channel imunity relative to standard
silicon-on-insulator devices that use a relatively thick isolation |ayer.
In addition, the fully isolated sem conductor body of the invention enables
ot her siliconon-insulator type applications, such as a single device nenory
with a floating body, even though the starting wafer is bulk silicon. 25The
above description of illustrated inplenentations of the invention,
i ncluding what is described in the Abstract, is not intended to be
exhaustive or to limt the invention to the precise fornms disclosed. Wile
specific inplenentations of, and exanples for, the invention are described
herein for illustrative purposes, various equivalent nodifications are
possible within the scope of the invention, as those skilled in the
relevant art will 30recognize. These nodifications may be nade to the
invention in light of the above detailed description. The terns used in
the followi ng clainms should not be construed to limt the invention to the
specific inplenentations disclosed in the specification and the cl ai ns.
Rat her, the scope of the invention is to be determ ned entirely by the
followi ng clains, which are to be construed in accordance with established
doctrines of claiminterpretation. CLAIMS 1. An apparatus conpri sing:



a bulk substrate; a fin structure in direct contact wwth and extending from
the bul k substrate; an oxi de layer fornmed over the fin structure and
over the bul k substrate, wherein the oxide layer is in direct contact with
both the fin structure and the bul k substrate and wherein a top surface of
the oxide layer is substantially planar over both the fin structure and the
bul k substrate; and a sem condticAnviSbody fornmed on the oxide |ayer
proximate to and in alignnment with the fin structure, wherein the

sem conductor body and the fin structure are both formed fromthe sane
material as theahdpfargidbsii@imgand wherein the oxide |ayer isolates the

sem conduct or body fromthe fin structure. 2. The apparatus of claim1,
wher ei n the mat &pillysubstipter i ses silicon. 3. The apparatus of claim 1,
wherein the mategj aby GQUR Jliisc%?ccﬁl'téc{ \(K}ﬁﬂa@d éx?éﬁ%gl Vﬂotn}i"tcs@ bﬁﬁ&%ﬂra[éﬁ.t erial
selected fromthe group consisting of gernani ur%] I ndir um ant1 noni de, | ead
telluride, indiamradskpérdermddnaicutheghmogpliudesndgaiet therbudly sbstrade, wiandn gal | i um
ant i noni de 4 he appasat.us of claj erein the oxide |ayer conprises
2111 con ar s odide 108 PR DaB Siulhitng HE S fhe R (Rl st HSE off

struct ur e whereihragop surtiot at thewixide larel issxbemdiang pfanaoveheoth thekfis sthgturat e; an

oxi de | ayer fﬁr]gr@g Lg)t%) the fin structure; and a sem conduct or body
formed at o9l Bk FPsTHEAH  wherein the oxide layer is formed by a ther nal

oxi dati on processentibeHdusONBoUVER e tHeQkid lajdtrotimatth WGY W Blignnfent The
apparatus of claimb5, wherein the fin structure con*ﬁrl ses silicon, the bulk
subst rat e ¥ SR stragtytec whereinnde semicoBdistst kdy poding dpitusee atel haslon, and

the oxide hay&s r&RIRY dafRSmatbiid G0 theHuX iBStrate and wherein the oxide layer isolates

the semiconductor body from the fin structure.
2. The apparatus of claim 1, wherein the material comprises silicon.
3. The apparatus of claim 1, wherein the material comprises silicon alloyed with a

second material selected from the group consisting of germanium, indium antimonide,

lead telluride, indium arsenide, indium phosphide, gallium arsenide, and gallium

antimonide.
4. The apparatus of claim 1, wherein the oxide layer comprises silicon dioxide.
5. An apparatus comprising:

a bulk substrate;

a fin structure in direct contact with and extending from the bulk substrate;

an oxide layer formed atop the fin structure; and

a semiconductor body formed atop the oxide layer, wherein the oxide layer is

formed by a thermal oxidation process that consumes a portion of the fin structure.

6. The apparatus of claim 5, wherein the fin structure comprises silicon, the bulk
substrate comprises silicon, the semiconductor body comprises silicon, and the oxide

layer comprises silicon dioxide.



