1 MUILTI PLE- GATE TRANSI STORS W TH | MPROVED GATE CONTRCL Field of the
I nvention The present invention generally relates to the field of 5
sem conduct or devices, and nore particularly, to the manufacture of netal
oxi de sem conductor field effect transistors with nmultiple-gates.
Background of the Invention 10 Metal - bxi de-sem conductor field effect
transistor (MOSFET) technology is the dom nant sem conductor technol ogy
used for the manufacture of ultra-large scale integrated (ULSI) <circuits.
Reduction in the size of MOSFETs have provided continued inprovenent in
speed performance, circuit density, and 15 cost per unit function over the
past few decades. As the gate |ength of the conventional bul k MOSFET is
reduced, the source and drain increase interact with the channel and gain
i nfluence on the channel potential. Consequently, a transistor with- a
short gate | en§UHTERER <ATE MEANSISDORSENI akerovsd dAes fe@iddt Y of the 20
gate to substantially control the on and off states of the channel.
Phenonmena such as reduced gate control associated with transistors with
short channel lengths are terned short-channel 2 effects. Increased body
dopi ng concentration, reducedFgalé okitde mMnheakiwss, and ul tra-shall ow
source/drain junctigns are ways to ’ .
The present “invention generally relates to the field of
5 semiconductor devices, and wore particularly, to the manufacture

of wmetal oxide semiconductor field effect transistors wiéh

multiple-gates.

Background of the Invention
10 ) Metal -oxide-semiconductor field effect transistor
(MOSFET) technology is the dominant semiconductor technology uséd
for the manufacture of ultra-large scale integrated (ULSI)
circuits. Reduction in the size of MOSFETs have provided
continued improvement in speed performance, circuit density, and
15 cost per unit function over the past few decades. As the gate
length of the conventional bulk MOSFET is reduced, the source and
drain increase interact with the channel and gain influence on
the chanpel potential. Consequently, a transistor with-a short
gate length suffers from problems related to the inability of the
20 gate to substantially control the on and off states of the

channel. Phenomena such as reduced gate control associated with

transistors with short channel lengths are termed short-channel




suppress short-channel effects. However, for device scaling well into the
sub-50 nmregine, the requirenents for body-doping 5 concentration, gate
oxi de thickness, and source/drain (S/D) doping profiles becone
increasingly difficult to meet when conventional device structures based
on bulk silicon substrates are enployed. Innovations in front-end process
technologies or the introduction of alternative device structures are
required to 10 sustain the historical pace of scaling. For device scaling
well into the sub-30 nmregine, a prom sing approach for controlling
short-channel effects is to use an alternative device structure with

mul tiple-gate 15 electrodes. Exanples of nultiple-gate structures include
the double-gate structure, the triple-gate structure, the omega- PET
structure, and the surround-gate or wap-around gate structure. A

mul tiple-gate transistor structure is expected to extend the scalability
of CMOS t echRbferfis .beyasdesdiey Iy 'tg%ions of the 20 conventional bulk
MOSFET and real i ze the uItinateop?nl PO1Y QCPEBR MIBRETedudthe gh b redugt | on

of.'addition%?liﬁﬂﬁ§§.ideowesrat§g%1yggac'tanc coupl ing between the gates
and the channel, 3 increases the contro%oucl)ﬂ’f:e %léha?ﬂﬂ’éfltipnﬁ entd alayRy thhe

gate, hel ps SHRPTESFpFlext stivmnet harnede £F f g6Ls,and prolongs the scalability

r device scaling well

into the sub- i
50 mm regime, the requirements for body-doping '

5 concentrati i
ion, gate oxide thickness, and source/drain (S/D)
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10 sustain the historical pace of scaling

use an gl i i
ternative device structure with multiple-gate

15  electrode '
s. Examples of multiple-gate structures include th
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double- éte
g structure, the triple-gate structure, the omega-FET

structure, ang the surround-gate or wrap-
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of the MOS transistor.

opposi ng sides of the channel

5 An exanple of a multiple-gate device is the
doubl e-gate MOSFET structure, wherein there are two gate el ectrodes on the
or silicon body. A nethod fabricate a to
6413802 131 and shown

doubl e-gate MOSFET is described in U S. Patent No.
1Q structures 10 havi ng a doubl e gate

in Figure 1A for FinFET transistor
froma substrate and net hods of manuf act ure.

channel extending vertic
In U S. Patent No. 6413802 Bl1l, the device channel

formed on an fin 12 insulative substrate 14 (e.qg.,
defined using an etchant mask 16. Gate oxidation i

foll owed by gate deposition and gate patterning to forma doubl e-
t he source-to-drain

gate

ally

includes a thin silicon
silicon oxide) and
15 s perforned,

el ectrode 20 overlying the sides 22, 24 of the fin 12.
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direction and the Both gate-to-gate direction are
substrate surface. The device structure 10,
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an .enlarged, cross-sectional view of which is illustrated in 20 Figure
1A, is widely recognized to be one of the nbst manufacturabl e doubl e-gate
structures. A plane view of the double-gate structure 10 is shown in
Figure 1C. 4 Another exanple of the nultiple-gate transistor is the
triple-gate transistor. An enlarged, cyoss-sectional view of the
triple-gate transistor structure 30 is'illustrated in Figure 2A. A plane
view of the triple-gate structure 30 is shown in Figure 5 2C. The
triple-gate transistor structure 30 has three gates: gate 32 on the top
surface 42 of the silicon fin 12, and gates 34,36 on the sidewalls 44, 46
of the silicon fin 12. The triple- gate structure 30 achi eves better gate
control than the doubl e- gate device 10 because of the extra gate 32 on the
top 42 of the 10 silicon fin 12. The doubl e-gate device structure 10 and
the triple-gate device structure 30 may be inproved by further enhancing

the gate control. An iddowgbi-ati f the cross-section of the double-gate
15 device is shown in Figure %&?Meglﬂ g mpLtipieatgaset heandiessr $§CHLON

of the tripl érjple- e gganggggbg;heAgouQ e-gate structure 10 .and
triple-gate structure 30 have a Silicon r CrP¥9rsextihaal oxex bescran

i nsul ator subsirkt-@até. tFhestady exgale,deyj ce structure 10 (Figure 1A)
has a gate eéecirode_ZO that 20 wraps a?ggny tﬁﬁaé&lP?EBﬂtﬁqrinlfigmmennﬂ
. . £ i

with a gate i B1EG rMfiew of the triple-gate spructure 30 is shown in Figure

5 2cC. T i - i
: he triple-gate transistor structure 30 has three gates
ate 32 |
g on the top surface 42 of the silicon fin 12, and gates

r
CcO .
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10 silicon fij
fin 12, The double-gate device structure 10 and the

enhancing the gate control.

An illustration of the cross-section of the double-gate

I5  device ig shown in Figure 1a. Figure 2a illustrates the Cross-
section of the triple-gate device. Béth the double-gate
Structure 10 and triple-gate structure 30 have a silicon body or

fin 12 that overlies an insulator substrate 14; The double-gate
device Structure 10 (Figure 1A) hags a3 gate electrode 20 that

20 wraps around the silicon fin 12 covered with a gate dielectric

layer 2 i i
6 on its two sidewalls 22,24. The gate electrode 20

therefo
re forms two gates 34,36, one on each sidewall 22,24 of




| ayer 26 on its two sidewalls 22,24. The gate electrode 20 therefore forns
two gates 34,36, one on each sidewall 22,24 of 5 the silicon fin 12. For
the triple-gate device structure 30 (Figure 2A), the gate el ectrode 20
that waps around the gate dielectric |ayer 26 covered silicon fin 12
forms three gates: 34,36 gate 32 on the top surface 42 of the silicon fin
12, and 5 two gates 34,36 on the si dewal | s 22,24 of the silicon fin 12. The

doubl e-gate device structure 10 and the triple-gate device structure 30

may be inproved by further enhancing the gate control. For exanple, the
gate el ectrode 20 in the double-gate 10 structure 40 may encroach under the

silicon fin 12 form ng an wundercut 28 as shown in Figure 1B. For the
triple-gate structure 50, the gate el ectrode 20 may al so encroach under
the silicon fin 12 as shown in Figure 2B. For the triple-gate structure
50, the encroachnent of the gate el ectrode 20 under the silicon fin 12 15
fornms an oneddeshsijddogatranstyuct URg IP‘I s inproved triple-gate transistor
structure 50, also called the Orega fi&P8- &Ffete-gateansivter sfbE)urd , t he
cl osest reserffignee 2@)1htahé5a§gté\lgle@groou d (OGAA) transi stor for excellent
51 € prbets ¥rspri bavubed that gfqr

scal ability, anfl uses a very manufact urabl

the doubl e- gSt8lo%rmc thaiyisire-gat @wdr@RSi Sl Tfée Orega- FET has a top _
conventi onal 35"%& a%agt??i P?&bOdy gate like the sﬂli OR- dA- iEREWE atbree r gasdst or |
i dewal | gates’ 11 k& foulyl €&gdthe toansi , eci al. .gate '
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PET is

extensi ons or encroachnents under the silicon body. The Orega-
al nost wraps around

6

therefore a field effect transistor with a gate that

the body. In fact, the longer the gate extension, i.e., the greater the
the 5 nore the structure approaches or

extent of the encroachnent,

resenbl es the gate-all-around

of an Orega- FET 50 is shown in Figur
el ectrode under the 10 silicon body helps to shield the channel

electric field lines fromthe drain and inproves gate-to-channel
controllability, thus alleviating the drain-induced barrier |owering
ef fect and inproving short-channel performance. The encroachnent of the
gate el ectrode under the silicon body relies 15 on an undercut of the
insulator layer in the substrate, thus formng a notch in the substrate at
t he base of L{icon body. A sinple process flow for fabricating the
nul ti pl e- gat g}%g%t%%u%er %yqﬁoﬁﬁhaﬁn%ﬁmgmhapedseiﬂf&{ qgey, 20 s shown in
20 Figures 4@E4Cislnjﬂ&%%gggsaa ertical semiconductor fin-12 o%e?T?th a
substrate 18 including a surface 1<) affget dy@msiétorAwgggs%¢§ﬁﬁgiqglof
the fin 12 i aledanwidpdi gHLGHA AN, under cut =
he” body. In fact, the lon
ger the gate

structure. A three-dinensional perspective

® 3. The encroachment of the gate
from

extension, i.
l1.e., the greater the extent of the encroachment, th
5 more the structur | e
€ approaches or resembl
€8s the gate-all-ar
ound

shown in Figure 3.
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14 of the substrate 18 is fornmed by an etch

process, as shown in Figure 4B. For exanple, if the insulator 14 is
silicon oxide, the etch may be performed by a wet etch using diluted
hydrofluoric acid (HF) (for exanple, a mxture 5 of 25 parts of water and 1
part of concentrated HF) for 60 seconds at 25 degrees Celsius to achieve a
recess "R' of about 100 angstrons. THe etch process also etches laterally,
resulting in an undercut 28 below the silicon fin 12. However, such a
timed etch is not a very controll able process and introduces 10 significant
variability of the value of recess Rwithin wafer and from process run to
run. After formation of the substrate recess, the gate dielectric |ayer
26, gate electrode 20 (Figure 4C), and source/drain regions 52,54 are

formed to conplete the device fabrication. It is inportant to limt the
variability 2% %g %ﬂgiégggss R in a manufacturing process as this affects
the toleranc¢é i egoentaygat a4ebehpL OGRS t |s therefore an
obj ect of the § esent invention to provide a net%gaL?oigf%ﬁwﬁPﬁ@e%lnfan
doubl e- gat e FF&RsPEPEEST t BS Zhowmprovedigate ggntrol 8 Lt iﬁ anot her

i nyention to provide a nethod for fOFMPHYy aif the

obj ect of the,present
triple-gate transist o twi¥ F1ligpRovsiticgataecondy @lay Be %ggg%rr}aegfb}; r;ew .
2 . e
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28 in the insulator |ayer
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In accordance with the present invention, a nethod for fabricating a

mul tiple-gate device and the nmultiple-gate device structure fabricated are
disclosed. 10 In a preferred enbodi nent, a nethod for fabricating a

mul ti pl e-gate device can be carried out by the operating steps of
providing a substrate that includes a sem -conducting |ayer overlying an

i nsul ator stack, the insulator stack #ncludes an insul ator | ayer overlying
an etch-stop layer; patterning the 15 sem -conducting |ayer form ng a

sem conductor fin, the sem conductor fin has two sidewalls and a top;
etching the insulating |layer at the base of the sem conductor fin formng

an undercut; depositing a gate dielectric |ayer overlying the
sem conductor fin; depositing an electrically conductive |layer 20 over the
gate dielectric layer; etching the electrically conductive |ayer formng a

gate straddling across the sidewall surfaces and the top two surface of

t he sem conductor fin:It9 iandnbOhgtngﬂgeggur £ LE ion and a drain region in

the semconductpr fin. In the method for fdﬁrica i RFSZeREI tinyleatiet eto

device, 5 tﬁgogﬁi?-éodﬁﬂéFﬂngf¢ayakuﬂuﬁgin;lgggpﬁgjg%on, or silicon and

.germanium The insulator |ayer may be a diel ectric.oor stTanssftor with
gate control.

5
Summary of the Invention
In acc i
ordance with the bresent invention, a method for

structure fabricated are disclosed

10 In a preferred embodiment, a method for fabricating a
multiple-gate device can be carried out by the operating steps of
providing a substrate that includes a semi-conducting layer
?Verlylng an insulator stack, the insulator stack includes an
insulator layer overlying an etch-stop layer; batterning the

und%rcut; depositing a gate dielectric layer overlying the
) Semiconductor fin; depositing an électrically’ conductive layer
over the gate ‘dielectric layer; etching the electrically
conductive layer forming a gate s;raddling across the two

Sidewall syr
faces and the top surface of the semiconductor fi
n;




oxi de. The insulator |ayer may have a thickness between 20 angstrons and
1000 angstrons. The etch-top | ayer may be forned of silicon nitride, or
may be formed of a dielectric layer that 10 has a | ower etch rate than the
insulator |ayer. The etch-stop [|ayer may have a thickness between 20

~angstrons and 1000 angstrons. The fi@ formati on process may further
include a fin surface snoothing step,” wherein the surface snoothing step

may include sub-steps of sacrificial |ayer oxidation and high 15
tenperature annealing in a hydrogen anbient. In the nethod, the etching
step for the insulator |ayer my be a wet etch process which etches the

i nsul ator |ayer and stops on the etch-stop |layer. The nethod may further

i nclude the 20 step of conducting the wet etch process by using a diluted
hydrof l uoric acid. The etching step for form ng the undercut may further
include a dry etch process followed by a wet etch 10 process. The dry etch

process etché®d héorming ator doayee BEQI Ng@n the.etch-stop layer. The
wet etch process utilizes a diluted hydroflﬁbri% agfﬁpjTH€9H@Ph0§1n3We

further incl 8B tARAucapEdn. forming the undercut in a recess between 50
angstrons and 5 1000 angstrons, or the step of formng the undercut in a
gate encroachnent. between 20 angstrons and 500 angstrons. The gate

dielectric |ayer may 9% Egrned of silicon oxide, or silicon
e method for fabricating a multiple-gate device
5 the semi- i i ’
emi-conducting layer may include silicon, or silicon and
.germanium. i
g ium The insulator layer may be a dielectric, or silico
. n
oxide, i
The insulator layer may have a thickness between 20
angst ‘
gstroms and 1000 angstroms. The etch-top layer may be formed

of sili itrj
lcon nitrjde, or may be formed of a dielectric layer that

10 has a lower etch rate than the insulator 1la er The etch sto
1 3%
- -— p

layer m 4 i
2% ay have g thickness between 20 angstroms and 1000

angstroms. i i
g , The fin formation brocess may further include a fin

. e
0 . . :

1
5  temperature annealing in a hydrogen ambient

In the method, the etching step for the insulator layer

may be a wet etch process which etches the insulator layer and

2 Stops on the etch-stop layer. The method may further include the
0 step of conducting the wet etch process by using a diluted

hydrofluori i
Ooric acid. The etching step for forming the undercut may

further j
nclude a dry etch process followed by a wet etch




oxynitride, or a high permttivity material selected fromLa203, A12Q03,
H 2, HON and Zr@2. Arelative permttivity of the high 10 Permttivity
material is greater than S. The gate dielectric |ayer has a thickness
bet ween 3 angstrons and 100 angstronms. gate dielectric |ayer may The have
sidewal | and a second thickness on the fin
The

a first thickness on the fin
the first thickness is differentOthan the second thickness.
The second

top,
second 15 thickness nay be smaller than the first thickness.
t hi ckness nmay be smaller than 20 angstrons. The may be gate materi al
poly-crystalline silicon or poly-crystalline silicon germanium The source
and drain regions each has a lightly doped or extension region. The

20 deposited over the gate dielectric

el ectrically conductive materi al
| ayer is formed on the source and drain regions. The electrically

conductive material nmetal may be a a netallic silicide or a netallic
rther directed to a nultiple-gate

nitride. 11 PYREe§F.esenThe nvant i efch S 1
devi ce structure which includes a substrat& tf4Ches the insulator layer
stopping on the etch-stop layer. 1Th
. € wet etch process utilizes 3

dieltctrlc layer may be formed of silicon oxide, or silico
:;ynltride, Oor a high permittivity material selected from La()n

) zoi, éfoz, HfON and Zr0,. A relative permittivity of the h13;
permittivity material is greater than 5, The gate dielect ?
ric
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ickness between 3
angstroms and 100 a
ngstroms. The
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thickness p ' —
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has an insul ator |ayer overlying an etch-stop layer; a sem conductor fin
formed vertically on the substrate, the 5 sem conductor fin has two
sidewalls and a top; the gate dielectric |ayer overlying the sem conductor
fin;, and source and drain regions formed in the sem conductor fin
separated by the gate electrode. 10 In the nultiple-gate device structure,
~the seniconductor fin may be fornmed bt silicon, or may be forned of
silicon and germanium The sem conductor fin may be formed with rounded
corners at the top. The insulator |ayer may be a dielectric material, or
may be silicon oxide. The insulator 15 layer may be forned to a thickness
bet ween 20 angstrons and 1000 angstrons. The etch-stop | ayer may be forned
of silicon nitride, or may be forned of a dielectric having a | ower etch
rate than the insulator |ayer, or may be forned to a thickness between 20

angstronms and 1000 angstrons. The gate dielectric |layer may be 20 forned
or may be

of silicon oxide, or rie berkeened Diveidiiggon@x ynitride,

formed of a g‘w%&erm%ﬂ %ty mat eri al seloect ég f}rg%mhqfaZ@Fe%tl%S,td-ﬁ @2,

Hf ON and Zr 0% §Elake hevpeenistriuvtdde ofhild, | Lgh permttivity

material is greater tggg P}:The gate dielectriéﬁﬁgfg?gaﬁ FHPsPeatieorthed t o
H ula .

a thickness béfwedh 3 °r layer overlying an etch-stop layer; &

SemiC i y r
L4
. . .

drain regi : i )
gions formed in the semiconductor fin separated by the

gate electrode.

10 ' In the multiple-gate device structure, the
semiconductor fin may be formed of silicon, or may be formed of
silicon and germanium. The semiconductor fin may be formed with
r?unded corners at the top. The insulator layer may be a
dielectric material, or may be silicon oxide. The insulator

I5  layer ma i
Y be formed to a thickness between 20 angstroms and 1000

angstroms.
The etch-stop layer may be formed of silicon nitride,

Oor may be f i i .
ormed of a dielectric having a lower etch rate than

the insulat
or layer, or may be formed to a thickness between 20

angstroms
and 1000 angstroms. The gate dielectric layer may be

20 formed of silij i
silicon oxide, or may be formed of silicon oxynitride
Or may be fo i |
rmed of a high permittivity material selected from

3 2 . d Zr 2. The relatl rmitt i i




angstrons and 100 angstrons. The gate dielectric material nmay have a first
t hi ckness on the fin sidewall and a second thickness 5 on the fin top
is different than the second thickness. The

wherein the first thickness

second thickness may be smaller than the first thickness. The gate

el ectrode may be formed of poly- crystalline silicon, or poly-crystalline
silicon germanium or may be formed B a netal. The source and drain
regions each 10 include a lightly doped or extension region, or strapped by
an electrically conductive material of metal or silicide. The electrical
communi cation between the gate electrode and the source and drain regions

is made on the sidewalls and the top of the sem conductor fin. 15 Brief
Description of the Drawi ngs These and ot her objects, features and
advant ages of the present invention will becone apparent fromthe

followng detailed description and the appended drawi ngs in which: 20 13
Fi gures | A-| Char dighl gregedtrt eV DS5- 8€L1anal ; views and a plane view of a
ek 1% ottt SndEhan hs an Theergitt,

conventi onal doubl e-gate device structure w
respecti vel y i8Sl etqicesn@eaG1ar gaeNbar Gftkncll 455 §eGLI;0nal Vi Betuween 3
angstroms and 100 angstroms. The gate dielectric material may
have a first thickness on the fin sidewall and a second thickness
5 on the fin top wherein the first thickness is different than the
second thickness. The second thickness may be smaller than the
first thickness. The gate electrode may be formed of poly-
crystalline silicon, or poly-crystalline silicon germanium, or
may be formed of g metal. The source and drain regions each
10  include g lightly doped or extension region, or Strapped by an
electrically conductive material of metal or silicide The

L

.
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pl ane view of a conventional triple-gate device structure without an wth
an undercut, respectively. Figure 3 is an enl arged, perspective view of a
10 conventional onega-FET. Figures 4A-4C are enl arged, cross-sectiona
views illustrating a process flow for the formati on of a conventi onal
field-effect transistor with an onega-shaped el ectrode. 15 Fi gures 5A-5E
are enl arged, cross-sectional views i3|ustrating a process flow for a
present invention triple-gate structure incorporating the use of an etch
stop layer. 20 Figure 9 6 is an enlarged, plane view of the present

i nvention device structure prepared by the process of Figures 5A- 5E. 14
Figure 7 is an enlarged, cross-sectional view of a silicon fin forned with
rounded edges. Figure 8 is an enl arged, perspective view of an onega- 5 FET
formed using the present invention nmethod. Figures 9A-9B are enl arged,
cross-sectional views taken along lines B-B' and GC, respectively, in
the plane view of Figldwres 12010edwd | ription of the Preferred
Enboginent § i éﬁia@@é&, J%oss—sectional views and a

and with an undercut, Trespectively

an with an undercut, Tespectively

Figure 3 ig an

enlarged, berspective view of a

10 conventional omega-FET.

Figures 4a-
A-4C are enlarged, Cross-sectional views

il i
lustratlmg @ process flow for the formation
o

- 15

Figures s5a-sp are

20




The. present invention provides an inproved process wherein an etch stop
| ayer is used to control the anbunt of recess R It achieves accurate
control of the recess and an 15 inproved process window with little
variability. The inproved process, i.e., the preferred enbodi nrent of the
present invention, is schematically described in Figure 5A-5E. Figures
5A-5E show the device cross-sectionsl4t the various process steps, as
observed along line A-A" in the plane view for the conpleted 20 device in
Figure 6. The starting substrate is a silicon-on- insulator substrate, as
shown in Figure 5A. The starting substrate conprises of a silicon film 58
overlying an insulator 15 stack 62. The insulator stack 62 conprises of a
first insulator |ayer 68 overlying an etch-stop 66 | ayer which overlies a
second insulator layer 64. The first insulator |ayer 64 can be nade of
any first dielectric material such as silicon oxide. The first 5 insul ator
| ayer 68 has a thickn%gs of hetween 20 angstrons and 1000 angstrons. The
second insul ator |ayer 264 nhylbeRadnlsirgete c&@ﬂﬁ~£§hﬁ%hgi as the first
insul ator |ageri&s rhhe ggﬁg@d .dnsulator |layer 64 has at ickneS¥ & a

5 dmﬁﬁb§PPBﬁ%@ gdgeshe preferred enbodi nent, the

bet ween 20 angstrons an
first .10 dielectric material is silicon oxide. The etch stop |ayer 66 can

Figure 8 i
s an'enlarged, berspective view of an omega

5 F i
ET formed using the present invention method

Figures 9a- .
9B are enlarged, Cross-sectional views taken

along lines B-B!
B' and c-c', Tespectively, in the pPlane view of

Figure 6.
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etch stop layer is ugeq to control the amount of

bProcess, i.e.
+ the preferred embodiment of the bPresent invention
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Mprises of a silicon film 58 overlying an insulat
or




be any second dielectric material which has a reduced etch rat conpared to
the first dielectric material. If the first dielectric material is silicon
oxi de, which can be etched using diluted hydrofluoric acid, the second
dielectric material can be 15 silicon nitride. The etch-stop |ayer 66 may
have a thickness of between 20 and 1000 angstrons. The silicon fin 12 is
patterned using an etchant mask 72, ks shown in Fi gure 5B. The etchant
mask 72 may be a material 20 commonly used for nasking an etch process,
such as photoresist, silicon oxide, silicon nitride, etc. In the preferred
enbodi nent, the etchant mask is silicon oxide. In the present 16

invention, an optical fin surface snoothing step is used to' inprove or
reduce the surface roughness of the fin sidewalls 22,24. |f the etchant
mask 72 used for fin definitionis silicon oxide, as in the preferred
embodi nent, itatkyShe rEOVEFUBRERF STy 63f cerprtimest of snbitdt HGsPIAGESS.
The renoval of the etchant . mask 72 on the silicon fin 12 prior to gate
dielectric | Fr28% PGITd"En2R R tORe 66 wWhAKsiTd altdchsoperld4sas wetdndas

the top surﬁa%%l4.opf tg% fhn lﬁé ;; shown in Figure 5C. If the etchant
mask 72 used THPIFTH dEPERi Flon TRe &5t dPeiater LavRks64 same beomadamted

'n the in sradt Rk prseseer hrnSt &R RS ELTTh S por FbF rictraby
subj ecting t heshi&cd® ByRACHHel itaisala thickness of between 20 angstroms and
1000 angstroms. The second insulator layer 64 may be made of the
same material as the first insulator layer 68. The second
insulator layer 64 has a thickness of between 20 angséfoms and
1000 angstroms. In the preferred embodiment, the Ffirst
10 dielectric material is silicon oxide. The etch stop layer 66 can
be any second dielectric material which has a reduced etch rat
compared to the first dielectric material. If the first
dielectric material is silicon oxide, which can be etched using

diluted hydrofluoric acid, the second dielectric material can be

I5 silicon nitride. The etch-stop layer 66 may have a thickness of

between 20 and 1000 angstroms.

The silicon fin 12 is patterned using an etchant mask
| 72, as shown in Figure 5B. The etchant mask 72 may be a material
20 :
- commonly used for masking an etch process, such as photoresist,
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oxi dation and/or silicon sidewall treatnent (e.g. high tenperature anneal
at 1000 degrees Cin H2 anbient). The surface 15 snoothing of the fin
sidewal I s 22,24 contributes to the achievenent of good carrier nobilities.
Dependi ng on whether the silicon oxide etchant mask 72 is renoved prior to
the fin snoothing process step, the shape of the fin 12 may be-square-
‘like or rounded at the top. If the etbhant mask 72 may be 20 retained on
the. fin 12 throughout the process, the final device structure will be a
doubl e-gate device structure. 17 The next step is the formation of a
recessed substrate which generally involves an etch process (Figure 5D).
exanple of an etch process is a wet etch using dilute hydrofluoric acid
(HF) (a mxture of 25 parts of water and 1 part of concentrated 5 HF) for
30- 600 seconds at 25 degrees Celsius to etch about 50- 1000 angstrons of
thermal |y grown silicon oxide. The actual recess R as indicated in Figure
5E, is deter t es of the first insulator layer 68. In the
preferred éﬁ%%%?ﬁgﬁt g%hé&gg%%gs PetdiSe s tinigst raowp and 4990 49
angstrons. Ti rebghogu t mount of encroachnent E, as -

i ndi cated i nh%l gure SE%A(ﬁIJaI tcée}r%na%]‘l?vtéel $C6t crr?uﬁ E%%soﬁa;theerﬁ;howldewwlét ep

$ The dry etch renoves

etch conpri saimg4of Bf dihe ekehahold24e9, by
the first insulator |ayer 68 with higﬁ anlsotro ﬁ%nUWQth%Shéi@nal

etch, and c®xiBe. aghi &vethe preferred embodiment, it may be removed befo
re

An

5 qr after the fin smoothing process. The removal of the etchant
mask 72 on the silicon fin 12 prior to gate dielectric layer 26
formed on each of the two sidewalls 22,24 as well as the top
surface 42 of the fin 12, as shown in Figure 5C. If the etchant
mask 72 used for fin definition is.a photoresist, it has to be

10 removed before the fin surface smoothing step to avoid the high
temperatures used in the fin smoothing bProcess. The fin surface
smoothing is performed by subjecting the fin to a sacrificial
oxidétion and/or silicon sidewall treatment (e.g. high
temperature anneal at 1000 degrees ¢ in H; ambient). The surface

15 smoothing of the fin sidewalls 22,24 contributes to the
achievement of good carrier mobilifies. Depending on whether the
‘Silicon oxide etchant mask 72 is removed prior to the fin
smoothing process step, the shape of the fin 12 may be square-
like or rounded at the top. If the etchant mask 72 may be

20 retained on the fin 12 throughout the process, the final device

str i
ucture will be g double-gate device structure.




15 using a plasma etch enploying fluorine chem stry knowmn and used in the
art. The wet etch etches laterally beneath the silicon body and its etch

time controls the encroachnent of the gate wunder the silicon body in the
final device structure. - In the preferred enbodi nent, the encroachnment E

is between 20 and 500 20 angstronms. The precedi ng description conpletes the
fin and substrate recess formation, &Ad the cross-section of the device 18
is showmn in Figure 5D. Wien the fin 12 has rounded edges cross-section of
the device 60 is 74, the shown in Figure 7. The process is then followed by
gate dielectric | 5 26 formation. aver The gate dielectric |ayer 26 may
oxidation Y be fornmed by chem cal vapor deposition, sputtering, etc. In
general, the thickness of the gate dielectric may the sidewalls 22,24 of Y
be different the fin 12 and the top 42 of the fin 12. Depending on the
techni que of gate dielectric layer 26 10 formation, the gate dielectric

t hi ckness on the top pe thinner than the thickness on the fin s P 42 of the
fin idewalls 22,24, '€ BREC cHERRIIiferithe foemgaian difeheebdseddiseKBESS LON
the. top 42w8§cﬁrleigrnl§urfac 12 is less than 20 angstrons. The gate
dielectric nmay include & YOIR/ESS BRaftch process (Figure 5p). an example

of an etch process is a wet etch using dilute hydrofluoric acid
(HF) (a mixture of 25.parts of water and 1 part of concentrated
5 HF) for 30-600 seconds at 25 degrees Celsius to etch about 50-
1000 angstroms of thermally grown silicon oxide. The actual
recess R, as indicated in Figure 5E, is determined by the
thickness of the first insulator layer 68. In the preferred
embodiment, the recess R is between 50 angstroms and 1000
10 angstroms. The etch time affects the amount of encroachment E,
as indicated in Figure S5E. An alternative etch process may
employ a two step etch comprising of a dry etch followed by a wet
etch. The dry etch remo&es the first insulator layer 68 with
high anisotropy, i.e., little lateral etch, and can be achieved
15 using a plasma etch employing fluorine chemiséry known and used
in the art. The wet etch etches laterally beneath the silicon
body and its etch time controls the encroachment of éhe gate
under the silicon body in the final device structure. - In the
Preferred embodiment, the encroachment E is between 20 and 500
20 angstroms. The preceding description completes the fin and

substrate i
Tecess formation, and the cross-section of the device




material such as silicon dioxide or 15 silicon ox ynitride with a
100 angstrons, preferably 10

t hi ckness ranging from3 angstrons to
angstrons or dielectric ma | ess. The gate Y also include a high
permttivity (high-k) material such as | anthanum oxi de La20s, al um num
oxi de A1203, hafnium oxide H G2, hafniumoxynitride H ON, or zirconium 20
oxide Zr@2, with an equival ent oxi del®hi ckness of 3 angstroms to 100
angstrons. 19 Next, a gate material is deposited. The gate nmaterial nay be
pol ycrystalline-silicon (poly-Si), poly-crystalline silicon germani um

nol ybdenum and tungsten, conpounds

(poly-SiGe), a refractory netal such as
such as titaniumnitride, or 5 other electrically conducting nmaterials. A
and the underlying gate material is etched to form
and

gate nmask is defined
el ectrode 20. The gate etch stops on the gate dielectric,
by the

the' gate
the gate is electrically isolated fromthe transistor structure
ef erred enbodi nent, 10 the gate

gat e di el ect¥d chbayein 26qul-8 ihe :
material is poly-Si and the g%l?'e Q{hgpelilﬁ“?ifclﬂi §2shds auna@y YOid i de. A
8 YS! 98
pl asma et ch UesAgseaition o and LkQEiLng,cheni stry + the
1s shown’in Figure 7.
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may be used to achieve a high etch selectivity in excess of 2000 A high
etch selectivity is critical
~aggressively a scaled gate dielectric thickness.
of the gate electrode 20, the gate
t he device fabrication, a

for device structures with tall fin and

t hr ee- di nensi onal

illustrated in Figure 60 is 8 (spacert and source./drain extensions not

shown)

Thi s nay be achi eved by ion inplantation,

i nplantation (PII1),
deposition and sel ective etching of the

may be a dielectric material
In the preferred enbodi nent,

nitride 5 and oxi de conposite spacer.

drain regions are dopggiby,i | npl antation, PIII
di ffusion, or "any other feghﬁga%e ARG afddered tied. t Nehe &4 dre AQ. i,opl ant

e.g.,
mat eri al
di oxi de.

The lightly-doped drain (LDD) or drain extension is

pl asma i nmersion ion

or other techniques known and 20 wused in the art,

such as silicon nitride or

After spacer formation,
gas or solid source

d through

damage or ammyphizat i gyl a9s081 pneal.
e sfilcon (poly-si), poly-crystalline

10
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20

silicon germanium (poly—SiGe), a refractory metal such
molybdenum and tungsten, compounds such ag titanium nitride N
: or
other electrically conducting materials., A gate mask is defined
and the underlying gate' material jig etched to form the  gat
e
electrode 20. The gate etch Stops on the gate dielectric, and
the gate is electrically isolated from the trénsistor structure
by the gate dielectric ;ayer 26. In the pPreferreq embodiment
the gate material ig pPoly-Si and the gate dielectric is silico;

OXynitride. p i
Plasma etch USing chlorine andg bromine chemist
ry

mask can be re
moved. At this stage of the device fabrication, a

three—dime .
nsional perspectj .

1ve  view of the devy .
evice “60 ig

n) g Y—'
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Xt. i i
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15 After the definition

mask can be renoved. At this stage of
perspective view of the device

20

f or med next.

spacer material. The spacer
silicon

t he spacer 72 includes of silicon
source and




subsequent exposure to el evated tenperatures. The resistance of 10 the
source, drain, and gate can al so be reduced by strapping the source,

drain, and gate with a conductive naterial |ayer 74. The conductive

material |ayer 74 may be a netallic silicide such as titaniumsilicide,
cobalt silicide, or nickel silicide, a netallic nitride such as titanium
nitride and tantalumnitride 15 nmetal20 a such as tungsten and copper, or

a heavily doped sem conductor such as n+ doped Si. In the preferred

enbodi men- the conductive material layer 74 is nickel suicide which may e
- In the source

formed by y be a self-aligned silicide (salicide) process.
and drain regions, the conductive material |ayer 74 may be 20 fornmed on
The

both the top 42 of the fin as well as the sidewalls 22,24 of the fin.
and CGC conpleted device (Figure

cross-sections along lines of the B-B
6) are shown in Figure 9. Next, 21 contacts are fornmed to the source,
ues. known and used in the art. It is

drain, and gased ragiRs 48 NG gteclanig al\dp sed Nexsa
- - ! y A e i f ‘ |
oo anr o e . "SW o SSP Eftlrc@?sl echiva hg devifes. S
Wile the prememt immemtisan haspheeg described in an
terial may be g dielectri
| c
mat ili i
erial such as silicon nitride or silicon dioxide I
. n the.
preferred i
1 embodiment, the Spacer 72 includes of silicon nitrig
5 and oxid i )
€ composite spacer. After spacer formation, sour d
| . ce an
drain regi i
dgions are doped by ion implantation,-PIII gas or solid
’ Ol]
source dif i
iffusion, or any other techniques known and used in th
’ in e
art. An impl
plant damage or amorphization can be annealed through
subsequent -
qu eXposure to elevated temperatures. The resist f
10 the sour i s
ce, drain, and gate can also be reduced by strappi
Pping the
source, drai i
' n, and gate with a conductive material layer 74 Th
. e

conductive i
material layer 74 may be a metallic silicide such
as

titanium siljcej
icide, cobalt silicide, or nickel silicid
cide, a

15
metil such as tungsten ang copper, or a heavily doped
::mlconductor such as n+ doped Si. 1In the preferred embodiment
f € conductive material layer 74 is nickel silicide which may be
S:rmed by a self-aligned silicide (salicide) Drocess. - In the
urce i i
o and drain regions, the conductive material layer 74 may be
on both the top 42 of the fin as well as the sidewalls
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illustrative manner, it should be understood that the term nology wused is
intended to be in a nature of words of description rather than of
limtation. 10 Furthernore, while the present invention has been described
interns of a preferred and alternate enbodinent, it is to be appreciated
that those skilled in the art will readily apply these teachings to other
possi bl e variations of the i nventiondl 15 The enmbodi ment of the invention
in which an exclusive Property or privilege is clainmed are defined as
follows. 22 CLAIMS: 1. A nethod for fabricating a multiple-gate device
conprising the steps of: providing a substrate conprising a

sem -conducting | ayer overlying an insulator stack, said insulator stack
conprises an insulator |ayer overlying an etch-stop |ayer; patterning said
sem -conducting layer formng a sem conductor fin, said sem conductor fin
having two sidewalls and a top, said fin formation process conprises a fin

surface snmooidntgtst &pe Waked ot be i ses_sub-steps of sacrificial
| ayer oxidation and high tenperatu%eggﬁﬁéﬁl TR 1RRf Gtee HeBient uséhghi ng

sai d i nsul atiorchnagees dtndwie ahases&d [$pifleSgp conductor fin formng an
undercut; depositing a gate dielectﬁic Igyegabvggl9?#5“§&F&“§eﬁ?@%ﬁda¢¢or

fin, deposidiitgyatoel@atthict akéyi OMPACEhVRal AXGH « OY&); Sai d gate dielectric
| ayer ; .

While the present invention has been described in an
i1 . .
illustrative manner, it should be understood that the terminology

used is i i
is intended to be in a nature of words of description rather

than of limitation.

10 i
Furthermore, while the present invention has been

descri i

ribed in terms of a preferred and alternate embodiment, it is
to b i

€ appreciated that those skilled in the art will readily
appl i
PPly these teachings to other possible variations of the
inventions.

15
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etching said electrically conductive layer formng a gate straddling across
said two sidewall surfaces and said top surface of the sem conductor fin;
and formng a source region and a drain region in said sem conductor fin.
2. The nethod of claim1l1l, wherein said sem -conducting |ayer conprises
silicon. 3. The nethod of claim11, wheléin said senm-conducting |ayer
conprises silicon and germanium 4. The nethod of claim1, wherein said

i nsul at or Jra\M®1S:conpri ses a dielectric. 5. The nethod of claim1l1l, wherein
said insulator |layer conprises silicon oxide. 6. The nmethod of claiml,
wherein said insulator |ayer has a thickness between 20 angstrons and 1000

angstrons, 7. f i . wherein.sai d etch-st | ayer conprises
silicon nitri dg‘h&e@%?ﬁg‘aﬁ%%aﬁég ag??&lEPlgl'%Eel,ev\'lﬁ?ect‘”;PHSlggit@e %? O%st op | ayer
conprises a di pteeddinig & s@dtrattsonipgisihgl d0301i-cOh@lttih@ay el bvdilysitl £h inbgbtoRt Or
| ayer. 9. The nethod of claim1, wherein said etch-stop |ayer has a
t hi ckness SBebgingptorsRek compsisaT Nowaton ryer o \wryinga. etdthetopdayRbd of cl ai m
orocess. 11, THAFRERL S84SR hRuRRE Byph O R sk B BOMR aBES 2 Crcnes.
sai d i nsukanioonduetoefin mnihgswopidemalls andla edps baid tiafoinstion. prddss ddisprises hod of
claim 10, further conprising.the.step of conducting said wet etch process
by using Sngragesp P%FtFBWhi“‘E‘ @E"i‘ﬁf. copprise@bpsiens of searificialilaer . wher ei n
sai d_et CnbRRlabieind g ATk Sahth 8 B ddhen &fiFTBAL SCS @ dry eteh process
foll owed by a wet etCh process.

etching said insulator layer at the base of said semiconductor fin forming an

C

undercut;
depositing a gate dielectric layer overlying said semiconductor fin;
depositing an electrically conductive layer over said gate dielectric layer;
etching said electrically conductive layer forming a gate straddling across said
two sidewall surfaces and said top surface of the semiconductor fin; and

forming a source region and a drain region in said semiconductor fin.

2. The method of claim 1, wherein said semi-conducting layer comprises silicon.

3. The method of claim 1, wherein said semi-conducting layer comprises silicon and
germanium.

4. The method of claim 1, wherein said insulator layer comprises a dielectric.

5. The method of claim 1, wherein said insulator layer comprises silicon oxide.

6. The method of claim 1, wherein said insulator layer has a thickness between 20

angstroms and 1000 angstroms.

7. The method of claim 1, wherein said etch-stop layer comprises silicon nitride.

8. The method of claim 1, wherein said etch-stop layer comprises a dielectric




14. The method of claim 13, wherein said dry etch process etches said

i nsul ator | ayer stopping on said etch-stop layer. 15. The nethod of claim
13, wherein said wet etch process uses a diluted hydrofluoric acid. 16.
The nethod of claim1, further conprising the step of form ng said undercut
in a recess between 50 angstrons and 2300 angstrons. 17. The nethod of
claim1, further conprising the step of formng said undercut in a gate

encr oachmhatinp atlywaretdOratpan saidinsalacbridrangst rons. 18. The net hod of
claiml1, wherein said gate dielectric |ayer conprises silicon oxide. 19.
The met hod of claim 1, wherein said gate dielectric |ayer conprises silicon

24 oxynifrider hgghctﬂ_ FERRCH wHerdih 84ilfefh.o el%g#r'})a? ghﬂfﬁ?&??&%{v&ﬁa ree
| ayer conmprises a hig permttivity material® selecte rom the group
consi st i ngngstrona208,1000 20g3tros02, HF ON and Zr2. 21. The nmet hod of claim
20, wherein a relative permttivity of said high permttivity material is
greater than 5. 22. The nethod of claim1l, wherein said gate dielectric

l'ayer has 1phi chnessetiRl WREAm3, vARESA Eeﬁ&’étc?ﬂ% s%éﬂcl%f"gm&fsﬁ%ﬁ)r 1dysy The method

of claim1, wherein said gate dielectric [ayer "having a tirst” thickness on
sai d fin spripusesia weigtch eeasnd t hi ckness on said fin top, said first

t hi ckness being different than said second thickness. 24. The nethod of
claim 23, wherein said second thickness being snaller than said first

thicknessi1l.  The method of claim 10, wherein said wet etch process etches said insulator layer

and stops on said etch-stop layer.

12.  The method of claim 10, further comprising the step of conducting said wet etch

process by using a diluted hydroflouric acid.

13.  The method of claim 1, wherein said etching step for forming said undercut

comprises a dry etch process followed by a wet etch process.

14.  The method of claim 13, wherein said dry etch process etches said insulator layer

stopping on said etch-stop layer.

15.  The method of claim 13, wherein said wet etch process uses a diluted

hydrofluoric acid.

16.  The method of claim 1, further comprising the step of forming said undercut in a

recess between 50 angstroms and 1000 angstroms.

17.  The method of claim 1, further comprising the step of forming said undercut in a

gate encroachment between 20 angstroms and 500 angstroms.
18.  The method of claim 1, wherein said gate dielectric layer comprises silicon oxide.

19.  The method of claim 1, wherein said gate dielectric layer comprises silicon




25. The nmethod of claim 23, wherein said second thickness is |less than 20
angstrons. 26. The nethod of claim 1, wherein said gate material conprises
poly-crystalline silicon. 27. The method of claim1l, wherein said gate

mat eri al conprises poly-crystalline silicon germanium 28. The net hod of
claim1l1, wherein said source and drai nzf‘egi ons each having a lightly doped
or extension region. 29. The nethod of claim1, wherein an electrically
conduct i vexymitrigdei al deposited on the gate dielectric layer is formed on
said source and drain regions. 25 30. The nethod of claim29, wherein said
electrically conductive material is selected fromthe group consisting of
a metal, aonmet ght nfetifdd dfcldf BRtheRein84id shieWidledtfié BFer compriSed®hizad f or
fabricating a multiple-gate device conprising the Steps 'of: providing a
subst r at e pewrigivityimajerial seletted frodutheignepp copsisting/efi 1.3 OagAla@s, iIHfOW BfAN st ack,
said insul a(igr stack conprises an insulator |ayer overlying an etch-stop

| ayer; paf“fl Fl?’hg said sem -conducting layer form ng a sem conductor fin,
said sem conductor fin having two sidewalls and a top; etching said

i nsul ator |ayer at the base of said sem conductor fin form ng an undercut;

deposi ti ngla gdhe methadeficlaim 20, phereyy e ralstivepesmitivitieef seis-igle pormittivity sai d

gate die i rises a high permttivity material selected from
t he grouplrrgagérg{sa?gt r%sj’tg%ngZOS, Al203, Hf 2, Hf ON and Zr Q2; depositing an

el ectrically conductive |layer over said gate dielectric |ayer; etching
said electrically conductive |ayer fornmng a gate straddling across said
52. Thg method of claim 1, w)ilerein said gat% dielegctric layer has thickngess between 3

angstroms and 100 angstroms.
23.  The method of claim 1, wherein said gate dielectric layer having a first thickness
on said fin sidewall and a second thickness on said fin top, said first thickness being

different than said second thickness.

24.  The method of claim 23, wherein said second thickness being smaller than said
first thickness.

25.  The method of claim 23, wherein said second thickness is less than 20 angstroms.

26.  The method of claim 1, wherein said gate material comprises poly-crystalline

silicon.

27.  The method of claim 1, wherein said gate material comprises poly-crystalline

silicon germanium.

28.  The method of claim 1, wherein said source and drain regions each having a

lightly doped or extension region.

29.  The method of claim 1, wherein an electrically conductive material deposited on

the gate dielectric layer is formed on said source and drain regions.




two sidewal |l surfaces and said top surface of the sem conductor fin; and
formng a source region and a drain region in said sem conductor fin.

25

30.  The method of claim 29, wherein said electrically conductive material is selected

from the group consisting of a metal, a metallic silicide and a metallic nitride.

31. A method for fabricating a multiple-gate device comprising the steps of:

providing a substrate comprising a semi-conducting layer overlying an insulator
stack, said insulator stack comprises an insulator layer overlying an etch-stop layer;

patterning said semi-conducting layer forming a semiconductor fin, said
semiconductor fin having two sidewalls and a top;

etching said insulator layer at the base of said semiconductor fin forming an
undercut;

depositing a gate dielectric layer overlying said semiconductor fin, said gate
dielectric layer comprises a high permittivity material selected from the group consisting
of La;03, Al,O3, HfO,, HfON and ZrO,;

depositing an electrically conductive layer over said gate dielectric layer;

etching said electrically conductive layer forming a gate straddling across said
two sidewall surfaces and said top surface of the semiconductor fin; and

forming a source region and a drain region in said semiconductor fin.




