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SELECTIVE OXIDATION FOR FABRICATING NANOWIRES FOR
SEMICONDUCTOR APPLICATIONS

BACKGROUND

Field

3001} Embodiments of the present invention genserally relate {o methods for
forming vertically stacked nancwires with desired materials on a semiconductor
subistrate, and more particuladdy o methods for forming verlically stacked
nanowires on a semiconductor substrale with desired matenals  for
semiconductior manufacturing applications.

Description of the Related Art

000 Reliahly producing sub-half micron and smaller features is ong of the
key technology challenges for next generation very large scale integration
{VLSH and ultra large-scale integration (LS of semiconductor devices.
Howsver, 85 the limits of ciradt fechnology are pushed, the shrinking dimsnsions
of VLS and ULS! technology have placed additions! demands on processing
capabiliies. Religble formation of gate struciures on the substrate i3 important
o VLS and ULS] success and o the continusd effart fo increase circuit density
and guality of individual substrates and die.

{003} As circuit densities increass for next generation devices, the widths of
interconnects, such as vias, frenches, contaclts, gate sbuclures and other
features, as well as the dislectric materials therebetween, decrease o 25 nm
and 20 mm dimensions and beyond, whereas the thickness of the dislectric
lavers remsin subsiantially consiani, with the resull of increasing the aspsot
ratins of the features. Furthermore, reduced channs! length often causes
significant short channel effect with conventional planar MOSFET architecturs.
in order {0 enable fabwicstion of next generation devices and structures, a tluee
dimensional (30} device struchure is offen ulilized fo improve performancs of the
ransistors. in particular, fin fleld effect transistors (FInFET) are often uliliced ©
enhance device performance. FinFET devices typically inchde samiconductor
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fing with high aspect ratios in which the channel and source/drain regions for
the transistor are formed thersover. A gate slectrode is then formed over and
glongside of g portion of the fin devices ulilizing the advaniage of the inoreased
surface area of the chamne! and sowrce/drain regions 10 produce faster, mors
refiagble and  belier-controlled  semiconducior transistor  devices. Furthey
advantages of FInFETs include reducing the short channe! sifect and providing
higher current flow, Device structures with hGAA configurations often provide
supernior elecltrosiatic control by surrounding gate 1© suppress short channs!
effect and associated leakage current.

041 in soms applicstions, honzonial gete-slharound (hGAA) shructures
are utilized for next gensration semiconductor device applications. The hGAA
device structre includes seversl laltice maiched channels {e.g., nanowires)
suspended in a slacked configuration and connected by sourcaidrain regions.
{5008} n hGAA structures, different materials are often ulilized o form the
charmel structures {eg., nanowires), which may undesirably increase the
manufacturing difficulty In integrating alt these materials in the nanowire
struciures without deteriorating the device performance. For example, one of
the challenges associated with hGAA structures include the sxistence of large
parasitic capacitance betwesn the metal gate and sourceldrain. Improper
managerment of such parasitic capaciiance may result in much degraded device
performance.

1008} Thus, there B8 a nead for improved methods for forming channel
structures for hGAA device structures on @ substrate with good profile and
dimension control,

SUMMARY

fonpg7] The presert disclosure provides methods for forming nanowie
atructures with desired materials horizontal gate-all-around (hGAA) structures
for semiconductor chips. In one example, & method of forming nanowire
structuras on a substrale includes supplying an eivgen containing gas mbdurs
o a multi-matedal laver on g substrats i g processing chamber, wherein the
multi-material laver includes repaating pairs of g first laver and a second layer,
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the fist and the second fayers having & first group and a second group of
sidewsalls respectively exposed thwough openings defined in the mult-matenal
faver, maintaining & process pressure gt greater than & bar, and seleclively
forming an oxadation laver on the second group of sidewalls in the second layer,
0068} in ancther axample, a method of forming nanowire structures on a
subsirate includes predominantly forming an oxidation layer on a portion of a
mutti-material Bver disposed on a substrate, wherein the multi-material layer
mcludes repeating pairs of a first layer and a second layer, the first and sscond
fayers having a first group and @ second group of sidewslls respectively
exposed through openings defined i the mullianaterial layer, whersin the
oxidation laver is selectively formed on the second group of the sidewalls in the
second layer, and maintaining & process pressure at greater than § bar while
forming the oxidation layer.

15008} in yet another axample, a method of formung nanowwe structures on a
subsirate includes predominantly forming an oxidation fayer ot a portion of a
rmulti-material laver dispossd on a subsirate, wherein the multi-material layer
includes repeating pairs of g silicon layer and 2 SiGe laver, the silicon laver and
the SiGe layer having & fisst group and a second group of sidewalls respectively
exposed through openings defined in the mulibmaterial layer, whersin the
portion wherein the oxidation laver s selectively formed on s on the second
group of the sidewalls in the SiGe laver, and mairtaining a process pressure at
greater than 5 bar while forming the oxidation layer.

DETAILED BESCRIPTION OF THE DRAWINGS
{0810} Sa that the manngr in which the gbove recited features of the pwesent

inventiony can be understood in detall, a more parficular desoription of the
invention, brielly summanzed above, may be had by reference {0 embodiments,
some of which are flustrated in the appended drawings. i is fo be noled,
however, that the appended drawings illustrate only typical embodimeants of this
invention and are therafore not 0 he congidered limiting of ils scops, for the

invention may adomit o other equally effective ambodimerds.
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8011} Figre 1 I8 a simpliied front cross-sectional view of a batch
procaessing chamber with a cassefle disposed thersin in accordance with some
amnbodiments;

10012 Figure 2 depicts a flow disgram of 3 method for manudfacturing
nanowire structures formed on g subsirate;

[0013] Figures JA-3F depict cross sectional views of ong example of a
sequence for forming a nanowire stiucture with desired materials during the
manufacturing process of Figure 2; and

10014} Figure 4 depicts a schematic view of an example of a horlzontal gate-
ait-ground (hGAA) structwre.

R Y To faciifate understanding, ienlical referance numerals have besn
usad, where possible, to designate wentical slements that are common o the
figures, ltis confemplated that slements and fealures of one embodiment may
be beneficially incorporated in other embodiments without further recitation.
{8018} it is 1o be noted, however, that the appended drawings #lustrate only
examplary embodiments of this invention and are thersfore not 1o be considered
fimiting of s scope, for the invenlion may admit © other equally sffective
embodiments.

DETARLED DESCRIPTION

[8017] Methods for manufactring nanowire struchyres with confrolied
parasitic capacifance for a horizonts! gate-allaround (hGAA) semiconductor
devipe stucture are provided. i one sxample, & suprisitice structure
cormnprising different malenals {e.g., a fust matengl and a second material)
arranged in an altematingly stackad formation may be formed on a substrate to
be later utilized as nanowires {e.g., channal structures) for honzontal gate-all-
around GAA) samicondusior device structures. A seleciive oxidation process
may be performed (0 selectively form an oxidation laver on sidewalls of the first
material in the superiattice structure with minimum oxidation occurred on the
sacond material. The oxidation selectivity on sidewslls of the first material {o the
zacond material o the superiatiice struchurs is grealer than 501, By doing so, the
intarface where the parasitic device s formad between the nanowires gnd the
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sourceddrain regions are maintained and controlled so as to efficiently reduce
parasitic capacitance,

{0018} Figure 1 & g simplified front cross-sectional view of the bateh
processing chamber.  Although the processing chamber depicted in Figure 1
include a batch of substrates that may be simultanecusly processed in the
processing chamber, it is noted that the processing chamber 100 may be
configurad 1o process g single subsitrate in each process s nesded.

048] The batch processing chamber 100 has an upper shall 112 disposed
on & lower shell 114, An inner shell 113 is disposed within the upper shell 112
such that an outer chamber 110 and an inner chamber 120 are formed, The
nner shell 113 and the upper shell 112 bound the outer chamber 1180, The
inner shell 113 and the lower shell 114 bound the mer chamber 120, The
guter chamber 110 is isolated from the inner chamber 120, A boltom plate 170
is couplad to the botlom swiface of the lower shell 114, The inner chamber 120
has & high-prassure region 118 and a low-pressure region 117, The axderiors of
the upper shell 112 and lower sheall 114 may be made from g corrosion resistant
steel {CRS), such as but not limited o stainless stesl,. The interiors of the inner
shalt 113, the upper shell 112 and the lower shell 114 as well as the boltom
plate 170 may be made from nicksbbased sieel alioys that exhibit high
resistance to corrosion, such as but not fimited to Hastelioy®,

{00201 One or more heaters 122 are disposed within the outer chamber 110
As further discussed below, the smwvironment within the outer chamber 110 §s
maintained 8t 8 vacuum o improve the peformance of the heaters 122 and
exhaust any leaks from the high pressurs iner chamber 1200 v the
ambodiment shown in Fgure 1, the heaters 122 are couplad o the inner shell
113, In other embodiments, the heaters 122 may be coupled o the upper shall
112, The heaters 122 arg operable such that when the heaters 122 are turmed
o, the heaters 122 are able o heat the inner shall 113 and thus, also heat the
High-pressure region 115 within the inner chamber 120. The heaters 122 may
he a resistive coll, g lamp, a ceramic heatler, a graphile-based carbon fiber
commposite (CFC) heater, a stainless stes! heater or an aluminum heater. Power
o the heaters 122 is controlled by a controller 180 through fesdback received
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from sensors {(not showsy, monitoring the temperature of the imer chamber
120.

10031} A iRt plate 140 s disposed within the inner chamber 120, The §ift
plate 140 is supported by one or more rods 142 on the boltom plate 170 of the
inngr chamber 120, The bottom plate 170 is coupled to a platform 178
connectsd o a lifling mechanism 178, In some embodiments, the Ifting
mechanism 178 may be g It motor or other suitable negr aclualor. In the
gmbodiment shown in Figure 1, a bellows 172 is utilized to seal the platform
178 {0 the botlom plate 170. The bellows 172 is allached {0 the botiom plate
170 by 3 fastening mecharism, such as but not imited to the clamps. Thus, the
it plate 140 15 coupled to the lifting mechanism 178 that raises and lowers the
it plate 140 within the inner chamber 120. The Bfling mechaniam 178 raises
fhe iift plate 140 fo seal the high-pressure ragion 115, The I plate 140 and
ifiing mechanism 178 are configured to funchion against g high downward
pressure, for exampls pressures of about 50 bars, in the high-prassurs region of
the inner chamber when the i plate 140 s in a raised position. The ifing
mechanism 178 lowers e it plate 140 to aliow fluld communication belwesn
the high-pressure region 115 and the low-pressure region 117, and o faciitate
substrate transfer inlo and ocut of the batch processing chamber 100, The
apergtion of the ifting mechanism 178 is controlled by the controlier 180,

{0028 A hesating slement 145 8 interfaced with the it plate 140, The
heating slemeant 145 is operated {0 heat the high-pressure region 115 within the
inner chamber 120 during processing as well 88 pregrocessing.  The heating
glement 145 may be a resistive coll, a lamp, or a8 ceramic heater. In the
ambodiment depicted in Figure 1, the healing slement 145 is a resistive heater
coupled to or disposed in the ift plate 140, Power o the healing element 145 is
controlied by the controlier 180 through feedback recelved frony sensars (not
showat), moniforing the temperature of the inner chambey 120,

{0023} High-pressure seais 135 are utilized 1o ssal the il plate 140 o the
inner shell 113 iIn order © seal the high-pressure region 118 for processing.
The high-pressure seal 135 may be made from a polymaer, such as bul not
imited {0 3 perfiourosiastomer. The balch processing chamber 100 includes gt
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jeast one injection part 134 and one or more cutlet ports 138, The injection port
134 is configured to introduce & fluid into the hner chamber 120 while the ane
or more cullel porfs 138 i configured io remove the fluid from the inner
chamber 120,

Fon24} in some embodiments, the inner shell 113 may be coupled o an
injection ring 130 that has a oylindrical annulus shape around the inner chamber
120, The injechion dng 130 is removably coupled 1o a bottom swface of the
inar shell 113, The cassetie 150 is disposed on the iift plate 140, The
cassetie 150 has g top surface 152, 3 boltom surface 154, and a2 wall 153, The
wall 1583 of the casselie 150 has a plurglity of subsirste slorgge siols 158, Each
substrate slorage slot 158 is configured o hold g subsirate 155 therein. Each
substrate storage siot 156 is evenly spaced slong the wall 153 of the cassefie
150, The casselle 150 may have as many as twenty-four or more substrate
sforage slols.

{8025} A substrate fransfer port 118 formed through the lower shell 114 is
utilized o load the substrale 155 onto the casselte 150, The substrate transfer
port 118 has a door 180, The door 160 is configured to cover the subsirate
transfer port 118 before and after the substrate 155 are logded. The door 180
may be made from nickel-based stesl alloys that exhibit high resistance o
corrosion, such gs but not limited © Hasteiicy@ and may be walercodlad,
Vacuw seals 182 are provided o seal the door 180 and the subsirate transfer
port 118 and thus prevent the leakage of air into the inner chamber 120 when
the door 1680 is in a dlosed posHion.

{008} A remole plasma source {(RP&) 180 is connscled fo the nnser
chamber 120 by an inlet 185 and configured {o generste gaseous radicsls that
flow through the inlet 105 into the inner chamber 120 (o clean the interior of the
inner chamber 120 after processing ong or mare batches of subsirates 155,
Ramote plasma source 180 may be a radio frequency (RF) or very high radio
frequency {(VHRF) capacitively coupled plasma {CCP) sowrce, an inductively
coupled plasma (CP} souwrce, 8 micrawave induced (MYW) plasma source, a RC
glow discharge source, an electron cyolofron resonance (ECR) chamber, or &
high density plasma (HDP) chamber. The remole plasma source 180 i
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aperatively coupled o one or more sources of gaseous radicals, where the gas
may be at least one of disiiine, ammonia, hvdrogen, niirogen or an inert gas like
argon or helium.  The confroller 180 controls the generalion as well as the
distribution of gaseous radicals activated i the remote plasma soures 190,
fonan A vacuum pump 125 is connected o the baich processing chamber
100, g5 shown in Figure 1. The vacuum pumnp 125 s configursd 1 evacuale
fhe ocuter chaynber 110 through an exbiaust pipe 111, the high-pressurae region
115 of the inner chamber 120 through an exhaust pipe 124 and the low-
prassure region 117 of the inner chamber 120 through an exhaust pipe 118,
The vacuwm pump 125 s also connscled o an outlet fube 138 connected fo the
ane or more outlets pord{s) 138 for removing any fhad from the inner chamber
120, A ventvalve 128 is connecied o the high-pressure region 115 of the inner
chamber 120, The vent valve 128 iz configured to vent the inner chamber 130
fhrough 2 vent pipe 127 so that the pressure is releassd in the high-pressure
region 115 prior {0 lowering the it plate 140 and cassetie 180, The operation
of the vacuum pump 125 and the vent valve 126 is controlled by the controller
180,

{0u2s} The controller 180 controls the operation of the batch processing
chamber 100 as well as the remote plasma sowce 180, The controller 180 is
conwnunicatively connected o the fiuid source 131 and sensors {not shown}
Mmeasuring vanous parameters of the inner chamber 120 by connecling wires
181 and 183 respectively. The controller 180 is communicatively connecled o
the pump 125 and the vent valve 128 by connecting wires 185 angd 187
respectively. The controller 180 s communicathely connected o the §fting
meachaniam 178 and the remote plasma source 180 by connectors 188 and 188
respectively. The controlier 180 includes a central processing unit (CPRUY 182, &
memory 194, and & support circuit 1880 The CPU 182 may be any Tarm of
general purpose compuler processor that may be used in an industrial setting.
The memory 184 may be random access memory, read only meamaory, floppy, or
hard disk drive, o other form of digital slorage. The support circult 188 is
conventionally coupled to the CPU 182 and may include cache, clock circuils,
nputicuiput systems, power supplies, and the like.

8
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{0028} The batch processing chamber 100 advantageously creates isclation
betwean the high-pressure region 115 and the low-pressure region 117 within
the inner chamber 130 such that the processing fhuid can be flowed agross the
sybstrate 155 placed in the high-prassure region 115 while mainiaining the
substrates 155 at a high ltemperature.

[0030] in operation, a processing fuid introduced through the injection port
134. The processing fluid is removed through the one or more outls! ports 138
using the pump 128, Exposurg (o the processing fluid at a high pressure while
the substrate 155 i maintained at 3 high lemperalure causes a reaction
ocour between the substale and the processing fuid, thereby forming a
material layer, such as an oxide layer, nitride layer or any suitable lavers on the
substrate,

100314} The processing fuld may comprise gn oxygen-confaining andfar
nitrogen-containing gas, such as oxygen, sleam, waler, hydrogen peroxide,
andfor ammonia may be ulilized.  Allemnatively or in addition o the oxygen-
cortaining andior nitrogen-containing gases, the processing fuid may comprise
a siicon-containing gas.  Examples of the siicon-coniaining gas indude
organocsilicon, tetraaky! orthosilicate gases and distioxane. Organosilicon
gases nclude gases of organic compounds having at least ong carbon-sificon
bond., Tetrazikyl orthosilicale gases inchude gases consisting of fowr alkyl
groups attached to an S0 ion. More particularly, the one or move gases may
be {cimethyisityl)(irimethylsiiyvlimethane {MeRSICHSIH{Me)),
hexamethyidisilane {MehLSISHMek) irimethyisilane {{MeLSiH},
frimethyisihvichioride {(MekSiCl), fetramethyisiians ((Me):8l), letrasthoxysilans
{EQLSH,  tetramethoxystiane {(MeOL8H, tetrskis-{Inmethyisilylisitane
{Me;8i81), {dimethylamino)dimathyl-sitane {{Ma:NISiHMey)
dimethyldiethoxysiiane {EORSHMaR), dimethvi-dimethoxysilane
{{MaQ),Si{Me);), methyltrimethoxysilane {{Me):5H{Me)), dimethoxytetramethyl-
disifoxang  {{MehSH{OMe}R(),  tris{dimethylaminoisilane  {{Me:NLSIH),
bis{dimsihviaminoimethyisilane {(MeNROHSIM), disibbxane {SiH0), and
corvbinations thereof.
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[8032] Ouring processing of the substrates 188, an environment of the high-
pressure region 1156 is maintained at a temperature and prassure that maintains
the processing fuld within the high-pressure region in 8 vapor phass, Such
pressure and temperatwre is selected based on the composition of the
processing fluid. In one exampls, high-pressure region 115 is pressurized o a
pressure greater than abmosphers, for sxample greater than abowt 5 bars. iIn
gnother exampls, high-pressurs region 115 i3 pressurized o & pressure from
bebween abowt 1§ and about 88 bars, such as from belween about 28 and
ahowt 50 bars. in another example, the high-pressure region 115 is pressurized
0 & pressure up o about 200 bars. During processing, the high-pressure region
115 5 alse maintsined al g high lemperaiure, o example, a lemperatwre
exceeding 235 degrees Celsiug {imited by the thermal budget of the subsirates
155 disposed on the cassetle 150), such as between agbowt 300 degrees
Celsius and about 450 degrees Celsiug, by the healers 122 disposed within the
outer chamber 110, The healing slement 148 inferfaced with the Il plate 140
rray assist heating of the substrales 18§, bul may optionally be tned off.

10033 The architectire of the balch  processing  chamber 100
advantageously creates isolation within the inner chamber 120 of the baich
processing chamber 100 by separating the high-pressure region 115 and the
fow-prassure region 117 dwing processing, while the low-pressure region 117
remains in vacuum. The substrates are loaded and unloaded onto & casselle
whan the isolation s removed. The isolation allows thermal separgtion betwesn
o distinet environmerts: one for processing in the high-pressure region and
the other for loading/unioading the substrates in the low-pressure region. Ths
isolation also prevents thermal inconsistencias among the components of the
chamber by keeping the high-pressure ragion enclosed during processing.

00343 Figure 2 is a flow diagram of ong example of a method 300 for
manufacturing nanowire struciures {e.g., channel siructures) with composite
materials for horizontal gate-all-around (hGAA) semiconductor device structures.
Figures JA-GF ave cross-sectional views of a portion of a compaosile subsirate
corresponding o varous stages of the method 208, The method 208 may be
utilized to form the nanowire structure for horzontal gate-all-around (hGAR)
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sermiconducior device structures on o substrate having desired materials which
may tater be ulilized to fom a field effect transistor (FET). Allermnatively, the
method 208 may be beneficiaily ulilized 1o manufacturs other types of siructures.
10035} The method 200 begins at operation 202 by providing a substrste
having a film stack 301 formed thereon, as shown in Figure 3A. The substrate
302 may be a material such as orystaliine silicon {e.g., Si<100> or Siwiti=),
sificon oxide, shrained silicon, siicon germanium, genmanium, doped or
undoped polysilicon, doped or undoped silicon walers and patternad or non-
patiernaed wafers sificon on nsulator (8O, carbon doped siiicon oxides, silicon
nitride, doped silicon, germanium, gallium arsemide, glass, or sapphire. The
substrate 502 may have various dimensions, such as 200 mm, 300 mm, 480
T or other diameter, as well as, being a rectangular or square panel. Unless
ptherwise noted, examples described herain are conducted on substrates with a
200 mm diameler, a 300 mm diameter, or a 450 mm diameter substrate.

{8038} The film stack 307 includes g mulli-matenal layer 312 disposed on an
optional matenal layer 304, In the embedimeanis wherein the oplional material
faver 304 is nol present, the film stack 301 may be direclly formed on the
substrate 302 as needed. in one example, the optional material laver 304 is an
insulating material, Suilable examples of the insulgting material may nclude
silicon oxide mateial, silicon nitride materigl, sliicon oxynilride matedsl, or any
suitable insulating materials. Alternatively, the oplional material layer 304 may
be any suitable matenials including conductive material or non-conductive
material 28 nesded. The mulli-matenial laver 312 includes at least one pair of
lavers, each palr comprising a first layer 3123 and g second laver 318h.
Although the example depicled in Figure 3A shows four pairs, each pak
including the first layver 312a and the second layer 312b {sltemaling pairs, each
palr comprising the first laver 3123 and the second layer 312b), #is noted that
number of paks, each comprising 8 first laver 3123 and a second layer 312b,
may be vavied based on different process needs. In one example, the mull-
material layer 312 includes at least two o four pair of layers. In one particular
grnbodiment, 4 pairs of the firgl and second layers, 312a, 313h may be
deposited o fonm the mullib-malenal ayer 312 on the subsirate 302, In one
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implementation, the thickness of each single first fayer 3128 may be at betwesn
about 20 A and about 200 A, such as about 50 A, and the thickness of the sach
single second layer 312h may be at hetween about 20 A and about 200 A, such
as about 50 A, The mulli-material layer 312 may have a total thickness between
about 10 A and about 5000 A, such as betwaen about 40 A and about 4000 A
[0037] The first layer 3122 may be a crystalline silicon ayer, such as a single
orystaling, polycrystafine, or monocrystaliine sificon layer, formed by an
epitaxial deposition process. Altsrmatively, the first laver 312a a may be a doped
sificon {aver, including 2 plvpe doped silicon laver or a n-lype doped layer.
Suitable p-iype dopant includes B dopants, Al dopanis, Ga dopanis, in dopants,
or the hke. Suilable ndype dopant ncludes N dopants, P dopants, As dopants,
Sb dopants, or the like. Iy yet another example, the first layer 312a nay be a
group H-V material, such as 3 GaAs laver. The second laver 3120 may be a Ge
containing laver, such as a SiGe layer, Ge laver, or other suilable laysr,
Altematively, the second taver 312b may be a doped silicon layer, including a p-
type doped siicon layer or a ndype doped laver. in yel another example, the
seoond layer 3120 may be a group -V maledsl, such as a GaAs layer. In still
ancther example, the first layer 312a may be a silicon layer and the second
fayer 312b 18 3 melal matenal having a high-k material costing on outer
surfaces of the metal material, Sultable examples of the hgh-K material includes
hafnium dioxide (M0, zirconium dioxide (ZrQ;), hafium zirconium oxide
{(HfZr0,), hafnium silicate oxide (HISIOL), hafium aluminum oxide (HIAIQ),
zhroonium stlicate oxdde {(ZrSiQy), antalum dioxide {Tall), aluminum oxide,
gluminum doped hafnium divxide, bismuth strontium laniam (BST), or platinum
sirconium Hanium (P21 among others. n one parlicular implementation the
coating fayer is a hafnjum dioxide (HIO:) laver,

0038} i the particular example depicted In Figure 34, the first layver 312a s
& corystaliine silicon layer, such as a single orystalline, polyorystaliine, or
monocrystaliine siicon layer. The second layer 312b is a SiGe layer.

10039} In scane examples, a hardmask layer (not shown in Figure 3A) and/or
a patterned photoresist laver may be disposed on the muili-materisl lsyer 312
for patterning the multi-material laver 312, In the example shown in Figure 34,

1
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the mul-matenial layer 312 has been pafterned i the previdus patterning
processes 1o form openings 308, which may later have sowrce/drain anchors
formed thersin, in the mult-matedal layer 312,

10040} in the implemeantation wherein the substrate 307 is a crystsliine silicon
laver and the insulating laver 304 is a silicon oxide layer, the first layer 3122
may be infrinsic epi-sfiicon fayer and the second layer 312b s a SiGe layer, In
gnother implementation, the first layver 3128 may be a doped silicon containing
laver and the sacond layer 312b may be an intrinsic epl-siticon layer. The doped
silicon comntaining ayer may be g p-type dopant or 2 n-type dopant, or g SiGe
layer as needed, i vetanother nplementation whetsin the substrate 302 is'a
layer 312b may be an inbinsic epi-Ge laver or vice versa. in still ancther
implementation wherein the substrate 302 s 8 GaAs layer with dominantly a
orysiafling plane at <100>, the first layer 3128 may be an intrinsic Ge layer and
the secord laver 312b i3 2 GaAs layer or vice versa. it i3 noted that the
selection of the substrate malerals along with the first layer 3138 and the
seoond laver 312k I the mudl-material layer 312 may be in different
combinations ulilizing the materials listed above.

[0044] Al operation 204, a iateral etching process is performed o laterally
remove & portion of the second faver 318 from it sidewalls 320 fram the mulfi
malerial layer 312, as shown in Figures 3B. The lsteral efching process is
parformed o selectively remove {partially o entirely) one type of material fom
the subsirate 302, For example, the second laver 312b may De partially
rernoved gs depicted i Figure 38, forming a recess 318 ai each sidewall 320 of
the second layer 312h, forming an exposed sidewsll 322 of the second layer
312h. Allematively, during the lateral eiching process, the fist laver 312a may
be partially removed 3s neadsd {(not shown) rom it sidewall 318, rather than
the second layer 312b depicted in Figure 3B.

{0043} Based on different process requirements, different etching precursors
are saelected {0 selactivaly and specifically alch either the first laver 3123 or the
zacond laver 3120 rom the substrate 302 o form the recess 318, As the first
and the second lavers 3i2a, 3120 on the subsirate 302 has substardially the
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same dimensions and have sidewalls 318, 320 (shown Figure 3A) exposad for
siching, the siching precursors selectad to have high sslectivity between the
first and the second layers 3123, 312k, and thus are be able o targst and
laterally sich only sither the first layer 312a or the second layer 312b (the
axample shown in Figure 3B) without attacking or damaging the other {L.e., non-
farget) laver. After g desired width of the targeled material is removed from the
subsirate 302, forming g recess for manufacturing nanowire spacers, which will
be described in detail below, the lateral siching process at operation 204 may
then be ferminated.

{0043} in the sxample depicted in Figure 3B the eiching precwysors ars
selecied partoudarly o elch the second layer 312b without aHacking or
damaging the first layer 312a. In the example depicted in Figure 3B, the efching
precursors are selected o pasicularly elch the second layer 3120 withowt
attacking or damaging the first layer 31da In one example wherain the first
faver 312a is an intrinsic epi-St laver and the second layer 312h is a SiGs layer
formed on the substrate 302, the elching precursar salected o etch the second
faver 3120 include at least a carbon fluorine comntaining gas. Suilable examples
of the carbon fluorine containing gas may include CFy, GuFs, CoFs, GaFs CF,,
CoFs, CsFs, and the like. A reacting gas, such as Gz or Nz may also be supplied
with the carbon flucrine condaining gas from the remole plasma soures o
promote the eiching process. Further, a halogen conlaiing gas may be
supplied {o the subsirate swface 1o generate a plasma by a RF source power or
a bias RF power or both, o further assist the eiching process. Suitabie halogen
cortaining gas may be supplied into the processing chamber include KO, G,
CQCl, CHCL, CHuGhL, CHGH or the ke, In one example, a OF, and Oy gas
mixture may be supplied to the substrate surface o laterally sich the second
faver 312k,

[8044] i one example, the chemical precursors selected o be supplied in
the lateral elching mixiure may be varied for different film layer etching request.
For example, when the first layver 312a is an intrinsic epi-Si {aver and the second
layer 312b being etched is a material other than SiGe, such a3 a dopsd silicon
material, the siching precursey selected {0 elch the second layer 312b, &g, the
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dopad sificon fayer, be a halogen containing gas supplisd inle the processing
chamber include Clz, HCL, or the ke The halogen contalning gas, such as a Gl
gas, may be supplied to the subsirale surface for efching.

10045] Al operation 200, after the aleral recess elching process, a selective
oxide deposition may be performed o ssleclively form an oxidation layer
selectively on cerlaln regions of the mull-malerial layer 312, As the first layer
3123 and the second layer 3120 in the muitt-malenal layer 312 are fabricated
from different matenals, when the scleclive oxide deposition process is
performed, the oxidation process mav predominaiely ocowr on one maternisl
relative {o the other materiall In the example depicled in Figurs 30 wherein the
first layer 3142 is 3 sificon laver and the second laver 312b is a SiGe laver, the
selactive oxidation process may predominately ocour on sidewalls 322 of the
second laver 312h, rather than on the Best layer 3133, The seleclive oxidation
process occurred on the sidewalls 322 of the second layer 312b forms an
midation laver 324 predominately on the sidewalls 322 of the second laver
312b. i is believed that SiGe glioy has higher activity than silicon dominated
materials, Thus, when oxygen altms are suppited, the oxygen atoms fend ©
react with Si atoms in SiGe alloy with a faster reacting rate, rather than with Si
atoms fom silicon dominated materials, thus providing a selective deposition
process o predominately form the oxidation layer 324 on the sidewalls 322 of
the second layer 312b of SiGe afloy, rather than on the first layer 312a.
Mindmum oxide residuals 344 may be found on the sidewalls 318 of the fivst
faver 312a.

{0048} The oxidation process consumes the silicon atoms fom in the second
fayer 312b o form the oxidation layer 324, As the Si-Ge bonding is relatively
weaker than Si-5i bonding, the silicon slements from the Si-Ge bonding may be
relatively easy © he activated and moved during the oxidation process when
oxygen elements are diffused t© react with the silicon atoms o form the
oxidation layer 324 on the sidewalls 322,

10047} in contrast, as the silicon atoms in the first laver 312a doss not have
the Ge atoms o serve as an active driver o release silicon elements from the
bonding of Si-Ge fo react with the oygen slements during the oxidation
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process, the oxidation layer formation rale in the first layer 3128 is significantly
jowar frasm the oxidation laver formation rate in the second layer 3120, thus
providing a selective oxidation process that predominately forms the oxidation
layer 324 on the sidewalls 322 of the sscond layer 3120 rather than on the first
laver 312a. In one example, the selechvily of the omddation rate between the
second layer 312b {g.g., a8 SiGe laver) and the first layer 312a {8.g.. a silicon
fayer) s grealer than 51, such as abow 8.1 and 101,

18048} Furthermore, temperature is also factored during the oxidation
pracess. The process temperature is expected {0 have an sxponential impact
ot 8 and Ge oxidation rale and an exponential impact on the relalive rates
{e.g., such as the sslectivity hetween the first and the second layer 313a, 312k}
Pressure iz expecied 0 have s substantially Hinear impsact on & and Ge
oxidation rates. Thus, by adjusting the temperature and the pressure, alone o
i1 combination, during the oxidation process, independent control of deposition
date and deposition selactivity can be achieved.

{00498} During processing of parforming the selective oxidation process on
the subsirates 302, an srwironment of the high-pressure region 115, In the
processing chamber 100 depicted in Figure 1, is maintained at a temperatwre
and pressure that maintains the processing fuid within the high-pressure region
e & vapor phase. Such presswre and temperaiure s selected based on the
composition of the processing fluid. in one example, high-pressure region 11bis
pressurized v @ pressure greater than atmosphere, for example greater than
aghout § bars. In ancther example, Mgh-pressure region 115 is presswrized o &
prassure from about 108 {o about 80 bars, such as from about 20 to about 50
bars. In another example, the high-pressure region 115 5 pressurized o 8
prassure up o about 100 bars. Duning processing, the high-pressure region 118
is also mainiained al a high temperature, or example, 3 tlemperaiure excesding
205 degrees Celsius (based on the thermal budget requirement from the
subsirates 155 disposed on the cassstie 150}, such as between about 300
degrees Celsius and about 800 degrees {elsius, by the healers 122 disposad

within the outer chamber 110,
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{8050} i is belleved that the high pressure process may provide driving force
o consume the silicon atoms whers the axygen aloms are present and diffused
0 50 88 to form the oxidation layer 324 withoul damaging the latlice structures
as formad from the Ge atoms it the multb-matedal layer 312, By doing so, &
portion of the silicon atoms may be gradually convertaed into the oxidation laver
324 wihowt corealing  nferfacial sies or alomic vacancies. In one
implementiation, the process temperature may be parformed between about 100
degress Celsius o about 1100 degrees Celsius, for example between 200
degree Celsius fo about 1000 degress Celsiug, such as bebweean about 300
degrees Uelsius and about 300 degrees Cealsius,

10051} In one implementation, the oxidation process may be pedormed in a
high pressure processing chamber, such as the processing chamber 100
depicted in Figure 1, a rapid thermal oxidation chamber or 8 thermsl
snvironment (such as Rmace). The oxidalion process may be performed by
using an oxygen containing gas mixture, such as an oxidizer, i & Drocessing
grvironment o react the multibmaterial layer 3120 In ong implementation, the
oaxygen containing gas midture includes at least one of an oxygen containing
gas with or without an et gas. Suifable examples of the oxygen conlaiing
gas include steam, Oy, Os, He0, HaOy, moisture and the fike. Suitable examples
of the inert gas supplied with the reatment gas midture include gt least one of
Ar, Mg, He, Kr, and the like. In an examplary embodiment, the oxygen containing
gas supplisd in the oxygen containing gas mixiure is steam supplied at a
pressure gregler than § bay,

10052} i oneg exemplary implementaion, 8 process pressureis regulated 8
prassure grealer than 5 bar, such as between 10 bar and 80 bar, such as
batween 15 bar and about 50 bar, for example between about 2% bar and 48
bar, The process temperature may be contralled at greater than 200 degrees
Celsius, such as between about 2580 degress Celsius and about 800 dagrees
Celsius, such as between about 300 degress Celsius and about 500 dagrees
Ceislus.

10083} o one implementation, the oxidation process s complsied when a
dasired thickness of the oxidation layer 324 is formed on the sidewalls 322 of
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the second layer 312h. Iy one example, the mddation layer 324 may have a
thickness betwesn about 1 nm and about 10 nn. The overall process time of
the oxidation process may be delermined by time mode after a desired porfion
the silicon atoms are predominantly reacted with the oxygen atoms o form the
desired thickness of the oxidation laver 324, In ong example, the substrate 302
is subjected to the selactive oxidation process for batweaen abowt §0 seconds o
ghoul 1200 minutes, such as beblwesn about & and 10 minwles, depending on
the oxidation rate of the second layer 312b, pressure and flow rate of the gas.
in an exemplary implaementation, the subsirate 302 is exposed o the oxidation
processas for gbowt 600 seconds or fess,

100541 Al operation 208, a gentle surface clean process is performed o
selectively remove the oxide residugis 344, i any, from the multiomatenial layer
312 without damaging the surfaces of the mudti-material layer 314, as showrt in
Figure 30, The oxide residuals 344 may be removed by dry siching process or
wat efching process as needed. Afler the oxide residusls 344 are removed, the
sidewall 318 of the first laver 312a is then exposed, ready for forming additional
favers iherson as needed, The genlle surface dean process removes the
axcess oxide residuals 344 from the sidewall 318 of the first laver 3123 as well
as a portion of the excess oxide residuals 344 from the oxidstion layver 324 on
ihe second fayer 312h, thus forming 8 vedical sidewsll 330 aligned with the
sidewall 318 of the first laver 312a.

[B055] it the example whevein the excess oxide residuals 344 is not found or
ghundant, the gentle swiface dean process at oparation 208 may be sliminated
as neeaded.

jonss) Al operation 30, after the oxide vesiduals 344 are removed and the
sidewall 318 of the first laver 312a B exposed, a selective epi-deposition
process is performed. The deposition process ulilized hereln s an epilaxial
growth process. The spilaxial growth process may form selectively form a
material layer 450 on a silicon swiface, such as the sidewall 318 of the fivst layer
312a, as shown in Figure 3E. The material layer 350 may then be continuously
grown to form 3 shaped struchure, such a8 a digmond ke op structure, of the
material layer 350, as shown in Figure 3F. The sepilaxial growth process
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parfarmed at operation 310 may provide a selective deposition process o form
silicon materials predominately alop the sidewall 318 of the first layer 31234,
which is a silicon malerial, as well as on the subsirale 302 {(when the optional
material fayer 304 is not present), which is also a silicon maledal.

jopsry The epitaxial growth of the silicon natwally grows onto silicon
matenals, such as the diamond Hke top struclture of the materal laver 350, on
fhe subsirste 302, As the nalural shape of the dismond ke fop struclure s
controlied by the corysiallographic orientation of the silicon materal in <111>
plane, which normally has the slowest epilaxial growth rate. Thus, the growth
ratey of the diamond like top structus of the materigl layver 350 are often
cifferent on different surfaces of the diamong like top structure of the material
tayer 350, such as different growth rates found from & horizontal surface o from
& vertical swiace. While different growth rates are often occurred atl different
surfaces with different orysialiographic orentations, the resultant shape of the
materigl laver 350 then has a diamond lke top structure, rather than a
horizontal planar swface.

100581 The dismond fike fop structure of the malerisl laver 350 may iater be
utitized o form sowce/drain or gate regions of a gate structure. The mulli-
material fayer 312 of the first laver 3132 and the second layer 312h with the
oxidation ayer 334 formed on the sidewall 322 miay be ulilized a3 nanowires in
& field effect transistor (FET) with reduced parasilic capacitance and minimum
device leakage.

10058] Figure 4 depicts a schemstic view of the mullimatenial laver 312
having pairs of the first layer 3128 and the second lgyer 312b with the oxidation
layer 324 formed therein ulifized i & horizontal gate-all-avound (hGAAY
structure 400, The horizontal gate-all-around (hGAA) structure 400 utilizes the
muttb-material laver 312 85 nanowires {e.g., channeis) between sourcefdrain
anchors, formed from the materal layer 350 (slso shown as 350s, 350b for
source and drain anchors, respectively) and a gate structure 404, The oxidstion
fayer 324 formed at the botlom {e.g., or an end} of the second layer 312b may

assist managing the interface wherain the second layer 3120 is in contact with
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the gate structure 404 andior the source/drain anchors 350, 350b so as
reduce parastic capacitance and maintain minimum device leakage.

10080} Thus, methods for forming nanowire struclures with reduced parasitic
capacifance and mirdmun device leakage for horizordal gate-albaround (HGAA)
structures are provided. The methods ufilize selective oxidation process with
high process pressure, such as grester than § bar, o sslecltively form an
oxidation layer on cerlain types of materal rom a mulli-material laver 50 as o
form nanowire structures with reduced parasific capacilance and minimum
device leakage at the interface thal may be later ulilized {o form horizontal gate-
aif-ground  (hGAAY strwclures. Thus, horzooial gate-allaround  (hGAA}
structures with desired fype of material and device elsclrical performance may
be oblained, particularly for applications iy horizontal gate-all-around field effect
fransistors (hGAA FET).

15081} While the foregoing i directed io embodiments of the present
vention, other and further embodiments of the invention may be devised
withowt departing from the Dasic scope thereof, and the scope thereof is
determined by the claims that follow,
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Claims:
1. A method of forming nanowire struclrss on 8 substrate comprising:

supplying an oxvgen containing gas mikdiure 10 & multhmalenst layeron a
substrate in @ procassing chamber, wherain the multbmatenal faver includes
repeating pais of g iredl layer and & ssoond laver, the first and the sscond
lavers having a firsst group and a second group of sidewalls respechively
axposad through openings defined in the mudti-material laver,

mainiaimng the oxygen conaining gas mbdure in the processing
chamber at 8 process pressure gt greaier than & ban and

selactively forming an oxidation layer on the second group of sidewsalls in
the second layer in the presance of the oxygen containing gas mixiwrs,

2. The method of claim 1, wherein supplving the oxvgen containing gas
mixture further comprises:

mainiaining & substrale toempersture at greater than 200 degress
Celsius.

3. The method of claim 1, wherein oxygen containing gas mbdure includes
at lsast an oxygen containing gas sslected from g group consisting of Oy, Oy,
HaO, Hallhy, or steam.

4. The method of claim 1, wherein oxvgen containing gas mixiure includes
steam.
8. The method of claim 1, wherein the first laver of the multbmaterial layer is

ann intinsic siicon layer and the second laver of the mult-material layer is a
Sise layer while the substirate is a silicon subsirate.

8. The method of claim 1, further comprising:
forming horizootal gate-sli-around {(hGAA) struciures using the openings

defined in the muli-matenial layer.
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7. The method of claim 1 further comprising:
performing & cleaning process © remove oxide residuals from the
subsirate.

8. The method of claim 1, wharein the multi-material layer includes at least
£ repeating pairs.

8. The method of dlaim 1, wherein the oxidation layer has thickness

hetwean about 1 nim and about 10 nm.

10, The method of caim 1, wherein maintgining the process pressure at
graater than § bar further comprises:
mainiginng the process pressure at bebween about 10 bar and about 80

bar.

1. The method of olaim 1, furiher comprising:
performing an epitlaxial deposition process o form g shapsd structurs

from the first group of the sidewalls from the first layers.

12, Amethod of forming ngnowire structures on & substrate comprising:

predominantly forming an oxidation layer on a portion of @ multi-material
laver disposed on & subsirate, wherein the multbmatenal layver includes
rapeating pairs of a first laver and g second laver, the first and second lavers
having g first group and a second group of sidewalls respectively exposed
through openings defined in the multi-matenial layer, wherein the oxidation layer
is selectively formed on the second group of the sidewalls in the second layer,;
and

maiiaining a process pressure at greater than § bar while forming the

oxidation layer.

v
[ ]
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13, The method of claim 12, whersin the first laver of the mulli-matenal layer
is an iirinsic silicon layer and the second layer of the mull.naterial layer is a

SiGe layer while the subsirate is a silicon subsirate.

4.  Ths method of claim 12, further comprising:
maintaining & substrate temperature at grealer than 200 degress Celsius

while forming the oxidation layer.

15. The method of claim 12, wherain 8 matio of an oxidation mae of the

sacond group of sidewalls {o the first group of sidewalls is greater than 51
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