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(57) ABSTRACT

Embodiments of the present disclosure provide methods for
forming nanowire structures with desired materials for three
dimensional (3D) stacking of fin field eftect transistor (Fin-
FET) for semiconductor chips. In one example, a method of
forming nanowire structures on a substrate includes in a sus-
pended nanowire structure on a substrate, the suspended
nanowire includes multiple material layers having a spaced
apart relationship repeatedly formed in the suspended nanow-
ire structure, wherein the material layer includes a coating
layer coated on an outer surface of a main body formed in the
material layer, selectively removing a first portion of the
coating layer from the material layers to expose the underly-
ing main body of the material layers while maintaining a
second portion of the coating layer remaining on the material
layers, laterally etching the main body of the material layers
exposed by removal of the coating layer, and selectively
growing film layers on the exposed main body of the material
layer.
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METHOD FOR FABRICATING VERTICALLY
STACKED NANOWIRES FOR
SEMICONDUCTOR APPLICATIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application 62/014,643 filed on Jun. 19,2014, which is
incorporated by reference in its entirety.

BACKGROUND

[0002] 1. Field

[0003] Embodiments of the present invention generally
relate to methods for forming vertically stacked nanowires
with desired materials on a semiconductor substrate, and
more particularly to methods for forming vertically stacked
nanowires on a semiconductor substrate with desired materi-
als for fin field effect transistor (FinFET) semiconductor
manufacturing applications.

[0004] 2. Description of the Related Art

[0005] Reliably producing sub-half micron and smaller
features is one of the key technology challenges for next
generation very large scale integration (VLSI) and ultra large-
scale integration (ULSI) of semiconductor devices. However,
as the limits of circuit technology are pushed, the shrinking
dimensions of VLSI and ULSI technology have placed addi-
tional demands on processing capabilities. Reliable forma-
tion of gate structures on the substrate is important to VLSI
and ULSI success and to the continued effort to increase
circuit density and quality of individual substrates and die.
[0006] As circuit densities increase for next generation
devices, the widths of interconnects, such as vias, trenches,
contacts, gate structures and other features, as well as the
dielectric materials therebetween, decrease to 45 nm and 32
nm dimensions, whereas the thickness of the dielectric layers
remain substantially constant, with the result of increasing the
aspect ratios of the features. In order to enable fabrication of
next generation devices and structures, three dimensional
(3D) stacking of semiconductor chips is often utilized to
improve performance of the transistors. In particular, fin field
effect transistors (FinFET) are often utilized to form three
dimensional (3D) stacking of semiconductor chips. By
arranging transistors in three dimensions instead of conven-
tional two dimensions, multiple transistors may be placed in
the integrated circuits (ICs) very close to each other. Recently,
complementary metal oxide semiconductor (CMOS) FinFET
devices have been widely used in many logic and other appli-
cations and are integrated into various different types of semi-
conductor devices. FinFET devices typically include semi-
conductor fins with high aspect ratios in which the channel
and source/drain regions for the transistor are formed there-
over. A gate electrode is then formed over and along side of a
portion of the fin devices utilizing the advantage of the
increased surface area of the channel and source/drain regions
to produce faster, more reliable and better-controlled semi-
conductor transistor devices. Further advantages of FinFETs
include reducing the short channel effect and providing
higher current flow.

[0007] Inmanufacturing three dimensional (3D) stacked of
semiconductor chips, multiple layers with different materials
may be utilized to form nanowire structures to allow multiple
interconnection structures to be disposed thereon, forming
high-density of vertical transistor devices. However, using
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different materials to form the nanowire structures undesir-
ably increases the manufacturing difficulty in integrating all
these materials in the nanowire structures. Oftentimes, mul-
tiple complicated process sequences are required to complete
the manufacturing processes for nanowire structures having
more than one material, which may adversely cause high
manufacturing costs, cycle times, and extra processing time.
Furthermore, in the situations where different processing
chambers are required to form each different film layers of the
nanowire structures, transfer of the substrate in between dif-
ferent processing tools is always time consuming and some-
time increases the likelihood of substrate contaminant when
breaking vacuum between processing tools.

[0008] Thus, there is a need for improved methods for
forming nanowire structures including the semiconductor fin
structure with different materials on a substrate with good
profile and dimension control for three dimensional (3D)
stacking of semiconductor chips or other semiconductor
devices.

SUMMARY

[0009] The present disclosure provide methods for forming
nanowire structures with desired materials for three dimen-
sional (3D) stacking of fin field effect transistor (FinFET) for
semiconductor chips. In one example, a method of forming
nanowire structures on a substrate includes in a suspended
nanowire structure on a substrate, the suspended nanowire
includes multiple material layers having a spaced apart rela-
tionship repeatedly formed in the suspended nanowire struc-
ture, wherein the material layer includes a coating layer
coated on an outer surface of a main body formed in the
material layer, selectively removing a first portion of the
coating layer from the material layers to expose the underly-
ing main body of the material layers while maintaining a
second portion of the coating layer remaining on the material
layers, laterally etching the main body of the material layers
exposed by removal of the coating layer, and selectively
growing film layers on the exposed main body of the material
layer.

[0010] Inanother example, a method of forming nanowire
structures on a substrate includes in a suspended nanowire
structure on a substrate, the suspended nanowire includes
multiple material layers having a spaced apart relationship
repeatedly formed in the suspended nanowire structure,
selectively forming film layers on a first portion of the mate-
rial layers, leaving a second portion of the material layers free
from the film layer, forming an interface between the first
portion and the second portion of the material layers, and
breaking the interface between the first portion and the second
portion of the material layers.

[0011] In yet another example, a method of forming
nanowire structures on a substrate includes in a suspended
nanowire structure on a substrate, the suspended nanowire
includes multiple material layers having a spaced apart rela-
tionship repeatedly formed between a source anchor and a
drain anchor of the suspended nanowire structure, selectively
removing a first portion of the material layer while leaving a
second portion of the material layer unchanged, selectively
forming film layers on the first portion of the material layers,
leaving a second portion of the material layers free from the
film layer, forming an interface between the first portion and
the second portion of the material layers, and breaking the
interface between the first portion and the second portion of
the material layers.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] So that the manner in which the above recited fea-
tures of the present invention can be understood in detail, a
more particular description of the invention, briefly summa-
rized above, may be had by reference to embodiments, some
of which are illustrated in the appended drawings. It is to be
noted, however, that the appended drawings illustrate only
typical embodiments of this invention and are therefore not to
be considered limiting of its scope, for the invention may
admit to other equally effective embodiments.

[0013] FIG.1depicts anetching processing chamber which
may be utilized to perform an etching process on a substrate;
[0014] FIG. 2 depicts another example of an etching pro-
cessing chamber which may be utilized to perform an etching
process on a substrate;

[0015] FIG. 3 depicts a processing system that may include
different processing chambers of FIGS. 1 and 2 to be incor-
porated therein;

[0016] FIG. 4 depicts a flow diagram of a method for form-
ing nanowire structures with composite materials formed on
a substrate;

[0017] FIG.5A-5C2 depict one example of cross sectional
views of a sequence for forming a nanowire structure with
desired materials during the manufacturing process of F1G. 4;
[0018] FIGS. 5A", 5B' and 5C' depict top schematic views
of a sequence for forming a nanowire structure with desired
materials during the manufacturing process of FIG. 4;
[0019] FIG. 6 depicts a flow diagram of another example of
a method for forming nanowire structures with a desired
material using a converting process formed on a substrate;
[0020] FIG. 7A-7E depict top schematic views of a
sequence for forming a nanowire structure with a desired
material using a converting process during the manufacturing
process of FIG. 6;

[0021] FIG. 8 depicts a flow diagram of yet another
example of a method for forming nanowire structures with
more than one materials formed on a substrate; and

[0022] FIG. 9A-9D depict top schematic views of a
sequence for forming a nanowire structure with a more than
one materials during the manufacturing process of FIG. 8.
[0023] To facilitate understanding, identical reference
numerals have been used, where possible, to designate iden-
tical elements that are common to the figures. It is contem-
plated that elements and features of one embodiment may be
beneficially incorporated in other embodiments without fur-
ther recitation.

[0024] It is to be noted, however, that the appended draw-
ings illustrate only exemplary embodiments of this invention
and are therefore not to be considered limiting of its scope, for
the invention may admit to other equally effective embodi-
ments.

DETAILED DESCRIPTION

[0025] Methods for manufacturing nanowire structures
with desired materials formed therein for three dimensional
(3D) stacking of fin field effect transistor (FinFET) semicon-
ductor structures is provided. In one example, the nanowire
structures may be formed by depositing multiple layers to
form a film stack on a substrate. A lateral etching process may
be utilized to selectively remove a selected type of material
from the film stack to form the nanowire structure with sus-
pended nanowires. In another example, a conversion process
may be performed to convert the material from the film stack
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to a different material as needed. In yet another example, a
selective deposition process may also be utilized to form the
nanowire structure with composite materials.

[0026] FIG. 1 is a cross sectional view of an illustrative
processing chamber 100 suitable for conducting an etching
process as further described below. The chamber 100 may be
configured to remove materials from a material layer dis-
posed on a substrate surface. The chamber 100 is particularly
useful for performing the plasma assisted dry etch process.
The processing chamber 100 may be a Siconi™, Capa™, or
Frontier™ chamber, which is available from Applied Mate-
rials, Santa Clara, Calif. It is noted that other vacuum pro-
cessing chambers available from other manufactures may
also be adapted to practice the present invention.

[0027] The processing chamber 100 includes a chamber
body 112, a lid assembly 140, and a support assembly 180.
The lid assembly 140 is disposed at an upper end of the
chamber body 112, and the support assembly 180 is at least
partially disposed within the chamber body 112.

[0028] The chamber body 112 includes a slit valve opening
114 formed in a sidewall thereof to provide access to the
interior of the processing chamber 100. The slit valve opening
114 is selectively opened and closed to allow access to the
interior of the chamber body 112 by a wafer handling robot
(not shown).

[0029] In one or more implementations, the chamber body
112 includes a channel 115 formed therein for flowing a heat
transfer fluid therethrough. The chamber body 112 can fur-
ther include a liner 120 that surrounds the support assembly
180. The liner 120 is removable for servicing and cleaning. In
one or more embodiments, the liner 120 includes one or more
apertures 125 and a pumping channel 129 formed therein that
is in fluid communication with a vacuum system. The aper-
tures 125 provide a flow path for gases into the pumping
channel 129, which provides an egress for the gases within the
processing chamber 100.

[0030] The vacuum system can include a vacuum pump
130 and a throttle valve 132 to regulate flow of gases through
the processing chamber 100. The vacuum pump 130 is
coupled to a vacuum port 131 disposed in the chamber body
112 and therefore, in fluid communication with the pumping
channel 129 formed within the liner 120. The lid assembly
140 includes at least two stacked components configured to
form a plasma volume or cavity therebetween. In one or more
embodiments, the 1id assembly 140 includes a first electrode
143 (“upper electrode™) disposed vertically above a second
electrode 145 (“lower electrode”) confining a plasma volume
or cavity 150 therebetween. The first electrode 143 is con-
nected to a power source 152, such as an RF power supply,
and the second electrode 145 is connected to ground, forming
a capacitance between the two electrodes 143,145.

[0031] In one or more implementations, the lid assembly
140 includes one or more gas inlets 154 (only one is shown)
that are at least partially formed within an upper section 156
of'the first electrode 143. The one or more process gases enter
the lid assembly 140 via the one or more gas inlets 154. The
one or more gas inlets 154 are in fluid communication with
the plasma cavity 150 at a first end thereof and coupled to one
or more upstream gas sources and/or other gas delivery com-
ponents, such as gas mixers, at a second end thereof. In one or
more embodiments, the first electrode 143 has an expanding
section 155 that houses the plasma cavity 150.

[0032] Inoneormore implementations, the expanding sec-
tion 155 is an annular member that has an inner surface or
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diameter 157 that gradually increases from an upper portion
155A thereof to a lower portion 155B thereof. As such, the
distance between the first electrode 143 and the second elec-
trode 145 is variable. That varying distance helps control the
formation and stability of the plasma generated within the
plasma cavity 150. A plasma generated in the plasma cavity
150 is defined in the lid assembly 140 prior to entering into a
processing region 141 above the support assembly 180
wherein the substrate is proceed, the plasma is considered as
a remote plasma source that generated remotely from the
processing region 141.

[0033] The lid assembly 140 can further include an isolator
ring 160 that electrically isolates the first electrode 143 from
the second electrode 145. The lid assembly 140 can further
include a distribution plate 170 and blocker plate 175 adjacent
the second electrode 145. The second electrode 145, distri-
bution plate 170 and blocker plate 175 can be stacked and
disposed on a lid rim 178 which is connected to the chamber
body 112. In one or more implementations, the second elec-
trode or top plate 145 can include a plurality of gas passages
or apertures 165 formed beneath the plasma cavity 150 to
allow gas from the plasma cavity 150 to flow therethrough.
The distribution plate 170 is substantially disc-shaped and
also includes a plurality of apertures 172 or passageways to
distribute the flow of gases therethrough. In one or more
embodiments, the distribution plate 170 includes one or more
embedded channels or passages 174 for housing a heater or
heating fluid to provide temperature control of the lid assem-
bly 140. The blocker plate 175 includes a plurality of aper-
tures 176 to provide a plurality of gas passages from the
second electrode 145 to the distribution plate 170. The aper-
tures 176 can be sized and positioned about the blocker plate
175to provide a controlled and even flow distribution of gases
to the distribution plate 170.

[0034] The support assembly 180 can include a support
member 185 to support a substrate (not shown in this view)
for processing within the chamber body 112. The support
member 185 can be coupled to a lift mechanism 183 through
a shaft 187 which extends through a centrally-located open-
ing 114 formed in a bottom surface of the chamber body 112.
The lift mechanism 183 can be flexibly sealed to the chamber
body 112 by a bellows 188 that prevents vacuum leakage
from around the shaft 187.

[0035] In one embodiment, the electrode 181 that is
coupled to a plurality of RF power bias sources 184, 186. The
RF bias power sources 184, 186 are coupled between the
electrode 181 disposed in the support member 185. The RF
bias power excites and sustains a plasma discharge formed
from the gases disposed in the processing region 141 of the
chamber body.

[0036] In the embodiment depicted in FIG. 1, the dual RF
bias power sources 184, 186 are coupled to the electrode 181
disposed in the support member 185 through a matching
circuit 189. The signal generated by the RF bias power
sources 184, 186 is delivered through matching circuit 189 to
the support member 185 through a single feed to ionize the
gas mixture provided in the plasma processing chamber 100,
thereby providing ion energy necessary for performing a
deposition or other plasma enhanced process. The RF bias
power sources 184, 186 are generally capable of producing an
RF signal having a frequency of from about 50 kHz to about
200 MHz and a power between about 0 Watts and about 5000
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Watts. Additional bias power sources may be coupled to the
electrode 181 to control the characteristics of the plasma as
needed.

[0037] The support member 185 can include bores 192
formed therethrough to accommodate lift pins 193, one of
which is shown in FIG. 1. Each lift pin 193 is constructed of
ceramic or ceramic-containing materials, and are used for
substrate-handling and transport. The lift pin 193 is moveable
within its respective bore 192 when engaging an annular lift
ring 195 disposed within the chamber body 112. The support
assembly 180 can further include an edge ring 196 disposed
about the support member 185.

[0038] The temperature of the support assembly 180 can be
controlled by a fluid circulated through a fluid channel 198
embedded in the body of the support member 185. In one or
more implementations, the fluid channel 198 is in fluid com-
munication with a heat transfer conduit 199 disposed through
the shaft 187 of the support assembly 180. The fluid channel
198 is positioned about the support member 185 to provide a
uniform heat transfer to the substrate receiving surface of the
support member 185. The fluid channel 198 and heat transfer
conduit 199 can flow heat transfer fluids to either heat or cool
the support member 185. Any suitable heat transfer fluid may
be used, such as water, nitrogen, ethylene glycol, or mixtures
thereof. The support assembly 180 can further include an
embedded thermocouple (not shown) for monitoring the tem-
perature of the support surface of the support member 185.
For example, a signal from the thermocouple may be used in
a feedback loop to control the temperature or flow rate of the
fluid circulated through the fluid channel 198.

[0039] The support member 185 can be moved vertically
within the chamber body 112 so that a distance between
support member 185 and the lid assembly 140 can be con-
trolled. A sensor (not shown) can provide information con-
cerning the position of support member 185 within chamber
100.

[0040] A system controller (not shown) can be used to
regulate the operations of the processing chamber 100. The
system controller can operate under the control of a computer
program stored on a memory of a computer. The computer
program may include instructions that enable the preclean
process described below to be performed in the processing
chamber 100. For example, the computer program can dictate
the process sequencing and timing, mixture of gases, cham-
ber pressures, RF power levels, susceptor positioning, slit
valve opening and closing, wafer cooling and other param-
eters of a particular process.

[0041] FIG. 2 is a sectional view of one example of a
processing chamber 200 suitable for performing a patterning
process to etch a planarization layer along with a hardmask
layer on a substrate using an anisotropic etching process.
Suitable processing chambers that may be adapted for use
with the teachings disclosed herein include, for example, a
ENABLER® or C3® processing chamber available from
Applied Materials, Inc. of Santa Clara, Calif. Although the
processing chamber 200 is shown including a plurality of
features that enable superior etching performance, it is con-
templated that other processing chambers may be adapted to
benefit from one or more of the inventive features disclosed
herein.

[0042] The processing chamber 200 includes a chamber
body 202 and a lid 204 which enclose an interior volume 206.
The chamber body 202 is typically fabricated from alumi-
num, stainless steel or other suitable material. The chamber
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body 202 generally includes sidewalls 208 and a bottom 210.
A substrate support pedestal access port (not shown) is gen-
erally defined in a sidewall 208 and a selectively sealed by a
slit valve to facilitate entry and egress of a substrate 100 from
the processing chamber 200. An exhaust port 226 is defined in
the chamber body 202 and couples the interior volume 206 to
apump system 228. The pump system 228 generally includes
one or more pumps and throttle valves utilized to evacuate
and regulate the pressure of the interior volume 206 of the
processing chamber 200. In one implementation, the pump
system 228 maintains the pressure inside the interior volume
206 at operating pressures typically between about 10 mTorr
to about 500 Torr.

[0043] The lid 204 is sealingly supported on the sidewall
208 of the chamber body 202. The lid 204 may be opened to
allow excess to the interior volume 106 of the processing
chamber 200. The lid 204 includes a window 242 that facili-
tates optical process monitoring. In one implementation, the
window 242 is comprised of quartz or other suitable material
that is transmissive to a signal utilized by an optical monitor-
ing system 240 mounted outside the processing chamber 200.

[0044] The optical monitoring system 240 is positioned to
view at least one of the interior volume 206 of the chamber
body 202 and/or the substrate 100 positioned on a substrate
support pedestal assembly 248 through the window 242. In
one embodiment, the optical monitoring system 240 is
coupled to the lid 204 and facilitates an integrated deposition
process that uses optical metrology to provide information
that enables process adjustment to compensate for incoming
substrate pattern feature inconsistencies (such as thickness,
and the like), provide process state monitoring (such as
plasma monitoring, temperature monitoring, and the like) as
needed. One optical monitoring system that may be adapted
to benefit from the invention is the EyeD® full-spectrum,
interferometric metrology module, available from Applied
Materials, Inc., of Santa Clara, Calif.

[0045] A gas panel 258 is coupled to the processing cham-
ber 200 to provide process and/or cleaning gases to the inte-
rior volume 206. In the example depicted in FIG. 2, inlet ports
232', 232" are provided in the lid 204 to allow gases to be
delivered from the gas panel 258 to the interior volume 206 of
the processing chamber 200. In one implementation, the gas
panel 258 is adapted to provide fluorinated process gas
through the inlet ports 232', 232" and into the interior volume
206 of the processing chamber 200. In one implementation,
the process gas provided from the gas panel 258 includes at
least a fluorinated gas, chlorine, and a carbon containing gas,
an oxygen gas, a nitrogen containing gas and a chlorine
containing gas. Examples of fluorinated and carbon contain-
ing gases include CHF;, CH,F, and CF,. Other fluorinated
gases may include one or more of C,F, C,F, C,F; and C,F,.
Examples of the oxygen containing gas include O,, CO,, CO,
N,O, NO,, O,, H,O, and the like. Examples of the nitrogen
containing gas include N,, NH;, N,O, NO, and the like.
Examples of the chlorine containing gas include HCI, Cl,,
CCl,, CHCl;, CH,Cl,, CH;Cl, and the like. Suitable
examples of the carbon containing gas include methane
(CH,), ethane (C,Hy), ethylene (C,H,), and the like.

[0046] A showerhead assembly 230 is coupled to an inte-
rior surface 214 of the 1id 204. The showerhead assembly 230
includes a plurality of apertures that allow the gases flowing
through the showerhead assembly 230 from the inlet ports
232', 232" into the interior volume 206 of the processing
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chamber 200 in a predefined distribution across the surface of
the substrate 100 being processed in the processing chamber
200.

[0047] A remote plasma source 277 may be optionally
coupled to the gas panel 258 to facilitate dissociating gas
mixture from a remote plasma prior to entering into the inte-
rior volume 206 for processing. A RF source power 243 is
coupled through a matching network 241 to the showerhead
assembly 230. The RF source power 243 typically is capable
of producing up to about 3000 W at a tunable frequency in a
range from about 50 kHz to about 200 MHz.

[0048] The showerhead assembly 230 additionally
includes a region transmissive to an optical metrology signal.
The optically transmissive region or passage 238 is suitable
for allowing the optical monitoring system 240 to view the
interior volume 206 and/or the substrate 100 positioned on the
substrate support pedestal assembly 248. The passage 238
may be a material, an aperture or plurality of apertures formed
or disposed in the showerhead assembly 230 that is substan-
tially transmissive to the wavelengths of energy generated by,
and reflected back to, the optical monitoring system 240. In
one embodiment, the passage 238 includes a window 242 to
prevent gas leakage through the passage 238. The window
242 may be a sapphire plate, quartz plate or other suitable
material. The window 242 may alternatively be disposed in
the lid 204.

[0049] In one implementation, the showerhead assembly
230 is configured with a plurality of zones that allow for
separate control of gas flowing into the interior volume 206 of
the processing chamber 200. In the example illustrated in
FIG. 2, the showerhead assembly 230 as an inner zone 234
and an outer zone 236 that are separately coupled to the gas
panel 258 through separate inlet ports 232', 232".

[0050] The substrate support pedestal assembly 248 is dis-
posed in the interior volume 206 of the processing chamber
200 below the gas distribution (showerhead) assembly 230.
The substrate support pedestal assembly 248 holds the sub-
strate 100 during processing. The substrate support pedestal
assembly 248 generally includes a plurality of lift pins (not
shown) disposed therethrough that are configured to lift the
substrate 100 from the substrate support pedestal assembly
248 and facilitate exchange of the substrate 100 with a robot
(not shown) in a conventional manner. An inner liner 218 may
closely circumscribe the periphery of the substrate support
pedestal assembly 248.

[0051] Inoneimplementation, the substrate support pedes-
tal assembly 248 includes a mounting plate 262, a base 264
and an electrostatic chuck 266. The mounting plate 262 is
coupled to the bottom 210 of the chamber body 202 includes
passages for routing utilities, such as fluids, power lines and
sensor leads, among others, to the base 264 and the electro-
static chuck 166. The electrostatic chuck 266 comprises at
least one clamping electrode 280 for retaining the substrate
100 below showerhead assembly 230. The electrostatic chuck
266 is driven by a chucking power source 282 to develop an
electrostatic force that holds the substrate 100 to the chuck
surface, as is conventionally known. Alternatively, the sub-
strate 100 may be retained to the substrate support pedestal
assembly 248 by clamping, vacuum or gravity.

[0052] At least one of the base 264 or electrostatic chuck
266 may include at least one optional embedded heater 276, at
least one optional embedded isolator 274 and a plurality of
conduits 268, 270 to control the lateral temperature profile of
the substrate support pedestal assembly 248. The conduits
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268, 270 are fluidly coupled to a fluid source 272 that circu-
lates a temperature regulating fluid therethrough. The heater
276 is regulated by a power source 278. The conduits 268,270
and heater 276 are utilized to control the temperature of the
base 264, thereby heating and/or cooling the electrostatic
chuck 266 and ultimately, the temperature profile of the sub-
strate 100 disposed thereon. The temperature of the electro-
static chuck 266 and the base 264 may be monitored using a
plurality of temperature sensors 290, 292. The electrostatic
chuck 266 may further comprise a plurality of gas passages
(not shown), such as grooves, that are formed in a substrate
support pedestal supporting surface of the chuck 266 and
fluidly coupled to a source of a heat transfer (or backside) gas,
such as He. In operation, the backside gas is provided at
controlled pressure into the gas passages to enhance the heat
transfer between the electrostatic chuck 266 and the substrate
100.

[0053] Inoneimplementation, the substrate support pedes-
tal assembly 248 is configured as a cathode and includes an
electrode 280 that is coupled to a plurality of RF power bias
sources 284, 286. The RF bias power sources 284, 286 are
coupled between the electrode 280 disposed in the substrate
support pedestal assembly 248 and another electrode, such as
the showerhead assembly 230 or ceiling (lid 204) of the
chamber body 202. The RF bias power excites and sustains a
plasma discharge formed from the gases disposed in the pro-
cessing region of the chamber body 202.

[0054] In the example depicted in FIG. 2, the dual RF bias
power sources 284, 286 are coupled to the electrode 280
disposed in the substrate support pedestal assembly 248
through a matching circuit 288. The signal generated by the
RF bias power 284, 286 is delivered through matching circuit
188 to the substrate support pedestal assembly 248 through a
single feed to ionize the gas mixture provided in the plasma
processing chamber 200, thereby providing ion energy nec-
essary for performing a deposition or other plasma enhanced
process. The RF bias power sources 284, 286 are generally
capable of producing an RF signal having a frequency of from
about 50 kHz to about 200 MHz and a power between about
0 Watts and about 5000 Watts. An additional bias power
source 289 may be coupled to the electrode 280 to control the
characteristics of the plasma.

[0055] In one mode of operation, the substrate 100 is dis-
posed on the substrate support pedestal assembly 248 in the
plasma processing chamber 200. A process gas and/or gas
mixture is introduced into the chamber body 202 through the
showerhead assembly 230 from the gas panel 258. A vacuum
pump system 228 maintains the pressure inside the chamber
body 202 while removing deposition by-products.

[0056] A controller 250 is coupled to the processing cham-
ber 200 to control operation of the processing chamber 200.
The controller 250 includes a central processing unit (CPU)
252, a memory 254, and a support circuit 256 utilized to
control the process sequence and regulate the gas flows from
the gas panel 258. The CPU 252 may be any form of general
purpose computer processor that may be used in an industrial
setting. The software routines can be stored in the memory
254, such as random access memory, read only memory,
floppy, or hard disk drive, or other form of digital storage. The
support circuit 256 is conventionally coupled to the CPU 252
and may include cache, clock circuits, input/output systems,
power supplies, and the like. Bi-directional communications
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between the controller 250 and the various components of the
processing system 200 are handled through numerous signal
cables.

[0057] FIG. 3 depicts a plan view of a semiconductor pro-
cessing system 300 the methods described herein may be
practiced. One processing system that may be adapted to
benefit from the invention is a 300 mm Producer™ processing
system, commercially available from Applied Materials, Inc.,
of Santa Clara, Calif. The processing system 300 generally
includes a front platform 302 where substrate cassettes 318
included in FOUPs 314 are supported and substrates are
loaded into and unloaded from a loadlock chamber 309, a
transfer chamber 311 housing a substrate handler 313 and a
series of tandem processing chambers 306 mounted on the
transfer chamber 311.

[0058] FEach of the tandem processing chambers 306
includes two process regions for processing the substrates.
The two process regions share a common supply of gases,
common pressure control, and common process gas exhaust/
pumping system. Modular design of the system enables rapid
conversion from any one configuration to any other. The
arrangement and combination of chambers may be altered for
purposes of performing specific process steps. Any of the
tandem processing chambers 106 can include a lid according
to aspects of the invention as described below that includes
one or more chamber configurations described above with
referenced to the processing chambers 100, 200 depicted in
FIGS. 1 and 2. It is noted that the processing chambers 306
may be configured to perform etching process, deposition
processes, curing processes, or heating/annealing process as
needed. In one embodiment, processing chambers 100, 200,
shown as a single chamber designed, may be incorporated
into the semiconductor processing system 300 and retrofitted
to be in form of the tandem processing chambers 306.
[0059] In one implementation, the system 100 can be
adapted with one or more of the tandem processing chambers
having supporting chamber hardware known to accommo-
date various other known processes such as chemical vapor
deposition (CVD), physical vapor deposition (PVD), etching,
curing, or heating/annealing and the like. For example, the
system 100 can be configured with one of the tandem pro-
cessing chambers 106 as an etching chamber for etching, such
as adielectric film, on the substrates. Such a configuration can
maximize research and development fabrication utilization
and, if desired, eliminate exposure of films as etched to atmo-
sphere.

[0060] A controller 340, including a central processing unit
(CPU) 344, a memory 342, and support circuits 346, is
coupled to the various components of the semiconductor
processing system 300 to facilitate control of the processes of
the present invention. The memory 342 can be any computer-
readable medium, such as random access memory (RAM),
read only memory (ROM), floppy disk, hard disk, or any other
form of digital storage, local or remote to the semiconductor
processing system 300 or CPU 344. The support circuits 346
are coupled to the CPU 344 for supporting the CPU in a
conventional manner. These circuits include cache, power
supplies, clock circuits, input/output circuitry and sub-
systems, and the like. A software routine or a series of pro-
gram instructions stored in the memory 342, when executed
by the CPU 344, executes the tandem processing chambers
306.

[0061] FIG.4 is a flow diagram of one example of a method
400 for manufacturing a nanowire structure with composite
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materials formed therein. FIGS. 5A-5C2 are cross-sectional
views of a portion of a composite substrate corresponding to
various stages of the method 400. The method 400 may be
utilized to form the nanowire structure for fin structures on a
substrate having desired materials which may later be utilized
to form a fin field effect transistor (FinFET) for three dimen-
sional (3D) stacking of semiconductor chips. Alternatively,
the method 400 may be beneficially utilized to etch other
types of structures.

[0062] The method 400 begins at block 402 by providing a
substrate, such as the substrate 203 depicted in FIG. 2, having
a film stack 500 formed thereon, as shown in FIG. 5A. The
substrate 203 may be a material such as crystalline silicon
(e.g., Si<100> or Si<111>), silicon oxide, strained silicon,
silicon germanium, germanium, doped or undoped polysili-
con, doped or undoped silicon wafers and patterned or non-
patterned wafers silicon on insulator (SOI), carbon doped
silicon oxides, silicon nitride, doped silicon, germanium, gal-
lium arsenide, glass, or sapphire. The substrate 203 may have
various dimensions, such as 200 mm, 300 mm, 450 mm or
other diameter, as well as, being a rectangular or square panel.
Unless otherwise noted, examples described herein are con-
ducted on substrates with a 200 mm diameter, a 300 mm
diameter, or a 450 mm diameter substrate.

[0063] The film stack 500 includes a multi-material layer
504 disposed thereon. The multi-material layer 504 includes
at least one a first layer 504a and a second layer 5045.
Although the example depicted in FIG. 5A shows four pairs
of'the first layer 504 and the second layer 5045 (alternating
the first layer 504a and the second layer 50456 repeatedly
formed on the substrate 203), it is noted that number of the
first layer 504a and the second layer 5045 may be varied
based on different process needs. In one particular embodi-
ment, twenty pairs of firstand second layers, 504a, 5045, such
as about 10 pairs, may be deposited to form the multi-material
layer 504 on the substrate 203. In one implementation, the
thickness of each single first layer 504a may be controlled at
between about 20 A and about 200 A, such as about S0 A, and
the thickness of the each single second layer 5045 may be
controlled at between about 20 A and about 200 A, such as
about 50 A. The multi-material layer 504 may have a total
thickness between about 10 A and about 5000 A, such as
between about 40 A and about 4000 A.

[0064] The first layer 504a may be a crystalline silicon
layer, such as a single crystalline, polycrystalline, or monoc-
rystalline silicon layer, formed by an epitaxial deposition
process. Alternatively, the first layer 504a may be a doped
silicon layer, including a p-type doped silicon layer or a
n-type doped layer. Suitable p-type dopant includes B
dopants, Al dopants, Ga dopants, In dopants, or the like.
Suitable n-type dopant includes N dopants, P dopants, As
dopants, Sb dopants, or the like. In yet another example, the
first layer 504a may be a group I1I-V material, such as a GaAs
layer.

[0065] The second layer 5046 may be a Ge containing
layer, such as a SiGe layer, Ge layer, or other suitable layer.
Alternatively, the second layer 5044 is a doped silicon layer,
including a p-type doped silicon layer or a n-type doped layer.
In yet another example, the second layer 5045 may be a group
III-V material, such as a GaAs layer.

[0066] A hardmasklayer 506 may be disposed onthe multi-
material layer 504. Suitable materials for the hardmask layer
506 may include silicon oxide, silicon nitride, silicon oxyni-
tride, silicon carbide, silicon oxycarbide, amorphous carbon,
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titanium nitride, titanium oxide, titanium oxynitride, tanta-
Ium nitride, tantalum oxide, tantalum oxynitride, or any other
suitable materials. Above the hardmask layer 506, a neutral
layer 508 (or called a patterning defining layer) may be dis-
posedthereon. The neutral layer 508 may be an anti-reflective
coating (ARC) layer or other suitable layers to assist forming
patterning features for a photoresist layer 514 to be formed
thereon. Suitable exemplary materials of the neutral layer 508
may be similar to the materials utilized for the hardmask layer
506. The photoresist layer 514 as utilized here may be a layer
of block copolymers (BCPs) including at least two types of
polymers for segregation based on dissimilarities of the poly-
mers included in the layer of block copolymers (BCPs).
These changes may promote to the block copolymers (BCPs)
to have a shift in phase orientation shift during a directed
self-assembly (DSA) process subsequently performed. In one
implementation, the layer of block copolymers (BCPs) may
include two or more dissimilar polymeric block components.
After the phase orientation shift process, a selected type of
polymer may be removed from the substrate 203 in a devel-
opment process, leaving another type of polymer thereon,
forming a patterned photoresist layer 514, as shown in FIG.
5A. The patterned photoresist layer 514 has openings 512
formed therein, exposing a surface 506 of the neutral layer
508 for etching to transfer features into the multi-material
layer 504. The opening 511 may have a width 510 less than 50
nm, such as less than 30 nm, such as between about 1 nm and
about 10 nm.

[0067] Intheimplementation wherein the substrate 203 is a
crystalline silicon layer, the first layer 504a may be a SiGe
layer and the second layer 504h may be an intrinsic epi-
silicon layer. In another implementation wherein the sub-
strate 203 is a crystalline silicon layer, the first layer 504a may
be a doped silicon containing layer and the second layer 5045
may be an intrinsic epi-silicon layer. The doped silicon con-
taining layer may be a p-type dopant or a n-type dopant as
needed. In yet another implementation wherein the substrate
203 is a Ge substrate, the first layer 504a may be a GeSi layer
and the second layer 5045 may be an intrinsic epi-Ge layer. In
still another implementation wherein the substrate 203 is a
GaAs layer with dominantly a crystalline plane at <100>, the
first layer 504a may be an intrinsic Ge layer and the second
layer 5045 is a GaAs layer. It is noted that the selection of the
substrate materials along with the first layer 504a¢ and the
second layer 504 in the multi-material layer 504 may be in
any combinations utilizing the materials listed above.

[0068] FIG. 5A' depicts a top view of the film stack 500
disposed on the substrate. The sectional view of FIG. 5A is
taken along section line A'-A' shown in FIG. 5A". In FIG. 5A!,
a source anchor 550 and a drain anchor 552 may be disposed
laterally at two ends of the multi-material layer 504 so as to
form nanowires between the source anchor 550 and the drain
anchor 552 after series of processes are performed on the
multi-material layer 504.

[0069] Referring additionally back to block 404, of FIG. 4,
an etching process may be performed to form openings 516 in
the multi-material layer 504, as shown in FIG. 5B. The etch-
ing process may be continuously performed to etch through
the first layer 504a and the second layer 50454 of the multi-
material layer 504 to the substrate 203 until a desired depth or
structure, such as the notch structure 520 depicted in FIG. 5B,
is formed on or in the substrate 203. The openings 516 formed
in the multi-material layer 504, along with the notch structure
520, if any, formed in the substrate 203, may later be utilized
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to form fin structures as required to form a FINFET device.
The patterned multi-material layer 504 remaining on the sub-
strate 203 may then be continually processed to form nanow-
ire structures as needed on the substrate 203. After the etching
process, the patterned photoresist layer 514, the neutral layer
508 and partial of the hardmask layer 506 may be consumed
orremoved from the substrate 203. In the example depicted in
FIG. 5B and the top view of FIG. 5B, the patterned photore-
sist layer 514 and the neutral layer 508 are removed from the
substrate 203, and the hardmask layer 506 may be partially
removed, leaving some portion of the hardmask layer 506 on
the substrate 203 as a etching mask layer for subsequent
etching processes.

[0070] During the etching process, after the break through
step of etching away the neutral layer 508 and the hardmask
layer 506 exposed by the opening 512 defined in the patterned
photoresist layer 514, a main etching process may be per-
formed to mainly etch away the repeating first and/or second
layers 504a, 5045 of the multi-material layer 504. It is noted
that since the materials of the neutral layer 508, the hardmask
layer 506, and the first and the second layer 504a, 5045 may
be different, each layer may be etched in different chambers
or the same chamber with different chemistries. In one
embodiment, the neutral layer 508 and the hardmask layer
506 is etched in a first chamber, such as the processing cham-
ber 200 depicted in FIG. 2, incorporated in the system 400,
and the multi-material layer 504 is etched in a second cham-
ber, such as the first processing chamber 100 depicted in FIG.
1, incorporated in the system 400, without breaking vacuum.
[0071] Themain etching process is performed by supplying
a main etching gas mixture including at least a halogen con-
taining gas. Suitable examples of the halogen containing gas
include CHF;, CH,F,, CF,, C,F, C,F, C,F,, HCI, C F,, Cl,,
CCl,, CHCl,, CHF,, C,F,, CH,Cl,, CH,C], SF,, NF,, HBr,
Br, and the like. While supplying the main etching gas mix-
ture, an inert gas may also be supplied into the etching gas
mixture to assist the profile control as needed. Examples of
the inert gas supplied in the gas mixture include Ar, He, Ne,
Kr, Xe or the like.

[0072] After the main etching gas mixture is supplied to the
processing chamber mixture, a RF source power is supplied
to form a plasma from the etching gas mixture therein. The RF
source power may be supplied at the etching gas mixture
between about 100 Watts and about 3000 Watts and at a
frequency between about 400 kHz and about 13.56 MHz. A
RF bias power may also be supplied as needed. The RF bias
power may be supplied at between about 0 Watts and about
1500 Watts. In one implementation, the RF source power may
be pulsed with a duty cycle between about 10 to about 95
percent at a RF frequency between about 500 Hz and about 10
MHz.

[0073] Several process parameters may also be controlled
while supplying the etching gas mixture to perform the etch-
ing process. The pressure of the processing chamber may be
controlled at between about 0.5 milliTorr and about 500 mil-
liTorr, such as between about 2 milliTorr and about 100 mil-
liTorr. A substrate temperature is maintained between about
15 degrees Celsius to about 300 degrees Celsius, such as
greater than 50 degrees Celsius, for example between about
60 degrees Celsius and about 90 degrees Celsius etching
process may be performed for between about 30 seconds and
about 180 seconds until an underlying substrate surface 518 is
exposed or the notch structure 520 is formed in the substrate
203.
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[0074] At block 406, after the main etching process
removes portion of the multi-material layer 504 away to form
openings 516 in the multi-material layer 504, a lateral etching
process is performed to selectively remove (partially or
entirely) one type of material from the substrate 203. For
example, the first layer 504a may be partially removed as
depicted in FIG. 5C1, or the second layer 5045 may be par-
tially removed as shown in FIG. 5C2. In one example, the first
layer 5044 may be entirely removed from the substrate 203, as
shown in a top view of the film stack 500 depicted in FIG. 5C',
leaving spaces 555 between each second layers 5045, form-
ing a suspended nanowire structure on the substrate 203
between the source anchor 550 and the drain anchor 552.

[0075] Based on different process requirements, different
etching precursors are selected to selectively and specifically
etch either the first layer 504a or the second layer 5045 from
the substrate 203. As the first and the second layers 504a,
5045 remaining on the substrate 203 has substantially the
same dimensions and only have sidewalls 540 exposed for
etching, the etching precursors selected to have high selec-
tivity between the first and the second layers 5044, 5045, and
thus are be able to target and laterally etch only either the first
layer 504a or the second layer 5045 without attacking or
damaging the other (i.e., non-target) layer. After a desired
width of the targeted material is removed from the substrate
203, the lateral etching process may then be terminated.

[0076] In the example depicted in FIG. 5C1, the etching
precursors are selected particularly to etch the first layer 504a
without attacking or damaging the second layer 5044. In the
example depicted in FIG. 5C2, the etching precursors are
selected to particularly etch the second layer 5045 without
attacking or damaging the first layer 504a. In the implemen-
tations wherein only one type of material is desired to be
remaining on the substrate 203, the lateral etching process
may be continuously performed until the selected type of
material is removed from the substrate, as shown in FIG. 5C',
forming a suspended nanowire structure.

[0077] Inoneexample wherein the first layer 504a is a SiGe
layer and the second layer 50454 is an intrinsic epi-Si layer
formed on the silicon substrate 203, the etching precursor
selected to etch the first layer 5044 include at least a carbon
fluorine containing gas supplied from a remote plasma
source, such as the remote plasma source 143 depicted in FIG.
1. In this particular implementation, the substrate 203 may be
transferred to a processing chamber with a remote plasma
source, such as the processing chamber 100 depicted in FIG.
1. Suitable examples of the carbon fluorine containing gas
may include CF,, C,F¢, C Fg, C,F,, CF,, C,F, CsFg, and the
like. A reacting gas, such as O, or N2 may also be supplied
with the carbon fluorine containing gas from the remote
plasma source to promote the etching process. Further, a
halogen containing gas may be supplied into the processing
chamber to generate a plasma by a RF source power or a bias
RF power or both, to further assist the etching process. Suit-
able halogen containing gas may be supplied into the process-
ing chamber include HCI, Cl,, CCl,, CHCl;, CH,Cl,, CH;Cl
or the like. In one example, a CF, and O, gas mixture may be
supplied from the remote plasma source while a Cl, gas may
be supplied to the processing chamber to be dissociated by
either a RF source power or a bias RF power or both in the
processing region 141 defined in the processing chamber 100.
The CF, and O, may have a flow rate ratio between about
100:1 and about 1:100.
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[0078] During the lateral etching process, several process
parameters may also be controlled while supplying the etch-
ing gas mixture to perform the etching process. The pressure
of the processing chamber may be controlled at between
about 0.5 milliTorr and about 3000 milliTorr, such as between
about 2 milliTorr and about 500 milliTorr. A substrate tem-
perature is maintained between about 15 degrees Celsius to
about 300 degrees Celsius, such as greater than 50 degrees
Celsius, for example between about 60 degrees Celsius and
about 90 degrees Celsius. The RF source power may be
supplied at the lateral etching gas mixture between about 50
Watts and about 3000 Watts and at a frequency between about
400 kHz and about 13.56 MHz. A RF bias power may also be
supplied as needed. The RF bias power may be supplied at
between about 0 Watts and about 1500 Watts.

[0079] While the process parameters may be controlledina
similar range, the chemical precursors selected to be supplied
in the lateral etching mixture may be varied for different film
layer etching request. For example, when the first layer 504a
is a doped silicon layer and the second layer 50454 is an
intrinsic epi-Si layer formed on the silicon substrate 203, the
etching precursor selected to etch the firstlayer 504aq, e.g., the
doped silicon layer, be a halogen containing gas supplied into
the processing chamber include Cl,, HCI, or the like. No
chemical precursor is necessary to be supplied from the
remote plasma source. The halogen containing gas, such as a
Cl, gas, may be supplied to the processing chamber to be
dissociated by either a RF source power or a bias RF power or
both in the processing region 141 defined in the processing
chamber 100.

[0080] In yet another implementation wherein the first
layer 504a is a SiGe layer and the second layer 5045 is an
intrinsic epi-Si layer formed on the silicon substrate 203, the
etching precursor selected to etch the second layer 5045, e.g.,
the intrinsic epi-Si layer, may be a carbon fluorine containing
gas supplied from a remote plasma source, such as the remote
plasma source 143 depicted in FIG. 1. Suitable examples of
the carbon fluorine containing gas may include CF,, C,F,
C,Fg, C,F,, CF,, C,F,, C,Fg, and the like. A reacting gas,
suchas O, or N, may also be supplied with the carbon fluorine
containing gas from the remote plasma source to promote the
etching process. No gas may be supplied to the processing
chamber to generate a plasma either by a RF source power or
abias RF power in the processing region 141. In one example,
a CF,, N, and O, gas mixture may be supplied from the
remote plasma source in the processing chamber 100 for
processing. The CF,, O, and N, may have a flow rate ratio
between about 100:1 and about 1:100.

[0081] Instill another example wherein the first layer 504a
is a SiGe layer and the second layer 5045 is an intrinsic epi-Ge
layer formed on the Ge substrate 203, the etching precursor
selected to etch the first layer 5045, e.g., a SiGe layer, may
include at least a carbon fluorine containing gas supplied
from a remote plasma source, such as the remote plasma
source 143 depicted in FIG. 1. A reacting gas, suchas O, or N,
may also be supplied with the carbon fluorine containing gas
from the remote plasma source to promote the etching pro-
cess. Further, a halogen containing gas may be supplied into
the processing chamber to generate a plasma by a RF source
power or a bias RF power or both, to further assist the etching
process. Suitable halogen containing gas may be supplied
into the processing chamber include Cl,, HCI, or the like. In
one example, a CF, and O, gas mixture may be supplied from
the remote plasma source while a Cl, gas may be supplied to
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the processing chamber to be dissociated by either a RF
source power or a bias RF power or both in the processing
region 141 defined in the processing chamber 100. The CF,
and O, may have a flow rate ratio between about 100:1 and
about 1:100.

[0082] Inyet another example wherein the first layer 504a
is a Ge layer and the second layer 5045 is a GaAs layer formed
on the GaAs substrate 203, the etching precursor selected to
etch the first layer 504aq, e.g., a Ge layer, may include at least
a carbon fluorine containing gas supplied from a remote
plasma source, such as the remote plasma source 143
depicted in FIG. 1. A reacting gas, such as H,, N, or Ar, may
also be supplied with the halogen containing gas from the
remote plasma source to promote the etching process. Suit-
able halogen containing gas may be supplied into the process-
ing chamber include Cl,, HCl, HBr or the like. Further, a
carbon fluorine containing gas may be supplied into the pro-
cessing chamber to generate a plasma by a RF source power
or a bias RF power or both, to further assist the etching
process. In one example, a Cl, and H, gas mixture may be
supplied from the remote plasma source while a CF, gas may
be supplied to the processing chamber to be dissociated by
either a RF source power or a bias RF power or both in the
processing region 141 defined in the processing chamber 100.
The Cl, and H, may have a flow rate ratio between about
100:1 and about 1:100.

[0083] FIG. 6 is a flow diagram of a method 600 for manu-
facturing a nanowire structure with a first starting material
converting to a second resultant material. FIGS. 7A-7E are
schematic top view of a portion of suspended nanowire struc-
ture 700 corresponding to various stages of the method 600.
The suspended nanowire structure 700 may be utilized to
form a fin field effect transistor (FinFET) for three dimen-
sional (3D) stacking of semiconductor chips. Alternatively,
the method 600 may be beneficially utilized to etch other
types of structures. It is noted that the suspended structure 700
as utilized here depicted in FIG. 7A-7E may be manufactured
by the method 400 described above using the method 400
depicted in FIG. 4 with corresponding structures depicted in
FIG. 5A'-5C".

[0084] The method 600 begins at block 602 by providing a
substrate, such as the substrate 203 described above, with
suspended nanowire structures 700 formed thereon between
the source anchor 550 and the drain anchor 552. The nanowire
structure may have originally have a multi-material layer 504
including a first layer 7024 having a first material. A second
layer (not shown in FIG. 7A-7E) may be originally formed in
between each first layer 702a but later removed by an etching
process, leaving a space 704 in between each first layer 702a
s0 as to form the suspended nanowire structures 700. In one
example, the firstlayer 7024 is an intrinsic epi-silicon layer. It
is noted that the first layer 702a may be any material that may
be later converted to a different material as needed.

[0085] Atblock 604, an optional H, annealing process may
be performed to utilize H, gas to treat the suspended nanowire
structures 700. It is noted that the H, annealing process may
be performed to assist removing or driving out the impurities
in the nanowire structure so as to result in a more robust
structure.

[0086] At block 606, an ion implantation process may be
performed to implant desired dopants into the suspended
nanowire structures 700. The ion implantation process as
performed here may be a conventional or other suitable ion
implantation process, for example that utilizes an ion beam/
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ion gun to provide ion sources into the suspended nanowire
structures 700. Alternatively, the ion implantation process as
performed here may be a plasma treatment process, particu-
larly a directional plasma process to dope dopants into the
nanowire structures 700. The ion implantation process is
performed by implanting ions 704, with or without desired
incident angles, to a selected region of the first layer 702a of
the suspended nanowire structures 700. The ions, which
include a desired type of atoms, is doped into the suspended
nanowire structures 700. The implanted dopants later form
and remain as dominant atoms in the first layer 702a in the
suspended nanowire structures 700, as further described
below.

[0087] Inoneexample, the ionimplantation process may be
performed for a period of time between about 1 seconds and
about 180 seconds so as to dope dopants into the suspended
nanowire structures 700 with a doping concentration of
between about 1E15 ions/cm? and about 1E22 ions/cm>.
[0088] Inone embodiment, an ion doping gas mixture may
be supplied during the ion implantation process to provide
dopants to be doped into the first layer 702a in the suspended
nanowire structures 700. Suitable gases for supplying in the
ion doping gas mixture include AsH,, GaH;, SiH,, SiF,,
GeH,, GeF,, CH,, CF,, AsF;, PF,, PF;, B,H,, BH, and the
like. Inert gas, such as Ar, He, Kr, Ne or the like, or carrier
gases, such as H,, N,, N,O, NO,, or the like, may also be
supplied into the ion doping gas mixture.

[0089] In one embodiment, the doping gas mixture may
include at least one or more of a Ge containing gas, Ga
containing gas, As containing gas, P containing gas, B con-
taining gas or In containing gas, so that the desired type of
atoms to be doped includes at least one or more of Ge, Ga, As,
P or In atoms. In one example, the doping gas supplied to the
doping gas mixture is a Ge containing gas. The Ge dopants
may be doped into the first layer 702a through its sidewall
surrounding the atoms, such as silicon atoms in this example,
which predominantly form the first layer 702a in the sus-
pended nanowire structures 700. For example, in the imple-
mentation wherein the doping gas is a Ge containing gas and
the first layer 7024 is made from a silicon material, the doped
atoms are Ge atoms and the original atoms 502 which pre-
dominantly form the first layer 702a is Si atoms. The Ge
atoms are primary located on the sidewall of the first layer
702a while the silicon atoms are still the main components
predominantly comprising the first layer 702a (e.g., at a cen-
ter region of the first layer 702a).

[0090] At block 608, an oxidation process performed to
form an oxidation layer 706 on the sidewalls of the first layer
702a, as shown in FIG. 7C. Alternatively, a nitridation pro-
cess may also be utilized to form a nitridation layer on the first
layer 702a, instead of an oxidation layer. The oxidation pro-
cess consumes the silicon atoms from the first layer 702a and
helps to push the Ge atoms toward the center region of the first
layer 702a. Oxygen atoms from the oxidation layer 706 pulls
the silicon atoms upward/downward or outward from the first
layer 7024 to react with the silicon atoms, while driving the
Ge atoms inward to the center of the first layer 702a away
from the sidewall.

[0091] At block 610, by doing so, the silicon atoms in the
firstlayer 702q of the suspended nanowire structures 700 may
be gradually pulled out of the center of the structure 700 and
react with the oxygen atoms to form the oxidation layer 706
on the sidewalls, leaving the Ge atoms in the center of the first
layer 702a to replace the atomic sites previously occupied by
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the silicon atoms. As such, the silicon atoms may gradually
converted, replaced and driven out by the Ge atoms, thus
leaving the first layer 702a predominantly comprised of Ge
atoms.

[0092] In one implementation, the oxidation process may
be performed in a suitable plasma processing chamber,
including the processing chambers, including the etching
processing 100, 200 depicted in FIGS. 1-2 or any other suit-
able plasma chamber, including deposition processing cham-
bers or plasma ion implantation processing chambers. The
processing temperature is controlled at a low temperature
range, such as less than 950 degrees Celsius. It is believed that
the low temperature process may provide gentle thermal
energy to consume the silicon atoms and pushing laterally/
upward/downward or outward toward the sidewalls where the
oxygen atoms are present so as to form the silicon oxide 706
without damaging the lattice structures as formed from the Ge
atoms left in the suspended nanowire structures 700. By
doing so, the silicon atoms may be gradually and conformally
replaced with the Ge atoms without creating interfacial sites
or atomic vacancies. In one implementation, the process tem-
perature may be performed between about 25 degrees Celsius
and about 650 degrees Celsius.

[0093] In one implementation, the oxidation process may
be performed in a plasma containing environment. The oxi-
dation process may be performed by using a treatment gas
mixture to form a plasma in a processing environment to
plasma treat the first layer 702a. In one implementation, the
treatment gas mixture includes at least one of an oxygen
containing gas with or without an inert gas. Suitable examples
of'the oxygen containing gas include O,, O, H,O, NO,, N,O
and the like. Suitable examples of the inert gas supplied with
the treatment gas mixture include at least one of Ar, He, Kr,
and the like. In an exemplary embodiment, the oxygen con-
taining gas supplied in the treatment gas mixture is O, gas
with a flow rate between about 50 sccm and about 1000 sccm.

[0094] During the oxidation process, several process
parameters may be regulated to control the oxidation process.
In one exemplary implementation, a process pressure is regu-
lated between about 2 mTorr to about 500 mTorr. A RF bias
power may be applied to maintain a plasma in the treatment
gas mixture. For example, a RF bias power of about 10 Watts
to about 500 Watts may be applied to maintain a plasma inside
the processing chamber. A RF source power at a frequency
may be applied to maintain a plasma in the treatment gas
mixture. A substrate temperature is maintained between
about 25 degrees Celsius to about 950 degrees Celsius, such
as between about 50 degrees Celsius and about 300 degrees
Celsius.

[0095] Itis noted that that temperature of oxidation process
may be adjusted and varied (i.e., multiple step process) during
the conversion process. For example, the temperature of oxi-
dation process may be reduced when the first layer 702a
gradually becomes richer in Ge atoms so as to prevent the Ge
rich first layer 702a from melting or otherwise becoming
damaged.

[0096] In one implementation, the oxidation process is
completed when the silicon atoms in the first layer 702a have
mostly or entirely been pulled outward to react with the
oxygen atoms, converting the first layer 702a to include pre-
dominantly Ge atoms as shown in FIG. 7D. It is noted that
FIG. 7D depicts the first layer 702a with Ge atoms after the
conversion process. In some embodiment, the silicon atoms
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may only be partially removed so as to keep balanced amount
of'Si atoms and Ge atoms to form a SiGe composite material
as needed.

[0097] At block 612, the oxidation layer 706 is removed
from the first layer 7024 in the suspended nanowire structures
700, as shown in FIG. 7E. The overall process time of the
oxidation process may be determined by time mode after the
silicon atoms are predominantly replaced with or converted to
Ge atoms. In one example, the substrate 203 is subjected to
the oxidation process for between about 5 seconds to about 5
minutes, depending on the oxidation rate of the first layer
702a, pressure and flow rate of the gas. In an exemplary
implementation, the substrate 203 is exposed to the oxidation
processes for about 600 seconds or less. The oxidation layer
706 may be removed by dry etching process or wet etching
process as needed.

[0098] FIG. 8 is a flow diagram of a method 800 for manu-
facturing a nanowire structure with a portion of the nanowire
having a different material than the first starting material.
FIGS. 9A-9D are schematic top view of a portion of sus-
pended nanowire structure 900 corresponding to various
stages of the method 800. The suspended nanowire structure
900 may be utilized to form a fin field effect transistor (Fin-
FET) for three dimensional (3D) stacking of semiconductor
chips. Alternatively, the method 800 may be beneficially uti-
lized to form other types of structures. It is noted that the
suspended structure 900 as utilized here depicted in FIGS.
9A-9D may be manufactured by the method 400 described
above using the method 400 depicted in FIG. 4 with corre-
sponding structures depicted in FIG. 5A'-5C".

[0099] The method 800 begins at block 802 by providing a
substrate, such as the substrate 203 described above, with
suspended nanowire structures 900 formed thereon between
the source anchor 550 and the drain anchor 552. The nanowire
structure may have originally a multi-material layer 902
including a first layer 902a comprising a first material. A
second layer (not shown in FIG. 9A-9D) may be originally
formed in between each first layer 902q but later removed by
an etching process, leaving spaces in between each first layer
902a so as to form the suspended nanowire structures 900. In
one example, the first layer 902a is an intrinsic epi-Ge layer,
as shown in FIG. 9A. In the enlarged view of a portion of the
first layer 9024, the first layer 902a includes a main body 904
fabricated by the epi-Ge layer as discussed above. A coating
layer 906 may be coated on an outer surface of the main body
904 of the first layer 902a. In one example, the coating layer
906 may be fabricated from a high-k material, a material that
has a dielectric constant greater than 5. Suitable examples of
the high-k material includes hafnium dioxide (HfO2), zirco-
nium dioxide (Zr02), hafnium silicate oxide (HfSiO4),
hafnium aluminum oxide (HfAIO), zirconium silicate oxide
(ZrS104), tantalum dioxide (TaO2), aluminum oxide, alumi-
num doped hathium dioxide, bismuth strontium titanium
(BST), or platinum zirconium titanium (PZT), among others.
In one particular implementation the coating layer is a
hafnium dioxide (HfO2) layer. It is noted that the first layer
902a may be any material that may be later having a portion
being converted to a different material as needed.

[0100] At block 804, a lateral etch process is performed to
remove a portion 9025 of the coating layer 906 from the first
layer 9024, exposing the underlying main body 904 of the
first layer 902a, as shown in FIG. 9B. After the underlying
main body 904 is exposed, the etching process may be further
performed to remove a portion of the main body 904 so as to
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provide a space for a second material to be grown thereon,
which will be described below at block 806. In one imple-
mentation, the lateral etching process is performed to specifi-
cally only remove a pre-determined area, the portion 9025
from the first layer 9024 covering substantially from a center
to an end of the first layer 9024 in the suspended nanowire
structures 900. It is noted that the area, width, and dimension
of the portion 9025 to have the coating layer 906 removed
may be in any size or coverage as needed.

[0101] In one example, the lateral etching process may be
performed by supplying a gas mixture including at least a
carbon fluorine containing gas supplied from a remote plasma
source, such as the remote plasma source 143 depicted in FIG.
1. In this particular example, the substrate 203 may be trans-
ferred to a processing chamber with a remote plasma source,
such as the processing chamber 100 depicted in FIG. 1. Suit-
able examples of the carbon fluorine containing gas may
include CF,, C,F, C,Fyq, C,F,, CF,, C,F, CsFy, and the like.
A reacting gas, such as O,, H, or N, may also be supplied with
the carbon fluorine containing gas from the remote plasma
source to promote the etching process. Further, a halogen
containing gas may be supplied into the processing chamber
to generate a plasma by a RF source power or a bias RF power
or both, to further assist the etching process. Suitable halogen
containing gas may be supplied into the processing chamber
include Cl,, HCl, or thelike. In one example, aCF ,and O, gas
mixture may be supplied from the remote plasma source
while a Cl, gas may be supplied to the processing chamber to
be dissociated by either a RF source power or a bias RF power
or both in the processing region 141 defined in the processing
chamber 100. The CF, and O, may have a flow rate ratio
between about 100:1 and about 1:100.

[0102] At block 806, a selective deposition process is per-
formed to grow a second material layer selectively on the
exposed main body 904 of the portion 9025 of the first layer
902a. Different materials comprising the first and second
layers may have different adhesions and absorbability on
different surfaces, i.e., a first material adhered on a particular
surface comprised of a first type of material disposed on a
substrate may not be successfully adhered on another surface
with a second type of material disposed on the same substrate.
As such, by utilizing the first layer 902a having two different
types of materials exposed during deposition, the material
layer can be only selectively formed on a particular surface
with similar lattice constant to the material layer to be formed
thereon. In one example, a GaAs layer 910 may be formed on
the exposed main body 904 of the first layer 902a, as shown
in FIG. 9C.

[0103] Since the Ge material from the exposed main body
904 of the first layer 902a may have a similar lattice constant
to the GaAs layer 910, the GaAs layer 910 may be easily
grown on and absorbed on the Ge surface of the main body
904 of the first layer 902a. In contrast, the coating layer 906,
such as a high-k material, generally has a lattice constant far
away from the GaAs layer 910. As such, chances forthe GaAs
layer to be suitable adhered onto the coating layer 906 for
growth is very slim. By utilizing their natural material prop-
erty difference, a selective deposition/growth of the GaAs
layer 910 may be enabled to predominately form on the
surface of the exposed main body 904 of the first layer 902a.
[0104] In one embodiment, the second material layer may
be formed using one or more suitable conventional deposition
techniques, such as atomic layer deposition (ALD), epitaxial
deposition process, physical vapor deposition (PVD), chemi-
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cal vapor deposition (CVD), plasma enhanced CVD
(PECVD), SACVD, furnace deposition, and the like.

[0105] Atblock 808, after the GaAs layer 910 is formed on
the portion 9025 of the first layer 9024, an additional etching
process may be performed to separate the portion 9026 with
the growth of the GaAs layer 910 from the original first layer
902a, as shown in FIG. 9D. The etching process may etch at
an interface 911 defined between the original unchanged first
layer 9024 and the selected portion 90256 with GaAs layer 910
grown thereon, cleaving the nanowire structures 900 at the
interface 911, thus breaking the nanowire structures 900 into
two sub-nanowires. It is noted that other suitable techniques
that may breaking the nanowire structures 900 at the interface
911 may also be utilized, including mechanical punching,
cutting, drilling, cleaving, or wet dissolution the like.

[0106] In the embodiment wherein an etching process is
performed to break the interface 911, the etching process may
be performed to utilize a remote plasma source formed from
a gas mixture including carbon fluorine gases, halogen con-
taining gas or hydrocarbon containing gas or one of a N,, O,
or H, gas.

[0107] Thus, methods for forming nanowire structures with
desired materials for three dimensional (3D) stacking of fin
field effect transistor (FinFET) for semiconductor chips are
provided. The methods utilize lateral etching process to selec-
tive remove a certain type of material from a multi-material
layer so as to form a suspended nanowire structures that may
be later utilized to form fin field effect transistor (FinFET).
Furthermore, the remaining material in the suspended nanow-
ire structures may further be converted to another material
utilizing a conversion process. In addition, a portion of the
nanowires included the suspended nanowire structures may
be partially converted to another material different from the
original material utilized to form the nanowire structures.
This material alternation in the nanowire structures may be
obtained by performing a selective deposition process to
selectively form a different material on a portion of the
nanowire structures. Thus, a fin structure with desired type of
material formed in the fin structure may be obtained, particu-
larly for applications in three dimensional (3D) stacking of
semiconductor fin field effect transistors (FinFET).

[0108] While the foregoing is directed to embodiments of
the present invention, other and further embodiments of the
invention may be devised without departing from the basic
scope thereof, and the scope thereof is determined by the
claims that follow.

1. A method of forming nanowire structures on a substrate
comprising:
in a suspended nanowire structure on a substrate, the sus-
pended nanowire includes multiple material layers hav-
ing a spaced apart relationship repeatedly formed in the
suspended nanowire structure, wherein the material
layer includes a coating layer coated on an outer surface
of'a main body formed in the material layer, selectively
removing a first portion of the coating layer from the
material layers to expose the underlying main body of
the material layers while maintaining a second portion
of the coating layer remaining on the material layers;
laterally etching the main body of the material layers
exposed by removal of the coating layer; and
selectively growing film layers on the exposed main body
of the material layer.
2. The method of claim 1, wherein the film layers have a
lattice constant similar to that of the material layer.
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3. The method of claim 1, further comprising:

separating the film layers formed on the material layer
from the second portion of the coating layer remaining
on the material layer.

4. The method of claim 3, wherein the film layers are
selected formed on the second portion of the coating layer
remaining on the material layers by an etching process, a
cleavage process, or a drilling process.

5. The method of claim 1, wherein at least one of the
material layers is a Ge material or a group 111-V material.

6. The method of claim 1, wherein at least one of the film
layers is a group III-V material or a Ge material.

7. The method of claim 1, wherein the coating layer is a
high-k material.

8. The method of claim 7, wherein the high-k material is
selected from a group consisting of hafnium dioxide (HfO2),
zirconium dioxide (ZrO2), hafnium silicate oxide (HfSi04),
hafnium aluminum oxide (HfAIO), zirconium silicate oxide
(ZrS104), tantalum dioxide (TaO2), aluminum oxide, alumi-
num doped hatnium dioxide, bismuth strontium titanium
(BST), or platinum zirconium titanium (PZT).

9. The method of claim 1, wherein laterally etching the
main body of the material layers further comprises:

etching the main body of the material layers with a remote

plasma source formed from a gas mixture including a
carbon fluorine containing gas and a carrier gas selected
from at least one of N,, O,, and H,.

10. The method of claim 3, wherein separating film layers
further comprises:

forming a remote plasma source from a gas mixture includ-

ing a carbon fluorine gas and at least one of N, O, or H,
to etch an interface formed between the second portion
of the coating layer and the film layer.

11. A method of forming nanowire structures on a substrate
comprising:

in a suspended nanowire structure on a substrate, the sus-

pended nanowire includes multiple material layers hav-
ing a spaced apart relationship repeatedly formed in the
suspended nanowire structure, selectively forming film
layers on a first portion of the material layers, leaving a
second portion of the material layers free from the film
layer, forming an interface between the first portion and
the second portion of the material layers; and

breaking the interface between the first portion and the

second portion of the material layers.

12. The method of claim 11, wherein the multiple material
layers are formed between a source anchor and a drain anchor.

13. The method of claim 11, wherein the material layers
includes a coating layer formed on a main body of the mate-
rial layers.

14. The method of claim 13, wherein selectively forming
the film layers further comprises:

selectively removing part of the coating layer from the first

portion of the material layers prior to selectively forming
the film layers thereon.

15. The method of claim 13, wherein the coating layer is a
high-k material.

16. The method of claim 11, wherein at least one of the
material layer is a Ge material or a group I1I-V material.

17. The method of claim 11, wherein at least one of the film
layer is a group III-V material or a Ge material.

18. The method of claim 11, wherein the film layers have a
lattice constant similar to that of the material layers.
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19. A method of forming nanowire structures on a substrate
comprising:

in a suspended nanowire structure on a substrate, the sus-
pended nanowire includes multiple material layers hav-
ing a spaced apart relationship repeatedly formed
between a source anchor and a drain anchor of the sus-
pended nanowire structure, selectively removing a first
portion of the material layer while leaving a second
portion of the material layer unchanged;

selectively forming film layers on the first portion of the
material layers, leaving a second portion of the material
layers free from the film layer, forming an interface
between the first portion and the second portion of the
material layers; and

breaking the interface between the first portion and the
second portion of the material layers.

20. The method of claim 19, wherein the selectively remov-

ing the first portion of the material layer further comprises:

removing a portion of a coating layer disposed on the first
portion of the material layer prior to selectively forming
the film layers thereon.
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