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(57) Abstract: Embodiments described herein provide an apparatus and method
for fabricating semiconductor devices with improved process control and perfor-
mance. The apparatus includes a processing chamber with first and second RF
coil assemblies generating primary and secondary plasmas in distinct regions,
along with first and second electromagnet assemblies for independent magnetic
field control. A removable biasable flux optimizer is disposed in the apparatus
to modulate plasma distribution and directionality. The method involves a three-
step sequence comprising Inductive coupled plasma (IMP) low energy deposi-
tion, deposition for enhanced step coverage, and etching for overhang removal.
The ICP deposition utilizes primary and secondary plasmas generated by the RF
coil assemblies, with intensified collisions achieved through chamber pressure
increase. Additionally, a simultaneous deposition and etching process can be em-
ployed, with optional additional etching steps for improved overhang removal.
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APPARATUS AND METHOD OF DAMAGE MITIGATION AND STEP
COVERAGE ENHANCEMENT

BACKGROUND
Field

[0001] Embodiments of the present disclosure generally relate to physical vapor
deposition (PVD) film formation on substrates in a device fabrication process, and
maore particularly, {0 apparatus and methods for depositing one or more film layers

in features formed on a subsirate.

Description of the Related Art

[0042] The field of semiconductor device fabrication is constantly evolving,
with new materials, processes, and squipment being developed to mest the
growing demand for smaller, faster, and more complex devices. One of the key
challenges in device fabrication is the need to daeposit thin films of various matenals

with high quality, uniformity, and precision.

[0003] Physical vapor deposition (PVD) is a common technigue used for
depositing thin films of various metals and metal alioys. Howevear, PVD deposition
can cause damage o the underlying layers of the substrate, particularly when high-
gnergy ions are used {0 enhance the deposition rate or when the substrate features
are small and have high aspect ratios. This damage can lead to poor step coverage
and other defects, which can compromise the performance and reliability of the

device.

[0004] Therafore, there is a need for an improved deposition apparatus that
can provide high-quality, and uniform thin films without compromising the

parformance and reliability of the formed device.

SUMMARY

{B005] Embodiments of the present disclosure provide an apparatus and
methods for depositing and etching thin films with improved step coverage and

reduced damage to underlyving layers.
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[0006] n some embodiments, the apparatus comprises a processing
chamber equipped with a first and a second RF coll assemblies, which generate
primary and secondary plasmas in a first and a sacond regions of the processing
chamber. Additionally, the apparatus includes first and second slectromagnet
assemblies for independent control of magnetic field distribution. A removable
biasable flux optimizer is disposed in the apparatus to modulate plasma distribution
and directionality. The adjustable RF coils control the density of the primary and
secondary piasmas. Furthermore, the apparatus supporis various processing
sequences, including deposition, efching, simultaneous deposition and etching, and
inductive coupled plasma {ICP) low energy deposition processes, which can be

performed in a pre-programmed processing sequencs.

[0007] The method for fabricating semiconductor devices using the disclosed
apparatus includes several steps. In one embodiment, the method involves
performing inductive coupled plasma (ICP) low energy deposition as the initial step
to create a buffer layer. This ICP process utilizes an RF coil made of the same
material as the sputiering target The ICP process is induced by increasing the
chamber pressure, intensifying the collisions between the primary and secondary
plasmas in the second region of the chamber. Subsequently, a deposition step is
carried oul using the primary plasma generated by the first RF coil assembly to
gnhance step coverage. Finally, an etching step is performed using the secondary
plasma generated by the second RF coil assembly to remove overhangs. These
steps can be execuled as a pre-programmed processing sequence, ensuring
efficient and controlled fabrication of semiconductor devices. In one embodiment of
the disclosure, a three-step process is provided, which includes an inductive
coupled plasma (1CP) step for damage mitigation, followed by a deposition step for
step coverage, and concludes with an eiching step (o remove overhangs. The three-
step process s particularly advantageous for applications that require precise

control over each process step and a more straightforward process flow,

[0008] in ancther embodiment, the plasma processing apparatus includes a
combination of the inductive coupled plasma mode and the Simultaneous
Deposition and Etching mode. The first step invelves using the inductive coupled

plasma mode to create a thin buffer layer o protect the underiying dielectric material
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from the damages induced by the subsegquent high-energy deposition step. The
second step involves simultaneous deposition and efching, where the deposition

process occurs simultanenusly with the etching process.

[0009] in yet another embodiment, an optional etching step is added at the
end of the inductive coupled plasma and Simultanecus Deposition and Etching
sequence to provide further refinement if the simultaneous deposition and stching

step was not sufficient to remove ali overhangs.

0010} Embodiments of the present disclosure provide several advantages
over existing PVYD systems, including improved step coverage, reduced damage to
underlying layers, and taillored process ssquences (o mest specific application

reguirements.

0011} So that the manner in which the above-recited features of the present
disclosure can be understood in detail, 8 more particular description of the
disclosure, briefly summarized above, may be had by reference to embodiments,
some of which are illustrated in the appended drawings. it is {0 be noted, however,
that the appended drawings Hlustrate only typical embodiments of this disclosure
and are therefore not to be considered limiting of its scope, for the disclosure may

admit to other equally effective embodiments.

o012} FIG. 1 lustrates a schematic top view of a mulli-chamber processing

system, according to at least one embodiment.

[06013] FiGG. 2A is a cross-sectional view of a chamber according to one

ambodiment of the disciosura.

[0014] FIG. 2B is a cross-sectional view of a chamber according to another

embodiment of the disciosure.

[0015] FIG. 3A depicis a perspective view of a biasable flux optimizer in

accordance with implementations of the present disclosure;
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{0018} FIG. 38 depicts another perspective view of a biasable flux optimizer in

accordance with implementations of the present disclosure;
(00171 FIG. 3C depicts a top view of the biasable flux optimizer of FIGS. 3A-3B;

{6018} FiG. 3D depicts a cross-seclional view of the bigsable flux optimizer of

FIGS. 3A-3B in accordance with implementations of the present disclosure;

[0019] FIGS. 4A - 4C Hlustrate various processing sequences, according {o one

or more embodiments described hersin.

[0020] FIGS. 5A - 50 illustrate aspects of various chamber processing modes,

according to one or more embodiments described herein.

0021} FiG. 6 depicts a vollage applied o the biasable flux optimizer plotted as

a function of time in accordance with one embodiment of the present invention;

16022} To facilitate understanding, dentical reference numerals have beaen
used, where possible, to designate identical elements that are common o the
figures. H is contemplated that elements and features of one implementation may

be beneficially incorporated in other implementations without further recitation.

DETAILED DESCRIPTION

(00231 Embodiments of the present disciosure include an apparatus and methods
forming thin films on a surface of a subsirate that includes a plurahity of features
formed thereon., Embodiments of the invention generally provide a processing
chamber used to perform a physical vapor deposition (PVD) process. In one
ambodiment, the process chamber design is adapted {0 deposit a desired material
using a mullistep PVD process. The processing chamber disclosed herein may be
egspecially useful for depositing films so that they have an improved deposition
uniformity, feature side wall coverage and feature botlom coverage. The processing
chambers design features may include at least two or more of one or more
inductive coil, one or more side wall electromagnets, an improved magnetron
design, an improved subsirate biasing configuration, and an improved process kit

design.
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Exemplary Processing System

(00241 Figure 1 is g schematic top view of an exemplary processing system 100
{(also referred to as a “processing platform”), according to certain embodiments.
The processing system 100 generally includes an equipment front-end module
(EFEM) 102 for loading substrales into the processing system 100, a first load lock
chamber 104 coupled to the EFEM 102, a transfer chamber 108 coupled to the first
load lock chamber 104, and a plurality of other chambers coupled o the transfer
chamber 108 as described in detail below. The EFEM 102 generally includes one
or more robots 105 that are configured to transfer subsirates from the FOUPs 103
o at least one of the first load lock chamber 104 or the second load lock chamber
108. Proceeding counterclockwise around the transfer chamber 108 from the buffer
portion 1084 of the Tirst load lock chamber 104, the processing system 100 includes
a first degas chamber 108, a first pre-clean chamber 110, a first pass-through
chamber 112, a second pass-through chamber 113, a second pre-clean chamber
114, a second degas chamber 1186 and the second load lock chamber 108, The
buffer portion 108A of the transfer chamber 108 includes a first robot 115 that is
configured {o transfer substrates to each of the load iock chambers 104, 1086, the
degas chambers 108, 116, the pre-clean chambers 110, 114 and the pass-through
chambers 112, 113,

[8025] The back-end portion 1088 of the transfer chamber 108 includes a second
robot 135 that s configured o transfer substrates to each of the pass-through
chambers 112, 113 and the processing chambers coupled to the back-end portion
1088 of the processing system 100. The processing chambers can include a first
processing chamber 132, a second processing chamber 134, a third processing
chamber 136, and a fourth proceassing chamber 138, In general, the processing
chambers 132, 134, 136, 138 can include at least one of an atomic layer deposition
(ALD) chamber, chemical vapor deposition {(CVD) chamber, physical vapor
deposition {(PVD) chamber, etch chamber, degas chamber, an anneal chamber,
and other type of semiconductor substrate processing chamber.  In some
embodiments, one or more of the processing chambers 132, 134, 136, 138 are a
PVD chamber that configured similar to the processing chamber 200 described

below.
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[pezs] The buffer portion 108A and back-end portion 1088 of the transfer chambaer
108 and each chamber coupled to the transfer chamber 108 are maintained al a
vacuum siate. As used herein, the term "vacuum” may refer to pressuras less than
780 Torr, and will typically be maintained at pressures near 10° Torr (e, ~10° Pa).
However, some high-vacuum systems may operate below near 107 Torr (e, ~10
Y Pal. In certain embodiments, the vacuum is created using a rough pump andfor
a turbomolecular pump coupled to the transfer chamber 108 and o sach of the one
or more process chambers {e.g., process chambers 108-138). However, other

types of vacuum pumps are also contemplaied.

(80271 A system controller 126, such as a programmable computer, is coupled to
the processing system 100 for controlling one or more of the components therein.
For example, the system controlier 126 may conirol the operation of the procassing
chamber 200, which is described further below. In operation, the system controlier
126 enables data acquisition and feedback from the respeclive componenis {o
coordinate processing in the processing system 100, The system controller 126
includes a programmable central processing unit {CPU) 152, which is operable with
a memory 154 (e.g., non-volatile memory} and support circuits 156. The support
circuits 156 (e.g., cache, clock circuits, input/output subsystems, power supplies,
etc., and combinations thereof} are conventionally coupled to the CPU 152 and

coupled to the various componeants within the processing system 100

[0028] In some embodiments, the CPU 152 is one of any form of general purpose
computer procassor used in an indusinial setting, such as a programmable logic
controller (PLC), for conirolling various monitoring system component and sub-
processors. The memory 154, coupled to the CPU 152, is non-transitory and is
typically one or more of readily available memaory such as random access memaory
(RAM), read only memory (ROM), floppy disk drive, hard disk, or any other form of

digital storage, local or remote.

[sez9y Herein, the memory 154 is in the form of a computer-readable storage media
containing instructions {e.g., non-volatile memory), that when executed by the CPU
152, faciiitates the operation of the processing system 100, The instructions in the
memory 154 are in the form of a program product such as a program that

implaments the methods of the prasent disclosure (e.g., middisware application,
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squipment software application, etc.). The program code may conform (o any ong
of a number of different programming languages. In one example, the disciosure
may be implemented as a program product stored on computer-readable storage
media for use with a computer system. The program(s) of the program product
define functions of the embodiments (including the methods described herein).
Hustrative computer-readable storage media include, but are not imited to: () non-
writable storage media {(e.q., read-only memory devices within a computer such as
CD-ROM disks readabie by a CD-ROM drive, flash memory, ROM chips or any type
of solid-state non-volatile semiconductor memoryy on which information is
permanantly stored; and (i) writable storage media {g.g., floppy disks within a
disketle drive or hard-disk drive or any iype of solid-siale random-access
semiconductor mamory) on which alterable information is stored.  Such computer-
readable storage media, when carrying computer-readable instructions that direct
the functions of the methods described herein, are embodiments of the present

disclosure.
Processing Chamber Example(s)

[0030] FiG. 2A illusirates an exemplary processing chamber 200 having an upper
process assembly 208, a process kit 250 and a pedestal assembly 220, which are
all configured 1o process a subsirate 205 disposed in a processing region 210, The
procass kit 250 inciudes a one-piece grounded shield 260, a deposition ring 268, a
cover ring 270, and an isolator ring assembly 280, In the version shown, the
processing chamber 200 comprises a sputtering chamber, also called a PVD
chamber, capable of depositing a single or multi-compositional material from a
sputtering target 232 on the substrate 205, The processing chamber 200 may aiso
be used to deposit aluminum (Al), copper (Cu), nickal (N, platinum (P, hafnium
(Hf), silvZer (Ag), chrome (Cr), gold (Au), molybdenum (Mo), silicon (81, ruthenium
(Ru), tantalum {Ta), tantalum nitride (TaN), tantalum carbide (TaC), titanium nitride
(TiN)

lanthanum oxides (La(y), nickel platinum alioys (NiPt), and titanium (T1), and or

tungsten (W), tungsten nitride (WN), lanthanum (La), alumina (AlGW

H H

combination thereof. Such processing chambers are available from Applied

Materials located in Santa Clara, Calif. It is contemplated that other processing
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chambers including those from other manufacturers may be adapted to benefit from

one or more of the embodiments of the disclosure describad herein.

[0031] The processing chamber 200 includes a chamber body 201 having sidewalls
204, a bottom wall 2086, and an upper process assembly 208 that enclose a
processing region 210 or plasma zone. The chamber body 201 is typically
fabricated from welded plates of stainiess steel or a unitary biock of aluminum. In
one embodiment, the sidewalls comprise aluminum and the bottom portion of the
chamber includes ong or more walls that are formed from a stainiess steel plate.
The sidewalis 204 generally contain a slit valve {(not shown) to provide for eniry and
agress of a substrate 205 from the processing chamber 200. Components in the
upper process assembly 208 of the processing chamber 200 in cooperation with
the grounded shield 260, pedestal assembly 220 and cover ring 270 confine the

plasma formed in the processing region 210 to the region above the substrate 205.

[0032) A pedestal assembly 220 is supported from the bottom wall 206 of the
processing chamber 200, The pedestal assembly 220 supports a deposition ring
268 along with the substrate 205 during processing. The pedestal assembly 220 is
coupled to the bottom wall 206 of the processing chamber 200 by a Iift mechanism
222, which is configured 10 move the pedastal assembly 220 between an upper
processing position and lower transfer position. Additionally, in the lower fransfer
position, Hift pins 223 are moved through the pedestal assembly 220 {o position the
subsirate a distance from the pedeastal assembly 220 to facilitate the exchange of
the substrate with a substrate transfer mechanism disposed exterior to the
processing chamber 200, such as a single blade robot (not shown). A bellows 224
is typically disposed between the pedestal assembly 220 and the bottom wall 206
to isolate the processing region 210 from the interior of the padestal assembly 220

and the exterior of the chamber.

[0033] The pedestal assembly 220 generally includes a support 226 sealingly
coupled to a platform housing 228. The platform housing 228 is typically fabricated
from a metallic material such as stainless steel or aluminum. A cooling plate {not
shown} is generally disposed within the platform housing 228 o thermally regulate

the support 226.
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(8034} The support 226 may be comprisad of aluminum or ceramic. The subsirate
support 226 has a subsirate receiving surface 227 thatl receives and supports the
substrate 205 during processing, the substrate receiving surface 227 baing
substantially parallel to a sputtering surface 233 of the sputtering target 232. The
support 226 also has a peripheral edge 229 that terminates before an overhanging
gdge 205A of the substrate 205, The support 226 may be an electrostatic chuck, a
ceramic body, a heater or a combination thereof. In one embodiment, the support
226 is an electrostatic chuck that includes a dieleciric body having an electrode
226A, embedded therein. The dieleciric body is typically fabricated from a high
thermal conductivity dislectric matenal such as pyrolytic boron nitride, aluminum
nitride, silicon nitride, alumina or an equivalent material. Other aspects of the
padestal assembly 220 and support 226 are further described below. In one
embodiment, the electrode 226A is configured so that when a DC voltage is applied
o the slectrode 2264, by an electrostatic chuck power supply 243, a substrate 205
disposed on the substrate receiving surface 227 will be electrosiatically chucked
thereto to improve the heat transfer between the substrate 205 and the support 226.
in another embodiment, a bias source 241 is also coupled {o the electrode 226A 50
that a voltage can be maintained on the subsirate during processing o affect the

plasma interaction with the surface of the substrate 205.

[0038] A program (or computer instructions) readable by the system controller 126
determines which tasks are performable on a substraie. Preferably, the program is
software readable by the system controller 126 that includes code to perform tasks
relating to monitoring, execution and control of the movement and various process
recipe tasks and recipe steps being performed in the processing sysiem 100 and
procassing chamber 200, For example, the system controller 126 can comprise
program code that includes a substrate positioning instruction set to operate the
pedestal assembly 220; a gas flow control instruction set to operate gas flow control
valves 1o set a flow of sputtering gas 1o the processing chamber 200, a gas pressure
control instruction seat {0 operate g throttle valve or gate valve (o maintain a pressure
in the processing chamber 200, a temperature control instruction set o conirol a
temperature control system (not shown) in the pedastal assembly 220 or sidewalls

204 to set temperatures of the subsirate or sidewails 204, respectively, and a
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procass monitoring instruction set to monitor the process in the processing chamber
200.

[0038] The processing chamber 200 aiso contains a process kit 250 which
comprises various components that can be sasily removad from the processing
chamber 200, for example, to clean sputiering deposits off the component surfaces,
replace or repair eroded components, or to adapt the processing chamber 200 for
other processes. In one embodiment, the process kit 250 comprises an isolator ring
assembly 280, a grounded shield 260 and a deposition ring 268 for placement about
a peripheral edge 229 of the support 226 that terminates before an overhanging

adge of the substrate 205,

(80377 The upper process assembly 208 may also comprise an RF source 281, a
direct current (DC) source 282, an adaptor 202, a motor 293, and a lid assembly
230, The lid assembly 230 generally comprises a spullering target 232, s
magneatron system 289 and a lid enclosure 291, The upper process assembly 208
is supported by the sidewaills 204 when in a closed position, as shown in FIG. 2A.
A ceramic target isolator 236 is disposed between the isolator ring assembly 280,
the sputtering target 232 and adapior 202 of the lid assembly 230 o prevent
vacuum leakage therebetwesn. The adaplor 202 is sealably coupled to the
sidewalls 204, and is configured to help with the removal of the upper process

assembly 208 and isolator ring assembly 280.

[8038] When in the processing position, the sputtering target 232 is disposed
adjacent to the adaptor 202, and is exposed to the processing region 210 of the
processing chamber 200, The sputlering targst 232 contains matenal that is
deposited on the substrate 205 during a PVD, or sputtering, process. The isolator
ring assembily 280 is disposed betweaen the sputtering target 232 and the shield 260
and chamber body 201 to elecirically isclate the spultering target 232 from the
shield 260 and chamber body 201.

(00391 During processing, the sputlering targset 232 is biased relative 10 a grounded
region of the processing chamber (&.g., chamber body 201 and adaptor 202) by a
power source disposed in the RF source 281 and/or the direct current (DC) source
282 1t is believed that by delivering RF energy and DC power 1o the sputlering

target 232 during a high pressure PVD process, significant process advantages can

10
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be achieved ovar conventional low pressure DC plasma processing techninues
when used in conjunction with sputtering materials such as titanium, copper, nickel,
ruthenium, aluminum, tantalum, molybdenum, and tungsten (o name just afew. In
one embodiment, the RF source 281 comprises an RF power source 281A and an
RF maich 2818 that are configured to efficiently deliver RF energy to the sputtering
target 232. In one example, the RF power source 281A is capable of generating
RF currents at a frequency of between about 13.56 MHz and about 228 MHz at
powers between about C and about 5 kWatts. in one exampile, the DO powsr supply
2824 in the DC source 282 is capable of delivering between about 0 and about
50kWatts of DC power.

(00481 The ceniral portion of the processing chamber 200 includes an inductive coll
assambly 255 that is positioned within a central region of the process kit 250, and
is configured to form an inductively coupled plasma 211 during processing that is
used 0 ionize atoms ejected from the sputtering target 232 and/or ionize process
gases disposed within the procassing region 210 during processing. The inductive
coil assembly 255 includes an RF power source 256 and an impedance maich 257
that are coupled 1o a RF coil 258, which is disposed within a central portion of the
processing region 210 of the proceassing chamber 200, In some embodiments, the
RF coil 258 is positionad at a vertical midpoint in the processing region 210, orat a
position between the vertical midpoint and the surface of the substrate 205 The
vertical mid-point being defined as the mid-point distance between the subsirate
recaiving surface 227 of the pedestal assembly 220 and the target 232, In some
embodiments, the RF coil 258 includes a single turn coll that is formed from a metal,
where a first end of the single turn coll s coupled to RF power source 258 through
the impedance match 257 and a second end that is coupled to a ground reference.
in one configuration, the RE coil 258 is formed from a conductive material that is
made of the same material as the sputtering target 232, In some configurations,
the RF power source 256 is capable of generating RF currents in RF coill 258 at a
frequency of between about 13.56 MHz and about 228 MHz at powers betwaen
about 0 and about 5 kWatts.

(00411 In some embodiments, the processing chamber 200 also includes one or

more auxiliary slectromagnet assemblies vertically aligned around the processing

11
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chamber, such as a first electromagneat assembly 261, a second slectromagnet
assembly 263, a third electromagnet assembly 265, In some embodiments, the
first, second, and third electromagnest assembiies each include a separate current
source so that each assembly can separately generate a magnetic field that is
configured {o confine and/or control the movement ¢of slectrons and ions generated

in a plasma formed in the processing region 210 of the processing chamber.

[0042] In some embodiments, the first electromagnet assembly 261 comprises a
first current source 261A configured 1o bias a first magnstic coll assembly 261B.
The first magnetic coil assembly 2618 is positioned near the sputtering target 232,
configured to modulate the magnetron controlled plasma 213, The second
glectromagnet assembly 263 comprises a second current source 263A configured
{0 bias a second magnetic coil assembly 2638, The second magnetic coll assembly
2638 s positioned next 1o the inductive coil assambly 255, configured to modulate
the inductively coupled plasma 211. The third eleciromagnet assembly 265
comprises a third current source 2085A configured to bias a third magnetic coi
assembly 265B. The third magnetic coil assembly 2658 is positioned near the
support 226, configured to modulate the plasma near the surface of the substrate
205, In some configurations, the first, second, and third current sources 261A,
2634, and 265A are capable of generating a DC or RF current or voltage at a power
between about 0 and about & KiWatls.

(00431 In operation, the one or mare glectromagnet assemblies 261, 263, and 265
are vertically distributed and positioned oulside the process kit 250 o generate
magnetic field within the processing region 210 {o help alter and/or shape the radial
distribution of the plasma formed with the processing region 210 during processing.
in some embodiments, the ong or more glectromagnet assemblies comprise a
single eleciromagnet, a pair of electromagnets, or a quadruple eleciromagnet array.
The quadruple electromagnet array includes four solenoidal cols wrapped
generally circularly symmetrically about the central axis 294 of the processing
chamber 200. In one configuration, the four electromagnets are configured as top
inner magnet (TIM), top outer magnet (TOM), bottom inner magnet (BIM), and
bottom outer magnet (BOM) (not shown). The magnetic field generated by the

quadruple electromagnet array s modulated by controlling the direction and

12
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magnitude of slectric current flowing through each coil, or selectively powering a

particular combination of colls, .¢., the outer/inner coils or the top/bottom coils.

(00447 During processing, a gas, such as argon, is supplied to the processing region
210 from a gas source 242 via conduils 244, The gas source 242 may comgprise an
inert gas such as argon, krypton, helium or xenon, which is capable of energeticailly
impinging upon and sputiering material from the spultering target 232 andfor
surface of the substrate 205 based on a bias applied by the bias source 241, The
gas source 242 may also include a reactive gas, such as one or more of an oxygen-
containing gas or a nitrogen-containing gas, which is capable of reacting with the
sputtering material to form a layer on a substrate. Spent process gas and
byproducts are exhausted from the processing chamber 200 through exhaust ports
2485 that receive spent process gas and direct the spent process gas 1o an exhaust
conduit 248 having an adjustable position gate valve 247 o control the pressure in
the processing region 210 in the processing chamber 200, The exhaust conduit 248
is connected to one or more exhaust pump 249, such as a cryopump. Typically, the
pressure of the sputtering gas in the processing chamber 200 during processing is
set to sub-atmospheric levels, such as a vacuum environment, for example, a
pressure of about 0.8 mTor to about 400 mTorr. In one embodiment, the
processing pressure is sef to about 20 mTorr to about 100 mTorr. A plasma is
formed between the subsirate 205 and the sputtering target 232 from the gas. lons
within the plasma are accelerated toward the sputtering larget 232 and cause
material to become dislodged from the sputtering target 232. The dislodged targst

material is deposiied on the substraie.

[0045] The lid enciosure 281 generally comprises a conductive wall 285, a center
feed 284 and shislding 286 (FIG. 2A). In this configuration, the conductive wall 285,
the center feed 284, the sputtering target 232 and a portion of the motor 293 enciose
and form a back region 234, The back ragion 234 is a sealed region disposad on
the back side of the spultering target 232 and is generally filled with a flowing liguid
during processing to remove the heat generated at the sputtering target 232 during
procassing. in one embodiment, the conductive wall 285 and center feed 284 are
configured 1o support the motor 283 and magnetron system 289, so that the motor

293 can rotate the magnetron system 289 during processing. In one embodiment
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the motar 293 is slectrically isolated from the RF or BC power delivered from the

power supplies by use of a dielectric layer 2838, such as Delrin, G10, or Ardel

[0048] The shielding 286 may comprise one or more dislectric matenals that are
positionad (o enclose and prevent the RF energy delivered to the sputliering target
232 from interfering with and affecting other processing chambers disposed in the
procassing system 100 (FIG. 1), In one configuration, the shielding 286 may
comprise a Delrin, G10, Ardel or other similar material and/or a thin grounded sheet
metal RF shield.

[0047] To provide efficient sputtering, a magnstron system 2898 is positionad in back
of the sputiering target 232 in the upper process assembly 208 to creale a magnetic
field in the procassing region 210 adjacent the spultering surface 233 of the
sputtering target 232, which creates a magneiron controlied plasma 213, The
magnetic field by magnetron systam 288 is created {o frap electrons and ions to
thereby increase the plasma density over one or more regions of the target 232,
and to thereby also increase target utilization, control deposition uniformity and the
sputtering rate. According to one embodiment of the disclosure, the magnetron
system 289 includes a source magneiron assembly 221 that comprises an ouler
pole (not shown} and an inner pole (not shown). The magnetron system 289 is
rotated about the central axis 294 of the processing chamber 200 by use of the
motor 283, In some embodiments, a “closad loop” magnetron configuration is
formed within the magnetron system 289 such that the outer pole (not shown) of
the magnetron surrounds the inner pole (not shown) of the magnetron forming a
gap between the poles that is a continuous loop. In the closed loop configuration,
the magnetic fields that emerge and reenter through a surface of the sputtering
target form a “closed loop” pattern can be used to confine slectrons near the surface
of the sputtering target in a closed pattern, which is often called a “racetrack” type
pattern. A closed loop, as opposed to the open-loop, magneatron configuration is
able to confine electrons and generate a high density plasma near the sputtering
surface 233 of the sputtering target 232 {0 increase the sputtering vield. In some
other embodiments, an “open icop” magnetron configuration is formed within the
magnetron system 289 such that the cuter pole of the magnetron surrounds the

inner pole of the magnetron forming a gap between the poles that is a continuous
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foop. It an open loop magnetron configuration, the electrons trapped batwean the
inner and outer poles will migrate, leak out and escape from the B-fields created at
open ends of the magnetron, thus only holding the electrons for a short period of
time during the sputtering process due to the reduced confinement of the electrons.
it has been found that the use of an open oop magneiron configuration, can provide
significant step coverage improvements and provide an improved material
composition uniformity across the substrate surface, when used in conjunction with

the RF and DO sputtering of mulli-compositional targets described herein.

[se48) In some embodimentis of the processing chamber 200, the bias source 241
is coupled between an electrode and RF ground to adjust the bias voltage on the
subsirate 205 during processing to control the degree of bombardment on the
substrate surface. In some embodiments, the electrode is disposed adjacent o the
substrate receiving surface 227 of a support 2268, and comprises the electrode
2264 In a PVD reactor, tuning of the bombardment of the subsirate surface by the
control of the impedance of the electrode to ground, will affect step coverags,
overhang geometry and deposited film's properties, such as grain size, film stress,
crystal orientation, film density, roughness, fesature bottom coverage, fealure step
coverage and in some casas can effect film composition. Therefore, the bias source
241 can thus be used o alter the deposition rate, the eiching rate and aven the
composition of a mult-compositional film at the substrate surface. In one
embodiment, the bias source 241 is emploved {0 enable deposition or etching of a
deposited  film, by the appropriate adiustment of impedance of the
electrode/subsirate to ground. In one embodiment of the bias source 241, the bias
source 241 that has a variable capacior tuning circult with a fesdback circuit to

control the properties of a deposited metal or non-metal layer on a substrate.

[0049] In some embodiments, the bias source 241 includes by an RF source {(not
shown) and an impedance match (not shown) that are coupled to the electrode
226A. In some embodiments, the RF power source is capable of generating RF
currents at a frequency of between about 11 MHz and about 228 MHz, such as
13.56 MHz at powers between about 0 and about & kWatts.

Biasable Flux Optimizer
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[0050] In some embodimeants, as shown in FIG. 2B, a procassing chamber 200 is
modified o include a biasable flux optimizer 280 for further control of the ion
distribution and directionality in the chamber. The biasable fiup optimizer 280 is aiso
referred to herein as a collimator in some embodiments. In one implementation, a
control over jon flux directionality of spuliered material may be achieved by
positioning the biasable flux optimizer 290 between the sputtering target 232 and
the pedestal assembly 220, A power source 251 is coupled o the biasable flux
optimizer 290 to provide a bias potential to energize the biasable flux optimizer 290

and attract sputtered metal ions formed in the plasma.

[0051] FiG. 3A depicts a perspective view of a biasable flux optimizer 280 in
accordance with implementations of the present disclosure. FIG. 3B depicts
ancther perspective view of the biasable flux optimizer 280 in accordance with
implementations of the present disclosure. FIG. 3C depicts a top view of the
biasable flux optimizer 280 of FIG. 3A-3B that may be disposed in the processing
chamber 200 of FIG. 2B, The biasable flux optimizer 290 includes a shield portion
310 coupled with a collimator portion 320. The collimator portion 320 includes a
plurality of apertures to direct and allow the passage of gas and/or matenal flux

therethrough within the processing chamber 200,

{60521 The collimator portion 320 may be mechanically and electrically coupled to
the one-piece shield portion 310, In ong implementation, the coliimator portion 320
is integral to the one-pigce shield portion 320, as shown in FIGS. 3A-3B. In one
implementation, the collimator portion 320 is welded to the one-piece shield portion
310, In one implementation, the collimator portion 320 and the one-piece shield
portion 310 are machined from a single mass of material. In one implementation,
the collimator portion 320 and the one-piece shigld portion 310 are comprised of a
material selected from  aluminum, fitanium, copper, and stainless steel
Alternatively, the one-piece shisld portion 310 and the collimator portion 320 are
formed as separate pieces and coupled fogether using suitable attachmeni means,
such as bolting, riveting or welding. In one implamentation, the coliimator portion
320 may be elecirically floating within the processing chamber 2000 In one
implementation, the colliimator portion 320 may be coupled o an electrical power

souUrce.
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[0053] As shown in FIG. 3C, the collimator portion 320 is generally a body or a
honeycomb structure 330 having walls 336 defining and separating hexagonal
aperture(s) 338 in a close-packed arrangemeant. An aspact ratio of the hexagonal
apertures 338 may be defined as the depth of the hexagonal aperture 338 {equal
o the thickness of the collimator) divided by the width 339 of the hexagonal aperture
338, In one implementation, the thickness of the walis 336 is between about 0.08
inches (1.524 millimeters) and about 0.18 inches (4.572 millimeters). In one
implementation, the thickness of the walls 336 is between about 0.12 inches {(3.048
millimeters) and about 0.15 inches (3.81 milimeters). In one implementation, the
colimator portion 320 is comprised of a material selected from aluminum, titanium,

copper, and stainless steel.

[0084] The honeycomb structure 330 of the collimator portion 320 may serve as an
intagrated flux optimizer to improve the flow path, on fraction, and on trajectory
behavior of ions passing through the collimator portion 320, In one implementation,
the walls 336 adjacent to a shield portion have a tapered entrance portion and a
radius. The one-piece shield portion 310 of the collimator portion 320 may assist

in the installation of the collimator portion 320 into the processing chamber 200,

{00857 In one implementation, the collimator portion 320 may be machinad from a
single mass of aluminum. The collimator portion 320 may optionally be coated or
anodized.  Alternatively, the collimator portion 320 may be made from other
materials compatible with the processing environment, and may be comprised of
ong or more sections. In some implementations, the walls 336 of the collimator
portion 320 may be textured (e.¢., bead blasted) to improve adhesion of high stress

films {e.g., copper alloys} to the walls 336.

[8ess] In one implementation, the collimator portion 320 may be slactrically biased
in bipolar mode to control the direction of the ions passing through the collimator
portion 320. For example, as shown in FIG. 3C, a controllable direct current (DC)
or glternating current (AC) power source 380 may be coupled to the collimator
portion 320 {0 provide an alternating pulsed positive or negative voltage o the

coliimator portion 320 to bias the collimator portion 320,

[pes7] The collimator portion 320 functions as a filter {o trap ions and neutral

species that are emitted from the material from the sputtering target 232 st angles
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axceading a selected angle, near normal relative o the substrate 205, The
hexagonal aperiures 338 of the collimator portion 320 are designed to allow a
different percentage of ions emitied from a center or a peripheral region of the
material from the sputtering target 232 to pass through the coliimator portion 320
As a resull, both the number of ions and the angle of arrival of ions deposited onto
peripheral regions and center regions of the substrate 205 are adjusted and
controlled. Therefore, matenal may be more uniformly sputter deposited across the
surface of the subsirate 205, Additionally material may be more uniformly deposited
on the bottom and sidewalls of high aspect ratio features, particularly high aspect

ratio vias and trenches located near the periphery of the substrate 205,

[p0s8] FiG. 3D depicts a cross-sectional view of the biasable flux optimizer 290 of
FIGS. 3A-3B in accordance with implementations of the present disclosure. The
colimator portion 320 includes the body or honeycomb structure 330 having a
central region 342 having a first plurality of apertures 322 with a high aspect ratio,
such as from about 2.5:1 1o about 31, The aspect ratio of a second plurality of
apertures 324 of the coliimator portion 320 in an ouler peripheral region 344
decreases relative 1o the first plurality of apertures 322 in the central region 342, In
one implementation, the second plurality of apertures 324 in the outer peripheral
region 344 have an aspsect ratio of from about 1.1 o about 221, In one
implemeantation, the second plurality of apertures 324 in the outer peripheral region
344 has an aspect ratio of about 1:1. A higher aspect ratio allows for more apertures
i the cantral region 342 of the collimator portion 320, In one implementation, the

central region includes 61 apertures.

(8058} In one implementation, the radial decrease of the hexagonal apertures 338
is accomplishad by providing a third plurality of apertures 326 in a transitional region
348 disposed between the central region 342 and the outer peripheral region 344,
The walls 336 defining the third pluralilty of apertures 326 are cul along a
predetermined angle “a” so that the transitional region 346 forms a conical shape
surrounding the first pluraiity of apertures 322, In one implementation, the
predetermined angle a is between 15 degrees and 45 degrees. The transitional

region 346 advantageously provides a circular profile of apertures in the central
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region 342 that overcomes the sb-point deposition near an edge of the substirate

205 due to shadowing caused by corners of a conventional hexagonal collimator.

(00801 Upper portions of the walls 336 defining the hexagonal apertures 338 have
an entrance portion 360 to decrease a rate at which the hexagonal apertures 338
are clogged by spuifered material. The entrance portion 360 has a tapered shape.
The enfrance portion 360 exiends a predetermingd distance 362 info the hexagonal
aperture 338 and is formed at a predetermined angle 354, In one impiementation,
the predetermined distance 362 is batweean about C.15 inches (3.81 millimeters) {0
about 1 inch (2.54 centimeters) and the predetermined angle 364 is between about
2 degrees and about 16 degrees. In one implementation, the predetermined
distance 362 and the predetermined angle 364 are about 1 inch (2.54 centimeters)

and 2.5 degrees respectively.

Processing Methods

[oosty FIGS. 4A-4C illustrate some embodiments of processing ssquences
described herein. Each processing sequence is represented by a flow chart
showing the sequence of procaessing steps, including the relevant process modes
and any additional steps, such as an optional etching step. FIG. 4A illusirates a
three-step process 400, starting from ICP low energy deposition 401 followed by
deposition 402 and efching 403 FIG. 4B illusirates a two-step process 410,
combining deposition and etching in a synchronized single step 412, 10 enable high
throughput manufacturing. FIG. 4C illustrates a soft and minor etch 423 performed

after the simultaneous deposition and elching 422 to reshape the surface profile.

[pos2y FIGS. 5A-5D illustrate some embodiments of processing modes described
herein. Each mode is represenied by a schematic diagram showing the relevant
components of the processing chamber and the plasma generated during
procassing. The cross saction dlustration positioned next to the chamber diagram
ilustrate the corresponding plasma chemisiry in each mode and the resulted
modification, L&, subtraction or addition, {0 device features. FIG. 5A illustrates a
low energy magnetron and ICP deposition process, which is also referred to herein
as simply the ICP deposition process. FIG. 5B illustrates a magnetron deposition
procass. FiG. 5C Hlustrates the ICP eiching and re-sputtering process. FIG. 8D

Hlustrates the simultaneocus deposition and etching process, synchronized in 8
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single step. Embodiments of the processing chamber, along with the optional
biasable flux oplimizer, offers controliability for inductively coupled plasma 211 and
the magnetron conirolled plasma 213 that combined {0 accommodate vanous

processing modes and sequences.

[00631 In some embodiments, a process sequence of ICP-Deposition-Eich method
400 can be performed using the processing chamber 200 (FIG. 4A). This process
sequence involves generating an inductive coil generated plasma (also referred to
herein as an inductively coupled plasma (ICF)) low energy deposition procass 401
foliowed by a deposition {(Dep) process 402 and then an etching (Etch) process 403,
In this process sequence, ICP low energy deposition 401 is used to creats a thin
deposited layer 512 on the substrate surface o isolate the surface of the subsirate
and mitigate damage {o the substrate during subseqguent processing activities. The
thin deposited layer 512 is often referred o herein as the “physical buffer layer”, or
simply the “buffer layer,” which in some embodiments can be different from a
diffusion barrier layer, liner layer or watling layer. ICP low energy deposition process
401 is then followed by the deposition process 402 to ensure a desired step
coverage and then the eich process 403 to remove any material overhang formed

within the features formed on the substrate.

[0084] At process 401, as shown in FIG. 5A, one or more of the sources 281, 282
are configurad {0 bias the target 232, while the source magnelron assembly 221 is
in motion, and the RF coil 258 is bigsed to generate a plasma in the chamber that
contains both metal ions {e.g., M+ in FIGS. 5A-5B and 5D) and process gas ions,
which is also referred 1o herein as a secondary plasma 211, The praessure in the
chamber can be increased over a standard deposition process, which results in a
higher number of collisions in the plasma, and thus will reduce the ion energy near
the surface of the substrate 205, In one example, the pressure in the processing
region 210 during the inductive coupled plasma {(ICP) processing mode is betwesn
about 1 mTorr and about 100 mTorr, versus a standard deposition process in which
the pressure in the processing region 210 is between about 0.05 mTomr and about
50 mTorr. The secondary plasma s formed by collisions belween electrons
generated in the plasma and the metal and/or gas ions or neutrals in the processing

region of the process chamber. The secondary plasma generates a significant
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riumber of low-energy ions, which are less damaging (o the substrate and deposited

lavers.

(0088} In operation, the processing chamber is loaded with the substrate, and the
chamber is pumpead down o 8 predetermined base pressure of about 1x10° Torr
to about 1x10° Torr. Then, a sputtering gas, such as argon, krypton, helium or
xanon, is then introduced into the processing chamber via the gas source 242, and
the sputiering gas pressure is controlled within a range of about 0.6 mTorr o about
400 mTorr, preferably between about 20 mTorr to about 100 mTorr. The gas flow
rate can be controlled using a mass flow controller (not shown) o achieve the

desired pressure range.

[poss] During the ICP process 401, the sputtering targst 232 is biased with at least
one of RF power and DC power by use of the RF source 281 andfor the DC source
282, respectively. The power supplied 1o the target in one or more of the processing
steps is also referred to herein as a first target bias power. To create an efficient
sputtering process, the magnetron system 289 positioned in the back of the
sputtering target 232 in the upper process assembly 208 utilizes a generated
magnetic field {e.g., a first magnetic field) that penetrates the processing region 210
adjacent 1o the sputtering surface 233 of the sputtering target 232, and allows the
formation of the magnetron-controlled plasma 213. The ICP low energy deposition
procass involves a low power being supplied o the first RF source 281 andfor the
DC source 282, to generate the magnetron-controlied plasma 213 that has a low
plasma density, resulting in the generation lower energy metal ions and neutrals
leaving the farget surface 233 during the sputltering process and consequently
creating a lower deposition rate deposition process. This creates a sputiering
procass that is slower, gentler ion bombardment-wise and less damaging to the
material disposed on the surface of the subsirate. In this process step, RF power
is also provided to the RF coil 258, which is configurad to form a secondary plasma
{e.q., iInductively coupled plasma 211) that has a relatively moderate 1o high plasma
density, to improve the amount of ionization of the process gases and sputtered
metal atoms, versus the plasma density of the metal ion plasma {(e.g., magnetron-
controlled plasma 213}, The power suppliad 1o the inductive coll 258 in step 401 is

also referred {o herein as a first RF bias power. In this configuration, the reduced or
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tower plasma density in the metal ion plasma is created by lowening the applied
voltage and/or power provided 1o the target 232 versus the amount of voltage andior
powear provided (o the target 232 in a standard deposition process. in one example,
the bias power applied 10 the target 232 is between about 30 kKW and about 5 kW
of DC power is provided by the DC source 282, and the RF power applied to the
RF coil 258 is between about 0.5 and about 3 KW at a frequency of 13.56 MHz. In
some embodiments, a colimator 290 is disposed belween the target and the
nductive coil, and a first volfage bias is applied to the collimator to modulate the ion

directionality.

[0067] in some embodiments, during the ICP process 401, the substrate is
blased with a negative DC voltage or RF power o attract positively charged ions,
wonized by the secondary plasma, towards i, which aiso referrad {0 herein as a first
substrate bias. The metal ions in the plasma are altractad towards the substrate
and deposit as a thin film.  In some embodiments, the resulling thin film buffer layer
512 {e.g., a first deposited layer) deposited during the ICP process 401 has a
thickness between aboui 10 angstroms (A) and about 100 A across different

potions.

00881 The process conditions used to perform the ICP process 401, such as the
amount of bias applied to the coil, the amount of bias applied to the targst, the
chamber pressure and the substirate bias level, is used {0 produce a deposited film
that s formed at a reduced energy of the sputtered metal ions and neaulrals,
minimizing damage o the malerials disposed at the surface of substrate. As a
result, a buffer layer 512 {(e.q., first deposited layer) is creatad on the field, sidewall,
and botiom of a dielectric device feature 510 (FIG. 5A). The buffer layer is generally
a thin film coating that has a desirable step, sidewall and bottom coverage as shown
in Figure 5A as a deposited film that includes a field portion 514, a sidewall portion
516, and a bottom potion 518, The combined all three portions of the thin film
coating act as g protective buffer layer, such that the subsequent deposition step
with higher ion energy won't damage the underlying layers, such as a previously
deposited diffusion barrier layer, liner layer, wetling layer or diglectric materials
within the device features. The low energy deposition results in minimized damage

to the substrate andfor prior deposited layers, making the ICP process ideal for
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delicate materials, such as low-K dielectrics. In some embodiments, the ICP
process is designed to be a low-damage process, which forms a thin buffer layer to
protect the underlying diglectric material from any damage causad by the
application of subseguent high-energy andfor high deposition rate material
deposition step performed in the same process chamber. it is a highly beneficial
proceass for applications that demand a gentle approach, especially when working
with low K dielectric materials. The ICP process can be used 1o deposit a variety of
materials, including molybdenum, copper, tungsten, titanium, aluminum, tantalum,

and nickel, onto a substrate with minimal damage.

[0088] Once the ICP process is complete, the deposition process 402 of
method 400 can then be performed. In some embodiments, the deposition process
402 is performed in the same process chamber. As shown in FIG. 58, the sputtering
target 232 is biased to deposit a second layer 522 on top of the buffer layer 512,
To create an efficient sputiering process, the magnetron system 289 positioned in
the back of the sputtering target 232 in the upper process assambly 208 creates a
magnetic field (a second magnetic field) in the processing region 210 adjacent to
the sputtering surface 233 of the spullering target 232, To begin the sputlering
process, an inert gas such as argon, krypton, helium, or xenon s introduced into
the processing chamber 200, The target 232 is then biased by the DC power source
282 andfor RF power source 281, the magnetron-controlled plasma 213 is then
formed between the subsirate 205 and the sputltering target 232, The power
supplied 1o the targel in this processing step is referred as a second target bias
power. The second target bias power s greater than the first target bias power in
procassing step 401, The ions formed within the plasma are accelerated towards
the sputtering target 232, dislodging target material that then deposits onto the
substrate. The magnetron-controlled plasma 213 increases the density of the
plasma near the spuitering target 232, resulting in more efficient sputtering and a
higher deposition rate. In some embodimentis, a collimator 290 is disposed between
the target and the inductive coil, and a second voltage bias s applied to the
coliimator to modulate the ion directionality. In some embodiments, the second
voltage bias applied in step 402 is greater than the first voltage bias applied in step
401.
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{0078} The second layer 522 created by the deposition process 402 can include a
bottleneck structure that is created by the overhang of deposited material, as shown
it FIG. 5B. The overhang 524, which is due to the rapid accumulation of deposited
metal near the entrance of the device features. The overhang 524 narrows the
entrance, biocks metal entering into the feature, and shadows the deposition on the
sidewalls, therefore, resulting in a poor sidewall coverage 526 of the device
features. The overall thickness of the second layer 522 is between about 100
angstroms {A) and about 1000 A

{0071 The process parameters for the deposition process 402 can be controlled to
optimize  the thickness, uniformity, slep-coverage, bottom-coverage, and
marphology of the film. For example, the applied DC power andlor RF power,
deposition time, and gas pressure can be adjusted o control the ion flux and ion
energy, which affect the film's profile, morphology and properties. The substrate
temperature can also be controlied to oplimize the adhesion and crysialiographic
orientation of the film. In some embodiments, the chamber pressure (s between
about 0.05 mTorr to about 50 mTorr, e.q., about 0.5mTorr, the DC power is between
about 1kWto about 50 KW, e.g., about 35kW, and the AC bias is between 0 to about
5 KW, e.g., about 600W. In some embodiments of the deposition process 402, the
DC power and/or RF power applied to the targst 232 is greater than the DC power
and/or RF power applied {o the target during the ICP process 401, and the process
pressure {&.9., a second process prassure) during the deposition process 402 is
less than the process pressure (e.g., a first process pressure) during the ICP
process 401, Additionally, in some embodiments, the bias apphied o the substrate
by the bias source 241 is higher during the deposition process 402 versus the ICP

procass 401,

[0072] Once the deposition process 402 is complete, an sich process 403 is
parformead using the secondary plasma (a.¢., inductively coupled plasma 211). This
process removes and/or redistributes the material found in the overhang 524 that
may have formed on the substrate during the deposition process 402, it has been
found that the etch process 403 also improves sidewall coverage 526 through
resputtering. As shown in FIG. 5C, in this processing mods, powers sources the

etching process can be performed using the secondary plasma generated by the
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inductive coil assembly 255, The plasma is formed by energizing the RF coil 258
with the RF power source 256 and the impedance maich 257, generating an
nductively coupled plasma 211 in the processing region 210, The power supplied
to the inductive coil 258 in step 403 is referred as a third RF bias power. The
secondary plasma created by the inductive coll assembly 255 allows the ionized
gas atoms {o bombard the surface of the substrate and alter and/or remove the

overhang and increases the opening size.

(00731 During the elching process, an inert gas such as argon, krypion, helium, or
xenon, is intraduced into the processing chamber 200 through the gas source 242
and the conduits 244. The gas then flows into the processing region 210 and
interacts with the inductively coupled plasma 211 generated by the inductive coll
assambly 255 The plasma then interacts with the process gas, creating etching
spacies such as radicals, and ions that are directed towards the substrate 205 by a
bias applied to the substrate by the bias source 241 (referred as a third substrate

bias).

(00741 The secondary plasma generated by the inductive coil assembly 255
gnhances the eiching process by increasing the ionization of the gas molecules and
the resulling eiching speciges. By altering the radial distribution of the plasma, the
eleciromagnet assemblies can be used {0 help improve the efching process across
the surface of the substrate, and provide more precise control over the siching

procass.

[0075] During the efch process 403, the ionized argon atoms physically bombard
the surface and ballistically knock out andfor sculpt the shape of the film. The
overhang portion of the deposited film can be etched away faster than other regions
in the device Teatures due {o the directionality of the ions in the plasma that are
conirelled by the use of the substrate bias and eleciromagnets. As shown in FIG.
5C, a resputtering process, which removes and redistributes deposited metals
within the device feature, in particular the bottom region, results in a modified metal
film layer 532, which has improved sidewall and bottom coverage. As noted above,
during the resputtaring process, the generated plasma can be used to redistribute
metal atoms positioned at the bollom portion of the feature and re-deposit melal

atoms on the sidewail portions, resulling in subtraction of materials at the bottom
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portion and addition of matenials at the sidewsll portions. This redisiribution of

material improves the sidewall coverage and film thickness uniformity.

[0078] The specific parameters of the elching process, such as gas composition,
gas flow rate, pressure, RF power, and bias voltage, can be optimized to achisve
the desired etching rate, seleclivity, and profile.  In some embodiments, the etch
rate and selectivity can be controlled by adjusting the plasma chemistry, such as
the choice of inert andior reactive gas, and in some cases the addition of a
polymarization gas. The use of a polymaerization gas deposits a thin layer of polymer
on the sidewalls, which can prevent further etching and improve the device
performance. In some embodiments, the etching process can be combined with
other processing modes, such as deposition or simullaneous deposition and
giching, to create multi-layer structures on the substrate 205 with improved

proparties and characteristics.

[00771 In some embodiments of the etch process 403, no DC power or RF power is
applied 1o the target 232, and the process praessure (third process pressure} during
the eich process 403 is less than the process pressure formed during the ICP
process 401 and is greater than the process pressure during the deposition process
402, In an allernate embodiment, the process prassure during the etch process
403 is less than the process pressure during the ICP process 401 and is less than
the process pressure during the deposition process 402, Additionally, in some
embodiments, the bias applied to the substraie by the bias source 241 during the
gtch process 403 is greater than the bias applied o the substrate during the ICP

process 401 and the deposition process 402,

{00781 The ICP ~ Dep ~ Etch process sequence is a sequential process, making it
aasier to control than some other process sequences. Each step builds on the
previous step, ensuring that the desired outcome is achieved. This process
sequence is ideal for applications that require precise conirol over each process

step.

[oorey In some embodiments, a two-step ICP-5IM process 410 is used to increase
throughput. As shown in Fig. 4B, this process involves two primary processing
maodeas: {CP low energy deposition 411 and Simultaneous Deposition and Etching
(SIM) 412.
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[008s] Al step 411, the ICP low energy deposition process is usad to create a thin
buffer layer on the substrate surface. The purpose of this buffer layer is 1o protect
the underlying dielectric material from damage during the subsequent high-energy
deposition siep. The ICP process was described in detail above, and thus will not

be re-recited here.

[0081] Al step 412, simultaneous deposition and etching are performed (FIG. 5C).
This processing mode combines the deposition process and the efching process
within a single step. This is made possible by leveraging both the magneton
controlied plasma 213 and inductive coupled plasma 211 in a synchronized process

step.

[posz] To initiate a SIM process, one or a plurality of processing gases are supplied
io the processing region 210 from a gas source 242 via conduits 244, The gas
source 242 may comprise a non-reactive gas such as argon, krypton, helium or
xenon, which is capable of energetically impinging upon and sputtering material
from the sputtering target 232. The gas source 242 may also include a reactive gas,
such as one or more of an oxygen-containing gas, flucring-containing gas or a

nitrogen-containing gas.

00831 During a SIM process, both inductively coupled plasma 211 and magneton
controlied plasma 213 are activated between the subsirate 205 and the sputtering
target 232 by tuming on at least one of the power sources 281 and 282, and the
bias source 241 and power sourcas 256, In one example, powsar sources 282 and
255 and bias source 241 are used during processing. The process gas ions are
formed and accelerated towards the spultering target 232, dislodging targst
material that then deposits onto the subsirate. At the same time, the inductive coil
assembly 255 forms an inductively coupled plasma 211 during processing that is
used to ionize atoms (a.g., M+ in FIGS. 5A and 5C-5D) ejected from the sputiering
target 232 and/or ionize process gases (e.g., Art in FIGS. 5B-5C) during

Processing.

[0084) The ions generated in the secondary plasma generated by the RF coil and
controlled by the substrate bias are used {o redistribute portions of the deposited
layer, while the piasma 213 generated by biasing the target 232 deposits material

onto the surface of the substrate 205, The first RF assembly (e.q., RF source 281)
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andfor the DC source assambly (.9, DC source 282}, the second RF assembily
{e.g., inductive coll assembly 255) and bias source 241 are each independently
adiustable to conirol the deposition rate and elch rate in simultaneous deposition
and etching processes, resulting in improved siep coverage. Once the desired
thickness and morphology of the metal layers are achieved, the power to the target,
the inductive coil assembly and substrate bias source are turned off, and the gas
flow is siopped. The chamber is then vented, and the substrate is unicaded from

the proceassing chamber.

[s085] The combination of the target-magnetron-controlled plasma and the
inductively coupled plasma and applied substrate bias allows for simultaneous
deposition and etching of the substirate, increasing the deposition rate and
throughput. The SIM process mode offers several advantages over traditional PVD
and stching processes. First, The SIM process mode eliminates the naed for
separate PVD and efching steps, reducing the lime and resources required for
these processes. This leads to increased process efficiency and throughput. In
addition, the simultanecus deposition and etching process ensures that the
deposited and redeposited material reaches all desired areas of the Teatures formed
irt the substrate, resulting in improved step coverage. Moreover, The S5iIM process

maode can reduce the overhang that is typically formed during the PVD process.

[poss] Overall, the ICP-SIM process flow provides a low damage deposition
procass for metal layers with high aspect ratios and good step coverage while
minimizing damage to underlying layers and reducing contamination. This process
flow is particularly advantageous for applications that require a low-damage

process, such as for low K dielectric materials.

(60871 In some embodiments, an additional etching step 423 is added at the end of
the IMP-SIM sequence (FIG. 4C). This optional efching step 423 is designed to
provide further refinement and control over the overhang removal process. The
etching step 423 can be performed using the same eichant gas as used in the SiM

step, or a different eichant gas can be used for more selective eiching.

[0088] The eiching step 423 can be preferably performed in the same process

chamber, or the substrate can be transferred to a different chamber for etching.
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However, in some embodiments, the etching step is parformed in a downstream

plasma chamber, which can provide more precise control over the etching process.

[0089] During the eiching step, the overhangs are seleclively removed while leaving
the deposited material in the fisld and bottom regions intact. The elching process is
typically performed at a higher source 256 and bias source 241 powers and a higher
pressure than the SIM step to provide more aggressive etching. The etching
process can be performed for a predetermined time or until the desired level of

overhang removal is achisved.

[o080] The addition of the etching step in the ICP-8IM sequence provides further
refinement and control over the overhang removal process. This embodiment is
ideal for applications that require higher throughput while maintaining pracise
conirel over overhang removal. The three-step process (ICP-SiM-Etch) 420 allows
for the benefits of the higher throughput of the SIM step, while also providing

additional control over the etching process.

(60911 In some implementiations described herein, the biasable flux oplimizer 280
is provided to further control ion distribution and directionality during the process.
The ability to bias the flux optimizer allows conirol of the electric fisld through which
the sputter species pass. In one embodiment, the power source 380 coupled {o
the flux optimizer 290 may supply a voltage power to the flux optimizer 280 in a
pulsing, or alternating fashion o assist {ocal deposit onto the substrate 205, The
flux optimizer 290 is configured {0 provide negative and/or positive voltage pulses
i the flux optimizer 290 so as {o control the flux oplimizer 220 in uni-polar or bipolar
mode as nesded. In one embodimaeant, the flux oplimizer 290 controlied in bipolar
mode may control and trap ions, so as to create different ratio of ions and neulrals
passing through the flux oplimizer 290, |t is believed that positive voltage pulses
applied to the flux optimizer 280 may draw electrons in the plasma toward the
substrate surface while the negatlive voltage pulses applied to the fiux oplimizer
290 may repel electrons in the plasma toward the target. Therefore, by pulsing
alternating positive and negative voltage 1o the flux optimizer 280, directionality of

the ions and neutrals passing therethrough may be efficiently controlied.

[0082] FIG. 6 depicis a voliage signal 602 detected from the flux oplimizer 290 when
applying a DC power to the flux oplimizer 280, The vollage as supplied from
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the power source 390 to the flux optimizer 280 may be controlled in a pulsed mode,
as depicted InFiG. &, io pulse allernating positive voltage 610 and negative
voltage 612 to  the flux optimizer 280, The positive and negative vollage
puises 610, 612 may have a predetermined pulse width 604, 608 (e.¢., pulse time)
and pulse magnitude 606, 614 (a.¢., pulse voltage value) respectively as needed.
The pulse modulation (e.g., pulse width and pulse magnitude) is controlled to
gffectuate a desired deposition profile. For example, in the embodiment wherein
more directional ions are desired {0 be accelerated toward the substrate surface o
enhance bottom-up filling capability, a positive voltage may be supplied with a
tonger pulse width {e.g., longer pulse time) {0 assist daposition on the botiom of the
trench. in contrast, in the embodiment whersin non-directional ions are desired {o
deposit on sidewalls of the trench, or sputter-eich the deposit at the corner of the
trench, a negative voltage may be supplied with a longer pulse width {(e.g., longer
puise time} to enhance sidewall deposition management. |t is noted that the voltage

supplied to the flux optimizer 280 may also be in continuous mode as nesded.

[0093] In one embodiment, the DC bias power pulse from the power
source 380 may have a duty cycle between about 5 percent {e.q., 5 percent on and
95 percent off) to about 70 percent {e.q., 70 percent on and 30 percent off), such
as between about 5 percent and about 50 percent, such as between about 15
percent to 45 percent, at a bias frequency between about 400 Hz and about 60
MHz. Alternatively, the cycle of the DC bias power pulsed to the flux optimizer
290 may be controlled by a predetermined number of time periods parformead. For
example, the DC bias power may be pulsed belween about every 1 milliseconds
and about svery 100 milliseconds. |t is noted that the duty cycle of the DC bias
power puisad to the flux optimizer 280 may be repeated as many times as nesded.
in one embadiment, the DC bias power may be controlled at between about 1 kW
and about 10 KW

(00341 In some implemeniations of the present disclosure, a biasable flux optimizer
that has a high effective aspect ratio while maintaining s low aspect ratio along the
periphery of the flux optimizer of the hexagonal array of the flux optimizer is
provided. In some implementations, a biasable flux optimizer with a {apered

entrance portion in the hexagonal array s provided. It has been found that use of
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a tapered entrance portion in the flux optimizer substantially reduces deposition
overhang and clogging of the celis of the hexagonal array in comparison with prior
art flux optimizer designs. Compared to prior art flux optimizer designs, these
various features substantially increase film uniformity and extend the life of the flux

optimizer and process kit while reducing periods between cleaning.

Subsirate Processing Examuples

[0088] The following tables illustrate processing examples that may be used to
process a substrate by use of one or more of the methods provided herein. The
example provided herain are not intended {0 be limiting but are meant {o Hliustrate

one or more of the process sequences described herein,

[0098] As described sbove, some of the process variables and their associated
values used during processing are illustrated in Table 1. The process values
provide in Table 1 are not intended to be limiting as to the scope of the disclosure
provided herein. Maoreover, it should be understood that one or more of the process
variables listed in Table 1 may not be applied or used during the performance of a

procass performed on a substrate in a proceassing chamber.
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Table 1
Process Variable Examples Ref. Range Units
Target DC Power T0C 0-20 KW
Target RF Power {13.56 MHz or 40 MHz) TRF -5 KW
ICP Coil Power (13.56 MHz) CP 0-5 kW
Substrate Bias (13.56 MHz) SB 0-5 KWWY
Chamber Pressure P 11,000 miorr
Flux Optimizer Bias FOB 0 - 200 Volis
First Electromagnet Bias FEB 0-50 (Gauss
(G)
Second Electromagnet Bias SEB 0-~50 (Gauss
(G)
Third Electromagnet Bias TEB 0-~50 (Gauss
(G)
Substrate Temperature T 0 - 500 Celsius

60971 In an effort to Hlusirate processing examples and provide comparisons
betwaen different portions of the processes described herein the following {ables
are provided below. In one comparative example, as lustrated in the first table
below, during the process 401 a target DC Power (TDIC) may be provided in arange
between 2 and 6 kW DC and an ICP Coil Power (CP) in a range between 2.5 and
3.5 KW is applied 1o the coil 258 by the power source 256, while during the process
402 a target DC Power (TDC) may be provided in a range between 10 and 20 kW
DC and an ICP Coil Power {(CP) applied to the coil 258 during the deposition
process 402 is zero. A process variable value of zero in ong or more of the
examples provided below signifies that a process variable and its support structure
are not used and/or not required during the provided process example, while a
range of values that includes zero in the tables below can be considered (o be the

operating limits of a device within the range specified in table.
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Process | TDC | TRF op SR P FOB | FER | SEB | TEBR T
KWy | W) 1 W L W) mTomy | (Vog) (G} (G} (G} ('C)
401 2.8 ) 2.8~ 1.2 10-20 ) s s s 200-
3.5 400
402 10- 0 ¢ 1-2 1-5 0 ) ) ) 200-
20 400
403 ) g 25 1-2 1-5 g ) ) ) 2060-
3.5 400
Example 2 — Method 410
Process | TDC | TRF op SR P FOB | FER | SEB | TEB T
KWy | W) 1 Wy L W) mTom) | (Voo (G} (G} (G} ('C)
411 2.8 ) 2.8~ 1.2 10-20 ) s s s 200-
3.5 400
412 10- 0 1.5~ 1-2 1-5 0 ) ) ) 200-
15 3.0 400
Example 3 — Method 420
Process | TDC | TRF cP sB =] FOB | FER | SEB | TEB T
KW | W) WD L W (mTorm | (Voo (G} (G} (G} (°C)
421 2-8 ) 2.5 1-2 10-20 ) 6 6 6 20
3.5 400
422 10- 0 1.5~ 1.2 1-5 0 0 0 0 200-
15 3.0 400
423 ) 0 1.5~ 1-2 1-5 0 ) ) ) 200-
3.0 400

[0088] While the foregoing is directed o embodiments of the present disclosure,

other and further embodiments of the disclosure may be devised without departing

from the basic scope thereof, and the scope thereof is determined by the claims

that follow.
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What is claimed is:
1. A method for fabricating a semiconductor device, comprising:
forming, within a process chamber, a first layer on a surface of a substrate
that comprises a plurality of features formed thersin, wherein forming the first layer
COMprises:
biasing a target at a first target bias power;
biasing an inductive coil at a first RF bias power while the target
is biased to the first target bias power, wherein the inductive coll is
disposed between the ifarget and a subsirale support that is
configured to support the substrate; and
adiusting a pressure within a processing region of the process
chamber to a first proceass pressure;
forming, within the process chamber, a second layer on the surface of the
substrate, wherein forming the second layer comprises:
biasing the target at a second target bias power, wherein the
second target bias power is greater than the first target bias power,;
biasing the inductive coll at a second RF bias powsar, wharein
the second RF bias powaer is less than the first RF bias power; and
adiusting the pressure within the processing region of the
process chamber (o a second process pressure, wherein the second
process pressure is less than the first process pressure; and
exposing, within the process chamber, at least a portion of the second layer
{0 a plasma coniaining an inert gas, wherein exposing the at least a portion of the
second layer comprises:
biasing the inductive coil at a third RF bias power, wherein the
third RF bias power is greater than the second RF bias power; and
adjusting the pressure within the processing region of the
process chamber {0 a third process pressure, wherein the third

process pressure is less than the first process pressure,

2. The method of claim 1, wherain the second RF bias power is equal {o zero.

34



WO 2025/101413 PCT/US2024/053853

3. The method of claim 1, whersin the first layer has a thicknass that is between
10 angstroms (A) and 100 A

4. The method of claim 1, wherein the second layer has a thickness that is
between 100 angstroms (A) and 1000 A,

5. The method of claim 1, wherein
the forming the first layer on the surface of the substrate further comprises:
applving a first substrate bias (o an electrode disposed within
the subsirate support;
the forming the second layer on the surface of the subsirate further
COMprises:
applying & second substrate bias {o the elecirode disposed
within the substrate support, wherein the second subsirate bias is
greater than the first substrate bias; and

the exposing the ai least a portion of the second layer to the plasma further

COMprises:
applving a third substraie bias o the electrode disposed within
the substrate support, whersin the third substrate bias is greater than
the second subsirate bias.
6. The method of claim 1, wherein

the forming the first layer on the surface of the substrate further comprises:
applying a first voltage bias o a collimator disposed between
the farget and the inductive coil, and

the forming the second layer on the surface of the substrate further

COMPrises:
applying a second voltage bias {0 the collimator, wherein the
first voltage bias is less than the second voltage bias.
7. The method of claim 1, wherein the inductive coli and the target comprise

the same material
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a. The method of claim 7, wherein the inductive coll is disposed within the

Drocess region.

Q. A method for fabricating a semiconductor device, comprising:
forming, within a process chamber, a first laver on a surface of a substrate
that comprises a plurality of features formed thersin, wherein forming the first layer
COMprises:
biasing a target at a first target bias power,
blasing an inductive coil at a first RF bias power while the targst
is biased 1o the first target bias power, wharein the inductive coll is
disposed belween the target and a substrate support that is
configured {0 support the substrate;
adiusting a pressure within a processing region of the process
chamber to a first process pressure; and
generating a first magnetic fisld within the process region by
biasing a first external coil; and
forming, within the process chamber, a8 second layer on the surface of the
substrate, wherein forming the second layer comprises:
biasing the target at 8 second target bias power, wherein the
second target bias power is greater than the first target bias power;
biasing the inductive coll at a second RF bias power, wherein
the second RF bias power is less than the first RF bias power;
adiusting the pressure within the processing region of the
process chamber to a second process pressure, wherein the second
process pressure is less than the first process pressure;
genarating a second magnetic fisld within the process region
by biasing the first external coil; and
applying a first substrate bias to an electrode disposed within

the subsirate support.

10, The method of claim 9, wherein the second RF bias power is equal {0 zero.
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1. The method of claim O, wherain the first layer has a thickness that is betwaen
10 angstroms (A) and 100 A

12, The method of claim 9, wherein the second layer has a thickness that is
between 100 angstroms (A) and 1000 A,

13, The method of claim 9, wherein
the forming the first layer on the surface of substrate further comprises:
applyving a subsirate bias to an electrode disposed within the

substrate support.

14, The method of claim 13, wherein
the forming the first layer on the surface of substrate further comprises:
applying a first voltage bias o a colimator disposed between
the farget and the inductive coil, and
the forming the second layer on the surface of substrate further comprises:
applying a second voltage bias to the collimator, wherein the

first voltage bias is less than the second voliage bias.

15, The method of claim 8, wherein the inductive coil and the target comprise

the same material.

16.  The method of claim 15, wherein the inductive coil is disposed within the

Lrocass region.
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