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GRADIENT OXIDATION AND ETCH FOR PVD METAL AS BOTTOM LINERIN
BOTTOM UP GAP FILL

TECHNICAL FIELD

{0001} Embodimentis of the invention relate {o a method and apparatus of forming
thin films. More particularly, the disclosures relaie (o a method and apparatus for metal

gap fill in semiconductor devices.

BACKGROUND

[0002] The fabrication of microelecironic devices typically involves a complicated
process sequence requiring hundreds of individual processes performed on semi-
conductive, dielectric and conductive substrates. Examples of these processes
include oxidation, diffusion, ion implantation, thin film deposition, cleaning, etching,
lithography among other operations. Each operstion is time consuming and

sxpensive.

[0003] With ever-decreasing critical dimensions for microelectronic devices, the
design and fabrication for these devices on subsirates is becoming or has become
increasingly complex. Control of the critical dimensions and process uniformity
becomes increasingly more significant. Complex multitayer stacks used to make micro
slectronic devices involve precise process monitoring of the critical dimensions for the
thickness, roughness, stress, density, and potential defects. Frocess recipes for
forming the devices have multiple incremental processes to ensure critical dimensions
are maintained. Typically, each incremental process may ulilize one or more
processing chambers that adds additional time for forming the devices incremental
and also increases opporiunities for forming defects. Thus, each process adds to the

ovarall fabrication cost and risk for defects completed microelectronic device.

[0004]  Addilionally, as critical dimensions on these devices shrink, past fabrication

techniques encounter new hurdies. For example, as a liner and/or seed layer is
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preparad to grow a matal gap-fill, the liner and/or seed laver may be still be present
on the sides of the gap, potentially causing the fill material {o close off the gap prior o
completely filling at the bottom. Conventional methods for removing the seed layer
from the sides of the gap and the top surface may additionally resull in the removal of

the seed laver at the bottom of the gap inlended for seading the fill material.

{0008] For at least the foregoing reasons, there is an ongoing nesd for improved

gap fili fabrication methods.
SUMMARY

{00081  The present disclosure relates {0 a method and apparatus for forming thin-
films. More particularly, the disclosure relates o a method and apparatus for filling a

feature on a substrate.

{00071 in one example, a method of filling a feature on a subsirate is provided. The
method includes forming a metal seed layer on an exposed surface of the subsirate,
wherein the substrate has features in the form of trenches or vias formed in a top
surface of the substrate, the features having sidewalls and a botiom surface exiending
betwesn the sidewalls. A gradient oxidation process is performed {0 oxidize exposed
portions of the metal seed laver {0 form a metal oxide, wherein the gradient oxidation
process preferentially oxidizes a field region of the substrate over the botiom surface
of the features. An etch back process removes or reduces the oxidized portion of the
sead layer. A metal gap-fill process fills or partially fills the features with a gap fill

material.

{0008} in ancther example, ancther a method of filling a fealure on a subsirate is
provided. The method includes depositing a molvbdenum-containing layer over an
exposed surface of a subsirate, wherein the subsirate comprises a pluraiity of features
formed in a top surface of the substrate, each of the plurality of features having a
sidewall surface and a bottom surface, and the deposited molybdenum-containing
layer is formed over the top surface of the substrate, and the sidewall surface and
bottom surface of the plurality of features. The exposed surface of the substrate is

exposed to a gradient oxidizing process, wherein the gradient oxidizing process forms
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oxidized regions of the molybdenum-containing. The oxidized regions are
preferentiaily eiching of the deposited molybdenum-containing layer, wherein after
preferentially eiching the oxidized regions, a first portion of the deposited
molybdenum-coniaining layer remains on the bottom surface in each of the plurality of
features and a second portion of the deposited molybdenum-containing laysr remains
on the sidewall surface in each of the plurality of features. The features are filled with
a second molybdenum layer, wherein filling the feaiures with the second molybdenum
layer comprises growing the second molvbdenum layer from the second portion of the
deposited molybdenum-containing layer on the sidewall surface and the first portion
of the deposited molybdenum-containing layer on the bottom surface in each of the

features.

{000g] In yel ancther exampie, ancther a cluster tool for filling a feature on a
substrate is provided. The cluster tool includes an oxygen sowrce that is fluidly couplad
to a processing region of the first process chamber, wherein the oxygen source is
configured to deliver an oxygen-containing gas to the processing region. The cluster
tool has a first flow control vaive that is configured to conirol the flow of oxygen-
containing gas provided from the oxygen source to the processing region, an etching
gas source that is fluidly coupled to the processing region of the first process chamber,
wherein the etching gas source is configured to deliver an etching gas o the
processing region, a third flow control valve that is configured to control the flow of the
etching gas provided from the elching gas source o the processing region, and an
inductively coupled plasma source that is configured 1o generale a plasma in the
processing region, wherein the plasma comprises the oxygen-containing gas, and a
controller. The controller is configured to form a metal seed laver on an exposed
surface of a substrate, wherein the subsirate has features in the form of trenches or
vias formed in a top surface of the subsirate, the features having sidewalis and a
bottom surface extending betwsen the sidewalls. The controller is further configured
to parform a gradient oxidation process to oxidize exposed portions of the metal sead
layer to form a melal oxide, wherein the gradient oxidation process preferentially
oxidizes a field region of the substrate over the boltom surface of the features. The

controller performs an eich back process 0 remove or reduce the oxidized portion of
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the seed layer and performs a molybdenum gap-fill process to fill or partially fill the

features with a gap fill material.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] So that the manner in which the above-recited features of the present
disclosure can be understood in detail, a more particular description of the aspedcts,
briefly summarized above, may be had by reference to implementations, some of
which are illusirated in the appended drawings. it is o be noled, however, that the
appended drawings iliustrate only typical implementations of this disclosure and are
therefore not 1o be considered limiting of iis scope, for the disclosure may admit to

other equaily effective implementations.

{0011} FIG. 1 lllustrates a schematic top view of one example of a multi-chamber
processing tool in accordance with one or more embodiments of the present

disclosure,

[0012] FIGS. 2A-2E illustrate views of a semiconductor device during different
stages of fabrication in accordance with one or more embodiments of the presemt

disclosurs,

{00131 Fits. 3 Hlustrates a flow diagram of a method for filiing a feature on a

substrate in gccordance with one or more embodiments of the present disclosure.

[0014]  To facilitate understanding, identical reference numerals have been used,
where possibie, {0 designate identical elements that are common to the figures. ltis
contemplated that elements and features of one implementation may be beneficially

incorporated in other implementations without further recitation.

DETAILED DESCRIPTION

[0015] in the summary above, the detailed description, the claims below, and inthe

accompanying drawings, reference is made to particular features {including method

operations} of the present disclosure. His to be understood that the disclosure in this

specification includes all possible combinations of such particular features. For

example, where a particular feature is disclosed in the context of a particular aspect
4
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or implementation of the present disclosure, or a particular claim, that feature can also
be used, o the extent possible in combination with andfor in the context of cther
particular aspecis and implementations of the present disclosure, and in the present

disclosure generslly.

{00181 The term “comprises” and grammatical equivalents thereof are used herein
to mean that other components, ingredients, opsarations, ofc. are oplionally present.
For example, an article "comprising” (or “which comprises”) components A, B, and C
can consist of {i.e., contain only) componenis A, B, and C, or can contain not only

componenis A, B, and C but also one or more other components.

[0017] Where reference is made herein 1o & method comprising two or more
defined operations, the defined operations can be carred oul in any order or
simultaneously {except where the context excludes that possibility), and the method
can include one or more other operations which are carried out before any of the
defined operations, between two of the defined operations, or after all of the defined

operations {(except where the context excludes that possibility}.

{0018} Embodiments of the present disclosure relate 1o a method and apparaius
for filling a feature on a substrate.  For example, the method may perform a high
selectivity gradient oxidation and eich for physical vapor deposition (PVD) metal as a
botiom seed layer in a bottom up gap fill. The metal gap fill process may be used to
deposit different metals, such as tungsten (W), molybdenum (Mo), ruthenium {(Ru),
and other metails. The disclosure contains separate process ssquences that include
a metal oxidation (e.g. WO, Mo(Q,) process and a selective removal process for the

metal oxide.

{0018] PV metal deposition typically leads to @ thicker film on the field surrounding
a via {or trench} and a thinner film at the botlom of the via. The oxidation and etch
gradient process selectively removes the fisld metal The metal disposed in the field
surrounding the via is ‘selectively’ oxidized at a rate up to seven times faster than the
metal disposed at the bottom of the via. The selective oxidation permits a subssguent

etch process {o remove the field metal oxides while leaving a smail botlom metal layer

o
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as a seed for a metal il A very high seleclivity for the etch removal of the oxidized
metal in the field relative o the bottom (non-oxidized) metal resulls in a thin metal sead
layer remaining ai the bottom of the via. The oxidation process uses an inductively
coupled (ICP) oxygen (O} plasma having a low power, low O flow, and high
temperature reaction that produces a high ion ratic at low ion energy which enhances
the selectivity that preferentially oxidizes the metal in the field over the metal at the
bottom of the via. Using this approach, the field metal can be completely removed
while leaving a good quality metal seed layer at the bottom of the struciure for a seam-

free bollom up gap fill

{00201 Examples of a processing system that may be suitably modified in
accordance with the teachings provided herein include an integrated processing
system or other suitable processing systems commercially available from Applied
Materials, Inc., located in Santa Clara, California. | is contemplated that other
processing systems (inciuding those from other manufacturers) may be adapted o

benefil from aspects described herein.

{0021} FIG. 1 illustrates a schematic top-view diagram of an example mulli-
chamber processing system 100, or cluster tool, which can be used {0 complete a
gradient oxidation and eich of a PVD metal according to implementations of the

present disclosure.

The processing system 100 includes a plurality of process chambers 102 coupled to
a first transfer chamber 104. The first transfer chamber 104 is also coupled 1o a first
pair of pass-through chambers 108. The first transfer chamber 104 has a centrally
disposed transfer robot (not shown) for transferring substrates between the pass-
through chambers 106 and the process chambers 102, The pass-through chambers
108 are coupled 1o a second transfer chamber 110, which is coupled {o a process
chamber 114 that is configured to perform pre-clean process and a process chamber
116 that is configured to perform a PVD deposition process, or altematively, an
epitaxial growth process or atomic deposition chamber. The second transfer chamber
110 has a centrally disposed transfer robot (not shown) for transferring substrales

between a set of load lock chambers 112 and the process chamber 114 or the process

8
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chamber 118. A factory interface 120 is connecled to the second transfer chamber
110 by the load lock chambers 112. The factory interface 120 is coupled to one or
more pods 130 on the opposite side of the load lock chambers 112. The pods 130
may be front opening unified pods (FOUP)  or similar device for storing and

transporting subsirates.

{0022] Prior to various operations, a subsirate may first be transferred from one of
the pods 130 to the process chamber 114 where a pre-clean process is performed o
remove confaminants, such as carbon or oxide contaminants from an exposed surface

of a source/drain region of a ransistor (o be formed on the substrate.

[0023]  The substrate is then transferred o one or more of the process chambers
102. In some implementations, the process chamber 102 may etch a via or a trench
in a dislectric material layer of the substrate. in some implementations, the subsirate
is provided o an eich chamber, which is not a part of the processing system 100, to
perform the rench formation process. in other operations, the substrate is provided
with trenches formed therein. Once the trench is formed in the disleciric material, the

substrate is fransferred {o the process chamber 114 for cleaning.

[0024] Thenthe substrate is transferred 1o the process chamber 116 and/or at ieast
one of the process chambers 102 where one or more operations are performed. For
example, the substrate is transferred to one of the process chambers 102 where &
metal deposition operation is performed {o form a seed layer. The metal can be
deposited in any suitable chamber such as a FVD chamber, alomic layer deposition

(ALD) chamber, epitaxial (EP chamber or other suitable chamber.

[0025]  After deposition of the seed layer, the substrate may be transferred to one
of the process chambers 102 where a gradient oxidation operation may be performed.
The gradient oxidation may be performed in an inductively coupled plasma (ICP)
reactor or cother suitable plasma-processing chamber.  The gradient oxidation
operation is configured to oxidize unwanted portions of the metal layer formed on the

substrate. For example, the metal formed in a boltom and a sidewall of a rench or via
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may be oxidized along with the metal disposed in on a fisld region, L., top side, of the

substrate.

{00281 The substrate is transferred o one of the process chambers 102 where an
sich operation is performed to selectively remove the oxidized portions of the
deposited metal layer. For example, the eich operation may be performed in an eich
chamber. Alternately, the eich operation may be performed in the ICP reactor in which

the gradient oxidation was performed.

{0027]  After the oich operation, |, a portion of the deposited metal layer {8.¢., seed
material) will remain along the boltom surfaces of the via or french.  In some
embodiments, the seed material may additionaily be present along the sidewall of the
feature. The substrate can then be transferred 10 one of the process chambers 102
or 118 where a gap-fill opergtion is performed. The gap-fill operation may be
performed in a CVD chamber, ALD chamber or other suitable chamber. For example,
process chamber 102 or 116 may deposit @ matal such as tungsten (W), molybdenum
(M), ruthenium (Ru) or other suitable material that grows on the seed laver disposed

on the bottom of the trench or feature for forming a portion of a microslectronic device.

[0028] A system controller 180 is coupled to the processing system 100 for
controlling the processing system 100 or components thereof. For example, the
system controller 180 may conirol the operations of the processing system 100 using
a direct control of the process chambers 102, 104, 106, 110, 112, 114, 116, 120, 130
of the processing system 100 or by controlling controliers associated with the process
chambers 102, 104, 106, 110, 112, 114, 116, 120, 130, 160. in operation, the system
controller 180 enables data collection and feedback from the respective chambers (o

coordinate performance of the processing system 100,

{0028] The system coniroller 180 generally includes a central processing unit
(CPU)Y 182, memory 184, and support circuits 188, The CPU 182 may be one of any
form of a general-purpose processor that can be used in an indusirial setling. The
memory 184, non-transitory computer-readable medium, or machine-readable storage

device, is accessible by the CPU 182 and may be one or more of memory such as
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random access memory (RAM), read only memory (ROM), floppy disk, hard disk, or
any other form of digital storage, local or remote. The support circuits 186 are coupled
to the CPU 182 and may comprise cache, clock circuils, inputioutput subsystems,
power supplies, and the like. The various implementations disclosed in this disclosure
may generally be impiementad under the control of the CPU 182 by executing
computer instruction code stored in the memory 184 {or in memory of a particular
process chamber) as, e.g., a computer program product or software routine. That is,
the computer program product is tangibly embodied on the memory 184 {or non-
transitory computer-readable medium or machine-readable storage device). When
the CPU 182 exescutes the computer instruction code, the CPU 182 controls the

chambers o perform operations in accordance with the various implementations.

[0030]  The system controlier 180 is configured to perform methods such as a

method 300 (described further below) stored in the memory 184,

{0031] in some embodiments, the first process chamber 102 includes an oxygen
source 132 that is fluidly coupled o a processing region 140 of the first process
chamber 102, wherein the oxygen source 132 is configured to deliver an oxygen-
containing gas o the processing region 140, The first process chamber 102 may
further include a first fow control valve 133 that is configured o control the flow of
oxygen-containing gas provided from the oxygen source 132 to the processing region
140, The first process chamber 102 may further include an etching gas source 136
that is fluidly coupled o the processing region 140 of the first process chamber 102,
wherein the eiching gas source 138 is configured 1o deliver an etching gas o the
processing region 140, The firsi process chamber 102 may further include a third flow
control valve 137 that is configured to control the flow of the etching gas provided from
the etching gas source 136 {0 the processing region 140, The first process chamber
102 may further include an inductively coupled plasma source 138 that is configured
to generate a plasma in the processing region 140, wherein the plasma comprises the

hydrogen-cortaining gas and the oxygen-containing gas.

[0032] In some embodiments, the system controlier 180 is configured to control the

first flow control valve 133 so that an amount of oxygen-containing gas provided o a

9
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surface of a subsirate, disposed in the processing region 140 of the first processing
chamber 102. The oxygen-containing gas preferentially oxidizes one or more metal-
containing layers disposed on a field region and sidewalis of features formed in the
substrate. The sysiem conirolier 180 is addilionally configured to control the third flow
control valve 137 so that an amount of eiching gas provided to the surface of the
substrate preferentially etches the oxidized portions of the one or more melal
containing layers disposed on the field region and sidewslls of the features formed in

the subsirate.

[0033]  FIGS. 2A-2F and FIG. 3 will be discussed together. FIGS. 2A-2E iliustrate
cross-sectional views of some embodiments of a device structure for semiconductor
devices at various stages of manufacture provided to llustrate the method 300 of FIG.
3. The method 300 can be used o §ill various features, for example, trenches or vias
with & gap-fill metal. Although FIGS. 2A-2E are described in relation to the method
300, it will be appreciated that the struciure disclosed in FIGS. 2A-2E are not limited
to the method 300, but instead may stand ailone as structures independent of method
300. Similarly, although the method 300 is described in relation to FIGE. 2A-2E, it will
be appreciated that the method 300 is not limited to the structures disclosed in FIGS.
2A-2E, but instead may stand alone independent of the struclures disclosed in FIGS.
2A-ZE.

[0034] For the sake of clarity, some ltem numbers in Igter figures illustraling the
subsequent stages have been omitted. The tem numbers can be gleaned from the
earlier figures when the discussion calls out those shown features in the later figures.
For example, item numbers in FIG. 2B may be omitied from certain features disclosed
in FIG 2A.

[0035] The method 300 begins al operation 310 where, a substrale is provided
having trenches or vias formed in a fop surface. The subsirate may be a device
substrate or a semiconductor substrate described herein. FIG. 2A illustrates a cross-
sectional view ¢of a semiconductor device struciure 200 during intermediate stages of

manufacturing corresponding to operation 310, in accordance with some

10
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embodiments. The semiconductor device structure 200 includes a body 210 having a

dislectric layer 220 formed thereon.

{0038]  The body 210 of the semiconductor device structure 200 may be or include
a bulk semiconductor substrate, a semiconductior-on-insulator (501} substrate, or the
like, which may be doped {e.q., with a p-type dopant or an n-type dopant) or undoped.
In some embodiments, the semiconductor material of the body 210 may include an
elemental semiconductor, for example, such as silicon (Bi) or germanium (Ge); a
compound semiconducior including, for example, silicon carbide, gallium arsenide,
gailium phosphide, indium phosphide, indium arsenide, and/or indium antimonide; an
alloy semiconductor including, for exampie, SiGe, GaAsP, AlinAs, GainAs, GainP,
and/or GainAsP; a combination thereof, or the like. The body 210 may include
additional materials, for example, silicide lavers, metsl silicide layers, metal layers,

dislectric layers, or a combination thereof

{00371  The dielectric laver 220 may include mulliple layers. The dielectric layer 220
includes a top surface 228, In some embodiments, the dielectric layer 220 is silicon
oxide, silicon oxynitride, silicon nitride, or a combination thereof. In some
embodiments, the dielectric layer 220 consists essentially of silicon oxide. 1t is noted
that the foregoing descriptors {e.g., silicon oxide) should not be interprated to disciose
any particular stoichiometric ratio.  Accordingly, "silicon oxide” and the like wili be
undersiood by one skilled in the art as a material consisting essentially of silicon and

oxygen without disclosing any specific stoichiometric ratio.

[0038] The dislectric layer 220 is patterned with one or more feature(s) 222, In
some embodiments, the feature 222 can be selecied from a trench, a via, a hole, or

combinations thereof. In particuiar embodiments, the fealure 222 is a via.

{00381  Atoperation 320, a iner layer 225 is formed over the surfaces of the one or
more features. A PVD process, an ALD process, an EP! process, or other suitable
deposition process may form the liner layer 225. The liner layer 225 may be formed
from a titanium silicon (nitride} or other suitable material. The liner laver 225 may be

formed on exposed surfaces of the substrate. As shownin FIG. 24, the liner layer 225

11
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is disposed in the feature 222 and along the {op surface 229 of the dislectric laver 220.
The liner layer 225 may be disposed inside the feature 222 when the fealure 222 is &
trench structure. Alternately, the liner layer 225 may be oplional when the feature 222
is a via. The liner layer 225 may be disposed on the top surface 2298 of the dielectric
layer 220 includes an upper surface or field region 227. In discussions below, when
the liner layer 225 is absent, the field region 227 corresponds o the top surface 229

of the diglectric layer 220.

[0040]  The liner layer 225 may have an initial thickness in a range from about 1 A
to about 100 A, for example, in a range from about 20 A to about 50 A In some
embodiments, the liner layer 225 may be discontinucus along for example, the
sidewall surface 223 and/or the botiom surface 224, Any suilable metal deposition
process may be used {0 deposit the liner layer 225, In one example, a PVD process

is used to deposit the liner layer 225.

[0041] The feature 222 has a first depth as measurad from the field region 227 to
the bottom surface 224 and a width defined between the two-sidewall surfaces 223.
In some embodiments, the depth is in a range of about 2 nm to 200 nm, 3 nm o 200
nm, & nm o 100 nm, 2 nm o 100 nm, of 50 nm o 100 nm.  In some embodiments,
the width is in a range of about 10 nm o 160 nm, 10 nm 1o 20 nm, 10 nm o 50 nm, or
50 nm to 100 nm.  In some embodiments, the feature 222 has an aspect ratic
{depth/width) in a range of about 110 20, 510 20, 1010 20, or 1510 20

10042] In some embodiments, the feature 222 extends from the field region 227
downwards inic the body 210. The fealure 222 includes sidewall surface 223 and a
bottom surface 224 exiending betwesn the sidewall swrfaces 223. The sidewall
surface 223 and the bottom surface 224 are formed from the exposed liner layer 225
when the liner is present and on the dieleclric layer 220 when the liner laver 225 is

absent. In some embodiments, the sidewall surfaces 223 are tapered.

[0043] At operation 330, a seed layer 230 is formed over the surfaces ofthe ong or
more features, for example, over the surfaces of the liner layer 225, FIG. 28 iHustrates

a cross-sectional view of the semiconductor device structure 200 during intermediate

12
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stages of manufacturing corresponding o operation 330, in accordance with some
embodiments. The seasd layer 230 may be formed on exposed surfaces of the
substrate, i.e.. over the sidewall surface 223 and the bottom surface 224 of the feature

222 and on the field region 227.

[0044]  The seed layer 2320 is a metal material suitable o function as a seed layer
for subsequent deposition of a metal gap-fill material. The seed layer 230 may be a
molybdenum (Mo} or molybdenum-containing layer, a fungsten (W) or tungsten-
containing layer, or a ruthenium (Ru) or ruthenium-containing laver. In one exampie,
sead layer 230 is a molybdenum (Mo} or molybdenum-comiaining layer. The seed
layer 230 may be formed over the sidewall surface 228 and the botiom surface 224 of
the one or more features 222 and on the fisld region 227. The seed layer 230 may be
a conformal layer. Any suitable deposition process 232 may be used o deposit the
sead layer 230. In one example, a physical vapor deposition {(PVD) process is used
to deposit the seed layer 230, Alternately, a low temperature and low-pressure CVD
process may be used o form the seed laver 230. The seed laver 230 may be used to
repair any damage or discontinuities in the liner layer. In one example, the deposition

process 232 may be cycled and is repeated for 3 to 5 cycles.

{00451 The seed layer 230 may create an overhang portion 234 in the field region
227, which cbstructs or blocks the top openings of the one or more features 222. The
overhang portion reduces the width of the top opening from a first larger width o &

second narrower widih at the top of the feature 222.

[0048] At operation 240, the seed laver is exposed o a gradient oxidation process.
FIG. 2C lliustrates a cross-sectional view of the semiconductor device structure 200
during intermediate slages of manufacturing corresponding to operation 340, in
accordance with some embodiments. The gradient oxidation process oxidizes

portions of the seed layer 230 to form an oxidized seed layer 240,

[0047] In some embodiments, the gradient oxidation process includes the use of
an O inductively coupled plasma (ICP) that includes a limited gas flow to create an

oxygen starvation reaction mode on the exposed metal seed layer 230 (e.g., Mo layern).
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The O, ICP provides a low power Oy plasma with a high ionfradical ratio, which
enhances the field oxidation and deaclivates the reactive species before reaching the
moly-containing seed layer 230 over the boltom surface 224. In this mode the field
region 227 and the overhang portion 234 are oxidized, or more heavily oxidized, which
allows for preferential siching of the oxidized regions of the oxidized seed layer 240
while maintaining the seed layer 230 along the bottom surface 224 of the feature 222.
in one example, the oxidation of the seed layer 230 has a selectivity at the field region
227 that is seven times greater than the selectivity at the bottom surface 224. Thus,
the oxidized seed layer 240 is preferentially formed at in the field region 227. Inone
example, the gradient oxidation of Mo seed layer 230 resulis in the formation of the

MoOy oxidized seed layer 240,

[0048] In some embodiments, the gradient oxidation process includes a reduction
process followed by an oxidation process. In some embodiments, the gradient
oxidation process includes the oxidation process without the reduction process. The
reduction process includes exposing the subsirale to a reducing gas, for example,
hydrogen. The oxidation process includes exposing the substrate to an oxidizing gas,
for example, oxygen. in some embodiments, during the reduction process, the
processing region is mainiained at a pressure of iess than about 120 mTorr, such as
in @ range from about 50 mTorr to about 110 mTorr, in a range from about 80 mTorr
to about 100 Torr, or for example, in a rangs from about 70 mTorr o about 90 mTorr.
Exposing the semiconductor device structure 200 to the reducing gas includes flowing
the reducing gas into the processing region at a flow rate of about 200 scom or less,
such as in a range from about 100 scom o about 170 scom, or in & range from about
120 scom o about 80 scom. Exposing the semiconductor device structure 200 to the
reducing agent may further include flowing a carrier gas, for example, an inert gas
such as argon inio the processing region at a flow rate of about 200 scom orless, such
as in a range from about 100 scom to about 200 scom, or in a range from about 120
scom 1o about 150 scom. During the reduction process, the semiconducior device
structure 200 may be maintained a temperature of about 450 degrees Celsius or less,
such as in a range from about 200 degrees Celsius to about 450 degrees Celsius, in

arange from about 250 degrees Celsius 1o about 400 degrees Celsius, or for exampie,
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in a range from about 300 degrees Celsius to about 350 degress Celsius. During the
reduction process, ICF plasma power of 2000 Watlts or less, such as in a range from
about 500 Watls to 1500 Watls, or for example, in a range from about 850 Watis to
about 1000 Watls is applied to maintain the plasma. The reduction process may be
performed for a time pericd of 80 seconds or iess, such as in a range from about 10
seconds 10 about 40 seconds, or for example, in a range from about 10 seconds to

about 30 seconds.

[0048] In some embodiments, during the oxidation process, the processing region
is maintained at a pressure of less than about 10 mTorr, such as in a range from about
1 mTorr o about 5 mTorr, or for example, in a range from about 1 mTorr to about 2
miorr. Exposing the seed layer 240 {o the oxidizing gas includes flowing the oxidizing
gas into the processing region at a flow rate of about 20 scom or less, such as in a
rangse from about 1 scem 0 about 10 scem, or in a range from about 1 scom {0 about
5 scom. Exposing the seed layer 24010 the reducing agent may further include flowing
a carrier gas, for example, an inert gas such as argon into the processing region at a
flow rate of about 100 scom or less, such as in a range from about 50 scom to about
100 scom, or in a range from about 50 scem to about 100 scom. During the oxidation
process, the semiconductor device structure 200 may be maintained a temperature of
about 450 degrees Celsius or less, such as in a range from about 200 degrees Celsius
to about 450 degress Celsius, in a range from about 250 degrees Celsius o about
400 degrees Celsius, or for example, in a range from about 300 degrees Celsius to
ahout 350 degrees Celsius. During the oxidation process, ICP plasma power of 300
Watts or less, such as in a range from about 100 Walls to 300 Wails, or for example,
in & range from about 180 Watls to about 210 Walts. The oxidation process may be
performed for a time period of 80 seconds or iess, such as in a range from about 10
seconds {0 about 40 seconds, or for example, in a range from about 12 seconds {o

about 30 seconds.

[0053] in some embodiments, the oxidation process is performed at a pressure in
a range from about 2 mTorr {o about 7 mTorr, at an ICP power in @ range from about
218 VWalts to about 350 Walls, at g flow rate of argon gas into the processing region

in a range from about 800 scom to about 1000 scom, at a flow rate of oxygen gas into
15
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the processing region in a range from about 5 scom to about 10 scom, at a temperature
in a range from about 300 degrees Celsius {0 about 400 degrees Celsius, and for a

time period from about 80 seconds to about 180 seconds.

{00511 At operation 350, the oxidized seed layer 240 is exposed 1o an eich back
process.  FIG. 2D illustrales a cross-seclional view of the semiconductor device
structure 200 during intermediate stages of manufacturing corresponding to opsration
350, in accordance with some embodiments. The elch back process sslectively

targets the oxidized seed layer 240 over seed layer 230.

[0052] The eich back process includes flowing an elching gas and optional inert
gas into the processing region. The eiching gas can inciude chiorine or flucrine
containing gas, or a combination thereof, whersin the gichant is selected t¢ be reactive
to the metal oxide, i.e., the oxidized sead layer 240, over the non-oxide metal, ie, the
sead layer £30. In some embodiments, the elch back process is performed af a
pressure in a range from about 5 mTorr to about 20 mTorr, at an ICP power in a range
from about 300 Watts to about 400 Watls, at a flow rate of argon gas into the
processing region in a range from about 450 scem to about 500 scem, at a flow rate
of WFG gas into the processing region in a range from about § scom {0 about 10 scom,
at a temperature in a range from about 300 degrees Celsius 1o about 400 degrees

Celsius, and for a time period from about 15 seconds to about 30 seconds.

{0053] The elch back process exposes the oxidized seed layer 240 © an etchant
process to selectively remove the oxidized seed layer 240 with minimal removal of the
underlying seed laver 230, The gradient oxidation process and the eich back process
may be a cyclic process. For example, one cycle may include the gradient oxidation
process foliowed by the eich back process. The gradient oxidation and etch back
process may be repeated for a number of cycles sufficient to reduce the thickness of
the seed layer 230 from the inifial thickness {o a targeted reduced thickness. For
example, the gradient oxidation and etch back process may be repeated for two o
four cycles, for example, two cycles. The gradient oxidation process of operagtion 340

and the etch back process of operation 350 may be repeated until the molybdenum-
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containing layer, for example, the seed layer 230 is reduced in thickness as shown in

FIG. 2D and completely removad from the field region 227 of the dielectric layer 220

{00541 The thickness of the molybdenum-containing layer formed over the field
region is reduced at a greater rate than a thickness of the molybdenum-containing
layers formed over the sidewall surfaces and the bottom surfaces of the fealure 222
Additionally, the thickness of the molybdenum-containing sesd layer 230 formed over
the sidewall surfaces 223 are reduced al a grealer rate than a thickness of the

molybdenum-containing seed layer 230 formed over the bottom surface 224,

[00558] The gradient oxidation process {(operation 340) and etch back process
{operation 350} substantially inhibiis the formation of seams and voids, present during
conventional process, during the subsequent metal gap-fill by removing metal from the
field region 227 while maintaining seeding metal along the sidewsall surface 223 and
along the boltom surface 224 of the feature 222. Thus, a substantially seam-free metal

gap-fill can be achieved.

[0058] At operation 380, the one or more fealures are filled with a metal material.
FIG. 2E illustrates a cross-sectional view of the semiconductor device structure 200
during intermediate slages of manufacturing corresponding to operation 360, in
accordance with some embodimenis. A metal may be formed on the seed layer 230
to fiil the fealure 222 o form a gap-fill layer 250, Any suitable metal deposition process
may be used to deposit the gap-fill layer 250. The gap-fill layer 250 may be deposited
via a chemical vapor deposition (CVD) gap-fill process. The gap-fill layer 250 may
partiaily or completely fill the one or more features. The gap-fill layer 250 is formed
from a metal such as tungsten (W), molybdenum (Mo}, or ruthenium (Ru}, among

others. In one example, the gap-fill layer 250 is formed of molybdenum (Mo).

{0057] In some embodiments, the gap-fill layer 250 is formed using & chemical
vapor deposition (CVD) process comprising concurrently flowing {co-flowing) a
molybdenum-containing precursor gas, and a reducing agent, inlo the processing

region and exposing the semiconductor device structure 200 thersio.
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{00581 In ancther embodiment, the gap-fill layer 250 is deposited at operation 3680
using an atomic layer deposition (ALD) process. The molybdenum gap-fill ALD
process includes repeating cycles of alternately exposing the semiconducior device
structure 200 to 8 molybdenum-containing precursor gas and a reducing agent and

purging the processing region betwesen the altermnaling exposures.

{0059 in other embodiments, the gap-fill layer 280 is deposited using a pulsed
CVD method that includes repeating cycles of alternately exposing the semiconductor
device structure 200 to a molybdenum-containing precursor gas and a reducing gas

without purging the processing region.

[0060]  The previously described embodiments of the present disclosure have many
advantagss, including the metal oxidation process and selective metal oxide removal
process can be completed in two process chambers or in a single process chamber,
thus reducing fabrication times and the potential for handling induced defecis. The
method utilizes an inductively coupled plasma (ICP) O plasma that includes &
diffusion limited gas flow within features {(e.q., trenches or vias) formed on a substrate
fo create an oxygen-starved reaction. In one embodiment, the use of an ICP O;
plasma, a low weak energy Os plasma with high ion/radical ratio, is created to enhance
the field oxidation and deplete the reactive oxygen species before reaching the botlom
of a trench structure or gap. This gives good selectivity (7} in the trench structure and
top-field metal removal is achieved while seed maiterial remains in the bottom of &
trench siructure or gap for a boltom-up growth metal fill. The methods enable muiti-
cycling capability with high wafer throughput. The methods addresses the challengss
of seam and voids during conventional metal gap fill by removing metal from the field
region and the sidewall, while maintaining the seeding metal at the botiom of the gap
or trenches. In this manner, a substantially seam-free bottom up metal gap fill can be

parformed.

{0081]  Vhile the foregoing is directed to embodiments of the present disciosure,
other and further embodiments of the disclosure may be devised without departing
from the basic scope thereof, and the scope thereof is delermined by the claims that

follow.
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Claims:

1. A method of filling a feature on a substrale, the method comprising:

forming @ metal seed layer on an exposed surface of the substrate, whersin the
substrate has features in the form of trenches or vias formed in a top surface ¢of the
subsirate, the fealures having sidewalls and a boitom surface exiending between the
sidewalls;

performing a gradient oxidation process 1o oxidize exposed portions of the
metal seed layer to form a metal oxide, wherein the gradient oxidalion process
preferentially oxidizes a field region of the subsirate over the botlom surface of the
features,

performing an eich back process to remove or reduce the oxidized portion of
the seed layer; and

performing & metal gap-fill process to fill or partially fill the features with a gap

fill material.

2. The method of claim 1, wherein the seed layer is a molybdenum-containing
layer, the metal oxide is molybdenum oxide, and the metal gap fiil material contains

molybdenum.

3 The method of claim 2, whersin an overhang portion of the seed layer extending
into an opening of one or more features formed along the field region of the substrate,

and the overhang portion is preferentially oxidized relative (o the metal seed layer.

4 The method of claim 2, wherein the gradient oxidation process and the etch

back process are performed in two separate chambers.

5 The method of claim 2, further comprising:
forming a liner layer on the exposed surface of the substrate, wherein the seed

layer is formed on the liner layer and the liner layer exiends into the fealures.

8. The method of claim 3, further comprising:

18
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repeating the oxidation process and etch back process on the substrate.

7. The method of claim 3, wherein the seed layer is removed from the field region

and the overhang portion.

8. A method of filling a feature formed on a substrale, the methed comprising:
depesiting a molybdenum-containing layer over an exposed surface of a
substrate, wherein
the substrate comprises a plurality of features formed in a top
surface of the subsirate,
each of the plurality of fealures having a sidewall surface and &
bottom surface, and
the deposited molybdenum-containing layer is formed over the
iop surface of the substrate, and the sidewall surface and bottom surface
of the plurality of features;
exposing the exposed surface of the substrate to a gradient oxidizing process,
wherein the gradient oxidizing process forms oxidized regions of the molybdenum-
containing,
preferentially etching the oxidized regions of the deposited molybdenum-
containing layer, wherein after preferentially etching the oxidized regions, a first portion
of the deposited molybdenum-containing layer remains on the botiom surface in each
of the plurality of features and a second portion of the deposited molybdenum-
cortaining layer remains on the sidewall surface in each of the plurality of features;
and
filling the features with a second molybdenum layer, wherein filling the features
with the second molybdenum laver comprises growing the second molybdenum laver
from the second portion of the deposited molybdenum-containing layer on the sidewall
surface and the first portion of the deposited molybdenum-containing layer on the

bottom surface in each of the features.
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G The method of claim 8, wherein an overhang portion of the seed exiending into
an opening of one or more features formed along the top surface of a subsltrate, and

the overhang portion is preferentially oxidized relative to the metal sead layer.

10, The method of claim 8, wherein the gradient oxidation process and the eich

back process are performed in two separate chambers.

11, The method of claim 8, further comprising:
forming a liner layer on the exposed surface of the substrate, whersin the liner

layer is formed on the seed layer and the liner layer extends into the features.

12. The method of claim 8, further comprising:

repeating the step of oxidation process and eich back process on the substrate.

13, The method of claim 12, wherein the seed laver is removed from the top surface

and the overhang portion.

14. A cluster tool for filling a feature on a substrate, the cluster tool comprising:
a first process chamber, comprising:

an oxygen source that is fluidly coupled to a processing region of
the first process chamber, wherein the oxygen source is configured io
deliver an oxygen-containing gas o the processing region;

a first flow control valve that is configured {0 control the flow of
oxygen-containing gas provided from the oxygen source {0 the
Processing region;

an etching gas source that is fluidly coupled {o the processing
region of the first process chamber, wherein the siching gas souwrce is
configured to deliver an etching gas to the processing region;

a third flow control valve that is configured to control the flow of
the etching gas provided from the eiching gas source o the processing

region; and
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an inductively coupied plasma source that is configured o
generate a plasma in the processing region, wherein the plasma
comprises the oxygen-containing gas, and

a controtler that is configured o

form a metal seed layer on an exposed surface of a substrate, whersin the
substrate has features in the form of trenches or vias formed in a top surface of the
subsirate, the fealures having sidewalls and a boitom surface exiending between the
sidewalls;

perform a gradient oxidation process o oxidize exposed portions of the metal
sead laver o form a metal oxide, wherein the gradient oxidation process preferentially
oxidizes a field region of the substrate over the botiom surface of the features,

perform an etch back process {0 remove or reduce the oxidized portion of the
sead layer, and

perform a molybdenum gap-fill process to fill or partially fill the features with a

gap fill material.

18, The cluster tool of claim 14, wherein the seed layer is a molybdenum-containing

jayer and the metal oxide is molybdenum oxide.

16. The cluster tool of claim 15, wherein an overhang portion of the seed layer
cobsiructs or blocks top openings of one or more features formed along the field region

of a substrate, and the overhang portion is preferentially oxidized.

17. The cluster tool of claim 18, wherein the gradient oxidalion process and the

etch back process are performed in two separate chambers.

18. The cluster tool of claim 17, wherein the controller is further configured o
form a liner layer on an exposed surface of the substrate, wherain the seed

layer is formed on the liner layer and the liner layer extends into the features.

18.  The cluster tool of claim 18, wherein the controller is further configured to:
repeat the step of oxidation process and etch back process on the subsirate.
22
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20, The cluster tool of claim 19, wherein the seed laver is removed from the fisld

region and the overhang portion.
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