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FLEXIBLE MONOMER FOR SMOOTH POLYMER SURFACE

TECHNICAL FIELD

{00011 Embodiments of the present disclosure pertain to methods of sslective
deposition facilitated by a flowable polymer. More particularly, embodiments of the
disclosure are direcied to methods of seleclively depositing a metal after use of a

fowable polymer to protect a substrate surface within a feature.

BACKGROUND

{0002] Gap fill processes are integral o several semiconductor manufacturing
processes. A gap fill process can be used to fill a gap (or feature) with an insulating or
conducting material. For example, shallow irench isolation, inter-metal dielectric
layers, passivation layers, dummy gate, are all typically implemented by gap fill
processes.

{00031 As device geometries continue to shrink {e.g., critical dimensions < 20 nm,
< 10 nm, and beyond) and thermal budgets are reduced, defect-free filling of spaces
becomes increasingly difficult dus to the limitations of conventional deposition
processes.

{0004] Processes for seleciive tungsien fill have been implemented wherein
tungsten can be selectively deposiied on a tungsten seed layer. Unforiunaiely, these
processes require a minimum sesd layer thickness. Known PVD processes can
provide the necessary seed layer thickness, but the selective tungsten fill process will
deposit tungsten material on any exposed seed layer.  Addilionally, there are no
known selective metal deposition methods on metal or metal silicide without causing
damage o the underlying metal or metal silicide.

{00051  Accordingly, there is a need for methods 1o protect the metal or metal silicide
within a feature in order 10 enable bottom-up fill by selective deposilion processes.

SUMMARY

{00081 One or more embodimemts of the disclosure are directed o a method of
forming a semiconductor device. The method comprises: depositing a first metal layer
by physical vapor deposition {(PVD) on a semicanductor substrate surface with at least
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one feature formed thereon, the at least one feature having at least one opening
having a width, at least one sidewall, and a bottom, the at least one feature extending
a fealure depth from a top surface to the botiom, the first metal layer forming on the
top surface, on the at least one sidewall, and on the bottom; exposing the
semiconductor substrate surface o one or more monomers to form a Howable
polymer film on the first metal laver within the at least one feature, the Howable
polymer film forming on the first metal layer on the botiom, the one or more Monomers
selected from one or more of amines with bi-functional groups, aldehydes with bi-
functional groups, cyanates with bi-functional groups, ketones with bi-unclional
groups, and alcohols with bi-functional groups; selectively removing at least a portion
of the first metal layer from ihe {op surface and the at least one sidewall; and
remaoving the flowable polymer film 1o expose the first metal laver on the botiom of the
at least one feature.

{00077  Additional embediments of the disclosure are directed 1o a method of
manufacturing a semiconductor device, In one or more embodiments, the method
comprises: depositing a first meial layer on a substrate surface with at least one
feature formed thereon, the at least one feature including at least one opening, at
least one sidewall, and a bottom, the at least one fealure exiending a featurs depth
from a top surface to the boltom, the first melal layer forming on the top surface, on
the at least one sidewall, and on the bottom; exposing the substrate surface to one or
more monomers o form a flowable polymer film on the first metal layer within the at
least one feature, the Howable polymer film forming on the first metal laver on the
bottom, the one or more monomers selecied from one or more of amines with bi-
functional groups, aldehvdes with bi-functional groups, cyanales with bi-functional
groups, kefones with bi-functional groups, and aleohols with bi-functional groups;
selectively removing the first metal layer from the top surface and from the at least
one sidewall; remaoving the flowable polymer film 10 expose the first metal layer on the
bottom of the at least one feature; and selectively depositing a second metal layer on
the first metal layer to fill the at least one feature.

BRIEF DESCRIPTION OF THE DRAWINGS

PCT/US2024/035324
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{0008] So that the above recited festures of the presemt disclosure can be
understood in detail, a more particular description of the disclosure, briefly
summarized above, may be had by reference 1o embodiments, some of which are
Hlustrated in the appended drawings. 1t is {0 be noted, however, that the appended
drawings illustrate 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
efiective embodiments.

{0008] The embodiments as described herein are illustrated by way of example and
not limitation in the figures of the accompanying drawings in which like references
indicate similar elements.

{00101 FIG. 1 illustrates a process flow diagram of a method according to one or
more embodiments;

0011 FIG. 2 iHuslrates a cross-sectional view of a semiconductor substrate
according to one or more embodiments;

00121 FIG. 3 iluslrales a cross-seclional view of a semiconducior substrate
according 1o one or more embodiments;

{00131 FIG. 4 ilustrates a cross-seclional view of a semiconducior substrate
according o one or more embodiments;

[0014] FIG. & iHustrates a cross-sectional view of a semiconductor subsirate
according 1o one or more embodiments;

[0015] FIG. ¢ iHustrates a cross-sectional view of a semiconductor substrate
according to one or more embodiments;

[0018] FIG. 7 illusirales a cross-seclional view of a semiconducior substrate
according o one or more embodiments; and

{00177 FIG. 8 is a schemalic top-view diagram of an exampie muili-chamber
processing system according 1o one or more embodiments.

DETAILED DESCRIPTION

{0018} Before describing several exemplary embodiments of the disclosure, itis to
be understood that the disclosure is not limited to the details of conslruction or
process sieps set forth in the following description. The disclosure is capable of other
embodiments and of being practiced or being carried out in various ways.

PCT/US2024/035324
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[0019] The term "about” as used herein means approximately or nearly and in the
context of a numerical value or range set forth means a variation of £15% or less, of
the numerical value. For example, a value differing by 114%, £10%, 5%, 2%, £1%,
10.5%, or £0.1% would satisfy the definition of about.

{00201 As used in this specification and the appended claims, the term "subsirate”
or "wafer" refers fo a surface, or portion of a surface, upon which a process acts. It will
also be undersiood by those skilled in the art thal reference 10 a substrate can refer o
only a portion of the subsirate unless the context clearly indicates otherwise.
Additionally, reference {o depositing on a substrate can mean both a bare substrate
and a subsirate with one or more fiims or features deposited or formed thereon.

f00211 A "substrate” as used herein, refers to any substrale or material surface
formed on a substrate upon which film processing is performed during a fabrication
process. For example, a subsirate surface on which processing can be performed
include malerials such as silicon, silicon oxide, strained silicon, silicon on insulator
(SO, carbon doped silicon oxides, amorphous silicon, doped silicon, germanium,
gallium arsenide, and any other materials such as metals, metal nitrides, metal alloys,
and c¢ther conductive materials, depending on the application. Substrates include,
without limitation, semiconducior wafers. Substrates may be exposed o a
preireatment process 1o polish, elch, reduce, oxidize, hydroxylate, anneal and/or bake
the substrate surface. In addition to film processing directly on the surface of the
substrale itself, in the present disclosure, any of the film processing steps disclosed
may also be periormed on an under-layer formed on the subsirate as disclosed in
more detail below, and ihe term "subslrate surface” is intended to include such under-
layer as the context indicates. Thus, for example, where a film/iayer or partial
film/layer has been deposited onto a substrate surface, the exposed surface of the
newly deposited film/layer becomes the substrale surface.

{00221 As used herein, the term "substrate surface” refers to any substrale surface
upon which a layer may be formed. The substrate surface may have one or more
features formed therein, one or more layers formed thereon, and combinations
thereof. The shape of the feature can be any suitable shape including, but not miied
o, peaks, trenches, holes and vias (circular or polygonal). As used in this regard, the

term "featurs” refers to any intentional surface irequiarity. Suitable examples of
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features include butf are not limited to frenches, which have a top, two sidewalis and a
bottorn extending into the substrate, vias which have one or more sidewall extending
into the substrate o a bottom and siot vias.

{00231 As used in this specification and the appended claims, the term "selectively”
refers fo a process which acls on a first surface with a greater effect than another
second surface. Such a process would be described as acting "selectively” on the first
surface over the second surface. The term "over” used in this regard does not imply a
physical orientation of one surface on top of another surface, rather a relationship of
the thermodynamic or kinetic properties of the chemical reaction with one surface
relative to the other surface.

{00241 The term "on" indicates thal there is direct contact beiween elemenis. The
term “directly on” indicates that there is direct confact between elements with no
intervening elements.

{00257 As used in this specification and the appended claims, the terms “precursor,”
“reactant,” “reactive gas” and the like are used interchangeably to refer to any
gaseous species that can react with the subsirate surface.

{00261 Embodiments of the disclosure advaniageously provide methods for
selectively depositing a metal after use of a flowable polymer o protect a substrate
surface within a feature. One or more embodimenis advantageously provide for the
removal of a metallic material from the field and sidewalis of a feature without removal
of a Howable polymer from the boltom surface of the substrate. The remaining
flowable polymer has a smooth surface. Further embodiments advantageously
provide methods for selectively depositing a metallic gap fill in a bottom-up fashion.
{00271 The embodiments of the disclosure are described by way of the Figures,
which illustrate processes and substrates in accordance with one or more
embodiments of the disclosure. The processes, schemes, and resulling subsirates
shown are merely illustrative of the disclosed processes, and the skilled artisan will
recognize that the disclosed processes are not limited to the illustrated applications.
{0001] Referring to the Figures, the disclosure relates 10 a method 100 of seleclive
deposition of a gap fill material. FIG. 1 depicts a process flow diagram of a selective
deposition method 100 in accordance with one or more embodiments of the presemt
disclosure. FIGS. 2-7 depict a device 200 having a substrate surface with at least one

PCT/US2024/035324



10

15

20

25

30

WO 2025/006411

feature formed therein during processing according o one or more embodiments of
the present disclosure. FIG. 8 is a schematic {op-view diagram of an example multi-
chamber processing system for performing the methods according o one or more
embodiments.

[0028] FIG. 2 illustrates a semiconductor device 200 with a substrate surface 205.
As identifisd above, the substrate surface refers to the exposed surface of the
substraie upon which g process may be performed. The substrale surface 205 has at
least one feature 210 formed therein. While only three features are shown in the
Figures, one skilled in the art will recognize that a plurality of features will each be
affected by the disclosed methods in a similar manner.

{00291 The at least one feature 210 has an gpening 212 with an opening width wo.
The opening 212 is formed in a top surface 215 of the device 200. The feature 210
alsg has one or more sidewall 214 and exiends a feature depth D from the top surface
215 to boltom 218, While straight, vertical sidewalls are shown in the Figures, the
disclosed methods may also be periormed on slanied, #regular, or reentramt
sidewalls.

{00301 In one or more embodiments, the device 200 iustrated in FIG. 2 is
comprised of a material 220 on a material 210. Those skilied in the art will recognize
that the top surface 215, sidewall 214, and bottom 216 may each be comprised of one
or more similar or different materials. For example, the lower portion of sidewsll 214
may be formed from a first material while the upper portion of the same sidewall 214
may be comprised of a second material. Similarly, a thin layer may be deposited on
the top surface 215 without forming an appreciable portion of the sidewall 214, Inone
or more embodiments, the bottom 216 may be comprised of a different material 210
than the sidewali 214,

{00311 In one or more embodiments, the opening width wo of the opening 212 is
less than or equal to about 50 nm, less than or equal to aboui 30 nm, less than or
equal to about 20 nm, less than or equal 1o about 10 nm, or less than or egual 10
about 7 nm. In one or more embodiments, the opening width wo is in a range of about
8 nm to about 20 nm.

{00321 In one or more embodiments, the fealure depth D of the feature 210 is
greater than or equal o about 5 nm, greater than or equal o about 10 nm, greater
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than or equal to about 20 nm, greater than or equal io about 50 nm, greater than or
squal to about 80 nm, grealer than or equal 1o about 75 nm, greater than or equal 1o
about 100 nm, greater than or equal 1o about 200 nm, gregter than or equal to gbout
300 nim, greater than or equal to about 400 nm, or greater than or egual fo about
450 nm. In one or maore embodiments, the feature depth D is in a range of about 5 nm
to about 500 nm.

{0033] As used herein, the term "lealure” means any intentional surface irregularity.
Suitable examples of features include but are not limited to trenches or vias which
have a top, iwo sidewalls and a botiom, peaks which have a top and two sidewalls.
Features can have any suilable aspect ratio {ratio of the depth of the feature to the
width of the feature).  In one or more embodiments, the aspect ratio of the at least
one feature 210 is greater than or equal to about 5:1, 10:1, 15:1, 20:1, 25:1, 30:1, 35:1
or 40:1.

{00347 For simplicity, reference will be made 1o parts of the fealure 210 illustrated in
FIG. 2 while referring to FIGS. 3-7. For example, the device 200 shown in FIG. 3 will
be referred 1o as having a bottom 216, For clarity of the illusirations provided, the
reference numerals of the parts of feature 210 are not shown in FIGS. 3-7.

{00351 Referring to FIG. 1 and FIGS. 2-7, in one or more embodiments, the method
100 begins with optional operation 105 10 pre-treat the subsirate. The pre-treaiment
at operation 105 can be any suilable pre-treatment known fo the skilled artisan.
Suitable pre-treatmenis include, but are not limited to, pre-healing, cieaning, scaking,
native oxide removal, or deposition of a contact layers {e.q., titanium silicide (TiSi), or
capping layers (e.g., TiSiN). In one or more embodiments, a layer such as Htanium
silicide or titanium silicon nitride (TiSIN), or other metal silicide is deposited at
operation 105.

{00381 An exemplary device 200 is shown in FIG. 3 after optional operation 105,
The device 200 comprises a boliom formed from substrate 210 and sidewalls and a
top surface formed from layer 220, In one or more embodiments, substrate 210
comprises a conductive malerial and layer 220 comprises a dielectric. Those skilled
in the art will recognize that the disclosed processes may be performed on different
materials and/or that the Hllustrated layers may be arranged in different ways.
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{00371 The method 100 continues with cycle 110, Cycle 110 forms a layer of metal
material 240 at the bottom 216 of at least one feature 210 of the device 200. Cycle
110 includes a series of operations which are each performed in sequence and may
be repeated. Some of the operations are optional within each cycle. A given optional
operation may be performed during each cycle, periodically (every other, every fifth, or
every hundredth cycle), as needed based on predetermined parameters, or even not
at alt.

{0038] As shown in FIG. 3, the cycle 110 begins with optional operation 112, At
112, a metal material 240 is deposited on the substrate surface 205 of the device 200.
The metal material 240 has a bottom thickness on the bottom 216 and a top thickness
on the iop surface 215 and/or a sidewall thickness on the sidewsll 214. The metal
material may comprise any suitable material known o the skilled artisan. In one or
more emboediments, the metal material 240 comprises one or more of tungsten (W),
ruthenium (Ru}, nicke! (N, titanium (71}, molybdenum (Mo}, cobalt (Co}, or tantalum
{Ta). In some embodimenis, the first metal layer 240 forms on the botlom of the at
least one fealure and reacts with the semiconductor substrate surface 210 to form a
metal silicide. In one or more embodiments, the metal silicide comprises one or more
of tungsten silicide (W8, ruthenium silicide (RuSi), nickel silicide (NiSiy), titanium
silicide (TiSh), molybdenum silicide (MoSix}, coball silicide (CoSi), or tantalum silicide
{TaSi).

{00381 The metal material 240 may be deposited by any suitable method. in one or
more embodiments, the metal material 240 may be deposited by physical vapor
deposition (PVD}. In these embodimenis, as shown in FIG. 3, the sidewall thickness
is less than the fop thickness and the botiom thickness. In one or more embodiments,
the top thickness is greatler than the bottom thickness.

{00407 Those skilled in the art will recognize that the disclosed methods may begin
with a metal material 240 already formed on the subsirate surface 205 of the device
200, and the device is then provided. Accordingly, operation 112 is disclosed as
optional. As used in this specification and the appended claims, the term "provided”
means that the substrate is made avallable for processing (e.g., positioned in a
processing chamber).

PCT/US2024/035324
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{0041} The cycle 110 continues with operation 114. As shown in FIG. 4, at
operagtion 114, a fowable polymer film 250 is formed on the metal material 240 within
the feature 210 of the device 200. The polymer fim 250 has a polymer thickness less
than or equal o the featurs depth D. Stated differently, as a flowable film (described
below), the polymer film is contained entirely with the feature 210 and is not present
on the top surface 215 of the device 200. In one or more embodiments, the polymer
film has a thickness in a range of about 1 nm o about 10 nm, or in a range of about 2
nm o about 5 nm. In some embodiments, the thickness of the polymer film 250 is in a
range of from 1% {0 899%, or in a range of from 1% 1o 80%, or in a range of from 2% 1o
20% ot the depth D of the at least one feature 210.

{00427 In the disclosed methods, processing parameters and reactants may be
selected to Himit conformality of deposited materials, which may allow the deposited
material to better fill features on the subsirate. A {lowable material is one which,
under the proper conditions, will flow by gravity 1o the low point of a substrate surface
and/or by capillary action 1o narrow CD spaces of trenches or other fegtures,

{0043} In one or more embodiments, forming the polymer film comprises exposing
the surface to one or more monomers. In one or more embodiments, the monomers
comprise, consist essentially of, or consist of a single, bi-functional monomer, each
functional group being different.  In this way, one functional group of & monomer
molecule will react with the other functional group of a different monomer molscule.
Those skilled in the art may recognize this as an "A” polymer.

{00447 In one or more embodiments, the one or more monomers comprise or
congist essentially of or consist of one or more of amines with bi-funclional groups,
aldehydes with bi-funclional groups, cyvanates with bi-functional groups, ketones with
bi-functional groups, and alcohols with bi-functional groups.

[0045] In one or more embodiments, the amines have a formuia of HeN-{CHs)n-NHz,
where n is an integer in a range of from 1 o 20 and x is 1 or 2. In one or more
embodiments, the aldehydes have a formula of OHC-{CH)m-CHO, where m is an
integer inarange of from 2 1o 20 and x is 1 or 2. In one or more embodiments, the
cyanates have a formula of NCO-(CHy)p-OCN, where p is an integer in a range of from
21t 20 and xis 1 or 2. In one or more embodiments, the ketones have a formula of
ROC-(CH)-COR, where gis an integerinarange of from 210 20, xis 1 or 2, and R
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is an alkyl group. In one or more embodiments, the alcohols have a formula of HOC-
({CH)-COH, where gis an integerinarange offrom 210 20 and xis 1 or 2.

{08461 In one or more embodiments, the amines, the aldehydes, the cyanates, the
ketones, and the alcohols comprise carbon aloms. in one or more embodiments, the
monomers described herein may be linear, branched, cyclic, salurated, or
unsaturated. The monomers described herein do not contain groups which are
regctive in the chemical polymerization process described herein,

{00471 in very specific embodiments, the monomers may be selected from one or

more of

NH;
HN SN2 HEN/\"’/\NHZ HQN\/«\NHZ

Ssalincsalilace

{00481 In one or more embodiments, the monomers consist essentially of two
bifunctional monomers, each functional group being the same. In this way the
functional groups of one monomer react with the functional groups of a second
monomer. Those skilled in the art may recognize this as an "AB” polymer.

{00491 in one or more embodiments, the flexible monomers used for producing the
selective protection polymer film 250 are capable of forming oligomers in a higher
percentage during polymerization compared with stiff monomers. Thus, in ong or more
embodiments, the polymerization process is through monomer, oligomer, and polymer
stages. The polymer formation depends on its iocal conceniration of monomers. In
one or more embodiments, A and B monomers are used, which can only bond
between A and B, not between A’s or B's. Therefore, during the purge and pumping
stage, the A concentration is greatlly reduced, especially on the field/wall areas 214,
215, In this case, when B monomers come in, it only forms oligomers on the field/wall
areas 214, 215 with very low conceniration of A monomer. Due to pumping and purge
efficiency difference between fieid/wall 214, 215 and botiom 216 of the feature 210,
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the A monomer concentration in the botiom 216 of the feature 210 is higher compared
with the concentration on the fisld/wall 214, 215, Since A monomer concentration is
higher at the boltom 218 of the feature 210, it forms higher molecular number
oligomer or polymer with incoming B monomers. Thege oligomers and polymers will
continually grow with process cycles at bottom 216 of the feature 210. In one or more
embodiments, a lower molecular weight B monomer is used, when it forms B-A-B
oligemer on field/wall 214, 215 with low concentralion of A, it is stili volatile compared
with higher oligomers formed at bottom 216 of the feature 210, B-A-B-A-B, eic., which
decreases the amount of polymer residue on field/wall 214, 215 as much as possible.
{00807 A benzene ring has an electrical advantage 1o activate the aldehyde
functional group during bonding with amine. When two aldehyde groups are inthe 1,4
positions of a benzene ring, the monomer is a stiff or rigid monomer. When the
monomer reacts with 1,4-diamincbenzene, it forms a siif polymer with a rough
surface in the feature,

{0051]  Accordingly, in one or more embediments, if two aldehyde groups are in the
1,3 positions of benzene, which is a flexible monomer, g flexible polymer film 250 with
is formed. The flexible polymer film 250 has a lower glass transition temperaiure
compared with a film formed from a stiff polymer. Thus, in one or more embodiments,
a polymer film 250 is advantageously formed having & smooth polymer surface,
flexibility, and a lower glass iransifion lemperaiure (Tg), especially when the Ty is
below the process temperature.

00521 In one or more embodiments, when a flexible monomer is used, the
opporiunily 1o form cligomers, such as ABAB or ABABAB, is increased. Flexible
manomers also make possible a smooth surface in the feature 210 with easy packing
and packing density. Flexible monomers also reduce polymer residue on field/wall
214, 215 area due 10 the oligomer's volatility and flowabiiity info the feature. By this
improvement, the residue of polymer on field 215 and on the sidewall 214 is
eliminated, enhancing process efficiency. In one or more embodiments, the
semiconductor device qualily is improved when there is substantially no to no residue
on the field 215 and wali 214 areas.

{00531 Without infending to be bound by theory, it is thought that the polymer that is
formed and deposited as the polymer film 250 has the flexibility to fill the bottom of the
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feature 210. In one or more embodiments, the polymer has liquidity during deposition
and further processing.

{00541 As slated previously, the polymer film 250 is flowable. In order {0 conirol the
"flowability” of the resulting polymer film 250, it has been found that it is necessary 1o
conirol the size of the resulting dligomers.

[0085] Accordingly, in one or more embodiments, the formation of the polymer film
250 is performed on a subsirate maintained at a temperalure in a range of 0 °C 10 400
°C. In one or more embodimenis, the substrafe is maintained at a temperaiure
greater than or equal to about 0 °C, greater than or equal to about 30 °C, greater than
or squat to about 50 °C, greater than or equal to about 100 °C, greater than or equal
to about 200 °C, or gregter than or egual to about 300 °C. in ong or more
embodiments, the subsirate is maintained at a temperature less than or egual (o about
400 °C, less than or equal io about 300 °C, less than or equal fo about 200 °C, less
than or equal to about 100 °C, less than or equal to about 50 °C, or less than or equal
o about 30 °C.

{00561 Further, other process parameters may be controlied during the formation of
the polymer film 250. Examples of parameters which may be controlled include, but
are not fimited 1o processing chamber pressure, monomer selections, the use of an
inert diluent or carrier gas, pariial pressures of monomers, pulse seguence of
monomers, and pause periods to permit flow of the polymer material.

{00871  The cycle 110 continues with operation 118, As shown in FIG. 5, at 116, at
least a portion of the metal material 240 is selectively removed. The metal material
240 is removed from the top surface 215 without substantially affecting any material
beneath the polymer film. As used in this regard, a process which doss not
“substantially affect” material layers does not cause any decrease in volume,
thickness, or compaosition. One skilied in the art will recognize that the polymer film
250 is acting as an eich stop layer during the removal of a portion of the metal
material 240.

{00588] In one or more embodiments, operation 116 also removes a portion of the
metal material 240 from the sidewall 214. In one or more embodiments, any metal
material 240 which is present on sidewall 214 below the upper surface of the polymer
film 250 may remain intact without being removed.
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{00591  In one or more embodiments, the selective removal of the metal material 240
is performed by exposing the substrate surface 205 of device 200 to NF3 radicals. In
ong or more embodiments, the seleclive removal of the metal material 240 is
performed by exposing the subsirate surface 205 to & fluorine-based plasma or &
chiorine-based plasma. In one or more embodiments, the substrale is maintained at a
temperature in a range of 80 °C 1o 150 °C.

{00601  In one or more embodiments, the selective removal of melal mailerial 240 is
performed by a seguence of oxidizing metal material 240 and exposing the oxidized
material to a metal halide to eich the oxidized material. In one or more embodiments,
when the metal material comprises tungsten, the metal halide comprises WCIs.

{00611 The cycle 110 continues with optional operation 118. As shown in FIG. 6,
at 118, the polymer film 250 is removed to expose the metal material 240 beneath the
polymer film 250. In one or more embodiments, the removal of the polymer film 250 is
complete and leaves substantially no or no residuse.

{0062] In one or more embodiments, the polymer film 250 is removed by exposing
the substrate surface 205 of the device 200 to a hydrogen (Hz) plasma treatment. In
one or more embodiments, the polymer film 250 is removed by exposure 1o a thermal
Oe environment at an elevated temperature.

{00831 In one or more embodiments, the removal of the polymer film 250 is
performed by exposing the substrate surface 205 of device 200 to one or more of &
thermal process or a hydrogen {He) plasma freatment. In one or more embodiments,
after removing the metal matenial 240 from the top surface 215 and sidewall 214, the
polymer can be removed thermally by heating it to 350 °C to 500 °C under vacuum. In
other embodiments, after removing the metal material 240 from the top surface 215
and sidewall 214, the polymer may also be removed by hydrogen (Hz) plasma at
temperature in a rangs of from 100 °C fo 300 °C for a time period in a rangse of from 2
sio 30s.

{00641 The cycle 110 continues with opticnal operation 118, A 119, unillustrated,
the substrate surface 105 may be oplionally cleaned. The cleaning process can be
any suitable process which cleans the surface of the metal material. In one or more

embodiments, the cleaning process does not oxidize the metal surface.
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[0065] In one or more embodiments, at the end of cycle 110, the surface of the
metal material 240 does not conlain any contaminants or residues of the polymer
layer 240. Specifically, in one or more embodiments, there are no carbon or oxygen
residuss on the surface of the metal material 240. In one or more embodiments,
when the method 100 includes repeated cycles 110 {see below), there are no
contaminants or residues between amounts of the metal material 240 deposited in
subsequent cycles. In one or more embodiments, when the method 100 includes the
deposition of a second metal material 260 (see below), there are no contaminants or
residues between the metal material 240 are the second metal material 260.

{0066} In one or more embodiments, this is achieved by a removal process at
opergtion 118 which leaves no residues or contaminanis. In one or more
embodiments, this is achieved by performing a clean process at operation 118, In one
or more embodiments, the monomers are selected so as not to confain any oxygen
atoms which may oxidize the surface of the metal material 240 during removal of the
polymer layer 250.

{00671 The method 100 continues 1o decision poini 120. At point 120, the substrale
is evaluated o determine whether or not the metal material 240 has reached a
predetermined thickness or a predetermined number of cycles 110 have been
periormed. I the conditions are met, the method 100 continues to operation 1306, H
the conditions are not met, the method 100 returns 1o the beginning of cycle 110 with
operation 112, In those embodiments in which the cycle 110 is repeated to form
additional material, those skilled in the art will appreciate that operation 112 is often
performed o deposit the requisite additional melal material. In one or more
embodiments, the predetermined thickness is in a range of about 2 nm to about 10
nm.

{00687 The method 100 continues with optional operation 130. At 130,
unifusirated, the metal material 240 may be optionally etched. In one or more
embodiments, the metal material 240 is efched o remove the portions of the metal
material 240 which extend up the sidewall 214, When efched, the metal material 240
iz also thinned on the bottomn 216 of the feature 210, Accordingly, one skilled in the
art will recognize that the metal maierial 240 may be deposited to a greater bottom
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thickness than desired in a final product 1o provide for sacrificial material which will be
removed when eiching the metal material from the sidewali 214,

{00631 The method 100 continues at optional operation 140. As shown in FIG. 7, at
140, a second metal material 260 is selectively deposited on the metal material 240.
The deposition process is seleclive o the surface of the metal material 240 over other
substrate surface malerials {e.g., laver 220}, The selective deposition process
provides a gapfill malerial comprising the second metal material 260 which is formed
in a bottom-up fashion without lateral deposition from the sidewall 214, in one or
more embodiments, the second metal material is deposited without forming any voids
or seams within the second metal material 260.

00701 In one or more embodiments, the metal material 240 and the second metal
material 260 comprise the same metal. In one or more embodiments, the metal
material 240 and the second metal material 260 comprise different metals. In one or
more embodiments, the first metal material 240 comprises or consists essentially of
wngsten (W), molybdenum (Mo}, ruthenium {Ru), cobalt (Co), nickel (N}, tiianium (T3},
and tantalum (Taj}.

{00711 The method may end after operation 140 or it may continue with optional
post processing at optional operation 150. The optional post-processing operation 150
can be, for example, a process to modify film properties (e.g., annealing or plasma
treatment), a further film deposition process (e.g., additional ALD or CVD processes)
to grow additional films, or a further eich process to form a desired predetermined
device architecture. in one or more embodiments, the optional post-processing
operation 150 can be a process thal modifies a property of the deposited fiim. In one
or more embodiments, the optional postprocessing operation 150 comprises
annealing the device 200. In one or more embodiments, annealing is performed at a
temperature greater than or equal o about 300 °C, greater than or equal o about
400 °C, greater than or equal to about 500 °C, greatler than or equal to about 800 °C,
greater than or equal to about 700 °C, greater than or sgual {0 about 800 °C, greater
than or equal to about 900 °C or greater than or equal fo about 1000 °C. The
annealing environment of one or more embodiments comprises one or more of an
inert gas (e.g., molecular nitrogen (Nz), argon (An) or a reducing gas {e.g., molecular
hydrogen (Hz} or ammonia (NHz)) or an oxidant, such as, but not limited o, oxygen
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{O2}, ozone (Os), or peroxides. Annealing can be performed for any suitable length of
fime. In one or more embodiments, the subsirate is annealed for a predetermined time
in the range of about 15 seconds to about %0 minuies, or in the range of aboul 1
minute to about 60 minutes.

{00721 FIG. 8 illustrates a schematic top-view diagram of an example of a multi-
chamber processing system 400 according fo embodiments of the present disclosure.
The processing system 400 generally includes a factory interface 402, load lock
chambers 404, 408, transfer chambers 408, 410 with respective transfer robots 412,
414, holding chambers 416, 418, and processing chambers 420, 422, 424, 426, 428,
430. As detailed hersin, waters in the processing system 400 can be processed in and
transferred between the various chambers without exposing the watlers 1o an ambient
environment exterior 10 the processing system 400 (e.g., an atmospheric ambient
environment such as may be present in a fab). For example, the walers can be
processed in and transterred between the various chambers in a low pressure (2.4,
less than or equatl to about 300 Torr) or vacuum environment without breaking the low
pressure or vacuum environment between various processes performed on the wafers
in the processing system 400. Accordingly, the processing system 400 may provide
an integrated solution for some processing of walers.

{00731 Examples of a processing system that may be suitably modified in
accordance with the teachings provided herein integrated processing systems or other
suitable processing sysiems commercially available. I is contemplated that other
processing systems (including those from other manufacturers} may be adapted 1o
benefil from aspects described herein.

[0074] In the Hustrated example of FIG. 8, the factory interface 402 includes a
docking station 440 and factory interface robots 442 o facilitate transfer of wafers.
The docking station 440 is configured to accept one or more front opening unified
pods (FOUPs) 444, In some examples, each factory inferface robot 442 generally
comprises a blade 448 disposed on one end of the respective factory interface robot
442 configured 1o transfer the wafers from the factory interface 402 to the load lock
chambers 404, 406.

{00751 The load lock chambers 404, 406 have respeciive poris 450, 452 coupled {0
the factory interface 402 and respective ports 454, 456 coupled io the transfer
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chamber 408, The iransfer chamber 408 further has respeciive poris 458, 460
coupled 1o the holding chambers 416, 418 and respective poris 482, 464 coupled 1o
processing chambers 420, 422. Similarly, the transfer chamber 410 has respective
poris 466, 468 coupled io the holding chambers 4186, 418 and respective ports 470,
472, 474, 476 coupled 1o processing chambers 424, 428, 428, 430. The poris 454,
456, 458, 460, 462, 464, 468, 488, 470, 472, 474, 476 can be, for example, slit vaive
openings with slit valves for passing wafers thersthrough by the transfer robots 412,
414 and for providing a seal between respeciive chambers to prevent a gas from
passing between the respective chambers. Generally, any port is open for iransferring
a water therethrough. Otherwise, the port is closed.

{00781 The load lock chambers 404, 408, transfer chambers 408, 410, holding
chambers 416, 418, and processing chambers 420, 422, 424, 428, 428, 430 may be
fluidly coupled o a gas and pressure confrol system {not specifically llustrated). The
gas and pressure control system can include one or more gas pumps {e.g., ubo
pumps, cryo-pumps, roughing pumps), gas sources, various valves, and conduils
fluidly coupled 1o the varicus chambers. In operation, a factory interface robot 442
transfers a wafer from a FOUP 444 through a port 450 or 452 1o a load lock chamber
404 or 408. The gas and pressure control system then pumps down the lead lock
chamber 404 or 4086, The gas and pressure control sysiem further maintaing the
transfer chambers 408, 410 and holding chambers 416, 418 with an inferior low
pressure or vacuum environment {which may include an inert gas). Hence, the
pumping down of the load lock chamber 404 or 406 facilitates passing the wafer
between, for exampie, the atmospheric environment of the faclory interface 402 and
the low pressure or vacuum snvironment of the transfer chamber 408.

{00771  With the waler in the load lock chamber 404 or 406 that has been pumped
down, the transfer robot 412 transfers the wafer from the load lock chamber 404 or
408 into the transfer chamber 408 through the port 454 or 456. The transfer robot 412
is then capable of transferring the waler o and/or between any of the processing
chambers 420, 422 through the respective poris 462, 464 for processing and the
holding chambers 416, 418 through the respective ports 458, 480 for holding to await
further transfer. Similarly, the transier robot 414 is capable of accessing the wafer in
the holding chamber 416 or 418 through the port 466 or 488 and is capable of
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transferring the wafer 10 and/or between any of the processing chambers 424, 426,
428, 430 through the respective ports 470, 472, 474, 476 for processing and the
holding chambers 416, 418 through the respective ports 466, 468 for holding to await
further transfer. The transfer and holding of the wafer within and among the various
chambers can be in the low pressure or vacuum environment provided by the gas and
pressure control system.

{0078] The processing chambers 420, 422, 424, 426, 428, 430 can be any
appropriate chamber for processing a wafer. In some embaodiments, the processing
chamber 420 can be capable of perorming an annealing process, the processing
chamber 422 can be capable of performing a cleaning process, and the processing
chambers 424, 426, 428, 430 can be capable of performing epitaxial growth
processes. in some examples, the processing chamber 422 can be capable of
performing a cleaning process, the processing chamber 420 can be capable of
performing an etch process, and the processing chambers 424, 426, 428, 430 can be
capable of performing respective epitaxial growth processes. The processing chamber
422 may be any suitable preclean chamber. The processing chamber 420 may be any
suitable etch chamber.

{00791 A sysiem controller 490 is coupled to the processing system 400 for
conirolling the processing sysiem 400 or components thereof. For example, the
system coniroller 430 may conirol the operation of the processing system 400 using &
direct control of the chambers 404, 408, 408, 418, 418, 410, 420, 422, 424, 428, 428,
430 of the processing system 400 or by conirolling controllers associated with the
chambers 404, 408, 408, 416, 418, 410, 420, 422, 424, 426, 428, 430. In operation,
the system controller 480 enables data collection and feedback from the respective
chambers o coordinate performance of the processing system 400,

[0080] The sysiem controller 490 generally includes a central processing unit (CPLU)
492, memory 484, and support circuiis 486. The CPU 482 may be one of any form of
a general-purpose processor that can be used in an industrial setting. The memory
494, or non-transitory computer-readable medium, is accessibie by the CPU 482 and
may be one or more of memory such as random-access memory (RAM), read only
memory (ROM), floppy disk, hard disk, or any cther form of digital storage, local or
remote. The support circuils 486 are coupled to the CPU 4982 and may comprise
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cache, clock circuits, input/output subsystems, power supplies, and the like. The
various methods disclosed herein may generally be implemented under the control of
the CPU 492 by the CPU 492 execuling computer instruction code slored in the
memory 484 {or in memory of a particular process chamber) as, for example, g
software routine. When the computer instruction code is executed by the CRU 492,
the CPU 492 controls the chambers to perform processes in accordance with the
various methods.

{0081] Other processing systems can be in other configurations. For example, more
or fewer processing chambers may be coupled to a transfer apparatus. In the
iflustrated example, the transfer apparatus includes the fransfer chambers 408, 410
and the holding chambers 416, 418, In other examples, more or fewer iransfer
chambers {e.g., one transfer chamber) and/or more or fewer holding chambers {(e.g.,
no holding chambers) may be implemented as a transfer apparatus in a processing
system.

{00821 Processes may generally be slored in the memory of the system controlier
1190 as a sofiware routing that, when executed by the processor, causes the process
chamber o perform processes of the present disclosure. The software routine may
also be stored and/or executed by a second processor {not shown} that is remotely
located from the hardware being controlied by the processor. Some or all of the
methods of the present disciosure may also be performed in hardware. Ag such, the
process may be implemented in software and executed using a computer system, in
hardware as, e.g., an application specific integrated circuit or cther type of hardware
implementation, or as a combination of software and hardware. The sofiware routing,
when executed by the processor, transforms the general-purpose computer inte a
specific purpose computer {coniroller) that controls the chamber operation such that
the processes are performed.

[0083] Embodiments of the disclosure are directed 0 a non-transilory computer
readable medium. in one or more embodiments, the non-transitory computer readable
medivm includes instructions that, when execuled by a controller of a processing
chamber, causes a processing chamber o perform the operations of any of the
methods {e.g., method 100) described herein. in ong or more embodiments, the
controller causes a processing chamber to perform the operations of method 100, In

PCT/US2024/035324



10

15

20

25

30

WO 2025/006411

20

one or more embodiments, the controlier causes the processing chamber to perform
the operations of forming a polymer film on the substrate surface (operation 114). In
ong or more embodiments, the conirolier causes the processing chamber to perform

the operations of removing the metal material {operation 116).

"o nw

[0084] Spatially relative terms, such as "beneath,” "below,” "lower,” "above,

upper”
and the like, may be used herein for ease of description to describe one element or
feature's relationship lo another element(s} or feature(s) as illustrated in the figures. it
will be understood that the spatially relative terms are infended o encompass different
orientations of the device in use or operation in addition to the orientation depicted in
the figures. For example, it the device in the figures is tumed over, elemenis
described as "below,” or "beneath” other elements or fealures would then be oriented
"above” the other elements or features. Thus, the exemplary term "below™ may
encompass both an orientation of above and below. The device may be otherwise
oriented {rofated 90 degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

f0083] The use of the terms "8" and "an” and "the" and similar referents in the
context of describing the materials and methods discussed herein (especially in the
context of the following claims) are to be construed to cover both the singular and the
plural, unless otherwise indicated herein or clearly contradicted by contexi. Recitation
of ranges of values herein are merely intended to serve as a shorthand method of
referring individually to each separate value falling within the range, unless otherwise
indicated herein, and each separate value is incorporated into the specification as if it
were individually recited herein. All methods described herein can be performed in any
suitable order unless otherwise indicated herein or otherwise cleardy contradicted by
context. The use of any and all examples, or exemplary language {e.g., "such as")
provided herein, is infended merely o better luminate the malerials and methods and
does not pose a limitation on the scope unless otherwise claimed. No language in the
specification should be construed as indicating any non-claimed element as essential
to the practice of the disclosed materials and methods.

{00861 Reference throughout this specilication o "one embodiment,” “cerfain
embodiments,” "one or more embodimenis” or "an embodiment” means that a

particular featurs, structure, material, or characteristic described in connection with the

PCT/US2024/035324



10

15

WO 2025/006411

21

embodiment is included in at least one embodiment of the disclosure. Thus, the
appearances of the phrases such as "in one or more embodiments,” "in cerfain
embodiments,” "in one embodiment” or "in an embodiment” in various places
throughout this specification are not necessarily referring to the same embodiment of
the disclosure. In one or more embodiments, the particular features, structures,
materials, or characteristics are combinad in any suitable manner.

{00871 Although the disclosure herein has been described with reference o
particular embodiments, it is to be understood that these embodiments are merely
flustrative of the principles and applications of the present disclosure. It will be
apparent 1o those skilied in the art that various modifications and variations can be
made to the methed and apparatus of the present disclosure withoul departing from
the spirit and scope of the disclosure. Thus, it is intended that the present disclosure
include modifications and variations that are within the scope of the appended claims
and their equivalents.
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What is claimed is:

1.

A method of forming a semiconductor device, the method comprising:

depositing a first meial layer by physical vapor deposition (PVD} on &
semiconductor substrate surface with at least one feature formed thereon, the
at least one feature having at least one opening having a width, at least one
sidewall, and a bottom, the at least one feature extending a feature depth from
a top surface o the bottom, the first metal layer forming on the top surface, on
the at least one sidewall, and on the bottom;

exposing the semiconductor substrate surface 1o one or more monomers
to form a flowable polymer film on the first metal fayer within the al least one
feature, the flowable polymer film forming on the first metal layer on the bottom,
the one or more monomers selected from one or more of amines with bi-
functional groups, aldehydes with bi-functional groups, cyanates with bi-
functional groups, ketones with bidfunclional groups, and alcohols with bi-
functional groups;

selectively removing at least a portion of the first metal layer from the top
surface and the at least one sidewall; and

removing the flowable polymer film to expose the first metal layer on the
botiom of the at least one feaiure.

The method of claim 1, wherein the first metal layer comprises one or more of
tungsten (W), molybdenum (Mo), ruthenium {(Ru), coball (Co), nickel (Ni),
titanium {T§), and tantalum (Ta).

The method of claim 2, wherein the first melal laver formed on the botiom of
the at least one feafure reacts with the semiconducior subsirate surface {o form

a metal silicide.

The method of claim 3, wherein the metal silicide comprises one or more of
tungsten silicide (WSi), ruthenium silicide (RuSk), nickel silicide (NiSi},
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13.
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titanium silicide {TiSk), molybdenum silicide (MoSik}, cobalt silicide (CoSiy, or
tantalum silicide {TaSi).

The method of claim 1, further comprising selectively depositing a second
metal layer on the first metal layer to fill the at least one fealure.

The method of claim &, wherein the second melal layer comprises one or more
of tungsten (W), molybdenum (Mo), ruthenium (Ru), cobalt (Co), nickel {Ni},

titanium {T§), or tantalum {Ta}.

The methoed of claim 5, wherein the first metal layer and the second metal layer
are the same.

The method of claim 1, the semiconductor substrate surface Is exposed to the

one of more monomers at a temperature in a range of from 30 °C 1o 400 °C.

The method of claim 1, wherein the amines have a formula of HaN-{CHy)a-NHz,

wherenis an infegerinarangeoffrom 1o 20 and xis t or 2.

The method of claim 1, wherein the aldehydes have a formula of OHC-(CHym-
CHO, where mis anintegerinarange offrom 20 20 and xis 1 or 2.

The method of claim 1, wherein the cyanates have a formula of NCO-{CHy)p-
OCN, where pis anintegerinarange of from 2 to 20 and xis 1 or 2.

The method of claim 1, wherein the flowable polymer film has a flexibility
suitable for filling the bottom of the at least one feature.

The method of claim 1, the portion of the first metal layer is selectively removed
at a temperature in a range of from 100 °C to 400 °C.
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The method of claim 13, wherein selectively removing the portion of the first
metal layer comprises exposing the semiconductor substrate surface o a
fluorine-based plasma or a chiloring-based plasma.

The method of claim 1, wherein removing the flowable polymer film comprises
exposing the semiconductor substrate surface to one or more of a thermal

process or a hydrogen (Ha) plasma treatment.

The method of claim 1, comprising repeating the operations of: forming a
flowable polymer film on the first metal layer, selectively removing at least a
portion of the first metal layer from the top surface and the at least one

sidewall, and removing the flowable polymer film.

The method of claim 1, wherein the feature depth is in a range of about S nm {o

about 500 nm.

The method of claim 1, wherein the polymer has a thickness less than or equal
fo the feature depth.

The method of claim 18, wherein the thickness is in a range of about 1% o
about 89% of the feature depth.

A method of forming a semiconductor device, the method comprising:

depositing a first metal layer on a substrate surface with at least one
feature formed thereon, the at least one feature including at least one opening,
at least one sidewall, and a botiom, the at least one feature extending a feature
depth from a fop surface to the botiom, the first metal layer forming on the top
surface, on the at least one sidewall, and on the botiom;

exposing the substrate surface 1o one or more monomers to form a
flowable polymer film on the first melal layer within the at ieast one fealure, the
flowable polymer film forming on the first metal layer on the bottom, the one or

more monemers selected from one or more of amines with bi-functional groups,
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aldehydes with bi-funclional groups, cyanates with bi-functional groups,
ketones with bi-functional groups, and alcohols with bi-functional groups;

selectively removing the first metal layer from the top surface and from
the at least one sidewall;

removing the flowable polymer film 1o expose the first metal layer on the
bottom of the at least one feature; and

seleclively depositing a second metal layer on the first metal layer to fill
the at least one feature.



